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Agrip

Markmid: Markmid doktorsverkefnis var ad préa og meta adferdir til ad vinna
Ur gdégnum sértaekt fyrir slit & fremra krossbandi. Markmid visindagreinar | var
ad meta mun a timasetningum krafta sem verka & fremra krossband, milli
drengja og stulkna. Markmid visindagreinar Il var ad kanna hagkveemni pess
ad nota adferd til klasagreiningar sem préud var fyrir verkefnid til ad flokka
bylgjuform kidveegis i hné. Markmid visindagreinar Ill var ad kanna tengsl
milli bylgjulégunar med snemmbuinn tind, og hreyfinga sem sem eiga sér
stad fyrir eda vio slit a fremra krossbandi.

Adferdir: Allar visindagreinarnar nota gdgn ar hreyfigreiningu pétttakenda
sem fengnir voru Ur handbolta- og fétboltafélégum a héfudborgarsveedi og
framkveemdar ymist vio 9-12 ara (fyrsti fasi) og/eda 14-18 ara (seinni fasi)
aldur. Viofong framkveemdu vid hvort tilefnid 5 endurtekningar & hvorum feeti
af gabbhreyfingu, fyrir og eftir aefingarinngrip. Endurskinsmerki voru notud til
ad fylgja hreyfingum likamshluta, kraftplétur meeldu gagnkraft jardar, og
hreyfingar og kraftveegi um lidamot voru sidan reiknud Gt. Fyrir visindagrein |
voru gogn endurskinsmerkja siud med lagpassasiu med 6 Hz tionimork, en
kraftplotugdgn siud med lagpassasiu med 20 Hz tidonimaork. Fyrir visindagrein
Il og Il voru hragdgn notud til ad reikna lidhreyfingar og kraftveegi, sem voru
pvi naest siud med 6 Hz lagpassasiu.

Tilgatuprofanir voru gerdar med marktektarmork sett &4 0,05. Visindagrein Ill
notadi Bonferroni leidréttingu fyrir endurtekna samanburdi. Visindagrein |
notadi blandada linulega adhvarfsgreiningu fyrir endurteknar meelingar.
Visindagreinar Il og Il notudu tveggja prepa klasagreiningu par sem gégnum
var fyrst umbreytt i formerki diffrads merkis og myndadir klasar med Ward.d2
adferd byggdri & fjarleegdum Euclids. peir klasar sem myndudust voru aftur
klasagreindir med upprunalega merki innan hvers klasa og myndadir
undirklasar sem adskildir voru & magni kraftveegis, einnig med Ward.d2
aoferd og fjarleegdum Euclids.

I visindagrein 1l voru gogn fyrir hreyfingar sem rannséknir hafa synt ad eigi
sér stad vid averka & fremra krossbandi dregin Ut. Hvort fyrsta snerting vio
jord var med heel eda ekki var tvipatta breyta, en fyrir samfelldar breytur voru
reiknud ROC groéf og hagildi studuls Youden notadur til ad velja préskuld sem
breytur voru flokkadar eftir sem tvipatta i tilgatuprofanir. Visindagreinar 1l og
Il profudu tilgatur vardandi tidnidreifingu & snemmbinum toppum eftir kyni



og aldri (visindagrein Il, préf McNemar) eda lidferlum (visindagrein 1ll, prof
Fisher).

Nidurstédur: I visindagrein | var munur eftir kyni, en stalkur héfdu seinni tind
i kioveegi en strakar (P < 0,001) sem skiladi sér i minni medaltima milli tinda
kidveegis og innsnuningsveegis (0 ms hja stilkum, 5 ms hja drengjum, P <
0,001), og milli kidveegis og l6drétts gagnkrafts jardar (1 ms hja stdlkum, 5 ms
hja drengjum, P < 0,001).

i visindagrein Il var mégulegt ad flokka bylgjugerd kidveegis i sex flokka;
snemmbuna tinda, snemmbuna dali, tinda, dali, brekku upp, og brekku nidur.
Pad var tidnimunur eftir kyni (P < 0,001) par sem drengir i fasa | héféu tidari
snemmabuna tinda (575 saust, von & 464) heldur en stulkur (642 saust, von
& 768). | fasa Il hofdu stulkur tidari snemmbuina toppa (178 saust, von & 129)
heldur en drengir (78 saust, von a4 112).

i visindagrein 1l fundust tengsl milli snemmbuna tinda kidveegis og fyrstu
snertingu vid j6rd med hael (Ahzettuhlutfall (AH) 1,5; P = 0,01), fjarleegdar milli
bungamidju bols og fétar i breidskurdi (AH 3,7; P < 0,01), hné beygju eftir
lending (AH 1,9; P < 0,01), hné beygju vid fyrstu snertingu (AH 2,2; P < 0,01),
og frafaerslu i hné eftir lending (AH 2,2; P < 0,01).

Alyktanir: Timasetning krafttinda i upphafi stédufasa er mismunandi milli
drengja og stulkna i pa att sem vid er buist (minni timi milli tinda hja stalkum),
en ekki er mogulegt ad stadsetja tind i 6llum maelingum og pvi gefa gognin
ekki rétta mynd af atburdarrds snemma i stodufasa. Klasagreining
bylgjulégunar leiddi af sér flokkun & kidveegi vid upphaf stddufasa, og amk
einum flokki (snemmbunum tindum) ber saman vid pad ferli sem veldur
averkum & fremra krossbandi. Snemmbulnir tindar eru tidari hja
taningsstilkum, og hafa tengsl vid paer hreyfingar sem sést hafa vid greiningu
a averkum & fremra krossband. Flokkanir Ur klasagreiningu asettu ad vera
sannreyndar a tioni krossbandaslita. Nidurstddurnar stydja notkun inngripa
sem hvetja ipréttamenn til ad lenda a tabergi i stad heels med fétinn nalaegt
bol og meiri beygju i hné til ad koma i veg fyrir snemmbuna tinda kidveegis.

Lykiloro:

Fremra krossband, forvarnir gegn meidslum, klasagreining, lifaflfraedi,
hreyfigreining



Abstract

Aims: The aim of the doctoral project was to develop and assess data
extraction and analysis methods specific to the anterior cruciate ligament
injury mechanism. The aim of paper | was to evaluate differences in the
timing of the peak knee valgus moment in the first 100 ms of a cutting
maneuver between boys and girls. The aim of paper Il was to explore the
feasibility of using a cluster analysis protocol developed for this project to
categorize the waveforms of the early stance phase knee valgus moment.
The aim of paper Ill was to test associations between kinematics observed
during anterior cruciate ligament injury, and the early peak knee valgus
moment waveform extracted with the cluster analysis protocol.

Methods: All papers used motion analysis data of subjects recruited from
local handball and soccer clubs tested at 9-12 years old (phase I) and/or 14-
18 years old (phase Il). Subjects performed 5 cutting maneuvers on each leg,
before and after an exercise intervention at each visit (phase | and phase I1).
Reflective markers and force plates were used to calculate kinematic and
kinetic data. For paper I, marker trajectories were low pass filtered at 6 Hz
and force plate data at 20 Hz. For papers Il & Ill, raw marker trajectories and
force plate data were used to calculate kinematics and kinetics, and the
calculated signal low pass filtered at 6 Hz.

All hypothesis testing used an alpha of 0.05. Paper Il used a Bonferroni
adjustment for multiple comparisons. Paper | used a generalized mixed linear
model for hypothesis testing. Papers Il & 1l used a two-step cluster analysis
process; knee valgus moment data was transformed into signed differences,
which were clustered using the Ward.d2 method on Euclidean distances. The
clusters were then merged according to visual appearance (six categories for
paper Il, two categories for paper IIl) and then then sub-clusters representing
the knee valgus moment magnitude created using non-transformed signals
and the Ward.d2 method and Euclidean distances.

Paper 1l extracted data for kinematics which have been previously reported
from analysis of anterior cruciate ligament injuries. A heel strike landing
posture was a binary variable. For continuous kinematic data, a ROC curve
was calculated and the Youden’s index used to select a cut-off value which
was then used for hypothesis testing.



Paper Il tested the frequency distribution of the early peak cluster between
sex and phase using McNemar's test. Paper Il tested the association
between the early peak cluster and kinematics above / below the cut-off
using the Fisher’s exact test.

Results: In paper | girls had a later mean knee valgus moment peak (P <
0.001) which resulted in a lower mean time between peak knee valgus
moment and peak knee internal rotation moments (0 ms for girls, 5 ms for
boys, P < 0.001), as well as a lower mean time between peak knee valgus
moment and peak vertical ground reaction force (1 ms for girls vs 7 ms for
boys, P < 0.001).

In paper Il the knee valgus moment waveforms could be categorized into six
discrete shapes; early peak, early trough, peak, trough, upslope, and
downslope. There was a difference in relative frequencies (P < 0.001)
between boys and girls in phase | where boys had more frequent early peaks
(575 observed, 464 expected) compared with girls (642 observed, 768
expected). In phase Il, however, girls had more frequent early peaks (178
observed, 129 expected) compared with boys (78 observed, 112 expected).

In paper lll, there was an association between the early peak knee valgus
moment, and a heel strike landing posture (Odds ration (OR) 1.5, P = 0.01),
medio-lateral distance between trunk and foot center of mass (OR 3.7, P <
0.01), knee flexion excursion (OR 1.9, P < 0.01), knee flexion at initial contact
(OR 2.2, P <0.01), and knee abduction excursion (OR 2.2, P < 0.01).

Conclusions: Timing of peak forces during the early stance phase is
different between boys and girls in the expected direction (less time between
peaks for girls), however not every trial has a peak value and extacting those
peaks will therefore not be a complete dataset. Cluster analysis of early
stance phase knee valgus moment waveforms produces discrete categories
one of which (the early peak) is consistent with the injury mechanism. The
early peak is more frequent for adolescent females and is associated with
multiple kinematics reported from analysis of ACL injuries. The clusters
produced by cluster analysis should be validated against the end-point of
ACL injury. The results support strategies to promote forefoot landing
postures with more knee flexion to prevent the early peak knee valgus
moment waveform.

Keywords:

Anterior cruciate ligament, injury prevention, cluster analysis, biomechanics,
motion analysis
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1 Introduction

1.1 The Anterior Cruciate Ligament injury

The anterior cruciate ligament (ACL) is one of four key ligaments of the knee.
Its primary purpose is to constrain against anterior translation of the tibia
relative to the femur [1], and in this manner it acts as a tibiofemoral stabilizer
against the anterior translation produced by the quadriceps muscle during
gait [2]. When the ACL is torn through sports participation, other knee
structures such as the mensicii or the medial collateral ligament are
commonly torn as well [3]. Recovery requires lengthy rehabilitation often in
combination with reconstructive surgery [4]. Even after rehabilitation and
surgery, athletes are commonly unable to resume their sports activities due
to the injury [5] and when they do, may have reduced performance and a
shorter career [6].

For the athlete, long-term consequences of an ACL injury include
tibiofemoral and patellofemoral osteoarthritis [7], [8], and reduced quality of
life [9]. The societal burden includes the cost of treating the acute injury, as
well as for subsequent knee OA and lost work hours [10]. The high cost and
serious consequences of ACL injuries have resulted in extensive research
efforts to reduce the incidence of ACL injuries.

1.2 Epidemiology of anterior cruciate ligament injuries

In Iceland the annual incidence of ACL injuries is 72 per 100.000 individuals
[11]. This rate is comparative to both Sweden, where the rate is estimated at
85 per 100.000 [12], and the United States, where the incidence is 69 per
100.000 [13]. The majority of ACL injuries are accompanied by injuries to
other knee structures such as the menisci [14] and occur during sports
participation [15]. The injury rate per sports exposure has been reported to
range from 0.08 to 0.32 per 1000 exposures depending on the sport [16],
making ACL injuries twice as common as fractures in soccer [17], and one
fifth as common as ankle sprains in basketball [18].

There are sex-dependent differences in the incidence of ACL injuries
which differ by sports. A meta-analysis on soccer athletes showed that
compared to males, female athletes have a 2.2x higher risk of suffering ACL
injuries when adjusted for participation hours [19]. Other meta-analyses have
estimated that the sex-specific incidence is 3.5x higher for female athletes in
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basketball, but only 1.18x higher in lacrosse [16]. In Iceland, women make up
34% of all athletes over age 16 [20], but 51% of ACL tears in the age bracket
10-19 yeas old are females [11].

The higher incidence for females has led researchers to search for risk
factors that may explain the disparity between the sexes. It's been found that
the female ACL is less stiff, absorbs less force and has a smaller
circumference compared with the male ACL, and even when adjusted for
subject height and weight, show lower loads at failure [21]. The ligament’s
tensile properties and a steeper tibial slope [22] likely account for a significant
portion of the sex-specific incidence. However, a meta-meta analysis has
shown that preventative training reduces non-contact ACL injury rates by
60% [23] which strongly indicates that there exist an unknown number of
biomechanical modifiable risk factors which are being influenced by these
training programs.

1.3 ACL loading and injury mechanism

Early studies using cadvers found that anterior shear force directly loads the
ACL [1]. A knee valgus moment (VM), a knee varus moment, and both
internal and external rotation moments will also result in strain on the ACL,
and combining forces over different planes of loading can have a larger effect
than the sum of its parts and is variable by joint position [24]. The tibial plateu
has a posterior slope which results in anterior translation of the tibia relative
to the femur under compression [25], and partial or complete ACL ruptures
have been induced in cadaveric knees by isolated tibiofemoral compression
or internal rotation [26], and simulated Quadriceps muscle contractions [27].
While VM loading in isolation is unlikely to cause an ACL rupture [28], the
addition of a VM load to a simulated landing impact has been shown to result
in 30% higher strain values compared with an equal impact without the VM
[29].

Cadaveric landing simulators have shown that applying either an internal
rotation moment, or a VM influences the bone bruise location during ACL
injury [30]. Recently a cadaveric landing simulator has been developed that
can produce a similar pattern of ACL and concomitant injuries as is observed
clinically by combining VM, internal rotation moments, and an axial impact
[14]. This reproduced the location of the rupture and the frequency of e.g.
MCL or medial meniscus injuries [14].

The mechanism by which VM increases ACL loading is that valgus
loading increases tibiofemoral compression on the lateral tibial plateu which
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has a more gradual incline compared to the medial plateu [22], [31]-[33].
Tibiofemoral compression will therefore produce an anterior tibial translation
and external tibial rotation. However under valgus loading the increased
compression on the lateral plateu will produce a net internal rotation moment
on the tibia [32]. As females have a steeper posterior tibial slope [22], they
may be affected by combined VM and axial compression loading to a larger
degree than males.

Cadaveric studies have also found that the peak ACL loading occurs very
quickly after ground contact, with a mean of 54 ms after initial contact [34].
This timing is consistent with an ACL injury being induced by a sudden
impact with the ground. Video analysis of athletes while sustaining an ACL
injury has corroborated the cadaveric models. Leading up to the ACL rupture,
athletes make contact with the ground with relatively low knee flexion angles,
undergo knee valgus and knee internal rotations, and sustain the injury 40 -
60 ms after initial contact [35], [36]. Subsequent to the injury, a tibial external
rotation is observed, indicating that the joint geometry under VM loading
causes the internal rotation moment while the ACL is intact and not
necessarily the internal rotation moment calculated in motion analysis studies
[35]. In contrast, video analysis of similar gameplay situations without injury
have shown that the knee valgus and internal rotations do not normally occur
[37].

Other aspects of the athletic movement can contribute indirectly to the
injury mechanism. Non-knee kinematics can affect the loading of the knee by
altering the orientation of the ground reaction force (GRF) vector [38].
Landing on the heel [39], [40], with a large distance between base of support
and center of mass [39], hip internal rotation at initial contact [39] and lateral
flexion of the trunk [41] have all been observed during an ACL injury.

In summary, ACL injuries most likely occur as a result of a forceful axial
impact with the ground combined with a large VM, causing knee valgus
rotations and internal rotations, within 60 ms after initial contact with the
ground.

1.4 Kinetic and kinematic risk factors

Prospective studies have focused on the forces that are known to load the
ACL and evaluated if kinetic or kinematic factors can predict future ACL
injury. A study from 2005 found that magnitude of the knee VM during the
weight acceptance phase of a drop-jump landing was significantly higher in
those that would tear an ACL compared to those that would not [42].
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While promising, the study suffers from numerous methodological issues
which are important to consider when interpreting prospective biomechanical
studies. With a small number of injured athletes (9 subjects tore their ACL
[42]) the study is under-powered resulting in a higher likelihood of false
positive results [43]. The first author of that study recently wrote in a letter to
an editor regarding a different paper, that more statistical analyses had been
performed on the data of the 2005 study without reporting the results of that
additional analysis [44], indicating an exploratory nature of the published
results. Results from exploratory studies, especially those with small sample
sizes, need to be validated by conducting follow-up studies replicating the
analysis. Two subsequent prospective studies did not find a difference in VM
between injured and healthy cohorts [45], [46].

A noteworthy problem with the three prospective cohort studies that
employed motion analysis techniques [42], [45], [46], is that their analyses
were not performed in a manner consistent with the ACL injury mechanism
[47]. All three studies used peak VM during the weight acceptance phase of a
bilateral drop jump landing as their outcome measure [42], [45], [46]. The
weight acceptance phase of a drop jump is much wider than the timespan
where ACL injuries occur [36] and most ACL injuries occur during unilateral
movements [48].

