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ABSTRACT

Non-contact anterior cruciate ligament (ACL) injuries continue to present major challenges
in sports medicine, with long-term consequences for physical function and quality of life. A
growing body of evidence indicates that these injuries frequently occur in dynamic environments
where athletes must rapidly interpret visual cues and make decisions under pressure. Such
cognitive demands may impair neuromuscular control and elevate injury risk, yet current screening
and rehabilitation practices often fail to address the cognitive-motor processes that influence
movement performance.

This dissertation investigates how cognitive load alters biomechanical and neural
mechanisms related to ACL injury risk in both healthy and ACL-reconstructed (ACLR) athletes.
Dual-task paradigms integrating visual decision-making with jump-landing tasks were used to
evaluate knee mechanics and cortical activation under increasingly complex conditions.
Additionally, this work uniquely incorporates trials with unbalanced landings and incorrect
responses, performance outcomes typically discarded in prior research, to better reflect real-world
scenarios in which athletes fail to react appropriately.

Through combined analysis of neuromuscular control, decision-making performance, and
cortical activation, this research characterizes the interplay between cognitive demands and
movement adaptation. Findings from this work advance a more comprehensive framework for
ACL injury risk assessment and post-ACLR rehabilitation by highlighting the importance of
cognitive-motor function in restoring safe and effective movement during challenging movements.
Ultimately, this dissertation contributes evidence to support injury-prevention strategies and
return-to-sport criteria that reflect the cognitive complexity of athletic environments.
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CHAPTER ONE

INTRODUCTION

Introduction to the non-contact ACL injury

Having joined Manchester City from Everton, 23-year-old Chloe Kelly made an immediate
impact, contributing 16 goals and 14 assists in 34 appearances during the 2020/21 FA Women’s
Super League season. In the penultimate match against Birmingham City, however, a routine
attacking play resulted in a collision that left her with a season-ending anterior cruciate ligament
(ACL) injury [3]. The diagnosis not only halted an outstanding debut season but also threatened
her upcoming Olympic opportunity. Kelly’s experience reflects a broader challenge in sport: ACL
injuries abruptly disrupt careers and initiate long, demanding periods of rehabilitation and
psychological recovery [3].

One year after her ACL injury, Kelly’s return to play marked a significant milestone, yet
her journey reflects the broader complexities of ACL rehabilitation [3]. Even after medical
clearance, athletes may continue to experience deficits in neuromuscular coordination, decision-
making under pressure, and confidence during high-demand movements. These challenges
highlight the importance of understanding how cognitive load and neuromuscular control interact
during sport-like tasks, not only for athletes following ACL reconstruction (ACLR) but also for
healthy athletes who may be vulnerable to injury. This dissertation examines these interdependent
components to inform more comprehensive strategies for injury prevention and successful return

to high-level performance.
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The ACL is a critical structure for knee stability and works alongside with the menisci,
cartilage, and other ligaments to support knee joint function. It links the femur (thigh bone) to the
tibia (shin bone) and runs diagonally within the knee and forms a cross with the posterior cruciate
ligament (PCL) (Figure 1). Measuring roughly 38 mm in length and 10 mm in diameter, the ACL
is composed of dense collagen fibers and consists of two key functional bundles, the anteromedial
and posterolateral, which help control anterior tibial movement, excessive rotation, and
hyperextension [4]. Its blood supply comes from the middle genicular artery, but due to limited
vascularization, healing after injury is challenging. It is vital role in dynamic activities makes it

susceptible to injuries, especially in high-impact sports.

Femur

/astcrior Cruciate

Lig: nt

.1ntcrior Crucigfte Posterior Cruciate

Ligament : Ligament
K N j)

Figure 1: Anatomy of Knee joint (Left) and Torn ACL (Right) [5]
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ACL injuries can result from both contact and non-contact mechanisms (Figure 2). Contact
ACL injuries occur when external forces, such as direct impact or collision with another player or
object, exceed the ligament’s ability to stabilize the knee joint, leading to partial or complete
rupture [6]. Non-contact ACL injuries usually happen when the knee is nearly or fully extended[7,
8], combined with excessive medial collapse[9]. ACL reconstruction (ACLR) is the most common
procedure to restore joint stability, with the frequency of surgeries increasing fourfold over a 15-
year period [10]. The economic burden of ACL injuries in the U.S. surpasses $5.3 billion annually
[11, 12]. The long-term effects of these injuries, particularly in young athletes [13], include an

elevated risk of osteoarthritis[14], obesity[15], and heart disease[16].

Contact ACL Injury Non-Contact ACL Injury

&

e.g. tackling e.g. sudden change in direction

Figure 2: Contact and non-contact ACL injuries [1, 2]
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Nearly 75% of ACL injuries are non-contact [7, 17], typically occurring when athletes are
distracted by external factors such as opponents or the ball [ 18], similar to the case of Kelly Chlo's
injury. These injuries occur within a very short window, approximately 50 milliseconds after
ground contact [19], which does not give athletes enough time to adjust their knee position after
making initial contact with the ground to avoid injury. Because non-contact injuries occur when
attention is diverted externally [19], improving athletes' knee pre-positioning and motor control is
critical to reducing ACL load and preventing injury. Effective pre-position training should
incorporate insights into how individual athletes respond to distractions that divert attention from
preventive movement strategies. Previous efforts in understanding these distractions have involved
various visual methods to induce unanticipated situations, such as responding to directional cues
or jumping toward an overhead goal [20-22]. The clinical significance of cognitive challenges in
sports is supported by evidence indicating that scenarios leading to ACL injuries frequently involve
visual distractions or reacting to opponents [23]. However, most of the previous literature has
focused on performance of athletes during movements such as drop vertical jump (DVJ) and
single-leg jump to effort on risk of ACL injury without considering cognitive performance during
those tasks [24, 25]. Therefore, these evaluations allow athletes to focus only on the motor task
and disregard potential alterations in neuromuscular function that arise when these movements are
executed with added cognitive demands. This disconnect might elucidate their limited efficacy in
adequately understanding the injury. Hence, it is important to investigate cognitive-motor function
in these assessments as previous literature showed the neuroplastic and cognitive changes

following ACLR [26-30].
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Musculoskeletal injury risk is inherently multifactorial [31], and although epidemiological
evidence suggests that cognitive factors contribute to injury susceptibility [32-34], current
screening methods fail to adequately capture the role of cognition in neuromuscular deficiencies
that lead to injury. The importance of investigating cognitive-motor interactions is further
highlighted by findings that demonstrate persistent neuroplastic and cognitive changes following
ACLR [35]. These alterations are rarely addressed in rehabilitation or evaluated during standard
return-to-sport testing, leaving athletes potentially vulnerable to deficits in common cognitive-
motor scenarios [36].

Dual-task screening provides a promising avenue to uncover these deficits by
simultaneously challenging cognitive and motor systems. For example, ACLR patients increase
their attentional investment in postural control during cognitive-motor balance tasks, adopting
compensatory cognitive strategies not observed in single-task conditions [37]. This underscores
the value of dual-task paradigms in revealing deficits that remain undetected in traditional
assessments. Building on this framework, it is essential to integrate dual-task paradigms into
dynamic, sport-specific assessments that replicate the conditions under which ACL injuries
typically occur. Jump-landing tasks provide an ecologically wvalid platform to evaluate
neuromuscular control and biomechanical patterns under both single-task and dual-task
conditions, thereby bridging the gap between controlled laboratory testing and real-world sport
scenarios.

Athletes demonstrate natural variability in movement performance, particularly during
dynamic and unpredictable tasks [38]. In jump-landing assessments, some attempts may be well

controlled while others involve balance errors, delayed reactions, or incorrect responses to sport-
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like demands. Traditionally, biomechanical analyses focus only on the most successful trials to
reduce variability and improve data consistency [38-40]. However, this approach may overlook
the most meaningful moments: when coordination breaks down and injury-risk mechanics are
most likely to emerge [41]. Considering both optimal and suboptimal performances may provide
a more complete understanding of how athletes adapt under cognitive and mechanical stress, and
how these adaptations contribute to ACL injury vulnerability.

In psychology studies, the concept of the “worse performance rule” suggests that on
multitrial cognitive tasks, the trials where an individual performs the worst can be better predictors
of general intelligence than those where they perform their best [41, 42]. In other words, instead
of focusing solely on an individual’s optimal performance, the worse performance rule argues that
examining the trials in which the individual struggles the most may provide a more accurate
reflection of their overall cognitive abilities. This concept challenges the conventional idea that
best performance is the most informative indicator of cognitive capability and implies that
understanding how someone handles difficulties may reveal deeper insights into their cognitive
functioning.

A parallel idea may apply to athletic movements. Cognitive challenges can be a key factor
in successful decision-making during sport-related reactions and dynamic tasks, and variability in
performance can reveal critical weaknesses in neuromuscular control. Some studies have begun to
explore differences between successful and failed jump-landing trials [40, 41], showing that
athletes exhibit distinct movement patterns during these more challenging moments. For example,
failed landings have been linked to altered trunk and pelvis motion at initial contact and reduced

postural stability, mechanical changes associated with elevated ACL injury risk [40, 41]. Evidence
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suggests that such failed trials may signal impaired neuromuscular control and potentially
increased vulnerability to injury [40, 43].

Neurological changes in regions related to decision-making and visual-cognition related to
ACL injury are important due to previous literature supported this evidence by studying on
individuals’ cognitive-motor functions related to ACL injury and ACLR [35, 43-46]. From
previous studies, athletes who sustain ACL injuries had alternations in brain activities specifically
in sensorimotor regions [29, 47, 48]. Studies have reported altered brain activation during isolated,
fMRI-compatible motor, as well as impaired biomechanics during movement scenarios involving
concurrent cognitive and motor demands [37, 43, 46, 49, 50]. Together, these findings suggest that
ACL injury may influence both neural processing and neuromuscular control, particularly during
sport-like challenges that require rapid decision-making. However, these studies did not focus on
the combination of both motor and cognitive task on neural activation as well as the neural
activation patterns of decision-making in the cognitive-motor function in sport-related tasks
associated with risk of ACL injury. This gap underscores the need to integrate neural, cognitive,
and biomechanical perspectives to better understand how brain function contributes to movement
performance and injury vulnerability.

The prefrontal cortex plays an essential role in cognitive functions, including decision-
making and executive function [51]. Monitoring neural activation in the prefrontal cortex during
sport reaction tasks, such as trying to go towards the ball and hesitate to go towards the defender,
can shed light on the cognitive demands placed on an individual. Moreover, it can provide insights

into how neural activation influences the risk of errors in jump landing tasks related to focusing



on risk of ACL injury. Identifying neural correlates of mistakes in dual-task conditions can enhance

our understanding of how the brain and body interact during dynamic movements.

Statement of Purpose

ACL injuries remain a significant clinical and scientific challenge, with persistent
neuromuscular deficits and high rates of reinjury following reconstruction. While biomechanics
has provided substantial insight into injury mechanisms, emerging evidence highlights the role of
cognitive and neural processes, particularly attention control and decision-making, in shaping
motor performance and failed movement responses. Current paradigms of dual-task assessment in
ACLR individuals, however, are limited by their reliance on low-demand physical tasks and may
overlook important diagnostic information.

Cognitive-motor demands, variability in performance, and neural contributions to
movement all play critical roles in how athletes adapt to challenging situations. The overarching
objective of this dissertation is to clarify how cognitive load influences neuromuscular control and
cortical activation during jump-landing tasks in both healthy and ACLR athletes, with particular
attention to the moments when performance breaks down. Hence, this dissertation expands
knowledge on the relationship of these failed movements with biomechanics risk factors, cognitive
performance, and brain activity related to ACL injury. Including failed decision-making trials
during DVJ in the data set allows identification of additional information related to ACL injuries,
as these failed movements are an example of scenarios in which ACL injury can occur. Moreover,
this dissertation aims to fill the gap in knowledge of the connection of the pattern of neural
activations during both cognitive functions and cognitive-motor functions in sport-related tasks

related to ACL injury risk and individuals’ ability to make decisions quickly during the jump-
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landing task. Through this multi-domain approach, the dissertation aims to advance a more
comprehensive understanding of ACL injury mechanisms and inform improved screening and
rehabilitation strategies.

The central purpose of the research conducted for this dissertation is to advance a
comprehensive model of cognitive-motor function in ACL injury by integrating biomechanics,
cognition, decision-making during movements, and neural activation measures. Specifically, I aim
to (1) evaluate dual-task impairments that persist following ACLR during challenging jump-
landing tasks, (2) determine the ability of low-cost, accessible cognitive-motor tests (i.e., clinical
tests) to capture clinically relevant information, specifically biomechanical second ACL injury risk
factors, (3) determine the influence of variability in performance on knee mechanics in
unanticipated jump-landing movements, and (4) understand the role of cognitive ability and neural
activation patterns on successful decision-making during jump-landing.

By combining dynamic motor assessment with neural and cognitive measures, this
dissertation introduces a novel approach to characterizing failed movement as a neurocognitive as
well as biomechanical phenomenon. The expected outcomes will inform more precise therapeutic
targets, enhance return-to-sport criteria, and ultimately contribute to rehabilitation strategies that
address the full spectrum of deficits (i.e., neural, cognitive, and biomechanical) associated with

ACL injury.
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Review of Relevant Literature

Anterior Cruciate Ligament (ACL) Injuries: Mechanisms
and Risk Factors

The ACL is the ligament in the middle of the knee joint, connecting femur to tibia and
restraining anterior translation of tibia with respect to femur (Figure 3). Evidence shows that most
ACL injuries in professional soccer players occur without direct contact, with nearly two-thirds of
indirect or noncontact injuries taking place during tackles [52]. Recent video syntheses and
epidemiologic studies emphasize that the mechanisms of ACL loading are highly sport-specific
[53-55]. For instance, in women’s soccer, more than 80% of noncontact ACL injuries occurred
during defensive tackling, regaining balance after kicking, or being tackled [53]. Similarly,
analyses of ACL injuries in the NBA identified picking up the ball while attacking, landing, and
jump stops as the main mechanisms [54]. In women’s Australian football, ACL injuries were most
frequently observed in defensive scenarios requiring rapid change of direction (CoD) or in
situations of indirect contact that placed players in unbalanced positions [55]. These findings
suggest that players may benefit from targeted agility and perturbation training that incorporates
unplanned sidestep cutting and strategies to manage contact or landing loads [55]. Collectively,
these observations highlight the importance of body kinematics in this injury pattern, mainly hip
abduction and trunk tilt towards the injured leg on initial contact and increases in knee valgus and
knee flexion following initial contact [54], and increasing knee flexion and minimizing valgus

collapse [55].



Figure 3: Anatomy of Anterior Cruciate Ligament [5]

Biomechanical factors are important to consider when focusing on ACL injuries, including
stiff-legged extended landings [56-61], greater hip flexion angles sustained longer than in males
[19, 62, 63], higher knee abduction, and shorter stance times during vertical drop jumps [56].
Recent video analyses of women’s professional soccer players revealed four recurrent patterns of
ACL injury: 1) non-contact “pressing” injuries, 2) indirect contact injuries during parallel sprinting
and tackling, 3) direct contact “knee-to-knee” injuries, and 4) non-contact “landing” injuries [64].
The combination of strengthening balance, endurance, stability, and neuromuscular training may
reduce ACL injury risk in female athletes by up to 90% [65], and individualized programs focusing
on neuromuscular control, strength, and technique may prevent up to 65% of non-contact ACL

injuries [19, 66].
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Sex differences in ACL risk remain a critical point, but the reasons are being re-examined.
Female athletes are at 2- to 8-fold greater risk of ACL injuries than male athletes [67-69]. Reasons
for this high risk include anatomical characteristics such as smaller femoral notch [70], reduced
tensile strength [71], the position of the tibia relative to the femur and ligamentous laxity [72, 73],
as well as hormonal factors such as fluctuations in estrogen during the menstrual cycle [74].
Beyond biological and biomechanical differences, sex disparities in training opportunities and
sport-specific equipment may also contribute to ACL risk [75]. Female athletes often have less
access to structured training environments and use footwear designed primarily for male anatomy,
leading to discomfort and potentially elevated injury risk [76-79]. In addition, pitch quality,
artificial turf, and shoe-surface traction have been recognized as environmental factors that may
further increase risk 83 [76, 80-82]. Taken together, these findings suggest that sex differences in
ACL injury risk extend well beyond anatomy and biomechanics, encompassing hormonal
influences, neuromuscular control, training exposure, and sport-specific environments. Addressing
these multifactorial disparities through targeted prevention programs and sex-specific innovation

may be essential to narrowing the injury gap between female and male athletes.

Fatigue has been associated with a higher risk of ACL injury in female athletes due to
reductions in hip flexion and ankle dorsiflexion, leading to unstable landings during drop jumps
[83]. It is another essential contributor to ACL injury risk due to its connection to neuromuscular
control and altering lower-limb mechanisms [37, 84-86]. Under fatigued states, athletes
demonstrate reduced knee flexion, increased knee valgus, and elevated ground reaction forces,
which are factors that collectively increase ACL loading [87-89]. A meta-analysis reported that

fatigue significantly increases peak knee valgus during double-leg drop jumps [87]. Sport-specific
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studies further highlight this risk. In female basketball players, neuromuscular fatigue did not
always produce a statistically significant increase in dynamic knee valgus, but valgus angles rose
under sharper change-of-direction demands, underscoring the interaction between fatigue and task
complexity [88]. Similarly, in female soccer players, fatigue during pivot turns increased ground
reaction forces and disturbed knee and hip moments, while anticipation demands further
exacerbated knee flexion loads [89]. Structural predispositions may magnify this effect based on
a study in individuals with genu valgum showed that running-induced fatigue decreased knee
stiffness and amplified ACL strain responses [90]. A recent review concluded that although
methodological heterogeneity exists across fatigue protocols, localized neuromuscular fatigue
should be considered a modifiable risk factor for ACL injury [91]. Collectively, these findings
suggest that fatigue does not act in isolation but interacts with task demands, sex, and individual

biomechanics to heighten ACL injury risk.

Collectively, the reviewed literature demonstrates that ACL injury risk is multifactorial,
influenced by the interaction of anatomical, biomechanical, neuromuscular, hormonal, and
environmental factors. Taken together, these findings highlight the need for comprehensive,
individualized prevention and rehabilitation programs that integrate neuromuscular training,
fatigue management, and sport-specific cognitive-motor challenges to mitigate ACL injury risk

and improve long-term outcomes following ACLR.

Return-to-Sport (RTS) Criteria After ACL Reconstruction

Evidence suggests that meeting return-to-sport (RTS) criteria can reduce anterior cruciate

ligament (ACL) re-injury rates [11, 92]; however, the absence of standardized RTS assessments
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remains a persistent limitation [93, 94]. A recent review summarized six main domains related to
RTS clearance [94]: time, strength, jump and hop performance, biomechanical assessment, change
of direction and agility, and patient-reported outcome measures (PROMs). These domains
highlight the complexity of RTS decision-making and emphasize the need for a comprehensive,

criteria-based approach rather than reliance on arbitrary timelines or single test outcomes.

Time since surgery has traditionally been considered the primary factor of RTS readiness.
Historically, some rehabilitation protocols set a six-month target for RTS; however, mounting
evidence has changed recommendations toward at least nine months. RTS earlier than nine months
has been associated with a sevenfold higher risk of sustaining a second ACL injury [12], while
delaying clearance by each additional month between six and nine months reduces reinjury risk by
51% [11]. Nagelli and Hewett [95] further suggested extending RTS timelines up to two years in
certain high-risk groups, such as female athletes, given their increased susceptibility to second
injuries. Thus, while time is an important factor, it should not serve as the sole factor but rather as

one element of a broader, individualized readiness profile.

Strength testing is another cornerstone of RTS decision-making. Restoration of muscular
strength is critical for stabilizing the knee joint and reducing the risk of graft failure. Isokinetic
dynamometry remains the gold standard due to its ability to provide standardized, objective
measures of quadriceps and hamstring strength. When isokinetic dynamometry is unavailable,
portable force devices can provide an acceptable alternative in clinical and field settings. However,
research shows that achieving the commonly used >90% limb symmetry index (LSI) cutoff may

not fully capture recovery [96]. For example, Wellsandt and Failla [97] reported that only 28.6%
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of athletes who achieved 90% LSI post-ACLR actually reached their estimated pre-injury capacity.
These findings suggest that higher LSI cutoffs may be necessary, particularly for level I and elite
athletes returning to pivoting sports [96], where 100% symmetry has been recommended [98].
Moreover, reliance on LSI alone can be misleading; therefore, additional benchmarks such as >2x
body weight in unilateral leg press one-repetition maximum or comparison with pre-injury

baselines should be integrated to ensure more robust strength assessment [99].

Jump and hop performance provides valuable insight into functional recovery. While hop
tests are commonly used in clinical practice, evidence indicates that single- and triple-hop tests
may be more effective than using a battery of four horizontal hop tests [100]. Importantly, the
landing phase of these tasks appears to be especially sensitive to detecting deficits in energy
absorption at the knee [101], which is critical for safe return to high-impact sports. In addition, the
incorporation of dual-task or reactive conditions during hop testing is essential to replicate sport-
specific cognitive demands. Research shows that exceeding a 10% dual-task cost may reflect
heightened neurocognitive reliance and correspond to a higher risk of reinjury [102]. Beyond hop
testing, vertical jump assessments using force platforms have revealed significant deficits in the
“explode” and “drive” phases of the force—time curve in post-ACLR athletes [103], indicating
reduced capacity to generate, sustain, and transfer force during explosive movements. These
deficits may compromise athletic performance and elevate injury risk if RTS clearance is granted

prematurely.

Biomechanical assessments further enhance the sensitivity of RTS protocols. Several

studies have demonstrated interlimb asymmetries in the sagittal plane during drop jump tasks
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[104]. Di Stasi et. al. [105] observed significant sagittal plane deficits in athletes who failed RTS
assessments at six months post-ACLR, underscoring that biomechanical inefficiencies may persist
even when standard functional tests are passed. Such asymmetries highlight the importance of
incorporating biomechanical analysis, as they may predispose athletes to reinjury despite
acceptable clinical performance. Although advanced technology such as 3D motion capture offers
detailed insights, more accessible tools can be practical for clinical application, allowing clinicians

to evaluate movement quality without costly equipment.

Change of direction (CoD) and agility are particularly relevant given that most ACL
injuries occur during non-contact CoD movements [106-108]. Traditional RTS assessments may
not adequately reflect the demands of pivoting sports, raising concern about their sensitivity [109].
Evidence suggests that unplanned CoD maneuvers generate nearly twice the knee loads compared
to planned CoD tasks [109], which emphasizes the need to incorporate reactive agility testing into
RTS batteries. Planned assessments such as the T-test provide useful performance baselines, but
reactive tasks like the Reactive Agility Test or reactive 90° CoD test better replicate sport-specific
conditions [94]. In resource-limited environments, clinicians can simulate these demands using
reactive hop drills or dual-task CoD tasks, which introduce neurocognitive load and more closely

mirror competitive play [94].

Patient-reported outcome measures (PROMs), particularly those assessing psychological
readiness, are critical in determining whether athletes are prepared for RTS. Tools such as the
Anterior Cruciate Ligament—Return to Sport after Injury scale (ACL-RSI) [110] and the

International Knee Documentation Committee (IKDC) [111] questionnaire are among the most
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reliable PROMs. Higher ACL-RSI scores have been consistently associated with successful RTS
at 12 months [112], whereas athletes who fail to return often report significantly lower ACL-RSI
scores at both six and twelve months [113]. Fear of reinjury is one of the most common barriers to
RTS, with several studies identifying it as a key reason for unsuccessful return [114-116]. A
clinical threshold of ACL-RSI >65-70 has been proposed as a guideline, with lower scores
suggesting the need for psychological interventions or gradual exposure to sport-specific tasks
[94]. Incorporating PROMs alongside physical and biomechanical testing ensures a more holistic

evaluation of athlete readiness.

In conclusion, RTS following ACLR should be determined through an individualized,
criteria-based, and multidisciplinary approach [94]. Decisions should not rely on arbitrary
timelines or single metrics but instead reflect a composite profile integrating physical, functional,
biomechanical, and psychological domains. Surgeons, physiotherapists, sports physicians,
psychologists, and the athlete must work collaboratively to weigh these factors in context. By
combining time-based milestones with strength testing, functional hop and jump assessments,
biomechanical analysis, CoD and agility testing, and PROMs, clinicians can create a more
comprehensive and individualized RTS framework. Such an approach not only minimizes reinjury

risk but also promotes safer, more sustainable return to sport for diverse athletic populations.

Cognitive-Motor Function in ACL Rehabilitation

Rehabilitation following ACL injury has traditionally emphasized restoring biomechanical
factors such as strength, range of motion, and neuromuscular control of the knee joint [117].

However, a growing body of evidence indicates that cognitive—motor function is also affected by
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ACL injury and may remain impaired even after standard physical rehabilitation [28, 86, 118-120].
Jiménez-Martinez et al. [119] tracked athletes at three time points of pre-surgery (within 15 days
after injury), post-surgery (within four months following ACLR), and at the end of rehabilitation
(approximately 1.3 years post-surgery). They found that reaction times and accuracy on tasks such
as the Flanker and Multiple Object Tracking tests improved significantly from pre- to post-surgery
but remained below the levels of healthy controls [119]. This suggests that while cognitive
recovery occurs alongside physical rehabilitation, standard protocols may not fully restore

cognitive processing capacities.

Building on this concept, Chaput et al. [121] introduced the Visual-Cognitive Control-to-
Chaos Continuum (VC-CCC) as a progressive rehabilitation model that transitions athletes from
highly controlled, predictable exercises to chaotic, game-relevant environments that challenge
perception, attention, and decision-making. The framework highlights that following ACLR,
athletes often rely excessively on visual input and exhibit increased cortical activation during
movement, indicating a compensatory shift from automatic to consciously driven motor control
[121]. This compensatory behavior aligns with findings showing that ACLR athletes demonstrate
slower reaction times, greater postural sway, and increased knee valgus or reduced flexion when
performing motor tasks under added cognitive load [30, 37, 86]. Such impairments reflect reduced
automaticity and inefficient neural resource allocation, precisely the limitations targeted by the
VC-CCC model. Therefore, integrating graded dual-task (DT) challenges and progressively
chaotic, sport-specific demands throughout rehabilitation may be critical for restoring full

functional readiness.
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Cognitive-Motor Function and ACLR Injury Risk
Assessment

The cognitive domains most frequently implicated in ACL injury risk include visual and
verbal memory, processing speed, and reaction time, which are skills essential for adapting to the
rapidly changing and unpredictable environment of competitive sport. Swanik et al. [34] reported
medium-to-large discrepancies in these domains between injured and uninjured athletes, while
Wilkerson et al. [28] found that reaction times slower than 0.545 s were associated with nearly
threefold higher odds of sustaining a lower-extremity injury. Athletes with slower processing speed
or reduced working memory capacity are thought to have less time to adapt motor responses to

external stimuli, which can lead to maladaptive knee mechanics and elevated ACL loading [86].

