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Abstract 

Background: The high incidence of anterior cruciate ligament (ACL) injuries in 

sports suggests an involvement of both biomechanical and neurocognitive risk 

factors. Athletes are constantly exposed to challenging sports scenarios, which 

are often characterised by high-intensity movements combined with a multi-

stimuli environment and continuous psychological pressure. Post-injury loss of 

knee proprioception and long-term injury-associated neuroplasticity arguably 

place an athlete in a disadvantage when coping with such situations when 

returning to sports (RTS). This is postulated to contribute to a high rate of re-

injuries, seen despite achieving RTS eligibility. Psychological factors such as re-

injury fears and anxieties are also suggested to influence central sensorimotor 

processing and to therefore play a role in the generation and control of functional 

movements. Their assessment is however based on suboptimal tools, particularly 

when administered to the athletic population. In general, current clinical 

assessments focus primarily on coarse outcome measures while disregarding 

aspects such as multi-joint control and the influence of psychological aspects on 

motor performance. This thesis focuses on the role of proprioception and re-

injury anxiety on functional movement control following ACL injury and 

reconstruction (ACLR), with implications for risks of re-injury.  

Methods: This thesis is comprised of four cross-sectional studies (Papers I-IV), 

that stem from two data collections performed in a motion analysis laboratory. 

Paper I introduces a novel obstacle clearance test aimed to functionally assess 

proprioception and sensorimotor control. The goal of the test was to cross an 

obstacle, downward vision occluded, aiming for minimal foot clearance. 

Individuals following ACLR and rehabilitation were compared to both mildly 

active uninjured persons (CTRL) and elite athletes (ATH). A kinematic analysis, 

using 3D motion capture, included estimates of lower limb movement accuracy, 

variability and symmetry. Paper II evaluates knee proprioception among the 

same individuals using a weight-bearing knee joint position sense (JPS) test, and 

outcomes were compared with associated outcomes from the obstacle clearance 

test. Paper III explores whether self-reported fear of re-injury is manifested in the 

biomechanics (kinematics and electromyography) of a standardised rebound 

side-hop test (SRSH). An ACLR group was stratified into high-fear and low-fear 

subgroups based on one discriminating question, and compared also to uninjured 

controls. In Paper IV, a threat-conditioning test paradigm is introduced, aiming 

to invoke and measure a neurophysiological arousal response to movement-

related fear, among uninjured individuals. Conditioned auditory stimuli were 

occasionally followed by unexpected perturbations of the base of support, and 

compared with neutral stimuli. Electroencephalography was continuously 
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registered and event-related potentials were explored as potential anxiety 

biomarkers.  

Results: Kinematic asymmetry was observed for the ACLR group during 

obstacle crossing, both for individual joints and for multi-joint movement and 

velocity curves. In addition, trailing leg trajectory variability during higher 

obstacle crossings was lower for ACLR compared to both control groups. The less 

physically-active CTRL group demonstrated less crossing accuracy (larger 

obstacle distances and JPS errors) compared to both ACLR and ATH. Moderate 

positive correlations were observed between knee JPS absolute errors and 

obstacle distances, for the injured leg of the ACLR group only. Individuals with 

ACLR, classified as having high fear, demonstrated higher biceps femoris 

amplitudes and anterior-posterior co-contraction index during landing. Side-hop 

performance was also distinguishable for ACLR (regardless of fear allocation) 

with greater hip and knee flexion, while high-fear individuals also had more trunk 

flexion. Perturbation-related fearful response was reflected as a high-amplitude 

contingent negative variation (CNV) wave in response to conditioned compared 

to neutral stimuli. The CNV wave was observed over all electrode cites but most 

significantly over frontal and central cortical areas. 

Conclusions: Even following rehabilitation, individuals with ACLR showed 

unique sensorimotor function, characterised by less trajectory variability and 

greater multi-joint asymmetry when proprioception was challenged (i.e., 

downward vision occluded). However, knee JPS did not seem to be deficient 

among these individuals, but instead more related to physical activity, than to the 

ACLR history. Correlations to JPS errors, seen exclusively for the ACLR leg might 

suggest a tendency to focus attention more internally when crossing an obstacle 

(generally an external focus task), though this should be investigated further. 

Higher levels of self-reported fear of re-injury were manifested in the 

biomechanics of side hops, with seemingly stiffer landings and protective 

neuromuscular strategy. This has potential implications for joint degeneration 

hastening as well as reduced motor adaptability, implying a risk for re-injury. 

Finally, the balance-perturbation test paradigm seemed to provoke threat-

associated arousal in the form of a CNV wave among uninjured individuals. The 

CNV wave should further be explored as a potential biomarker for re-injury 

anxiety. Future research should implement this paradigm on individuals with 

different levels of self-reported movement-related fears and anxieties, striving for 

a more holistic approach in rehabilitation following ACLR.   
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Svensk sammanfattning  

Bakgrund: Den höga förekomsten av främre korsbandsskador (ACL-skada) i 

sport tyder på en inblandning av både biomekaniska och neurokognitiva 

riskfaktorer. Idrottare utsätts ständigt för utmanande idrottsscenarier som ofta 

kännetecknas av komplexa rörelser i en miljö med många olika stimuli och även 

psykologisk press. Förlust av knäproprioception efter ligamentskadan och 

långvariga neuroplastiska förändringar utgör en utmaning för idrottare i sådana 

situationer efter återgång till idrott (RTS). Detta antas bidra till den höga 

frekvensen av sekundära skador, trots att man uppfyllt kriterierna för RTS. 

Psykologiska faktorer som t.ex. rädsla eller oro för sekundära skador antas också 

påverka central sensorimotorisk bearbetning och därför spela en roll i hur 

funktionella rörelser genereras och kontrolleras. Bedömning av rädsla för skada 

är dock en utmaning och baseras vanligen på suboptimala verktyg, särskilt när de 

används för elitidrottare. Nuvarande kliniska bedömningar utgår främst från 

grova utfallsmått samtidigt som man bortser från flerledskontroll och 

psykologiska aspekter på motorisk prestation. Denna avhandling fokuserar på 

betydelsen av proprioception och rädsla/oro för sekundär skada med avseende 

på funktionell rörelsekontroll efter ACL-skada som behandlats med 

rekonstruktion (ACLR) och rehabilitering.  

Metoder: Avhandlingen består av fyra tvärsnittsstudier (delarbeten I-IV), som 

härrör från två datainsamlingar utförda i ett rörelseanalyslaboratorium. 

Delarbete I introducerar ett nytt test där man kliver över ett hinder med så litet 

avstånd som möjligt och utan information från nedre synfältet. Testet syftar till 

att funktionellt bedöma proprioception och sensorimotorisk kontroll. Individer 

med ACLR och rehabilitering jämfördes med två kontrollgrupper av icke-skadade 

individer; moderat aktiva personer (CTRL) samt elitidrottare (ATH). En 

kinematisk analys, med 3D motion capture, inkluderade rörelsenoggrannhet, 

variabilitet och symmetri i nedre extremiteterna. Delarbete II utvärderar 

knäproprioception hos samma individer med hjälp av ett viktbärande 

knäledspositionstest (JPS), och resultaten jämfördes med motsvarande resultat 

från hindertestet. Delarbete III undersöker om självrapporterad rädsla för ny 

skada tar sig uttryck i biomekaniken (kinematik och elektromyografi [EMG]) i ett 

standardiserat s.k. ”rebound side-hop”-test (SRSH). En ACLR-grupp delades in i 

två undergrupper: de med hög rädsla respektive de med låg rädsla baserat på en 

diskriminerande fråga, och dessa grupper jämfördes även med personer utan 

ACL-skada (CTRL). I delarbete IV som är en metodologisk studie introduceras ett 

testparadigm med kraftiga balansstörningar som syftar till att framkalla och mäta 

neurofysiologiskt svar på eventuell rörelserelaterad rädsla/oro. Metodstudien 

fokuserar på oskadade individer. Konditionerade hörselstimuli följdes ibland av 

en snabb förskjutning av den plattform som testdeltagaren stod på, och detta 



iv 

jämfördes med neutrala stimuli utan efterföljande förskjutning. 

Elektroencefalografi registrerades kontinuerligt och händelserelaterade 

potentialer undersöktes som potentiella biomarkörer för ökad 

uppmärksamhetsgrad möjligen förknippade med oro för rörelse/ny skada. 

Resultat: Kinematisk asymmetri observerades för ACLR-gruppen under 

hindertestet, både för enskilda leder och för flerledsrörelse- och 

hastighetskurvor. Dessutom var variabiliteten i det efterföljande benets bana för 

högre hinder lägre för ACLR jämfört med båda kontrollgrupperna. Den mindre 

fysiskt aktiva CTRL-gruppen visade både lägre noggrannhet under klivet över 

hindret (större hinderavstånd) och JPS-fel jämfört med både ACLR och ATH. 

Måttliga positiva korrelationer observerades mellan absoluta fel i knä JPS-testet 

och hinderavståndet i det funktionella testet endast för det skadade benet i ACLR-

gruppen. Individer med ACLR och hög rädsla, visade högre biceps femoris EMG 

amplitud samt högre anterior-posterior co-kontraktion index under landning vid 

sidohoppet. Sido-hoppsprestanda kunde också särskiljas för ACLR (oavsett 

rädsla) med större höft- och knäböjning, medan individer med hög rädsla också 

hade mer bålböjning. I balansstörningstestet återspeglades möjlig rörelserädsla 

vid EEG-mätningarna som en hög-amplitud betingad negativ variation (CNV) 

våg som svar på konditionerade jämfört med neutrala stimuli. CNV-vågen 

observerades över alla elektrodplaceringar men var mest framträdande över 

frontala och centrala kortikala områden. 

Slutsatser: Även efter rehabilitering uppvisade individer med ACLR en 

avvikande sensorimotorisk funktion, kännetecknad av mindre rörelsevariabilitet 

och större asymmetri i flera leder när proprioceptionen utmanades (dvs. när 

nedre synfältet var blockerat). Knäledspositionskänslan verkade dock inte vara 

nedsatt bland dessa individer, utan större fel associerades snarare till lägre grad 

av fysisk aktivitet än till ACLR-historik. Korrelationer till JPS-fel, som endast ses 

för ACLR-benet, kan tyda på en tendens att fokusera uppmärksamheten mer 

internt när man korsar ett hinder (vanligtvis en extern fokusuppgift), även om 

detta bör undersökas ytterligare. Högre grad av självrapporterad rädsla för ny 

skada uttrycktes i biomekaniken under sidohoppen, med till synes styvare 

landningar och en neuromuskulär strategi för att skydda knäleden. Detta har 

potentiella konsekvenser för påskyndande av leddegeneration samt minskad 

motorisk anpassningsförmåga, vilket kan innebära en risk för ny skada. Slutligen 

framkallade testparadigmet med balansstörningen en slags hot-associerad ökad 

uppmärksamhetsgrad i form av en CNV-våg, hittills bara testat på oskadade 

individer. CNV-vågen bör ytterligare utforskas som en potentiell biomarkör för 

oro för ny skada. Framtida forskning bör implementera detta paradigm på 

individer med olika nivåer av självrapporterad rörelserelaterad rädsla/oro, i 

strävan efter ett mer holistiskt tillvägagångssätt i rehabilitering efter ACLR där 

psykologiska aspekter tydligt vägs in. 
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Acronyms & Abbreviations 

The abbreviations below are found in the main text.  

ACL Anterior cruciate ligament 

ACLR Anterior cruciate ligament reconstruction 

ACL-RSI Anterior cruciate ligament return to sport after injury (scale) 

AE Absolute error 

AMI Arthrogenic muscle inhibition 

ANOVA Analysis of variance 

ANCOVA Analysis of covariance 

ATH Uninjured elite athletes 

BMI Body mass index 

BOLD blood-oxygen-level dependent 

CCI Co-contraction index 

CNV Contingent negative variation 

CS Conditioned stimulus 

CTRL Uninjured controls 

COM Centre of mass 

CNS Central nervous system 

DI Dissimilarity index 

DOF Degrees of freedom 

EEG Electroencephalography 

EMG Electromyography 

ERP Event-related potential 

fMRI Functional magnetic resonance imaging 

GPA Generalized procrustes analysis 

IKDC International knee documentation committee 

IPAQ International physical activity questionnaire 

JPS Joint position sense 

KOOS Knee osteoarthritis outcome score 

LPP Late positive potential 

OC Obstacle clearance 

PROM Patient reported outcome measures 

PT Physiotherapy 

RTS Return to sport 

SRSH Standardised rebound side hop 

TSK Tampa scale for kinesiophobia 

TTDPM Threshold to detect passive motion  

VE Variable error 
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Definitions 

Sensorimotor control1 – a complex, integrated process that involves 

obtaining sensory information from the periphery and processing it within an 

elaborate neural network with the end-result of producing coordinated 

movement.  

Sensorimotor function – The expression of sensorimotor control within the 

context of functional tasks, under real-world scenarios (including sports 

situations).   

Fear2 – An intense emotion aroused by the detection of imminent identifiable 

threat.  

Anxiety3 – An emotion characterized by feelings of tension and worried 

thoughts. Unlike fear, anxiety is not a response to an identifiable trigger but is 

more of a widespread and long-term response.  
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Thesis at a glance  

Paper I. Performance of a newly developed obstacle clearance test for the 

detection of functional deficits in sensorimotor control among ACL-injured 

individuals that had undergone reconstructive surgery and rehabilitation 

(ACLR), compared with both non-athletic and athletic uninjured controls (CTRL 

and ATH, respectively). Analysis included outcomes related to accuracy, 

variability and symmetry.  

Groups:  

ACLR, n = 37  

CTRL, n = 23 

ATH, n = 18  

 

 

Paper II. Performance in a weight-bearing knee joint position sense test and 

comparison with a functional obstacle clearance test, among individuals 

following ACLR and rehabilitation, compared to uninjured controls, both non-

athletic and elite athletes.  

Groups:  

ACLR, n = 34 

CTRL, n = 23  

ATH, n = 18 
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Paper III. Performance of a standardised rebound side-hop test and the 

identification of fear-associated biomechanical characteristics as well as patient-

reported outcomes, among individuals after ACLR (stratified into two subgroups 

depending on levels of self-reported fear of re-injury), compared with uninjured 

controls. Subgrouping of fear was based on one discriminating question (Q9, 

TSK-17).  

Groups:  

ACLRHIGH-FEAR, n = 21 

ACLRLOW-FEAR, n = 17 

CTRL, n = 39 

 

 

Paper IV. A novel balance perturbation paradigm designed to invoke a 

conditioned arousal response to movement-related anxiety, measured using 

electroencephalography (EEG). Event-related potentials were explored as 

potential biomarkers to re-injury anxiety.  

Participants:  

Uninjured, n = 10 
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Preface 

Growing up, I was never the physical type. I never would have imagined becoming 

so involved in movement-related research, let along sport injuries. It was around 

the age of 20 that I first discovered the benefits of sports. First squash and later 

Capoeira. The latter also introduced me to sporting injuries, which ignited my 

interest and later pushed me to become a physiotherapist. After graduating from 

Tel-Aviv University, I started my physiotherapy carrier treating musculoskeletal 

conditions as well as working with athletes in soccer and American football teams. 

As a clinician, I kept being reminded that our profession is scientific/evidence-

based. However, I often failed to see this in the current state of the health system, 

which is what eventually pushed to becoming a scientist. My master’s degree at 

Tel-Aviv University under the supervision of Prof. Dario Liebermann marked my 

first debut into biomechanics and motor control. I became interested in applying 

this line of research particularly in the field of sport injuries. I later started 

working as a research coordinator at Sheba Medical Centre, where I first 

experienced “scientific work” – designing experiments, writing research 

proposals and presenting at international conferences. Although my research was 

mainly inclined towards Parkinson’s disease and the elderly population, I never 

forgot my original interest in sport-related science. To my enthusiasm, I was 

made aware of a lab in northern Sweden, run by Prof. Charlotte Häger, that 

studies anterior cruciate ligament (ACL) injury-related biomechanics and 

sensorimotor control. I applied for a PhD position and was thrilled to be accepted 

and embark on this amazing journey.  

The unbelievable amount of research related to ACL injury always amazes me. 

Moreover, the term sensorimotor function is in my opinion one of the most 

overused terms in the ACL literature. While it holds within it a plethora of entities 

and related concepts, too often is it wrongly simplified, and the resulting research 

thus misses crucial details. Incidentally, returning to sports following an ACL 

injury is still far from assured, the rate of recurring injuries is unreasonably high 

and long-term consequences like early osteoarthritis are common. In this thesis 

I attempt to break-down this term by focusing on the role of proprioception and 

re-injury anxiety on functional control of movements. A novel obstacle clearance 

test was designed to functionally evaluate proprioception and sensorimotor 

control. Joint position sense was also assessed using a weight-bearing test. The 

impact of self-reported fear of re-injury on movement biomechanics was explored 

and a neurophysiological measure of re-injury anxiety was developed. With this 

work I hope to further contribute to ACL injury prevention and management by 

encouraging both researchers and clinicians to change their view on 

proprioceptive assessment, functional performance and fear-related 

psychological constructs. 
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Introduction  

The anterior cruciate ligament  

Anatomy and basic function 

The anterior cruciate ligament (ACL) is one of four main knee ligaments, along 

with the posterior cruciate, medial and lateral collateral ligaments.4 The primary 

role of these ligaments is to passively restrain the motion of the knee in different 

directions. The ACL in particular restricts anterior tibial translation combined 

with tibial internal rotation.5,6 Its origin is the posterior part of the inner surface 

of the lateral femoral condyle, from which it runs anteromedially and attaches 

distally to the lateral side of the medial tibial spine.7 The ligament can be roughly 

divided into two main bundles – anteromedial and posterolateral – which 

presumably have different functional roles and relative contributions to knee 

stability depending on their relative tension in different knee positions.7 

However, the role of the ACL spans beyond merely being a passive stabiliser. It is 

also a sensory organ, with its fibres containing mechanoreceptors and thus 

playing a role in the neural control during lower-limb movements.  

A proprioceptive organ  

Proprioception can be briefly defined as the sense with which we perceive the 

location, movement, and action of parts of our body,8 and is a key component in 

the control of movement.9,10 Moreover, somatosensory information, particularly 

proprioception, is a prominent contributor to the sense of body ownership11 – the 

knowledge of which parts of the perceived world belong to the individual and 

which are external. An umbrella term, proprioception includes within it the 

senses of position, movement, speed, force and heaviness.12  

A subgroup of mechanoreceptors, responding to non-noxious stimuli in 

particular, is active with regards to proprioception, and are present in muscles, 

tendons, joint capsule, skin and ligaments.13 While it is commonly acknowledged 

that the stretch-sensitive muscle spindles, located within skeletal muscles, are the 

main contributors to limb position sensation,12 contributions are also evident 

from sensors inside the tendons, joint capsules, skin and ligaments.12,13 The 

presence of proprioceptors in the ACL is well documented,14-16 particularly those 

involved in two pertinent proprioceptive sub-components: kinaesthesia, defined 

by some as an awareness of joint movement (i.e., a dynamic phenomenon), also 

known as a threshold to detect passive motion (TTDPM); and joint position sense 

(JPS), defined as the awareness of the location of the joint in space, at a given 

time.17 The ACL receptors, Ruffini nerve endings and Pacinian corpuscles, thus 

provide ongoing feedback about the position, state and movement of the knee 
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joint. In fact, it has been shown that artificially stimulating the ACL receptors 

influences the muscular activity around the knee, confirming a reflexive action 

facilitated by the ACL as a proprioceptive organ.18 In particular, these receptors 

are sensitive to hyper-extension19 as well as to flexion greater than 30o.20  

Proprioceptive input is central in the control of voluntary movements, as signals 

from receptors inside the muscles, joints and ligaments are constantly being 

utilised to modulate motor commands and thus regulate movement.9,13 These 

receptors are therefore merely the distal part of the “sensorimotor chain”, in 

which the control of movement is mediated within an elaborate neural network 

characterised by a hierarchically structured central nervous system (CNS).21  

Up the chain – the sensorimotor system  

Human motor activity involves daily functioning within a constantly changing 

environment. This requires adapting everyday movements to events (either 

external or internal) resulting in the disturbance of the normal characteristics of 

movement.22 Constant movement control is achieved by continuously obtaining 

and processing sensory information (mainly visual, somatosensory and 

vestibular) to form an internal representation of both the world and the state of 

the body.23 The CNS utilizes this information to perform appropriate predictions 

and corrections of voluntary movement through both feedback and feedforward 

modes of control.22,24 While this is the case for all voluntary actions, these 

corrections and predictions are particularly challenging during sporting 

activities, in which task demands are often overwhelming and external factors 

such as other players and unexpected environmental conditions require fast 

reactions.25 The sensorimotor system is comprised of sensory organs, motor 

output generators, neural pathways and central processing centres.9  

Central processing 

Sensorimotor processing is the result of synchronised activity among spinal, 

subcortical and cortical levels.9,26 Through these levels, sensorimotor processes 

result in reflexive, rhythmic and voluntary motor output.27 While the CNS is 

hierarchical in nature, sensory input from multiple sensory modalities is 

processed in different areas that work in parallel,27 until it is eventually integrated 

in higher centres of the CNS hierarchy.26  

On a spinal level, neuronal circuits mediate both reflexive activity; e.g., the stretch 

reflex which is facilitated by muscle spindle activity,28 and rhythmic movements, 

such as locomotion.27 Although reflexes are stereotypical in nature, descending 

pathways from higher neural centres often inhibit reflex responses depending on 

the context of the behaviour.27 The second level is the brainstem,29 which 
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integrates input from the three main sensory modalities (vision, vestibular and 

somatosensory). This integration mainly contributes to the control of posture26 

and to the generation of stereotypic motor output. The highest level of the 

sensorimotor integration hierarchy is located in the cerebral cortex. It is widely 

spread in the high-order association areas, and while each area is concerned with 

a certain sensory modality or cortical function, all eventually form a network of 

interconnected structures that contribute to the generation of motor output. In 

the anterior association areas, cognitive judgement plays a role, contributing to 

the generation of an eventual motor plan.27 Emotions and memory are also 

processed in the limbic associations area and contribute to the overall output.21 It 

is thus in these areas that information rooted in psychological constructs (which 

affects both the emotional state and cognitive inference) can potentially influence 

the process of sensorimotor integration and subsequent motor output.26  

An adaptable system 

The Bernstein problem 

The elementary question of how we control movement has been the subject of 

research and debates over decades.30 In the midst of the 20th century, Nikolai 

Bernstein identified what he defined as the problem of motor redundancy.31 The 

problem can be illustrated by his early work into motor control, in which he 

investigated how professional blacksmiths bang a chisel with a hammer. He 

noticed that the more skilled blacksmiths exhibited high inter-trial variability in 

their upper limbs’ joint rotations, yet the trajectory of their hammer was relatively 

consistent, when compared to more novice controls.31,32 Bernstein also described 

this phenomenon as “repetition without repetition”31, i.e., the same outcome is 

continuously being achieved through repetition, even though the exact movement 

is never repeated. In order to solve a goal-directed task, multiple patterns emerge 

with the same final outcome. This is naturally expected since a moving segment 

generally has more degrees of freedom (DOF) than required to perform a task. 

