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Abstract

Precise mathematical methods have been developed to quantify lower limb kinematics in
anatomically meaningful ways to aid clinicians and researchers in a range of ways from in-
jury prevention to rehabilitation practices. The improvement of technology in recent years,
namely motion capture and non-invasive imaging, has resulted in an increase in research utiliz-
ing angles associated with human anatomy. Now, measuring lower extremity joint angles is a
standard practice in many labs and clinics. Knee valgus angle (KVA), the angle created when
the shank is rotated away from the midline of the body, has shown to correlate with subsequent
anterior cruciate ligament (ACL) ruptures when measured during drop-jump tasks. As a result,
this angle has garnered much attention in the field of biomechanics. KVA can be calculated
in multiple ways by modifying the defined frontal plane and reference axis. The extensive re-
search with KVA and the varying methods used to calculate the angle has led to ambiguity on
how these different KVAs relate to one another and on the importance of individual joint angles
that comprise KVAs. Additionally, changes in processing methods, namely the modification of
the lower extremity joint constraints, and changing the movement task in which KVA is mea-
sured can influence the value of KVA. To study this angle, the kinematics of 23 female athletes,
D1 soccer, D1 basketball, and club soccer (height = 171.2 + 88.9cm, weight = 66.3 + 8.6kg,
age = 19.8 4 1.9yrs), was analyzed using a motion capture system during tasks related to their
sport and daily living. This work aims to determine the relationship between KVA calculated
with different mathematical methods, kinematic processing models, and different movement
tasks as well as to determine how the combination of lower extremity joint angles contribute to

multiple types of KVA so that researchers and clinicians can properly evaluate KVA.
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1 Introduction
1.1 Kbnee Valgus Angle

Precise mathematical methods have been developed to quantify lower limb kinematics in anatom-
ically meaningful ways to aid clinicians and researchers in a range of ways from injury preven-
tion to rehabilitation practices. The improvement of technology in recent years, namely motion
capture and non-invasive imaging, such as magnetic resonance imaging (MRI), has resulted
in an increase in research utilizing angles associated with human anatomy. Now, measuring
biomechanical angles is a standard practice in many research labs and clinics.

Research and clinical fields concerned with ACL rupture often consider lower extremity
joint angles when determining risk factors, injury prevention programs, and rehabilitation pro-
grams '0-23:5683.189.197 "1 gwer extremity joint angles are also used in the analysis of conditions
associated with ACL injuries, such as knee osteoarthritis>®>%. One angle that has been evalu-

ated many times to measure ACL injury risk is the knee valgus angle (KVA)!0-30:65.86.142.151.192

23.29.67.78.83.189.197 * Thig angle is found when the shank rotates outwards from the body. This

angle is especially popular in research on ACL injuries because in tests where it is measured
during a drop-jump (jumping off of a box and rebounding vertically), it has been shown to
correlate to ACL injuries *-2%-0:65.78.86.151.192

The angle describing an anatomical segment moving outward from the midline of the body
has been around for centuries and has slowly developed into a variety of unique mathematical

calculations 765201

. Many of the calculations used to describe the KVA appear similar, but are
in fact biomechanically distinct?*>"-%%, However, because the variety of methods used to calcu-
late KVA do describe the general medial alignment to which the term valgus refers, the many

calculation methods are often treated as producing the same angle 2%-5%71:81.97.140.147.150.151.192_
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1.2 Varying Methods of Measuring KVA

One difference in the methods of calculating KVA is that not all KVA methods use the same
reference frame. Some KVA calculation methods use a global reference frame while oth-
ers use a body fixed reference frame !'%:16-36.37:44.63.63.95.116,119,133,191,198.202 " yetajled descriptions
would help prevent such confusions, but such descriptions are not always present in the lit-

14,17,29,67,81,84,86,90,142,151,192

erature . Misinterpretation across research papers and groups of re-

searchers makes building off of one another’s work challenging.

1.3 Lower Extremity Joint Angles and KVA

The orientation of the lower extremities is influenced by the ankle, knee, and hip, each with
six degrees of freedom (DOF)>"%. Therefore, a single joint angle does not solely contribute
to the lower extremity aliment. However, a number of studies focus on individual joint angles
associated with KVA in order to reduce KVA and therefore reduce ACL ruptures or improve
rehabilitation programs?304%-767887.112.148,158 " The amount of influence the ankle, knee, and hip
orientation have on KVA compared with one another and during different tasks is unknown.
Identifying how the ankle, knee, and hip are associated with KVA during multiple tasks will

greatly contribute to the development of injury prevention and rehabilitation programs.

1.4 Soft Tissue Artifacts and Joint Angles

The instrumentation used to capture human movement has improved through the years, from
the manual marking of camera film to the digital reconstruction of movement using multi-
camera systems. However, there are still limitations in how movement data is collected which
prevent accurate measurement of human movement**!3%. Motion capture systems that use sur-
face markers encounter soft tissue artifacts (STAs), which occur when the surface of the skin

moves in relation to the underlying bone**!3>. Due to the relative movement, the captured po-
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sition of body segments does not accurately represent the position and orientation of the bones
in space. As a result, steps have been taken to reduce the STA effect on the resulting data, such
as restricting the degrees-of-freedom (DOF) of joints in the model, filtering the data, choosing
different markers sets, or weighing and scaling markers %!3:15:16.20.22.25.40.47.48.105.108.122.173

There are a number of studies restricting the DOFs of the ankle, knee, and hip; some by re-
stricting translations and others by restricting translations and rotations. The kinematic model
resolves the segment’s orientation in space with the given constraints. Previous studies have ob-
served how modifying DOFs might change knee angles in walking, but have not measured the
differences between high and low impact tasks, such as running and jumping2%*%1°. Motion
capture of high impact tasks are frequently examined when considering KVA and ACL ruptures

and rehabilitation and therefore should be considered in this context when determining DOF of

joints during data processing.

1.5 Motivation and Purpose of this Work

The purpose of this work is to determine 1) whether or not angles associated with KVA are
correlated with one another, 2) what combination of lower extremity joint angles make up the
different calculation methods of KVA, and 3) how constraining joint rotations and translations

during data processing effects the value of the multiple methods of calculating KVAs.

e Study 1 Hypothesis: Measures of KVA are equivalent despite changes in measurement

calculations methods and movement task.

e Study 2 Hypothesis: A) Lower extremity joint angles can predict the KVA and knee
abduction angle given different joint constraints and movement tasks, and B) An angle

or combination of angles can be found that contribute the most to KVA.

e Study 3 Hypothesis: Calculating KVA using different lower extremity joint constraints
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will result in KVAs that are not correlated with one another.
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2 Background

2.1 Terminology

2.1.1 The Origin and Definition of ‘Valgus’

The exact origin of the terms ‘valgus’ and its opposite ‘varus’, are unknown; however, the
etymology of the word can be traced back at least two thousand years?’!. Plautus (254—184
BCE), a Roman playwright wrote of valgus and varus in his play Miles Gloriousus, “Aut varum

aut valgum aut compernem (3.1.128)2%!

. Valgum and varum are the Latin form of valgus and
varus, and, in Plautus’ script, were used in reference to the lateral rotation of an anatomical
segment away from the midline?*!. The first modern publication of the terms ‘valgus’ and
‘varus’ was in “The Account of Diseases in Liverpool Dispensary in 180172°!, This is cited
by many dictionaries and encyclopedias as the first known use of the words'2. However, in
the 1801 text, Watt explains that the terms ‘valgus’ and ‘varus’ were already widely used,
remarking that “they [valgus and varus] have been used not only by medical writers, but even
by classical authors, and in common language, for at least two thousand years”?°!. These terms
have been continually used since the ancient times and are not likely to become obsolete in the
near future. As such, the terms are ingrained in modern language and resolving the confusion
between angle definitions by discarding the terms ‘valgus’ and ‘varus’ is unfeasible.

The general definitions for valgus and varus are vague and have been defined “of, relating to,
or being a deformity in which an anatomical part is turned outward away from the midline of the
body to an abnormal degree” and, “of, relating to, or being a deformity in which an anatomical
part is turned inward toward the midline of the body to an abnormal degree”, respectively
(Figure 1),'2. Varus (turning inwards) should not be confused with the inward positioning of

the knee, which typically results in a valgus angle of the knee (tibia away from the femur or

midline of the body), shown in Figure 2. The term ‘valgus’ has become even more vague as
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studies began to use the term ‘knee valgus’ to describe distances (not angles) associated with

the knee-in and shank out alignment that is shown in Figure 2'°.

Figure 1: Knee valgus and varus rotations.

Figure 2: Lower body alignment: Knee-in and valgus rotation.

2.1.2 Angle Discontinuity

A significant number of the calculations used to describe the KVA appear similar, but are in fact
biomechanically distinct due to the differing methods used to calculate them?*°":%, Because
of the similar anatomical meaning, they are often treated as the same angle, leading to much
VA 29:52,71,81,97,140,147,150,151 192

confusion in the research literature on K

One source of confusion between the different methods of calculation is that not all KVA
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measures use the same reference frame. Some angles use a global reference frame while others
use a body-fixed reference frame. Another factor is that some angles are measured in three
dimensions while others are measured in two dimensions. Detailed descriptions help prevent

such confusions, but such descriptions are not always available !417:2%-67.86.142.151.192

2.1.3 Additional Terms

In the literature associated with KVA, additional terms have been introduced in an attempt
to clarify the mathematical calculations and distinguish the various methods used to calculate
KVA. Because of this it would be helpful to have a systematic review performed where a term
or multiple terms are used. In standard systematic reviews, a method is utilized in which a term
or terms are searched to identify manuscripts of interest. However, in this case the standard
systematic review method cannot be used to identify manuscripts of interest because numerous
names are used to identify this type of angle and multiple different kinds of calculations are
used to measure the angle. For example, if the term ‘knee valgus angle’ was used, the search
query would omit papers referencing ‘abduction’. Likewise, if the term ‘abduction’ was used,
the search query would omit ‘Q-angle’. Therefore, in order to capture the body of manuscripts
which discuss the concept, a variety of search methods must be used. The analyzed publications
were gathered using a number of retrieval methods and are not intended to make any statistical
analyses of the literature but rather to introduce the reader to the multiple definitions used in
the research.

A total of 143 publications were analzyed, and Table 1 lists each of the reviewed publication
and associated terms identified to be closely related to the Webster definition of knee valgus. In
the review, the term ‘valgus’ and ‘valgus angle’ were distinguished from one another, because
the term ‘valgus’ has been used to reference angles, distances, or moments. Many times the

differences between the three types of valgus was identified; however, in some instances the
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type of valgus was inferred through the context. Therefore, in order to show the discrepancy
across publications, the distinction between ‘valgus’ and ‘valgus angle’ was included.

If a term in the reviewed papers was used fewer than three times, then it was marked in
the column ‘other’. The following terms met this criteria: ‘valgus orientation’, ‘knee val-
gus motion’, ‘knee valgus angular displacement’, ‘frontal plane knee angle’, ‘mechanical axis
angle’, ‘mechanical axis alignment’, ‘valgus alignment’, ‘femoral shaft-tibial shaft’, ‘valgus
angle, functional knee valgus, 3D KV’, ‘2D KV’, ‘active valgus’, ‘tibial valgus’, ‘valgus defor-
mity’, ‘coronal plane KV’, ‘coronal plane KVA’, ‘total frontal plane knee excursion’, ‘valgus
malalignment’, ‘total frontal plane valgus movement’, ‘valgus lower extremity position’, ‘val-
gus rotation’, ‘valgus angulation’, ‘valgus position’, ‘valgus knee position’, ‘apparent valgus’,
‘mechanical femorotibial angle’, ‘knock knee’, ‘valgus displacement’, ‘valgus collapse posi-
tion’, ‘KV excursion’, ‘functional valgus collapse’, ‘inward knee movement’, ‘medial knee
displacement’, ‘mechanical lateral distal femoral angle’, ‘mechanical medial proximal tibial
angle’, ‘anatomical lateral distal femoral angle’, ‘anatomical medial proximal femoral angle’,
‘mechanical lateral distal tibial angle’, ‘femur-tibia’, ‘hip-knee-ankle angle’, and ‘hip-knee-
ankle mechanical angle’.

It should be noted again that this collection of papers is not a proper statistical sample and
therefore the terms listed in Table 1 might be represented more in the full body of literature.

Instead this list is meant to show the variety of terms present in the literature.
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Table 1: The terms used in a collection of reviewed papers associated with KVA. Terms that are used fewer than three times are counted as ‘other’.

Angle Name

Knee Valgus Knee Abduction Dynamic Knee Dynamic Lower Lower Extremity

Paper Valgus Knee Knee Valgus Angle Knee Adduction Valgus Extremity Valgus Valgus Valgus Collapse Q-Angle Tibiofemoral Angle Other

v’ v’ v’
v’ v’ v’
v’ v’ v’

Akins et al., 2013
Alentorn-Geli et al., 2009

Almeida et al., 2016°

COCK
AN

Ambegaonkar et al., 2008 7
Arai et al., 2013 10

Bates et al., 2017 12
Battaglia et al., 2009 14
Benoit et al., 2006 16
Boling et al., 2009 7
Brent et al., 2013 '8

Butler et al., 2011 '

COCC O KX
<

Cesar et al., 2016 3

Charlton et al., 2004 >

AN

Clement et al., 20152
Cooke et al., 2007 20

Cortes et al., 201127

CO 0 CC X

Cowley et al., 2006 28

CO KX

Creaby et al., 20172

AN

Cronin et al., 2016°

OO X

Cruz et al., 2013
Danino et al., 2019 3

DeFrate et al., 2006 ¢

<

Dempsey et al., 2012 37

COC X

Donnelly et al., 2012 39

Eberbach et al., 2017 #!

COC KK

Ema et al., 201742 v’

Continued on next page
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Table 1 — continued from previous page

Angle Name
Knee Valgus Knee Valgus Angle Dynamic Knee Dynamic Lower Lower Extremity
Paper Valgus Knee Knee Angle Abduction Valgus Extremity Valgus Valgus Valgus Collapse Q-Angle Tibiofemoral Angle Other
Erhart-Hledik et al., 2018 '1 v’
Erhart-Hledik et al., 201945 v’ N
Ettinger et al., 2016 % v’

Ford et al., 2003 >

Ford et al., 2005°"

CCOS
<
<

Ford et al., 20112
Ford et al., 20154 v’ v’
Gardner et al., 2015 53

Gerber et al. 201954 \/

Ghosh et al., 20165 v’
Graci et al., 20125

Grood and Suntay, 1983 51

Guo et al., 20198 v’

Hall et al., 2018 %

Hanni et al., 2006 2% v’ v’

Hardgrib et al., 2018 © v’

X

AN

Hewett et al., 2005 65
Hewett et al., 2006 64 \/
Hewett et al., 2008 %8
Hewett et al., 2009 *

Hewett et al., 201093

<
«C C X

Hewett et al., 2012 132 v’

Hewett et al., 2014 70

CoOCC X

Hewett et al., 2015 607
Hewett et al., 2014 70 \/ \/ \/

Hewett et al., 2002 7 \/

- CC X

Hoetal., 201273

Continued on next page
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Table 1 — continued from previous page

Paper

Angle Name

Knee Valgus

Valgus Knee

Knee Valgus Angle

Knee Angle

Abduction

Dynamic Knee

Valgus

Dynamic Lower Lower Extremity

Extremity Valgus Valgus Valgus Collapse Q-Angle

Tibiofemoral Angle

Other

Hoch et al., 2017 74
Holden et al., 2017 7
Hopper et al., 2017 7
Howard et al., 201178
Hollman et al., 2009 70
Hull et al., 1996 7
Imwalle et al., 2009 81
Ishida et al., 2011 52
Ishida et al., 2014 83
Issa et al., 2007 3
Jones et al., 2014 86
Kagaya et al., 2018 87
Kellis et al., 2019 %7
Kezunovié et al., 2013 %
Khasawneh et al., 2019 91
Kim et al., 20153

Kim et al., 201792

Kim et al., 2018 %%
Kobayashi et al., 2010 %
Kocabiyik et al., 2017 %
Krosshaug et al., 2007 97
Kunugi et al., 2018 %°
Kushner et al., 2015 10!
Kusiak et al., 2018 0%
Lam et al., 2003 '3

Lee etal., 2018 106

COCCCCCC O 0 O LK

AR

v’
v’

<K

AN

CCO X

v’

AN
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Table 1 — continued from previous page

Paper

Angle Name

Knee Valgus

Valgus Knee

Knee Valgus Angle

Knee Angle

Abduction

Dynamic Knee

Valgus

Dynamic Lower

Extremity Valgus

Lower Extremity

Valgus Valgus Collapse Q-Angle Tibiofemoral Angle

Other

Luetal, 2019 '1#
Masouros et al., 2010 116
McLean et al., 2005 '8
McLean et al., 2010 119
Mendiguchia et al., 2011 2!
Mendiguchia et al., 2015 12!
Mizuno et al., 2001 124
McLean et al., 2010 '1°
Myer et al., 2004 129

Myer et al., 2005 13!

Myer et al., 2006 27

Myer et al., 2008 30

Myer et al., 2011 '20

Myer et al., 2012 132

Myer et al., 2014 128
Nagano et al., 2008 134
Naili et al., 2017 3%

Nguyen et al., 2007 139

Nguyen et al., 2011 141
Nguyen et al., 2015 140
Nilstad et al., 2015 '4?
Numata et al., 2018 '+
O’Kane et al., 2017 143
Olesen et al., 2019 146
Orishimo et al., 2014 14

Padua et al., 2009 151

Palad et al., 2018 152

v’

<

COC CCC 0O

AN

v’

AR

COK

<

COC K

OO X

AN

AN

AN

AN VAN

<
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Table 1 — continued from previous page

Paper

Knee Valgus

Valgus Knee

Knee Valgus Angle

Knee Angle

Abduction

Dynamic Knee Dynamic Lower

Valgus Extremity Valgus

Valgus Collapse Q-Angle Tibiofemoral Angle

Other

Palanisami et al., 2019 153

Palmer et al., 2019 133

Palmieri-Smith et al., 2007 '3

Patel et al., 2004 %°
Patrek et al., 2011 '8
Paterno et al., 2010 157
Petersen et al., 2017 159
Pitcairn et al., 2018 162
Pollard et al., 2009 '03
Popkov et al., 2017 '
Rajasekar et al., 2017 0
Resende et al., 2016 166
Ribeiro et al., 2013 197
Sag et al., 2018 198
Sakurai et al., 2019 170
Salsich et al., 2013 17!
Sanfridsson et al., 2001 172
Schmidt et al., 2017 174
Sener et al., 2019 3
Sheehy et al., 2011178
Sheehy et al., 201577
Shin et al., 2009 '7?
Stickler et al., 2015 '8
Tamura et al., 2017 189
Teng et al., 2014 1!

Teng et al., 2017 192

Tokuhara et al., 2003 %3

A U N N U N U N U N N

AN

<

AN

v’

«C X

<

<
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Table 1 — continued from previous page

Paper

Angle Name
Knee Valgus Knee Valgus Angle Dynamic Knee Dynamic Lower Lower Extremity
Valgus Knee Knee Angle Abduction Valgus Extremity Valgus Valgus Valgus Collapse Q-Angle Tibiofemoral Angle Other

Tran et al., 2016 1%
Turner et al., 2018 197
Uttarkar et al., 2013 17
Vanrenterghem et al., 2012 199
Weinhandl et al., 2015 202

Xie et al., 2018 20

Yang et al., 2010297

Yoo et al., 2008 2%

Zazulak et al., 2005 2%°

v’
v’

v’

v’

COCCCCCK




Table 2 lists the number of times each term was used in the 143 publications. In many
cases, more than one knee valgus (KV) term was used in a single paper. As a result, the total
number of uses listed in Table 2 does not equal the number of papers analyzed. In many of those
instances, the different terms in the paper are actually describing multiple types mathematical
calculations of the KVA. In other cases, the different terms in a paper are only referencing a

single mathematical measurement of that KVA.

Table 2: The number of terms used in 143 publications. Note that the total number of uses
and number of publications are not equal, because more than one term can be used in a single
publication.

Term Number of uses
Knee Valgus — Valgus Knee 79
Knee Valgus Angle — Knee Angle (refering to KVA) 37
Abduction — Adduction 52
Dynamic Knee Valgus 31
Dynamic Lower Extremity Valgus 9
Lower Extremity Valgus 14
Valgus Collapse 7
Q-Angle 10
Tibiofemoral 6
Other 57
Total Number of Terms: 302
Number of Publications: 143
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2.2 Calculation Variations

2.2.1 Introducing Angle Measurements

KVA can be calculated in multiple ways and they can be broken down into four components:
rotating axis, reference axis, frontal plane, and dimensions. The rotating axis is defined by the
vertical axis of the shank; this definition is unchanging across publications. The reference axis
is the ‘zero axis’. The KVA is the measure between the rotating axis and the reference axis.
Often times the rotating axis or the reference axis are projected onto a frontal plane that is a
predetermined representation of the human anatomy. Lastly, the dimensions of the angle can
be determined by whether the axes are projected onto a frontal plane (2D) or measured freely
in space (3D). Each of these elements determine the type of KVA measured. One combination
of the KVA elements is not necessarily better than another; the type of angle measured is
dependent on the purpose for the measurement and available instrumentation. As a result,
many measurement calculation methods have been developed. The reference axis and frontal
plane is largely dependent on available coordinate systems and the dimensionality is dependent

on the use of the frontal plane.

2.2.2 Coordinate Systems

There are a variety of coordinate systems used to evaluate the KVA. The most frequently used
methods utilize local (coordinate systems fixed to the thigh and shank segments), global (fixed,
non-accelerating coordinate system external to the individual), or a combination of the two

coordinate systems.

Joint Coordinate System

The local coordinate system used to quantify knee orientation has been described by Grood

)57

and Suntay in what they called the ‘joint coordinate system’ (JCS)”’. This is a non-orthogonal
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coordinate system calculated from the axes on the proximal segment (lateral axis: e;; anterior
axis: e]) and distal segment (vertical axis: es; anterior axis: e3). The axes e; and ez are used
to define e;. Rotation about the eq, e, and ez axes are flexion («), abduction (/3), and inter-
nal rotation (), respectively. These axes and angles can be seen in Figure 3. This method
of measuring joint angles is commonly accepted amongst researchers and medical profession-
als as the coordinate system used to measure flexion, abduction, and internal rotation of the

knee 16,36,51,57,78,119,151,198

= jcs
= .

N T
/ v/ a Flexion

- Abduction
Sy A .
€3y Internal Rotation

Figure 3: The JCS by Grood and Suntay using the local coordinates (e;, €], es, and e5) and
floating vector (e;) to calculate flexion (), abduction (/3), and internal rotation ().

Global Coordinate System

Alternatively, the global coordinate system is not defined by the position of individual. The
coordinate system is a non-accelerating, earth-fixed reference frame that is commonly placed

b 10:37:63.65.95.133.191 Tt jg standard practice in biomechani-

with its origin in the motion capture la
cal studies to define the X and Y axes as the floor plane and the Z axis as the vertical axes (Gx,

Gy, and Gz, respectively), shown in Figure 4. A coordinate system may use one or all of these

axes from the JCS and the global coordinate system to define medial knee alignment.
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Global
Coordinate System

Figure 4: The global coordinate system where G is orthogonal to the floor plane®.

2.2.3 Reference Axis

The reference axis is the ‘zero axis’ at which the vertical axis of the shank (e3) is measured.
The KVA is the angle between the reference axis and the e5 axis. Most commonly, the reference

axis is either the vertical thigh axis (T'highz) or G .