The inclusion of dual-task and cognitive—motor challenges in functional testing has gained
attention as researchers explore more ecologically valid assessments. For example, studies using
a triple hop test under single- versus dual-task conditions revealed that both surgical and non-
injured limbs exhibited reduced hop distance when a cognitive task was added, with the healthy
limb showing the greater percentage decline [122]. Moreover, Strong et al. [123] reported
significantly greater cognitive—motor interference in ACLR patients, performance degradation
under cognitive load that could not be explained by isolated cognitive or motor deficits alone. This
suggests that integration difficulty, rather than isolated impairments, drives many of the observed
decrements in function. Similarly, individuals with ACLR who demonstrated optimal single-task
landing mechanics and high PROMs exhibited the largest shift toward riskier biomechanics when

an unanticipated cognitive challenge was introduced [124]. These findings imply that current RTS
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criteria may fail to capture cognitive—motor deficits that become evident under realistic sport

conditions.

Early evidence using the Immediate Post-Concussion Assessment and Cognitive Testing
(ImPACT) battery supports this notion. Athletes who sustained non-contact ACL injuries scored
lower on all four ImPACT subscales compared to matched controls [34]. More recently, Monfort
et al. [26] found that poorer ImMPACT visual-memory scores correlated with greater peak knee
valgus angles during dual-task run-to-cut movements in healthy soccer players. These results
reinforce that cognitive demand and visual distraction directly influence perception—action

coupling, thereby impairing the neuromuscular strategies needed for safe joint stabilization.

Building on this work, compelling evidence showed that ACL injury and ACLR disrupt
sensorimotor integration at both peripheral and central levels [46, 121, 125]. A recent scoping
review identified persistent alterations in the somatosensory and visual systems long after surgery
[125]. ACLR individuals exhibit deficits in gaze tracking [126], visual attention [46], and reaction
time to dynamic stimuli [44]. These impairments are highly relevant to sport environments that
require rapid attentional shifts and precise visual-motor coordination. Moreover, previous studies
examining the visual contribution to motor control reported that removing or perturbing visual
input caused disproportionate declines in balance and movement precision among ACLR
participants [30, 46, 127-130]. These findings reflect increased visual dependence and
compensatory reliance on control strategies. Supporting this interpretation, Chaput et al. [46] found

that superior visual-motor integration on neurocognitive testing correlated with faster time-to-
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stability during a jump-landing task in ACLR athletes, but not in healthy controls, highlighting the

central role of multisensory integration in dynamic stability.

Collectively, this literature underscores that motor recovery alone is insufficient to ensure
safe return to play. Athletes must be capable of processing external cues, reacting under pressure,
and maintaining attention despite distractions. Post-ACLR motor performance deficits cannot be
attributed solely to peripheral muscle weakness or joint instability. Rather, they reflect broader
disruptions in the sensorimotor performance, including impaired proprioceptive feedback, altered
visual processing, and diminished automaticity of motor control [125]. Therefore, rehabilitation
programs should incorporate dual-task paradigms, inhibitory control exercises, anticipation and
reaction training, and perceptual-motor challenges early and progressively throughout the recovery
timeline [94]. Transitioning from isolated strength or balance exercises to dynamic, cognitive-
motor integrated tasks can better simulate real-sport conditions, improve detection of residual
deficits during RTS testing, and ultimately reduce re-injury risk. In summary, successful return to
play following ACLR requires not only physical restoration but also the re-establishment of

cognitive-motor synergy essential for adaptive and resilient athletic performance.

Failed and Unbalanced Performance During Dual-Task Paradigms in ACL Injury Risk

Dual-task (DT) paradigms which are when individuals simultaneously perform a cognitive
and motor task, have become a foundation of contemporary research examining the neurocognitive
contributions to ACL injury risk. However, a recurring methodological challenge across these
studies is the high frequency of failed or unsuccessful trials when the task becomes challenging.

These failed trials are usually removed due to reducing the variability in the data set [131].
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However, they might be informative indicators of impaired cognitive-motor integration and may

themselves signify heightened injury vulnerability.

Relatively few studies explicitly compare successful vs. failed trials under decision-based
or unplanned landing protocols. Giesche et al. [38] examined cognitive function and postural
stability in unplanned single-leg landings and found that higher rates of landing errors (e.g., the
other foot touches the ground during landing) were associated with poorer working memory,
cognitive flexibility, and decision-making speed [38]. This suggests that failures in reactive
landings are not random but tied to cognitive capacity. Nishino et al. [39] contrasted successful
and failed single-leg medial drop landings and reported that failed trials showed significantly
greater trunk and pelvic lean at initial contact which are inked to ACL risk. Romanchuk [40] et al.
extended this notion to unanticipated landings, demonstrating that failures often begin in the flight
phase (prior to ground contact) and are associated with altered trunk and pelvis kinematics,

indicating anticipatory control deficits [40].

These findings suggest that failed performances can reveal important information. They
often occur when the athlete’s attention, perception, and movement control are overloaded. Instead
of viewing failed trials as outliers, recent research recommends including them in dual-task
performance measures that combine both cognitive errors and movement stability for better

understanding of individuals performance [132].
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Functional Near-Infrared Spectroscopy (INIRS) and ACL
Injury Research

Functional near-infrared spectroscopy (fNIRS) is a portable and non-invasive
neuroimaging technique that has gained prominence for examining cortical activity during valid
tasks. Unlike fMRI, which is limited to laboratory settings, fNIRS allows for measurement of
neural activation during natural movement, making it well suited for biomechanics and
rehabilitation research [133]. This mobility is particularly valuable for ACL injury studies, where
unanticipated and dual-task conditions must be replicated to capture the cognitive—-motor demands

of sport.

Functional near-infrared spectroscopy (fNIRS) offers a promising approach to gain insight
into underlying neural mechanisms of the relationship between attention control and injury-
relevant biomechanics. fNIRS is a portable, non-invasive neuroimaging technique that enables the
measurement of cortical activity during dynamic tasks. It has been validated against fMRI and
provides better spatial resolution than EEG, while remaining suitable for ambulatory movement
paradigms [133-138]. Prior research has successfully applied fNIRS to gait and resistance exercise
tasks, demonstrating sensitivity to changes in cognitive load and motor complexity [139-143].
fNIRS signals are highly susceptible to physiological noise and motion artifacts, which can overlap
with hemodynamic frequencies [144-148]. Although filtering and statistical approaches mitigate
some artifacts, the use of short-separation channels to regress extracerebral signals shows promise
[149-153]. These features make fNIRS well suited for examining the relationship between neural
contributions during cognitive tasks and making decisions during dual-task or unanticipated

movements.
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Most fNIRS research employs block design paradigms alternating between rest and task
periods, though event-related and single-trial designs have also been applied [134, 135]. These
designs align well with biomechanics protocols and facilitate controlled assessment of task-related
activation. fNIRS has been validated against fMRI, demonstrating high correlations in concurrent
activation patterns [136, 137]. Measurement depth is limited to 3—4 cm, allowing assessment of
superficial cortical regions but not deeper structures [154]. Despite these limitations, fNIRS
demonstrates reproducibility across age groups, establishing its reliability for longitudinal and

developmental research [155].

A substantial body of work supports the feasibility of fNIRS during dynamic tasks. Studies
have reported cortical activation during walking [139-142], backward and precision stepping [141,
142], and dual-task gait paradigms [139, 140]. Increased cortical recruitment has also been
observed during resistance exercise, such as squatting under progressively greater loads [143].
These findings demonstrate the sensitivity of fNIRS to both motor complexity and cognitive load.
For research related to ACL injury, this is critical as non-contact injuries often occur under
precisely these dual-task, high-demand conditions where attention control and neuromuscular

coordination interact [18].

Mechanistically, fNIRS relies on neurovascular coupling, quantifying changes in
oxygenated (HbO) and deoxygenated hemoglobin (HbR) to infer local cortical activation [156-
158]. Direct result of increased neuronal activation is hyperemia which is the increased cerebral
blood flow. Generally, increasing neural activation is associated with an increased hemodynamic

response, which is increased oxygenated hemoglobin and decreased deoxygenated hemoglobin
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[158]. Using the modified Beer—Lambert Law, optical density changes are converted into
chromophore concentrations [159], which are analyzed via general linear modeling (GLM) to

estimate task-related coefficients, § values [160].

Multichannel fNIRS is setup with placing sources (light emitting) and detectors (light
detecting) optodes around the head in order to forming source-detector pairs [138]. Photons, which
are infrared light, are scattered from the sources and absorbed by detectors as they penetrate
through the scalp, skull, and cerebral tissue [156]. The fNIRS measurement is based on photons
that reach the detectors. The penetration depth of a given source—detector pair is directly related
to the distance separating the two optodes [135]. In general, a larger source—detector distance
allows for deeper tissue interrogation compared with shorter separations. This applies as long as
photons emitted from the source can still be detected; however, in the adult human head, the
practical measurement depth is typically restricted to approximately 3—4 cm, which is sufficient to
access cortical regions but not deeper brain structures [154]. At greater distances, the signal-to-
noise ratio (SNR) increases because fewer photons successfully reach the detector [149].
Following acquisition, the detected signals are processed and expressed as optical density
(Equation 1) [159]. Optical density is defined as a function of the ratio between the emitted light
intensity from the source optode (Io) and the detected light intensity at the detector optode (I).

0D, = —log (é) (1)

The concentrations of oxygenated hemoglobin (HbO) and deoxygenated hemoglobin

(HbR) are determined by applying the modified Beer—Lambert Law (Equation 2) [159]. This law
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provides a linear relationship between changes in the measured optical signal and the
corresponding changes in chromophore concentrations within biological tissue. Specifically,
changes in hemoglobin concentration (Ac) are computed from the changes in optical density
(AODy.). In Equation 2, the term e represents the molar extinction coefficient of human brain
tissue, which characterizes how strongly hemoglobin absorbs light at a given wavelength. Because
HbO and HbR absorb light differently across wavelengths, using multiple wavelengths enables
separation of their individual concentration changes. The parameter L is the pathlength that light
travels through the tissue, while the differential pathlength factor (DPF) is the differential
pathlength factor, which is used to estimate the actual path length of a photon. By incorporating
differential pathlength factor, the modified Beer—Lambert Law provides a more accurate estimate

of the effective distance light travels before reaching the detector.

Through this process, AOD values obtained from each source—detector pair are transformed
into quantitative estimates of AHbO and AHbR. These values form the basis for examining cerebral
hemodynamics, as increases in HbO and decreases in HbR are typically associated with localized

neural activation.
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Ac=—"""R 2
€= e L DFP @

Concentrations of HBO and HBR are used to infer neural activation from the hemodynamic
response following a stimulus or task onset. fNIRS results are either reported as changes in these
chromophores (oxygenated and deoxygenated hemoglobin) or fitted to an expected hemodynamic

response function (e.g. canonical or delta functions) [161]. If fitted to a hemodynamic response
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function, the strength of activation is typically described as a coefficient value. Oftentimes, neural
activation is reported as B (Equation 3), a multiplier of the hemodynamic response function, or a
t-statistic value which compares activation during task and baseline periods [160]. Mechanistically,
fNIRS relies on neurovascular coupling, quantifying changes in oxygenated (HbO) and
deoxygenated hemoglobin (HbR) to infer local cortical activation [156-158]. In Equation 3, Y
represents the observed fNIRS signal as a column vector containing one measurement per time
point. The design matrix X encodes the timing and type of experimental events, including stimulus
onset, task blocks, and nuisance regressors (e.g., motion artifacts, signal drift, and mean signal
level). The parameter vector § contains the regression coefficients that quantify how strongly each
regressor in X contributes to the observed signal. The residual term ¢ represents random noise and
unmodeled variance in the data, capturing deviations between the predicted and actual signals.
Together, these components form the general linear model used to estimate task-related

hemodynamic changes in cortical activation.

Y=X-B+e (3)

However, the application of fNIRS to sport-like tasks faces significant challenges. Signals
are vulnerable to motion artifacts and physiological noise (e.g., heartbeat, respiration, blood
pressure fluctuations), which overlap with hemodynamic frequencies and obscure true neural
activation [144-148]. Although approaches such as wavelet filtering and principal component
analysis can reduce noise [145-147], they are not always effective in highly dynamic conditions

where large artifacts are present. Thus, the ability to isolate neural activation in tasks involving
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rapid landings, cuts, or unanticipated maneuvers, those most relevant to ACL injury, remains

limited.

Recent methodological advances in functional near-infrared spectroscopy (fNIRS) have
sought to improve signal specificity and applicability during dynamic tasks. Short-separation
channels, which use closely spaced optode pairs (~8 mm), primarily capture extracerebral signals
originating from the scalp and skull. These superficial signals can then be modeled as nuisance
regressors, thereby enhancing the accuracy of cortical activation estimates [149-153]. In studies
involving movement-based activities, fNIRS offers a practical, portable, and non-invasive
neuroimaging option to assess brain activation in ecologically valid contexts [133]. Moreover,
fNIRS has been extensively validated against the gold standard, functional magnetic resonance
imaging (fMRI), demonstrating strong correlations in concurrent activation measurements [136,
137]. Although fNIRS provides limited penetration depth compared with fMRI due to its light-
based nature, it offers significant advantages in portability, cost, and experimental flexibility.
Finally, fNIRS has been validated across diverse populations, including adults, infants, and

children, and has demonstrated good reproducibility across repeated assessments [155].

Because of its portability, fNIRS enables researchers to study brain activation cortical
activation in naturalistic and task-specific settings that were previously challenging for traditional
neuroimaging modalities. This capability allows researchers to investigate the neural mechanisms
underlying attention, decision-making, and cognitive control in experimental conditions that
closely mimic sport-relevant information processing demands encountered during performance

assessment. Non-contact ACL injuries are strongly associated with failures of cognitive—motor
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integration during unanticipated sport movements. Athletes must rapidly shift attention, process
environmental cues, and coordinate neuromuscular control within milliseconds of ground contact
[162]. While biomechanical factors contributing to ACL injury risk are well established, the neural
and cognition mechanisms underlying these failures remain poorly characterized. fNIRS offers a
unique opportunity to address this gap by enabling the measurement of cortical activation during

cognitive tasks and see their correlation with biomechanics variables during challenging tasks.

Current Knowledge Gaps in ACL Injury and Rehabilitation

Despite decades of research, ACL injury remains a persistent challenge in sports medicine
and rehabilitation. Traditional approaches have primarily emphasized biomechanical and
musculoskeletal recovery, such as restoring joint stability, strength, and range of motion [163].
While these efforts have improved short-term outcomes, long-term data continue to show elevated
rates of reinjury and suboptimal return-to-sport performance following ACLR [94, 113, 164].
Emerging evidence suggests that these persistent deficits extend beyond mechanical restoration,
reflecting unresolved impairments in cognitive-motor integration and neural control that influence
how athletes perceive, plan, and execute movements under pressure [121, 125].

Although the biomechanical mechanisms of ACL injury, such as excessive knee valgus,
reduced flexion, and asymmetrical loading, are well established, the neural and cognitive
mechanisms underlying these risky motor patterns remain poorly characterized. In particular,
attention control, decision-making, and dual-task processing have been shown to modulate lower-
limb mechanics [85, 86], yet these domains are rarely assessed in clinical or research settings.
Current rehabilitation and return-to-sport (RTS) paradigms rely predominantly on low-demand,

predictable physical tasks that fail to capture the real-world cognitive demands of sport. As a result,
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athletes may achieve apparent neuromuscular readiness under controlled testing conditions but
still lack the cognitive-motor adaptability required to respond safely to unanticipated events during
gameplay.

Another critical limitation in the current literature lies in the assessment methods used to
evaluate recovery and reinjury risk. Dual-task and cognitive-motor studies in ACLR populations
have typically utilized standing balance [30, 37] weight-shifting tasks [165] and gait [166, 167],
which may underestimate the extent of persistent deficits. Moreover, the influence of failed
performance, such as errors or missed responses during high-demand dual-task conditions, on knee
biomechanics and neural activation remains largely unexplored. Understanding how performance
breakdowns emerge during complex, reactive movements is crucial for identifying athletes who
are at highest risk for second ACL injury.

Finally, the integration of neuroimaging and cognitive testing into biomechanics research
remains limited. Techniques such as fNIRS now provide the opportunity to examine cortical
activation patterns during sitting or walking, but still few studies have combined these neural
measures during cognitive tasks. As a result, the field lacks a unified framework linking cognitive

ability, neural activation, and motor control (Figure 4).
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Figure 4: Connection of Motor performance, Cognitive performance, and Neural activation for
better understanding of ACL injury scenarios

Addressing these gaps requires a paradigm shift from isolated biomechanical assessment
toward a comprehensive neurocognitive model of ACL injury scenarios. The research presented in
this dissertation aims to advance this integration by (1) evaluating persistent dual-task impairments
following ACLR during challenging jump-landing tasks, (2) assessing whether low-cost clinical
cognitive-motor tests can predict biomechanical risk factors for reinjury, (3) determining how
failed performance influences knee mechanics under unanticipated conditions, and (4) exploring
the neural and cognitive correlates of successful decision-making during dynamic landings.
Together, these objectives will help redefine failed movement as both a biomechanical and
neurocognitive phenomenon, guiding more precise therapeutic interventions, enhancing return-to-

sport assessments, and ultimately improving long-term outcomes for athletes recovering from ACL

injury.
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Cognitive-Motor Function During Jump
Landings After Anterior Cruciate
Ligament Reconstruction

Fatemeh Aflatounian,*® MS @, James N. Becker,’ PhD @, Keith A. Hutchison,® PhD,
Janet E. Simon" PhD, AT, Dustin R. Groeoms,'"* PRD, AT, CSCS .

and Scott M. Monfort,! PhD

Investigation performed at the Neuromuscular Biomechanics Laborafory, Monfana
State University, Bozeman, Montana, USA

Background: The risk of eecond anterior cruciate ligament (ACL) injury remains high after ACL reconstruction (ACLR), indicating
the nead to Improve rehabllitation and retun-to-sport sssessment. Beceusa ACL Injuries fraguently accur in cognitvely dermand-
g situations, dual-task scresning provides a promising eppaertunity to detect mowernent impalrmants by testing cognithee and
motor skills simultaneously.

Purpose/Hypothesis: The purpose was to evaluate cognithve-metor mpaemeants that persist after ACLRA. It was hypothesized
that jump landing Blomachanics would be impealred in athistes with previous AGLRE veraus controls and that these mpasments

wiould be exacerbated whan the jump landings were performed with & cognitive challenge.
Study Deslgn: Controlled laboratony study.

Methods: A total of 35 individueals who undersent primary ACLR [ACLR growp) and 35 healthy controls (HC group), matched by
sex, age, dominant limb, body mass ndex. sports activities, Tegner score, and Merx activity score, participatad In this atudy.
Participants performed Jumplng tesks under a varety of conditions, Including with and without visual constraint, raped decl-
slon-making, and visusl-spatial challenges. Primery dependent varables included second ACL injury factors swuch as asymmeatry
of knes extensor morment at mitial contact (KEM-8aym-1C). Second-lavel anatysis focusad on other venables associated with ACL
leading and Injury (eg, peak knee flexion angle [pHFAJL Mixed-effect moedels wers testad for group and condition mteractions as
well as group and condithon main effects.

Results: A total of 35 Individuals (25 women and 10 men} who undersvent ACLR (ACLA group) (age, 19.9 £ 1.7 years; height, 1.7
+ 0.1 m; mass, 889 = 13.1 kg; years after ACLA. 1.5 + 0.6 years; Tegner score, 6.8 + 1.8; and Marx score, 106 + 3.8) were
matched with 35 (25 womean and 10 mean) HC indhaduats (HC group) (age, 2001 £ 1.9 years, hight, 1.7 = 0.1 m: mass, 67.1 + 8.4
kg: Tegner score, 6.8 = 1.6; and Marz score, 11 = 3.8). Mo aslgnificant group and condition Interactions were detected. & group
affect for KEM-Asym-1C (HE growp, —0.005 + 008 % bodywelght-height wa ACLA group, 0.43 + 0.82 % bodyweight-helght; P <
001) indicated ralatwvely more knes extensor momeant in the uninveled limb at ntial contact for the ACLR group. regardiess of
condition, In addtien, a condition effect for pkFA Indicated that both groups demeonstrated decressed knee flexion In responssa to
rapld decision-rmaking challenges {anticipated conditions, 79°-B0° ve rapld declsion-making conditions, T6°-TE"; P < .001).

Concluslon: Aftar retum-to-sport clearance, the ACLA group showed Increasad presence of mechanics assoclated with sacond
ACL Injury compared with the HC group during jump landing movements, with rapld declslon-making conditions also eliciting
reducad pEFA during landing for both groups.

Clinlcal Relevance: The extent to which these multhvardabls outcomses may compound injury risk aftes ACLR requires further
research to maore precesely understand epportunities for neurccognitive chalsnges to augment ACLR return-to-sport asssasmant,
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About hall of all children and adolescents in the United
States are invelved in team sports.” However, within
these sports, musculoskelatal § :n:lpuntu are common and sig-
nificantly reduce participation. * Anteriar cruciate liga-

ment (ACL) injury iz a common musculeskelstal ingury
among athletes, with about 250 000 annual injuries in
the United States.®® The most common treatment for this
injury is ACL reconstroction {ACLE). Although many ado-
lescents return o sports after ACLR, nearly a quarter of
athletes who ane <25 years and return o sparls sustain
a second ACL injury. ™ The high risk of a second ACL injury
may indicate that current réturn-to-sport approaches do nat
Tully capture the risk for a sseond injury.

Many ACL injuries occur when an athlete's attention is
directed externally (oppenent, ball, #te).* Furthermors,
posrer cognitive performance s lnked to riskier bome-
chanics and altersd muscle activation patterns during cog-
nitively challenging movementa™ 9950 4 wall as risk of
ACL imjury.™ Despite the evidence for the relevance of
visual-cognitive challenges to injury risk and bomechan-
ics, athletes’ copnitive-maoter function (e, the ability to
meel simullansous cognilive and motor demands) s naot
routinely used as a criterion for return-to-sport (RTS) alter
ACLR."™ The disconnect belween isolated physieal RTS
tests and attention-demanding real-world sporl scenartos
likely contributes to the inconsistent association between
passing RTS criteria and second ACL injury risk "**

Previous research on museuloskelstal injuries has
explored a wariety of stimuoli, such as wnexpected direc-
tional cues,*1 vigual t.a.rgelfa.h sport-specific tasks *® and
arithmetic tests,™ primanly in healthy populations®
Although dual-task protecols have been used with ACLR
patients, VAR thay have primarily focused on stand-
ing balance ™% weight-shifting tasks ™ and gait, "
revealing mpaired cognilive-motor  performance  aller
ACLE. More recent studies have begun o incorporate
sport-relevant tasks such as jumping and cotting in dual-
task paradigms % Hawever, these efforls remain
limited by using only B:ln,u:u]ar cognitive tasks """ not
:n-m\]nng reactive challenges ™ or lacking a control
group.™® Recently, Strong et al™ reported magnified
cagnitive-motor interference in thess who had ACLE com-
pared with controls; however, the motor ouleomes -!eE“z
jump height] had wnelear relevance to mjury rish

35

The Drthopaedic Journal of Sports Medicine

Building upon existing evidence to demonstrate the injury
relevance of cognilive-mator interference afller ACLR
remaing an important knowledge gap.

Although prospective studies provide the strongest evi-
dence o demonstrate relevance to injury risk, these study
designs are time-inlensive and costly. These studies
require strong preliminary data to oblain the necessary
regources bo conduwel an extensive, prospeclive study. Alter-
natively, previcus studies have identafied patential baome-
chanical nisk facters that can ground eross-sectional
studies in clinieally relevant ouleomes related to the risk
all second ACL injury. For example, in a study of 56 young
male and female athletes, Paterno et al®™® found that less
external rotator moments at the uninvalved hip (odds ratio
[OR], 8.4}, greater asymmetry in knee exlensor moments
at initial contact {OR, 3.3), and inereased frontal plane
knee motion (OR, 3.5 were associated with a higher likeli-
hiod af sustaining a second ACL injury. More recently,
King et al®™ conducted a larger study into jump landing
biomechanical prediclors of a contralateral ACLR injury
in male athletes & months after ACLR. Several biomechan-
ical variables distinguished between participants who did
and did modl sustain a contralateral ACL injury within
the Z-year follow-up of the study, including contact time,
center of mass stilfness, and sagittal plane kinematics al
the hip and knee. Although replicating the predictive value
af these ouleomes is nesded to demonstrate the robustness
al the indings and demenstrating generalizability requires
additional work (e, do Hing et al™ findings extend o
female patients?), these biomechanieal rigk factors for sec-
and ACL injuries provide feasible sutcomes for a cross-
sectional study that can provide preliminary clinieal rele-
vanee of cognitive-maotor function alter ACLE that can
then be explored more mgorously through a prospective
study.

Ta understand the extent to which cognitive-motor def~
icits po undetected andior unaddressed in standard ACLR
rehabilitation, this cross-sectional study was canducted to
evaluate dual-task impairments that persist aller ACLR.
We hypothesized thal jump landing biomechanics would
be impaired in athletes with previous ACLE versus con-
trils and that these impairments would be exacerbated
when the jump landings were performed with a cognitive
challenge.
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METHODS
Participants
A total of 36 athletes who had undergons primary ACLR
surgery and cleared to BTS (ACLR group) and 36 healthy
cantrols (HC group) who were matched al an individual
level on sex, age, dominant limb, body mass index (BMI),
sports activities, Tegner score.™ and Marx activity score™
participated in this study. Eligikality for the ACLR group
required having a single ACLR that securred within 2.5
years of participating in the study, completing rehabalita-
tion, and being cleared to return to unrestricled activity.
HU parlicipants were targeted lo match an individual in
the ACLE group for sex, dominant limb, sporl aclivily,
and match an ACLE individual within -2 units for age,
BMI, Tegner, and Marx activily scales. HC participants
had no previous lower-extremily surgeries, no Lme-loss
lower body injuries within the previous year, no concus-
slons in the last year, no known neurclogic or lower body
musculoskeletal disarder, and no pain during movement,
All the participants signed a consent form approved by
the institutional review board of Montana State University
(protocel Ne. SMOS1818). One pair was omitted becawse
they were an outlier regarding agreement in age compared
with the rest of the pairs (3.8 years age difference com-
pared with the mean age difference of 08 + 0.6 vears),
leaving data for 35 matched pairs. This analysis is based
an data collected in a single -2 5-hour data collection.
Those with a primary ACLE were recruited from ortho-
pasdic and physacal therapy clinics in the Bozeman area,
Matched healthy control participants were recruited from
the university campus and surmounding  community,
including recreational and collegiate sports teams, local fit-
ness centers, and teammates of enrolled ACLR partici-
pants, To suppart effective malching on key demographic
and activity-level criteria, a prescreening survey was dis-
tributed widely, with approsimately 1400 individuals
respanding. From these responses, contrsl participants
who matched the ACLE group on sex, age dominant
limb, BMI, sports activities, Tegner score, and Marx activ-
ity soore wers selected,

Jump-Land-Jump Task

Atatal of 75 reflective markers were altached to the partic-
ipants Lo measure their whole-body motion. This marker
seb included a point-cluster distribution of markers on
the thighs and shanks, covering a large area of the respec-
tive segments, 1L was designed o reduce the influence of
safl tissue motion artifact on segment pose estimation **
Faur medial markers were removed (lelUright medial fem-
aral epioondyle, and the lefUrght medial malleclus) after
capturing the static calibration trial. A 10-camera motion
caplure syslem was used o record the kinematic data at
250 Hz (Motion Analysis Corp) and 4 force plates to record
ground-reaction force data at 1000 Hz (OPT464508-2K;
Advanced Mechanieal Technology Ine). Before starting
the jump-landing protocel, participants did 2 sets of 8
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badyweight xqauaia and 5 maximal efforlt vertical jumps
HE 8 WArm-up.