How then does the brain choose a specific solution to a problem out of the many 

existing movement patterns? This problem extends beyond the observation of 

multi-joint kinematics, as one also simultaneously controls multiple muscles and 

motor units.30,33 This basically means that motor tasks can be adequately 

performed using an infinite number of solutions.33,34 Yet, a solution is still being 

chosen, which is done unconsciously. In fact, thinking about how the individual 

joints move or which muscles to contract can actually interfere with the 

performance.27,35 A common approach suggests that that the CNS creates an 

“optimal solution” to a particular task demand.30,36 This of course raises the 

question of the nature of the optimisation. What is considered to be an optimal 

solution? Conversely, others argue that in contrast to robots, the concept of 

optimization is not applicable to the sensorimotor control of biological systems. 
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This view suggests that the CNS is continuously testing the acceptable limits of 

task performance, through trial and error, resulting in a repertoire of “good-

enough” (rather than optimal) motor skills.37  

Variability in movements 

The principle of abundance33 states that the sensorimotor system does not try to 

eliminate DOF. All available DOF are utilized in different task contexts, which 

leads to the creation of “families of solutions”, thus ensuring movement stability 

against unexpected conditions.33 Coming back to Bernstein’s example,31 

according to the principle of abundance, variability of the elements of the system 

(in the Bernstein example, the upper limb joints rotating) is not a detrimental 

feature of motor function. It is instead a necessity, as it allows stabilizing the end-

effector (the hammer in Bernstein’s example).33 A skilled performer would find a 

solution to a problem by utilizing his/her inherent abundance of DOF, based on 

the task goal (e.g., different instructions38) and the resulting interaction with the 

environment.39 This is how the CNS adapts itself to the context of the task, a 

crucial mechanism particularly during sports situations.40,41  

Conversely, following an injury, this adaptation might not be fully utilized, which 

implies an insufficient ability to deal with uneven grounds, other players in the 

field or altered muscular output due to fatigue or other pre-existing injuries.25 In 

fact, decreased movement variability has been observed following an ACL 

injury,42,43 particularly for those who have suffered more than one injury.42  

ACL injury 

Epidemiology  

Primary injury risk 

An ACL tear is one of the most common injuries in sports.44 Annual incidence 

ranges from 30 to 78 per 100,000 persons,45-49 around 70% occur during sports 

participation50 and has estimated annual average cost of $1 billion in the US.51 

Females generally have a 3-fold greater risk to get injured, than males 

participating in the same sport,52 which is largely attributable to biomechanical 

differences between the sexes (e.g., increased knee abduction moment during 

landings).53 However, male athletes seem to have in fact a greater incidence of 

ACL injuries, which may be due to more males participating in higher risk sports 

(e.g., football, basketball).54 Consequently, additional risk factors are the type of 

sport and level of competition.55 It is widely reported that most injuries occur 

during competition rather than during practice.56-59 It was however also shown 

that injuries are equally likely to occur during the first and fourth quarters of a 

match, and even during the first or second halves of a season.60 A more recent 
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study found that both the first and final months of a competitive season feature a 

particularly high ACL injury incidence rate.61 In terms of type of sport, contact 

and collision sports are generally reported to have a high incidence of ACL 

injuries,57,62 although the rate of ACL injuries is likewise high in limited-contact 

sports such as alpine skiing57 and noncontact sports that include high-impact 

landings (e.g., gymnastics).63 The list of ACL injury risk factors further includes 

anatomical, genetic, hormonal, and environmental factors. However, more 

dynamical risk factors (i.e., either extrinsic or intrinsic factors related to the 

current performance) will be in focus for the following introduction. 

Recurrent ACL injuries  

One of the most concerning issues in ACL-injury management is the high 

occurrence of recurrent ACL injuries, especially in the first five years following 

ACL reconstruction (ACLR).64 A systematic review by Wiggins et al.,65 including 

19 studies and a total of more than 20,000 cases, has reported a total secondary 

injury rate of 15%. However, reports from individual investigations reach as high 

as 35% for persons younger than 20 years of age.66 Returning to high levels of 

sport activity is particularly considered to be a risk factor of secondary injuries, 

which in most cases occur in the early period after return to play. In fact, the risk 

among young athletes who return to sports is 30-40 times greater than uninjured 

adolescents.65 In addition, an ACL injury in the contralateral knee is reportedly 

even more common, predominantly among female compared with male 

athletes.67 At five years or more following ACLR, the risk of a secondary ACL 

injuries is reportedly twice as high in the contralateral side than that of the ACL 

graft in the ipsilateral knee.68 This is especially true among those who return to 

moderate or strenuous physical activity, whose risk of a contralateral injury then 

increases by a factor of 10 compared to uninjured persons.64 This risk is not 

necessarily mitigated by completing rehabilitation and passing return to sports 

(RTS) test batteries (see further section: Functional assessments and RTS 

criteria). A 2016 study by Sousa et al.69 found that individuals with early RTS 

eligibility (based on strength and functional testing) seemed to have a greater risk 

of contralateral injuries, compared to those with delayed RTS. It therefore 

appears that in spite of ample research and clinical practice,70,71 ACL-injury is still 

far from being properly manageable.  

ACL tear – A sensorimotor injury 

 “…during that final game, something unexpected happened. As he dribbled the 

ball through the midfield, past several defenders on his way to the goal, Mike 

cut sharply back and forth to weave in and out of the opposing players. The 

cheers of the crowd were abruptly silenced, though, when he suddenly buckled 

to the ground.”  
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(From: A Soccer Story: Torn ACL Symptoms On the Field of Play72).  

The anecdote illustrates a typical ACL injury scenario. One should note that 

nobody hit Mike or applied an external force directly to his knee. He instead 

suffered a non-contact injury, which occurred following repeated changes of 

direction, executed in the presence of other (distracting) players and the stress of 

a final game with a cheering crowd. These factors apparently resulted in an 

overwhelming of the central nervous system (CNS),58 which “allowed” the knee 

to reach a dangerous position without the proper muscle activation required to 

resist the landing/pivoting forces – resulting in ligament rupture. 

Injury mechanism - biomechanics 

Indeed, either non-contact or indirect contact mechanisms – the latter is defined 

as contact to the athlete but not directly to the knee73 – account for 70-88% of 

ACL injuries.50,73,74 A recently published systematic review and meta-analysis59 

found that in ball-sports, the proportion of non-contact injuries to all ACL 

injuries is 55% and is higher in female compared to male athletes. Landing and 

cutting manoeuvres are predominantly risk-associated tasks,55,58 which involve 

dynamic loading conditions that lead to ACL failure such as shear forces acting 

upon the anterior tibia, combined with knee abduction and internal rotation 

moments of the tibia under axial impact.75 High-impact forces further increase 

the landing load on the knee, which is positioned in a ligament-endangering 

position.76 Additional biomechanical factors include reduced knee flexion at 

initial ground contact,77 increased knee extension moment78 and increased knee 

valgus angle79 and moment.80  

Injury mechanism – cognitive load 

Naturally, not all risky movement patterns result in an injury. Athletes also 

perform intensive training regimes which should theoretically result in expert-

level performance, less susceptible to being injured during their respective sport. 

Risk factors can thus span beyond the pure biomechanical nature and instead 

consist of other predisposing factors that may inadvertently increase the 

likelihood of reaching biomechanically risky scenarios.81 One such factor is 

neuromuscular fatigue, suggested to result in altered biomechanics through 

central mechanisms.81 However, given the equal likelihood of an injury 

happening in the beginning and the end of a game, the role of physical fatigue in 

the mechanism of injury has been questioned.60 In fact, although a large amount 

of research exists on training-induced physical fatigue,82 no consistent effects on 

kinematics and kinetics were reported.83 Subsequently, it has been proposed that 

fatigue is caused not only due to physical exertion but is driven by cognitive and 

psychological factors.82 Cognitive elements such as decision-making and divided 

attention were shown to influence landing biomechanics and subsequent risk of 
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injury.55,58 It was further suggested that physical fatigue and decision-making 

complement each other and result in an overload of central processing 

mechanisms.84 Comparable situations in fact predominate ACL injury scenarios, 

as was vastly observed in video analyses of ACL injuries.73,85-87 Boden et al., 

(2009) for example, reported 96% of ACL injuries occurring when another player 

was in close proximity to the injured individual.87 The constant need for fast 

decision-making and divided attention further increases the cognitive load, 

particularly during competition scenarios.58 Athletes are constantly required to 

respond to multiple stimuli under pressure and with often insufficient time to 

react. This results in them altering their movement patterns, adapting to limited 

reaction-time constraints and to unexpected distractions.88 As such, protective 

roles of the neuromuscular system may indivertibly be “pushed aside”, leading to 

injury when combined with risk-associated biomechanical conditions. It was also 

suggested that a predisposition to non-contact injuries exists, based on decreased 

neurocognitive function.89 In a 2007 investigation, Swanik et al. found that 

athletes that had suffered a non-contact ACL injury exhibited lower reaction 

times and processing speeds in neurocognitive tests.89  

It would seem that a combination of biomechanical cognitive factors places a 

person at risk for an injury. These factors arguably become even more prominent 

following an injury due to a cascade of events, leading to long-term deficiencies 

in sensorimotor control. 

The injury cascade  

The moment of the injury marks the beginning of a series of physiological 

processes that set the course for future developments and potential 

complications. As will be made clear in the following section, the mechanical 

element will not be in focus here but rather the neuromuscular implications of an 

ACL tear. In response to the initial tissue damage, joint effusion and an 

inflammatory response dominate the earlier stages following an injury. Due to a 

physical detachment of the ligament, there is consequently a loss of sensory 

afferents signals and instead, nociception becomes the predominant sensory 

input from the joint.90 A phenomenon that often follows is a diminished ability to 

contract the uninjured muscles, surrounding the injured joint. This phenomenon 

is termed arthrogenic muscle inhibition (AMI) and predominantly affects the 

quadriceps muscle.91 Early after an injury, afferent nociceptive signals contribute 

to the inhibition of the quadriceps motor neuron pool.92 Quadriceps reflexive 

activity is reportedly decreased in the first three months following ACL injury, 

which negatively affects the recovery of muscle strength during that period and 

in the following months.93 As the pain and knee joint effusion diminish over time, 

so does spinal excitability of the quadriceps motor pool appear to normalise over 

six months following ACLR.94 However, with disrupted sensory input from the 
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knee and early AMI, longer-term sensorimotor changes are theorized to further 

fixate with involvement of supra-spinal mechanisms.95-97 With knee 

proprioception being affected, sensorimotor processing is postulated to rely more 

on visual feedback and planning.96 Movement compensations are often the result 

of months of rehabilitation with subsequent altered sensorimotor processing,95-97 

possibly contributing to an inclination to future injuries.  

ACL injury management 

An ACL injury can be treated conservatively or with surgical intervention. 

Regardless, physiotherapy is prescribed, with treatment starting directly after the 

injury, (preoperatively if reconstructive surgery is planned)98,99 aiming to restore 

full range of motion (ROM), muscle strength, in particular the quadriceps100 and 

functional knee stability. The decision whether or not to operate mainly depends 

on functional status and patient expectations. A 2020 investigation of 223 ACL-

injured persons101 found that the most cited reasons for opting to undergo ACLR 

are impaired knee function, fear of increased symptoms and perceived knee 

instability (“giving way episodes”). Nowadays, ACLR is becoming more common 

with almost 80% of the injuries in the USA reportedly resulting in surgery102 while 

in Sweden, 50-60% of cases are treated with ACLR.103  

Post-reconstruction rehabilitation guidelines vary across countries and clinics. 

They can generally be divided into acute and subacute phases, followed by 

functional progression which eventually leads to gradual return to physical 

activity.104 A 2016 consensus statement99 has concluded that despite an 

abundance of literature, the final results of ACLR rehabilitation lack distinct 

parameters and thus an optimal rehabilitation protocol does not yet exist. A 

general recommendation is to start rehabilitation as early as possible105 with 

emphasis on early mobility98 while regaining full ROM, lower extremity and core 

strength and neuromuscular control.106 Recently, neuromuscular training 

programs107-109 have become more prevalent, ones that emphasise core stability, 

whole-body exercises, working on unstable surfaces, and thus challenging the 

sensorimotor system. Rehabilitation period is recommended to continue for 9-12 

months, depending on the final return-to-work/sport goals of the patient.99 It is 

however emphasised that rehabilitation phases would be primarily based on 

specific clinical and functional milestones, rather than on time alone.105 Although 

patients are typically expected to return to sports 12 months after surgery,105,110 a 

2017 opinion article has strongly advocated for delaying this decision to a 

minimum of 24 months post-surgery, given that accumulated evidence shows 

that biological and functional deficits are still evident by that time.111  
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Physical consequences of an ACL injury 

Despite advanced surgical techniques and rehabilitation protocols, treatment 

outcomes are far from optimal. Injury consequences range from pain, discomfort 

and giving-way sensations, loss of muscle strength, reduced balance,113 decreased 

functional114-116 and sport-specific performances,117 lower self-reported function 

and reduced overall quality of life.118 In particular, low muscle weakness and 

between-legs asymmetry, have a toll on both reported and functional 

performance upon returning to pre-injury activity levels.119 Long-term 

consequences are also common. A recent investigation assessed individuals more 

than 20 years following an ACL injury and found residual deficits in muscle 

strength,120 balance in single-limb stance,113 decreased physical activity and 

poorer knee-related quality of life.116 The risk for developing early debilitating 

osteoarthritis (at 30-50 years of age121) is also high after an injury, regardless of 

whether or not reconstructive surgery was included.122-125 A recent systematic 

review concluded that individuals are 4 times as likely to develop knee 

osteoarthritis in the injured knee compared to non-injured knees, even more so 

with concomitant meniscal injuries.125 This outcome highlights the need for 

research into sensorimotor deficits, including muscle weakness and resulting 

mechanical stress leading to gradual overload of the knee joint and ultimately 

resulting in cartilage loss.126 

A major expectation after an ACLR is being able to return to physical activity on 

a similar level as prior to the injury.127 Unfortunately, RTS after an injury is far 

from guaranteed, despite high expectations and physical improvements.128-132 A 

meta-analysis by Ardern et al.131  has shown that despite 81% of individuals post-

ACLR returning to some level of sports, only 65% had returned to participating 

in the same sport, and only 55% returned to competing at the same level. 

Following rehabilitation, adhering to RTS criteria presumably ensures a safe 

capability to transition into sport-specific training and returning to play. These 

criteria are based on biological healing, physical readiness – determined 

following various test batteries (see following section: Functional assessments 

and RTS criteria) and psychological readiness to return to sport.105 The latter, 

affected by a patient’s competence, autonomy and relatedness,133 is arguably a key 

factor influencing post-rehabilitation sports and recreational activities. In fact, 

the impact of psychological factors on RTS after an ACL injury has been 

highlighted,130,134 in particular low knee self-efficacy and fear of re-injury that are 

negatively associated with RTS. Psychological factors are however not necessarily 

being properly addressed in ACL-injury management, which may be due to an 

abundance of related concepts and terminologies used in the literature, which 

poses difficulties in defining and quantifying the levels of a particular 

psychological construct.  
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Psychological consequences and fear-related constructs 

The consequences of an ACL injury span beyond merely physical.135 Psychological 

distress,136 mood changes,137,138, anxiety139 and depression140,141 are often reported 

after ACL injury and reconstruction. Most commonly, low knee self-efficacy142,143 

and confidence144 are recognised to lead to either conscious or unconscious fear-

avoidance behaviour.145,146 It has been noted that post-injury athletes experience 

concerns regarding their sense of competence and their abilities to rise to pre-

injury standards.133 Several fear-related constructs are consequently being noted 

in the ACL literature, although inconsistently. As some of them refer to the 

trigger for the fear (e.g., “fear of movement”), others mainly reflect the 

effect/consequence of the fear-related trigger (e.g., “fear of re-injury”). 

Noticeably, some terms are used synonymously despite referring to different 

constructs. Some constructs may also be considered inappropriate to use, due to 

limited relevance to ACL injury, as will be explained below.  

Kinesiophobia, fear of re-injury and reported consequences 

The term kinesiophobia was coined by Kori, Miller and Todd in 1990. It was 

defined as “an excessive, irrational, and debilitating fear of physical movement 

and activity resulting from a feeling of vulnerability to painful injury or re-

injury”.147 In its essence, this construct emphasizes pain as the damaging outcome 

of excessive movement. As such, patients suffering from chronic pain were 

primarily the target of such a diagnosis.148 Other pain-dominant conditions in 

which kinesiophobia is reported include chronic fatigue syndrome and 

fibromyalgia,149 patellofemoral pain,150 and knee arthroplasty.151 A full definition 

is rarely mentioned and the term kinesiophobia is thus being directly translated 

into “fear of movement”. Subsequently, it is commonly used in the ACL literature, 

more than any other fear-related construct.144,152-156 Sports injuries hold however 

further individual significance to athletes beyond the mere threat of pain. In fact, 

pain levels are reportedly low or non-existent at the time of RTS after ACLR.157 

Kvist et al.,158 have addressed this issue by adjusting the widely use Tampa scale 

of kinesiophobia (TSK) to the ACL-injured population, by replacing the word 

‘pain’ to more ACL-relevant language (e.g., knee trouble). This version is arguably 

preferable to the original and has been used by others.130 An additional 

questionnaire was developed and used by Ardern et al.,132 based on an existing 

model of psychological responses to sporting injuries and combined with some 

ACL-specific questions from the ACL-quality of life questionnaire.159 Finally, a 

more task-specific tool was developed by van Lakveld et al.160 It was designed to 

evaluate ‘fear of harm’ of specific tasks (e.g., squats, lunges, single-leg jumps, 

jumping on a trampoline, pivoting movements) through photographical 

assessment. Nevertheless, these examples are rare and the pain-centered version 

of the TSK (both long and short versions) currently dominates the ACL literature. 
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A well-established implication of self-reported fear of re-injury is its negative 

impact on post-rehabilitation sports participation. A meta-analysis by Ardern et 

al.129 concluded that fear of re-injury was the most commonly cited reason for 

either modifying or entirely avoiding sports participation following ACLR. This is 

also supported by later studies with regards to post-injury kinesiophobia/fear of 

re-injury.130,153 A recent systematic review by Bakhsh et al.161 found moderate 

evidence that higher levels of self-reported kinesiophobia among individuals after 

ACLR are associated with worse functional performance. This was suggested to 

pose an indirect explanation to its influence on RTS, as functional tests such as a 

single-leg hop for distance and more are also considered predictors of RTS.162,163 

Fear of re-injury following ACLR was also found to be associated with drop-jump 

biomechanics, as demonstrated by Trigsted et al.,164 who found either positive or 

negative correlations between different biomechanical outcomes to TSK score. 

This line of research requires however further investigation, using test paradigms 

that are more reflective of injury-relevant movements, which potentially would 

elicit a greater fear response.  

A recent quantitative content analysis165 used an open-ended questionnaire to 

identify injury-related fear in post-ACLR athletes, rather than merely focusing on 

the intensity of the fear. They found common fear-related concepts being “quick 

response to the opponent”, “ball-related play”, “jump-landing”, “contact”, 

“athletic movement” and “loss of balance”. Many answers to the questionnaire 

depended on the particular sport practiced by the athlete, prompting a need to 

adjust the tested fear paradigms in rehabilitation and in research to become more 

sport-relevant.  

Re-injury anxiety and the risk of re-injury 

Unlike fear, which is an emotional reaction to a concrete threat,2 anxiety is a state 

characterized by feelings of tension and worried thoughts that are not locked to a 

direct threatening stimulus. It is more future-oriented compared to fear which is 

present-oriented.3 Notably, the term anxiety is more accurate even when 

referring to kinesiophobia, being more descriptive of a state of worrying about 

future events that might result in an injury (see ‘definitions’ section at the 

beginning of the thesis for a clear distinction). Although referred to less 

frequently, re-injury anxiety, which is not revolved around pain, is defined as: 

“worries over the possibility of an injury recurring after an initial injury of the 

same type and location”.166 Moreover, it has been noted by Walker et al.166 that 

concerns regarding re-injury are affected by previous experience, the severity of 

the injury and rehabilitation time. In this sense, they are associated with learning 

and social processes, as opposed to fear which is a fundamental biological 

mechanism.167 Anxiety is generally related to the subjective evaluation of threat 

to, e.g., physical danger,168 and has been hypothesised to induce a more internal 
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focus of whole-body movements.169 Individuals that had suffered a major sports 

injury often become preoccupied with physical sensations arising from their 

injured part during performance.170 These sensations, perceived sometimes as 

signs of impending injury, may result in decreased biomechanical efficiency and 

less attention to performance-related details.170 Fearful/anxious athletes are also 

prone to distractibility and consequently to an increased risk of re-injury133 (see 

previous section: “injury mechanism – cognitive load”). Therefore, 

paradoxically, by focusing on the knee and attempting to avoid excessive 

movements, injured persons may instead put themselves at an even bigger risk of 

getting re-injured. 

Neurophysiological assessment of fear and anxiety 

Both re-injury fears and anxieties are known to result in physiological changes or 

arousal responses.166,171 Arousal, is defined as “a state of excitement or energy 

expenditure linked to an emotion.”172 In particular, cortical arousal responses to 

fearful stimuli may provide real-time approximation of certain fears and 

anxieties.173 A common research technique utilizes electroencephalography 

(EEG) to record the stereotypical electrocortical responses to different emotional 

constructs. These signals, known as event-related potentials (ERP), are defined 

as the summation of electrical post-synaptic potential from a population of 

neurons, averaged across numerous trials and synchronized to an event.174 The 

event (typically a visual / auditory cue) corresponds to an experimental condition 

associated with either a cognitive or emotional construct, which is then reflected 

in an elicited ERP component (i.e., certain part of the ERP waveform, defined by 

its latency and polarity).174 This technique has previously been implemented 

among spider/phobic175,176 and pain-sensitive individuals,177 by exposing them to 

fear-relevant visual stimuli (i.e., pictures of painful situations or spiders, 

respectively). A similar design was recently implemented on ACL-injured persons 

by exposing them to pictures of ACL injuries,178 albeit with similar cortical 

response to general aversive pictures and no differences compared to uninjured 

controls. Alternatively, fear-conditioning paradigms, have been used to evoke a 

threat-sensitive ERP response, for example by conditioning participants to 

associate an auditory stimulus with impending electric shocks.179 A particular 

ERP component known as the contingent negative variation wave (CNV) has 

primarily been related to anticipatory attention in its early onset and eventually 

to motor preparation.180,181 It has been particularly suggested as a neural correlate 

reflecting anxiety-dependent changes in cognitive preparation to quick motor 

responses.182,183 These properties imply that it has potential as biomarker for 

movement-related fears and anxieties (e,g., kinesiophobia, re-injury anxiety). 

