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Abstract
Non-contact anterior cruciate ligament (ACL) injuries are common in sports today and have been found to be the prominent injury mechanism  in many different sporting scenarios, specifically in soccer  (Faunø & Jakobsen, 2006; Kaneko et al., 2017). Non-contact injuries account for nearly 80% of all ACL injuries  (Murray et al., 2013) and a majority of these injuries are the result of a running and cutting movement (Kaneko et al., 2017).  Non-contact injuries typically occur due to faulty biomechanics. In a sporting environment such as on the soccer field, it is an uncontrollable environment where players must take in, process, and respond to various stimuli. Research continues to work to understand the “why” behind ACL injuries but where this research is lacking is determining how adding an increasingly complex cognitive task to a simple running and cutting maneuver can have an impact on an athlete’s ability to respond to an external cognitive stimulus. The purpose of this study is to examine how increasing the difficulty of a visual stimulus affects lower limb kinetics and kinematics during a run to cut maneuver. Participants completed 20 successful running and cutting trials in response to an increasingly complex visual stimulus (5 right low demand, 5 left low demand, 5 right high demand, and 5 left high demand). The Flanker Task was used to change the complexity of the visual stimulus where congruent (low demand) and incongruent arrows (high demand) were utilized. Results indicated that there were significant demand interactions for IC knee abduction angle, peak knee flexion angle, peak knee abduction angle, and COM displacement. IC knee abduction angle increased, peak knee flexion angle increased, peak knee abduction angle increased, and COM displacement decreased with the increase in demand. There were significant side interactions for peak external knee abduction moment (KAM), COM displacement, and COM-COP distance. Peak KAM increased and COM displacement decreased from the left to the right side.  These findings suggest that the increase in cognitive demand altered knee cutting mechanics. The results can be used to help better evaluate the risk factors for ACL injuries and aid in creating training and rehabilitation programs that better simulate in-game scenarios.
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[bookmark: _Toc199319393]Chapter 1: Development of the Problem
[bookmark: _Toc199319394][bookmark: _Toc277028126][bookmark: _Toc297722477][bookmark: _Toc297900908]Background and Rationale
	The anterior cruciate ligament (ACL) is made up of a band of dense connective tissues, where the distal end of the ACL connects to the anterior aspect of the proximal tibia (Duthon et al., 2006; Murray et al., 2013). The function of the ACL is to help prevent excessive movement of the knee joint, especially forward translation of the tibia relative to the femur (Murray et al., 2013). The ACL works to resist when the knee hyperextends or helps to stabilize in movements that involve twisting, pivoting, and quick change in direction (Murray, 2013). The ACL can resist, on average, 82%-89% of an applied load when the knee is in 30 degrees of flexion and 74%-85% when the knee flexes to 90 degrees (Woo, 1991). The overall job of the ACL is to resist applied loads that put the knee joint in vulnerable positions. 
	ACL injury is prevalent in sports today for both genders; however, it is most prevalent in female athletes. According to Ristow et al. (2023), there is an estimated annual incidence of 120,000 ACL injuries in the U.S. across all sports and levels of sport. There are varying risk factors between males and females that may point towards why females suffer from ACL injuries at a higher rate. (Spindler & Wright, 2008). Different intrinsic and extrinsic factors can play a role in injury to the ACL.
[bookmark: _Hlk163816302]Intrinsic factors include things such as joint and ligament laxity, hormonal influences, limb alignment, femoral notch dimensions, and ligament size (Harmon & Ireland, 2000; Musahl et al., 2018). It has also been found that increased levels of estrogen and progesterone levels in females can put an individual at risk for ACL injury (Heitz et al., 1999). Aside from knee laxity and levels of particular hormones, biomechanical alignment may also be a risk factor for ACL injury. The Q quadriceps femoris angle (Q angle) is a discussion point in ACL risk factors. The Q angle is the angle defined from the anterior superior iliac spine to the center of the patella (Brattstrom, 1964). While there haven’t been large amounts of proof that the Q angle is a direct link to ACL tears, it is important to understand this factor as a possible predictor of ACL injuries in females. 
[bookmark: _Hlk163816575][bookmark: _Hlk163816559]Extrinsic factors include things such as conditioning/fatigue, muscle fatigue, cognitive loads, and the environment in which a sport is being played (Haycock & Gillette, 1976; G. J. Loughran et al., 2019; Zelisko et al., 1982). There is high variability in training environments across male and female sports. Conditioning and fatigue can have high influence on the injury rates seen in female sports right now. When fatigue begins to set in, joint stabilization can be impacted (Rozzi et al., 1999). When joint stabilization is impaired, the body may not be able to fully support the training/sporting environment of the individual. When muscle activation and fatigue is impacted, the knee may be placed in vulnerable position and muscles of the lower body such as the quadriceps may not have the ability to overcome the forces of the reaction between the ground and plant foot (Rozzi et al., 1999). When this happens, the knee can be placed in a vulnerable position leading to an increased risk of ACL injury. Muscle imbalance or weakness can be a risk factor for ACL injury because stability and proper alignment of the knee joint can potentially be compromised, leading to an increase in injury, specifically in the ACL.
	There are two common mechanisms for ACL injury and those are contact and non-contact injury mechanisms. Contact injuries would include direct contact with another player where external forces cause the knee to extend beyond its normal range of motion (ROM) (Boden et al., 2000; Cullen, 2024; Kaneko et al., 2017). This could mean a soccer player collides with an opponent and the knee twists in a way that exceeds the resistance the ACL is able to withhold. Another contact injury would include a direct blow to the knee whether that be in a slide tackle in soccer or a direct tackle to the knee as in football. Non-contact ACL injuries have been found to be the predominant injury mechanism in many soccer scenarios (Faunø & Jakobsen, 2006; Kaneko et al., 2017). Non-contact injuries account for almost 80% of ACL injuries (Murray, 2013), and, furthermore, about 70% of ACL injuries in female soccer players (Cullen, 2024). According to a survey done by Kaneko et al. (2017), 61% of ACL injuries were the result of a non-contact mechanism, and 55% of those occurred during a cutting movement. The study found that ACL injury occurs most commonly in games compared to practices because of the uncontrollable environment of a game (Kaneko et al., 2017). Similarly, it was found that at the time of the injury, almost 84% were a result of no contact with the ball or player or contact with the ball but not another player (Fauno, 2006). Non-contact injuries typically occur as a result of poor biomechanics or internal forces from improper muscle contractions. Common movements seen in non-contact ACL injuries include a quick change in direction, awkward landings, and sudden deceleration.
[bookmark: _Hlk163829767] A common variable in ACL injuries is increased knee abduction angle (Boden et al., 2000; Boden et al., 2010; Hewett et al., 2005). A knee abduction angle, which occurs when the distal tibia shifts away from the midline of the body (Hewett et al., 2005), exerts significant forces on the knee, causing it to collapse inward. A knee abduction angle results in valgus knee position and studies have shown that athletes with higher knee abduction angles are more likely to develop injuries compared to healthy individuals (Bates, 2020). This mechanism is often observed during run-to-cut maneuvers. A crucial element of this loading is leaning toward the opposite direction of the cut, thus shifting the body’s center of mass (COM) laterally (Boden, 2010). In addition to this, Jamison et al. (2012) found that knee abduction had a positive association with the torso moving opposite of the cutting direction. As a result, there may be a greater potential risk for ACL injury as a result of increased load on the knee. Better center of mass control and redirection can reduce the incidence of ACL injuries (Bedo, 2023) because when the COM is not properly redirected, the body is not able to properly absorb the ground reaction force (GRF). 
Knee abduction moments and internal rotation moments have also been linked to ACL injury risk during a running and cutting maneuver (Besier et al., 2001b). Besier et al. (2001a) found that during weight acceptance and peak push off, the knee experiences greater internal rotation and valgus moments while also being in 30-40 degrees of flexion. When the knee is placed in a biomechanically vulnerable position (knee valgus moment, internal rotation, and flexion), the risk of ACL injury increases. Myer et al. (2015) found that there was a 6.8% increase in injury risk during a drop landing when the knee abduction moment was above a threshold of 25.3 Nm. When the abduction moment was decreased below that threshold, there was only a 0.4% risk of ACL injury. When the knee collapses inward, combined with the added force from landing, running, or cutting, greater strain is placed on the ACL, increasing the risk of injury. All of these injury mechanisms are non-contact, which provides further information that an ACL injury does not always occur as a result of a direct blow to the knee.
For clinicians and sports teams of all levels to help their athletes, there needs to be a broader approach than just the prevention and/or rehabilitation of ACL injuries that are seen in teams and clinics across the country. Research shows the connection between “neurocognitive challenges” and physical tasks. If an athlete can perform a specific task while doing a mental, visual, verbal, or auditory task, it can provide a training environment similar to in-game scenarios. Because athletes have very little time to react to a sudden change in their environment (ie. cutting to get around a defender, making a quick change of direction, etc.), the potential for athletes training their neuromuscular control with a complex neurocognitive task can have positive implications for reducing the incidence of injury, especially ACLs.
[bookmark: _Toc199319395]Statement of the Problem
Neuromuscular control training is highly utilized in current injury prevention and rehabilitation programs as well as in clinics and teams across the country. Focus on neuromuscular control has led to improved lower body biomechanics (Hewett et al., 1999; Hewett et al., 2005) and injury rates can be reduced as neuromuscular control training is implemented into training protocols. The focus on solely neuromuscular control is good for different training environments; however, there is increasing importance of neurocognitive training as an addition to neuromuscular training. While it is important to provide athletes with feedback during a particular movement, there are also positive implications for adding a neurocognitive task during that training movement. This increases the complexity of a movement and draws the individual’s attention away from the specific task they are completing.
What literature fails to determine is how adding a neurocognitive task to a simple running and cutting maneuver can have an impact on an athlete’s ability to respond to an external cognitive stimulus. In a study by Lee et al. (2013), more realistic game scenarios were tested in response to a visual stimulus. Similarly in a study by Jamison et al. (2012), an increased neurocognitive task in unanticipated running and cutting was tested. These studies provide insight into the different running and cutting maneuvers in response to a visual stimulus; however, there is a lack of research looking into how reacting to different cognitive and visual stimuli can impact biomechanical variables. These variables such as peak abduction knee moment, peak internal knee rotation moment, knee flexion/extension moment, peak knee flexion angle, and medial/lateral change in center of mass during a reactive or unanticipated cut in response to a visual stimulus combines tasks that are common in literature (Jamison et al., 2012; Shibata et al., 2018). Some studies also fail to account for approach speed and instead leave the task open to individual preference (Besier et al., 2001a). If not accounting for speed, the true gathering and processing of data may be impacted in a way that results cannot be more generalized to running and cutting in sports.    
The research on a running and cutting maneuver in response to an increasingly complex visual stimulus is lacking (Besier et al., 2001a, 2001b; Collins et al., 2016; Kim et al., 2014; Meinerz et al., 2015; Shibata et al., 2018; Weinhandl et al., 2013). For example, in a study by  Weinhandl et al. (2013), unanticipated running and cutting in response to a visual stimulus was tested. In this study, the test participant was to cut 45 degrees, come to a complete stop, or run straight ahead. The unanticipated conditions created a more complex task where the participant was to react and respond to the visual stimulus on the screen. While the unanticipated condition of this study provided an environment where the participant was to respond as if there was an oncoming defender, there is still a lack of neurocognitive task complexity (Weinhandl et al., 2013). Similarly in a study by Besier et al. (2001b), participants were to respond to a target board which determined whether they were cutting 30 degrees, 60 degrees, running straight, or performing a crossover cut. As with the study by Weinhandl et al. (2013), the presence of an increasingly complex neurocognitive task is missing.
One way to increase task complexity to create a neurocognitive challenge is to use the Flanker Task. This task uses congruent and incongruent arrows to create an increasingly complex testing environment. Congruent arrows provide a lower cognitive challenge while incongruent arrows provide a higher cognitive challenge. There have been few studies that use the Flanker Task to increase dual task complexity (Lapointe et al., 2018; Saadat et al., 2023). In Lapointe et al. (2018), only knee kinematics were evaluated, the task was a jump and cut, and concussed subjects were being compared to non-concussed, healthy controls. In Saadat et al. (2023), participants were to perform a drop cut maneuver. With both of these studies, the Flanker Task was used to create a cognitively demanding environment best mimicking a sporting environment. Where research lacks is using the Flanker Task in a running and cutting maneuver. This study seeks to determine how increasing cognitive challenges using the Flanker Task in running and cutting can impact lower body biomechanics. 
Being able to identify biomechanical markers in a run to cut maneuver with increasing cognitive challenges can be beneficial in understanding ACL injuries and can also aid in rehabilitation protocols. Neurocognitive training may help coaches, trainers, clinicians, etc. to identify athletes who are at an increased risk of ACL injury and create training environments that best simulate in game scenarios. 
[bookmark: _Toc199319396]Statement of Purpose
[bookmark: _Hlk180071398]The purpose of this study was to examine how the difficulty of a cognitive task affects lower limb kinetics and kinematics during a run to cut maneuver. Furthermore, the goal of this study was to look at the differences in lower limb biomechanics between the dominant (preferred kicking leg) and non-dominant leg (plant leg) in female subjects in response to a visual stimulus.
[bookmark: _Toc199319397]Research Hypotheses
The increase in task complexity will provide a more challenging cutting environment which will be shown in lower body kinetic and kinematic results. It was hypothesized that as task complexity increased peak knee abduction moment would increase, knee flexion at initial contact would decrease, initial contact knee abduction angles would increase, peak knee abduction angle would increase, and center of mass (COM) displacement would be reduced.
Independent Variable
· Cutting condition – low demand cognitive challenge (congruent), high demand cognitive challenge (incongruent)
· Dominant limb (preferred kicking leg) was used to assess differences between sides
Dependent Variables
· Kinematic variables:
· Sagittal plane joint angles:
· Initial contact knee flexion angle
· Frontal plane joint angles:
· Initial contact knee abduction angle
· Peak knee abduction angle
· Mediolateral displacement change in COM
· Kinetic variables:
· Frontal plane joint moments:
· Peak external knee abduction moment
[bookmark: _Toc277028130][bookmark: _Toc297722481][bookmark: _Toc297900912][bookmark: _Toc199319398][bookmark: _Toc277028128][bookmark: _Toc297722479][bookmark: _Toc297900910]Significance of the Study
	By studying the effect of high and low cognitive challenges on individuals, further knowledge and understanding can be found to help inform injury prevention and rehabilitation programs when looking at ACL injuries. This study fills gaps in literature regarding the Flanker Task prompting a neurocognitive response in order to complete a neuromuscular task. Also, having the subjects run and cut at a preset speed tolerance better mimics conditions as seen in a dynamic and unpredictable sporting environment. Running and cutting is a common non-contact mechanism for ACL injuries. With the gaps in literature, this study hopes to bring more information to and future implementation of sport specific neurocognitive training to supplement neuromuscular training for trainers, coaches, and clinicians.
[bookmark: _Toc199319399]Limitations of the Study
· [bookmark: _Hlk180071654]Determination of lower limb dominance is based off literature; however, there are still uncertainties in to how to properly define it. (Definition of dominant leg)
· Game scenarios will be attempted to be replicated but mimicking exact scenarios where risk for ACL injuries is beyond the scope of this study.
· Test participants did not wear shoes that may be more common in a sporting environment such as cleats. Instead, standard lab shoes were worn by each of the participants.
· The test was completed in the lab on a gym-like floor instead of on grass or turf, (the environment most focused in this study).	
· Approach speeds were limited due to space constraints meaning that a subject may not achieve their optimal speed during the run and cut maneuver.
· Test participants were honest about any lower extremity injury history or any visual processing disorders that could impact their ability to participate in the study.
· Test participants were truthful about their prior sports history and participation.
[bookmark: _Toc199319400]Delimitations of the Study
· The age range of participants will be from 18-35 years old.
· The study was completed in a controlled environment (the biomechanics lab).
· Successful trials were defined as 1) the approach speed and exit speed within the preset tolerance, 2) the subject entered in the preset runway and exited in the preset runway, 3) the plant foot landed fully on the force plate, 4) targeting was minimized, 5) there were no cross-over steps (always planted right, cut left and always planted left, cut right), and 6) subject accelerated out of cut maneuver. 
· Participants who experienced any lower extremity injury or surgery in the past 6 months were excluded from this study.
· Participants were recreationally active for at least 5 days a week for a minimum of 30 minutes per session or 20 minutes of vigorous intense aerobic activity of at least 3 days a week.
· Participants had to have very recent (within the past 4 years) or current experience with a sport that includes running and cutting like soccer, basketball, or lacrosse.
[bookmark: _Toc277028129][bookmark: _Toc297722480][bookmark: _Toc297900911][bookmark: _Toc199319401]Assumptions of the Study
· The twelve-camera infrared motion capture system (Vicon Motion Analysis, Inc., Centennial, CO, USA) and two force platforms (Advanced Mechanical Technology, Inc., Watertown, MA, USA) were accurately calibrated for each participant throughout the study.
· The force plate was zeroed throughout the trial to ensure the drift of the forces are minimized. 
· Participants were honest about any lower extremity injuries or neurocognitive processing disorders.
· Participants were honest about their weekly activity levels and current or recent experience with the running and cutting maneuver.
[bookmark: _Toc199319402]Operational Definition of Terms
A Neurocognitive challenge/task is one that challenges an individual while performing a physical task. These tasks can challenge things such as working memory, attention tasks, and executive function tasks. These tasks add complexity to a simple neuromuscular task such as the run to cut maneuver.
Neuromuscular control refers to the ability of the nervous system to coordinate and effectively enable precise and integrative movements. Simple neuromuscular control is important to help the body maintain posture, balance, and simple execution of bodily tasks.
Noncontact ACL injuries are ones where there is no person-to-person collision or physical/direct contact with another person. This injury mechanism is most common in ACL injuries where there are sudden changes in direction, jumping, or rapid deceleration.
The convention for joint angle kinetics and kinematics for the knee was defined using the right-hand rule meaning that knee flexion was negative, knee extension was positive, knee adduction was positive, and knee abduction was negative.
Joint moments will be indicative of external joint moments where internal torques work to resist external loading. This means that an internal knee adduction moment would resist knee abduction as a result of external loads being applied to the knee.
Kinetic and kinematic variables were found at initial contact and peak knee flexion. Peak knee flexion was determined where the knee reached its most flexed position which was the most negative value.
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[bookmark: _Toc297838708][bookmark: _Toc297900913][bookmark: _Toc199319403]Chapter 2: Review of the Literature
[bookmark: _Toc297838709][bookmark: _Toc297900914][bookmark: _Toc199319404]Introduction
[bookmark: _Hlk177112109]The purpose of this study is to look at the differences in lower limb biomechanics during reactive cutting in response to an increasingly complex visual stimulus. The visual stimulus will place a cognitive demand on the participant using the Flanker Task where congruent and incongruent arrows will be used to simulate in game, quick decision-making scenarios. The congruent arrows will be used to place a lower cognitive demand on the participant whereas the incongruent arrows will be used to place a higher cognitive demand on the participant. 
The goal is to look at the lower body kinetics and kinematics in females between their dominant and non-dominant leg and between participants. This literature review will talk about the anterior cruciate ligament (ACL) and the prevalence of ACL injuries. It will get into ACL risk factors and mechanisms for ACL injury. There will be a brief discussion on experience level effects, limb effects, and cutting speeds. Finally, the review will get into discussions on the relationships between neuromuscular control and neurocognitive challenges to ACL injury. The review seeks to include research related to the topic of ACL injuries and find gaps in the literature that will be further explored and expanded upon in this study.
[bookmark: _Toc199319405]The ACL
[bookmark: _Toc199319406]ACL Anatomy
The ACL, made up by a band of dense connective tissues (Duthon et al., 2006), is attached to the distal end of the femur and on the top of the proximal tibia, running from the back of the femur to the front of the tibia (Murray et al., 2013). The ACL helps to not only hold the bones together, but it also helps to control the motions of the knee joint. The ACL crosses with the posterior cruciate ligament (PCL), both being found deep inside the knee. When the knee hyperextends, or if the tibia shifts forward too far in front of the femur, the ACL will try to resist these movements (Murray et al., 2013). Movements that involve twisting, pivoting, and quick change in direction rely on the ACL to hold the knee stable (Murray et al., 2013). The ACL can withstand high loads and helps the knee to move in its normal functioning; however, when loaded past its capabilities (near “failure”), a tear occurs (Murray et al., 2013). According to a study by Woo et al. (1991), the ACL can resist, on average, 82-89% of the applied load at 30 degrees of knee flexion compared to a restraint of 74-85% when the knee flexes to 90 degrees. This shows the link between applied loads and the position of the knee and what puts the ACL at greater risk of injury (Woo et al., 1991). At 30 degrees flexion, the ACL is at increased vulnerability for injury as compared to 90 degrees of flexion. This is because at 90 degrees of flexion, the knee, ACL, and surrounding ligaments are in a more stable position thus reducing the likelihood of significant shear forces (Ristow et al., 2023). The rotational and anterior tibial translation seen when the knee is at 30 degrees of flexion puts the ACL at increased injury rate at this position (Ristow et al., 2023).
[bookmark: _Toc199319407]Prevalence of ACL Injuries
[bookmark: _Hlk163828549]According to Ristow et al. (2023), there is an estimated annual incidence of 120,000 ACL injuries in the United States affecting all levels of skill. The most common sports where ACL injury risk is highest are alpine skiing, soccer, basketball, and football (Murray et al., 2013). The prevalence of ACL injury in female athletes is nearly four to six times higher compared to male players, specifically while performing a cutting maneuver (Cullen, 2024). The increase of females in athletics has been a contributor to the rise in ACL tears. Varying risk factors for possibly understanding why females tend to tear their ACLs at a higher rate compared to their male counterparts may have to do with sex differences (Spindler, 2008). Research has pointed towards different intrinsic and extrinsic factors (Harmon & Ireland, 2000; Haycock & Gillette, 1976; Galvin J Loughran et al., 2019; Mouton et al., 2015; Musahl et al., 2018). When the muscles are unable to fire properly, the risk of ACL injury may increase. 
Recently, in a study by Rosenstiel et al. (2019), professional athletes from various sports who were part of the database within the Scientific Anterior Cruciate Ligament Network International (SANTI) and who had ACL reconstruction were followed for up to two years post reconstruction (Rosenstiel et al., 2019). Most athletes returned to their sport; however, female athletes experienced further ACL injury (13.6% being graft failure and 22.7% being on the contralateral limb). This wasn’t the only study that found that female athletes tended to experience higher reinjury or injury to the contralateral limb (Rosenstiel et al., 2019). Other studies have shown that one in every five D1 NCAA basketball players who had a reported history of ACL tear went on to suffer another ACL injury whether that be to the same ACL or to the contralateral ACL (Gordon et al., 2014). These statistics are evidence for the importance of training programs that help athletes return to dynamic, high intensity play.
[bookmark: _Toc199319408]ACL Injury and Risk Factors
Both intrinsic and extrinsic factors are possible explanations as to why there is a difference in ACL injury rates between males and females. Intrinsic factors include things such as joint and ligament laxity, hormonal influences, limb alignment, notch dimensions, ligament size, and Q angle (Harmon & Ireland, 2000; Mouton et al., 2015; Musahl et al., 2018). Extrinsic factors include sport type, the environment, and training and conditioning among other elements (Haycock & Gillette, 1976; Galvin J Loughran et al., 2019; Zelisko et al., 1982). Intrinsic factors are non-modifiable risk factors and are noted as personal (Jagadeesh et al., 2021; Orchard et al., 2001). Extrinsic factors on the other hand are environmental and are considered mostly modifiable (Jagadeesh et al., 2021; Orchard et al., 2001).
[bookmark: _Toc199319409]ACL Injury and Risk Factors
Both intrinsic and extrinsic factors are possible explanations as to why there is a difference in ACL injury rates between males and females. Intrinsic factors include things such as joint and ligament laxity, hormonal influences, limb alignment, notch dimensions, ligament size, and Q angle (Harmon & Ireland, 2000; Mouton et al., 2015; Musahl et al., 2018). Extrinsic factors include sport type, the environment, and training and conditioning among other elements (Haycock & Gillette, 1976; Galvin J Loughran et al., 2019; Zelisko et al., 1982). Intrinsic factors are non-modifiable risk factors and are noted as personal (Jagadeesh et al., 2021; Orchard et al., 2001). Extrinsic factors on the other hand are environmental and are considered mostly modifiable (Jagadeesh et al., 2021; Orchard et al., 2001).
[bookmark: _Toc199319410]Intrinsic Factors
[bookmark: _Hlk163816235]Laxity in the ligaments and joints is a point of discussion for ACL injury risk. While past studies (Gabr et al., 2024; Migliorini et al., 2023) have not found knee laxity to be a factor in ACL injury, more current studies point towards knee laxity as a risk factor for injury (Musahl et al., 2018; Myer et al., 2008; Shultz et al., 2019). In a study done by Mouton et al. (2015), the main finding was that patients with ACL injuries had knee laxity scores above the established thresholds of 0.75 for anterior knee laxity and -0.55 for internal rotational knee laxity. Laxity was significantly different between the control group and the ACL injured participants. Normalized anterior laxity was 0.6 ± 1.3 and normalized internal rotation scores were 0.2 ± 0.9 for the ACL group. It was found that 38% of patients in the ACL injured group had hyper lax knees in anterior laxity compared to 16% in the control group (Mouton et al., 2015). When a patient had laxity scores above the established threshold, they were 3.18 times more likely to be in the ACL injury group (Mouton et al., 2015). Incorporating knee joint laxity as an assessment in females can provide current training programs more information on the athlete and can help tailor sessions that considers this information and uses it as a tool to better understand the athlete and individual risk factors. Knee laxity is often influenced by hormones in females. It has been found that when estrogen and progesterone levels were at their peak, ACL laxity was also increased (Heitz et al., 1999). This could be a reason for women having higher ACL injury risk compared to their male counterparts.
Further intrinsic factors include biomechanical alignment and the intercondylar notch width. Due to women typically having wider pelvises, they also tend to have a large Quadriceps femoris angle (Q angle). The Q angle is the angle defined from the anterior superior iliac spine to the center of the patella (Brattstrom, 1964). There is a direct correlation between the Q angle and ACL injury risk, however, it is important to understand and study further as to whether it can be a predictor of ACL injury. The width of the intercondylar notch can have potential implications for ACL injury (Harmon & Ireland, 2000). It has been found that the smaller size of the notch may lead to a smaller and thinner ACL. The reduced size of the ACL results in a reduced ultimate strength of the ligament. Thus, it is more susceptible to rupture (Harmon & Ireland, 2000).
[bookmark: _Toc199319411]Extrinsic Factors
Extrinsic factors such as conditioning can have positive or negative consequences on ACL injuries. Many studies have found that injury rates level out between men and women when conditioning levels improved (Haycock & Gillette, 1976; Zelisko et al., 1982). However, these injury rates were not specific to ACL injury rates. Furthermore, when fatigue sets in, the risk for ACL injuries may increase as an increase in fatigue can affect joint stabilization (Rozzi et al., 1999). This is attributed to a reduced ability to alter muscle activity as a result of muscle fatigue (Rozzi et al., 1999). Another extrinsic factor is cognitive load which can be defined as complex, interactive, and dependent on the individual (Russell et al., 2020). Cognitive load in sports refers to the mental demands placed on athletes due to environmental factors and task constraints, and how these demands interact with the athlete’s ability to manage them (Russell et al., 2020).  If you put a cognitive load into the already physically fatigued mechanism, injury rates may increase, specifically in ACLs  (Almonroeder, 2017; Dai et al., 2018). Proper neuromuscular control in response to fatigue needs to be better understood, studied, and quantified. 
The environment is another extrinsic factor. This can be both the physical environment where the activity is taking place and the environment in terms of sport type and interactions within that sport. Resulting from the NCAA Injury Surveillance Systems from 2004 to 2014, rates of ACL injuries in lower NCAA divisions was 63% higher on synthetic turf as compared to natural grass. It has been found that turf provides a dangerous environment for athletes of a variety of sports to play on because the turf may not release the cleat of the leg planted. Grass allows for more “give” and reduce both forces and stresses on the lower body, more specifically, the knee. The aspects within the sport of soccer like contact with another player, jumping up in the air for a header, running and cutting, and rapid acceleration and deceleration are part of the environment of the game. ACL injuries occur because of contact and non-contact mechanisms.
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[bookmark: _Toc199319413]Non-Contact Injuries
A common injury mechanism is the result of a non-contact incident in the run to cut maneuver (Boden et al., 2000; Cullen, 2024; Kaneko et al., 2017). About 80% of all ACL injuries are from non-contact mechanisms (Murray et al., 2013). Furthermore, about 70% of ACL injuries in female soccer players are the result of a non-contact incident (Cullen, 2024). Similarly, it was found that about 72% of ACL injuries were from non-contact, and classifications for these injuries included a sudden change of direction (Boden et al., 2000). 
[bookmark: _Toc199319414]Knee Abduction Angles 
A common variable seen in ACL injury mechanisms is increased knee abduction angle (Boden et al., 2000; Hewett et al., 2005). When the knee abducts, it places large external forces on the knee causing it to collapse inwards as the distal tibia shifts away from the midline of the body (Hewett et al., 2005). This mechanism can be seen in run to cut maneuvers. It has been found that when comparing athletes who did not suffer ACL injury to those who did, the participants injured demonstrated, prior to the injury, significant increase in knee abduction angle (Hewett et al., 2005). Knee abduction angles can provide more information when testing the loads on the knees and the potential indicators for ACL injuries. When the tibia moves away from the midline of the body, more stress is put on the ACL thus making it a common injury mechanism. Another study found that athletes who showed higher knee abduction angles went on to develop an ACL injury compared to healthy individuals (Bates et al., 2020). Knee abduction angles were greater at initial contact and at toe off (when the participant left the ground during the drop to vertical jump landing) (Bates et al., 2020). Those participants who suffered an ACL injury had greater knee abduction angles and decreased knee flexion throughout the drop landing to jump. What was found in these studies gives further importance to understanding frontal plane knee kinematics and how these values can help to further identify athletes who may be at a greater risk of ACL injuries.
[bookmark: _Toc199319415]Knee Abduction Moments
A valgus knee moment or external knee abduction moment occurs as external forces act upon the knee and cause it to collapse inwards. This is resisted by internal structures and is referred to as an internal knee adduction moment. The internal structures help to stabilize the knee during dynamic movements, working to counteract external moments that attempt to push the knees into valgus positioning. (Gokeler et al., 2021; Reyes et al., 2022). This knee collapse leads to what is called “knocked knees” and is further characterized by an outward angulation of the distal segment of a bone or joint (Floyd, 2015). Varus knee moment or external knee adduction moment, on the other hand, would be when an external force that forces the knee outwards from the midline of the body. A varus moment leads to what is known as “bow-legged”, further characterized by an inward angulation of the distal segment of a bone or joint (Floyd, 2015). Understanding moments and moment arms are important when making sense of external knee abduction and adduction moments. Abduction and adduction knee alignment are determined by comparing a representative line that extends from the femoral head center to the center of the ankle joint (Sharma et al., 2010). When the line passes laterally to the knee center, is when you see an abducted knee angle. This position yields a moment arm that is lateral to the joint and produces an external knee abduction moment, causing the distal end of the segment to travel laterally, creating the medial knee collapse. When the line passes medially to the knee center, an adducted knee angle will be the result (Sharma et al., 2010). In terms of the moment arm, this time, it extends from the knee center medially. This produces an external knee adduction moment that causes the distal end of the segment to travel inwards, creating the adducted knee angle.
In a study by Myer et al. (2015), it was found that knee abduction moment during a drop landing that was above 25.3 Nm was linked to 6.8% risk for subsequent ACL injury compared to just 0.4% when the knee abduction moment was below that threshold. It was also found that, during drop landing, individuals demonstrated a greater knee abduction angle which, as mentioned before, is a risk factor for ACL injuries (Myer et al., 2015). The combination of an abducted angle and knee abduction moment places the ACL at greater risk. This is because when the knee collapses inwards with an addition of force from landing or running and cutting, greater strain is placed on the ACL, leading to the possibility of injury risk.
In a study, it was found that females showed greater knee abduction moment during the early stages of the deceleration phase (Sigward & Powers, 2006a, 2006b) . Comparatively, male participants showed an average adduction moment during the deceleration phase. In this study by Sigward and Powers (2006b), 80% of females experienced an abduction moment compared to roughly 40% of the male test participants. Additionally, on average, females experienced peak frontal plane moments that were twice as large as those of males, meaning the torques experienced on the knee joint were significantly higher (Sigward & Powers, 2006b). Similar results were found in McLean et al. (2005) where females demonstrated larger normalized peak knee abduction moments during a running and cutting maneuver. Larger initial knee abduction angles showed a correlation with peak knee abduction moments in females (McLean et al., 2005), meaning that the force from planting and cutting drove the knee inwards. The correlation between knee abduction angle and knee abduction moment suggests that the increased knee abduction angle increased the moment arm of the ground reaction force (GRF) throughout load bearing (McLean, 2005). Females landing in deeper knee abduction and producing subsequent knee abduction moments can be due to intrinsic and extrinsic factors including structural and neuromuscular factors.
[bookmark: _Toc199319416]Combined Loading on the ACL
There have been various findings about what mechanisms lead to ACL injuries. More common than not, multiple mechanisms are cited. For example,  it was found that an internal knee rotation and the knee in semi-flexion is the primary mechanism for ACL injury (Ristow et al., 2024). The primary findings of a research study completed by Buford et al. (1997) were that the flexor muscles around the knee, along with the popliteus, exhibit substantial moment arms for internal and external rotation. The study found, more specifically, that as the flexion angle increased, the internal/external rotation axis shifted into an increased valgus position (Buford et al., 1997). Flexion angle was studied in both the frontal and sagittal planes and in both planes of study, the internal and external axis shifted (Boguszewski et al., 2016). As knee flexion increases on the tibial plateau, the posterior movement of the internal/external axis occurs.