1.5 Injury prevention programs

The earliest large scale study to evaluate the effects of a preventative
intervention was published in 1996 [49]. Six hundred athletes underwent a
proprioception training intervention using different unstable surfaces, for 20
minutes daily for 30 days, and 3 times weekly for the rest of the year. They
showed a remarkable reduction in ACL injury incidence, with the intervention
group suffering 0.15 injuries per team per season compared to 1.15 in the
control group [49]. However, the total time investment for one year on the
program is, according to my calculations, 720 hours of training to prevent one
ACL injury [49], which is certainly a considerable time investment.

Recently, numerous studies on various interventions to reduce ACL
injuries have been performed leading to an increasing number of meta-
analyses demonstrating their effectiveness. A meta-analysis of meta-
analyses recently combined all of them to demonstrate a 67% reduction of
non-contact ACL injuries with prevention programs [23], and the
effectiveness of these programs is therefore well established.

20



Introduction

Researchers have implemented prevention programs as a structured
warm-up in order to facilitate uptake [50]. Despite this, the rate at which ACL
injury prevention programs are implemented by sports teams has been low
with  most performing a reduced number, and modified versions, of
preventative exercises due to conflicting priorities and scheduling constraints
[51]. The numbers needed to treat (NNT) to prevent an ACL injury have been
reported to be as low as 70 [52] and as high as 120 [53]. For an athlete to
gain more time from prevention than is lost by injury with NNT of 70 requires
that the time spent performing the program with 70 athletes outweighs the
time loss of an injury, which is commonly stated as being one year [5]. This
simple equation reveals that a prevention with NNT of 70 can require only
1:70 of the total training time or 1.4%. Preventative programs commonly take
an hour per week to perform meaning that athletes need to train for 70 hours
per week to see benefits. In other words, an athlete that trains for 2 hours, 5
times per week can allot 7.5 hours per year to preventative training to “break
even” on the time investment.

A meta-analysis of the contents of different intervention programs showed
that the effective components were strength training and training to prevent
specific postures [54]. However, the studies administering these components
of interventions are the same studies [54]. The FIFA-11 program was an
early program developed by the F-Marc [55], which included very low-level
strengthening exercises along with balance exercises. The program was later
updated to include a more strenuous strengthening component and
progressions for the exercises [55]. A meta-analysis was conducted
examining the efficacy of both programs and found that the FIFA-11 was not
effective, but the more strenuous FIFA-11+ was effective [56]. However,
intervention studies examining the effects of specific components or
exercises are lacking.

1.6 Mechanism, risk, and prevention interdependencies

Studies on the ACL injury mechanism, risk factor studies, and preventative
intervention studies form a chain where study results can inform each
subsequent level of study. The injury mechanism studies describe the
kinetics, kinematics, and external situations that lead to injury. Risk factor
studies then find aspects of the injury mechanism that is observable without
observing the injury. Preventative interventions target risk factors. | will argue
that if this chain of research would have been followed, it could have
prevented the inefficiencies observed with current study results.
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Exploratory risk factor studies [42], [45], [46] that do not adequately
account for the injury mechanism [47] in deciding which factors should be
tested inflate the chance of false positive results and lead to weak risk
factors. Broad range interventions that target multiple possible aspects of the
injury mechanism [57] without strong risk factors lead to inefficient
interventions and very costly research design to test effectiveness. Without
prior testing on risk factors large scale intervention studies need hundreds of
athletes over multiple seasons to see the benefits of prevention [23].

As prevention programs do reduce risk of ACL injuries, their
biomechanical effects may lead to new discoveries regarding risk factors for
ACL injuries. A meta analysis on the effects of intervention programs on side
step cutting biomechanics found that the programs primarily affected sagittal
plane mechanics including increased knee angle, reduced hip angles, and
reduced knee flexion moments, with no change in knee valgus moments or
angles [58]. However, all three studies included in the meta analysis
extracted peak moments during either the whole weight acceptance phase
[59], [60] or the first 40% of stance [61]. Two studies have been conducted
since the meta analysis, that also report knee VM during the weight
acceptance phase [62], [63] with little or no reductions of the VM during
change of direction tasks.

1.7 Motion capture limitations

As the VM is likely a key component in the ACL injury mechanism [14], it is
surprising that biomechanical studies have not found the VM to be affected
by effective intervention programs. However, these studies suffer the same
pitfalls as the prospective studies that the analysis conducted is not specific
to the ACL injury mechanism since they report peak moments during the
entire weight acceptance phase which is not consistent with the timing of
ACL injuries [35].

The early weight acceptance phase of sporting maneuvers is dominated
by the impact between the foot and the ground, which forms a high-frequency
signal superimposed on the lower frequency signal that is the normal human
movement [64]. Motion capture data are traditionally filtered using low-pass
filters on both the marker and force plate data due to soft tissue artifacts [65]
and measurement errors [66] which have high frequency contents. This
severely attenuates the signal of the foot-ground impact [67], a high
frequency signal that is not a source of error. The 2005 study of Hewett et al.
used an uneven filter strategy of their data where force data were filtered at a
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higher frequency than the marker data [42]. Uneven filtering frequencies
produce exaggerated impact peaks as the high frequency segment
accelerations that accompany high frequency GRF components are reduced
[68]. Figure 1 shows the effects of different filtering strategies on the knee
valgus moment of a single trial. If the aim is to idenfity early peak knee valgus
moments, the choice of filtering strategy greatly impacts the results of this
example. It's possible that the uneven filtering strategy used by Hewett et al.
[42] resulted in some motion trials where an impact peak VM consistent with
injury is exaggerated and thus the peak of the weight acceptance phase is
consistent with the timing of ACL injury, similar to the example shown in
Figure 1. These artifacts may therefore have resulted in this study being the
only study where the peak VM is associated with injury risk, even though the
observed moment is likely exaggerated.

The fact that motion analysis studies extract peak values for their
analyses represents another problem. Using peak values requires
consistently finding them across different motion trials, despite multiple
potential movement strategies being used by athletes [69]. While knee VM
peaks are consistent across trials during drop jump landings [61], there is
likely variability in how the ground impact forces are distributed across the
different planes, meaning that there is no guarantee that a “peak” occurs
during the timeframe where ACL injuries occur [35].

There is a need to develop methods that can work around the
technological limitations of motion capture in order to analyze the data in a
manner specific to the ACL injury mechanism.
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Figure 1 Example trial showing effects of different filtering strategies on knee valgus
moments. The top graph shows both forces and markers filtered using 12 Hz, middle
shows both filtered using 60 Hz and the bottom graph shows uneven filtering at 60 Hz
for forces and 12 Hz for markers. The blue and red marks show the start and 50% of
the stance phase duration of a cutting manuever. The green, pink and dark blue
marks show the peaks from each filtering strategy. In this example, the 60_60 peak is
the only one that occurs within 60 ms after ground contact.
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2 Aims

The overall aim of this doctoral thesis was to analyze motion capture data in
a manner specific to the ACL injury mechanism, focusing specifically on the
forces observed during the early stance phase of the cutting manuver in
order to identify potential new risk factors and targets for interventions aimed
at preventing ACL injuries.

2.1 Specific aims & Hypotheses
2.1.1 Paper|

The specific aims of paper | were to examine the timing of peak VM and peak
internal rotation moment during the first 100 ms of stance during a change of
direction movement in pre- or early adolescent (phase 1) athletes and
compare their absolute and relative timing between the sexes.

The rationale was that at-risk athletes would show timing consistent with
ACL injury such as earlier force peaks, and less time between peaks of
different forces.

The following hypotheses were tested in paper I:

a. There is a sex-dependent difference in the timing and/or
relative timing of peak VM, peak internal rotation moment,
or peak vertical GRF within the first 100 ms of the stance
phase during a change of direction task.

b. The weight acceptance peak VM, peak internal rotation
moment, and/or peak vertical GRF occur after 100 ms
and show less co-occurance compared with the early
peak VM and internal rotation moment.
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2.1.2 Paper ll

The specific aims of paper Il were to develop a cluster analysis method that
could distinguish between different waveforms of the VM, and to conduct a
preliminary validation study by comparing the relative frequency of an early
peak VM waveform between sexes in early-/pre- adolescence and late
adolescence.

The rationale was that not all attempts have an early peak consistent with
the timing of ACL injury, and therefore the waveforms must have variable
shapes that can be identified with cluster analysis.

The following hypotheses were tested in paper Il:

a. VM waveforms are classifiable into a small number of
discrete shapes using a cluster-analysis algorithm and at
least one cluster will be an early-peak shape

b. Sex-dependent differences in the frequency of the early-
peak shape are observed in phase 2, but not phase 1,
athletes
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2.1.3 Paper lll

The specific aims of paper Il were to establish concurrent validity of the
cluster analysis methods developed in paper 2 by describing the relationship
between kinematics commonly observed during ACL injuries, and the
frequency of early peak VM waveforms in adolescents.

The rationale was that if a relationship exists between the early peak VM
waveform and risk of injury, one would also expect a relationship between the
early peak VM waveform and the kinematics observed during ACL injury.
Logically, the kinematics of the movement would lead to high forces on the
ACL, including the early peak VM.

The following hypotheses were tested in paper Il

a. The following variables are associated with more
frequent early-peak VM during a change of direction task
in adolescents:

i. A heel strike landing pose
ii. Greater anterior-posterior distance between base
of support and trunk center of mass
iii. Greater medio-lateral distance between base of
support and trunk center of mass
iv. Lower knee flexion angle at initial contact with the
force plate
v. Greater peak knee valgus excursion within the
first 15% of the stance phase
vi. Greater peak knee flexion excursion within the
first 15% of the stance phase
vii. Greater peak knee extension excursion within the
first 15% of the stance phase
viii. Greater peak trunk lateral flexion excursion over
the stance leg within the first 15% of the stance
phase
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3 Materials and methods

3.1 Subjects

The national bioethics committee provided ethical approval for the study
(approval code VSNb2012020011/03.07).

Subjects for the project were recruited from 5 local soccer and team handball
clubs. At recruitment, the athletes were 9-12 years old (phase 1). The 5
participating clubs provided contact information for the childrens’ guardians,
who were then contacted and asked whether they would consent to their
child’s participation. The consent forms that participants and guardians
signed, included explicit consent to be contacted again for the second phase
of the study, with expected follow up time being 5 years (phase 2). In phase
2, athletes still participating in their chosen sport as well as those who had
ceased participation were asked to repeat the measurements. Participants in
phase 2 were offered a 5000 ISK gift certificate for participation.

3.2 Preventative intervention

Representatives from one club agreed to adopt a coach led, physiotherapist
assisted intervention program based on the FIFA-11 [56] where physical
therapists would attend training sessions every three weeks, evaluate
performance of exercises and progress athletes as they improved. A small
(2-3) number of exercises was chosen for each three-week time block
between sessions, and included only exercises aiming to improve an
athletes’ motor control through training a specific movement pattern. The
effects of the intervention program are not evaluated further in this thesis.
However, there is evidence that at least for short-term training the FIFA-11
does not reduce ACL injury rate [56].

3.3 Equipment

Two AMTI force plates collected GRF data at 2000 Hz. An 8 camera Qualisys
Oqus system (Qualisys AB, Gothenborg, Sweden) was used to track
reflective markers at 200 Hz (phase 1) or 400 Hz (phase 2). A hand-held
dynamometer (Manual Muscle Tester, model 01163, Lafayette Instrument
Company, Lafayette, USA) was used for isometric strength measurements. A
custom-made slideboard with adjustable bank width was used for the
exercise intervention.

29



Haraldur B. Sigurdsson

3.4 Data collection procedure

Subjects reported to the Research Centre of Movement Science lab at the
University of Iceland. After receiving information regarding the study,
including the risks and benefits, each participant and their guardian signed an
informed consent form. All tests were performed in fitted shorts and the
subjects’ own shoes. Boys were topless, and girls wore a sports bra.

Height, weight, and leg length (floor to iliac crest) were measured. After a
5-minute warm-up on a stationary bicycle, strength testing of the hip
abductors was performed, using a belt secured dynamometer with the
subject in a side-lying position and hips in 0-5° flexion and 0-5° abduction.
Strength testing of the hip external rotators followed. For the hip external
rotator strength test, the subject was seated with arms crossed and no
backrest. Hip rotation was neutral and knees flexed to 90° and feet off the
ground. Strength was measured with a belt-secured dynamometer. The order
in which limbs were tested were randomized separately for each strength
test. For each strength test, a familiarization attempt was performed, followed
by recorded maximal trials.

Following strength testing, 46 reflective markers were placed on the
athlete to define the musculoskeletal model (described under section 3.4). A
static trial was recorded before removing 12 anatomic-only markers. Subjects
performed drop-jump tests and change of direction tests in randomized order
starting with 1-3 familiarization trials followed by at least 5 trials for each test.

For the cutting maneuver, the subject was located close to the force plate
in a ready-position. When given a verbal signal, the subject performed an
antero-lateral step on the force plate before pushing off into a sprint in the
opposite direction (see Figure 2). Subjects were encouraged to perform the
movement with maximal speed and explosiveness. The exact angle with
which the cut was performed was not controlled, giving subjects the freedom
to perform anything from roughly 170° to 10° cuts. Using 2-3 habituation
trials, the position of the subjects was altered such that the preferred strategy
and angle would result in the stance leg being placed on the force plate.

A 5-minute skateboard exercise intervention was performed with
progressive intensity where the first minute was to familiarize with the
movement, and intensity increased every minute such that the last minute
was an all-out effort. A numerical rating scale was used to assess fatigue
where 0 was no fatigue at all, and 10 was exhausted. After the exercise
intervention, the motion trials were performed again in reverse order
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Figure 2 Experimental setup for cutting maneuver. The red box represents the force
plate, the blue box represents the range of possible starting locations for a right-leg
cut. The black arrows show the widest cut allowed by the setup, and the large pink
arrows show the narrowest cut allowed by the setup.

3.5 .Data processing

Motion analysis data was captured with QTM (Qualisys, Gothenburg,
Sweden). Raw marker trajectories were labelled by hand for one trial, and an
automatic marker identification model was used to identify trajectories in
other trials. Gaps of less than 30 frames were automatically gap filled using a
spline function. Larger gaps were gap filled manually if possible, such that the
marker trajectory appeared smooth and physiological. When trajectories were
available for 2 or fewer markers on a segment and gap filing was
unsatisfactory the trial was discarded.

3.5.1 Musculoskeletal model

An 8 segment musculoskeltal model was constructed in Visual3D (C-Motion,
USA). The ankle joint center was the midway point between the malleoli (2
anatomic markers) and tracked by markers on heels (2) and base of toes 1
and 5 (2). The knee joint was defined as midway between markers placed on
medial and lateral femoral epicondyles. Each shank and thigh was tracked by
4 markers secured on a cluster. The hip joint center was defined as 25% of
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the distance between markers placed on the greater trochanters. The pelvis
was defined between markers placed on iliac crests and the greater
trochanters, and tracked by 3 markers on the sacrum and 2 markers on the
anterior superior iliac spines. The trunk was defined by markers on the lateral
aspect of the acromion, and the iliac crest markers and tracked by markers
on the 7" cervical vertebra, the sternum, and the posterior lower thorax.

Segment inertial properties were estimated based on the subjects’ weight
using the Visual 3D default settings. Net joint moments were calculated
through inverse dynamics. Kinematics were calculated using the 6 degree of
freedom method where each segment was individually calculated and no
constraints were placed on joints.

3.5.2 Signal filters

For paper I, marker and force data were low-pass filtered using a digital
single pass Butterworth filter with uneven cut-off frequencies similar to
Hewett et al. [42], 6 Hz for markers and 20 Hz for force data, before
calculating kinematics and kinetics. For papers Il and lll, kinematics and
kinetics were calculated using raw marker and GRF data, before the resultant
signal was low-pass filtered using a digital Butterworth filter with a cut-off
frequency of 6 Hz.

3.6 Data extraction

3.6.1 Timing of early peak forces

For paper I, the timing of the peak VM, internal rotation moment, and the
vertical GRF within the first 100 ms after initial contact was identified. An
uneven filtering of force and marker data produced multiple joint moment
peaks for each trial, and up to 3 local peaks, irrespective of magnitude or
sign, were identified per trial. Using a spreadsheet calculator (Excel,
Microsoft corporation), the largest peaks were identified and the timing of
those peaks extracted for analysis.

3.6.2 Cluster analysis

For papers Il and Il a cluster analysis was performed in R [70]-[72] (see
appendix for further details regarding the cluster analysis process). For paper
I, data representing the frontal plane moment (VM and varus moment) during
the first 30% of stance were extracted.

The cluster analysis procedure started by transforming the signal such that
only the direction of the signal (increasing or decreasing) was retained. This
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represented the shape of the waveform. A Euclidean distance (sum of the
distances in a straight line between each time point of the time series) was
then calculated between each pair of observations. The result of the
clustering process was expressed as the C-Index, calculated as the distance
between observations within a cluster divided by the distances to other
clusters. The number of clusters was decided using either the “elbow” of the
C-Index graph, the point where adding more clusters results in smaller and
smaller gains in the C-Index, or a 0.05 C-Index cut-off. The process created
many clusters, some of whom were conceptually identical in terms of the ACL
injury mechanism. Clusters were thus assigned one of 6 descriptive names
based on visual inspection of their shapes; early peak, early trough, peak,
trough, upslope, and downslope. The merged clusters differed slightly in
terms of exact timing of the peaks and troughs. Within each of these 6
clusters a second cluster analysis step was performed on the non-normalized
signal to extract sub-clusters based on the magnitude.

