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Abstract

Altered knee kinematics are an important biomechanical marker for the development of
tibiofemoral osteoarthritis (OA). They are associated with altered cartilage contact areas, resulting
in forces acting on unadapted cartilage that may degrade over time. The conventional approach to
quantify knee kinematics is with Cardan angles, but the uncommon helical axis (HA) approach
may provide supplementary information. However, the HA is susceptible to stochastic errors when
angular displacements are small. To alleviate this error, a reference position may be used that
permits larger angular displacements. However, more assessments are required to determine the
utility of this reference finite helical axis (rFHA) method to provide biomechanical markers of
tibiofemoral OA.

The purpose of this thesis was to technically evaluate the rFHA and demonstrate its ability to
distinguish knee kinematics of high tibiofemoral OA risk individuals. Technical evaluations
consisted of 1) determining the effect of different smoothing techniques on rFHA accuracy, 2)
assessing the sensitivity of the rFHA to reference position misalignments, and 3) comparing rFHA
measures between an optical motion camera system (OMCS) and highspeed biplanar
videoradiography system (HSBV). The utility of the rFHA was demonstrated by applying it to
high tibiofemoral OA risk populations, specifically anterior cruciate ligament repaired (ACLR)
knees and older knees.

A spline filter with outlier removal process was the top performing smoothing technique for rFHA
accuracy, providing a 72.2-80.1% improvement in rotational speed differences. Substantial
differences of the rFHA measures were determined with misaligned reference positions, ranging
from 1.17-19.53 mm and 0.77-5.45 deg. rFHA measure differences were also found between the
OMCS and HSBV, ranging from 10.19-58.03 mm and 3.39-13.63 deg. Finally, kinematic trends

were found in ACLR knees during a vertical drop jump, showing greater magnitudes of rFHA



dispersion and helical internal rotation than healthy knees (dispersion: 0.46 deg; helical internal
rotation: 2.18 deg). Additionally, significantly different rFHA path lengths were found between
older and younger asymptomatic knees during walking (10.60 mm, p = 0.01).

These findings demonstrate the utility of the rFHA in biomechanics, providing a supplementary
method of characterizing knee kinematics and distinguishing the movement patterns of healthy

individuals from tibiofemoral OA prone individuals.

Keywords: Finite Helical Axis, Aging, Knee Injury, Kinematics, Knee,

Osteoarthritis, Highspeed Biplanar Videoradiography
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Chapter One: Introduction
1.1 Motivation

Altered knee kinematics are an important biomechanical marker for the onset/progression of knee
osteoarthritis (tibiofemoral OA). They are associated with altered cartilage contact areas, resulting
in forces acting on unadapted cartilage that may degrade over time [1]. The conventional method
of quantifying joint kinematics in biomechanics has been with Cardan angles (CA). This method
characterizes the relative movement of two bones as three rotations (flexion/extension [F/E],
internal/external [I/E] rotation, and abduction/adduction [Ab/Ad]) and three translations
(mediolateral [ML], superoinferior [SI], and anteroposterior [AP]) along their respective
anatomical axes. However, the CA method has two known limitations: 1) CA assume that the
rotations occur sequentially; simultaneous rotations about the anatomical axes cannot occur, and
2) the accuracy of the calculated rotations about each anatomical plane is limited to the accuracy
of the anatomical axes (e.g., the CA for a single individual may differ if the directionality of the
anatomical axes are not defined consistently). These limitations may result in crosstalk, resulting
in erroneous kinematics. These factors may explain why CA have a small effect size when
distinguishing knee kinematics of healthy and tibiofemoral OA individuals [2]. However, the
quantification of knee kinematics is not limited to CA.

The helical axis (HA) approach may provide supplemental information to the CA. The HA
characterizes knee movement as a rotation about a single axis and a translation along that axis.
Therefore, the HA is not susceptible to crosstalk errors [3]. However, the HA has its own
limitations, one being that HA outcome variables are difficult to understand and interpret clinically
due to its limited its unfamiliarity. Another limitation is the appearance of stochastic error in its
directionality and position when angular displacements are small [4]. This is a problem in

biomechanics, where high sampling rates of the imaging systems (e.g., 60-240 Hz) result in small
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angular displacements between image frames. Therefore, the HA is usually calculated after a
specific interval of angular displacement (e.g., every 10 deg of knee flexion). However, this
approach drastically decreases the temporal resolution of the data and has been a reason why the
HA is not widely used in biomechanics. Fortunately, to alleviate this situation a reference position
may be used that permits larger magnitudes of rotation and decreased error [5]. This method is
termed the reference finite helical axis (rFHA).

The rFHA, in conjunction with an optical multi-camera system (OMCS), has been used once to
successfully detect knee kinematic differences between healthy and anterior cruciate ligament
deficient (ACLD) individuals during seated leg swings and single leg squats [6]. Although
demonstrating to be a promising method, the rFHA still requires a thorough assessment to
determine its potential as a biomechanical marker for detecting changes in knee kinematics.
Specifically, the following limitations remain for the rFHA:

1. Unknown effect of different smoothing techniques on the rFHA accuracy: The rFHA
has only been applied to kinematic data recorded with the OMCS, which is susceptible to
movement artifacts due to the use of skin mounted markers [7]. Smoothing techniques,
such as the Butterworth filter, are typically applied to the translations of the marker data to
mitigate these artifacts [8]. Using a different imaging modality - highspeed biplanar
videoradiography [HSBV] - avoids these artifacts completely by using X-rays to record
bone movement directly. HSBYV is a state-of-the-art technology that currently provides the
most accurate motion data to assess the rFHA. To quantify kinematics with the HSBV, 2D-
3D registration is performed by aligning 3D bone models to their respective HSBV biplanar
(2D) images. However, misalignments of these bone models may still produce kinematic

errors and require smoothing. The kinematic outputs of the 2D-3D registration are different



from the OMCS, being in the form of 4x4 affine transformation matrices (ATM). Each
ATM contains a 3x3 rotation matrix and a 3x1 translation vector. Unlike the elements of
the 3x1 translation vectors and the OMCS marker translations, the elements of the 3x3
rotation matrices exist in a non-linear space, thus requiring different procedures for the
application of smoothing techniques. How these procedures and subsequent smoothing
techniques influence the rFHA accuracy are not known.

Unknown sensitivity of the rFHA to misaligned reference positions: The rFHA requires
a reference position to calculate knee kinematics. For example, a seated position with the
knee in 90 deg of flexion may be used as a reference. When performing between-participant
comparisons, it is important that the alignment of the reference position be consistent
between all participants. However, slight misalignments may arise due to human
imprecisions. It is unclear how sensitive the rFHA is to misaligned reference positions.
Differences in the rFHA between the OMCS and HSBV have not been assessed: The
OMCS data is susceptible to movement artifacts, due to the placement and measurement
of skin mounted markers that are used to represent rigid bony movement. These errors have
been previously reported for translations and CA [7]. However, it is still unknown if similar
errors are present when using the rFHA.

. Versatility of the rFHA not demonstrated: The rFHA has only been applied to a single
study and may be a powerful tool in other scenarios. For example, the rFHA has not been
used to assess movement tasks of daily living, such as walking. Additionally, the rFHA
may be a useful technique to characterize knee kinematics of other tibiofemoral OA prone

groups, such as older and anterior cruciate ligament repaired (ACLR) individuals.



The purpose of this thesis was to obtain a better understanding of the rFHA and its outcome
measures. The influence of different smoothing techniques on HSBV data were assessed,
providing more accurate rFHA computations. The sensitivity of the rFHA to deviations of the
reference position was also investigated. Additionally, knee rFHA measures from two imaging
modalities (OMCS and HSBV) were compared. Finally, the rFHA was applied to datasets of
different movement tasks and tibiofemoral OA prone populations to demonstrate its ability as a
biomechanical marker that is sensitive to changes in knee kinematics. Understanding the
application of the rFHA, and its use in biomechanics, may provide a supplementary method of
characterizing the knee and distinguishing kinematics of healthy individuals from tibiofemoral OA
prone individuals.

1.2 Background

This section will describe the common methods used to characterize kinematics of the knee,
including their strength and limitations. Firstly, the optical methods used to record the knee
movement will be explained (i.e., the OMCS and HSBV). Afterwards, the methods we use to
quantify these recorded knee movements will be explained as well (i.e., CA and HA). The
characterization of knee kinematics is important to understand what alterations occur with
tibiofemoral OA,; speculated to assist in the progression of the disease [9]. Therefore, a brief
overview of tibiofemoral OA will also be provided in this section.

1.2.1 Optical Methods in Biomechanics

The calculation of the movements of human body segments first requires the ability to capture and
record data representing the movements. This section includes of a brief overview of two methods
used to record human motion: the standard, optical multi-camera system (OMCS) and the high

speed biplanar videoradiography system (HSBV).



1.2.1.1 Optical Multi-Camera Systems

The conventional approach to capture human movements consists of multiple infrared cameras
accompanied with skin mounted reflective markers (hereafter called the OMCS, Figure 1-1).
However, the OMCS has methodological limitations, the most severe being the influence of skin
movement artifacts. Reflective markers are mounted on the skin to represent three dimensional
(3D) movements of body segments (e.g., thigh and shank). The analysis approach, based on rigid
body dynamics, assumes that the segment is rigid and thus represents the underlying movement of
the bones (e.g., femur and tibia). Unfortunately, vibrations of the skin and underlying muscles
during various movement tasks can cause the markers to move relative to the underlying bone,
inducing noise within the kinematic data. When calculated with Cardan angles (CA), a study by
Benoit et al. (2006) found that this noise may produce kinematic errors at the knee ranging from
3.3 mm to 16.1 mm of translation, and 2.2 deg to 13.1 deg of rotation [7]. Skin movement artifacts
have also been noted to produce outliers in the directionality of the HA. Outliers were defined as

HA with directionalities that were 2 or more SD away from the mean HA directionality [10].



Figure 1-1 — A) The conventional OMCS with an eight-camera setup (six cameras [1-6] are
shown, 2 additional cameras to left of image are not shown). B) Skin mounted reflective

markers attached to the left limb of a participant.

