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"All right," said Deep Thought. "The Answer to the Great Question..."
"Yes..!I"

"Of Life, the Universe and Everything..." said Deep Thought.

"Yes...!"

"Is..." said Deep Thought, and paused.

"Yes...!"

"Is..."

"Yes...!I1..2"

"Forty-two," said Deep Thought, with infinite majesty and calm.”

“Forty-two!" yelled Loonquawl. "Is that all you've got to show for seven and a
half million years' work?"

"I checked it very thoroughly," said the computer, "and that quite definitely is
the answer. I think the problem, to be quite honest with you, is that you've never
actually known what the question is.”

— Douglas Adams, The Hitchhiker's Guide to the Galaxy
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Abstract

Background: Rupture of the anterior cruciate ligament (ACL) is common and
mainly occurs in non-contact situations in sports, often due to momentarily poor
movement control. Assessment of movement quality during sport-like tasks is
crucial to understand how to decrease the high risk of reinjury for ACL-injured
persons, but also how to prevent primary injury. This thesis addresses movement
quality after ACL injury and includes development and evaluation of a novel
standardized rebound side hop test (SRSH) for reliability and agreement of
landing mechanics, and compares these outcomes between asymptomatic
persons with different athletic levels, and between different hop tests.

Methods: This thesis involves five papers based on two separate data collections
performed in a motion analysis laboratory. Paper I is a long-term follow up of
ACL-injured persons treated with or without ACL reconstruction (ACLR)
compared to asymptomatic persons (total N = 99, age 35-63), while papers II-V
included ACLR persons, and asymptomatic elite athletes and non-athletes (total
N = 79, age 17-34). A motion capture system synchronized with force plates and
surface electromyography (EMG) registered trunk, hip and knee angles and
moments and knee muscle activity during the hop for distance, vertical hop, and
SRSH. Novel measures of dynamic knee robustness were also evaluated using
finite helical axis inclination angles extracted from knee rotation intervals of 10°.

Results: On average 23 years after injury, ACL injured persons performed the
vertical hop with diverse angles compared to controls and their non-injured leg.
The younger groups of ACLR persons and controls generally displayed excellent
reliability and agreement for SRSH landing mechanics. These outcomes differed
between the groups, and between legs for ACLR persons, despite similar dynamic
knee robustness and acceptable knee function outcomes. Curve analyses further
displayed differences between athletes and non-athletes, mainly with greater hip
moments for athletes, although with similar values for dynamic knee robustness.
Finally, greater knee angles and moments considered strenuous for the ACL were
evident during the first rebound landing in SRSH compared to the other landings.

Conclusions: Persons who have suffered an ACL injury, regardless of whether
treated with ACLR or not, appear to use task-coping strategies in preparation for
and during landings to decrease knee joint loading, probably to preserve dynamic
knee robustness. More attention should be given to the trunk and hip in clinics
when evaluating movement quality after ACL injury to reduce the risk of future
injuries due to movement compensation. High-level athletic training may also
improve the ability to maintain dynamic knee robustness whilst performing a
sport-like side-to-side task more efficiently through increased engagement of the
hip. Finally, side hop landings should be assessed when evaluating and correcting
for erroneous landing mechanics to improve knee landing control.
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Svensk sammanfattning

Bakgrund: Framre korsbandsskada (ACL-skada) ar en vanlig idrottsskada som
huvudsakligen uppstar i situationer utan kontakt med annan spelare till féljd av
en tillfalligt dalig rorelsekontroll. Utvardering av rorelsekvalitet under
idrottsliknande tester behovs for att battre forsta hur risken for ACL-skador och
aterskador kan minskas. Denna avhandling ar inriktad pa rorelsekvalitet efter
ACL-skada och behandlar utveckling samt utviardering av ett nytt standardiserat
sidohopp (SRSH). Tillforlitlighet och &verensstimmelse av ledvinklar och
moment utviarderas och jamfors mellan personer med och utan ACL-skada,
mellan personer med olika atletbakgrund, samt mellan olika hopptester.

Metoder: Denna avhandling omfattar fem studier, vilka dr baserade pa tva
separata datasamlingar utférda i ett rorelsesanalyslaboratorium. Studie I ar en
langtidsuppfoljning av personer med ACL-skada behandlade bdde med och utan
ACL-rekonstruktion, vilka jamférs med knéfriska kontroller (totala N = 99, 35-
63 ar). Studie II-V inkluderade personer med ACL-rekonstruktion, knifriska
kontroller och elitatleter (totala N = 79, 17-34 ar). Ett rorelseanalyssystem
synkroniserat med kraftplattor och ytelektromyografi registrerade bal, hoft och
knévinklar och moment, samt larmuskelaktivitet under enbenshopp (pé ldngden,
pa hojden, samt SRSH). Aven nya utfallsmatt som utvirderar kniets robusthet
under rorelse analyserades med helixvinklar fran intervaller av knarorelse pa 10°.

Resultat: I genomsnitt 23 ar efter ACL-skada utférde bada grupperna ett
enbenshopp péd hojden med olika ledvinklar, bide jamfort med kontroller samt
deras oskadade ben. De yngre ACL-skadade personerna och kontrollerna visade
generellt utmarkt tillforlitlighet och 6verensstimmelse av ledvinklar och moment
under SRSH. Dessa utfallsmatt skiljde sig mellan grupperna och mellan benen
for ACL-skadade personer, trots att lika resultat av knidets robusthet samt
acceptabla knédfunktionsresultat visades. Kurvanalyser visade dven pa skillnader
mellan atleter och icke-atleter, frimst med storre hoftmoment for atleter, trots
lika resultat av knéets robusthet. Den forsta landningen i SRSH visade storre
knivinklar och moment som anses belasta ACL jamfért med 6vriga landningar.

Slutsatser: Personer med ACL-skada, oavsett om de behandlats med ACL-
rekonstruktion eller ej, verkar tillimpa rorelsestrategier for att hantera
landningar frén enbenshopp genom att minska belastningen pd knileden,
troligen for att bevara kniets robusthet. I klinik bor ett storre fokus laggas pa bal-
och hoftrorelser vid utviardering av rorelsekvaliteten efter ACL-skada. Detta for
att minska risken for framtida skador pé grund av rérelsekompensation. Vidare
forbattrar idrottstraning pa hog niva troligen formagan att uppratthélla knaets
robusthet samtidigt som utforandet av sidohoppstester blir effektivare genom ett
okat engagemang av hoften. Slutligen bor sidhoppslandningar anviandas vid
utvirdering och korrigering av landningsmekanik for en forbattrad knakontroll.



Abbreviations

The abbreviations below are found in the main text.

3D
ACL
ACLD»,
ACLR:,
ACLR
ANOVA
ATH
BF
CTRLy,
CTRL
EMG
ES
FHA

1CC
MANOVA

Non-ATH
n.s.
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OLVH

SD

SRSH

ST

Sw

VL

Three-dimensional

Anterior cruciate ligament

ACL deficient persons injured over 20 years ago

ACL reconstructed persons injured over 20 years ago
ACL reconstructed persons (another younger cohort)
Analysis of variance

Asymptomatic elite athletes

Biceps femoris

Asymptomatic controls matched to ACLD,, and ACLRs,
Asymptomatic controls matched to ACLR
Electromyography

Effect size (partial eta squared were used)

Finite helical axis

Hertz, unit of frequency

Intraclass correlation coefficient

Multivariate analysis of variance

Millisecond

Newton, unit of force

Asymptomatic non-athletes

Non-significant

One-leg hop for distance

One-leg vertical hop

Standard deviation

Standardized rebound side hop
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Definitions

Agreement

Dynamic joint stability

Dynamic knee robustness

Kinematics

Kinetics

Motor control

Neuromuscular control

Reliability

Sensorimotor knee control

Qualitative components of

movement

Quantitative
of movement

components

The degree of variation in measurements for
individuals.44. 325

The ability of a joint remaining or promptly
returning to proper alignment through an
equalization of forces.249: 331

The ability of the knee to cope with uncertainties
and disturbances during dynamic tasks. Highly
robust states resist perturbations better than
less robust states.246

The description of motion without regard to
forces and moments of forces.25% 252

The study of the forces and moments of forces
that cause motion of a body.25" 252

The scientific study of the control of movements
in humans and animals that possesses a nervous
system.77 267

The unconscious activation of dynamic
restraints occurring in preparation for and in
response to joint motion and loading for the
purpose of maintaining and restoring functional
joint stability.249

The ratio of variation in position among
individuals over repeated measurements.44 325

For the knee joint, sensorimotor control
includes sensory receptors with specialized
functions (bare nerve endings, ruffini endings,
pacinian corpuscles, golgi receptors, muscle
spindles) that seem to cooperate to preserve
knee joint control.243, 249, 286

Outcomes of joint kinematics and Kkinetics
during assessment (e.g. joint angles).76: 317

Outcomes of functional tests during assessment
(e.g. hop height).76.317
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Thesis at a glance

Paper I. Long-term (> 20 years) consequences of ACL-injury with or without
reconstructive surgery on neuromuscular control (trunk, hip and knee angles;
functional performances) during the OLVH (cross-sectional study design).
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Paper II. Reliability and agreement for outcomes of neuromuscular control
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of a novel standardized rebound side hop (SRSH) (within-session and test-retest
study design).
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Paper IV. Consequences of ACL reconstructive surgery on neuromuscular
control (novel measures of dynamic knee robustness [FHA approach]; trunk, hip
and knee angles and moments; functional performances) during landings of the
SRSH (cross-sectional study design).
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Preface

For a long time, I have had a significant interest in human movement and the
highly specialized motor tasks that humans are able to perform. This interest
grew when I took up climbing as a recreational sport during my bachelor’s
studies. I was particularly fascinated by how climbing routes were solved by
persons in different ways by using the strengths and weaknesses of the person
attacking it. I adapted a view that there are always alternative ways to solve any
problem at hand, which (unbeknownst to me at the time) is an issue that would
return to me when trying to make sense of my research. My interest in research
grew during my master’s studies, particularly when I worked with my master’s
thesis that was also published in an international peer-reviewed journal. During
this time period, I suffered a knee injury that increased my interest for this
specific joint, particularly towards injuries of the anterior cruciate ligament
(ACL), since my injury resembled a partly-ruptured ACL but also because my
father had ruptured his ACL. When I later got the chance to be involved in a
project that focused on biomechanical assessment related to ACL injury, I got to
combine my personal interests with my curiosity for research.

The main problem that underlies this thesis is the high frequency of ACL injuries
and re-injuries, mainly in sports participation. Most injuries and re-injuries occur
in non-contact situations, which implies that neuromuscular control is important
for avoiding injury. The research associated with the ACL is vast due to a wide
variety of perspectives that are adopted to better understand the main problem
stated above. A simple search prior to my thesis for “anterior cruciate ligament”
on PubMed, Scopus, and Web of Science resulted in over 20 000 hits.
Nevertheless, further knowledge of how to optimally evaluate neuromuscular
control related to injury of the ACL was needed. This thesis includes five studies
that address the topic of assessment of neuromuscular control related to injury of
the ACL. A three-dimensional motion capture system synchronized with force
plates and a surface electromyography system are used. Data are evaluated
during sport-similar hop task landings to simulate situations where ACL injuries
often occur. The introduction first supplies general background information and
then review previous and relevant biomechanical work that are necessary to
provide a full picture of the specific problems handled in each of the five studies.
With this thesis I hope to add further knowledge of how to better assess
neuromuscular landing control related to ACL injury, which contributes to
practical implications that may result in fewer ACL injuries and re-injuries.
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Introduction

Introduction

Motor control and biomechanics of the knee joint in relation to
ACL injury

Motor control of the knee joint with relevant definitions

Humans are bipedal and as such it is the joints in the lower extremities that are
most exposed to forces and to injury. Particularly the knee joint is exposed to
injury due to the competing biomechanical constraints between knee joint
flexibility and stability that are needed for optimal movement control. A non-
contact knee injury implicates a failure of knee joint motor control, since sensory
integration and complex motor planning accurately should have predicted the
joint loads. Therefore, the motor control of the knee joint is closely related to
injury of the anterior cruciate ligament (ACL) that is the main focus of this thesis.

Motor control is the scientific study of the control of movements in humans and
animals that possesses a nervous system.?”- 267 The nervous system is specialized
on fast transmission of information throughout the body and has conventionally
been anatomically divided into central and peripheral components. The central
nervous system comprises the brain (cerebral hemispheres, cerebellum,
brainstem) and the spinal cord.?- 244 The peripheral nervous system contains
sensory nerve cells that connects sensory receptors with relevant processing
circuits in the central nervous system. The motor system of the peripheral
nervous system consists in turn of the somatic motor system, that contains motor
axons that connect the brain and spinal cord to skeletal muscles, and the
autonomic motor system, that contains cells and axons that innervate smooth
muscles, cardiac muscle, and glands.77: 244

A commonly used term used to describe the relevant components involved in
maintaining joint movement control is sensorimotor control.249 The
sensorimotor control of the knee joint includes sensory receptors with specialized
functions, which consists of bare nerve endings (registers deformation, pain,
inflammation), ruffini endings (slowly-adapting, registers deformation),
pacinian corpuscles (fast-adapting, registers forces and pressure deformation),
golgi receptors (registers high forces), and muscle spindles (registers muscle
elongation, velocity, acceleration).243. 249, 286 These are located in the knee joint in
articular surfaces, ligaments, menisci, tendons, capsule, and in relevant muscles
that cross the knee joint. All of these seem to cooperate to preserve knee joint
control, even though muscle spindles (located in muscles) have been argued to be
the major kinaesthetic (sensations of limb position and movement) sensors.243



Introduction

Another common term is neuromuscular control, which when applied to the knee
joint has been defined as the unconscious activation of dynamic restraints that
occur in preparation for and in response to joint motion and loading for the
purpose of maintaining and restoring functional joint stability.249 In the context
of dynamic knee joint control, neuromuscular control may be considered as the
motor component of sensorimotor control. As such, it involves kinesthetic-
mediated activation of muscles to protect the non-contractile tissues (bones,
capsule, ligaments, hyaline cartilage, menisci) from excessive forces, and
facilitate optimal knee joint movement.249 Since the general theme of this thesis
is the analysis of movement with a particular emphasis on the knee joint, it is the
motor system that mainly is of interest here. As such, the term neuromuscular
control will be used throughout the thesis.

Delving further into relevant biomechanical terms for the knee joint relevant for
this thesis, both stability and robustness need to be defined. Dynamic joint
stability is an overarching term and has been defined as the ability of a joint
remaining or promptly returning to proper alignment through an equalization of
forces.249. 331 This definition include components of non-contractile tissue
integrity (mechanical integrity) and efficient sensorimotor control
mechanisms.249: 250 When applied to the knee joint, the knee can be considered a
stable system until injury occur.24¢ Dynamic knee stability is provided by the
passive restraints of ligaments, joint capsule, cartilage, bony geometry, and
friction, while active restraints are provided from feedforward and feedback
neuromuscular control of skeletal muscles, and joint compressive forces.208, 249
However, to properly assess neuromuscular knee joint control there is a need to
also grade the ability to cope with uncertainties and disturbances as better or
poorer during dynamic tasks. This ability has been defined as robustness, where
highly robust states resists perturbations more than less robust states (Figure 1),
thus reducing the risk of injury.24¢ As such, particularly dynamic knee robustness
relate to the evaluation of neuromuscular knee joint control, although lack
objective measures for proper assessment.

A B C

Not stable Stable Stable
Not robust Not robust Robust

Figure 1A-C. lllustration of stability and robustness, which should be translated to knee joint motor
control. In A, the ball is not stable and not robust to perturbation. In B, the ball is stable but not robust
to perturbation. In C, the ball is both stable and robust to perturbation, which is the optimal scenario
when translated to knee motor control during dynamic tasks.
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Sagittal plane Frontal plane Transversal plane

Figure 2. Knee joint translations, angles and external moments of forces, which are defined in relation
to the femur as reference segment. A, posterior drawer; B, anterior drawer; C, lateral shift; D, medial
shift; E, distraction; F, compression; G, flexion; H, extension; |, abduction; J, adduction; K, external
rotation; L, internal rotation.

Anatomy and biomechanics of the knee and ACL

The knee joint has main articulations between the tibia, the posterior surface of
the patella, and the femur. The knee joint has six degrees of freedom, three
rotations and three translations, which is the result by movement of the shank
relative femur. The rotations are described as flexion/extension,
abduction/adduction (also termed valgus/varus, respectively) and
internal/external, while the translations are described as anterior/posterior
drawer, medial/lateral shift, and distraction/compression.6t 16, 189 These
movements can be described in relation to three perpendicular axes, with
flexion/extension defined along the femoral epicondylar axis (X-axis),
abduction/adduction defined along the anterior-posterior axis (Y-axis), and
internal/external rotation defined along the tibial shaft axis (Z-axis). The
associated planes are in sagittal (YZ), frontal (XZ), and transversal (XY) plane,
and will be used throughout this thesis (Figure 2).

The femoral condyles are elongated and the articular surface of the medial
condyle is shorter and wider than the lateral condyle, thus enabling the rotation
around the tibial shaft axis during knee flexion and extension.34 As the tibia
glides on the femur from full flexion to full extension, it descends and then
ascends the curves of the medial femoral condyle and simultaneously rotates
externally (in relation to the femur). The motion is reversed as the tibia moves
back into the fully flexed position.245 Such a mechanism provides more stability
to the knee than would a simple hinge configuration and has been termed the
screw-home mechanism. Tibiofemoral joint motion can therefore best be



Introduction

described as spiral during flexion and extension.34¢ The medial femoral condyle
lies slightly distal to the lateral femoral condyle which results in knee abduction
during extension.’®4 Knee joint ROM is limited to about 130-140° in sagittal
plane, 15-20° in frontal plane, and 35-45° in transversal plane, although with
variation in frontal and transversal plane movement due to flexion angle.32 164

Ligaments in the knee provide tensile forces when stretched to keep the joint
stable. There are four main ligaments in the knee, the ACL, the posterior cruciate
ligament, and the medial and lateral collateral ligaments.1? These ligaments
function as primary or secondary restraints to knee motion depending on joint
position.109. 208 An injury to any of these ligaments may therefore result in knee
instability in more than one plane-of-motion, where altered loadings of the knee
joint may trigger the development of osteoarthritis.209 (Figure 3)

The ACL has a proximal attachment site to a fossa on the posteromedial edge of
the lateral femoral condyle, follows an oblique course in the anterior-medial-
distal direction and attaches distally to the anterior intercondylar fossa on the
tibial plateau.28.153 The ACL is usually described as consisting of two bundles, the
anteromedial and posterolateral bundles named from their respective tibial
insertion sites. This construction provide unique biomechanical properties that
restrain anterior tibial translation (knee laxity) and excessive knee internal
rotation that naturally occur during flexion and extension.5 28,153,248 The ACL also
contains kinaesthetic receptors that are considered important for proper
sensorimotor control of the knee.1 270, 271, 341

ACL Anterior cruciate ligament rupture

LCL

Figure 3. The four main ligaments in the knee, and a rupture of the ACL. ACL, anterior cruciate
ligament; LCL, lateral collateral ligament; MCL, medial collateral ligament; PCL, posterior cruciate
ligament. Attribution according to CC license: “AcL CAUSES”, by The Joint clinic is licensed under
CC BY-SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0/deed.en). This Figure has been
modified from original by the addition of abbreviations.
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General background about ACL injuries

ACL injury and reinjury epidemiology

Lower extremity injuries account for roughly 67% of all sports injuries, where the
knee is the most exposed joint and represents 22-23% of these sports injuries.126
Specifically rupture of the ACL is common,54 with roughly 70% of all ACL
ruptures occurring during sports participation.’3 The ACL injury incidence rate
per 10 000 athlete-exposures (soccer and basketball) was recently reported to be
0.63-0.70 for males and 1.95-2.55 for females.288 However, these incidences are
likely underestimated since not all injuries are reported. As indicated by these
numbers, females have a greater risk of ACL injury than males.201 242

The risk of re-injury is unfortunately also high, where females again display a
greater risk of re-injury than males.22” ACL reconstructed persons aged 14-62 that
participate in more demanding compared to less demanding sports have shown
a 2.1 increased odds of injuring the graft and a 9.8 increased odds for
contralateral ACL injury.2¢¢ Among the ACL reconstructed persons in the
demanding sports, 8% ruptured their graft while 10% ruptured their contralateral
ACL within a five year period. Higher injury incidences have been found among
younger individuals (10-25 years old), where 9% of ACL reconstructed persons
injured their graft and 21% injured their contralateral ACL over the course of two
years after return to sport.228 This equalled a 5.7 times higher incidence than their
non-injured counterparts.228 Higher injury occurrences for the contralateral leg
than for the graft are also corroborated by two recent publications by Schilaty and
colleagues.265: 266

Moreover, a recent study by Niederer and colleagues show that ACL injured male
elite soccer players (from 15t or 2nd leagues of the five European top leagues) had
a 10% re-injury risk over a time period of five years, which equalled to a 25 times
higher risk than their non-injured elite soccer player counterparts.2os Also, a
systematic review and meta-analysis published in 2016 show contralateral
reinjury rates of 11.3% and ipsilateral reinjury rates of 10%, for persons younger
than 25 years.328 These rates increases among persons that return to sports, with
pooled contralateral reinjury rates of 12% and ipsilateral reinjury rates of 10%,
for persons younger than 25 years.328 The combined re-injury rates equals a 38
times greater risk relative to a population-based cohort of Finnish adolescents22¢
and a 22 times greater risk relative to American Collegiate and High School
athletes.288 To conclude, primary and secondary ACL injuries constitute a major
problem among sport active persons at all athletic levels, and it is important to
decrease the risk of injury occurrences.