However, these constructs have not yet been subjected to such an investigation 

and to date are still evaluated entirely using subjective outcomes measures.  
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Functional assessments and RTS criteria 

Clinically administered tests 

Patients improve at different paces following an injury regardless of the selected 

treatment.105 Extensive clinical test batteries are routinely being administered 

after different rehabilitation milestones to evaluate different aspects such as 

muscle strength,184 range of motion,104 knee laxity,106 balance185 and function.186-

188 Of those, knee function is generally considered more complex by nature, as 

oppose to distinct elements such as strength or laxity. Self-reported function is 

assessed using standardised questionnaires,112,186,189 which also evaluate the 

current knee symptoms, future functional expectations, psychological factors and 

overall quality of life. These have value in setting up rehabilitation goals and in 

providing information regarding the patient’s well-being. However, when it 

comes to determining RTS eligibility, more dynamic assessments take centre-

stage. Termed “functional tests”, they aim to simulate either activities of daily 

living or more advanced sport-relevant manoeuvres. Functional tests thus 

provide an estimation of the patient’s current status in the context of complex 

movements. They are the main screening tools before transitioning to the next 

rehabilitation stage and eventually prior to resuming sports participation.114,190  

RTS criteria  

While variable to some extent, most RTS test batteries include three test 

domains:191 1) Muscle strength testing, mainly the quadriceps;69,192,193 2) Self-

reported measures of knee symptoms, perceived knee function and quality of life; 
192,194,195 and 3) Functional assessments, particularly hop tests. When it comes to 

function, hop tests are commonly considered more challenging, involving greater 

loads on the knee and high-demanding of the sensorimotor system. Common hop 

tasks include the single leg hop for distance,196,197 side-hop,198,199 vertical hop,69,200 

triple-hop196,197, cross-over hop192,196 and drop-jumps.201,202 Notably, these tests 

tend to be summed up to coarse outcome measures such as hop distance/height. 

When it comes to passing RTS criteria, a basic problem is patients having 

different body sizes, muscle masses and genetics. It is therefore not 

straightforward to determine a particular threshold that is considered sufficient 

for RTS. A particular hop-distance might be satisfactory for some, but for others 

not so much. To solve this, most assessments standardise the threshold by 

comparing the injured leg to the contralateral leg by using a limb symmetry index 

(LSI). The index is calculated as percentage of the injured leg from the 

contralateral leg’s performances and is done both for muscle strength and 

functional outcomes.196,197. This practice is based on the assumption that the other 

leg serves a good-enough reference for each individual. However, a 2019 

investigation by Wellsandt, Failla and Snyder-Mackler193 indicated that this is not 

necessarily the case. The study showed that using the LSI can overestimate knee 
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function when compared to the contralateral knee’s function before the surgery. 

In other words, using the index is problematic on account that the other limb’s 

function might deteriorate as well after an ACL injury,96 making it not a good 

reference if pre-injury functional level is to be sought. Despite this limitation, 

there seems to not be a better way to standardise the RTS threshold unless pre-

injury data exists for each patient.  

Limitations of functional tests 

While functional tests can be demanding enough to challenge the performer, they 

are not optimal for two main reasons. The first is the predictable nature of 

performing a test in a lab or a clinic. While different sports do include hops, sports 

situations require the sensorimotor system to adapt and react to external stimuli 

(See previous section: ACL tear – a sensorimotor injury). As such, real-life hops 

are seldom stereotypical and uninterrupted, and occur instead in the context of a 

complex multi-stimuli experience. As a result, adequate performance in a 

controlled environment might not translate well to performing the task in real-

world conditions.96,203 In fact, a recent study by Büchel et al.204 demonstrated that 

during a reaction-time test involving quick changes of directions, increasing 

cognitive demands negatively affected agility performance among healthy 

athletes. This has obvious implications as real-life situations often involve higher-

order cognitive processing, e.g., working memory and decision making.205 

Current advances in neuromuscular training programs and related assessments 

have tried to address this by incorporating elements of decision making and task 

variability into different hop tasks.96 However, incorporating these elements into 

RTS test batteries is far from common practice, which may be one reason for the 

fact that the rate of secondary injuries among those who pass RTS criteria is still 

high.69 

Secondly, as previously mentioned, common screening procedures and clinical 

test batteries tend to sum-up functional performance into crude general scores.191 

This practice is done in order to simplify the assessment process and to enable 

generating a simple discriminating outcome, meant to be used by clinicians 

without the need of advanced equipment. However, it has been recently 

concluded in a meta-analysis by Kotsifaki et al.206 that despite adequate hop-test 

performances (determined by hop distance), biomechanical abnormalities 

systematically exist following ACLR. These abnormalities will be discussed in the 

following chapter, in which different aspects of functional performance will be 

addressed separately.  
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Aberrant sensorimotor function following an ACL injury 

The complexity of the sensorimotor system and its inter-connected elements 

makes “sensorimotor assessment” a challenging endeavour. Measurement 

techniques are often based on deconstructing the system into its different 

components and assessing them individually. This pertains to addressing either 

the afferent and efferent parts of the system,207 as well as neurodiagnostic 

estimations of central processing.95,208 In this section I will summarise existing 

work which describes aberrant sensorimotor function following an ACL 

injury/reconstruction, with reference to the individual components of the system.   

Efferent components 

Kinematics and kinetics 

Kinematics is the study or description of moving bodies, irrespective of the forces 

acting on them.209 It provides information regarding displacements, velocities 

(linear and angular) and accelerations.209 Kinematic data are commonly used in 

research to obtain information regarding joint rotations during functional 

tasks210-212 and inter-joint coordination patterns.42,213 Kinetics is the study of 

forces that cause and are caused by motion of objects.209 The combined and 

synchronised measurements of kinematics and kinetics are often used to 

calculate joint reaction forces and moments using inverse dynamics and calculate 

the body centre of mass (COM).214 Kinetic measurements are therefore an 

important compliment to kinematics and are utilised during investigations of 

functional movements, particularly landing tasks.164,215  

Aberrant kinematics and kinetics have widely been reported in ACL 

reconstructed (ACLR) persons both during gait216,217 and in other functional 

tasks.218,219 With regard to gait, mainly sagittal plane kinematics and kinetics have 

been reported as abnormal. Individuals up to six months following ACLR tend to 

demonstrate greater knee flexion angles and moments compared to uninjured 

controls.216 Kinematics are further reported to be restored at five years following 

surgery, although lower flexion moments and greater adduction moments tend to 

remain compared to controls. Between-leg differences also persist as the ACLR 

knee reportedly has lower adduction moments compared to the contralateral 

knee.217 With regards to functional tests (particularly landing tasks), an 

overwhelming number of studies have been published with evidence of altered 

kinematics and kinetics.206,218-220 The most researched hop task is the one-leg hop 

for distance,206,219 although other sport-relevant hop tests – vertical hop,221,222 

side-hop,223,224 drop-jump164,225 etc. – were also subjected to biomechanical 

evaluations among ACLR cohorts. Major kinematic and kinetic differences 

compared to uninjured controls have been reported226,227 as well as for the ACLR 
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leg and the contralateral limb.228,229  Sagittal plane differences include reduced 

peak knee flexion angles228,230 and peak knee internal extension moments227-229 

during landings. In the frontal plane, individuals following ACLR have 

demonstrated greater knee adductor moment compared to controls during hop 

landings,227,228 despite performing hops for distance with no apparent frontal 

component to the task. More proximally, greater trunk flexion has been reported 

during landing compared with uninjured controls.221,231,232 These movement 

pattern alterations are suggested to serve as defence mechanisms aimed to 

minimise potential hazardous loads to the knee by shifting the load to the 

contralateral knee for bilateral tasks218 or to distal/proximal joints for one-leg 

tasks.233 It has been however noted that some movement adaptations may in fact 

be hazardous to the knee, such as reduced knee flexion during landing which 

negatively impact the ability to dissipate landing forces, resulting in both damage 

over time and potential injuries.234  

Muscle activation  

Surface electromyography (sEMG), is often used to assess muscle activation 

timing, frequency and amplitude.235 This modality can be used to detect reflex 

responses to joint perturbations236 as well as on preparatory and reactive activity 

in single muscles or on muscle groups.207,237 Myer, Ford and Hewett238 reported 

that during an injury-mimicking manoeuvre, healthy females demonstrate 

different medial-to-lateral quadriceps activation patterns compared to males, 

suggested to contribute to dynamic knee valgus loads and to subsequent ACL 

injuries.  

Research on muscle activation patterns post ACL-injury is also plentiful, both 

during gait239,240 and during functional tasks.164,241 Main gait-related findings239 

include higher duration and magnitude of hamstrings activation,240 as well as 

reduced quadriceps activity compared to controls, the latter evident only in the 

acute stage.239 With regard to landing tasks, while there is ample evidence of 

altered muscle activation patterns seen after ACLR, the patterns themselves are 

inconsistent across studies.242 For example, some reported greater reactive 

quadriceps 243-245 and hamstrings245,246 activity during single-leg landings, while 

others reported no differences.224,247-249 Earlier onset of quadriceps and 

hamstrings activity is also reported in ACLR limbs during landing tasks compared 

to controls247 and to the contralateral limb226, while others merely reported 

trends248,250 An additional commonly reported finding during landing tasks is 

increased quadriceps-hamstrings co-contraction seen for ACLR limbs, compared 

to both the contralateral leg and to uninjured controls.243,245,246,251 However, 

others also report contradicting results.244,252 These discrepancies demonstrate 

the variability that may exist within ACL-injured individuals, and the need to 

identify intrinsic factors that might result in different neuromuscular patterns.  
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Afferent components 

The sensory part of sensorimotor system is assessed using different methods, 

either by direct measures of nerve conductions,253 but mainly by manipulating a 

sensory channel, thus augmenting the contributions of the others.23,254 I will focus 

on the latter since it is far more common and has more direct clinical 

implications. Each of the key sensory modalities – visual, somatosensory and 

vestibular23,255 – can compensate in cases when others’ contribution is reduced.256 

Either deliberately through to the test conditions or initially due to an injury. 

Visual input can be compromised either by blindfolding (partial or complete), 

obscuring it or by otherwise manipulating it to become unreliable. Vestibular 

input can be altered by head tilting257 and somatosensory input, particularly 

proprioception, can generally be manipulated by introducing unstable or moving 

support surfaces,207 as well as by using local anaesthesia258 and vibration.259  

Tests of proprioception  

As mentioned, proprioception as a whole is not a construct that can be directly 

assessed, which is why it is deconstructed into sub-components. Threshold to 

detect passive motion and JPS are the most prevalent in the ACL literature. In 

this thesis, JPS was the focus as it was more naturally approximated using a 

functional test paradigm.  

Various methods have been implemented to target deficits presumed to reflect a 

reduced proprioceptive ability, mainly through movement reproduction tasks 

while compromising visual input.207 Assessments methods vary considerably, as 

was recently reviewed by Strong et al., 2021.260 Examples of methodological 

dissimilarities include the position of the test-subject, (sitting, lying, standing), 

the type of testing manoeuvre (passive-passive, passive-active, active-active), 

movement direction (flexion, extension) movement velocity, starting and target 

knee angles and more. Consequently, proprioceptive deficiencies are far from 

established in the ACL-injured population. While several meta-analyses have 

concluded that JPS was worse in individuals ACLR compared to the contralateral 

knees,261 as well as to uninjured controls,260,262,263 another meta-analysis has 

concluded differently.264 Moreover, since the observed knee angle reproduction 

errors are often small (1-2 degrees),261-263 their clinical relevance was deemed 

questionable. Ecological validity is also a limitation of JPS tests. Given that real-

world activities rarely comprise of moving individual joints in a constrained 

manner and blocked vision, most proprioception assessments do not necessarily 

reflect how an individual actually controls everyday movements. Weight-bearing 

tasks are generally preferable considering that close kinetic chain action is a 

hallmark of lower-limb function.265 There has been a call to establish a clinical 

relevance of proprioceptive deficits following an injury.266 For this purpose, 
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paradigms involving functional goal-oriented tasks are encouraged being more 

reflective of day-to-day utilisation of proprioception.267  

Central processing  

There is an inherent difficulty when evaluating brain function and gaining 

understandings regarding central processing. Unlike behavioural data that can be 

directly quantitated and interpreted (e.g., movement of a limb, force generated 

by a muscle), brain activity can be observed but not so conclusively deciphered. 

In other words, linking brain function to human behaviour is a fundamental 

challenge in neuroscience research. This stems from the complexity of the brain 

with all its abundant inter-connected brain structures, and from the basic 

premise that humans are using their own brain to study the brain.  

Regardless, some level of understanding of the brain is achievable using various 

structural and functional neuroimaging techniques, far more than can be covered 

within the scope of this thesis. I will however focus on two functional methods 

that are commonly used to evaluate motor-related brain function following ACL 

injury.268 

Functional magnetic resonance imaging (fMRI)  

This modality is used to quantify neural processes based on blood-oxygen-level 

dependent (BOLD) signals.269 fMRI studies are common in diagnostics of motor-

related neural activation either using simple lower-limb movements97,270 or by 

motor imagery paradigms.271,272  

It was Kapreli and colleagues that first used fMRI to provide evidence of brain 

reorganisation (neuroplasticity) following a peripheral injury. In their seminal 

work,273 they tested ACL-deficient persons and uninjured controls, using a simple 

knee flexion-extension paradigm and indeed found significant differences in 

various brain structures. The ACL-deficient group demonstrated diminished 

activation in several sensorimotor cortical areas, while also having greater 

activation in other areas, among them the ipsilateral posterior inferior temporal 

gyrus, located in the visual cortex. It was postulated that this finding was 

attributed to an increased need for movement visualisation due to a diminished 

proprioceptive ability.273 The ACL-injured group also demonstrated greater 

activation in the contralateral supplementary motor area, an area active in the 

preparation of movement.274 A later study by Grooms et al.97 was conducted 

almost a decade later and used a similar paradigm to assess whether neural 

changes exist following ACLR, rehabilitation and RTS. Indeed, the ACLR group 

demonstrated different activation in several brain regions compared to uninjured 

controls, including increased activation in the contralateral lingual gyrus, an area 

involved in cross-modal processing of matching visual and sensory feedback275. 
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The rest of the observed regions have been interpreted as strong evidence of post-

ACLR altered sensorimotor neural control, although caution was advised as the 

cross-sectional nature of the study was not conclusive as to whether the 

differences were due to the injury or were actually there before and thus 

indicative of an inclination to get injured in the first place.97 Later work by the 

same study group further identified ACLR-related features in central processing, 

particularly an increased activation of areas involved in visually-mediated 

cognition, visual-spatial orientation and attention.276,277  

Electroencephalography (EEG)  

A method of measuring the post-synaptic activity of large, synchronously-firing 

populations of neurons in the brain, using with electrodes placed on the scalp.278 

Unlike fMRI, portability is a unique advantage to EEG, as the tested person is not 

constrained to a fixed position. This allows for a greater variety of functional 

paradigms to be used. Indeed, findings from several EEG experiments support 

similar trends regarding central processing among individuals following ACLR. 

Baumeister et al.279,280 have measured EEG during proprioceptive test paradigms 

and demonstrated different oscillatory brainwave activations for ACL-

reconstructed persons, compared to uninjured controls. Specifically, participants 

with ACLR demonstrated increased frontal power in the Theta band during 

motions of both limbs, suggesting greater reliance on focused attention, and a 

lower parietal power in the Alpha-2 band, suggesting altered sensory processing 

in the parietal somatosensory cortex. A more recent investigation by Bonnete et 

al.,281 further demonstrated a unique brain activation pattern among individuals 

with high biomechanical risk for re-injury – high peak knee abduction moment 

during drop-jump landings – compared to low-risk persons.  

The combined functional neuroimaging findings clearly suggest the existence of 

post-injury neuroplasticity, prompting a need for evaluation methods that would 

consider central mechanisms that affect movement control.  
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Rationale for the thesis  

Despite an abundance of research and advanced surgical and rehabilitation 

methods, the rate of recurrent ACL injuries is unreasonably high. This poses a 

considerable burden on patients, the sports field and society in general. Other 

negative consequences, such as reduced function, physical inactivity and early 

onset of knee osteoarthritis, also persist despite advanced treatments. As 

functional tests are widely used to determine RTS eligibility, their interpretation 

and context need further development. Patients’ function is often summarised 

into coarse outcomes (e.g., hop distance), while aspects such as multi-joint 

control and the influence of psychological aspects on motor performance are not 

generally taken into consideration. While the injury’s initial effect on 

proprioception is acknowledged in the literature, too often is it evaluated as a 

separate construct, while simultaneously interpreted as synonym to sensorimotor 

control/function. Instead, functional assessments of proprioception and 

sensorimotor control should be developed, emphasising the distinction between 

the two terms. Accumulating evidence of post-injury neuroplasticity further 

supports this notion with central adaptations manifested as altered sensorimotor 

function. Applying approaches from motor control theories to functional 

assessments ought to be explored to improve clinical outcomes and facilitate 

better coping with high-risk sports situations which require motor adaptability. 

Finally, psychological factors, largely affecting physical performance, are not 

universally being recognised as links in the sensorimotor chain. They should 

further be standardised, and better assessment methods should be developed.  
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Aims 

The overall purpose of this thesis was to evaluate sensorimotor function after 

ACLR, through focusing on the role of proprioception and psychological fear-

related constructs on movement control. Several functional tasks served as test 

paradigms in order to achieve this. A novel obstacle clearance test was used to 

evaluate sensorimotor control while functionally challenging proprioception. It 

was also complemented by a weight-bearing knee JPS assessment. An 

investigation into the role of fear-of injury in movement biomechanics was done 

through an injury-relevant hop task. Finally, a fear-provoking test paradigm was 

designed and implemented among uninjured persons, and the conditioned brain 

response was measured. 

Specific aims were:  

A. To determine whether there are deficits in sensorimotor control, based on a 

multi-joint kinematic analysis during a functional proprioception-

challenging obstacle clearance test, among individuals following ACLR and 

rehabilitation and compared to both activity-matched and less-active 

uninjured control groups (Paper I). 

B. To determine whether there are deficits in knee JPS among the same 

individuals post-ACLR (cleared for RTS), compared to the two uninjured 

groups (Paper II).  

C. To separately determine, among ACLR and uninjured persons, whether knee 

JPS outcomes associate with corresponding outcomes from the novel 

obstacle clearance test (Paper II).  

D. To explore whether and how self-reported fear of re-injury, among 

individuals that had undergone ACLR, is manifested in the biomechanics of 

an injury-relevant task. Additionally, to explore whether fear of re-injury is 

reflected in other self-reported outcomes (Paper III). 

E. To develop and evaluate a balance-perturbation test paradigm designed to 

invoke a conditioned neurophysiological arousal response to movement-

related fear, among physically-active uninjured persons, with implications 

for ACL-injured persons with various levels of re-injury anxiety (Paper IV).
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Materials and Methods  

Design and overview of the papers 

This thesis consists of four papers, which are based on two separate data 

collections, both performed at the U-motion laboratory at the Department of 

Community Medicine and Rehabilitation, Umeå University, Sweden. All tested 

individuals were between the ages of 17-34. Papers I-III were based on data from 

a longitudinal data collection, in which ACLR individuals were assessed during 

three test session (corresponding to different phases of their rehabilitation). 

However, data from the sub-acute stage (first test session) was not included. 

Paper IV is based on a separate data collection of which only physically-active 

uninjured controls were included in the paper.  

• Paper I: A cross-sectional study including three groups: 1) ACLR individuals 

(n = 37), non-athletic uninjured controls (CTRL; n = 23) and 3) uninjured 

elite athletes (n = 18; ATH). All ACLR individuals had completed their 

rehabilitation. Participants performed a novel obstacle clearance test.  

• Paper II: A cross-sectional study including the same participants and groups 

as Paper I, who also performed a weight-bearing joint position sense test on 

the same test session. It included 34 ACLR, 23 CTRL and 18 ATH. Both the 

results of the JPS test and associations with the obstacle clearance test were 

analysed.  

• Paper III: A cross-sectional study including ACLR individuals (n = 38), sub-

divided into two experimental groups, based on a discriminating question 

regarding fear of re-injury. The subgroups – HIGH-FEAR (n = 21) and LOW-

FEAR (n = 17) were also compared with an uninjured control group (n = 39). 

Participants performed a standardized rebound side-hop test, as well as were 

evaluated with patient-reported outcome measures.  

• Paper IV: A cross-sectional methodological study including ten physically-

active uninjured persons. Participants performed a novel balance-

perturbation test, designed to invoke an arousal response associated with 

movement-related anxiety, during which electro-cortical activity was 

registered and event-related potentials were explored as potential 

biomarkers.  
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Participants  

An overview of background information for the participants included in Papers I-

IV is presented in Table 1.  

Papers I, II  

ACLR participants were recruited from a hospital orthopaedic clinic and from a 

private sports medicine clinic. Uninjured controls were recruited via 

advertisements and convenience sampling. Eligibility criteria for ACLR 

individuals were: 1) 17-34 years of age. 2) unilateral ACL injury (time from injury 

≤ 10 years) treated with surgical reconstruction using a hamstring autograft, 

which is the most common method nationally.282 3) an eligibility to return to 

sports/physical activity, as recommended by the responsible physiotherapist. 

Participants were excluded if they had suffered any other musculoskeletal or 

neurologic pathology in the preceding six months. All participants underwent a 

clinical examination of their knees prior to testing, administered by a 

physiotherapist. Two control groups, consisted of individuals with non-injured 

knees, were included. They each had a distinct eligibility criterion, in addition to 

an age range which was similar to the ACLR group. 1) Non-athletic (CTRL) 

individuals, being physically active in recreational sports but excluded if training 

more than four times a week or performed knee-specific training, aiming 

specifically to improve movement control or to prevent an injury. 2) Elite athletes 

(ATH) had to be actively involved in competition at an elite level, defined as the 

highest/second highest league in their respective knee-demanding sport, which 

includes multi-directional movements and fast changes of direction (e.g., soccer, 

handball, floorball). Elite athletes provided a proxy to the pre-injury function of 

ACLR individuals, as the majority of them were elite athletes prior to their injury.  