Another combination of mechanisms was found where the femur was externally rotated, and the knee was experiencing abduction loading (Ebstrup & Bojsen‐Møller, 2000). While simple abduction loading may not be a sure mechanism for ACL injury, a combination of mechanisms may be more impactful and may see greater incidence of injuries. Often ACL injuries are multifactorial and this simple abduction loading not being a sure indicator of injury is one example. Besier et al. (2001b) found that during weight acceptance and peak push off, the knee experiences greater internal rotation while also being in 30-40 degrees of flexion. These conditions may lead to greater potential for the development of tension in the ACL.
Increased dynamic knee valgus and internal rotation of the knee are risk factors that, when combined, increase the chances of ACL injuries (Ishida et al., 2014). Understanding how the knee rotates during dynamic knee abduction is important, as well as determining the effects of toe direction (Ishida et al., 2014). The study found that, during dynamic knee abduction, the knee rotates externally which is impacted by the direction of the toe. External loading may not be as common as a mechanism in a sporting environment, like a change of direction task, however, understanding how the knee rotates naturally can be important in future reduction of ACL injury mechanisms. The study was in a controlled environment with the knee at a fixed flexion angle with an upright trunk position. On a soccer pitch for example, it is in a dynamic environment. A player does not have the time to consciously place their plant leg (the leg that an athlete uses to stop or change direction during a cutting maneuver) during a cut in proper alignment (ie. fixed knee flexion angle, proper trunk positioning, proper lower limb alignment). 
[bookmark: _Toc199319417]Torso/Center of Mass (COM)
A key aspect of knee abduction loading is the result of an increased lean toward the opposite direction of the cut which moves the body’s center of mass laterally (Boden et al., 2010). Similarly, Jamison et al. (2012) found that knee abduction moment had a positive association with the torso moving away from the cutting direction which may indicate a higher potential risk for ACL injury due to increased load on the knee. The change in the body’s center of mass as discussed in terms of torso movement is an emerging factor in ACL injury. The reason for torso leaning away from the vertical being a risk factor is that the GRF will pass more laterally of the knee, potentially causing the knee to cave inwards, thus loading the ACL in a way that could lead to injury. To understand lower limb kinetics and kinematics, knowledge on the impact and importance of the center of mass is critical. It has been found that better center of mass control and redirection can reduce the incidence of ACL injuries (Bedo, 2023). When the center of mass cannot be properly redirected, the body is not able to properly absorb the GRF.
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Hip joint adduction and internal rotation are another mechanism for ACL injury. The relationship between increased hip rotation and increasing knee loads may be a risk factor for ACL injuries (Imwalle et al., 2009). It has been found that a more abducted hip results in increased knee abduction angles (Dempsey et al., 2007). Additionally, a larger hip abduction moment has been seen during unanticipated running and cutting compared to anticipated running and cutting (Kim et al., 2014). In Kim et al. (2014), greater ankle internal rotation angles and external rotation moments were also increased during the unanticipated running and cutting maneuver. Also, there were greater ankle abduction moments found in the ankle in the unanticipated task compared to the anticipated running and cutting maneuver (Kim et al., 2014). The greater hip adduction may mean that the leg is closer to the midline of the body; however, it would be interesting to have information on where the foot was planted in the run to cut maneuver. Increased adduction at the hip may put greater pressure on the knee joint, especially when the GRF acts laterally to the plant leg. The lateral placement of the GRF forces the knee to collapse inwards and drives the hip inwards as well.
[bookmark: _Toc199319419]Foot Placement & Foot Progression Angle
Foot placement and progression angles can impact the knee joint and lead to increased risk of ACL injury. Foot progression angle refers to the orientation of a foot, in this case, during a cutting task. Nishizawa et al. (2022) found that toe in compared to toe out yielded significant results when looking at peak knee abduction, internal knee rotation, hip adduction, hip internal rotation, and pelvis-trunk rotation angle. In a study by Peel et al. (2022), foot progression angles were altered (15º toe in verses 15º toe out) during a running and cutting task. It was found that from about 18-30% of the stance phase, where the risk of ACL injury is high due to the rapid deceleration of the body preparing for a cut, there were excessive knee abduction angles during the toe in condition which can put an individual at risk of ACL injury (Peel et al., 2022). Peak knee abduction and knee internal rotation moments were also found to be significantly higher with toe in compared to toe out (Nishizawa et al., 2022; Peel et al., 2022). According to Nishizawa et al. (2022) and Peel et al. (2022), the toe in position may put the knee at greater risk of ACL injury. It is important to note that these studies had a controlled, anticipated cut so the addition of an unanticipated cut could yield different results; however, these studies are helpful in understanding the basics of foot progression angles during a running and cutting motion.  
Work by Dempsey et al. (2009) found that performing running and cutting with large torso rotation and wide foot placement resulted in increased peak internal rotation moments of the knee (Dempsey et al., 2007). In following work by Dempsey et al. (2007) an effective way of reducing peak valgus loading of the knee during a running and cutting task was to focus on foot placement closer to the midline of the body. Furthermore, a torso in a more upright position was effective in lowering the peak valgus load on the knee during running and cutting (Dempsey et al., 2009). Thus, maintaining a more upright torso, with foot placement closer to the body’s midline and toe out foot progression may be effective in reducing injury risk to the ACL.
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[bookmark: _Toc199319421]Influence of Experience Level on Frontal Plane Joint Biomechanics
Shibata et al. (2018) looked at how various stimuli impacted posture and knee moments during a cutting task. More specifically, the variables studied were adduction/abduction knee moments, internal/external rotation knee moments, and flexion/extension knee moments. The results of these variables were not significant (Shibata et al., 2018); however, there can be reasons as to why this was found. The sample population of the study was collegiate level, female athletes. In previous research it was found that knee biomechanics depend on the level of competition during a reactive cutting task (Kipp et al., 2013; Sigward & Powers, 2006a) In a jump to cut landing study by Kipp et al. (2013) it was found that recreationally active females demonstrated greater alterations of frontal plane knee joint biomechanics compared to Division I athletes. In this study, participants were to perform a jump off two feet over a 30-centimeter box and then land on one leg and cut 90 degrees from the landing. The direction of the cut was tested under anticipated and unanticipated conditions. A light stimulus was used and triggered by a light beam switch. The timing for the triggers were different based on whether the test would be anticipated or unanticipated. The unanticipated light was triggered during the jumping phase of the motion whereas the anticipated light was triggered prior to the jump (Kipp et al., 2013).  
Recreationally active females showed greater knee abduction angles during an unanticipated cutting task compared to an anticipated one and maintained more abducted angles later in the stance phase, indicating higher risk for ACL injury (Kipp et al., 2013). In Sigward and Powers (2006b), inexperienced participants had smaller adduction moments compared to experienced ones. The difference may be due to varying neuromuscular control strategies. More experienced athletes exhibited greater frontal plane moments and longer exposure to larger moments, increasing ACL injury risk. Recreational participants also had greater knee abduction torques, a common ACL injury mechanism. These findings suggest experience impacts knee biomechanics, with increased co-contraction ratios in less experienced athletes possibly reducing net joint moments. Experience may enhance perceptual and cognitive processing in high-level athletes (Kipp et al., 2013; Sigward & Powers, 2006b). 
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[bookmark: _Toc199319423]Defining the Dominant Lower Limb
It has been found that females tend to injure their non-dominant legs. In soccer, this is often considered to be the supporting leg, or the planting leg (Brophy et al., 2010). The study shows that only 32% of females injured their dominant kicking leg, thus showing that a majority of ACL injuries occur in the non-dominant kicking leg (Brophy et al., 2010). Reporting of leg dominance is typically determined as the leg an individual would choose to kick a soccer ball with (Greska et al., 2017; McFadden et al., 2022; van Melick et al., 2017). A study by van Melick et al. (2017) utilized self-reported leg dominance using the WFQ-R first and then observed leg dominance (van Melick et al., 2017). The WFQ-R asks questions regarding the preferred leg to do various tests. For observed leg dominance, six tasks were used to physically observe leg dominance. Results show some variance between self-reported and observed; however, the preferred kicking leg was in complete agreement (van Melick et al., 2017). 
[bookmark: _Toc199319424]Preferred Support Leg vs. Preferred Kicking Leg
In many of the studies, the defining and understanding of the preferred kicking leg is highlighted; however, the preferred support leg needs to be accounted for because females tend to injure their preferred support leg (not the defined dominant leg). The term “dominant leg” might need to be further defined beyond preferred kicking leg due to the fact that there is not a strong indication of the best way to determine the dominant leg (McFadden et al., 2022). Looking at the preferred support leg, especially in females, may be more important due to the fact that more ACL injuries occur on what is often defined as the non-dominant leg (Brophy et al., 2010). The biomechanical differences related to leg dominance have been studied by some and have resulted in no difference between the two (Greska et al., 2017; McFadden et al., 2022). Similar movement patterns have been found in both the dominant and non-dominant legs (Greska et al., 2017). The dominant leg has been defined as leg preference for doing particular tasks, but in regard to females and ACL injuries, it may be important to put focus on the non-dominant limb and further explore the potential for asymmetries in a running and cutting motion. 
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Various running speeds have been tested and analyzed across multiple studies. In a study by Vanrenterghem et al. (2012),  participants completed three 45 degree running and cutting maneuvers. They were to perform these cuts with an approach speed of 2, 3, 4, and 5 m∙s-1. The goal of this study was to see how different running speeds affected the ability for the participant to make a 45-degree cut and how mechanical loading could be impacted by certain speeds. 
	It was stated that greater approach speeds around 5.5-7.0 m∙s-1 could lead to induced knee abduction loading, one of the precursors for ACL injury (Vanrenterghem et al., 2012). To find the most suitable speed for studying knee loading during a running and cutting task the results of the study by Vanrenterghem et al. (2012)are important to look at. It was found that around 2-3 m∙s-1, knee abduction loading was around 6.6 and 8.4 Nm. With approach speeds around 4-5 m∙s-1, knee abduction loading increased exponentially to 33 and 65.5 Nm (Vanrenterghem et al., 2012). This shows that lower approach speeds may not generate the desired results to find suitable knee loading mechanisms that explain potential risk for ACL injury. Vanrenterghem et al. (2012) concluded that 4 m∙s-1 was the most suitable speed in order to study knee loading mechanisms during a running and cutting task. 
When comparing touch down to toe off at the varying speeds, it can be seen that as speed increases, the cut angle accuracy decreased (Vanrenterghem et al., 2012). According to the above findings, though, 4 m∙s-1 is a justified speed that has insignificant cut angle inaccuracies compared to other speeds and provides a speed that will optimize analyzing knee loading mechanisms. Similarly, in a study by Besier et al. (2001b), a cutting running speed was set at 3.13 ± m∙s-1. These speeds varied with different angular cutting. For example, when the cutting degree was set at 30 degrees, there was a reduction in speed and when the cut goal was 60 degrees, the task could not be successfully performed (Besier et al., 2001b). This implies that not only does the cutting speed need to be determined for a successful run and cut, but it also implies that the cutting angle needs to be successfully established.
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Representing the body’s center of mass (COM) is important when looking at how torso lean and rotation could have an impact on knee joint kinetics and kinematics during a running and cutting task. When an individual can better control their center of mass, better balance and stability can occur, ensuring that the forces are distributed in a way that decrease the potential for injury. When the forces are outside the body’s center of mass, an individual is at risk of losing balance and inadvertently placing themselves at greater risk of injury. 
Different representative techniques have been used to find the one that is the best at determining the COM of an individual. It is difficult to directly measure, but studies have worked to determine the COM (Vanrenterghem et al., 2010). Different techniques have been used; however, the lower limbs and trunk (LLT) method seems to be the best representation of the COM compared to other techniques. A 95% limits of agreement method were used to compare the different COM measurement options. The strongest agreement was found regarding the lower limb and trunk method. LLT was determined to be in good agreement with calculating and representing the body’s COM (representing 82% of the body mass) (Vanrenterghem et al., 2010). According to this study by Vanrenterghem et al. (2010), the LLT method is most suitable and sees smaller deviations from whole body COM method compared to the other representative models. 
[bookmark: _Toc199319429]Neuromuscular Control and ACL Injury
[bookmark: _Toc199319430]Significance of Neuromuscular Control
[bookmark: _Hlk162943850][bookmark: _Hlk162943891][bookmark: _Hlk162943905]There are neuromuscular indicators that have been observed in relation to ACL injuries in females. More specifically, a potential ACL injury mechanism is poor neuromuscular control of the lower limbs. This can be seen during various sport movements including the run to cut maneuver in soccer (Hewett, 2002; McLean et al., 2005). Understanding neuromuscular control in regard to ACL injury prevention is imperative to creating training programs and environments that support the full development of an athlete (Hewett, 2005). Focus on neuromuscular training has been effective in reducing knee abduction moments which these increased moments have been stated to be a risk factor of ACL injury. In a study done on female participants, neuromuscular training and technique focus on reducing knee abduction moments (Hewett, 1996). Similar training programs have even seen decreased ACL injuries in the female participants at a rate similar to males (Hewett, 1999). Improving neuromuscular control and increasing focus on neuromuscular training may lead to positive outcomes in decreasing ACL injury rates in females (Hewett, 2005; Mandelbaum et al., 2005; Myer et al., 2005; Voskanian, 2013). It was found that females who participated in a prospective study and went on to suffer an ACL injury demonstrated altered neuromuscular control, more specifically, increased knee abduction and abduction loading as compared to participants who did not go on to suffer an injury (Hewett, 2005). Furthermore, these participants, compared to the athletes who did not go on to suffer injury, showed increased lower limb abduction angles and knee abduction loading prior to injury. Implementing training programs with neuromuscular modifications, especially helping to control the injury mechanisms for ACL injury, can be impactful in the reduction of injury rates (Hewett, 2005).  
[bookmark: _Toc199319431]Current Training Programs – What They Are and Their Impact
Training programs and neuromuscular training may be important in the reduction of ACL injury incidences. They can provide coaches, trainers, and clinicians with the ability to actively train and prepare their athletes to take on the demands of their sport. Most current training programs focus solely on neuromuscular training. 
	Current training programs involve feedback training, strength training, plyometric training, and multicomponent training (Dai et al., 2012). Other training programs aimed at female athletes includes neuromuscular training, balance, and strengthening exercises for a total of 6 weeks, completing this training at least once a week which have proven effective in decreasing ACL risk by nearly 60% (Wright et al., 2007) . Feedback training provides athletes with cues on ways to change their movement biomechanics to promote safe task implementation. It is important to note that these cues and feedback helped short-term; however, there was no continuance of how these cues played out in future training or practice/game situations (Dai et al., 2012). Strength training is common in training programs and when combined with feedback training, may help athletes improve movement patterns (Dai et al., 2012). Plyometric training is also common in mainstream training programs. This type of training is seen in ACL injury prevention programs (Dai et al., 2012) because it helps to train the athlete for more game-like situations and scenarios. It has been found that plyometric training resulted in a decrease in maximum ankle eversion, knee abudction, and hip adduction angles (Myer et al., 2007). Plyometric training has the potential to be a core component in neuromuscular training for athletes of all different sports, especially ones that involve running and cutting. Multicomponent training involves combinations of strength training, plyometric training, balance training, and feedback training (Myer et al., 2007). Combinations of training programs can help to reduce the risks of ACL injuries; however, there is little focus in current training programs containing neurocognitive training. 
In a study done by Dempsey et al. (2009), anticipated and unanticipated cuts were completed prior to and post a 6-week technique modification training. There were significant reductions of the peak knee abduction moment after training. Regarding the anticipated and unanticipated cutting, there were no significant results. A cue that participants were given during the training program were to decrease their foot distance from the body’s midline. Results showed that participants were able to reduce their foot distance from the body’s midline from pre to post training (Dempsey et al., 2009). Looking at the foot distance from the body’s midline, there was a significant increase in the peak knee abduction moment. From pre to post training there was also a decrease in lateral torso flexion (Dempsey et al., 2009). The differences found in peak knee abduction moment and a decrease in lateral torso flexion at the weight acceptance phase may be important in the reduction of ACL injuries. Techniques such as foot placement and torso lateral flexion may be altered in order to see that reduction of peak knee abduction moment.  
 The external moments that act on the knee lead to the chances of ACL injury in athletes. The external moment at the knee is in response to the internal forces causing inward collapse of the knees. In Besier et al. (2001b), in order to counteract flexion loads on the knee, the surrounding muscles must generate large extension moments which can create a net anterior force on the tibia when the knee is near full extension. This anterior force along with the increased abduction and internal rotation moments during cutting tasks may contribute to the heightened risk of ligament injuries in the knee joint during these maneuvers (Besier et al., 2001b). Additionally, it has been found that female athletes tended to use different lower extremity loading techniques and displayed greater knee abductor moments during the deceleration phase of a cutting task. These results saw an increase in laterally displaced GRF (Sigward & Powers, 2007). Sigward and Powers (2007) found that interventions aimed at improving neuromuscular control and joint mechanics, particularly in knee kinematics, can help decrease injury risk in female athletes. Techniques that generate greater abduction and internal rotation at the knee, such as wide foot placement, leaning the torso away from the direction of the cut, and rotating the torso in the opposite direction, may increase risk of injury. These knee loads have been shown to increase strain on the ACL (Dempsey et al., 2007). Dempsey et al. (2007) speculated that it could be possible to design and implement training protocols that are aimed at decreasing an athlete’s risk of ACL injury. Some modifications that could be implemented are bringing the foot to the midline of the body and keeping the torso upright with no rotation (Dempsey et al., 2007). Sigward and Powers (2007) found that participants planted their foot more laterally at initial contact thus increased hip abduction which can be observed in excessive knee abduction moments. The findings suggest that injury prevention training programs should include guidance on proper body alignment, focusing on maintaining a more vertical tibia and reducing shear forces (Sigward & Powers, 2007).  Besier et al. (2001b) also looked at frontal plane knee kinetics and found that unanticipated cutting tasks led to larger magnitudes of adduction/abduction and internal/external rotation moments. It was concluded that unanticipated cutting tasks (i.e. little time to plan for the plant and cut maneuver) have the potential to cause ACL injury due to the increased adduction/abduction and internal/external rotation moment (Besier et al., 2001b). These results and results from other studies emphasize the importance of a well-rounded training program that involves drills and the development of skills that promote safer running and cutting techniques in response to an unanticipated cut (Dempsey et al., 2009; Sigward & Powers, 2007).
[bookmark: _Toc199319432]Current Return to Play
Current return to play (RTP) protocol by Mass General Brigham and the Orthopedic Associates of Hartford centers around neuromuscular control. The different phases of RTP protocols include what to do directly following surgery all the way up to full return to play; however, what’s lacking is insight or information on neurocognitive tasks and how those can aid in strengthening RTP protocol. Post ACL reconstruction, a successful postoperative return to play rehabilitation program is as essential as the reconstruction surgery that was performed (Sepúlveda et al., 2017). Rehabilitation programs emphasize early weight bearing, pain management, achieving a normal range of motion (ROM), reducing joint swelling, and enhancing quadriceps muscle activation (Sepúlveda, 2017). As an athlete continues through their rehabilitation programs, greater emphasis should be placed on areas such as neuromuscular control and sport specific training (Sepúlveda, 2017). Further, Sepúlveda (2017) found that athletes may continue to experience neuromuscular deficits up to 12 months following surgery.
Sport specific training is essential for a successful return to play because the athlete needs to be in a position where they can confidently get back to the sporting environment they had last played in prior to injury. When farther into the RTP protocol, agility and plyometrics are included. Agility such as forward and backward running, figure 8 runs, and ladders are contained in later phases of the RTP protocol. In the protocol under plyometrics are motions such as jumps onto and off a box, backward/forward hops over a line, and bounding running. The complexity of the tasks increases as the phases progress. 
The RTP protocol should include objective measures that are more in line with the returning sport environment; however, what is lacking in return to play protocol is the failure to mention the inclusion of neurocognitive tasks. RTP protocols may focus on the isolated, injured limb during physical performance. This can be a problem because strictly isolated movements are not common in sports (Grooms et al., 2023). An athlete must be able to respond to various stimuli by processing and reacting under various constraints. There is also emphasis placed on quantifying an athlete’s RTP with measures such as strength symmetry evaluation, movement quality evaluation, and Limb Symmetry Index (LSI) (Sepúlveda, 2017). While the quantification of an athlete’s progress is important, there are other objective measures more focused on neurocognition that can be beneficial in the return to play of individual athletes. The addition of neurocognitive tasks in RTP protocols is important for various reasons. For one, it helps to enhance an athlete’s decision-making skills under pressure and helps to address the connection between physical fatigue and cognitive fatigue seen in sporting environments. Something often overlooked is how neurocognition can support and enhance neuromuscular control and how it can help to simulate game situations. Return to play protocols should be updated to account for these beneficial, more comprehensive tasks that support the athlete and their return to the environment they may have once sustained an injury in. 
[bookmark: _Toc199319433]Cognitive Challenges
[bookmark: _Toc199319434]Adding Cognitive Tasks to Typical Neuromuscular Training, Return to Play Protocol, and Injury Prevention Programs
In sports, such as soccer, where decision making is unanticipated and reactive, the training of athletes needs to include neuromuscular control training as well as cognitive training. Most training programs across sports, genders, ages, etc. see neuromuscular training as the key to success in the respective activity; however, the integration of cognitive challenges in injury prevention training programs as well as general training metrics can provide positive outcomes for athletes and teams across different activities.  
	Cognitive training, especially in a group setting, has seen little research or development. Walker et al. (2021) aimed to provide clinical implementation of an injury prevention program with cognitive training. An athlete’s different sporting environments give demands that challenge the individual’s cognitive processing skills. Future injuries can be reduced with the implementation of cognitive tasks. These tasks challenge the athlete in that they not only require physical demands, but they also require mental processing, increasing the difficulty of the task at hand (Walker et al., 2021). A cognitive task aims to supplement neuromuscular training with neurological components such as dual tasking and visual-motor control (Dheming, 2023). In a literature review completed by Dheming (2023), it was found that the largest deficits found post ACL reconstruction occurred during task performance where a patient’s attention was focused on something else besides the task they were asked to complete. This shows that those athletes who suffered an ACL injury may have had decreased cognitive ability, thus putting them at the greatest risk for injury (Dheming, 2023). When an athlete, whether they are returning from injury or training in the sport to enhance performance or decrease risk of injury, is focused on their cognitive performance, body positioning may be neglected due to increased concentration on completing the task at hand, potentially leading to injury or reinjury (Dheming, 2023). Focusing on the physical task at hand can also lead to increased risk of injury. If an athlete’s training focuses on the individual, physical task at hand, when they get into a game environment, they are forced out of their physical and cognitive comfort zone, placing them at greater risk of injury. This is because the sporting environment is dynamic and reactive. It is hard to plan and focus on specific movements when the environment is unpredictable and there are multiple stimuli to respond to. 
[bookmark: _Hlk163992374][bookmark: _Hlk163992632]	Fitts and Posner (1967) defined three phases of motor learning that were used by Walker et al. to create a framework for clinicians to utilize and progress their athletes. The three phases are cognitive, associative, and autonomous. In the cognitive phase, the main goal for training is the basic development of neuromuscular control that will be the basis of the injury prevention program (Walker et al., 2021). During this phase, there are limited cognitive challenges. Also, at this stage of training, there are often verbal and visual cues to the participants/athletes. This is to ensure that there is improvement in this stage of training to be able to move onto the next phase, the associative phase (Walker et al., 2021). The associative phase is characterized by increased cognitive challenges while continuing to train the fundamental neuromuscular tasks (Walker et al., 2021). Adding a cognitive challenge during this phase forces the individual to not solely focus on the physical task at hand. Now, they are to bring their attention away from the initial neuromuscular task in order to also focus on the cognitive task (Walker et al., 2021). What makes this phase important, and challenging, is that the task is to take away all the attention from the body’s movement and towards a visual stimulus or mental task plus physical task. The last phase is the autonomous phase. During the autonomous phase, there are cognitive challenges, seeing an increase in the complexity of those challenges. The main goal of this phase is to improve the physical challenges and be able to manage the more difficult cognitive challenges (Walker et al., 2021) The autonomous phase involves a three engagement process: visual search, working memory, and reactive exercise execution (Walker et al., 2021). This phase best mimics the sporting environment where an athlete is forced to take in the surrounding visual stimuli, process it and know what it means, and implement it to react to the environment. A key to this phase is continuing to upkeep the neuromuscular task that was first being performed even with the increase in complexity (Walker et al., 2021). Task complexity could be having the participant do simple math and based on the answer, cut a particular direction. 
	Lee et al. (2013) looked to study how more realistic game like conditions can impact lower body joint biomechanics. To do this, four different stimuli were used. The participant was to run and cut in response to a one defender or two defender scenario or planned and unplanned arrow conditions. Due to the increased temporal constraints in the unplanned or two defender scenarios, it was hypothesized that there would be an increase in hip extension, abduction and internal rotation, and lateral trunk flexion at initial foot contact (Lee et al., 2013). It was found that peak abduction knee moments were generally larger in the defender conditions and even larger in the unplanned arrow as compared to the planned arrow scenario (Lee et al., 2013). In general, the conditions with defender scenarios saw differences in trunk posturing and knee moments. The results from this study help to show the complexity of neurocognition and neuromuscular control and how the findings have positive implications for injury prevention and rehabilitation, especially in regards to ACL injuries (Lee et al., 2013). This study also looked at the impact of skill level on biomechanical variables and found that hip abduction angles and knee valgus moments were lower for those with greater skill level. 
	Similarly, Jamison et al. (2012) tested increased cognitive tasks in unanticipated running and cutting. Participants were to run a short distance at their preferred speed and respond to three different arrows (left, straight, or right). It was found that knee abduction moments and torso lean away from the cutting direction were positively linked, possibly increasing the risk of ACL injury (Jamison et al., 2012). When the forces act laterally outside the knee, the knee joint is placed under greater loading constraints, creating an increase in the moment arm, thus resulting in a greater knee abduction moment (Jamison et al., 2012). In a narrative review by Hughes and Dai (2023), it was found that altered cognitive attention and control can have an impact on biomechanical risk factors seen in ACL injuries. When an individual must divide their attention between multiple tasks, their ability to properly take in and respond to those stimuli decreases, placing them at risk of injury and highlights the need to emphasize exercises that integrate decision-making and a physical task (Hughes, 2023).   
[bookmark: _Hlk163994271]	Besier et al. (2001b) had participants perform four different maneuvers under planned and unplanned scenarios: a cut to 60 degrees, a cut to 30 degrees, a run straight task, and a cross-over maneuver. For the participants to know what they were to do, a target board was created and turned on for the planned trials. For the unplanned trials, a delay was implemented so that the participant had very little time to react prior to the maneuver they were to do (Besier et al., 2001a). It was found that knee abduction/adduction moment and internal/external rotation moments in the unanticipated cutting task were significantly greater than the moments measured during the pre-planned cutting task (Besier et al., 2001a). This result strengthens the claim that unplanned cutting maneuvers may increase the risk of noncontact ACL injuries. This may be because the body has a shorter amount of time to adjust to the unplanned task at hand. These findings indicate that training should involve both anticipated and unanticipated scenarios to ensure proper adjustment to the dynamic movements involved in sport. 
[bookmark: _Toc199319435]Flanker Task
The Flanker Task involves congruent and incongruent arrows, adding an increasingly difficult cognitive demand to a complex sporting maneuver. The Flanker Task displays five arrows on the screen and the middle arrow is the arrow the participant is to follow in a task. Congruent and incongruent trials include an arrow of displays in which the center arrow is “flanked” by arrows of the same direction or opposing directions seen in Figure 2 (Lapointe et al., 2018; Saadat et al., 2023). In a study looking at the kinematic differences between individuals with and without a history of concussion, it was found that as the Flanker conditions increased in cognitive demand (in this study it was anticipated to congruent to incongruent), the concussed group saw significant increases in displacement of the COM relative to the control group (Lapointe et al., 2018). In this study, participants with a history of concussion showed decreased knee abduction and internal rotation, two risk factors for ACL injury risk (Lapointe et al., 2018). The study by Lapointe et al. (2018) looked at the kinematic differences during a jumping and cutting maneuver in those with a concussion history compared to those who had no previous professional diagnosis of a concussion. A similar study was completed by Saadat et al. (2023) in which a participant was to perform a jump-land-jump maneuver. It was found that there was an increase for biomechanical injury markers with increasing dual tasking (Flanker Task). It was found that participants showed a higher risk of ACL injury during dual task conditions (reduced knee flexion and increased knee external abduction moments) (Saadat et al., 2023). 
[bookmark: _Toc199319436]ImPACT and Other Cognitive Testing
The Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT) examines athletes’ deficits in reaction time, processing speed, working memory, and attention and concentration (Swanik et al., 2007). These deficits tested by ImPACT may be indicators for diminished neuromuscular control capacity thus, potentially being a precursor for noncontact ACL injuries (Quintana & Hoch, 2020; Swanik et al., 2007). The question about test scores indicating potential cognitive susceptibility to ACL injuries arises. In the study conducted by Swanik et al. (2007), the main goal was to see if those athletes who had lower cognitive performances went on to suffer non-contact ACL injuries. In this study, it was found that those athletes who went on to suffer a non-contact ACL injury had statistically significant slower reaction times, slower processing speeds, and performed worse on visual memory and verbal memory (Swanik et al., 2007). These findings have positive implications as to why it is important to develop cognitive training alongside neuromuscular training. These individuals who scored lower on the ImPACT were not classified as “impaired”; however, the speed at which they may process a rapidly changing sport environment is diminished which has the potential to compromise their physical performance and safety performing specific maneuvers like quick, reaction cutting (Swanik et al., 2007). As a sporting environment grows more complex and sporting demands increase, susceptibility to ACL injuries increases.
	A focused clinical question by Quintana and Hoch (2020)looked to see if there was a relationship between cognitive performance and lower body biomechanics during a jumping or cutting task. Quintana and Hoch (2020) included three studies that linked poorer cognitive performance with increased risk of lower limb biomechanics pointing towards injury. Monfort et al. (2019) found that peak knee abduction angles were greater when visual-spatial memory was worse. Peak abduction knee moment, though it did not reach statistical significance, saw a connection with visual memory (Monfort et al., 2019). Another study by Herman (2016) found a strong correlation between poor performance on baseline cognitive assessments and knee kinetics and kinematics in regard to ACL injury. Finally, Shibata et al. (2018) found a strong relationship between low cognitive performance and quadricep dominant muscle activity, a reported relationship that may increase load on the ACL.
[bookmark: _Toc199319437]Cognitive and Functional Tests and Return to Sport Post ACL Reconstruction
Post ACL injury, the body’s central nervous system adapts as the body responds to various impairments such as mechanical instability, pain, fear of movement, and muscle inhibition (Criss et al., 2021). This is known as neuroplasticity and it is common post ACL injury (Grooms et al., 2023). In order to test an individual’s neuroplasticity, it is recommended that return to sport protocols also have space for combined cognitive and motor dual task challenges (Grooms et al., 2023). It has been found that athletes exhibit greater cognitive activity to sustain fundamental knee motor control. 
[bookmark: _Toc297900922]	Transitioning back to sport raises the intricacies of motor coordination and cognitive requirements (Grooms et al., 2023). The sport environment that athletes return to is full of high demands (visual, spatial, temporal, etc.) done during decreasing reaction times.  It is important to modify and advance the current RTP protocols. By adding visual, proprioceptive, and cognitive tasks, each test and constraint is utilized to advance the abilities of the athlete and how they are currently training (Grooms et al., 2023). Training the mind and body with different cognitive tasks helps to form neural pathways that are not strictly revolved around the physical task that an athlete will experience in sport. Instead, training using neurocognition helps to aid in a well-rounded return to play.
[bookmark: _Toc199319438]Conclusion
Noncontact ACL injuries are common across all sports and genders but is most notably seen in female athletes. These injuries can be detrimental to an athlete’s health, and they increase the risk of not meeting or achieving their full potential in sport. It is important to understand the mechanisms that lead to ACL injuries. By understanding these injury mechanisms more well-rounded training programs and injury prevention programs can be developed. Being able to identify why females may be more at risk for ACL injury compared to their male counterparts is essential in being able to reduce or eliminate these injuries. There are currently gaps in the literature pertaining to the addition of a cognitive task during the performance of a run to cut maneuver. The information this study can provide gives athletes, teams, and clinicians the advantage of developing training programs and protocols that are centered around the athlete and encourage proper loading of the body segments that put the body most at risk of ACL injury.