2.2.4 Frontal Plane

Defining the frontal plane (the plane in which KVA is measured) is essential when measuring
KVA, even if only to distinguish between valgus and varus. The definition of the frontal plane
determines the facing of the coordinate system in space and gives meaning to that orientation.
In a local coordinate system, the frontal plane of the femur (e; and T'highy) is used as the
frontal plane for KVA. The global coordinate system is pre-defined by the configuration of
the testing space, firstly by either designating a 2D camera facing or a 3D coordinate system
defined in the space, and, secondly, by the subject moving through the capture volume.

There are less common methods of defining the frontal plane. An alternative method is

to mix the local and global coordinate system, using the pelvis to define the lateral axis and
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the global coordinate system to define the vertical axis. These two axes come together to
define the frontal plane. This frontal plane rotates as the subject moves through the capture
volume. Another is to define the frontal plane in gait analysis by the plane perpendicular to
the line of action. If the subject moves from one side of the capture volume to the other,
the perpendicular plane then becomes the frontal plane. These last two methods are used in
biomechanics research, but are uncommon in the measurement of KVA associated with ACL

ruptures.

2.2.5 Dimensions

KVA can be measured in both two- or three-dimensions (2D and 3D, respectively). If measured
in 2D, the value of the KVA is measured in the defined frontal plane. If measured in 3D, the
plane of the angle becomes a pseudo-frontal plane, since it is not certain to have anatomical
meaning. For example, if the frontal plane was defined by e3 and GG, the plane would rotate
about the Gz axis depending on the orientation of the shank. If defined in this way, the ‘frontal
plane’ could have any orientation all of which would not necessarily be in any anatomical

frontal plane orientation.

2.2.6 Angle Calculation Examples

For clarity, examples of different configurations of KVA utilizing the elements previously de-
scribed are shown below. Additionally, possible reasons behind the use of that particular
method of calculation are given to show the reasoning behind the use of a wide variety of
measures for KVA. Popular uses of the examples given will be discussed in Sections 2.3 and
2.4. Each example angle has three components: 1) vertical axis, 2) frontal plane, and 3) dimen-
sions used. The fourth component, rotating axis, is assumed to be e3 in each of the following

examples.
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These components can be seen listed in Table 3 and include specific elements for each of
the components. The thigh vertical axis is the vertical axis of the thigh defined by Wu et al.?*,
The vertical axis of the global plane (G'z) and the global frontal plane (G x-G ) can be seen in

Figure 4. The pelvis frontal plane is defined by the lateral axis of the pelvis (Px) and the global

vertical axis (G z); details of this plane will be discussed later in this section.

Table 3: The three components that define KVA: 1) reference axis, 2) frontal plane, and 3)
dimensions. The rotating axis is assumed to be es.

Reference Axis Frontal Plane Dimensions

Thigh (Thigh;)  Thigh (e1-e3) 2D
Global (G;)  Global (Gx-Gy) 3D

Pelvis (Px-Gz)

Example Angles 1-3

For Example Angles 1-3, the angles are measured using the frontal plane of the global system
(G x-Gz) (Table 4 and Figure 5; Table 5 and Figure 6; and Table 6 and Figure 7). For Example
Angle 1 (Table 4 and Figure 5), the angle is measured between the thigh and the shank in
the global frontal plane. For Example Angle 2 (Table 5 and Figure 6), the angle is measured
between the shank and the vertical global axis in the global frontal plane. For Example Angle
3 (Table 6 and Figure 7), the angle is measured between the shank and the global vertical axis
with no defined frontal plane. Angles 1 and 2 do not require 3D instrumentation because the
shank and thigh axis are projected onto a frontal plane. However, 3D instrumentation can be
used to calculate these angles. These 2D measurements restrict the task movement because
of the predefined frontal plane in the global system. Angle 3 does require 3D instrumentation

because the shank axis is not necessarily oriented with the global axes.
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Table 4: The elements for Angle 1 are 1) reference axis = T'highy, 2) frontal plane = G x-G 2,
and 3) dimensions = 2D. Emboldened text represent the elements used for this angle.

Reference Axis Frontal Plane  Dimensions

Thigh (Thighz)  Thigh (e1-e3) 2D
Global (G;)  Global (Gx-G) 3D

Pelvis (Px-Gz)

Figure 5: Angle 1: 1) vertical axis = Thigh, 2) frontal plane = Gx-G 2, and 3) dimensions =
2D. See Table 4.

Table 5: The elements for Angle 2 are 1) reference axis = GGz, 2) frontal plane = G x-G 7, and
3) dimensions = 2D. Emboldened text represent the elements used for this angle.

Reference Axis Frontal Plane Dimensions

Thigh (Thighz) Thigh (e1-€3) 2D
Global (G ) Global (G x-G ) 3D

Pelvis (Px-Gz)
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Figure 6: Angle 2: 1) vertical axis = Gz, 2) frontal plane = Gx-Gz, and 3) dimensions = 2D.
See Table 5.

Table 6: The elements for Angle 3 are 1) reference axis = (G, 2) frontal plane = G x-Gz, and
3) dimensions = 3D. Emboldened text represent the elements used for this angle.

Reference Axis Frontal Plane  Dimensions

Thigh (Thigh;)  Thigh (e1-¢3) 2D
Global (Gz)  Global (Gx-G) 3D

Pelvis (Px-Gz)
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Figure 7: Angle 3: 1) vertical axis = Gz, 2) frontal plane = Gx-Gz, and 3) dimensions = 3D.
See Table 6.

Example Angle 4

Example Angle 4 is measured between the shank and the global vertical axis in the pelvis
frontal plane (Table 7 and Figure 7). The frontal plane fixed to the subject allows for freedom

of movement based on its dynamically changing reference frame.

Table 7: The elements for Angle 4 are 1) reference axis = (G, 2) frontal plane = Py-Gz, and
3) dimensions = 2D. Emboldened text represent the elements used for this angle.

Reference Axis Frontal Plane Dimensions

Thigh (T'highz)  Thigh (e;-e3) 2D
Global (G ) Global (Gx-Gy) 3D

Pelvis (Px-Gz)
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Figure 8: The elements for Angle 4 are 1) vertical axis = (G, 2) frontal plane = Px-Gz, and 3)
dimensions = 2D. See Table 7.

Angle 5

Example Angle 5 is measured between the shank and the thigh in the thigh frontal plane
(Table 8 and Figure 8). This is also defined as the perpendicular to e;>’. The frontal plane is
fixed to the thigh and therefore dynamically changes with the subject. This allows the subject

to move around the capture volume freely.

Table 8: The elements for Angle 5 are 1) reference axis = T'high or L ey, 2) frontal plane =
e1-e3, and 3) dimensions = 2D. Emboldened text represent the elements used for this angle’’.

Reference Axis Frontal Plane Dimensions

Thigh (Thigh;)  Thigh (e;1-¢5) 2D
Global (G;)  Global (Gx-G ) 3D

Pelvis (Px-Gz)
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Figure 9: Angle 5: 1) vertical axis = L e;, 2) frontal plane = e,-e3, and 3) dimensions = 2D,
See Table 8.

2.2.7 Angle Calculation References

The papers reviewed in Section 2.1.3 were published in a variety of journals from Robotica to
Journal of Strength Conditioning Research and Journal of Children’s Orthopaedics to Carti-
lage. The wide application of KVA in different fields of study means that some studying or
making use of the KVA might not have extensive training in mathematics. Therefore, for some,
the slight distinction between the angles described in Sections 2.2.6 becomes enigmatic. Table

9 lists the journals where the papers in Table 1 were published.
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Table 9: The journals where the papers from Table 1 were published.

Journal Name

Number of Papers

Journal Name

Number of Papers

Acta Radiologica 1 Journal of Science and Medicine in Sport 2
American Journal of Sports Medicine 13 Journal of Sport and Health Science 2
Annals of Internal Medicine 1 Journal of Sport Rehabilitation 1
Archives of Orthopaedic and Trauma Surgery 1 Journal of Sports Medicine 1
Arthritis Care and Research 1 Journal of Sports Sciences 1
Asia-Pacific Journal of Sports Medicine, Arthroscopy, 1 Journal of Strength Conditioning Research 4
Rehabilitation and Technology 1 The Knee 8
Athletic Therapy Today 1 Knee Surgery and Related Research 1
British Journal of Sports Medicine 2 Knee Surgery, Sports Traumatology, Arthroscopy 3
Cartilage 1 Medicine and Science in Sports and Exercise 4
Clinical Biomechanics 5 Montenegrin Journal of Sports Science and Medicine 1
Clinical Orthopaedics and Related Research 2 North American Journal of Sports Physical Therapy 1
Danish Medical Journal 1 Orthopaedic Journal of Sports Medicine 2
Exercise and Sport Sciences Reviews 2 Orthopaedics and Trauma 1
Frontiers in Physiology 1 Osteoarthritis and Cartilage 3
Gait and Posture 4 Physical Therapy 1
International Orthopaedics 1 Physical Therapy in Sport 4
Isokinetics and Exercise Science 2 Physiotherapy Quarterly 1
Journal of Sport Rehabilitation 1 PLoS ONE 3
Journal of Arthroplasty 1 Research in Sports Medicine 1
Journal of Athletic Training 8 Revista Brasileira de Ortopedia (English Edition) 1
Journal of Biomechanical Engineering 1 Robotica 1
Journal of Biomechanics 7 Scandinavian Journal of Medicine and Science in Sports 2
Journal of Bodywork and Movement Therapies 1 Sports 1
Journal of Bone and Joint Surgery 2 Sports Biomechanics 2
Journal of Children’s Orthopaedics 1 Sports Medicine 1
Journal of Education and Training Studies 1 Stem Cell Research and Therapy 1
Journal of Electromyography and Kinesiology 1 Strategies in Trauma and Limb Reconstruction 1
Journal of Experimental Orthopaedics 1 Strength and Conditioning Journal 2
Journal of Korean Medical Science 1 The American Journal of Sports Medicine 1
Journal of Orthopaedic and Sports Physical Therapy 3 The Bone and Joint Journal 1
Journal of Orthopaedic Research 5 Turkish Journal of Physical Medicine and Rehabilitation 1

Journal of Orthopaedics

Table 10 lists the method of calculating the angle associated with KV for each study. A
number of papers discussed KVA in the introduction or background and cited other studies dis-

cussing KVA, but those citations often referenced multiple publications with different types of
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KVA or studies that also had undefined KVA. Therefore, in this review, the paper was consid-

ered to have an undefined KVA if the angle was not explicitly defined.

Table 10: The mathematical calculation of angles associated with KVA in a collection of papers.

Reference Axis: Thighz Gy
Frontal Plane: ei1-e3 Gg-e3 None Gx-Ggz Undefined Exceptions

Dimensions: 2D 2D 3D 2D

Akins et al., 2013 4 Reference wu
Almeida et al., 2016 v’

Benoit et al., 2006 ¢
Boling et al., 2009 7 v’
Butler et al., 2011 1 v’

Cesar et al., 2016 3

CC X

Charlton et al., 2004 >
Clement et al., 2015 v’
Cooke et al., 2007 2

Cowley et al., 2006 28 \/
Creaby et al., 2017 2

DeFrate et al., 2006 36 /

Dempsey et al., 2012 37 \/

Donnelly et al., 20123°

Eberbach et al., 2017 #!

Ford et al., 2005°"

<

Gerber et al., 201954

Graci et al., 2012°°

<K

Grood and Suntay, 1983 7
Hall et al., 2018 %

Hewett et al., 2005 65
Hewett et al., 2010 % v’ v’
Hopper et al., 2017 7
Howard et al., 201178
Hull et al., 1996 7
Imwalle et al., 2009 3!
Issa et al., 2007 84
Kagaya et al., 2018 87
390

Kezunovi¢ et al., 201

Kobayashi et al., 2010 Game footage

DS W W N N U N NN

Kushner et al., 2015 101
Masouros et al., 2010 116

McLean et al., 2010 ¥

AN

Nagano et al., 2008 134
Nguyen et al., 2007 '3° v’

Nguyen et al., 2015 140

<

Nilstad et al., 2015 42
O’Kane et al., 2017 4

Orishimo et al., 2014 149 v’

Continued on next page
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Table 10 — continued from previous page

Reference Axis: Thighyz -e3 Gz -e3
Frontal Plane: e1-e3 Gyg-es None Gg-e3 Undefined Exceptions
Dimensions: 2D 2D 3D 2D
Padua et al., 2009 1! v’

g 154 Horizontal distance between

Palmer et al., 201
the toe and knee

Palmieri-Smith et al., 2007 |5 v’

Patel et al., 2004 15 v’

Paterno et al., 2010 157 \/

<

Pollard et al., 2009 163

Rajaskar et al., 2017 16 Horizontal distance between
the toe and knee

Ribeiro et al., 2013 '¢7

Sag et al., 2018 108

Sakurai et al., 2019 170 v’

Sanfridsson et al., 2001 172 \/

Schmidt et al., 2017 74

Shechy et al., 2015 77

A N N N

Shin et al., 2009 '7°

Shultz 2012 '8! v’
Stickler et al., 2015 138 v’

Teng et al., 2017 192

Turner et al., 2018 197 \/
Uttarkar et al., 2013 17 v’

Zazulak et al., 2005 2%

A number of papers listed in Table 10 used angles that were undefined. Even though
many papers did not explicitly define KVA, they cited other publications in the introduction
or background that did have definitions for KVA. However, even though the 2005 publica-
tion by Hewett et al. entitled “Biomechanical Measures of Neuromuscular Control and Valgus
Loading of the Knee Predict Anterior Cruciate Ligament Injury Risk in Female Athletes: A
Prospective Study” (valgus: reference axis = G, frontal plane = G'x-G 2, and dimensions =
3D) has been cited 2,870 times®. However, all of those 2,870 publications do not necessarily
use the KVA 3G calculation method to calculate their KVA. Likewise, the 1983 publication by
Grood and Suntay entitled “A Joint Coordinate System for the Clinical Description of Three-
Dimensional Motions: Application to the Knee” (knee abduction angle: the angle between e

and e3) has been cited by 3,493 publications®’. This does not mean that all 3,493 publications
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used the knee abduction angle to define KVA.
The mass use of angles associated valgus has led to the development of many terms and
calculation methods meant to define the alignment. As a result, ambiguity exists in the literature

on how the KVAs are labeled and calculated.

2.3 Joint Coordinate System (Grood and Suntay, 1983)%’

To measure angles using the joint coordinate system, orthogonal, local coordinate systems are
fixed to the proximal and distal segments (Femur (thigh) and Tibia (shank), respectively). Using
the notation from Grood and Suntay’s work, the proximal segment is defined by the lateral axis
(e1) and anterior axis (e]) shown in Figure 10°7. The distal segment is defined by the anterior
axis (e4) and superior axis (e3), Figure 10°7. The proximal superior axis and distal lateral axis
were not defined by Grood and Suntay®’; in this work they will be referred to as thigh Z and
shank X, respectively. A new coordinate system, JCS, is created by crossing e; with e3 which
creates the third axis, ey, shown in Equation 1 and Figure 10. The axes e; and ez are not
orthogonal to one another and therefore this coordinate system is a non-orthogonal coordinate
system. Additionally, e; and es are located on two different segments that are not positionally
connected with one another, so the axis created from them, es, has no defined position in space.
As result, the e, axis and JCS are referred to as a floating axis and coordinate system>’. The
axes of the coordinate system align with anatomical rotations given to joints where the rotation
about e; is flexion, e, is abduction, and ej is internal rotation, Figure 10 and 11.

e3 X €1

)

€y = T
? les X eq]

50



Shank X+ X

Figure 10: Proximal and distal coordinate system as well as the e; floating vector used to define
the joint coordinate system (JCS) by Grood and Suntay>’

g jcs
‘.,

\ B Ne
/ / a Flexion

[3 Abduction
.?3 NN Y Internal Rotatlon

Figure 11: The non-orthogonal, sequence independent JCS by Grood and Suntay using the
local coordinates (e, €7, e3, and e}) to calculate flexion (), abduction (), and internal rotation

(COR

2.3.1 Knee Flexion Calculation

The knee flexion angle is measured between the shank and the thigh in the thigh sagittal plane.
The proximal (thigh) anterior axis (e]) is used as a reference axis to the distal segment (thigh)
to measure the degree of rotation about the e; axis. Initially, e] and e, are perfectly aligned.
When in flexion, e, is rotated about e; while e] becomes the reference axis. Because both e

(by definition) and e, (by calculation) are always orthogonal to e; the angle measured between
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these two axes, using the dot product, is an angle measured in the e; plane (proximal sagittal
plane; ef-e, plane) about e; (proximal lateral axis). This angle can be calculated using the cross
product in Equation 1 in combination with the dot product of €] and ey, shown in Equation 2

and Figure 12. This type of calculation is referred to as a scalar triple product.

=e€] - e (2)

Figure 12: Flexion: Lateral view of the lower limb depicting the axes used to calculate flexion
using the JCS by Grood and Suntay?’.

Conceptually, the flexion angle can be understood as the angle between the projection of ej
onto e; and the proximal Z axis. Additionally, flexion can be calculated using the first rotation
of an X-Y-Z Euler sequence. Details of the conversion between the JCS and X-Y-Z Euler

rotations can be found in Appendix A.

2.3.2 Kbnee Flexion Angle Usage

The JCS is widely used by researchers and medical professionals to measure flexion in an
anatomical joint!6:17:23:24.51.56.63.116.119.134.15L.183.192.198 " Ryen before Grood and Suntay published
the JCS that clarified and documented a specified way of calculating knee flexion, the first

rotation of the Euler XYZ sequence was already being used to calculate this angle®’.
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2.3.3 Knee Abduction Angle Calculation

The knee abduction angle () is measured as the angle between e; and ez (the JCS is not
orthogonal). The axis, ey, is the reference axis and the angle is a result of e3 rotation about e,
(floating axis). This angle can be calculated using the dot product of e; and es to calculate 3’
(Equation 3). For the right leg 90-degrees are added to /3 so that the calculated angle is from
the e; plane (proximal sagittal plane; e-e2 plane) to the es axis (distal vertical axis), shown in

Equation 4 and Figure 13. The reverse is true for the left leg.

cosB =e;-e3 (3)

Bt+5=0 “)

Figure 13: The knee abduction angle: Inferior view of the femur and frontal view of the shank
depicting the axes used to calculate the knee abduction angle using the JCS by Grood and
Suntay”’.

Conceptually, the knee abduction angle can be understood as an angle between the projec-
tion of e3 onto the e; plane (proximal sagittal plane; e]-e; plane) and e3 (distal superior axis).

Additionally, the knee abduction angle can be calculated using the second rotation of an Euler
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XYZ sequence. Details of the conversion between the JCS and X -Y-Z Euler rotations can be
found in Appendix A.

Even though the terms ‘valgus’ and ‘varus’ were not in Grood and Suntay’s publication,
the knee abduction angle has since been referred to as the valgus angle due to the definition of
valgus®’. In this work, the JCS abduction angle will be referred to as ‘abduction angle’ (not

valgus angle).

2.3.4 Knee Abduction Usage

The abduction angle is also used to determine knee alignment as it relates to ACL injuries and
health '6-3644116.119.198.202 Becayge the calculation of the knee abduction angle only requires the
shank and femur, it is often used in imaging, such as magnetic resonance imaging (MRI) and
computed tomography (CT) scans, where the global axes is arbitrary it is often used to measure

the valgus knee angle %44,

2.3.5 Kbnee Internal Rotation Angle Calculation

The internal rotation angle is calculated much like the flexion angle, with the triple cross prod-
uct. The angle is measured between the shank and the thigh in the shank transverse plane. The
distal (shank) anterior axis (e5) was used in reference to the proximal segment to measure the
degree of rotation about the e; axis. Initially, e} and e, are perfectly aligned. When in a rotated
position, ej is rotated about e3 and the e axis becomes the reference axis. Because e (by def-
inition) and e, (by calculation) are always orthogonal to e3, the angle measured between these
two axes, using the dot product, is an angle measured in the e3 plane (distal transverse plane;

es-e2 plane)about es (distal vertical axis). This angle can be calculated using the cross product
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in Equation 1 in combination with the dot product of €% and e3, shown in Equation 5.

e3 X e

cosy = e; = ey - ey (5)

lles x eq| '

2.3.6 Unique, Independent Angles

The angles calculated from the JCS (flexion, abduction, and internal rotation) are unique angles
that are independent from one another. JCS angles can also be calculated using an X-Y -Z Euler
sequence, see Appendix A. The Euler rotation sequence is a commonly used mathematical
calculation amongst engineers and mathematicians and is therefore a commonly used method
used to calculate joint angles. However, though it is straightforward, the Euler calculation of
the angles can be misleading because the calculation is sequence-dependent and the JCS angles
are independent. Additionally, the fact that the JCS angles are independent can be difficult
to conceptualize, given the movement of the segments in 3D space. Figures 14 and 15 are
examples showing how flexion and internal rotation angles do not influence the magnitude of
the abduction angle (Equation 3). Figure 14 has four configurations of the e; and e3 axes.
When the angle between e; and e3 is 90°, 31, there is no knee abduction angle. When the angle
between e; and ez is > 90°, (s, there is an abduction angle equal to 55 — 3;. Any amount of
rotation about the e; axis (which would be flexion), does not change the abduction angle (3; or
B2). When the angle between e; and ez is > 90°, [3,, there is a knee abduction angle equal to
B2 — B1. Any amount of rotation about the e3 axis (which would be an internal rotation angle),

would not change the knee abduction angle (3, or [35).
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Figure 14: The unchanging knee abduction angle given a rotation about the e; axis (flexion

angle).
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Figure 15: The unchanging knee abduction angle given rotation about the es axis (internal
rotation angle).

2.4 Dynamic Knee Valgus Angle (Hewett et al., 2005)%°

In 2005, Hewett et al. defined an angle for knee valgus that could be calculated from an external
perspective using the global reference frame that is fixed to the ground®. Illustrated in Figures
4 and 16, this coordinate system can be imagined as the external visual perspective of the

patient, athlete, client etc. by the physical therapist, athletic trainers, strength and conditioning
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coaches, personal trainers etc..

Subject External
Viewer

2~

X KE

>

Figure 16: An external view of a subject.

Before the angle can be calculated, the global coordinate system is first fixed to the space.
The floor plane is defined as G'y-Gx, where Gy is fixed as the anterior axes and Gx is fixed
as the lateral axis. Consequently, G is perpendicular to the G'x-Gy plane and is fixed as the
vertical axis. The direction of the GG x and GGy axes are predetermined based on the orientation
of the room (or force plates) and planned task of the subject. When force plates are present,
the G'y axis is typically aligned with force plates and the intended anterior axis of the subject.
Similarly, G'x is aligned with the force plates and lateral axis of the subject. As a result, the
G x-G 7 plane is defined as the frontal plane. For example, if the subject plans to jog or walk,
the GGy axis faces the direction in which the subject intends to jog across the force plates, as in
Figure 17. Likewise, if the subject plans to perform a drop-jump, the Gy will rotate to match
the new need of the force plates, Figure 18. In both Figure 17 and 18 the subject’s anterior axis

is Gy, lateral axis is G x, and GGz is perpendicular to the force plates.
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Jogging
—-

+ Gy

Figure 17: Example of jogging direction on force plates in reference to the global coordinate
system (G'x and Gy). The subject is jogging in the direction indicated by the emboldened
arrow. The directions of the Gx and Gy axes are determined by the position of the subject. G'x
is defined as the lateral axis and Gy is defined as the anterior axis.