Far the jumping protocel, participants jumped from
a Hlem bax over a distance of hall of their height to land
bilaterally on force plates, where they immediately per-
formed a sscondary balateral jump in 1 of 3 directions
(straight up, 45° ta the right, or 45° to the e ?® The
movement was performed under § conditions. The sonven-
teon of the condition abbreviation uses the frst character to
indicate the stimulus type (M, no stimulus; A, aoditery
stimulus; and V, visual stimulous), The second character
indicates whether the condition was anbcipated (A4) or
unanticipated (17, The third letter indicates whether par-
tieipants’ gaze was fixed (F) at a fxation targed in front
all them, directed toward a visual-spatial memory (M) cue
in front of them, or unconstrained so they could look
down (D) at their landing area. Conditions included were
as follows: (1) baseline (MAD, no cognitive Lask; anticipated
direction; no visual gaze constraintl (20 baseline with
visual constrainl (MAF, same as NAT bul with constrain-
ing visual gaze forward) (3) visual unanticipated with
visual constraint (VUF, secondary jump direction cue
(arrow) was presented -250 ms bafore initial contacl while
loaking at the lxation eross [Figare 1] (4) auditory unan-
tieipated (AUD, secondary jump direction verbal cue was
completely played -250 ms before initial contact [Figure
1% 58 auditery wnanticipated with visual constrainl
(AUF, same as AUD but with constraining visual gaze for-
weard) {61 and visual memory'®™ (VAM, anticipated sec-
andary direction with  visual working memory  task)
(Figure 1). In addition, 250 ms of available time to resct
was chosen for unanticipated conditions to align with pre-
vivus research '™ and with evidence that available time to
react being <300 ms facilitates jump landing lasks to be
unplanned *® The wvisual constraint factor was chosen
beeause of previous reports of allered visual reliance after
ACLR™™ and potential for visual stimuli to alter neuro-
muscular contral* The auditory compenent was chosen
L enable decoupling of the visual constrainl and rapid
deciston-rmaking factors. The unanticipated [actor was
included because of the large body of literature dentifying
deleterious effects aof rapid decision-making on knee
mechanies TS5 a0l of literature on the respense of
those who had ACLE to rapid decision-making challenges
during demanding sport movements, and evidence of
visual-cognitive compensatory sirategies afler ACLE that
eould exacerbate cognitive-motor impairments in this din-
ical population. The visual memory Lask was used to decou-
ple cognitive domain-specific effects (be, visual-cognitive
challenge [rom rapid decsion-making versus working
maemory k. Although additicnal conditions could be feasible,
wr chose this set of condilions because it targeted the fac-
tors of interest, provided several levels of control (eg, visual
gaze va stimulus modality), and was feasible to be com-
pleted within a ~3-hour collection perod.

Five successful trials for the “straighlt up” secondary
Jjump direction were collected for sach participant and con-
dition (Bupplemental Table 1) Successful trals were
defined as those in which participants responded correctly
L the cognitive task and both feet made contact with
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Figure 1. Jump-land-jump task progression for all conditions. AUD, auditory unanticipated; AUF, auditory unanticipated looking
at the fixation; NAD, baseline, no visual constraint. NAF, visual unanticipated locking at the fixation; auditory unanticipated looking
at the foxation; VAM, visual memory; VUF, visual unanticipated looking at the fixation.

separate force plates (e, feet did not share the same plate).
The focus of analysis for this study was on the landing from
the initial jump off the box for trials with a straight-up sec-
ondary jump direction. Five-trial averages for each biome-
chanical outcome vanable for each condition and
participant were used for statistical analysis.

Data Processing

Motion capture and force plate data were analyzed using
Visual3D (HAS-Motion). Marker and force data were fil-
tered using a fourth-order, zero-lag, low- pan Butterworth
filter with a 15 Hz cutoff freq v. " Ki tic and
kinetic data were computed using a Quasi-Newton optimi-
zation method and an inverse kinematics model.™ The
CODA pelvis definition was applied, and hip joint centers
were estimated using the Visual3D implementation of
the equations of Bell et al.¥ The knee and ankle joint cen-
ters were identified as the midpoints between markers
placed on the femoral epicondyles and the malleoli, respec-
tively. The lower extremity segments were defined with
the z-axis oriented from the distal to the proximal joint
centers, the y-axis pointing anteriorly, and the x-axis
directed to the participants’ right. An inverse kinematics
model was employed, constraining lower-extremity
degrees of freedom to 3 rotational degrees at the hip and
knee and 2 rotational degrees at the ankle'® A Cardan
x-y-z rotation seq corresponding to { + ) flexion/-)
extension, ( + ) adducﬁon!{-) abducu‘on, and ( + ) internal/
(-) external rotation, respectively, was used to calculate
the hip and knee jint angles. Net reaction moments
were resolved within the proximal joint segment. For
kinetic variables, forces were normalized to participant
weight, and moments were normalized to both weight
and height. Initial contact was defined as the first frame

in which the force plate reading exceeded 10 N after the
initial jump off the box. Custom MATLAB code Version
R2022b (MathWorks) was used to calculate the second
ACL injury risk factors and prepare outcome variables
for statistical analysis.

Outcome Variables

Primary outcomes for the study were based on biomechan-
ical predictors of second ACL injuries that were ?ublnhed
at the time of design/onset of the present study.™ To pro-
vide a more comprehensive understanding of biomechani-
cal adaptations regarding cognitive-motor function after
ACLR, additional outcomes were also included.

Primary Outcomes—Second ACL Injury Predictors

Previously reported biomechanical predictors of a second
ACL injury were used as the primary outcomes.*® Specifi-
cally, these outcomes were (1) uninvolved hip rotation
net moment impulse during the initial 10% of landing
(Uni-HRot-Imp); (2) knee extensor moment asymmetry at
initial contact (KEM-Asym-IC) normalized to body weight
and height, calculated as involved limb minus uninvolved
limb variables (internal extensor moment defined positive,
with more uninvolved extensor moments leading to nega-
tive values for KEM-Asym-IC); and (3) range of knee
abduction angle for the involved limb, defined as the abso-
lute difference between the maximum and minimum val-
ues from initial contact to the point of minimum center of
mass (Inv-KAbA-range). In summary, the previous study*®
found that lower external rotation moments at the unin-
volved hip, increased asymmetry in knee extensor
moments at initial contact (indicating relatively lower
extensor moments at the involved knee), and increased
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frontal plane knee motion were associated with a higher
rigk af sustaining a second ACL injury. Thess lindings cor-
respand Lo greater Uni-HEol-Imp and Inv-HKAb&-range
and lower HEM-Asym-IC walues using our convenlion,
which were interpreted as “risky™ in our study.

Secondary Outcomes —General ACL Injury Risk
Factors

Previous vides analysis has identified additional bdome-
chanical factors linked to primary ACL injuries that eccur
within the first 100 ms after initial contact with the foree
plate during jump landing tasks®’ Three additional out-
cames were added as secondary oulcomes o provide
a more camplete evaluation of the data. Specifically, the
secondary  oulcomes were peak knee  Mexion  angle
(pHFA), peak knee abduction angle (pHABA), and exter-
nally defined peak knee abdustion moment. Less knes (ex-
jon and inereased abduction were interpreted as ns

given their assaciation with inereased ACL loading "

Exploratory Outcomes —Contralateral ACL Injury Risk
Factors After AGLR

A post-hoe analysis, including biomechanical risk factors
for contralateral injury after ACLE®™ that were reported
during the progress of our study, was alse incorporated
for broader msight. Specifically, we included the mean of
contralateral limb knee and hip flexion angles (CL-KFA
and CL-HFA, respectively) during the portions af the
stance phase af the initial jump landing that were delin-
eated botween the contralateral injured and the no contra-
lateral injury groupe ™ To define the phases, variables
ware first normalized Lo 101 women corresponding o the
initial contact to the minimum center of mass position
(FE-100%). Then, time-normalized ranges of 14% ta 94%
for CL-KFA and 14% to 85% for CL-HFA were extracted.
Additionally, vertical center of mass stiffness was caleo-
lated as the peak ground-reaction foree measured from
the force plate solely in contact with the contralateral
limb during the stance phase, divided by the magnitude
al change in the vertical position af the center of mass
from initial contact to ils minimum vertical position.
Finally, contralateral limb contact time for the first jump
(e, elapsed time with ground-reaction foree =10 N was
alan included

Power Analysis

GLIMMPSE (Version 5.1.3, SampleSizeShoporg™ was
used for the power analysis Lo oblain B statistical power
L deteet within-within interactions of Group {ie, matehed
pairs) and conditbon factors with a repeated-measure
design using the Hotelling-Lawley trace test, Given the
pavcity of data for our primary sulcome variables acrose
the novel set of experimental conditions of this study, we
based our sample size on available, bul sparse, information
1 inform expected group and condition means. Literature
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wvalues from Paterno eb al'® were used as a basis for Uhe
baseline (MAD) condition estimates, with the previously
published “first injury” and “second injury” group values
used as approximations for anticipated baseline (NAD}
performance for our HC and ACLE groups, respectively.
We then scaled this clinically meaningful difference (e
no injury va second injury from Paterno et al*®) to inform
group-specific condition estimates in response Lo visual
gaze fxation, visual memory, and rapid decision-making
challenges, with the ACLE group hypothesized Lo be
more greally impacted by visual and unanticipated diMi-
culties, Btandard deviation and covariance across groups
and conditions were based on actual vanability in our
datasel. Percentl changes for anlicipated versus unantic-
pated conditions of B% to 3105 were within previously
reperted™™! ranges (6%-370%). Specific inputs regarding
the means and standard deviations used in the power anal-
yais are provided in the supplemental content.

Statistical Analysis

The primary analysis was done vsing linear mixed-e{fect
statistical maodels, with mateched pairs as a random lactor
and group, condition, and group * condition interaction
as fixed factors. The primary comparison of interest was
in the group * condition interaction. Significance level
was gel al o = 0166 Lo account for multipls compansons
across 3 primary dependent variables (0053} Dependent
variables related to second ACL injuries were given the
highest priority, with general and contralateral ACL
injury risk factors included for additional context.

Ta evaluate the robustness of the Gndings from the pri-
mary analysis Lo statistical assumplions, we performed an
additional sensitivily analysis using variations of this
approach. Specifically, we included clinieal and perfor-
mance covariates (age sex, height, time since surgery,
Marx activity score, and jump height] and repeated the
analyses (with and withoul scovariates), with individual
participanis as random elfects rather than matched pairs.
Chateames of the primary analyss are reparted in the man-
useript alongside a summary of the sensitivity analysis,
with details of the sensitivily analyses provided in Supple-
mental Tables 4, 5, and 6.

Upon completion of the primary and sensitivity analy-
=8, a post-hoe analysis was deemed necessary Lo evaluate
potential additive effects that spanned primary and sec-
andary outeome varables. A post-hoe multivanable analy-
sl was done bo provide greater context on the collective
relationships. Specifically, the means of KEM-Asym-IC
and pKFA were sublracted from individual values in their
respeciive data sets. Then, these zero-mean data sets were
normalized by their respective standand deviations, vield-
ing z-scores for the 2 variables. The compenent g-scores
ware then averaged to obtain a composite oulcome based
an both EEM-Asym-IC and pEFA. The “riskiest” combined
auteoms corresponded to the most negative values, result-
ing from asymmelric extensor moments and decreased
knee Nexion. The post-hoe multivariable analysis is pro-
vided in Supplemental Tables B and 9
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RESULTS

The available data included 210 means (35 participants =
& conditions) for the HC group and 207 for the ACLR
groug, as 3 means were removed due o a Laring 1ssue
with the force plates during the data eollestion. The tatal
available datasel was based on approcimately 97% of the
total expected trnals (Supplemental Table 1) The uming
all the directional eues was verified in a post-hoe Last (Sup-
plemental Table 2). Paired ¢ tests indicated no significant
groug differences for matched pairs in age, height, body
mass, Tegner values, or Mars activity values betwesn
ACLR and HC groups {all P = 05} (Table 1)

Far the primary outeome variables, the most robust
finding was a significant group elfect for KEM-Asym-IC
(HC group, 0.005 + 0.8 [% bodyweight-height], ACLR
group, —0.43 & 082 [% bodyweight-Height]l; P < (01}
(Qupplemental Table 3), with the ACLRE group having
greater asymmelry than the HC group (Table 2 and Figure
24 This finding persisted regardless of including eovariates
and using a paired versus unpaived analysis approach
(Bupplemental Table 4). Additionally, a significant group
affset was observed for Uni-HRot-Imp for the primary
analysis (HC group, 0.006 < 0003 [NmeHgl, ACLR
group, 0005 = 000 [WmaHgl, P < 001) with the HC
group having relatively more inbernal rolation moment
(Table 2 and Figure 2); however, this resull was sensitive
L the statistical model and did nol persist when wsing
an unpaired analysis (Supplemental Table 4). There were
no significant group and condition interactions for any pri-
mary ouleome variables.

Far the general ACL injury sutcomes, the most robust
finding wasz a significant condition elfect for pEFA, in
whith a post-hoe best revealed a significant decrease in
knee flexion for rapid decision-making conditions, with
a range of T6" lo TE", compared with anticipated condi-
twns, with a range of 797 La B0° for all participants, regard-
less of group (Table 3 and Figure 31 Other initially
significant findings (group effects for pHFA and pHAbA}
did nob remain through the iterative statistical analysis
(Bupplemental Table 51

Far the exploratory outeomes, the most robust findings
ware a condition effect for all variables and a group effect
for CL-HFA (Table 4, Supplemental Tables & and 7).
Past-hioe analysis revealed that anticipated conditions
had higher values for CL-EFA, CL-HFA, and cantact
time compared with cognitively challenging conditions. In
cantrast, the difference belween condibions was oppesite
for vertical stiffness, with higher values for cognitively
challenging conditions. Far group differences, the ACLR
group had more eontralateral limb hip and knee Nexion
compared with the HC group (Table 4, Supplemental
Tables 6,7). Other initially significant findings did not per-
sist through the ierative statistical analysis (Supplemen-
1al Table 7).

The post-hoe multivariable analysis using a composite
z-seore derived from both pEFA and KEM-Asym-IC yielded
significant group (P < 001 and condition (P = 002) elfects,
but not a group * condition (P = 28} The ACLR group
had lower composite z-scores than the HC group (P <
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TABLE 1
Cohort Characteristies™
ACLE HC

Famnlimale 25710 25/110
Ape, vanrs 188+ 17 201+ 1%
Height, m LT +nl LT£01
Mazs, kg 604 & 131 671 = 8.4
Time since aurgery, vears 1.5 + DG -
Tegner spare B8+ L8 B&x L6
Marx activity score g = 18 11 =38
Graft type

Quadriceps tendon autograft 14

Hamstring tendon autogradt 12

Bonespatellar tendon<hone aatograft &

Allograft 1
Matched sport participation

Bunning, recreational i1 11

Dwownichill skiing 1 7

Baskethball 4 1

Boccer a 3

Volleyhall 2 2

Orther H B

“Datn are presenied a= mean * S0 ar number. Some partic-
pantz played multiple sporta, ACLR, anterior eruciate ligament
recanatrisction; HC, healthy sontrols

001, and unanticipated conditions had lower compesite
z-seores than anticipated conditions (P < 03} (Table 4,
Supplemental Tables 880,

DISCUSSION

This study evaluated cognitive-motor impairments that
persist alter ACLE rehabilitation, even alter RTS clear-
ance was achisved using standard eriteria. A robust group
main effect, but not group and condilion interaction, was
detected, with the ACLE group demonstraling more asym-
metry in knee extensor moments during landing compared
weith the HC group. Counter o our hy pothesis, the primary
auteomes were nob impacted by the presence or absances of
acognitive challenge. In contrast, unanticipated conditions
alicited a reduced pEFA for landing compared with antici-
pated conditions, regardless of group, Alsa, the unantic-
pated  conditions  cavsed  sigraficant  dilTerences  for
cantralateral ACL injury lactors when compared with con-
ditions expected, with the most robust effect indicating
increased contralateral hip fexton angle for the ACLR
group, which has previously been linked o elevated con-
tralateral injury risk.”® Therefore, rapid decision-making
may represent a particularly salient challenge to newro-
muscular control. Further prospective studies are required
L determine the different aspects of cognitive-motor func-
tion and the moest meaninglful sets of oulcomes that can
serve as a therapeulic targel in assessing second ACL
injury risk.

Findings across cutoame variables suggest that a multi-
variable perspective may provide insight inte high-risk
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*Group: p < 0.001

HC

ACLR

Figure 2. Left: Viokn plots for the second ACL Injury predictors for ACLR and HC groups for each condition. Right: Main effects of
group showing ACLR and HC groups' means and standard dewviations for each second ACL Injury predictor. The asterisk indi-
cates significant differences. ACLR, anterior cruclate ligament reconstruction group; AUD, auditory unanticipated; AUF, auditory
unanticipated with visual constraint; HC, healthy control group; NAF, baseline with visual constraint; NAD, basaline, no visual con-
straint; VAM, anticipated secondary direction with visual working memory task; VUF, visual unanticipated.

scenarios. Considering the main significant findings, the
ACLR group exhibited riskier loading patterns based on
greater knee extensor moments asymmetry across all con-
ditions. One plausible reason for the lack of a group * con-
dition effect for this variable is that the asymmetric
landing strategy was already demonstrated in the baseline
conditions and may indicate that the ACLR group was
already at a perfor “Nloor,” making further increases
in asymmetry less likely even under the other condition
challenges. Alternatively, unanticipated conditions elicited
reduced pKFA during landing patterns for both groups.
The post-hoe test for pKFA revealed a significant decrease

in this variable for rapid decision-making conditions com-
pared with antiapated conditions for all particapant
regardless of their group. Notably, the interaction between
group and condition was not significant, suggesting that
the ACLR group did not demonstrate an exaggerated det-
rimental response to the unanticipated conditions. How-
ever, it may be insightful to consider that their effects
could be additive. When considered concurrently from
a multivariable perspective (ie, pKFA and KEM-Asym-IC
on the same plot), the riskiest combination of outcome var-
iables oocurs for the ACLR group under unanticipated con-
ditions (Figure 4). Therefore, even though unanticipated
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*Conditions: p < 0.001 | [ Group: p=0.003
!

788712 6.4 7733k 697

Elexion Angle [*]
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*Group: p = 0.003

t52 13,69} 656
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~

Mﬂt 0014 0035 :Eou
#
MC ACLR MC ACLR MC ACLR MC ACLR HC ACLR MC ACLR

NAD NAF VAM  VUF  AUD AUF HC ACLR

Figure 3. Left: Violin plots of ACLR and the HC group for means of each condition for primary ACL injury predictors. Right: Man
effects of group for each primary ACL Injury predictor (means and standard deviations). The asterisk indicates significant differ-
ences In conditions for pKFA.ACLR, anterior cruclate ligament reconstruction group; AUD, auditory unanticipated; AUF, auditory
unanticipated with visual constraint; HC, healthy control group; NAD, baseline, no visual constraint; NAF, basaline with visual con-
strant; VAM, anticipated secondary direction with visual working memory task, VUF, visual unanticipated.

TABLE 2
P Values for Linear Mixed Effect Models for the Second ACL Predictors”
Group Condition Group*Condition Ry %
Uni-HRot-Imp <001 H02 .T12 42
KEM-Asym-1C «<.001 965 794 51
Inv-KAbA.-range 036 A58 p 8! 32

“Presented outcomes are based on statistical models with “pair” a8 a random effect and not induding covariates, Bold P values indicate
atatistical uzmﬁam Inv- KAbA -range, range of knee abduction angle for the involved limb; KEM-Asym-1C, limb asymmetry in knee exten-
aor t at initial contact normalized to body weight and height; Uni-HRot-Imp, uninvolved hip rotation net moment impulse,
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TABLE 3
P Values for Linsar Mixed-Effect Models for General ACL Risk Factars™
Ciroup Condition Group = Condition B %
pEFA SR <= [HFL =09 +4
pHABA L 83 83 i ¥
pEALM JABT ABTE ] 47

“Presenied ouwboomes are based on atatistical medels with “pair” as & random effect and net induding covariabes, Bold P values indicats
statisticn] significance. pKAbA, peak knee abduoction angle; pEABM: peak knee abdurction moment normalized to body weight and height;

pEFA, peak knee flexion angle.

TABLE 4
P Values for Linear-Mixed Effect Model Analysis for Contralateral ACL Risk Factors
and Multivartable Perspective of Injury Risk®

Giroag Conditson Group * Condition B %
CL-KFA (W1 B G54 a7
CL-HFA il . G4 LT
Contagt Time =001 L ATE 46
Sliffneas -l <,H¥ BEk 38

“Prasented outoomes are based on o statistical medel iteration with “pair” a8 a candom effect and not including covariates, Valses are
presented ag P values, Bold # values indicate stotistical pignificance, CL-HFA, contralateral limb hip Oexion angle; CL-KFA, contralatoral

limh knee Nexion anghe,

HC ACLR
Anticipated @ &
Unanticipated O

Riskier

06 0.4 0.2 0 0.2
KEM-Asym-IC [Y:Bodyweight-Height]

Flgure 4. Multivariable perspective of Injury nisk of the cur-
rent dataset. plFA and asymmetry of KEM-Aaym-IC during
anticipated and unenticlpated conditions {means of 3 unan-
ticipated conditions] for the ACLR and HC groups. Arows
indicats group-specific shifts in outcoms varables betwesn
anticipated and wnexpacted situations. ACLR, antarior crucl-
ate ligament reconatructon; HG, hesalfthy control, KEM-Asym-
IC. knes extensor momeant at initisl contact, pFA. peak knes
flesdbon angle.

conditions elicit stiffer landing strategies for both ACLR
and HC groups, this added effect may be particularly prob-
lematic for those in the ACLR group whoe already have

ather bomechanical patterns associated with second ACL
injury risk (e, asymmetric knee sxtensor moment} across
a range of condilasns.

Precedence for multivariate interactions in the contaxt
afl ACL loading exists, where the most significant risk of
ACL igury socurs from a combination of high knee fexion
maoments, knee compression forces, internal tibial targue,
and knee abduction moments during movements such as
jump landings or sudden direction changes " However,
future work 18 needed o validate the extent and nature
all polential multivariable interactions with respect Lo sec-
and ACL injury nsk. Alternatively, estimating loading in
the ACL graflt may enable more direct ouloomes related
te potential grafl failure ™ Despite ongoing opportunities
L refing the suleome measures, the current Andings pro-
vide novel data to support the polential wvalue of
cognitive-motor luncltion as a therapeutic largel to
enhance rehabilitation outcomes after ACLE.

The riskier performance of the ACLR group compared
with the HC group for KEM-Asym-IC at initial contact is
consiglent with previous research reporting that patients
who  underwent ACLE  demonstrate  high-risk  knee
mechanies even after RTS. An earlier study observed
asymmelry in sagittal-plane knee moments at initial con-
Lact among participants who later sulfered a second ACL
injury compared with those whe underwent ACLR but
did not sustain a gecond injury within 1 vear.*® This ohser-
vation highlighted that unbalanced force absorption strat-
epies durtng the initial phase of the drop vertical jump task
may contribule Lo an inereased risk of future injuries. Our
resulls extend this analysis to compare the ACLE group
with the matched HC group, which indicates that those
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in the ACLR group still tend to adopt riskier landing strat-
apies even alter they are cdeared to RTS. This finding fur-
ther supporis the potential need for further rehabilitation
ar more sensitive BTS testing to address these unresalved
neurcmuscular adaplations,

Previous ressarch has shown that the risk of ACL injury
tis the eontralateral imb is higher than te the ipsilateral
limb."® Owr exploratory analysis of contralateral limb
ACL injury parameters aligns with lndings from a previ-
ous study on male participants™ that found that those
with a conlralateral ACL injury exhibited lower stiffness
langer contact lime, and greater CL-HFA and CL-EFA
Similarly, our results showed that the ACLE group had
higher CL-KFA and CL-HFA values and longer contact
times compared with the HC group. However, unlike
Hing et al,”™ we did ol observe sgignificant group differen-
oog in vertical slilTness. Instead, we obhserved that these
slilfness values can vary by condition, with lewer stiffness
values in anticipated conditions compared with rapid
decistion-making conditions. These findings suggest that
cagritive load may inflluence parameters related Lo contra-
lateral ACL injury nsk. Further studies are needed to
determine whether these fndings apply to a broader popu-
lation and whether they align with the higher risk
abserved in the contralateral limb.

More recently, research has supported that adding a sec-
andary cognitive task te drop jump landing on ACLE group
assesemenls may enhance the identification of movement
patterns linked to increased ACL injury risk and insufM-
wient rehabilitation. ™% Our study expanded these find-
ings af reduced pEFA by showing the same results when
adding not enly visual cognitive challenges, but alao auwdi-
tory cognitive tasks during jump landing mevement, Nota-
by, rapid decksion-making appeared to be the dominant
challenge that elicited differences in pHFA, regardless of
the dirsctional cues beang implemented with visual or audi-
tory stimulus modalitbes. Decision-making and  divided
attention have been dentified as key factors influendng
several biomechanical rigk factors for ACL injury.® Biome-
chanical adaptations in response Lo rapid decision-making
in an ACLE eohort performing a jump landing task have
also been reported by others™ The present study provides
nivel data supporting this peint in the context of second
ACL injury risk, with performance during rapid decision-
making demands representing a particularly salient see-
nario to target rehabilitation and assessment eloris.

When considering Uni-HRot-Imp, we lound a lower
ratational impulse at the hip in the ACLE group compared
with the HC group, corresponding with less risky bdome-
chanies for the ACLR group. However, the significance of
this finding was contingent upon the statistical analysis
approach, specifically losing significance when using an
unpaired analysis. Although many factors were intention-
ally matched, considerable person-specific variance cannat
b campletely accounted for in a case-control study design,
The iterative statistical analysis aimed o evaluate the
robustness of our fndings to statistical assumplions,
with robust findings being those thal peraisted regardless
all assumplion and inclusion of covariates. The source of
the sensitivity of the Uni-HREol-Imp to the paired versus
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unpaired assumplion 18 nol known; however, it may be
related to the enhanced statistical power of the paired
analysis or other peraon-specilic variability that is not ade-
quately modeled through a paired design. In contrast, find-
ings for KEM-Asym-IC were more robust, which may
partially result from the KEM-Asym-IC outoormne targeting
asymmelry rather than a lmb-specilic metne. By compar-
ingy relative values betwesn limbs, aspects of overall perfor-
mance (ef, higher jump heightl may be mitigated,
supporting broader evaluation scross ACLE and HC groups.