The analysis for Paper Il only required identification of the early peak
waveform. Analysis of the data from Paper |l revealed that the early peak
shape emerged within 10% of the stance phase. Therefore, it was sufficient
to extract 15% of the stance phase for cluster analysis in paper Ill. The signal
underwent the same transformation, and the early peak group was then sub-
clustered for magnitude using the non-transformed signal. All cluster
analyses used Euclidean distances, and the Ward-D2 process, which
produces compact spherical clusters [73].

3.6.3 Kinematics

For paper lll, kinematics that have been reported from analyses of videos of
ACL injuries by other labs, were extracted. A heel strike ground contact [39]
was defined as a negative angle of the foot segment to the floor. The
distance between the trunk center of mass, and the stance foot center of
mass was normalized by thigh length [39]. The knee flexion angle was
extracted at initial contact with the ground [35], [40]. The peak excursion
(change in rotation from initial contact within the first 15% of the stance
phase) of the knee flexion [35], knee abduction [35], and trunk lateral flexion
towards the stance leg [41] were extracted.

3.7 Hypothesis testing

For paper |, a mixed generalized linear model was constructed for each
variable using SAS (SAS corporation) with the subject as a random effect,
and the sex, limb, and exercise intervention status as fixed effects.
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For Papers Il & lll, R was used for hypothesis testing [71]. For paper Il, a
McNemar test for paired data was performed. For paper I, a Fisher’'s exact
test with 12 degrees of freedom was performed, and Fisher's exact test with
3 degrees of freedom was used for post-hoc tests. For continuous variables,
ROC curves were calculated and the highest Youden’s Index used to
designate a cut-off value, which was then used in the Fisher’s exact test.

All papers use an alpha of 0.05 for statistical significance. Paper Ill used a
Bonferroni adjusted P due to multiple post-hoc comparisons.
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4 Results

Results are summarized in this section, and figures and tables are
reproduced from the original publications. For detailed results, the reader is
referred to the original publications.

4.1 Paper |
4.1.1 Results of Paper |

Data was available for 129 participants. Data for two subjects and 153 other
trials, were excluded due to measurement errors, leaving a total of 2387
captured trials available for analysis. The athletes were aged 10.5 years (SD
1.2 years), had a mean height of 1.50 m (SD 0.01 m), and a mean weight of
41 kg (SD 9 kg) with no differences in age, height, or weight between male
and female participants. Results are presented in Tables 1 & 2. The main
results were that females had later peak VM and knee internal rotation
moments compared to males (Hypothesis 1 a, see Table 1), and less time
between peak VM and knee internal rotation moment (hypothesis 1b, see
Table 2). Notable, while the 95% confidence intervals for all three variable
pairs included the zero for girls, the 95% confidence intervals for boys never
included zero (Table 2).
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4.2 Paper |l

4.2.1 Cluster analysis

Subject characteristics are summarized in Table 3. Data was available for
over 5000 trials, of which 783 were from phase Il subjects. There were 1025
unigue VM waveforms, from which 39 clusters emerged with the C-Index
below 0.05 (Figure 1). Visual inspection of the 39 clusters revealed 6 distinct
groups which were named early peak, early trough, peak, trough, upslope,
and downslope (hypothesis 2a). The second clustering step produced 2-3
magnitude based sub-clusters within each of the original six (Figure 2).

Analysis of cluster frequencies (Table 4) revealed that boys in phase | had
a greater than expected frequency of early peaks while girls had a lower than
expected frequency. In phase II, however, girls had a higher than expected
frequency, and boys had a lower than expected frequency (hypothesis 2b).
Analysis of the sub-cluster frequencies (Table 5) revealed that the higher
frequency of phase Il girls was due to a higher frequency of small early
peaks.

Table 1 Descriptive statistics

Boys Girls P
Mean SD Mean SD

Age 10.6 0.7 10.8 1.1 0.148

Height 149.0 7.9 149.9 8.2 0.721
Phase 1 )

Weight 40.2 8.1 41.8 9.4 0.402

N 1512 2502

Age 15.8 0.8 16.0 0.8 0.500

Height 180.7 9.1 167.4 4.0 <0.001
Phase 2 :

Weight 74.9 16.5 64.0 10.3 0.054

N 364 419

N is the total number of valid movement trials per group.
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Figure 3 Six basic shapes and their sub-clusters (2-3 per shape) from a two step
cluster analysis. Smoothed aggregates of the time series of the first 30% of the stance
phase of all clusters generated with the two step cluster analysis. For each curve the
gray shaded area denotes the 95% CI which is very narrow for some curves.
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Figure 4 C-Index for up to 40 clusters in the first step clustering process. No clear
elbow is present on the plot.
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4.3 Paper lli

Subject characteristics are presented in Table 6. The cluster analysis
produced six distinct clusters with a C-Index below 0.05 (Figure 3), of which
three were classified as early peaks. During the second cluster analysis step,
two magnitude based sub-clusters of early peaks were formed, and the large
early peak was used for analysis. There was an association between the
large early peaks and several of the kinematic variables (Figures 4 & 5) that
have previously been observed during ACL injury . Out of all the odds ratios
(Table 7), the largest (3.7 (95% CI 2.8 — 5.0, P < 0.01)) was for having a
large early peak with a medio-lateral distance of over 95% of thigh length.

Table 6 Subject characteristics

Attempts

Sex Drop out Height (mean, cm) Weight (mean, kg) (n)p Subjects (n)

Yes 182 76.9 439 20
Male

No 177 71 871 38

Yes 164 62.9 1128 53

Female
No 168 62 1234 59
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Figure 5 C-Index plot for first cluster analysis
step
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Figure 6 ROC curves for relationship between knee kinematics and early
peak valgus moment waveforms. Abbreviations: IC = Initial contact.
Excursion is the calculated change of an angle from initial to its peak during
the first 15% of the stance phase.. Labels that show the variable value that
has the the highest Youden's index are placed on each curve.
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Figure 7 ROC for relationship between non-knee kinematics and large
early peak valgus moment waveforms. Abbreviations: ML = medio-
lateral. AP = Anterior-posterior. Lat-flex = lateral flexion. The excursion
is calculated as the change in the angle from initial ground contact to
its peak within 15% of the stance phase. Labels that show the variable
value with the the highest Youden's index are placed on each curve.
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5 Discussion

The overarching aim of this thesis was to develop and validate methods of
analyzing motion capture data in a manner specific to the mechanism of ACL
injury, especially with regards to the timing of the forces extracted [36]. Paper
| analyzed the actual and relative timings of peak VM, knee internal rotation
moment and the vertical ground reaction force themselves and highlighted
the difficulty of this approach. Paper Il described a cluster analysis method
developed to extract information regarding the timing and magnitude of the
VM. Paper Il validated the method against kinematics previously reported to
occur alongside ACL injury.

As the first step of the analysis, paper | used a straightforward approach
of analyzing the timing of peak forces during the early stance phase. It was
guided by the theory that the less time between the VM and IRM forces, the
more likely a multi-planar loading event would occur. The hypotheses were
confirmed, as female youth athletes had later VM peaks (Paper |, hypothesis
a) and less time between IRM and VM peaks than males (Paper |, hypothesis
b). This could indicate that even though girls at this age experience lower
early peak VM magnitudes (Appendix B), females are more likely to
experience multi-planar loading of the knee during a change of direction task.

However, there were some notable limitations to the analysis performed in
paper I. An important limitation was that the uneven filtering of force and
marker signals produces artifacts [64]. The magnitude of the exaggerated VM
peaks produced by uneven filtering has been linked to risk of ACL injury [42].
The artifacts produced are potentially an exaggeration of a signal that is none
the less present. Therefore, less time between VM and IRM peaks may still
reflect a higher chance of multi-planar loading for females.

There are however problems that make interpretation of unevenly filtered
data difficult. The signal is likely not physiological as computer simulations of
muscle work based on those results are not able to account for the
exaggerated peaks [68]. No filtering strategy preserves impact peaks while
also removing errors from the signal [64]. Using an even filter cut-off of such
as 15 Hz [45] for both force and marker data filters the forces too much [64]
while marker trajectories are not filtered enough [74]. An alternative is to
calculate the kinetics using raw marker and force data, and filter the resulting
signal. This process produces smoother waveforms which are more likely to
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be physiological [68]. However, even when best case low pass filteres are
used, not all trials have an identifiable peak VM during the timeframe where
ACL injuries occur due to normal variability in human movement. This makes
comparisons of timing or force magnitudes problematic. Peak extraction
algorithms would either exclude trials without VM peaks or include values
which are not relatable to the injury mechanism resulting in limitations as to
evaluation and interpretation of the data.

Paper Il presents a cluster analysis method which was developed to
address the shortcomings of traditional peak extracting data processing
methods by classifying the VM waveforms into different shapes rather than
extract discrete data points. The results showed that the method was feasible
and produces well defined clusters for the waveforms’ shapes indicated by
the low C-Index. The six shapes created with the cluster analysis method
included an early peak shape (Paper Il, hypothesis a) which had frequency
distribution properties similar to the sex-dependant ACL injury incidence in
adolescent athletes with female adolescents having twice as many early peak
VM as male adolescents [19] and no sex-dependant difference in phase 1
athletes (Paper II, hypothesis b).

As a novel method, the clusters produced by paper Il are not validated
against the hard end-point of ACL injury. A similar incidence between the
early peak waveform and the ACL injury may be regarded as a form of
concurrent validity. Establishing concurrent validity can help determine which
potential risk factors are worth testing with prospective studies. Paper |l
tested several hypotheses of association between early peak waveforms and
kinematics that have been previously described by analyzing video footage of
actual ACL injuries [35], [39]-[41]. Six out of the eight kinematic variables
tested (Table 6) were associated with the early peak waveform (Paper I,
hypotheses a-ii and a-vii were not confirmed), providing further concurrent
validity.

Together, the three papers presented provide rationale in support of using
cluster analysis of VM waveforms for producing clusters that are related to
variables associated with ACL injury. The results indicate that the impact
generated by ground contact interacts with the kinematics to produce a VM
force peak which potentially contributes to the multi-planar loading that cause
an ACL injury [14].

5.1 Implications for injury prevention

Preventative intervention studies have focused on exercises intended to
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affect the posture and orientation of the knee [54]. Paper IIl shows that joint
angle excursions towards greater knee valgus are associated with greater
knee VM early peak frequency. Static balance exercises, and exercises
aimed at reducing peak knee valgus rotations do therefore potentially target
the forces likely to contribute to ACL injuries. However, studies have not
demonstrated that effect [62], possibly due to data extraction processes, such
as identifying peaks over the entire weight acceptance phase, results of
which do not reflect the ACL injury mechanism [47]. Using the cluster
analysis method presented in this thesis has potential to elucidate if the
interventions aimed at reducing the knee VM do in fact affect the early knee
VM waveforms.

The results of this thesis highlight the importance of considering the
physics of how the early peak VM is generated. The athlete seeks to create
movement by pushing on the ground away from his center of mass. When
the dominant factor is this push from the athlete, the knee valgus angle has a
large effect towards determining the orientation of the GRF relative to the
knee [75]. This effect dominates the movement after the initial impact of
ground contact. During ground contact however, the downward and lateral
motion of the athlete will result in a GRF vector which is oriented
perpendicular to the direction of travel. This vector will be lateral to the knee
no matter the knee valgus angle. This effect would be larger with a more
laterally planted foot, since the lateral distance between the knee center of
rotation and the GRF origin increases. This may be seen as a strategy to
decelerate from high lateral velocity without effective use of hip abduction.
This is corroborated by our results that greater distance between base of
support and center of mass is associated with greater early peak VM
frequency.

The results of paper Il thus support at least two strategies of reducing the
frequency of early peak knee valgus moments. The first, and obvious,
method is to reduce the magnitude of the vGRF. Strategies such as doing
more eccentric work of the knee and landing on the forefoot instead of the
heel are supported by paper Ill. However, an intervention study emphasizing
these exact strategies did not prove effective at reducing ACL injury
frequency [76]. The second strategy is to focus on reducing the vGRF
moment arm from the ground contact. Increasing the active push of the
athlete into the ground can potentially reduce the moment arm, since the
vGRF will then point more towards the athletes’ center of mass. Active hip
abduction [77], active quadriceps and active hamstrings contractions [63]
during impact are examples of potentially effective strategies. Plyometric
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exercise interventions have been largely ineffective [54] despite strong
mechanistic reasoning. This can in part be explained by a lack of focus on
lateral plyometrics and specific training for the motion of changing directions.
Strength is also the foundation of power. Studies have found that low sagittal
plane strength [78] and low hip abduction strength [79] are associated with
risk of ACL injury and that strength components are important for prevention
programs [54]. Those results suggest that a good foundation of strength may
be a pre-requisite to train effective change of direction movements.

5.2 Implications for motion analysis

A motion analysis study such as forms the basis of this thesis, collects an
enormous amount of data. Coordinates of 34 markers are tracked along with
force plate data and from it, numerous variables are calculated with differing
precision. The data points from a single movement trial number in the
thousands but traditional biomechanical studies reduce this enormous
amount of data into a set of 3-10 values representing either peaks or means
over a broad time [62], [80], [81]. It's been stated that the biomechanical
community would benefit from adopting methods commonly associated with
“Big Data” [82], [83]. The difficulty of extracting the timing of peak values in
Paper | highlights the difficulties in trying to perform analyses specific to the
ACL injury mechanism. The presence of multiple peaks, or no peaks, makes
automated identification of the timing difficult and can potentially result in a
large number of incorrectly identified points or no identified points at all. The
sheer amount of data that are collected but not used during motion capture
studies lends itself well to “Big-Data” methods, and we have shown that
cluster analysis or time series can yield clinically meaningful patterns and
bypass many of the difficulties inherent in identifying peaks.

5.3 Limitations

5.3.1 Paper |

Paper | used a mixed generalized linear model to examine timing variables.
The timing variables were calculated from discrete frame counts representing
5 ms per frame. As the sampling rate limits the accuracy of the timing, it can
not be assumed that 5 ms is half of 10 ms (as both could be 7.5 ms), but it
can be assumed that 5 ms is less than 15 ms (a full frame in between). With
a 200 Hz sampling rate, only one out of every 5 ms is represented in the
data. It's therefore likely that the same proportion of peak timings are inexact.
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The filtering strategy in paper | was an uneven filtering where the GRF
was filtered at 20 Hz and the markers at 6 Hz. Uneven filtering results in
exaggerated impact peaks [84]. Exaggerated impact peaks are likely reasons
why so few trials in paper | had missing data (~5%), as the prevalence of true
early peaks in the data, as reported in paper Il is much lower than 95%. This
filtering strategy is similar to the one used by the original study to
demonstrate VM as a risk factor [42], while subsequent studies that have not
found the VM to be predictive of risk have used an even filtering strategy [45],
[46].

5.3.2 Paperll

The primary limitation of paper 1l was the low number of athletes available for
the adolescent cohort. While the study was adequately powered to
demonstrate the capabilities of cluster analysis techniques, it was under-
powered to definitively conclude that adolescent females have more frequent
VM early peaks. However, these preliminary findings were consistent with the
difference in incidence of ACL injuries between male and female adolescent
athletes [19]. Moreover, the results are consistent with cadaveric simulations
wherein an axial impact with a VM loading produces clinically meaningful
ACL injuries [14].

5.3.3 Paper lll

Paper IIl used the large early peak waveform for the analysis. No clear
distinction exists between the small and large early peaks, and due to the
filtering of the data it is unclear whether each trial is affected to a similar
extent by the filtering. While the waveform could be distorted with filtering, it
is more likely that the magnitude is affected to a greater extent than its
shape. It is unclear what a difference in magnitude witin the early peak
cluster means. It could be a result of a more explosive movement from a
more experienced athlete [85]. Therefore the small and large early peak
waveforms could be close to equal in regards to what movement patterns
they represent, and subsequently that they could have a similar relationship
to the kinemtics. The choice to use the large early peak waveform was made
on the basis that the relationship between waveform and kinematics would be
most obvious for the cluster with a larger VM magnitude.

5.3.4 Papers Il and Il

Papers Il and Il use the same filtering strategy where the kinetics and
kinematics are calculated using raw data, and the resultant signal is then
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filtered using a 6 Hz digital low pass butterworth filter. The cut-off is likely
appropriate for mid-to-late stance variables, but during the ground impact
likely overly reduces the joint moments. This affects the shape of the curve.
In-house pre-testing revealed that the lower the cut-off frequency, the simpler
the resulting signal. A signal filtered at 20 Hz produces an unphysiological
rate of peaks and troughs [67], thus dramatically increasing the number of
clusters which will be detected in the shapes while also reducing the shape
difference between clusters. The 6 Hz cut-off frequency produces good
clustering results with well discriminated clusters consistent with what would
be expected of the physiological signal.

5.3.5 Reliability and validity of methods

The validity of motion analysis results has been tested in numerous
publications. A study comparing marker based motion capture to concurrently
collected dual fluoroscopy found that the validity of sagittal plane angles was
high, lower for frontal plane angles, and worst for transverse plane [86]. In
addition, a systematic bias was detected in frontal and transverse plane
angles, which was dependent on the knee flexion angles [86]. The marker
based motion capture produced knee frontal plane angles that ranged from -
15° to 5°, while the radiostereometric analysis ranged from -5° to 5° [86].