A GY

LESS ‘
+ Gy

>
>

Figure 18: Example of LESS direction on force plates in reference to the global coordinate
system (Gx and Gy). The subject is performing a drop jump by jumping in the direction
indicated by the emboldened arrow. The directions of the G'x and Gy axes are determined by
the position of the subject. G'x is defined as the lateral axis and Gy is defined as the anterior
axis.

2.4.1 Global Reference 2D

KVA 2G is a projection of the shank onto the global frontal plane (Gx-Gz). The angle can
then be calculated between the shank and the vertical axis, shown in Figure 19. Because this
angle is projected onto the global frontal plane, it can be measured with a wide variety of
instrumentation, from motion capture to simple 2D photography. This makes the angle easily

accessible as it can be calculated with simple photography.
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Figure 19: KVA measured in two dimensions (KVA 2G) between the shank (e3) and the global
vertical axis (G ).

2.4.2 KVA Global Reference 3D

For the calculation of KVA 3G, the distal shank (e3) and the global coordinate system are the
only axes needed. The dot product is used between e3 and GGz, shown in Equation 6 and Figure
20. The axis e3 is not projected onto a frontal plane, and therefore the angle calculated then
becomes the frontal plane. This calculation measures an angle with magnitude and no direction,
as the shank can rotation around the GG; while keeping the same value for KVA 3G. Hewett et
al. found this angle correlated with future ACL injuries when measured during a drop-jump

task, jumping off a box and rebounding vertically .

cos(KVA3G) =G, - e3 (6)
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Figure 20: KVA measured in three dimensions (KVA 3G) between the shank (e3) and the global
vertical axis (G ) as calculated by Hewett et al.®.

2.4.3 KVA Global Coordinate System Sign Convention

The KVA 3G angle is sometimes only measured in magnitude® rather than magnitude and
direction. Because of the directionless calculation, the angle cannot be considered valgus or
varus in general terms -2, but in literature has still been considered a valgus angle. However, the
sign of ez can be calculated (positive or negative) to determine if KVA 3G should be considered
valgus or varus.

If anatomical references were to be used to calculation the sign of e3, such as a positive or
negative angle in the frontal plane (G'x-Gz, similar to KVA 2G), the KVA 3G angle can be
given in terms of the general definition of valgus and varus'?, shown in Figures 21 and 22,

respectively.
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Figure 22: Varus lower limb alignment.

Alternatively, classic Cartesian coordinate vector sign definition can also be used. In this
system, a vector whose projection is along the positive X and Y axes (Gx and Gy) will be
considered positive, shown in Figure 23, quadrant I. Similarly, a vector whose projection is
along the negative X and Y axes (—Gx and —Gy) will be considered positive as well, shown
in Figure 23, quadrant III. Alternatively, a vector whose projection is along the negative X
and positive Y (—Gx and Gy) will result in a negative vector or positive X and negative Y
(G x and —GYy), shown in Figure 23, quadrant II and IV, respectively. This type of system can

be categorized into four quadrants where quadrant I and III are positive and quadrant II and
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IV are negative. If X and Y are fixed to the Gy and Gy axes, the quadrants can be labeled
accordingly, see Figure 23. With this system, es in quadrant I (e3 ;) and III (e3 ;77) are positive
signs, denoting valgus, and e3 in quadrant II (e3 ;7) and IV (e3 1) are negative, denoting varus).
This system is meant to define the slope of a line and does not fit with the anatomical meaning
given for varus and valgus'?. However, this is a method used in some research to define the
sign of vectors and a number of papers do not define their methodology of sign convention, so

it cannot be ruled out.

ﬂ 16, \L

esn=(—+H)=0)| ey=HH+=()

) Gx )

»
»
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ﬂ © W

Figure 23: The four quadrants (I, II, III, and IV) of a Cartesian coordinate system used to define
positive and negative vectors based on the slope of the line.

2.5 Pelvis Frontal Plane

Because of the reliance of the KVA used by Hewett et al. on a global coordinate system, this
angle cannot be measured during rotating tasks, such as pivot turns, as shown in Figure 24; and
does not account for rotation during linear tasks due to movement pattern variability, shown
in Figure 25%. The pelvis, shoulder, and head are unilateral and rotate along with the body.
Due to the mobility of the spine, the head and shoulders are not necessarily indicative of the

position of the lower limbs. However, the pelvis is directly connected to the lower limbs and
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can therefore give information on their location. If the frontal plane was connected to the pelvis

instead of the global system, the orientation of that system would rotate along with the rotation

of the subject during pivoting and other similar tasks.
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Figure 24: The rotation of Py (pelvis Y axis) of a pivoting task over time: ¢;) approach the
force plate, t5) begin rotating, ¢3) continued rotation, ¢,) complete rotation, and t;) return to

starting point.
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Figure 25: The rotation of Py (pelvis Y axis) of a linear jumping task over time: ;) takeoff,

t5) flight phase, and ¢3) landing.
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The pelvis frontal plane is most commonly used in identifying the location for the acetabular
cup implant in hip replacements'!’. In rare cases, it has been used to quantify gait mechanics,
but only in the analysis of the lower spine rather than full lower limb mechanics'?’. Due to the
value of the KVA 3G and KVA 2G in lower limb analysis, the adaptation of these angles using
the pelvis to rotating tasks warrants consideration as it could be beneficial to the future study
of ACL injuries. Using the P, and G, axes instead of the (G, and (G, axes to define the frontal
plane could provide the means to account for a broader range of variability in movement and

could, by extension, apply to a broader category of tasks.

2.6 Lower Limb Joint Orientation and KVA

The exclusive evaluation of KVA (calculated using a fixed global reference frame) and the
associated joint angles at the knee without regard to other lower limb joints can misidentify the
risk an individual might have of an ACL rupture. For example, if an individual has extremely
internally rotated hips and a large KVA, it might be assumed that the knee is compromised and
the ACL will inevitably rupture. However, the ankle of the shank with respect to the thigh can
have multiple orientations and might affect whether an individual is actually at risk of injury. If,
for instance, the knee had relatively no knee abduction and external rotation angles, as shown
in Figure 26.a., then the alignment might not be as compromising to the ACL as was originally
thought. Similarly, an individual could have a large amount of external rotation of the hips and
a large varus angle, as shown in Figure 26.b.. If this individual also had little knee abduction
and external rotation angles, then the individual would likely have a large toe-out angle. Even
though the knee appears to have good support as it is tracking over the toe, the large toe-out
angle would indicate a high risk of ACL rupture®>!?. Therefore, even though the hip internal
rotation angle changes from Figure 26.a. to Figure 26.b., resulting in a change from valgus

to varus angle, the knee abduction and internal rotation angle could possibly remain the same.
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Even though the KVA is large with internal rotation of the hips and the toes facing inwards
(Figure 26.a.), neither of these two examples (Figures 26.a. and 26.b.) would be considered as
compromising for the ACL as a configuration where the hip is internally rotated and the toes

are facing forward, as shown in Figure 26.c..

Figure 26: Examples of lower body alignment: a) internal rotation of the hips with little knee
abduction and external rotation angles and a considerable KVA, b) external rotation of the hips
with little knee abduction and external rotation angles and a considerable knee varus angle, and
¢) internal rotation of the hips with the toes facing forward and a considerable KVA.

This discrepancy between individual joint angles, KVA, and ACL ruptures is seen when
observing individuals trained in different fields. Performing artists (specifically classical ballet
dancers and modern dancers) and athletes who play sports at high risk of ACL ruptures (such as
soccer and handball) have been observed and compared to determine if individual joint angles
are to be considered as risk factor for ACL ruptures ''%!!1:136.199 " Dancers have a lower risk of
ACL rupture than athletes, even though dancers perform activities (such as drop-jumps) with

110,111,136,149

large angles that are identified as risk factors for ACL rupture . Because dancers

have large angles that are identified with ACL ruptures without a high record of ACL ruptures,

it is likely that the individual angles alone are not responsible for ACL injuries !10:!11-136.149
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2.7 Modeling

2.7.1 History of Skin Motion Artifacts

Instrumentation used to capture human movement has improved through the years from man-
ually marking directly on film to multi-camera systems that digitally reconstruct movement.
However, limitations still exist, which prevent the accurate measurement of human movement.
Soft tissue artifacts (STA), where the retro-reflective markers connected to the skin move in
relation to the bone they are representing, affect the accuracy of collected movements by mis-
representing where the body segments are in space. Even with these limitations, steps can be
made to reduce STA’s effect on the resulting data, such as restricting the degrees-of-freedom
(DOF) of joints, filtering the data, choosing different markers sets, or weighting and scaling
markers. Directly measuring movement using methods such as fluouroscopy and bone pins
have their own limitations, such as small motion capture volumes and in vivo risks. Therefore,
studies that compare the effect of STAs on human movement are also restricted. Even still,
using the various methods which have been developed to reduce the effects of STAs allow for

the study of human movement using markers placed atop the skin.

2.7.2 Retro-Reflective Marker Sets

A variety of marker placement sets are used to define limbs. These marker sets are optimized
to accurately and precisely measure the movement of the limbs and to reduce artifacts caused
by STAs*!2%161 Once the markers locate the body in space, segments, such as the foot, shank,
and thigh, are defined from these markers. Typically, the International Society of Biomechan-
ics’ (ISB) recommendations of body segments given by Wu et al. are used to define these
segments?**?% The standard for relating these segments together was published by Grood and

Suntay in their JCS>’. Even though the exact marker placement is not standard, the method of
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collecting the marker data and modeling it to a human subject has been standardized.

2.7.3 History of Validation

The validity of the markers correctly representing the body segments despite STAs has been

tested with methods such as bone pins and fluoroscopy %16:25:47.100.196

These types of stud-
ies have limitations: bone pin studies are limited by ethical boundaries, pain, expense, and
skin restriction; and fluoroscopy by small motion capture volumes, expense, and the limita-
tion of captured frames per second. Because of these restrictions, there has not been extensive
work on the effect STAs. However, the overall conclusion is that skin movement during test-
ing can affect the ability of marker data accurately represent the position of the underlying

bones 8,16,25,47,100,196

2.7.4 Methods of Reducing STAs Effect on Data

Even though the collection of marker data is quasi-standardized, the existence of artifacts
caused by STAs without a concrete method of reducing STAs has led to the development of
multiple processing methods. Many studies have focused on STAs in particular and how they
affect the quality of the data®!6:21:21:2547.100.19 ~Qpe of the most common methods of reducing
erroneous data is to run a lowpass filter on the raw data. This is usually done at 15Hz, but it
can vary. Another method of reducing STAs is to weigh and scale the markers influence on the
segment position; this is typically combined with a point cluster marker placement technique®.
Still another common method used to reduce the DOF of joints is to constrain the segment
movements 5>42347:120.122.173 "The translation of two segments at a joint is often extremely small
and essentially unidentifiable by motion capture systems. As a result, some studies assume the

8,24,25,120,173

translation of joints to be zero . The restricted translation of the segments can re-

duce error caused by STA by preventing segments from having large distances between them.
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However, misplaced joint centers can cause segments to morph in order to meet the zero trans-
lation requirement, and will therefore misrepresent the joint angles. The joint center must be
calculated correctly in order for the rotations to occur about the right axes. Additionally, as the
nature of human anatomy allows joints to glide and slide, many joints cannot be represented as
a single point. For this reason, much effort has been put into calculating the optimal location
for joint centers, and special attention is taken when choosing non-evasive methods of defining

joint Centers6l,72,l 13,122,143,160,161,175,182,186

2.7.5 History of Models

In a joint, angles and translations that are significantly smaller relative to other joint angles
and translations in that same joint (i.e. internal rotation of the knee compared with flexion)
are assumed to be zero in some cases. The differing assumptions in the various studies has led
to the development of multiple joint DOF models. Fiorentino et al. assume no translation in
the ankle, knee, and hip*’. Mentiplay et al. assume no translation in the ankle, knee, and hip,

as well as zero abduction and internal rotation angles of the knee '?*.

Such assumptions are
meant to eliminate errors in the data collection and processing, errors which would cause an
uncharacteristically large value in an angle or a translation component which should be small.

Some analysis has been done to compare these models to determine whether they differ
greatly from each other. The conclusion was that there is not much difference between joint
constraint models®. However, this examination of modeling difference was compared during a
walking trial, which has much less impact and skin deformation than a jumping or jogging trial.
A thorough analysis of how joint angles are affected by changes in joint constraint models, as

well as how the changes in the amount of impact experienced during different tasks, could

influence the use of such models.
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2.8 Conclusion

The theoretical differences have been noted between angles based on differences on calculation
methods and processing methods (joint constraint models). However, these differences are
inconsequential if, in practical uses, the angles are correlated. The three studies in this research
determine whether these differences are only theoretical in nature or if they are exhibited in

practice. The specific hypotheses of each study can be found in Section 1.5.
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3 Methods
3.1 Participants

This study collected whole body biomechanics during various exercises from 23 female di-
vision 1 (D1) soccer and basketball, and club soccer teams from Auburn University (height
= 171.2 £ 8.9 cm, weight = 66.3 £ 8.6 kg age = 19.8 £ 1.9 yr). Athletes were not ex-
cluded based on injury history; however, athletes were excluded if an injury prevented them
from actively playing their sport at their designated level. Out of the 23 athletes, 9 had unilat-
eral ACL reconstructions, 2 had bilateral ACL reconstructions, and 12 did not have previous
ACL injuries. Each subject signed informed consent forms approved by the Auburn University

Internal Review Board (IRB). The forms approved by the IRB are provided in Appendix B.

3.2 Instrumentation

The subjects were fitted with 79 retroreflective markers using the point cluster technique shown
in Figure 27°. Kinematic and kinetic data was captured with a 10-camera motion capture
system (Vicon, Vantage V5 Wide Optics cameras with 22 high-powered IR LED strobe at 85
nm) and two force plates embedded in the floor (AMTI BP400600, 2000 1b. capacity). The
cameras were configured so that the motion capture volume (the volume at which three or
more cameras can view a single marker) was directly above the force plates embedded in the
floor. Data from the Vicon system and force plates was collected using Nexus software (Version

2.6.1; Vicon Motion Systems Ltd, Oxford Industrial Park, Oxford, UK).
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Figure 27: The placement of the 79 retroreflective markers used in the point cluster technique”.

3.3 Data Processing

The data processed and analyzed using Visual 3D (C-Motion Research Biomechanics; Ontario,
Canada). The marker data was filtered using a 15 Hz lowpass butterworth filter. The ISB’s rec-
ommendations for anatomical coordinate systems were used to define each segment?**. Unless
otherwise noted, the joints in the lower body (hip, knee, and ankle) were constrained to three

degrees of rotation and zero degrees of translation*”-1?2,

3.4 Tasks

Each subject completed a minimum of three trials for each of the tasks listed: 1) vertical drop-
jump: Landing Error Scoring System (LESS)"5%!5!, 2) squat, 3) walking down stairs (DS), 4)
lateral reach (LR), 5) walking, 6) jogging, 7) 180° pivot turn (pivot).

The subjects performed each task at least three times for a minimum of three complete trials.
A trial was considered complete when the subject correctly landed or stepped onto the force
plate and completed each task correctly. The subjects were given minimal directions to perform

each task, so that the performance was influenced as little as possible by the researchers.
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3.4.1 Landing Error Scoring System

The LESS test is a standard drop jump analysis tool, the details of which can be found in the
work of Padua et al.'®!. The subject jumps from the top of a 12” box to a distance that is 50%
of their height which was designated by tape on the floor. The layout of this test can be seen
in Figure 28. The test was considered to have failed if the subjected did not reach the 50%

distance and failed tests were discarded from the data set.

0

12> Box

T
50% of Subject Height Force Plate

Figure 28: Landing Error Scoring System (LESS) drop-jump'>%!5!. 1) flight phase and 2)
vertical jump.

3.4.2 Squatting

The squat was performed by instructing the subjects to stand at the width they would typically
stand to perform a squat with one foot placed on each force plate. The subjects were then
given a light weight polyvinyl chloride (PVC) pipe to hold directly in front of them while they
squatted in such a way so as to not obscure markers and to allow for a counter balance to

replicate lifting patterns experienced during their regular workout routines.
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3.4.3 Walking down stairs

The walking down stairs task (DS) was completed by the subject walking down steps at a
standard step height and length. The subject began the task standing on a 14” tall box then
stepping down to a 7" box, then to the floor. The box on the force plate was a standard stair
tread depth of 117; the dimensions of the boxes used for the stair test can be seen in Figure 29.
The left leg of the subject stepped down first and was analyzed while the foot was on the force

plate. The subject was instructed to take a couple steps forward once on the floor plane.

11’5

—
14>
799{

e Force Plate

Figure 29: Walking down stairs (DS).

3.4.4 Lateral reach

For the lateral reach (LR), the subjects stood on one leg with hands on their hips and reached
out with their free leg in five different directions. The subjects were instructed to bend their
standing leg and reach as far out as they could then to tap the floor with their contralateral
without shifting their weight. The leg reaches started at the front and moved to the back in the
following five locations: (1) front, (2) 45-degrees from the front, (3) side, (4) 45-degrees from
the back, and (5) directly back (Figure 30). Tape was placed on the floor in order to give the
subjects direction on where to reach; the placement of the tape can be seen in Figure 30. The
angles were calculated during the LR at maximum knee flexion when the subject was reaching
to the side, position 3, shown in Figure 30. The test was considered a failed test if the subject
removed their hands from their waist in order to prevent falling or shifted their weight onto the

extend leg. Additionally, the test was considered to have failed if the subject lost balance and
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fell off of their supporting foot.
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Figure 30: Lateral reach (LR) for a subject standing on their left leg and reaching with their
right leg.

34.5 Walk

The subject walked a distance of 25 feet at a self-selected pace. The walking test was positioned
such that the motion-capture image volume and force plates were in the middle of their walk
(at 25/2 feet). Only one foot was on the force plates at a time (i.e. no split stance on the force

plates).

3.4.6 Jog

The subject jogged a distance of 25 feet at a self-selected pace. The jogging test was positioned
such that the motion capture volume and force plates were in the middle of their walk (at 25/2

feet).

3.4.7 Pivot

The subject jogged approximately 12 feet towards the force plate embedded in the ground
(Figure 31.1) before planting their foot on a force plate and pivoting 180-degrees (Figure 31.2),

and then jogged directly back from where they started the task (Figure 31.3). The pivot test was
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considered to be a failed test if the subject jogged in a circular pattern to make the 180-degree

turn, rather than planting the foot and pivoting.

2.
>
+
<

Figure 31: Pivot turn test: 1) Approach to the force plate, 2) 180° rotation, 3) Return jog.

3.5 Angles

Each angle was measured and calculated at maximum knee flexion during the stance phase. The
priority of this study was to measure the relationship between different mathematical models
and tasks. Therefore, the same leg, the left in this case, was measured for all subjects across all
tasks. Five distinct angles were calculated for this study: 1) knee flexion 2) knee abduction 3)
KVA measured in three dimensions using the global coordinate system (KVA 3G), 4) KVA 2G
using the global coordinate system (KVA 2G), and 5) KVA in two dimensions using the pelvic
coordinate system (KVA 2P). Translation was not measured in this study; however, Grood and
Suntay developed a method of calculating translation of the tibia with respect to the femur that
can be used. Knee flexion angle, knee abduction angle, KVA 3G, and KVA 2G were calculated
as shown in Sections 2.3 and 2.4, and Appendix A. Details of the calculation for the fifth angle,

KVA 2P, are shown in the following section.

3.5.1 KYVA 2P Calculation

Calculating a knee valgus angle using the pelvis frontal plane and Gz (KVA 2P) allows for
an angle similar to KVA 2G and KVA 3G to be measured in rotating tasks. This modifica-

tion, though slight, could provide the means to account for a broader range of variability in
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movement and could, thus, apply to a broader category of tasks.

To create the modified pelvis coordinate system (MPCS), the lateral pelvis axis (Px) was
crossed with GGz, shown in Equation 7. Then system was made orthogonal by crossing P;, with
Gz as shown in Equation 8. The frontal plane of the MPCS was defined as the P4 -G plane

or the plane perpendicular to F;.

GZ X PX
p, ==X 7
Y =Gy % Py 7
P XGZ
P,=—Y" "~ (8)
X P x Gyl

The angle was then calculated in the MPCS frontal plane using the same method as KVA
2G. The e3 axis was projected onto the MPCS frontal plane then the dot product was used
between proj P}, Plane and Gz, as shown in Equation 9 and 10. This angle can be seen in Figure

32.

_ , es3 - P!
Projpy pianc(€3) = €3 — projp; (e3) = ez — ° — Py 9)
1Py
cos(KVA2P) =Gy -projp{/plane(eg) (10)
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Figure 32: KVA measured in two dimensions on the pelvis frontal plane of the MPCS (KVA
2P) between the shank (e3) and the global vertical axis (G z). Px is the lateral axis of the pelvis,
P defines the pelvis frontal plane, and P is the axis orthogonal to Gz and P;,.

3.6 Joint Constraint Models

Four models were made to analyze three angles at maximum knee flexion: 1) knee flexion, 2)
knee valgus angle in global two dimensional (KVA 2G), and 3) knee valgus angle in global
three dimensions (KVA 3G). Three joints were manipulated to create the models for analysis of
the hip, knee, and ankle. Four models were created to compare with each other and are listed
in Table 11. The first model has six degrees of freedom (three rotations and three translations)
in the hip, knee, and ankle (666), Table 11. The second model has three degrees of freedom
(three rotations) in the hip, knee, and ankle (333), Table 11. The third model has three degrees
of freedom (three rotations) in the hip and knee and two degrees of freedom (flexion and ab-
duction) in the ankle (332), Table 11. The fourth model has three degrees of freedom (three
rotations) in the hip and two degrees of freedom (flexion and abduction) in the knee and ankle
(332), Table 11. Table 11 shows the four models and the associated DOF, and Figure 33 depicts

the rotations and translations used to build each model.
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Table 11: The DOF for each of the four models.

Rotations Translations

Model | Hip Knee Ankle Hip Knee Ankle

1) 666 3 3 3 3 3 3
2) 333 3 3 3 0 0 0
3) 332 3 3 2% 0 0 0

4) 322 3 2% 2% 0 0 0

* Rotation in flexion («) and abduction (/). No internal rotation ().

666 & 333 332 322
N o o
Hip [\ Vs Hip [\ Vs Hip "\ Vs
o AN a2 p 4 a2 PN \
B B B
Knee Knee

ke AT N R

Figure 33: DOF of each model for the hip, knee, and ankle joints.

3.7 Statistical Analysis

The angles were averaged over three successful trials of each task, resulting in one value for
each task. Details for the statistical analysis of each study can be found in the Statistical Anal-

ysis section of each study.
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4 Study 1: Comparative Analysis of Medial Knee Alignment Definitions in Female Ath-

letes

Study 1 Hypothesis: Measures of KVA are equivalent despite changes in measurement calcu-

lations methods and movement task.

4.1 Abstract

KVA with respect to a global reference frame in three dimensions (KVA 3G) during drop jumps
has been shown to correlate with subsequent ACL injury. KVA 3G and other mathematical
evaluations of KVA (namely a 2D KVA and local coordinate system method referred to as
abduction) are often used as equivalent angles. This study aims to elucidate the differences
between the angles within and across tasks.

The kinematics of 23 female athletes, D1 soccer, D1 basketball, and club soccer (height
= 171.2£88.9cm, weight = 66.3 +=8.6kg, age = 19.8 & 1.9yrs), was analyzed using a motion
capture system during tasks related to their sport and daily living.