The kinematic changes observed with both aging and OA using the OMCS have varied, with some
studies finding differences where other have not [11], [12]. Whether or not these results are real or
due to skin movement artifacts is unknown. It is speculated that the OMCS may be useful in
measuring larger changes in movements, but aging and OA may demonstrate more subtle
kinematic changes [12], [13]. For example, a study by Farrokhi et al. (2012) used the HSBV to
determine significant knee kinematic differences between twelve healthy and seven medial
tibiofemoral OA participants [14]. Knee excursion differences within F/E, I/E rotation, and Ab/Ad
were 7.7 deg, 2.7 deg, and 1.2 deg between the two groups, respectively. These differences lie
within the error range of skin movement artifacts. It is speculated that the OMCS may be useful in
measuring larger changes in movements. However, aging and OA are likely to demonstrate subtle
alignment/translation changes [12], [13] and may require a more accurate approach to record

movements of the bone. Therefore, a system such as the HSBV may be required.



1.2.1.2 Highspeed Biplanar Videoradiography

The HSBV is a novel system that captures bone movement via dynamic X-rays. As opposed to the
OMCS, the bone movement is measured directly with the HSBV, eliminating the problem of skin
vibrations by avoiding the use of reflective markers. The HSBV (Figure 1-2) provides bi-planar
X-ray images of the tibia and femur during movements. Within our laboratory, the HSBV consists
of two X-ray generators (EMD Technologies, QC) paired with rotating anode X-ray tubes (Varian
Medical Systems, USA) mounted to the ceiling with a tube crane (Del Medical, IL, USA). The X-
rays travel through manual collimators (Eureka, IL, USA) before reaching two 406-mm-diameter
image intensifiers (Toshiba, Japan). Afterwards, two high-speed digital video cameras (PCO AG,
Germany; sample rate up to 1200 Hz) provide consecutive high resolution images (2016 x 2016
pixels?) of the X-ray result during a movement [15], [16]. Accurate calibration of the system’s
components, combined with the independent generation of a 3D bone model (from Computed
Tomography [CT] or Magnetic Resonance Imaging [MRI]) allow the ability to determine the bone

locations in 3D space with very high accuracy (0.08 mm) [17].

Figure 1- — The HSBV and its components: control room, high speed cameras, image

intensifiers, and X-ray generators.



However, the HSBV does have its limitations. The first is that the HSBV uses X-rays to record
bone movement, thus exposing the study participants to potentially harmful radiation. Therefore,
data collection with the HSBV is limited to fewer trials with shorter time frames to reduce the
effective dose that the participant is exposed to. Typical collections with the HSBV result in an
effective dose of 1 mSv. Another limitation is that the image intensifiers provide an image with a
field-of-view approximately the size of a basketball. This limited field-of-view does not allow the
HSBV to simultaneously record multiple joints of the lower limb (e.g., ankle, knee, and hip). As a
result, the use of the HSBV is dependent on the research questions investigated. Finally, the post-
processing of HSBV data to calculate joint kinematics is an extensive process. The process consists
of undistorting the HSBV images, obtaining calibration parameters, segmenting 3D bone models
from MR or CT images, and 2D-3D registering the bone models to the captured trials. Therefore,
HSBV studies tend to have smaller sample sizes.

The accuracy and reliability of the HSBV has been reported in several static validation studies.
Brainerd et al. (2010) used an aluminum wand with two beads of known distance to determine the
error between the actual distance and HSBV output. The average error was calculated to 0.037 mm
[16]. In another study, Sharma et al. (2015) also calculated sub-millimeter accuracies with the
HSBV using cadaveric bone models with and without metallic markers at different magnifications.
For marker-based bones, the minimum detectable difference (MDD) ranged from 0.05 mm to 0.1
mm. For marker-less bones the MDD was 0.08 mm [17]. Thorhauer and Tashman (2015)
performed a validation study in which laser scans and HSBV data of the knee were obtained from
three cadaveric specimens [18]. The knees were moved in 5-degree flexion increments, with static
laser and HSBV scans acquired at each increment. Bone models of the cadavers were obtained

from MRI and aligned to the HSBV data. Obtaining the movements of the bone models from the



HSBV data, contact area and centroid of cartilage contact were evaluated based on these
movements. The cartilage model determined from the laser scan was considered the gold standard
cartilage geometry and provided the comparison for evaluation [18]. For contact area, the root
mean square errors were determined to be 8.4% and 4.4% for the medial and lateral compartments,
respectively. Intra-class correlations between the laser scan and HSBV data were 0.68 for the
medial compartment and 0.88 for the lateral compartment. For the centroids of cartilage contact in
the mediolateral direction, the intra-class correlations were 0.71 and 0.77 for the medial and lateral
compartments, respectively. For the centroids of cartilage contact in the anteroposterior direction,
the intra-class correlations were calculated to be 0.90 and 0.98 in the medial and lateral
compartments, respectively [18].

Lastly, a study by Miranda et al. (2011) performed both static and dynamic validations of the
HSBV using a single set of human cadaveric bones (distal femur, radius, and ulna) [19]. For static
trials, each bone was mounted to a highly accurate apparatus with linear and rotary accuracies of
0.001 mm and 0.002 deg, respectively. Twenty trials were performed for each bone at fifteen
different translational and rotational steps. For dynamic trials, each bone was mounted to a
different apparatus, specifically an impact pendulum installed with an angular displacement
transducer (precision: £0.06 deg). Five trials were performed by dropping the bones into the field
of view of the HSBV with the pendulum. For both static and dynamic trials, markerless tracking
of the bones was compared to the apparatus measurements. Mean translational absolute errors for
the static trials were 0.25 + 0.16 mm, 0.33 £ 0.27 mm, and 0.30 = 0.30 mm for the distal femur,
distal radius, and distal ulna, respectively. Mean rotational absolute errors for the static trials were
0.30 £ 0.18 deg, 0.39 £ 0.18 deg, and 0.44 + 0.26 deg for the distal femur, distal radius, and distal

ulna, respectively. For the dynamic trials, mean rotational errors were 0.14 + 0.09 deg, 0.10 £ 0.09



deg, and 0.14 + 0.12 deg for the distal femur, distal radius, and distal ulna, respectively [19].
Overall, the HSBV has shown exceptional accuracy when evaluated to gold standards.

1.2.2 Quantification of Joint Kinematics
1.2.2.1 Affine Rotation Matrices and Quaternions

To quantify the orientation of a rigid body segment in 3D space, rotation matrices or quaternions
may be used. To describe the derivation of a rotation matrix, it is helpful to illustrate the rotation
of a XYZ coordinate system to a new coordinate system (XY Z") about a single axis. As seen in
Figure 1-3, a XYZ coordinate system was rotated about the x-axis by a magnitude of 8 to achieve

anew XY Z coordinate system.

. Zz
Z 3
0
— Y
0
¥ >»Y

X"
X

Figure 1-3 — An arbitrary XYZ coordinate system (black) being rotated about the x-axis by

an angle @y to a new X Y Z' coordinate system (gray).

As a result, these two coordinate systems can be related as a system of three equations

X =X Eq. 1-1

Y' = Ycos(0x) + Zsin(6y) Eq. 1-2
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Z° = =Ysin(6y) + Z cos(6y) Eg. 1-3

and in matrix form may be written as

X 1 0 0 X
| = [0 cos(8x) sin(6x)| |y Eq. 14
VA 0 —sin(fx) cos(6x)] LZ

Equation 1-4 may be further simplified as X’Y'Z" = R * XYZ, where R represents the rotation
matrix that rotates the XYZ coordinate system by a magnitude of 8y about the x-axis to achieve a
new XY Z" coordinate system. Therefore, two other rotation matrices exist for rotating about the

remaining two axes (i.e., y-axis [Equation 1-5] and z-axis [Equation 1-6]).

(X rcos(By) 0 —sin(6y)] [X]
Y'| = 0 1 0 Y Eq. 1-5
A [sin(By) 0 cos(8y) 1 LZI
(X [ cos(6;) sin(6;) 07 [X]
Y'| = |—sin(6;) cos(6;) O] |Y Eq. 1-6
17" ] L0 0 11 LZ]

To combine multiple rotations the rotation matrices may be multiplied together. For example, a
rotation about the x-axis, followed by the y-axis, and then finally the z-axis (XYZ rotation

sequence) would be multiplied as follows:
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[RXYZ] = RzRyRx =

cos(8;) sin(6;) O0][cos(By) 0 —sin(Oy)1[1 0 0
[—Sin(HZ) cos(605) O] [ 0 1 0 ] [0 cos(0x) sin(@x)]
0 0 1Ilsin(6y) 0 cos(Oy) 110 —sin(6y) cos(Oy)

Eq. 1-7

sinf;cosfy cosB;cosbOy +sinf;sinfysinfy  —cos B, sin Oy + sin B, sin By cos Oy
—sin Oy cos By sin Oy cos Oy cos Oy

[cos 0, cosfy —sinf;cosby + cosf,sinbysinfy sinb, sin Oy + cos O, sin Oy cos Oy l

As seen in Equation 1-7, when combining multiple rotations, the final rotation matrix is dependent
on the sequence chosen (e.g., a XYZ rotation sequence would differ from ZYX). Further
information on the derivation of rotation matrices can be found in work by Meirovitch (1970).
Additionally, work by Challis (1995) describes the process of calculating rotation matrices from
motion analysis data using a singular value decomposition approach. The rotations about the three
axes may then be computed from these rotation matrices to obtain the Cardan angles 8y, 8y, and
6, [21] or helical axis measures [22].

Quaternions are another approach to describing the orientation of a rigid body. The derivation of
the quaternion is more complex than a rotation matrix and will not be provided. Further details of

quaternions may be found in work by Vince (2021). For 3D rotations, quaternions take the general

form of

1 1 .
q = 605(59) + sin(EH)v Eg. 1-8

where cos(%@) is a scalar term and sin(% 0)v is a vector term of the quaternion. The vector v

represents the directionality (i.e., unit vector) of the axis that a rigid body rotates about (by an

angle of 8). Expanding Equation 1-8, the quaternion may also be written as four components,
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q=5s+xi+y + zk Eg. 1-9
where s is the scalar term and x, y, and z are the elements of the vector term. A rotation matrix

[R;i;], where i and j represent the element locations of R, may be converted into a quaternion using

Equations 1-10 to 1-13 [23].