[bookmark: _Toc199319439]Chapter 3: Methods
The purpose of this study was to examine how the introduction of a cognitive task affects lower limb kinetics and kinematics during a run to cut maneuver. More specifically, this study looked at how increasing the complexity of that cognitive task would impact lower body biomechanics. This chapter will describe the methods used to conduct the study.
[bookmark: _Toc199319440]Participants
The study was approved by the University Institutional Review Board and all participants provided written consent prior to the start of data collection. Participants were recruited by word of mouth, email, and fliers. Recruitment was targeted towards individuals who had experience in sports where the run to cut maneuver is common such as soccer, basketball, and lacrosse. 
	Sixteen females participated in this study, but the study targeted a sample size of 20 participants. This sample size was determined using an expected peak internal knee adduction moment effect size of 0.25 (Collins et al., 2016), an α-level of 0.05, and a power of 0.80 (G*Power 3.1.9.2). Participants were recreationally active females 18-35 years old. Recreationally active means that the participant was physically active at least 5 days a week for a minimum of 30 minutes per session or 20 minutes of vigorous intense aerobic activity of at least 3 days a week. These criteria were taken from the American College of Sports Medicine. Participants who have previous experience playing organized sports such as soccer, basketball, and lacrosse were included in this study. Also, if participants were currently engaging in sports such as the previously mentioned, they were included in this study. If a participant had a lower extremity injury in the past 6 months they were excluded from the study. Participants were also excluded from the study if they had a lower extremity injury that required surgery. Also, a participant was excluded from the study if they experienced any pain or discomfort of the lower extremity on the day of data collection. Participants were also excluded if they had any visual processing disorders or conditions that could impact the response to a visual stimulus such as a concussion within the past 6 months. The Lower Extremity Functional Scale (LEFS) was used to determine if participants had any difficulty with performing different everyday tasks. It is important to note that the lower the score on the LEFS, the greater the disability. A change in 9 scale points is the minimal clinically important difference and, as a result, a score of 71 out of 80 points on the LEFS was excluded from the study (Binkley, 1999). The participant’s demographic information (age, height) was recorded, and weight was collected from the static trial.
	Participants were required to wear a pair of Spandex shorts and a sports bra or tight tank top. Both of these clothing options ensured that there was limited movement of the marker set. A pair of standard lab shoes were issued to participants to decrease variability and to ensure that the possible differences in results of the trials were not due to the shoe type. 
[bookmark: _Toc199319441]Instrumentation
[bookmark: _Toc199319442]Equipment Setup
A twelve-camera motion capture system (200 Hz, Vicon Motion Analysis, Inc., Centennial, CO, USA) was used to record 3D marker coordinate data (200 Hz, Vicon Motion Analysis, Inc., Centennial, CO, USA). GRF data was recorded with a 60x60 cm force platform (2,000 Hz, BP600600, Advanced Mechanical Technology, Inc., Watertown, MA, USA) was used. Marker coordinate and GRF data were synchronously collected using Nexus (v2.16 Vicon Motion Analysis, Inc., Centennial, CO, USA). The force platform was zeroed, and the cameras were calibrated prior to each data collection. Running speed was monitored using timing gates (63501IR, Lafayette Instrument Inc., Lafayette, IN, USA) and the Universal Timer (Model 35930, Lafayette Instrument Inc., Lafayette, IN, USA). A custom LabView program (v2024, National Instruments Corporation, Austin, TX, USA) was used to randomly present a visual cue on a large computer monitor. Lastly, marker coordinate and GRF data was processed in Visual3D (v2024.09.1, HAS-Motion Inc., Kingston, ON, CAN).
[bookmark: _Hlk181279717]The set-up can be seen in Figure 1 (Appendix B). The timing gates were set up 1.5 meters prior to the front edge of the force plate. The timing gates were placed one meter apart. These created a runway for the subject to approach the force plate. Timing gates were also placed for the subject to exit through so as to create an exit runway. The placing of the timing gates prior to the force plate and at the exit of the force plate ensured that the subject entered the testing volume at a specific speed, maintained that speed after they performed the cutting maneuver, and completed a cutting angle of 45o ± 10o. Once the subject crossed the first set of timing gates and then continued through the second set of timing gates, the time was output via the Universal Timer application. This process was the same at the exit timing gates where the time was output when the first and second set of timing gates were crossed. A T.V. screen was placed 4 meters in front of the force plate that the participant was striking. The T.V. screen displayed the visual stimulus that the participant was to respond to, indicating whether they were to cut to the right or to the left.
[bookmark: _Toc199319443]Visual Stimulus
The visual stimulus was triggered once the participant crossed the second set of timing gates in the entrance runway. The T.V. screen displayed the arrows that the participant had to respond correctly to when performing the running and cutting maneuver.  
[bookmark: _Toc199319444]Experimental Protocol
[bookmark: _Toc199319445]Participant Setup
Anatomical and tracking markers were placed on the subject for the static calibration. Anatomical markers were placed on the manubrium, C7, L1, right and left acromion process, right and left iliac crest, right and left anterior superior iliac spine, right and left posterior superior iliac spine, right and left greater trochanter, right and left lateral epicondyle, right and left medial epicondyle, right and left lateral malleolus, right and left medial malleolus, right and left head of 5th metatarsal, right and left 1st metatarsal, and right and left 1st metatarsal head. The anatomical markers defined the trunk, thigh, shank, and foot of both the right and left sides. Tracking markers were placed on the trunk, pelvis, right/left thigh, right/left shank, and right/left foot. These tracking markers with four reflective markers on each set were placed on neoprene wraps using Velcro. These wraps were placed on the pelvis, right and left thigh, and right and left shank.  To attach the tracking markers to the trunk, the marker cluster was taped to the sports bra or tank top of the individual. A semi-rigid thermoplastic shell with four reflective markers as attached to the lateral heel of the shoe on both the right and left side. 
One static trial was collected where the participant stood still on the force plate with their arms crossed over their chest. After the static trial was collected, the anatomical markers were removed for the dynamic calibration trial and the subsequent cutting trials, but the tracking markers remained for all trials. Prior to the start of the running and cutting trials, a dynamic range of motion trial was collected. During this dynamic trial, the participant extended their right leg forward, to the side at 45 degrees, and to the back. Then, they circumducted the leg. Next, the participant extended their right leg forward and flexed and extended at the right knee three times. With their right leg extended, the participant plantarflexed and dorsiflexed their right foot three times each. This was repeated on the left side. Once this dynamic trial was collected, data collection began.
[bookmark: _Toc199319446]Testing Protocol
The run to cut in response to a visual stimulus simulated game like scenarios where athletes must quickly process and respond to the environment (i.e. evading an oncoming defender, performing a plant and turn to respond to the run of play, completing a move on the ball, etc.). The participant ran straight on towards the force plate meaning they were not to take a curved approach to the force plate. To ensure that the participant did not take a curved approach, a runway was set up the placement of timing gates.
[bookmark: _Hlk181279847][bookmark: _Hlk181279863]Participants were allowed to practice the running and cutting maneuver to ensure they have some comfortability with what was being asked. They started their running motion at least 6 meters from the front of the force plate. Each participant was slightly different in where they started this motion. Because the participant did not know at the start whether they would be cutting to the right or to the left until the visual stimulus was triggered, there were some imperfections in them setting up exactly where they started. If the participant started around the same spot each time, that was considered appropriate. Participants were required to maintain an entrance speed of 3.5 m/s ± 0.25 m/s. They were also required to maintain a speed of 3.5 m/s ± 0.25 m/s post cut upon exiting the force plate. 
Participants were asked to complete five successful trials on each leg under two different conditions. The Flanker Task was used to create an unanticipated environment, best mimicking in game scenarios, where a visual stimulus was triggered once the participant crosses the first set of timing gates. There were two iterations of the Flanker Task. The first iteration displayed congruent arrows seen in Figure 2 (Appendix B) to signify low cognitive demand on the screen and the participant responded, cutting either to the left or to the right. The second iteration displayed incongruent arrows for the high cognitive demand. This means that the center arrow were flanked by arrows pointing in the opposite direction, again seen in Figure 2 (Appendix B). The participant was to react and respond to the center arrow. A total of ten successful trials (5 to the right and 5 to the left) were completed per each iteration, leading to 20 total successful trials. The order of these trials (low demand left, low demand right, high demand left, high demand right) was randomized.
Trials were deemed successful if 1) the approach speed and exit speed were within the preset tolerance, 2) the subject entered in the preset runway and exit in the preset runway, 3) the plant foot landed fully on the force plate, 4) targeting was minimized, and 5) there were no cross-over steps (always plant right, cut left and always plant left, cut right). If the subject was unsuccessful, the trial was thrown out and reran until the completion of a successful trial. 
[bookmark: _Toc199319447]Data Processing and Analysis
Data was processed in Visual3D and was used to compute kinetic and kinematic data of either the right or left lower extremities based on the planted cutting leg per each trial. A fourth-order, zero lab Butterworth filter with a cutoff frequency of 20 Hz was used on the raw marker coordinate and GRF data from each trial. From the static calibration trial, an eight-segment skeletal model was produced (trunk, pelvis, right/left thigh, right/left shank, and right/left foot). In order to compute the kinematic and kinetic data, segment coordinates and ground reaction force data were used. The hip joint centers were located 25% of the distance from the ipsilateral to contralateral greater trochanter markers (Weinhandl & O’Connor, 2010) Midpoints between the epicondyle makers defined the knee joint centers (Grood & Suntay, 1983) and midpoints between the malleoli markers defined the ankle joint centers (Wu et al., 2002). 
Inverse dynamics were used to calculate joint forces and moments within the musculoskeletal system. The body was modeled as a series of rigid segments as discussed above, each with a mass and moment of inertia. Body segment parameters were estimated using anthropometric models (Dempster et al., 1959; Hanavan, 1964). Joint moments were reported as external moments in the joint coordinate system. The joint coordinate system uses the x,y, and z axes to correspond to anatomical directions and these axes line up with the standard planes of motion (sagittal, frontal, and transverse). All kinetic data was normalized to body mass. This allowed for comparison between individuals because it accounted for variations in body size and mass. 
[bookmark: _Hlk178926604]The first 20% of the stance phase was analyzed which corresponded with the early deceleration phase of the cutting maneuver (Boden et al., 2000; Stearns & Pollard, 2013). Stance phase was defined as the period from heel contact (initial foot contact) to toe off. To define initial foot contact and toe off, a vertical GRF threshold of 10 N was used. The following discrete metrics were identified for all trials: initial contact knee abduction angle, initial contact knee flexion angle, peak knee abduction angle, peak knee flexion angle, peak knee abduction moment of the plant leg, mediolateral displacement of the center of mass, and COM-COP distance at heel strike. 
[bookmark: _Toc199319448]Statistical Analysis
Statistical analyses were conducted using SPSS (Version 29.0; IBM Corp., Armonk, NY). A 2×2 repeated-measures ANOVA (limb × cutting condition) was used to examine the effects of cognitive demand (low vs. high) on knee kinetics and kinematics during cutting maneuvers. When a significant interaction was observed, post hoc paired-samples t-tests were performed to examine simple main effects. Effect sizes were reported as Cohen’s d for paired t-tests. Cohen’s d was calculated using the mean difference and standard error. Values were interpreted as small (0.2), medium (0.5), and large (0.8), and are reported alongside corresponding p-values. The alpha level for statistical significance was set at α = 0.05.