Figure 4. Common ACL
injury mechanism with the
knee (tibia relative femur)
being relatively extended,
abducted and internally
rotated, while the hip
(femur relative pelvis) is
adducted and internally
rotated, during a landing or
side-cutting maneuver.
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Common context of ACL injury mechanism
ACLinjuries occur in non-contact or indirect contact with
another player or equipment in roughly 70-80% of
cases.35 103, 135, 149, 200, 266 These percentages are still valid
for high-collision sports such as American football, where
72.5% of all ACL injuries have been reported as non-
contact.135 Most cases of non-contact ACL injuries occur
in situations with momentarily poor movement control.
Common injury situations involve multi-plane knee
loading with the knee in a relatively straight (often less
than 30° flexion), abducted and rotated position during
an eccentric movement with a rapid deceleration of the
body, such as during side-cuttings and jump landings
(Figure 4). These findings are verified by video analysis, 36
55, 122, 135, 151, 156, 217, 291, 312 jpterviews,35 medical records,49
and magnetic resonance examinations of bone
contusions within the tibia and femur.82, 224

The multifactorial injury mechanism are corroborated by
experimental in vitro or in situ research that show higher
peak ACL strain when combining external moments of
knee abduction and internal tibial rotation (relative
femur), compared to the strain of each of the uniplanar
loadings alone.20. 146,165,215, 277 Adding anterior shear force
further increases peak ACL strain.!46. 165 Studies with an
in vivo or in situ design also show greater ACL strain with
less knee flexion angle,27. 72, 166 a longer ACL (thus larger
ACL strain) with the knee more extended, abducted, and
internally rotated,254 and that peak ACL strain occur with
the knee extended at landing.4® These injury situations

are attributed to the anatomy of the knee, where a small knee flexion angle
increases the patellar tendon insertion angle (shown in vivo)58 and decreases the
hamstrings insertion angle, which results in an increased anterior tibial shear
force for a given anterior tibial shear load.29 Peak ACL strain have also been
estimated to occur as early as 7-50 milliseconds (ms) after initial contact during
hOp landings.48’ 145, 156, 160, 165, 234

To summarize, the ACL is particularly subjected to a high risk of injury and re-
injury when the knee (tibia relative femur) is extended, abducted, internally
rotated and anteriorly translated, and occur shortly after initial contact during
one-leg landings or side-cutting maneuvers.
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Treatment and rehabilitation after ACL injury

An ACL injury is a serious knee injury and often results in decreased knee
function despite rehabilitation programs longer than 6-12 months.204. 303
Treatment is either physiotherapy in combination with reconstructive surgery, or
solely physiotherapy, and aims to improve knee function and stability. Treatment
with ACL reconstruction is common for physically active persons7t and is
performed in approximately 50-60% of cases in Sweden.336 Treatment with ACL
reconstruction has increased over the years, with a 22% increase reported in the
state of New York between 1997 and 200617t and a 32% increase reported in the
USA between 1994 and 2006.177 In Scandinavia, ACL reconstructive surgery have
a documented annual incidence of 70-106 per 100 000 persons 10-39 years old.1°1

Rehabilitation protocols following ACL reconstruction99: 317 316 describe several
phases with predefined criteria where at least the following outcomes show
deficits and need attention: pain, inflammation, knee range of motion, muscle
coordination and strength, gait symmetry, patellar mobility, neuromuscular
control of dynamic tasks, functional performances, and self-rated knee function
and stability. However, a systematic review from 2011 reported that time after
ACL reconstruction is the most common (and often the only) criteria used before
return to sport.7 Such an approach is problematic since no relation between time
after ACL reconstruction and functional outcome measures (in this case from the
one-leg vertical hop) have been shown.98 Another meta-analysis from 2014
similarly showed that 90% of identified randomized controlled trials did not use
objective criteria to permit return to sport, while 65% of studies failed to use any
criteria.* Consensus statements on return to sport argue that at least the
following aspects need consideration when estimating knee function after ACL
injury: strength, range of motion, neuromuscular control, psychological factors
and skill execution.8. 303

Personal consequences of ACL injury

Personal consequences in both the short and the long term irrespective of
treatment may include: reduced mechanical stability,248 lower self-rated knee
function42 194. 333 and quality of life,34 decreased muscle strength,32 268 poorer
functional performances,108. 133, 300 decreased sport-specific performances,74
increased body mass,3°© and eventually knee osteoarthritis.19. 53, 99, 168, 334
Altogether, the persons often experience fear of movement (kinesiophobia) due
to fear of re-injury, or a feeling of knee instability, which may generate a failure
to return to sport.9: 10, 86,157 Indeed, less than half and in some cases less than one
third of athletes report that they returned to the same level of sport after ACL
reconstruction with a minimum of 12-24 months after surgery.9 10 86,182 These
numbers are higher among elite athletes, where over 80% are reported to return
to their pre-injury level or sport within 12-24 months after ACL reconstruction.!59
31 OQver a longer time-period of five years, 25% of ACL injured male elite soccer
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players (15t or 2nd Jeagues of the five European top leagues) continued at their pre-
injury level while 35% of their non-injured elite soccer player counterparts
continued (relative rate of 72%).205

Further, the risk of developing knee osteoarthritis is 10 times greater after an ACL
injury.99 Roughly 80% of individuals shows radiographic changes and 40-70%
shows advanced changes (similar to Kellgren-Lawrence grade 2 or higher) at 12168
and 14 years'9 334 after ACL injury. This was irrespective if they had ACL
reconstructive surgery or not. Such findings are corroborated by results from a
meta-regression that show a prevalence of osteoarthritis after ACL reconstruction
of 11% after five years, 21% after 10 years and 52% after 20 years.53 The high
prevalence of osteoarthritis is indeed concerning since most individuals suffer an
ACL injury already when 10-25 years old. A high degree of osteoarthritis already
at ages of 30-40 inevitable affects quality of life to the worse and, in the most
severe cases of osteoarthritis, may result in a total knee replacement to an
artificial joint. Moreover, ACL injuries with or without ACL reconstruction also
bear great societal costs, where solely one reconstructive surgery is estimated to
roughly 4000 US dollars and an ACL reconstruction revision to 20 ooo US
dollars.98 Even though ACL reconstruction have higher costs in the short-term
than treatment without surgery, such treatment are considered more cost-
effective for persons where return to sport are related to greater quality of life.26%
290 The total costs for rehabilitation, sick leave, complications and later care per
person are estimated to roughly 9o 000 US dollars.8!

Assessment of knee _function after ACL injury

Common functional high-intensive performance tests used to assess knee
function involve side and cross-cutting, bilateral and unilateral hops, and
strength tests. Unilateral tests have greater similarities to sport-specific scenarios
and generally display greater (ACL injury prone) knee abduction angles and
moments than bilateral tests.113 154, 225, 295 Among these, hop tests are easy to
administer, are fast to perform, and are clinician-friendly."6 Common one-leg
hop performances include maximal performances of distance, height, or number
of side hops over 30 s or the time to complete 10 side hops. One-leg hop tests also
provide the advantage of evaluating symmetry of outcomes between legs.74: 116, 218
This is usually performed by presenting the result of the injured leg as a ratio to
the contralateral non-injured leg in percent (100% equal similar performances).
Evaluation of symmetry from a test battery of hop tests has presented a high
ability to discriminate between the ACL deficient or reconstructed leg and the
non-injured leg.108. 133 Current recommendations of minimum asymmetries on
strength and hop performances vary between 80-90%.!2 18 207 However, ACL
injured persons that aim to return to pivoting or contact sports, or sports on
competitive level, should display equal knee strength and at least 90% on two
maximum as well as one endurable hop test for their injured leg.108. 303 Further, it
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is recommended that high-intensity tests that put high loads on the knee joint
should include elements of side-cutting, similar to sport situations.8 Thus, to
successfully return to sports or leisure activities that place considerable load on
the lower limb (and in particular the knee joint), ACL injured individuals should
demonstrate sufficient lower limb control during tasks that simulate sport
maneuvers. This may reduce the risk of injuring the graft but also menisci etc.

However, a problem when evaluating symmetry of functional performances is
that also the contralateral non-injured leg may exhibit a decreased
neuromuscular function following injury.: 304, 326 Wellsandt and colleagues
showed a significantly better sensitivity of 82% compared to 27% to predict a
second ACL injury when using a return to sport criteria with data from the non-
injured leg collected within two months after injury but before surgery compared
to data collected at 6 month after surgery.326 Sousa and colleagues further showed
that ACL reconstructed persons who met return to sport criteria at 6 month after
surgery had similar relative rates of graft ruptures and greater relative numbers
of contralateral ACL injuries at a follow-up at least two years post-surgery,
compared to those that did not meet the criteria.287 As such, further components
of neuromuscular control not captured by functional performances are needed to
better evaluate the rehabilitation before recommending a return to sport for ACL
injured persons.”6 37 Corroborating such arguments are findings showing that
ACL injured persons have presented acceptable symmetry, or acceptable
performances to non-injured equals, while at the same time self-estimating their
injured knee as unstable,42 194. 333 or showing altered hip and knee angles and
moments.218, 335 Further investigation of how to optimally assess neuromuscular
control among ACL injured persons are warranted.

Biomechanical assessment after ACL injury

Quantitative and qualitative components

It is important to evaluate both quantitative and qualitative components of
movement during high-intensity functional tests for ACL injured persons that
aim to return to physical activity, to prepare them for a successful return.7. 317
Quantitative components may be the distance hopped or peak muscle strength,
while qualitative components include outcomes from analyses of in vivo joint
kinematics and kinetics, as well as electromyography (EMG).76 317 Kinetics is the
study of the forces and moments of forces that cause motion of a body, and
kinematics is the description of motion without regard to these forces and
moments.25L 252 Joint moments (derived from inverse dynamics) are used as
surrogate measures of joint loading since the articular loads cannot be measured
with non-invasive methods. Invasive methods have the drawback of possible
alterations in joint movement due to the surgery.



Introduction

A common method that evaluates in vivo kinematics is motion cameras that uses
infra-red light to capture the three-dimensional (3D) motion of reflective markers
put on anatomical landmarks of the body.'44 This system may be synchronized
with force plates to gain information of kinetics, and to EMG systems to gain
information of muscle electrical activity, generated in muscle fibres in response
to the activation provided by innervating motor neurons.8o 25! Kinematics and
kinetics are closely aligned with the EMG signal since it provides information
about the control and execution of voluntary (and reflexive) movements.80; 251
These qualitative outcomes are important tools for a thorough understanding of
normal and pathological joint function during human movements.

Regarding motor control of the knee joint, it seems that an ACL injury results in
a loss of mechanically sensitive receptors originally found in the ruptured ACL.-
270,271, 341 Tt appears that the CNS adapts to the injury by an altered engagement
between brain areas as shown through electroencephalography2' and functional
magnetic resonance imaging.1°7. 141,142 Considering these alterations in relation to
the common functional deficits and psychological aspects of an ACL injury
mentioned earlier (see section Personal consequences of ACL injury and
references therein), it may be expected that certain movement strategies are
adapted among ACL injured persons to cope with high-intensity tasks that load
the lower limb. Indeed, strategies to unload the injured knee are commonly
displayed by shifting load to the hip and ankle on the injured leg46. 79, 212, 214, 241, 256-
258,335 and by shifting load to the non-injured contralateral leg.7s- 212, 257 The shift
in load to the nearby joints has been explained by greater trunk flexion angle due
a more anterior position of the ground reaction force vector closer to the knee
joint axis and longer from the hip and ankle joint axes.2!2 214 Landing with a
greater trunk flexion angle also result in a softer landing as displayed by lower
peak vertical ground reaction force and peak knee and hip flexion moments.275

One problem with adapted strategies to unload the injured leg is insufficient
preparation for a return to sports, resulting in a subsequent injury. In sports, the
injured knee will inevitable be exposed to high loads due to rapid and
unpredictable scenarios that constantly occur out of the patients’ control. Such
scenarios may explain the increased risk of injuring the graft compared to the
ACL injury rate among non-injured counterparts.205 228, 260, 328 Algo, an active
strategy to transfer load onto the contralateral leg when possible would also
explain the even higher amount of contralateral injuries.228 260, 265, 266, 328
Investigations of neuromuscular landing control among ACL injured persons
therefore need to adapt a multi-joint perspective to thoroughly capture
compensational strategies that may be adapted. Significant associations between
restricted hip rotation to an increased risk of ACL injury for both the injured and
the non-injured leg,3!8 and significant positive relations between hip adduction
and hip rotation to (ACL injury prone) knee abduction angle and moment,29. 187
further argue for such a standpoint.
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Previous biomechanical work

The assessment of high-intensity tasks, such as hop tests, among ACL
reconstructed persons (both with and without subjective evidence of dysfunction)
show that especially the capabilities of force absorption (i.e. landing) rather than
force generation (i.e. take-off) is problematic.14¢ Since landing scenarios also
precedes ACL injury in most cases (see section ACL injury situations and
reference therein), this phase seems well suited for further assessment of
neuromuscular control. Multiple studies have investigated kinematics and
kinetics during the force absorption phase of functional unilateral hop tests
mainly performed in vertical or forwards directions, among ACL reconstructed
persons. Particularly the one-leg hop for distance (OLHD) has been evaluated,
both with a standardized forward hop distance®o: 74, 124, 212, 213, 322, 323 and for
maximal distance.46. 100, 148, 218, 256, 269, 335 In 2015 it was the most common hop test
for knee evaluation in research.¢ Other tests that have been evaluated are drop
landing,32 269 220, 322,323 diagonal hop landing,%® drop vertical hop,48: 232 one-leg
vertical hop (OLVH),79: 125,209 multiple hopping,232 and stop-jump.45 247 However,
these tests have been argued not to challenge the lower limbs enough in
comparison to the demands found in pivoting or contact sports.93: 229, 303 The
evaluation of maximal hop length (in OLHD) or hop height (in OLVH) mainly
evaluate artificial performances indicative of knee function that generally not is
found in sports. This argument is corroborated by research that show greater hip
and knee frontal and transversal plane angles and moments when adding an
emphasized side-to-side component to unilateral hop tasks.26. 137, 154, 202, 273, 283, 295
Lateral and diagonal landings also requires longer times to gain control of the
landing?67. 330 and display different hip-knee motion coordination than forward
directions.284

While numerous studies have investigated kinematics and kinetics during tests
that emphasise side-to-side movement on asymptomatic persons,22 26, 59, 63, 83, 91,
188,190, 203, 211, 281, 282, 204, 313 hyt at the time that this thesis were outlined (late autumn
2014) only a few studies included ACL reconstructed persons. The existing
studies compared ACL reconstructed individuals to asymptomatic persons
during side-step cutting6t 240, 289 and side hop,22t and present no differences
between groups for hip22t and knee!6t 22t angles but greater knee abduction
angles289 for ACL reconstructed persons. Different results are shown for kinetics
with decreased knee joint flexion moment16% 22t and greater moments in frontal6s
221, 289 and transversal planes®? among ACL reconstructed persons. Other
findings include greater intra-limb coupling variability for ACL reconstructed
female soccer players than for asymptomatic female soccer players.24c However,
these studies had only small sample sizes of 10-13 ACL reconstructed persons,
and no between-leg comparisons within groups for asymmetry were investigated.

After the initiation of this project a few additional studies have been published: a
case-control study that compared landing mechanics collected before injury and
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again 27 months after ACL reconstructive surgery during an unanticipated side-
cutting;262 a multicentre study that investigated tibiofemoral contact forces with
an EMG-driven neuro-musculoskeletal model during side-cutting for 104 ACL
reconstructed persons tested two to three years after surgery and compared to
asymptomatic persons;264 and a study that evaluated trunk and lower limb
asymmetry for 156 ACL reconstructed males at nine months after surgery during
a side hop test.148 Results from these studies show differences in lower limb
kinematics and kinetics, either between groups or between legs. It is evident that
the existing material on this subject is insufficient and in need of further research.

Regarding EMG, the injured leg of ACL reconstructed persons have shown, either
compared to asymptomatic persons or to the contralateral non-injured leg,
earlier onset of muscle activity in preparation for landing for lower limb
muscles, 00,232 greater cocontraction for spinae muscles3” and greater preparatory
amplitude for impact among lower limb muscles.”> 209 Such neuromuscular
strategies have also been related to higher sports capabilities when compared to
the pre-injury status.2’0 The altered muscle activity patterns seems to serve a
purpose to protect the knee joint against injury, although how this relates to
dynamic knee robustness or landing mechanics incorporating multiple joints is
unknown.

Even fewer studies have investigated long-term consequences of ACL injury on
lower limb kinematics, kinetics, and muscle activity outcomes. The few existing
studies show inconclusive results.220. 221, 333 Among these studies, von Porat and
colleagues reported similar knee kinematic and kinetic results for ACL-injured
men including both ACL deficient (n = 6) and ACL reconstructed (n = 6) persons
and matched asymptomatic persons during gait, step up, and cross-over hop tests
at 16 years post-ACL injury.333 The ACL deficient and ACL reconstructed males
did however display worse clinical status by KOOS scales and lower isokinetic
knee extensor strength than the controls. Further, Ortiz and colleagues published
two papers that both evaluated hip and knee landing mechanics and EMG
outcomes during the drop jump and up-down tests22¢ and during a side-to-side
hop test22! for ACL reconstructed active females (n = 13) tested 1-16 years after
surgery, and asymptomatic active females. They found similar kinematics
between groups and between legs for all tasks, although altered knee kinetics and
EMG outcomes. As such, the body of literature investigating landing mechanics
in the long term also suffers from inconsistent results.

In conclusion, there is still a need to investigate neuromuscular control and
closely related muscle activity patterns and functional performances among ACL
reconstructed persons both in the short-term for sport-like tests that emphasises
side-to-side movement, but also in the longer term, to better elucidate
consequences of an ACL injury.
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Assessment of neuromuscular landing control

Common practice to evaluate landing mechanics is to target specific variables at
certain points in time, such as peak angles and moments for a specific joint, and
to analyse these one by one thus neglecting possible inter-relations. More
information of movement strategies and dynamic knee control may be gained if
applying methods that summarizes motion from multiple motion planes or joints,
or measures that describes the whole curve rather than single extracted values.
The general lack of objective measures that evaluate dynamic knee robustness
hinder the assessment of neuromuscular knee joint landing control. An
appropriate method to gain such a measure may be to describe the knee joint
motion as an instantaneous rotation about an axis as performed using finite
helical axis (FHA) methods.33. 104105 By relating the inclination of the knee’s FHA
to the flexion-extension axis of the knee over specific helical rotation intervals,
information is provided of how much the motion diverges from pure sagittal
plane movement. Such an approach present a realistic evaluation of dynamic
knee robustness in relation to ACL injury mechanics, since sagittal-plane flexion
torque are argued incapable of rupturing the ACL8¢ and that knee frontal and
transversal plane motion induce loading that strains the ACL the greatest when
combined.20: 146, 165, 215, 277 Persons with good dynamic knee robustness display
small motions in frontal and transversal planes without compromising with task
performance, thus presenting low FHA inclination angles (discrete values) over
consecutive rotation intervals. Previous research have used FHA methods to
discriminate between high and low intensity tests,04 between persons with a
history of ACL injury (the 20 year follow-up) from matched asymptomatic
persons,1o5 and between different knee pathologies.332 However, FHA methods
has not been used to properly evaluate dynamic knee robustness among ACL
reconstructed persons or asymptomatic high-level athletes. Such knowledge is
important to further elucidate neuromuscular knee control in relation to ACL
injury mechanics.