1
S = E\/l + R11 + RZZ + R33 Eq 1'10
1
X = 4_S(R32 - R23) Eq 1'11
1
y = g(RB — R31) Eq. 1-12
1
zZ = g(RZI - R12) Eq 1'13

Conversely, a quaternion may be converted to a rotation matrix [R] using Equation 1-14 [23].

2(s2 + x?) — 1 2(xy + sz) 2(xz — sy)
R = 2(xy — sz) 2(s* + y¥) — 1 2(yz + sx) Eq. 1-14
2(xz + sy) 2(yz — sx) 2(s2 + z%) - 1

1.2.2.2 Cardan Angles

In the biomechanics field, knee joint kinematics are typically quantified using CA. These angles
are obtained by embedding orthogonal, anatomical coordinate systems (ACS) into the femur and
tibia. The relative movement between the ACS subsequently describes the movement of the knee
in six degrees of freedom, consisting of three rotations (flexion/extension [F/E],
abduction/adduction [Ab/Ad], internal/external [I/E] rotation) and three translations (antero-
posterior [AP], medio-lateral [ML], and supero-inferior [SI]) [24]. Although CA are easy to
comprehend and interpret, there are three disadvantages with this method: 1) the CA rely on an

accurate ACS to avoid crosstalk errors [25], 2) the angles are constrained to a specific rotational
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sequence, and the selected sequence influences the output due to crosstalk errors [26], [27], and 3)
the angles are susceptible to gimbal lock [28].

For the first disadvantage, because the CA rely on an ACS, any misdirection of the axes within a
body segment may introduce crosstalk errors to the angles because the axes are not aligned with
the true movement (e.g., Ab/Ad rotations may be registered as rotations about the I/E rotation
axis). This may result in overestimated or underestimated joint angles [29]. As a result, ACS
definitions have been standardized by the International Society of Biomechanics to minimize these
errors [30], [31].

Elaborating on the second disadvantage of sequence dependency, envision rotating a 3D rectangle
from point A to C as illustrated in Figure 1-4. Practically, an individual would likely describe its
change in orientation from point A to C as a single rotation (e.g., they may physically move the
rectangle within all axes simultaneously to achieve position C). However, the methodology of the
CA quantifies the relative change in orientation from point A to C as rotations in a specific
sequence [24]. In other words, the CA decompose the movement of the rectangle into successive
rotations. In Figure 1-4, the movement of the rectangle is decomposed into two successive
rotations. The first was performed by rotating about the x-axis (red) to achieve position B, and the
second about the y-axis (green) to achieve the final position C. To apply this concept to human
knee motion, two sets of axes would be mathematically embedded to the leg, one on the
thigh/femur and the other on the shank/tibia. These axes would be aligned to the anatomical planes
of their respective body segment/bone. The relative movement of the body segments/bones about
the sagittal, frontal, and transverse planes would then correspond to the sequential F/E, Ab/Ad,

and I/E rotation of the knee. Clearly, this sequential movement is not ideal to describe joints such
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as the knee, which rotate and translate about all axes simultaneously and demonstrate out of plane

movements.

A B C

=) x/\z =)

| 4 y’

Figure 1-4 — A 3D rectangle rotating about two sequential axes (x-axis followed by y-axis)

from the A position to C position, according to the Cardan angles.

Furthermore, the sequence of rotations selected can influence the final angle output [27]. This is
because during each rotation within the sequence the directions of the axes are changed. This can
be seen in Figure 1-4 after a rotation about the x-axis (A->B), where the directions of the y- and
z-axis point differently at location ‘B> when compared to location ‘A’. As a result, the axis that
represents the last rotation in the CA sequence is the most error prone, as the direction of the axis
may not represent the corresponding anatomical movement [27]. This is yet another form in which
crosstalk errors can arise, which have been reported in literature. Peak angles in the transverse and
coronal planes for the ankle while running (4.0 m/s) were reported to be significantly different
depending on the CA sequence used (e.g., the peak I/E angle measured -2.1 degrees with an ‘XYZ’
sequence, and -71.0 degrees with a “YXZ’ sequence) [29]. Lees et al. (2010) investigated the effect
of different CA sequences on lower limb kinematics during a soccer kick [26]. Using root mean

square errors (RMSE), the CA were compared to mathematically integrated angular velocities of

15



the limbs. Because angular velocities are independent of the selected rotation sequence, the
resulting angles from integration would also be independent of the rotation sequence Therefore,
they were chosen as the reference for comparison [32]. Maximum RMSE for the ankle, knee, hip,
and pelvis were 7.9 degrees, 6.5 degrees, 15.7 degrees, and 4.7 degrees, respectively [26]. To
accommodate these differences, standardizations several joints have been made to ensure the
rotation sequence selected is consistent and accurate (i.e., for the knee the sequence is F/E,
followed by Ab/Ad, followed by I/E rotation) [27].
The CA sequence dependency is also associated with the third and final disadvantage: gimbal lock.
If the second rotation within the sequence is greater than 90 degrees, the corresponding axis will
align with another axis, losing a degree of freedom in that moment [33]. This can be
mathematically shown with a rotation matrix [Rijj]. For a ‘XYZ’ rotation sequence (refer to
Equation 1-7), [Rxvz] takes the form

cos B, cosBy —sinf,cosBy + cosB,sinbysinby  sin b, sin Oy + cos B, sin Oy cos Oy

sinf; cosfBy cosB;cosOy +sinf;sinfy sinfy  —cos B, sin Oy + sin 8, sin By cos Oy

—sin By cos By sin Oy cos By cos Oy

To solve for the CA, the following equations may be used:

BY = Sin_l(—R31) Eq 1'15
R
— cin—1 32 .
Oy = sin <—cos(9y)) Egq. 1-16
R21
0., = si _1( ) . -
, = sin c05(6,) Eq. 1-17

where 6 represents the rotation about the X, Y, or Z axis, and R;; is the element of the rotation

matrix in row i and column j. The second rotation, occurring along the y-axis, is used to calculate
the remaining rotations along the x- and z-axis (equations 1-16 and 1-17, respectively). Notice that

if the rotation about the y-axis reaches 90 degrees the denominator of the two equations becomes
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zero, thus undefined. This can be troublesome with joints that have high mobility, such as the
shoulder joint. Therefore, CA have been limited to joints that move primarily in a single plane
such as the knee.

1.2.2.3 Helical Axis

The HA, also known as the equivalent screw axis, is a well-known concept in mechanics but
infrequently used in human kinematics. However, the HA provides an alternative approach to
calculating knee kinematics and can allow a more robust and supplementary characterization of
knee kinematics to the CA approach.

With the HA, relative motion between segments can be described as a rotation and translation
along a single axis (Figure 1-5). One advantage of the HA is that it is not constrained by gimbal
lock. This is primarily because the HA describes relative movement as a simultaneous motion
within the 3D planes, contrary to the sequential movement of the CA [3]. However, when
characterizing the knee, the CA approach will never result in gimbal lock and is still an appropriate
method to quantifying knee kinematics. A second advantage of the HA is that it is independent of
the coordinate system it is defined in. In other words, the directionality and position of the HA is
preserved regardless of the coordinate system used. However, it is important to note that some
measures that are calculated using the HA are dependent on the coordinate system used (e.g., a
measure between the HA and the femoral mediolateral axis would be dependent on how the ACS
of the femur is defined, but the HA itself would not be affected by the ACS). Another limitation

of the HA is that it can be difficult to conceptualize and interpret for both scientists and clinicians.
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Figure 1-5 — An illustration of a femur rotating (¢) and translating (t) along the HA (n).

There are two different forms of the HA: the instantaneous helical axis (IHA) and the finite helical
axis (FHA). The FHA can be further categorized into the stepwise finite helical axis (SFHA) and
reference finite helical axis (rFHA). In theory, the IHA and sFHA should provide equivalent HA
[34]. However, due to error sources of the IHA and sFHA, this is typically not the case [4]. To
elaborate, a more detailed description of both forms is required. The equations that are used to
define the HA and its parameters are provided here. More in-depth descriptions and development
of the related mathematical proofs are provided by Woltring et al. (1987) for the IHA [35] and
Spoor et al. (1980) for the FHA [22].

1.2.2.3.1 Instantaneous Helical Axis
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When one rigid body rotates relative to another rigid body, there will be a location of points with
minimal velocity/movement. These points will lie along the IHA, which is fully defined by its
directionality (), position (s), translation (t), and rotation (¢). The directionality of the IHA is

determined by the unit vector of the angular velocity vector (w),

—_

iz Eq. 1-18
lwl

The location of points with minimal movement defines the position of the IHA, determined as,
_ P

where p is the translation vector of the rigid body’s origin with respect to a global coordinate
system, and ‘X’ represents the cross product [35].

The magnitude of translational velocity (v) along the IHA is determined by projecting ﬁ onto the

IHA,

v=1 ep Eq. 1-20
where ‘e’ represents the dot product. The magnitude of rotation (¢) and translation (t) along the

IHA can be calculated as the time (z) integral of |w| and v, respectively (equations 1-21 and 1-22)

[35],
¢ = flv‘vl Eq. 1-21
0
t = fv Eq. 1-22
0

The THA has the advantage of characterizing a joint’s axis of rotation at any instance in time.

However, as can be seen in equation 1-19, if the angular velocity approaches zero, the IHA
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becomes undefined. Furthermore, determining the directionality of the IHA requires the process
of differentiating angular rotations to obtain angular velocities. It is a well-known phenomenon
that the differentiation process can amplify any noise (large or small) within the data [36],
producing ill-defined IHA [35]. To overcome this differentiation problem, the FHA was
introduced as a method to estimate the IHA.