Due to the exploratory nature of the OC test used in Paper I, sample size 

calculation was based on previous studies implementing comparable test 

paradigms, in which samples ranged from 6 to 24 participants in healthy 

populations.283-286 Due to the advanced stage of rehabilitation in the ACLR group, 

it was assumed that to achieve sufficient power, larger samples would be 

required. Paper I therefore included 37 ACLR individuals (28 females) which had 

a median time post-surgery of 12.8 months (range: 7-129). Paper II was based on 

the same cohort, with several exceptions: two individuals had not performed the 

JPS assessment which was analysed in the study and were thus not included. An 

additional participant was removed for being a statistical extreme outlier in terms 

of time post-surgery. As a result, Paper II included 34 ACLR individuals (25 

females), median time post-surgery of 12.8 months (range: 7-76.7). CTRL 

participants for both Papers I and II consisted of 23 individuals (20 females) and 

the ATH group had 18 individuals (16 females).  
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Paper III 

Participants from the same data collection as Papers I and II were included in the 

third paper. However, eligibility criteria for Paper III were different, as the third 

criterion (I.e., eligibility to return to sport) was not required. As a result, 

individuals were either mid-rehabilitation or had completed it. All ACLR 

participants were however required to be eligible to perform hop tasks, as the 

study involved a side-hop test. Thirty-eight ACLR individuals (20 females) 

participated. Further allocation of ACLR participants into HIGH-FEAR (n=21, 11 

females) and LOW-FEAR (n=17, 9 females) was done according to a 

discriminating question from the TSK-17 questionnaire (see further down). A 

control group (CTRL) consisted of 39 uninjured individuals (32 females).  

Paper IV  

Sports-active uninjured individuals were recruited through advertisements in 

sports clubs as well as within the university. A high knee-specific activity level 

(Tegner ≥ 6) was initially determined, assuming that these individuals would 

serve as low-anxiety controls compared to individuals with ACLR. However, the 

threshold was later lowered to Tegner ≥ 4 when it was decided to include only 

controls and focus on a methodological investigation of the novel test paradigm. 

A greater variety of uninjured persons (though still considered physically-active) 

was considered a strength for this initial exploration of the paradigm.   

Statistical power in ERP experiments is a function of the number of participants, 

the number of trials per experimental condition and the observed effect size.287,288 

For Paper IV, a large-enough number of trials was included in the analysis (see 

following section: Balance perturbation test), subsequently reducing the 

individual variability within each test condition.174 With regards to participants, 

a non-parametric permutation-based approach was performed for the statistical 

analysis. These approaches not involve assumptions about data distribution and 

as such, less participants are generally required.287 However, a reasonable 

number of participants is still required in order to get valid estimates of the 

adjusted p-value with low uncertainty. Since no group comparisons were 

included in Paper IV, the number of possible permutations of the data is 2n. The 

smallest achievable p-value (Pmin) is:  

𝑃𝑚𝑖𝑛 =
1

2𝑛
 

As ERP experiments often include 10 to 20 participants, when focusing on large-

amplitude components,174 including 10 participants was determined a-priori 

since it allows p-values as small as ~0.001 (i.e., 1/210) which was assumed to 

suffice. 
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Ethics  

Ethical approval was obtained separately for two main projects from the Ethical 

Review Board in Umeå. This first project (Snr. 2015/67-31) included data 

collection for Papers I-III and the second project (Dnr. 2021-03860) for Paper 

IV. All participants signed an informed consent form prior to testing, in 

accordance with the declaration of Helsinki. An additional written consent was 

also provided, which specifically pertained to filming and use of photos from 

experiments. Participants thus agreed that their photos/videos may be used for 

teaching, scientific presentations or illustrations in scientific journals, with their 

identity never being disclosed on such occasions.  

Self-reported questionnaires were included for both projects. For the first, 

questionnaires were sent via post and participants returned them filled out. In 

the second project, an electronic data capturing tool (REDCap)289 was used for 

self-reported data, by which participants were sent a link to an online form 

containing all questionnaires. A disclaimer was also included, stating that by 

filling out the form, the participant consents that the information may be used for 

scientific purposes. Each of the data collections included a test battery which 

lasted approximately three hours, making them a considerable inconvenience for 

participants. To counter this, participants were notified in advance and breaks 

were provided as necessary. The tests themselves were not considered to be 

physically exerting, particularly for physically active individuals, who were 

properly screened before testing. Other risks were deemed small, though some 

required consideration. 1) The weight-bearing JPS test (Paper II) had the 

potential to cause pain/discomfort to the participants due to slow one-leg 

squatting, especially for individuals after an ACL injury. Prior to testing, 

participants were instructed to squat and if they could not reach the required 

target angle, it was modified so that no inconvenience would be felt. Participants 

were furthermore free to stop the test at any given point if wished. 2) The side-

hop test (Paper III) was part of a series of consecutive hop tasks performed during 

the test-battery. These tests could potentially be hazardous if performed too early 

after surgery. All ACLR participants were thus inquired prior to participation as 

to whether they already perform hops in their rehabilitation and whether they are 

comfortable with them. 3) For Paper IV, the balance perturbation test involved 

considerable risk of falling. The participants were therefore secured by a harness 

(ErgoTrainer, Ergolet, DK) during the entire test. As the test was considered 

stressful due to prolonged blindfold standing and reacting to perturbations, 

participants were informed prior to testing regarding the approximate time it 

would take (for mental preparation). They were also allowed to rest between 

blocks as needed and could stop the experiment if wished (no participants did).  
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Test procedures 

A summary of the different tests, measuring equipment, outcome measures and 

statistical methods is presented in Table 2. Each participant performed a 

comprehensive data collection session comprised of a wide test battery, of which 

data were analysed for selected tests. Among the tests were proprioception 

assessments, balance tests, functional tests, strength measurements and self-

reported evaluations. The different assessments included in this thesis are 

described in detail below.   

Self-reported outcomes 

All self-reported questionnaires were handed to the participants and were filled 

out prior to the physical tests. Assessed outcomes pertained to self-rated physical 

activity level, knee function, symptoms and psychological aspects. The different 

tools were used for group comparisons and associations with other outcomes and 

are detailed below.  

International Knee Documentation Committee 2000 (IKDC2000) subjective 

knee form  

A self-administered knee-specific questionnaire, developed and validated in 

2001.189 It provides an overall knee function score, presented as percentage. 

Higher scores are indicative of better outcome. The form was found to be a 

reliable and valid knee-specific measure of sports activity, symptoms, physical 

and social function, and is considered suitable for a variety of knee problems. The 

form was used in Paper III to test for association with fear of re-injury.  

Knee injury and Osteoarthritis Outcome Score (KOOS)  

Developed and validated in 1998,186 this instrument is self-administered to 

evaluate short and long-term knee injury-associated outcomes which negatively 

affect the quality of life. It consists of five subscales: pain, symptoms, activities 

of daily living, sport and recreation function and knee-related Quality of life. 

Moreover, question 3 of the Knee-related quality of life subscale has previously 

been used as a single measure of knee-related confidence.144,290 The KOOS as a 

whole was used in Paper III for group description and association with fear of re-

injury. Question 3 of the Knee-related quality of life subscale was used in Paper 

IV as background information regarding knee confidence. 
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Lysholm scale  

An 8-item, knee-specific questionnaire, developed in 1982.291 It consists of 

questions pertaining to symptoms (pain, swelling, instability, knee locking, limp) 

and function (need for support [e.g., use of crutches], stair climbing, squatting). 

The scoring ranges between 1-100, with higher scores indicating fewer symptoms 

and better functional outcome. The Lysholm scale was used in Paper III as a 

measure of self-reported knee function for group comparisons.  

Tegner activity scale  

The Tegner activity grading scale was developed as a complement to the 

functional Lysholm scale.292 It was aimed to provide an estimate of the level of 

physical activity, while also considering the type of activity, routinely undertaken 

by the participant. It covers work-related, recreational and professional sporting 

activities. Higher scores correspond to activities which place higher demands on 

the knee (i.e., those that include landings and sudden changes of directions). As 

such, it is considered a valuable screening tool for athletes (although with limited 

generalisability to other populations). The score ranges between 0-10, with 0 

representing disability due to knee problems and 10 corresponds to elite level 

participation in sports such as soccer/rugby. The Tegner score was used for 

Papers I-III. The pre-injury and current scores were noted for group descriptive 

statistics. In Papers I and III, the athlete group’s Tegner score was matched to the 

pre-injury score of the ACLR group. Finally, a threshold of 4 on the Tegner scale 

was set for inclusion for Paper IV. 

International Physical Activity Questionnaire, short form 

A reliable and valid self-administered tool, developed for cross-national 

monitoring of physical activity / inactivity.293 The questionnaire addresses both 

the levels of moderate-to-vigorous physical activity and sedentary behaviour in 

older adults. It was used to describe the groups in Paper III.  

Tampa Scale for Kinesiophobia-17 (TSK-17)  

Currently the most common tool for assessing kinesiophobia and fear of re-injury 

after an ACL injury.116,132,144,152,158,294,295 The TSK was however originally designed 

in 1991148 (Swedish version validated in 2004296) as a measure of pain-related fear 

of movement in patients suffering from chronic pain. The questionnaire is thus 

focused on pain as the main consequence of excessive movement. The TSK-17 is 

consisted of 17 statements regarding the effects of physical activity on the health 

and symptoms of the current orthopaedic condition/injury. Some of the 

statements are personal, while others reflect a person’s conception of what should 

be generalized as a rule for all people in their condition (e.g., “It’s really not safe 

for a person with a condition like mine to be physically active”). Each statement 
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is ranked on a scale of 1-4 and a final score is calculated, ranging between 17-68 

with higher scores corresponding to greater kinesiophobia. The TSK was used in 

In Paper III, the ninth statement (Q9) – “I am afraid that I might injure myself 

accidently” – was used as a discriminating question for stratifying the ACLR 

group into HIGH-FEAR and LOW-FEAR subgroups. This stratification was 

further validated by means of the overall TSK-17 score, the Activity Avoidance 

subscale297 which is comprised of questions Q1, Q2, Q7, Q9-12 and the same 

subscale with Q9 removed.  

Obstacle clearance (OC) test  

Background and setup  

Originally developed as a functional proprioception assessment, this novel test 

was first introduced at the World Confederation of Physical Therapy (WCPT) 

conference of 2017, where it won a reward for best European scientific poster. It 

was further developed in Paper I to address lower-limb movement control over 

time, rather than being limited to discrete proprioceptive outcomes.  

The test (Figure 1A) involved stepping over a hurdle-shaped obstacle with 

downward vision occluded, aiming for minimal clearance. For the starting 

position, participants stood barefoot with their leading leg placed on a two-

centimeter-high platform, while the trailing foot was placed parallel on the floor. 

This modification was done to create an initial mismatch between the legs and 

thus make the performance more challenging, particularly for the trailing leg. 

Arms were free in order to aid balance when needed and to encourage a more 

natural movement. A resizable obstacle was used with two standardized heights: 

13% and 18% of participant height and placed anteriorly at a standardized 

distance of 7% of participant height. These ratios were determined based on pilot 

tests and were found to be both challenging and compatible with the comfortable 

hip and knee range of motion during obstacle crossing. Participants were blinded 

to the height of the obstacle or even to how many obstacles there were. Downward 

vision was occluded using custom-made goggles and the participants were 

instructed to look straight forward during the entire performance. This, contrary 

to complete blindfolding,23 did not seem to affect balance while still presumably 

increasing the reliance on joint sensation. 
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Test performance  

Participants placed their leading foot on top of the obstacle for approximately 

three seconds and memorized its location. They then returned their foot to the 

starting position and immediately stepped over the obstacle, using their 

perceived location as a mental reference. The instructions were to cross it with as 

little clearance as possible. As they crossed, the test leader removed the obstacle 

in order to prevent an accidental hit. This was unknown to the participants and 

was done based on previous work,283 in which contact with the obstacle resulted 

in overcompensation during subsequent trials. Participants performed a total of 

16 trials – four trials for both heights X each leg. This was done in a balanced 

unpredictable order which was determined for each participant before testing.  

Figure 1A-D, A graphical summary of the functional tests and main data acquisition modalities used in this 

thesis. A) The obstacle clearance test (Papers I, II). B) The weight-bearing joint position sense test (Paper 

II).C) The standardized rebound side-hop test (paper III), D) The balance-perturbation test (paper IV).  

 

Attribution (panels A, B) according to CC license: “Figure 1”, by Grinberg, Strong and Häger (in article with 

DOI: 10.1016/j.ptsp.2022.05.004) is licensed under CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). This figure has been modified from original by rearranging 

explanations and including only part of the figure. 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Weight-bearing JPS test 

Background and setup 

This test (Figure 1B) was recently developed by Strong et al.,298 with the mind-set 

that since the knee most often works in a close chain, JPS assessments should 

reflect that and thus a task where the lower limb is loaded may be considered a 

more functional way of evaluating proprioception.299 The test involves 

reproducing a knee angle during a one-legged squat and was found to have 

moderate to good test-retest reliability (intraclass correlation coefficient 0.64-

0.91 for Absolute error).298 It was used in for Paper II to evaluate JPS in 

individuals after ACLR and in two uninjured control groups.  

Participants were positioned on an 36cm platform with the supporting leg on an 

8º wedge, to avoid tension on calf muscles and Achilles tendon. Throughout the 

test, they maintained one hand on a vertical pole which was placed in front of 

them for balance support. A cotton cloth was loosely wrapped around the pole 

where the hand was holding, to ensure minimal friction and participants were 

instructed to constantly maintain a 90º elbow flexion. This detail was included 

both to minimise the contribution of upper-limb proprioception in the control of 

the movement and to standardise the level of balance support, i.e., to prevent 

participants from excessively leaning on the pole. Participants were also 

instructed to perform the movement in a slow pace of approximately 10º/sec. In 

order to practice this, real-time visual feedback was provided via a TV monitor, 

depicting the knee angular velocity. Participants performed three attempts on 

each leg, while maintaining a constant flexion angular velocity (eccentric phase) 

guided by the visual feedback. Extension velocity (concentric phase) was not 

stipulated. Following this, a blindfold was applied and they received a hand-held 

trigger button in their free hand, which was used to signify the target and 

reproduction angles.  

Test performance  

Each trial was prompted by the test leader. Participants were instructed to slowly 

squat until a beep was heard from a loudspeaker. They then pressed the button, 

signifying the target angle (TA; either 40º or 65º). After a two-second 

memorisation time, a second beep was heard, signalling the participants to rise 

back to full knee extension. Participants were then instructed to reproduce the 

same angle and press the button again, signifying the reproduction angle (RA). 

After two trials (the first 40º and the second 65º), participants carefully moved 

to the other side of the platform (also switching hands) and performed two trials 

on the second leg. A total of ten trials per leg were performed in this manner, 

starting with the non-injured leg (dominant leg for uninjured persons).  
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Standardized rebound side-hop test (SRSH) 

Background and setup 

Conventionally-used side-hop tests entail consecutive hops from side to side for 

a designated time (e.g., 30 seconds) and include performance capacity outcomes 

such as the number of hops during 30 seconds114 or time to complete 10 hops.300 

Therefore, these existing tests and outcomes focus primarily on endurance. 

Further, different anthropometrics require a standardisation of the hopping 

distance, which has seldom been the practice in previous work. The SRSH test 

(Figure 1C) was developed by Markström et al.,301 to shift the focus of the test 

from strength/endurance, towards the assessment of knee biomechanics and 

motor control. Side-hops are especially relevant to knee injury-associated 

mechanics, as they comprise frontal-plane movement resulting in larger knee 

abduction and internal rotation moments, compared to sagittal-movement 

tasks.302 This also makes them fitting to be used in relation to re-injury anxiety 

and its effect on movement biomechanics in an ACL-injury context. The SRSH 

was thus used in Paper III.   

Participants performed the test barefooted while holding a 25cm-long rope 

behind their back for standardisation of upper limb involvements and to 

emphasise lower-limb control. Hopping distance was set to 25% of the 

participants’ body height, thus ensuring a similar challenge for participants with 

different anthropometrics. The test instruction was to hop on one leg to the 

ipsilateral side and immediately rebound back while maintaining balance after 

the second landing.  

Test performance  

Prior to the test, one or two practice trials were performed for each leg. During 

the test itself, participants alternated between legs to avoid fatigue, until five 

successful trials were recorded. A trial was considered unsuccessful if the 

participant did not hold the final stance for at least three seconds, let go of the 

rope, shuffled with the ipsilateral foot or put down the contralateral foot to 

maintain balance.  

Balance perturbation test 

Background and setup 

This test (Figure 1D) was developed with the goal of providing an objective tool 

to assess movement-related anxiety, by eliciting a conditioned arousal response 

to a threatening situation. A spring-based 1.2m X 1.2m platform capable of 

generating high-acceleration translations (~14 m/s2, 15cm) in eight directions 

was locally designed and built for this purpose. The characteristics of the platform 
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were based on previous research supporting translational perturbations to 

constitute an efficient destabilising manoeuvre in various contexts,303,304 and 

were eventually aimed towards high levels of evoked fear (as well as overall 

anxiety), while still complying with ethical standards and minimising the risk of 

sustaining an injury.  

Participants stood blindfolded on the centre of the platform, bare-footed in a 

narrow-base stance with hands behind the back, holding a short rope. A 

prominent rectangular mark provided a constant frame of reference, i.e., the 

exact position in the middle of the platform, allowing participants to find their 

place while blindfolded. Participants were secured by a safety harness 

(ErgoTrainer, Ergolet, DK) to prevent falls. They were however instructed not to 

rely on the harness and instead “pretend as if it was not there”.  

Test performance  

Test trials were defined by individual auditory cues (either low or high tone), 

presented consequently through a loud-speaker in 4-second intervals. The cues 

were generated in a pseudo-randomised order using a customised software that 

was integrated into the platform. Each cue was associated with a test condition, 

an allocation which was explained to the participants prior to the tests:  

1. A high-frequency tone (3000 Hz) was defined as the conditioned 

stimulus (CS+), whereas there was a 50% chance that a perturbation 

would be generated 1.5 seconds after the tone. The exact probability was 

however not revealed but instead participants were informed that there 

will be a certain chance of a sudden movement. This was done to reduce 

the likelihood of prediction attempts in later trials. Participants were 

instructed to try and maintain their balance as much as possible. 

Avoiding reliance on the safety harness was emphasised to minimise 

habituation after repetitive trials and to increase the anticipation and the 

arousal response.  

2. A low-frequency tone (1000 Hz) was defined as the neutral/control 

stimulus (CS–). Participants were guaranteed that no perturbation would 

follow it.  

Following a perturbation, participants often strayed from the platform centre due 

to a loss of balance. They then had approximately 15 seconds during which the 

platform slowly returned to the centre position, allowing them to find the 

reference frame and get ready for the next trial.  

Prior to the actual test, participants became familiarised with the two sounds and 

performed a four-trial practice run: CS– → CS+ with a perturbation → CS– → CS+ 
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with a perturbation to an opposite direction. For the test itself, a total of 200 trials 

were presented in 2X100-trial blocks (50 CS– and 50 CS+ trials in each block). 

Rest between blocks was allowed as needed, during which participants were able 

to sit down and remove the blindfold.  

The number of trials was based on detecting large-amplitude ERP components, 

that typically require at least 40 successful trials per condition,174 while 

accounting for bad trials that may be rejected due to excessive noise. In addition, 

future kinematic analyses were considered and required a sufficient number of 

trials with different perturbation directions.   

Data acquisition  

Test leaders differed for the two data collections. For the most part, the first data 

collection (for Papers I-III) had the same test leader applying markers / EMG 

electrodes and instructing the participants. However, several participants in 

Papers I and II were tested by a different test leader due to reasons related to 

personal obligations (e.g., parental leave). For the second data collection (Paper 

IV), the same test leader applied markers and EEG electrodes on all test 

occasions.  

3D motion capture and integrated force measurements  

An eight-camera three-dimensional (3D) motion capture system (Oqus, Qualisys 

AB, Gothenburg, Sweden) was used for Papers I, II and III. Kinematic data were 

sampled at 240Hz, based on reflective passive spherical markers. Markers were 

attached with double-sided adhesive tape on selected anatomical landmarks on 

the trunk, lower and upper limbs. Thigh and shank clusters were attached using 

Velcro-elasticated wraps, a method that reduces soft tissue artefacts.305 The JPS 

test (Paper II) included a minimal set of markers (n=26), of which only six (placed 

on the right/left greater trochanters, lateral femoral epicondyles and lateral 

malleoli) were used to record knee angles in the sagittal plane. The rest 20 

markers provided stability to the real-time model generated during the test. For 

the OC and the SLSH tests, 44 and 47 marker sets were used, respectively, though 

most of them were not necessary for the particular analyses in this thesis. They 

were however included as part of a larger marker-set standing model used for 

COM calculation, as well as provided backup in cases where missing markers’ 

location had to be approximated. For the OC test, in order to more accurately 

estimate the closest distance of the foot to the obstacle at each time frame during 

obstacle crossing, a foot-shank model was derived using additional virtual 

markers to approximate the entire sole of the foot and anterior parts of the shank. 

The model consisted of ten line-segments, based on markers of the foot and the 

shank as well as on proportion estimations which were made previously made 
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based on the feet of 16 uninjured individuals. Details on the different marker sets 

used, as well as the OC foot-shank model are provided in the Appendix of this 

thesis. In addition to 3D kinematics, two 2D video cameras (Sony HDR-CX240) 

provided video documentation of the tests from the anterior and lateral 

directions. This was later used for context, as needed, in cases when marker 

movements required video confirmation.  

Ground reaction force data were collected via two time-synchronized 

piezoelectric force plates (Kistler Instrument AG, model 9260AA, Winterthur, 

Switzerland) at a sampling rate of 1200Hz. These were later digitally resampled 

to 1680Hz to match the motion capture sample rate. Force data were used for 

Paper III to define the timing of initial contact (>20N) and subsequently the pre-

activation and landing phases.  

Electromyography (EMG) 

Surface EMG was sampled at 1680Hz (TeleMyo direct transmission system, 

model 542 DTS EMG sensor, Noraxon USA Inc., US.). Silver-silver chloride pre-

gelled bipolar surface electrodes (Ambu® BlueSensor N, Ballerup, Denmark) 

were placed over the tested muscle bellies with an inter-electrode distance of 20 

mm, in accordance with SENIAM guidelines.306 EMG was recorded from the 

injured leg of ACLR participants and from the non-dominant leg for uninjured 

individuals, from four lower-limb muscles: biceps femoris (BF), semitendinosus 

(ST), vastus medialis (VM) and vastus lateralis (VL). These data were used in 

Paper III.  

Electroencephalography (EEG)  

A dense 64-channel HydroCel Geodesic Sensor Net system with a Net Amps 400 

amplifier was used in Paper IV (Electrical Geodesic Inc, Eugene, Oregon, USA). 