Another discrete measure that has been used to evaluate dynamic postural
control or dynamic stability in research is called time-to-stabilization (TTS). This
is a temporal measure that evaluates the time of fluctuations of the ground
reaction force or center of pressure to stabilize, where a longer TTS indicate
poorer dynamic postural control. Both ACL deficient and ACL reconstructed
persons have shown longer TTS compared to asymptomatic equals during one-
leg landing tasks.229 235 321 Even though several measures have been introduced
for assessing dynamic stability, TTS was argued in 2013 to be the most commonly
used.’? Such a measure may contribute to a greater understanding of
neuromuscular landing control among ACL injured persons.

An alternative methodological approach that provide more information than
selected discrete values is to apply inferential statistical methods for functional
data. As such, the variable of interest include the whole curve while controlling
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for the overall type-1 error rate. These methods are found within the statistical
area of functional data analysis, and has only been applied to assess human
movement in a few studies. Selected research include topics of sports
performance,319: 320 functional developmental stages for children,> 259 and
consequences of injury to the anterior cruciate ligament (the 20 year follow-
up).14 115 Such analyses are well suited to evaluate angle and moment curves and
make better use of the data that is collected.

To summarize, the application of methods that evaluate multivariate data (for
movement strategies), FHA inclination angles (for dynamic knee robustness),
TTS (for dynamic postural control) and functional data (for angle and moment
curves) hold promising potential in further contributing to the assessment of
neuromuscular control that is related to ACL injury.

However, the usefulness of biomechanical measures need to be evaluated for
reliability and agreement before further exploration. Reliability is the ratio of
variation in position among individuals over repeated measurements, while
agreement is the degree of variation in measurements for individuals.44 325 No
study to date have investigated reliability and agreement of landing mechanics
during side-to-side emphasised tests for ACL reconstructed persons, although a
few studies included asymptomatic athletes during sidestep cutting tasks.3 26. 180,
193,263,279 In comparison to side or crosscutting tasks, a one-leg side-hop test has
the advantage of being easier to administer, requires less space (sidestep cutting
has been limited to analyses of only one direction due to restricted lab-space),3:
137 eliminates compensational strategies of the contralateral leg in preparation to
the cutting, and provides a direct between-leg comparison. These arguments are
particularly valid if the test is well standardized, which is considered important
for dynamic high-intensity tests.52 The conventionally used side hop test was
designed to particularly target capacity and endurance since the outcome is either
the number of hops performed during 30 s1°8 150 or the time to complete 10
hops.222 337 As such, there is a need for a standardised side hop test that
specifically aim to evaluate joint-specific angles and moments. Particularly
without the onset of e.g. fatigue, which is known to negatively alter knee
stability?9r and that may alter lower limb mechanics during hop tests?0. 24, 185, 324
thus affecting the data collected during testing.
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Rationale for this thesis

The high incidences of primary ACL injuries and secondary ACL re-injuries (to
both the contralateral knees and to the reconstructed graft) represent significant
individual consequences in both short and long term perspectives. Further
consequences are high societal costs with respect to the health-care system. The
common ACL injury situations in non-contact during sports participation due to
momentarily poor movement control implies that assessment of neuromuscular
landing control is important. An ACL injury seems to result in alterations with
adapted movement strategies that affects motion of the trunk and the nearby
joints during high-intensity landing tasks. These compensational movement
strategies suggest that a multi-joint perspective should be applied, which often is
not the case today in research. Additional information of how dynamic knee
robustness presents itself after ACL reconstruction or among asymptomatic elite
athletes, and how to evaluate it, may further contribute to the understanding of
neuromuscular control of hop landings. Such knowledge could lead to
implementation of more effective rehabilitation regimens for ACL injured
persons with safer return to sports, but also for primary injury preventive
purposes among athletes. A requirement of such assessment are valid and reliable
tests that are specifically designed to evaluate movement control. An increased
knowledge of movement strategies among ACL injured persons in the longer term
is also of interest due to few and inconclusive results.
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Introduction

Aims

The general aim of this interdisciplinary 3D biomechanical investigation was to
contribute with new perspectives on how to analyse and assess neuromuscular
control related to injury of the ACL. For this purpose, this study evaluated novel
measures of dynamic knee robustness, joint-specific angles and moments from
multiple joints, and general functional performances for different populations
during various hop tests.

Specific aims were:

A.

To analyse long-term consequences of ACL injury on neuromuscular control
by comparing trunk, hip, and knee angles during the OLVH ~20 years post-
ACL injury between ACL reconstructed persons, ACL deficient persons, and
matched asymptomatic persons, and to determine if there was asymmetry in
these measures within groups (paper I)

To develop and assess the usefulness of a novel standardized rebound side
hop (SRSH) test for improved biomechanical evaluation of joint-specific
kinematics and Kkinetics, by evaluating ACL reconstructed persons and
asymptomatic persons for within-session reliability and agreement for trunk,
hip, and knee angles and moments, and measures of TTS, during landings of
this test (paper II)

To further investigate the usefulness of the SRSH by evaluating
asymptomatic persons for test-retest reliability and agreement for the same
outcomes mentioned above (aim B), during landings of this test (paper II)

To evaluate the effect of athletic level on neuromuscular control by
comparing asymptomatic female athletes and non-athletes for dynamic knee
robustness and trunk, hip and knee angle and moment curves during
landings of the SRSH, in relation to knee laxity and functional performances
(paper I1I)

To analyse consequences of ACL reconstruction on neuromuscular control by
comparing ACL reconstructed persons and matched controls for dynamic
knee robustness, trunk, hip, and knee angles and moments, and EMG
outcomes during landings of the SRSH, in relation to knee laxity and general
functional performances, and to determine if there was asymmetry in these
measures within groups (paper IV)

To evaluate hop landings for outcomes related to ACL-injury by comparing
dynamic knee robustness and knee-specific angles and moments between
landings of the SRSH, OLHD and OLVH for females in separate groups of
ACL reconstructed individuals and asymptomatic elite athletes and non-
athletes, and to evaluate how well these outcomes correlate between the
landings (paper V)
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Materials and Methods

Design and overview of the papers

This thesis consists of five papers based on two data collections, both performed
at U-motion lab at the Department of Community Medicine and Rehabilitation,
Umed University, Sweden. Paper I was based on data from a long-term follow up
after ACL injury with or without ACL reconstructive surgery, and asymptomatic
persons, where all persons were between the ages of 35-63. Papers 1I-V were
based on data from a second data collection where ACL reconstructed persons,
asymptomatic elite athletes and non-athletes were between the ages of 17-34.

e PaperI: a cross-sectional study including ACL reconstructed persons (n = 32,
12 females), ACL deficient persons (n = 34, 13 females, named ACLpr in paper
I) and age and sex matched asymptomatic persons (n = 33, 11 females). The
ACL injured persons suffered their injury 17-28 years prior to testing. This
data collection have previously been described in detail in a previous thesis
that primarily reported on knee function, overall physical activity level and
capacity, and knee kinematics during the OLHD for these groups.299 These
groups are names as ACLR,,, ACLD,, and CTRL,, throughout the thesis to
clearly separate them from the younger and more recently injured ACL
reconstructed persons included in papers II, IV and V (named ACLR).

e Paper II: a reliability study with a test-retest design including ACL
reconstructed persons (n = 30, 22 females) and activity-matched controls (n
= 30, 22 females) that were evaluated for within-session reliability and
agreement while controls (n = 25, 22 females) were also evaluated for test-
retest reliability and agreement on two separate occasions with a mean
(range) of 16.4 (7-30) days between tests. These groups are named as ACLR
and CTRL throughout the thesis.

e Paper III: a cross-sectional study including 19 elite athlete females and 20
non-athlete females. These groups are mentioned as ATH and non-ATH,
respectively, throughout the thesis.

e PaperIV: a cross-sectional study including 32 ACL reconstructed persons (24
females) and 32 asymptomatic activity-matched persons (24 females, from
ATH and non-ATH in paper III). These groups are mentioned as ACLR and
CTRL throughout the thesis (thus same as for paper II, but the results from
each paper are clearly distinguished in the thesis).

e Paper V: a cross-sectional study including females in groups of 21 ACLR, 19
ATH and 20 non-ATH (same ATH and non-ATH included in paper III).
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Table 1. Main outcomes analysed for the tests performed in papers I-V.

Paper | Paper Il Paper Il Paper IV Paper V

Joint angles

OLHD X

OLVH X X

SRSH X X X X
Joint moments

OLHD X

OLVH X

SRSH X X X X
Time to stabilization

SRSH X
Surface EMG outcomes

SRSH X
Functional performances

OLHD X X

OLVH X X X

SRSH X X X

Isometric knee strength X X

EMG, electromyography; OLHD, one-leg hop for distance; OLVH, one-leg vertical hop; SRSH,
standardized rebound side hop.

Participants

Paper1

The sample size for paper I was calculated with a power analysis based on pilot
tests including five ACL-injured persons and five asymptomatic persons, which
suggested that 32 persons/group were needed for a power of 80 % to detect a
significant difference in knee joint flexion angle between groups with a variance
of 10° and a significance level of 5 %. The ACL injured persons that were contacted
for paper I consisted of two cohorts from 113 individuals who suffered an ACL
injury 17-28 years previously. Individuals were treated at two separate hospitals
either with physiotherapy in combination with reconstructive surgery (ACLR2o, n
= 62) or solely with physiotherapy (ACLD.o, n = 51). A subset of 42 persons in
ACLR,, and 39 persons in ACLD,, was eligible for the present study according to
the following inclusion criteria: unilateral ACL injury, not having any surgical
total hip or knee replacement (prosthesis), no inflammatory or rheumatic disease
or neurological pathology. Eleven persons declined to participate due to time
constraints and logistical reasons, resulting in 33 persons in ACLR, and 37
persons in ACLD,,. Details of treatments have been presented previously.299 All
persons in ACLR,, had a patellar tendon autograft. Radiological knee OA mostly
in stage 1-2, but in some cases up to 4,43 was detected in ~90 % of the participants
in both ACL groups at the time of testing.
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One person from ACLR», and three persons from ACLD,, were excluded from the
analyses due to lost marker data in sensitive parts of the OLVH, resulting in a
total of 32 persons in ACLR,, and 34 persons in ACLD,,. The CTRL,, group
consisted of 33 persons matched for age and sex with no previous knee injuries
and with normal results from a clinical knee examination prior to testing.

Papers Il -V

Recruitment of ACLR were performed through the local University Hospital and
private clinics, advertisement and convenience sampling, while ATH and non-
ATH were recruited through the two latter strategies.

For paper II, a power analysis was performed that relied on the test-retest
approximation by Walter and colleagues3 revealed that at least 22 participants
per group were needed to achieve an intraclass correlation (ICC) of 0.8 as
previously shown for the angles and moments of interest3 180,193 that differ from
an ICC of 0.5 with a type I error of 0.05 and type II error of 0.20. Hence, 30
participants in each group were included for within-session analyses and 25
persons in CTRL were considered sufficient for test-retest analyses.

For papers III, IV and V, power analyses on subgroup data for the SRSH for
maximal hip adduction and knee abduction were performed (variables
considered relevant with regard to knee stability and ACL injury risk).117 120, 129,187
These analyses were conducted for one-way ANOVA analyses with fixed effects
from mean values of maximal angles from each group with three ACLR, four ATH
and four non-ATH. Results showed a group sample size of nine persons for hip
adduction and six persons for knee abduction, with a wanted power of 0.8. These
results are similar to the number of participants that are commonly used in
movement analysis studies, including studies that show good to excellent
reliability in dynamic tasks with as few as 8-12,175 192, 263 and studies showing
significant results of kinematic differences between groups using 10-14 ACLR.7°:
212,218 However, groups of nine persons are considered small samples so the power
analysis for paper I that suggested 32 persons in ACLR for paper IV was adhered
to. Moreover, 20 persons in each group for papers III and V was considered
sufficient. However, one of the athletes that was planned to participate at the end
of the data collection phase sustained an injury two days before planned testing,
thus resulting in 19 persons in ATH.

Inclusion criteria for ACLR in papers II-V were: 17-34 years of age, unilateral ACL
injury, a hamstring surgical graft, no complete tear of any other knee ligament,
no major menisci or articular damage, no severe ankle sprain the last 6 months,
no musculoskeletal or neurological pathology that would affect their ability to
execute any of the hop tests or strength tests, and that they had returned to
physical activity after recommendations from physician and physiotherapist and
felt comfortable and confident in performing the different hop tests and strength
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tests. The same (relevant) inclusion criteria were applicable for ATH and non-
ATH, although with a few additional criteria to clearly separate these groups for
paper III. To participate, ATH had to regularly conduct knee-specific training
with the aim of improving lower limb control in multi-directional movements
every week, which they were questioned for both at recruitment and again at time
of testing. Such exercises included lunges, jumps and hops, side-cutting
movements with changes of direction, as well as agility and speed drills. Non-
ATH were physically active but were not included if they participated in any
recreational physical activity more than 4 days per week or performed knee-
specific training outside of gym or workout classes specifically to improve knee
movement control with the aim to decrease the risk of injury. All participants had
a clinical knee examination prior to testing for screening of inclusion criteria by
an experienced physiotherapist.

For papers II and IV, both sexes were included in ACLR, even though more
females than males were recruited, to achieve the sample sizes required to analyse
asymmetries between the injured and non-injured legs and differences to CTRL.
For papers III and V, on females were included since, relative to males, they have
an approximately three times greater risk of sustaining an ACL injury242 and after
ACL reconstruction show lower physical activity levels, poorer self-estimated
knee function scores and lower rate of return to sport.293 An overview of
participants included in papers I-V is presented in Table 2.

Ethics

The projects were approved by the Regional Ethical Review Board in Umea for
paper I (Dnr. 08-211M) and paper II-V (Dnr. 2015/67-31). All participants
provided written informed consent in accordance with the declaration of Helsinki
(2013) before partaking. A separate written informed consent was also provided
for the two video cameras that recorded all tests in the lab to visually check
performance during analysis, one mounted from the side and one in front of the
participants. Any major risks were not foreseen, although asking participants to
perform challenging hop tasks poses potential risks for injury, especially for ACL-
injured persons where the knee has been previously injured. The inclusion
criteria ensured that these persons felt comfortable and confident in performing
the different hop tests and strength tests before partaking. These persons did, or
had, practiced similar hops in their rehabilitation before participation.
Comparable tests are often performed before a return to sport are recommended
by their main physiotherapist. Careful considerations were undertaken during
the physical testing in the lab, and not a single incident have been observed
despite physical testing of several hundred persons in the motion laboratory over
the last two decades. There is a first aid kit available in the lab and at least one of
the researchers’ present was trained to perform first aid should an injury occur.
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Materials and Methods

Test procedure

Common for both data collections is that participants first completed self-rated
questionnaires. Then they had a clinical knee examination and were inquired
about any history of injuries by an experienced physiotherapist, and their passive
tibial anterior translation (knee laxity) assessed followed by measurement of
body height and mass. Leg dominancy was also evaluated to enable comparisons
between groups, where the dominant leg was defined as the preferred leg to kick
a ball, since the same leg has been shown to be preferred as leading leg when
stepping up on a 40 cm platform and when stepping out to prevent a fall when
suddenly pushed in the back.¢¢ After these initial assessments, the EMG and
marker setup were placed and controlled for and the functional tests were
performed. Details of these test procedures are described below.

Questionnaires
Established questionnaires were used to assess self-rated knee function, health,
physical activity and fear of movement, and are presented briefly below.

International Knee Documentation Committee Subjective Knee Form 2000

A self-administered questionnaire of valid and reliable measures of symptoms,
daily function and sports activities, addressing many of the symptoms and
patient-reported responses identified as being predictive of poor satisfaction,
including pain, stiffness, welling, instability, sport, activities of daily living and
overall rating of knee joint function.13° The results were presented as a percentage
of max score where a higher score indicate better knee function. This
questionnaire was used to describe the groups in paper IV.

Knee injury and Osteoarthritis Outcome Score

A self-administered questionnaire in five subscales: symptoms, pain, activity in
daily living, function in sports and recreational activities, and knee-related
quality of live.2ss The subscale activity in daily living was only used for
participants evaluated in paper I, since the subscale is not considered relevant to
young and active persons as those evaluated in papers II-V.84 The results from
each subscale were presented as a percentage of the max score where a higher
score indicate better knee function. This questionnaire was used to describe the
groups in papers I and IV.
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Lysholm knee scoring scale

A self-administered eight-item questionnaire developed to asses knee symptoms
and functional disabilities resulting from an ACL injury.72 It provides a score
between 0-100 where a higher score indicate better knee function. This
questionnaire was used to describe the groups in papers I, IV and V.

Tegner activity level scale

An activity score ranging from 1-10 that describe the patient activity level
including activities in daily life and recreational and competitive sports (a higher
score indicate a higher level).296 A score of seven indicate e.g. recreational soccer,
while a score of eight indicate e.g. competitive floorball. This questionnaire was
used to describe the groups in papers I-V.

International Physical Activity Questionnaire, short form

A self-administered questionnaire designed primarily for population surveillance
of physical activity and inactivity among adults.s8 This short form estimates
physical activity (vigorous, moderate and walking activities) during the last seven
days. This questionnaire was used to describe the groups in papers I, III and IV.

Tampa Scale for Kinesiophobia

A self-administered questionnaire designed to evaluate fear of movement that
provide a score between 17-68, where a higher score indicate greater fear of
movement.'7° This questionnaire was only used to describe the two ACL groups
in paper L.

Anterior tibial translation as an estimate of knee laxity

The anterior tibial translation was assessed with a KT1000 arthrometer
(Medmetric Corporation, San Diego, Ca, USA) at anterior pull forces of 15 1b. (67
N), 201b. (89 N), and 30 1b. (133 N). Three to five trials for each leg were assessed
to attain a reliable mode value. The 30 Ib. load was used to describe the groups in
papers I-IV since it reveals the greatest between-leg asymmetry.123

Functional tests

In data collection for paper I, the test procedure began with a 6-minute warm-up
on a bicycle ergometer at moderate intensity. Then a test battery of functional
tasks was performed (see Tengman for more details299) of which only the OLVH
was of interest for paper I (performed after four balance tasks, a two-leg squat
test, OLHD, and rise from chair). In data collection for papers II — V, the test
procedure began with a test battery of functional tasks of which the OLHD,
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OLVH, SRSH and isometric strength tests were of interest for papers II — V
(performed in this order after two knee joint position sense tests, two stair
descent tests, a balance test, a two-leg squat test, and a step-over test). In both
data collections, participants performed all hop tests barefoot and alternated legs
between trials to avoid a possible onset of fatigue. This protocol was used since
fatigue may negatively affect reflex components and alter tibial anterior
translational stability,9t and affect lower limb mechanics during hop tests.16 24.
185,324 ACLR started on the non-injured leg and CTRL on the dominant leg. During
hop tests, participants in data collection for paper I held their arms across their
chest while participants in data collection for papers II-V held their arms behind
their back while holding a 25 cm short rope (with knots). These instructions were
given for standardisation, to avoid obstructing the markers that generated the
model, and to emphasize lower limb control. Restricting arms by keeping them
closer to the body emphasizes lower limb landing control by resulting in e.g.
greater knee impulse'c and greater knee abduction moment.5! Successful trials in
all hop tests had requirements of a 2-3 s single leg stance after landing without
removing their arms from their chest (paper I) or letting go of the rope (papers
II-V), not putting the contralateral foot down and not making significant
adjustments with the ipsilateral foot to maintain balance. The time between each
trial was approximately five seconds. These hop tests and strength tests are
further described below.