1.2.2.3.2 Finite Helical Axis

The FHA characterizes the relative movement of two bodies between two discrete (finite) time
points. The FHA approach can be subdivided into the stepwise FHA (sFHA) and reference FHA
(rFHA). Both methods calculate the FHA similarly, with the only distinguishing factor being the
location of the discrete time points. The sFHA is calculated from time points of neighbouring
locations, while the rFHA is calculated from single time points relative to a reference position

(Figure 1-6).

20



i i+1 i+2

sFHAL sFHAM, ,

TN TN

rFHA",,
rFHA",,

Reference

Figure 1-6 — Diagram of the discrete time points for the sSFHA (red) and rFHA (blue). The
sFHA is calculated between time points at neighbouring locations (e.g.,itoi+1,i+1toi+
2), while the rFHA is calculated from a single time point at the reference position ‘r’ (e.g., r

toi,rtoi+1,rtoi+2).

The purpose of the reference position in the rFHA is to allow larger angular displacements between
each frame, thus reducing FHA errors associated with small angular displacements (elaborated on
later in this section). A method to reduce these errors with the SFHA is to calculate it at specific
knee F/E intervals (e.g., 5 or 10 deg intervals). However, this reduces the temporal resolution of
the sFHA, while the rFHA maintains temporal resolution. A study by Bishop et al. (2018)
compared the errors associated with the sFHA and rFHA [5]. This was performed by calculating
both the sFHA (at 5 deg increments) and the rFHA for a single female participant (age: 23 yrs,
BMI: 22.1 kg/m?) during two movement tasks: 1) seated leg swing and 2) single leg squat. The
participant was also recorded in a seated position with their knee in 90 deg of flexion. This position
was used as the reference position for the rFHA. Using error propagation formulas established by

Woltring et al. [37], the rFHA showed a substantial decrease in error with its directionality and
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position when compared to the sFHA. In addition to the error analysis, seven rFHA measures
(explained later in section 2.3) were compared between the two methods. Visually, the rFHA
provided a continuous representation of motion while the sFHA provided a more “fanned out” and
discontinuous representation of knee movement. As a consequence, differences were noted
between the sFHA and rFHA within the seven measures, such as increased magnitudes of
dispersion with the sFHA [5]. It is clear that calculating the SFHA at specific intervals, thus
reducing temporal resolution, still contains errors that may influence the final outcome measures.
The FHA, like the IHA, is fully defined with its directionality, position, rotation, and translation.
However, the equations used to quantify these variables are more complex. The relevant equations
are provided here. Details regarding the origin and development of these equations can be found
in Spoor et al. (1980) [22]. Assuming there is a rotation matrix [Rjj] that defines the rotation from
time A to time B, with elements in row i and column j, the magnitude of rotation (¢) along the

FHA can be calculated using,

1
¢ =sin™! (E\/(R32 — Ry3)%? + (Ri3 — R31)? + (Ry1 — R12)2) Eq. 1-23

or,

¢ = cos™! (% (trace(R) — 1)) Eq. 1-24

Either of these equations may be used to determine ¢, but equation 1-23 is preferred if sin(¢) <

V2

2

, and equation 1-24 if sin(¢) > g [22]. Once ¢ is known, the directionality of the FHA may

be determined by first computing the 3x3 matrix N,

N = ZR+ET) — cos(@)] = [}, (o}, ()] Eq. 1-25
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where ‘I’ is a 3x3 identity matrix. N contains three vectors (n) that run parallel with the FHA, the
best vector to select is the one with the largest magnitude [22]. Therefore, the directionality of the

FHA is calculated using,

7 = max Eq. 1-26

IT_imaxl
The sign of n must be chosen such that the rotation in equation 1-24 remains positive [22]. In other
words, if ¢ is negative, the directionality vector 7 is flipped. The translation (t) along the FHA and

the position (s) of the FHA are calculated with the following equations,

t =7 eF Eq. 1-27

sin(¢)
(1 —cos(¢))

§=—%ﬁx(ﬁx?)+2 (n x 1) Eq. 1-28
where 7 is the translation vector of the rigid body from time A to time B, and s is the shortest
perpendicular vector from the rigid body origin to the FHA [22].

For the FHA to most accurately depict the IHA, small time ranges must be used. However, using
small time ranges typically coincides with small angular displacements, and the FHA is susceptible
to errors with small angular displacements [4], [38]. This is most obvious in equation 1-28, where
smaller magnitudes of ¢ will produce a denominator closer to zero, resulting in a FHA with a
position approaching infinity or that is undefined. Therefore, a compromise must be made when
using the FHA,; use sufficiently large displacements to avoid errors, but not too large to dissociate
the FHA with the IHA [39]. This is the predicament between the sSFHA and rFHA. The sFHA will
provide smaller angular displacements, representing an axis more equivalent to the IHA. In
contrast, the rFHA is purposely used to provide larger angular displacements, reducing the errors

associated with small displacements, but does not represent the IHA. As a consequence, absolute

measures of the sFHA provide more clinically meaningful values (e.g., location of the sFHA
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relative to the joint centre) while the absolute measures of the rFHA do not. However, the rFHA
may still show promise when characterizing relative patterns of knee kinematics, as it greatly
reduces the errors associated with small angular displacements [5]. This is evident in prior work
by Bishop (2015), which determined kinematic differences in ACLD knees during a single leg
squat and seated leg extension [40]. However, further assessments of the rFHA are required,
specifically for different movements and different tibiofemoral OA risk populations (e.g., ACLR
or older knees).

1.2.3 Structure of Cartilage

The primary functions of cartilage are to provide joints a smooth, low friction surface to articulate
on, as well as to distribute loads within the joint [9]. Cartilage is a unique tissue; being avascular,
aneural, and alymphatic, cartilage has a slow turnover rate and lacks the ability to repair itself
(unless under certain biological conditions) [9], [10]. Three categories of cartilage exist: hyaline,
elastic, and fibrous [11]. Hyaline cartilage resides within the joints and is commonly referred to as
articular cartilage [9]. Articular cartilage contains an extracellular matrix formed by chondrocytes
(the only cells present within the cartilage). The main component of the extracellular matrix is
water, making up 65% to 80% of cartilage’s wet weight. Collagen (primarily type II) constitutes
between 10% to 20% of cartilage wet weight. Proteoglycans, such as aggrecan and lubricin,
comprise the third main component and may also contribute 10% to 20% of the wet weight of
cartilage [11]. The primary function of aggrecan is to maintain water retention within the
extracellular matrix, while the role of lubricin is to provide a lubricated surface [11], [12]. Four
zones are identified to describe the structure of cartilage: the superficial zone, the middle zone, the
deep zone, and the calcified zone (Figure 1-7). Each zone is speculated to perform a specific

function [9].
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Figure 1-7 — An illustration of cartilage structure and zones.

The superficial zone contributes to approximately 10% to 20% of the cartilage thickness from the
surface. Collagen fibers are aligned primarily parallel with the articular surface and provide most
of the cartilage's tensile strength. The highest concentration of chondrocytes is in this zone,
containing a "flattened" shape and lined by synovial fluid [41]. The synovial fluid provides
lubrication at the cartilage surface, resisting shear forces [41], [42].

Underneath the superficial zone is the middle zone, representing 40% to 60% of the cartilage
thickness. The collagen fibers are aligned primarily obliquely and contain a small, dispersed
proportion of spherical chondrocytes. The middle zone assists in resisting compressive and shear
forces applied to the cartilage [42].

The deep zone consists of 30% of the cartilage thickness. The collagen fibers are aligned primarily
vertically (perpendicular to the articular surface) and have the largest diameter [41]. Additionally,
the deep zone has the largest number of proteoglycans and lowest water content [42]. These

characteristics allow the deep zone to provide primary resistance to compressive forces. The
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chondrocytes are organized in columns, parallel to the collagen fibers. The final calcified zone acts
as a transitional area for the cartilage to attach to the subchondral bone [42], [43]. This connection
(or boundary) between the deep zone and calcified zone of the cartilage is visible through a
microscope and is called the tidemark [44].

1.2.4 Aging & Osteoarthritis

Osteoarthritis (OA) is the most common joint disease in Canada, with approximately 10% of
Canadians living with the disease, followed by rheumatoid arthritis at 1% [45]. Additionally, OA
appears to develop more frequently in females [46] with a 3% greater prevalence than males [45].
Due to its high prevalence rate, costs associated with OA are significantly greater than other
musculoskeletal diseases [47]. In 2010, costs in Canada were estimated to range between $1.2 to
$4.2 billion dollars. Unfortunately, the prevalence of OA continues to increase, with a projected
increase of 13.8% to 18.6%, producing increased costs of $2.9 to $7.6 billion dollars by 2031 in
Canada [48]. The increase of OA within the population may be associated with a larger number of
individuals above the age of 60 years [49]. A study performed in British Columbia (2015) reported
that by age 80, 30% of men and 40% of women were living with osteoarthritis [49]. It is also
known that OA and age share a strong positive relationship [49], [50]. Therefore, it is evident that
aging has a significant role on the formation of OA, and is considered a strong risk factor [51].

OA is a complex disease that not only involves degradation of articular cartilage, but an interplay
of the various joint components (i.e., cartilage, synovium, and bone) [51]. Therefore, there are
several risk factors of aging that may contribute to the development of OA, including metabolism,
genetics, cartilage and bone processes, joint kinematics, and muscle strength and activation
patterns [46], [52]. Alterations or abnormalities of these factors may influence the onset or
progression of OA [46]. Section 1.2.4.2 elaborates on joint kinematics and its role in OA. However,

biological implication of OA will be first explained in the next section.
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1.2.4.1 Biological Implications of OA

In the early stages of aging, cartilage demonstrates abnormalities within the superficial zone,
resulting in higher susceptibility to injury from mechanical forces [53]. First, increased proteolytic
activity within the extracellular matrix reduces the effectiveness of the collagen to resist tensile
and shear forces acting on the cartilage [53], [54]. There is also a loss of aggrecan that results in a
lessened ability for the cartilage to retain water, thus influencing its structural integrity when
exposed to forces [53], [55]. Another common change is the formation of calcium crystals within
the chondrocytes. The appearance of these crystals is generally accepted as a precursor to OA [56].
Furthermore, it is commonly seen that the greater the calcification of the cartilage, the greater the
severity of the disease. This may be due to the chondrocytes releasing extracellular matrix
degrading enzymes in response to the calcification, accelerating the progression of OA [53], [56].
Lastly, the concentration of chondrocytes within the cartilage lessens with age, potentially due to
cellular apoptosis [57]. This results in a substantial loss of extracellular matrix maintenance and
lubrication in the superficial layers. Additionally, aging chondrocytes develop a reduced capacity
to respond to growth factors, resulting in a lower turnover rate [53].