It is important e acknowledge the lmitations of this
study. We forused on specilic jump landing lasks with
a vanely of cognitive challenges; however, these are nol
representative of all movements related to second ACL
injury, including single-limb landings and cutting maneu-
vers, Motably, the group companisons used in this study do
not allew for polential patient-specific responsses 1o be
determined. For example, a subset of ACLRE palienls may
demonstrale more detrimental responses Lo cerlain cogni-
tive challenges which are averaged out through group anal-
yaes, Puture work that elucdates individualized mjury sk
profiles is warranted, Although the sample skze was sulfi-
clent for this study's purpeses, iL may lmit the generaliz-
ability of the lndings. We examined second ACL injury
predictors with high sensitivity and spectlicity from a pravi-
aus study; however, these variables are now without their
eribiques (eg, unknown reliability of small koee extensor
moments al initial contact, Supplemental Table 31.%° Fur-
ther research is necessary bo investigate the ability of
cagnilive-motor function o predict injury recurrence and
athletic performance prospectively, which 18 not feasible
throagh our erass-sectional study design. However, our find-
ings provide novel data to corroborale growing perspectives
an the relevance of cognitive-moter funclion as an area that
can augment ACLE rehabilitation efforts, =47

CONCLUSION

The study results sugpest that these in the ACLE group
exhibit riskier homechanies compared with those in the
HC group during jump landing movements, regardless of
the presence of additional cognitive challenges. Real-world
demands, such as rapid deciston-making, adversely influ-
anoe landing kinematies, The extent to which thess multi-
variable putcomes may compound injury risk afler ACLR
requires further ressarch to more precisely understand
the apportunities for newrocegnitive challenges Lo impact
ACLRE return-lo-spart assessment, ensuring that ACLR
patients are adequately prepared for the demands of their
sport environment.
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Cognitive-Motor Function and Anterior Cruciate Ligament Injury
Risk: Exploring Relationships Between Clinical and Lab-Based
Assessments

Fatemeh Aflatounian,’ Patrick D. Fischer," James N. Becker,” Keith A. Hutchison,® Janet E. Simen,®
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Assessing cognitive-motor function following anterior cruciate ligament reconsiruction may enable a more comprehensive
assessment of readiness to retum to sport. The primary parpose of this stody was determining the relationship between measures
of clinical cognitive-motor interference and laboratory-based sccond injury relevant biomechanics through a cross-sectional
study. Methods: Thirty-six individuals following anterior crociate liganment reconstruction (26 females/ 10 males, 198 [1L8] v 1.7
[0.0] g G906 [12.8] kg, Tegner activity level 6.8 [1.8], 1.5 [0L6] v post anterior craciate ligament neconatruction) participated in
the study. W assessed 2 clinically feasible tests of cognitive-motor function: single (5T) and dual tasks (DT) for ripke hop
and medial-side hop. Laboratory-based tests involved motion capture assessment of jump landings from a 30-cm box followed
immediately by a secondary jump. Conditions included, 8T {anticipated secondary jump direction) and DT {unanticipated
secondary jump direction). Primary outcome variables included DT change (DTC) of second anterior creciate ligament injury
predictors (limb asymmetry in knee extensor moment at initial contact, range of knee abduction angle for the involved limb,
and uninvolved hip rotation net moment impulse). Comelations were used o identify associations between lab- (hiomechanics)
and clinic-derived (hop distance) owtcomes, Secondary analyses with other risk-associated knee mechanics and patient-repomed
oulcome measures were also performed. Resuls: Mo significant comelations were found between DTC clinical variabbes and
DTC second anterior cruciate ligament predictors. Howewer, significant relationships were observed between clinical and lab
ouicomes when considering 5T or DT in isolation, such as 5T range of knee abduction angle for the involved limb correlating
with 8T for triple hop for bath limbs (Inv: r=—436, Py = 04 Uninv: r=—4353, Py = 04). Conclusions: Associations between
cognitive-motor interference (ie, DTC) in clinical and lab tests were not found, but significant fair strength correlations appeared
between clinical and lab variables when examining ST and DT performance, separately. Future prospective stadies are needed to
determine the predictive value of cognitive-motor function for injury rehabilitation decision making.

Keywords: anterior cruciate ligament reconstruction, cognitive-modor performance, clinical assessments, retum o sport

Key Points

+ Dmal-task change between hop distance on motor versus cognitive-motor clinical hop test was largely unrelated to dual-task
changes of sccond anterior cruciate ligament injury predictors in unanticipated jump landings.

+ Injory-relevant biomechanics tended to be more related to clinical hop distance, albeit with limited strength, when
considering single- and dual-task scenarios separately.

+ Insight for anterior cruciate ligament reconstrection retum-to-spoft assessment may be complementarily gained through
measures of single-, dual-task performance, and cognitive-motor interference to more fully evaloate patient function and
guide personalized rehabilitation.

Following rehabilitation for anterior cruciate ligament recon-
struction (ACLR), retum-to-spont {RTS) decision making relies on a
combination of time from surgery, self-reported measures of physical
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and psychological function, and functienal tests.'? Functional
teats include muscle sirength, and a variety of hog of jump assess-
ments. However, after testing these critesia and refurning to sport,
about 30% of young athletes sustain a second anterior cruciste
ligament (ACL) injury to the reconstructed or contralateral limb.*
Deespite numerous studies aimed at better understanding ACL injo-
rica, the connection betwesn mecting the RTS critenia and the risk of
a second ACL injury remains unclear ™

Recent findings regarding the newrological alterations follow-
ing lower-exiremity injuries highlight the critical necessity of
integrating visual-cognitive challenges within RTS assessmenis.”®
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Maotably, up to T0% of second ACL injuries happen when athletes
attention s directed externally (cg, an opponent, ball, or other
environmental factors).” Additionally. poorer visual-spatial perfor-
mance is linked to riskier biomechanics during cognitively chal-
lenging movements.'” Diespite the prevalence of cognitive-moetor
demands in ACL injury scenarios, cognitive-motor function is not
routinely a criterion for RTS following ACLE. Assaying cognitive-
motor function may provide mofe complete information for RTS
decizion making and redouce secondary injury msk.”* However,
there is a gap in knowledge regarding the extent that clinically
feasible tests can be adequate surrogates for injury relevant cogni-
tive-motor interference. To address this gap, dual-task (DT) clinical
hop tests {iriple hop [TH)] and medial-side hop [M5H] combined
with visual-cognitive tasks), which have cstablished high test—
retest peliability in prior research,''? have been proposed as
practical tools for asseasing cognitive-motor interfercnce.
Therefore, the purpose of this study was to detenmine the ability
of low-cost, acceasible cognitive-motor tests (Ge, clinbcal tests) to
capture clinically relevant information, specifically biomechanical
second ACL injury nsk factors, obtained from a biomechanics
laboratory (ic, lab tests). We hypothesized that clinical measures
of cognitive-motor interference would be highly correlated with
motion capiure laboratory-derived second ACL injury risk biome-
chanics. Accepting the hypothesis would provide suppont for clini-
cal tests that relate to biomechanical risk factors of a second ACL
injury following ACLRE and suppon efforts to anpgment RTS deci-
sion making. Rejecting the hypothesis would emphasize that hop
distance daring clinical tagks is not a reliable indicator of patients’
biomechanics in cognitive-motor scenarios following ACLR.

Methods

Participants

Eligibility included: (1) one prior ACL injury and reconstruction,
{2) ACLR surgery occurred within 2.5 years prior to the time of
testing, (3) cleared to retum to sport by their clinical team, (4) no
concussion or lower body musculoskeletal injury following ACL
injury, and (5) no known nearclogic or musculoskelstal disorder.

Thimy-six persons (Table 1} who completed rehabilitation
from a primary ACLE participated. All participants provided
written informed consent and assent for those under 18 years old
(Montana State University Institutional Review Board protocol no.
SMOBELELE). For all tasks, participants wore their prefemred athletic
shoes for westing. Motion captare testing of jumgp landing tasks
oocurred prior to parficipants performing the hop tests.

Lab-Based Testing: Motion Capture
Assessment of Jump Landing Biomechanics

Seventy-five reflective markers attached to pamticipants capiured
their motion and force plates recorded ground reaction forces during
the lab tasks (Figure [A). The marker set followed a point-cluster
distribution on the thighs and shanks. ™" A plug-in gait marker
set was used for the upper body, with additional markers on the
iliac crests used to assist pelvis racking during the jumping tasks
(Figure 1A). We used a 10-camera motion capture system o ne-
cord the kinematic data at 250 Hz (Motion Analysis Corpp and 4
force plates to record ground reaction force data at 1,000 Hz
(OPT464508-2K, Advanced Mechanical Technology, Inc). Before
starting the lab-based fest, participants did 2 sets of § bodyweight
squats and 5 maximal effort vertical jumps as a warm-up.

{Ahaad of Pring)

Table 1 Cohort Characteristics (Average [SD])

Female/male 26{10
Age. v 15.8 (1.8}
Height, m 1701
Mass, kg BOE [12.8)
Time since surgery, ¥ 1.5 (L&)
Tegmer scome 6.5 (18]
Marx activity scare 106 (4.1}
Girafit type
Cuadriceps graft 14
Hamstring graft 12
Bane-Patella-bome graft o
Allograft 1
Primary sport participation
Doveen-hill skiing 13
Soooer f
Bazkethall &
Volleyhall 3
Running recreational) a
Weightlifting 2
Ohbver 3

The lab-hased test was jumping from a 30-cm box placed a
distance of half of their height from the force plates and had a
secondary jump in one of the 3 directions of straight up, 45° to the
right, or 45% io the left (Figure |B)L'™ The jumping task was
performed in 2 conditions: 8T and DT (Figure 11C), with § swecess-
ful wrials for the siraight wp direction collected for each participant
with the average of biomechanical variablea for the 5§ trials used in
analyses, The single-task (Lab-5T) condition invelved an antici-
pated direction {up secondary jump direction) with no cognitive
task. In this task, pamicipants' visual gaze was not constrained. and
they were instructed fo jump as high and hard as they could
immediately upon landing from the initial jump from the box, The
dual-task {Lab-DT) condition presented a secondary jumgp direction
cue —250 milliscconds prior to initial contact to keep the task
unanticipated ' * Timing of the cue was based on a signal from a
force sensitive resistor on the box and a previously described
procedure to calibrate presentation timing to individual participants’
jumping strategics (o maintain a consistent —250-millisecond reac-
tion time for all participants."® Time to react (ie, cue presentation
uniil initial comtact) was verified post hoc (249 [90] ms). The
secondary tasks were conducted using E-Prime 3.0 software (Pay-
chology Software Tools) and presented on a 1_5-m televigion screen
positioned about 5-m away from the primary landing zone. Parti-
cipants were asked to look at the fixation in front of them during the
entirety of the jump landing. Directional cues were random for both
participant and examiner. Only trials with a secondary jump direc-
tiom of siraight wp were analyzed for this study. Successful trials
were defined ag reacting comectly to the arrow and not looking
down during the entirety of the jump landing.

Data Processing for Lab Tests

Diata proceasing was performed in Visual 3D (HAS-Motion) and
MATLAB (version R2022b, MathWorks), A Visual3D CODA
pelvis was emploved, and hip joint centers were estimated using
the Visual3D implementation of the prediction equations from Bell
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Figure 1 — (A) Picture of a participant with marker set, 3-dimensional model in Cortex, and Visual 3D for motion analysis (A, from left to right),

(B) secondary jump directions, (C) jump landing task progression.

etal'® The knee joint centers were defined as the midpoints between
markers on the femoral epicondyles, and the ankle joint centers as
the midpoints between markers on the malleoli. Segments were
defined with the z-axis directed from distal to proximal joint centers,
the y-axis oriented anteriorly, and the x-axis oriented to the parti-
cipants” right. Kinematic and force plate data were filtered using
fourth-order, zero-lag, low-pass Butterworth filters with cutoff
frequencies set at 15 Hz."" Kinematic data were computed using
a Quasi-Newton optimization method and an inverse kinematics
model with limiting the degrees of freedom to 3 rotational degrees at
the hip and knee and 2 rotational degrees at the ankle. Kinetic data
were computed using the model with the inertial and ground reaction
force data to solve for the internal net joint forces and moments.'
For kinetic variables, forces normalized to the mass, and moments
normalized to both mass and height of each participant.

Joint kinematics were estimated using X-¥-Z Cardan rotation
with X-, ¥-, Z-axis rotations corresponding to (+) flexion/ (-)
extension, (+) adduction/ (—) abduction, and (+) interal/ (—) external
rotation, respectively, for the hip and knee joints. Internally defined
net reaction moments resolved in the proximal joint segment were
also calculated, with the knee and hip following similar conventions
as previously stated for the kinematics. Initial contact was the frame
where the vertical ground reaction force first exceeded 10 N.

Lab-Based Biomechanical Outcomes

Previously reported biomechanical predictors of second ACL
injuries were calculated for the landing from the initial jump.'®
We calculated the range in knee abduction angle for the involved

limb (Inv-KAbA-range) within a window starting from the initial
contact to the minimum of the body’s center of mass, with larger
values reflecting more frontal plane motion and interpreted as
riskier.'® Limb asymmetry in knee extensor moment at initial con-
tact was calculated and normalized to body weight and height
(KEM-Asym), with negative values reflecting a greater knee exten-
sion moment in the uninvolved limb compared with the involved
limb and interpreted as riskier for second injury.** Uninvolved hip
rotation net moment impulse was calculated during the initial 10%
of the chosen window (Uni-HRot-Imp), with larger values reflecting
less extemal rotator moments and interpreted as riskier.'® To
quantify cognitive-motor interference, we calculated dual-task
change (DTC =DT - ST) for cach of the variables. A pure differ-
ence, rather than a percent change, was used due to the kinematic/
kinetic outcomes spanning zero and therefore being overly sensitive
when dividing by values near zero.

Clinic-Based Testing: Hop Distance

The clinical tasks were the TH'® and MSH ' for distance, assessed
without biomechanics laboratory equipment. Participants were
asked to do these tasks with (DT) and without visual-cognitive
challenges (ST), as described below.

Traditional and Visual-Cognitive Triple Hop'

The order of ST-TH and DT-TH was randomized. In the ST, the
participants hopped 3 times consecutively on the same leg, maxi-
mizing distance and maintaining balance on the final hop for 3

(Ahead of Print)
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seconds. In the visual-cognitive task, we used the FitLight system
(FITLIGHT Sports Corp.) following the same protocol as Farraye
etal.'' Participants did 2 practice trials. In the visual-cognitive task,
participants were required to respond to specific-colored peripheral
lights as their “GO" signal and hopping forward 3 times while
keeping their focus on a light in front of them and then recalling a
sequence of colors flashed by the central light during the hopping
(Figure 2A). The peripheral lights randomly displayed different
colors, with one designated as the “GO” signal (Figure 2B). A
successful trial required the participant to trigger the reaction time
FitLight while executing the same TH task, as described for the ST
condition. If the participant lost their balance, added extra hops, or
switched legs during the trial it was considered a physical miss, and
the trial was repeated. Three successful trials were completed on
each limb, starting with the uninjured side.

Traditional and Visual-Cognitive Medial Side
Hop'?

Participants also performed a MSH for distance as a ST (ST-MSH),
and with simultaneous visual-cognitive task as a DT (DT-MSH) in
a randomized order (Figure 2C). For the ST, participants stood on
one leg, hands on hips, and hopped medially as far as possible,
holding the landing for 30 seconds, and starting on their uninjured
limb. After one practice trial for each limb, 3 successful trials were
completed for each limb, with success defined by maintaining
balance without foot shifts, opposite foot use, or hand movement.
In the visual-cognitive task, participants stood 2-m away from a
1.5-m television in a relaxed position. They were shown a circular
array of 8 letters (D, F, J, K) around a central dot on the screen for
100 milliseconds (Figure 2D). After the letters disappeared, a line
appeared for 1.9 seconds, prompting participants to recall the letter
at the corresponding location. A 10-second practice trial and two

30-second trials were completed of the visual-cognitive task in
isolation (i, no hopping) prior to completing the DT. Participants
were then asked to do the same visual-cognitive task, while they
performed the MSH for distance (DT-MSH).

Clinical Test Outcomes: Hop Distance

To avoid the need for specialized biomechanics lab equipment,
clinical test outcomes focused solely on hop distance. The maxi-
mum distance among 3 successful trials normalized to leg length
(%L) were used for analyses. DTC for triple hop (DTC-TH) and
DTC-MSH distances for involved and uninvolved limbs were
primary outcomes of the clinical tests. Reliability for these metrics
are intraclass correlation coefficient (ICC; ;)= .62 for DTC-MSH
and ICC; ) = .94 for DTC-TH based on reanalysis of data of prior
studies for the DTC metric.'*'* For consistency with the lab-based
outcomes, we used a difference score rather than percent change
to capture the cognitive-motor interference; however, difference
scores and percent changes yielded high correlations (r=.95-.97)
for hop distances.

Supplemental Outcomes

Our primary analysis focused on the ability for clinical test outcomes
to correlate with previously reported biomechanical predictors of
second ACL injuries measured via motion capture in a biomechanics
laboratory.' To provide additional perspective regarding the clinical
relevance of the clinical cognitive-motor tests, we added exploratory
outcomes focused on primary ACL injury risk factors of the involved
limb, such as peak knee flexion angle (pKFA), peak knee abduction
angle (pKADbA), and peak knee abduction moment (defined exter-
nally and normalized to body weight and height [pKADbM]), as well
as a metric of overall task performance (ie, jump height) for the lab

Filgure2 — (A)Time-lapse picture of 2 participant reacting to “GO” color on the periph

| lights and initialized TH while looked at the light in froat of

them to memorize the 3 colors in order, (B) set up of the tnple hop task, (C) picture of a participant performing a MSH and focused on the task on
television, (D) overview of the visual-cognitive task presented on television during MSH. MSH indicates medial side hop; TH, triple hop.

(Ahead of Print)



tasks. Additionally, we performed correlations berween the clinical
cognitive-motor test putcormes and patient-reported cutcormes (FROs)
related to physical function, quality of life, psychological readiness,
and fear. Specifically, participants completed the following surveys:
International Knee Documentation Commitiee subjective knee eval-
ustion form.'" Knee Injury and Ostecartheitis Outcome Score,”
shortened Tampa Scale of Kinesiophobia-11."" ACL Retum to Sport
after Injury®, and the Forgotten Joint Score-12 knee.™ Analyses for
these supplemental outcomes are provided in see Supplementary
Table 81 and Supplementary Figures 51-53 in Supplementary
Materiaks {available online).

Statistical Analysis

Pearson correlations were used for nommally distributed variables and
Spearman comelations for varizhles not normmally distributed accord-
ing o the Anderson-Darling Normality test to wdentify significant
asaociations between lab and clinical measares. The same approach
was used for the supplemental owtcomes. P values were adjusted
within cach set of comelations (g, DTC lab-based and clinkcal va-
righles, DT lab-based and clinical variables, and 5T lab-hased and
clinical variables) between biomechanic varisbles and hop distance
with Benjamini-Hochberg method o control the false discovery rate.
For significant comelations, follow-up regression models were used to
teat fior DTC lab-based variables as dependent variables with the DTC
clinic-based variables as predictors and assess potential confounding
factors (i, gender and jump height) included as covariates. The
Benjamini-Hochberg method was used for the P values of regres-
sions for the same sct of variables with significant results. The
necessary samgle size o provide 809% statistical power and o= 05
o detect relationships with magnitudes of at least moderate strength
{r=_5) was cstimated to be n=29 by using G*Power.

Results

The results are based on 36 clinical-S8T and 36 clinical-DT data
sets and 36 lab-5T data sets and 35 lab-DT data sets (nomber of
missed trials and collected data in Supplementary Table 82 in
Supplementary Materials [available online]). We excluded lab-DT
data for one participant due to data collection issues (trials used:
160 ot of 180 [36 participants = 5 trials] trials for lab-DT, and 179
out of 180 trials for lab-5T). Descriptive statistics and DTC for
these trials are provided in Table 2.
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Second ACL Injury Predictors

There were no gignificant correlations between DTC clinical vari-
ables and DTC second ACL injury predictors (Figure 3). When
considering the ST conditions in isolation, clinical and lab out-
comes had several significant relationships. Inv-KAbA-range
was related o ST-TH hop distance for both involved and unin-
violved limbs (Inv: r=—dd4, Py =04, Uninv: r=—45, F ;=104
Figure 4A), and ST-MSH-Inv hop distance (F=-42, Pui=104;
Figure 4.4), with farther clinical hop distance related to less frontal
plane motion in the lab-based jump landing. In post hoe models,
these results stayed significant with gender as a covariate (ST-TH-
Inv: Pugy=.034, ST-TH-Uninv: Py =02, ST-MSH-Inv: Py =
A037). However, when adding lab testing jump height as a covari-
ate, only the regression between Inv-KAbA-range and ST-TH-
Uninv remained significant (P = .029), with other previously
significant relationghips trending after controlling for muliple
comparisons (ST-TH-Inv: Puy =061, ST-MSH-Inv: Fq=074).
DT-TH-Inv was correlated with Lab-DT-Uni-HRot-Imp (r= 432,

DTC Lab VS Clinical Tests

. ‘ﬂg-l ‘y \g F“*‘;
. «ﬁﬁ:b’ﬁ:ﬁﬁh &

Q9 9 9

. OTC-HEM-Asym 004 022 001 004

OTC-Uni-HRgl-imp 02 -019 -03 -0.31

* DTC-kv-kAbA-Fange =017 -0.08 <001 ©

Flgure 3 — Comelogram for DTC for secand and primary ACL injury
predicions, overnl] performance in drop vertical jump, and clinical tests.
Mumeric values shown are carrelation coeflickents. ACL indicates anterios
cruciate ligament: DTC, dualdask change; Inv, invelved; Inv-EKAbA
ramge, ramge | knee abduction angle far the invelved limb; MEH,
medial side hop: TH, tmiple hop: Uni, uminvolved: Uni-HEoa-Imp,
uninvedved hip rotation net moment impulse; KEM-Asym [%EW-HT],
limb asymmetry in knee extensar moment at initial contact normalieed o
body weight and height.

Table 2 Average (SD) of Clinical Tests and Lab Drop Vertical Jump Tests Variables

ST oT DTC (DT - 5T)

Climical valees

MEH-Inv, %L 108 {0.307 1AT (0.3 =005 (0.1 100

MEH-Uninv, L 1.12 {0.33) 1.1 (.3) {024 (01000

TH-Inv, Sl 491 (0.5 4.55 (.89 036 (135

TH-Unmy, %L 503 {1.03) 4.73 (0.86) —.3 (51*
Lab: values

Ung-HRot-bep, Nom-akg 0.005 (D004 .00 (.00 (LOHODS (U0

KEM-Asym, BEW-HT —0.34 (LB} =036 (079 —0L073 (0.64)

I KAbA-range, © 15.9 {4.4) 155 (4.8) —0.25 (243}

Abbreviations: BW, body weight; HT, heighy; Fnv, invalved limb; Inv-EAbA-range, range in knee abdusction seghe for the involved imb; KEM-Asym (SEW-HT], limb
asymumetry in knee exlensor moment al inilial sonlad normakiesd o body weighl and heaght; 8L, nannalized 1o the leg length; MSH, medial side hop; TH. tnple hop; Uni-

HEx#-tmp (M-m-akgl, unimvodved hip ion mel
"Rignificast dilferenie af P < 05,

{Ahaad of Pring)

lsiz; Uninv, uninvalved limb.
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' ST Lab VS Clinical Tests

DT Lab VS Clinical Tests

@ ST-KEM-Asym 038 04 000 02
ST-Uni-HAot-imp  O11 002 487 &3

ST-Inv-kADA-Range '0" -83s ‘" ‘

" FA “"

P
rtrd
) Q is)

Q
DT-KEM-Asym 004 000 -008 -02

OT-Uni-HRot-mp 02 014 G4 o3

DT-inv-kADA-Range -023 -0.24 0.0 034

Figure4 — (A)Correlogram for ST variabl
landing and clmical tests. (B) Correl Gt

for DT vanabl

far second and primary ACL injury prrdaclou and overall performance in drop vertical jump m ST jump
for second and primary ACL injury predictors, and overall performance in drop vertical jump

in DT jump landing and clinical tests. *P,q ofcondmon( 05 * P..g of regression with gender as a covaniate < 05, *** P, of regression with gender

and jump height as covanates < 05. ACL i %

DT, dual task; Inv, mvolved; Inv-KAbA-range, range in knee abduction

angle for the involved limb; MSH, medial side hop; ST, single task; TH triple hop: Uni, uninvolved; Un:-HRot-Imp, uninvolved hip rotation net moment

impulse.

P=.01; Figure 4B) before adjusting the P value: however, it no
longer remained significant after correcting for multiple compar-
isons (Pug=.12).

Summary of Supplemental Analyses

In summary, DTC for clinical variables did not significantly cor-
relate with DTC for primary ACL predictors, DTC for overall
performance (see Supplementary Figure S1 in Supplementary
Materials [available online]), or PROs (see Supplementary Figure
82 in Supplementary Materials [available online]). In ST condi-
tions, most clinical test variables correlated with primary ACL
injury predictors, with greater distances in clinical tasks linked
to increased knee flexion and abduction angles, and decreased
abduction moments (Supplementary Figure S3A in Supplementary
Materials [available online]). Similar correlations were observed in
DT conditions (Supplementary Figure S3B in Supplementary
Materials [available online]). The results related to ST-pKAbA
and ST-pKAbM with ST-TH-Uninv stayed significant after run-
ning the regression modeling and adding both gender and jump
height as covariates with adjusting P values, but the rest of
correlations did not remain significant (see Supplementary Figure
S3 in Supplementary Materials [available online]). Greater dis-
tances in clinical tasks were associated with greater jump heights in
both ST and DT jump landing tasks. PROs showed significant
correlations with ST and DT metrics for the clinical hop tests before
correcting for multiple comparisons, suggesting that farther hop
distances were linked to less fear (Tampa Scale of Kinesiophobia-
1) and higher function (Intemational Knee Documentation Com-
mittee). however, these correlations were not significant after
correcting for multiple comparisons (see Supplementary Figure
S2 in Supplementary Materials [available online]).