One-leg vertical hop, OLVH

The OLVH was performed on a force plate with the participants’ initially standing
upright on one leg before hopping vertically as high as possible and landing with
the same leg on the force plate (Figure 5A). This is a test that involves the change
between eccentric and concentric force over the knee joint and requires explosive
muscle strength, balance and confidence in the capacity of the knee. This hop test
was analysed in papers I, III, IV and V. One to three (paper I) and one or two
(papers II-V) practice trials were allowed for familiarization, followed by three to
four (paper I) and three to five (papers II-V) trials for each leg.

One-leg hop for distance, OLHD

The OLHD was performed with the participants’ initially standing upright on one
leg on the floor before hopping horizontally as far as possible and landing with
the same leg on a force plate (Figure 5B). This is a test that involves the change
between eccentric and concentric force over the knee joint and requires explosive
muscle strength, balance and confidence in the capacity of the knee. This hop test
was analysed in papers III, IV and V. One or two practice trials were allowed for
familiarization and followed by three to five trials for each leg.
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One-leg standardized rebound side hop, SRSH

The SRSH is a novel test that was developed for reliable evaluation of joint-
specific kinematics and kinetics. The test was performed with the participants’
initially standing upright on one leg on a force plate before hopping laterally
straight to the side to another force plate over a distance normalized to 25% of
body height, and immediately hopping back to their starting position. The 25%
hop distance normalisation was based on the common 40 c¢cm distance used in the
conventional side hop test108: 150 for a woman with a height of 160 cm, to provide
a similar individual challenge indifferent of body height. This standardization
enables better comparisons of kinematics and kinetics between persons and
between groups. The tailored distance was marked by two parallel tape strips on
the floor (Figure 5C). The first landing is called Rebound while the second landing
is called 2@ landing. This is a test that involves the change between eccentric and
concentric force over the knee joint and requires coordination, muscle strength,
balance and confidence in the capacity of the knee. This hop test was analysed in
papers II-V. One or two practice trials were allowed for familiarization and
followed by 10 trials for each leg.

A) OLHD B) OLVH

Figure 5A-C. A schematic description of the hop tests analysed in this thesis. In A, the one-leg hop
for distance (OLHD), where participants aimed to hop as far as possible while aiming to maintain
control at landing. In B, the one-leg vertical hop (OLVH), where participants aimed to hop as high as
possible while aiming to maintain control at landing. In C, the standardized rebound side hop (SRSH),
where participants hopped laterally and immediately back again over a standardized distance of 25%
of body height, while aiming to maintain control at landing. The lines on the ground indicate tape that
marked the starting position and distance to hop over (in SRSH).
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Knee strength

Isometric peak knee extensor and flexor strength were tested using an isokinetic
dynamometer (Kinetic communicator 125 Auto Positioning, The Chattanooga
group inc.) following the retailer’s recommended settings with participants
seated upright with a back angle of 78°, a seat bottom angle of 10°, the knee at
~65° (0° defined by the lever arm in a horizontal position) and secured using
straps around the hip, both shoulders and the thigh being tested. The 65° angle
at the knee was chosen for maximal isometric strength output for both extensors
and flexors.206. 219 The dynamometer axis was aligned with the lateral femoral
epicondyle and with the lowest part of the resistance pad placed ~10 mm
proximal to the medial malleolus. After a warm up of two trials for two seconds
each with submaximal contraction, three maximal five seconds trials were
conducted, with five seconds rest between repetitions. Knee extensors were tested
first with participants maximally contracting their quadriceps by trying to extend
their leg, followed by testing the knee flexors with participants maximally
contracting their hamstrings by trying to bend their leg. Similar to the hop tests,
the non-injured leg for ACLR and the dominant leg for ATH and non-ATH was
tested first for knee extension strength followed by knee flexion strength. A
similar procedure for isometric quadriceps strength evaluation with 60° knee
flexion has shown high test-retest reliability with a high ICC of 0.97.85

Data acquisition

The same test leader applied markers and instructed participants on all test
occasions in data collection for paper I, while another test leader applied markers,
prepared for EMG and instructed participants on all test occasions in data
collection for papers II-V.

Motion capture and integrated force plates

Movements was registered at 240 Hz using a motion capture system with eight
cameras (Oqus 300, Qualisys AB, Gothenburg, Sweden). Ground reaction forces
were collected in paper I by using a custom-built force plate (Dept. of Biomedical
Engineering and Informatics, Umed University Hospital, Sweden), and in papers
II-V using 3D force plates (Kistler Instrument AG, model 9260AA, Winterthur,
Switzerland) installed on the floor. A rate of 1200Hz was used to sample raw data
for both the custom-built and Kistler force plates, but these were digitally
resampled at 1680Hz to match the kinematics sampling rate. A six degree-of-
freedom model was constructed from passive spherical markers attached with
double-coated adhesive tape on the skin at anatomical landmarks (see Appendix
for details of the model used and for marker positions). Participants wore rigid
clusters (lightweight rigid plastic shells) on thighs and shanks for tracking to
improve construct validity by reducing effects of soft tissue artefacts.s” This
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method is suggested to be more accurate with higher precision for tracking
motion compared to the use of individual markers.47 Cluster markers also allows
less theoretical assumptions throughout the entire model including absence of
joint constraints and independence between segments, and have reported better
construct validity than a modified Helen Hayes set for biomechanical analysis of
gait, thus increasing reliability and precision.5” The cluster sets were attached
using Velcro-elasticated wraps for papers I-V, while double-coated adhesive tape
were additionally used on insides of clusters in papers II-V. The hip joint centers
were defined using a modified (for the pelvis) Helen Hayes model®s in paper I and
a functional joint method from hip circumduction movement with the pelvis as
reference272 in papers II-V. The functional joint algorithm searches for a point
that is stationary relative to movement of the thigh cluster, and is considered
more accurate than the Helen Hayes model for hip angles.5s” Marker placements
on femur epicondyles and malleoli defined knee and ankle joint centres,
respectively. A stationary standing trial was recorded for anatomical modelling
before removal of placement-sensitive markers (see Appendix).

Surface electromyography, EMG

Surface EMG was sampled at 1680 Hz (TeleMyo Direct transmission System,
model 542 DTS EMG sensor, Noraxon USA Inc., US) using silver-silver chloride,
pre-gelled bipolar surface electrodes (Ambu® BlueSensor N, Ballerup, Denmark)
from muscles biceps femoris (BF), semitendinosus (ST), vastus medialis (VM)
and vastus lateralis (VL) on the injured leg for ACLR and the non-dominant leg
for CTRL. After shaving, scrubbing and cleaning of skin surface with isopropyl
alcohol, electrodes were placed over the muscle belly in line with the direction of
muscle fibres with an inter-electrode distance of 20 mm (SENIAM guidelines).

Knee isometric strength

The raw dynamometer data (in N) were recorded at 1500 Hz after application of
a zero baseline correction for each participant’s leg weight using Visual3D
software (v.5.02.19, C-Motion Inc., Germantown, MD, USA).

Missing data

For participants included in papers II-V, data are lacking for one person in ACLR
and one person in ATH for KT1000, questionnaires and strength, one person in
non-ATH lack data for KT1000 and strength, and one person in ACLR and non-
ATH lack data for KT1000, all due to mixed technical and logistical circumstances
not related to hop performance. For two persons in ACLR, one person in non-
ATH and two persons in ATH there were technical errors for one of the four
muscles during EMG data collection, thus excluded from the EMG analyses.
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Data processing

Kinematic and kinetic data

The software Qualisys Track Manager (v.2.2, Qualisys AB, Gothenborg, Sweden)
and Visual3D were used for data processing and calculation. Marker trajectories
were filtered at 15 Hz with a critically damped digital filter before further
calculations. An eight-segment six degrees-of-freedom model consisting of feet,
shanks, thighs, pelvis, and trunk was constructed for paper I, while the head
segment was added to the model for papers II-V.104 Trunk, hip and knee angles
and moments were calculated using joint coordinate systems with the Cardan
rotation sequence of XYZ (X, medial-lateral axis; Y, anterior-posterior axis; Z,
vertical axis).5¢ Trunk angles were defined relative to the vertical axis of the lab
coordinate system, hip angles from motion of the thigh relative to the pelvis, and
knee angles from motion of the shank relative to the thigh. Hip and knee
moments normalized to body mass were calculated using inverse dynamics and
presented as external moments, e.g. an external flexion moment would tend to
bend the knee. Kinematic and kinetic data were filtered with the same cut-off
frequency of 15 Hz using a fourth-order bidirectional low-pass Butterworth
digital filter. This was performed since application of the same filter to motion
and force data are recommended in high-intensity tests (such as hop tests).155
This approach have been used in previous research for tasks with high impacts,
although with slight variation with 12-12 Hz,88.89 15-15 Hz,184.193 and 18-18 Hz.54

Two main movement phases of interest were evaluated in this thesis: 1) Take-off,
defined from peak knee flexion to force plate signal registration below 20 N and,
2) Landing, defined from initial contact where the force signal registration
exceeds 20 N to peak knee flexion. The take-off phase was evaluated in paper I
during OLVH, while the landing phase was the main focus in papers I-V since the
majority of ACL injuries occur in the eccentric phase of landings.36: 55, 122, 135, 151, 156,
217, 291, 312 The injured leg of ACL injured persons was compared to the non-
dominant leg of non-injured persons in papers I-V.

Dynamic knee robustness

In papers III, IV and V, dynamic knee robustness was evaluated using an FHA
approacho4. 105 where a discrete FHA inclination angle value (0-90°) was
extracted for each 10° of helical rotation over the landing phase (from initial
contact) (Figure 6A-D). This computes how much the knee motion differs from
strict flexion-extension movement at certain motion intervals of the landing
phase, regardless of whether this difference results from frontal or transversal
plane movement. A lower inclination angle thus indicates greater dynamic knee
robustness (less movement in frontal and/or transversal planes).
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Figure 6A-D. In A, the knee Euler angle curves for frontal (grey solid line) and transversal (grey
dashed line) planes relative to the knee flexion angle. In B, the knee motion curves during the
Rebound landing. The thick black solid line is the helical axis rotation, the thin black solid line is the
sagittal plane angle curve, the grey solid line is the frontal plane angle curve, and the grey dashed
line is the transversal plane angle curve. For both A and B, rings indicate the start of the knee helical
motion for a new FHA, and crosses indicate when 10° of helical rotation has occurred which generate
the discrete FHA inclination angles. The more dissimilar the knee sagittal plane curve is to the helical
axis curve, the greater movement occurs in the frontal and/or transversal planes. This generates
greater inclination angles thus indicative of less knee robustness. In C and D, the FHA inclination
angles displayed as viewed from above and posteriorly, respectively, show how the helical axes are
rotated in relation to the knee medial-lateral axis. The FHA inclination angles for this hop landing trial
were: 50.5° for FHA-1, 30.3° for FHA-2, 5.3° for FHA-3 and 37.9° for FHA-4, respectively. FHA, finite
helical axis.

29



Materials and Methods

Sagittal plane Frontal plane Transversal plane

et ¥ P
Figure 7. Definitions of angles and external moments of force that were analysed in the thesis. Trunk
angles were defined in relation to the lab axes, hip angles defined with the pelvis as reference
segment, and knee angles defined with the femur as reference segment. A, trunk flexion; B, trunk
lateral bending; C, hip flexion; D, knee flexion; E, hip adduction; F, knee abduction; G, hip internal
rotation; H, knee internal rotation.

Joint angles and moments

Discrete values of trunk, hip and knee angles and moments were investigated in
papers L, II, IV and V, while curve data (or functional data) were investigated in
paper III. An overview of these outcomes is graphically depicted in Figure 7 and
displayed in Table 3 for the relevant phases.
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GRFv Figure 8. A graphic depiction
of time to stabilization in one
direction  (either  anterior-
posterior or medial-lateral).
The thin black line depicts the
rectified ground reaction force
velocity signal, the grey bold
line is the filtered signal, and
the horizontal grey dashed line
is the cut-off value of 2.5 SD
extracted from one-leg
standing balance. The time to
stabilization is the time from
initial contact to the time where
the filtered signal reaches and
remains below the threshold
for atleast 0.5 s. GRFv, ground
reaction force velocity; SD,
standard deviation; TTS, time
to stabilization.
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Time to stabilization, TTS

In paper II, calculation of TTS 235 321 was performed for the SRSH 2rd Landing by
filtering the ground reaction force velocity using a second-order, recursive low-
pass Butterworth digital filter with a cut-off frequency of 40 Hz using Visual3D
software. It was calculated in anterior-posterior and medial-lateral directions by
differentiating their excursion signals from peak ground reaction force, then
rectified and filtered using a moving average window of 0.25 s.

The TTS reflects the time taken for the ground reaction force velocity in each
direction to reach and remain below a stability threshold for at least 0.5 s (Figure
8). A resultant value was also calculated by taking the square root of the sum of
TTS in anterior-posterior direction squared and medial-lateral direction
squared.9 The stability threshold was calculated from a one-leg standing balance
test for 10 s (with a 5 s pre-stabilisation period) from three trials for 10
asymptomatic persons. The overall standard deviation (SD) from the ground
reaction force velocity was averaged across trials and participants, with the
threshold set at 2.5 SD in line with previous work.235, 321
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Surface electromyography, EMG

The EMG raw data were filtered with a low pass filter of 500 Hz, a high pass filter
of 20 Hz and with a root mean square moving window of 20 ms (SENIAM
guidelines) using Visual3D software. The peak EMG value was then extracted for
each muscle and trial during the landing phase to calculate an average peak value
used for normalization. This method consider the force-velocity and length-
tension relationships in the muscles, often with higher EMG levels than in
maximal isometric contractions,’4 and has been used previously.25 220 The
maximal trial-to-trial values provided high ICCs of 0.92-0.99 for all muscles in
both groups using ICC(;5) (model: two-way mixed, form: average measures, type:
consistency). Similar to previous research,2s the average activation during a
period of 50 ms prior to initial contact and the average activation during the
landing phase, were investigated. Outcomes were the average activation of BF,
ST, VM, VL and a co-contraction ratio. The co-contraction ratio was calculated
using the equation EMGiower/ EMGhigher, Where EMGiower is the level of activity in
the less active of flexors or extensors.25

Functional tests

Functional performances of OLHD, OLVH and SRSH were evaluated. Hop length
in OLHD was calculated from the displacement of a marker on the foot between
starting position to landing, while hop height in OLVH was calculated from the
displacement of the pelvis center of mass between standing position to peak
height. The single highest peak value for length and for height from trials deemed
successful were used in the analyses of functional performances. For the Rebound
phase in SRSH, contact time was considered a performance measure and was
defined from initial contact to next take-off (force signal < 20 N). Dynamometer
raw data were filtered with a moving average of 60 ms using Visual 3D software.
The single highest peak value from the three trials completed were extracted and
normalized to body mass and multiplied with the dynamometer lever arm. These
peak values in Nm/kg for knee extensors and flexors were used in analyses.

Statistical analyses

For the biomechanical analyses, outcome variables for the ACL injured leg was
compared to the non-dominant leg for asymptomatic persons in papers I, II, IV
and V, while the dominant leg was used to compare ATH and non-ATH in paper
II1. The successful trial with maximal OLVH height for each participant were used
for analyses in paper I, while the first five successful trials for SRSH (out of the
ten performed) were used to calculate individual means for analyses in papers II,
IIT and IV. The use of five trials is considered well sufficient for sports specific
side-to-side tasks for reliability evaluations.»93 In paper V, all successful trials for
OLHD, OLVH and SRSH were used to calculate individual mean values for
analyses since the number of trials varied between tests.
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Analyses of discrete data

Body anthropometrics and self-reported questionnaires (papers I-V)

For the long-term follow-up (paper I), body anthropometrics were analysed
between groups with ANOVAs and questionnaires with Kruskal-Wallis H tests.
For papers II-V, body anthropometrics and questionnaires were mainly
presented as background information.

Dynamic knee robustness (papers III, IV and V) and EMG outcomes (paper IV)

The mean values for FHA inclination angles and their time occurrences from
initial contact and the mean motion curves of the first five successful trials for
each person were calculated. The successive FHAs were numbered FHA-1, FHA-
2, FHA-3, etc., each representing a knee helical rotation interval of 10°. Since
each trial may result in a different number of FHAs (depending on range of knee
motion), at least three of the five trials had to generate the same specific FHA
(e.g., FHA-2) to be included in the analyses. Thus, FHAs provided by two or less
trials were not considered representative for that person’s knee movement and
were excluded from analyses. FHA inclination angles and EMG outcomes
(average amplitudes, cocontraction ratios) were compared between groups with
independent t-tests since normally distributed (Shapiro-Wilk test).

Joint angles and moments (papers I, IV and V)

Multivariate analyses of variance (MANOVAs) were used to compare blocks of
discrete kinematic and kinetic variables between ACL injured persons and
matched controls, and if significant, further investigated with direct discriminant
analysis with correlations > 0.32 interpreted (papers I and IV).38.292 These blocks
of variables (Table 3) were: angles at initial contact for trunk, hip and knee
variables (paper IV), peak angles of trunk, hip and knee variables (papers I and
IV), and peak moments of hip and knee variables (paper IV). Since body mass
index differed between both ACLD,, and ACLR., to CTRL.,, relations between
body mass index and kinematic variables in the sagittal plane were investigated
but displayed no significant correlations (Pearson). The effect of body mass index
was also investigated as a covariate for the same variables, although with no
differences in results, thus removed as a covariate. Main effects of asymmetry
within groups for these blocks of variables were investigated with repeated-
measures MANOVAs and, if significant, followed by paired t-tests (papers I and
IV). Assumptions of absence of multivariate outliers and multicollinearity,
linearity, and homogeneity of variance-covariance were met.
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Regarding comparisons between landings for ACLR, ATH and non-ATH,
repeated-measures ANOVAs with group as between-subject factor were used to
investigate the effect of type of landing, group belonging and their interaction for
the chosen outcome measures (paper V). Bonferroni post-hoc tests (to correct for
multiple comparisons) were applied to further elucidate significant main effects.
Pearson correlations r were also used to investigate the relationships of the
outcome variables between the landings (paper V). Partial eta2 as effect sizes (ES,
0.01 = small, 0.1 = medium, 0.25 = large)3:® were presented for main effects of
MANOVAs (papers I and IV) and repeated-measures ANOVAs (paper V).

Functional performances (papers I, III and IV)

Hop performances of the OLVH (paper I) were investigated between legs within
groups with paired t-tests, and between groups with one-way ANOVAs where
Bonferroni post hoc tests were used if significant.

Functional performance outcomes (papers III and IV) were analysed with
MANOVAs and followed with Bonferroni Post-Hoc tests (correction for multiple
comparisons). Partial eta2 as effect sizes (ES, 0.01 = small, 0.1 = medium, 0.25 =
large)sic were presented. Further, relations between hop and strength
performances were investigated with r2-values to evaluate if these indicated
different aspects of functional performances.

Reliability and agreement of joint angles and moments (paper II) and FHA
inclination angles (papers III, IV and V)

Reliability were investigated using intraclass correlations (ICCs) for within-
session analyses (ACLR and CTRL) using ICCs 5 (model: two-way mixed, form:
average measures, type: consistency) and in test-retest (CTRL) with ICC,y
(model: two-way mixed, form: single measures, type: consistency) using the
average of the trials for each test session. The classification of Fleiss8” was adapted
for interpretation (ICC < 0.4 = poor, ICC 0.4 — 0.75 = fair to good, ICC > 0.75 =
excellent). Bland-Altman plots were used to screen for systematic bias, outliers,
and heteroscedasticity for test-retest data. Agreement was evaluated with the
within-person SD (denoted Sw) calculated by taking the square root of the average
variances on group level, to provide clinically relevant values for expected errors
in an individual.3® 325 Minimal differences for each variable was also assessed in
test-retest by constructing a 95% confidence interval for the Sw that take both test
sessions into account.

Considering that ACL injuries have been estimated to occur as fast as 30-50 ms
after impact,’5t 156 the initial FHA-1 inclination angle was considered most
important and thus also evaluated for trial-to-trial reliability using ICC model s
for the data analysed in papers III, IV and V.
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Statistical software and level of significance

The Statistical Package for the Social Sciences (v.23, IBM SPSS Statistics,
Armonk, New York, USA) were used for all analyses of discrete data, with a 5%
level for statistical significance set a priori.