The knee abduction angle, measured using body fixed axes, only correlated to the two-
dimensional global reference frame angle (KVA 2G) in three of the six tasks (walking, squat-
ting, and walking down stairs), and one out of six tasks in the 3D measurements (jogging). This
suggests that the knee abduction angle does not always relate to other versions of KVA.

The KVA with reference to the pelvis coordinate system (KVA 2P) correlated to the KVA
2G in six out of six tasks (r= 0.734 £ 0.037, P< 0.001), suggesting the pelvis can be utilized
as a reference plane during rotating tasks, such as run-to-cut, when a fixed global system is less
meaningful. Not all measures of KVA are equivalent and should be considered individually. A
thorough understanding of the equivalence or non-equivalence of various measures of KVA is

essential in understanding ACL injury risk.
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4.2 Methods

4.2.1 Statistical Analysis

The KVA 2G, 3GC, 2P, and knee abduction angle in each of the six tasks were compared with
KVA 2G, 3GC, 3GA, 2P, and knee abduction angle in each of the respective tasks. In addi-
tion, the angles KVA 2G, 3GC, 2P, and knee abduction measured during the LESS task were
compared with the same angles measured during each of the six different tasks. The data was
statistically analyzed with a two-tailed Pearson Correlation test using Statistical Package for
the Social Sciences (SPSS; SPSS Inc, Chicago, Illinois). The results are considered significant

when the Pearson correlation coefficient, r, is less than 0.05.

4.3 Results

The results of the analysis can be seen in Table 12 where the mean and standard deviation of

each task and angle are listed.

Table 12: The average and standard deviation (SD) for each of the angles and tasks measured.
Angles are given in degrees.

LESS Squat DS LR Walk Jog Pivot

Angle Mean SD  Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Flexion | 93.86 24.71 i 122,50 14.45 i 2515 982 7401 10.12 1 1623 5.82 i 41.02 13.95 i 56.53 | 14.21

\ i |

| | |

‘ 1 1 1

KVA2G | -0.01 0.11 , 008 008 , 006 0.04, 0.00 0.09 ; 0.08 004, 012 0.04 , |
| | | | | | |

KVA 3GC | -0.03  0.70 3 046 043 3 031 0.173 20.19  0.70 3 0.08 0.043 048  0.04 3 N/A 3
KVA 3GA | -0.03  0.70 i 062  0.09 i 035 0.063 2019 070 i 021 0.073 048  0.04 i i
| | | | | | ' |

KVA2P | 003 0.13 i 005 0.4 1 008 0.063 2024 0.17 i 0.06 0.033 0.19  0.09 i -0.36 1 0.23 i
| | | |

| | | |
Abduction | 037 6.06 | -5.02 5.14 | -0.08 4.11-1085 564 | 191 3.16' -044 383 ' 832 645

Tables 13 - 17 list the comparisons between the angles (abduction, KVA 2G, KVA 3GC,
KVA 3GA, and KVA 2P) and the tasks (LESS, squat, DS, LR, walk, jog, and pivot). More

specifically, Tables 13, 14, and 15 describe the relationship between the KVA 2G, KVA 2P, and
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knee abduction angle measured during the each task compared to other mathematical measures
during the same task. KVA 3GC measured during each task compared to other mathematical
measures during the same task can be found in Appendix C. Table 17 compares each of the
angles measured during the LESS task to the KVA 2G of each task. The measure of the LESS

task compared to KVA 3GC, KVA 2P, and knee abduction angle can be found in Appendix B.

Table 13: The KVA 2G measured for each task compared to other measures of the same task.

KVA 2G
Angle  LESS Squat DS LR Walk Jog  Pivot
r 0857 0.627 0.399 0.680 0.050  0.108
KVA 3GC
P «0.001 0.001 0.073 <0.001 0.820 0.642
r 0857 0.184  -0.048  0.680 0.762  0.108
KVA 3GA
Respective P «0.001 0.400 0.836 <«0.001 <0.001 0.642
************************************* N/A
Task r 0.782 0.731 0.722 0.708 0.773  0.689
KVA 2P
P «<0.001 <0.001 <0.001 <0.001 <0.001 0.001

r 0324 0.427 0.587 0.159 0.800 0.192
Knee Abduction
P 0.141 0.042 0.005 0468 <«0.001 0416

tWhere r is the Pearson correlation coefficient and P is the significance

Table 14: The KVA 2P measured for each task compared to other measures of the same task.

KVA 2P
Angle t LESS Squat DS LR Walk Jog Pivot
r 0782 0.731 0.722 0.708 0.773 0.689
KVA 2G
P «0.001 <«0.001 <«0.001 <«<0.001 <«<0.001 <«<0.001
r 0.689 0.821 0.363 0.267  -0.200  0.031
KVA 3GC N/A
Respective P <0.001 <0.001 0.106 0.218 0.359 0.895
Task r 0.689 0.150  -0.105  0.267 0.424 0.031
KVA 3GA

P «0.001 0.496 0.651 0.218 0.044 0.895

r 0.192 0.121 0.359 0.128 0.527 0.041 -0.021
Knee Abduction

P 0.391 0.581 0.110 0.562 0.010 0.863  0.927

TWhere r is the Pearson correlation coefficient and P is the significance
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Table 15: The knee abduction angle measured for each task compared to other measures of the
same task.

Knee Abduction Angle

Angle t LESS Squat DS LR Walk Jog Pivot

r 0324 0427 0587 0.159 0.800 0.192

KVA 2G
P 0.141 0.042 0.005 0.468 <«0.001 0.416
r 0382 0.099 0259 0249 0.073 -0.568
KVA 3GC N/A
Respective P 0.079 0.653 0.257 0.252 0.741  0.009
Task r 0382 0.087 -0313 0.249 0.576 -0.568
KVA 3GA
P 0.079 0.695 0.167 0.252 0.004 0.009
r 0.192 0.121 0359 0.128 0527 0.041 -0.021
KVA 2P

P 0391 0.581 0.110 0562 0010 0.863 0.927

TWhere r is the Pearson correlation coefficient and P is the significance

Table 16: The KVA 3GC compared to KVA 3GA across all tasks.

KVA 3GC

Angle t LESS Squat DS LR Walk Jog Pivot

Respective r 1.000 0353 0373 1.000 0.025 1.000
KVA 3GA N/A
Task P «0.001 0.099 0.096 <0.001 0910 <0.001

tWhere r is the Pearson correlation coefficient and P is the significance
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Table 17: Each angle measured during the LESS tasks compared to the KVA 2G angle of the
other six tasks.

LESS

Task 1 KVA2G KVA3GC KVA2GP KVA2P Abduction

r 0402 0.282 0.282 0.481 0.137
Squat
P 0.064 0.203 0.203 0.023 0.544
r 0.077 0.042 0.042 0.294 -0.111
DS
P 0747 0.862 0.862 0.208 0.641
r -0.114 -0.174 -0.174 0.173 0.149
LR
P 0.612 0.440 0.440 0.442 0.508
KVA2G6 = ~—— - oo T T T T T T
r 0.179 0.211 0.211 0.332 -0.176
Walk
P 0426 0.347 0.347 0.131 0.433
r -0.062 0.071 0.071 0.124 -0.200
Jog
P 0.796 0.765 0.765 0.602 0.398
r
Pivot N/A
P

tWhere r is the Pearson correlation coefficient and P is the significance

4.4 Discussion

The purpose of this study is to demonstrate how the KVAs are not necessarily the same when
different calculation methods are used and when it is measured in different tasks. Addition-
ally, this study determined certain correlations between types of KVA and KVA measured in
different movement tasks. Some of the comparisons are shown in the Results section, Tables
12-17; additional comparisons are shown in Appendix B. Not only does the chosen mathemat-
ical model of the KVA have the potential to change the value of the KVA measured, as one
would expect, the value of the angle in one task does not necessarily correlate to other tasks

completed by the same subject, which is less obvious. Even with the differences in angles
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within and between tasks, there are correlations that have affected previous and may influence
future studies on ACL biomechanics.

The KVA 2G is highly correlated to both the KVA 3GC and 3GA, but only in some tasks
(Table 13). KVA 2G related to KVA 3GC in LESS, squatting, and LR tasks, but not the DS,
walking, or jogging tasks (Table 13). The KVA 2G related to KVA 3GA in LESS, LR, and
walking, but not the squatting, DS, or jogging tasks (Table 13). This indicates how changing
between the two- and three-dimensional calculation of this angle is only related in some tasks.

Unsurprisingly, the 3GC and 3GA are related to each other; the sign is the only difference
between them (Table 16). However, only some tasks have a one-to-one relationship with strong
significance, LESS, LR, and jogging (r = 1.000, P < 0.001). Squatting, DS, and walking,
half of the tasks studied, did not significantly relate to each other (Table 16). This indicates that
for some tasks the sign convention does not have a great influence over the results, but in other
tasks the outcome of the analysis can be different.

The pivot turn is denoted with a ‘N/A’ when correlated with an angle that requires the global
reference frame, because the global reference frame is no longer representing the frontal plane.
This should be taken into consideration when choosing tasks and angles to measure as the KVA
2G, 3GC, and 3GA angles cannot meaningfully be measured during rotating tasks.

In order to measure the 2G, 3GC, and 3GA during rotating tasks, the pelvis coordinate sys-
tem was analyzed to see if it could serve as a substitute during rotating tasks (Table 14). The
analysis indicates that the relationship between KVA 2P and KVA 2G is the most consistent
across all tasks, more so than any other two angles. Even though there is not a one-to-one rela-
tionship between these angles, the Pearson correlation coefficient ranges from 0.689 to 0.782.
While the relationship between these angles is notable in this work, more tasks will need to be

measured and compared in order to ascertain if this relationship remains the same regardless
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of the task. This preliminary observation of a consistent relationship between six angles does
suggest that KVA 2P can be used as a substitute for angles that use a global reference frame.

Not only is there a relationship between the KVA 2G and KVA 2P, but both have similar
significant relationships to the three-dimensional tasks (Tables 13 and 14). In the LESS task
both KVA 2G and 2P relate to KVA 3GC and 3GA (Tables 13 and 14). However, in the squat-
ting tasks, they both only relate to KVA 3GC and not to 3GA (Tables 13 and 14). Neither of
the angles related in the DS tasks. In the LR tasks, KVA 2G relates to both three-dimensional
angles, but KVA 2P only relates to one (Tables 13 and 14). The consistent relationship between
KVA 2G and 2P is another indicator that they may be useful substitutes. However, the incon-
sistency in the LR task should be further explored as it may imply which tasks are not suitable
for this substitution.

The LESS task had the most consistent correlations between angles in comparison to the
rest of the tasks, with the exception of the knee abduction angle, shown in Table 13 and 14. As
much of the literature on the relationship between KVA and ACL injuries focuses on the mea-
surement of KVA during drop-jumps, the difference between these definitions may not greatly
influence this conclusion. However, the knee abduction angle was not correlated with any of
the other measures for KVA during the LESS task. As a result, ambiguity between the knee
abduction and other KVAs could greatly affect the reader’s understanding of the analysis and
conclusion. The confusion of these angles becomes even more pronounced when attempting
to draw conclusions between papers that do not clearly define whether knee abduction angle or
other KVAs were used.

The knee abduction angle correlated with the KVA 2G in some tasks (squatting, DS, walk-
ing) but not in the LR or jogging task (Table 15). Walking exhibited the largest relationship

between the knee abduction angle and the other angles over the other tasks (Table 15). In the
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jogging task, the knee abduction angle related to the three-dimensional measures, KVA 3GC
and 3GA, but not the two-dimensional measures, KVA 2G and 2P (Table 15).

To highlight how the different angles and tasks affected the results and subsequent con-
clusions, Table 17 shows angles measured during the LESS task compared to the KVA 2G
measured in all the tasks. This comparison resulted in minimal correlations; only the LESS
KVA 2P and squat KVA 2G (r = 0.481, P = 0.023) correlated. Additional tables similar to 17
can be found in Appendix B. While this analysis does not prove insignificance, it does illustrate
some of the limitations of the relationship between tasks and the mathematical angles and can

raise awareness amongst researchers of KVA as to how this may affect their results.
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5 Study 2: Multivariable Analysis of Lower Limb Joint Angles and Knee Valgus Angles

in Female Athletes

Study 2, Hypothesis A: Lower extremity joint angles can predict the KVA and knee abduction
angle given different joint constraints and movement tasks, and Hypothesis B: An angle or

combination of angles can be found that contribute the most to KVA.

5.1 Abstract

Individual joint angles can be combined with one another in different ways to achieve the
same overall knee valgus angle (KVA). Being able to determine how the lower extremity joint
angles interact with one another to develop the KVA would progress the understanding of KVA.
Walking, jogging, and drop-jumps of 23 female athletes (height = 171.2 4+ 88.9cm, weight
= 66.3 £ 8.6kg, age = 19.8 + 1.9yrs) were measured using a motion capture system. Flexion,
abduction, and internal rotation angles of the ankle, knee, and hip was analyzed along with
knee valgus angle measured with respect to a global reference frame. A multivariable anlaysis
was used to determine how the individual joint angles interacted to predict the KVA and knee
abduction angle. It was determined that the KVA and knee abduction could be predicted from
individual joint angles. Additionally, it was observed that in some cases ankle and knee internal
rotation angles contributed to the resulting evaluation despite the traditionally low accuracy
reported in these angles. Evaluating the KVA by considering the complexity of the lower
extremity joint interactions as well as the individual joint angle contributions to the overall
KVA will give insight to the complexity of the lower extremity joint interactions that might

have been otherwise overlooked.

87



5.2 Statistical Analysis

A multiple linear regression was run to predict KVA 2G and KVA 3G from flexion, abduction,
and internal rotation angles of the ankle, knee, and hip. This regression was run for all tasks
(LESS, jog, and walk). The same test was also run to predict the knee abduction angle from
flexion, abduction, and internal rotation angles of the ankle and hip as well as knee flexion
and internal rotation angles. These nine regressions (predicting the KVA 2G, KVA 3G, and
knee abduction angles during LESS, jogging, and walking) were analyzed with three data sets.
The first the data set was processed with the 333 kinematic model and including all lower
extremity joint angles as independent variables. The second data set was processed with the
333 kinematic model and only including ankle and knee flexion and internal rotation, and hip
flexion, abduction, and internal rotations as independent variables. The third data set was
processed with the 322 kinematic model and including ankle and knee flexion and internal
rotation, and hip flexion, abduction, and internal rotation as independent variables. The result

was considered significant when p < 0.05.

6 Results

The nine variables (flexion, abduction, and internal rotation angles of the ankle, knee, and hip)
significantly predicted KVA 2G in the LESS, walk, and jog tasks. The results of the analysis
are as follows: LESS: F(9,12) = 3.34, p < .05, R? = 0.73; jog: F(9,11) =5.94, p < 0.005, R? =
0.84; and walk: F(9,13) =4.67, p < 0.005, R? =0.78. In the following tables (Tables 18-23), 5

is the coefficient and p is the significance.

88



Table 18: Multivariable analysis of KVA 2G of the ankle, knee, and hip flexion, abduction, and
internal rotation using the 333 kinematic model.

KVA 2G, 333 LESS Jog Walk
R Square 0.732 0.605 0.778
Significance 0.032 0.209 0.008
Angle Coefficients P-value | Coefficients P-value | Coefficients P-value
Ankle Flexion 0.008 0.343 0.004 0.103 <0.001 0.847
Ankle Abduction -0.001 0.810 0.001 0.780 0.001 0.395
Ankle Internal Rotation 0.005 0.346 -0.001 0.698 <0.001 0.980
Knee Flexion 0.001 0.852 <0.001 0.880 <0.001 0.929
Knee Abduction 0.012 0.126 0.009 0.102 0.009 <0.001

Knee Internal Rotation 0.003 0.468 <0.001 0.886 <0.001 0.887

Hip Flexion -0.013 0.090 -0.001 0.345 <0.001 0.966
Hip Abduction 0.001 0.686 <0.001 0.849 0.004 0.096
Hip Internal Rotation -0.003 0.592 -0.007 0.015 -0.001 0.469

KVA 2G measured during the LESS condition showed to have significance with the nine
independent variables using the 333 kinematic model (R? = 0.732, p = 0.032); however,
no one angle contributed to a significant degree (Table 18). KVA 2G measured during the
walking condition using the 333 kinematic model also showed to have significance with the
nine independent variables (R? = 0.778, p = 0.008). In this case, the knee abduction angle was
the only significant contributor, although its’ direct contribution can be interpreted as minimal
considering the extremely low coefficient (3 = 0.009, p < 0.001).

Table 19 lists the results of the multivariable analysis for the LESS, jog, and walk tasks
between KVA 3G using the 333 kinematic model and including all rotations (flexion, abduction,

and internal rotation) as independent variables.
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Table 19: Multivariable analysis of KVA 3G using the 333 kinematic model and including all
rotations (flexion, abduction, and internal rotation) as independent variables

KVA 3G, 333 LESS Jog Walk

R Square 0.725 0.882 0.558

Significance 0.023 0.001 0.157

Angle Coefficients P-value | Coefficients P-value | Coefficients P-value

Ankle Flexion 0.105 0.061 -0.003 0.268 0.002 0.380
Ankle Abduction 0.039 0.280 -0.002 0.448 -0.001 0.609
Ankle Internal Rotation -0.017 0.530 0.001 0.793 0.001 0.538
Knee Flexion 0.022 0.345 -0.016 <0.001 0.001 0.752
Knee Abduction 0.140 0.009 0.004 0.329 0.007 0.057
Knee Internal Rotation 0.035 0.239 0.001 0.714 <0.001 0.845
Hip Flexion -0.117 0.019 -0.004 0.029 -0.001 0.797
Hip Abduction 0.024 0.158 0.002 0.352 0.003 0.559
Hip Internal Rotation 0.021 0.539 -0.003 0.129 0.001 0.647

KVA 3G measured during the LESS condition showed to have significance (R? = 0.725, p=
0.023) with the nine independent variables when using the 333 kinematic model, as shown in
Table 19; the knee abduction and hip flexion angles were shown to be a significant contributors
(8 = 0.140, p = 0.009; and § = —0.117, p = 0.019, respectively). KVA 3G measured during
the jogging condition also showed to have significance when using the 333 kinematic model
(R? = 0.882, p= 0.001) with the nine independent variables. In this case, knee flexion and hip
flexion were the only significant contributors (6 = —0.016, p < 0.001; and § = —0.004, p
= 0.029, respectively).

Table 20 lists the results of the multivariable analysis for the LESS, jog, and walk tasks for
the knee abduction angle using the 333 kinematic model and including all rotations (flexion,

abduction, and internal rotation) of the ankle and hip, and flexion and internal rotation of the
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knee as independent variables.

Table 20: Multivariable analysis of the knee abduction angle using the 333 kinematic model
and including all rotations (flexion, abduction, and internal rotation) of the ankle and hip, and
flexion and internal rotation of the knee as independent variables.

Knee Abduction Angle, 333 LESS Jog Walk
R Square 0.870 0.773 0.400
Significance <0.001 0.006 0.382
Angle Coefficients P-value | Coefficients P-value | Coefficients P-value

Ankle Flexion -0.453 0.141 0.079 0.701 -0.239 0.218

Ankle Abduction -0.505 0.007 -0.200 0.266 -0.097 0.626

Ankle Internal Rotation 0.154 0.351 0.018 0.910 -0.223 0.230

Knee Flexion -0.156 0.265 0.488 0.022 -0.304 0.154

Knee Abduction - - - - - -

Knee Internal Rotation -0.362 0.024 -0.192 0.185 -0.154 0.336
Hip Flexion 0.853 <0.001 0.116 0.376 -0.146 0.436

Hip Abduction -0.112 0.258 -0.140 0.463 -0.024 0.946
Hip Internal Rotation -0.448 0.016 0.341 0.009 0.179 0.347

The analysis shown in Table 20 used the knee abduction angle as the dependent variable.
As such, the knee abduction angle was removed from the independent variable list. The knee
abduction angle measured during the LESS and jogging conditions using the 333 kinematic
model was significant with the eight independent variables (R?=0.870, p< 0.001; R?=0.773,
p= 0.006, respectively). The ankle abduction, knee internal rotation, hip flexion, and hip
internal rotation angles significantly contributed to the knee abduction angle when measured
during the LESS condition (5 = —0.505, p = 0.007; 8 = —0.362, p = 0.024; 5 = 0.853, p
< 0.001; and 8 = —0.448, p = 0.016, respectively). Of these four angles, the hip flexion angle
was the largest contributor followed by the ankle abduction, hip internal rotation angles, then

knee internal rotation angle. In the jogging task, both knee flexion and hip internal rotation
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angles significantly contributed to the the knee abduction angle (5 = —0.488, p = 0.022;
B = 0.341, p = 0.009, respectively). Of these two angles, the knee flexion angle contributed
the most to the dependent variable.

Table 21 lists the results of the multivariable analysis for the LESS, jog, and walk tasks
between KVA 2G using the 333 kinematic model but only including flexion and abduction of

the ankle and knee, and flexion, abduction, and internal rotation of the hip.

Table 21: Multivariable analysis of KVA 2G using the 333 kinematic model but only including
flexion and abduction of the ankle and knee, and flexion, abduction, and internal rotation of the
hip.

KVA 2G, 333 LESS Jog Walk
R Square 0.709 0.529 0.819
Significance 0.006 0.012 <0.001
Angle Coefficients P-value | Coefficients P-value | Coefficients P-value
Ankle Flexion 0.004 0.589 0.004 0.082 0.000 0.476
Ankle Abduction -0.003 0.314 <0.001 0.832 0.001 0.360
Knee Flexion -0.002 0.573 -0.001 0.760 <0.001 0.921
Knee Abduction 0.010 0.083 0.011 0.001 0.009 <0.001
Hip Flexion -0.009 0.052 -0.002 0.271 <0.001 0.946
Hip Abduction <0.001 0.912 0.001 0.636 0.004 0.030
Hip Internal Rotation -0.006 0.054 -0.007 <0.001 -0.001 0.319

When ankle and knee internal rotation was removed from the analysis, KVA 2G measured
during all three conditions using the 333 kinematic model showed to have significance (LESS:
R?=0.709, p = 0.006; jog: R%= 0.529, p = 0.012; and walk: R? = 0.819, p < 0.001), as
shown in Table 21. KVA 2G analyzed in the LESS condition has no one independent variable
that significantly contributed to the value of KVA 2G. In the jogging condition, both the knee
abduction and hip internal rotation angles contributed to the value of KVA 2G (5 = 0.011,
p = 0.001; and 5 = —0.007, p < 0.001, respectively). Of these two rotations, the knee

abduction angle contributed more than the hip internal rotation angle. In the walking condition,
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the knee abduction and hip abduction angles contributed to the value of KVA 2G (5 = 0.009,
p < 0.001; and 8 = 0.004, p = 0.030, respectively).

Table 22 lists the results of the multivariable analysis for the LESS, jog, and walk tasks
of KVA 3G using the 333 kinematic model but only including the flexion and abduction of the

ankle and knee, and flexion, abduction, and internal rotation of the hip as independent variables.

Table 22: Multivariable analysis of KVA 3G using the 333 kinematic model but only including
the flexion and abduction rotations of the ankle and knee, and flexion, abduction, and internal
rotation of the hip as independent variables.