The validity of the calculated joint moments depends on all inputs used to
generate it. Errors in segmental kinematics, errors in estimates of segment
center of mass and errors in location of the center of foot pressure all
contribute to the inaccuracy of the result [87]. The most accurate signals are
marker trajectories [88] and force plate data [66]. Segment coordinates are
calculated from the marker trajectories, which are subject to systematic errors
and soft tissue artifacts [86]. From these, inertial properties are estimated, in
this case using anthropometric mean values which are the Visual3D default
settings. As a result, the net joint moments calculated are unlikely to be
accurate representations of the true net joint moments. However, the sources
of error affect mostly the magnitude of the joint moments. It is reasonable that
the timing of peak forces, and the shape of the VM waveform curve are not
affected by these sources of error.

A study on the reliability of side cutting motion analysis reported errors of
5¢° for kinematics and 16 Nm — 31 Nm for the knee joint moments between
sessions [89]. Variability within the individual in how the movement is
performed is likely even higher in our subject pool due to their young age.
While this variability is aknowledged, it's not currently known how reliable the
VM waveform is between sessions — or how many repetitions are required in
order to accurately represent an athletes’ movement strategy and early peak
waveform frequency.
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6 Conclusions

The aim of this thesis was to develop methods of analyzing motion capture
data that are specific to the injury mechanism of ACL injuries, most
importantly regarding the timing of observed variables. Cluster analysis of VM
waveforms accomplishes this, is feasible and results in a discrete number of
distinct waveforms. The early peak VM waveform has a similar relative
frequency between the sexes as the relative incidence of ACL injury between
the sexes and is associated with kinematics that are observed using video
analysis of ACL injuries.

There are numerous implications for future research. The early peak VM
waveform is potentially a risk factor for ACL injury. The timing is consistent
with the timing of injury, it represents a force that is crucial for the injury
mechanism, and it has a relationship with kinematics observed during an
ACL injury. Prospective studies are required to test the predictive value of
cluster analyzed waveform patterns for future injury. The clinical relevance of
the thesis lies in highlighting that impact-modifying landing techniques may
be more important than modifying knee valgus rotations in preventing ACL
injuries.

If its validity can be established, the cluster analysis of VM waveforms
could be used to analyze the effects of exercise interventions. Current
interventions, while effective, are time consuming and have a large number
needed to treat, limiting their uptake. If the biomechanical changes induced
by these programs are identified, shorter, more targeted, versions of
interventions may be tested regarding their effectiveness to reduce the time
investment for athletes. The early peak VM waveform is a variable that is
potentially affected by such interventions and could prove to be a valuable
marker for intervention effectiveness. Sex-specific decreases in the
frequency of early peak VM occur for boys between the age of 12 and 15 but
not for girls. This may be an ideal time for specific interventions aimed at
reducing the frequency of early peak VM before injury occurs.

Cluster analysis, and similar methods, will allow researchers to make
better use of collected motion analysis data. Demonstrating successful use of
such techniques will facilitate further exploration of these methods by
scientists which can open up new avenues of research into human
movement.
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Abstract

Purpose The anterior cruciate ligament is loaded through valgus moment, vertical ground reaction force, and internal rotation
moment. The aim of this study was to compare the timing of force peaks during early stance between youth girls and boys.
Methods One-hundred and twenty-nine team sport athletes aged 9-12 completed a total of 2540 cutting maneuvers captured
with an §-camera motion capture system. Timing of early force peaks was analyzed within 100 ms after ground contact.
Results Genders showed different mean (95% CI) time to peak valgus—(32 ms (30-33 ms) vs 37 ms (36-38 ms), P <0.001)
and time to peak internal rotation moments (36 ms (35-37 ms) vs 38 ms (37-39 ms), P=0.029) but not time to peak vertical
ground reaction force [38 ms (37—40 ms) vs 37 ms (36-38 ms, n.s.)]. Girls showed a smaller time between vertical ground
reaction force and valgus moment peaks (mean (95% CI) of 1 ms (1-2 ms) vs 7 ms (5-9 ms), P<0.001), and valgus- and
internal rotation moment peaks (0 ms (— 2 to 1.0 ms) vs — 5 ms (— 6 to — 3 ms), P=0.0003) but not between internal rota-
tion moment and vertical ground reaction force.

Conclusions Concurrent force peaks are more common for girls compared with boys, leading to more frequent multi-planar
loading of the knee. Timing may explain sex-dependent risk of ACL injuries. Exposure to repeated cutting movements may
result in greater ACL injury risk due to timing of knee forces as well as magnitude. Such exposure should be minimized for
at-risk athletes.

Level of evidence III.

Keywords Knee - ACL - Biomechanics - Injury prevention - Motion analysis

Abbreviations
VM Knee valgus moment

progression of knee osteoarthritis [1]. The result is a high
economic price tag on every injury [20] and decreased long-

IRM  Knee internal rotation moment term knee-related quality of life [8]. Young athletes who
vGRF  Vertical ground reaction force sustain an ACL injury have been found to return prematurely
ACL  Anterior cruciate ligament to sports [3] with functional deficits persisting for years after
IC Initial contact with the ground injury [10]. The incidence of ACL injuries in soccer matches

has been reported to be 0.2 for every 1000 h for men, and up

to three times higher for females [36]. Females and young
Introduction athletes have an increased risk of sustaining a contralateral

One of the more serious knee injuries that team sports
athletes suffer are anterior cruciate ligament (ACL) inju-
ries which can result in significant time loss for the athlete
[26], decreased sports performance and career longevity for
adult athletes [11], high risk of re-rupture [27], and rapid
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University of Iceland, Hringbraut 31, 101 Reykjavik, Iceland

@ Springer

ACL injury following the first injury [33], and recent reports
indicate that frequency of ACL injuries in athletes aged
5-14 years is increasing [29].

The injury is most often a non-contact injury during a land-
ing or cutting maneuver [4]. Cadaver studies, simulating rel-
evant knee joint forces, have demonstrated that the ACL is
primarily loaded through anterior tibial translation in relation
to the femur [17], external knee valgus moment (VM) and
external tibial internal (medial) rotation moment (IRM) [18].
Tibiofemoral joint compression [24] results in anterior tibial
translation and is thus a secondary ACL loading mechanism.
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The resulting load on the ACL is additionally dependent on
the knee joint position, most notably the flexion angle [17, 19],
and anatomic factors such as the tibial slope [23, 37] and ACL
structural properties, both of which are sex-dependant [22, 38].
A combination of forces results in greater strain on the ACL
than individual forces [2, 12, 15], and the ACL injury is, there-
fore, likely a multi-planar event. Prospective risk factor studies
have shown conflicting results of whether the VM and/or the
vertical ground reaction force (vGRF) can predict injury [9,
14]. Although female athletes are at greater risk of injury, our
laboratory has reported that boys, and not girls, demonstrate
greater VM [30]. Furthermore, the magnitude of forces has
been shown to increase with greater training [31], whereas
the incidence of ACL injury is greater in younger athletes who
have had less training compared to the older athletes [36].

The ACL has been shown to mechanically weaken
with fatigue [16]. Lipps et al. subjected cadaveric knees to
repeated loading of 3 or 4 times the bodyweight during a
simulated pivoting motion and found that a large propor-
tion of the ACLs ruptured, with loading magnitude a key
determinant to the number of load repetitions to failure
[16]. Under these conditions, subject sex or tibial slope did
not result in fewer cycles to failure; however, the research-
ers applied compressive and internal rotation loading con-
comitantly while also using relatively few loading cycles at
greater loads compared to soccer match play [16]. If repeated
multi-planar loading resulting in fatigue-failure of the ACL
is the primary injury mechanism, the sex-dependent risk of
ACL injury may be due to females having more frequent
multi-planar loadings due to anatomic or neuromuscular fac-
tors rather than high magnitude of loading. The aim of this
study was, therefore, to identify the timing of early peak
VM, IRM, and vGRF for boys and girls during early stance,
at the age where ACL injuries are beginning to occur [29].
The primary focus was to investigate whether differences
would be found between male and female youth athletes with
respect to the timing of peaks as well as the occurrence of
coincident multi-planar loading. The primary hypothesis is
that at this age, as it is not known if sex-dependent risk of
injury has manifested, both sexes would have similar timing
of peak forces. A secondary aim was to evaluate if the global
stance-phase peak VM and vGRF, which have previously
been linked to risk of ACL injury [9, 14], showed similar
timing and co-occurrence as the early peak VM and vGRF.
The secondary hypothesis is that these peaks would occur
later in the movement and show less co-occurrence com-
pared with the early peak forces.

Materials and methods

This is a cross-sectional laboratory study investigating char-
acteristics of a potential risk factor for ACL injury.

Participants

Participants were recruited from five local soccer and
team handball clubs. Recruitment and measurements took
place between 2012 and 2014 spanning three consecutive
seasons.

Data collection

The study is from the baseline measurements of a prospec-
tive controlled trial. Each athlete performed five repeti-
tions of the cutting maneuver on each leg, before and after
a 5-min fatigue protocol, for a total of ten attempts per leg.
Both fatigue conditions were pooled for this analysis. In
addition to cutting maneuvers, biomechanical data col-
lection included bilateral drop jumps and strength testing
not included in this report. The methods of data collection
are described in detail elsewhere [5]. An 8-camera motion
capture system (Qualisys Corporation, Géteborg, Swe-
den) sampling at 200 Hz was used. Marker placement was
performed by experienced physiotherapists who received
hands-on training from the primary investigator (KB) to
increase reliability. The reliability for 3D kinematic anal-
ysis has been established for a running task, similar to
our protocol [32]. The accuracy of external marker-based
kinematic analysis has been evaluated compared with
radiostereometric analysis and found to be good for flex-
ion—extension movements, but the error of measurements
of rotations are large but systemic, increasingly so as flex-
ion angles increase [35]. No study has compared marker-
based kinematics and radiostereometric analysis during
rotational movements such as the cutting maneuver, and
the cutting maneuver mostly involves low flexion angles
(<50°). While the accuracy of the rotational estimates
may be lacking, the reliability is still excellent and allows
for between-group comparisons. The accuracy of position-
ing the ground reaction force vector has been reported to
be around 0.5-1.0 cm which can result in around 7-14%
errors when estimating the joint moments [21].

Data processing
Selection of variables to study

In line with the multi-planar nature of ACL injuries, vari-
ables shown to produce strain on the ACL in cadaveric
studies were assessed. All moments are reported as exter-
nal moments, normalized by body mass. The variables
are knee VM (N*m/kg), IRM (N*m/kg) [18], and vertical
GRF (N/kg) [24].
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Data synthesis

Recorded trials were digitized using the Qualisys track
manager software (Qualisys AB, Goteborg, Sweden) and
exported for further analysis in Visual-3D (C-motion Inc.,
Germantown, Maryland, USA). A pipeline of commands
was programmed to identify the following events: (a) Ini-
tial contact (defined as the first frame with vGRF > 15N),
(b) 100 ms after IC (defined as 20 frames after IC), (c) up
to three peaks for each variable of interest between initial
contact and 100 ms. The data were exported as ASCII files
and converted into spreadsheet format using a custom made
computer program. This method has an effective detection
window of 85 ms, from 10 ms after IC until 95 ms after
IC. Using excel, the highest early force peaks were sorted
from the three peaks recorded. Using a three-peak system
was necessary, as often each variable would display mul-
tiple local maxima, the largest of which could be any one
of them and the use of the absolute highest value within
the 100-ms window often resulted in high values occur-
ring at exactly 100 ms and thus not accurately represented
the time frame of ACL injury. The study was approved by
the Icelandic National Bioethics Committee, approval code
VSNb2012020011/03.07.

Statistical analysis

Statistical analysis was done using the SAS statistical
package (SAS Institute, Copenhagen, Denmark). A mixed-
models ANOVA was used to compare sexes and control for
fatigue conditions, limb-differences*, and repeated meas-
urements. An alpha of 0.05 was used to determine statisti-
cal significance. A post-hoc power analysis was performed
using G*Power [6], which showed that with an alpha=0.05
and power of 0.8 the current study is powered to detect a
Cohen’s f=0.26. Results are reported as means with 95%
confidence interval (CI) instead of standardized effect sizes

because Cls are better to evaluate if the zero difference
(force summation) is likely.

Results

Data on 129 athletes (60% female) were processed and avail-
able for analysis, of whom two were excluded due to pro-
cessing errors for a total of 127 athletes. Participants’ mean
(SD) weight, height, and age was 41 (9) kg and 1.5 (0.01 m),
10.5 years (1.2), respectively. Out of 2540 trials, 153 were
excluded due technical errors. A total of 2387 trials entered
the analysis, including both limbs, and both pre- and post-
fatigue trials. The following results are presented as means
with 95% CI.

Time to peak — time between peaks

The timing of the force peaks is reported in Table 1. Most
importantly, females show later force peaks with less spread
compared with males. The time between peaks is reported
in Table 2; most importantly females show lower mean
times between peaks compared with males for the VM and
IRM peaks. There was no difference between sexes in time
between global stance phase peak VM and vGRF [120 ms
(125-110 ms) vs 110 ms (120-100 ms), n.s.].

Discussion

The key findings of this study are that all three forces
displayed peaks during the first 100 ms after IC with the
ground, with differences between sexes where girls’ peaks
occurred later than the boys and with a smaller time between
peak forces compared with boys, but not between global
stance-phase peak VM and vGRF. This is to our knowledge
the first study to report a sex-dependent difference in the

Table 1 Time from initial

: Boys Girls Difference
contact with the ground to peak
force Mean 95% CI1 Mean 95% CI1 Mean P for difference
Lower Upper Lower Upper
Early peak (ms)
VM 32 30 33 37 36 38 -5 <0.001
IRM 36 35 37 38 37 39 -2 0.029
vGRF 38 37 40 37 36 38 1 ns
Global peak (ms)
VM 204 195 213 238 230 245 - 34 <0.001
vGRF 96 88 98 119 115 124 -23 <0.001

Early peaks occur within 100 ms after initial contact with the ground. Global peaks are maximum of whole

stance phase

VM Valgus moment, vGRF vertical Ground Reaction Force, IRM knee Internal Rotation Moment
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Tab!e 2 The diffference in Time between peaks (ms):  Boys Girls Difference
timing between force peaks
during the first 100 ms after Mean 95% CI Mean 95% CI Mean P for difference
ground contact
Lower Upper Lower Upper

VM and vGRF -7 -9 -5 -1 -2 1 -6 <0.001

VM and IRM -5 -6 -3 0 -2 1 -5 <0.001

IRM and vGRF 2 1 4 0 -1 2 2 n.s

VM Valgus moment, vVGRF vertical Ground Reaction Force, /RM knee Internal Rotation Moment

timing of these events. A multi-planar load of anterior tibial
translation, VM, and IRM has been proposed as the mecha-
nism of ACL rupture [28]. Prospective risk factor studies
have hitherto reported single peak variables as risk factors,
most notably VM and vGREF [9, 14], which we have shown
here to occur later in the movement than the ACL injury
[13]. The same studies have also used the drop landing test,
while ACL injuries more commonly occur during pivoting
movements [7] such as the movement used in the current
trial. The results presented here show that early force peaks
are more likely to result in multi-planar load events dur-
ing the estimated time of ACL injuries than are the global
stance phase peaks. Cadaveric studies using repeated loading
have demonstrated a fatigue-effect on the ACL resulting in
a clinically relevant rupture type [16]. Recent studies using
fluoroscopy have found that neither VM [34] nor vGRF [25]
correlate with anterior tibial translation, but that increased
Quadriceps muscle demand leads to higher anterior tibial
translation although within a safe range [25]. Combined with
recent reports from our lab that show that boys, and not girls,
demonstrate higher peak forces during the first 100 ms after
IC, it stands to reason that these peaks are not useful risk
factors.

The frequency with which VM, IRM, and vGRF coincide
may be one factor that predisposes athletes to more frequent
high loading on the ACL contributing to a fatigue-effect to
a greater extent than these loads do in isolation. Our results
show that girls have a lower time between peak forces, indi-
cating a greater frequency of multi-planar loads occurring
at the knee. The variable timing of forces can be the miss-
ing link between training load, force magnitudes, and ACL
injury risk.

There are some limitations related to the data collection
and analysis process. The global peak values are easy to
identify but occur later in the movement than an ACL injury.
To extract the relevant data points required a more complex
data extraction system due to the inherent variability of the
data. Often, there would be multiple early peaks detectable,
out of which only the largest was used in the analysis. The
method we used is successful in extracting the largest early
peak, however, by doing so secondary peaks large enough
to be relevant for ACL injury risk may have been missed.

The sampling frequency of 200 Hz used in this study
results in a 5-ms interval between frames of measurements.
The results we report here are at the extreme of what a 5-ms
interval can detect, but as no prior study has looked at the
timing of these events, the sampling rate was estimated to be
sufficient. A higher sampling frequency is required to clarify
the temporal relationships between these variables.

The task was performed without a running approach and,
therefore, the force peaks involved are likely of a smaller
magnitude than would be seen during a sporting event. This
is evident in that the early vGRF in the current study aver-
aged 17 N/kg whereas Leppanen et al. [14] reported an aver-
age of 18.5 N/kg (calculation based on the reported sample
mean weight). When scaling the speed and power of the
movement up, it is reasonable to make the assumption that
all forces would scale in a similar fashion. We argue that
this results in a systematic bias where at best all variables
are scaled down, and at worst the early peak forces increase
more in comparison to the global peaks. The temporal rela-
tionships between variables are likely not affected by the
running start to the same extent as the forces, and the results
as reported are unlikely to be affected by this bias.