Discussion

This study aimed to determine the potential correlation between
clinical DT tests relative to laboratory-acquired second ACL injury
risk biomechanics for cognitive-motoe interference. The results of this
study did not support our primary hypothesis that cognitive-motor

(Ahead of Print)

interference (ie, DTC) during 2 clinical cognitive-motor tests would
be related to cognitive-motor interference of biomechanical second
ACL injury predictors. However, significant, fair strength correla-
tions existed between clinical and lab metrics when focusing on ST
and DT performance in isolation, rather than the within-subject DTC.
These correlations existed between clinically accessible outcomes
(ie, hop distance) and select biomechanical predictoes of second
and primary ACL injury. The collective results highlight that DT
performance is a potentially more robust clinical metric to identify
biomechanical risk than DTC metrics to describe cognitive-motor
function. Additional prospective studies are needed to clarify the
predictive value of clinical tests of cognitive-motor function with
rehabilitation outcomes and injury risk.

The rejection of the DTC correlation hypothesis may be
grounded in properties of the difference score metric. Specifically,
there was a high degree of association between single- and dual-
task performance (ie, r>.7 for all clinical and lab testing in our
study, see Supplementary Table S3 in Supplementary Materials
[available online]). The stronger the correlation, the less predict-
able variance in change/cost measures (eg, DTC),** leading to null
correlations with other measures. Therefore, DTC measures may
generally be less reliable than the ST or DT performance in
isolation, especially to the extent that ST and DT performance
are correlated ™ Considering the clinical tasks used in this
study,'"'* the test—retest reliability of MSH task was ICC= .88
for ST-MSH, ICC = _86 for DT-MSH. and ICC=.64 for DTC-
MSH, and ICC = .96 for ST-TH, ICC = .92 for DT-TH, and ICC =
94 for DTC-TH. There was a pronounced decrease in reliability
for MSH when measuring DTC instead of ST or DT separately.
Differences in the level of difficulty of the individual cognitive and
motor tasks may influence the extent that test—retest reliability is
influenced for DTC metrics. More work is needed to elucidate what
outcome(s) of cognitive-motor tests (eg, DTC or DT performance)
are most robust and insightful to maximize clinical utility. A
potential, albeit unexplored, area for ACLR RTS would be con-
sidering performance on multiple visual-cognitive augmented RTS
assessments (Figure 5). By isolating shared variance of DT perfor-
mance across multiple tests of cognitive-motor function, the under-
lying construct, rather than test-specific performance, may be more
robustly assessed. This approach has yielded substantial benefits in
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Flgure 5 — Prospective theoretical framework for comprehensive eva-
lnation of patient cognitive-motor functon. Complementary perspectives
fram 3T, DT. and dual-task cost outcomes, each defined by composite
factars  determined from  performance on maltiple clinically tests.
{A) Evahiate mobor capacity using varicus hog and strength tesks (=g,
ST-MSH, ET.TH, isckimetic strength), with hypathetical weightings
delined by m;r'. and =0 an. (B)] Aszexs “real-world” perfarmance via a
composibe metric defined by performance on muhiple cognitive-motor lests
(eg, DT-MSH weighted by wer'; DT-TH weighted by wior'; additional
tests having respective weightings [wir” 1), The approach may circumvent
relighility and test-specific pitfalls of relying oo DTCost metncs from
salated clmical lests to uBlimately be more robust in undestand cog-
nitive-molor functien in rehabilitatien programs. () Probe for maladap-
tive visual-compensalory straiegies wsing DTC outcomes across muhiple
cogmitive-motor tests. Motably, insights afforded by B and C are likely
enhanced by lirst ensuring adequate performance on A, Additionally,
aptimal sets of clinical tests and thear relative weightings for each com-
posite factor would need o be determined through future research. DT, dual
task; DTC, DT changelcast: DT-MEH, DT medial side hop; DT-TH, DT
triple bop; 5T, single task; ST-MEH, tradsional 5T medial side hop:
ST-TH, traditianal 5T triple hop.

improving reliability and identifying individual differences in other
fields panticolarly in contrast to difference score metrics.*
Importantly, restricting assessment to even just DT perfior-
mance likely provides an incomplets pictare of patient function,
For cxample, low DTC may be achieved by both the highest
performers (eg, high performance on both 5T and DT conditions
leading o no DT-5T change) and lowest performers (eg, low
performance on bath 8T and DT conditions leading to no DT-8T
change) with no ability to distinguish beoween these scenarios if

{Ahaad of Pring) _
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only considering a8 DTC outcome. Therefore, we theorize that
complementary perspectives may be gained from expanding this
composite approach for cognitive and motor ST performance
(ie, assessing idealized performance capacity), cognitive-motor
DT performance (ie, assessing “real-world” performance), and
cognitive-motor interference {ie, DTC to probe compensation
strategics) to more fully evaluate patient function and inform
personalized rehabilitation and RTS decisions (Figure 5). This
multifactorial strategy aligns with recent RTS frameworks that
emphasize the importance of integrating physical, psychological,
contextual, and sport-specific factors to mone fully evaluate paticnt
readiness and risk = Noetably, considerable research is needed to
determine optimal sets of tests, timing of tests, and, wliimately, the
clinical valwe of this approach for achicving appreciable impact on
ACLE outcomies.

There were several fair-to-moderate strength  correlations
between clinical varables and second ACL injury predictors in
ST and DT conditions separately (Figure 4). 5T-TH for bath limbs
and ST-MSH-Inv were comelated with Lab-5T-Inv-KAbA-range
with better performance in clinical tests related to reduced risk
factor of Lab-ST-Inv-KAbA-range (Figure 4A). DT lab-based
variables did not have any significant correlations with DT clinical
variables after cormecting for multiple companzons (Figare 4B).
The variable response to clinical versus lab DT challenges
(i, significant for 8T but not for DT) may be parially due to
differences in the specific DT demands elicited in the clinic versus
lab scenarios. Although both clinic and lab conditions intreduced
visual-cognitive challenges, the lab test emphasized a reactive
motor response to the dirsctional cue in contrast o the Go/MNo-
G challenge of the clinical hop tests. The varying cognitive-modor
response may highlight context- {eg, task objoctive, movement)
and domain-specific response (eg, rapid decision making, response
inhibition) to cognitive-motor challenges. Motably, prior work has
demonstrated that different cognitive tasks can elicit divergent
neuwromuscular and hiomechanical responses. For example, Fischer
et al*® reported that visual constraints led to altered jump landing
hiomechanics, whercas & visual-spatial memory task did not elicit
hiomechanical adaptations. Additionally, the selective response o
specific aspects of cognitive-motor tasks may be exacerbated in
different populations (eg, affected by newroplasticity following
ACLR). Individoals following ACLR exhibit increased postural
instability during wisual-cognitive DT conditions compared o
motor DT, suggesting a heightened reliance on visual input for
postural control.™ Furthermore, ACLE patienis demonstrated
greater copnitive-motor interference than noninjured controls
during drop vertical jumps combined with secondary cognitive
tasks.*" This interference was revealed by impaired performance
in both cognitive and motor domains. Pamicalarly these deficits
were independent of isolated cognitive ability, suggesting specific
challenges in cognitive-motor integration following ACLR.Z'
Motably, rapid decision making and inhibitory control challenges
appearcd to have a more salient impact on ACLR individuals®
biomechanics compared o a memory challenge ™ These studies
underscore the Importance of considering the specific nature of
cognitive challenges when assessing cognitive-motor interac-
tions in ACLRE populations. Future work is needed o determine
whether more closely aligned cognitive demands would increase
the strength of relationships between clinical and lab conditions
and also what the most salient DT demands are regarding injury
risk prediction.

Shoricomings of focusing on hop distances alone may be
reflected in our correlations, sugpesting the need for additional

MTARNA 5 IIVERSITY | Urewsthenticalr rAT



55

8 Aflatounian et al

meirics during jumps. Notably, jump height was a significant co-
variate for a number of the relationships with clinical hop distancoes,
which corroborates the extent that hop distance may reflect overall
powerfstrength rather than more nuanced kinematic/kinetic vari-
ables (see Supplementary Figure 53 in Supplementary Materials
[available online]). Burland et al™ showed that there was increased
variability and no agreement between hop distance symmetry
and knee biomechanics on a trial-by-trial basis during TH, indi-
cating that passing clinical tests does not necessarily reflect move-
ment quality. Thesefore, it is important for clinicians to consider
that hop distance symmetry and performance may not reveal
underlying biomechanical issues after ACLE and hop distance
during clinical tasks is not a reliable indicator of patients” biome-
chanics. Studics have demonsirated that force-sensing insoles
are closely linked with knee extension moment symmetry during
stop jumps in ACLRE patients and may enhance the ability to
diagnose neuromuscular contrel deficits before RTS.™ Enhancing
clinical assessments with practical means o capture aspects of
patients’ kinematics and kinetics during the task may strengthen
agreement with the kinematic/kinetic lab-based outcomes and
cognitive-motor interference.

It is important to acknowledge the limitations of this study.
This paper focused on specific jump landing tasks; however, these
are nod representative of all movements related to second ACL
injury. Therefore, future studies can focus on different tasks, such
as single-leg landing, or more similar cognitive-motor challenge
tasks for bath clinical and lab assessments. For the clinical teats,
we focused on the hop distances, however there are some other
factors that can be used in future projects, such as reaction time,
cognitive errors (task prioritization), and physical errors (landing
stability). Furthermore, investigating the optimal timing for inte-
grating cognitive-motor function assessments into the rehabilita-
tion process and retum to sport decision making is an avenue worth
exploring.

Conclusions

This study aimed to determine the ability of clinical DT tests to
capture changes in DTCs in biomechanical risk factors during
laboratory testing. Correlations were more pronounced when
cxamining 5T and DT performances separately, rather than focos-
ing solely on within-subject DTCs. Our resulis underscore the
importance of considering individual performance on clinical tests
within gpecific conditions particularly in relation w hop perfor-
mance. Furthermore, correlations between PROs and clinical test
performance highlight the potential clinical relevance of subjective
expericnces in the rehabilitation process.
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Abstract

Background:

Anterior cruciate ligament (ACL) injuries often occur in dynamic sport situations requiring
rapid, unanticipated decisions. Traditional laboratory assessments such as the drop vertical jump
(DV]J) are limited by their predictable nature and may not capture the cognitive and temporal
challenges that contribute to injury risk. Failed or unbalanced landings during cognitively
demanding tasks are commonly discarded, yet they may provide critical insight into neuromuscular
control breakdowns relevant to injury mechanisms.

Purpose:

To examine the relationship between unbalanced landing performance and knee
biomechanics associated with ACL injury risk across varying levels of cognitive challenge and to
determine whether available time to react (ATR) influences these outcomes.

Methods:

Forty-one physically active adults (17 female, 24 male; 23.7 + 3.7 years) performed single-
leg and double-leg jump landings from a 30 cm box under three conditions: Baseline (anticipated),
Simple (directional cue, three choices), and Complex (contextual cue, five choices). Motion
capture and force plate data quantified peak knee flexion angle (pKFA), peak knee abduction angle
(pKADbA), and peak knee abduction moment (pKAbM). Mixed-effects models tested effects of
Condition (Baseline, Simple, Complex), Success (Successful vs. Unbalanced), and their
interaction, with ATR evaluated as a covariate.

Results:
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Unbalanced trials demonstrated significantly greater pKAbA (p =0.033) and pKAbM (p =
0.043) than successful trials, indicating riskier frontal-plane knee mechanics. Cognitive-
challenging conditions (Simple and Complex) produced increased pKFA, pKAbA, and pKAbM
compared to Baseline (p < 0.05).

Conclusion:

Unbalanced landings under cognitive load reveal high-risk knee biomechanics that may be
masked when only successful trials are analyzed. Including these trials provides a more
comprehensive assessment of ACL injury risk and highlights the importance of decision-making
and reaction-time constraints in dynamic sport environments. These findings support incorporating
cognitive—motor challenges into screening and injury-prevention programs to better reflect real-

world movement demands.
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Introduction

Anterior cruciate ligament (ACL) injuries are among the most prevalent and costly sports-
related injuries, with more than 120,000 cases occurring annually in the United States [1, 2]. Most
ACL injuries occur through noncontact mechanisms, often during cutting, pivoting, or landing
maneuvers that demand rapid responses to an external focus [3]. These injuries carry significant
consequences, including long rehabilitation, risk of reinjury, and early-onset osteoarthritis [4].

To evaluate injury risk, researchers frequently use controlled laboratory tasks such as the
drop vertical jump (DVJ) to assess neuromuscular control [5-11]. While informative, these tasks
do not consider all aspects of human performance because they are performed in predictable, pre-
planned environment. In contrast, real-world sport requires athletes to make rapid, unanticipated
decisions while dividing attention among multiple external stimuli. This mismatch highlights a
gap in current assessment approaches.

To better simulate game-like conditions, some protocols incorporate cognitive challenges,
such as directional cues requiring rapid decision-making to jump in a secondary direction upon
landing from the initial jump [5, 12, 13]. Notably, these protocols often yield “failed” or
unbalanced trials, where participants respond incorrectly to the directional cue. Traditionally, such
trials are discarded in an attempt to analyze a cohesive set of representative successful trials. Yet,
excluding the failed trials may overlook critical insights. Failed trials may indicate poor
neuromuscular control and increased re-injury risk [14]. These failures often reflect deficits in
delayed muscle activation and reduced joint stabilization, rather than random occurrences or
participant error [14]. These findings underscore the potential of failed landings to reveal

impairments in dynamic postural control that may not be captured during successful trials [14].
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Including these trials may therefore improve the understanding of the complexity of environmental
validity in laboratory assessments and offer a more complete view of athletes’ responses under
cognitive load. Therefore, the purpose of this study was to examine the relationship between
unbalanced landing trials and outcomes linked to ACL injury risk across varying cognitive
challenges. We hypothesized that unbalanced trials, especially under higher cognitive demand,
would be associated with riskier knee biomechanics related to risk of ACL injury, such as
decreased peak knee flexion angle (pKFA), increased peak knee abduction angle (pKAbA), and
increased peak knee abduction moment (pKAbM), compared to successful trials.
Methods

Participants

Forty-one active individuals 18 to 35 years old participated in this study (Table 1).
Eligibility for participating in this study was having experience playing basketball, being right
limb dominant (the preferred leg for kicking a ball [15]), being physically active by running,
cutting and pivoting at least twice a week based on their Marx activity scale [16], and having a
Tegner scale of more than 5 [17, 18], so that they were active athletes. Moreover, the participants
did not have any prior lower-extremity surgeries or ligament tears, lower-extremity injuries within
the past three months, or a concussion within the past six months. All the participants signed a
consent form approved by the institutional review board of Montana State University (protocol

No. #2024-1360). This analysis is based on data collected in a single ~2.5-hour data collection.
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Table 1: Cohort characteristics (Average + Standard deviation)

Female/Male 17/24
Age (years) 23.7+3.7
Height (m) 1.7£0.1
Mass (kg) 72.6£12.1
Tegner Score 6.8+1.3
Marx Activity Score 10.3£3.5

Drop Landing Task

Eight markerless motion capture cameras were used to record the data at 100 Hz (Qualisys
Miqus Video cameras, Qualisys AB, Gothenburg, Sweden) and force plates to record ground
reaction force data at 1000 Hz (OPT464508-2K; Advanced Mechanical Technology, Inc;
Watertown, MA) by using Qualisys Track Manager (QTM-Qualisys AB, Sweden, v2024.3 and
v2025.1). Before starting the jump-landing protocol, participants did two sets of 8 bodyweight
squats and 5 maximal effort vertical jumps as a warm-up [7].

Kinematics and ground reaction force data were collected as participants performed a jump
landing from a 30 cm box over a distance of one third of their height to the edge of the force plates,
followed by landing on left, or right leg, or double-leg landing following by jump up as high as
possible. The movement was performed under three conditions (Figure 5). Conditions included:
Baseline (Baseline, anticipated landing, no cognitive task), Simple cognitive task (Simple, landing
on the limb towards an image on one side of the screen), Complex cognitive task (Complex,
landing on the limb towards a picture of a basketball or away from a picture of a simulated

opponent, displayed on one side of a screen). Participants were given 450 ms for the Simple task
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with having three options to react (i.e., left limb, right limb, or bilateral landing). For the Complex
task, we used Hick’s Law to adjust the reaction time with having five choices (i.e., left/right limb
opposite of opponent image, left/right limb toward the ball, or bilateral) rather than three, therefore
the given time was 582 ms for this condition. These times were chosen for unanticipated conditions
based on pilot testing to achieve a task difficulty that allowed for a portion of decisions to be
incorrect while not being too challenging and result in participants simply guessing. Because the
single-leg task requires athletes to coordinate both the directional decision and the landing strategy,
slightly longer cue durations were necessary compared to bilateral jump-landing protocols used
previously in the literature [19]. This approach produced the error rates of 25.0% + 16.8% for the
Simple condition and 34.3% + 16.9% for the Complex condition, compared to 23.6% = 18% failure
rates observed in a previous study involving bilateral jumps during unanticipated condition [20].

For the Simple condition, 15-20 trials, and for the Complex condition, 20-25 trials were
targeted for each participant to have enough variety of data for unbalanced and good trials
(Supplemental Table 1). The order of the drop jumping tasks was randomized for each participant.

After completing all jump-landing tasks, participants completed the NASA Task Load
Index (NASA-TLX) to assess their perceived mental and physical demands, time pressure,
perceived performance, and effort. Each factor was rated individually on a 21-point scale ranging

from 0 (very low demand) to 20 (very high demand) [21].



65

Jump to the Land on the Complete

Condition At the ready force plates force plates the task

Baseline,

the fixation
Visual

Una.nticipated Go!
landing towards

the ball

Visual

Unanticipated
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Figure 5: Jump-land-jump task progression for all conditions. The image sequence of participant
demonstrates the response for landing on the limb (left) that aligned with the side of the screen
that the ball image was displayed.

Trials Categorization: Successful, Unbalanced and Failed.

Trials were categorized as successful, unbalanced, or failed. Successful trials were
described as trials in which participants were able to land on the correct limb and keep their
balanced for 2 seconds while keeping their hands on their hips during single-leg landings or
correctly complete a bilateral jump upon landing in response to the basketball hoop. Unbalanced

trials were those when participants landed on the correct limb but were unable to maintain their
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balance for 2 seconds, participants’ hands did not remain on their hips, or participants’ torso tilted
more than 45 degrees relative to the lab coordinate system. Failed trials were those where
participants reacted incorrectly to the cue (e.g., landing on the right limb but the correct response
was to land on the left limb) or tried to land on the correct limb but touched the ground with the

other limb in less than 0.25 seconds in single-leg landings.

Data Processing

Motion capture and force plate data were processed using Theia3D (Theia Markerless Inc.,
Kingston, ON, Canada, v2024.1.19) following by analyzing using Visual3D (HAS-Motion;
Kingston, Ontario). Marker and force data were filtered using a fourth-order, zero-lag, low-pass

Butterworth filter with 20 Hz cutoff frequency [22].

Kinematic and kinetic data were computed using the Theia3D full-body framework, using
the Apollo model with enabling the internal/external rotation for knee joint, but not six degrees of
freedom for shoulders and ankles. The lower extremity segments were defined with the z-axis
oriented from the distal to the proximal joint centers, the y-axis pointing anteriorly, and the x-axis
directed to the participants' right. A Cardan x-y-z rotation sequence corresponding to (+) flexion/
(-) extension, (+) adduction/ (-) abduction, and (+) internal/ (-) external rotation, respectively, was
used to calculate the knee joint angles. For kinetic variables, forces were normalized to participant
weight and moments were normalized to both weight and height. Initial contact was defined as the
first frame in which the force plate reading exceeded 10 N following the initial jump off of the

box.
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Outcome Variables: Primary ACL Injury Risk Factors

Previous video analysis has identified additional biomechanical factors linked to primary
ACL injuries that occur within the first 100 ms after initial contact with the force plate during jump
landing tasks [23, 24]. The outcomes were peak knee flexion angle (pKFA), peak knee abduction
angle (pKAbA), and externally defined peak knee abduction moment (pKAbM). Less knee flexion
and increased abduction were interpreted as risky given their association with increased ACL
loading [23, 25, 26]. All outcome variables were calculated for dominant limb (right limb) during
successful and unbalanced trials on single-leg landing for the dominant limb. Custom MATLAB
code (version R2024b; MathWorks, Natick, MA) was used to isolate the ACL injury risk factors

and prepare outcome variables for statistical analysis.

Power Analysis

An a priori power analysis was conducted in GLIMMPSE (v3.1.3 [27]) for a within-within
linear mixed effect model with a 3 x 2 repeated-measures design: Condition (Baseline, Simple,
Complex) x Success (Successful, Unbalanced). Each participant contributed six repeated
measurements per biomechanical outcome (pKFA, pKAbA, pKAbM). The test statistic was
Hotelling’s Lawley Trace, with a = 0.05 and target power = 0.80. We specified mean patterns that
reflected clinically meaningful differences across Condition x Success: approximately 4-5° in
pKFA, 2-3° in pKADbA, and 2-3% in pKAbM [5, 7, 19]. These hypothesized cell means (and the
assumed covariance) were entered directly into GLIMMPSE for each outcome to evaluate power
for the Condition x Success interaction in the repeated-measures model. Under these assumptions,
GLIMMPSE estimated that n = 37 participants would provide 80% power to detect the

hypothesized within—within interaction at a = 0.05.
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Statistical Analysis

Mixed effect statistical models tested for Condition*Success interactions as well as main
effects of Condition and Success. The individual was considered as a random factor. Condition,
Success, and Condition*Success interaction were fixed factors. The primary comparison of interest
was in the Condition*Success interaction. Significance was set at 0=0.05. Clinical and
performance factors such as age, height, Marx activity score, and Effort factor from NASA TLX
were considered as potential covariates.

The data underwent an initial evaluation to check for assumptions such as normality and
homogeneity of variance, as well as the presence of outliers and systematic bias to ensure the
validity of the analyses. We calculated the variables of dominant limb of the participants (right
limb) during successful and unbalanced trials of the dominant-limb single-leg landings.

For post-hoc analyses, participants with more than 60% failed trials in the Complex
condition or unusually long reaction times (indicating delayed movement after seeing the cue)
were excluded to ensure expected task engagement and reduce bias from guessing or slow
responses. After removing four participants, the model was re-run to confirm consistency of
results. In a separate exploratory model, the difference between actual available time to react
(ATR), the time measured from seeing the cue until initial contact with force plates, and the target
time (450 ms for Simple, and 582 ms for Complex condition), considered as ART-Target, was
added as a covariate to assess its effect on performance outcomes. This model was designed to
examine whether participant-specific differences in ATR better explained variability in

performance outcomes during unanticipated tasks.
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Results

The results are based on averages of good trials and unbalanced trials for each
biomechanical outcome variable for each condition and each participant (Supplemental Table C1).
The available data were 219 averages trials remained for analysis. The initial dataset included 246
trials (41 participants x 3 conditions % 2 success levels). 18 participants in the Baseline condition
and 6 participants in the Simple task had not existed because participants did not perform
unbalanced trials during these tasks, and 3 data points were removed due to participants’ feet
landing outside the force plates upon post-processing review (Supplemental Table C2).

No significant Condition*Success interactions were detected. Significant differences
between unbalanced and successful trials were observed for pKAbA (p=0.033) and pKAbM
(p=0.043). Post-hoc analysis (Figure 6) indicated more pKAbA for the unbalanced trials (-
4.04+0.37) compared to successful trials (-3.26+0.36), and greater pKAbM for the unbalanced
trials (5.63+0.24% BW-HT) compared to successful trials (5.27£0.20% BW-HT). Condition
differences were observed for all biomechanics factors, pKFA (p=0.027), pKAbA (p<0.001), and
pKADbM (p<0.001) (Table 2). Post-hoc analysis (Figure 6) indicated an increase for pKFA (more
flexion), a decrease for pKAbA (more abduction), and increase in pKAbM for cognitive-
challenging conditions compared to Baseline, specifically between Complex and Baseline for
pKFA (Complex: 55.00+6.36° and Baseline: 53.1445.94°), pKAbA (Complex: -3.69+0.42° and
Baseline: -2.92+0.41°), and pKAbM (Complex: 5.89+0.26% BW-HT and Baseline: 4.58+0.22%
BW-HT), and between Simple and Baseline for pKAbA (Simple: -4.10+£0.49° and Baseline: -
2.92+0.41°) and pKAbM (Simple: 5.66+0.28% BW-HT and Baseline: 4.58+0.22% BW-HT).

However, there were no significant differences between Simple and Complex conditions for any
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of the variables (pKFA: p=0.525; pKAbA: p=0.102; pKAbM: p=0.609). These findings persisted

regardless of including covariates in mixed effect models (Table 3).

Table 2: p-values for mixed effect models for main analysis. Presented outcomes are based on
statistical models without covariates.

Success Condition Success*Condition  R2aq;
pKFA 0.223 0.027 0.375 85%
pKAbA 0.033 <0.001 0.258 90.5%
pKAbM 0.043 <0.001 0.848 70%

Abbreviation: pKFA: peak knee flexion angle; pK AbA: peak knee abduction angle; pK AbM: peak
knee abduction moment.

Table 3: p-values for mixed effect models for main analysis. Presented outcomes are based on
statistical models with ‘age, height, Marx activity score, and Effort factor from NASA TLX” as
covariates. There was no significant effect from the covariates.

Success Condition Success*Condition  RZ2aq;
pKFA 0.282 0.037 0.459 85%
pKAbA 0.047 <0.001 0.240 90.5%
pKAbM 0.035 <0.001 0.894 70%

Abbreviation: pKFA: peak knee flexion angle; pK AbA: peak knee abduction angle; pK AbM: peak
knee abduction moment.
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Figure 6: Left: Violin plots for the effect of Success on ACL injury risk factors; Right: Violin
plots for effect of Condition on ACL injury risk factors. Abbreviation: %BW-HT: Normalized to
body weight and height.
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After running the post-hoc analysis with removing 4 participants, the significant results
stayed the same, except losing condition effect for pPK AbA without covariates (p = 0.111, Table 4)

and same with considering covariates (p = 0.151, Table 5, Figure 7).

Table 4: p-values for mixed effect models for post hoc analysis with removing 4 participants due
to 60% failing or delayed movement. Presented outcomes are based on statistical models without
covariates

Success Condition Success*Condition  RZ2ag;
pKFA 0.127 0.001 0.512 86%
pKAbA 0.111 <0.001 0.112 90.5%
pKAbBM 0.036 <0.001 0.851 69%

Abbreviation: pKFA: peak knee flexion angle; pKAbA: peak knee abduction angle; pK AbM: peak
knee abduction moment.
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Table 5: p-values for mixed effect models for post hoc analysis with removing 4 participants due
to 60% failing or delayed movement. Presented outcomes are based on statistical models with
‘age, height, Marx activity score, and Effort factor from NASA TLX” as covariate. There was no
significant effect from the covariates.