KVA 3G, 333 LESS Jog Walk
R Square 0.681 0.694 0.513
Significance 0.010 0.012 0.0880
Angle Coefficients P-value | Coefficients P-value | Coefficients P-value

Ankle Flexion 0.084 0.072 0.004 0.082 0.001 0.408
Ankle Abduction -0.003 0.868 <0.001 0.832 <0.001 0.819
Knee Flexion 0.008 0.655 -0.001 0.760 <0.001 0.926
Knee Abduction 0.100 0.012 0.011 0.001 0.006 0.056
Hip Flexion -0.075 0.020 -0.002 0.271 -0.001 0.628
Hip Abduction 0.010 0.413 0.001 0.636 0.003 0.402
Hip Internal Rotation -0.011 0.539 -0.007 <0.001 0.002 0.259

When the ankle and knee internal rotation was removed from the analysis, KVA 3G mea-
sured during LESS and jogging using the 333 kinematic model were significant ( R?=0.681,p
=0.010 and R? = 0.694, p = 0.012, respectively), as shown in Table 22. In the LESS condition,
the knee abduction and hip flexion angles significantly contributed to the value of KVA 3G
(8 = 0.100, p = 0.012; and 8 = —0.075, p = 0.020, respectively). In the jogging condition,
only the knee abduction angle significantly contributed to the value of KVA 3G (8 = 0.011, p
= 0.001).

Table 23 lists the results of the multivariable analysis for the LESS, jog, and walk tasks
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of the knee abduction angle using the 333 kinematic model but only including the flexion and
abduction angles of the ankle and knee, and flexion, abduction, and internal rotation angles of

the hip as independent variables.

Table 23: Multivariable analysis of the knee abduction angle using the 333 kinematic model
but only including flexion and abduction of the ankle and knee, and flexion, abduction, and
internal rotation of the hip as independent variables.

Knee Abduction Angle, 333 LESS Jog Walk
R Square 0.327 0.158 0.318
Significance 0.351 0.841 0.337
Angle Coefficients P-value | Coefficients P-value | Coefficients P-value
Ankle Flexion -1.064 0.105 0.229 0.544 -0.119 0.265
Ankle Abduction -0.477 0.081 0.039 0.904 -0.543 0.069
Knee Flexion -0.626 0.245 -0.306 0.535 -0.625 0.100

Knee Abduction - - - - - -

Hip Flexion 0.489 0.273 -0.160 0.499 -0.258 0.361
Hip Abduction -0.187 0.323 -0.231 0.409 0.350 0.466
Hip Internal Rotation 0.117 0.675 0.143 0.608 0.390 0.063

The analysis shown in Table 23 used the knee abduction angle as the dependent variable.
As a result, the knee abduction angle was removed from the independent variable list. The
knee abduction angle using the 333 kinematic model was not significant in any of the three
conditions tested.

Table 24 lists the results of the multivariable analysis for the LESS, jog, and walk tasks
between KVA 2G using the 322 kinematic model and including flexion and abduction of the

ankle and knee, and flexion, abduction, and internal rotation of the hip as independent variables.
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Table 24: Multivariable analysis of KVA 2G using the 322 kinematic model and including
flexion and abduction of the ankle and knee, and flexion, abduction, and internal rotation of the
hip as independent variables.

KVA 2G, 322 LESS Jog Walk
R Square 0.705 0.481 0.823
Significance 0.006 0.230 <0.001
Angle Coefficients P-value | Coefficients P-value | Coefficients P-value
Ankle Flexion 0.010 0.209 <0.001 0.952 -0.004 0.005
Ankle Abduction -0.003 0.277 -0.001 0.742 0.000 0.990
Knee Flexion 0.002 0.549 -0.001 0.670 -0.002 0.003
Knee Abduction 0.009 0.078 0.009 0.151 0.009 <0.001
Hip Flexion 0.002 0.258 -0.003 0.240 -0.001 0.085
Hip Abduction -0.002 0.608 0.006 0.075 0.002 0.350
Hip Internal Rotation -0.014 0.011 -0.007 0.055 -0.002 0.019

KVA 2G measured during the LESS condition using the 322 kinematic model showed to
have significance with the nine independent variables (R? = 0.705, p = 0.006); however, no
one angle contributed to a significant degree (Table 24). KVA 2G measured during the walk-
ing condition using the 322 kinematic model also showed to have significance with the nine
independent variables (R? = 0.823, p <0.001). In this case, the ankle flexion, knee abduc-
tion, and knee abduction angles significantly contributed, although their direct contribution can
be interpreted as minimal considering the extremely low coefficient.(5 = —0.004, p=0.005;
£ = —0.002, p=0.003; g = 0.009, p < 0.001, respectively).

Table 25 lists the results of the multivariable analysis for the LESS, jog, and walk tasks of
KVA 3G using the 322 kinematic model and including flexion and abduction of the ankle and

knee, and flexion, abduction, and internal rotation of the hip as independent variables.
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Table 25: Multivariable analysis of KVA 3G using the 322 kinematic model and including
flexion and abduction of the ankle and knee, and flexion, abduction, and internal rotation of the
hip as independent variables.

KVA 3G, 322 LESS Jog Walk
R Square 0.827 0.606 0.933
Significance <0.001 0.067 <0.001
Angle Coefficients P-value | Coefficients P-value | Coefficients P-value
Ankle Flexion -0.006 0.159 -0.006 0.380 -0.016 0.002
Ankle Abduction 0.000 0.842 0.002 0.598 0.002 0.228
Knee Flexion 0.008 <0.001 -0.014 0.024 -0.010 <0.000
Knee Abduction 0.000 0.863 -0.003 0.804 0.004 0.433
Hip Flexion 0.004 <0.001 -0.008 0.077 -0.009 0.006
Hip Abduction 0.002 0.434 0.008 0.184 -0.004 0.575
Hip Internal Rotation -0.001 0.793 <0.001 0.953 -0.003 0.283

KVA 3G measured during LESS and walking using the 322 kinematic model were signif-
icant ( R2=0.827,p < 0.001 and R? = 0.933, p <0.001, respectively), as shown in Table 25.
In the LESS condition, the knee flexion and hip flexion angles significantly contributed to the
value of KVA 3G (8 = 0.008, p < 0.001; and § = —0.004, p < 0.001, respectively). In
the walking condition, the ankle flexion and hip flexion angles significantly contributed to the
value of KVA 3G (8 = —0.016, p = 0.002; 8 = —0.009, p = 0.006, respectively).

Table 26 lists the results of the multivariable analysis for the LESS, jog, and walk tasks of
the knee abduction angle using the 322 kinematic model and including flexion and abduction
of the ankle and knee, and flexion, abduction, and internal rotation of the hip as independent

variables.
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Table 26: Multivariable analysis of the knee abduction angle using the 333 kinematic model
but only including flexion and abduction of the ankle and knee, and flexion, abduction, and
internal rotation of the hip as independent variables.

Knee Abduction Angle, 322 LESS Jog Walk
R Square 0.808 0.864 0.651
Significance <0.001 <0.001 0.011
Angle Coefficients P-value | Coefficients P-value | Coefficients P-value
Ankle Flexion -0.014 0.972 -0.173 0.348 0.206 0.395
Ankle Abduction -0.236 0.089 0.049 0.625 -0.119 0.235
Knee Flexion -0.006 0.972 0.279 0.036 0.184 0.096

Knee Abduction - - - - - -

Hip Flexion 0.081 0.371 0.150 0.141 0.062 0.694
Hip Abduction -0.024 0.908 -0.083 0.569 -0.037 0.926
Hip Internal Rotation 0.811 <0.001 0.441 <0.001 0.200 0.172

KVA 3G measured during LESS, jogging, and walking using the 322 kinematic model were
significant ( R?=0.808,p< 0.011; R? = 0.864, p < 0.011; R? = 0.651, p=0.011, respectively),
as shown in Table 26. In the LESS condition, the hip internal rotation angles significantly
contributed to the value of KVA 3G (8 = 0.811, p < 0.001). In the jogging condition, the knee
flexion, hip abduction, and hip internal rotation angles significantly contributed to the value of

KVA 3G (6 = 0.279, p = 0.0.36; 8 — 0.083, p = 0.569; £0.441, p < 0.001, respectively).

6.1 Discussion

It might be assumed that if one angle has a large influence on KVA 2G in one task, then it will
have a similar KVA in other tasks. However, Tables 18 through 23 show that significance does
not necessarily repeat itself across all tasks as each task has a unique combination of lower
body joint angles that contribute to the final position of the subject.

KVA 2G analyzed during the LESS condition for both the nine angles and seven angles
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(Table 18 and 21) was found to be significant. However, no one independent variable was found
to be individually significant. This is unusual for multivariable analyses, where individual
independent variables are typically significantly related to the dependent variable as well.

The knee abduction was found to be significant in KVA 2G analyzed during the walking
condition (Table 21). However, the coefficient of knee abduction was small (0.009), indicating
that the knee abduction angle contributed significantly, but only a small amount per unit. In
Study 1, the knee abduction angle was also calculated to have significance (Pearson correlation
coefficient at 95% confidence) the squatting and DS conditions, but not for the LESS, LR,
jogging, or pivot condition, where KVA 2P was used for the pivot condition (Table 13).

THe KVA 3G analyzed during the LESS condition for both the nine angles and seven an-
gles (Table 18 and 21) found knee abduction to be significant. However, when KVA 3G was
tested in Study 3 (with the same data set and processing methods) using the Pearson correla-
tion coefficient, knee abduction was shown to not have significance (r= 0.382, P= 0.079). In
the multivariable analysis, knee abduction with nine independent variables was slightly more
significant (P=0.009) with a higher coefficient (0.140) (Table 19), where the results for the mul-
tivariable analysis with seven variables for knee abduction was P= 0.012 and a coefficient of
0.100 (Table 22).

In Table 20, the knee internal rotation angle showed to play a significant role in the depen-
dent variable (knee abduction) in the LESS condition. This is notable because some studies

restrict the internal rotation the kinematic models during data processing.
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7 Study 3: The Effect of Varying Joint Constraints on Multiple Knee Valgus Angles in

Female Athletes

Study 3 Hypothesis: Calculating KVA using different lower extremity joint constraints will

result in KVAs that are not correlated.

7.1 Abstract

Intro: Soft tissue artifacts (STAs) influence the kinematic measurement of movement when
using retroreflective markers on the skin. This study analyzes the differences between lower
body joint constraint models across and within multiple tasks.

Methods: The kinematics of 23 (D1 soccer, D1 basketball, and club soccer (height =
171.2 & 8.9cm, weight = 66.3 £ 8.6kg, age = 19.8 & 1.9yr)) female athletes were analyzed
using a 10-camera VICON motion capture system. Four analysis models were designed by
varying the degrees of freedom (DOF) in the hip, knee, and ankle: 1) six, 2) three, 3) three-
three-two, and 4) three-two-two DOF, respectively. Three angles were measured at maximum
knee flexion: 1) knee flexion, 2) knee valgus in 2D, and 3) knee valgus in 3D. The models were
compared across three tasks: 1) walking, 2) jogging, and 3) drop-jumping.

Hypothesis: Angles will vary more between models during high-impact tasks than lower
impact tasks.

Results: Angles correlated more between models during the high-impact task (drop-jump)
than the lower impact task (walking) at maximum knee flexion.

Conclusion: At maximum knee flexion, high-impact tasks may have reduced STA influence

on measured angles than lower impact tasks.
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7.2 Methods

7.2.1 Statistical Analysis

Three angles (knee flexion, KVA 2G, and KVA 3G) were measured at maximum knee flexion

for each model (666, 333, 332, and 322) then compared with one another. Additionally all

the angles and models were measured during walking, jogging, and LESS. The data was sta-

tistically analyzed with a two-tailed Pearson Correlation test using SPSS (SPSS Inc, Chicago,

Illinois). The data was tested at a 95% confidence level, and the results are considered signifi-

cant when the Pearson correlation coefficient, r, with a corresponding p value of < .05.

7.3 Results

The following tables show the correlation between different models and tasks between each

subject’s tasks. Table 27 shows the correlations between the tasks and models for knee flexion,

Table 28 shows the correlations between the tasks and models for KVA 2G, and Table 29 shows

the correlation between the tasks and models for KVA 3G.

Table 27: Comparing the maximum knee flexion angle during stance phase of the same subject
during each task, walking, jogging, and LESS, between the four models.

Walking Jogging LESS
Model 666 333 332 322 | 666 333 332 322 666 333 332 322
r || 1.000 0350 0391 0.157 | 1.000 0476 0.557 0.514 | 1.000 0.965 0.897 0.902
0% P || 0.000 0.110 0.072 0.497 | 0.000 0.034 0.013 0.020 | 0.000 <0.001 <0.001 <0.001
r {0350 1.000 0956 0274|0476 1.000 0.612 0985 | 0.965 1.000 0.892 0.900
- P | 0.110 0.000 <0.001 0.229 | 0.034 0.000 0.004 <0.001 | <0.001 0.000 <0.001 <0.001
r | 0391 0956 1.000 0.300 | 0.557 0.612 1.000 0.554 | 0.897 0.892 1.000 0.998
2 P | 0.072 <0.001 0.000 0.187 | 0.013 0.004 0.000 0.014 | <0.001 <0.001 0.000 <0.001
r | 0.157 0274 0300 1.000 | 0.514 0.985 0.554 1.000 | 0902 0900 0.998 1.000
2 P | 0497 0229 0.187 0.000 | 0.020 <0.001 0.014 0.000 | <0.001 <0.001 <0.001 0.000

Where r is the Pearson correlation coefficient and P is the significance
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The bolded values in Table 27 show the correlation between models of each task for knee
flexion. For this angle and walking task, only the models 332 and 333 were correlated to
one another. However, during jogging and the LESS test, all of the models correlated with
one another. Additionally, the probability that different models would produce different knee
flexion values for the highest impact task (LESS) was less than 0.001 for all models.

Table 28: Comparing the KVA 2G of the same subject for each task, walking, jogging, and
LESS, between the four models.

Walking Jogging LESS
Model 666 333 332 322 666 333 332 322 666 333 332 322
r| 1.000 0.865 0902 0336| 1 0550 0.714 0.649 | 1.000 0.886 0919 0.784
0% P | 0.000 <0.001 <0.001 0.127 | 0.000 0.012 <0.001 0.002 | 0.000 <0.001 <0.001 <0.001
r| 0865 1.000 0.779 0.383 | 0.550 1 0.744 0.505 | 0.886 1.000 0.858 0.736
s P | <0.001 0.000 <0.001 0.086 | 0.012 0.000 <0.001 0.028 | <0.001 0.000 <0.001 <0.001
r| 0902 0.779 1 0.347 | 0.714 0.744 1.000 0.894 | 0919 0.858 1.000 0.916
o P | <0.001 <0.001 0.000 0.113 ]0.001 <0.001 0.000 <0.001 | <0.001 <0.001 0.000 <0.001
r| 0336 0383 0347 1.000 | 0.649 0.505 0.894 1.000 | 0.784 0.736 0916 1.000
22 P| 0.127 0.086 0.113 0.000 | 0.002 0.028 <0.001 0.000 | <0.001 <0.001 <0.001 0.000

Where r is the Pearson correlation coefficient and P is the significance

The bolded values in Table 28 show the correlation between models of each task for KVA
2G. For walking, each of the models except, for 322, were significantly similar to one another,
and as a result the value for KVA 2G is not dependent on processing the data with the 666, 333,
or 332 models. Similarly, the walking and LESS tasks were not dependent on the difference
between the 666, 333, or 332. However, for these two tasks, the 322 model was also correlated
with the other models, so any of the four models can be chosen and will produce similar KVA
2G angle. Similar to the knee flexion angle, the probability that different models would produce
different KVA 2G values for the highest impact task (LESS) was less than 0.001 for all models.

Once again, the difference in joint DOF constraints did not significantly change the resultant
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KVA 2G value.

Table 29: Comparing the KVA 3G of the same subject for each task, walking, jogging, and
LESS, between the four models.

Walking Jogging LESS
Model 666 333 332 322 666 333 332 322 666 333 332 322
r [ 1.000 0.054 0.185 0.053 | 1.000 0.586 0.164 0479 | 1.000 0.849 0.731 -0.190
000 P | 0.000 0812 0411 0.819|0.000 0.007 0.503 0.033 | 0.000 <0.001 <0.001 0.397
r 0054 1.000 0.816 0.101 | 0.586 1.000 0.579 0.722 | 0.849 1.000 0.781 -0.084
3 P | 0812 0.000 <0.001 0.664 | 0.007 0.000 0.007 0.000 | <0.001 0.000 <0.001 0.711
r 0185 0.816 1.000 0.192 | 0.164 0.579 1.000 0.539 | 0.731 0.781 1.000 -0.142
i P | 0411 <0.001 0.000 0.404 | 0.503 0.007 0.000 0.017 | <0.001 <0.001 0.000 0.528
r | 0.053 0.101 0.192 1.000 | 0.479 0.722 0.539 1.000 | -0.190 -0.084 -0.142 1.000
2 P | 0819 0.664 0.404 0.000 | 0.033 <0.001 0.017 0.000 | 0.397 0.711 0.528 0.000

Where r is the Pearson correlation coefficient and P is the significance

The models for the KVA 3G angle, Table 29, also had correlations with one another. For
walking, only the 332 and 333 models were correlated. More models related to each other for
jogging and LESS. For jogging all except 666 to 332 correlated, and for LESS all except 322
to 666, 333, and 332 correlated. These correlations suggest, as well, that similar angles can be

found despite the different uses in models.

7.4 Discussion

The results were contrary to the hypothesis that increasing the impact of tasks will yield signif-
icant differences in the measured angles across the lower body kinematic models. The findings
in this study showed that the models were correlated despite the increased impact during jog-
ging and jumping (Tables 27, 28, and 29). This suggests that angles measured during walking,
jogging, and jumping will be similar regardless of the kinematic model used.

Marker position is affected by the local placement of soft tissue. Despite the hypothesis
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that the markers would move more with higher impact tasks and therefore increase variability
in angles, the results showed that in some cases, the tasks with increased forces were correlated.
One explanation could be that during higher impact tasks, the markers are translated similarly
as the markers move in the same direction due to the increased force applied to each segment.
During lower impact tasks, the soft tissue position is less controlled by momentum and more
dependent on the frequency of the tissue. Therefore, the marker movement is not dependent on
the overall position of the limbs.

The differences in model correlations between tasks could also be a result of limb geometry.
The correlations between models in knee flexion angle, Table 27, increases between walking,
to jogging, to the LESS drop jump. It could be said that the increased flexion tightens the
soft tissue of the thigh, thereby reducing artifacts on that limb. This is unlikely given that a
highly unusual amount of translation in the thigh segment during the drop jump when the knee
translations are not fixed, suggesting that the soft tissue is moving along the segment. Without
further analysis, the cause of this phenomenon cannot be known in its entirety.

It is only shown that the models correlate with each other at maximum knee flexion. These
correlations may not necessarily be the same if the angles were measured at a different point
during the trial. Additional analysis should be done to determine if the models continue to
keep the same correlations over a period of time rather than just at the maximum knee flexion
position.

Analyzing individual marker movements as a result of STAs could indicate the best marker
placements. In addition to placing markers on bony landmarks, markers can be placed on
sections of limbs that have the least amount of soft tissue movement. As a result, the STAs
that cause improper marker movement would be reduced. Additionally, learning more about

patterns of soft tissue movement for specific tasks could inform how much STAs affect different
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movements. This could help determine which tasks should be tested and, as a result, reduce the
influence of STAs on the final data.

The relationships between the test population and the greater population may not fully
relate as the subjects train regularly and were familiar with the tasks tested. Increasing the
number of subjects tested would reduce the amount of variability. Some athletes had previous
knee injuries, which may have influenced the outcome, even though the tests were compared
between subjects. There was not a golden standard that the models were compared to; rather,
the subject data were compared to determine trends.

The knee flexion angle was not controlled during the collection of data. Therefore, the
magnitude of this confounder is unknown. It can be assumed the influence of this variable is
small compared to the change in other variables because of the varying and irregular pattern
in the change in knee flexion between tasks. Additionally, many angles in the lower body

contribute to each knee valgus angle, including the hip, all of which cannot be controlled.
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8 Conclusion

Focusing on a single joint or task gives focus to testing protocols and rehabilitation programs,
but that focus should be based on correlations that exist rather than extrapolating correlations
beyond what has been statistically confirmed. Even though it can be helpful to focus and
simplify the connection between joint angles and KVA, researchers and clinicians should be
wary of neglecting the complexity of the human system. A single joint angle is only one of
many contributing factors to a KVA or lower extremity orientation rather than being solely
responsible for any particular angle. Additionally, changing the kinematic joint constraints
may assist in reducing STAs, but generally, the different KVA angles were found to be similar

even when different joint constraint models were used to process the motion capture data.

Study 1: Comparative Analysis of Medial Knee Alignment Definitions in Female Athletes

Lower extremity joint angles and the different KVAs should be considered individually, and the
statistical significance between the angles should be considered before assuming the angles are
significantly related. Many of the correlations lack significance. However, the relatively small
number of subjects (23 subjects) warrants caution when making conclusions on the angles not
to be certainly correlated to one another. What can be concluded from the data is that just
because one angle has a relationship with ACL injury does not necessarily mean that same
angle will have the same relationship when measured during a different task.

Different mathematical models measured during one type of task did not result in true
equivalence between these angles (r = 1.000 and P = 0.000). However, some of the different
KVAs and lower extremity joint angles did have high correlation within each task even between
different movement tasks. Specifically, the KVA 2P and 2G had strong significance (P <

0.001) and a similar Pearson value correlation coefficient for each of the tasks. This suggests
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the KVA 2P can be used during rotating tasks where the KVA 2G is limited by the global
reference frame. However, more tasks will need to be considered to determine if this substitute
can be trusted.

Each of the lower extremity joint angles and different KVAs analyzed have distinct applica-
tions in biomechanics and will continue to have individual purpose. Therefore, it is impossible
to choose one angle that is objectively better and which should always be used. It is more
important that an author be informed of the types of angles, so that they can make an knowl-
edgeable decision when choosing measuring techniques. Researchers and clinicians should be
informed of the various types of angles so that they are able to determine the best angle for

their purpose.

Study 2: Multivariable Analysis of Lower Limb Joint Angles and Knee Valgus Angles in

Female Athletes

Some angles (independent variables) influence the value of the KVA 2G, KVA 3G, and the
knee abduction angle more than others, but all the angles of the lower body work together and
contribute to the final position of the subject. Analyzing the importance of the rotations of the
ankle, knee, and hip (flexion, abduction, and internal rotation) to various forms of KVA helps
prioritize individual angles when attempting to reduce a KVA. However, all angles should be
considered before simplifying the system and exclusively focusing on one angle.

The human body is a complex system that can not be easily simplified. Simplifying the
complexities of biological systems is helpful, if not required, to make advances in medicine,
performance, et., but should be recognized as simplifications and not an exact representation of

the system.
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Study 3: The Effect of Varying Joint Constraints on Multiple Knee Valgus Angles in

Female Athletes

It was found that changing the lower extremity kinematic joint constraint model did not gen-
erally change the value of the different KVAs, especially in higher impact tasks. This was
contrary to the hypothesis that the angles calculated based on the different kinematic models
would be significantly related during low-impact tasks but not higher impact tasks. There were
exceptions to this conclusion though, namely KVA 2G-walking, knee flexion-walking, and
KVA 3G-walking. However, the similarity between most of the angles suggests that chang-
ing the kinematic model used to process motion capture data does modify the data enough to

significantly change most angles, even in higher impact tasks.
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9 Future Study I: A Comparative Analysis of Knee Valgus Angles in MRI and Motion

Capture
9.1 Introduction

In both imaging (particularly magnetic resonance imaging, MRI) and movement analysis (par-
ticularly video motion capture), the KVA is commonly measured to determine ACL injury risk
and to assess chronic conditions such as knee osteoarthritis. MRI angles are also used for
surgery planning in ACL reconstruction and knee replacement to facilitate normal kinematic
functioning of the knee. Knowing how knee angles measured using MRI relates to angles
measured during gait, using motion analysis, may help customize knee alignment in total knee
replacement surgeries or other repairs. The purpose of this study would be to test the hypothesis
that multiple knee angles measured with motion capture are related to similar angles measured
via MRI in order to better understand how surgical alignment of the knee might impact subse-

quent gait kinematics.