[bookmark: _Toc297900929]
[bookmark: _Toc199319449]Chapter 4: Increasing Cognitive Task Complexity in a Run to Cut Maneuver
[bookmark: _Toc199319450]Abstract
Non-contact anterior cruciate ligament (ACL) injuries are common in sports today accounting for nearly 80% of all ACL injuries  and a majority of these injuries are the result of a running and cutting movement.  In a sporting environment such as on the soccer field, it is an uncontrollable environment where players must take in, process, and respond to various stimuli. Research continues to work to understand the “why” behind ACL injuries, but where this research is lacking is determining how adding an increasingly complex cognitive task to a simple running and cutting maneuver can have an impact on an athlete’s ability to respond to an external cognitive stimulus. The purpose of this study is to examine how increasing the difficulty of a visual stimulus affects lower limb kinetics and kinematics during a run to cut maneuver. The Flanker Task was used to change the complexity of the visual stimulus where congruent (low demand) and incongruent arrows (high demand) were utilized. Results indicated that there were significant demand interactions for IC knee abduction angle, peak knee flexion angle, peak knee abduction angle, and COM displacement. IC knee abduction angle increased, peak knee flexion angle increased, peak knee abduction angle increased, and center of mass (COM) displacement decreased with the increase in demand. There were significant side interactions for peak external knee abduction moment (KAM), COM displacement, and COM-center of pressure (COP) distance. Peak KAM increased, COM displacement decreased, and COM-COP distance increased from the left to the right side.  These findings suggest that the increase in cognitive demand altered knee cutting mechanics. The results can be used to help better evaluate the risk factors for ACL injuries and aid in creating training and rehabilitation programs that better simulate in-game scenarios.
[bookmark: _Toc199319451]Introduction
The anterior cruciate ligament (ACL) is made up of a band of dense connective tissues, where the proximal end of the ACL attaches to the posteromedial aspect of the lateral femoral condyle in the intercondylar notch of the femur and the distal end of the ACL connects to the anterior aspect of the proximal tibia (Duthon et al., 2006; Murray et al., 2013). The function of the ACL is to help prevent excessive movement of the knee joint, especially forward translation of the tibia relative to the femur (Murray et al., 2013). The ACL works to resist when the knee hyperextends or helps to stabilize in movements that involve twisting, pivoting, and quick change in direction (Murray, 2013). The overall job of the ACL is to resist applied loads that put the knee joint in vulnerable positions.
ACL injury is prevalent in sports today for both genders; however, it is most prevalent in female athletes (Jones et al., 2015). According to Ristow et al. (2023), there is an estimated annual incidence of 120,000 ACL injuries in the U.S. across all sports and levels of sport. There are different intrinsic and extrinsic factors that can play a role in injury to the ACL. Intrinsic factors include things such as joint and ligament laxity, hormonal influences, limb alignment, femoral notch dimensions, and ligament size (Harmon & Ireland, 2000; Musahl et al., 2018). Extrinsic factors include things such as conditioning/fatigue, muscle fatigue, cognitive loads, and the environment in which a sport is being played (Haycock & Gillette, 1976; G. J. Loughran et al., 2019; Zelisko et al., 1982).
Kinetic and kinematic risk factors involved with non-contact ACL injuries have been identified in the knee. A common kinematic variable in ACL injuries is increased knee abduction angle (Boden et al., 2000; Boden et al., 2010; Hewett et al., 2005). A knee abduction angle, which occurs when the distal tibia rotates laterally relative to the femur (Hewett et al., 2005). This motion exerts significant forces on the knee, causing it to collapse inward, and studies have shown that athletes with higher knee abduction angles are more likely to develop injuries compared to healthy individuals (Bates, 2020). 
A second kinematic variable that is often studied alongside ACL injuries is knee flexion. Decreased knee flexion is typically associated with increased knee valgus and with greater knee extension. In this position the quadriceps may exert a greater anterior shear force on the tibia which places greater strain on the ACL. Greater knee flexion may help distribute forces more evenly across the knee joint. Another kinematic variable studied in relation to ACL injuries is the body’s center of mass. A key aspect of knee abduction loading is the result of an increased body lean away from the direction of the cut which moves the body’s center of mass laterally (Boden et al., 2010). Similarly, Jamison et al. (2012) found that knee abduction moment had a positive association with the torso moving away from the cutting direction which may indicate a higher potential risk for ACL injury due to increased load on the knee.
Knee abduction moments, otherwise known as valgus moments, have also been linked to ACL injury risk during a running and cutting maneuver (Besier et al., 2001b). Besier et al. (2001a) found that during weight acceptance and peak push off, the knee experiences greater internal rotation and valgus moments while also being in 30-40 degrees of flexion. When the knee is placed in a biomechanically vulnerable position (knee valgus moment, internal rotation, and flexion), the risk of ACL injury increases. When the knee collapses inward, combined with the added force from landing, running, or cutting, greater strain is placed on the ACL, increasing the risk of injury. In a study, it was found that females showed greater knee abduction moment during the early stages of the deceleration phase (Sigward & Powers, 2006a, 2006b) . Furthermore, on average, females experienced peak frontal plane moments that were twice as large as those of males, meaning the torques experienced on the knee joint were significantly higher (Sigward & Powers, 2006b). Similar results were found in McLean et al. (2005) where females demonstrated larger normalized peak knee abduction moments during a running and cutting maneuver. Furthermore, larger initial knee abduction angles showed a correlation with peak knee abduction moments in females (McLean et al., 2005), indicating that the force from planting and cutting drove the knee inwards. 
	Research continues to explore the kinetic and kinematic variables that put the ACL at greater risk of injury, but something that is needed in both research and rehabilitation/training settings is scenarios that best mimic the unpredictable environment of sport. Specifically, the research on a running and cutting maneuver in response to an increasingly complex visual stimulus is lacking (Besier et al., 2001a, 2001b; Collins et al., 2016; Kim et al., 2014; Meinerz et al., 2015; Shibata et al., 2018; Weinhandl et al., 2013). One way to increase task complexity to create a cognitive challenge is to use the Flanker Task. This task uses congruent and incongruent arrows to create an increasingly complex testing environment. Congruent arrows provide a lower cognitive challenge while incongruent arrows provide a higher cognitive challenge.
	The purpose of this study was to examine how increasing the difficulty of a visual stimulus using the Flanker Task affects lower limb kinetics and kinematics during a run to cut maneuver. It was hypothesized that as task complexity increased, there would be increased peak knee abduction moment, decreased knee flexion at initial contact, increased knee abduction angles at initial contact, increased peak knee abduction angle, and reduced mediolateral displacement of center of mass. 
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Sixteen recreationally active females (age: 22.69 ± 3.03 yrs, height: 1.66 ± 0.06 m, mass:  64.24 ± 9.07 kg, Table 1, Appendix A) were recruited to participate in the study. The study targeted a sample size of at least 17. This sample size was determined using an expected peak internal knee adduction moment effect size of 0.25 (Collins et al., 2016), an α-level of 0.05, and a power of 0.80 (G*Power 3.1.9.2). Recreationally active means that the participant was physically active at least 5 days a week for a minimum of 30 minutes per session or 20 minutes of vigorous intense aerobic activity of at least 3 days a week. These criteria were taken from the American College of Sports Medicine. Participants had to have had previous experience playing organized sports such as soccer, basketball, and lacrosse to be included in the study. Also, if participants were currently engaging in sports such as the previously mentioned, they were included in the study. Participants were also excluded from the study if they had a lower extremity injury in the past 6 months, had had a lower extremity injury that required surgery, or if they experienced any pain or discomfort of the lower extremity on the day of data collection. Participants were also excluded if they had any visual processing disorders or conditions that could have impacted the response to a visual stimulus such as a concussion within the past 6 months. The Lower Extremity Functional Scale (LEFS) was used to determine if participants had any difficulty with performing different everyday tasks. It is important to note that the lower the score on the LEFS, the greater the disability. A change in 9 scale points is the minimal clinically important difference and, as a result, a score of 71 out of 80 points on the LEFS was excluded from the study (Binkley, 1999). The participant’s demographic information (age, height, and kicking leg) was recorded, and weight was collected from the static trial. Participants provided written consent upon arrival to the lab, with the informed consent being approved by the University Institutional Review Board prior to testing.
[bookmark: _Toc199319454]Experimental Procedures
A twelve-camera motion capture system (200 Hz, Vicon Motion Analysis, Inc., Centennial, CO, USA) was used to record 3D marker coordinate data (200 Hz, Vicon Motion Analysis, Inc., Centennial, CO, USA). GRF data was recorded with a 60x60 cm force platform (2,000 Hz, BP600600, Advanced Mechanical Technology, Inc., Watertown, MA, USA). Marker coordinate and GRF data were synchronously collected using Nexus (v2.16 Vicon Motion Analysis, Inc., Centennial, CO, USA). Running speed was monitored using timing gates (63501IR, Lafayette Instrument Inc., Lafayette, IN, USA) and the Universal Timer (Model 35930, Lafayette Instrument Inc., Lafayette, IN, USA). A custom LabView program (v2024, National Instruments Corporation, Austin, TX, USA) was used to randomly present a visual cue on a large computer monitor. Lastly, marker coordinate and GRF data was processed in Visual3D (v2024.09.1, HAS-Motion Inc., Kingston, ON, CAN).
The set-up for the testing can be seen in Figure 1 (Appendix B). The timing gates were set up 1.5 meters prior to the front edge of the force plate and were placed one meter apart. These created a runway for the subject to approach the force plate. Timing gates were also placed for the subject to exit through so as to create an exit runway. The placing of the timing gates prior to the force plate and at the exit of the force plate ensured that the subject entered the testing volume at a specific speed, maintained that speed after they performed the cutting maneuver, and completed a cutting angle of 45o ± 10o. A T.V. screen was placed 4 meters in front of the force plate to display the visual stimulus that the participant was to respond to, indicating whether they were to cut to the right or to the left.
[bookmark: _Toc199319455]Testing Protocol
Participants were allowed to practice the running and cutting maneuver to ensure they have some comfortability with what was being asked. Each participant first walked through the capture volume to get a feeling for crossing the second set of timing gates and seeing the visual stimulus. After walking, the participant ran through the entrance timing gates to ensure they felt comfortable getting up to speed and responding to the visual stimulus. Participants started their running motion at least 6 meters from the front of the force plate. Participants were required to maintain an entrance speed of 3.5 m/s ± 0.25 m/s. They were also required to maintain a speed of 3.5 m/s ± 0.25 m/s post cut upon exiting the force plate. 
Participants were asked to complete five successful trials on each leg under two different conditions. The Flanker Task was used to create an unanticipated environment, best mimicking in game scenarios, where a visual stimulus was triggered once the participant crossed the second set of timing gates. There were two iterations of the Flanker Task. To test low demand, congruent arrows (Figure 2, Appendix B) were displayed on the screen and the participant responded, cutting either to the left or to the right. The second iteration displayed incongruent arrows which tested high demand. This means that the center arrow were flanked by arrows pointing in the opposite direction (Figure 2, Appendix B). The participant was to react and respond to the center arrow. A total of ten successful trials (5 to the right and 5 to the left) were completed per each iteration, leading to 20 total successful trials. The order of these trials (low demand left, low demand right, high demand left, high demand left, high right) was randomized.
Trials were deemed successful if 1) the approach speed and exit speed were within the preset tolerance, 2) the subject entered in the preset runway and exit in the preset runway, 3) the plant foot landed fully on the force plate, 4) targeting was minimized, and 5) there were no cross-over steps (always plant right, cut left and always plant left, cut right). If the subject was unsuccessful, the trial was recollected until the completion of a successful trial. 
[bookmark: _Toc199319456]Data Processing and Statistical Analysis
Data was processed in Visual3D and was used to compute kinetic and kinematic data of either the right or left lower extremities based on the planted cutting leg per each trial. A fourth-order, zero lag, lowpass Butterworth filter with a cutoff frequency of 20 Hz was used on the raw marker coordinate and GRF data from each trial. From the static calibration trial, an eight-segment skeletal model was produced (trunk, pelvis, right/left thigh, right/left shank, and right/left foot). The hip joint centers were located 25% of the distance from the ipsilateral to contralateral greater trochanter markers (Weinhandl & O’Connor, 2010) Midpoints between the epicondyle makers defined the knee joint centers (Grood & Suntay, 1983) and midpoints between the malleoli markers defined the ankle joint centers (Wu et al., 2002). 
Inverse dynamics were used to calculate joint forces and moments within the musculoskeletal system. The body was modeled as a series of rigid segments as discussed above, each with a mass and moment of inertia. Body segment parameters were estimated using anthropometric models (Dempster et al., 1959; Hanavan, 1964). Joint moments were reported as external moments in the joint coordinate system. The joint coordinate system uses the x, y, and z axes to correspond to anatomical directions and these axes line up with the standard planes of motion (sagittal, frontal, and transverse). All kinetic data was normalized to body mass. 
The first 20% of the stance phase was analyzed which corresponded with the early deceleration phase of the cutting maneuver (Boden et al., 2000; Stearns & Pollard, 2013). Stance phase was defined as the period from heel contact (initial foot contact) to toe off. To define initial foot contact and toe off, a vertical GRF threshold of 10 N was used. The following discrete metrics were identified for all trials: initial contact knee abduction angle, initial contact knee flexion angle, peak knee abduction angle, peak knee flexion angle, peak knee abduction moment of the plant leg, mediolateral displacement of the center of mass (COM), and COM-center of pressure (COP) distance at heel strike. 
[bookmark: _Toc199319457]Statistical Analysis
Statistical analyses were conducted using SPSS (Version 29.0; IBM Corp., Armonk, NY). A 2×2 repeated-measures ANOVA (limb × cutting condition) was used to examine the effects of cognitive demand (low vs. high) on knee kinetics and kinematics during cutting maneuvers. When a significant interaction was observed, post hoc paired-samples t-tests were performed to examine simple main effects. Effect sizes were reported as Cohen’s d for paired t-tests. Cohen’s d was calculated using the mean difference and standard error. Values were interpreted as small (0.2), medium (0.5), and large (0.8), and are reported alongside corresponding p-values. The alpha level for statistical significance was set at α = 0.05.
[bookmark: _Toc199319458]Results
Kinematic results are presented in Table 2 (Appendix A) and shown in Figure 3 (Appendix B). With regards to initial contact (IC) kinematics, there was a significant demand main effect for IC knee abduction angle (F1,15=5.152, p=0.038, d=0.15). During the low demand condition, the average knee abduction angle was -4.5º±4.6º. During the high demand condition, the average knee abduction angle was -5.3º±5.1º. When increasing the demand from low to high, IC knee abduction angle increased by about 0.7º. 
For peak kinematics, there was a significant demand main effect for both peak knee abduction angle (F1,15=7.279, p=0.017, d=0.14) and peak knee flexion angle (F1,15=14.479, p=0.002, d=0.45). As demand increased, peak knee abduction angle increased from -8.4º±5.8º to -9.2º±6.2. Peak knee flexion angle increased from -52.7º±5.9º to ‑55.6º±7.0º.
There was also a significant demand main effect (F1,15=15.483, p=0.001, d=0.71) as well as a significant side main effect (F1,15=8.132, p=0.013, d=0.60) for COM displacement. As the demand increased from low to high, COM displacement decreased from 0.3±0.06 meters to 0.26±0.06 meters. On the left side COM displacement was 0.295±0.06 meters while on the right side, COM displacement was 0.259±0.06 meters.
There was a side main effect for COM-COP distance (F1,15=7.547, p=0.015, d=0.60). The mean distance on the left side was 0.26±0.02 meters. COM-COP distance increased on the right side to 0.30±0.02 meters.
Finally, there was a significant side main effect for peak knee abduction moment (KAM) (F1,15=18.667, p=0.001, d=0.99) (Table 3, Appendix A; Figure 4, Appendix B). The mean KAM for the left side was 0.26±0.14 Nm/kg while the mean KAM for the right side was 0.42±0.20 Nm/kg. Overall, there was about a 0.167 increase in the KAM from the left side to the right side. 
[bookmark: _Toc199319459]Discussion
The goal of this study was to simulate in game scenarios where an athlete’s attention is taken from a physical task at hand. In order to achieve this, an increasingly complex visual stimulus was used. By increasing the demand of a visual stimulus during a running and cutting maneuver cognitive and perceptual challenges can be mimicked creating real game scenarios that athletes face in competition. In sports, players must process visual information, anticipate movements, and make rapid decisions while still executing dynamic movements such as a cut to evade a defender or to find open space. By adding an increasingly complex visual stimulus, individuals are forced to divide their attention between proper movement execution and decision-making. Thus, quick, unanticipated reactions to visual cues help simulate real-time decision-making.
The hypothesis of this study was that with an increase in task complexity, it would provide a more challenging cutting environment which would show in lower body kinetics and kinematics. It was hypothesized that as task complexity increased, peak knee abduction moment would increase, knee flexion at initial contact would decrease, initial contact knee abduction angles would increase, peak knee abduction angle would increase, and COM displacement would be reduced. 
It was hypothesized that IC and peak knee abduction angles would increase with increasing cognitive demand which was supported by results as both IC knee abduction angles and peak knee abduction angles significantly increased with increasing cognitive demand. Under higher cognitive demand scenarios, it has been found that individuals exhibited greater knee abduction angles during dynamic movements such as cutting (Almonroeder et al., 2019; Porter et al., 2020; Shibata et al., 2018). The increase in knee abduction angles because of increased cognitive demand suggests that there is a potentially elevated risk of ACL injury. The ACL’s main function is to prevent excessive anterior tibial translation so when combined with increased knee abduction, it experiences high tensile loads, potentially leading to injury (Murray et al., 2013). The small effect size suggests that the magnitude of the change in knee abduction angle is minimal and may fall within the range of normal biomechanical variability or measurement error. Therefore, while the difference is statistically significant, it may not represent a meaningful or clinically relevant change in knee kinematics.
Peak knee flexion angle was found to be statistically significant between low demand to high demand. As demand increased, peak knee flexion angles increased by about 2.9º. In a study by Almonroeder et al. (2015), it was found that peak knee flexion angles increased for unanticipated trials compared to anticipated trials. While Almonroeder et al. (2015) does not focus on low verses high demand cutting, it is useful in comparison because both require real-time adjustments. Both types of cutting require changes in movement planning, decision-making, and neuromuscular control, just at different levels of complexity. Increased knee flexion can help reduce strain on the ACL so participants may have adopted a safer cutting strategy at increased cognitive demand. Also, increased knee flexion can act as a shock-absorption mechanism in which athletes are able to maintain their balance and respond to the unanticipated, high demand cutting. Participants also spent approximately 400 milliseconds more time throughout the plant part of the cut during the high demand condition so it’s possible that participants spent more time with their knees in a more flexed position due to slower reaction patterns which make it harder to execute quick knee extension after planting.
COM displacement was found to have a significant demand main effect. As demand increased, the COM displacement was found to have decreased. There were no significant changes in COM-COP distance, meaning that as task complexity increased, the initial lateral body posture or lean was similar and the body’s alignment over the foot was not different between conditions. If COM-COP distance is the same but the COM displacement decreases from low to high demand, this indicates a more upright posture throughout the cutting maneuver during the high demand condition. Essentially, the COM displacement indicates how much lateral motion the body experienced during the stance, not the lean itself. Since both low and high demand conditions start with the same lean but the high demand shows less displacement, this may suggest a more stiffened or conservative strategy. A decrease in mediolateral COM displacement agrees with the initial hypothesis; however, the decrease in COM displacement throughout stance in the high demand maneuvers coupled with the no change in COM-COP distance at heel strike indicates that the body did not show the predicted indicators for increased ACL injury risk. 
It was hypothesized that peak external knee abduction moments (KAM) would increase with increasing demand. This hypothesis was not supported as there were no significant results for demand; however, there was a significant side main effect as peak KAM increased from the left to the right side. When looking at the COM displacement and COM-COP distance, the right side saw a more laterally shifted COM away from the direction of the cut. If the participant leaned their trunk more towards the right side during the cut, the external moment arm between the ground reaction force and the knee may be increased, thus leading to a higher peak KAM on the right side. Another explanation for the peak KAM being greater on the right side may have to do with limb dominance. Every participant reported their kicking leg to be the right. That makes the left leg the plant leg. This may mean that the left leg may exhibit better motor control and strength, allowing for more efficient force absorption. It is possible that the plant leg has strong knee stabilizers which can aid in reducing peak KAM (Sadauskaitė-Zarembienė et al., 2013). 
When looking at the COM-COP distance at initial heel strike, there was an increase in this difference when comparing the left to the right side. More specifically, there was about a 0.04-meter distance increase from left to right. The COM displacement was found to be important when comparing sides. COM displacement decreased from the left to the right side. Coupled with the decrease in COM displacement, this means that the body stayed in a more lateral position throughout the cut on the right side compared to the left side. The persistent lateral positioning may increase injury risk, particularly to the ACL, because the body’s ability to effectively align the knee under the COM is reduced. Maintaining a more lateral lean during cutting has been associated with increased frontal plane knee loading, specifically external knee abduction moments (KAM) (Donelon et al., 2020). An increased KAM is an established risk factor for non-contact ACL injuries (Quatman & Hewett, 2009).
In an ideal cut, the COM would stay closer to the basis of support meaning that the distance between the COM and COP would be minimized. This allows the lower body to work efficiently to respond to a cut. When the COM is more lateral, the knee is not stacked over the foot which can lead to poor joint alignment, increasing the forces on the knee and subsequently the ACL, making the ACL work harder to resist anterior tibial translation. On the right side verses the left side, the COM stayed displaced more laterally. This increases the COM falling further outside of the basis of support which can lead to higher, laterally directed ground reaction forces and the knee has to absorb those forces, placing excessive strain on the knee (Jones et al., 2015). In a study by Donelon et al. (2020), it was stated that a high risk posture was trunk alignment away from the cutting direction. When the trunk was shifted further away from the cutting direction, causing the knee to absorb forces more laterally, it put the knee at greater risk of injury. When the COM shifts laterally, the knee may be forced inwards, increasing knee abduction angles.
There were a few limitations that should be noted for the current study. First, not all participants had the same level of training or experience. While every participant had previous experience in sports with running and cutting, some had more extensive training and more experience with certain sports. The different levels of training and time in sport may have influenced some of the different cutting mechanics between participants. Another limitation is fatigue which may have been a factor in some of the participants’ data collections, especially the later trials since the visual stimulus was completely random, making the total number of trials unique to each participant. Throughout the testing participants were given rest time between trials if necessary and were asked after every 10 trials how they were feeling. These trials were also completed in a controlled lab setting which may not fully replicate the speed and unpredictability of in-game scenarios. The visual stimulus, while it aided in creating an unpredictable environment, might not fully simulate game-like decision-making complexity. Finally, athletes may vary in cognitive processing speed, attention, or decision-making skills which can introduce high variability in biomechanical outcomes. 
[bookmark: _Toc199319460]Conclusion
The findings of this study suggest that an increase in cognitive demand can alter knee biomechanics. This information is important to understand because it can help athletes, trainers, coaches, physical therapists, etc. build training programs or rehabilitation routines. By simulating in-game decision-making with unanticipated cuts and an increasingly complex visual stimulus, athletes can be better prepared for their sport through training or post-rehabilitation. It is suggested that the results of this study be used to guide individuals creating programs to add increasing cognitive loads. For coaches and trainers this can look like having athletes choosing between cutting right or left based on a last-second visual cue such as pointing or a verbal cue. To make it even more complex both visual and auditory cues can be used. In rehabilitations settings, a simple progression from isolated movement drills to dual task drills to reactive drills to game-like scenarios can be implemented. This would allow the athlete to slowly progress through their rehabilitation protocol, giving them more complex tasks as they advance. 
While differences were observed between sides, it is important to note that a majority of the differences were seen with increasing demand. This suggests that, while understanding limb dominance can be important in the analysis of lower body biomechanics, increasing the cognitive demand may have more of an impact on the running and cutting biomechanical outcomes. 
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[bookmark: _Toc8661486][bookmark: _Toc199319463]Appendix A: Tables
[bookmark: _Toc199319163]Table 1.  Participant Demographics: mean ± STD.
	Height (m)
	Mass (kg)
	Age (yrs)