Success Condition Success*Condition  RZagj
pKFA 0.173 0.001 0.637 86%
pKAbA 0.151 <0.001 0.094 90.5%
pKAbBM 0.029 <0.001 0.820 68%

Abbreviation: pKFA: peak knee flexion angle; pK AbA: peak knee abduction angle; pK AbM: peak
knee abduction moment.
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Figure 7: Left: Violin plots for the effect of Success on ACL injury risk factors with removing 4
participants due to 60% failing or delayed movement; Right: Violin plots for effect of Condition
on ACL injury risk factors with removing 4 participants due to 60% failing or delayed
movement. Abbreviation: %BW-HT: Normalized to body weight and height.
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Table 6: Average and standard deviation of biomechanics variables for each condition

Successful trials Unbalanced trials

Condition

(Average + Standard (Average +
deviation) Standard deviation)
pKFA [°] Baseline 53.04 £5.82 53.31 £6.27
Simple 54.82 +£6.40 54.11 +£7.89
Complex 54.44 + 6.54 55.57+6.21
pKADbA [°] Baseline -2.71+£3.47 -3.28+2.74
Simple -3.77+4.29 -4.44 £4.34
Complex -3.31 +3.85 -4.09 +£3.57
pKADbM [%BW-HT] Baseline 4.59+1.79 4.56+1.77
Simple 546 £2.47 5.85+2.43
Complex 576 £2.19 6.03 £2.55

Abbreviation: pKFA: peak knee flexion angle; pK AbA: peak knee abduction angle; pKAbM: peak
knee abduction moment; BW-HT: normalized to body weight and height.

When ATR-Target was used as a covariate, only the pKAbA Success and Condition effects
remained (Table 7), showing more pKAbA for unsuccessful trials (-4.5+4.0°, Figure 6) than
successful trials (-3.7+4.1°, Figure 6). ATR-Target additionally explained a significant amount of
variance for pKADbA (p =0.008) and pKAbM (p = 0.038). These findings suggest that frontal-plane
knee mechanics during unanticipated landings may be more sensitive to fluctuations in available

reaction time.
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Table 7: p-values for mixed effect models for post hoc analysis with removing 4 participants due
to 60% failing and delay in response. Presented outcomes are based on statistical models with

ATR-Target as covariate.

Success Condition  Success*Condition ATR-Target RZag;

pKFA 0.87 0.16 0.236 0.084 86.5%
pKAbA 0.021 0.003 0.942 0.004 94.4%
pKAbM 0.166 0.997 0.976 0.038 73.0%

Abbreviation: pKFA: peak knee flexion angle; pK AbA: peak knee abduction angle; pK AbM: peak

knee abduction moment; ATR: available time to react.

Discussion

The present study investigated the effects of unbalanced landings and cognitive challenge
on outcomes related to ACL injury risk across challenging cognitive tasks. The main findings
revealed that unbalanced trials were characterized by riskier knee mechanics, including higher
pKADbA and pKAbM, compared with successful trials. Similarly, cognitive-challenging conditions
(Simple and Complex) were associated with greater pPK AbA and pK AbM relative to the baseline
condition, suggesting that increased cognitive demand influences single-leg jump landing in a way
that elevates ACL injury risk. Conversely, there was reduced pKFA for the baseline condition
compared to cognitive-challenging conditions, which likely reflects a more smoother landing
strategy when cognitive resources are redirected toward decision-making. However, when

participants’ ATR-Target was included as a covariate, all previously significant condition effects
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became non-significant, except for effect of success for pKAbA. This result suggests that ATR is
an important factor to consider in cognitive-motor demand tasks. Overall, this study demonstrated
clear biomechanical differences between successful and unbalanced landings, as well as between
baseline and cognitive-challenging conditions. Importantly, unbalanced trials consistently
exhibited higher-risk knee mechanics across all conditions (Table 5), indicating that removing
these trials from analysis may mask an athlete’s injury-relevant performance. The general pattern
of biomechanics was preserved between successful and unbalanced trials, suggesting stable
individual tendencies (high correlation between successful and unbalanced trials: pKFA: r = 0.85,
p <0.001; pKAbA: r=0.88, p <0.001; pKAbM: r = 0.685, p < 0.001), but the magnitude of risk
increased when cognitive load or decision-making demands were added. Thus, including a broader
range of trial outcomes provides a more realistic representation of how ACL injury risk emerges
under true sport demands.

The present results demonstrate that unbalanced trials exacerbated frontal plane
biomechanical factors linked to ACL loading. This finding extends previous work emphasizing the
value of analysing unsuccessful trials rather than discarding them. Nishino et al. [28] observed that
failed single-leg medial drop landings demonstrated greater thoracic and pelvic lean at initial
contact, that these kinematic deviations linked to increased ACL strain. Another study, by
Romanchuk et al. [29], reported that failures during unanticipated landings often originated mid-
air, implying deficiencies in anticipatory control rather than reactive balance alone. Our study adds
another aspect to the findings of these studies by analysing unbalanced movement and suggest that
including unbalanced trials in biomechanical analyses may offer a more comprehensive picture of

cognitive—motor performance boundaries that may predispose athletes to primary ACL injury.
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Condition differences between cognitive challenges and baseline movements further
highlight the effects of cognitive challenges on influencing biomechanics during jumping tasks,
which may better reflect performance during real-world sport performance. Across conditions,
greater cognitive challenge produced increased pKFA and increased pKAbA and pKAbM, adding
more evidence to growing literature that cognitive load and attention demand meaningfully alter
neuromechanical control during dynamic tasks [30-32]. Monfort et al. [32] reported increased peak
knee valgus angle during run-to-cut tasks with dual-task demands, while Hughes and Dai [31]
similar changes during jump landings that required quick visual decisions. Decision-making
demands during the jump-landing task were associated with biomechanical alterations
characterized by reduced peak hip and knee flexion angles, accompanied by increased vertical
ground reaction forces, knee abduction, and tibial internal rotation [33]. These findings collectively
support the growing evidence that increased cognitive load impairs neuromuscular control,
resulting in softer landing, more protective landing mechanics for this variable [7, 31, 34, 35]. The
current data extend this literature by examining single-leg jump-landing, demonstrating that
decision-making demands resembling athletic scenarios can elicit mechanical patterns associated
with elevated ACL loading even in healthy individuals. Such results highlight that the capacity to
process sport-relevant information and execute movement safely under cognitive stress is a critical
determinant of injury risk. Accordingly, training and prevention programs should incorporate
cognitively demanding, and time-pressured tasks to enhance decision-making efficiency and
dynamic control. Future studies should evaluate whether integrating these challenges into
neuromuscular training paradigms can mitigate risky biomechanics and reduce the incidence of

non-contact ACL injuries in athletic populations.
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A unique aspect of this study was the explicit quantification of participants’ ATR-Target,
which revealed that once individuals’ ATR-Target was included in the model, and given that the
cognitive conditions differed in their prescribed ATRs (450 ms for Simple and 582 ms for
Complex), only significant Success and Condition effects were observed for pKAbA. This finding
along with the significant relationship for the ATR-Target factor for pK AbA and pKAbM suggest
that biomechanical changes often linked to cognitive load may be partly driven by the limited time
available for movement preparation and motor planning, highlighting ATR-Target as a potentially
important confounder rather than attributing these effects to cognitive processing alone.
Interestingly, participants in the present study exhibited shorter ATR during unbalanced trials than
during successful ones (Figure 8), indicating that reducing the ATR may become insufficient for
reliable perceptual processing and motor planning, leading to a higher probability of unsuccessful
landings. Conversely, a slightly longer preparation time appeared to support more coordinated
movement control; however, such deliberate delays are not possible in real-world sport situations,
where athletes must make instantaneous decisions under pressure. Accordingly, shorter ATR, while
behaviorally faster, may increase ACL loading risk by constraining feedforward control and
forcing reliance on reactive stabilization strategies. In sport environments, where athletes face both
cognitive and time pressures, the trade-off between reacting quickly and maintaining stable
movement control may be a key factor contributing to ACL injury risk. Future research on
decision-making should concurrently evaluate the effects of reaction-time constraints on
movement safety to better inform prevention strategies that integrate cognitive and mechanical

aspects of ACL injury risk.



80

0.84 £ 0.20

°
09 . +0.2 a --’.
@088 ‘0__3 %M_ 077020 - ==~ "~
E
=

- ° -

-

-

- -
-

T~ -9079£0.18 i

Time (sec)

0.€ -

T T T T
Successful Trials Unbalanced Trials Simple Task Complex Task

Figure 8: Average reaction time (seconds) for the participants in different conditions (right
panel) and successful and unbalanced trials (left panel).

The results of this study underscore the need for integrated cognitive—motor approaches to
ACL injury prevention. Traditional pre-screening and training programs typically assess
movement mechanics in controlled and predictable settings, overlooking the cognitive and
temporal complexities that characterize real sport environments [36]. Decision-making failures
during reactive jump or cutting maneuvers likely replicate the conditions under which ACL injuries
occur, making them critical to understanding primary injury mechanisms. However, our findings
also suggest that individuals generally maintain similar patterns of knee mechanics across Simple,
and Complex conditions, even as risk magnitude increases with cognitive challenge (high
correlation between successful and unbalanced trials: pKFA: r=0.85, p <0.001; pKAbA: r=0.88,
p < 0.001; pKAbM: r = 0.685, p < 0.001). This implies that athletes might maintain relative
performance across unanticipated challenging jump-landing tasks. Consequently, instead of
removing unbalanced trials, including them can give a more complete picture of movement quality

and when injury risk is highest. Longitudinal studies tracking athletes across training cycles could
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establish whether baseline reaction-time and condition interactions predict actual ACL injury
incidence. From an applied perspective, injury-prevention programs should include decision-
making and time-pressured dual-task training to enhance attentional control, perceptual speed, and
movement efficiency. Monitoring failed or unbalanced performances throughout these
interventions may serve as a sensitive indicator of developing cognitive—motor resilience.
Collectively, these directions advance a neurocognitive-temporal model of ACL injury,
recognizing that perceptual decision-making and available time to react jointly shape mechanical
risk.

It is essential to acknowledge the limitations of this study. First, the present laboratory-
based jump-landing paradigm cannot fully replicate the complexity of real-world sport
environments, where factors such as fatigue, opponent movement, and multitarget decision
demands may further influence outcomes. Second, no corrections for multiple comparisons were
made for this initial investigation, and therefore the risk of Type I error may be elevated, and
borderline significant findings should be interpreted with caution. Third, ATR was evaluated post
hoc; future studies should manipulate and control this variable experimentally to clarify causality.
Fourth, our sample comprised healthy participants with basketball experience, which may limit
generalization to athletes with prior injuries or different competitive levels. Fifth, the study focused
on lower-limb biomechanics; future work integrating neural and visual-perceptual measures (such
as eye-tracking) could illuminate underlying mechanisms of decision-making and attention
control. Despite these limitations, the present results provide novel evidence that studying
unbalanced trials during cognitive challenging movements are essential to understanding, and

ultimately preventing, primary ACL injuries.
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Conclusion

This study demonstrates that unbalanced jump-landing trials may provide important insight
for ACL injury research, as they may represent situations in which athletes fail to maintain postural
control under cognitive demands. Unbalanced trials showed riskier knee mechanics than
successful trials, particularly in knee abduction loading, suggesting their inclusion may improve
the identification of movement patterns associated with primary ACL injury risk. Cognitive-
challenging conditions also influenced knee biomechanics compared with baseline jumping,
highlighting the relevance of incorporating decision-making elements into biomechanical

screening and injury-prevention training.
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Abstract

Background:

Noncontact ACL injuries often occur during rapid, unanticipated movements that involve
both cognition and motor control. In these moments, deficits in attention or decision-making can
directly influence landing mechanics. Although unanticipated jump-landing paradigms capture
these demands, failed or incorrect responses (“Failed%”) are frequently discarded, potentially

obscuring links between cognition and movement errors.

Purpose:

To determine whether individual differences in cognitive performance, attention control
(AC) and choice reaction time (RT), are associated with decision-making failures during

cognitively challenging, unanticipated jump-landing tasks in healthy athletes.

Methods:

Forty-one recreationally active adults (17F/24M; 23.7 + 3.7 y) completed baseline
cognitive testing (Reaction Time (RT); Attention Control (AC) via Stroop-Squared, Flanker-
Squared, Simon-Squared) and performed drop jump-landings under anticipated (Baseline) and
unanticipated conditions (Simple, Complex). Failed landings were trials with incorrect cue
responses, such as landing on the wrong limb, or put the other foot down in less than 0.25 seconds.
Cognitive variables were standardized; RT z-scores were sign-reversed and averaged with AC to
form a Composite Z-score. Spearman correlations tested associations between cognitive measures

(AC, RT, Composite) and Failed% for Simple and Complex conditions.
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Results:

Across all 41 participants, no significant associations were observed between Failed% and
AC or RT (p > 0.05). The Composite Z-score correlated modestly with Complex Failed% (r =
—0.319, p =0.042); Simple Failed% showed no associations. After excluding four participants, the
Composite—Complex relation persisted (r = —0.35, p = 0.034), and AC showed a significant
negative correlation with Complex Failed% (r = —0.34, p = 0.042). Descriptively, Simple and
Complex failure rates were correlated, but only the higher-demand Complex condition exposed

cognition—performance links.

Conclusions:

In healthy athletes, better composite cognitive performance, driven by attention control,
was weakly associated with decision-making errors during high-demand unanticipated landings.
However, attention control and RT alone did not fully explain variability in failures, underscoring
that cognition—movement coupling is multifactorial and task-dependent. Future work should
assess attention control within movement-embedded and examine whether targeted cognitive-

motor training reduces landing errors and ACL-relevant risk mechanics under time pressure.



91

Introduction

Anterior cruciate ligament (ACL) injuries are among the most common and devastating
injuries in sport, often leading to long rehabilitation timelines, decreased performance, and
elevated risk of reinjury [1, 2]. Approximately 70% of ACL injuries occur in non-contact
situations, typically during sudden cutting, pivoting, or landing maneuvers [3-5]. These injuries
often arise within 100 milliseconds after contact with the ground, leaving athletes little time to
make corrective adjustments to misplaced steps or potentially injurious movements [6]. A growing
body of evidence suggests that such injuries cannot be explained solely by the biomechanics
surrounding the event but rather are multifactorial in nature.

Increasing cognitive demands during movement appear to challenge neuromuscular
control, highlighting cognition as a key factor contributing to ACL injury risk [7, 8]. Two
neurocognitive components, attention control and reaction time, play central roles in how athletes
perceive, process, and respond to environmental cues under time pressure. Attention control is a
core executive function that allows individuals to selectively focus on relevant cues while
suppressing distractions and competing responses [9]. This function has been proposed as the
mechanism linking working memory and fluid intelligence and may play a pivotal role in
multitasking and dual-task performance [9-11]. In sport, athletes are constantly required to attend
to rapidly changing stimuli, such as the position of opponents or the trajectory of a ball, while
maintaining precise motor strategies [12]. When visual attention is diverted or constrained, athletes
may struggle to react effectively, resulting in altered landing mechanics during challenging jump-

landing tasks [13].
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Reaction time, often measured through simple or choice response tasks, reflects the speed
of cognitive processing from stimulus detection to action selection. Shorter reaction times indicate
greater processing efficiency, whereas slower reaction times may signal difficulty integrating
perceptual information and selecting the correct motor response [14, 15]. Thus, understanding how
processing speed and decision-making interact is essential for modeling how cognitive load
influences athletic movement.

Unanticipated jump landing tasks have been widely adopted as an experimental paradigm
to simulate the conditions under which non-contact ACL injuries occur [13, 16]. In these tasks,
athletes are required to process reaction cues and adjust their movements within milliseconds,
placing simultaneous demands on cognitive processing and motor control. Variability in
performance during these tasks reflects differences in individuals’ ability to process visual
information and coordinate landing mechanics. The trials that participants failed to react correctly
usually removed from biomechanics study, however, these failed trials have been proposed as
markers of impaired neuromuscular control and greater injury risk [10, 17, 18]. Therefore,
unanticipated jump-landing paradigms provide a valuable framework for examining how cognitive
decision-making and motor execution interact under time pressure, helping to reveal the cognitive
contributors to movement errors that may elevate ACL injury risk.

Therefore, the purpose of this study was to investigate the relationship between attention
control and landing performance in cognitively demanding, unanticipated jump landing tasks. We
hypothesized that individuals with worse attention control would commit a greater number of
landing errors, reflecting reduced ability to allocate cognitive resources under dual-task conditions

and potentially higher risk to ACL injury.
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Methods

Participants
Forty-one healthy athletes (17F/24M, 23.7+3.7 yrs; 1.74+0.10 m; 72.56+12.12 kg; Tegner:

6.8+1.3; Marx: 10.3+3.5) completed cognitive tasks and a drop jump task under anticipated and
unanticipated conditions. To be eligible for participation, individuals had to be physically active
by running, cutting and pivoting at least twice a week [19], and have a Tegner score of greater than
5 [20], indicating that they were recreational athletes. Additionally, individuals could not have
undergone any lower-extremity surgeries, had any ligament tears, had lower-extremity injuries

within the past three months, or had a concussion within the past six months.

Cognitive Tasks

Upon obtaining informed consent and verifying participant eligibility, the participants
completed four cognitive tests including to choice reaction time (Figure 9) [21] and attention
control tasks (AC) to determine baseline cognitive performance related to decision making (Figure
10) [22]. The tasks were instructed using E-Prime (Psychology Software Tools, Pittsburgh, PA,
2020). In the choice visual reaction time test (RT), participants press “F” on a computer keyboard
as soon as they saw a square, or “J” as soon as they saw a circle for 25 sec of practice following
with one trial with duration of 180 seconds (Figure 9). The RT scored calculated based on the
average of time to react to the cue that appeared during that 180-second trial. Attentional control
tasks required participants to focus attention while suppressing distraction. We used three efficient,
reliable and valid tests related to attention control which are recently introduced as strongly

defining an attention control latent factor: Stroop Squared, Flanker Squared, and Simon Squared
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tasks [11]. These tests are scientifically rigorous, with high test-retest reliability (average of
reliability of component scores, r = 0.67 [11]). In the Stroop Squared task, participants identified
the printed color of a word while ignoring its semantic meaning. The Flanker Squared task required
reporting the direction of a central arrow while ignoring surrounding distractors. The Simon
Squared task required responding to arrow direction irrespective of screen location. Each test
lasted 90 seconds, with participants completing a practice round and 30 seconds seated baseline
prior to testing (Figure 10). Performance scores for the AC tests were calculated as the number of
correct responses minus incorrect responses. Scores were weighted according to published factor
loadings (Stroop = 0.58, Flanker = 0.64, Simon = 0.82) [11] and summed to yield a composite

attention control score, with higher values reflecting better performance.

Figure 9: Choice reaction time task as a secondary parameter, pressing the “F” keyboard key for
square cue, and the “J” key for circle cue
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Figure 10: Attention control tasks: Stroop Squared, Flanker Squared, and Simon Squared tasks.

For a more comprehensive perspective of participants’ cognitive performance, a composite
Z score for individual’s reaction time and attention control was computed. A composite cognitive
performance score was first converted into standardized Z scores using sample mean and standard
deviation of each variable of choice reaction time and attention control (z = (x —u)/g), where x
represents the individual participant’s raw score, | is the sample mean for that variable, and o is
the corresponding standard deviation [23]. The z-score for reaction time was negated to code better
performance (i.e., shorter reaction times) to more positive z-scores. A composite Z score was then
derived by averaging the two standardized values [23], giving a single index representing main
cognitive—motor processing efficiency (i.e., relatively better at both AC and RT tasks corresponded

to higher composite z-scores).

Unanticipated Challenging Jump-Landing Protocol

During the movement task, participants performed a jump landing from a 30 cm box,
located 1/3 of their height from the edge of the force plate, followed by landing on their left or
right leg (with a subsequent 2 second hold), or bilateral landing followed immediately with a
vertical jump as high as possible. Unanticipated conditions included two conditions of Simple and
Complex tasks. A simple cognitive task (Simple, Figure 11) of landing on the limb towards a
basketball image on one side of the screen or double-leg landing following jumping up when

seeing a basketball hoop. A complex cognitive task (Complex, Figure 11) of landing on the limb
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towards the picture of the basketball or away from a picture of a simulated opponent, or double-
leg landing with jumping straight up when seeing a basketball hoop. The cues were programmed
for unanticipated conditions by using E-Prime (Psychology Software Tools, Pittsburgh, PA, 2020).
Failed trials were defined as trials where participants reacted incorrectly to the cue and landed on
the wrong leg(s). The percentage of failed trials (Failed%) was calculated for both simple and
complex jump-landing tasks in unanticipated conditions. The order of the drop jump tasks was

randomized for each participant.

" Jump to the Land on the Complete
Condition At the ready force plates force plates the task
Visual
Une_mtuclpated GO!
landing towards
the ball

Visual

Unanticipated GO!

Sport reaction

Al+

Figure 11: Jump-landing conditions of Simple challenge and Complex challenge
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Power Analysis

A priori power analyses were conducted in G*Power (v3.1) for two-tailed bivariate
correlations with o = 0.05 and 1-3 = 0.80. Prior research [11, 24] suggests that attention control
often correlates strongly with cognitive and multitasking measures (r = 0.5), we assumed medium
effect size of interest (r = 0.46). For comparing cognitive tasks and Failed%, a sample size of n =

32 provides more than 80% power at a = 0.05.

Statistical Analysis

After running a normality test of Anderson-Darling, cognitive tasks variables were not
normally distributed, therefore the Spearman correlations were used to test the relationship
between the baseline cognitive performance and Failed% calculated from two “Simple” and
“Complex” drop landing conditions. Failed% served as the primary outcome, and its correlations
with cognitive task measures (AC, RT, and composite z-score) were analyzed to evaluate the study
hypothesis.

For post-hoc analysis, we aimed to guard against biased outcomes due to the potential for
participants guessing or delaying their reactions rather than unaffected task performance.
Participants who exhibited more than 60% failed trials in the complex condition were excluded,
as such high failure rates could result from random guessing rather than purposeful responses
(given the three possible landing options, consistently choosing the same limb could yield
approximately 66% failed trials by chance). In addition, participants who showed long reaction
times (waiting to see the visual cue before initiating movement) were also removed. E-Prime
program showed the cue based on the designed task, and the time that the cue showed up was

recorded in the motion capture software during data collection. Reaction time was determined
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using E-Prime event markers for the cue and force plate data, allowing precise detection of landing

onset relative to cue presentation.

Results

The results are based on 41 participants and post-hoc analysis with 37 participants after
removing potential outliers based on high Failed% (guessing) or showing delay to react to the cue
with low Failed% (Table 8). There were no significant correlations between Failed% for either
condition with cognitive tasks performance during attention control and choice reaction time (p >
0.05, Figure 12). However, the correlation between Composite Z-score and Complex Failed% was
significant (r = -0.319, p = 0.042, Figure 13), indicating that lower cognitive performance was
associated with more failed landings. Additionally, the correlation between AC and Complex

Failed% was trending to a negative correlation (r = -0.29, p = 0.07, Figure 13).
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Table 8: Average of interested variables

Score (Average + Standard
deviation) with removing
the questionable

Score (Average + Standard
deviation) for complete dataset

(n=41) participants (n = 37)
Attention Control (AC) 108.70 £16.39 109.94 £ 16.13
Stroop Squared Task 40.12 £12.32 41.02£12.05
Flanker Squared Task 4236+ 11.62 42.73 £11.82
Simon Squared Task 71.12 £ 8.46 71.70 £ 8.60
Choice Reaction Time (RT, seconds) 0.42 +0.06 0.41 £0.06
Simple — Failed% 25.11 £ 16.69 24.18 +15.86
Complex — Failed% 3511+17.27 33.92+16.25
Composite Z-score 0.016 =0.86 0.09+0.84
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For the post-hoc analysis, after removing 4 participants, the correlation between composite
Z-score and Complex Failed% remained significant (r =—0.35, p = 0.034, Figure 14). Additionally,
a significant negative correlation occurred between AC and Complex Failed% (r = —0.34, p =

0.042, Figure 15).
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Discussion

The purpose of this study was to examine whether individual differences in cognitive

performance, specifically attention control and reaction time, were associated with decision-

making success during a dynamic jump-landing task in healthy athletes. Contrary to our

expectations, only select, moderate correlations (p = -0.35, p = -0.32) were observed between

Composite Z-score of cognitive performance and Complex Failed%, suggesting that substantial

variance in decision-making performance on a challenging jump landing task remained

unexplained by attention control. With removing potential guessing or delay in the reaction,
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besides the mild correlation between Composite Z score and Complex Failed%, a mild negative
correlation between AC and Composite Z-score was observed. Although both results indicated that
participants with fewer failed trials in the complex condition tended to perform better on cognitive
tasks, this relationship may not fully capture the complexity of cognitive—motor interactions.
Understanding these multidimensional interactions will be critical for developing integrated
training approaches that enhance both cognitive and neuromuscular performance and, ultimately,
reduce primary ACL-injury risk.

Attention control is a fundamental component of cognitive processing and multitasking
ability [25, 26], yet it does not necessarily translate directly into improved performance during
cognitive-motor challenges such as unanticipated landings. These tasks demand rapid integration
of sensory information, decision-making, and motor execution. Collectively, these findings
suggest that the connection between cognition and neuromuscular performance is multifactorial.
Attention control contributes to overall cognitive performance, but complex, real-world movement
tasks likely rely on a combination of cognitive domains that enable efficient perception—action
coupling. The relatively weak correlation between AC and Complex task performance is likely
influenced by 1) limits on the reliability of the Failed% metric itself (thereby providing a ceiling
for the correlation with cognitive metrics) and 2) limitations in how attention control was assessed
rather than its relevance to movement control. Moreover, previous research showed that
neurocognitive assessments may not fully capture the demands of cognitive—motor coordination
relevant to dynamic movements [27-29]. Prior work in ACLR populations has demonstrated that
computerized tools such as InPACT [30] often fail to differentiate between individuals with ACLR

and uninjured controls or to predict single-limb landing biomechanics [28]. Similarly, Rush et al.
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[27] emphasized that current cognitive testing approaches lack ecological validity and may
overlook the neurocognitive and attentional compensations athletes employ to maintain knee
stability and neuromuscular control. Supporting this interpretation, Giesche et al. [10]
demonstrated that athletes who committed more landing errors during unplanned single-leg tasks
(~22%, 7.6 trials out of 35) exhibited poorer working memory, cognitive flexibility, and short-term
memory, indicating that such failures reflect cognitive—motor instability rather than random
variability. The present results in healthy athletes reinforce this perspective, underscoring the need
to examine cognitive performance as it operates during active, movement-based contexts rather
than in isolation.