9.2 Background

The goal in knee replacement, ACL reconstruction, or other knee-related surgeries is to allow
the individual to safely perform tasks of daily living or higher performing tasks without pain
and in a manner that reduces future injuries. When joint replacement surgeries were first being
performed, there was little consideration of joint mechanics. Over time, though, surgeries
concerning the joint (including ACL reconstructive surgeries) considered not only joint impact
loads, but the angles in the joint required to perform a gait pattern as close as possible to the
pre-injury gait. This excludes unique cases where bone modification is required to allow the
3,164,180

individual to walk in a safe manner, including valgus deformity of the knees?

The combination of movement studies (motion capture) and imaging (such as MRI) provide
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essential information in how to improve the success of surgeries. As the individual is lying on
the table, instead of upright like in a movement analysis with motion capture, a surgeon working
on the knee has the local coordinates of the shank and thigh as well as the plane in reference
to the table. In an MRI, the surgeon is provided with less information. Not only is there no
reference in the image to the global plane, but the shank and the femur are segmented and
only the portion of the bone at the knee joint is able to be imaged. ISB recommendations on
building local coordinate systems on segments of the body require the full segment to make the
local coordinate system and to create the long axis of segments through the mechanical joint
centers’®. The small capture volume of MRI prevents the measurement of the ankle and hip
joint centers and requires the shaft of the long bone to be used for the axis reference. As a result,
alternative methods are used to create local coordinate systems for the thigh segments, namely
using the anatomic axis (axis along the shaft) instead of the mechanical axis (axis from the
knee joint center to the hip joint center). The femoral mechanical anatomic angle (FMA) or the
anatomical-mechanical angle (AMA), which is the angle between the anatomic and mechanical
axes, has been well documented in imaging research and has even been found to correlate with

A 33-35.80.85,104,137,138,169.178,184.200  Qyrgeons have even been advised to consider FMA

valgus O
angle when planning total knee arthroplasty®*. Miranda et al. developed a method to identify
local coordinates on segmented limbs with a computed tomography (CT) scan using cylindrical
shapes over the shaft of the tibia and femur to calculate the anatomic axes. MRI scans have

smaller capture volumes than CT-scans. Therefore matching cylindrical shapes to the shafts is

too arbitrary for repeatability given the shape of the bones when cut short.
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9.3 Methods

9.3.1 Participants

Preliminary testing (for biomechanics and MRI) was collected for 9 female student soccer
athletes from Auburn University (height = 171.2 +/- 8.9 cm, weight = 66.3 +/- 8.6, kg age =

19.8 +/- 1.9 yr). Athletes were not excluded based on prior injuries or surgeries.

9.3.2 Instrumentation

The subjects were be fitted with 79 retroreflective markers using the point cluster technique
shown in Figure 27°. Kinematic and kinetic data will be captured with a 10-camera motion
capture system (Vicon, Vantage V5 Wide Optics cameras with 22 high-powered IR LED strobe
at 85 nm) and two force plates embedded in the floor (AMTI BP400600, 2000 1b. capacity).
The cameras were configured so that the motion capture volume (the volume at which three
or more cameras can view a single marker) was be directly above the force plates embedded
in the floor. Data from the Vicon system and force plates was collected using Nexus software

(Version 2.6.1; Vicon Motion Systems Ltd, Oxford Industrial Park, Oxford, UK).

9.3.3 Data Processing

The marker data was filtered using a 15 Hz lowpass butterworth filter, then processed and
analyzed using Visual 3D. The ISB recommendations for anatomical coordinate systems was
used for each segment®**. The subjects performed each task at least three times for a minimum
of three complete trials. The subjects were given minimal directions to perform each task, so

that the task was performed with as little influence from the researchers as possible.
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9.3.4 Tasks

For the motion capture portion of the study, each subject completed a minimum of three trials

for each of the tasks listed: 1) vertical drop jump: LESS 15915

, 2) squat, 3) walking down stairs
(DS), 4) lateral reach (LR), 5) walking, 6) jogging, 7) 180° pivot turn (pivot). These tasks are

described in detail in Section 3.4.

9.3.5 Angles

The angles described in Section 3.5 were measured in this study. However, only knee flexion

and abduction angle were measured on the MRI models.

9.3.6 MRI

A 7-Tesla MRI machine was used to image both right and left knees using a true fast imag-
ing (TRUFI) sequence. The subjects were instructed to self-align themselves in a comfortable,
supine position, and their knees were braced to prevent movement during the scan. The TRUFI
images were segmented in Amira and reconstructed to form a 3D rendering of the femur and
tibia structures as well as their alignment (Mercury Computer Systems, Inc.; Chelmsford, US).
The Laplacian Smooth function was used in MeshLab to smooth irregularities from the seg-
mentation.

In the preliminary data collection, local reference frames were fixed to the femur and tibia
using similar method as Miranda et al.!?}; however, adjustments had to be made due to dif-
ferences in instrumentation. Because a CT-scan (computed tomography scan) produced the
knee images in the work done by Miranda et al.'?*, a larger portion of the bone shaft length
was available than what the MRI scans produce. As a result, the inertial axis of the diaphysis
used to calculate the anatomic axis of the bones of the CT-scan is not a reliable method for

calculating the anatomic axis of MRIs.
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The tibial longitudinal axis was defined by the centroid of a cross-section of the tibial
plateau and the centroid of the cross-sectional area of the distal-most part of the tibial shaft.
The lateral axis of the tibia was defined by the most medial and lateral points of the tibial
plateau cross-section. The femur longitudinal axis was defined by the shaft inertial axis and the
centroid of the cross-sectional area of the proximal-most part of the femur shaft. The lateral
axis was identified by fitting a cylinder to the femoral condyles. The lateral axis was defined
by the farthest medial and lateral points along the centerline of the cylinder. The cross product
was used with the distal axes and proximal axes to create the orthogonal coordinate systems.
Blender (V2.4.9; Stitching Blender Foundation, Amsterdam, Netherlands) was used to select

the points that identified the local reference frames.

9.3.7 Statistics

The pilot data compared knee angles measured with MRI scans to knee angles measured with
motion capture technology during movement tasks. The following angles were measured at
maximum knee flexion during the stance phase of LESS, walking, and jogging: knee flexion,
knee abduction, knee internal rotation angles, KVA 2G, and KVA 3G. The following angles
were calculated from the 2D femur and tibia MRI rendering: knee flexion, abduction, and
internal rotation angles. All the angles from MRI and motion capture were then compared
using a two-tailed Pearson Correlation test with a 95% confidence interval.

The pilot results of this study support the hypothesis that knee angles measured from MRI

are related to angles measured using motion capture data

94 Results

The following are the results from the pilot data for the nine female athletes. A rendering of

the 3D femur and tibia structures and their alignment is shown in Figure 34.
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Figure 34: A rendering of the 3D femur and tibia structures and their alignment from the MRI
pilot data using Amira and Blender.

Table 30: Values of knee flexion angle, knee abduction angle, and KVA 2G measured during

walking with motion capture, as well as the knee flexion and abduction angles measured with
MRI.

Task Knee Angle Mean (°) SD

Flexion 1.10 2.49
Walking (Motion Capture)  Abduction 14.46 6.38

KVA 2G 0.09 0.04

Flexion 3.09 6.02
MRI

Abduction 0.32 1.98

Table 31: MRI knee flexion compared to the knee abduction angle and KVA 2G measured
during walking with motion capture.

Walking  MRI Knee Flexion Angle

Knee Angle r P
Abduction  0.70 0.036
KVA2G  0.767 0.016

113



9.5 Discussion

The pilot results of this study support the hypothesis that knee angles measured from MRI are
related to angles measured using motion capture data. More specifically, the results show a cor-
relation between the resting KF angle measured with MRI and KVA at maximum KF measured
from motion capture during the gait cycle. Therefore, KF angle in MRI gives insight into KVA
and KA measured with motion capture. This may allow physicians to better understand how
surgical alignment of the knee impacts subsequent gait kinematics. The fact that the MRI KF
is highly correlated with KVA from motion capture shows that using static measurements for

reconstruction alignment is beneficial for the dynamic functions of the knee.
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10 Future Study II: A Comparative Analysis of Knee Valgus Angles in Drop-Jump Vari-

ations
10.1 Introduction and Background

Multiple variations of drop jumps can be found in the research literature that focuses on knee
alignment, from drop-vertical jump to drop-forward jump: these tasks vary in methodology and
execution 3-10:13:15:23.27,28,31,38,50,62,78,87,88,98,109,111,112,115,119,125,126,133,140,142,150,151,176,187,190,195,197,198,203
In Study 1, the findings showed that different tasks resulted in different joint angles of the lower
body. Angles measured across the tasks (walking, jogging, LESS, DS, LR, squatting, and pivot
turn) were not always significantly related to one another. However, many studies do not distin-
guish between the type of drop jump executed by the test subjects. Some standard developments
of drop-jumps for ACL testing have been developed, such as the landing error scoring system;
however, many of these are associated with point systems for grading performance rather than
being used in motion capture research programs '°°. Accordingly, one potentially useful study
to be conducted in the future would be to determine the similarities and differences in knee an-
gles measured during different types of drop jumps. This would allow researchers to effectively
compare data across studies, preventative measurement programs, and rehabilitation programs.

This study would test multiple types of drop jumps (drop-vertical jump, drop-forward jump,
etc.). The purpose of such study would not be to determine which drop-jump method is best,
but to determine how the drop jump tests are to be compared across studies.

This study would also expand the work done in a previous study by Cruz et al.,“The Ef-
fects of Three Jump Landing Tasks on Kinetic and Kinematic Measures: Implications for ACL
Injury Research”?!. This study found that there were minor variations between jump landing

tasks, which resulted in varying kinematics and kinetics differences. This study measured and

compared the knee abduction angle as measured in the JCS3!7.
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The proposed hypothesis for this study would be similar to that of the Cruz et al. study but
with a goal of identifying similarities, not just differences, between the squatting, dropping,
drop-jumping, and jumping tasks. It is important not only to know if the tasks are different, but
to know which tasks and which parts of those tasks are equivalent in order to compare studies
using these methods.

Hypothesis: There are equivalent joint angles, knee valgus angles, joint kinetics, and GRF

between squatting, dropping, drop-jumping, and jumping tasks.

10.2 Methods

10.2.1 Instrumentation

The subjects will be fitted with 79 retroreflective markers using the point cluster technique
shown in Figure 27°. Kinematic and kinetic data will be captured with a 10-camera motion
capture system (Vicon, Vantage V5 Wide Optics cameras with 22 high-powered IR LED strobe
at 85 nm) and two force plates embedded in the floor (AMTI BP400600, 2000 1b. capacity).
The cameras will be configured so that the motion capture volume (the volume at which three
or more cameras can view a single marker) will be directly above the force plates embedded in
the floor. Data from the Vicon system and force plates will be collected using Nexus software

(Version 2.6.1; Vicon Motion Systems Ltd, Oxford Industrial Park, Oxford, UK).

10.2.2 Data Processing

The marker data will be filtered using a 15 Hz lowpass butterworth filter, then processed and
analyzed using Visual 3D. The ISB recommendations for anatomical coordinate systems will
be used for each segment?**. The subjects will perform each task at least three times for a
minimum of three complete trials. The subjects will be given minimal directions to perform

each task, so that the task will be performed with as little influence from the researchers as
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possible.

10.2.3 Tasks

Eleven tasks will be tested in this study: squatting, vertical jump, drop-landing, drop-vertical
jump, and drop-forward jump. The drop-landing, drop-vertical, and drop-forward jumps will
each be tested at three different distances.
Squat

For the squat, the subjects will be instructed to stand at the width they would typically stand
to perform a squat with one foot placed on each force plate. The subjects will be given a
light weight PVC-pipe to hold directly in front of them while they squat so as to not obscure
markers while allowing for a counter balance to replicate lifting patterns experienced during

their regular workout routines. This task is shown in Figure 35.

Force Plate

Figure 35: Squatting on a force plate. 1) downward motion from neutral, 2) return to neutral.
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Vertical Jump
The subjects will be instructed to stand on the force plates with their feet at a comfortable
distance apart. They will then be instructed to perform a countermovment and to jump vertically

for maximum height. This task is shown in Figure 36.

Force Plate

Figure 36: Vertical jump from standing on a force plate. 1) downward counter-movement from
neutral, 2) vertical jump for maximum height.

Drop Landing, Vertical Jump, and Forward Jump
In each of the following tasks, the subject will jump from the top of a 12” box onto the two
force plates previously described in Section 10.2.1. Nine versions of the jump will be tested.
Three jump ranges with distances of 0% of the subject’s height (Figure 37), 25% of the subject’s
height (Figure 38), and 50% of the subject’s height (Figure 39). The subjects will also perform
three types of jumps: a drop landing (Figures 37a, 38a, and 39a), a drop vertical jump (Figures
37b, 38b, and 39b), and a drop forward jump (Figures 37c, 38c, and 39c). The vertical jump

will be for maximum height and the forward jump will be for maximum distance.
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127 Box 127

Force Plate Force Plate

Force Plate

Figure 37: Configuration of the drop task with the landing position (force plate) a distance
of 0% subject height away from a 12” tall box: a) drop landing, b) drop vertical jump for
maximum height, and c) drop forward jump for maximum distance.
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Subject Height

C

Figure 38: Configuration of the drop task with the landing position (force plate) a distance
of 25% subject height away from a 12” tall box: a) drop landing, b) drop vertical jump for
maximum height, and c) drop forward jump for maximum distance.
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12”{ Box /
———
50% of Subject Height | Force Plate |

C

Figure 39: Configuration of the drop task with the landing position (force plate) a distance
of 50% subject height away from a 12” tall box: a) drop landing, b) drop vertical jump for
maximum height, c¢) drop forward jump for maximum distance.

10.2.4 Angles

The angles described in Section 3.5 will be measured in this study.

10.2.5 Statistical Analysis

A Pearson Correlation Coefficient Test and a paired T-test will be run with the angles of interest

(ankle, knee, and hip flexion, abduction, and internal rotation, as well as KVA 2G and KVA
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3G) to determine if any of the angles can be treated equivalently. Evidence of equivalent
angles across differing bodies will allow researchers to more accurately and confidently connect

discussions of these angles across the research literature.
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11 Future Study III: A Comparative Analysis of Knee Valgus Angles and Moments be-

tween Multiple Tasks

11.1 Introduction

The kinematics of a subject during a movement task are important because they are a compo-
nent affecting forces of the joints that is tangible. However, it is the force at local joints that
cause injuries, such as ACL ruptures. Study 1 found that some angles were correlated across
tasks, but that a correlation was not necessarily the case. Further study would determine if
the same joint moments have correlations between tasks. The purpose of this study is to test
the hypothesis that an individual who has a large peak vGRF during a drop jump will have a

similarly high peak vGRF in other tasks.

11.2 Background

Forces in the knee play a large role in the health of the ACL. As a result, understanding the
forces related to the knee during tasks related to daily living, as well as tasks that would be
seen in high level sports and military personnel, is essential in developing preventative training
programs and rehabilitation programs, and identifying risk factors.

Consequently, forces and moments of the knee have been considered as identifiable risk
factors for future ACL ruptures '%%19%15L179 T fact, peak vertical ground reaction force (vGRF)
during vertical drop jumps has been shown to be associated with later ACL ruptures'?’.

The position of the individual and joint angles influence how and where the forces and
moments are applied in the body. In Study 1, the lower limb angles were not necessarily
similar between different tasks. Because of the connection between positions and orientation

with the kinematics, differences in forces will most likely be seen between the different tasks

in this future study.
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11.3 Methods

11.3.1 Instrumentation

The subjects will be fitted with 79 retroreflective markers using the point cluster technique
shown in Figure 27,°. Kinematic and kinetic data will be captured with a 10-camera motion
capture system (Vicon, Vantage V5 Wide Optics cameras with 22 high-powered IR LED strobe
at 85 nm) and two force plates embedded in the floor (AMTI BP400600, 2000 1b. capacity).
The cameras will be configured so that the motion capture volume (the volume at which three
or more cameras can view a single marker) will be directly above the force plates embedded in
the floor. Data from the Vicon system and force plates will be collected using Nexus software

(Version 2.6.1; Vicon Motion Systems Ltd, Oxford Industrial Park, Oxford, UK).

11.3.2 Data Processing

The marker and force plate data will be filtered using a 15 Hz lowpass butterworth filter. The
marker data will then be processed and analyzed using Visual 3D. The ISB recommendations
for anatomical coordinate systems will be used for each segment?**. The subjects will perform
each task at least three times for a minimum of three complete trials. The subjects will be
given minimal directions to perform each task, so that the task will be performed with as little

influence from the researchers as possible.

11.3.3 Tasks

Each subject will complete a minimum of three trials for each of the tasks listed: 1) vertical
dropjump: LESS °%1512) squat, 3) walking down stairs (DS), 4) lateral reach (LR), 5) walking,

6) jogging, 7) 180° pivot turn (Pivot). These tasks are described in detail in Section 3.4.
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11.3.4 Statistics

The force data will be compared using a Pearson’s Correlation Test. The three force variables
tested will be peak the knee abduction moment, peak knee flexion moment, and peak vGRF.
Significance will be at a 95% confidence interval.

For the hypothesis tested in this study, the r value is not expected to be large, since the
value of knee abduction moment, knee flexion moment, and vGRF will inevitably have differ-
ent ranges of magnitudes for each of the tasks. It is the strength of the r value in its statistical
significance (p-value) that will provide information on the ratio of increased peak knee abduc-
tion moment, knee flexion moment, and vGRF between the tasks tested. This will determine if

there is a pattern of peak values between the tasks.
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12 Appendix A: JCS and Euler Rotations

The dimensionality of biological joints, specifically synovial joints, make clinical defining and
quantifying the orientation difficult as the reference plane change with time. Grood and Sun-
tay mathematically describe the rotations of joint angles using anatomical terms in their joint
coordinate system (JCS), and has been frequently used since their publication in 1983%”. The
following definitions are the clinical definitions used to describe joint rotations in each of the

three planes:

e Flexion and Extension: Decreasing or increasing the angle between two segments in the

sagittal plane.

e Adduction and Abduction: Decreasing or increasing the angle between a segment and

the reference segment midline in the frontal plane.

e Internal and External Rotation: Decreasing or increasing the angle between the segment

and the anterior-axis in the transverse plane about the superior-inferior-axis.

Since the development of their method, an equivalent measure of the rotations in each plane
has been used. An X-Y-Z Euler Angle sequence measures equivalent angles and can be used
to calculate the same angles proposed by Grood & Suntay®’. The adaptation of Grood &
Suntay’s method to Euler Angles provide a more commonly understood method to calculate
anatomically relevant angles. Therefore, the X-Y'-Z Euler Angle sequence is indirectly related
to anatomical meanings through the JCS. Therefore, the translation component will not be
addressed in this paper. The following sections explain, in detail, how these two methods of
measuring angles are equivalent.

Each segment (the thigh and shank) can be defined with two sets of coordinate axis, one

for Grood & Suntay’s analysis and the other for the Euler analysis. Grood & Suntay define the
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proximal segment with e; and ef, and the distal segment with e3 and e}, where the axes are unit
vectors®’. Anatomically, the e; and X axes are along the medial-lateral axis, where positive
is in the lateral direction; the €7, e, and Y axes are along the anterior-posterior axis, where
positive is in the anterior direction; and the es and Z axes are along the superior-inferior axes,
where positive is in the superior direction. This nomenclature matches the work done in Grood
& Suntay, 198377, Additionally, these axes define the anatomical rotations where the flexion
angle is «, the abduction angle is 3, and the internal rotation angle is . The JCS axes and
anatomical rotations can be seen in Figure 40 and the JCS axes along with each of the axes of

the Euler rotation sequence can be seen in Figure 41.

= JCS
S 2

Ny
/ ,/ a Flexion

- [ Abduction
Sy .
€y Internal Rotation

Figure 40: The JCS by Grood and Suntay using the local coordinates (e, €7, e3, and ) and
floating vector (e3) to calculate flexion (), abduction (/3), and internal rotation (vy)>".
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Shank X, X" N,

Figure 41: The axes of the JCS and axes of the Euler rotation sequence”’.

12.1 Flexion Angle

Grood & Suntay’s evaluation flexion and extension angle, «, is shown in Equation 11°7. The
rotation occurs in the sagittal plane of the proximal segment defined by the e; or X axis. The
angle can be defined by creating what Grood & Suntay define as a floating vector, e, shown

157

in Equation 11°’. When the floating vector is dotted with the reference axis for the proximal

segment, e}, the cosine can be used to calculate the flexion angle (o) shown in Equation 1257,

ez X eq

(11)

€y = ———
? les x ed]

cosa = €] - eg (12)

The calculation for the flexion angle using the JCS is shown in Figure 42 where one con-
figuration depicts the orientation of the axes in 0-degrees of flexion and the other depicts the

orientation of the axes in 60-degrees of flexion.
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0° Flexion

T
2 ez €2, €61
R
SN
€1
60° Flexion
€3
r
€1
a
€1
=)

Figure 42: JCS axes orientation for flexion in 0-degrees of flexion and 60-degrees of flexion.
Note that in the 60-degree of flexion condition, both e; and ez are orthogonal to e,, but are not
orthogonal to one another; both e, and e are orthogonal to ey, but are not orthogonal to one
another; and e] and e, are orthogonal to e;, but not to one another.

The vector ez can be projected onto the sagittal plane (e3sq4) Which is defined by e; and

then normalized (3 ,,) shown in Equation 13 and 14.

€3 - e
€3,5a9 — €3 — ’ L. €1 (13)
el
/ €3,sag
A (14)
S O

The e, vector is on the sagittal plane as it is orthogonal to both e; and e3 (Equation 11);
therefore, e, can be calculated using either e; ,, or e3, as shown in Equation 15 For this reason,

the orientation of e5 on the sagittal plane is not influenced by abduction or internal and external
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rotation.

/
es X e €3 X €1
€2 = 2 (15)

B ||63 X 61“ B ||e/3,sag X 61”

The flexion angle can also be found using the first rotation of an X-Y'-Z Euler sequence

when the Equations 16 and 17 are true.

X =e (16)

Y =¢ (17)

The first rotation of #; about the [-axis can be defined with the rotation matrix Ry shown

in Equation 18.

Rx = |0 cosf; —sinb, (13)

0 sinf#; cost,

Given Equations 14 and 15 and the rotation in Equation 18, the Z’ axis can be defined as

€3.549 a8 shown in Equation 19.

7' =€} g (19)

Therefore, using the relationships defined in Equations 15, 17, and 19 the floating vector

es can also be found and is shown in Equation 20 where [’ is the orientation proximal segment
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after the first rotation.

v XX €(3.509) X €1
12" < X [leg

es (20)

3,sag) X 61” a

The angle 6, is directly related to the orientation of Y’ with respect to Y, where Y is the
orientation of the Y axis after the first rotation. The angle between the two axes can be found

using the dot product, as shown in Equation 21.

costy =Y Y’ (21)

Given that X = X’ and that X', Y, and Z’ are orthogonal, Y’ can be found by either using

7' and X or Z' and X', as shown in Equation 22.