Conclusions

The primary results are that coincidental summation of early
force peaks are more common in girls compared with boys
aged 9-12 years. Timing of force peaks, most importantly
the co-occurrence, may be a crucial link in a multi-planar
loading event as the cause of ACL injury. Clinically, these
results indicate that athletes at-risk for ACL injury, such
as those previously injured, should limit their exposure to
repetitive cutting movements, as although they may demon-
strate unremarkable magnitudes of forces acting on the knee
joint, the timing of those forces may be important in the risk
of ACL injury.
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Cluster analysis successfully identifies
clinically meaningful knee valgus moment
patterns: frequency of early peaks reflects
sex-specific ACL injury incidence

Haraldur B. Sigurdsson’® and Kristin Briem

Abstract

Background: Biomechanical studies of ACL injury risk factors frequently analyze only a fraction of the relevant data,
and typically not in accordance with the injury mechanism. Extracting a peak value within a time series of relevance
to ACL injuries is challenging due to differences in the relative timing and size of the peak value of interest.

Aims/hypotheses: The aim was to cluster analyze the knee valgus moment time series curve shape in the early
stance phase. We hypothesized that 1a) There would be few discrete curve shapes, 1b) there would be a shape
reflecting an early peak of the knee valgus moment, 2a) youth athletes of both sexes would show similar
frequencies of early peaks, 2b) adolescent girls would have greater early peak frequencies.

Methods: N =213 (39% boys) youth soccer and team handball athletes (phase 1) and N=35 (45% boys) with 5 year follow-
up data (phase 2) were recorded performing a change of direction task with 3D motion analysis and a force plate. The time
series of the first 30% of stance phase were cluster analyzed based on Euclidean distances in two steps; shape-based main
clusters with a transformed time series, and magnitude based sub-clusters with body weight normalized time series. Group
differences (sex, phase) in curve shape frequencies, and shape-magnitude frequencies were tested with chi-squared tests.

Results: Six discrete shape-clusters and 14 magnitude based sub-clusters were formed. Phase 1 boys had greater frequency
of early peaks than phase 1 girls (38% vs 25% respectively, P < 0.001 for full test). Phase 2 girls had greater frequency of early
peaks than phase 2 boys (42% vs 21% respectively, P < 0001 for full test).

Conclusions: Cluster analysis can reveal different patterns of curve shapes in biomechanical data, which likely reflect
different movement strategies. The early peak shape is relatable to the ACL injury mechanism as the timing of its peak
moment is consistent with the timing of injury. Greater frequency of early peaks demonstrated by Phase 2 girls is
consistent with their higher risk of ACL injury in sports.

Keywords: ACL, Biomechanics, Cluster analysis, Data mining, Injury risk

Background

Anterior cruciate ligament (ACL) injuries result in con-
siderable societal burden (Kiadaliri et al., 2016), explaining
extensive and ongoing research efforts to prevent them.
Cadaver studies have demonstrated that the ACL can be
loaded through a knee valgus moment (VM) (Markolf et
al,, 1990), and that the VM is an important contribu-
tor to the multi-planar loads that produce clinically

* Correspondence: harbs@hi.is
Research Centre for Movement Sciences, University of Iceland, Reykjavik,
Iceland

@ Springer Open

meaningful injury patterns (Bates et al., 2018). A
landmark study by Hewett et al. (Hewett et al,
2005) revealed that the knee valgus moment was a
risk factor for ACL injury, but had important
limitations. The total number of injured players was low
(N=9), leading to a high chance of false discoveries
(Christley, 2010; Colquhoun, 2014). Furthermore, the study
used a bilateral drop-jump, a movement which typically
does not result in athletic ACL injuries (Montgomery et al,,
2018; Walden et al., 2015).

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.
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Table 1 Descriptive Statistics
Boys Girls P
Mean  SD Mean  SD
Phase 1 Age 106 0.70 108 1.06 0.148
Height 149.0 787 1499 8.20 0.721
Weight 40.2 8.10 41.8 9.38 0402
No. of Trials 1512 2502
Phase 2 Age 158 0.81 16.0 0.77 0.500
Height 180.7 AN 1674 399 < 0.001
Weight 749 16.54 64.0 1027 0.054
No. of Trials 364 419

No. of Trials are the number of trials collected that entered the cluster
analysis process

Recent studies using similar methodology (Krosshaug et
al,, 2016; Leppanen et al., 2017) have not replicated the re-
sults of the Hewett study (Hewett et al., 2005) and the ob-
servation has been made that biomechanical risk factor
studies seldom account for the ACL injury mechanisms in
their analyses (Dai et al, 2014) which may explain their
inconsistent results. While ACL injuries occur shortly after
contact with the ground (Koga et al.,, 2010; Krosshaug et
al., 2007), prospective studies have extracted peak values
over the complete weight acceptance phase (Hewett et al,,
2005; Krosshaug et al, 2016; Leppanen et al., 2017). The
timing of global peaks occur during mid- to late weight
acceptance phase, which is inconsistent with that of ACL
injury (Sigurethsson et al,, 2018). A key difficulty in extrac-
ting the peak value of the knee VM during the critical early
contact phase is the variability in the waveform of the
calculated VM signal, which doesn’t always have a discrete
peak in the early phase (Sigurethsson et al., 2018).

37 Page 2 of 12
Augmenting traditional biomechanical approaches
with machine learning tools, such as cluster analysis

(Halilaj et al., 2018) has been suggested as a means for
opening new avenues of research. Identifying a wave-
form consistent with the mechanism of ACL injury is a
classification problem that may be solved with cluster
analysis. To date, no method has been published that
clusters joint moment waveforms into different shapes.

The primary aim of this study was to test the feasibility
of using cluster analysis to identify different shapes of
VM waveforms in the early weight acceptance phase of a
change of direction task, a movement during which ACL
injuries occur (Walden et al, 2015). Our hypotheses
were; la) the waveforms may be classified into a small
number of categories, 1b) at least one of the resulting
clusters will have an early peak consistent with the
timing of ACL injury (Krosshaug et al., 2007).

A secondary aim was to compare the frequency of the
early peak waveform between the sexes before and after
puberty. Our hypotheses were that; 2a) before adoles-
cence, athletes will show an identical frequency of early
peaks, 2b) after adolescence girls will have greater
frequency of early peaks, consistent with the 2-3x greater
risk of sports related ACL injuries reported in the litera-
ture (Montalvo et al., 2018; Nicholls et al., 2018).

Methods
Design and setting
Prospective cohort laboratory study.

Subjects
Athletes were 9-12 years old at baseline (phase 1) and re-
cruited from local soccer and team handball clubs. This
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age range has been shown to have identical ACL injury
rates (Nicholls et al, 2018) in the country where the
study is performed. At the follow up data collection
(phase 2), these same athletes (some of whom have
changed, or departed from, sports) were aged 14-17
years old for a mean time from baseline to follow up
of 5years. Athletes’ characteristics for phase 1 (N=
213, 39% boys) and phase 2 (N=35, 45% boys) are
summarized in Table 1.

Data collection

Data collection methods have been previously described
by Briem et al. (Briem et al,, 2017). In short, height and
weight were measured before a short warm-up on a

(2019) 6:37
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stationary bike. Strength testing of hip muscles in abduc-
tion and external rotation was performed.

After strength testing, 46 reflective markers were placed
on the subject, 4 on each foot, one per malleolus, a 4
marker cluster on each shank, one per femoral condyle, a
4 marker cluster on each thigh, a 3 marker cluster on the
sacrum, one on each greater trochanter of the femur and
on the highest point of each iliac crest, on bilateral
anterior superior iliac spines, on the thorax (approxi-
mately t10-t12), on the c7, on the sternum, and on the
lateral aspects of each scapular acromion.

A static trial was recorded, and anatomical markers
were removed (trochanteric, malleolar, condylar, and
iliac crests) before the dynamic movement trials.
Subjects performed 5 repetitions of a change of direction

present, indicating a number of identical time series (distance = 0)

Fig. 2 Heat map of the Euclidean distances of the time series after reduction to the signs of the differenced curve. Two large solid red boxes are
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task on each leg, and 5 repetitions of a bilateral drop-
jump from a 23 cm (youth) or 30 cm (adolescents) box.
Movement tasks were repeated after a 5 min skateboard
exercise protocol and all conditions were pooled for this
analysis. The order of movement trials was randomized
with an online randomizer in phase 2 (Random.org,
2016), and a coinflip in phase 1.

Data processing and statistical analysis

An 8 segment, 48 degree of freedom, musculoskeletal
model was constructed in Visual3D (C-Motion) consisting
of feet, shanks, and thighs of both lower extremities, in
addition to a pelvis and a trunk. Ankle joint centers were
defined as midway between malleolar markers, knee joint
centers as midway between femoral condyle markers, hip
joint centers as 25% of the distance between trochanteric
markers, and the pelvis-trunk joint as midway between
the iliac crest markers. Visual3D default settings were
used for all segment inertial parameters.

Calculations of kinematics were performed using the 6
degree-of-freedom method and inverse kinetics were
calculated for joint moments. Joint moments were
normalized by subject body weight, since the tensile
strength of the ACL ligament also scales with body
weight (Chandrashekar et al., 2006). Time series data of
the stance phase of a change of direction task was
exported from Visual3D (C-Motion) and imported into
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R (Team, 2018) for analysis. Video analysis of ACL inju-
ries have revealed that ACL injuries occur in the initial
50 ms after contact with the ground (Krosshaug et al.,
2007). However, these descriptions of ACL injuries most
often involve high level athletes (Koga et al., 2018) due
to the availability of match video recordings. With that
in mind, we observed that the fastest athletes in our
cohort who displayed an early peak knee VM did so
close to the 50 ms mark, which was generally within the
first 25% of the stance phase. In order to ensure that
slopes on either side of the peak waveform would be
captured, data from the first 30% of stance were selected
for the cluster analysis.

Cluster analysis

Cluster analysis is a mathematical method which seeks
to form groups of discrete data points such that they are
more similar to other members within the cluster than
they are to those outside the cluster. How well a data set
has been clustered can be calculated as the C-Index
(Hubert & Levin, 1976), which is the ratio of distances
within clusters divided by distances outside a cluster. A
requirement for cluster analysis is that the similarity or
dissimilarity is calculated between each pair of obser-
vations. For the cluster analysis technique presented
here (Fig. 1), each recorded trial entered the process
separately (at most 20 trials for each athlete and phase)

C-Index by cluster numbers
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and the dissimilarity metric was calculated as the
Euclidean distance (Montero & Vilar, 2014) between the
waveforms. The method requires that each time series
contains equally many data-points, and thus each time
series was first interpolated to lengths equal to the
longest series + 2 frames.

A transformation was then performed by calculating
the lagged differences of the series and taking its sign.
Thus, if a VM data point was higher than that found in
the prior frame it was given the value 1, whereas if the
data point was lower than that in the prior frame, a
value of -1 was given. Each time series was therefore
reduced to its directional changes (increasing or
decreasing), representing its waveform. The Euclidean
distances between the transformed waveforms were

(2019) 6:37

Page 5 of 12

calculated (Montero & Vilar, 2014) and clusters
formed using the Ward.D2 (Charrad et al, 2014;
Murtagh & Legendre, 2014) method which produces
compact spherical clusters.

To decide on a number of clusters to produce, the C-
Index (Hubert & Levin, 1976) was calculated for total
cluster numbers from 2 to 50 clusters. As there was no
distinct elbow in the C-Index plot, a number of clusters
was selected based on a C-Index cut-off value of 0.05.
The resulting clusters were visually examined and
assigned to groups based on similarities in their appear-
ance. Individual curves within a cluster were examined
when the aggregated cluster appearance was unclear.

In order to differentiate between different magnitudes
of similar shapes of knee VM data, a second cluster
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Fig. 4 Smoothed aggregate time series’ of the six basic shapes of the scaled knee valgus moment curves generated in the initial shape-based
cluster analysis. Each time series is individually scaled. The gray shaded area denotes the 95% confidence interval of the smoothing process
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analysis step was performed. All curves within each
shape were interpolated and divided by bodyweight in
kg. The Euclidean distances between them were calcu-
lated and using the Ward.D2 method (Murtagh &
Legendre, 2014), 2—4 sub-clusters based on force magni-
tude were formed. The lowest C-Index value out of the
result was selected. Each of the resulting sub-clusters
were then examined and classified as either a small,
medium, or a large magnitude.

Statistical analysis

No specific cut-offs have been commonly accepted to
determine the quality of clusters formed with cluster
analysis. Instead, the cluster analysis process was visually
inspected to confirm that the intended goal of discrete
shapes in the VM waveform was reached. For the
secondary aims of determining sex- and age-dependent
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differences in the frequency of the early peak VM shape,
a chi-square test was performed on the frequency distri-
bution of the clusters by sex and maturity where each
individual trial was the unit of study. Significance level
was set at 0.05.

Results

After screening for errors in performing the side-step
maneuver as well as removing trials with large artifacts,
4903 attempts out of the 5080 collected were available
for analysis.

Clustering process

After reducing each time series to the signs of a lagged
difference, a total of 1025 unique shapes were present
with a median of 1 trials per shape but with two large
groups of identical shapes (Fig. 2). A total of 39 clusters
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Fig. 5 Smoothed aggregates of the time series of the first 30% of the stance phase of all clusters generated with the two step cluster analysis.
The gray shaded area denotes the 95% confidence interval from the smoothing process
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Fig. 6 Smoothed aggregates of the time series of the whole stance phase of all clusters generated with the two step cluster analysis. The gray
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were formed in the initial cluster analysis step. No elbow
was observed in the C-Index plot and the C-Index for
39 clusters was 0.049 (Fig. 3). From those 39 clusters, 6
distinct shapes were identified (Fig. 4); early peaks,
peaks, upslopes, downslopes, early troughs, and troughs.
From the six basic shapes, a total of 14 magnitude based
sub-clusters were formed (Figs. 5 & 6).

Chi-squared test

The chi-squared test for the six basic shapes revealed
that in phase 1, boys had a greater than expected fre-
quency of early peaks, while girls had a lower than ex-
pected frequency (chi-square contributions of 26.4 and
20.8, respectively). In phase 2, boys had a lower than ex-
pected frequency while girls had a greater than expected

frequency of early peak shapes (chi-square contributions
of 10.2 and 18.9, respectively). The total Chi-Square
value of the test was 400.1 with P <0.001. The frequen-
cies, expected frequencies and chi-square contributions
for shapes are reported in Table 2.

The relative frequency of the early peak shape over-
all was 32% in phase 1 and 32% in phase 2. The rela-
tive frequencies of the sexes were such that in phase
1 boys showed an early peak in 38% of trials while
girls showed an early peak in 25% of trials. In phase
2 boys showed an early peak frequency of 21% (de-
creased from phase 1) while girls showed an early
peak frequency of 42% (increased from phase 1). The
relative frequency of each shape by sex and phase are
shown in Fig. 7.
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Table 2 The observed and expected frequencies of the six
shape-based clusters representing the knee valgus moment

Observed (Expected)

Chi-square contribution

Boys Girls Boys Girls

Phase 1T Downslopes 276 (420) 698 (695) 49.46 001
Early Peaks 575 (464) 642 (768) 2640 20.76

Early Troughs 42 (41) 80 (67) 0.04 240

Peaks 154 (149) 272 (247) 0.4 248

Troughs 160 (164) 278 (272) 0.1 0.14
Upslopes 305 (273) 532 (452) 368 14.08
Phase 2 Downslopes 207 (101) 152 (116) 110.77 10.87
Early Peaks 78 (112) 178 (129) 1020 1892

Early Troughs 4 (10) 3011 342 6.07

Peaks 10 (36) 38 (41) 18.75 028

Troughs 55 (40) 28 (46) 6.05 6.74
Upslopes 10 (66) 20 (76) 4731 4101

Chi-square contribution is the individual cell contribution to Chi-square value
from the chi square test. P-value for the Chi-Square test < 0.001

During further analysis of shape and magnitude based
clusters, expected frequencies for early troughs and
some groups of troughs were below 5 indicating that the
assumptions of the Chi-square test are violated. A
Monte-Carlo simulation procedure was used as a signifi-
cance test (Adery, 1968) instead. Analyses focusing on
the knee VM demonstrated that phase 2 boys had fewer
than expected large early peaks, while phase 2 girls had
the expected frequency (chi-square contributions of 17.1
and 1.4, respectively). For small early peaks, phase 2
boys had the expected frequency while phase 2 girls had
greater than expected (chi-square contributions of 0.1
and 51, respectively). The total Chi-Square value of the
test was 745 with P<0.001. The observed and expected
frequencies with chi-square contributions for shapes and
magnitudes are reported in Table 3.

Discussion
The main results of this study are in line with hypothesis
la, i.e. that the two-step clustering process reported can
differentiate between six different curve shapes of the
knee VM during the early stance phase, and 2-3 diffe-
rent magnitudes within each shape. Moreover, one of
the shapes identified was the early peak, consistent with
hypothesis 1b. In phase 1 boys had a greater relative
frequency of early peaks, in contrast to hypothesis 2a.
However, consistent with hypothesis 2b, girls in phase 2
did have a greater relative frequency of early peaks with
a ratio of 2:1, consistent with the reported 2-3x higher
incidence of ACL injuries for adult females (Montalvo et
al., 2018; Walden et al., 2011).