Data were recorded at 1000Hz, with online reference to the vertex electrode (Cz) 

and analogue-to-digital converted (A/D; 24-bit resolution) using the Net Station 

Acquisition software (Version 5.3.0.1., Electrical Geodesic Inc, Eugene, Oregon, 

USA). Electrode impedances were checked and a maintained below 50KΩ prior 

to each test block. During the perturbation test, digital input event signals were 

registered in response to auditory cues and imbedded in the EEG file. A separate 

log file created by the perturbation platform software detailed the event types, 

which were integrated to the EEG dataset offline.  

Prior to testing, the electrode net was submerged for 10 minutes inside a Saline 

electrolyte solution comprised of 1 liter water, 10 cc potassium chloride and 5 cc 

baby shampoo (Johnson & Johnson), in accordance with the Geodesic Inc. 

manual guidelines. In addition, participants were instructed to wash their hair 

the night before testing but not to use conditioner or other hair products such as 
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oils or gels, as these can reduce the quality of the signal. They were also instructed 

to avoid consuming coffee or other caffeinated drinks less than eight hours before 

the test (as these might alter the signal under different conditions307).  

Data processing and outcome measures  

Kinematics and kinetics 

Recorded marker trajectories were tracked offline using the Qualisys Track 

Manager software (version 2.2, Qualisys AB, Gothenburg, Sweden). For Papers I 

and III, trajectories were gap-filled using polynomial interpolation (maximum 

gap of 30 ms). Marker trajectories were exported to Visual 3D (Visual 3D 

Professional version 5.02.30, C-Motion Inc., Germantown, ML, USA) and 

lowpass filtered at 15 Hz with a critically-damped digital filter. For Paper I, an 

eight-segment, six degree-of-freedom rigid-body model was constructed, 

consisted of feet, shanks, thighs, pelvis and trunk segments. For Paper III, a head 

segment was added to the model. Prior to the construction of the models, 

additional filtering was applied to both kinematic and force data, using a fourth-

order low-pass zero-lagged Butterworth filter, with a cut-off frequency of 15Hz.308 

Trunk, hip, knee and ankle angles were calculated using local joint coordinate 

systems with a Cardan X-Y-Z sequence – X, sagittal plane movement (flexion-

extension), Y, frontal plane movement (abduction / adduction) and Z, transversal 

plane movement (internal / external rotation).309,310 Force data were used to 

define landing events indicating the EMG phases in Paper III (described in detail  

in the EMG processing section). Additional custom-made scripts were used for 

Papers I and II, with regards to other outcome measures, as will be detailed 

below.  

Obstacle clearance pre-processing  

Each OC trial was manually inspected and a target value for obstacle height was 

defined based on the lower calcaneus marker height (location on the Z axis) 

during the probing of the obstacle. Using the calculated foot-shank model (see 

Appendix for a detailed description of the model and of this approximation), a 

virtual marker was used to define the middle of the foot and was used as a 

temporal landmark – i.e., midfoot crossing and will be used henceforth in 

relation to several variables.  

Joint angles (Papers I, III)  

For Paper I, Joint angles at midfoot crossing were calculated for the trunk, hip, 

knee and ankle in the sagittal plane. Discrete outcome variables were trunk, hip 

and knee flexion, were used for between-leg comparisons (i.e., discrete symmetry 

outcome). In addition, joint kinematics were quantified continuously from heel-



Materials and Methods 

 
38 

off to mid-point crossing, as basis for trajectory variability analyses as well as in 

combination with ankle dorsiflexion / plantarflexion as a basis for generalised 

Procrustes analysis (see related sections further down).  

For Paper III, trunk, hip and knee kinematics were analysed in the sagittal, frontal 

and transversal planes, as well as sagittal and frontal trunk angles. This was 

calculated both for the pre-landing and preparatory phases, as well as range of 

motion (ROM) from initial contact until maximal knee flexion.  

OC margins (accuracy; Paper I) 

Several temporal events were defined for the leading / trailing legs: heel up, heel 

down, heel, midfoot and toe crossing, based on the velocity profile in the Z 

direction. Vertical distances from the obstacle were then calculated for the heel, 

midfoot and toe, of which the smaller value was selected as the dependent 

variable – minimal vertical distance (for the leading and trailing leg separately). 

A second accuracy measure – minimal distance – was determined based on the 

segments derived from the foot and shank model. This pertained to the point 

closest to the obstacle (of the closest segment), from heel-up to midfoot crossing. 

Lastly, coarse accuracy outcomes were also evaluated and referred to as success 

rate, a dichotomous variable indicating whether or not one of the line segments 

coincided with the location of the obstacle.   

JPS pre-processing and outcome measures (Paper II)  

For most participants, events based on TA and RA were automatically registered 

and served as a basis for the calculation of the dependent variables. Missing 

events were filled out based on visual inspection of kinematic trajectories. 

Absolute differences between TA and RA were calculated and averaged between 

trials of the same TA (i.e., 40º or 65º). The resulting absolute error (AE) was the 

main JPS outcome with larger errors reflecting worse proprioception acuity.260,298 

In addition, variable error (VE) was included as measure reflecting the 

consistency of angle reproduction. It was calculated using the following formula:  

𝑉𝐸 = √
∑(𝑅𝐴𝑖 − 𝑀𝑅𝐴)2

𝑁
 

where RAi = the reproduction angle in the i’th trial, MRA = the mean reproduction 

angle and N = the number of trials.298   
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Variability estimates (Papers I, II) 

In Paper I, a distinction was made between endpoint and trajectory variabilities. 

For endpoint variability, ankle centre locations were computed relative to the 

obstacle, during mid-point crossings. Means and SD were then calculated for each 

height/leg conditions, with lower SD representative of a more consistent 

performances. Trajectory variability was calculated for the hip and knee joints’ 

angles and angular velocities in the sagittal plane. The entire time series from 

heel-up to midfoot crossing were time-normalized for each trial (1-100 frames). 

Standard deviations were then calculated for each data point (n=100) and 

averaged into discrete values (one for each height/leg). This outcome 

approximated the amount of movement flexibility (higher values) or rigidity 

(lower values) over the entire movement profile.  

For Paper II, a different variability outcome was computed for the OC accuracy 

variables. This was done to include an OC outcome which corresponds to VE 

outcomes from the JPS test. Specifically, the standard deviation (SD) of the 

leading/trailing legs’ vertical clearance and minimal distances were calculated for 

each obstacle height and the injured/non-dominant (I/ND) and non-

injured/dominant (NI/D) legs separately. 

Generalised Procrustes analysis (GPA; Paper I) 

The GPA method was first introduced by Gower (1975).311 It allows a matching of 

complete spatial configurations rather than summarising the similarities of two 

legs by means of discrete comparisons. This method was applied for obstacle 

crossing in Paper I, to compare of the curves of the combined hip-knee-ankle 

movements, between sides – both for angles and angular velocities. Mean angular 

displacements in the sagittal plane were used to construct a matrix comprised of 

the flexion-extension vectors for the hip, knee and ankle, separately for each leg. 

Phase plots resulted in 3D shapes, defined as “kinematic signatures”,312 were used 

to visualize the movement patterns from heel-up to midfoot crossing (Figure 2). 

This was performed for each high and low obstacle trial separately, once for the 

trailing leg and once for the leading leg (i.e., four analyses of four trials for each 

participant). The kinematic signatures for both legs were superimposed after 

optimal scaling, translation and rotation of one matrix with respect to the other, 

using singular value decomposition to optimally map and compare one shape 

with respect to another, by minimizing the least mean square error between the 

three-dimensional matrices. Each shape was individually reviewed by one 

assessor (AG) to check for potential deformations caused by excessive rotation. 

The matching process resulted in the calculation of a dissimilarity index (DI), 
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ranging from 0-1, with higher values representing greater asymmetry. GPA was 

performed using MATLAB (version R2017a, MathWorks inc., MA, USA).  

Electromyography (EMG) 

EMG raw data were processed in Visual 3D (Visual 3D Professional version 

5.02.30, C-Motion Inc., Germantown, ML, USA), where they were band-pass 

filtered (20–500 Hz) and were applied a root mean square moving window of 20 

milliseconds. EMG was normalised using a dynamic normalisation method 164,243 

where Peak EMG amplitudes were extracted for each muscle and trial during the 

landing phase to calculate an average peak value to which data were normalised. 

This method involves a muscle action during normalisation which is similar to its 

Figure 2. “Kinematic signatures” from one participant (uninjured athlete), calculated using 

generalized procrustes analysis (GPA) for paper I. Leading and trailing leg curves are presented 

in panels A-B for hip-knee-ankle angles and in panels C-D for angular velocities, respectively. 

For each plot, the right leg (solid curve) is optimally scaled, rotated and translated (dotted curve) 

to match the left leg (dashed curve). A dissimilarity index (0-1) is then calculated. 
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action during the actual task. It is therefore generally more recommended for 

high-velocity tasks, such as the SRSH.313 The trial-to-trial peak value reliability 

was further evaluated and was shown to be excellent for all muscles in all of the 

study groups.  

All EMG outcomes were calculated for two pre-defined phases. 1) the pre-

activation phase, from 50ms prior to and until initial contact (determined when 

20N of vertical GRF was registered with the force plate) and 2) the landing phase, 

defined from initial contact until maximal knee flexion.164,314 Dependent variables 

included mean amplitude for each of the four investigated muscles and co-

contraction indices (CCIs) for anterior-posterior (extensors-extensors) and 

medial-lateral muscles. The following formula was used for the calculation of the 

index:  

𝐶𝐶𝐼 =
𝐸𝑀𝐺𝑙𝑜𝑤𝑒𝑟

𝐸𝑀𝐺ℎ𝑖𝑔ℎ𝑒𝑟

∗ (𝐸𝑀𝐺𝑙𝑜𝑤𝑒𝑟 +  𝐸𝑀𝐺ℎ𝑖𝑔ℎ𝑒𝑟) 

where EMGlower and EMGhigher represent the mean amplitude of the less and more 

active muscles, respectively, within the pairs of co-contracting muscle groups.314  

Electroencephalography (EEG) 

All EEG pre-processing was performed using EEGLAB, an open source toolbox 

that runs with MATLAB (MathWorks, US).315 Bad electrodes were first identified 

in a visual inspection of the raw data and were interpolated. Next, event log files 

were imported and were integrated in the dataset. As the test was divided into 

two blocks, a custom-written code was used to align the two continuous data 

series and remove a large spike caused by the boundary (i.e., when pausing the 

measurement between blocks). Perturbation-contaminated trials were then 

cleaned by having the raw signal between 1-21 seconds from perturbation events 

digitally replaced by a line segment stretched from the mean value of 100 ms prior 

to the removal period to the mean of 100ms after. This was done due to a drift 

that was observed in the ERP waveforms otherwise, caused by a filter response to 

excessive perturbation noise. The linear replacement also resulted in better 

reduction of residual line noise (50Hz), compared to leaving the signal as is. Data 

were filtered using a finite impulse response band-pass filter (0.1-25Hz), re-

referenced to the mastoid-electrodes average174 and segmented into 1000ms 

epochs, starting from 200ms before stimulus, with a baseline correction using the 

average 200ms pre-stimulus as reference. All segmentation was performed using 

the ERPLAB extension.316 Nine electrodes were included for waveform analysis: 

frontal (F3, F4, Fz), central (C3, C4, Cz) and parietal (P3, P4, Pz) cites.176,317 Scalp 

topographies were generated based on the entire 64 electrode set. Bad-trial 

rejection was performed based on a joint probability method,318 using the 9 
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selected channels, with local (within channel) and global (between channels) 

rejection thresholds of 3 x SD.319 A visual inspection of the remaining trials was 

also performed to identify and remove trials with extreme amplitude spikes in 

one or more channels. Averaged and grand-averaged ERP were calculated for 

both conditions, following by statistical analyses on difference-waves (CS+ 

subtracted from CS–) and graphical representation of voltage topographies.  

Statistical analysis  

For Papers I-III, for all unilateral between-group comparisons, the ACLR knee 

was compared to the non-dominant knee of the uninjured groups. This was done 

assuming that dominant knees would perform inherently better than the non-

dominant. Therefore, pairing the non-dominant side for CTRL and ATH with the 

affected side for ACLR resulted in stricter comparisons. This choice is also 

consistent with previous work.221,232,298 

Participant demographics and PROMs 

For Papers I-IV, group means and standard deviations were calculated for age, 

body height, body mass and body mass index (BMI). Group medians [minimum 

and maximum values] were calculated for months after surgery. In Papers I-III, 

one-way ANOVAs with Bonferroni correction were used to compare between 

groups for age, body height, body mass and BMI. In Paper IV, Mann-Whitney U 

tests were used for these variables. Sex distributions were compared between 

groups using chi-square tests.  

For Papers I-IV, median current Tegner scores [minimum and maximum values] 

were calculated and in addition pre-injury for ACLR groups. For Paper III, 

median scores [interquartile range] were also calculated for IPAQ, TSK-total 

score, TSK-activity avoidance with and without Q9, IKDC2000, KOOS (total, 

symptoms, pain, activities of daily living and quality of life) and Lysholm score. 

All PROM group comparisons were done using Kruskal-Wallis tests when 

compared between three groups (Papers I-III) and followed by Mann-Whitney 

pair-wise post hoc comparisons, with Bonferroni corrections when significant 

main effects were observed.  

Papers I-III main outcome statistics 

For all the continuous variables, normal distribution was assessed prior to 

analysis using the Shapiro-Wilk test and histograms. Normally distributed 

variables were presented as means ± SD and analysed using parametric statistics. 

Variables who failed to meet normality assumption were log-transformed and 

analysed using parametric statistical models (detailed below). All variables were 

checked for extreme outliers using boxplots (3 X interquartile range). None were 
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found for dependent variables. Effect size estimates were included for Papers I 

and III and assessed using eta squared.320  

Obstacle clearance statistics 

Taking each trial separately, leading/trailing leg success rates were compared 

between groups separately for the I/ND and NI/D legs, using Kruskal Wallis tests. 

For continuous metrics, data were registered from four trials per condition by 

calculating the median value. (i.e., I/ND low obstacle, I/ND high obstacle, NI/D 

low obstacle, NI/D high obstacle). Vertical distance, minimal clearance, knee, hip 

and trunk flexion angles at midfoot crossing were analysed separately using 

three-way analyses of variance (ANOVA), with two within-group factors: leading 

leg (I/ND, NI/D) and obstacle height (low, high); and one between-group factor 

(ACLR, CTRL, ATH). Bonferroni corrections were applied to account for multiple 

comparisons. Endpoint and trajectory variability outcomes were not normally 

distributed and were thus log-transformed. They were then analysed using 

similar ANOVA models. Each of the variables was also analysed for each group 

separately to assess side differences, as well as separate analyses for each obstacle 

height and each leg separately. GPA outcomes (angle and velocity DI) were also 

log-transformed and analysed using two-ways ANOVAS, with one within-group 

factor: (low/high obstacle) and one between-group factor (ACLR, CTRL, ATH).  

WB JPS statistics 

JPS metrics were calculated for each angle by leg, by computing the mean across 

five trials, for each of the four conditions (I/ND  40º, I/ND  65º, NI/D 40º, NI/D 

65º). Both AE and VE were not normally distributed and were thus log-

transformed, conforming to normality. Transformed values were analysed using 

three-way ANOVAs with two within-group factors: leg (I/ND, NI/D) and angle 

(40º, 65º) and one between-group factor (ACLR, CTRL, ATH). Bonferroni 

corrections were applied when a significant main effect was observed. 

Spearman's rank correlation coefficients were used to test the convergent validity 

of the OC and JPS tests by associations between OC accuracy outcomes 

(leading/trailing leg vertical clearance and minimal clearance) and JPS metrics. 

Low and high obstacle heights were tested for correlations with 40º and 65º AE, 

respectively. Correlations were also tested between OC accuracy variability (i.e., 

vertical clearance and minimal distance SD across trials) and VE. False discovery 

rate adjustments were performed on significant correlations using the Benjamini-

Hochberg method.321 

Due to an apparent association between physical activity and proprioception 

(reported in the results and later discussed), additional analyses were performed 

in Paper II on pooled groups, with current Tegner score as covariate. The Analysis 
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of Covariance models (ANCOVA) were otherwise similar to the ones used in the 

main analysis, although without a grouping factor. 

Paper III biomechanical outcomes 

All biomechanical dependent values (i.e., kinematics and EMG) were based on 

the means from five successful trials.322 One-way ANCOVAs were used for each 

variable – peak joint angles at initial contact, range of motion during landing, 

EMG outcomes during pre-activation and landing phases – with sex as covariate 

to account for the unequal proportion of males and females in the groups. 

Bonferroni corrections were applied for significant main effects.  

Statistical software and significance level  

The statistical package for the social sciences (version 25, IBM SPSS Statistics, 

Armonk, New York, USA) was used for all analyses described thus far. All 

calculations involving functional data analysis (see further down in Paper IV 

statistics: Initial detection of ERP components) were performed using R (version 

3.6.1).323 The level of significance was set for all papers to 5% a-priori.  

Paper IV statistics  

All tests were then carried out based on the paired difference-waves resulting 

from subtracting, for all individuals, the average EEG response of the CS+ from 

the CS–signal. 

Initial detection of ERP components 

Rather than a-priorly selecting a latency for comparisons, Paper IV implemented 

an “unbiased” approach and the detection of significant latencies was done based 

on an interval-wise testing procedure,324 applied to all nine channels 

independently. This procedure relies on permutation tests and provides adjusted 

p-value functions for each of the analysed EEG channels. The p-values are 

corrected for multiple testing, enabling the identification of intervals with 

statistical significance between the two EEG signal means (CS+ and CS–). This 

adjustment ensures that the probability of a non-significant interval marked as 

significant (i.e., false positive) is below the chosen significance level. Additionally, 

time-effects on the observed signals were also assessed using interval-wise testing 

(i.e., learning/habituation effect). This was done by comparing, for each 

participant and for each condition as well as the difference-waves, the first 20 

trials with the last 20 trials.  
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Channel effect 

Difference-wave mean amplitudes across significant latencies were submitted to 

3 X 3 repeated-measures ANOVA with two within-subject factor categories: 

Caudality (frontal, central, parietal) and Laterality (left, central, right), to assess 

channel-cite effect on the observed differences. Bonferroni corrections were 

performed for significant effects.  

Missing values 

1. In Paper I, all GPA shapes were individually reviewed to check for potential 

deformations, caused by excessive rotations. Out of 584 figures, 17 

deformations were found and omitted from the analysis.  

2. In Paper III, due to technical errors, either part or all EMG data were not 

obtained from several participants (2 X HIGH-FEAR, 1 X LOW-FEAR and 3 

X CTRL).  

3. In Paper IV, due to various EEG artefacts from e.g. muscle activity (EMG), 

excessive head movement, several trials were removed in the pre-processing 

stage, as is common in ERP experiments.174,278 A sufficient number of at least 

75 trials out of 100 per condition was obtained for all participants, far more 

than minimally required when analysing large ERP components.174 In 

addition, one participant had an extreme mean value for electrode F3’s 

difference-wave and was thus removed from the discrete ANOVA.
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Results 

This thesis can be divided into two parts: The first is centred around the 

functional role of proprioception (Papers I, II). The second deals with re-injury 

fear/anxiety and its relation to movement control and sensorimotor processing 

(Papers III, IV). Moreover, some of the findings pertain to kinematic differences 

between ACLR and uninjured controls and not necessarily relate to the specific 

construct in their respective study (e.g., proprioception, fear of re-injury). These 

will therefore be presented in a separate sub-section. This structure was in my 

opinion the most appropriate way to present the results and will be presented 

with reference to the aims.  

Knee proprioception in functional movements (Papers I, II) 

Joint positioning ability (Aims A-C) 

Functional proprioception – obstacle clearance accuracy 

With regards to success rate, all groups had on average over 90% success for 

crossing with the leading leg and over 80% for trailing leg crossings. No statistical 

differences were observed however between groups.  

Group differences in obstacle margins were in the scale of 2-4 centimetres and 

were evident particularly for CTRL (i.e., less physically-active uninjured persons), 

demonstrating greater trailing leg vertical foot clearance (main effect: F75,2 = 3.88, 

p = 0.025; Figure 3A) and minimal leg distance (main effect: F75,2 = 3.34, p = 

0.041; Figure 3B) compared to the ACLR and ATH groups, respectively. Both 

vertical clearance and minimal distance were larger for low compared to high 

obstacles, regardless of group (p ≤ 0.009 for vertical clearance and p ≤ 0.002 for 

minimal distance). For Paper II, two ACLR participants that were originally 

included in Paper I were removed from the analysis as they did not perform the 

JPS test. However, removing them did not affect the OC accuracy group 

differences. 
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Weight-bearing JPS results and correlations to OC outcomes 

WB JPS errors were evaluated in Paper II. Both AE (main effect: F72,2 = 3.811, p 

= 0.027) and VE (main effect: F72,2 = 5.087, p = 0.009) were found to be larger in 

the CTRL group, compared to the ACLR group (p = 0.023 and p = 0.010 for AE 

and VE, respectively; Figure 3C). In addition, 40º angle reproductions produced 

larger errors compared to 65º for all groups (p ≤ 0.012 and p ≤ 0.031 for AE and 

VE, respectively). Performance in low obstacle crossings was moderately 

correlated to 40º angle reproduction AE, but only for the injured leg in the ACLR 

group. Correlation coefficients ranged between Rs = 0.408-0.576 (p ≤ 0.029), for 

vertical clearance and minimal distance for the leading and trailing legs (i.e., 

when the injured leg crossed). In other words, ACLR participants that had larger 

40º angle AE with their injured leg, also crossed the low obstacles with larger 

margins.  

  

Figure 3A-C. Proprioceptive ability 

outcomes. A) vertical distance from the 

obstacle at midfoot crossing. B) 

minimal distance from toe off until 

midfoot crossing. C) Absolute and 

variable errors, from the weight-

bearing JPS test.  

I, injured leg; NI, non-injured leg; D, 

dominant leg; ND, non-dominant leg. 

 

 

Attribution (panel C) according to CC 

license: “Figure 2”, by Grinberg, Strong 

and Häger (in article with DOI: 

10.1016/j.ptsp.2022.05.004) is 

licensed under CC BY 4.0 

(https://creativecommons.org/licenses

/by/4.0/). This figure has been modified 

from original by rearranging 

explanations. 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Additional analyses – physical activity and JPS 

This secondary analysis was done to confirm a significant relationship between 

physical activity and proprioceptive outcomes (Significance levels are 

summarised in table 3). Indeed, the results confirmed a significant effect of 

activity level on pooled groups for most outcomes that were found significant for 

group effect in the primary analysis (Variable error, trailing leg vertical clearance 

mean and SD, trailing leg minimal distance mean), with p-values > 0.05 for all 

variables that were also non-significant for group comparisons. 