7' x X' 7' x I
Y' = = 22
2 %X~ T2 xX] 22
Substituting Equation 22 into 21 the following equation can be made (Equation 23).
7' x X
=Y — 23
N VS >

When Equations 16, 17, 19, and 23 are combined, the rotation from the Grood & Suntay

method can be described using e’( and ey, as shown in Equation 24.

3,sa9)

!/
6(37sag) X 61

||€/(375ag) X 61 ||

(24)

,
costh = ej -

By substituting Equation 11 and 15 into Equation 24 the relationship can be further defined
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Equation 23 can be further defined, as shown in Equation 25.

r €3 X €1

costh = €] el - e (25)

‘ les x eq] N

The angles a and 6 can be shown to be equivalent when Equation 12 and 25 are combined,

shown in Equation 26.

costh = e} - ey = cosa (26)

Because the « and 0, angles are equivalent, Equation 26, the Grood & Suntay measure of
flexion and extension can be calculated using the Euler rotation about the X axis.
The axes used in Equations 11-26 to determine the equivalency of the JCS and Euler rotation

sequence for flexion are shown in Figure 43.

Figure 43: JCS axes used in Equations 11-26.
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12.2 Abduction Angle

The abduction angle () of a joint can be found using e3 and e; where 3’ is the angle between

es and ey, as shown in Equation 27°.

cosf = es- e (27)

The abduction angle for the right knee (Bg;gn:) is 8’ minus % (Equation 28, and the abduc-

tion angle for the left knee (8rey¢) is 5 minus ' (Equation 29)%’.

Brign = B — g (28)
Brest = g - p (29)

Therefore, Equation 30 is the right knee abduction angle (Equation 28 substituted into
Equation 27, and equation 31 is the left knee abduction angle (Equation 29 substituted into

Equation 27).

T

cosf3’ = cos(Bright + 5) =e3-6€ (30)
, T

cosf}’ = COS(§ — Breft) = €3+ €1 (3D

The abduction angle can also be found using the second rotation of an S-Y-Z Euler se-

quence when Equations 32 and 33 are true.

X=X =e¢ (32)
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7" =es3 (33)

The second rotation, 65, about the J’ axis can be found using the rotation matrix shown in

Equation 34 defined as Ry-.

cos 0, sin 65
Ry = 0 1 0 (34)
—sin 0y cos 0

The angle 0, is directly related to the position of Z” with respect to Z’. The angle can be

found using the dot product between Z” and Z’, shown in Equation 35.

costy=27"-7" (35)

The angle 7 can be added to ¢, to define 6, as shown in Equation 36.

0, = 0 + g (36)

Equation 35 can be modified by adding 4 (which changes Z’ to X’) and substituting 36 into

it, as shown in Equation 37.

cosbty = cos(0y + g) =X".7" (37)

When Equations 27, 32, 33, and 35 are combined, the relationship between the Grood &

Suntay rotation and the second rotation in the X-Y-Z Euler sequence can be made, as shown
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in Equation 38.

costly = e3 - e; = cos}’ (38)

Because this relationship exists between /3 and 65, both methods can be used to calculate

the abduction angle.

12.3 Internal Rotation Angle

Grood & Suntay’s evaluation internal and external rotation angle, v, is shown in Equation 39.
Where the motion occurs in the distal transverse plane of the distal segment defined by e3 and
about the e5 or Z" axes. The distal frontal plane can be defined by creating the floating vector,
€2, as shown in Equation 11. When the floating vector is dotted with the reference axis, e}, the
resultant angle represents the degree of internal or external rotation of the distal segment on the

distal transverse plane, as shown in Equation 39°7.

cosy = e5 - €3 (39)

The calculation for the internal rotation angle using the JCS is shown in Figure 44 where
one configuration depicts the orientation of the axes in 0-degrees of internal rotation and the

other depicts the orientation of the axes in 10-degrees of internal rotation.
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0° Interal Rotation

€3

L

o Wikl €1

T
€5, €3

10° Internal Rotation

Figure 44: JCS axes orientation for internal rotation in 0-degrees of internal rotation and 10-
degrees of internal rotation. Note that in the 10-degree of internal rotation condition, both e;
and e3 are orthogonal to ey, but are not orthogonal to one another; both e, and e are orthogonal
to es, but are not orthogonal to one another; and e} and e, are orthogonal to es, but not to one
another.

The vector e; can be projected onto the distal transverse plane (e ¢rq,) Which is defined by

ez and then normalized (¢ ;,,,,) shown in Equation 40 and 41.

€1 -¢€
€1,tran = €1 — LR €3 (40)
les]|
/ €1.tran
= 41
el,tran ||€1,tTa7’L|| ( )

The e5 vector is oriented on the transverse plane as it is orthogonal to es; therefore, e; can

be calculated using either €/ ;,,,, or e, as shown in Equation 42. Therefore, the orientation of
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e 1n the transverse plane is not affected by abduction or internal rotation.

/
€3 X €1 €3 X €1 tran

(42)

62 = =
“63 X 61” ||€3 X ell,trcmH

The rotation angle can also be found with the third rotation of the X-Y'-Z Euler sequence

when Equations 43 - 45 are true.

X” = e,l,tran (43)
g — g es (44)
Y = e} (45)

Therefore, the e; vector can also be found by combining Equation 42-44, as shown in

Equation 46.

Z/l/ X X/l

e 46
HZ/// X X//“ ( )

€y =

The third rotation, 65, about the Z” axis can be defined with the following rotation matrix

(Rz») shown in Equation 47.

cosfls —sinfz 0
Rz» sinfs  cosfl3 0 “47)

0 0 1

The angle 65 is directly related to the position of Y with respect to Y (Equation 47). The
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relationship between the two vectors can be found using the dot product between Y’ and Y,

shown in Equation 48.

cosls =Y".Y" (48)

Given that 7" = Z"" and X"'-Y"'-Z"" are orthogonal, Y can also be found using Z"" and

X" or Z" and X" as shown in Equation 49.

Zl// X X/// Z/I/ X X//
Y' = = 49
||Z/// X X///” ||Z/// X X//H ( )
Substituting Equation 49 into 48, the following relationship, Equation 50, can be made.
Z/// X X//
00563 = Y/// : m (50)

When Equation 43, 45, and 50 are combined, the rotation from the Grood & Suntay method

can be described, as shown in Equation 51.

/
€3 X €1,tran

H€3 X ell,tranH

costls = ej - 51

Substituting Equation 42 into Equaiton 51 the Equation 51 can be further defined to use e}

and eq, as shown in Equation 52.

cosfs = e - =e5 - e (52)

The angles v and 65 can be shown to be equivalent when Equation 39 and 52 are combined,

168



as shown in Equation 53.

coslls = e5 - e9 = cosy (53)

Because the «y and 03 are equivalent (Equation 53) the Grood & Suntay measure of internal
and external rotation can be calculated using the rotation about the Z"” axis in the X-Y-Z Euler
Sequence.

The axes used in Equations 11 and Equations 39-53 to determine the equivalency of the

JCS and Euler rotation sequence for internal rotation are shown in Figure 45.

"’L\\,J

[ =

| S

s
o \WioJal

v

Figure 45: JCS axes used in Equations 11-26.
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13 Appendix B: IRB Documentation

“Biomechanics, biomarkers, and MRI:
A three-pronged approach to predicting anterior

cruciate ligament (ACL) rupture”

Women’s Basketball and Soccer

All Women Basketball and Soccer athletes are invited to participate in a research study
intended to ultimately improve ACL injury prevention for at-risk athletes.

The purpose of this study is to accurately predict ACL injury risk. The goal is to develop
a complete ACL injury risk profile, develop a useful screening protocol for at-risk
athletes, and better characterize the success of ACL reconstructive surgeries.

Testing will consist of 5 parts:

1. Biomechanical testing — Motion capture of various athletic task (i.e. jogging,
drop jumps, run-to-cut), in 3401 Wiggins Hall.

2. Biodex — Strength testing in the Auburn Athletic weight room.

3. Knee MRI—Knee MRI scans will be conducted (3 per knee) at the AU MRI
Center to analyze ACL properties.

4, Blood Draw — Biomarkers in blood will be analyzed for evaluation of |ocal

knee joint biology and estrogen levels. The Auburn University Institution
. .. . s Review Board has approved this
5. Surveys — Questions about joint pain and activities. Document for use from

05/10/2017 _to 05/09/201&
Protocol # 7-096 MR 1705

Total testing time will take approximately 3 hours and 50 minutes.

If interested, please contact Taylor Wright at tkw0006@auburn.edu or Dr. Michael Zabala at
(332) 844-4916 or zabalme@auburn.edu.
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The Auburn University Institutional
Review Board has approved this
Document for use from

07/06/2017 _to__05/09/2018
Protocol #___17-096 MR 1705

AUBURN UNIVERSITY

DEPARTMENT OF
MECHANICAL ENGINEERING

(NOTE: DO NOT SIGN THIS DOCUMENT UNLESS AN IRB APPROVAL STAMP WITH CURRENT DATES
HAS BEEN APPLIED TO THIS DOCUMENT.)

INFORMED CONSENT
for a research study entitled

“Biomechanics, biomarkers, and MRI: A three-pronged approach to predicting anterior
cruciate ligament (ACL) rupture”

Auburn University Mechanical Engineering/Auburn University MRI Research Center

Investigators: Michael Zabala, Ph.D.,! Thomas S. Denney Jr., Ph.D.,? Auburn University Department
of Mechanical Engineering,! Auburn University MRI Research Center.2

PURPOSE OF RESEARCH

You are invited to participate in a research study of individuals who are prone to anterior cruciate
ligament (ACL) injuries. The ACL is one of the four major ligaments of the knee. We hope to discover
if there is a combination of biomechanical, biochemistry, and MRI-detectible ACL biological
composition which can predict ACL injury risk. You were selected as a possible participant in this
study because you participate in a sport that reports a concentration of ACL injuries.

This research study is looking for individuals who are members of Auburn’s women’s soccer or
women'’s basketball team.

Your participation in this study is entirely voluntary.

If you decide to participate, you are free to withdraw your consent, including your authorization
regarding the use and disclosure of your health information, and to discontinue participation at any
time without prejudice to you. If you decide to terminate your participation in this study, you should
notify Dr. Michael Zabala at (334) 844-4916 (zabalme@auburn.edu).

| DURATION OF STUDY INVOLVEMENT

This research study is ongoing with 4 hours max of active participation in one to seven days.

Page 1 of 10 Participant’s Initials
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| PROCEDURES |

There will be four parts to this study. They are the following:

1) Biomechanical Analysis

2) Biodex Strength Test

3) Blood Analysis

4) Magnetic Resonance Imaging (MRI) analysis
5) Surveys

1) Biomechanical Analysis

We will ask you to wear a pair of your own tennis or gym shoes and a pair of shorts that we will
provide. We will then measure different aspects of your legs with a tape measure. We will put little
squares of double sided tape on your lower and upper body. To the other side of the double sided
tape we will stick small balls with reflective material on the outside.

We will then take a number of still photographs of you from the chest down. We will ask you to
perform a number of activities similar, but no harder, to those of a practice associated with your sport.
These activities include walking, jogging, run-to-cut, squat, and drops from a box. We will ask you to
perform each of these activities at least three times for each leg. We expect the entire test to take no
more than an hour and a half. This testing will take place at Auburn University, Wiggins Hall, Room
3401.

Only testing personnel will observe you during the experiment.

The biomechanical analysis is expected to take approximately one hour and a half.

2) Biodex Strength Test

You will be asked to remove your shoes to minimize the effect of gravity on torque production. A
technician will position straps over your chest, thighs and hips to stabilize you during the test. The
lever of the machine will be placed according to the length of your leg. To warm up, you will complete
5 to 10 submaximal repetitions of straightening and bending your leg. To perform the test, you will
begin with a straight leg then bend it to 90 degrees, pushing against the force of the Biodex. This will
be repeated 5 times. This testing will take place in the Auburn University Football Training Room in
the Athletic Complex.

3) Blood Analysis

The blood sample will be drawn at the Auburn University Medical Clinic immediately prior to or after
the MRI scan. A phlebotomist will place a thin needle in a vein of your arm using sterile, disposable
equipment and collect 3 tubes of whole blood. Each tube will contain 7.5 mL or 1 tablespoon of whole
blood.
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The blood draw is expected to take no longer than 20 minutes.

4) MRI Analysis

You will first be asked screening questions to make sure it is safe for you to undergo an MRI scan.
The screening questions will be provided by the Auburn University MRI Research Center. You will not
be excluded from MRI scanning if you have metal dental work (including a permanent retainer,
braces, or other dental implants) or body piercings outside of the region being imaged, your knees. If
you have any metal in your knee from previous surgery, you will be scanned on the 3 T MR, as
opposed to the 7 T MRI. You will then be asked to lie on a bed that slides into the long tube of the
scanner. The scanner is a magnet with a small enclosed space. Radio waves and strong, changing
magnetic fields are used to make images of your body. You will be given earplugs and earphones to
protect your ears since these changing magnetic fields cause loud knocking, thumping, or pinging
noises. You will be asked to remain very still at these times. To help you keep your knee perfectly still,
we will put cushions around your leg. We will ask you to undergo an MRI of both knees.

Visual and verbal contact will be maintained during the scan to determine if you are having any
negative feelings or sensations. If some unknown risk becomes a safety issue, the research team will
immediately stop the scan and remove you from the scanner. You can stop the scan at any time and

immediately be removed from the scanner.

The MRI analysis will take approximately one hour and a half.

5) Surveys

The surveys will be filled out prior to the biomechanical analysis. We will ask you to answer survey
guestions about your knees, your pain, your activities, and your quality of life.

Answering the survey questions should take approximately 20 minutes.

POSSIBLE RISKS, DISCOMFORTS, AND INCONVENIENCES

There are risks, discomforts, and inconveniences associated with any research study. These deserve
careful thought. You should talk with the Protocol Director if you have any questions.

Possible risks include, but are not limited to, the inconvenience of travel from home to the laboratory

and the following biomechanical, biochemical, and MRI analysis risks.

Biomechanical analysis risks, discomforts and/or inconveniences:

A discomfort that can reasonably be expected is the possibility that you will become tired from the
activities. In addition, you may experience sprains, strains, and/or soreness.

Biodex strength test risks, discomforts, and/or inconveniences:
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Because of the nature of this test, you may experience fatigue and/or sore from the test. In very rare
cases you may experience sharp pain from exertion. In addition, you may experience sprains, strains,
and/or soreness.

Blood draw risks, discomforts, and/or inconveniences:

The risks of drawing blood are that you may possibly get a bruise on your arm or soreness and/or
redness at the site of the needle stick (venipuncture). There is minimal risk for getting an infection
from where the needle stick blood sample is collected. During the time of the blood draw, every
precaution will be taken to minimize discomforts or risk of infection. Pain/discomfort may be felt during
the duration of the needle stick.

We will not be screening for drugs or disease (e.g., HIV or hepatitis C). Furthermore, we will not be
looking for genes that predispose someone to a specific medical condition such as heart disease,
Alzheimer’s, and others. Please see below for additional blood banking information.

MRI (Magnetic Resonance Imagine) analysis risks, discomforts, and/or inconveniences

MRI machines use a strong magnet and radiofrequency magnetic fields to make images of the body
interior. You will be asked to lie on a long narrow couch for approximately 1.5 hrs while the machine
gathers data. During this time you will not be exposed to x-rays, but rather a strong magnetic field and
radiofrequency magnetic fields, which you will not feel. You will, however, hear repetitive tapping
noises that arise from the Magnetic Resonance scanner. We will provide earplugs or headphones that
you will be required to wear. The space within the large magnet in which you lie is somewhat confined.
The following steps have been taken in an attempt to relieve the claustrophobic feeling: allow you to
view the scanner before consenting, you are given a ball to squeeze if you want to be removed from the
scanner, we will have verbal communication with you throughout the duration of the scan, and you will
be able to listen to music.

Magnetic fields do not cause harmful effects at the levels used in the MRI machine. However, the MR
scanner uses a very strong magnet that will attract some metals and affect some electronic devices.
If you have a cardiac pacemaker or any other biomedical device in or on your body, it is very
important that you tell the operator/investigator immediately. As metallic objects may experience a
strong attraction to the magnet, it is also very important that you notify the operator of any metal
objects (especially surgical clips), devices, or implants that are in or on your body before entering the
magnet room. All such objects must be removed (if possible) before entering the magnet room. In
some cases, having those devices means you should not have an MRI scan performed. In addition,
watches and credit cards should also be removed as these could be damaged. You will be provided a
way to secure these items. If you have any history of head or eye injury involving metal fragments, if
you have ever worked in a metal shop, or if you could be pregnant, you should notify the
operator/investigator.

The MRI machine produces an intermittent loud noise, which some people find annoying. Some
participants may feel uncomfortable being in an enclosed place (claustrophobia) and others may find
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it difficult to remain still. Dizziness or nausea may occur if you move your head rapidly within the
magnet. Some people experience brief nausea when being put into or taken out of the scanner.

Although long-term risk of exposure to the magnet is not known, the possibility of any long-term risk
extremely low based on information accumulated over the past 30 years.

IEYOQU FEEL DISCOMFORT AT ANY TIME, NOTIFY THE OPERATOR AND YOU CAN

DISCONTINUE THE EXAM AT ANY TIME,

The scans performed in this study are for specific research purposes and are not optimized to find
medical abnormalities. The investigators for this project may not be trained to perform medical
diagnosis. The investigators and Auburn University are not responsible for failure to find existing
abnormalities with these MRI scans. However, on occasion the investigator may notice a finding on
an MRI scan that seems abnormal. When this occurs, a physician will be consulted as to
whether the findings merit further investigation, in which case the investigator will contactyou
and your primary care physician and inform you of the finding. The decision as to whether to
proceed with further examination or treatment lies solely with you and your physician. The
investigators, the consulting physician, and Auburn are not responsible for any examination or
treatment that you undertake based on these findings. Because the images collected in this study
may not comprise a proper clinical MRI scan, these images will not be made available for diagnostic

purposes.

| WOMEN OF CHILDBEARING POTENTIAL

If you are pregnant or currently breast feeding, you may not participate in this study. You understand
that if you are pregnant, if you become pregnant, or if you are breast-feeding during this study, you or

your child may be exposed to an unknown risk.
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|PARTICIPANT RESPONSIBILITIES

As a

participant, your responsibilities include:
e Ask questions as you think of them.

e Tell the Protocol Director or research staff if you change your mind about staying in the

study.

e Follow the instructions of the Protocol Director and study staff.

WITHDRAWAL FROM STUDY

You can withdraw at any time during the study. Your participation is completely voluntary. If you
choose to withdraw, your data can be withdrawn as long as it is identifiable. Your decision about
whether or not to participate or to stop participating will not jeopardize your future relations with
Auburn University, the Department of Mechanical or Electrical Engineering.

There are no adverse consequences of discontinuing the study.

If you decide to withdraw from the study, please contact the Protocol Director, Dr. Michael Zabala, or
his staff at (334) 844-4916 (zabalme@auburn.edu).

The Protocol Director may also withdraw you from the study without your consent for one or more of
the following reasons:

Failure to follow the instructions of the Protocol Director and/or study staff.
The Protocol Director decides that continuing your participation could be harmful to

you.

The study is cancelled.

Other administrative reasons.
Unanticipated circumstances.

POTENTIAL BENEFITS

These procedures are carried out purely for experimental purposes. The MRI scans and biochemistry
testing acquired in this study are not the same as those acquired during a clinical examination as
requested by a medical doctor. Therefore, they are not useful to investigate any abnormalities or
medical conditions you may have. The scans collected in the MRI testing will not be made available
for diagnostic purposes. Furthermore, the investigators who analyze these images are not medical
doctors.

WE CANNOT AND DO NOT GUARANTEE OR PROMISE THAT YOU WILL RECEIVE ANY

BENEFITS FROM THIS STUDY.
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PARTICIPANT'S RIGHTS

You should not feel obligated to agree to participate. Your questions should be answered clearly and

to your satisfaction.

If you decide not to participate, tell the Protocol Director. | cannot promise you that you will receive

any or all of the benefits described.

You will be told of any important new information that is learned during the course of this research
study, which might affect your condition or your willingness to continue participation in this study.

CONFIDENTIALITY

Any information obtained in connection with this study will remain confidential. Information obtained
through your participation may be presented at scientific or medical meetings or published in scientific

journals.

Your privacy will be protected. Any information obtained for this study is strictly confidential and your
name will not be identified on any data. The data collected will be stored on a password-protected
computer and a locked file cabinet. The principal investigator and Ms. Wright will be the only people to
have access to the data. Your information may be shared with representatives of Auburn University

and government authorities if required by law.

Except as required by law, you will not be identified by name, social security number, address,
telephone number, or any other direct personal identifier. Your research records may be disclosed
outside of Auburn University, but in this case, you will be identified only by a unique code number.
Information about the code will be kept in a secure location and access limited to research study

personnel.

The code list will be stored in a password protected spreadsheet stored on a password-protected
College of Engineering server in a location that is only accessible by Dr. Zabala and Julie Rodiek
(MRI Academic Programs Administrator). The screening forms and consent forms will be stored in a
locked filing cabinet in room 266A of the MRI Research Center building. Anonymized image data will

be stored on a password-protected College of Engineering server.

FINANCIAL CONSIDERATIONS

Sponsor: Auburn University is providing financial support and/or material for this study.

There is no cost to you for participating in this study.
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COMPENSATION FOR RESEARCH-RELATED INJURY

In the unlikely event that you sustain an injury from participation in this study, the investigators have
no current plans to provide funds for any medical expenses or other costs you may incur.

In the unlikely event that your child may sustain an injury from participation in the study, the
investigators have no current plans to provide funds for any medical expenses or other costs you may
incur.

FOLLOW-UP STUDY

We may have future studies related to this topic.

May we contact you for related future studies?
(Please circle) YES / NO
Initials

We would like to keep your data and use it in other research projects not specifically related to the
current study.

May we use your data for other research studies?
(Please circle) YES / NO
Initials

| CONTACT INFORMATION

e Appointment Contact: If you need to change your appointment, please contact Taylor Wright at
tkw0006@tigermail.auburn.edu

e Questions, Concerns, or Complaints: If you have any questions, concerns or complaints
about this research study, its procedures, risks and benefits, or alternative courses of treatment,
you should ask the Protocol Director, Dr. Michael Zabala at (334) 844-4916
(zabalme@auburn.edu).

e Injury Contact: If you feel you have been hurt by being a part of this study, or need immediate
assistance please contact the Protocol Director, Dr. Michael Zabala at (334) 844-4916
(zabalme@auburn.edu).

o Alternate Contact: If you cannot reach the Protocol Director, please contact Taylor Wrightat_
tkw0006@tigermail.auburn.edu.

¢ Independent of the Research Team Contact: If you are not satisfied with how this study is
being conducted, or if you have any concerns, complaints, or general questions about the
research or your rights as a research study subject, please contact the Auburn Office of Human
Research (IRB) to speak to someone independent of the research team at (334)-844-5966. Or
write the Auburn IRB, Office of Human Research, Auburn University, 115 Ramsay Hall, Auburn,
AL, 36849.
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e If you have any questions about your rights as a research participant, you may contact the
Auburn University Office of Research Compliance or the Institutional Review Board by phone

(334)-844-5966 or e-mail at IRBadmin@auburn.edu or IRBChair@auburn.edu.
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| SIGNATURE REQUIRED

HAVING READ THE INFORMATION PROVIDED, YOU MUST DECIDE WHETHER OR NOT YOU
WISH TO PARTICIPATE IN THIS RESEARCH STUDY. YOUR SIGNATURE INDICATES YOUR

WILLINGNESS TO PARTICIPATE.