The Van Mechelen model of injury prevention is an
established framework to guide preventative research
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(van Mechelen et al.,, 1992). The model emphasizes the
need to first establish the aetiology and mechanisms of
injury before implementing interventions. Extensive re-
search has been conducted on the mechanism of injury,
including cadaver models of ACL injuries (Bates et al.,
2018), but very little work has been done to discover
how components of injury mechanisms are manifested
in non-injury movements. This dearth of cross-sectional
research has resulted in prospective studies that are
largely exploratory (Hewett, 2019). The relatively low
incidence of ACL injuries (Montalvo et al., 2018) means
that the ACL-injured cohort in prospective risk factor
studies is likely to be small, with a resulting elevated risk
of both false positive and false negative results (Christ-
ley, 2010; Colquhoun, 2014). Rather than exploration,
risk factors tested in prospective studies should be
grounded by theory to produce more robust findings.

That is the context in which this study is placed. We
present cluster analysis of knee VM waveforms as a
novel method to identify the existence of an important
component of the ACL injury mechanism, the early peak
VM (Bates et al., 2018). Although ACL injuries are more
common for female athletes than for male athletes
(Montalvo et al., 2018), the injury mechanism is likely
the same (Owusu-Akyaw et al., 2018). Therefore, a factor
that is related to the injury mechanism in addition to
being more common for female athletes has potential
to be a true risk factor. Future research should exa-
mine a connection of the early peak VM waveform to
kinematics observed during ACL injury, and conduct
prospective cohort studies to establish a connection
to injury risk.

Strengths

This is to our knowledge the first study to have used
cluster analysis techniques on 3D motion capture data.
During motion capture, a number of different time series
are calculated resulting in thousands of data points per
measurement. Traditionally, these thousands have been
reduced to a small number of single values such as local
or global peaks (Leppanen et al, 2017; Torry et al.,
2011) which can be input into a statistical model. Our
results show that reducing different curve shapes of the
knee VM to a single data point in such a manner results
in many of the extracted data points being essentially
unrelated to the timing of ACL injury. This likely weakens
data analysis of such studies in terms of statistical power
and the clinical relevance of the results.

Limitations

Assessment of homogeneity of shape within each cluster
was performed via visual inspection. This requires a cer-
tain level of clinical judgement which may not be reliable
between different assessors. The reader is encouraged to
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examine the results of the clustering process using our
data and analysis script from the online depository (see
data availability statement).

The C-Index of our cluster analysis is reported, but cur-
rently there is no consensus on what constitutes a good
C-Index or how the number of clusters should be decided.
We used the first elbow of the C-Index graph, or a 0.05
cut-off of a smooth graph. The potential number of clus-
ters in our data is 1025 unique shapes, some of which
likely differ only in the exact location of local maxima or
minima. It's possible, but in our opinion unlikely, that
using 6 initial clusters would yield the same 6 shapes pre-
sented as the basic shapes in the present study, or that
using 100 initial clusters would yield superior results.

We have reported results from only 35 athletes in the
adolescent cohort. The choice to use a subset of the

available data was made due to the exploratory approach
undertaken. A sample size of 35 is common in biomech-
anical studies, and since 20 trials are collected from
each athlete the study is adequately powered for the
chi-squared test. Future studies with larger cohorts
are required to confirm the frequency of the early
peak VM waveform.

Conclusions and clinical relevance

This is to our knowledge the first study that de-
monstrates that clustering techniques are feasible to
extract meaningful information from biomechanical data
with relevance to a specific injury mechanism. A small
number of distinct shapes of early stance phase knee
VM curves exist and can be identified with a cluster
analysis procedure. The early peak knee VM shape is
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consistent with the ACL injury mechanism, since the in-
jury occurs early and the knee VM can strain the ACL.
The sex-specific frequencies of the early peak shape in
adolescence is consistent with the sex-specific difference
in ACL injury incidence and may be a predisposing
factor to injury. These findings should inform prospec-
tive risk factor studies as well as studies on kinematics
related to the early peak waveform.
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ACL: Anterior cruciate ligament; VM: Valgus moment
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Abstract:

Studies have shown that cluster analysis of knee abduction moment waveforms may be useful to
examine biomechanical data. The aim of this study was to analyze if the knee abduction moment
waveform of early peaks, consistent with anterior cruciate ligament injury mechanisms, were
associated with foot-trunk distance, knee kinematics, and heel strike landing — all of which have
been observed during anterior cruciate ligament injuries. Methods: One-hundred-and-seventy-
seven adolescent athletes performed cutting maneuvers, marker-based motion capture collected
kinetic and marker data and an 8-segment musculoskeletal model was constructed. Knee
abduction moment waveforms were clustered as either a large early peak, or not a large early
peak using a two-step process with Euclidean distances and the Ward-d2 cluster method. Results:
Medio-lateral distance between foot and trunk were associated with the large early peak
waveform with an odds ratio (95% CI) of 3.7 (2.8 — 5.0). Knee flexion angle at initial contact and
knee abduction excursions had an odds ratio of 2.2 (1.7 — 2.8) and 2.2 (1.6 — 3.1), respectively.
Heel strike landings showed an odds ratio of 1.7 (1.2 — 2.3). Knee flexion excursions and antero-
posterior distance between foot and trunk were not associated with the large early peak
waveform, odds ratios of 1.4 (1.0 — 2.8) and 1.7 (0.7 — 3.8), respectively. Conclusions and
clinical relevance: The knee abduction moment waveform is associated with several kinematic
variables observed during ACL injury. The results support intervention programs that can

modify these kinematics and thus reduce early stance phase knee abduction moments.

Keywords: Anterior cruciate ligament; cluster analysis; knee; biomechanics; injury prevention
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Introduction
Anterior cruciate ligament (ACL) injuries are serious injuries that result in a large societal

burden due to the high treatment cost and disease progression !. Consequently, efforts to prevent
ACL injuries have led to the development of effective intervention programs % 3. These programs
have not been widely adopted at least partly due to the time they take 4, and research has yet to
identify a plausible biomechanical effect of these programs that is linked to the ACL injury

mechanism 3 9.

Cadaveric impact simulators have reproduced the clinical presentation of ACL rupture by using a
combination of an external knee abduction moment (KAM), anterior tibial shear, and internal
tibial rotation moment together with an axial impact 7. Consistent with being an impact injury,
both cadaveric studies  and video analyses of injuries in-vivo ® have demonstrated that the ACL
injury occurs within 100 ms after initial contact with the ground. The KAM is likely a key
component of the injury 7 1912 as it leads to greater compression of the femur on the lateral tibial
plateau and subsequently to an anterior tibial shear force and internal rotation of the tibia % 13,
Studies analyzing video recordings of ACL injuries in-vivo have identified kinematics associated
with the ACL rupture such as a heel strike landing '# and a large base of support to center of
mass distance 3. These kinematics may increase the likelihood of high impact forces that are

subsequently transmitted to the ACL.

There is a methodological gap between studies on the ACL injury mechanism and prospective
studies evaluating the risk of injury 6, resulting in heterogeneous results. The KAM has been
identified as a potential risk factor for ACL injury in a prospective study 7. However replication
studies have failed to corroborate that finding '3 1°. Prospective biomechanical studies 7-1° have

focused on peak values over the whole weight acceptance phase, despite evidence indicating that
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the injury results from an impact during early stance 2°. The peak KAM during weight
acceptance only moderately correlates with the KAM observed during the first 100 ms 2!,
indicating that the prospective studies have not analyzed impact forces such as those that lead to
injury.

One reason for this discrepancy is the technical difficulty in extracting biomechanical data from
ground impact forces using traditional 3D motion analysis. The ground impact is a high-
frequency signal, but it also generates high frequency artifacts from marker oscillations and
movement of the skin relative to the bone 2. In order to calculate joint moments, the segmental
position is derived twice leading to an amplification of the high frequency component of the
signal 23, With respect to filtering strategies, marker data requires a much lower cut-off
frequency than force plate data 24, but filtering them unevenly produces artificially large impact
artifacts while filtering both signals equally removes the impact peak 23. The only prospective
study that found a link between knee KAM and ACL injury risk used an uneven filtering strategy
17 that produces artificially large impact artifacts, and was therefore more likely to identify the

KAM peak in the early stance that is consistent with the timing of injury 3.

An alternative to the magnitude of peak KAM is to categorize the different waveforms of KAM
according to the presence or absence of a peak KAM using cluster analysis 26. Using this method,
it’s possible to identify which trials present with an early peak KAM with timing consistent with
ACL injury 2. Analyses using videos of actual ACL injuries have identified particular postures
associated with the time and occurrence of ACL rupture. If the early peak KAM waveform
identified with cluster analysis is associated with ACL injury, it might also be associated with

kinematics observed during ACL injury, even in non-injury situations. The aim of this study was
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to assess if kinematics associated with ACL injury would also be associated with an early peak

KAM waveform.

We hypothesized that the following positions at initial contact (IC) would be associated with an
early peak knee KAM; 1a) a heel strike landing pose '4, 1b) greater antero-posterior (AP)
distance between the base of support and the trunk center of mass '3, 1¢) the medio-lateral (ML)
distance between the base of support and the trunk center of mass '3, 1d) the knee flexion angle
14, We further hypothesized that the following kinematics during the first 15% of the stance
phase would be associated with the early peak KAM; 2a) knee abduction excursion 27, 2b) knee

flexion excursion 2%, 2¢) knee extension excursion 28, and 2d) trunk lateral flexion excursion 7.
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Methods

This is a cross-sectional laboratory study (level of evidence: III). Subjects were recruited from
local handball and soccer clubs aged 9-12 (first phase) years, and followed up 5 years later at 14-
18 (second phase) years of age. Of the 293 subjects originally recruited, 174 (59%) consented to
the follow-up investigation and were used for this analysis. All participants, together with a
guardian, signed an informed consent. The study was approved by the Icelandic national

bioethics committee, approval code VSNb2012020011/03.07.

The data collection process has been previously reported 2°. In short, participants wore shorts and
girls additionally wore athletic tops. A 5-minute stationary bicycle warm-up preceded isometric
strength measures of the hip abductors and external rotators. A total of 46 markers were placed
on participants and a static measurement was captured to define the musculoskeletal model after
which 12 markers were removed. Participants performed bilateral drop jumps and cutting
maneuvers in randomized order with 2 familiarization attempts and 5 recorded trials. Cutting
maneuvers were performed in a planned direction against a dummy opponent using a self-
selected angle from a ready position without a running start. Participants then underwent a 5-
minute progressive skateboard exercise intervention before the drop-jumps and cutting
maneuvers were repeated in reverse order. An optical motion capture system was used where
reflective markers were tracked using the QTM software (Qualisys AB, Gotherborg) and an 8
camera Oqus 300 system sampling at 400 Hz. Ground reaction force data were collected using an
AMTI force plate (AMTI, Watertown) sampling at 2000 Hz. For this analysis, only the cutting

maneuver task was used, and attempts before and after the skateboard intervention were pooled.

Data analysis:

6

John Wiley & Sons, Inc.



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

Journal of Orthopaedic Research

Data were exported from the QTM software to the c¢3d file format, which was imported to
Visual3D (C-Motion, Germantown) where model construction and calculations were performed.
An 8 segment skeletal model was constructed where ankle joint centers were placed midway
between malleolar markers 3°, knee joint center midway between epicondylar markers 3!, the hip
joint center was located as 25% of the distance between trochanter markers 32, and trunk motion
was simplified as one segment connected to the pelvis by a joint located midway between the

iliac crest markers. Segment inertial parameters were assigned using the Visual3D defaults.

Signal processing was done with the aim of retaining the waveform of the KAM during the early
stance phase. Unfiltered markers were used to calculate kinematics using the 6-DOF method, and
unfiltered force plate data and kinematics were used for kinetics using the inverse dynamics
method and normalized by body weight. Joint moments are reported as external moments such
that the KAM is the force acting to abduct the knee. Using unfiltered signals for the calculations
preserves both the impact peak data and congruity between force data and segmental
accelerations 24, The resulting calculated signals were then lowpass filtered using a single
bidirectional pass Butterworth filter at 6 Hz. Using a low-frequency cut-off creates a smooth
signal that can be used to cluster analyze the curve shape even though it does introduce an under-

estimation of the force magnitudes %33,

The cluster analysis method has been previously described 26. The initial 15% of the time series
of the stance phase was first transformed into the sign of lagged differences and then clustered
into discrete shape and then magnitude clusters using Euclidean distances and the Ward-D2 34 35
method. The resulting clusters were categorized as either small or large early peaks, or other

(non-early peak).
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The joint angles, and segment center of mass positions were identified at the time of IC, defined
as the time when the vertical ground reaction force crossed a 10N threshold. The distance
between the center of mass of the trunk and stance leg foot was calculated as the distance in
either the AP or ML directions and normalized by the participants’ thigh length. The joint
excursions were calculated as the difference between the joint angle at IC, and the peak value
observed within 15% of the stance phase duration. To identify a heel strike landing, the angle
between the floor and the foot was calculated and negative values in the sagittal plane were taken

to be a heel strike landing.

Statistical analysis:

To analyze the relationship between the kinematic variables and the large early peak KAM,
sensitivity and specificity were calculated. For continuous variables, a ROC curve was calculated
by separating the range of the variable into 100 equally sized parts and calculating the sensitivity
and specificity for each cut-off value. The value with the highest Youden’s Index 3¢ was used for
hypothesis testing and calculation of the odds ratio. Each trial was classified as either a heel
strike landing or not, and the sensitivity and specificity calculated where a heel strike landing
was a true positive. The Fisher’s exact test with a Bonferroni adjustment for multiple

comparisons was used for hypothesis testing, with an alpha of 0.05.

Results

A total of 174 participants completed data collection, of which 73 had discontinued sports

participation at the time of initiation of this investigation. Four subjects had incomplete follow-
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up data and were excluded. The remaining 170 participants provided a total of 3,672 trials that

were used for analysis. Subject characteristics are summarized in table 1.

Table 1: Subject characteristics at the follow-up data collection and number of valid trials analyzed (attempts)

Height
(mean, Weight Attempts
Sex Drop out cm) (mean, kg) (n) Athletes (n)
Yes 182 76.9 439 20
Male
No 177 71.0 871 38
Yes 164 62.9 1128 53
Female
No 168 62.0 1234 59
Cluster analysis:

A heat map of the Euclidean distances between transformed waveforms is displayed in figure 1.
In the initial step, six clusters were formed (figure 2), out of which 3 were classified as having an
early peak KAM. In the second clustering step, two clusters were found in the early peak clusters
and classified as small or large (figure 3). C-indices for step one and two were < 0.05 and 0.15,

respectively (figure 4).

Risk factors for large early peaks:
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Descriptive statistics of the kinematic variables are presented in table 2. A total of 260 trials (8%
of the total) had the large early peak waveform. ROC curves for the continuous variables are
presented in figures 5 (knee kinematics) & 6 (trunk related kinematics). A heel strike landing had
a sensitivity of 0.22 and specificity of 0.85 (P <0.0001) for predicting a large early peak KAM.
Six of the eight kinematic variables analyzed were associated with the large early peak KAM
(table 3), notably a knee flexion angle below 41° at IC had a sensitivity of 0.55 and specificity of
0.63 (figure 5). Knee abduction excursions greater than 0° had the highest sensitivity at 0.82, and
a specificity of 0.31 (P < 0.0001, figure 5). Knee extension excursions greater than 4° had a
sensitivity and specificity of 0.45 and 0.69, respectively (P < 0.001, figure 5). The only variables
not associated with the frequency of large early peak KAM (P > 0.05) were AP distance between
stance leg and trunk center of mass (figure 6), and knee flexion excursion (figure 5). Odds-ratios

and their confidence intervals and P values are presented in table 4.

Table 2: Means, standard deviations (SD) and number of valid trials (n) for study variables

Variables Mean SD n
COM latero-medial (% thigh length) 0.2 0.16 3,647

COM antero-posterior (% thigh

length) 1.0 0.15 3,647

Ankle dorsiflexion (IC) (°) 7 8.89 3,672

Knee flexion (IC) (°) 45 10.96 3,672

Knee abduction excursion (°) -1 1.26 3,672

Trunk lateral flexion excursion (°) 4 2.95 3,646
10
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Knee flexion excursion (°) 3 4.12
Knee extension excursion (°) -2 2.60
Thigh length (m) 0.41 0.03
187
188

189 Table 3: Odds ratios and P-values for variables

Odds

3,672

3,672

3,672

ratio 95% Confidence Interval P-value

Lower Upper
Heel strike
landing 1.7 1.2 23
COM ant-post 1.7 0.7 3.8
COM med-lat 3.7 2.8 5.0
Knee extension
excursion 1.4 1.0 1.8
Knee flexion
excursion 1.9 15 2.5
Knee flexionatIC 2.2 1.7 2.8
Knee abduction
excursion 2.2 1.6 3.1
11

John Wiley & Sons, Inc.

0.00
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0.00

0.04

0.00
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0.00
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0.01

1.00
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0.34

<0.01

<0.01

<0.01
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Trunk lateral
flexion excursion 1.9 1.5 25 0.00 <0.01
Abbreviations: COM = Center of mass. Ant-post = anterior to posterior. Med-lat = medial to
lateral. IC = initial contact with the ground. Adjusted P value was calculated using a Bonferroni

correction.