	 1.66 ± 0.06
	64.24 ± 9.07
	 22.69 ± 3.03 33333.033.03




[bookmark: _Toc199319164][bookmark: _Toc8314597]Table 2. Mean and standard deviation of initial contact knee flexion angle (°), initial contact knee abduction angle (°), peak knee flexion angle (°), peak knee abduction angle (°), COM displacement (m), and COM-COP distance (m). Positive angles indicate knee extension and knee adduction.
	
	
	Low Demand
	High Demand
	Side Effect p-value
	Demand Effect p-value
	Side*Demand p-value

	IC Knee Flexion Angle (°)
	Left
	-37.87 ± 10.83 
	-39.17 ± 12.49
	0.437
	0.103
	0.403

	
	Right
	-34.49 ± 13.77 
	 -38.30 ± 13.55
	
	
	

	IC Knee Abd. Angle (°) ^
	Left
	-4.47 ± 4.44
	-5.25 ± 4.74
	0.913
	0.038
	0.892

	
	Right
	-4.60 ± 5.40 
	-5.31 ± 6.03
	
	
	

	Peak Knee Flexion Angle (°) ^
	Left
	 -53.40 ± 6.25 
	-56.42 ± 6.89
	0.274
	0.002
	0.829

	
	Right
	-51.99 ± 6.85
	-54.78 ± 8.18
	
	
	

	Peak Knee Abd. Angle (°) ^
	Left
	-8.65 ± 5.62
	-9.31 ± 5.91
	0.735
	0.017
	0.493

	
	Right
	-8.16 ± 6.58 
	 -9.18 ± 7.02
	
	
	

	COM Displacement (m) *^
	Left
	0.31 ± 0.05 
	0.28 ± 0.08
	0.013
	0.001
	0.940

	
	Right
	0.28 ± 0.08 
	0.24 ± 0.06
	
	
	

	COM-COP Distance (m) *
	Left
	0.26 ± 0.08
	0.26 ± 0.10
	
0.015
	
0.710
	
0.517

	
	Right
	0.30 ± 0.08
	0.31 ± 0.05
	
	
	


*: significant side main effect 
^: significant demand main effect 
[bookmark: _Toc199319165]Table 3. Mean and standard deviation of peak knee abduction moment (Nm/kg). Positive moments are indicative of an externally applied knee abduction moment.
	
	
	Low Demand
	High Demand
	Side Effect p-value
	Demand Effect p-value
	Side*Demand p-value

	Peak Knee Abd. Moment (Nm/kg)*
	Left
	0.27 ± 0.15
	0.24 ± 0.13
	0.001
	0.353
	0.897

	
	Right
	0.43 ± 0.21
	0.41 ± 0.20
	
	
	


*: significant side main effect
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[image: A red arrow on a black background

Description automatically generated]

[image: A red arrows on a black background

Description automatically generated]

[image: A red arrow with black squares

Description automatically generated]

[image: A red arrow pointing to a black arrow

Description automatically generated]

[bookmark: _Toc199319039]Figure 2. The visual stimulus that was displayed on the monitor. The arrows all pointing towards the same direction were the low cognitive demand. The arrows with the center arrow pointing in the opposite direction of the flanking arrows were used for the high cognitive demand.








[bookmark: _Toc199319040]Figure 3. Kinematic Ensemble curves. Comparison of the knee kinematics between the four different testing conditions from initial contact to final push off from the force platform.