Signature of Participant

Printed name of Participant

Signature of Person Obtaining Consent

Printed name of Person Obtaining Consent
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il

AUBURN UNIVERSITY

DEPARTMENT OF
MECHANICAL ENGINEERING

(NOTE: DO NOT SIGN THIS DOCUMENT UNLESS AN IRB APPROVAL STAMP WITH CURRENT DATES
HAS BEEN APPLIED TO THIS DOCUMENT.)

INFORMED CONSENT
for a research study entitled

“Biomechanics, biomarkers, and MRI: A three-pronged approach to predicting anterior
cruciate ligament (ACL) rupture”

Auburn University Mechanical Engineering/Auburn University MRI Research Center

Investigators: Michael Zabala, Ph.D.,! Thomas S. Denney Jr., Ph.D.,2 Auburn University Department
of Mechanical Engineering,® Auburn University MRI Research Center.?

PURPOSE OF RESEARCH

Your son or daughter is invited to participate in a research study of individuals who are prone to
anterior cruciate ligament (ACL) injuries. The ACL is one of the four major ligaments of the knee. We
hope to discover if there is a combination of biomechanical, biochemistry, and MRI-detectible ACL
biological composition which can predict ACL injury risk. Your daughter was selected as a possible
participant in this study because she participates in a sport that reports a concentration of ACL
injuries.

Since your daughter is age 18 or younger we must have your permission to include her in the study.

This research study is looking for individuals who are members of Auburn’s women’s soccer or
women'’s basketball team.

Your daughter’s participation in this study is entirely voluntary.

If you choose to let your daughter participate, she is free to withdraw her consent, including her
authorization regarding the use and disclosure of her health information, and to discontinue
participation at any time without prejudice to her. If she decides to terminate her participation in this
study, you or your daughter should notify Dr. Michael Zabala at (334) 844-4916
(zabalme@auburn.edu).
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| DURATION OF STUDY INVOLVEMENT

This research study is ongoing with 4 hours max of active participation in one to seven days.

| PROCEDURES

There will be four parts to this study. They are the following:

1) Biomechanical Analysis

2) Biodex Strength Test

3) Blood Analysis

4) Magnetic Resonance Imaging (MRI) analysis
5) Surveys

1) Biomechanical Analysis

We will ask her to wear a pair of her own tennis or gym shoes and a pair of shorts that we will provide.
We will then measure different aspects of her legs with a tape measure. We will put little squares of
double sided tape on her lower and upper body. To the other side of the double sided tape we will

stick small balls with reflective material on the outside.

We will then take a number of still photographs of her from the chest down. We will ask her to
perform a number of activities similar, but no harder, to those of a practice associated with her sport.
These activities include walking, jogging, run-to-cut, squat, and drops from a box. We will ask her to
perform each of these activities at least three times for each leg. We expect the entire test to take no
more than an hour and a half. This testing will take place at Auburn University, Wiggins Hall, Room

3401.

Only testing personnel will observe her during the experiment.

The biomechanical analysis is expected to take approximately one hour and a half.

2) Biodex Strength Test

Your daughter will be asked to remove her shoes to minimize the effect of gravity on torque
production. A technician will position straps over her chest, thighs and hips to stabilize her during the
test. The lever of the machine will be placed according to the length of her leg. To warm up, she will
complete 5 to 10 submaximal repetitions of straightening and bending her leg. To perform the test,
she will begin with a straight leg then bend it to 90 degrees, pushing against the force of the Biodex.
This will be repeated 5 times. This testing will take place in the Auburn University Football Training

Room in the Athletic Complex.

3) Blood Analysis
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The blood sample will be drawn at the Auburn University Medical Clinic immediately prior to or after
the MRI scan. A phlebotomist will place a thin needle in a vein of your arm using sterile, disposable
equipment and collect 3 tubes of whole blood. Each tube will contain 7.5 mL or 1 tablespoon of whole

blood.

The blood draw is expected to take no longer than 20 minutes.

4) MRI Analysis

She will first be asked screening questions to make sure it is safe for her to undergo an MRI scan.
The screening questions will be provided by the Auburn University MRI Research Center. Your
daughter will not be excluded from MRI scanning if she has metal dental work (including a permanent
retainer, braces, or other dental implants) or body piercings outside of the region being imaged, her
knees. If she has any metal in her knee from previous surgery, she will be scanned on the 3 T MRI, as
opposed to the 7 T MRI. She will then be asked to lie on a bed that slides into the long tube of the
scanner. The scanner is a magnet with a small enclosed space. Radio waves and strong, changing
magnetic fields are used to make images of her body. She will be given earplugs and earphones to
protect your ears since these changing magnetic fields cause loud knocking, thumping, or pinging
noises. She will be asked to remain very still at these times. To help her keep her knee perfectly still,
we will put cushions around her leg. We will ask you to undergo an MRI of both knees.

Visual and verbal contact will be maintained during the scan to determine if she is having any
negative feelings or sensations. If some unknown risk becomes a safety issue, the research team will
immediately stop the scan and remove her from the scanner. She can stop the scan at any time and

immediately be removed from the scanner.

The MRI analysis will take approximately one hour and a half.

5) Surveys

The surveys will be filled out prior to the biomechanical analysis. We will ask her to answer survey
guestions about her knees, her pain, her activities, and her quality of life.

Answering the survey questions should take approximately 20 minutes.

POSSIBLE RISKS, DISCOMFORTS, AND INCONVENIENCES

There are risks, discomforts, and inconveniences associated with any research study. These deserve
careful thought. You or your daughter should talk with the Protocol Director if either of you have any

questions.

Possible risks include, but are not limited to, the inconvenience of travel from home to the laboratory
and the following biomechanical, biochemical, and MRI analysis risks.

Biomechanical analysis risks, discomforts and/or inconveniences:

A discomfort that can reasonably be expected is the possibility that she will become tired from the
activities. In addition, she may experience sprains, strains, and/or soreness.
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Biodex strength test risks, discomforts, and/or inconveniences:

Because of the nature of this test, she may experience fatigue and/or sore from the test. In very rare
cases she may experience sharp pain from exertion. In addition, she may experience sprains, strains,
and/or soreness.

Blood draw risks, discomforts, and/or inconveniences:

The risks of drawing blood are that she may possibly get a bruise on her arm or soreness and/or
redness at the site of the needle stick (venipuncture). There is minimal risk for getting an infection
from where the needle stick blood sample is collected. During the time of the blood draw, every
precaution will be taken to minimize discomforts or risk of infection. Pain/discomfort may be felt during
the duration of the needle stick.

We will not be screening for drugs or disease (e.g., HIV or hepatitis C). Furthermore, we will not be
looking for genes that predispose someone to a specific medical condition such as heart disease,
Alzheimer’s, and others. Please see below for additional blood banking information.

MRI (Magnetic Resonance Imagine) analysis risks, discomforts, and/or inconveniences

MRI machines use a strong magnet and radiofrequency magnetic fields to make images of the body
interior. She will be asked to lie on a long narrow couch for approximately 1.5 hours while the machine
gathers data. During this time she will not be exposed to x-rays, but rather a strong magnetic field and
radiofrequency magnetic fields, which she will not feel. She will, however, hear repetitive tapping
noises that arise from the Magnetic Resonance scanner. We will provide earplugs or headphones that
she will be required to wear. The space within the large magnet in which she is to lie is somewhat
confine. The following steps have been taken in an attempt to relieve the claustrophobic feeling: allow
you to view the scanner before consenting, you are given a ball to squeeze if you want to be removed
from the scanner, we will have verbal communication with you throughout the duration of the scan, and
you will be able to listen to music.

Magnetic fields do not cause harmful effects at the levels used in the MRI machine. However, the MR
scanner uses a very strong magnet that will attract some metals and affect some electronic devices.
If she has a cardiac pacemaker or any other biomedical device in or on her body, it is very important
that you or your daughter tell the operator/investigator immediately. As metallic objects may
experience a strong attraction to the magnet, it is also very important that you or your daughter notify
the operator of any metal objects (especially surgical clips), devices, or implants that are in or on her
body before entering the magnet room. All such objects must be removed (if possible) before
entering the magnet room. In some cases, having those devices means she should not have an MRI
scan performed. In addition, watches and credit cards should also be removed as these could be
damaged. She will be provided a way to secure these items. If she have any history of head or eye
injury involving metal fragments, if she have ever worked in a metal shop, or if she could be pregnant,
you or your daughter should notify the operator/investigator.

The MRI machine produces an intermittent loud noise, which some people find annoying. Some
participants may feel uncomfortable being in an enclosed place (claustrophobia) and others may find
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it difficult to remain still. Dizziness or nausea may occur if you move your head rapidly within the
magnet. Some people experience brief nausea when being put into or taken out of the scanner.

Although long-term risk of exposure to the magnet is not known, the possibility of any long-term risk
extremely low based on information accumulated over the past 30 years.

IF SHE FEELS DISCOMFORT AT ANY TIME. SHE SHOULD NOTIFY THE OPERATOR AND SHE
CAN DISCONTINUE THE EXAM AT ANY TIME,

The scans performed in this study are for specific research purposes and are not optimized to find
medical abnormalities. The investigators for this project may not be trained to perform medical
diagnosis. The investigators and Auburn University are not responsible for failure to find existing
abnormalities with these MRI scans. However, on occasion the investigator may notice a finding on
an MRI scan that seems abnormal. When this occurs, a physician will be consulted as to
whether the findings merit further investigation, in which case the investigator will contactyou
or your daughter and your primary care physician and inform you or your daughter of the
finding. The decision as to whether to proceed with further examination or treatment lies solely with
you and your physician. The investigators, the consulting physician, and Auburn are not responsible
for any examination or treatment that you undertake based on these findings. Because the images
collected in this study may not comprise a proper clinical MRI scan, these images will not be made
available for diagnostic purposes.

| WOMEN OF CHILDBEARING POTENTIAL

If your daughter is pregnant or currently breast feeding, she may not participate in this study. You and
your daughter understand that if she is pregnant, if she becomes pregnant, or if she is breast-feeding
during this study, your daughter or her child may be exposed to an unknown risk.

|PARTICIPANT RESPONSIBILITIES

As a participant, your daughter’s responsibilities include:

e Ask questions as she thinks of them.

e Tell the Protocol Director or research staff if she changes her mind about staying in the
study.

¢ Follow the instructions of the Protocol Director and study staff.

WITHDRAWAL FROM STUDY

Your daughter can withdraw at any time during the study. Her participation is completely voluntary. If
she chooses to withdraw, her data can be withdrawn as long as it is identifiable. Her decision about
whether or not to participate or to stop participating will not jeopardize her future relations with Auburn
University, the Department of Mechanical or Electrical Engineering.

There are no adverse consequences of discontinuing the study.
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If she decides to withdraw from the study, please contact the Protocol Director, Dr. Michael Zabala, or
his staff at (334) 844-4916 (zabalme@auburn.edu).

The Protocol Director may also withdraw her from the study without her consent for one or more of the
following reasons:

Failure to follow the instructions of the Protocol Director and/or study staff.
The Protocol Director decides that continuing her participation could be harmful to her.

The stud
Other ad

y is cancelled.
ministrative reasons.

Unanticipated circumstances.

POTENTIAL BENEFITS

These procedures are carried out purely for experimental purposes. The MRI scans and biochemistry
testing acquired in this study are not the same as those acquired during a clinical examination as
requested by a medical doctor. Therefore, they are not useful to investigate any abnormalities or
medical conditions you may have. The scans collected in the MRI testing will not be made available
for diagnostic purposes. Furthermore, the investigators who analyze these images are not medical
doctors.

WE CANNOT AND DO NOT GUARANTEE OR PROMISE THAT YOU WILL RECEIVE ANY

BENEFITS FROM THIS STUDY.

PARTICIPANT'S RIGHTS

Your daughter should not feel obligated to agree to participate. You and your daughter’s questions
should be answered clearly and to both of your satisfaction.

If she decides not to participate, tell the Protocol Director. We/l cannot promise you that you will
receive any or all of the benefits described.

She will be told of any important new information that is learned during the course of this research
study, which might affect her condition or her willingness to continue participation in this study.

CONFIDENTIALITY

Any information obtained in connection with this study will remain confidential. Information obtained
through your participation may be presented at scientific or medical meetings or published in scientific
journals.

Except as required by law, she will not be identified by name, social security number, address,
telephone number, or any other direct personal identifier. Her research records may be disclosed
outside of Auburn University, but in this case, she will be identified only by a unique code number.
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Information about the code will be kept in a secure location and access limited to research study
personnel.

The code list will be stored in a password protected spreadsheet stored on a password-protected
College of Engineering server in a location that is only accessible by Dr. Zabala and Julie Rodiek
(MRI Academic Programs Administrator). The screening forms and consent forms will be stored in a
locked filing cabinet in room 266A of the MRI Research Center building. Anonymized image data will

be stored on a password-protected College of Engineering server.

| FINANCIAL CONSIDERATIONS

Sponsor: Auburn University is providing financial support and/or material for this study.

There is no cost to you or your daughter for participating in this study.

COMPENSATION FOR RESEARCH-RELATED INJURY

In the unlikely event that you sustain an injury from participation in this study, the investigators have
no current plans to provide funds for any medical expenses or other costs you may incur.

| FOLLOW-UP STUDY

We may have future studies related to this topic.

May we contact your daughter for related future studies?

(Please circle)

YES / NO
Initials

We would like to keep your daughter’s data and use it in other research projects not specifically
related to the current study.

May we use your daughter’s data for other research studies?

(Please circle)

YES / NO
Initials

| CONTACT INFORMATION

Appointment Contact: If your daughter needs to change her appointment, please contact
Taylor Wright at tkwO0O06@tigermail.auburn.edu
Questions, Concerns, or Complaints: If you or your daughter have any questions, concerns or
complaints about this research study, its procedures, risks and benefits, or alternative courses of
treatment, you or your daughter should ask the Protocol Director, Dr. Michael Zabala at (334)

844-4916 (zabalme@auburn.edu).
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Injury Contact: If your daughter feels she has been hurt by being a part of this study, or need
immediate assistance please contact the Protocol Director, Dr. Michael Zabala at (334) 844-
4916 (zabalme@auburn.edu).

Alternate Contact: If you or your daughter cannot reach the Protocol Director, please contact
Taylor Wright at tkwO006@tigermail.auburn.edu.

Independent of the Research Team Contact: If you or your daughter are not satisfied with how
this study is being conducted, or if you or your daughter have any concerns, complaints, or
general questions about the research or your daughter’s rights as a research study subject,
please contact the Auburn Office of Human Research (IRB) to speak to someone independent of
the research team at (334)-844-5966. Or write the Auburn IRB, Office of Human Research,
Auburn University, 115 Ramsay Hall, Auburn, AL, 36849.

If you have questions about your child’s rights as a research participant, you may contact
the Auburn University Office of Research Compliance or the Institutional Review Board by phone
(334)-844-5966 or e-mail at IRBadmin@auburn.edu or IRBChair@auburn.edu.
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| SIGNATURE REQUIRED

HAVING READ THE INFORMATION PROVIDED, YOU MUST DECIDE WHETHER OR NOT YOU
WISH FOR YOUR SON OR DAUGHTER TO PARTICIPATE IN THIS RESEARCH STUDY. YOUR
SIGNATURE INDICATES YOUR WILLINGNESS TO ALLOW HIM OR HER TO PARTICIPATE.

Signature of Participant

Printed name of

Participant

Signature of Parent/Guardian

Printed name of

Parent/Guardian

Signature of Person Obtaining Consent

Printed name of
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IRBsubmit@auburn.edu

September 14, 2017

MEMORANDUM TO: Dr. Michael Zabala
College of Engineering

PROTOCOL TITLE: “Biomechanics, Biomarkers, and MRI: A three-prongued approach to predicting
anterior cruciate ligament (ACL) rupture”

IRB AUTHORIZATION NO.: 17-096 MR 1705
AUBURN UNIVERISTY FWA NO.: FWA00001104

APPROVAL DATE: May 10, 2017
EXPIRATION DATE: May 09, 2018

The referenced protocol was approved as “Minimum Risk” after having been reviewed by the full IRB #1
Institutional Review Board.

Note the following:

1. CONSENTS AND/OR INFORMATION LETTERS: Only use documents that have been approved by
the IRB with an approval stamp or approval information added.

2. RECORDS: Keep this and all protocol approval documents in your files. Please reference the complete
protocol number in any correspondence.

3. MODIFICATIONS: You must request approval of any changes to your protocol before implementation.
Some changes may affect the assigned review category.

4. RENEWAL.: Your protocol will expire on May 09, 2018. Submit a renewal a month before expiration.
If your protocol expires and is administratively closed, you will have to submit a new protocol.

5. FINAL REPORT: When your study is complete, please submit a final report to the Office of Research
Compliance, Human Subjects.

If you have any questions concerning this Board action, please contact the Office of Research Compliance.
Sincerely,
Dr. Katﬂy Jo Ellison, RN, DSN, CIP
Chair, Institutional Review Board #1 for the Use of

Human Subjects in Research
cc: file
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14 Appendix C: Study 1 Additional Results

Tables 32 and 33 are the results from Study 1. fr is the Pearson correlation coefficient and P is

the significance; * Significance less than 0.05; and ** Significance less than 0.01.

Table 32: The KVA 2G, 3GC, 3GA, 2P, and knee abduction angle compared to the same angle
across all tasks.

LESS  Squat DS LR Walk Jog Pivot
Angle T KVA 2G
r 0.857 0.627 0.399 0.680 0.050 0.108
KVA 3GC
P «0.001 0.001 0.073 «0.001 0.820 0.642
r 0.857 0.184 -0.048 0.680 0.762 0.108
KVA 3GA
Respective P «0.001 0.400 0.836 «0.001 <0.001 0.642
*************************************** N/A
Task r 0.782 0.731 0.722 0.708 0.773 0.689
KVA 2P
P «0.001 <«0.001 <0.001 <«0.001 <0.001 0.001
r 0324 0.427 0.587 0.159 0.800 0.192
Knee Abduction
P 0.141 0.042 0.005 0468 <«0.001 0416
KVA 3GC
r 0.857 0.627 0.399 0.680 0.050 0.108
KVA 2G
P «0.001 0.001 0.073 «0.001 0.820 0.642
r 1.000 0.353 0.373 1.000 0.025 1.000
KVA 3GA
Respective P «0.001 0.099 0.096 <«0.001 0910 <«0.001
*************************************** N/A
Task r 0.689 0.821 0.363 0.267 -0.200 0.031
KVA 2P
P «<0.001 <«0.001 0.106 0.218 0.359 0.895
r 0.382 0.099 0.259 0.249 0.073 -0.568
Knee Abduction

P 0.079 0.653 0.257 0.252 0.741 0.009
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Continued from Table 32.

KVA 2P

r 0.782 0.731 0.722 0.708 0.773  0.689

KVA 2G
P «0.001 <«0.001 <0.001 <«<0.001 <0.001 0.001
r 0.689 0.821 0.363 0.267 -0.200  0.031
KVA 3GC N/A
Respective P «0.001 <«0.001 0.106 0.218 0.359  0.895
Task r 0.689 0.150 -0.105 0.267 0424  0.031
KVA 3GA
P «0.001 0.496 0.651 0.218 0.044  0.895
r 0.192 0.121 0.359 0.128 0.527 0.041 -0.021
Knee Abduction
P 0.391 0.581 0.110 0.562 0.010 0.863 0.927
Knee Abduction Angle
r 0324 0.427 0.587 0.159 0.800 0.192
KVA 2G
P 0.141 0.042 0.005 0468 «0.001 0416
r 0.382 0.099 0.259 0.249 0.073  -0.568
KVA 3GC N/A
Respective P 0.079 0.653 0.257 0.252 0.741  0.009
Task r 0.382 0.087 -0.313 0.249 0.576  -0.568
KVA 3GA
P 0.079 0.695 0.167 0.252 0.004  0.009
r 0.192 0.121 0.359 0.128 0.527 0.041 -0.021
KVA 2P
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Table 33: Each angle measured during the LESS tasks compared to the KVA 2G, 3GC, 3GA,
2P, and abduction angle of the other six tasks.

LESS
Angle Task 1 KVA2G KVA3GC KVA2GP KVA?2P Knee Abduction
r 0402 0.282 0.282 0.481 0.137
Squat
P 0.064 0.203 0.203 0.023 0.544
r  0.077 0.042 0.042 0.294 -0.111
DS
P 0.747 0.862 0.862 0.208 0.641
r -0.114 -0.174 -0.174 0.173 0.149
LR
P 0.612 0.440 0.440 0.442 0.508
KVA2G = T T T T T T T T T m o s s s e e
r 0.179 0.211 0.211 0.332 -0.176
Walk
P 0426 0.347 0.347 0.131 0.433
r -0.062 0.071 0.071 0.124 -0.200
Jog
P 0.796 0.765 0.765 0.602 0.398
r
Pivot N/A
P
r 0.178 0.101 0.101 0.249 -0.127
Squatting
P 0429 0.656 0.656 0.265 0.572
r -0.164 -0.395 -0.395 -0.058 -0.198
DS
P 0490 0.085 0.085 0.807 0.402
r -0.201 -0.215 -0.215 -0.121 0.056
LR
P 0371 0.336 0.336 0.590 0.806
KVA3GC = T T T T T T T T T T T s s s s s s s s e
r -0.041 0.002 0.002 -0.252 0.146
Walk
P 0.857 0.994 0.994 0.257 0.517
r 0.273 0.324 0.324 0.299 -0.251
Jog
P 0244 0.163 0.163 0.201 0.287
r
Pivot N/A
P
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Table 7: Continued.

r 0267 0.228 0.228 0.337 -0.059
Squatting
P 0.230 0.308 0.308 0.125 0.793
r  0.004 -0.030 -0.030 0.383 -0.398
DS
P 0.987 0.900 0.900 0.096 0.082
r 0.176 0.078 0.078 0.500%* -0.019
LR
P 0433 0.729 0.729 0.018 0.934
KvA2p = TS TS T TS T oo oS o T T oo Too oo
r 0202 0.131 0.131 0.525 -0.192
Walk
P 0.368 0.562 0.562 0.012 0.393
r -0.027 -0.063 -0.063 0.357 -0.326
Jog
P 0910 0.792 0.792 0.122 0.161
r -0.003 -0.013 -0.013 0.003 -0.083
Pivot
P 0.989 0.954 0.954 0.989 0.715
LESS
1 KVA2G KVA3GC KVA2GP KVAZ2P Knee Abduction
r -0.337 -0.366 -0.366 -0.246 0.301
Squatting
P 0.125 0.094 0.094 0.269 0.173
r -0.108 -0.064 -0.064 -0.176 0.121
DS
P 0.652 0.789 0.789 0.458 0.610
r -0.275 -0.270 -0.270 -0.280 0.378
LR
P 0215 0.225 0.225 0.207 0.083
Knee Abduction @~ T T T T T T T T oo oo T T oo T oo T T T ST m T e
r -0.093 -0.066 -0.066 -0.061 -0.131
Walk
P 0.682 0.769 0.769 0.789 0.562
r -0.142 -0.133 -0.133 -0.321 0.177
Jog
P 0.551 0.575 0.575 0.167 0.456
r 0.079 0.101 0.101 -0.091 0.479
Pivot
P 0.727 0.656 0.656 0.687 0.024
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