Analyses of functional data
Joint angle and moment curves (paper III)

The kinematic and kinetic mean curves (representing the individuals) were
analysed with a statistical method from the area of functional data analysis, that
investigated the equality of the mean functions from the functional populations
of ATH and non-ATH. The curves were aligned within the landing phase to
account for individual differences in time between the aforementioned landing
events. Prior to the analysis, the landing phase was discretized in 51 points. This
adjustment enabled continuous data series to be compared between persons and
groups using identical relative time points. The curves were analysed between
ATH and non-ATH by applying a functional t-test, based on the interval-wise
testing procedure.237 Such an approach enabled the identification of time-
intervals where the groups differed. The unadjusted P-values correspond to a
point-wise control of the probability of wrongly detecting a significant difference.
The interval-wise testing-adjusted P-values ensured that the probability of
wrongly rejecting any interval (i.e., false positive, or type I error) was below the
chosen significance level, within each analysis.

Statistical software and level of significance

All computations and statistical analyses of functional data were conducted using
R (v.3.2.0), with a 5% level for statistical significance set a priori.
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Results

The comparative results between groups (specific aims A, D and E handled in
papers I, III and IV, respectively) and between legs within groups for asymmetry
(specific aims A and E handled in papers I and IV, respectively) are compiled and
presented with subheadings that relate to each theme of outcome measures.
Results of dynamic knee robustness (FHA inclination angles) are presented
separate from the cardan joint angles for clarity. The comparative results between
landings (specific aim F handled in paper V) and results of reliability and
agreement (specific aims B and C handled mainly in paper II but also to some
extent for FHA-inclination angles for papers III, IV and V) are presented in
separate headings. As such, this structure diverge from the specific aims
previously described (e.g. reliability and agreement of the SRSH was evaluated
before group comparisons were performed) although is considered more
appropriate here.

General findings

General findings show significant differences in angles, moments and functional
performances between ACL groups to controls, between athletes and non-
athletes, and between legs (asymmetry) for ACL groups. Significant differences
in knee-specific angles and moments were also displayed between the landings,
and excellent reliability were shown for most joint-specific angles and moments
during landings of the novel SRSH. Specific results are presented below.

Comparisons between groups (specific aims A, D and E)

Dynamic knee robustness (papers III and IV)

ACLR and CTRL had a similar range of knee motion which provided an equal
number of FHAs (3.2 + 0.9 for ACLR and 3.5 + 0.9 for CTRL) during the first
landing of SRSH (n.s., P = 0.175). The number of participants that provided FHA-
1 — FHA-5 occurrences (each consecutive 10° helical rotation interval) were 31,
31, 24, 10 and 2 respectively for ACLR (n = 32) and 32, 32, 28, 14 and 5
respectively for CTRL (n = 32). Thus, one person among ACLR had less than 10°
of helical knee motion for four of the five trials (thus no FHA for analyses). Similar
results were found among ATH and non-ATH during the first landing of the
SRSH, where both groups displayed an equal range of knee motion thus the same
amounts of FHAs (3.1 + 1.0 for ATH and 3.5 + 0.7 for non-ATH, n.s., P = 0.213).
The number of participants that provided FHA-1 — FHA-5 occurrences were 19,
17, 16, 6, and 1 respectively for ATH and 20, 20, 18, 11 and o respectively for non-
ATH.
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Figure 9A-D. Average FHA inclination angles (dynamic knee robustness) and their times shown in
mean values with 95% confidence intervals. Similar FHA inclination angles and times were displayed
between ACLR and CTRL in A and B, and between ATH and Non-ATH in C and D. Each FHA
inclination angle represents a knee helical motion of ~10°. ACLR, ACL reconstructed persons; ATH,
elite athletes; CTRL, controls; FHA, finite helical axis; Non-ATH, non-athletes.

Further statistical analyses of group comparisons between both ACLR and CTRL
and between ATH and non-ATH were therefore restricted for inclination angles
of FHA-1 — FHA-3, since too few persons (in most cases less than half) displayed
FHA-4 or FHA-5. However, no significant differences were found between ACLR
and CTRL (P-values > 0.321, Figure 9A-B), or between ATH and non-ATH (P-
values > 0.150, Figure 9C-D). Further, these FHA inclination angles occurred at
similar times after initial contact for both groups.
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Joint angles (papers I, III and IV)

For the long-term follow up, significant main effects (shown via MANOVA) of
group differences for peak trunk, hip and knee angles were found for the OLVH
during both take-off (P < 0.001, ES = 0.21 [medium]) and landing (P < 0.001, ES
= 0.25 [large]). During take-off, follow-up analyses (discriminant analysis)
showed that ACLD,, differed to CTRL.,, where ACLD,, displayed a combination
of less knee flexion and external knee rotation (instead of internal rotation that
was evaluated). ACLR,, was also differentiated to both ACLD,, and CTRL,,, and
displayed a combination of greater trunk and hip flexion, greater hip internal
rotation, and less knee abduction than both of the latter groups. During landing,
discriminant analysis separated between ACLD,, to both ACLR,, and CTRLso,
where they demonstrated a combination of less hip and knee flexion, greater hip
adduction, and greater external (instead of internal) knee rotation than both
ACLR,, and CTRLs,. Further, ACLR,, was also distinguished to both ACLD,, and
CTRL,o, where they displayed a combination of greater trunk flexion and hip
internal rotation than the latter two groups (Table 4).

Significant main effects between groups were also found when comparing peak
trunk, hip and knee angles between the non-injured leg of ACL groups to the
dominant leg of CTRL,, during take-off (P = 0.004, ES = 0.16 [medium]) but not
during landing (n.s., P = 0.301). Follow-up analysis discriminated ACLD,, from
both ACLR,, and CTRL,,, where ACLD,, displayed less hip and knee flexion, less
hip internal rotation, and greater knee abduction than the other two groups
(Table 4).

Regarding comparison for the younger and more recently injured ACLR
compared to the matched CTRL during the first landing of the SRSH, significant
main effects (MANOVA) were found for trunk, hip and knee angles at initial
contact (P = 0.005, ES = 0.32 [large]) and for peak angles (P = 0.002, ES = 0.35
[large]). Follow-up analyses (discriminant analysis) revealed that ACLR
displayed a combination of greater hip and knee flexion angles at initial contact
than CTRL (5.6° and 7.2° greater, respectively). For peak angles, ACLR
demonstrated a combination of greater knee flexion (3.6° greater) and less knee
internal rotation (actually 2.4° more external rotation) than CTRL (Table 5).
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Table 4. Peak angles during take-off and landing presented in mean (SD) for
ACLR20 (n = 32), ACLD2o (n = 34) and CTRLz2o (n = 33).

Take-off Landing
I/ND leg NI/D leg I/ND leg NI/D leg
Trunk flexion (+) (*) ACLRy  44.2 (12.7)®°  40.6 (11.2) 30.0 (8.9)*° 26.0 (9.7)
ACLDy  37.7 (11.0)¢ 35.2 (11.5) 23.8(7.7) 23.0 (9.4)
CTRLy,  39.1(9.6) 36.6 (9.4) 23.6 (9.9) 24.8 (9.7)
Hip flexion (+) (°) ACLRy  73.3 (15.4)* 71.7 (12.4)°  52.4 (12.0)° 50.1 (11.9)

ACLDy 65.4 (16.7) 63.1 (15.5)° 43.0 (115  44.8 (13.1)
CTRLy 70.7 (12.9) 72.3(12.5)  52.0(10.7)  49.8(10.9)

Hip adduction (+) () ACLRy, 9.8 (6.6) 10.6 (6.8) 3.3 (7.8 4.7 (6.9)
ACLDy, 12.3(7.5) 10.2 (6.9) 7.8 (7.6)° 5.8 (8.7)
CTRLy 11.0(5.6) 11.0 (6.9) 5.5 (5.6) 5.6 (8.0)
Hip int. rotation (+) ')  ACLRy 10.6 (8.2 6.7 (6.4)° 106 (8.1)®  7.6(7.0)
ACLD,, 6.6 (9.3)c 2.9 (8.4) 6.5 (7.8) 4.0 (8.5)
CTRLy 7.6 (6.3) 6.1(7.1) 7.5 (7.5) 6.8 (9.1)
Knee flexion (+) (°) ACLRy, 713 (1050  743(87)°  57.0(10.6)°  58.1(9.2)
ACLD,, 65.3 (9.7)° 66.6 (7.9  50.0(9.3°  54.7(8.9)
CTRLy 73.6(8.8) 74.1 (8.1) 59.9 (9.1) 58.5 (9.0)
Knee abduction (-) )  ACLRyx -1.2 (5.1)® 211  0.0(4.7) 1.7 (5.1)
ACLDy -4.1(5.5) 57417 -3.4(6.3) -4.8 (5.2)
CTRLy -2.3(5.0) 2.0 (4.9) -1.6 (6.2) -0.8 (5.1)
Knee int. rotation (+) ()  ACLRyp -0.1(7.0)° 1.4 (6.8) 0.4 (6.8) 2.8 (6.7)
ACLDy -1.5 (5.5) 2.0 (7.0) 1.6 (6.7) 3.3(7.8)
CTRLy 4.4 (7.3) 1.3 (5.0) 5.1 (7.0) 2.8 (5.3)

ACLDy,, ACL deficient persons; ACLR3, ACL reconstructed persons; CTRLy, controls; I/ND leg,
injured leg for ACLy, groups and non-dominant leg for CTRL,o; NI/D leg, non-injured leg for ACLy
groups and dominant leg for CTRLy,. Positive values for flexion, adduction, internal (int.) rotation and
negative values for extension, abduction and external rotation.

2 Differentiated from CTRL,, ND-leg through discriminant analysis.

b Differentiated from ACLDy I-leg through discriminant analysis.

¢ Significantly different to contralateral leg within groups at 0.05 level, only found for ACLy, groups.
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Table 5. Joint angles presented in mean (SD) for ACLR and CTRL.

ACLR (n = 32) CTRL (n =32)
I-leg Nl-leg ND-leg D-leg
Angles at IC (°)
Trunk flexion (+) 18.4 (4.3)° 17.1 (4.8) 16.4 (6.2) 16.7 (5.5)
Trunk lat. bending (-) -7.6 (4.0) -8.8 (3.0) -7.1(2.5) -7.0 (3.1)
Hip flexion (+) 40.3 (7.8)* 37.8(9.1) 34.7 (7.6) 34.2 (7.3)
Hip adduction (+) -11.4 (4.8) -12.4 (4.9) -11.1 (5.1) -11.0 (3.5)
Hip int. rotation (+) 4.2 (5.1) 3.2(54) 3.8 (8.8) 5.8 (6.9)
Knee flexion (+) 37.2 (6.2) 36.5 (7.2) 30.0 (6.6) 30.1 (6.4)
Knee abduction (-) -2.6 (5.0) -2.6 (5.3) -2.3(5.7) -1.6 (5.0)
Knee int. rotation (+) -10.7 (5.0) -9.6 (5.0) -9.8 (6.8) -11.6 (5.8)
Peak Angles (°)

Trunk flexion (+) 22.2 (5.3)° 20.8 (5.7) 21.1(8.9) 21.7 (7.7)
Trunk lat. bending (-) -9.2 (4.4) -9.7 (3.3) -7.9 (2.5) -7.8 (3.4)
Hip flexion (+) 49.1 (9.0)° 45.9 (9.1) 45.4 (9.0) 45.3 (9.0)
Hip adduction (+) -3.0(7.0) -5.0 (6.8) -0.7 (6.8) -0.2 (6.2)
Hip int. rotation (+) 10.7 (5.3) 9.4 (5.7) 10.8 (7.6) 12.7 (5.5)
Knee flexion (+) 63.0 (6.8)? 62.9 (6.8) 59.4 (7.2) 59.9 (7.7)
Knee abduction (-) -3.2(5.0) -2.9(5.1) -3.0 (5.6) -1.9(5.0)
Knee int. rotation (+) -3.2 (4.3)? -1.8 (5.3) -0.8 (5.0) -2.9 (4.1)

ACLR, ACL reconstructed persons; CTRL, controls; D-leg, dominant leg; IC, initial contact; I-leg,
injured leg; ND-leg, non-dominant leg; NlI-leg, non-injured leg; SD, standard deviation. Positive values
for flexion, adduction, internal (int.) rotation and negative values for extension, lateral (lat.) bending,
abduction and external rotation.

2 Differentiated from CTRL ND-leg through discriminant analysis.

b Significantly different to contralateral leg within groups at 0.05 level, only found for ACLR.

Comparisons between ATH and non-ATH for trunk, hip and knee angle curves
revealed that only the hip flexion angle (among the angle curves) was significantly
different between the groups. ATH displayed greater flexion angles than non-
ATH (37-38° versus 30-31°) between 9-29% of the landing phase. The unadjusted
P-value also identified a significant difference immediately at initial contact,
which would have been found if analysing that specific value without applying the
interval-wise testing procedure (Figure 10).
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Figure 10. Hip flexion angle displayed for the dominant leg of ATH and Non-ATH. The thick dashed
and solid grey lines correspond to group means and thin grey lines to individuals. The grey area within
the plot indicate significant between-group differences from the functional t-tests. The P-values are
shown in the curve beneath the plot with the interval-wise testing-adjusted P-value in black solid line
and the unadjusted P-value in grey solid line. The horizontal dashed line indicates the 5% level of
significance. ATH, elite athletes; Non-ATH, non-athletes. Attribution according to CC license: “Figure
3", by Markstrém et al. (in article with DOI: 10.1111/sms.13432) is licensed under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/). This Figure has been modified from original by slightly
altering figure explanations, and by only including a part of the figure.

Joint moments (papers III and IV)

Significant main differences were found between ACLR and CTRL for peak hip
and knee moments during the first landing of the SRSH (P = 0.015, ES = 0.23
[medium]). Follow-up analysis showed that ACLR displayed greater peak
moments than CTRL for hip flexion (0.11 Nm/kg greater), knee flexion (0.18
Nm/kg greater) and knee rotation (0.03 Nm/kg greater) (Table 6).

Table 6. Joint moments presented in mean (SD) for ACLR and CTRL.

ACLR (n = 32) CTRL (n =32)
I-leg Nl-leg ND-leg D-leg
Peak moments (Nm/kg)
Hip flexion (+) 1.26 (0.31)? 1.19 (0.27) 1.15 (0.30) 1.12 (0.25)
Hip adduction (+) 2.00 (0.34) 2.09 (0.40) 2.02 (0.49) 2.01 (0.49)
Hip int. rotation (+) 0.83 (0.22) 0.80 (0.26) 0.78 (0.21) 0.76 (0.23)
Knee flexion (+) 2.62 (0.50)% 2.82 (0.50) 2.44 (0.55) 2.40 (0.61)
Knee abduction (-) -0.16 (0.08) -0.16 (0.06) -0.17 (0.07) -0.18 (0.06)
Knee int. rotation (+) 0.13 (0.06)* 0.12 (0.05) 0.10 (0.04) 0.10 (0.03)

ACLR, ACL reconstructed persons; CTRL, controls; D-leg, dominant leg; IC, initial contact; I-leg,
injured leg; ND-leg, non-dominant leg; Nl-leg, non-injured leg; SD, standard deviation. Positive values
for flexion, adduction, internal (int.) rotation and negative values for extension, abduction and external
rotation.

2 Differentiated from CTRL ND-leg through discriminant analysis.

b Significantly different to contralateral leg within groups at 0.05 level, only found for ACLR.
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Figure 11. Hip adduction (+)/abduction (-) moment shown in top left, hip internal (+)/external (-)
rotation moment in bottom left and knee flexion (+)/extension (-) moment in bottom right for the
dominant leg of ATH and Non-ATH. The thick dashed and solid grey lines correspond to group means
and the thin grey lines to individuals. The grey areas within the plots indicate significant between-
group differences from the functional t-tests. These P-values are shown as curves beneath each plot
with the interval-wise testing-adjusted P-value in black solid line and the unadjusted P-value in grey
solid line. The horizontal dashed line indicates the 5% level of significance. ATH, elite athletes; Non-
ATH, non-athletes. Attribution according to CC license: “Figure 3", by Markstrém et al. (in article with
DOI: 10.1111/sms.13432) is licensed under CC BY 4.0

(https://creativecommons.org/licenses/by/4.0/). This Figure has been modified from original by slightly

altering figure explanations, and by only including a part of the figure.

Comparisons between ATH and non-ATH revealed significantly different hip and
knee moment curves during the first landing of SRSH. ATH had greater moments
of hip adduction between 59-99%, hip internal rotation between 83-89%, and
knee flexion between 79-93% of the landing phase. These moments were 1.2-1.4
times greater than those of non-ATH throughout the identified time intervals of
significant differences (Figure 11).

Average EMG amplitudes and cocontraction ratio (paper IV)

No significant differences were shown between ACLR and CTRL for average EMG
amplitudes (relative average peak values) for BF, ST, VM and VL during the 50
ms period prior to initial contact or during the first landing phase of the SRSH.
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Figure 12. Average EMG amplitudes presented in means with 95% confidence intervals. Groups
displayed similar amplitudes both during the 50 ms period prior to initial contact at landing (pre) and
during the landing phase (post). ACLR, ACL reconstructed persons; BF, biceps femoris; CC ratio,
cocontraction ratio; CTRL, controls; ST, semitendinosus; VL, vastus lateralis; VM, vastus medialis.

There was however a tendency to a higher average amplitude for BF during
landing for ACLR compared to CTRL (29% vs 23%) nearing the statistical
significance threshold (P = 0.075) (Figure 12). For the 50 ms period, the average
EMG amplitudes for both ACLR and CTRL were higher for knee flexors (33-39%)
than for knee extensors (16-19%). This pattern changed during the landing phase,
where lower average EMG amplitudes for knee flexors were displayed for both
ACLR and CTRL (23-29%) than for knee extensors (36-39%).

Knee laxity and functional performances (papers I, I1I, IV)

In the long-term follow up, a significant difference for hop height was found for
the injured legs of ACLD,, and ACLR,, compared to the non-dominant legs of
CTRL,, (P = 0.007), but not for the non-injured compared to the dominant legs
(n.s., P = 0.195). Follow-up analyses showed that the maximal hop height (on
group level) for ACLD,, (0.17 + 0.03 m) were lower than for both ACLR», (0.20
+ 0.04 m, p = 0.037) and CTRL,, (0.20 + 0.04 m, p = 0.010), while the latter two
groups did not differ (n.s., P = 1.000).

Comparisons between ACLR and CTRL revealed a significant main effect
(MANOVA) for laxity and knee function outcomes (P < 0.001, ES = 0.56 [large]).
However, this finding was only attributed to a significantly higher knee laxity for
ACLR (9.6 vs 6.3 mm) (Table 7). Nevertheless, these functional performances
indicate different aspects of function since low to moderate relations were found
between strength and hop performances for both legs among ACLR (r2-values <
0.26) and CTRL (r2-values < 0.36).
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Table 7. Knee laxity and functional performances presented in mean (SD) for
ACLR and CTRL.

ACLR CTRL

I-leg Nl-leg ND-leg D-leg
Knee laxity 30 Ib (mm) 9.6 (2.0)* 7.0 (2.1) 6.3 (2.2) 6.4 (2.2)
Maximal OLHD (m) 1.26 (0.18) 1.28 (0.19) 1.26 (0.23) 1.29 (0.22)
Maximal OLVH (m) 0.22 (0.04)° 0.24 (0.03) 0.24 (0.04) 0.25 (0.04)
Hops SRSH (No. out of 10) 8.3(1.2) 8.1(1.6) 8.5(1.7) 8.9 (1.4)
Contact time in SRSH (s) 0.45 (0.13)° 0.43 (0.13) 0.55 (0.26) 0.54 (0.25)
Peak vGRF landing SRSH 2.23(0.21)° 2.33 (0.24) 2.30 (0.34) 2.27 (0.28)
Peak extensor torque (Nm/kg) 2.57 (0.52)° 2.67 (0.49) 2.44 (0.48) 2.54 (0.54)
Peak flexor torque (Nm/kg) 1.05 (0.23)° 1.19 (0.24) 1.10 (0.23) 1.13 (0.22)

ACLR, ACL reconstructed persons; CTRL, controls; D-leg, dominant leg; I-leg, injured leg; ND-leg,
non-dominant leg; Nl-leg, non-injured leg; OLHD, one-leg hop for distance; OLVH, one-leg vertical
hop; SRSH, standardized rebound side hop; vGRF, vertical ground reaction force.

2 Significantly different to CTRL ND-leg at 0.05 level.

b Significantly different to contralateral leg within groups at 0.05 level, only found for ACLR.