[bookmark: _Toc199319041]Figure 4. Kinetic ensemble curve. Comparison of the knee between the four different testing conditions from initial contact to final push off from the force platform. Positive is indicative of an external knee abduction moment.
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[bookmark: _Toc199319467]Appendix E: Fitness Activity Questionnaire
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[bookmark: _Toc199319468]Appendix F: Musculoskeletal Injury History Questionnaire
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[bookmark: _Toc8661491][bookmark: _Toc199319470]Appendix H: Individual Results for Select Variables
[bookmark: _Toc199319166]Table 4. Individual Participant Demographics.
	Participant
	Height (m)
	Mass (kg)
	Age (yrs)
	LEFS
	Kicking Leg

	1
	1.7
	64.9
	25
	80
	R

	2
	1.6
	67.8
	23
	77
	R

	3
	1.68
	68.2
	19
	80
	R

	4
	1.7
	62.4
	18
	80
	R

	5
	1.8
	90
	27
	80
	R

	6
	1.63
	61.2
	21
	80
	R

	7
	1.7
	55.8
	26
	80
	R

	8
	1.65
	60.37
	22
	74
	R

	9
	1.65
	61.1
	19
	76
	R

	10
	1.63
	70.36
	23
	76
	R

	11
	1.5
	51.4
	22
	80
	R

	12
	1.63
	63.5
	23
	80
	R

	13
	1.63
	54.6
	24
	80
	R

	14
	1.68
	59.04
	20
	78
	R

	15
	1.65
	62.5
	29
	80
	R

	16
	1.73
	74.6
	22
	80
	R




[bookmark: _Toc199319167]Table 5. Individual IC Knee Flexion Angles (°)
	
	Left
	Right

	Participant
	Low Demand 
	High Demand
	Low Demand
	High Demand

	1
	-48.46 ± 8.56
	-43.78 ± 6.98 
	-58.08 ± 7.23
	-69.57 ± 14.52

	2
	-35.46 ± 7.87
	-37.97 ± 7.83
	-35.91 ± 26.44
	-35.26 ± 37.88

	3
	-38.58 ± 6.00
	-38.41 ± 10.73
	-31.29 ± 10.09
	-46.52 ± 6.95

	4
	-52.56 ± 4.22
	-71.12 ± 20.23
	-48.11 ± 5.28
	-56.56 ± 15.44

	5
	-29.62 ± 3.46
	-33.31 ± 7.62
	-12.11 ± 4.05
	-26.00 ± 6.58

	6
	-30.73 ± 4.18
	-27.11 ± 1.11
	-34.70 ± 5.33
	-32.00 ± 12.11

	7
	-47.16 ± 18.09
	-53.64 ± 17.02
	-56.77 ± 8.17
	-60.15 ± 7.32

	8
	-34.30 ± 4.96
	-32.46 ± 7.77
	-53.58 ± 11.38
	-36.45 ± 15.43

	9
	-33.36 ± 12.85
	-38.27 ± 12.47
	-30.41 ± 8.53
	-43.40 ± 10.71

	10
	-34.04 ± 12.85
	-27.10 ± 13.73
	-32.64 ± 6.20
	-32.21 ± 4.12

	11
	-34.18 ± 17.44
	-45.84 ± 25.76
	-36.8 ± 22.62
	-28.85 ± 6.90

	12
	-39.53 ± 21.41
	-36.03 ± 13.32
	-32.41 ± 7.01
	-33.52 ± 6.16

	13
	-64.92 ± 18.41
	-50.81 ± 18.96
	-26.01 ± 18.46
	-35.94 ± 15.58

	14
	-22.11 ± 13.85
	-17.67 ± 7.67
	-20.33 ± 9.69
	-23.85 ± 4.51

	15
	-24.77 ± 6.15
	-31.66 ± 10.92
	-15.05 ± 6.51
	-23.38 ± 10.64

	16
	-36.06 ± 10.31
	-41.59 ± 15.27
	-27.58 ± 7.23
	-29.13 ± 3.84




[bookmark: _Toc199319168]Table 6. Individual IC Knee Abduction Angles (°) (Abd (-), Add(+))
	
	Left
	Right

	Participant
	Low Demand 
	High Demand
	Low Demand
	High Demand

	1
	-2.99 ± 1.74
	1.46 ± 5.45
	-0.71 ± 2.75
	0.46 ± 1.63

	2
	0.03 ± 2.29
	-1.73 ± 1.83
	-3.03 ± 5.96
	-0.26 ± 7.04

	3
	-10.92 ± 1.56
	-10.21 ± 3.91
	-7.24 ± 4.03
	-8.96 ± 4.02

	4
	-9.75 ± 2.40
	-12.90 ± 2.18
	-12.15 ± 1.46 
	-14.99 ± 4.24 

	5
	-11.91 ± 1.60
	-11.89 ± 4.51
	-9.98 ± 1.60
	-13.57 ± 6.00

	6
	0.32 ± 1.32
	-1.89 ± 2.13
	-3.58 ± 1.83
	-4.55 ± 2.31

	7
	-1.09 ± 1.80
	-1.90 ± 1.86
	-9.17 ± 1.44
	-8.83 ± 1.50

	8
	0.81 ± 0.61
	-0.65 ± 4.80
	3.82 ± 2.16
	2.08 ± 3.04

	9
	-4.88 ± 3.39
	-5.84 ± 4.08
	-9.54 ± 4.09
	-10.00 ± 3.08

	10
	-6.33 ± 0.99
	-7.98 ± 3.00
	-3.28 ± 2.86
	-2.31 ± 1.98

	11
	-2.18 ± 2.30
	-3.13 ± 1.10
	4.46 ± 1.19
	3.24 ± 1.51

	12
	-0.11 ± 1.10
	0.11 ± 0.86
	0.44 ± 2.27
	-0.27 ± 1.34

	13
	-5.74 ± 3.21
	-7.43 ± 2.34
	-7.20 ± 3.41
	-9.90 ± 3.07

	14
	-2.84 ± 3.27
	-2.48 ± 3.35
	-0.84 ± 1.95
	-1.10 ± 2.46

	15
	-2.40 ± 1.99
	-4.77 ± 2.59
	-2.34 ± 1.71
	-2.39 ± 1.59

	16
	-11.48 ± 3.04
	-12.71 ± 4.80
	-13.27 ± 2.04
	-13.53 ± 1.79




[bookmark: _Toc199319169]Table 7. Individual Peak Knee Flexion Angles (°)
	
	Left
	Right

	Participant
	Low Demand 
	High Demand
	Low Demand
	High Demand

	1
	-61.45 ± 1.84
	-66.66 ± 5.43
	-62.43 ± 5.86
	-68.10 ± 6.65

	2
	-57.38 ± 5.09
	-57.71 ± 1.88
	-57.49 ± 6.69
	-63.03 ± 4.38

	3
	-57.31 ± 1.44
	-63.59 ± 3.86
	-48.53 ± 0.79
	-49.18 ± 6.91

	4
	-55.75 ± 2.59
	-62.85 ± 6.08
	-49.96 ± 5.72
	-54.37 ± 2.72

	5
	-45.44 ± 4.61
	-48.67 ± 3.46
	-43.82 ± 2.86
	-45.92 ± 2.37

	6
	-52.54 ± 3.43
	-53.13 ± 1.11
	-54.57 ± 3.05
	-51.95 ± 4.04

	7
	-62.90 ± 4.59
	-67.39 ± 12.82
	-61.13 ± 4.01
	-70.94 ± 8.08

	8
	-49.96 ± 1.62
	-50.41 ± 4.35
	-56.92 ± 8.02
	-54.66 ± 1.33

	9
	-55.55 ± 6.70
	-56.30 ± 5.39
	-56.50 ± 3.04
	-58.95 ± 6.19

	10
	-42.66 ± 6.99
	-46.41 ± 7.59 
	-51.86 ± 6.77
	-50.77 ± 4.86

	11
	-48.82 ± 6.90
	-61.48 ± 2.49
	-52.05 ± 2.93
	-59.14 ± 0.98

	12
	-60.23 ± 6.85
	-62.27 ± 3.54
	-52.88 ± 2.70
	-55.74 ± 3.01

	13
	-50.44 ± 9.75
	-53.44 ± 5.87 
	-47.19 ± 5.39
	-46.73 ± 5.94

	14
	-58.87 ± 3.06
	-54.50 ± 4.63
	-49.85 ± 3.31
	-55.76 ± 7.19

	15
	-44.12 ± 2.45
	-48.40 ± 6.45
	-34.16 ± 3.48
	-38.87 ± 0.57

	16
	-50.92 ± 1.49
	-49.51 ± 4.56
	-52.59 ± 4.09
	-52.31 ± 3.60




[bookmark: _Toc199319170]Table 8. Individual Peak Knee Abduction Angles (°)
	
	Left
	Right

	Participant
	Low Demand 
	High Demand
	Low Demand
	High Demand

	1
	-8.46 ± 1.78
	-5.00 ± 2.92
	-3.90 ± 3.91
	-4.94 ± 3.23

	2
	-5.51 ± 4.13
	-6.90 ± 1.56
	-8.30 ± 4.96
	-7.47 ± 6.88

	3
	-17.97 ± 2.84
	-17.96 ± 4.93
	-14.19 ± 3.14 
	-13.56 ± 5.24

	4
	-14.92 ± 2.23
	-16.77 ± 1.74
	-15.79 ± 1.63
	-19.74 ± 2.16

	5
	-14.46 ± 2.34
	-15.96 ± 0.94
	-20.70 ± 3.71
	-20.11 ± 5.92

	6
	-4.33 ± 3.03
	-5.44 ± 1.32
	-5.46 ± 2.03
	-6.38 ± 1.83

	7
	-4.43 ± 1.76
	-3.75 ± 1.15
	-10.76 ± 1.69
	-11.39 ± 3.62

	8
	-1.32 ± 0.75
	-4.58 ± 3.06
	-2.48 ± 1.69
	-3.80 ± 2.40

	9
	-13.60 ± 2.31
	-14.66 ± 3.53
	-12.68 ± 4.26
	-13.52 ± 5.07

	10
	-9.61 ± 1.20
	-8.99 ± 2.08
	-5.16 ± 3.59
	-4.13 ± 2.55

	11
	-5.43 ± 1.97
	-4.08 ± 1.63
	3.02 ± 1.82
	1.84 ± 1.84

	12
	-1.28 ± 2.26
	-0.84 ± 1.13
	-1.90 ± 1.62
	-1.70 ± 1.79 

	13
	-3.54 ± 3.58
	-14.98 ± 70
	-14.61 ± 1.34
	-17.08 ± 1.93

	14
	-5.01 ± 3.82
	-5.36 ± 1.88
	-1.18 ± 2.11
	-4.59 ± 3.20

	15
	-2.75 ± 0.44
	-6.01 ± 3.63
	-2.89 ± 1.33
	-2.59 ± 2.08

	16
	-15.84 ± 2.87
	-17.67 ± 2.55
	-14.21 ± 4.45
	-17.20 ± 5.18




[bookmark: _Toc199319171]Table 9. Center of Mass Displacement (m)
	
	Left
	Right

	Participant
	Low Demand 
	High Demand
	Low Demand
	High Demand

	1
	0.32 ± 0.01
	0.27 ± 0.09
	0.28 ± 0.04
	0.28 ± 0.06

	2
	0.22 ± 0.03
	0.22 ± 0.07
	0.31 ± 0.02
	0.27 ± 0.03

	3
	0.24 ± 0.04
	0.21 ± 0.07
	0.14 ± 0.05
	0.12 ± 0.07

	4
	0.32 ± 0.06
	0.24 ± 0.07
	0.27 ± 0.04
	0.25 ± 0.12

	5
	0.33 ± 0.01
	0.29 ± 0.03
	0.28 ± 0.09
	0.27 ± 0.04

	6
	0.23 ± 0.02
	0.21 ± 0.03
	0.33 ± 0.02
	0.29 ± 0.02

	7
	0.27 ± 0.01
	0.26 ± 0.06
	0.27 ± 0.08
	0.09 ± 0.13

	8
	0.45 ± 0.02
	0.45 ± 0.15
	0.49 ± 0.02
	0.21 ± 0.05

	9
	0.35 ± 0.01
	0.29 ± 0.03
	0.28 ± 0.02
	0.29 ± 0.06

	10
	0.34 ± 0.04
	0.24 ± 0.12
	0.25 ± 0.05
	0.28 ± 0.03

	11
	0.33 ± 0.04
	0.34 ± 0.06
	0.33 ± 0.04
	0.29 ± 0.05

	12
	0.36 ± 0.05
	0.38 ± 0.1
	0.31 ± 0.02
	0.28 ± 0.06

	13
	0.33 ± 0.04
	0.14 ± 0.12
	0.21 ± 0.14
	0.25 ± 0.07

	14
	0.29 ± 0.09
	0.34 ± 0.07
	0.23 ± 0.02
	0.24 ± 0.07

	15
	0.26 ± 0.04
	0.22 ± 0.01
	0.26 ± 0.02
	0.21 ± 0.06

	16
	0.31 ± 0.03
	0.25 ± 0.08
	0.25 ± 0.06
	0.22 ± 0.04




[bookmark: _Toc199319172]Table 10. Peak External Knee Abduction Moment (Nm/kg)
	
	Left
	Right

	Participant
	Low Demand 
	High Demand
	Low Demand
	High Demand

	1
	0.20 ± 0.11
	0.09 ± 0.08
	0.21 ± 0.24
	0.18 ± 0.16

	2
	0.28 ± 0.09
	0.22 ± 0.21
	0.42 ± 0.21
	0.39 ± 0.26

	3
	0.35 ± 0.17
	0.37 ± 0.21
	0.49 ± 0.13
	0.47 ± 0.17

	4
	0.37 ± 0.19
	0.40 ± 0.08
	0.36 ± 0.13
	0.44 ± 0.19

	5
	0.46 ± 0.15
	0.47 ± 0.16
	0.72 ± 0.15
	0.74 ± 0.15

	6
	0.33 ± 0.19
	0.44 ± 0.19
	0.33 ± 0.12
	0.34 ± 0.25

	7
	0.19 ± 0.06
	0.23 ± 0.15
	0.69 ± 0.34
	0.76 ± 0.20

	8
	0.05 ± 0.08
	0.09 ± 0.06
	0.20 ± 0.04
	0.07 ± 0.05

	9
	0.23 ± 0.12
	0.26 ± 0.10
	0.90 ± 0.23
	0.50 ± 0.19

	10
	0.29 ± 0.07
	0.06 ± 0.13
	0.12 ± 0.13
	0.36 ± 0.29

	11
	0.15 ± 0.14
	0.27 ± 0.04
	0.25 ± 0.18
	0.21 ± 0.15

	12
	0.06 ± 0.20
	0.15 ± 0.01
	 0.34 ± 0.14
	0.34 ± 0.15

	13
	0.34 ± 0.04
	0.42 ± 0.09
	0.50 ± 0.22
	0.64 ± 0.06

	14
	0.14 ± 0.06
	0.08 ± 0.12
	0.30 ± 0.19
	0.32 ± 0.16

	15
	0.17 ± 0.02
	0.06 ± 0.15
	0.47 ± 0.22
	0.21 ± 0.12

	16
	0.45 ± 0.11
	0.52 ± 0.24
	0.61 ± 0.33
	0.66 ± 0.26




[bookmark: _Toc199319173]Table 11. Average Entrance Velocities (m/s)
	
	Left
	Right

	Participant
	Low Demand 
	High Demand
	Low Demand
	High Demand

	1
	3.45 ± 0.12
	3.38 ± 0.11
	3.49 ± 0.06
	3.41 ± 0.09

	2
	3.60 ± 0.13
	3.56 ± 0.06
	3.60 ± 0.16
	3.66 ± 0.10

	3
	3.69 ± 0.05
	3.70 ± 0.04
	3.56 ± 0.18
	3.58 ± 0.13

	4
	3.36 ± 0.06
	3.37 ± 0.10
	3.35 ± 0.06
	3.42 ± 0.08

	5
	3.62 ± 0.07
	3.67 ± 0.13
	3.52 ± 0.19
	3.59 ± 0.07

	6
	3.41 ± 0.06
	3.46 ± 0.13
	3.45 ± 0.08
	3.54 ± 0.17

	7
	3.55 ± 0.17
	3.61 ± 0.17
	3.34 ± 0.10
	3.46 ± 0.16

	8
	3.47 ± 0.18
	3.37 ± 0.19
	3.43 ± 0.09
	3.38 ± 0.15

	9
	3.72 ± 0.01
	3.65 ± 0.08
	3.57 ± 0.16
	3.46 ± 0.18

	10
	3.54 ± 0.22
	3.47 ± 0.12
	3.69 ± 0.07
	3.59 ± 0.18

	11
	3.69 ± 0.04
	3.60 ± 0.20
	3.61 ± 0.07
	3.64 ± 0.10

	12
	3.63 ± 0.13
	3.68 ± 0.11
	3.73 ± 0.02
	3.70 ± 0.07

	13
	3.63 ± 0.13
	3.52 ± 0.13
	3.57 ± 0.19
	3.63 ± 0.17

	14
	3.37 ± 0.13
	3.36 ± 0.04
	3.42 ± 0.11
	3.41 ± 0.13

	15
	3.62 ± 0.19
	3.59 ± 0.14
	3.71 ± 0.02
	3.60 ± 0.19

	16
	3.62 ± 0.11
	3.57 ± 0.21
	3.61 ± 0.14
	3.52 ± 0.22




[bookmark: _Toc199319174]Table 12. Average Exit Velocities (m/s)
	
	Left
	Right

	Participant
	Low Demand 
	High Demand
	Low Demand
	High Demand

	1
	3.70 ± 0.00
	3.53 ± 0.14
	3.68 ± 0.05
	3.50 ± 0.16

	2
	3.40 ± 0.11
	3.38 ± 0.06
	3.62 ± 0.15
	3.72 ± 0.03

	3
	3.50 ± 0.11
	3.55 ± 0.19
	3.64 ± 0.13
	3.64 ± 0.13

	4
	3.59 ± 0.18
	3.41 ± 0.17
	3.46 ± 0.19
	3.49 ± 0.21

	5
	3.48 ± 0.20
	3.43 ± 0.16
	3.41 ± 0.17
	3.41 ± 0.17

	6
	3.48 ± 0.16
	3.33 ± 0.00
	3.48 ± 0.20
	3.41 ± 0.17

	7
	3.43 ± 0.19
	3.36 ± 0.05
	3.45 ± 0.17
	3.41 ± 0.17

	8
	3.41 ± 0.17
	3.48 ± 0.06
	3.43 ± 0.19
	3.33 ± 0.00

	9
	3.41 ± 0.17
	3.38 ± 0.06
	3.63 ± 0.11
	3.46 ± 0.17

	10
	3.41 ± 0.17
	3.33 ± 0.00
	3.33 ± 0.00
	3.40 ± 0.11

	11
	3.36 ± 0.05
	3.36 ± 0.05
	3.33 ± 0.00
	3.38 ± 0.06

	12
	3.36 ± 0.05
	3.43 ± 0.10
	3.43 ± 0.16
	3.65 ± 0.11

	13
	3.54 ± 0.15
	3.47 ± 0.10
	3.70 ± 0.00
	3.50 ± 0.19

	14
	3.36 ± 0.05
	3.58 ± 0.13
	3.50 ± 0.14
	3.46 ± 0.17

	15
	3.39 ± 0.12
	3.36 ± 0.05
	3.38 ± 0.11
	3.33 ± 0.00

	16
	3.58 ± 0.13
	3.50 ± 0.16
	3.50 ± 0.11
	3.38 ± 0.11




[bookmark: _Toc199319175]Table 13. COM-COP Distance at Heel Strike (m)

	
	Left
	Right

	Participant
	Low Demand 
	High Demand
	Low Demand
	High Demand

	1
	0.34 ± 0.02
	0.33 ± 0.03
	0.29 ± 0.03
	0.31 ± 0.02

	2
	0.34 ± 0.04
	0.35 ± 0.02
	0.39 ± 0.04
	0.30 ± 0.02

	3
	0.28 ± 0.04 
	0.25 ± 0.04 
	0.42 ± 0.05 
	0.36 ± 0.06

	4
	0.33 ± 0.04
	0.27 ± 0.09 
	0.32 ± 0.04 
	0.30 ± 0.04 

	5
	0.28 ± 0.02
	0.29 ± 0.05 
	0.27 ± 0.05 
	0.32 ± 0.01 

	6
	0.34 ± 0.01 
	0.35 ± 0.03 
	 0.34 ± 0.02 
	0.35 ± 0.02

	7
	0.34 ± 0.04
	0.36 ± 0.04
	0.36 ± 0.01 
	0.33 ± 0.06 

	8
	0.19 ± 0.03 
	0.23 ± 0.03 
	0.15 ± 0.04 
	0.25 ± 0.08

	9
	0.25 ± 0.05
	0.28 ± 0.04 
	0.33 ± 0.01
	0.27 ± 0.03 

	10
	0.21 ± 0.04 
	0.26 ± 0.05
	0.29 ± 0.05
	0.34 ± 0.06 

	11
	0.23 ± 0.02 
	0.06 ± 0.19 
	0.11 ± 0.14 
	0.21 ± 0.05 

	12
	0.16 ± 0.13 
	0.16 ± 0.05 
	0.33 ± 0.02 
	0.34 ± 0.02 

	13
	0.04 ± 0.01
	0.05 ± 0.11
	0.21 ± 0.12
	0.24 ± 0.17

	14
	0.21 ± 0.03
	0.20 ± 0.07 
	0.28 ± 0.02 
	0.30 ± 0.06 

	15
	0.30 ± 0.02 
	0.29 ± 0.03 
	0.31 ± 0.02 
	0.33 ± 0.04 

	16
	0.32 ± 0.03 
	0.37 ± 0.02
	0.37 ± 0.02 
	0.38 ± 0.03 




[bookmark: _Toc199319176]Table 14. Time in Stance Phase (s)