Table 3. Physical activity and knee JPS: Secondary analysis, done with pooled 

groups and Tegner score as covariate (significant p-vales are bolded) 

 
Originally 
significant 

(main effect)* 
Pooled groups ANCOVA p-value 

JPS test outcomes 

  Tegner score Angle Interaction 

Absolute error √ 0.242 0.875 0.010 
Variable error √ 0.004 0.498 0.111 

Obstacle clearance test outcomes 

  Tegner score Obstacle height Interaction 

Vertical clearance 
(leading leg) 

- 0.390 0.691 0.015 

vertical clearance SD 
(leading leg) 

- 0.983 0.167 0.091 

Minimal distance 
(leading leg) 

- 0.303 0.292 0.203 

Minimal distance SD 
(leading leg) 

- 0.388 0.476 0.989 

Vertical clearance 
(trailing leg) 

√ 0.002 < 0.001 0.617 

vertical clearance SD 
(trailing leg) 

√ 0.013 0.154 0.023 

Minimal distance 
(trailing leg) 

√ 0.014 < 0.001 0.967 

Minimal distance SD 
(trailing leg) 

- 0.073 0.851 0.607 

JPS, joint position sense; ANCOVA, analysis of covariance; SD, standard deviation 

* Variables that were significant in the main analysis (i.e., group comparisons) are marked with √. 

 

Movement variability (Aim A) 

Endpoint variability  

Different measures were used in Papers I and II with respect to quantifying the 

extent of endpoint variability during obstacle crossing. In Paper I, the spread of 

ankle centre locations was not found to be different between groups or between 
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legs. In Paper II however, the SD of minimal distances from the obstacle were 

used, in which group differences were observed. Specifically, trailing leg vertical 

clearance SD (main effect: F72,2 = 4.561, p = 0.014) was larger in the CTRL group 

compared to both the ACLR (p = 0.033) and the ATH (p = 0.030) groups.  

Trajectory variability  

Trajectory variability was found to be smaller in the ACLR group for the trailing 

leg. This was observed particularly for high obstacle trials when considering both 

legs (Figure 4). Significant differences for high obstacles were observed for hip 

flexion angle between ACLR and CTRL (main effect: F75,2 = 4.42, p = 0.015; post 

hoc: p = 0.025) and for knee flexion angle between ACLR and both other groups 

(main effect: F75,2 = 5.65, p = 0.005; post hoc: p = 0.012 and p = 0.039, for ACLR 

compared to CTRL and compared to ATH, respectively). Knee flexion angular 

velocity variability over time was smaller in for the ACLR group (main effect: F75,2 

= 3.48, p = 0.036), yet the effect was not significant for post-hoc comparisons. In 

addition, the ACLR leg (both heights) was less variable compared to the non-

dominant leg of CTRL and ATH (Figure 4B). Significant differences were 

observed for knee flexion angle (main effect: F75,2 = 6.12, p = 0.003; post hoc: p = 

0.016 and p = 0.015, for ACLR compared to CTRL and compared to ATH, 

respectively). Although group differences were not observed for low obstacle 

crossings, leg differences were observed separately for the ACLR and CTRL 

groups’ trailing leg. Specifically, knee flexion angle variability was larger in the 

injured/non-dominant side (p = 0.026 and p = 0.048 for ACLR and CTRL, 

respectively), compared to the non-injured/dominant side (Figure 4B).  
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Movement symmetry (Aim A) 

Discrete asymmetry measures  

In Paper I, several asymmetries were observed in the ACLR group, that were not 

evident in both uninjured control groups. Vertical foot clearance was the first, 

with less clearance in the injured leg compared to the non-injured leg. This was 

Figure 4A-B. (Paper I). A) High obstacle-crossing trajectory variability of the trailing leg. Significantly 

less variability (marked *) observed in the ACLR group, for hip and knee angles and for knee angular 

velocities. B) Knee flexion angle trajectory variability. Data presented for both obstacle heights. 

Significantly less variability observed for the ACLR leg compared to the ND legs of CTRL and ATH. In 

addition, for the ACLR group, when the injured leg was leading, less trailing variability was observed 

(i.e., observed in the NI leg) compared to contralateral limb crossings.   

I, injured leg; NI, non-injured leg; D, dominant leg; ND, non-dominant leg. 

 

Attribution according to CC license: “Figure 2”, by Grinberg, Strong, Buck, Selling and Häger (in article 

with DOI: 10.1002/jor.25016) is licensed under CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). This figure has been modified from original by slightly 

modifying visual appearances and by including only part of the figure. 
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observed both when the injured leg was leading (F36,1 = 9.45, p = 0.004) and when 

it was trailing (F36,1 = 5.29, p = 0.027).  

Kinematic asymmetries (joint angles at obstacle crossings; Table 4) were also 

observed during obstacle crossing, for the ACLR and ATH groups.  

Table 4. Obstacle clearance joint kinematics [mean (SD)]. 

ACLR, anterior cruciate ligament reconstructed; CTRL, uninjured controls; ATH, elite athletes; I, 

injured leg; NI, non-injured leg; D, dominant leg; ND, non-dominant leg. 

a ACLR asymmetry 
b Group effect: CTRL 
c ATH asymmetry. 

Specifically, both groups demonstrated less knee flexion in the injured/non-

dominant leg compared to the non-injured/dominant leg. This was observed both 

when the injured/non-dominant leg was leading (F36,1 = 10.56, p = 0.003 and F17,1 

= 14.71, p = 0.001 for ACLR and ATH, respectively) and when it was trailing (F34,1 

= 6.66, p = 0.014 and F17,1 = 12.91, p = 0.002 for ACLR and ATH, respectively). 

The ACLR group also demonstrated greater hip flexion in the injured leg when it 

 

ACLR (N=37) CTRL (N=23) ATH (N=18) 

I NI ND D ND D 

Leading leg  

Knee 
flexiona, c 

low 99.6 (7.0) 103.1 (9.5) 96.0 (9.9) 97.5 (10.9) 100.0 (8.7) 102.8 (9.7) 

high 110.5 (7.1) 112.5 (8.0) 107.7 (8.9) 109.2 (10.2) 109.1 (7.2) 112.4 (8.1) 

Hip 
flexionb 

low 76.5 (6.2) 77.7 (6.4) 72.1 (6.8) 72.9 (6.4) 78.9 (8.9) 78.8 (8.7) 

high 84.3 (5.8) 84.6 (6.2) 79.9 (6.1) 81.0 (6.5) 85.4 (9.0) 85.4 (8.3) 

Trunk 
flexiona 

low -1.1 (4.0) -1.5 (4.0) -2.3 (3.1) -2.0 (3.0) -2.7 (3.6) -2.7 (3.3) 

high -0.8 (3.8) -1.3 (3.9) -2.4 (3.0) -2.0 (3.0) -2.8 (3.5) -3.3 (3.4) 

Trailing leg  

Knee 
flexiona, c 

low 124.3 (9.6) 126.2 (11.6) 126.3 (8.5) 128.0 (8.8) 121.1 (9.0) 125.8 (9.0) 

high 128.4 (8.3) 133.0 (9.4) 130.3 (5.8) 132.0 (8.4) 126.5 (7.8) 130.9 (8.4) 

Hip 
flexiona 

low 54.6 (9.5) 52.3 (9.2) 55.0 (8.6) 48.0 (10.6) 47.9 (8.5) 54.0 (11.6) 

high 58.8 (11.3) 57.1 (10.4) 51.9 (10.3) 54.4 (11.8) 56.7 (10.8) 56.8 (10.7) 

Trunk 
flexiona 

low 4.4 (5.2) 3.3 (5.3) 2.0 (5.2) 2.5 (4.5) 1.8 (5.5) 2.8 (5.3) 

high 6.6 (6.7) 4.9 (5.7) 5.2 (6.1) 5.1 (5.3) 2.7 (5.0) 4.0 (5.2) 
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was trailing (F36,1 = 4.44, p = 0.042) and greater trunk flexion when the injured 

leg was crossing compared to the non-injured leg, both when injured leg crossed 

as leading (F36,1 = 5.72, p = 0.022) and when it crossed as trailing (F36,1 = 8.30, p 

= 0.007).  

Generalised Procrustes analysis  

The ACLR group demonstrated greater leading leg angular velocity asymmetry 

with regards to inter-joint coordination (main effect: F70,2 = 4.15, p = 0.020). 

Post-hoc tests showed significantly larger DI for the ACLR (0.132 [0.086]) 

compared to the ATH group (0.066 [0.041]; p = 0.025). Although a similar trend 

was observed also for the angular DI, the effect was non-significant. Trailing leg 

DI group-differences were non-significant, nor did they reveal a particular trend. 

 

Fear and sensorimotor function (Papers III, IV) 

Self-reported fear of re-injury and SRSH biomechanics (Aim D) 

The only kinematic outcome that was observed to be different exclusively for the 

HIGH-FEAR group was trunk flexion angle, which was larger at initial contact 

(main effect: F2,73 = 3.7, p = 0.030), with post-hoc significance for HIGH-FEAR 

compared to CTRL (p = 0.031). None of the kinematic outcomes were however 

significant between the two ACLR subgroups.  

EMG results are presented in Table 5. Fear-associated activation patterns were 

observed exclusively in the landing phase, and not in the pre-activation phase. 

Specifically, the HIGH-FEAR group demonstrated higher mean activation for 

biceps femoris (F2,71 = 14.6, p < 0.001) compared with both the LOW-FEAR and 

Figure 5. Inter-joint coordination asymmetry (Paper I): Dissimilarity indices of the hip-knee-ankle 

curves from toe-off to obstacle crossing, computed using generalised Procrustes analysis. (0 

represents perfect shape similarity). Values are presented for pooled obstacle heights (although 

the statistical tests accounted for low/high obstacles separately).  
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CTRL groups (p < 0.001 for both). In addition, the HIGH-FEAR group 

demonstrated higher anterior-posterior CCI compared to both LOW-FEAR (p = 

0.015) and CTRL (p < 0.001) groups.  

Table 5. EMG outcomes [mean (SD)] during SRSH landings (Paper III), 
presented in ratio to averaged peak values across trials. 

EMG, electromyography; HIGH-FEAR, individuals with ACLR with high fear of re-injury; LOW-FEAR, 
individuals with ACLR with low fear of re-injury; CTRL, uninjured controls; VL, vastus lateralis; VM, 
vastus medialis; BF, biceps femoris; ST, semitendinosus; CCI, co-contraction index. 

a Significantly different than CTRL. 
b Significantly different than LOW-FEAR. 

  

 HIGH-FEAR 
(N=21) 

LOW-FEAR  
(N=17) 

CTRL  
(N=39) 

pre-activation phase (50ms prior to initial contact) 

Mean 
amplitude 

VL 0.18 (0.09) 0.19 (0.09) 0.17 (0.08) 

VM 0.19 (0.09) 0.19 (0.07) 0.17 (0.05) 

BF 0.38 (0.12) 0.30 (0.11) 0.33 (0.14) 

ST 0.34 (0.14) 0.32 (0.13) 0.41 (0.17) 

CCI 

Anterior-posterior: 

(VL+VM ↔ BF+ST) 
0.57 (0.28) 0.56 (0.27) 0.48 (0.16) 

Medial-lateral: 

(VM+ST ↔ VL+BF) 
0.90 (0.38) 0.80 (0.36) 0.84 (0.35) 

Landing phase (initial contact until maximal knee flexion) 

Mean 
amplitude 

VL 0.40 (0.09) 0.36 (0.05) 0.37 (0.09) 

VM 0.39 (0.08) 0.38 (0.06) 0.38 (0.08) 

BF 0.35 (0.10)a,b 0.22 (0.08) 0.23 (0.10) 

ST 0.29 (0.10) 0.25 (0.08) 0.25 (0.08) 

CCI 

Anterior-posterior: 

(VL+VM ↔ BF+ST) 

1.06 (0.27)a,b 0.78 (0.26) 0.80 (0.32) 

Medial-lateral:  

(VM+ST ↔ VL+BF) 
1.20 (0.22) 1.04 (0.17) 1.09 (0.29) 
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Fear of re-injury and other PROMs 

PROM data for Paper III are presented in Table 1. Due to the coarse stratification 

based on Q9 alone, several other subgroup comparisons were made for different 

TSK scores, all significant between the two ACLR subgroups. In particular, this 

was observed for the total TSK-17 score (p = 0.03), the TSK-17 activity avoidance 

subscale (p = 0.01) and the latter with Q9 removed (p = 0.038).  

While median scores were lower in the HIGH-FEAR group compared to the 

LOW-FEAR group for IKDC2000, KOOS and Lysholm scales, the only significant 

difference that was found to be to some extent related to fear was the KOOS 

subscale: Activities of Daily Living. There, only the HIGH-FEAR group 

demonstrated a lower score than CTRL (p ≤ 0.001). No significant difference was 

however found between the two ACLR subgroups.  

Fear-associated brain activity (Aim E) 

Functional data – differences between conditions  

Significant intervals (CS+ compared to CS–) were observed for all nine channels 

(Figure 6, Table 6). Consistently, CS+ elicited large negative signals from the 

middle until the end of the trials. For frontal and central electrodes, significant 

latencies were observed during 362-800 ms (mean p ≤ 0.012) and for parietal 

electrodes, during 627-788 ms (mean p ≤ 0.019). In addition, significant earlier 

intervals were observed for electrodes C3 and Cz (interval 194-202 ms, mean p = 

0.040, interval 186-222 ms, mean p = 0.037, respectively).   

Discrete statistics   

Since the most robust differential latencies were observed over late intervals, 

these latencies, corresponded to a CNV wave ERP component, which is known to 

be more prominent around central and frontal cites.325 Therefore, the mean 

amplitudes from 500 to 800ms were calculated as discrete measures for CNV 

amplitudes.   

ANOVA revealed significant main effects for Caudality (F2,9 = 6.30, p = 0.010) 

and laterality (F2,9 = 6.80, p = 0.007). Pairwise comparisons showed larger 

differences across central compared to parietal channels (p = 0.025) and across 

midline compared to right electrodes (p = 0.008; Table 6).   

Time effect  

For a few participants, there were some significant differences between their first 

and last 20 trials, exclusively in the latter part of the time domain. However, there 

was no consistency for either CS–, CS+ or the difference, as for some, late trials 
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had lower average amplitudes than the early trials, while for others it was the 

opposite. Moreover, a group-level analysis showed that there were in fact no 

significant time effects in neither of the conditions nor the difference-waves. 

Table 6. Mean CNV valuesa and significant latencies across channels (Paper IV) 

 
CS– CS+ (CS– – CS+) 

Intervals 
(ms)b 

Mean 
p-value 

F3 0.29 (7.15) -8.90 (4.72) 9.19 (9.56) 354 – 800 0.008 

Fz -1.47 (8.13) -15.25 (9.78) 13.78 (12.84) 342 – 800 0.004 

F4 -0.39 (6.50) -10.45 (6.27) 10.06 (9.85) 346 – 800 0.004 

C3 -0.74 (3.49) -8.01 (6.27) 7.27 (5.66) 350 – 800 0.003 

Cz -1.99 (3.35) -13.84 (9.48) 11.86 (9.79) 302 – 800 0.012 

C4 -0.94 (2.40) -7.83 (6.70) 6.89 (6.60) 362 – 800 0.010 

P3 -0.92 (2.23) -4.60 (5.05) 3.68 (3.57) 479 – 800 0.019 

Pz -0.12 (2.31) -3.65 (3.52) 3.53 (3.18) 627 – 796 0.022 

P4 -0.36 (1.67) -3.35 (2.44) 2.99 (2.96) 615 – 788 0.016 

CNV, contingent negative variation; CS, conditioned stimulus; MS, milliseconds.  

a Mean value (µV) from 500 to 800 ms, for all channels.  
b latencies demonstrated, detected by interval-wise testing, to be significant for CS– – CS+ 
differences. The mean p-values for all individual intervals are reported.  

Additional findings – ACLR vs. uninjured controls 

Kinematics 

Obstacle crossing (Paper I) 

While sagittal joint angles were mainly analysed in the context of asymmetry, 

groups differences were also observed in leading leg hip flexion during obstacle 

crossing (F75,2 = 4.55, p = 0.014; Table 4). Specifically, CTRL demonstrated lesser 

hip flexion compared to ACLR (p = 0.046) and to ATH (p = 0.022).  
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Figure 6. ERP waveforms (difference-

waves) and scalp topographies (Paper 

IV). Intervals with significant between-

condition differences for each channel 

are highlighted in the corresponding p-

value function plots (A). Particularly, a 

negative late component can be 

observed around central and frontal 

areas (B). 

ERP, event-related potentials; CS, 

conditioned stimulus; ms, milliseconds 
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Side-hop landings (Paper III) 

Although SRSH kinematics were evaluated in the context of fear of re-injury, 

significant kinematic differences were observed between ACLR and CTRL, i.e., 

regardless of the fear stratification. Significant group differences were observed 

in hip and knee flexion at initial contact. Both ACLR sub-groups demonstrated 

greater hip flexion (p  > 0.01 and p = 0.011 for HIGH-FEAR and LOW-FEAR sub-

groups, respectively) and knee flexion (p  > 0.01 for both sub-groups) compared 

to uninjured controls.  

PROM (Paper III)  

Regardless of allocation to HIGH- or LOW- fear groups, ACLR persons 

demonstrated lower ratings IKDC2000, Lysholm and KOOS – all subscales 

except for Activity of Daily Living, with p ≤ 0.001 for all.  

Both IPAQ and Tegner physical activity ratings were similar between the ACLR 

groups and controls. It was also evident that the ACLR groups reported a lower 

current Tegner ratings compared to their pre-injury levels (p ≤ 0.001).  
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Discussion 

Main findings 

The main findings of this thesis indicate that sensorimotor deficits exist among 

individuals that had undergone unilateral ACLR, even having completed their 

rehabilitation and cleared for RTS. While performing the functional OC task, 

post-ACLR persons demonstrated greater asymmetry and less trajectory 

variability, despite having seemingly non-deficient proprioceptive ability, as 

observed both by obstacle clearance accuracy and with a WB knee JPS test. 

Uninjured non-athletic controls had worse knee JPS compared to more physically 

active individuals – both ACLR and uninjured athletes. Significant positive 

correlations were observed between angle reproduction errors during the WB 

knee JPS test and functional accuracy outcomes in the OC task, yet only for the 

ACLR leg. Greater self-reported fear of re-injury after ACLR was associated with 

aberrant muscle activation patterns during side-hop landings. Specifically, 

greater post-landing anterior-posterior co-contraction and greater Biceps 

femoris activity were observed for participants with ACLR and high self-reported 

fear compared to both low-fear ACLR and uninjured controls. Finally, a novel 

balance-perturbation test paradigm was found feasible in evoking, electrocortical 

arousal potentially associated with movement-related fear. Trials associated with 

a threat of a sudden perturbation resulted with a CNV wave, an ERP component 

associated with threat-relevant expectation, particularly observed around central 

and frontal midline scalp locations.  

Proprioception and sensorimotor control 

Functional testing of knee proprioception  

Papers I and II focused on knee proprioceptive ability, although using different 

tests. The results suggested that knee JPS might not necessarily be deficient 

following ACLR at a stage when individuals had already achieved RTS eligibility. 

Paper I introduced a novel OC test, which involved limiting of visual input during 

the performance of a functional task. Evaluating proprioception was based on the 

sensory reweighting principle if which by limiting one sensory system, input from 

others becomes enhanced.23 Therefore, individuals with deficient proprioception 

would theoretically have performed worse when deprived online visual feedback 

upon which they would rely on for motor control.326 This is of course by no means 

unique to the obstacle clearance test, but rather the central principle of all JPS 

assessments. However, the functional element was a defining feature of the test, 

implied by the implicit requirement to reproduce an angle and by allowing for 

multi-joint free movement in doing so (i.e., not constrained to one DOF). As the 
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goal of the task was to clear the obstacle with minimal clearance, a proprioception 

deficiency meant either not clearing the obstacle or clearing it with exceptionally 

large margins. Neither was observed for the ACLR group. Success rate was the 

same for all three study groups and well over 80%, confirming that merely 

clearing the obstacle was not an especially challenging goal. Regarding distances 

from the obstacle, these discrete measurements of accuracy are generally the 

outcome of choice in similar obstacle clearance paradigms283-285,327 and were thus 

considered the functional equivalent of angle reproduction errors, which are the 

main outcome of JPS assessments,260 including the one used in Paper II. Indeed, 

results from both papers indicate no knee JPS deficiencies for the ACLR group. 

Conversely, less active controls demonstrated greater obstacle distances and 

greater absolute and variable errors compared to more active individuals. The 

significance of these findings is twofold:  

1. Knee proprioception following ACLR  

It would first seem that individuals that had finished their ACLR rehabilitation 

seemed to not have deficient joint positioning ability compared to uninjured 

persons. Moreover, between-leg differences indicated that for obstacle margins, 

the ACLR leg was even closer to the obstacle than the non-injured leg. The 

existence of JPS deficiencies following ACLR is a vastly debated topic.260-264 

Although several meta-analyses synthesise the abundance of research on knee 

JPS, not all considered time after surgery in their analysis.261-263 This may be one 

reason for inconsistencies, as for example Nakamae et al. found no evidence of 

knee JPS deficits when considering individuals on average 20 months post-

reconstruction.264 As such, their results are more comparable with the findings of 

Papers I and II, given that the median time post ACLR was over a year. Another 

source of lack of agreement in the literature are the different methodological 

elements of JPS tests (e.g., participant orientation, way of measurement, 

direction of movement, choice of angles, passive/active movement).260 Evidently, 

there is no gold-standard method for assessing knee JPS, meaning that when one 

observes aberrant sensorimotor function, its origin with regards to JPS deficiency 

remains hypothetical. Even if differences in reproduction angles exist following 

ACLR, the clinical significance of 1-2º errors (which are most commonly the 

observed differences) has been deemed questionable.261-263 The mere idea of 

isolating the knee JPS property is also misguided, as contributions from proximal 

and distal links in the kinetic chain are not to be underestimated and may very 

well contribute to limb positioning during complex multi-joint movements.267 

This was pertinent particularly for clearing the obstacles, as “foot clearance” was 

the intended focus of attention according to the test instructions. Moreover, while 

both the leading and trailing legs were evaluated, only the leading leg was probing 

the obstacle. Therefore, trailing limb positioning ability was in fact dependent on 

the contralateral limb as the reference for the perceived obstacle location. While 
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Paper II had a more unilateral approach, the CKC nature of a one-legged squat 

still involved multi-joint control and thus knee JPS was not solely the assessed 

construct.267,328 As such, knee proprioception following ACLR could still be 

deficient, although sufficiently compensated for.  