Comparisons between ATH and non-ATH also revealed a significant main effect
for laxity and knee function outcomes (P-value = 0.007, ES = 0.45 [large]). ATH
displayed significantly less laxity, longer maximal OLHD, greater number of
successful hops in SRSH, shorter contact time in the first landing (Rebound) in
SRSH and greater knee extensor strength than non-ATH (Table 8). ATH also
displayed tendencies to greater maximal OLVH and knee flexor torque (9-11%
larger) nearing the statistical significance threshold. These functional
performances indicate different aspects of function since low to moderate
relations were found between strength and hop performances among ATH (r2-
values < 0.39) and non-ATH (r2-values < 0.29).

Table 8. Knee laxity and functional performances presented in mean (SD) for
female athletes and non-athletes (dominant leg).

ATH (n=19)  Non-ATH (n = 20) P-value (ES)
Main effect Post-hoc
0.007 (0.45)
Knee laxity 30 Ib (mm) 5.6 (2.1) 7.3(1.6) 0.009 (0.18)
Maximal OLHD (m) 1.34 (0.17)  1.13(0.18) 0.001 (0.28)
Maximal OLVH (m) 0.24 (0.03) 0.22(0.03) 0.077 (0.08)
Hops SRSH (No. out of 10) 9.1(1.1) 7.9 (1.8) 0.037 (0.12)
Contact time in SRSH (s) 0.41(0.14) 0.70(0.32) 0.001 (0.26)
Peak extensor torque (Nm/kg) 2.71(0.44) 2.23(0.57) 0.007 (0.19)
Peak flexor torque (Nm/kg) 1.20 (0.22) 1.08 (0.22) 0.097 (0.07)

ATH, elite athletes; ES, effect size; Non-ATH, non-athletes; OLHD, one-leg hop for distance; OLVH,
one-leg vertical hop; SD, standard deviation; SRSH, standardized rebound side hop.
Bold P-values indicate significant differences (main effect and post-hoc) at 0.05 level.
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Comparisons between legs within groups (specific aims A and
E)

Dynamic knee robustness (paper IV)

Regarding asymmetry in FHA-inclination angles for FHA-1 — FHA-3, no
significant differences between legs within groups were found among ACLR or
among CTRL during the first landing in SRSH (P-values > 0.146).

Joint angles (papers I and IV)

For the long-term follow-up, significant main effects (MANOVA) of asymmetry
for peak trunk, hip and knee angles were found for both ACLD,, and ACLR,,
when performing the OLVH during both Take-off (ACLR.,: P < 0.001, ES = 0.63
[largel; ACLD.o: P = 0.004, ES = 0.51 [large]) and Landing (ACLR2,: P = 0.026,
ES = 0.44; ACLDso: P = 0.020, ES = 0.43 [large]). CTRL did not display such
asymmetries in any of the phases (n.s., P-values > 0.559). During Take-off, the
injured leg (relative the non-injured) for both ACLD,, and ACLR,, had greater
trunk flexion and hip internal rotation, while only ACLR,, displayed less knee
flexion and only ACLD., showed an externally (even though peak internal
rotation angles was sought) rotated knee. During Landing, the injured leg
(relative the non-injured) among ACLR,, had greater trunk flexion while the
injured leg among ACLD,, had less knee flexion and an externally instead of an
internally rotated knee (Table 4).

Similarly, the younger ACLR displayed significant main effects of asymmetries in
trunk, hip and knee angles during the first landing of the SRSH for both angles at
initial contact (P = 0.024, ES = 0.48 [large]) and peak angles (P = 0.015, ES =
0.51 [large]). The injured leg of ACLR displayed (relative the non-injured leg) a
combination of greater angles of trunk and hip flexion both at initial contact (1.3°
and 2.5°, respectively) and during the landing phase (1.4° and 3.2°, respectively)
(Table 5). CTRL had no such asymmetries for angles (n.s., P-values > 0.281).

Joint moments (paper IV)

A significant main effect of asymmetry was also found among ACLR (not for
CTRL, n.s., P = 0.896) for peak hip and knee moments (P = 0.035, ES = 0.39
[large]). However, this main effect was only attributed to less peak knee flexion
moment (-0.20 Nm/kg) for the injured leg relative the non-injured leg, during
the landing phase (Table 6).

Knee laxity and functional performances (papers I and IV)
In the long-term follow up, both ACLD,, and ACLR,, had significantly greater
laxity for the injured compared to the non-injured leg (p < 0.001 for both groups).
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This difference was however greater among ACLD,, (4.9 mm) than for ACLR,,
(2.0 mm) (P < 0.001). Further, a lower hop height was displayed for the injured
leg compared to the contralateral non-injured leg for both ACLR,, (LSI 94 + 13%,
p = 0.001) and ACLD,, (LSI 91 + 14%, p = 0.006).

The younger ACLR also demonstrated a significant main effect of asymmetry for
laxity and knee function outcomes (main effect: P < 0.001, ES = 0.81 [large])
while no such findings were shown for CTRL (n.s., P = 0.258). The injured leg for
ACLR had (relative their non-injured leg) significantly greater knee laxity (37%
greater), lower OLVH (8% less), longer contact time in landing (5% longer), lower
peak vertical ground reaction force (4% less), and lower peak knee extensor (4%
deficit) and flexor strength (12% deficit) (Table 7). No differences were found for
OLHD and number of successful hops of SRSH.

Comparisons between hop landings (specific aim F)

Outcomes compared between landings (paper V)

The three groups of females (ACLR, ATH, non-ATH) that performed the OLHD,
OLVH and SRSH landings had similar range of knee motion which provided an
equal amount of FHAs for any of the landings (n.s., P-values < 0.405). The
number of persons (n = 60 in total) that provided FHA-1 — FHA-5 occurrences
for all landings were 60, 58, 55, 29 and 4 persons, respectively. Further analyses
of FHA inclination angles were therefore limited to FHA-1 — FHA-3 since too few
persons (less than half) displayed FHA-4 and FHA-5.

Significant differences between landings were found for inclination angles of
FHA-1 (P < 0.001, ES = 0.67 [large]), FHA-2 (P = 0.017, ES = 0.17 [medium]),
and FHA-3 (P < 0.001, ES = 0.39 [large]), and for peak abduction angle (P <
0.001, ES = 0.78 [large]), peak abduction moment (P < 0.001, ES = 0.82 [large]),
and peak internal rotation moment (P < 0.001, ES = 0.89 [large]). Only peak
internal rotation angle had no significant differences between landings (P-values
< 0.366) with angles on group levels in slight external rotation. The SRSH
Rebound landing induced the greatest knee FHA-1 inclination angle, abduction
angle, abduction moment, and internal rotation moment compared to all other
landings (Figure 13). No significant effect of group belonging was found for any
outcome variable between the landings (n.s., P-values = 0.074-0.949). One
significant interaction between landing and group was however found for peak
internal rotation moment (P < 0.001, ES = 0.23 [medium]). Post hoc analyses
revealed that ACLR females had greater moment than non-ATH in SRSH
Rebound, although less moment than both ATH and non-ATH in SRSH 2nd
landing.
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Results

Outcomes correlated between landings (paper V)

Regarding correlations of each outcome variable between the landings (groups
combined), significant correlations were displayed between all landings for peak
knee abduction angle (r > 0.81, P < 0.001) and peak internal rotation angle (r >
0.79, P < 0.001). Significant although lower correlations were also shown for
FHA-1 inclination angles (r = 0.29-0.44, P < 0.001-0.023), while few or no
significant correlations were found for the remaining outcomes (all » = 0.03-0.33,
P = 0.010-0.826). See paper V for further details of specific correlations.

Reliability and agreement of the novel SRSH test (specific aims
B and C)

Description of angles and moments during SRSH landings (paper II)
The general landing patterns for trunk, hip and knee angles displayed by both
ACLR and CTRL in SRSH Rebound (the first landing) were: increased trunk, hip
and knee flexion, increased trunk lateral bending, a constant hip abduction that
neared a neutral position, a relatively constant hip internal rotation, an initial
knee abduction that changed to adduction, and a constant knee external rotation
that neared a neutral position. The patterns for moments were analogous to those
for the angles, although with the exception for an initial knee internal rotation
moment that went into external moments. Similar landing patterns were
displayed in SRSH 2nd Landing, although with both the hip and knee more
constantly in adduction and with lower moments. Results of reliability analyses
for only the injured leg among ACLR and for the dominant leg among CTRL are
presented since no clear differences of ICCs and Sw were shown between the legs
within groups.

Within-session results for ACLR and CTRL (paper II)

In SRSH Rebound, excellent within-session reliability coefficients (ICCs > 0.75)
were shown for both groups for all trunk, hip and knee angles at initial contact,
all peak trunk, hip and knee angles and all peak hip and knee moments, except
for knee abduction for CTRL where an ICC of 0.73 was found (ICC for ACLR =
0.88). The Sw for angles were 1.9-5.2° and for moments 0.03-0.29 Nm/kg. In
general, lower ICCs and higher Sw were shown in SRSH 2nd Landing than in SRSH
Rebound. However, excellent ICCs were shown for all angles at initial contact and
peak angles with the exception for trunk lateral bending (ICC for angle at initial
contact of 0.74 for ACLR and 0.67 for CTRL, ICC for peak angle of 0.69 for CTRL).
For peak moments in both groups, excellent ICCs were found for hip flexion, hip
internal rotation, knee flexion and knee abduction, while hip adduction had good
ICCs (0.68-0.74) and knee internal rotation had poor ICCs (0.23-0.43).
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Table 9. Within-session reliability (ICC) and agreement (Sw) for angles and
moments (test session 1, ACLR injured leg and CTRL dominant leg).
Within-session

ACLR (n = 30) CTRL (n = 30)
SRSH IcC Sw* IcC Sw*
Rebound Angles at IC 0.94-097  1.9-32 0.85-0.97  20-38
Peak Angles 0.91-0.98  1.35.2 0.85-0.97  2.0-4.7
Peak moments 0.88-0.96  0.05-0.28  0.73-0.95  0.03-0.29
2" Landing Angles at IC 0.74-0.96  2.4-4.4 0.67-0.95  2.9-5.1
Peak Angles 0.78-0.96  1.9-4.9 0.69-095  2.3-46
Peak moments 0.43-0.94  0.08-0.31 0.23-0.90  0.07-0.34

ACLR, anterior cruciate ligament reconstructed persons; CTRL, controls; IC, initial contact; ICC, intra-
class correlation; SRSH, standardized rebound side hop; Sw, average within-person standard
deviation.

* Units of measurement for angles in degrees, and for moments in Nm/kg.

A general overview of within-session ICCs and Sw for angles and moments are
presented in Table 9, while more specific results for each variable can be found in
paper II.

Regarding TTS, excellent to good reliability were shown among ACLR in all
directions (ICCs of 0.71-0.81) while fair reliability were shown for CTRL (ICCs of
0.51-0.58). High relative (to mean values) Sw were shown for both groups with
values = 37%.

Test-retest results for CTRL (paper II)

In SRSH Rebound, test-retest reliability was excellent to fair for all trunk, hip and
knee angles and hip and knee moments with ICCs of 0.51-0.91, and with Sw of
1.6-4.5° (minimal differences: 4.5-12.6°) for angles and 0.03-0.25 Nm/kg
(minimal differences: 0.09-0.68 Nm/kg) for moments. Similar to within-session
results, generally lower ICCs and Sw were shown in SRSH 2nd Landing, where
trunk lateral bending and knee internal rotation had poor ICCs of 0.36 and 0.07,
respectively. Generally poorer reliability was found for TTS with ICCs of 0.34-
0.46 for all directions, with high relative minimal differences > 57% of mean
values for both test sessions. A general overview of test-retest ICCs and Sw for
angles and moments are presented in Table 10, while more specific results for
each variable can be found in paper II.
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Table 10. Test-retest reliability (ICC) and agreement (Sw) for angles and
moments for controls (dominant leg).

Test-retest

CTRL (n = 25)
SRSH ICC Sw* MD*
Rebound Angles at IC 0.53-0.88 1.6-3.8 4.5-10.6
Peak Angles 0.54-0.91 1.7-4.5 4.7-12.6
Peak moments 0.51-0.79 0.03-0.25 0.09-0.68
2" Janding Angles at IC 0.53-0.85 1.7-4.5 4.8-12.4
Peak Angles 0.36-0.88 1.8-4.1 5.0-11.3
Peak moments 0.07-0.80 0.03-0.18 0.09-0.50

ACLR, anterior cruciate ligament reconstructed persons; CTRL, controls; IC, initial contact; ICC, intra-
class correlation; MD, minimal differences; SRSH, standardized rebound side hop; Sw, average
within-person standard deviation.

* Units of measurement for angles in degrees, and for moments in Nm/kg.

Within-session results of FHA-1 inclination angle (papers III, IV and
V)

In SRSH Rebound, the FHA-1 inclination angle showed, in general, excellent
reliability among all groups evaluated in papers III, IV and V. The injured legs of
ACLR and the non-dominant legs of CTRL displayed ICCs of 0.83-0.84 (ICC of
0.83 when analysed together). Similar findings for the FHA-1 inclination angle
were shown for the dominant legs among ATH and non-ATH with ICCs of 0.81
and 0.68, respectively (ICC of 0.77 when analysed together). Also, the injured legs
for ACLR females and non-dominant legs for female ATH and non-ATH
displayed ICCs of 0.80-0.90 (ICC of 0.85 when analysed together). The within-
person standard deviation (Sw) ranged between 10.6-15.1° among the groups for
these analyses (Table 11).

Table 11. Within-session reliability (ICC) and agreement (Sw) for FHA inclination
angle 1 in SRSH Rebound landing.

Paper Il Paper IV Paper V
ATH CTRL ACLR CTRL ACLR ATH CTRL
(D-leg) (D-leg) (I-leg) (ND-leg) (I-leg) (ND-leg) (ND-leg)
ICC 0.81 0.68 0.83 0.84 0.90 0.83 0.80
Sw (") 13.5 14.3 13.3 13.9 10.6 15.1 14.9

ACLR, anterior cruciate ligament reconstructed persons; CTRL, controls; ICC, intra-class correlation;
SRSH, standardized rebound side hop; Sw, average within-person standard deviation.
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Discussion

Main findings

The main findings of this thesis were that persons who have suffered an ACL
injury, both in the long term regardless of treatment with or without ACL
reconstruction and in the shorter term after ACL reconstruction, appear to use
task-coping strategies in preparation for and during hop landings to decrease
knee joint loading. These movement alterations were shown at all levels (trunk,
hip, knee) investigated, which may be adapted strategies to keep the injured knee
robust. No differences in EMG outcomes for knee muscles were however shown
when comparing ACL reconstructed persons to controls. Further, asymptomatic
athletes displayed different motion curves (knee flexion angle, hip moments)
then non-athletes during hop landings even though the groups had similar values
of dynamic knee robustness. Finally, the novel SRSH showed excellent reliability
for most joint-specific angles and moments during landings, where the first of the
two hop landings induced greater knee-specific demands related to ACL strain
compared to hop landings of the more conventional maximal hop tests for
distance or height.

Assessment of neuromuscular landing control

The development and evaluation of the SRSH

Advantages of employing one-leg hop tests to assess kinematics and kinetics
includes the similarity to sports participation, the accessibility to administer and
perform the tests, and that they provide the advantage of evaluating symmetry of
outcomes between legs. Particularly the landing phase of hop tasks with a side-
to-side movement component is relevant to evaluate for biomechanical outcomes
among athletes due to its resemblance to sport situations where ACL injury
occur.35 36 55 122, 135, 151, 156, 217, 201, 312 The SRSH resembles side-cutting tasks
analysed in previous research (e.g. referencesit 240, 289) and are common
maneuvers in sports.34 An advantage for the SRSH is the requirement for less lab-
space, thus without possible restrictions to analyse one side-cutting direction
only as in previous research.3 137

The need for a standardization protocol is particularly important among dynamic
high-intensity tests.52 The greater standardisation of the SRSH compared to the
commonly evaluated side hop (either performed for 30 s108 150 or 10 hops222 337)
has other advantages. The similar hop distance relative to body height between
persons, the avoidance of fatigue, and the restricted arm usage may all result in
less variation in kinematic and kinetic data.¢. 24, 51, 110, 185, 191, 324 This may enable
better assessment and comparisons both between groups and within groups
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between legs. The SRSH was developed with these considerations in mind, with
the aim to enable a more reliable biomechanical analysis of kinematics and
kinetics for multiple joints.

The results of excellent to good reliability for the discrete trunk, hip and knee
angles and moments, and FHA-1 inclination angles, for both groups during the
SRSH (also without apparent differences in either ICCs or Sw between groups)
indicate that further analyses may be applied to both ACL injured and
asymptomatic populations. This is an indication for good external validity. These
are the only available results of reliability and agreement evaluated in a sport-
specific task for ACL reconstructed persons (as far as I know). The findings for
angles and moments extend on previous results that evaluated sidestep cutting
for asymptomatic athletes.3- 180,193,263 The lower reliability found for test-retest
analyses of knee internal rotation peak angles and moments in SRSH 2nd landing,
compared to those in sagittal and frontal planes, corroborate previous findings.3
180,193 The lower reliability that generally was observed for moments compared to
angles is also consistent with earlier results.3. 193263 Possible explanations to these
findings comprises variation in landing technique, both related to foot position at
landing (believed to affect the knee transverse plane moment):27 and to postural
control (more difficult with restricted arms).5

The results of generally fair within-session reliability for TTS are similar to
previous research shown for the forward running-stop and the one-leg hop for
distance.235 However, the poor test-retest results questions the usefulness of TTS
for future research. There are also different methods to calculate TTS (mainly
based on ground reaction force velocity, centre of pressure velocity, or their
derivatives),95 235 321 and large variation in results between these calculation
methods.9 Therefore, TTS do not seem to assess postural control in an objectively
manner (thus questioning the external validity).

To conclude, joint angles and FHA-1 inclination angles seem to remain roughly
similar while peak moments and particularly TTS varies to a relatively greater
degree during landing. These findings underlie the continued research of
kinematics and kinetics for papers III, IV, and V in this thesis (even though the
lower reliability of knee internal rotation in SRSH 2nd landing need particular
consideration in paper V).

Dynamic knee robustness

An important component of neuromuscular control is the ability to cope with
uncertainties and disturbances during dynamic tasks, which is defined as
dynamic knee robustness.246 In this thesis, dynamic knee robustness was
quantified by calculating discrete FHA inclination angles over specific helical
rotation intervals of 10°. Higher inclination angles equal poorer dynamic knee
robustness due to more movement in frontal and/or transversal planes relative
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the sagittal plane, which is considered a prerequisite for ACL strain and injury.2o:
146, 165, 215, 277 As such, this measure may represent a qualitative measure of
neuromuscular knee control in relation to ACL injury mechanics.

However, none of the comparisons of FHA inclination angles that were analysed
between groups (ATH vs non-ATH in paper I1I; ACLR vs CTRL in paper IV) or
legs within groups (ACLR and CTRL in paper IV) resulted in any statistically
significant differences (Figure 9). The reason was not unreliable measures (since
excellent ICCs were generally displayed), but instead due to the combination of
relatively similar group mean values and large variation in FHA inclination angles
between persons within groups. These results were unexpected since similar FHA
outcomes have discriminated between persons with a history of ACL injury in the
long term (> 20 years) from asymptomatic persons (the same population
included for paper I here),’os and that ATH and non-ATH were clearly
distinguished by relevant inclusion criteria (ATH needed to regularly perform
knee-specific training with the aim of improving lower limb control in multi-
directional movements). These non-significant results are interesting in relation
to the results of functional performances (slightly poorer for ACLR injured leg
relative their contralateral non-injured leg; better among ATH than for non-ATH,
Tables 7-8). As such, it seems that dynamic knee robustness is a component of
neuromuscular knee control that is unrelated to functional performances. ATH
may however possess the ability to retain the same level of dynamic knee
robustness while demonstrating superior hop performance, as indicated with the
~40% shorter contact times and the ~20-40% higher moments (hip adduction,
hip internal rotation, knee flexion) during the landing, which implicates better
stretch-shortening cycle capacities.