Discussion

A landing posture with a heel strike (hypothesis 1a), larger ML distance between foot and trunk
center of mass (hypothesis 1c), and less knee flexion (hypothesis 1d) were associated with a
greater frequency of large early peak knee KAM. Furthermore, during the first 15% of the
landing phase, movement into greater knee abduction (hypothesis 2a), knee flexion (hypothesis
2b), and trunk lateral flexion (hypothesis 2d) was associated with a greater frequency of large
early peak KAM. Contrary to our hypotheses, a landing posture with a greater AP distance
between foot and trunk center of mass was not associated with large early peak KAM
(hypothesis 1b), nor was movement into greater knee extension during the initial 15% of the

stance phase (hypothesis 2c¢).

The results of the study show that although a heel strike landing does not guarantee the
occurrence of a large early peak KAM, it is, as hypothesized, associated with a greater frequency
of large early peaks. A heel strike landing pattern may lead to reduced ability of the joints to
absorb the impact force during dynamic movements, and has previously been associated with a

greater frequency of impact peaks during running 7.
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A larger distance between the foot and trunk center of mass in the ML direction were associated
with greater frequency of large early peak KAM (hypothesis 1¢), while AP direction distance
was not (hypothesis 1b). Sheehan et al. 1> found that during ACL injury, athletes landed with a
greater AP distance between the foot and trunk center of mass, however, the change of direction
task in the current study is more of a ML movement and this is reflected in our findings. In order
to minimize the early stance KAM, the athlete must push actively into the ground away from the
body center of mass. When a relatively greater downwards force is acting, consistent with less
push laterally into the ground, an early peak KAM is more likely. As the distance between the
foot and trunk center of mass increases, it may be increasingly demanding to push laterally into
the ground and thus the chance of an early peak KAM may increase. As opposed to a landing or
rapid deceleration, an ACL injury during side-stepping may be a predominantly valgus collapse

injury mechanism and unaffected by the AP distance between foot and trunk center of mass.

Lower flexion angles at IC were associated with a greater frequency of large early peak KAM
(hypothesis 1d) and this is consistent with cadaver studies showing higher strains on the ACL
with less knee flexion 33, likely due to tibiofemoral geometry promoting a posterior femoral
translation under compression *. Stiffer landings, usually defined as lower knee flexion angles at
IC and larger first peak vertical ground reaction force, have been associated with greater force
absorption at the ankles and less at the knee 40 and greater risk of ACL injury '8. However, knee
extension excursions, indicating a concentric quadriceps contraction immediately after IC and a
stiffer landing, were not associated with increased large early peak KAM frequency (hypothesis
2c¢), supporting a complex relationship between the stiff landing and valgus collapse mechanisms

of injury.
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Knee flexion excursions during the first 15% of the stance phase were associated with greater
large early peak KAM frequency (hypothesis 2b). Lower limb strength has been associated with
ACL injury risk #!, and rapid deceleration requires muscular capacity for both high forces and a
high rate of force development. A low knee flexion angle at IC may allow for greater knee
flexion excursions, and this was supported by a post-hoc calculation that revealed a correlation
of -0.57 (Pearson’s r) between knee flexion angles at IC and knee flexion excursions. Lower
flexion at initial contact and increased flexion excursion may be indicative of a strategy
attempting to give the quadriceps muscles more time to decelerate and is associated with more

frequent large early peak KAM.

A valgus collapse mechanism has been proposed to explain ACL injuries 42. The valgus collapse
movement pattern is the combination of ankle pronation, knee abduction, hip adduction and
internal rotation, and lateral trunk flexion towards the stance leg. The resulting KAM will stretch
the ACL and compress the lateral compartment of the tibiofemoral joint, leading to an internal
tibial rotation due to the lateral tibial plateau being more posteriorly rotated compared with the
medial tibial plateau 43. We found that knee abduction excursion and trunk lateral flexion
excursion were indeed associated with greater frequency of large early peak KAM (hypotheses
2a and 2d). Rather than increasing the landing impact, the knee abduction and lateral trunk
flexion excursions can increase the moment arm of the landing force and may therefore result in

a larger early peak KAM.

Limitations:
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This is the second study to use cluster analysis to classify joint moment waveforms. While it has
been proposed that research in the area of biomechanics can benefit from data mining techniques
(systematically searching data sets for previously unknown relationships) such as a cluster
analysis %4, it is a technique that has not been validated against a hard end-point such as an ACL
injury. The present study demonstrates that cluster analysis of the KAM results in categories that
have an association with kinematics observed during ACL injury and is congruent with the
proposed mechanism of ACL injury. However, prospective studies that examine the relationship

between the early peak waveform and subsequent injury are needed.

The use of digital filters on biomechanical data is a source of continued debate 4% 46 and may
have affected the shape of the curve. Rather than focus on the accuracy of inverse dynamics
joint moment magnitudes, we propose that data should be processed in a way that preserves the
usefulness of the data. The usefulness of any biomechanical variable of interest, and the
experimental procedures that generated the variable, ultimately needs to be validated against

meaningful endpoints such as an ACL injury.

Visual-3D default settings were used for segment inertial properties. The magnitude of joint
moments are dependent on inertial properties, but it is unknown to what extent, if any, the KAM

waveform is altered.

A decision was made to use the large early peak as the reference group for the calculation of
sensitivity and specificity. The large early peak pattern emerged from the cluster analysis
method, and no clear point of differentiation exists between the early peak categories, which is

reflected in the higher C-Index. The large early peak may not be the only shape of importance in
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light of the multi-planar nature of an ACL rupture, and a small peak observed during laboratory
testing may translate to more frequent and larger KAM early peaks during sports. The choice of
using the large early peaks was to create the best conditions to test for the relationship between
the kinematic factors and the KAM waveform. To validate a certain magnitude or shape requires

the use of hard end-points such as an ACL injury.

Conclusions and clinical relevance
The main findings of this study show that kinematic factors that have been observed during ACL

injury are associated with an early peak KAM waveform in a mixed cohort of teenagers

performing a change of direction task - a movement where a large portion of ACL injuries occur

47

These findings provide convergent validity to cluster analysis of the KAM waveform in the early
stance phase and support the use of interventions that train athletes to change direction on the
balls of the feet, with the foot close to the trunk, with a flexed knee, and to minimize lateral trunk

flexion excursions and knee flexion excursions.
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Figure 1: Heat map of Euclidean distances between direction reduced knee valgus moment time
series. The x and y axis contain each of the time series and the distance between each observation

pair is represented by the color.

Figure 2: Six shapes from initial clustering of transformed time series. Clusters 4, 5 and 6 were
classified as an early peak. Gray shaded area is the 95% confidence interval of the graph

smoothing process.

Figure 3: Clusters based on Euclidean distances of non-transformed time series of clusters

classified as an early peak. Cluster #2 was classified as the large early peak.

Figure 4: C-Index plots for the first (A) and second (B) cluster analysis steps. The C-Index is a
ratio of how similar observations within a cluster are compared to how similar they are to other

observations. A lower number indicates more clearly defined clusters.

Figure 5: ROC of knee angles and excursions. Numeric labels on the line refers to the cut-off

with the high Youden’s Index. Abbreviations: IC = Initial contact

Figure 6: ROC of trunk related variables . Numeric labels on the line refers to the cut-off value
with the highest Youden’s Index. Distances expressed as % of thigh length. Abbreviations: COM
= Center of Mass, BOS = Base of Support, ML = Medio-lateral, AP = Antero-Posterior, Lat-flex

= Lateral flexion
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Appendix A — Cluster analysis method explained

Central to papers 1l & lll is the cluster analysis method which was
developed for this thesis. The method combines well known cluster analysis
algorithms with data transformations which allow for good clustering results.
The purpose of this appendix is to use a small data set to visualize the
problems inherent in cluster analyzing the knee VM data and to visually
demonstrate in greater detail the cluster procedure used for the thesis.

6.1 Selected data

Data was selected such that there were three early peaks and three non-
early peaks. The early peaks were chosen at random. Since some of the
methods presented require a non-0 standard deviation of the series, not all
non-early peak series were usable. The non-early peak series were therefore
selected at random from a subset of peaks. The series are presented in
Figure 6.
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Figure 8 Simulated time series data. The early peaks (peak before 15% stance
phase) are denoted by a thicker line for easier viewing.
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6.2 Distance matrices

At least four different distance metrics could be useful to cluster the data set.
In correlational distances (Figure 7, top left), the distance between two
observations is represented with their correlation coefficient. With Euclidean
distances (Figure 7, top right), the mean squared distance between every
data point of each observation is the distance between them. Time warped
distances (Figure 7, bottom left) are similar to Euclidean distances, but the
time series are warped to minimize the distances. The minimum distance of a
symbolically aggregated curve (Figure 7, bottom right) first transforms the
data into four discrete symbols, and uses the lower bound of the Euclidean
distance.

The ideal clustering method correctly identifies each shape as belonging
with each other. This can be seen on order of observations on the axis of the
heatmaps (Figure 7). Large red boxes represent good clusters, and ideally
members of a group should be closer to other members of the same group,
than to members of the other group (the C-Index).

The correlation distance metric creates good clusters for the series
chosen, but Other2 is closer to the early peaks than to it's own group. The
Euclidean and timewarp distances do not form clusters on non-transformed
data. The symbolically aggregated method produces the best clusters on
non-transformed data forming the two groups, however the error rate (seen
by Other2 having membership in both groups) was found to be high.
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6.3 Data transformation

None of the distance matrices with non-transformed data result in adequate
clusters based on the waveform. A transformation of the data is required to
improve the cluster analysis result, which retains all information regarding the
shape of the curve, and discards other features.

The transformation used was to differentiate the curve and take the sign.
So an increase in the signal for one frame is assigned “1”, while a decrease
for one frame is assigned a “-1”. Figure 8 shows the same transformed time
series.
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Percent stance phase
Figure 10 Transformed time series. Values range from -1 (decreasing)

to 1 (increasing), but each series is nudged slightly to prevent them from
overlapping. Thick lines denote the early peaks.
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6.4 New distances matrices

Figure 9 shows the new distance matrices for the transformed data set.
Most of the distance metrics have improved somewhat after the
transformation. The correlation distance, the Euclidean distance, and the
symbolically aggregated distance all correctly identify both groups. After the
transformation, the time-warp distances produces are all equal to zero. This
happens since all series can be laterally translated on top of each other after
the transformation, and the timewarp distance metric indeed produces the
minimum possible distance between series regardless of the time point.
Before the transformation, the timewarp distances on scaled data produce
good differentiation based on shape, but can not distinguish between early
peaks and later peaks.

Since the transformation used in the thesis is similar to the transformation
performed during the symbolic aggregation the results from those two
methods are nearly identical. The difference is that symbolic aggregation
uses four symbols while the transformation uses mainly two but up to three
(since two equal values in a row produce a zero).

The correlation distance produces smaller distances within each cluster, but
also smaller distances between the clusters. The Euclidean distances are
greater between clusters and also greater within clusters. The Euclidean
distances therefore will produce a larger amount of clusters (higher C-Index)
but with fewer errors compared to the correlation distances. Both steps
require a visual inspection step where clusters are combined based on the
key element (presence of early peak). For this reason, the lower error rate of
the Euclidean distances produces superior results.
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Appendix B — Effect of sex on ACL injury related
biomechanics during the cutting manoeuvre in pre-
adolescent athletes
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Abstract

Background: Two movement patterns are associated with ACL injury, the dynamic valgus and
the stiff landing. Although sex dependent differences have been identified for adults, less is
known for preadolescent athletes regarding movement patterns known to load the ACL.
Purpose: We hypothesised that no sex-specific differences in the ACL loading movement
patterns would be found in pre-adolescent athletes during a cutting manoeuvre.

Study Design: Cross-sectional laboratory study.

Methods: Male and female soccer and handball players (age 9-12 years; n=288) were
recruited. A motion capture system synchronized to a force platform was used to record 5 trials
of a cutting manoeuvre, before and after a 5-minute fatigue intervention. Linear mixed models
were constructed and an ANOVA was used to analyse differences in outcomes associated with

the sex of the athletes.

Results: Boys showed greater forces for peak knee valgus moments (boys: 0.26 Nm/kg, girls:
0.22 Nm/kg, P=0.048), peak knee internal rotation moment (boys: -0.13 Nm/kg, girls: -0.10
Nm/kg, P=0.021), knee rotation excursion (boys: -7.9°, girls: -6.9°, P=0.014) and knee extension
excursion (boys: 2.7°, girls: 1.4°, P<.001), compared to girls. Sex*fatigue interaction was
significant for the first peak vGRF (boys pre: 16.4 N/kg, post: 16.5 N/kg; girls pre: 15.3 N/kg;

post: 16.0 N/kg, F = 7.6, P = 0.006).

Conclusion: Differences detected for biomechanical factors during the cutting manoeuvre do
not point to greater ACL injury risk for pre- or early pubescent girls than for boys. Nonetheless,
girls go on to develop more detrimental movement patterns than boys in terms of biomechanical
risk factors. Implementation of preventive training may therefore be indicated during the early
teens in order to influence movement patterns.

Clinical Relevance: Early adolescence is a good target age to leam and develop muscular

control, balance, strength, flexibility, jumping, running and landing control. This time of physical
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and athletic growth may therefore be an appropriate period to influence biomechanical factors

and thereby task execution and injury risk.

What is known about the subject: (not included in word count): Adult female athletes have
higher risk for ACL injury compared to males. Females have a greater peak knee valgus
moment during drop jump landings, but prospective risk factor studies show mixed results for its

predictive value.

What this study adds to existing knowledge (not included in word count): This study
shows the differences between pre-pubertal boys and girls and for the first time explores the
effects of fatigue protocol on lower limb neuromuscular function. The results indicate that early

adolescence may be an appropriate time to introduce neuro-muscular training programs.

Keywords: ACL, injury prevention, cutting manoeuvre, biomechanics, sports medicine.

INTRODUCTION

Anterior cruciate ligament (ACL) injuries are one of the most serious injuries of the lower limb
and can result in a relatively low rate of return to sport', decreased quality of life in later years?,
and a high rate of knee osteoarthritis®. It is an expensive injury, with surgical cost for ACL

reconstruction alone reportedly lying between $5000 to $17 000*.

The ACL is the primary restraint against anterior tibial translation® which is difficult to quantify
with 3D movement analysis using reflective markers due to soft tissue artefacts®. However, the
ACL has been demonstrated by cadaveric studies to be loaded through tibiofemoral
compression’ as well as tibial internal rotation (IRM) and knee valgus moments (VM)®.

Furthermore, prospective studies have proposed the VM® and tibiofemoral compression (as per
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the vertical ground reaction force (vGRF))'™® as risk factors for ACL injuries, and these variables

can be estimated with 3D motion analysis'"'2,

Compared to males, adult female athletes show a 2-3 fold increased incidence in ACL injury per
hour of exposure'. Myer et al.’ state in their review article that the most ACL injuries in female
athletes occur during a non-contact episode, typically during deceleration, lateral pivoting, or
landing tasks that are often associated with high external knee joint loads. The incidence of ACL
injuries in youngsters has been rising over the last few years. A recent Australian study reported
an almost 150% increase in hospital-treated ACL injuries from 2005-2015 in youngsters aged 5-

14 years (from 2.74 to 6.79 per 100,000 person years)'®.

Although Briem et al'® found girls and boys adopted different landing strategies during DJ
performance and were differently affected by fatigue, others have not observed sex-related
differences in ACL risk factors prior to puberty during the cutting maneuvre'. Several
systematic reviews have examined the effects of fatigue and how fatiguing interventions affect
the kinetics and kinematics of the lower extremity in older athletes'®*°. However, fatigue
protocols appear to have inconsistent effects on the lower limb kinematic or kinetic variables

known to increase ACL injury risk'®.

Few studies have contrasted biomechanical risk factors of ACL injury of boy and girl athletes
during the execution of a cutting manoeuvre task. Importantly, none have focused specifically
on the timeframe of injury occurrence or attempted to induce fatigue to assess how this may
influence performance. Therefore, the aim of this study was to compare kinematics and kinetics
relevant to ACL injury of males and females aged 9-12 within the first 100 ms of the cutting
manoeuvre, which is the time-frame where ACL injuries occur®'. To the best of our knowledge
this is the first study that investigates effects of both, sex and fatigue intervention, on ACL injury
related biomechanics during the cutting manceuvre in pre-adolescent athletes. Based on

previous findings of DJ maneuver'®, we hypothesized that sex-specific biomechanical
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differences (kinematic and kinetic) would be found and that differences between the sexs would

be observed for the fatigue intervention.

METHODS
Participants

After receiving ethical approval for the study from a National Bioethics Committee (approval
code VSNb2012020011/03.07), a total of 293 participants were recruited from local handball
and soccer clubs, but data from 288 athletes were used for the further analysis. Data for five
participants were excluded due to technical errors or erroneous performance. Athletes were
aged between 9 and 12 years and were recruited from the teams’ age-based training groups.
Exclusion criteria were history of torn knee ligaments or muscles of the lower extremities,
intraarticular corticosteroid injection within the previous 3 months, neurological impairment,
impaired balance, and any orthopaedic problems of the lower limb. Prior to participation, all
procedures were explained to each athlete and informed consent was signed by the participant

and a parent or guardian.

Table 1. Participant characteristics.

Group
Variable Boys (n=100) Girls (n=188)
Age (yr) 10.6 £0.7 10.8 +0.8
Height {cm) 150 +7.9 150 +7.9
Weight (kg) 40.9 + 8.0 41.7 +8.8

Data are reported as mean + SD. There were no statistically significant differences in any
variable between males and females.