2. Proprioception and physical activity  

The CTRL group in Papers I and II seemed to have larger obstacle margins and 

reproduction errors, implying that higher level of athleticism might somewhat 

positively influence proprioceptive acuity. Comparable results have previously 

been observed by Han et al.,329,330 who reported significant associations between 

athletic performance level and both ankle330 and multi-joint329 proprioceptive 

acuity. Similarly, Muaidi et al., used a knee rotation sitting paradigm and found 

highly trained athletes to have enhanced knee proprioception compared to non-

athletes.331 A possible explanation is that an athletic lifestyle enhances 

proprioceptive acuity though various neural mechanisms while performing 

intensive training under challenging conditions.332 Alternatively, it is possible 

that innate proprioceptive ability is an inherent factor in young individuals 

becoming athletes to begin with. While this notion is hypothetical by nature, 

longitudinal study designs may elucidate this relationship by screening young 

pre-athletic individuals for proprioception and including a long-term follow-up 

through their athletic career. In addition, factors such as the type of athletic skill 

and proprioceptive element can potentially influence the outcomes of such 

investigations. Barrack et al. found that while professional ballet dancers 

demonstrated better knee TTDPM, they actually had worse knee JPS than non-

athletic controls.333 As these conflicting findings can be attributed to different 

neural mechanisms and possibly to sport-specific attributes, they emphasise that 

even with non-injured persons, the proprioception literature is inconsistent. 

Incidentally, despite statistically significant, the group differences in absolute 

errors seen in Paper II were in the range of 1-2º, thus doubtfully clinically 

relevant.262 

Notably, all the aforementioned studies329-331,333 used separate isolated tests for 

each joint, rather than challenging proprioception using functional paradigms. 

Weight-bearing knee JPS tests are commonly referred to as functional 

assessments299,328 due to a presumed relevance to everyday lower limb function, 

which is mostly weight-bearing. Still, measuring single elements of 

proprioception does not necessarily provide a full picture or relevance to everyday 

function. Instead, sensorimotor control is better evaluated in the context of 

functional multi-joint tasks. This was done in Paper I by having participants 

implicitly replicate their knee angle, while controlling the entire limb to achieve 

the goal set by the test instructions. The analysis of the entire movement revealed 

findings pertaining to sensorimotor control, not particularly to knee JPS.  
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Sensorimotor control – movement variability and symmetry 

Trajectory variability  

The ACLR group demonstrated less trajectory variability, particularly for the 

trailing leg, during high-obstacle crossings, suggesting a relatively more 

stereotypical performance compared to the two uninjured groups. Taken in the 

context of motor adaptation, a less variable performance might suggest a 

decreased ability of the CNS to adapt to different task conditions.33,334,335 In fact, 

it is well established that greater variability of kinematic parameters is a staple of 

skilled athletic performance, as observed in javelin/discus throwing336-338 and 

basketball shooting.40,41,339,340 An opposite approach postulates that having an 

excessively variable movement may reflect an inability to stabilize the 

performance. By this view, task-specific practice ideally results in the CNS 

gradually enhancing accuracy (minimizing errors) by developing optimal 

movement patterns, resulting in less variable or more consistent performance.341 

In theory, this may be so, not accounting for environmental changes and 

unanticipated situations. Stabilizing an endpoint of a limb (e.g., banging a chisel 

with a hammer or locating a foot over an obstacle) is a task-requirement and can 

be achieved with repetition. However, this does not imply each link of the 

kinematic chain repeats the exact same trajectory with every repetition. Contrary 

to past beliefs, complete invariability does not seem to be an important aspect of 

good performance but potentially a detriment.342 The functional role of variability 

is becoming more and more understood in the framework of non-linear 

dynamical systems.25,342,343 Under this approach, different task constraints 

contribute to human behaviour, which is to some degree both deterministic and 

stochastic (variable). Thus, the CNS utilizes motor redundancy in various joints, 

yet still minimizes variability in other parts of the body.344 This “blending” of both 

variable and deterministic behavior is the essence of motor control and is unique 

for the individual, the task and environmental constraints, that change over 

time.335,344 Given the non-contact nature of ACL injuries50,73,74 and evidence of 

injury situations occurring during a need for decision making under stress,73,85,86 

the necessity to adapt one’s movement is particularly critical.58 Paterno et al.42  

have prospectively observed that ACL-injured individuals that had demonstrated 

a rigid (less variable) posture, were likely to sustain a secondary ACL injury.  

Clearly, kinematic variability as a reflection of skilled performance can be 

expected to be during complex movements or during competition situations when 

an athlete is overwhelmed with stimuli.84 The results of Paper I, however, indicate 

that less variability was observed even in a mundane task such as clearing an 

obstacle. Notably, variability differences were only observed for high obstacle 

crossings. This is to some extent surprising given that lower crossings generally 

constrain the leg to a lesser degree. Movement variability is somewhat dependant 
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on the availability of DOF during a task. In other words, tasks that constrain the 

body more would generally result in less variability.345 In basketball, long-shots 

are characterized by less kinematic variability in the wrist, elbow and shoulder 

joints, compared to shots to short distance.40,339,345 This is attributed to a long-

shot leaving less margin for error, thus resulting in a more constrained 

movement. In contrast, short throws involve freeing of the available upper-limb 

DOF, which may enable effective compensatory mechanisms, ensuring the 

accuracy of the ball.25 It is however reasonable that crossing a high obstacle, 

placed at 18% of body height, did not result in real constraining of the joints which 

were not even close to their end of ROM during crossing. Interestingly, greater 

variability was also observed during lower obstacle trials for the injured leg 

among the ACLR group, compared to the contralateral leg. A possible explanation 

for this is the emphasis given to this leg during rehabilitation and overall post-

rehabilitation function, resulting in relatively greater repertoire of movement 

patterns. Still, when compared to other groups’ non-dominant leg, the ACLR leg 

was less variable in both high and low obstacles. 

Kinematic asymmetry 

Results from Paper I indicate that the ACLR group had several side-to-side 

kinematic differences. This is not surprising given ample evidence of post-ACLR 

asymmetry seen not merely in high-impact landing tasks, but also in walking and 

stair descents.217 Two major findings from Paper I were that trunk flexion was 

greater for the ACLR group when crossing with the injured leg, and that trailing 

knee flexion was greater for the non-injured leg. The latter was also observed for 

the ATH group (dominant leg having greater knee flexion than the non-

dominant). Trunk forward bending, particularly when crossing with the trailing 

leg, plays an important role of counterbalancing the body by shifting the centre 

of mass anteriorly. This strategy, observed exclusively for the ACLR leg, could 

theoretically be the result of altered sensorimotor processing. Possibly adapting 

to deficient knee proprioception, the CNS may utilise other joints and body 

configurations97 to control the foot in space and cross the perceived obstacle. On 

the other hand, crossing with the non-injured leg did not require this strategy, 

and instead greater knee flexion was observed compared to the contralateral leg. 

Interestingly, a similar knee flexion asymmetry pattern was observed for 

uninjured athletes. Given that the majority of athletes were practicing in team 

sports with an asymmetric component (e.g., soccer, floorball), this was not 

surprising. Years of training often manifest in between-limb asymmetry, which 

then becomes inherent in an elite performance.346 This tendency was evidently 

robust enough to manifest even in a simple task of clearing an obstacle which 

theoretically should not have required different kinematics for dominant/non-

dominant sides, as opposed to sport-specific manoeuvres. With that in mind, the 

entire movement profile was evaluated using GPA. Multi-joint movement was 
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indeed symmetrical for the ATH group, both with regards to hip-knee-ankle 

angles and angular velocities. The ACLR group did however demonstrate a higher 

dissimilarity index, being comparable to non-athletic controls, despite the ACLR 

cohort being physically active at a level similar to elite athletes.  

Sensorimotor control – neuroplasticity 

Knee proprioception is merely one link in the sensorimotor chain, which involves 

a complex network of inter-related neural connections.13 Evidence of post-injury 

neuroplasticity is becoming more and more robust, resulting in behavioural 

changes such as movement alterations among individuals following ACL injury 

and reconstruction.95-97,268,276,279-281 Baumeister et al.279,280 were the first to 

investigate cortical activity and its association with different proprioceptive tasks 

among individuals following ACL injury. For both knee JPS279 and force 

reproduction280 tasks, they found that greater frontal theta power among ACL-

injured persons compared to controls. This particular neural component was 

previously found to be associated with working memory347 and attention.348 

Therefore, these combined findings indicate that individuals following ACL 

injury might rely on conscious control and increased attention even when 

performing simple tasks. Interestingly, when performing the force-reproduction 

task,280 these differences in theta power were observed despite seemingly intact 

proprioceptive ability. This suggests that the ACL-injured group may have 

possibly adapted a different neural strategy which then allowed them to perform 

the task as accurately as uninjured controls. A reliance on attention and memory 

has also been hypothesised by others to dominate the “ACL-injured brain”. 

Comparable findings from fMRI studies using simple flexion-extension tasks97,276 

further advocate less automaticity during motor performance. With regards to 

Papers I and II, a cognitive strategy based on timing calculation may theoretically 

have been a way of performing the two proprioceptive tasks, allowing adequate 

compensation even with deficient proprioception.  

An additional framework to addressing the automaticity of motor performance is 

through focus of attention during the task.349 Given that attention to the 

environment is generally warranted during sports situations, it has been 

indicated that encouraging an external focus of attention during functional tasks 

is prudent in order to facilitate motor learning and automaticity of 

performance.35,349 The two proprioception tests used in Papers I and II can clearly 

be distinguished from one another in that regard. In the JPS test, the instructions 

were to replicate a knee angle, resulting in an internal focus of attention 

throughout the task. On the other hand, the goal in the OC test was to clear an 

external object, thus the control of the body segment was done implicitly. A 

correlation analysis, performed in Paper II, clearly indicated that JPS-related 

outcomes were positively correlated between the two tests exclusively for the 
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injured ACLR leg. It is thus possible that individuals with ACLR have 

implemented a similar internal focus strategy when performing both tasks. If that 

is the case, it suggests that although proprioception-related outcomes (absolute 

error and obstacle margins) did not reveal deficiencies for the ACLR group, 

central control may be aberrant compared to uninjured individuals. It has been 

noted that ACLR rehabilitation protocols largely involve exercises with an 

internal focus of control – i.e., towards the knee or body position.350 While this 

has merit in earlier stages of rehabilitation with basic motor pattern being 

restored, as time goes by and with more advanced exercises, focusing on the 

moving body part constrains the motor system and thus decreases the 

effectiveness of the movement.351 This is especially critical during sports 

competition scenarios, in which attention to the environment is of utmost 

importance and considering the high risk of ACL injuries (and re-injuries) during 

situations involving simultaneous stimuli, unexpected perturbations and rapid 

decision making.73,86  

An internal focus of attention can also be a hallmark of individuals with high 

levels of fear or anxiety, as they are generally preoccupied with their injured body 

part.170 While this is not likely the case for low-risk tasks such as clearing an 

obstacle, psychological influence on sensorimotor control should not be 

underestimated in more complex tasks.  

Fear-related constructs and sensorimotor function 

A fear-induced landing strategy? 

With regards to Paper III ACLR subgroup allocation, it is arguably more accurate 

to discuss anxiety rather than fear (see Definitions section). Briefly, fear is 

aroused by an imminent identifiable threat, whereas anxiety refers to the general 

worries about what could happen in the future.3 It is sensible to assume that high-

anxiety individuals likely exhibit certain physiological responses when 

introduced to potentially dangerous (of fearful) situations.3 This was indeed 

observed to some extent in Paper III for the high-fear group (Although high-

anxiety would be more accurate, I chose to use similar terminology that was used 

in the paper) compared to the low-fear and control groups. By performing a SRSH 

test that involves frontal forces to the knee, participants placed themselves in a 

potentially hazardous situation. This apparently resulted in high-fear individuals 

demonstrating greater Biceps femoris activation and anterior-posterior co-

contraction in the landing phase compared with both low-fear ACLR and 

uninjured controls. Although not entirely supported by kinematics, the high co-

contraction pattern suggests a stiffer knee joint, rather than acting as a spring 

during rebound.352 Both the high co-contraction and Biceps femoris activation 

are active contributors in resisting anterior tibial translation, and thus potentially 
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reduce the strain on the ACL graft.243,353-355 As such, the observed pattern can be 

interpreted as a protective neuromuscular strategy aimed to facilitate knee joint 

stabilisation and prevent a subsequent injury.356 In other words, a fear-induced 

strategy was potentially observed during a functional test with injury-mimicking 

properties. The SRSH test was considered optimal to elicit a fear-related strategy 

given that most ACL injuries occur during both single-leg landings and rapid side-

to-side manoeuvres.85,86 Although kinematic outcomes did not seem to 

differentiate between the ACLR subgroups, a distinct preparatory pattern was 

observed regardless of fear-allocation, with participants in both ACLR groups 

positioning themselves with initially greater hip and knee flexion angles prior to 

landing. The high-fear group additionally demonstrated greater trunk flexion. 

Both knee and trunk flexion during landings may have been utilised as a 

protective strategy as they reduce knee flexion moments by positioning the GRF 

vector anteriorly to the knee.233,357 Secondly, a flexion-pattern results in greater 

hamstrings insertion angles, which facilitate resistance to anterior tibial shear 

forces.358 Thirdly, greater knee flexion also lowers the ACL elevation angle,359 

which reduces the load on the ligament in response to anterior tibial shear 

forces.358,360 Implementing such a flexion strategy during landings has been a 

characteristic of individuals following ACLR, as indicated by previous 

biomechanical work,233,245,361 although not considering self-reported fear as a 

factor. A recent study by Trigsted et al. had participants with ACLR perform drop-

jumps to detect fear-related biomechanical differences. Contrary to the findings 

of Paper III of this thesis, fear-related kinematic patterns were observed. 

Specifically, high levels of kinesiophobia were associated with less peak knee, hip 

and trunk flexion angles during landing.164 A potential explanation to this 

discrepancy is the single-leg feature of the SRSH in Paper III. While both a drop-

jump and a SRSH require greater flexion angles in order to dissipate landing 

forces and prepare for rebound, two-legged tasks such as drop-jumps allow 

movement compensations and landing strategies with the contralateral 

limb.362,363 In addition, preparatory muscle activity was not different between the 

groups in Paper III, although associated with kinesiophobia in the study by 

Trigsted et al.164 Again, the different tasks may be the reason for these differences. 

On one hand, in a task with a requirement to jump as high as possible, 

preparatory control might be more relevant, which can therefore result in fear-

associated increased preparatory muscle activations.164 On the other hand, in 

SRSH landings, the requirement to rebound as fast as possible makes preparatory 

stiffness detrimental to the task goal. Landing control (reactive rather than 

preparatory) is then key in resisting frontal momentum, which is particularly a 

priority in the context of fear, considering a relevance to the injury 

mechanism.85,86  

Given the benefits of protecting the ACL graft during a sport-mimicking task, one 

can wonder whether fear of re-injury has in fact a beneficial role in injury 
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prevention. However, this is not necessarily the implication for the 

neuromuscular patterns observed in Paper III – particularly the greater anterior-

posterior co-contraction. First, high Quadriceps-Hamstrings co-contraction may 

have a detrimental effect as it can increase the tibiofemoral compression forces 

during landing246 and thus accelerate the degeneration of the knee joint.364,365 

Kinematic findings also indicated a trend of less frontal knee ROM for the high-

fear group (although non-significant). Considering the damping role of the knee 

during landing,366 less frontal plane movement during side-hops suggests sub-

optimal force dissipation, which can also contribute to tissue degeneration.367 

From a motor control perspective, a stiffer joint and decreased ROM can be 

comparable to constraining the limb, thus reducing the available DOF. This type 

of landing strategy, particularly during a high-risk single-leg landing from a side-

hop, can theoretically hinder the ability to adapt to unexpected environmental 

conditions and can be a precursor for re-injury.88  

Anxiety and the individual experience 

Self-reported tools are generally used as measures of the individual experience, 

including anxiety levels, but also other constructs that can naturally affect the 

emotional state.136,294 In Paper III, several subjective outcome measures were 

included in order to investigate the impact of fear of re-injury (which by itself was 

subjectively evaluated using one discriminative question) on self-reported 

symptoms, functional status and quality of life. The results indicated that 

individuals following ACLR had similar self-reported function, symptoms and 

physical activity regardless of fear allocation. Notably, for both ACLR subgroups, 

Tegner scores were considerably lower than their pre-injury score, indicating that 

they had not returned to their previous activity level, regardless of their self-

reported fear level. Given that fear of re-injury is well established as a major factor 

for not returning to sport following an ACL injury,131,368 it is possible that the 

participants in Paper III are not representative of the majority of the ACLR 

population. Previous work by Ardern et al.134 reported associations between not 

returning to pre-injury activity and high kinesiophobia, low psychological 

readiness, low knee self-efficacy and low scores on the KOOS subscales of quality 

of life and sports & recreational activities. Furthermore, a more recent 

investigation by Norte et al.155 indicated that high TSK scores associated with 

worse outcomes, although different ones depending on self-reported physical 

activity level – KOOSADL hamstrings fatigue among low activity individuals; IKDC 

and hop asymmetry and distance among more active individuals. Negative 

associations were also observed by Hart et al.,144 between knee confidence and 

both kinesiophobia and self-reported functional outcomes, among individuals 

following ACLR with knee osteoarthritis, suggesting a certain inverse relationship 

between anxiety and self-reported function. Later work from the same authors156 

indicated similar associations, observed among individuals one year following 
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ACLR. In Paper III, grouping was determined based on fear of re-injury, which 

was not the case in the study by Ardern et al.134 nor those by Hart et al.144,156 Still, 

given the larger sample sizes in the aforementioned studies and similar (non-

significant) trends observed in Paper III for these self-reported outcomes, it 

would seem that the nature of such relationships should further be explored.  

The construct of kinesiophobia might not be a suitable one for the ACLR 

population, given its emphasis on pain being a key deterrent for high-fear 

individuals.148,369 Having 10 out of 17 questions on the TSK referring to pain148 (6 

out of 11 in the short version370) raises some concerns regarding whether the main 

anxiety-assessment tool dominating the ACL literature116,144,152,154-156 actually fits 

the population. ACL-injury pain is in fact not a prevalent complaint in the non-

acute stages.157 For this reason, other tools have been suggested before, such as 

the ACL-adjusted TSK,130,158 telephone interviewing153 and custom 

questionnaire.132 In Paper III, a more simplistic assessment was performed by 

using question 9 that refers to re-injury rather than pain. As the grouping 

criterion was corroborated by the TSK entire score, one may wonder how using 

more injury-relevant subjective tools would have affected the results.  

Despite a clear value of self-reported outcomes in providing a patient-centred 

perspective, these reports are potentially susceptible to social desirability bias, 

implying that patients/participants might be inclined to respond in a manner that 

is perceived more appropriate or acceptable to others.371 In the context of sport 

psychology, this can mean that athletes may change their answers to avoid losing 

a placement in their league or be otherwise denied from important contracts with 

international teams. It has been previously noted that due to this bias, self-

reported outcomes can be misreported and that associations between 

psychological constructs and sport-related objective variables may be masked.372 

An objective way of assessing movement-related anxiety may possibly 

complement the current knowledge gap and has a certain value in clinical 

screening. Paper IV aimed to explore a potential objective measure of movement-

related anxiety by means of a novel fear-provoking paradigm. 

Objectively capturing movement-related fear 

Findings from Paper IV demonstrate a significantly larger amplitude CNV wave, 

elicited from trials associated with a threat of sudden perturbations, compared to 

neutral trials. This was observed for all EEG channel locations, yet with a most 

prominent differential effect over central midline electrodes. Commonly referred 

to as an “Expectancy wave”,181 the CNV is generally elicited following a warning 

stimulus after which an second stimulus (known as an imperative stimulus) is 

expected and which requires a motor action.373 Conversely, CS– trials presumably 

did not induce such an expectancy (nor a required motor response), resulting in 
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smaller ERP amplitudes. It is crucial to note that mere expectancy was not the 

sole construct that could be inferred from the elicited CNV in Paper IV. It has 

previously been noted that despite reflecting a controlled contingency estimation 

(i.e., the judgment that a certain event would occur), the CNV can also be 

influenced by the affective quality of the eliciting stimulus (i.e., the feeling or 

emotions it elicits),374 as well as reflective of motivation and attention 

processes.375 Moreover, both the stimulus and the expected reaction may be 

relevant in determining the context of the elicited arousal response. The original 

CNV paradigm376 was rather simplistic and involved auditory cues, which were 

randomly followed by the imperative stimulus – flickering lights – that could be 

terminated by a participant’s press of a button. However, later work 

demonstrated a coupling between threat and the generation of a CNV. Baas et 

al.,179 implemented a fear conditioning paradigm, in which the CS+ was followed 

by electric shocks, and resulted in comparable frontal negative slow waves, that 

were not observed in CS– trials. In Paper IV, a motor response was implicitly 

required of the participants, involving whole body adjustments which were 

impossible to predict due to the pseudo-randomization of the perturbation 

sequence. The basic premise of the experiment indicated that because an 

improper response would result in not keeping the center of mass above the base 

of support, CS+ trials would transform a mere anticipation into fear due to an 

imminent threat. The CNV wave is estimated to originate in the pre-motor 

cortex377 in its late latencies, i.e., close to the imperative stimulus. In Paper IV, 

the analysis was limited to 800ms following the warning stimulus, yet a large 

central CNV was still observed. Since anticipatory whole body adjustments were 

necessary in cases of a perturbation, the observed ERP might be an indication of 

increased pre-motor activation, required for coordinating and planning complex 

movements.27 Other cortical areas that have been previously shown to have 

enhanced activation during CNV tasks are the supplementary motor area, 

cingulate gyrus and the insula.378 These areas, as well as the amygdala and several 

subcortical structures, form a functional ‘fear network’, which is largely activated 

during fear conditioning paradigms.379 The supplementary motor area has a role 

in motor planning (e.g., “fight or flight” response)27 while the anterior cingulate 

gyrus has been shown to be modulated by uncertainty and arousal.380 Both of 

these brain regions were likely involved to a greater extent during CS+ trials in 

Paper IV. Since only EEG was collected in Paper IV and no source reconstruction 

techniques were included, the involvement of other areas associated with fear 

conditioning (e.g., the amygdala381) is unknown. Incidentally, the insula, also a 

structure known to contribute to CNV generation,378 was previously shown to be 

activated by the recall of personal emotions (e.g., remembering a fearful 

experience).382 While this was most likely not the case given that participants 

were uninjured persons, it may be of relevance for future applications among 

ACL-injured individuals. 
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Notably, other ERP components have previously been used as cortical biomarkers 

of certain fears, such as the P200,383 (i.e., positive potential around 200ms) 

P300175 and the late positive potential (LPP).176 The unconditioned stimulus in 

Paper IV (i.e., a perturbation) was inherently different than in studies focusing 

on fear of spiders and its expression in P300 and LPP amplitudes.175,176 In those 

experiments on phobic individuals, there was no conditioned stimulus. Instead, 

ERPs were elicited in response to the presentation of aversive pictures. An arousal 

response was thus evoked presumably based on previous beliefs and image-

associations rather than actual threat. Another possible reason for not observing 

other ERP components in Paper IV was the magnitude of the CNV. It is a known 

issue that small components are often masked by larger components with 

overlapping latencies.174 The CNV is generally elicited from 300ms post stimulus, 

which overlaps with P300 and LPP latencies.384 Furthermore, results from Paper 

IV demonstrate large differences between conditions at frontal and central cites, 

consistent with CNV areas.385 On the other hand, both the P300 and LPP waves 

tend to have maximum amplitudes in parietal-occipital and central-parietal 

electrode cites, respectively.384  

Methodological considerations 

Participants 

Key to Papers I and II of this thesis was the inclusion of ACL-reconstructed 

persons that had finished their rehabilitation and were cleared for RTS. This was 

crucial since assessing acute patients instead would have likely revealed 

sensorimotor deficits due to the recent trauma. The aim was instead to identify 

whether such deficits exist after participants were declared rehabilitated. This 

recruitment strategy inevitably resulted in a large variability of time after surgery 

for the participants (7 – 129 months for Paper I and 7 – 77 for Paper II). 