Moreover, all groups (ACLR, CTRL, ATH, non-ATH) displayed a substantially
higher FHA-1 inclination angle compared to the subsequent FHA-2 and FHA-3,
which indicates that the initial part of the landing is most difficult to control
(Figure 9 A and C). In relation to the short time shown for the FHA-1 to be set, it
is not surprising that ACL injuries have been estimated to occur early after impact
in similar maneuvers.122 151 156, 217, 312 Ag such, further emphasis is needed to
improve neuromuscular knee control by decreasing the FHA-1 inclination angle
during landing tasks, which may decrease the risk of knee injury. A greater focus
on movement control landing preparation before initial contact rather than only
focus on correct lower limb mechanics during landing may be helpful in this
regard.

Adopted movement strategy to decrease knee loading

Common for papers I and IV is the significant multivariate effects shown for
trunk, hip and knee angles and moments that differed between ACL injured
persons to matched control groups, and between legs within the ACL groups
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(significant asymmetry) that were not found among the controls. These findings
of movement alterations during either take-off or landing of the unilateral hop
tasks has not been resolved by the rehabilitation itself, or by the time afterwards.
The findings of this thesis show that the different groups of ACL injured persons
seems to have adapted different movement strategies when compared to each
other.

As shown in paper I, ACLD,, seems to generally restrict motion during landing of
the OLVH, due to the lower peak angles of hip and knee flexion than both ACLR2,
and CTRL,.. Their greater peak hip adduction angles may however indicate
aspects of poor hip landing control (Table 4). Similar comparative results for ACL
deficient persons have previously been shown for decreased knee flexion motion
in landings of a one-leg hop for distance25¢ and during stair ascents,62 and for
greater hip frontal plane motion during stair ascents.162 In contrast, ACLR,,
seems to have adapted a strategy where they instead increased motion, with
greater peak angles of trunk flexion, hip flexion and hip internal rotation (relative
both ACLD,, and CTRL,,). Interestingly, the younger ACLR displayed relatively
similar kinematics as ACLRs,, despite that the landing task differed (paper IV).
The greater flexion angles at SRSH lateral landing that ACLR showed for their
injured leg for hip and knee joints (to CTRL) and for the trunk and hip (to the
contralateral non-injured leg), indicate an adapted preparatory strategy to cope
with the expected mechanical loading at landing. This preparation also lowers the
center of mass, which may increase movement control and enable a smoother
task execution. Since the findings of flexion angles at initial contact and peak
angles were closely related among ACLR, it may be assumed that also ACLR», had
greater flexion angles at initial contact. The figures of ensemble angle curves
included in paper I indicate such findings even if not statistically analysed.

With regard to the adopted strategies among the ACL groups, increased flexion
angles at the trunk, hip and knee results in a smaller patellar tendon insertion
angle, greater hamstrings insertion angle, less peak vertical force, and less
anterior tibial shear force and tibiofemoral peak compression forces, which are
considered to decrease ACL strain.29: 30,275,309 In contrast, a landing strategy with
a more upright trunk seems related to increases in peak vertical ground reaction
force, peak hip and knee flexion moments, and quadriceps amplitude.275 As such,
the movement restrictive strategy only found for ACLD,, may counterintuitively
provoke an anterior tibial translation when compared to the other groups.
Instead, greater trunk and hip flexion angles positions the ground reaction force
vector more anteriorly under the foot and to the knee, causing greater hip
moment212 and lower knee flexion moment.2!2 276 Greater trunk flexion angles at
landing are also related to increased hip and knee flexion angles.29 The results for
the younger ACLR of greater hip flexion peak moment (to CTRL) and lower knee
flexion moment (to contralateral leg) during SRSH landings for their injured leg,
indicate such a shift in joint loading. Consequently, there seems to be different
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knee-loading avoidance strategies adapted among the ACL groups analysed in
this thesis. For ACLR, the longer contact time and lower peak vertical force of the
injured leg (to the contralateral leg) support the use of a knee-loading avoidance
strategy (Table 7). Two recent systematic reviews and meta-analyses provide
support of decreased knee-loading among ACL reconstructed persons during
single-leg36. 163 and double-leg!¢3 landings. These strategies may explain the
similar dynamic knee robustness that ACLR persons displayed for both legs, since
less knee loading may help to keep the joint robust. Also of interest, these
different movement strategies seem not to be explained by knee extensor strength
(prime muscles to cope with landing impact). This argument is support by the
similar values in knee extensor strength among ACLD,, and ACLR», (both lower
than CTRL,,) according to a previous publication on the same population,3°:
while no differences in strength were found between ACLR to CTRL.

Altered feedforward landing strategies with decreased knee joint loading might
have developed to compensate for the expected mechanical load at the knee joint
before impact with the ground. Before and during landing, the brain should have
predicted and successfully coped with the rapidly changing knee motion and load
to avoid injury. Indeed, peak ACL strain have been estimated to occur as early as
7-10 ms after initial contact during unilateral drop landings,° within 20-50 ms
after initial contact during cutting or landing among basketball athletes from
video analysis,s¢ within 15-45 ms during a hop for distance in an in vivo case
report,48 and within 40-45 ms when analysing simulated drop landings.145. 165, 234
The short time to peak ACL force indicate that the joint position at time of landing
is an important preparation for successful landing control. Particularly since the
earliest reflexive activity for dynamic restraint requires at least 35 ms to begin
developing muscle tension,278 and that an active stretch-shortening muscular
reflex response in landings occur about 50 ms after initial contact (40 ms for the
response plus 10 ms for electromechanical delay).152 These reflexive strategies
may therefore be insufficient to protect the ACL during side-to-side hop landings.
Therefore, cognitive planning through feed-forward motor control is required to
achieve successful landings, which seems to be applied by multi-joint
compensation among ACLR,,, ACLD,o, and ACLR.

Previous research of kinematic and kinetic outcomes

The results of different angles and moments for ACL injured persons during the
landings corroborate those of previous research for high-intensity landing tasks.
These findings are shown when compared to controls for: greater trunk flexion
angle,32 hip internal rotation angle,: 70 and greater hip flexion moment;46 but
also when compared to the contralateral leg for: greater trunk flexion angle,2:2 hip
flexion angle,148 262 and lower knee flexion moment.79: 148, 212, 218, 323, 335 Meanwhile,
asymptomatic persons generally present similar lower limb kinematics and
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kinetics between the right and left legs, as shown during bilateral drop jumps?85
and anticipated39 238 and unanticipated side cuttings.3% 192 However, conflicting
results to those presented in this thesis have also been shown for ACL
reconstructed persons during landings, where the injured leg displayed lower hip
flexion angle®7: 69, and with lower knee flexion angle to the contralateral leg.74- 100,
124,148, 262, 323 The different results in the literature may be due to task specificity,
as exemplified by contrasting results in landing mechanics between medial and
lateral side hop landings.22

Despite that most ACL injuries occur during landings with side-to-side
maneuvers,3% 55 122, 135, 151, 156, 217, 201, 312 only a handful of studies have investigated
landing mechanics for ACL reconstructed persons during such tasks. The existing
research (at least that I have found) have either investigated the side hop22! or
side-cutting,16% 264, 289 and only investigated outcomes related to the knee joint.
The results of this thesis corroborates earlier findings of kinematic and kinetic
differences between ACL reconstructed persons both to controls and to the
contralateral non-injured leg. The non-significant differences in average
amplitudes or cocontraction for knee muscles between the groups are also similar
to a previous study.22t Nevertheless, an increased knee flexor-extensor muscle co-
contraction may result in less anterior tibial translation and greater knee joint
stabilization that decrease the strain on the ACL.166.173, 220 Such a strategy could
therefore be expected for ACL injured or reconstructed persons for knee
protection. The only result of EMG outcomes of this thesis worth mentioning was
the tendency to a higher average amplitude for BF during landing for ACLR
compared to CTRL, which similarly may restrict anterior tibial translation.

Previous research in the long term regarding investigation of ACL reconstructed
or ACL deficient persons for kinematic or kinetic outcomes are inherently lacking.
Among the few existing studies, one study found no differences in knee
kinematics or kinetics between ACL injured males with (n = 6) or without (n = 6)
reconstructive surgery to matched asymptomatic persons during gait, step up,
and cross-over hop tests at 16 years post-ACL injury.333 Further, ACL
reconstructed females (n = 13, mean 7.2 years and range 1-16 years post-surgery)
evaluated in two separate studies showed no differences to asymptomatic persons
for hip and knee kinematics during drop jump or repetitive up-down box hops220
or during side-to-side hopping.22t The ACL reconstructed females did however
display different kinetics, with greater knee flexion and abduction moments
during the drop jump task,220 less knee flexion and abduction moments during
lateral hops, and greater knee abduction moment during medial hops.22! The
significant alterations for kinematics among ACLR., and ACLD,, that were not
found in these previous studies, may be due to the larger sample sizes of 32-34
persons (as compared to the heterogeneous and small sample sizes in the
previous investigations).
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Adopted movement strategy to avoid knee internal rotation

An internally rotated position for the knee seems to be unwanted after an ACL
injury irrespective of treatment, since all three ACL groups investigated in this
thesis, and those in previous research4t 74 124, 148, 262, 322 show analogous findings
of a more externally rotated knee. In contrast to these findings, an increased knee
internal rotation is actually expected after ACL injury. This argument is based on
the anatomy of the ACL, since the ligament has an oblique medial orientation
from the femur to the tibia which theoretically results in increased internal
rotation after ACL rupture,5 and from experimental findings, where greater
internal rotation are shown after removal of the ACL when applying axial tibial
force.’78 Therefore, an hypothesis based on the results of this thesis is that
ACLDs,, ACLR,, and the younger ACLR adapt a feed-forward strategy to avoid
knee internal rotation. Further support to this argument is that ACLR displayed
greater knee internal rotation moment compared to CTRL, but still had a knee
position of more external rotation.

A possible reason to such a strategy for these ACL injured persons may be to cope
with knee rotational instability, which has previously been found for ACLD,, and
ACLR,, in an earlier publication when performing the side hop.1°5 The younger
ACLR did however not display any signs of knee rotational instability, at least if
considering the results of their dynamic knee robustness. Their greater knee
laxity (to CTRL and contralateral leg) may however explain the knee rotation,
since ACL strain increases when combining knee translation and internal rotation
compared to each of the uniplanar loadings alone.4¢.165 Another explanation may
be to cope with a disturbed placement of the knee center of rotation, which has
been shown during gait among persons both at 2 years and 4 years after ACL
reconstructive surgery.3°5 In that study, the center of rotation was more lateral
and anterior at 2 years and more anterior at 4 years. Particularly a more lateral
center of rotation results in more rotation in the medial compartment, which
more frequently show osteoarthritis when compared to lateral and patellofemoral
compartments.’9 The actual values of knee rotation differences between groups
need mentioning, since a previous study show that a 5° offset is estimated to
accelerate cartilage thinning.¢ The (average) knee rotational offset among ACLD»,
of 5.9° in Take-off and 6.7° in Landing for the injured leg compared to CTRL2o
were above this value. For comparison, the injured leg among ACLR,, had a
rotational offset of 4.5° in Take-off and 4.7° in Landing compared to CTRLo,
nearing the 5° offset, while ACLR had a smaller offset of 2.4° to CTRL.

Indeed, knee osteoarthritis seem related to altered knee joint kinematics and
kinetics, as shown for cartilage thinning,® 78 81 306, 327 cartilage compositional
changes related to osteoarthritis,297 and greater concentrations of degenerative
enzymes and a pro-inflammatory cytokines related to osteoarthritis.4 236,338 It has
been argued that the initiation and progression of osteoarthritis in the knee may
be caused by a shift of load to regions of knee cartilage that are not conditioned
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to repetitive loading, where abnormal kinematics might be causing the initiation
of knee osteoarthritis while knee loading drives the progression.” To summarize,
an ACL injury seems to result in altered tibial rotation mechanics in the general
case, possibly as a result of an adapted movement strategy, although with
probable consequences of accelerated knee osteoarthritis in the future.

Neuromuscular landing control and athletic level

Analogous to the ACL injured groups, the greater angle curves of hip flexion for
ATH compared to non-ATH (at initial contact and between 9-29% of the landing)
similarly indicate a preparatory strategy. A reason may be to lower the center of
mass to increase movement control and task performance. This is a common and
essential part of training among team sport athletes, since it enables faster
changes of directions and to prepare for person-to-person contact. Despite no
differences in dynamic knee robustness, ATH still seem to possess better
capabilities of neuromuscular landing control than non-ATH. Their significantly
greater hip and knee moments and their shorter contact time combines to greater
forces, which (in theory) may result in greater corresponding hip or knee angle
curves. However, such findings were not displayed in this thesis. One hypothetic
explanation may be that ATH have stronger hip muscles than non-ATH, as
indicated by their greater knee extensor strength. Unfortunately, hip muscle
strength data was not collected to investigate this theory.

A small body of research have applied a functional data analysis approach within
the field of biomechanics. Selected research includes evaluation of: sports
performance,319: 320 functional developmental stages for children,12 259 and
consequences of ACL injury (same cohort as that analysed in paper I).14 115
Further, only a few biomechanical studies have compared athletes and non-
athletes for kinematics or kinetics during landing tasks, and none of these used
statistical methods for curve analysis. However, a previous study shows that
during an 80 cm bilateral drop jump, athletes (seven triple-jumpers) displayed
similar hip angles at initial contact and at deepest position, although significantly
lower sagittal plane range of motion at hip, knee and ankle joints, shorter contact
time (at braking phase), higher vertical forces, and higher hop height than non-
athletes.329 These findings indicate greater stiffness and stretch-shortening cycle
capacity.329 The greater hip flexion angle among ATH than non-ATH, in relation
to the lower range of hip motion found among athletes in the previous study, is
probably due to task specificity. The athletes executed both tasks better from a
performance point of view (e.g. shorter contact time), but different performance
outcomes are related to each task. A greater amount of coordination is needed for
the SRSH than for the bilateral drop jump task. Further, another study found no
differences in hip and knee joint flexion angles during a 45 cm bilateral drop jump
task between athletes (four volleyball players) and non-athletes,'83 but the small
sample size need consideration here.
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The need to adapt a whole-body perspective

The different kinematics and kinetics displayed both between groups (ACL
groups vs asymptomatic persons, ATH vs non-ATH) and between legs within
groups in this investigation, mainly found outside the knee joint, indicate the
need to adapt a whole-body perspective. The kinetic chain links the ground
reaction forces at impact that propagate through the ankle to the knee joint,
further to the lumbopelvic hip complex which in turn links to the trunk. Indeed,
motion of the trunk and hip seem related to knee abduction moment and knee
internal rotation moment.94 A recent review similarly conclude that decreased
control of trunk motion negatively influences knee control.1»9 Moreover, previous
research also show a significant relation between restricted hip rotation and
increased risk of ACL injury,3:8 and a significant positive relation between hip
adduction and (ACL injury prone) knee abduction movement.’29 As such, a
whole-body perspective is recommended when assessing neuromuscular landing
control. Nevertheless, a knee joint specific focus is also important to induce the
desired alterations in knee joint landing mechanics, according to previous
findings of joint-specific movement alterations after training.'8 As such, it is
recommended that persons who participate in sport regularly train for and learn
proper movement techniques by focusing on multiple joints, to decrease the risk
of injury. The implementation of such training is supported by recent meta-
analyses which concludes that neuromuscular training programs reduces overall
knee injuries.”s 169231 Selected original research further show that neuromuscular
training programs improves lower limb landing mechanics from an injury
prevention perspective.!3; 50, 73, 121, 195-197, 233, 239 However, it is also necessary to
simultaneously improve agility and speed in relation to movement coordination
to enhance sport performance (which to some degree is contradictive to safe
landing mechanics) since these are outcomes that are being judged among
athletes.o2 117

Different knee joint demands between landings

Regarding comparisons between the hop landings, it is interesting that a
submaximal lateral-to-medial landing task (SRSH rebound) provoke greater
ACL-strenuous knee motion than maximal hop landings (OLHD, OLVH). As
such, it seems that a side-to-side component is needed to properly challenge knee
landing control in this regard. Since the FHA inclination angles are novel
measures, it can only be assumed that high inclination angles (particularly for
FHA-1) induce a higher risk of ACL injury, due to greater knee motion in frontal
and/or transversal planes relative the sagittal plane. Knee abduction and internal

rotation motions do however induce ACL strain, particularly when combined.2°:
146, 165, 215, 277

The results of this thesis support the few previous studies on the subject, where
landings with a side-to-side component (compared to landings without such a

60



Discussion

component) induce greater peak knee abduction angle,’3” peak knee abduction
moment,37. 295 and peak knee internal rotation moment.295 Significantly greater
peak knee abduction angle (but similar moments) are also shown for the lateral
shuffle (lateral-to-medial change of direction, similar to the SRSH rebound
landing) compared to the 45° side-step.339 The immediate hop that only followed
SRSH rebound landing may however introduce an additional demand of knee
joint control. Tendencies of greater knee abduction angles (~1.5°), but not for
peak knee abduction moment, have been shown for a forward bilateral drop
landing with a subsequent vertical jump.:3* However, the mean values between
the four landings for peak knee abduction angles of roughly 2.5-5.0° and
moments of roughly 0.13-0.18 Nm/kg indicate a significant difference despite
this tendency, thus emphasizing the lateral-medial direction.

Further, the results of high correlations between the landings for peak knee
abduction and internal rotation angles (all r > 0.79) indicate that a cross-over
effect may be present. These results suggest that improved knee control that
decreases such angles in one landing task may also induce positive corrections in
multiple types of landings. This is only a hypothesis at the moment and need
further investigation, although it is an attractive thought. In any case, the results
of high correlations found here are similar to previous research, both for knee
abduction angle with coefficients of 0.63-0.94137: 1909, 295,339 and for knee internal
rotation angle 0.63-0.85.137. 295 Dynamic knee robustness and knee moments did
not follow the same trend, as shown by the results of this thesis and by previous
findings for knee abduction moment?37: 295339 and internal rotation moment.295
Thus, potential cross-over effects between different landings only seem
applicable to knee joint position but not to kinematic measures of dynamic knee
robustness and peak knee moments in frontal and transversal planes. This
implies that improvement in any of these outcomes may be task-specific, which
adds complexity to the construction of suitable neuromuscular training programs
used to improve general knee control. Moreover, the SRSH test seems to be a
relevant test to use when assessing landing mechanics for injury prevention
purposes, in relation to such training programs.

Functional performances and neuromuscular control

A general insight of clinical importance is that functional performances and knee
scores only assess certain components of function and neuromuscular control
after ACL injury. Additionally, there is a risk of overestimating the function of the
injured leg due to decreased neuromuscular function also of the non-injured leg
following injury, when evaluating symmetry of functional performances.204
Analyses of kinematic and kinetic data provides additional information, as
supported by the results found among the ACL injured persons investigated in
this thesis. It is however common practice to evaluate ACL injured persons,
particularly those who aim to return to sport, for symmetry (between legs) in
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functional task performances.303 This is understandable since unilateral strength
and hop testing are easy to administer, are not time consuming, enables
evaluation of asymmetries between legs, and can be used to determine progress
in rehabilitation.

The results presented in this thesis argue for insufficient assessment of
neuromuscular control if only values of symmetry for functional performances
are considered. Previous studies that evaluated ACLD., and ACLR,, for knee
strength3et and OLHD3°2 performances contribute to this argument. Specifically,
all ACL groups (ACLD,,, ACLR,o, ACLR) had a between-leg symmetry of: 91-94%
for OLVH, 92-98% for OLHD, 87-96% for knee extensor strength, and 88-103%
for knee flexor strength (strength values based on concentric and eccentric
isokinetic assessment for ACLD., and ACLR.,,3°! and isometric assessment for
ACLR). These results are over, or close to, the recommended levels of acceptable
symmetry wanted for a return to sport clearance,3°3 even though decreased levels
of self-estimated knee function (Table 2) and asymmetry in kinematics and
kinetics were displayed. These results support previous findings, where ACL-
injured persons achieved > 90% in dynamic test performances despite displaying
altered knee kinematics and kinetics,48 218 or rating their knee as unstable.42 333
Hopefully, simpler methods to evaluate kinematic and kinetic outcomes may be
developed and adapted for clinical use to improve assessment of neuromuscular
control.