Given our findings in healthy athletes, several future directions merit attention. First,
although both Simple and Complex task failure rates were highly correlated (Figure 16), only the
Complex condition showed moderate significant associations with cognitive and composite Z-
score. This pattern suggests that both tasks likely engage overlapping decision-making
mechanisms, but the higher cognitive load demands of the Complex task may amplify performance
variability to a degree that reveals underlying cognitive differences [10, 31]. In other words, rather
than representing distinct processes, the Complex condition may simply exceed a threshold of
attentional demand necessary to expose the limits of cognitive—motor integration during rapid
movement decisions. Reporting the relative differences in failure rate across these conditions in
future work could help confirm whether performance deficits reflect genuine difficulty or cognitive

overload rather than task design effects.
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Although the present study involved healthy participants, the observed variability in
cognitive and behavioral performance underscores the potential value of integrating cognitive—
motor assessments into athlete screening frameworks. Evaluating athletes under decision-based or
time-constrained conditions may help identify individuals who are more susceptible to attentional
overload or delayed reactions during high-risk movements. Building on these findings, future
research should employ controlled interventions to determine whether cognitive—motor training

can reduce landing errors and improve biomechanics during unanticipated movements [32].
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Interventions such as dual-task drills, rapid decision-making exercises, and inhibition-control
training (e.g. drills that train athletes to stop or redirect movements in response to changing cues)
have been shown to enhance reaction time, attention shifting, and perceptual-motor coordination,
all of which are directly implicated in ACL injury mechanisms [8, 33]. Incorporating such
evidence-based cognitive—motor training strategies into prevention and performance programs
may improve athletes’ ability to maintain stable motor control when cognitive demands and
temporal constraints are elevated.

While our study offers novel insights, several limitations must be acknowledged. Our
cross-sectional design precludes causal inference; we cannot determine whether lower cognitive
scores cause higher failure rates, or whether another factor drives both. The sample size, although
sufficient for detecting moderate correlations, may not capture smaller effect sizes or subgroup
effects (e.g., sex, sport type). The jump-landing task, while decision-demanding, remains a
laboratory simulation and may not perfectly mimic chaotic sport environments. Finally, because
our sample was comprised of healthy athletes, the generalizability to injured or clinical populations
(or to actual injury risk) is unknown. Nonetheless, these data provide a foundational step toward

integrating cognitive—motor screening into sport-performance and injury-prevention paradigms.

Conclusion

This study examines the relationship between cognitive performance and movement errors
in unanticipated jump-landing tasks, considering failed trials as potential indicators of
neuromuscular control deficits. The lack of strong significant correlations suggests that attention
control alone may not predict an athlete’s decision-making accuracy during dynamic movements.

Future research should prioritize developing and integrating real-world, movement-based attention
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control assessments to more accurately characterize how cognitive demands contribute to motor

instability under time-critical conditions.
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Abstract

Background:

Anterior cruciate ligament (ACL) injuries often occur when athletes must make rapid,
unanticipated movement decisions that overload cognitive—-motor control. Although altered
cortical activation has been observed in athletes following ACL reconstruction, the link between
neural activation during cognitive tasks and real-time decision-making performance during sport-

like movements remains unclear.

Purpose:

To examine whether prefrontal cortical activation during attention-control tasks predicts
decision-making failures during cognitively demanding, unanticipated jump-landing tasks in

healthy athletes.

Methods:

Forty-one healthy athletes (17F/24M, 23.7+3.7 yrs) completed an attention-control battery
while fNIRS measured activation in the left dorsolateral prefrontal cortex (Brodmann areas 46 and
9 (BA46, BA9)). Participants then performed unanticipated single- and double-leg jump landings
under Simple and Complex cue-based conditions requiring rapid visuomotor decisions. Cortical
activation (t-statistics for oxygenated and deoxygenated hemoglobin) and the proportion of failed

landings (Failed%) were analyzed using Pearson correlations.

Results:
Data from 31 participants were analyzed following quality control actions of the data, such

as checking for cap movement, poor optode—scalp contact, or calibration issues checking for cap
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movement, poor optode—scalp contact, and calibration issues related to hair type. No significant
correlations were observed between cortical activation (BA46 or BA9) and Failed% in either the
Simple or Complex conditions (all p > 0.05), although small to moderate effect sizes (|r] = 0.3)

suggested a nonsignificant trend toward fewer failed landings with greater prefrontal activation.

Conclusions:

Cortical activation during stationary attention control tasks did not predict decision-making
success during unanticipated jump-landing movements. These findings suggest that neural
efficiency measured at rest or during seated cognitive testing may not translate directly to
performance under dynamic, time-pressured conditions; however, additional data is needed to
more definitively determine the presence and clinical relevance of potential lower strength
relationships. Stronger relationship may be elucidated when more directly assessing neural
activation related to transient overload in cognitive-motor integration. Future research using real-
time neuroimaging (fNIRS or EEG) during movement may identify neural mechanisms underlying

brief lapses in control that contribute to ACL-relevant risk.
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Introduction

Anterior cruciate ligament (ACL) injuries are among the most common non-contact
injuries in sport and are frequently attributed to failures in cognitive—motor control during
unanticipated movements [1]. Athletes must rapidly process environmental cues, allocate
attention, and coordinate neuromuscular control within milliseconds to plan their next movement
to react. Although biomechanical risk factors have been extensively studied [1-7], growing
evidence also implicates disruptions in neural processes that support visuomotor coordination and
movement planning during dynamic tasks, specifically for ACL injury [8-10]. Despite this
emerging evidence, the relationship between neural processing and real-time decision-making

failures during sport-like tasks remains poorly characterized.

During challenging jump-landing tasks, athletes may make decision-making errors, such
as moving in an inefficient or hazardous manner, that are typically excluded from research analyses
to minimize variability. However, these failed decision-making outcomes may better represent the
instances when cognitive—motor resources are overloaded and ACL injury—related biomechanics
emerge [11, 12]. Therefore, evaluating such failures instead of discarding them may provide a

more realistic view of when athletes become vulnerable to injury during sport.

Attention control defined as the ability to allocate and shift attention under competing task
demands [13]. It is increasingly recognized as a neurocognitive factor related to lower limb
movement because sport requires continuous allocation of attention under multitask demands [12,
14, 15]. A recent study showed that there is a strong correlation between single-leg dynamic

balances based on center of pressure movement and attention control, measured by the Eriksen’s
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Flanker test, as neurocognitive evaluations [16]. This highlights that certain neurocognitive
processes may contribute to maintaining movement stability under athletic demands. Decision-
making demands and divided attention shift landing and cutting movements toward ACL-risk
patterns such as reduced knee flexion at initial contact and greater knee valgus and extension
moments [12]. Baseline neurocognitive performance in activities that require high processing
speed and attention control, shows independent associations with ACL-relevant knee mechanics.
Specifically, lower attention control is linked to greater frontal-plane knee loading (elevated valgus
angle and abduction moment) under heightened task complexity or dual-task demands [1]. These
findings support integrating dual-task challenges to reveal attention control deficits associated with

elevated ACL injury risk.

Neuroimaging studies further indicate that visuomotor control and rapid movement
decisions rely on activation of the prefrontal cortex (PFC), including during movement preparation
and response selection [8, 17]. Alterations in cortical activation and sensorimotor integration has
been documented in athletes with ACL injury history during balance and landing tasks, suggesting
compensatory higher-order cognitive control to maintain stability [18-20]. Thus, neural activation
during attention control tasks may help understand neural activation patterns that relate to athletes’

ability to successfully execute an unanticipated jump landing.

Functional near-infrared spectroscopy (fNIRS) offers a promising approach to investigate
the neural mechanisms that underlie attention control during movement. This portable, non-
invasive neuroimaging method enables measurement of cortical activation during dynamic,

ecologically relevant tasks [21-25]. Although fNIRS has been applied to motor activities such as
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walking and balance [26-30], its use in examining attention-related neural activation during

complex, sport-like movements remain limited.

Accordingly, the purpose of this study is to examine the relationship between PFC
activation during cognitive tasks and decision-making during challenging unanticipated jump
landing conditions. This work seeks to provide new insights into the cognitive—motor functions
related to ACL injury risk. We hypothesized that higher failed decision-making during

unanticipated jump landing tasks would be associated with decrease PFC activation.

Methods

Participants
A cohort of 41 healthy athletes (17F/24M, 23.643.6 yrs; 1.74+0.10 m; 72.65+12.25 kg;

Tegner: 6.8+1.3; Marx: 10.3£3.5) participated in the study after providing informed consent per
Montana State University’s Institutional Review. All participants were right leg dominant, as
determined by the leg they would use to kick a ball as far as possible. Exclusion criteria included
a history of concussion in the 6 months prior to their study visit, a history of any attention deficit
disorders, or any lower limb injuries requiring surgery. Moreover, all participants were physically
active by running, cutting and pivoting at least twice a week [31], and had a Tegner scale more

than 5 [32].

Attention Control Test Battery

Attention control was evaluated using a computerized battery consisting of the Stroop
squared, Flanker squared, and Simon squared tasks (Figure 17) [33]. In the Stroop squared task,

participants identified the printed color of a word while ignoring its semantic meaning. The Flanker
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squared task required reporting the direction of a central arrow while ignoring surrounding
distractors. The Simon squared task required responding to arrow direction irrespective of screen
location. Each test lasted 90 s, with participants completing a practice round and a 30 s seated

baseline prior to testing.

Performance scores were calculated as the number of correct responses minus incorrect
responses. Scores were weighted according to published factor loadings (Stroop = 0.58, Flanker =
0.64, Simon = 0.82) [33] and summed to yield a composite attention control score, with higher
values reflecting better performance, it has been defined as an efficient and robust assessment of

AC that has linked to multitasking another cognitive process [33].

To assess the neural basis of attention control, cortical activation was recorded using fNIRS
while participants performed these tasks, allowing evaluation of prefrontal activity related to

attention control task execution (Figure 17).

Stroop Squared Task Flanker Squared Task Simon Squared Task

Figure 17: Attention Control Tasks; Participant performed Stroop Squared, Flanker Squared, and
Simon Squared tasks while wearing the fNIRS cap.
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Unanticipated Challenging Jump-Landing Protocol

An unanticipated challenging sport-relevant movement was chosen to emphasize rapid
decision making during demanding sport movements [1, 34]. In the jump-landing protocol,
participants initiated each trial by jumping off a 30 cm box. They were instructed to perform either
a single-leg landing on the left or right leg while maintaining balance for two seconds, or a double-
leg landing followed immediately by a maximal vertical jump. Participants were asked to keep
their hands on their hips the entirety of the trials. Unanticipated conditions incorporated two levels
of cognitive challenge. In the simple condition (Figure 18), participants were required to land on
the limb corresponding to the side of the screen displaying a basketball image, or to perform a
double-leg landing with a subsequent vertical jump when a basketball hoop appeared. In the
complex condition (Figure 18), participants were instructed to land either toward the basketball
image or away from an image of a simulated opponent, or to complete a double-leg landing
following a vertical jump when cued by the basketball hoop. Each participant completed at least
three practice trials to become familiar with the task. For the Simple condition, 15-20 trials were
collected, and for the Complex condition, 20-25 trials were targeted to ensure sufficient variability
across successful and failed trials. The order of drop-landing tasks was randomized for each
participant. Trials were classified as failed when participants responded incorrectly to the visual
cue, such as landing on the right limb but the correct response was to land on the left limb or tried
to land on the correct limb but touched the ground with the other limb in less than 0.25 seconds in
single-leg landings. The proportion of failed attempts (Failed%) was calculated separately for
simple and complex unanticipated jump-landing conditions. To minimize potential sequencing

effects, the order of all drop-landing tasks was randomized for each participant.
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fNIRS Data Acquisition

Cortical activation was recorded using a NIRSport 2 system (NIRx Medical Technologies
LLC). Cap placement was determined from nasion—inion and preauricular distances, with Cz as
the central reference (10-20 system). The montage consisted of 8 sources and 8 detectors,
producing 15 channels, plus 8 short-separation channels via a breakout detector. One of the
detectors was used for all short-separation channels from all sources. Sources emitted light at 690
and 830 nm and sampled at 10.17 Hz. The focus for this study involved the three sources and three

detectors (Sources 1, 2, 3 and 7, and detectors 1, 2, and 3, Figure 19) that were positioned over the
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Brodmann areas 46 and 9 as defined by the Talairach Daemon atlas [35], corresponding to the left
dorsolateral prefrontal cortex (DLPFC; BA46) and prefrontal cortex (PFC; BA09). A black over-

cap minimized ambient light contamination.
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Figure 19: fNIRS montage focusing on left brain cortex; Red circles: sources, Blue Circles:
detectors, Circles around red circles: short-separation channels
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fNIRS Data processing

Data were processed in MATLAB R2025a using the NIRS Brain AnalyzIR Toolbox [36].
The raw signals were initially inspected to verify data quality and confirm the absence of large
spikes or abrupt signal shifts. Data were resampled to 4 Hz. Optical density was calculated, and
motion artifacts were corrected using the temporal derivative distribution repair (TDDR) method
[37]. A fourth-order Butterworth lowpass filter (0.5 Hz) was then applied to attenuate
physiological noise (e.g., heartbeat) and low-frequency drift. Concentrations of oxygenated (HbO)
and deoxygenated (HbR) hemoglobin were derived using the modified Beer—Lambert law with a
partial pathlength factor of 0.1 [38]. Data were then processed using a general linear model (GLM)-
based approach with short-separation regression to reduce extracerebral and motion-related
artifacts [26-30]. Neural activation was estimated through a GLM implemented via an
autoregressive iterative least-squares (AR-IRLS) approach [39], which incorporated short-
separation channels as regressors to reduce superficial physiological interference. The AR-IRLS
algorithm down-weights motion-related outliers using bisquare weighting and corrects for serial
autocorrelation in fNIRS time series, enhancing model robustness and controlling false positives.
This GLM approach has demonstrated superior artifact correction compared to conventional
preprocessing methods [40]. For each channel, B-coefficients (and T-statistics) were estimated
from the AR-IRLS, representing task-related neural activation. The t-values provided normalized
measures of cortical activation (Figure 20) [39]. Regions of interest (ROIs) corresponding to BA46
and BA09. Channels overlapping or adjacent to these ROIs were assigned tapered spatial weights
based on their proximity to the target region, increasing sensitivity to localized activation while

minimizing noise from unrelated areas [35]. ROI T-stat values were used as the primary neural
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outcome variables for statistical analysis, with higher t-statistics reflecting stronger task-evoked

activation in BA46 and BAO.
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Figure 20: fNIRS processing pipeline
Power Analysis

G*Power (v3.1) was used for power analysis for two-tailed correlation analyses with
significance threshold of o = 0.05 and desired power of 1—f = 0.80. Prior research has reported
moderate to strong relationships between cortical activity and performance measures
(approximately r = 0.5) [41, 42]. On this basis, a medium effect size was selected as the smallest
effect of interest (r = 0.5). The analysis indicated that a total sample of 26 participants would be
sufficient to achieve the targeted power for examining the association between fNIRS T-Stats and

the proportion of failed trials (Failed%).

Statistical Analysis

Normality of all variables was assessed by using the Shapiro-Wilk test. Pearson

correlations were used to test the relationship between neural activations and Failed% calculated
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from two “Simple” and “Complex” drop landing conditions. The dependent variables were

Failed% and the T-Stats for BA46 and BA09 regions from the subject-level analysis of fNIRS data.

Results

Data Quality Summary

After visually checking the raw signals, eight participants were removed due to data quality
issues (i.e., movement of the cap during the tasks, poor calibration due to the hair thickness and
type). A total of 34 participants remained. Additionally, three participants were excluded from the
jump landing analyses due to excessive failure rates (>60%, approaching random chance) in the
Complex condition or delayed jumping (i.e., increasing the time to react). These exclusions were
made because excessive failure rate may reflect guessing rather than true task engagement, while
delayed reactions reduced the cognitive—motor challenge by allowing additional time to respond.
Therefore, 31 participants (15 females, 16 males; age = 23.1 & 2.6 years; height = 1.73 £ 0.10 m;
mass = 71.3 + 12.6 kg; Tegner score = 6.8 + 1.3; Marx activity score = 10.3 = 3.8) included in the

final analysis.

Neural Activation and Task Performance

Pearson correlations revealed no significant associations between cortical activation (T-
Stats) in either BA46 or BA9 and the Failed% during the simple or complex unanticipated jump-
landing conditions (all p > 0.05; Table 8, Figure 21, Figure 22). Although several correlations
showed small to moderate effect sizes (|r| = 0.3 Figure 21, Figure 22), none approached statistical

significance (all p > 0.05).
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Figure 22: Scatterplots of T-stats for BA46 and Failed% of simple and complex jump-landing

conditions

T-stat for BA46-hbr

Table 9: Descriptive statistics (Mean = SD) for behavioral and neural measures

Measure

Mean = SD

Failed% — Simple Condition
Failed% — Complex Condition
T-Stats (BA46-hbr)

T-Stats (BA46-hbo)

T-Stats (BA9-hbr)

T-Stats (BA9-hbo)

23.4+15.0

326 +16.5

-1.8+34

0.5+4.0

-09+£3.2

-1.2+33

Abbreviations: Failed%: Failed percentage of the trials; T-Stats: associations between cortical
activation (T-Stats) in either BA46 or BA9
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Discussion

This study examined whether cortical activation during an attention control task is related
to behavioral performance during unanticipated, challenging jump-landing movements. Overall,
prefrontal activation within the dorsolateral prefrontal cortex (BA46, BA09) during cognitive
testing was not significantly related to the athletes’ decision-making accuracy or failure rates
during unanticipated jump-landing tasks. These findings suggest that, within this cohort of healthy
athletes, individual differences in cortical activation measured during cognitive tasks during an
attention control task did not strongly predict motor-cognitive performance outcomes during
movement challenges. Future work should examine neural activation during actual movement
execution and integrate precise measures (e.g., EEG or time-synchronized fNIRS) to better capture
how rapid cognitive-motor interactions contribute to performance variability and injury risk.

A key objective of this study was to link cognitive performance to movement outcomes by
examining how neural activation during an attention-control task relates to decision-making failure
in challenging jump-landing performance. The absence of significant correlations does not negate
this link but highlights its complexity. The cognitive task used here captured how efficiently
individuals engage attention control during isolated cognitive tasks, whereas the unanticipated
jump landing tasks required fast perception and decision-making to coordinate a dynamic
neuromuscular response under limited time. Performance differences may reflect brief disruptions
in neural processing that affect how decisions are carried out in movement. Such short-term
reductions in cortical engagement have been shown to alter visuomotor coordination, motor
planning, and joint stabilization in athletes’ performance [9, 43, 44]. Evidence from neuroimaging

and neurophysiological studies further indicates that athletes with ACL injury or reconstruction
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demonstrate delayed cortical activation and altered connectivity within prefrontal and
sensorimotor regions, reflecting compensatory or inefficient neural strategies during movement
and the complexity of ACL injuries [15, 45]. Collectively, these findings support the view that
brief disruptions in neural processing can compromise decision accuracy and motor execution
during high-demand tasks, thereby increasing vulnerability to the neuromechanical patterns
associated with ACL injury risk.

Although neural alterations in visuomotor and decision-making networks have been found
in athletes who sustain ACL injuries [8, 17], the present results in healthy athletes suggest that
attention control and cognitive task performance alone may not strongly predict failures during
complex jump-landing tasks. The absence of significant correlations may indicate that, in a healthy
population, individuals are generally able to maintain effective cognitive—motor regulation during
dynamic actions, even when challenged. However, in this study, failed landings may reflect brief
moments when the jump task becomes too demanding to process quickly, resulting in small
mismatches between the decision and the movement. Even in healthy athletes, these brief mistakes
can reveal conditions where movement control is more at risk, similar to the split-second situations
in which ACL injuries occur in sport [46]. This interpretation aligns with evidence that ACL
injuries typically occur during brief failures of neuromechanical coordination, not during routine
movement [12]. Thus, even in healthy athletes, failed trials may provide valuable insight into
conditions where cognitive—motor demands temporarily overwhelm available control, resulting in
mechanics linked to increased injury risk. Future studies integrating EEG with {NIRS could help
characterize these transient neural disruptions more precisely. EEG provides millisecond-level

temporal resolution, allowing detection of rapid neural events, such as delays in stimulus
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evaluation or response preparation, that may precede decision-making failures. Combined with the
spatial specificity of fNIRS, this multimodal approach could clarify how and when neural control
lapses contribute to at-risk movements.

The absence of significant correlations between neural activation during the isolated
attention control task and decision-making failure during jump landing task indicates that baseline
cognitive neural efficiency has limited transfer to movement success under complex jump-landing
conditions. In the athletic sample performing a highly complex, decision-based landing task, as in
the current study, neural efficiency effects may therefore be minimized or masked by the high
processing demands placed on all participants [47, 48]. These findings suggest that the demands
of the task, rather than general cognitive ability, have a greater influence on whether a failed
landing occurs. However, the significant correlation between failure rates in the Complex and
Simple conditions indicates that some individuals consistently struggled across both levels of task
demand, suggesting an underlying trait-like component of attentional or cognitive—motor
efficiency that influences performance across contexts. From a practical standpoint, training that
includes reactive and unpredictable cues may help athletes maintain control and avoid decision-
making errors when attention is challenged. To more accurately characterize the neurocognitive
mechanisms underlying these high-risk performance breakdowns, future work should explore
methods capable of assessing neural processing during movement without compromising signal
quality, as current neuroimaging tools are limited by motion artifacts during high-impact tasks

such as jump landings.

Several limitations must be acknowledged. First, cortical activation was recorded during

the attention control task only, not during jump landing, which limits inference about how neural
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activation patterns during cognitive processing directly relate to the timing of motor responses.
Second, the fNIRS optode montage was based on standardized scalp coordinates rather than
individualized anatomical measurements, which may have introduced small spatial inaccuracies
in mapping channels to cortical regions. Finally, laboratory-based landing tasks cannot fully
replicate the sensory complexity of live sport scenarios. The challenging jump landing task and
the Failed% outcome used in our analysis also introduces an upper limit to the correlations with
neural activation. Further research is needed to determine the reliability of this outcome, increase
the sample size to more definitively determine if lower strength relationships exist, and determine
the clinical relevance of such relationships, if detected. Future studies combining motion capture,
fNIRS, and electroencephalography (offers millisecond-level temporal resolution, allowing
researchers to track rapid fluctuations in neural activity) during unanticipated movements can

better characterize how neural activity evolves immediately before failed or unstable landings.

Conclusion

No significant relationships were detected between decision-making during challenging
jump landing tasks and neural activation during attention control task, albeit lower strength
relationship may be detectable with additional data. These results suggest that neural activation
measured during isolated cognitive tasks may not strongly predict behavioral outcomes during
challenging cognitive-motor jump-landing tasks. Instead, decision-making failures may emerge
task-specific overload in cognitive—motor integration when attention and perceptual resources are
challenged. Future studies should extend this work by capturing neural activity during dynamic,
ecologically valid tasks and by exploring how fluctuations in cognitive engagement relate to

performance stability.
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CHAPTER SEVEN

GENERAL DISCUSSION

The purposes of this dissertation were to (1) evaluate cognitive-motor impairments that
persist after ACLR, (2) determine the correlation between clinical dual-task tests relative to
laboratory-acquired second ACL injury risk biomechanics for cognitive-motor interference, (3)
investigate the effects of unbalanced landings and cognitive challenge on outcomes related to
primary ACL injury risk, and (4) examine whether individual differences in cognitive performance
and neural activation were associated with decision-making success during unanticipated,
challenging jump-landing tasks. These aims were accomplished through five studies (Table 9).
Chapter 1 assessed whether cognitive challenge exacerbates residual biomechanics deficits
following ACLR compared to healthy controls and demonstrated persistent altered knee
biomechanics even after return-to-sport clearance. Chapter 2 evaluated whether clinically
implementable dual-task hop tests reflect laboratory-based ACL injury risk biomechanics,
revealing the potential clinical relevance of subjective experiences in the rehabilitation process.
Chapter 3 investigated unbalanced landings and available time to react, showing that decision-
making pressure and temporal constraints produce the highest-risk movement patterns and that
failed movements should not be removed from biomechanical analysis. Chapter 4 explored
whether individual differences in cognitive performance (attention control and reaction time)
predict errors in unanticipated landings, highlighting that cognition contributes but is not singularly
determinative of safe movement execution. Finally, Chapter 5 examined neural activation using
fNIRS to determine whether cortical engagement during attention control predicts landing

outcomes, suggesting that neural activation during stationary attention control is not correlated
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with the decision-making during challenging jump-landing tasks. Collectively, these five studies
advance the understanding of the role of cognitive-motor in ACL injury risk, emphasizing the need
for a multifactorial approach. Effective prevention and rehabilitation should therefore address not
only biomechanical factors and movement patterns but also the underlying cognitive—motor

processes that influence neuromuscular control.
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Table 10: Summary of chapters in this dissertation

Chapter Purpose / Focus Main Findings Key Contribution Recommendations

Examine ACLR group showed  Identifies baseline
whether persistent KEM vulnerability after Include cognitive-motor

1— ACLR " . .

o, cognitive asymmetry risk — ACLR and shows assessments in post-ACLR

Cognitive- .. . o
challenges unaffected by cognitive-motor evaluations; longitudinal

Motor . .. . . .

. . expose persistent  cognitive task type; demands add risk, studies are needed to link
Biomechanics . i, S .. o .
Stud neuromechanical unanticipated justifying cognitive- cognitive-motor function to

y deficits after demands reduced loaded RTS ACLR outcomes.
ACLR pKFA for both groups  assessments
Supports clinical Consider all aspects of
relevance of cognitive tasks in clinical
Determine considerin aspect by looking at single
. DTC was not S g pect by £ ge
. . whether clinical - . individual dual, and dual-task change
2 — Clinical predictive; direct .
dual-task hop performance; values (Figure 24) and see
Dual-Task . dual-task .
tests predict emphasizes the overall performance of
Tests vs. Lab performance showed . . ..
. . dual-task . ) . performance under patient, while recognizing
Biomechanics . . fair correlations to risk .. . L .
biomechanical . . cognitive load is more  limitations of relying solely
. biomechanics ) . .
risk informative than on DTC metrics
difference-score
metrics
Demonstrates that Include unbalanced trials
. n ful when evaluating risky kn
Evaluate Unbalanced trials = Lnsuccessiu en evaluating risky xnee
. . . landings and mechanics; Future study on
3 — Healthy  influence of highest-risk knee .
o . temporal pressure unbalanced trials on ACLR
Athletes: cognitive mechanics; ATR . . .
. reveal risk of injury group, and study in a sport
Unbalanced demands and explained .
.o mechanisms — field or add VR for
vs. Successful  unbalanced deterioration under . ..
. . foundation for cognitive task
landings cognitive challenge o
neurocognitive-
temporal model
I A
Test whether Isolated cognitive Weak corr elatlgn could
o . be meaningful in smaller
4 — cognitive tasks such as attention . .
.. Only weak . correlation coefficients
Cognition —~  performance o . control did not
. . associations; attention . [168-170] = Add more
Decision- (attention, . predict performance . ..
. L not sufficient to . . participants + revisit the
Making reaction time) . . during challenging . .
. ; predict failures >, design of the study with
Errors predicts landing cognitive—motor . .
. focusing on AC during
failures movements
movement
Indicates that risk
. occurs during
5 — Neural Lm.k P Fefrontal No significant movement under Add EEG anq study on
e . activation . . neural activation during
Activation — correlations: neural cognitive load —
. . (fNIRS . movement + more
Decision- . efficiency may mask supports need for .
. Attention C s participants to have a
Making variability in skilled neural assessment .
Control Task) to . . smaller correlation
Errors athletes during dynamic

motor failures

tasks, not isolated
cognition

coefficient [168-170]

Abbreviation: KEM: knee extensor moment; DTC: dual-task cost; pKFA: peak knee flexion
angle; RTS: return to sports; ATR: available time to react; fNIRS: functional near-infrared
spectroscopy. Neural activation during isolated cognitive tasks did not predict performance
during challenging cognitive—motor movements.
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Across all five studies, this dissertation established that cognitive—motor demands
fundamentally shape neuromuscular control and ACL injury risk in both post-reconstruction and
healthy athletes. The first two studies of this dissertation focused on the effect of cognitive—motor
function on second ACL injury risk following ACLR. Collectively, these findings demonstrate that
individuals with ACLR continue to exhibit altered neuromechanical control and persistent
asymmetries during sport-like jump-landing tasks even after clinical return-to-sport clearance. The
first study revealed that ACLR participants displayed greater knee extensor moment asymmetry
across all cognitive conditions, indicating ongoing mechanical vulnerability. Although cognitive
challenge did not exacerbate between-group differences, unanticipated landings universally
reduced peak knee flexion angle and induced stiffer, risky movement patterns across all
participants. From a multivariable perspective, these results suggest additive risk: baseline
asymmetries in ACLR individuals may compound with the generalized stiffening observed under
cognitive demand, highlighting how rapid decision-making can magnify neuromuscular
inefficiency during real-world sport scenarios (Figure 23). These findings highlight that the
interaction between cognition and motor functions can reveal underlying deficits that remain

undetected during traditional, predictable assessments.
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Figure 23: Multivariable perspective of injury risk of the current dataset. Peak knee flexion angle
(pKFA) and asymmetry of knee extensor moment at initial contact (KEM-Asym-IC) during
anticipated and unanticipated conditions (average of three unanticipated conditions) for the ACLR
(ACLR) and matched healthy controls (HC) groups. Arrows indicate group-specific shifts in
outcome variables between anticipated and unanticipated conditions.