	
	Left
	Right

	Participant
	Low Demand 
	High Demand
	Low Demand
	High Demand

	1
	0.32 ± 0.02 
	0.38 ± 0.04 
	0.29 ± 0.03 
	0.33 ± 0.07 

	2
	0.33 ± 0.01 
	0.36 ± 0.03 
	0.29 ± 0.02
	0.36 ± 0.00

	3
	0.32 ± 0.01 
	0.38 ± 0.07 
	0.30 ± 0.02 
	0.31 ± 0.05

	4
	0.32 ± 0.02
	0.35 ± 0.02
	0.31 ± 0.03
	0.34 ± 0.06

	5
	0.32 ± 0.03
	0.34 ± 0.05 
	0.36 ± 0.04 
	0.38 ± 0.03 

	6
	0.28 ± 0.02 
	0.30 ± 0.01 
	0.26 ± 0.01 
	0.26 ± 0.02 

	7
	0.29 ± 0.03
	0.29 ± 0.07 
	0.29 ± 0.02 
	0.31 ± 0.10 

	8
	0.30 ± 0.02 
	0.41 ± 0.15 
	0.33 ± 0.06 
	0.36 ± 0.05 

	9
	0.31 ± 0.05 
	0.32 ± 0.05 
	0.33 ± 0.04 
	0.37 ± 0.03 

	10
	0.25 ± 0.02 
	0.30 ± 0.04
	0.31 ± 0.03 
	0.31 ± 0.04 

	11
	0.27 ± 0.04 
	0.37 ± 0.04
	0.35 ± 0.04 
	0.38 ± 0.04 

	12
	0.42 ± 0.03 
	0.47 ± 0.04 
	0.35 ± 0.03
	0.41 ± 0.02 

	13
	0.21 ± 0.12 
	0.47 ± 0.14
	0.27 ± 0.11
	0.33 ± 0.05 

	14
	0.37 ± 0.04 
	0.41 ± 0.04 
	0.33 ± 0.02 
	0.42 ± 0.08 

	15
	0.28 ± 0.02 
	0.3 ± 0.04
	0.29 ± 0.02 
	0.31 ± 0.04 

	16
	0.29 ± 0.02 
	0.30 ± 0.02
	0.34 ± 0.07 
	0.35 ± 0.03 
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High Demand Right	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	-5.3173291572916668	-5.2779033833333342	-5.2498883843749988	-5.2371121104166676	-5.2416643010416664	-5.2633259770833343	-5.2990104781250009	-5.3425351885416656	-5.3848283447916669	-5.4147546770833328	-5.4207708302083333	-5.3932133958333344	-5.3268506489583345	-5.2228498260416671	-5.0895449010416671	-4.941598722916666	-4.7981434374999994	-4.6799348989583338	-4.6065017416666665	-4.5935664552083333	-4.6513589145833345	-4.7837997354166664	-4.9885643010416665	-5.2579588281249983	-5.5798618593750007	-5.9394088552083346	-6.3203744885416659	-6.7065822875000007	-7.0829806062499996	-7.4364942604166666	-7.7563738604166659	-8.0344186833333335	-8.2650820166666659	-8.4454081093750002	-8.5749602729166661	-8.6555409395833323	-8.6907087958333342	-8.6852667937499994	-8.6447241802083337	-8.5748558854166639	-8.481368071875	-8.3697138406249998	-8.2449161802083317	-8.1114863854166668	-7.9734304874999999	-7.8342310416666674	-7.6969445854166665	-7.5642425062500012	-7.4384180489583329	-7.3212960989583342	-7.2141509083333331	-7.1176020749999989	-7.0316803781249995	-6.9558978208333331	-6.8893228604166676	-6.8306587062500004	-6.778378833333333	-6.7308846145833341	-6.6865681708333344	-6.6438000104166663	-6.6010011854166661	-6.5566785572916668	-6.5094760479166682	-6.458201821874999	-6.4017582166666678	-6.3390735499999993	-6.269087376041667	-6.1908017760416678	-6.1032511552083317	-6.0055653510416667	-5.8970095322916674	-5.7770652385416659	-5.6454648354166661	-5.5022237614583327	-5.3476627718750001	-5.1823879322916664	-5.0073185093749997	-4.8236652927083332	-4.6330578062500001	-4.4375769322916669	-4.2398575958333335	-4.0431422552083331	-3.8512497614583339	-3.6685441697916659	-3.4997763010416665	-3.3498039291666668	-3.2232865468750003	-3.1242676208333329	-3.0556216916666665	-3.0185796260416664	-3.0122273333333327	-3.0331988302083324	-3.0756642104166665	-3.1316547979166662	-3.1916647427083333	-3.2454774447916668	-3.2831068958333329	-3.2955672770833329	-3.2754777656250003	-3.2175140500000006	-3.1185751166666664	High Demand Left	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	-5.3806387890625	-5.4011486859375006	-5.4212461390625002	-5.4421439921875008	-5.4631293265624992	-5.4816982593749994	-5.4938474781249997	-5.4947372578125	-5.4792082906249995	-5.4422777718750002	-5.3798036390624988	-5.2896482796875004	-5.1732726031250005	-5.036938729687499	-4.8919044031250003	-4.7532227046875004	-4.6377176718749995	-4.5613853484374998	-4.5370810718749999	-4.5733239999999995	-4.6735753375	-4.8362528218750001	-5.0553061359375011	-5.3211352765625	-5.6214202906250001	-5.9423721687499995	-6.2699208609375008	-6.5908345109374995	-6.8935920499999996	-7.1690070625000013	-7.4103591374999995	-7.613270374999999	-7.7754218999999996	-7.8962580015624999	-7.9767904484374998	-8.0193520906250004	-8.0272807609375008	-8.0046758375000007	-7.9562192890625001	-7.8869362640625003	-7.8018789874999994	-7.7057977187500013	-7.6028628437500014	-7.4966082656249995	-7.3900760046875007	-7.2859096062500006	-7.1863857437499998	-7.0932702421874989	-7.0076700734375006	-6.9300981640625015	-6.8606899281250007	-6.7994141578124996	-6.7460789109375003	-6.7002774390625	-6.6613146968750012	-6.628146825	-6.5993476515625007	-6.5733243484375006	-6.5484525218749985	-6.5232158312499999	-6.4962531281249998	-6.4664833546875009	-6.4332522499999998	-6.3962872812499993	-6.355529803125	-6.3109392515625	-6.2622913609374997	-6.2089104218749993	-6.1495661093749998	-6.0826551265625	-6.0066977156249992	-5.920765571875001	-5.8246476375000009	-5.7188648593750004	-5.6045925562499992	-5.4834592187500002	-5.3573100296874996	-5.2281368343750003	-5.0980142625000013	-4.9689364124999997	-4.84265430625	-4.7205554234374993	-4.6037093124999995	-4.4931911953125008	-4.3903472843750002	-4.296906028125	-4.2149707093750006	-4.146890209375	-4.0948554656249998	-4.0603268281249996	-4.0435105718750002	-4.0430111546875009	-4.0557041749999998	-4.0767596046875001	-4.099803965625	-4.1173472906250002	-4.1213462890625001	-4.1040149671874993	-4.0587053953124999	-3.9808107000000001	-3.8681869249999998	Low Demand Right	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	-4.6856112802083327	-4.6684811312499992	-4.662235577083333	-4.6706975156250001	-4.6966589927083335	-4.7413036572916667	-4.8038360479166666	-4.8810664760416662	-4.967374879166667	-5.0549675625000008	-5.1344623885416674	-5.1961542166666668	-5.2314459041666668	-5.2347167250000011	-5.2043118729166675	-5.1434129958333328	-5.0596777124999992	-4.9645297635416679	-4.8717164427083333	-4.7954276229166668	-4.7487076916666666	-4.7418604697916669	-4.781742654166667	-4.8714830145833341	-5.0106783822916663	-5.1960042666666659	-5.4217387010416669	-5.6804353666666669	-5.9634230906249996	-6.2613562354166676	-6.5646811583333342	-6.8641023645833332	-7.1510289968749996	-7.4179136041666673	-7.6585236239583336	-7.868048541666667	-8.0432491520833338	-8.1824375666666693	-8.2853661249999995	-8.353021905208335	-8.3872843666666661	-8.3906358333333344	-8.3657602385416663	-8.3153237364583319	-8.2419735281249995	-8.1483194999999995	-8.0370875125000012	-7.911177621874999	-7.7736742333333311	-7.6277521395833334	-7.4765577125	-7.3230167083333333	-7.1697371333333324	-7.0188961385416677	-6.8722300927083335	-6.7309564302083329	-6.5958119999999987	-6.4670745468749988	-6.3446400687500013	-6.2281314822916656	-6.1169644218750001	-6.0104634531250003	-5.9078961666666672	-5.8084723114583348	-5.7113275552083334	-5.6155581947916673	-5.5201909083333334	-5.4242113052083312	-5.3265701916666677	-5.2262126364583334	-5.1221351760416667	-5.0134178760416672	-4.8992884666666674	-4.7791984333333337	-4.652868316666666	-4.5203570468750005	-4.3820946677083334	-4.2389613895833342	-4.0923280291666666	-3.9440358864583338	-3.7963822083333341	-3.6520932739583336	-3.5142523781250006	-3.3861985270833337	-3.2713582177083342	-3.1729299427083331	-3.0937057041666662	-3.0357133947916664	-2.9999296500000003	-2.9860447250000002	-2.9923321260416667	-3.0155659197916656	-3.0511057333333333	-3.0931999416666667	-3.1353616625000003	-3.1708340197916667	-3.193113713541667	-3.1963976697916667	-3.1759612645833326	-3.1282775635416664	-3.0510137510416668	Low Demand Left	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	-4.4581991822916667	-4.5117437458333338	-4.5764145656249982	-4.652118755208333	-4.7382362750000002	-4.8333800369791664	-4.9353996036458341	-5.0412116244791676	-5.1468249250000007	-5.2473324963541659	-5.3371060697916661	-5.4102797630208324	-5.4614596713541665	-5.4866933770833333	-5.4845683593750003	-5.4570689265625001	-5.4099305593750007	-5.3522902187500003	-5.2954791744791665	-5.2513942770833326	-5.2307606828124991	-5.2419709671875001	-5.2902528562500013	-5.3776750822916668	-5.5033508114583345	-5.6639682770833337	-5.8542538369791659	-6.0674759088541679	-6.2960025572916658	-6.5317430031249994	-6.7666580177083349	-6.9932334901041662	-7.2048837312499998	-7.396278036979167	-7.5633760145833335	-7.7033969973958332	-7.8145070343750005	-7.8955818385416663	-7.9460021515624994	-7.9655952619791668	-7.9547878432291661	-7.9150578682291677	-7.8494287687500002	-7.7625583640625004	-7.6602356364583333	-7.5482258411458334	-7.4311761359374993	-7.3121461958333338	-7.1928559427083325	-7.0742029109374993	-6.9566898635416665	-6.8406664203125009	-6.7264753479166677	-6.6143920812500001	-6.5047367635416675	-6.397910357291666	-6.2944952135416665	-6.1952692317708324	-6.1010990598958337	-6.0128601213541675	-5.9311763067708325	-5.8562294567708335	-5.787667605208334	-5.7245333421874998	-5.6652757234375004	-5.6078903093749988	-5.5501789598958329	-5.4900981963541655	-5.4259514484374991	-5.3565232156249998	-5.2811030901041658	-5.1994892208333336	-5.1118903515625007	-5.0188133145833334	-4.9210532604166657	-4.8195477484374996	-4.7152719843749997	-4.6092308765625001	-4.5024409369791663	-4.3960142755208338	-4.2911818432291664	-4.1893806072916666	-4.092365138020833	-4.002246049479167	-3.9213812223958335	-3.8521432369791668	-3.7965763598958326	-3.7561170968750002	-3.7313844979166664	-3.7220549567708328	-3.7267996791666667	-3.743226601041667	-3.7678426598958334	-3.7960556083333339	-3.8223879171875002	-3.840890794270833	-3.845761657291666	-3.8318727067708336	-3.7951649843749995	-3.7328673203124998	-3.648567925	% Stance


Knee Abduction Angle (deg)




Low Demand Left	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	-37.536227744791674	-37.014084163541661	-36.563890027083332	-36.193672392708336	-35.912043844791668	-35.727685286458339	-35.648806306250002	-35.682391529166665	-35.833150014583339	-36.102922445833329	-36.489834464583325	-36.987981781250006	-37.587427525000003	-38.274774407291673	-39.033965994791664	-39.847514081249997	-40.697696687500006	-41.567530871875	-42.441509186458333	-43.305970630208336	-44.149325312499997	-44.962003510416665	-45.736540755208338	-46.467413890625004	-47.150833809374994	-47.784488669791678	-48.367192280208329	-48.898591864583331	-49.379027773958335	-49.80951524895832	-50.191804671875005	-50.5284148625	-50.822529824999997	-51.077827813541667	-51.298376738541663	-51.488444388541666	-51.652354418749994	-51.794094758333337	-51.916645940624996	-52.021372394791662	-52.107697466666664	-52.173551322916673	-52.216276243750002	-52.233401070833331	-52.222744675000008	-52.182108507291659	-52.109026261458332	-52.000901033333328	-51.855480827083326	-51.671264881249996	-51.447712267708333	-51.18498052395833	-50.88345606041667	-50.543457551041662	-50.165090786458336	-49.7482913375	-49.292817009375007	-48.798226639583334	-48.263907749999994	-47.689122045833329	-47.073145757291677	-46.415475572916662	-45.715993365624996	-44.97509437916667	-44.193729831250003	-43.373391973958341	-42.516043431249997	-41.624022312500003	-40.699869876041667	-39.746165422916668	-38.765395236458332	-37.759955996874986	-36.732222920833337	-35.684655806250007	-34.619874788541665	-33.540749156249994	-32.450457031249996	-31.352495047916669	-30.250709175000001	-29.149293169791669	-28.052761324999999	-26.966001256249999	-25.894335737500001	-24.843644475000001	-23.820557593749999	-22.832645489583339	-21.888578533333334	-20.998187909374998	-20.172427726041665	-19.423223979166664	-18.763215427083335	-18.205462396875006	-17.763030089583332	-17.448515491666665	-17.273404316666667	-17.247473625000001	-17.378206896874996	-17.670307794791665	-18.125474977083332	-18.74223336770833	-19.516055485416668	Low Demand Right	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	-34.167595853125007	-33.628978121875008	-33.184159555208332	-32.840760350000004	-32.606556596874995	-32.489047554166667	-32.494945959375002	-32.629493975000003	-32.895759117708337	-33.293887176041665	-33.820292443750006	-34.46733409479166	-35.223199795833331	-36.072767837499995	-36.998559812500005	-37.98182987291667	-39.003205443749998	-40.043385905208339	-41.083598833333333	-42.106220593750002	-43.095349301041665	-44.037216546875001	-44.920482889583319	-45.736381948958332	-46.478833816666665	-47.144326575000008	-47.731962498958332	-48.243235820833327	-48.681838583333338	-49.053248743750004	-49.364237202083324	-49.622323524999999	-49.835106494791674	-50.009919118749991	-50.153268398958332	-50.270550198958333	-50.365906575000004	-50.442324514583333	-50.501990703124996	-50.546579134375001	-50.577373708333333	-50.595160028125008	-50.60003953333333	-50.59111140625	-50.566402855208345	-50.522998196874994	-50.457356999999995	-50.365711954166663	-50.244560707291654	-50.090921469791674	-49.902408808333334	-49.677187871875006	-49.413800478125005	-49.111061381249996	-48.768004709374992	-48.383915916666666	-47.958332391666673	-47.491103434374999	-46.982371259374993	-46.432499777083336	-45.842028994791676	-45.211591828125002	-44.541880221875005	-43.833611494791676	-43.087566553125001	-42.304662247916674	-41.485992194791663	-40.632873944791669	-39.746868702083333	-38.829797297916663	-37.883697276041673	-36.910809078124991	-35.913549564583327	-34.894507300000001	-33.856380079166669	-32.801986841666668	-31.734267012499995	-30.656298864583331	-29.571315444791665	-28.482814931250001	-27.394639677083333	-26.311055360416667	-25.236907938541666	-24.177698120833337	-23.139723581250006	-22.130221028125003	-21.157488260416667	-20.230953632291666	-19.361152865624994	-18.559654261458334	-17.838799240625001	-17.211402456250003	-16.690274658333333	-16.287758785416667	-16.015225222916666	-15.882608330208337	-15.89801433958333	-16.067318718749998	-16.393984848958333	-16.878857335416669	-17.500955977083333	High Demand Left	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	-37.789082045312504	-37.029846715624998	-36.3930686953125	-35.895833546874997	-35.553568064062503	-35.378208345312501	-35.377347942187498	-35.5537701203125	-35.905205642187504	-36.423583218750004	-37.094531003125006	-37.897700201562493	-38.808175740625003	-39.798795162500006	-40.842232854687502	-41.912753915624997	-42.986974601562508	-44.044132265625009	-45.066341324999996	-46.038909440625012	-46.950779576562496	-47.794731701562505	-48.567470267187495	-49.269158960937489	-49.902789429687502	-50.473114584374997	-50.985510251562509	-51.445397418750005	-51.857948129687493	-52.22815706250001	-52.560865648437499	-52.860783596875002	-53.132312442187505	-53.379380851562502	-53.605224262500002	-53.812250593750001	-54.001917929687494	-54.174823048437496	-54.330786604687496	-54.469013548437502	-54.588311787499997	-54.687357946875004	-54.764795867187495	-54.819269448437495	-54.8492475171875	-54.8528807765625	-54.827978475000002	-54.772178712500015	-54.683209826562496	-54.559123259375006	-54.398451396874997	-54.20039051562501	-53.964803992187498	-53.692000043750006	-53.382376771874995	-53.035989245312507	-52.6522810203125	-52.230130182812495	-51.768190345312497	-51.265388412500009	-50.721356767187494	-50.136636093749999	-49.512674121874994	-48.851658934374996	-48.1561651015625	-47.428655306250008	-46.6708330828125	-45.883172417187495	-45.065005049999989	-44.2154904625	-43.334710429687497	-42.424004662499996	-41.485391896875001	-40.520725209375001	-39.531307645312495	-38.517999640624993	-37.48159851874999	-36.423060348437488	-35.3436533859375	-34.245167267187497	-33.130149173437502	-32.002108301562501	-30.865591328125003	-29.726256021874999	-28.590932784374999	-27.4677400953125	-26.366140832812505	-25.2970409015625	-24.272845700000001	-23.3073042796875	-22.415299620312499	-21.612525934374997	-20.915129153124997	-20.339293739062501	-19.900743003124997	-19.614001190625	-19.491621045312495	-19.543244948437497	-19.774853734375	-20.188128871875001	-20.780357428125001	High Demand Right	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	-37.982697091666658	-37.060071621874997	-36.243078270833337	-35.547773961458333	-34.991397651041659	-34.591380141666676	-34.3639830125	-34.322650925000005	-34.476182318749999	-34.82691148333334	-35.369306253125004	-36.089761646875004	-36.967300876041669	-37.975490111458335	-39.084412065625003	-40.262452362500007	-41.477731567708325	-42.699299942708329	-43.898397349999996	-45.049604917708344	-46.131943539583325	-47.129457863541667	-48.03152868541666	-48.832663886458342	-49.532058673958332	-50.132848316666667	-50.641261162500015	-51.065857588541668	-51.416847403125011	-51.705451351041667	-51.943333646875011	-52.142097709375001	-52.312536163541665	-52.464023675	-52.604008104166667	-52.737708995833337	-52.868032872916672	-52.995810604166664	-53.12006093645833	-53.238358573958337	-53.347268386458332	-53.44268218958333	-53.520198484374994	-53.57536326666667	-53.603918148958329	-53.601938901041663	-53.565890481250001	-53.492744897916658	-53.379977658333331	-53.225608872916666	-53.028227733333331	-52.787012080208335	-52.501681098958329	-52.172411290625007	-51.799739398958337	-51.384463705208333	-50.927580994791661	-50.430188316666687	-49.893372295833323	-49.318162815625001	-48.705427732291668	-48.055863654166671	-47.369993658333343	-46.648233092708345	-45.890946592708332	-45.098529119791664	-44.271455450000005	-43.410290590625003	-42.515747964583326	-41.588684468750003	-40.630158772916673	-39.641421634375	-38.623891201041666	-37.579176255208324	-36.50906359270833	-35.415515436458335	-34.300728576041671	-33.167138319791668	-32.017456493750004	-30.854717339583331	-29.682412093749996	-28.504501763541661	-27.325572414583331	-26.150901657291666	-24.986648838541665	-23.840024564583334	-22.719492779166661	-21.634926802083328	-20.597765442708337	-19.620984875000001	-18.718918038541666	-17.907009834375003	-17.201342748958336	-16.618053652083329	-16.172705369791665	-15.879646362499999	-15.751272601041665	-15.797428106249997	-16.024743134375001	-16.436261630208335	-17.03117546979167	% Stance


Knee Flexion Angle (deg)