Bone also reveals age and OA related changes within its structure, especially near the subchondral
bone region [43]. Schaffler et al. (1995) tested several cortical bone samples and determined that
age has a strong positive relationship with the number of microcracks found within the bone [58].
This may be due to the remodeling and modeling processes (via osteoclasts and osteoblasts) of the
bone becoming unbalanced with aging [44]. Therefore, there is insufficient repair in the bone and
subsequent microcracking. If these microcracks are within the subchondral region of the bone, it
is evident that the biological response is to thicken the cortical bone of the subchondral region
[59]. A thickening of the subchondral region has been associated with OA changes [60].

Consequently, there is a migration of the tidemark towards the deep zone of the cartilage [44]. As
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the tidemark progresses towards the cartilage, the calcified cartilage region increases and the
articular cartilage becomes thinner, thus becoming more susceptible to further microcracking and
OA onset [59]. Lastly, osteophytes may be formed from the calcification of the distal cartilaginous
matrix, and are a recognized feature of OA progression [44].

Ligaments, specifically the anterior cruciate ligament (ACL), may also undergo changes with
aging. The earliest sign of ACL degeneration may appear as disorganized collagen fibrils, in
conjunction with a decrease in fibril diameter [61]. Signs of inflammation, cystic areas, and
calcium deposits may exist as well [62]. The amount of degeneration has been positively correlated
with cartilage damage, suggesting that external factors may assist in the degeneration of ligaments
[62]. A similar crosstalk phenomenon may be present in bone and cartilage as well. Uncalcified
cartilage has been seen to bypass the tidemark to connect with the underlying calcified cartilage
and subchondral bone, suggesting local cellular communication between the two tissues [63].
1.2.4.2 Joint Kinematics & OA

The healthy knee joint is a crucial component of human gait, maintaining a consistent kinematic
cycle while tolerating forces 2-4 times our body weight [64], [65]. Any disruptions to this
kinematic cycle may lead to alterations in the mechanical environment of the cartilage [64],
prompting the development of OA [52]. To elaborate, the cartilage is adapted to the normal
kinematic cycle of the individual. A study by Koo et al. (2011) reported that within the knee
cartilage was thicker in areas of most frequent contact between the femur and tibia [66]. This
thickness variation is speculated to allow cyclic forces to act at specific locations within the knee
[67]. However, once the kinematic cycle is altered, forces within the knee may act at location
within the cartilage that are thinner and unadapted to these greater loads. Consequently, this may
lead to increased rates of cartilage thinning, or “wear and tear” damage [64]. This thinning may

result from elevated levels of shear forces due to increased tibiofemoral sliding [68], increased
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compressive loads [1], altered contact mechanics [64], and increased rotation of the tibia [69]. The
thinning of articular cartilage via calcification (refer to section 1.2.4.1) may also impact the
thickness adaptations that the cartilage has formed throughout time, contributing to the formation
of tibiofemoral OA [1].

The kinematic alterations related to tibiofemoral OA are more frequently involved within the
medial compartment of the knee [70]. This may be due to the fact that the medial compartment
typically sustains 2.5 times more body weight than the lateral compartment [71]. These kinematic
alterations may originate from muscle weakness, lack of proprioception, obesity, altered bone
shape, joint space narrowing, increased joint laxity, and injury/pain. These are all factors
associated with aging as well [9], [46], [72], [73]. Due to such a wide range of factors influencing
tibiofemoral OA, it has been reported as the most common type of joint OA and is one of the
largest contributors to a burden for lifestyle and healthcare costs [50].

1.3 Summary & Knowledge Gaps

CA have been the dominant method to characterize altered knee kinematics of tibiofemoral OA
prone populations (e.g., aged and injured knees). However, there is inconclusive evidence to
indicate what these changes are, as well as the magnitude of these potential changes. This
discrepancy in study findings may be partially attributed to limitations of the OMCS and associated
skin movement artifacts, providing kinematic errors that are larger than the subtle kinematic
changes that exist with tibiofemoral OA. Additionally, CA are prone to crosstalk errors and gimbal
lock, and are therefore dependent on the accuracy of the ACS and sequence of rotations chosen.
Considering the CA limitations, the HA may provide a valuable alternative and supplementary
method to quantify knee kinematics.

The HA is not commonly used in biomechanical applications and has been applied to the knee

joint within few contexts. The overall applicability of the HA has its shortcomings, relating to the
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derivations of angular displacement required to calculate the IHA (making it susceptible to error
amplification) and the trade-off between accuracy and temporal resolution required with the sFHA.
Alternatively, the rFHA maintains temporal resolution by using a reference position to provide
large angular displacements. However, the rFHA does not accurately represent the IHA. The
majority of the literature that has used the HA (either IHA, sFHA, or rFHA) to describe the
kinematics of the knee has been qualitative with quantitative investigations lacking [3]. For
example, the SFHA has been illustrated graphically at specific knee angles, providing an excellent
visualization of the movement of the sFHA [74], [75]. Only few studies have quantified the
magnitude and variability of sFHA measures within a specific population, such as older [76],
ACLD [77], and ACLR [78] individuals. Additionally, the rFHA has only been used in a single
study that demonstrated kinematic differences between the injured and contralateral healthy knees
of ACLD participants [40]. The rFHA, with its ability to maintain temporal resolution, can provide
kinematic information at time frames that would have otherwise been missed using the sFHA.
Additionally, the rFHA has the advantage of characterizing knee rotations and translations about
a single axis, avoiding the influence of crosstalk errors as seen with the use of CA. Therefore, the
rFHA has the ability to measure the overall stability of the knee rather than categorizing the knee
into planar movements. This could provide insight to how the rotations and translations of the knee
interact with each other, which the CA approach is unable to do. However, because of its limited
use the rFHA requires further technical assessments and practical applications to determine
whether it is a suitable approach to assessing kinematic differences between healthy and
tibiofemoral OA prone populations.

1.4 Objective & Specific Aims

The objectives of this thesis were as follows:
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1.

To advance the applicability of the rFHA in describing clinically relevant knee joint
kinematics by evaluating its accuracy within the HSBV and its sensitivity to errors. This
will provide technical considerations when using the rFHA to characterize knee kinematics
most accurately.

To determine if the rFHA is capable of distinguishing knee kinematics of individuals at

higher risk for tibiofemoral OA, such as older or injured knees.

The first objective was achieved through the following specific aims (SA):

SA L

SA 2.

SA 3.

Determine the accuracy of the rFHA within the HSBV, and how different smoothing
techniques applied to the ATM from the HSBV data may improve the accuracy (Chapter
3).

Assess the mean differences and variabilities of the rFHA measures to reference position
misalignments, thus establishing how sensitive the measures are to changes in the
reference position (Chapter 4).

Compare rFHA measure differences between the OMCS and HSBV to characterize
potential skin movement artifact errors during movement tasks; and to identify rFHA
measures that contain the least errors and therefore can be used with most confidence

(Chapter 5).

The second objective will be achieved through the final SA:

SA 4.

Apply the rFHA to two groups of individuals at higher risk of tibiofemoral OA
(specifically youths with a history of ACL injury and older, asymptomatic individuals) to
characterize the knee kinematics during various movement tasks and compare them to

healthy controls. (Chapters 6 and 7).
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1.5 Thesis Outline

The next chapter (Chapter Two) reviews the relevant tibiofemoral OA kinematic findings using
both CA and rFHA methods, outlining the current knowledge gaps. The next five chapters of this
thesis (Chapters Three to Seven) will focus on the evaluation and application of the rFHA, each
relating to a SA of this thesis. Figure 1-8 provides the overall organization of these chapters, with

each SA highlighted in orange.

Recording Kinematics
‘ Smoothing I— OMCS HSBV _| SA1. Smoothing ‘

Quantifying Kinematics Quantifying Kinematics

| l
l ‘ Reference Position ‘ | SA2. Reference Position ‘
] ¥
CA rFHA »| SA3. OMCS vs HSBV |« rFHA CA
SA4. ACL Injury | . SA4. Aging
Comparisons Comparisons

Figure 1-8 — A flow chart illustrating the organization of Chapters Three to Seven. Each

chapter focuses on an individual specific aim (highlighted in orange).