Building on these observations, the second study explored whether clinical dual-task hop
tests can capture cognitive-motor interference patterns observed in laboratory biomechanics.
Contrary to the initial hypothesis, derived dual-task cost metrics demonstrated limited
correspondence with laboratory measures of cognitive-motor performance, whereas absolute
single- and dual-task outcomes showed stronger associations with key biomechanical indicators
of second-injury risk. This suggests that absolute performance during cognitively demanding tasks,
rather than change-based dual-task costs, may provide a more reliable reflection of underlying
neuromuscular control (Figure 24). These results also revealed that task-specific cognitive

demands can influence motor responses, although considerable overlap between single- and dual-
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task performance suggests that well-trained athletes may maintain relatively stable neuromuscular
control across conditions. This finding underscores that while cognitive load can alter motor
execution in certain contexts, individual resilience or task familiarity may mitigate these effects.
Together, these two studies highlight the importance of incorporating cognitive—motor elements
into both assessment and rehabilitation frameworks after ACLR, while recognizing that task
complexity and athlete skill level can influence the degree of observed cognitive—motor
interference. A multidimensional approach, incorporating measures of motor capacity, task-
specific performance under cognitive load, and individual variability in cognitive-motor
interference, may offer a more valid and personalized framework for identifying athletes at

elevated reinjury risk and optimizing their return-to-sport readiness.
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Figure 24: Prospective theoretical framework for comprehensive evaluation of patient cognitive-
motor function. Complementary perspectives from single-task, dual-task, and dual-task cost
outcomes, each defined by composite factors determined from performance on multiple clinically
tests. A. Evaluate motor capacity using various hop and strength tests (e.g., ST-MSH: traditional
single-task medial side hop; ST-TH: traditional single-task triple hop, isokinetic strength), with
hypothetical weightings defined by wst!, etc. B. Assess ‘real-world’ performance via a composite
metric defined by performance on multiple cognitive-motor tests (e.g. DT-MSH: Dual-task Medial
Side Hop weighted by wpr'; DT-TH: Dual Task Triple Hop weighted by wpr?; additional tests
having respective weightings (wpr")). The approach may circumvent reliability and test-specific
pitfalls of relying on dual-task change/cost metrics from isolated clinical tests to ultimately be
more robust in understand cognitive-motor function in rehabilitation programs. C. Probe for
maladaptive visual-compensatory strategies using dual-task change outcomes across multiple
cognitive-motor tests. Notably, insights afforded by B and C are likely enhanced by first ensuring
adequate performance on A. Additionally, optimal sets of clinical tests and their relative
weightings for each composite factor would need to be determined through future research.
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The next three studies of this dissertation extended the cognitive—motor framework to
examine how failures in decision-making, cognition, and neural engagement contribute to ACL
injury mechanisms in healthy population. Chapter 4 demonstrated that unbalanced landings are
not random outliers but rather represent meaningful performance breakdowns that expose elevated
biomechanical risk. Across both balanced and unbalanced trials, cognitive challenge amplified
frontal-plane knee loading (increased pKAbA and pKAbM), which elevates ACL risk, but also
increased sagittal plane motion, suggesting a compensatory increase in knee flexion to maintain
stability under decision-making pressure. In contrast, studies examining unanticipated run-to-cut
tasks, which involve single-limb movement, have reported reduced knee flexion and greater
stiffness, indicating that anticipatory limitations in unilateral movements may constrain sagittal-
plane motion more severely [171, 172]. Importantly, when average time-to-react was modeled as
a covariate, condition effects diminished, indicating that the limited time available for movement
preparation, rather than cognitive load alone, drives much of the observed mechanical risk. This
finding suggests that unbalanced landings offer valuable insight into the limits of perceptual-motor
control. It also emphasizes that reaction time constraints interact with attention demands to shape
neuromuscular control. From a practical standpoint, this interaction implies that interventions
designed to reduce ACL injury risk should incorporate time-pressured decision-making
movements that simultaneously challenge perceptual speed and motor planning. From a research
perspective, future work should integrate neural and behavioral metrics under varying time
constraints to quantify how reduced preparation windows alter cortical activation, motor
coordination, and joint loading. In general, including these unsuccessful trials, rather than

discarding them, yields a more representation of sport-specific behavior and highlights the need
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for prevention programs that train athletes to maintain safe movement patterns under time-
pressured and cognitively demanding conditions.

Chapters 5 and 6 advanced this model by linking behavioral and neural indices of cognitive
performance to motor outcomes. Chapter 5 showed that although attention control scores modestly
correlated with decision-making success in the complex jump-landing task, much of the variance
in failure rates remained unexplained by static cognitive metrics alone. These results indicate that
cognitive—motor integration during dynamic movement depends on multiple interdependent
domains rather than isolated cognitive capacities. Chapter 6 further explored this relationship by
comparing cortical activation during an attention-control task with behavioral performance in
unanticipated landings. Although no significant correlations emerged, the direction of effects
suggested that greater prefrontal engagement may support better motor decision-making. The
absence of strong associations likely reflects both the high competence of the athletic cohort and
the challenge of relating neural efficiency measured during seated tasks to behavior during
explosive, full-body movements. Collectively, Chapters 4-6 advance a comprehensive
neurocognitive—temporal model of ACL injury risk, positing that brief disruptions in attention or
processing time during high-demand movements, not chronic deficits alone, precipitate the
neuromechanical errors that increase ACL loading. This framework bridges biomechanics,
cognitive neuroscience, and rehabilitation science, underscoring the importance of integrating
cognitive-motor and neural measures into future injury-prevention, assessment, and return-to-sport
protocols.

Together, these studies advance a neurocognitive—temporal model of ACL injury risk that

integrates biomechanics, cognition, and neural function into a combined framework. By bridging
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controlled laboratory biomechanics, clinical dual-task assessments, and neural activation
approaches, this work highlights the importance of cognitive—motor function in understanding
ACL injury as a multifactorial condition. In this model, risk is conceptualized not as a static trait
but as a dynamic state of vulnerability, one that fluctuates with attentional resources, task
complexity, and time pressure. Chapters 4 through 6 particularly underscore that failed or
unbalanced performances, often discarded in traditional analyses, reveal critical moments when
cognitive load exceeds available processing capacity, leading to maladaptive movement strategies.
Meanwhile, Chapters 2 and 3 show that such breakdowns persist even after rehabilitation,
emphasizing the insufficiency of return-to-sport testing focused solely on symmetry or strength
restoration. Integrating these perspectives positions ACL injury as a problem of cognitive—motor
adaptability: the athlete’s ability to sustain efficient, flexible neuromuscular control when faced
with competing cognitive and temporal demands. This synthesis not only reframes how injury
mechanisms are conceptualized but also underscores the translational need to merge

biomechanical and cognitive evaluations in both research and clinical practice.

Future Directions and Next Steps

The next phase of this research should pursue longitudinal and multimodal approaches to
establish how neural, cognitive, and biomechanical markers jointly predict injury and recovery
trajectories. Future studies should employ concurrent motion capture, electromyography, and
neuroimaging (e.g., fNIRS or EEG) during more complex and ecologically valid movement tasks
to directly characterize neural-motor coupling under heightened cognitive-motor challenge. This
need is reinforced by behavioral evidence showing that attention control tasks (e.g., Flanker,

Stroop, Simon) often yield only small-to-moderate associations with performance accuracy (r =
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0.20-0.40) [168-170], highlighting the need for future studies to recruiting larger samples and
revisiting task design to better capture meaningful variability in attention control tasks. The clinical
relevance of such small-to-moderate magnitude correlations will also need to be evaluated in future
studies. Incorporating virtual reality (VR) environments will allow researchers to simulate
authentic sport scenarios that require rapid visual processing and decision-making, thereby
improving the ecological validity of laboratory paradigms [173-176]. In addition, it is critical to
extend incorporating VR to ACLR populations by examining failed and unbalanced movements,
which may reveal subtle neuromechanical and neurocognitive deficits that remain undetected in
traditional analyses. Developing portable, real-time systems capable of monitoring both neural
activity and movement quality will enable continuous, in-field assessment of athletes during
training and rehabilitation. From a translational perspective, intervention studies that combine VR-
based decision-making, inhibition control, and perceptual-motor training should be implemented
to determine whether enhancing cognitive-motor integration can reduce asymmetry, stiffness, and
failure during cognitive-motor challenging tasks. Expanding this framework to diverse groups,
including female athletes, youth participants, and more professional athletes, will further clarify
the mechanisms of cognitive—motor resilience. Ultimately, the long-term goal is to develop
rehabilitation models that not only restore joint function but also strengthen brain—body
coordination, allowing athletes to perform safely and effectively when under cognitive and time

demands.
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General Conclusion

This dissertation provides converging evidence that ACL injury risk cannot be fully
explained by mechanical factors alone, highlighting the critical role of cognitive—motor integration
in understanding when and how high-risk movement patterns emerge. Taken together, the studies
presented advance a neurocognitive—temporal framework that integrates biomechanics, cognitive
science, and neuroscience to explain the temporal interplay between cognition and motor control
during sport-related movement. Rather than proposing a wholly new model, this framework builds
on existing neurocognitive theories that link attention or decision-making errors to altered
movement mechanics [26, 34, 36, 121], extending them by using different cognitive challenges
and looking at behavioral failure under task demands.

This work also aligns with dynamical systems perspectives, which view movement
stability as the result of interactions between the brain, body, and environment [177, 178]. From
this standpoint, ACL injury can be seen as a temporary loss of stability, where brief lapses in
attention or timing lead to mechanical failure.

Translationally, these findings advocate for the integration of cognitive—motor and
neurophysiological assessments into return-to-sport testing, injury-risk screening, and
neuromuscular training. Future research should expand on this framework through longitudinal,
multimodal designs that track how neural, cognitive, and mechanical markers evolve across
recovery and training. Ultimately, this body of work contributes to a broader paradigm shift in
sports biomechanics, from restoring movement form to optimizing the underlying brain—body
processes that enable athletes to perform safely and effectively under cognitive and temporal

constraints.
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Supplemental Table A1: Number of good and missed trials among all participants in each
condition and each group

AVERAGE OF
ALL
NUMBER OF GOOD COLLECTED AVERAGE OF
TRIALS (OUT OF 175 PERCENT TRIALS AMONG MISSED TRIALS
(35 PARTICIPANT X5 MISSED ALL AMONG ALL
CONDITION GROUP TRIALS)) TRIALS PARTICIPANTS  PARTICIPANTS
NAD HC 175 1+5% 5.1£0.3 0.1+£0.3
ACLR 174 0.00+0.03% 5.0+£0.2 0.03+0.17
NAF HC 175 2+6% 5+0 0.1+0.4
ACLR 175 2+6% 5.1+0.4 0.1+0.4
VAM HC 175 6+11% 5.4+0.9 0.4+0.8
ACLR 150 12+18% 5.0£1.3 0.6+0.8
VUF HC 177 24+18% 7.0+1.8 2.0£1.9
ACLR 156 22+17% 5.9+1.5 1.4+1.2
AUD HC 175 12+17% 5.9+1.3 0.9+1.4
ACLR 164 12+13% 5.4+1.3 0.7+£0.9
AUF HC 176 19+£20% 6.7+2.1 1.6£2.1
ACLR 172 12£16% 5.7x1.4 0.8+1.3

Note: For each condition, 5 good trials were collected; however, some trials were removed due to
issues in post processing, and for a few participants extra trials were collected to make sure enough
trials would be acceptable (HC: Healthy Control, AR: ACLR group).
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Supplemental Table A2: Confirmatory analysis for available time to react to unanticipated
directional cues and memory task

Group VUF AUD AUF VAM
Available Time to React (msec) HC 248 (51) 376 (81) 347 (75) 258(76)
ACLR 239 (58) 353(77) 335(76) 236 (57)

note: AUD and AUF times include ~100 msec audio file duration.



175

Supplemental Table A3: Average variables for each group and limb for Knee Extensor Moment

at initial contact (KEM-IC), normalized to body weight and height in percentage (%BW-HT)
Inv-KEM-IC (%BW- Uninv-KEM-IC (%BW-

Condition Group HT) HT)
NAD HC 0.75+0.98 0.78 £0.86
ACLR 0.71£0.93 1.07 £1.08
NAF HC 0.74 £ 0.89 0.74 £ 0.94
ACLR 0.75+1.09 1.15+1.22
VAM HC 0.76 +£0.81 0.84 +£0.82
ACLR 0.80 £ 1.05 1.15+£1.28
VUF HC 0.76 +1.09 0.79 £0.87
ACLR 0.76 £0.93 1.12£1.16
AUD HC 0.80 +0.97 0.70 +£0.89
ACLR 0.73 £1.00 1.21£1.25
AUF HC 0.90 +1.08 0.88+0.90
ACLR 0.83 +1.00 1.30+1.30

Abbreviations: HC: Healthy Control, ACLR: ACLR group, Inv: Involved limb, Uninv:
Uninvolved limb, NAD: Baseline, no visual constraint, NAF: Baseline with visual constraint,
VAM: Anticipated secondary direction with visual working memory task, VUF: Visual
unanticipated, AUD: Auditory Unanticipated, AUF: Auditory unanticipated with visual constraint.
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Supplemental Table A4: p-values for linear mixed effect models for second ACL injury

predictors with different analysis approaches.

Group*Conditio
Random Effect Covariates  Group Condition R2a4j
n

Uni-HRot-Imp Pair Included 0.005 0.929 0.754 37%
KEM-Asym-IC Pair Included <0.001 0.999 0.764 45%
Inv-KADbA- Pair Included

0.149 0.777 0.744 53%
range
Uni-HRot-Imp Individuals Not included  0.147 0.647 0.267 72%
KEM-Asym-I1C Individuals Not included  0.012 0.966 0.399 76%
Inv-KADbA- Individuals Not included

0.493 0.084 0.034 91%
range
Uni-HRot-Imp Individuals Included 0.174 0.753 0.346 72%
KEM-Asym-IC Individuals Included 0.005 0.985 0.396 76%
Inv-KADbA- Individuals Included

0.607 0.038 0.069 91%
range

Abbreviation: Uni-HRot-Imp: Uninvolved hip rotation net moment impulse; KEM-Asym-IC:
Limb asymmetry in knee extensor moment at initial contact normalized to body weight and height;
Inv-KAbA-range: Range of knee abduction angle for the involved limb (p<0.05/3 = 0.0166
considered as significant).
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Supplemental Table AS: p-values for linear mixed effect model analysis for general ACL injury

predictors with different analysis approaches.

Random Effect Covariates Group Condition Group*Condition R,
pKFA Pair Included 0.151 <0.001 0.999 52%
pKAbA Pair Included 0.069 0.956 0.986 54%
pKAbBM Pair Included 0.225 0.929 0.940 49%
pKFA Individuals Not included 0.293 <0.001 0.967 91%
pKAbA Individuals Not included 0.35 0.61 0.512 96%
pKAbM Individuals Not included 0.985 0.127 0.514 90%
pKFA Individuals Included 0.486 <0.001 0.962 91%
pKAbA Individuals Included 0.400 0.665 0.499 96%
pKAbM Individuals Included 0.866 0.215 0.490 90%

Abbreviation: pKFA: peak knee flexion angle; pK AbA: peak knee abduction angle; pK AbM:

peak knee abduction moment normalized to body weight and height (p<0.05/3 = 0.0166

considered as significant).
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Supplemental Table A6: Average variables for each group and condition for contralateral ACL
injury predictors variables.
CL-KFA CL-HFA

Contact Stiffness
Condition Group © © Time (s) (N/[m*Kg])
NAD HC 83.7+114 86.7 £ 14.1 0.53 £0.13 62.3 £28.9

ACLR 86.4 £ 8.5 935+11.6 0.58+0.12 62.0+17.9

NAF HC 824+10.7 849+144 052+0.12 63.5+278

ACLR 87.2+8.2 92.6+125 0.62+0.14 59.6+16.9

VAM HC 784+11.7 785+141 048+0.12 704+293

ACLR 82.4+83 873+13.0 0.55+0.12 69.9+21.8

VUF HC 77.7+7.7 79.5+11.4 0.54+0.13 70.1 £26.1

ACLR 81.0+7.8 87.1+139 058+0.11 749+213

AUD HC 77.3+£9.1 81.3+126 051+0.12 71.4+29.1

ACLR 79.6 £8.4 87.0+115 054+0.12 77.0+20.6

AUF HC 77.2+8.1 79.6+11.5 0.52+£0.13 70.6+£264

ACLR 80.5+7.4 86.9+124 0.56+0.12 752+19.7

Abbreviation: CL-KFA: contralateral limb knee flexion angle; CL-HFA: contralateral limb hip
flexion angle.
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Supplemental Table A7: Linear mixed effect model analysis for contralateral ACL injury
predictors with different analysis approaches. Presented outcomes are p-values.

Random Effect Covariates Group Condition Group*Condition R,
CL-KFA Pair Included <0.001 <0.001 0.948 38%
CL-HFA Pair Included <0.001 <0.001 0.982 41%
Contact Time Pair Included <0.001 <0.001 0.393 50%
Stiffness Pair Included 0.437 <0.001 0.598 39%
CL-KFA Individuals Not included 0.095 <0.001 0.462 87%
CL-HFA Individuals Not included 0.014 <0.001 0.656 90%
Contact Time Individuals Not included 0.039 <0.001 0.007 84%
Stiffness Individuals Not included 0.727 <0.001 0.052 85%
CL-KFA Individuals Included 0.050 <0.001 0.450 87%
CL-HFA Individuals Included 0.011 <0.001 0.638 90%
Contact Time Individuals Included 0.052 <0.001 0.012 84%
Stiffness Individuals Included 0.830 <0.001 0.032 85%

Abbreviation: CL-KFA: Contralateral knee flexion angle; CL-HFA: Contralateral hip flexion angle
(»<0.05/3 = 0.0166 considered as significant).
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Supplemental Table A8: Average + standard deviation variables for each group and condition for

post-hoc multivariable (based on z scores)
Condition Group Composite Z-Score

NAD HC 0.39+£0.83

ACLR 0.02+£0.74

NAF HC 0.28 £0.73
ACLR -0.08 +0.80
VUF HC 0.06 £ 0.63
ACLR -0.25+0.74
AUD HC 0.17£0.67
ACLR -0.32+0.77
AUF HC 0.10£0.75
ACLR -0.33+£0.71

Abbreviations: HC: Healthy Control, ACLR: ACLR group, NAD: Baseline, no visual constraint,
NAF: Baseline with visual constraint, VAM: Anticipated secondary direction with visual working
memory task, VUF: Visual unanticipated, AUD: Auditory Unanticipated, AUF: Auditory
unanticipated with visual constraint.
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Supplemental Table A9: Linear mixed effect model analysis for multivariable perspective of
injury risk with different analysis. Presented outcomes are p-values.

Random Covariates
Group Condition Group*Condition R,
Effect
Composite Z-Score Pair Included <0.001 0.013 0.866 60%
Composite Z-Score Individuals Not included 0.023 <0.001 0.552 87%
Composite Z-Score  Individuals Included 0.022 <0.001 0.505 86%

Abbreviation: CL-KFA: Contralateral knee flexion angle; CL-HFA: Contralateral hip flexion angle
(»<0.05 considered as significant).
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APPENDIX B

Supplemental Materials of Chapter 3
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Dual-Task Change Lab VS Clinical Tests
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Supplemental Figure B1: Correlogram for dual-task change (DTC) for primary ACL injury

predictors and overall performance in drop vertical jump, and clinical tests (TH: Triple Hop, MSH:
Medial Side Hop).
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Patient Reported Outcomes VS Clinical Tests
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Supplemental Figure B2: Correlogram of relationship between Patient Reported Outcomes (PROs)
and clinical tests (TH: Triple Hop, MSH: Medial Side Hop, hop distances normalized to leg length,
DTC: dual-task change, DT: dual task, ST: single task, Inv: Involved limb, Uninv: Uninvolved
limb).
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Supplemental Figure B3: (A) Correlogram for single-task variables (ST) for primary ACL injury
predictors and overall performance in drop vertical jump in ST jump landing and clinical tests. (B)
Correlogram for dual-task variables (DT) for primary ACL injury predictors and overall
performance in drop vertical jump in DT jump landing and clinical tests (*: p-adj of correlation
<0.05, **: p-adj of regression with gender as a covariate <0.05, ***: p-adj of regression with
gender and jump height as covariates <0.05).



Supplemental Table B1: Average + Standard deviation of clinical tests and lab drop vertical

Jump tests variables (*: Significant difference of p-value <0.05)

Clinical values ST DT DTC (DT -ST)
MSH-Inv [%L] 1.08+0.3 1.07£0.3 -0.005+0.11
MSH-Uninv [%L] 1.12+0.33 1.1£0.31 -0.024+0.1
TH-Inv [%L] 4.91+0.99 4.55+0.89 -0.36+0.35*
TH-Uninv [%L] 5.03£1.03 4.73+0.86 -0.3+0.5*

Lab values

PKFA [°] 80.2+7.5 76.5+7 -3.9+3%*

PKADA [] -13.5+6.6 -13.6+£6.5 -0.3£2.1

PKAbM [%BW-HT] 3.4+1.3 3.6x1.4 0.2+0.6*

Jump height [m] 0.3440.08 0.334+0.08 -0.008+0.02*
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Supplemental Table B2: Number of good and missed trials among all participants
AVERAGE OF ALL AVERAGE OF

COLLECTED MISSED TRIALS

PERCENT MISSED TRIALS AMONG ALL AMONG ALL

VALUES TRIALS PARTICIPANTS PARTICIPANTS
ST-LAB 0+0% 5+0 0+0
DT-LAB 21+17% 59+1.4 1.3£1.2
ST-MSH-Inv 214+21% 4.2+£2.0 1.2+£2.0
ST-MSH-Uninv 21+19% 4.1+1.4 1.1£1.4
DT-MSH-Inv 18+19% 3.9+1.1 0.9+1.1
DT-MSH-Uninv 13+£18% 3.7+1.0 0.7£1.0
ST-TH-Inv 16£17% 3.8+0.9 0.8+0.9
ST-TH-Uninv 15£17% 3.7£0.9 0.7+0.9
DT-TH-Inv 26+19% 4.3+1.1 1.3£1.1
DT-TH-Uninv 24+20% 4.3+1.3 1.3£1.3

Note: For the hop test 3 good trials were collected for each limb (total of 36 participants x 3 = 108
for each limb) and for dual-task lab test 5 good trials were collected, however some trials removed
due to issues in post processing, therefore 160 trials were used out of 180 (36 participants x 5)
trials. (TH: Triple Hop, MSH: Medial Side Hop, DT: dual task, ST: single task, Inv: Involved limb,
Uninv: Uninvolved limb).
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Supplemental Table B3: Correlations between single task (ST) and dual task (DT) of clinical
tests and lab drop vertical jump tests variables (N: Newton, m: meters, s: second, BW: body
weight, HT: height, %L: normalized to the leg length)

CLINICAL VALUES-ST CLINICAL VALUES-DT CORRELATION P-VALUE
ST-MSH-Inv [%L] DT-MSH-Inv [%L] 0.94 <0.001
ST-MSH-Uninv [%L] DT-MSH-Uninv [%L] 0.955 <0.001
ST-TH-Inv [%L] DT-TH-Inv [%L] 0.934 <0.001
ST-TH-Uninv [%L] DT-TH-Uninv [%L] 0.897 <0.001
LAB VALUES-ST LAB VALUES-DT

ST-Uni-HRot-Imp [N.m.s/kg] DT-Uni-HRot-Imp 0.712 <0.001

[N.m.s/kg]
ST-KEM-Asym [%BW-HT] DT-KEM-Asym [%BW-HT] 0.771 <0.001

ST-Inv-KAbA-range [°] DT-Inv-KAbA-range [°] 0.906 <0.001
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APPENDIX C

Supplemental Materials of Chapter 4
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Supplemental Table C1: Average number of trials for each condition

Number of Trials Percentage from all Trials
Condition (Average + Standard Deviation)  (Average + Standard Deviation)

All - Simple 17.12+3.59 -

Failed - Simple 4.48+3.5 25.06 + 16.81

Good Right limb- Simple 2.24+1.11 14.01 £ 8.06

Unbalanced Right limb - Simple 2.85+1.6 16.46 + 8.34
All - Complex 22.02+4.37 -

Failed - Complex 7.97+4.72 3426 £16.91

Good Right limb - Complex 2.97+1.33 14.27+7.24

Unbalanced Right limb - Complex 3.63+2.01 16.51 £ 8.82
All - Baseline 11.71£1.95 -

Good Right limb - Baseline 3.00+0.39 26.37+5.47

1.07+1.31 8.10 + 8.82

Unbalanced Right limb - Baseline
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Supplemental Table C2: Distribution of all successful, unbalanced and failed trials

Successful Trials Unbalanced Trials Failed Trials
(Average + Standard (Average + Standard (Average + Standard
Condition Deviation (%)) Deviation (%)) Deviation (%))
Baseline 78.58 + 14.34 21.22 £14.47 0
Simple 4231+ 14.12 32.80 £11.97 25.06 £ 16.81

Complex 31.89 £12.08 33.24 +£14.75 34.26 +16.91
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