Data collection

Kinematics were collected at 200 Hz using a marker set with 46 markers and an 8-camera

Qualisys motion capture cameras (Qualisys Corp, Sweden) positioned around a calibrated test
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area. Kinetics were simultaneously collected at 2000 Hz from a force platform (AMTI,
Watertown, MA) embedded into the floor. Where possible markers were placed directly onto the
skin, to minimize movement artefacts resulting from loose clothing. A static measurement was
used to define segments and joint centres based on anatomic markers, while clusters of 3 to 4
markers tracked each segment during dynamic trials. Marker based kinematics and kinetics
have been shown to be highly reliable® but display systematic errors in knee abduction angles,

especially at higher flexion angles™.

After warming up on a stationary bicycle for 5 minutes and performing preparatory cutting
manoeuvres, participants performed 5 cutting manoeuvres against a dummy opponent. The
movement was performed from a ready position without a run-up using a self-selected change
of direction angle. Athletes took a quick sideways step on to the tested leg before accelerating
to a maximal take-off away from the tested leg. Athletes were encouraged to use as much
speed and explosiveness as they could. The order of testing was randomized with a coin flip
and 5 valid trials were collected for each leg. A fatigue protocol described by Briem et al.'®, was
then implemented, after which the subject performed another set of cutting tasks. The purpose

of the fatigue intervention was to analyse how fatigue affected the execution.
Data synthesis and statistical analysis

Kinematic and kinetic outcome variables within the first 100 ms of stance were chosen as
markers for ACL loading according to two proposed injury mechanisms supported by
prospective risk factor studies®™. The first cluster of outcome variables reflected dynamic valgus
collapse based on the peak magnitude of knee VM and IRM, knee frontal and transverse plane
excursions as well as knee valgus angle and knee rotation angle at IC. The second cluster of
outcome variables reflected stiff landings' as determined by values of the first peak vGRF,

knee flexion angle at IC, knee flexion excursion and knee extension excursion.
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Force variables were normalized by body weight and presented as Nm/kg (VM & IRM) or N/kg
(vGRF). The frontal and transverse plane knee moments are reported as peak external
moments identified within the first 100ms as local maxima, the largest of which from each trial
recorded was used for analysis. Joint angles (°) were extracted at IC and at the highest value
identified within the first 100 ms, and excursions were calculated as the difference between the
two. Knee angles in the frontal plane were defined as valgus (negative) or varus angles
(positive), and in the transverse plane as internal (positive) and external (negative) rotation
angles. Positive values of frontal plane knee moments are referred to as knee valgus moments,
while negative values represent knee varus moment. Negative values of transverse plane knee

rotation excursion indicate that knee rotated into greater internal rotation.

Inverse kinematics and inverse kinetics were performed in Visual 3D (C-Motion). Data were
imported to R (R Foundation for Statistical Computing, Vienna, Austria) for analysis and
processing. Jamovi, an R based program, was used for construction of linear mixed statistical

models and creating figure. Power analysis was performed using G*Power.

An initial model was calculated to identify fixed main effects for sex. fatigue intervention and leg
dominance, and interactions between i) Sex*fatigue intervention and ii) Sex*Leg Dominance. To
obtain more accurate statistical models of sex dependent differences, leg dominance and
fatigue intervention were included in the models to adjust for the effect of these variables.
Subject was used as a random effect in all models to adjust for the repeated measure design of
the study. For each of the fixed variables used, a random factor (random slope) was added in
succession (fatigue intervention and leg dominance) to the linear mixed model and the best fit
model selected according to -2 x Log Likelihood (using Chi-square distribution to test for a
significant improvement for each successive addition of a random effects). Alpha was set at
0.05. Results are reported as least-squares means and difference between least-squares
means with 95% confidence intervals. A power analysis revealed that an effect size of 0.25 had

power of 0.83 in the study.
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RESULTS
There were no differences in age, height or weight between the sexes (Table 1). Statistical
results of the differences (ANOVA) are reported in Tables 2-4. The best model was always one

that included random slopes for both fatigue intervention and leg dominance.
Dynamic valgus cluster

A statistically significant main effect of sex was found for three variables, as boys demonstrated
greater peak knee VM and IRM, as well as greater excursion from an externally rotated position
towards internal rotation (Table 2). Main effects of fatigue were observed in significant pre- to
post-intervention increase in peak knee VM, greater post-intervention knee valgus angle at IC,
and less knee external rotation angle at IC (Table 3). No statistically significant interaction

between those two factors (sex*fatigue intervention) were found (Table 4).
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168
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Table 2. Results of ANOVA for Sex (main effects)

Sex
Mean 95% ClI
Dynamic valgus cluster

Knee valgus moment (F = 3.9, P = 0.048)

Boys 0.26 0.23 to 0.29

Girls 0.22 0.20to 0.25
Knee internal rotation moment (F= 5.4, P = 0.021)

Boys -0.13 =0.15t0 -0.11

Girls =0.10 =0.11 to -0.08
Knee valgus at IC (F=0.9, P=0.342)

Boys -1.9 -2.7t0-1.0

Girls =13 -210-0.7
Knee valgus excursion (F=2.1, P=0.151)

Boys 2.9 251t03.3

Girls 3.3 3.0t03.6
Knee rotation at IC (F= 0.2, P = 0.64)

Boys -2.0 =-3.3t0-0.7

Girls -2.4 -3.3t0o-1.4
Knee rotation excursion (F= 6.1, P=0.014)

Boys -7.9 -8.5t0-7.3

Girls 6.9 —-7.4t0—6.5

Stiff landing cluster

First peak vGRF (F = 2.6, P=0.108)

Boys 16.5 15.71017.3

Girls 15.7 15.11016.3
Knee flexion at IC (F=1.9, P=0.164)

Boys 39.4 37.4t041.4

Girls 37.6 36.1 to 39.1
Knee flexion excursion (F= 1.5, P=0.226)

Boys 141 13.2t0 151

Girls 14.8 14.11015.5
Knee extension excursion (F=15.4, F<.001)

Boys 2.7 22t03.2

Girls 1.4 1t01.8

137



170  Table 3. Results of ANOVA for Fatigue Intervention (main effects)

Fatigue Intervention

Mean 95% Cl
Dynamic valgus cluster

Knee valgus moment (F = 14.3, P<.001)

Pre 0.23 0.21to 0.25

Post 0.25 0.23t0 0.27
Knee internal rotation moment (F= 0.7, P=0.419)

Pre -0.11 -0.12t0 -0.09

Post -0.11 -0.1210 -0.10
Knee valgus at IC (F=59.1, P<.001)

Pre =21 -261t0-15

Post -1.1 -1.7to0 -0.6
Knee valgus excursion (F=0.2, P= 0.648)

Pre 341 291034

Post 341 28t034
Knee rotation at IC (F=22.1, P<.001)

Pre -2.6 -3.410-1.7

Post -1.8 -2.610-1.0
Knee rotation excursion (F= 2.4, P=0.122)

Pre -7.3 -7.710-6.9

Post -7.5 -8.0to -7.1

Stiff landing cluster

First peak vGRF (F= 14, F <.001)

Pre 15.9 15.8to 16.8

Post 16.3 15.4 to 16.4
Knee flexion at IC (F=27.8, P<.001)

Pre 37.6 38.0to 40.7

Post 39.4 36.3 to 38.8
Knee flexion excursion (F=6, P=0.015)

Pre 14.7 14.110 156.3

Post 14.2 13.6to 14.9
Knee extension excursion (F =50, P <.001)

Pre 1.7 14t02

Post 24 21t02.7

171  “pre” indicates before the fatigue intervention and “post” indicates after the fatigue intervention.
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173 Table 4. Results of ANOVA for Sex*Fatigue Intervention (interaction)

Sex* Fatigue Intervention

174
175

176

Mean 95% CI
Dynamic valgus cluster
Knee valgus moment (F = 0.2, P= 0.645)
Boys pre 0.26 0.23 to 0.30
Boys post 0.28 0.24 to 0.30
Girls pre 0.18 90.16 to 0.21
Girls post 0.23 0.18t0 0.24
Knee internal rotation moment (F = 1.5, P=0.216)
Boys pre -0.13 -0.15t0-0.11
Boys post -0.12 -0.14t0-0.10
Girls pre -0.09 -0.11 to -0.08
Girls post -0.10 —0.11 to -0.08
Knee valgus at IC (F=1.8, P = 0.177)
Boys pre -1.5 —2.4t0 0.6
Boys post -2.2 -3.2t0-1.3
Girls pre -0.8 -1.5 to —0.1
Girls post -1.9 —-2.61t0-1.2
Knee valgus excursion (F= 0.9, P=0.338)
Boys pre 2.9 25103.3
Boys post 3.0 251035
Girls pre 3.3 291t03.6
Girls post 3.3 3.0t0 3.6
Knee rotation at IC (F= 1.4, P =0.243)
Boys pre -2.3 —3.6 to —0.1
Boys post -1.7 -3.0t0 0.3
Girls pre -2.8 -3.8t0-1.9
Girls post -1.8 -2.9t0-0.9
Knee rotation excursion (F= 0.3, P=0.616)
Boys pre -7.8 -8.4t0-7.1
Boys post -8.0 -87t0-7.4
Girls pre -6.9 7.4 t0-6.4
Girls post -7.0 —7.5t0-6.5
Stiff landing cluster
First peak vGRF (F = 7.6, P = 0.006)
Boys pre 16.4 15.6 to 17.2
Boys post 16.5 15.7 to 17.3
Girls pre 15.3 14.7 to 15.9
Girls post 16.0 15.4 to 16.6
Knee flexion at IC (F= 0.4, P=0.54)
Boys pre 38.4 36.4 to 40.0
Boys post 40.4 38.2t042.5
Girls pre 36.8 35.3 to 38.3
Girls post 38.4 36.8 to 40.0
Knee flexion excursion (F= 0.1, P=0.722)
Boys pre 14.4 13.4tp 15.4
Boys post 13.8 12910 14.8
Girls pre 15.0 14.3t0 15.8
Girls post 14.6 13.91t0 15.4
Knee extension excursion (F= 1.3, P= 0.257)
Boys pre 2.2 1.7t028
Boys post 31 2.6t03.6
Girls pre 1.1 0.7t01.5
Girls post 1.7 13to2.1
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Stiff landing cluster

There was a sex*fatigue intervention interaction (Table 4) where, although boys demonstrated
higher peaks overall, a significant pre- to post-fatigue increase in the first peak vGRF was seen
for girls (15.3 to 16 N/kg), while fatigue affected boys minimally (16.4 to 16.5 N/kg) (Figure 1).
Overall, a main effect of sex was found for knee extension excursion, as boys showed
significantly greater knee extension excursion during the first 100 ms compared to girls (Table
2). Main effects of fatigue intervention were found for all other variables, reflecting greater post-
intervention knee flexion angle at IC (pre 37.6°; post 39.4°, P<.001), with a slight decrease in
knee flexion excursion (pre 14.7°; post 14.2°, P=0.015) and greater extension excursion (pre

1.7°, post 2.4, P<.001) (Table 3).

a0
25
20

10

First peak vGRF {N/kg)

B Boyspre I Bovspast @ Girispre {0 Girts post

Figure 1. Mean (95% Cl) magnitude of the vertical ground reaction force (Nm/kg) of boys and
girls for the first 100 ms of the cutting manoeuvre, before (pre) and after (post) a five- minute
fatigue intervention.
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DISCUSSION

In the present study our main purpose was to investigate whether differences between pre-
adolescent boys and girls would be identified for key biomechanical variables during their
performance of the cutting manoeuvre. The main findings of this study demonstrate that in pre-
or early- pubertal athletes, sex related differences are observed where, compared to girls, boys

showed higher VM, IRM, first peak vGRF, rotation excursion and extension excursion.
Dynamic valgus cluster

Women are at greater risk for ACL injury than men'® and the knee VM has been linked to risk of
ACL injury®. Indeed, a study by Sigward et al.*® involving 30 collegiate soccer players found
that females showed higher VM than males in the early deceleration phase of a cutting
manoeuvre, a time period very similar to our study. This is in contrast with the findings of the
present study, which may be explained by the age difference. The athletes recruited for the
present study were at an age where girls and boys have equal risk of ACL injury*** and
consequently one would expect them to demonstrate similar patterns of biomechanical risk
factors. In a larger cross sectional study, Sigward et al.*® compared age groups and did not find
a sex*maturity interaction, but the number of subjects was low (n=19) indicating that the
biomechanical differences between males and females were evident across all stages of
maturation. Our results are in part consistent with those of Tanikawa et al.*® who found that men

(aged 25.4) had higher VM in a change of direction movement than women.
Stiff landing cluster

The results of the current study indicate that boys, not girls, demonstrate greater vGRF forces
and greater knee extension excursion during the first 100 ms of the change of direction task,
indicative of a stiffer landing strategy. The ACL is known to be loaded through tibiofemoral
compression® and stiff landings as assessed via vGRF and knee flexion angles during DJ tasks

have previously been associated with ACL injury risk in young female athletes, where the
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injured cohort displayed 30% higher peak VGRF compared to the uninjured group™. In
comparison, our 95% CI support at most a 14% difference which in and of itself is unlikely to
affect injury risk, but the timing of other contributing factors must be considered in this multi-
factorial injury™. In contrast to the findings of the present study, analysis of data obtained during
DJ performed by the same cohort showed that the girls had higher peak vGRF during the early
landing phase compared to boys'®, indicating that results from DJ and cutting manoeuvres are

not inter-changeable.

Although cutting and DJ are used for the screening of ACL injury risk, movement patterns are
different and this may explain the differences in kinematics and kinetics®'. Studies using the DJ
test have demonstrated that compared to boys, girls show a higher peak VM'® but studies have
used different methodologies for analyses. We have recently shown that peak values during the
complete deceleration phase occur much later in the movement compared to the time-frame
during which ACL injury would occur®. A difference between sexes in mean knee abduction
angles at IC has been reported for the DJ while in the current study no difference was found.
Current prospective risk factor studies have exclusively used the DJ'® and variations of it, while
change of direction movements are far more often associated with the injury mechanism®. The
current study demonstrated that even at this young age, biomechanical differences between the
sexes are present. Direction of the difference is not towards higher risk for girls using currently
reported risk factors, as would be expected, but a higher risk for boys instead. Studies show that
adult females are 4 to 6 times more likely to sustain a non-contact ACL injury than males
participating in the same sport. Since within this age group there are no large epidemiological
studies reporting ACL injuries and the incidence rate is very low®, it is unlikely that these
differences play a crucial role in ACL injuries in pre-adolescents. This does, however, seem an
opportune time to start focusing on injury prevention, as there is a sharp rise in ACL injury

incidence during the teen-age years™.
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A five-minute progressive skateboard fatigue intervention was employed in this study as a
convenient way to induce fatigue. Statistical analysis revealed that a number of variables were
affected by the fatigue intervention, with only one interaction by sex, which was an increase in
the early peak vGRF for girls, not boys, which is consistent with results reported for DJ
performance'®. The direction of fatigue effects appears to always be towards greater risk;
increased vGRF, a more extended position at IC, less flexion excursion and greater extension
excursion during the first 100 ms of foot contact. The effects of fatigue on ACL injury incidence,
however, are not clear. Recent publications as estimated by time of season and time in game
do not indicate that this influences injury incidence®. Different fatigue protocols did not produce
alterations in lower limb biomechanical factors that are believed to increase the risk of

noncontact ACL injuries®.

There are several strengths and limitations in the present study that should be acknowledged.
Firstly, we have a large sample size (n=288) and therefore good statistical power. The data
presented are baseline measures of a prospective cohort study and the athletes in our sample
are younger than the age group where ACL injuries become more common. These findings may
therefore not reflect sex specific differences that translate into a later increase in the risk of
injury for girls. However, it is important to know when sex differences start to manifest, so the
training parameters can be altered before the onset of increased risk. At this age, the kids’
motor development is not complete, and the differences in the skill of execution between
athletes may be greater in this age group compared to mature athletes, leading to a greater
spread in the data. We account for this in our design by using a cutting manoeuvre without a
running start. We propose that this decreases the potential confounding effect of maturity and
motor development but acknowledge that it may lead to a systematic bias where the force of
execution is lower compared to a running start. Similarly, it remains unclear if the execution
speed is another possible confounding factor and that has not been discussed in this work. It is

debatable whether the changes seen after the fatigue intervention are equally likely to be the
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result of increased movement speed due to a warm-up effect or that the five-minute progressive
fatigue intervention was enough to induce fatigue in this group of athletes. Another novelty is the
performance of the cutting manoeuvre, which is more likely to mimic an injury situation than a
bilateral drop jump, and the exercise/fatigue intervention that, to the best of our knowledge, has
not previously been introduced for this age group. The athletes who participate different sports
can perform cutting and landing tasks differently. However, there are other factors that we
cannot control for that may influence these results, including other sports, how often they attend
practices and physical education in school, as well as their general lifestyle. The last limitation is

that the maturity of each athlete remained unknown.
Conclusions and clinical relevance

The current study demonstrated that even at this young age, biomechanical differences
between the sexes are present. However, the direction of the difference is not towards higher
risk for girls using currently reported risk factors, as would be expected, but a higher risk for
boys instead. We conclude that at this early age, girls do not demonstrate movement patterns
associated with greater risk of ACL injuries during cutting manoeuvres. The age of 9-12 years
may therefore be a good target age to start focusing on learning and developing muscular
control, balance, strength and flexibility, which cumulatively can improve task execution and
lower likelihood of ACL injury. These findings should help practitioners when to implement

intervention programs aiming to reduce movement patterns associated with ACL injuries.
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