To reiterate, characterizing kinematics of the knee first involves the process of recording
movements of the thigh/femur and shank/tibia (Figure 1-8). This can be achieved using methods
such as the OMCS and HSBV (section 1.2.1). Afterwards, the recorded data is commonly
smoothed to minimize errors within the data (e.g., skin movement artifacts with the OMCS or
2D/3D registration misalignments with the HSBV). Chapter Three focuses on SA 1 of this thesis,
investigating for the first time the rFHA accuracy when applying several smoothing techniques to

ATM from 2D/3D registration (Figure 1-8, SA1. Smoothing). After smoothing the data, the

32



kinematics of the knee may be quantified, typically with the CA or HA (IHA, sFHA, or rFHA)
approach (section 1.2.2). When using the rFHA, a reference position is required to provide large
angular displacements. The influence of misaligned reference positions is still unknown (SA 2).
Therefore, Chapter Four investigates the sensitivity of the rFHA when deviations of the reference
position are present (Figure 1-8, SA2. Reference Position). When calculating the rFHA, it is still
unknown how potential skin movement artifacts may influence the final rFHA measures of interest
(SA 3). Consequently, Chapter Five investigates the differences in rFHA measures when using
two imaging modalities: 1) the OMCS which is susceptible to skin movement artifacts and 2) the
HSBV which does not require skin mounted reflective markers (Figure 1-8, SA3. OMCS vs
HSBV). Finally, like the CA approach, the rFHA may be a useful method to characterize kinematic
differences associated with tibiofemoral OA and better understand the disease. Chapters Six and
Seven investigate the utility of the rFHA to evaluate two different tibiofemoral OA prone
populations: 1) youth individuals with ACLD (Figure 1-8, SA4. ACL Injury Comparisons) and 2)
older individuals with asymptomatic knees (Figure 1-8, SA4. ACL Aging Comparisons). The final

chapter of this thesis (Chapter Eight) provides a summary of the thesis and future directions.
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Chapter Two: Kinematics of Knee Osteoarthritis
2.1 Introduction

Knee kinematics are one of the crucial factors associated with tibiofemoral OA onset/progression.
CA have been the conventional method used to quantify knee kinematics but have certain
limitations, such as crosstalk. As a result, the HA was introduced as an alternative method, having
its own advantages and disadvantages [35], [37]. The HA has not been widely used in
biomechanics but shows promise in characterizing knee kinematics. This chapter provides a review
of the current knee kinematic findings associated with tibiofemoral OA when using either CA or
the HA.

2.2 Cardan Angle Kinematics
2.2.1 Walking

Walking is the primary method of locomotion for humans. It is not only important for
transportation but is also associated with health benefits, such as lowered risk for cardiovascular
disease [79]. Kinematic alterations of the gait cycle have been associated with OA progression,
especially within the knee which tolerates forces two to four times our body weight [65], [80].
These alterations may originate from aging, due to muscle strength deficits [81] and changes in
neuromuscular control [82]. Despite the risks associated with altered gait, most older individuals
are still required to perform the task of walking to perform daily activities. As such, there is a need
to understand the kinematic changes that occur with tibiofemoral OA to better inform rehabilitative
programs and retain normal kinematics.

Differences in peak knee flexion angles have tended to be consistent, with older and tibiofemoral
OA individuals having greater peak knee flexion angles throughout the gait cycle than healthy
controls [83]-[86]. However, knee flexion angles from different studies have been contradictory
at the loading response of gait (i.e., heel strike). Individuals with tibiofemoral OA have
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demonstrated either greater knee flexion [14], [82], [86], lower knee flexion [14], [70], [87], or no
differences [88] when compared to controls. Favre et al. (2014) suggested that these
inconsistencies are associated with the experimental design of the studies; each using different
data acquisition protocols and inclusion criteria (e.g., the location and severity of OA, age of the
participants, and ground versus treadmill walking). Therefore, Favre et al. conducted a study that
controlled for these confounding variables [89]. The study involved four cohorts (n = 110):
younger asymptomatic (n = 29), older asymptomatic (n = 27), older moderate tibiofemoral OA (n
=28), and older severe tibiofemoral OA (n = 26). All tibiofemoral OA participants were diagnosed
with medial tibiofemoral OA and could not have OA or an injury in any other lower extremity
joint. All participants performed overground walking within an OMCS at their preferred speed and
footwear. Two additional walking speeds were collected as well, one faster and one slower than
the preferred speed of the participant (speeds were not specified). Knee kinematics were compared
between all four groups during the full gait cycle of the knee of interest. Compared to the younger
asymptomatic group, flexion at heel strike increased with age (4.1 deg increase) and severity of
tibiofemoral OA (moderate: 4.3 deg increase, severe: 8.7 deg increase). The older severe
tibiofemoral OA group also had greater knee flexion angles than the older asymptomatic group
(4.6 deg increase) and older moderate tibiofemoral OA group (4.4 deg increase). Minimal
differences between the moderate tibiofemoral OA and older asymptomatic group were found [89].
Significant findings were also determined at terminal stance, where the older severe tibiofemoral
OA group demonstrated greater knee flexion than the younger asymptomatic group (7.1 deg
increase) and older moderate tibiofemoral OA group (6.0 deg increase). These results highlighted
an increase in knee flexion angle with aging, and further increases associated with the progression

of medial tibiofemoral OA. This may relate to the onset/progression of tibiofemoral OA, as
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increased magnitudes of knee flexion during heel-strike have been reported to promote thinning
of the medial tibiofemoral cartilage due to altered contact locations. Furthermore, an increase in
knee flexion during the loading phase was speculated to increase muscular co-contractions,
increasing the load within the knee and promoting cartilage degradation [90].

The internal/external rotation of the knee has also shown inconsistent findings between different
studies of tibiofemoral OA. Bytyqi et al. (2014) investigated the knee kinematics of thirty medial
tibiofemoral OA participants and age-matched controls while walking on a treadmill at a self-
selected speed [84]. During stance phase, specifically midstance, a decrease in tibial internal
rotation (or a more ‘neutral’ tibia) was reported for participants with medial tibiofemoral OA when
compared to the control group (OA group: -0.5 £ 0.4 deg, control group: -2.0 = 0.7 deg). This was
supported by another study from Weidow et al. (2016) that investigated knee kinematics of thirty
symptomatic women (fifteen medial tibiofemoral OA and fifteen lateral tibiofemoral OA) and
fifteen asymptomatic controls [91]. Knee kinematics were calculated during overground walking
at a self-selected speed. The study determined that participants with medial tibiofemoral OA were
significantly more externally rotated (median [range]: -17 [-27-3] deg), and those with lateral
tibiofemoral OA were more internally rotated (-2 [-16-10] deg), when compared to the controls (-
8 [-23-2] deg) at midstance. It was suggested that these differences may originate from abnormal
hip kinematics, where the misaligned femur from the hip carries over to the femorotibial alignment
[91]. Contrary to the previous studies, Nagano et al. (2012) found no differences in knee
internal/external rotation at midstance [87]. This study investigated the kinematics of forty-five
individuals with different tibiofemoral OA severities (early [n = 14], moderate [n = 17], and severe
[n = 14]) and thirteen controls. Participants were asked to perform overground walking at a self-

selected speed. At midstance, no significant differences in external tibial rotation were observed
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(mean [SD] of controls: 1.6 [3.7] deg; early: 1.1 [3.5] deg; moderate: -0.7 [4.8] deg; severe: 0.6
[3.3] deg).

The knee angle within the frontal plane has been a consistently reported Cardan angle measure
between different studies. Medial and lateral tibiofemoral OA have been associated with an
increase in static knee adduction/varus and abduction/valgus angles, respectively, due to joint
space narrowing [92]. Similar findings of increased knee Ab/Ad alignments have been reported
during dynamic movements as well, such as walking. During the gait cycle, greater adduction
angles have been associated with medial tibiofemoral OA [80], [83], [84], [87], [88], [91], and
greater abduction angles with lateral tibiofemoral OA [14], [91]. These increased angles are
speculated to provide greater magnitudes of load on the affected side of the knee, thus promoting
the degradation of cartilage [1].

Despite some of these seemingly consistent findings, a meta-analysis of 41 publications performed
by Mills et al. (2013) determined that knee kinematics calculated with CA still provide limited or
conflicting evidence with respect to tibiofemoral OA severity [2]. Specifically, the effect sizes
calculated for the knee kinematic variables did not exceed a value of 1.2 (i.e., mean differences
did not exceed 1.2 SD). According to the criteria established by Hopkins et al. (2009), a large
effect is considered if the effect size is greater than 1.2 [93]. The lack of larger effect sizes was
attributed to the heterogeneity of the samples used in each study [2]. A similar finding was
determined from a meta-analysis by Boyer et al. (2017) to assess knee kinematic differences in the
sagittal plane between younger and older individuals using the OMCS and CA [94]. A small effect
size was determined for knee kinematics (effect size = -0.40) and a moderate effect size for knee
range of motion (RoM; effect size = -0.70). This was attributed to the inconsistent findings from

several studies [94]. These inconsistencies may originate from skin movement artifacts originating
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from reflective skin markers [95] and inaccuracies of axes alignment resulting in crosstalk [87],
[96]. Further research is still required to determine the contribution of these methodological issues
to the variability of reported knee kinematics.

2.2.2 Vertical Drop Jump

The vertical drop jump (VDJ) is a commonly used test to assess motor control and knee stability
[97]. Itis a useful test in the kinematic assessment of anterior cruciate ligament (ACL) injuries, as
the VVDJ landing requires a large contribution from the quadriceps and hamstrings to maintain knee
stability [98]. However, studies comparing VDJ knee kinematics of healthy and ACL impaired
individuals have provided inconclusive evidence to suggest any differences exist.

Decker et al. (2002) compared the landing strategies of eleven healthy and eleven ACL
reconstructed (ACLR) participants during a VDJ from a 60 cm box [98]. Participants were matched
by age, sex, experience in jumping and landing sports, footfall patterns, and landing stiffness.
Footfall patterns and landing stiffness were assessed after data collection and used to match the
participants for statistical analysis. Knee flexion angle was used to indicate whether an individual
was a ‘soft’ lander or a ‘stiff” lander. Participants were labelled as soft landers if they reached knee
flexion magnitudes greater than 90 deg when landing. In contrast, those labelled as stiff landers
did not reach knee flexions greater than 90 deg. On average, both groups performed a soft-landing
strategy. Additionally, the ACLR group tended to have a more extended knee position at initial
impact than the healthy group (ACLR: -26.35 [7.73] deg; Healthy: -29.91 [5.98] deg). However,
this finding was not statistically significant [98].

In a more thorough knee kinematic analysis, Delahunt et al. (2012) investigated the differences in
VDJ knee kinematics within all three planes (drop height was 35 cm) [99]. Fourteen ACLR females
were recruited for this study and compared to matched (age, sex, and sport) controls. Knee F/E,

Ab/Ad, and I/E rotation were calculated during the initial contact of the VDJ to 200 ms post-
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contact. Knee angles were compared between the two groups throughout the timeframe. Compared
to the controls, a significantly more extended knee (up to 10 degrees) was found in the ACLR
group during the later stages of initial contact; between 106-182 ms post-impact. Additionally,
knees in the ACLR group were less adducted angles (up to 8 degrees) when compared to the
controls, from 78-104 ms and 146-200 ms post-impact. No differences were found in the I/E
rotation of the knee. The kinematic differences in the ACLR group were suggested to be a
mechanism of ACL-injury. Specifically, the decrease in knee flexion during the impact phase may
increase anterior shear forces in the knee, producing greater amounts of strain on the ACL.
Furthermore, a decrease in knee adduction, or an increase in knee abduction, during the first 40
ms of ground impact has been associated with ACL injury [99].