Methodological considerations

Participants

The main limitation of this thesis is the lack of control of study populations. The
rehabilitation was controlled for ACLD,, and ACLR», (paper I), but not for the
younger ACLR (paper II, IV, V). A controlled rehabilitation protocol and time of
testing after reconstructive surgery (which varied) would increase the control of
possible confounding factors. However, no significant correlations were
displayed between this time duration to any of the kinematic or kinetic outcomes
analysed here for ACLR. Further, the very long time between injury or surgery to
testing, for ACLD., and ACLR., respectively, need consideration when
evaluating the kinematic results. Major improvements in ACL-reconstruction
techniques, 9 315 health-related issues of both physical3°c and psychological84 300
nature, and onset of osteoarthritist9 168, 334 are all time-dependent and may have
affected the results. As such, these factors need consideration when evaluating
the findings of this thesis with regard to issues of validity (both internal and
external). However, a previous study on the same participants in ACLD,, and
ACLR,, found no effects of radiological knee osteoarthritis on knee kinematics
during the one-leg hop for distance.302
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Moreover, test-retest reliability was not investigated among ACLR, mainly
because of difficulties with recruitment. The similar (or slightly better) within-
session reliability for ACLR relative to CTRL in paper II (Table 9) indicate that
comparable test-retest results for ACLR seems probable. The time duration
between test-retest for CTRL also varied to some degree, but seem not to affect
the reliability due to no significant correlations to within-person SDs for any of
the kinematic or kinetic outcomes.

Another consideration is the sole inclusion of females in paper III and V, which
may not allow extrapolation of these results to males. The higher risks of ACL
injuryz°s 242 and re-injury227 among females may be explained by differences in
knee rotational stability,4° landings mechanics,43- 49: 88,90, 91,139, 176, 187, 190, 225, 273, 280
and muscle activation patterns,49 176, 273 which need to be considered in relation
to the results of this thesis. However, analyses of asymmetry (between legs)
within groups including both females and males should pose less methodological
issues.

Data collection and processing

An advantage with 3D motion capture systems is that this methodology is non-
invasive and do not expose the test person for any discomfort. Other methods to
evaluate kinematics include e.g. stereoradiography,38 intra-cortical traction
pins,58 fluoroscopic techniques,’s 307 and electromagnetic devices.34© These
methods provide direct measurement of kinematics, although either expose the
test person to radiation or may evoke discomfort during movement. Especially
during more demanding tests, such as one-leg hops, can these methods be
difficult to evaluate either by altering the ordinary kinematics or by restricting the
movement area (for the imaging techniques). As such, the 3D motion capture
systems are considered “gold standard” for biomechanical evaluation of high-
intensity dynamic tasks.

However, capturing kinematics and kinetics in dynamic tasks using 3D motion
capture systems is not without difficulty. The accuracy of 3D motion capture is
determined on errors associated with movement of the markers in relation to the
underlying anatomical landmarks. These errors are known as soft-tissue
artifacts,? and represents one of the main difficulties for obtaining accurate and
reliable measurements of kinematics.23° A problem is the inconsistency of knee
movement due to coupled motions with multiple articulations and degrees of
freedom.285 In general, the least error in knee kinematic and kinetic data are
found in sagittal plane, more error in frontal plane, and most error in transversal
plane.44 The findings of this thesis regarding reliability for angles and moments
supports this statement to some extent, but seems reliable enough for most
outcomes during the SRSH. Further, even if these artefacts may be large they
seem to be similar between individuals and hence should not mask group
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differences too much.9” The marker setup that were used in this thesis (including
the thigh clusters) has also been optimized to reduce error and improve
calculations.47. 57 216 Further, the standardized marker placement protocol that
was used and applied by the same test leader for every data collection is further
considered to decrease sources of variability.

Another important aspect is techniques to filter the data that also varies between
research studies. In this thesis, the same filter was applied to kinematic and
kinetic data (15 Hz) in accordance with previous recommendations.155 253 This
approach is recommended to retain the initial impact peaks in ground reaction
forces and segment accelerations (seen shortly after initial contact) for
consistency within the equations of motion in the joint moment curves.’55 An
inconsistency with a high cut-off frequency for ground reaction forces and a low
cut-off frequency for motions will result in artefacts in the joint moment curves,
as segment accelerations will not correspond to the measured ground reaction
forces.155 253

Outcome measures

It should be acknowledged that other methods to quantify dynamic knee
robustness are available, and may show different results than those found in this
thesis. Other approaches could be to use knee flexion intervals of 10°, or specific
time intervals, to evaluate knee motion in the separate planes. However, such
approaches do not relate between the motion planes, thus resulting in a decreased
representation of dynamic knee robustness with relevance to non-contact knee
injuries. The FHA method also avoid the problem of movement cross-over
between sagittal, frontal and transversal planes due to the independence of
coordinate systems,33- 251 274 thus further supporting this approach.

Further, the poor reliability for knee internal rotation moment for SRSH 2nd
landing (paper II) may be a cause for concern, regarding the comparisons
between the hop landings. However, the Sw and minimal differences were lower
than the differences found between the landings, thus indicating that a real
difference between the landings may still exist.

Statistical analyses

In this thesis, MANOVAs were used to test for significant differences between and
within groups on multivariate sets of data. This method is suitable to evaluate if
sets of underlying dimensions of multivariate data (such as movement strategies
including multiple joints) may be detected.38: 128292 A significant between-group
effect with MANOVA had a follow-up analysis using discriminant analysis (for
group comparisons), also according to recommendations since it fits the same
situation and yields information about group separation as well as the underlying
dimensionality of the variables.38: 292 Other statistical methods may however also
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be applicable to similar data sets and should be considered, e.g. principal
component analysis methods.62 292

Further considerations that need mentioning is the specific methods used to
calculate coefficients of reliability and agreement. This is particularly important
when comparing results between studies, since different methods yields different
results.398. 325 The focus of this thesis was to analyse mean values of angles and
moments (for within-session analyses), which in the general case are more
representative of the individual. For this purpose the model ICC k) was used. If
the main focus instead is devoted to evaluating each single value, the model
ICC3,1) is more appropriate. The model type consistency should also be compared
to model type absolute agreement, depending on the main focus of the research
question (e.g. agreement in ranking between individuals or in absolute values).308

Regarding the statistical analysis of curve data (paper III), it is important to
understand that the variables of interest are no longer restricted to single values
but also include functions over a domain. The functional t-tests handles the
dependency that exists between the data points that naturally follows for
kinematic and kinetic curves. The interval-wise testing procedure23” that were
used in this thesis protects for type I errors, by ensuring the identification of time-
intervals where the groups differ within the chosen significance level. However,
the averaging of individual curves to attain a mean curve for an individual result,
in most cases, in smoothing out the peak values due to temporal misalignment.
More advanced landmark alignment techniques may handle such issues by
aligning the peak values over the individual curves,79 although may result in a
mean curve that is too distorted. If peak kinematic and kinetic values are the main
focus, perhaps to reflect the extremes of joint angles and moments for joint
stability (or to be used in multivariate analyses of discrete data), curve analyses
may not be the optimal approach.

Clinical implications and future research

The main difficulties of biomechanical evaluations (such as that performed in this
investigation) are the technical demands that requires expert knowledge, and the
time required for data collection, processing and analysis. As a consequence,
kinematic and kinetic measurements are rarely used in clinical practice to
evaluate neuromuscular landing control after ACL injury, at least according to
published research as indicated by two systematic reviews published in 20137¢
and 2016.37 This limitation lowers the ecological validity for the findings of this
thesis. To enable a more clinical friendly alternative more attention has been
given to 2D video analysis to evaluate knee frontal plane motion, including
outcomes of knee-to-ankle separation ratio, frontal plane projection angles, and
knee separation distances. While comparisons between 3D and 2D systems show
poor to moderate correlations for knee frontal plane projection angles, excellent
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correlations are shown for knee-to-ankle separation ratio and knee separation
distances.223 Comparisons between hand-held tablets for 2D kinematics to 3D
systems further show fair to excellent results for similar outcomes, although poor
results for absolute joint angles, and need further improvement before
implementation to clinical environments.23. 147 The standardization protocol for
SRSH may however be an advantage for future analysis of frontal plane knee
kinematics using simpler more user-friendly systems.

In clinical environments where advanced technical methods are not available,
multiple outcomes of functional performances should be evaluated and
considered together. This argument is supported by the low correlations that
were found between strength and hop outcomes both among ACLR (r2-values <
0.26, CTRL (r2-values < 0.36), ATH (r2-values < 0.39), and non-ATH (r2-values
< 0.29), but also by previous statements.8 303 317 The results of greater ACL-
strenuous knee motion for the SRSH rebound landing compared to the other
landings further indicate that side-hop tests should be performed with full-effort
later in time than forward and vertical hops. From a clinical perspective for
physicians, physiotherapists and coaches, the results found in this thesis concur
with previous statements® 303 that side-to-side maneuvers need to be
incorporated in testing and training. The relevant applications include injury
prevention purposes and to test ACL injured persons during rehabilitation before
recommending a return to sport to decrease the risk of re-injury.

The concept of the kinetic chain motivated the whole-body perspective
investigated in this thesis. However, the ankle was not evaluated for kinematics
or kinetics, which warrant further research since ankle position at landing may
have a meaningful effect on knee kinematics.127. 298 Further evaluation of muscle
strength, but also EMG, for muscles that act as prime movers for ankle, hip or
trunk motion may shed further light on significant kinematic and kinetic findings
during landings.

Finally, the cross-sectional design of all comparative studies in this thesis have
their weaknesses in that they cannot determine any cause-and-effect
relationship. Future research may determine if high values of FHA inclination
angles (particularly FHA-1) is related to decreased risk of ACL injury. If so,
randomized controlled trials may further determine how dynamic knee
robustness should be improved by utilizing neuromuscular training programs.
Such knowledge would have implications for sports active persons, both with and
without injury, to decrease the risk of injury.
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e The ACL injured persons, treated with or without surgery, displayed
alterations in neuromuscular control both in the short and long term after
injury, by showing different trunk, hip and knee angles and moments during
hop landings, both compared to asymptomatic persons and to the
contralateral leg. These findings indicate the use of task-coping strategies to
decrease knee joint loading and to avoid knee internal rotation at landing.

e The ACL injured persons displayed hop and strength performances that were
over, or close to, acceptable levels of symmetry. These findings indicate (in
relation to the findings above) that functional performances do not
sufficiently capture consequences of injury on neuromuscular control. If
possible, joint angles and moments should be evaluated in relation to
functional performances for a more comprehensive assessment.

e The ACL reconstructed persons had similar dynamic knee robustness to
asymptomatic persons and to the contralateral leg, during SRSH landings.
The presumed landing strategy to decrease knee joint loading may contribute
to keep the injured knee robust. No differences in knee muscle activation
patterns were shown between the groups.

e The novel SRSH showed excellent reliability and agreement of most trunk,
hip and knee angles and moments, although generally poor results for the
temporal outcome time to stabilization, both within-session for ACL
reconstructed persons and asymptomatic persons, and in test-retest for
asymptomatic persons. These results indicate promising potential of further
evaluation of angles and moments during SRSH landings.

e The asymptomatic female elite athletes showed different hip and knee angle
and moment curves, but similar dynamic knee robustness, compared to
asymptomatic non-athlete females during SRSH landings. These findings
indicate that high-level athletic training may improve the ability to keep the
knee robust through increased engagement of the hip. Yet, athletes should
aim to improve their dynamic knee robustness since it may be related to ACL
strain and decreased risk of ACL injury.

e A submaximal lateral hop landing with an immediate rebound hop (first
landing in SRSH) induced greater knee-specific angles and moments related
to ACL strain compared to the conventional maximal hop for distance or
height landings. High correlations for angles, but not for robustness or
moments, between landings were displayed. These findings suggest that
particularly hop tests with side-to-side maneuvers should be used to assess
neuromuscular landing control.
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The model used was constructed in Visual3D v5 using the hybrid 6 degrees of
freedom model. Specific information about the constructed segments and
markers are presented below. Marker names are referred to using UPPER CASE
LETTERS, e.g. SHOULDER means shoulder marker. Further information of
marker placement is found in the table and figure below.

Abbreviations used in the text below:

e LCS local coordinate system
e R/L right and left

o L lateral

e M medial

e X-axis  the medial-lateral axis (global coordinate system in the lab)
e Y-axis the anterior-posterior axis (same as above)
e Z-axis the vertical axis (same as above)

Head segment — cylinder geometry

The origin of the segment LCS was set to 20% from mid-point R/L. SHOULDER
towards mid-point R/L HEAD. The Z-axis was set along the axis passing from the
origin to the mid-point R/L HEAD. Distal point of segment was set to 150% from
mid-point SHOULDER towards mid-point R/L HEAD. The Y-axis was set to the
direction from Z-axis toward F_HEAD. The X-axis was then made perpendicular
to both the Y-axis and Z-axis to form a right handed coordinate system.

R/L_HEAD and F_HEAD were used for tracking.

Thorax segment — cylinder geometry

The origin of the LCS was set to the mid-point between R/L CRISTA. The Z-axis
was set along the axis passing from the origin to the mid-point between the R/L
SHOULDER. The Y-axis was set perpendicular to a least squares plane fit to R/L
CRISTA and R/L SHOULDER. The X-axis was then made perpendicular to both
the Y-axis and Z-axis to form a right handed coordinate system.

R/L SHOULDER and a virtual SACRUM marker approximation fixed to pelvis
segment were used for tracking.
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Upper arm segment — cone geometry

The origin of the LCS was set to be 3 cm below the location of SHOULDER. The
Z-axis was set along the axis passing from the mid-point between L_ ELBOW and
an approximated medial ELBOW marker (1 ¢cm lateral and 10 cm posterior to
L_ELBOW, relative thorax coordinate system) to the origin. The Y-axis was made
perpendicular to the plane formed by SHOULDER, L. ELBOW, and medial
ELBOW. The X-axis was then made perpendicular to both the Y-axis and Z-axis
to form a right handed coordinate system.

SHOULDER and L_ ELBOW were used for tracking.

Forearm segment — cone geometry

The origin of the LCS was set to the mid-point between L_ELBOW and
approximated medial ELBOW. The Z-axis was set along the axis passing from an
approximated WRIST marker (3 cm posterior from the anterior pointing WRIST,
relative thorax coordinate system) to the origin. The Y-axis was made
perpendicular to the plane formed by the approximated WRIST marker and
L_ELBOW and approximated medial ELBOW. The X-axis was then made
perpendicular to both the Y-axis and Z-axis to form a right handed coordinate
system.

L_ELBOW and WRIST were used for tracking.

Hand segment — cylinder geometry

The origin of the LCS was set to the approximated WRIST marker. The Z-axis was
set along the axis passing from origin to an approximated distal marker set 10 cm
distal from origin in the direction of forearm Z-axis. The Y-axis was set to the
direction from the Z-axis toward WRIST. The X-axis was then made
perpendicular to both the Y-axis and Z-axis to form a right handed coordinate
system.

L_ELBOW and WRIST were used for tracking.

Pelvis segment — cylinder geometry (kinetic model)

The origin of the LCS was set to the mid-point between R/L CRISTA. The Y-axis
was made perpendicular to a least squares plane fit of R/L CRISTA and R/L
TROCH. The Z-axis was set along the axis passing from midpoint TROCH and
midpoint CRISTA. The X-axis was then made perpendicular to both the Y-axis
and Z-axis to form a right handed coordinate system. This pelvis is used for
kinetic calculations since it tilts less than the Helen Hayes pelvis.

R/L ASIS and R/L CRISTA were used for tracking.
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Pelvis segment — cylinder geometry — Helen Hayes (kinematic model)

The origin of the LCS was set to the mid-point between R/L ASIS. The Y-axis
points in the direction of the line from SACRUM to LCS. The X-axis point in the
direction of the line from left ASIS to right ASIS. A least squares fit then make
sure this X and Y-axis is perpendicular. The Z-axis was made perpendicular to
both the X-axis and Y-axis to form a right handed coordinate system.

R/L ASIS and R/L CRISTA were used for tracking.

Thigh segment — cone geometry

The origin of the LCS was set to the location of the hip joint center which was
defined using functional joint using the 4-marker thigh cluster (THIGH-1-4) and
Pelvis segment as reference. The Z-axis was set along the axis passing from the
mid-point between I_ KNEEJOINT and M_KNEEJOINT to the hip joint center.
The Y-axis was made perpendicular to the plane formed by the hip joint center,
L_KNEEJOINT, and M_KNEEJOINT. The X-axis was then made perpendicular
to both the Y-axis and Z-axis to form a right handed coordinate system. TROCH
were used to calculate the segment geometry accordingly: radius = absolute value
of (R_TROCH-L_TROCH)/4. This radius is needed to calculate center of mass
and moments.

THIGH-1-4 (the cluster) were used for tracking.

Shank segment — cone geometry

The origin of the LCS was set to the mid-point between L_KNEEJOINT and
M_KNEEJOINT. The line from mid-point between L_ MALL and M_ MALL and
LCS gave the Z-axis. The Y-axis was set perpendicular to a least squares plane fit
of the L KNEEJOINT and M_ KNEEJOINT and L_MALL and M_ MALL. The X-
axis was then made perpendicular to both the Y-axis and Z-axis to form a right
handed coordinate system.

TUB, HFIB, and L._MALL were used for tracking.

Foot segment — cone geometry (kinetic model)

The origin of the LCS was set to the mid-point between L_MALL and M_MALL.
The Y-axis was set along the line from LCS to mid-point between D1MT and
L_FOOT. The Z-axis was set perpendicular to the plane that is defined by the
mid-point between L_ MALL and M_ MALL, and DiMT and L_ FOOT. The X-axis
was then made perpendicular to both the Y-axis and Z-axis to form a right handed
coordinate system.

CAL1, CAL2, DiMT, P1MT, LCAL and L._ FOOT were used for tracking.
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Foot segment — cone geometry (kinematic model)

The origin of the LCS was set to CAL1. The Y-axis was set along the axis passing
from CAL1 to the mid-point between D1MT and L_FOOT. The Z-axis was set
perpendicular to the plane that is defined by CAL1, D1IMT and L_FOOT. The X-
axis was then made perpendicular to both the Y-axis and Z-axis to form a right

handed coordinate system.

CAL1, CAL2, DiMT, P1iMT, LCAL and L._ FOOT were used for tracking.

Table. Marker setup with information about each marker.

Marker name Marker position Segment
F_HEAD Front head Head
R/L_HEAD Right/left head at temples Head
R/L_SHOULDER Superior at the mid-point of the acromion process  Thorax/upper arm
R/L_L_ELBOW Lateral epicondyle of the humerus Upper arm/forearm
/hand
R/L_WRIST Between the styloid processes of radius and ulna, Upper arm/forearm
on the anterior side /hand
SACRUM Midpoint of the right and left posterior superioriliac  Pelvis/thorax
spine
R/L_CRISTA At the most superior and lateral point of the crest ~ Pelvis/thorax
R/L_ASIS Anterior superior iliac spine Pelvis
R/L_TROCH The most prominent part of the trochanter major Pelvis/thigh
R/L_THIGH —1 Cluster on middle thigh (lateral marker) Thigh
R/L_THIGH -2 Cluster on middle thigh (lower inferior marker) Thigh
R/L_THIGH -3 Cluster on middle thigh (medial marker) Thigh
R/L_THIGH -4 Cluster on middle thigh (upper inferior marker) Thigh
R/L_L_KNEEJOINT Lateral epicondyle Thigh/shank
R/L_M_KNEEJOINT  Medial epicondyle Thigh/shank
R/L_TUB Tuberositas tibiae Shank
R/L_HFIB Head of the fibula Shank
R/L_SHANK -1 Cluster on middle shank (lateral marker) Shank
R/L_SHANK - 2 Cluster on middle shank (inferior marker) Shank
R/L_SHANK -3 Cluster on middle shank (medial marker) Shank
R/L_M_MALL Medial malleolus Shank/foot
R/L_L_MALL The most lateral aspect of the lateral malleolus Shank/foot
R/L_STAL Sustentaculum tali Hindfoot
R/L_LCAL Lateral calcaneus Hindfoot
R/L_CAL2 Proximal end of the midline (posterior aspect of Hindfoot/foot
the calcaneus)
R/L_CAL1 Distal end of the midline (posterior aspect of the Hindfoot/foot
calcaneus)
R/L_L_FOOT Head of the 5" metatarsal Forefoot/foot
R/L_D1MT Medial aspect of the first metatarsal Forefoot/foot
R/L_P1MT Proximal base of the first metatarsal Forefoot/foot
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Figure. Marker placements, only shown for left or right side for markers on both sides.

88