High Demand Right	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	0	-4.7713690476181014E-4	-9.7910000000001052E-4	-1.4851892857143945E-3	-1.9985023809524494E-3	-2.5237952380950945E-3	-3.0618499999998106E-3	-3.584972619047555E-3	-4.0891309523808372E-3	-4.5703642857143345E-3	-5.0319607142855771E-3	-5.4738619047619563E-3	-5.8790547619046452E-3	-6.2375499999999251E-3	-6.5433142857143078E-3	-6.7883023809524046E-3	-6.9643404761904337E-3	-7.0638511904760337E-3	-7.0783821428570537E-3	-7.0024988095238605E-3	-6.8361904761904402E-3	-6.5772583333332246E-3	-6.2231416666667094E-3	-5.7765309523807318E-3	-5.2419523809523749E-3	-4.6234523809525196E-3	-3.9254797619046045E-3	-3.1523499999998039E-3	-2.3075773809524414E-3	-1.3949428571428113E-3	-4.1742380952392022E-4	-6.4052738095237149E-3	-5.3292738095239711E-3	-4.1904154761903678E-3	-2.9892011904760762E-3	-1.7259559523808976E-3	-4.0029880952374697E-4	9.8852380952374475E-4	2.4422750000000493E-3	3.9637809523808132E-3	5.556282142857083E-3	7.2245571428570798E-3	8.9743714285714926E-3	1.08118416666666E-2	1.2743361904761996E-2	1.4772755952381145E-2	1.690132619047624E-2	1.9125284523809571E-2	2.1438447619047563E-2	2.3837244047619111E-2	2.6292304761904695E-2	2.8819520238095087E-2	3.1440633333333246E-2	3.4142567857142869E-2	3.694106428571442E-2	3.9848448809523984E-2	4.2872533333333407E-2	4.6020826190476205E-2	4.929050238095245E-2	4.5048035714285728E-2	4.8416188095238066E-2	5.1869716666666732E-2	5.540109880952393E-2	5.900560952380951E-2	6.268202261904765E-2	6.6433369047619095E-2	7.0266565476190479E-2	7.4190120238095125E-2	7.8210134523809538E-2	8.2329648809523759E-2	8.6548672619047862E-2	9.0861928571428718E-2	9.5268799999999931E-2	9.9779652380952433E-2	0.10437337380952383	0.10902167142857144	0.11373012380952385	0.11850107857142866	0.13594464285714292	0.14082003452380953	0.14577000476190471	0.15082103928571422	0.15595159404761905	0.16107469880952396	0.16620559285714298	0.17139035952380965	0.17660640000000005	0.18183631547619061	0.18707976428571438	0.19233634404761912	0.19760696428571434	0.2028940309523809	0.20819934166666687	0.21352403214285731	0.21886885833333336	0.2242333809523811	0.22961688095238109	0.23501792023809531	0.24043543809523815	0.24586789166666656	0.25131442142857141	High Demand Left	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	0	3.1774999999734099E-5	7.7564285714259995E-5	1.1539642857139043E-4	1.3141071428546258E-4	1.3436428571422798E-4	1.3842857142865039E-4	1.3286071428575408E-4	1.0249642857140806E-4	3.8564285714359769E-5	-6.2392857143045433E-6	-3.5957142857312441E-5	-4.3093571428576283E-4	-1.1787892857142435E-3	-1.5801285714286406E-3	-1.6855285714286738E-3	-1.9471535714284949E-3	-2.3283535714287984E-3	-2.7443000000001438E-3	-3.2258285714286128E-3	-3.7817500000000281E-3	-4.402382142857153E-3	-5.0868321428572116E-3	-5.835721428571361E-3	-6.6483321428573161E-3	-7.5251535714284667E-3	-8.4684071428573482E-3	-9.4812535714285939E-3	-1.056747857142859E-2	-1.1729946428571614E-2	-1.2966842857142891E-2	-1.4273932142857326E-2	-1.5654939285714264E-2	-1.7108142857143016E-2	-1.8621324999999911E-2	-2.0194260714285761E-2	-2.1833517857142826E-2	-2.3540228571428568E-2	-2.5313710714285786E-2	-2.7153300000000047E-2	-2.9068378571428632E-2	-3.1063321428571378E-2	-3.3098682142857272E-2	-3.5175642857142919E-2	-3.736854642857157E-2	-3.9674939285714417E-2	-4.205060000000016E-2	-4.4499028571428734E-2	-4.7028871428571484E-2	-4.9637314285714162E-2	-5.232345000000016E-2	-5.5087925000000038E-2	-5.7931017857142941E-2	-6.0853078571428632E-2	-6.385566428571432E-2	-6.6940578571428766E-2	-7.0109621428571578E-2	-7.3364460714285817E-2	-7.6705842857142881E-2	-8.0134675000000044E-2	-8.3651571428571492E-2	-8.7257403571428638E-2	-9.0952864285714252E-2	-9.4738692857143092E-2	-9.8615403571428728E-2	-0.10258265714285719	-0.1066384821428572	-0.1107785714285715	-0.11499637142857144	-0.11928531428571432	-0.12364045714285732	-0.128060375	-0.13254551071428577	-0.13709875357142864	-0.14172250357142857	-0.14641834642857143	-0.1511864964285714	-0.15602600357142871	-0.16093546071428577	-0.16591248214285714	-0.17095500714285716	-0.17606001785714287	-0.18122427857142853	-0.18644374642857142	-0.19171404285714283	-0.19703050714285714	-0.2023881500000001	-0.2077815428571429	-0.21320568571428572	-0.21865546071428577	-0.22412599285714296	-0.2296130142857144	-0.23511228928571426	-0.24062092142857144	-0.24613649642857155	-0.25165741428571431	-0.25718271428571432	-0.26271236785714291	-0.268246917857143	-0.27378707857142864	-0.27933377499999995	Low Demand Right	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	0	3.1382857142858711E-4	6.2080714285728256E-4	9.2244642857142178E-4	1.2196785714285729E-3	1.5133607142859828E-3	1.8045285714286541E-3	2.094199999999824E-3	2.3852178571429627E-3	2.6804999999999746E-3	2.9842214285714652E-3	3.3015428571429029E-3	3.6378607142858455E-3	3.9990964285714359E-3	4.3919428571429497E-3	4.8233071428571694E-3	5.2999607142858451E-3	5.8286071428571562E-3	6.4153000000000127E-3	7.0657642857141489E-3	7.7848892857144136E-3	8.5761678571428801E-3	9.4417214285713591E-3	1.0381671428571382E-2	1.1395224999999898E-2	1.2480682142857136E-2	1.3636017857142857E-2	1.4859796428571159E-2	1.6150735714285602E-2	1.7507796428571587E-2	1.8930414285714292E-2	2.0418232142857096E-2	2.1971364285714334E-2	2.3590364285714371E-2	2.52760428571428E-2	2.7029949999999747E-2	2.8854253571428568E-2	3.0750996428571487E-2	3.2721685714285687E-2	3.4767224999999957E-2	3.6887378571428653E-2	3.9081300000000208E-2	4.1348110714285569E-2	4.3687574999999979E-2	4.6100174999999965E-2	4.8586139285714203E-2	5.1145171428571223E-2	5.3776617857142717E-2	5.6480260714285691E-2	5.9257342857142792E-2	6.2110557142857181E-2	6.5043546428571464E-2	6.8058521428571495E-2	7.1155907142857133E-2	7.4334121428571653E-2	7.7591717857142917E-2	8.0927846428571315E-2	8.4342149999999894E-2	8.7835235714285531E-2	9.1407857142857041E-2	9.5056671428571327E-2	9.8785046428571444E-2	0.10260717500000005	0.1065100607142857	0.11047448928571424	0.11451401785714299	0.11863623928571421	0.12283799642857141	0.12711881785714285	0.13147820714285718	0.13591452857142861	0.14042614642857154	0.14501126428571431	0.14966865714285704	0.15439529642857142	0.15918777500000025	0.16404575714285696	0.16896380714285708	0.17392261428571409	0.17892675000000002	0.18399496785714298	0.18911370357142854	0.19426911071428588	0.19946126071428549	0.2046869	0.20994181071428575	0.21522304642857126	0.22052822142857142	0.22585475714285708	0.23120008928571423	0.23656133928571432	0.24193506785714292	0.24731807857142851	0.25270778214285727	0.25810227857142853	0.26350049285714283	0.26890217857142862	0.27430764642857142	0.27971714285714278	0.28513109285714289	0.29054987499999974	Low Demand Left	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	0	-6.0774523809536962E-4	-1.2094452380954079E-3	-1.8063166666669739E-3	-2.4013666666666822E-3	-3.004134523809654E-3	-3.6093821428573314E-3	-4.202620238095367E-3	-4.8136130952382006E-3	-5.4548654761905624E-3	-6.1058499999999682E-3	-6.7642702380953379E-3	-7.4322047619048703E-3	-8.1095000000002138E-3	-8.8002607142857459E-3	-9.5110154761907095E-3	-1.0249486904762017E-2	-1.1023733333333396E-2	-1.1840603571428687E-2	-1.2705767857142947E-2	-1.3622336904762111E-2	-1.4591969047619058E-2	-1.5615261904762145E-2	-1.6691679761904998E-2	-1.7819507142857405E-2	-1.8996776190476128E-2	-2.0221884523809686E-2	-2.1493786904762113E-2	-2.2812077380952367E-2	-2.4177227380952404E-2	-2.5590005952381145E-2	-2.7051323809524019E-2	-2.8562238095238168E-2	-3.0123946428571524E-2	-3.1737919047619023E-2	-3.3405701190476367E-2	-3.5129434523809788E-2	-3.6912196428571464E-2	-3.8758028571428849E-2	-4.0671221428571602E-2	-4.2656521428571681E-2	-4.4718182142857277E-2	-4.6859075000000194E-2	-4.9080248809523885E-2	-5.1380900000000063E-2	-5.3759250000000258E-2	-5.6212439285714511E-2	-5.8738620238095396E-2	-6.1335705952381137E-2	-6.4002955952381146E-2	-6.6739885714285796E-2	-6.9545948809524027E-2	-7.2420310714285785E-2	-7.5362388095238098E-2	-7.8370730952381007E-2	-8.1444082142857255E-2	-8.4581365476190551E-2	-8.7782463095238183E-2	-9.1047150000000077E-2	-9.4376432142857292E-2	-9.7771105952381032E-2	-0.1012325666666668	-0.10476189523809543	-0.10836019880952397	-0.11202825000000016	-0.11576630238095253	-0.11957455595238109	-0.12345286309523817	-0.12740056071428574	-0.13141671666666688	-0.13550024761904778	-0.1396488297619049	-0.1438604750000001	-0.14813198333333349	-0.15246083333333343	-0.1568444309523811	-0.16128045833333349	-0.1657671630952382	-0.1703025654761906	-0.17488471785714299	-0.17951137500000014	-0.18418020714285727	-0.18888847142857157	-0.19363382142857155	-0.19841335595238113	-0.20322422976190485	-0.20806377380952396	-0.21292882738095242	-0.21781649285714294	-0.2227232333333336	-0.22764584166666685	-0.23258147023809528	-0.23752720000000016	-0.24248070357142865	-0.2474396797619049	-0.25240249166666678	-0.2573679964285715	-0.26233562857142873	-0.26730557738095256	-0.27227834642857152	% Stance


COM Position (m)
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Consent for Research Participation
Research Study Title: Increasing Neurocogitive Task Complexiy in a Run to Cut Maneuver
Understanding the Influence of Knee Biomechanics and the Implications for Anterior Cruciale
Ligament Inury

Rosearcher(s): Joshua T. Weinhand, PhD, University of Tennessee, Knoxvill

Katherine A. Perile, BME, University of Tennessee, Knoxille

Why am | being asked to be in this research study?

We are asking you to be in this ressarch study because you are heathy, fomale, between the
‘ages of 18 t0 35 years old, and are recreationaly aciive. Being recreationally active means you
are engaging in moderate intensity aerobic physical actvty at least 5 times a week for a minimum
of 30 minutes per session or engaging in vigorous, aerobic actvity 3 imes a week for a minimum
of 20 minutes. If you are not between the ages of 18 to 35, not recreationally active 5 days a week
for a minimum of 30 minutes or partaking in 20 minutes of vigorous aerobic activiy atleast 3 days
‘2 week, have injured your legs in the past & months, have ever had a leg surgery, or have a
neuroprocessing disorder or concussion (within the past & months), you wil not be asked to be in
this research study.

[ How long will | be in the research study?

1f you agree to be in the study, your participation will involve 1 study visit lasting
‘approximately 2 hours

[ What will happen if | say “Yes, | want to be in this research study"?

1f you agree to be in this study, we will ask you to come to the Biomechanics Lab for one
testing session,
Preparation:
1. You will complete injury history and fitness activity questionnaires to determine if you
can paricipate in the study.
2. You willthen change into compression shorts, which will be provided if you do not have
them,
3. Your height and weight will be measured.
4. Next, markers will be placed on your feet, shanks, thighs, pelis, and torso to create a
representative model for motion analysis.
Testing Procedures:
1. A stati trial and dynamic trial will be taken.
2. You will perform at least 20 total running and cutting trals.
2. You wil perform at east 20 total unning and cutting trals.
b. The direction of your cut will be determined by a series of § arrows shown to you
on a screen while you run forward
. During some trals the arrows will ll be pointed in the same direction.
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. During other tials the middle arrow will be pointed in a different direction from
the outside arrows.
. You wil be asked to cutin the direction of the middle arrow.

What happens if | say “No, | do not want to be in this research study™? |

Being in this study is up 10 you. You can say no now or leave the study later. Either way, your
decision won't affect your grades, your relationship with your instructors, or standing with the
University of Tennessee, Knoile,

What happens if | say “Yes” but change my mind later? |

Evenif you decide 1o be in the study now, you can change your mind and stop at any time. If
You decide to stop before the study is completed, you can tel the Pl and/or co-P that you
wantto withdraw from the study at any time. If you decide to withdraw from the study, your
information will be kept de-identified and kept n a locked drawer in the Biomechanics lab.
‘Only study personnel will have access to any forms and data that have already been
collected

Are there any possible risks to me?

Itis possible that someone could find out you were i this study or see your study information,
but we believe ths risk is smal because of the procedures we use to protect your information.
‘These procedures are described later in this form.

Possible risks include lower extremity injury and cardiovascular exertion during the running
‘and cutting tasks. These risks wil be minimized. The movements included are movements.
you should be familiar with, due to your being recreationally active. In the very unlikely case
that you hurt yourself during the study visit, emergency services wil be contacted immediately
for assistance. f you realize afterwards that you have become injured, you should seek
medical assistance.

Are there any benefits to being in this research study?

We do not expect you to benefit from being in this study. By participating in this study, you
‘can help us leam more about the relationship between increasingly complex neurocognitive:
tasks and biomechanical precursors for ACL injuries. We hope the knowledge gained from
this study wil benefit others in the future.

Who can see or use the information collected for this research study?

We wil protect the confidentiliy of your information by keeping all forms in a locked drawer
or on a password-encrypted computer drive in the Biomechanics lab, which s locked every
day. Only the investigators conducting this study will have access to your personal
information. I information from this study is published or presented at scientific mestings,
your name and other personal information willnot be used. We will make every effort o
prevent anyone who is not on the research team from knowing that you gave us information
or what information came from you. Although itis uniikely, there are times when others may
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need to see the information, we collect about you. These include people at the Universiy of
‘Tennessee, Knoxvile who oversee research to make sure it is conducted properly.
Government agencies (suich s the Offce for Human Research Protections in the U.S.
Department of Health and Human Services), and others responsible for watching over the
safety, effectiveness, and conduct of the research. f a law or court requires us 1o share the.
information, we would have to follow that law o final court ruling

What will happen to my information after this study is over?

We wil keep your information to use for future research. Your name and other information
that can directly identify you wil be kept secure and stored separately from your research
data collected as part of the study. We wil not share your research data with other
researchers.

Will | be paid for being in this research study?

‘Youwill not be paid for being in this study.
Will it cost me anything to be in this research study?

Itwill not cost you anything to be i this study.
What else do | need to know?

We may need to stop your participation in the study without your consent if you do not follow.
the study instructions, no longer meet the study's elgibility requirements, if your safety comes
into question, or if the study is stopped for any reason.

‘The University of Tennessee does not automatically pay for medical claims or give other
‘compensation for injuries or other problems should you realize you are injured outside of the.
study visit

Who can answer my questions about this research study?

1f you have questions or concerns about this study, or have experienced a research related
problem or injury, contact the researchers, Dr. Joshua Weinhand! (jweinhan@utk.odu,
865-974-9556) or Katherine Perille (kperillo@vols.utk.cdu, 847-624-9744).

For questions or concerns about your rights or o speak with someone olher than the.
research team about the study, please contact:

Insiitutional Review Board

‘The University of Tennessee, Knoxvile

Phone: 865-974-7697

Email: utkirb@utk.odu
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STATEMENT OF CONSENT

I have read this form, and the research study has been explained to me. | have been given
the chance to ask questions and my questions have been answered. If | have more
questions, | have been told who to contact. By signing this document, | am agreeing to be in
this study. | will receive a copy of this document after I sign it

Name of Adult Participant Signature of Adult Participant Date

Researcher

ignature (1o be completed at time of informed consent)

I have explained the study o the participant and answered all his/her questions. | believe that
helshe understands the information described n this consent form and freely consents to be
in the study.

Name of Research Team Member _ Signature of Research Team Member Date
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Subject #: _
Date:

Lower Extremity Functional Scale

We are interested in knowing whether or not you are having any diffculy atall with the activties isted
below. Please provide an honest answer for each actiity.
KEY

0~ Extreme dificulty or unable to perform activity

1- Quite a bit of dificulty L, 5oy
2- Moderate dificulty I
3 Alitle bit o diffcuty EEE
4-No difficulty i 8 2 = 2
Today, do you or would you have any diffiulty at al with o 1 2 3 &
1. Any of your usual work, housework or school actiiies 0 oooo
2. Your usual hobbies, recreational or sporting activities O o ooo
3. Gettinginto or out of the bath O o ooo
4. Walking between rooms O o ooo
5. Putting on your shoes or socks O o ooo
6. Squatting O o ooo
7. Lifting an object, like a bag of groceries from the floor O o ooo
8. Performing light activities around your home O o ooo
9. Performing heavy activities around your home O o ooo
10. Getting into or out of a car O o ooo
11. Walking 2 blocks O o ooo
12. Walking a mile O o ooo
13. Going up or down 10 stairs (about 1 flight) O o ooo
14. Standing for 1 hour O o ooo
15. Sitting for 1 hour O o ooo
16. Running on even ground O o ooo
17. Running on uneven ground O o ooo
18. Making sharp turns while running fast O o ooo
19. Hopping O o ooo
20. Rolling over in bed O o ooo
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SUBJECT: DATE:

FITNESS ACTIVITY QUESTIONNAIRE
Please describe your cureent partcipation in the following types of exercise:

1 Aerobic (aerobic classes, walking, jogging, stair climbing, hiking eycling, etc.)
Frequency (# of days per week):

Duration (time spent per sssion): minutes

Intensiy (difficulty level): light  moderate  vigorous

2 Anaerobic (weight raining, sprinting, etc)
Frequency (# of days per week):

Duration (time spent per session): minutes
Intensiy (difficulty level): ght moderaie  vigorous

3. Organized or Recreational sports

Type of spor(s)

Frequency (# of days per week):

How long have you been participating in sports aciviy as described bove?
Years
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SUBJECT: DATE

MUSCULOSKELETAL QUESTIONNAIRE
D T —— ——————————
pine / Low Back / Sacroiliac Joi
Have You Ever Suffered An Injury To Your Spine / Low Back / Sacroilie Joint?
O ves O no

* ListTime Missed

+ Please Describe

Were Any Diagnostic Tests Performed? (check all that pply)
O xRays [ MR [ CT-Sean [ Bone
Have You Ever Been Hospitalized For A Spine / Low Back  Sacroiliac Joint Injury?
O ves O no

o When?

* Please Describe

Have You Ever Had Surgery of Any Kind on Your Spine / Low Back / Sacroiliac Joint?
O ves [ No

o When?

* Please Describe

Have You Ever Had Numbness Tingling Down One (1) or Both Legs?
O ves 0 no

* Dute(s) Time Missed?

+ Please Describe?

Have You Ever Been Advised Not To Participate In Athletic Activiies Due To A Spine, Low Back,
or Sl Joint Injury?
O ves O nNo

* Please Describe
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Have You Ever Suffered An Injury To Yous Hip / Groin including hernias and/or sports
hernias)?(] YES (] NO
* ListTime Missed

+ Please Describe

Were Any Diagnostic Tests erformed? (check all that pply)
[0 X-Rays [J MRI [ CT-Sean [ Bone Sean
Have You Ever Had Surgery For A Hip / Groin Inury?
O ves O no
o+ When?

* Please Describe

Have You Ever Been Advised Not To Particpate In Athletic Activites Due To A Hip and/or
Groin Injury?
O ves 0 no

* Please Describe

/ Hamstring / Quadriceps:

Have You Ever Suffered An Injury To Your Thigh, Hamsring, andor Quadriceps?
O ves [ No
* ListTime Missed

* Please Describe

Were Any Dignostc Tests Prformed? (check al that apply)
0 xrays O MR1 [ cT-Scan (] Bone
Have You Ever Been Hospitalzed For A Thi
O ves 0 no

o When?

b, Hamstring, and/or Quadriceps Injury?

+ Please Describe
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Have You Ever Had Surgery For A Thigh, Hamst
O ves [ No

o When?

 andor Quadriceps Injury?

* Please Describe

Have You Ever Been Advised Not To Participate In Athltic Activites Due To A Thigh, Hamstsing,
or Quadriceps Injury?
O ves O nNo

+ Please Describe.

Knee/ Patella

Have You Ever Suffered An Injury To Your Knee and/or Patela (kneecap)?
O ves 0o

* ListTime Missed

* Please Describe

Were Any Diagnostic Tests Performed? (check all that pply)
O xRays [ MR [ CT-Sean [ Bone
Have You Ever Been Hospitalized For A Knee andior Patlla Injury?
O ves O no

o When?

* Please Describe

Have You Ever Had Surgery For A Knee andor Patella Injury?
O ves O nNo

o When?

+ Please Describe.
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Have You Ever Been Advised Not To Participate In Athltic Activites Due To A Knee
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January 09, 2025

Joshua Trucblood Weinhandl, PhD.
UTK - Coll o Education, Hith, & Human - Kinesiology, Recreation & Sports Studies

Re: UTK IRB-24-08505-XP
‘Study Title: INCREASING NEUROCOGNITIVE TASK COMPLEXITY IN A RUN TO CUT MANEUVER:
UNDERSTANDING THE INFLUENCE ON KNEE BIOMECHANICS AND THE IMPLICATIONS FOR ANTERIOR
CRUICIATE LIGAMENT INJURY

Dear Joshua Trucblood Weinhandl

“The UTK Institutional Review Board (IRB) reviewed your application for revision of your peviously approved project
referenced above.

“The IRB determined that your spplication is eligible for expedited review under 45 CFR 46.110(b)2). The following revisions,
were approved s complying with proper consideration of therights and welfe of human subjects and the regulatory
requirements fo the protection of human subjects

 Amendment adds the recruitment flyer s a PDF to be stamped.

« Document Stamped:
‘o Females Needed for a Biomechanical Study - (Version 1.0)

Any additonal revisions n the approved application, consent forms,instruments, recruitment malerial, et., must be submitied
10 and spproved by the IRB prior to implementation. In addition, you ae responsible forreporting any unanticipated srious.
adverse events or oher problems involving risks to subjets or others in the manner required by the local IRB polcy.
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