Consequently, some individuals participated more than five years after their 

reconstruction. During that time, sensorimotor control is presumably influenced 

by diverse activities96,334 which are naturally different between individuals and 

are impossible to control for. This is particularly true for those returning to their 

respective sport participation, as diverse training can result in different 

movement patterns.386 Rehabilitation regimes might also be considered a “black 

box” given the individual variability among patients and therapists. While most 

of the participants in Papers I-III were recruited from the same clinic and had the 

same physiotherapist, there are still many unknowns regarding a critical period 

in which movement patterns are being developed and the sensorimotor system 

adapts to a new reality.96 Notably, time post-surgery was tested for correlations 

with all of the dependent variables in Papers I and II (also done in Paper III 

despite a smaller range [7-24 months]) and was not found to be a significant 

factor.  
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A second consideration were the sex imbalances within the study groups in 

Papers I-III. Although both females and males were targeted in recruitment, most 

of the participants were in fact females, which raised some concern regarding 

homogeneity within groups. To address this, data from Papers I-III were re-

analysed with sex as a covariate, which did not change the statistical significance. 

Documented sex-related biomechanical differences are mostly related to more 

dynamic landing manoeuvers387,388 and there was no apparent reason to suspect 

an influence of sex/gender on proprioceptive ability. Therefore, in Papers I and 

II unadjusted results were reported. Paper III however involved a dynamic 

landing task, thus certain sex-related kinematic differences were considered a 

potential risk.53 Therefore, an ANCOVA was performed, and the significance level 

was adjusted with sex as a covariate for biomechanical outcomes, which 

incidentally did not significantly alter the results.  

Thirdly, all participants of this thesis were all reconstructed using an ipsilateral 

hamstrings graft, being the Swedish national standard389 and ensuring 

homogeneity with regard to surgical intervention. Clearly, this is not the only 

reconstruction method.390-392 Both the type of graft and the surgical technique 

have been known to affect the clinical outcomes which to some extent affects the 

generalisability of this thesis.  

Finally, a major limitation is the current small number of participants included 

in Paper IV. The COVID-19 situation significantly affected the rate of 

reconstructive surgeries, which dropped in 2020 by 10% nationwide.282 

Subsequently, this may have resulted in less potential participants due to the 

effect on rehabilitation attendance and the influence of COVID-19 regulations on 

the individuals’ inclination to participate in studies. Incidentally, even uninjured 

participants were rather difficult to recruit. This limitation drove the decision for 

Paper IV to be a methodological study, in which the novel test paradigm is 

introduced and tested for feasibility among uninjured persons. Nevertheless, the 

results from the current sample robustly demonstrated fear-related ERP 

waveforms. The discriminative ability of the balance-perturbation paradigm 

between high and low-anxiety ACL-injured persons is however still being 

explored as data collection is continuing. 

Tests design and data acquisition 

Obstacle clearance test 

Participants in Paper I were not aware of the number of possible obstacle heights, 

nor were they allowed to see the obstacles at any given moment. When asked after 

completing testing as to how many heights they believed were included, 

participants commonly stated that they were not sure or speculated there were 
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three or even four heights. This blinding to test conditions can be considered a 

strength that should be incorporated in future assessments. Secondly, unlike 

previous studies involving OC paradigms,283-286 obstacle heights were 

standardized to the body-height of the participants. This prevented possible bias 

related to anthropometric characteristics. However, the variability results suggest 

that future designs should focus on high obstacle heights, as they might be more 

challenging. Additionally, higher obstacle crossings might involve more muscle 

spindle activity and other mechanoreceptors as the knee is closer to its ROM 

limits.12,393  

Another design strength of the OC test was the addition of an elevated platform 

beneath the leading leg, which provided a different starting height for the legs, 

thus further contributing to a reliance on internal sources to position the feet. 

Furthermore, visual input was semi-obscured in the OC design by using 

downward-occluding goggles. This, as opposed to complete blindfolding, did not 

seem to affect balance yet still had the benefit of preventing obstacle-related 

online visual feedback. In addition, the removal of the obstacle prevented 

feedback in case of an obstacle hit, which may have otherwise resulted in over-

compensation during following trials.283 Conversely, this could have caused in a 

drift in foot position over ongoing trials, as by not hitting the obstacle a 

participant might assume a larger margin of availability. While this tendency was 

not observed in Paper I, it should be kept in mind as something to control for in 

potential future applications of the test. Furthermore, no information was 

provided on how to position the body after finishing the task. As a result, some 

participants finished by bringing their trailing leg parallel to the leading leg and 

then stopping, while others brought the trailing leg directly in front and 

continued to walk additional steps. This may have been a factor affecting trunk 

movement during crossing and could have been avoided by providing more 

specific instructions. Some participants also asked if the instructions applied to 

both legs, to which there was no further clarification by the tester (for the sake of 

unity). It was therefore possible that the leading leg was most representative of 

JPS, whereas crossing with the trailing leg was not a conscious goal for some 

participants. However, the same point can be considered a strength, as the 

trailing leg was lagging behind, thus crossing with it represented a more 

automatic motor task.  

Weight-bearing knee JPS test  

For Paper II, the JPS test included two angle conditions, 40º and 65º. These 

angles were originally chosen when the test was developed298 as they are within a 

40º-80º range which was previously shown to be reliable for JPS tests.394 Indeed, 

the WB JPS test was also shown to have good reliability.298 However, a concern 

may be raised as the study used for angle determination included JPS tests 
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performed in sitting and prone positions rather than standing.394 Conversely, the 

test included in Paper II was weight-bearing, meaning that particularly the 65º 

condition involved a slow and continuous high-torque load to a reconstructed 

knee. This may have resulted in internal pressure or even pain, which suggests 

that nociception played a possible role in positioning ability. This may explain 

why between-test correlations between the two tests were only observed for 40º 

AE, as crossing high obstacles did not involve such pressure or pain. Whether or 

not this was a major confounding issue in JPS ability is unclear, as the majority 

of participants did not explicitly report any pain. Furthermore, prior to each test, 

participants performed one deep squat to ensure that they can reach the 65º 

flexion angle pain-free. If they could not, then the target angle was decreased in 

increments of 5º until a suitable angle was reached. Regardless, seeing how this 

angle was closer to the end of ROM, future applications of WB JPS tests may 

benefit from including more trials with target angles around 40º. In these trials, 

both AE and VE were significantly larger for all groups compared with 65º trials, 

most likely due to a larger margin for error,25 making them arguably more 

appropriate for evaluation of proprioceptive acuity. A similar trend was observed 

for OC distances, being significantly larger for low obstacles, again possibly due 

to a larger error margins.  

Balance-perturbation test  

For Paper IV, a concern that was raised when developing the test was participants 

habituating to repeated perturbation trials. ERP habituation is generally a 

concern when designing experiments involving emotional responses.174 First, 

presenting participants with consecutive identical stimuli can result in lower 

amplitude components over time.395 In Paper IV, the randomisation sequence 

ensured equal number of CS– and CS+ stimuli within blocks of 10. This resulted 

in a maximum of four consecutive stimuli of the same kind, thus reducing the 

likelihood of habituating to each audio tone. In addition, the two types of stimuli 

differed from one another in frequency, which lowers the likelihood of ERP 

habituation that was found to be a function of acoustic resemblance.395 Regarding 

the perturbation, the test included both “fake” warning stimuli (i.e., high tone 

without a perturbation) and “real” warnings. The latter were followed by a 

perturbation to one of eight directions, each involves different anticipatory 

requirement. Further, some directions resulted in larger losses of balance (e.g., 

forward translation of the platform) while other directions were not as 

challenging. The randomisation sequence reduced the likelihood of similar 

consecutive perturbations, which increased the variety of the task. It was 

impossible for participants to predict both the type and magnitude of the required 

response and the likelihood of them habituating was thus decreased, which was 

also confirmed by statistical tests.  
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A possible limitation of the balance-perturbation test paradigm was that the 

contrast between the two conditions was not merely in terms of threat. CS+ trials 

required a motor response while CS– did not. Therefore, the resulting CNV could 

have just been the result of motor cortex activation rather than an indication of 

fear. Future validation trials are needed, ones that include a third condition which 

requires a voluntary motor response but without a threat element.  

Data processing and outcome measures 

Obstacle clearance kinematics 

The determination of minimal clearance in Paper I was not requires certain 

consideration. While previous studies used vertical clearance to determine the 

minimal distance from the obstacle,283-285,327 this was not always the shortest 

distance. While some participants had their toe closest to the obstacle, for others, 

the closest segment was the shank (particularly the trailing leg). For this reason, 

the foot-shank model was developed (see appendix) rather than relying solely on 

foot markers. This model was based on measurements of 16 feet of uninjured 

individuals and thus some inaccuracies may exist when applying it to individuals 

with different body proportions. This should be taken into consideration since all 

kinematic measures were based on midfoot crossing, which was derived from the 

model. 

The kinematic analysis in Paper I was also limited to sagittal plane joint angles. 

As opposed to more complex, multidirectional tasks, the OC task is mainly 

sagittal and does not require multi-plane movements.283,284 However, some 

participants occasionally demonstrated a circular leg motion to clear the obstacle. 

This was not addressed in the analysis as the contribution of sagittal plane 

kinematics was significantly more robust. Yet, since this could possibly constitute 

a different crossing strategy to avoid hitting the obstacle, future investigations 

should consider quantifying movements in the frontal and transverse planes.  

It should also be mentioned that the trajectory variability analysis included in 

Paper I was rather simplistic, as each joint was assessed separately. Although a 

hypothesis was made regarding the functional role of movement variability, there 

are in fact more advanced approaches to address the problem of motor 

redundancy. One of them is an uncontrolled manifold analysis.334,396 Briefly, a 

performance variable (i.e., foot position) is stabilised as long as a multi-element 

system operates within a mathematical subspace (a manifold), within which 

variability of the elemental variables (i.e., individuals joints) is uncontrolled for 

as it does not affect the variability of the endpoint. However, outside this space, 

variability would negatively affect the stability of the performance variable.396 

This approach generally requires more repetitions (Paper I had 4 repetitions for 



Discussion 

 
74 

each condition) and was thus incompatible with the clinical orientation of the 

test. Other methods such as nonnegative matrix factorization30 and non-linear 

measures397,398 exist and can arguably be of value. Future studies might benefit 

from applying more advanced analyses and thus shed more light on the role of 

the observed variability – either random noise or a reflection of flexibility and 

adaptability.397 

JPS outcomes 

Variable error was defined as the standard deviation of all target angles. Although 

this was based on previously-published work298, certain delays between hearing 

the signal indicating 40º/65º angles and pressing the trigger could have affected 

the outcome. These delays can depend on the participants’ reaction and/or 

concentration.267 Conversely, an original definition of VE399 could have been used 

which is based on the standard deviation of the reproduction error, which is 

calculated for each trial based on its particular target angle. Using this measure 

may be preferable in future investigations.  

EEG pre-processing  

The widely recognised 10-10 and 10-20 electrode placement systems, which are 

based on electrode distances standardized to the individual scalp dimensions, are 

considered the international standard.400 However, the Geodesic Sensor Net 

system, used in Paper IV, comprises a unique electrode layout, which is 

embedded within three different-size sensor nets. A technical note released by the 

EGI manufacturer401 indicates that nearest neighbours analysis resulted in 

acceptable correspondence between the Hydrogel sensor and the international 

10-10 electrode system, for 128 and 256 electrode nets, for most electrodes (less 

than 2 cm deviation from 10-10 locations were shown for all nine electrodes used 

in Paper IV). The 64-channel net used in Paper IV is a subset of the 128-electrode 

layout and thus correspondence with the 10-10 system could be assumed. 

However, this consideration should still be noted as the locations of the electrodes 

can vary slightly depending on participants’ head measurements.  

Offline re-referencing is common practice in EEG studies and has a substantial 

influence on the observed signal.174,278 In Paper IV, an average mastoid reference 

was used. Some would argue that the common average (i.e., using a reference 

comprised of averaging all electrodes) is the least biased towards a certain 

location, resulting in an electrically-neutral reference.402 The rationale is that by 

approximating the head as a sphere, an assumption can be made that the sum of 

all the potentials recorded on the whole sphere due to current sources inside it is 

zero. However, this is not really true since the EEG net covers only a portion of 

the head (i.e., not the face, neck nor the bottom portion of the head).174 In general, 
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the choice of reference matters when comparing the results to previous studies. 

This is generally harder with common average, which is really specific to a certain 

EEG system.174 While other ERP studies that assessed different fears used a 

mastoid reference,176,177 studies with CNV paradigms were more mixed – some 

used an average mastoid (often termed: “linked earlobe”),374,403,404 while others 

used a common average.385,405 While the choice of using the average-mastoid as 

reference in Paper IV is well motivated, this should still be kept in mind when 

comparing the results to other work. 

Further consideration should be given to EEG data cleaning methods. Following 

segmentation, data consisted of 100 trials for each test condition, which had to 

be screened offline for detection of bad trials. Several rejection methods exist, 

e.g., visual inspection,406 voltage threshold,402,407 independent component 

analysis (ICA).278,408,409 Since the balance-perturbation test involved sudden 

movements and subsequently large movement artefacts, an ICA method was not 

optimal given that large amplitude artefacts would have appeared as main 

components as they mostly affect the overall variability of the signal. Applying a 

voltage threshold trial rejection method402,407 also did not fit the data due to 

between-individual variability, which prompted a need to set different thresholds 

for each individual. Instead, the joint probability method was selected318,319  

taking into account both the variability within each channel from start to end of 

the trial and the variability between all of the analysed channels.  

Clinical implications and future research 

While proprioception may or may not be deficient following an injury, assessing 

it should be done in ACL rehabilitation while considering whole-body movement 

control, as the CNS adapts over time to a new post-injury reality.96 Conversely, a 

proprioception test that involves isolating a joint does not reflect functional 

proprioceptive ability. Paper I introduced a novel functional test that challenged 

proprioception. This test can easily be administered in clinical settings and holds 

merits considering that salient aspects of sensorimotor control were accounted 

for. The aspect of movement variability is of particular importance as a sign of 

motor adaptability.33 This cannot be addressed using isolated JPS tests, nor is it 

generally acknowledged in other functional tests when using coarse performance-

related outcomes (e.g., hop distance). Motor variability should also be 

encouraged in rehabilitation when performing functional tests, in order to better 

prepare a patient for the diversity of real-life scenarios.25 Variability of movement 

patterns should then be observed and analysed more thoroughly. It is true that 

most clinics and training facilities do not possess advanced motion capture 

systems. This is indeed a limitation hindering the applicability of the findings of 

this thesis, which is based entirely on advanced data acquisition methods. 



Discussion 

 
76 

Nevertheless, more simplistic equipment such as 2D video cameras have been 

shown to correlate with 3D kinematics.410 The use of more advanced, yet 

financially obtainable systems is also becoming more prevalent (e.g., Microsoft 

Kinect),411 and can provide means for including more advanced analyses of 

functional movements.  

Re-injury anxiety should be better addressed in ACL injury management. This in 

line with biopsychosocial models which emphasise the fact that psychological and 

emotional states of a patient can influence the outcomes of orthopaedic surgeries. 

Psychological intervention programs are thus encouraged as part of a holistic 

rehabilitation. These interventions include e.g., mental imagery and cognitive-

behavioural therapy, although the evidence of their effectiveness is currently 

limited.412 Graded exposure therapy, which aims to gradually expose patients to 

fear-provoking tasks,413 has recently been implemented (in a pilot study) among 

individuals following ACLR, with some success in alleviating fear of re-injury.414 

With that in mind, having patients perform injury-relevant tasks like the SRSH 

should be considered given the fear-related muscle activation patterns observed 

in Paper III. With regards to assessing treatment outcomes, it is advisable to 

include an appropriate construct of evaluation, rather than focusing on pain-

centred questionnaires when referring to injury-related anxieties following ACL-

injury. In Paper III, a single question was found to be somewhat discriminative 

and can easily be used in clinical settings. However, objective tools to assess re-

injury anxiety should further be developed. A possible direction was proposed in 

Paper IV, although still far from an applicable clinical tool. Further validation 

efforts and testing high-anxiety persons following ACLR should be the next step. 

Portable EEG systems also exist and have been shown to produce high-enough 

quality data.415 Similar paradigms should thus progress into more ecologically-

valid tests performed in real-life settings (e.g., sport arenas), in order to further 

approximate a patient’s functional status and determine whether they are indeed 

ready for RTS.  

Returning to sports after a serious injury is challenging considering the high 

demands often placed upon athletes. Sports situations challenge the 

sensorimotor system, as they often involve extreme movements combined with 

fast decision-making and immense psychological pressure.58,170 Ideally, placing 

an athlete in sport-relevant situations should be common practice during 

rehabilitation. Simulating real-life is however easier said than done. Maximising 

efforts to achieve this should be the goal of future intervention programs. These 

should incorporate functional exercises, encourage variability to facilitate motor 

adaptability, challenge patients in anxiety-relevant tasks and include frequent 

follow-ups on patients’ emotional well-being, thus facilitating optimal 

performance.  
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Conclusions 

• Individuals that had undergone ACLR and rehabilitation demonstrated less 

trajectory variability during obstacle crossing, suggesting a more constrained 

movement control when proprioceptive control was emphasised. This has 

implications for injury risk, considering the required adaptability of the 

sensorimotor system which is facilitated by trajectory variability in functional 

movements. 

• During OC performance, individual lower-limb joint asymmetries were 

observed among persons following ACLR and among uninjured athletes. 

However, only the ACLR group demonstrated asymmetries in combined 

inter-joint movement. As symmetry is generally strived for in rehabilitation, 

the addition of a multi-joint perspective is encouraged during functional 

tasks. 

• Knee JPS was more deficient in less physically-active controls than in 

physically active individuals post-ACLR and elite athletes. This was observed 

both in a weight-bearing JPS test and in a functional OC test, suggesting that 

physical activity may play a key role in proprioceptive acuity. 

• Correlations between the two proprioception assessments were observed 

exclusively for the ACLR leg, suggestive of similar central strategies when 

performing the two tasks, despite different foci of attention implied from the 

different instructions. This has implications to risk for re-injury if such 

tendency is to be observed in sports performance when the focus should 

generally be on the task and on the external environment.  

• Distinct muscle activation patterns were observed among ACL-reconstructed 

individuals with high self-reported fear of re-injury, compared to low-fear 

individuals and to uninjured controls. Specifically, high-fear individuals 

demonstrated greater Biceps-femoris activation and anterior-posterior co-

contraction during landing, suggestive of stiffer landings. Self-reported fear 

was not reflected in PROMs, other than those concerning fear. This highlights 

the potential psychological influence on movement biomechanics, which 

cannot necessarily be conscious or otherwise reflected in self-reported 

measures. 

• A novel balance-perturbation paradigm was successful in invoking a 

conditioned arousal response to movement-related fear. Potential 

neurophysiological biomarkers were frontal and central CNV waves, which 

had a larger amplitude for trials associated with imminent perturbations, 

compared to neutral trials. This is the first step towards an objective 

quantification of re-injury anxiety and should further be tested among ACL-

injured persons and patients with other movement-limiting conditions. 
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Appendix  

Marker sets and EMG electrode placements (Figure S-1)  

 

 

Figure S-1, an illustration of the marker sets used 

for Papers I-III, and EMG electrodes used for Paper 

III. 

*Head markers were not used in the OC test. 

EMG, electromyography; OC, obstacle clearance; 

SRSH, standardised rebound side-hop; JPS, joint 

position sense. 
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Obstacle clearance foot-shank model calculation (Papers I, II) 

The model was created to more accurately estimate the closest distance from the 

foot to the obstacle at each time frame during obstacle crossing. It was derived 

using additional virtual markers to approximate the entire sole of the foot and 

anterior parts of the shank (Figure S-2). Additionally, this model provided a 

temporal reference point defined as the point of obstacle crossing (i.e., midfoot 

crossing).  

Markers included in the foot-shank model were those placed on the following 

anatomical landmarks:  

• CAL1 – Posterior inferior aspect of the calcaneus 

• LCAL – Lateral calcaneus 

• STAL – Sustentaculum talus  

• L_FOOT – Head of the 5th metatarsal 

• P1MT – Proximal base of the 1st metatarsal  

• D1MT – Medial aspect of the 1st metatarsal  

• M/L_MALL – Medial/lateral malleolus  

• TUB – Tibial tuberosity  

Figure S-1. foot model description.  
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To improve foot location estimates, four virtual markers (VM1-4) were created 

based on the following calculations:   

The distal virtual markers VM1 and VM2 were created based on measurements 

of 16 feet of uninjured individuals. Two antero-posterior lines were created 

originating from CAL1 and passing through points PM and PL (thus dividing 

them into anterior and posterior segments). The average ratios for the two 

segments of each respective line were subsequently calculated to approximate 

VM1 and VM2 locations in the data analysis.  

The sole of the foot was approximated by first projecting relevant markers 

(physical and virtual) 2 cm below the plane created by CAL1, D1MT and L_FOOT 

markers, then defining the lines L1 to L7. In order to approximate the dorsal 

boundaries of the foot, virtual marker 3 (VM3) was created by first calculating the 

midpoint between the left and right malleoli markers and then defining a location 

anterior to this midpoint at a distance of half the inter-malleoli distance. 

Additional virtual lines – L8 to L10 – were then defined. Consequently, lines L1 

to L10 were used to calculate the minimal distance to the obstacle.  

Finally, a fourth virtual marker (VM4) was created at the midpoint of a line 

between the midpoints of the two antero-posterior lines and was used to define 

the middle of the foot. It was also used as a temporal landmark for variables such 

as joint angles at obstacle crossing (i.e., at VM4 crossing).  
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