In contrast, Clarke et al. (2015) was unable to detect any kinematic differences between eighteen
participants with ACLR and eighteen healthy matched (sex, height, age and sport) controls [100].
Limb comparisons within the ACLR group were also performed in this study. The knee peak
angles and RoM were calculated during the total stance phase of the VDJ (impact to lift off) and
the first 40 ms post-impact for a drop height of 30 cm. No kinematic differences were found within
the knees of the ACLR group. Additionally, no differences were found in the peak knee angles
between the ACLR and healthy groups. The magnitudes of these insignificant differences in
kinematics were not provided. A significant increase in RoM for knee I/E rotation was reported in
the ACLR group in comparison to the controls (total stance phase: 1.58 deg; 40 ms post-impact:
2.34 deg). The authors cited adaptations occurring within the ACLR limb over time as a potential
explanation for the lack of significant differences [100]. However, this study and the Delahunt et
al. (2012) study [99] both had participants with ACLR whose time since surgery was four to five

years. Therefore, the inconsistencies between these studies despite similar inclusion criteria could
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be explained by methodological limitations associated with the use of conventional CA and the
OMCS (refer to sections 0 and 1.2.1.1).
2.3 Helical Axis Kinematics

The HA has been used to characterize knee kinematics within multiple contexts. Several studies
have used the HA to describe the motion of the knee qualitatively, and others quantitatively. For
the qualitative studies, descriptions of the knee will be provided but values associated with these
descriptions may not have been reported. Values of the HA measures will be provided when
possible. A description of the main HA outcome measures is provided for clarity. Seven HA
measures are commonly used to quantify knee kinematics, and can be reported with respect to the

femur or tibia (Figure 2-1):
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Figure 2-1 — Illustration of the six HA measures relative to the femur: translation (<),
rotation (¢), location (O), path length (-), excursion (<), dispersion (0), and orientation (a).

These measures can be calculated relative to the tibia as well.
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1. Translation («) — The summed magnitude of translation along the HA, thus representing
the overall displacement the femur or tibia performed. The sign of the translation (positive
or negative) dictates the direction of the displacement along the HA. A positive translation
represents an overall displacement in the positive HA direction, while a negative translation
represents an overall displacement in the negative HA direction.

2. Rotation (¢) — The magnitude of rotation along the HA throughout the movement. The
rotation may be further multiplied by the directionality of the HA (n;) to obtain the helical
angles (equation 2-1, where n; represents the three components of the unit vector [n,, 1,
n3]). The helical angles are similar to the CA, providing three individual rotations within
the anatomical planes. However, due to the HA advantages (section 1.2.2.3), the helical

angles are not susceptible to crosstalk errors [101].

Helical angles = ¢ * n; Eq. 2-1
3. Location (O) — The mean antero-posterior (AP) and supero-inferior (S1) intersection of the
HA with the mid-sagittal plane of the femur or tibia. This intersection is an approximation
of the knee’s center of rotation in the sagittal plane [102]. The AP and SI locations are
viewed as a descriptor of rolling/sliding of the knee joint. If the locations have a magnitude
of zero (on the origin of the bone), pure rolling has occurred with no translation. If AP
location contains a more anterior location, the tibia or femur may have translated more
anteriorly, as seen in ACLD individuals [77]. Additionally, if the Sl location increases in
magnitude (moving away from the origin), the magnitude of translation will also increase
[102]. Therefore, if the HA is closer to the origin on the lateral side of the bone, and further
away on medial side of the bone, one can speculate that there was more sliding on the

medial side of the bone [102].
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4. Path Length (=) — The path length is the summed 2D length/distance of the HA location
trace along the mid-sagittal plane of the femur or tibia. If the HA shows larger shifts in its
directionality or position, the path length will increase. Therefore, a larger path length may
suggest a greater amount of femoral or tibial movement (i.e., rotations and/or translations)
[40].

5. Excursion («») — The range of the path length in both the AP and Sl directions along the
femoral or tibial mid-sagittal plane. Larger excursions may suggest larger ranges of femoral
or tibial movement [40].

6. Dispersion (0) — The mean angular deviation of a single HA (i.e., at a single time point)
with respect to the mean HA of the total movement. Greater magnitudes of dispersion may
suggest unstable/erratic knee movements, due to motor control deficits and differences in
the knee articular surface [76], [103]. In contrast, maintaining a knee motion within a
constant plane will result in smaller magnitudes of dispersion because the directionality of
the HA will have minimal change [76].

7. Orientation (o) — The mean angle of the HA with respect to the medio-lateral (ML) axis
of the femur or tibia. The orientation of the HA can provide information on the coupled
rotations of the knee. Specifically, if the knee is performing pure flexion, the orientation of
the HA will be parallel to the ML axis of the bone. If coupled rotations exist, specifically
I/E and Ab/Ad rotations, the orientation will be shifted within the coronal and transverse
planes, respectively [75]. Therefore, the orientation angle may be represented as angles
within those specific planes, providing information on how much coupled rotation is

occurring along the I/E rotation and/or Ab/Ad axes.
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2.3.1 Running

van den Bogert et al. (2008) used the sFHA to characterize running knee kinematics of three
healthy males during stance phase [102]. Intracortical bone pins were used to avoid skin movement
artifacts within an OMCS. The sFHA location and orientation were calculated relative to the tibia.
However, the orientation was split into two separate angles (named deviation and inclination) by
projecting the sSFHA onto the transverse and frontal planes of the tibia. Specifically, the deviation
was the angle between the sFHA and ML axis of the tibia in the transverse plane, providing an
indication of Ab/Ad rotations. The inclination was the angle between the sFHA and ML axis of
the tibia in the frontal plane, providing indications of I/E rotation [102].

The sFHA was located within the distal femur and possessed a primarily ML direction. During the
flexion phase and initiation of the extension phase, the sFHA location shifted posteriorly
approximately 30 mm. Throughout the remainder of extension phase, the SFHA location shifted
anteriorly (magnitude not provided). Additionally, the SFHA was located 10 mm to 20 mm above
the tibial plateau for the first half of the stance phase but followed a proximal shift (towards the
femur) for the second half; the timing of this shift was slightly different for each participant. The
sFHA deviation remained within 10 deg throughout the stance phase, but the sFHA inclination
showed notable changes. Specifically, the SFHA showed an increase in inclination during the first
half of the stance phase, then returned to the transverse plane briefly, before increasing once again
during the second half of stance phase. Overall, the each of the two orientation parameters did not
exceed a magnitude of 25 deg [102].

The posterior shift of the sSFHA during flexion was speculated to arise from femoral rollback on
the tibia, shifting the center of rotation backwards. Physiologically, this was speculated to
represent an increase in the moment arm of the quadriceps muscle, reducing the force required to

stabilize the knee during flexion. Furthermore, the intersection of the cruciate ligaments also
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translates posteriorly during flexion of the knee and may play a role in the location of the sFHA
during flexion. The angles determined for deviation and inclination were attributed to the coupled
rotation of the knee during flexion. The inclination of the SFHA was angled medially (i.e., within
the coronal plane, the sSFHA pointed upward medially and downward laterally). It was suggested
that because the lateral side of the SFHA was closer to the origin of the tibia (the tibial plateau),
mainly rolling occurred on the lateral side of the knee. In contrast, with the medial side of the
sFHA being further away from the origin, there was more sliding of the bones and less rollback.
Therefore, the medial condyle was speculated to be the pivot of the knee joint during axial rotations
[102].

2.3.2 Walking

In a recent study, kinematics of healthy/asymptomatic knees were characterized during walking
using the sFHA and OMCS [76]. The sFHA was calculated in 10-degree increments of knee
flexion. To assess knee stability, SFHA dispersion was compared between younger (23.3 = 2.4
years) and older (69.3 £ 4.6 years) individuals with asymptomatic knees. Dominant knees between
the groups were compared, as well as contralateral knees within each group. The dispersion of the
sFHA was further divided into its sagittal, frontal, and transverse components [76]. The gait cycle
was divided into four specific phases for dispersion comparisons: Phase 1) terminal swing to peak
flexion in loading response, Phase 2) peak flexion in loading response to terminal stance, Phase 3)
initial swing to peak knee flexion in swing phase, and Phase 4) peak flexion in swing phase to
terminal swing. Significant between group differences were found in the sagittal plane dispersion
of Phases 1 and 4, with older participants having greater dispersion (Phase 1 mean [SD]: younger
=12.5[3.7] deg, older = 17.5 [5.3] deg; Phase 4: younger = 3.2 [1.2] deg, older = 4.8 [1.7] deg).
Furthermore, non-dominant limbs were found to have greater dispersion than the dominant limbs.

This finding was found within Phases 1 to 3 in the sagittal plane (younger difference range: 2.5-
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4.0 deg; older difference range: 1.2-2.1 deg), Phase 4 in the frontal plane (younger difference: 4.4
deg; older difference: 4.2 deg), and Phases 1 and 4 in the transverse plane (younger difference
range: 3.6-9.8 deg; older difference range: 2.1-2.9 deg) [76]. The increased dispersion within the
elderly group was speculated to be associated with deficiencies in neuromuscular control (e.g.,
muscle activation patterns and co-contraction) and joint surface integrity. Additionally, the
differences in dispersion between the non-dominant and dominant limbs were also cited to arise
from differences in neuromuscular control [76].

Another study by Gale et al. (2020) investigated healthy knee kinematics during walking using the
sFHA and HSBV [104]. Twenty healthy participants (10 male, 10 female, age range 22-42 years)
walked on a treadmill at a self-selected speed. Two trials for each knee were recorded for
contralateral limb comparisons. The sFHA excursion (relative to the femoral mid-sagittal plane)
and orientation (additionally reported as angles within the coronal and transverse plane) were
calculated. No differences were found between the contralateral knees within participants for both
the sFHA location and orientation. Grouping the results of all participants, the excursion of the
sFHA in the AP direction was 8.4 £ 3.9 mm, and 12.9 £ 6.1 mm in the Sl direction. During knee
flexion, the sSFHA was oriented more posteriorly (2.9-4.2 deg) and superiorly (3.9-12.3 deg) in the
transverse and coronal plane, respectively (relating to adduction and internal rotation,
respectively). During knee extension, the sFHA was oriented more anteriorly (1.9-4.6 deg) and
inferiorly (2.5-13.2 deg) in the transverse and coronal planes, respectively (relating to abduction
and external rotation, respectively). These coupled motions exemplified the screw-home
mechanism of the knee, where the tibia internally rotates during the first degrees of flexion and

externally rotates during the last degrees of extension [104].
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2.3.3 Jumping Tasks

Two studies, within the same research group, used the sSFHA and OMCS to investigate the knee
stability of anterior cruciate ligament deficient (ACLD) and/or repaired (ACLR) individuals during
single leg hops [77], [78]. The first study by Grip et al. (2015) investigated the knee stability of
both ACLR and ACLD participants, and compared their knee kinematics to age/sex matched
controls [77]. ACLR and ACLD participants had a mean (SD) number of years since injury of 23.9
(3.3) years and 23.1 (1.3) years, respectively. The time between injury and surgery for the ACLR
group was 3.8 (2.5) years. The sFHA was calculated relative to the femur at knee flexion intervals
of 15 deg during a medial single leg side hop. The sFHA AP location and orientation were reported.
However, the orientation angle was presented with respect to all three anatomical axes (these are
referred to as ML orientation, AP orientation, and Sl orientation). Both the ACLD group and
ACLR group showed lesser knee stability than the control group, demonstrated by the greater ML
orientation (ACL range: 21.7-25.2 deg; control range: 20.1-22.3 deg) and anterior location (ACL
range: 24.8-38.8 mm; control range: 16.7-23.6 mm) during the landing phase of the hop. Within
the ACL groups, the ACLD group showed the largest AP locations (take-off mean [SD]: ACLD =
23.7 [13.8] mm, ACLR =19.7 [11.7] mm; landing: ACLD = 36.1 [16.7] mm, ACLR =26.8 [12.0]
mm). However, the ACLR group had greater AP/SI orientations at take off (AP orientation mean
difference: 1.4 deg; Sl orientation mean difference: 5.7 deg) and smaller AP/SI orientations at
landing (AP orientation mean difference: -3.3 deg; Sl orientation mean difference: -2.7 deg)
compared to the ACLD group [77]. The differences in orientation and location between the ACL
groups and the control groups were suggested to originate from knee instability. Specifically, the
more anterior location of the SFHA in both the ACLD and ACLR groups was assumed to be from

a lack of ACL function, causing the tibia to translate more anteriorly during the hop. Additionally,
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greater orientations were associated with greater coupled rotations, suggesting rotational
instability [77].

The second study, performed by Markstrom et al. (2020), compared knee kinematics of only
ACLR individuals and healthy controls (matched by sex and age) [78]. Participants with ACLR
had a median (interquartile range [IQR]) time of 16.0 (35.2) months post-surgery. Robustness of
the knee (defined as its ability to resist perturbations and maintain a consistent configuration) was
assessed for three different single leg hop movements using sFHA orientation. Because greater
orientations are a consequence of increased coupled rotations, greater orientations may be
associated with reduced knee robustness during a F/E movement, such as a single leg hop. The
three movements performed were 1) a single leg hop for distance (jumping as far as possible), 2)
a vertical single leg hop (jumping straight upwards), and 3) a standardized rebound side hop
(hopping laterally on one leg, and rebounding back to the starting position [105]). No differences
in sFHA orientations were found between ACLR and healthy controls for all single leg hop
movements, ranging within 25-35 deg of sFHA inclination [78]. This may be due to the
heterogeneity of the sample, as the ACLR group had a wide range of post-surgery times (IQR =
35.2 months). Individuals who have had a more recent surgery may demonstrate different knee
kinematics than those 2-years post-surgery due to limb adaptations. A similar concept has been
reported in participants with ACLR when comparing the injured and contralateral knee kinematics.
Differences between the two knees decreased after 5 and 12 months post-surgery, suggesting the
presence of limb adaptations [106].

2.3.4 Knee Flexion/Extension Movements

The sFHA has been used to provide a better understanding of the knee kinematics during passive
or active flexion/extension movements. In an early qualitative study by Blankevoort et al. (1990),

the general motion of the sFHA during passive knee flexion of four cadaveric specimens was
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investigated [75]. The sFHA was calculated from full extension to approximately 95 degrees of
flexion, with flexion increments ranging from 5-30 deg. Because a large range of flexion steps
were used, a fifth cadaveric specimen was tested to confirm that SFHA patterns were retained when
using varying flexion increments. All cadaveric specimens showed similar sFHA motion
pathways. During the first degrees of flexion (ranges not provided), tibial rotation was present and
the sSFHA contained an ‘oblique’ orientation when observed in the frontal plane and no change in
orientation within the other planes. With greater flexion angles (no ranges provided), the axial
rotation of the tibia was reduced and the sSFHA became more parallel with the F/E axis of the knee.
These findings were suggested to portray the knee’s well known ‘screw home mechanism’, as the
initial stages of knee flexion consists of the tibia internally rotating about the femur. Furthermore,
the sFHA location moved posteriorly (average 8 mm) when flexion reached magnitudes greater
than 70 deg. Finally, overall medial translations along the sFHA during knee flexion to 95 deg
were observed, ranging from 0.5 mm to 3.9 mm [75].

A more recent study quantified knee Kkinematics during active, unconstrained knee
flexion/extension [3]. Twenty-five healthy participants (14 females and 11 males; mean [SD] age:
26.7 [8.8] years) were positioned in a 1.5T MRI. Using cine fast-phase contrast, images of the
participant’s knee were acquired during knee flexion from 45 deg to full extension (0 degrees).
The IHA was calculated relative to the femur during the extension movement, and its orientation
(relative to the frontal and transverse plane), location, and translation were compared between
sexes. Evidence of the screw home mechanism was present; the IHA was primarily directed
laterally at the beginning of knee extension at 45 deg, and angled more inferiorly towards full
extension, suggesting an external rotation of the tibia. The changes in IHA orientation reached

magnitudes of 38 deg in the frontal plane, and 8 deg in the transverse plane. Additionally, there
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were significant sex differences in the frontal plane (~ 10 deg) and transverse plane (~ 5 deg)
orientation at mid- and full extension, respectively. For all participants, the location of the IHA
shifted posteriorly (~ 40 mm) and superiorly (~ 20 mm) during extension from 45-0 deg. This
finding was speculated to arise from the femoral geometry. As knee extension increases towards
full extension, the femoral condyle’s geometry changes from a spherical surface to a flatter surface.
Therefore, more tibial anterior sliding may occur during the end of extension, on the flatter section
of the condyles, shifting the IHA superiorly. Translations were minimal and no differences were
found between males and females in this healthy population [3].

Jonsson & Karrholm (1994) performed a qualitative analysis on the sFHA for thirteen unilateral
ACLD participants (10 males and 3 females; age range: 17-39 years) [107]. Tantalum beads
inserted into both knees (healthy and injured/ACLD) of the participants provided fiducial markers
for static, biplanar X-rays. The X-ray images were acquired during a knee extension movement to
ascend onto a 40 cm platform. Because the X-rays were static, the biplanar images were acquired
during knee extension angle increments. To elaborate, the knee of the limb being imaged was
positioned at approximately 100 deg of flexion, with the foot raised on the 40 cm high platform.
The participant then bore full weight on this limb at this angle, and X-rays were acquired. This
protocol was repeated five to six times through different knee angles (~ 20 deg increments) until
full knee extension was reached. The sFHA at each increment was calculated, and inter-limb
comparisons of the orientation (relative to the frontal and transverse plane) and location were
performed. The sFHA location was similar for both the ACLD and healthy limbs. During the initial
stages of extension, the SFHA was located close to the ACL’s femoral insertion. As extension
increased, the sSFHA translated anteriorly, towards the intersection point of the cruciate ligaments,

suggesting ligament function may influence the location of the sFHA. The screw home mechanism
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was not detected in this study for either limbs, with the orientation increasing (1.2 deg to 20-26.6
deg) throughout the whole extension movement, rather than the end of the movement towards full
extension [107].

The sFHA has also been used to characterize knee kinematics during a lunge-like deep knee bend
[74]. Using single plane fluoroscopy, the sFHA location and excursion (relative to the tibia) were
compared between ten healthy (age range: 22-44 years) and five ACLD (age range: 25-47 years)
participants. A notable, qualitative finding was that both healthy and ACLD participants showed
similar patterns of sFHA location, translating posteriorly with progressive knee flexion.
Additionally, a visual assessment of the SFHA excursion revealed greater excursions in the ACLD
group than the healthy group. The greater excursion within the ACLD group was speculated to
originate from a lack of ACL function, resulting in more variable knee movements [74].

One study has used the rFHA to distinguish differences in knee kinematics of healthy and ACLD
participants [40]. Using an OMCS, ten unilateral ACLD (mean [SD] age: 28.8 [7.2] years) and
twelve healthy (mean [SD] age: 24.0 [3.2] years) participants performed a single knee bend and
seated leg extension. Six rFHA measures were compared between the two groups: translation,
location, path length, excursion, orientation, and dispersion. A knee comparison was also
performed within the ACLD group (healthy knee versus injured knee). No significant differences
were found in any of the rFHA measures between the healthy and ACLD groups. This finding was
partially attributed to the ACLD participants having a more recent injury (time since injury of six
weeks), with kinematic changes potentially emerging later on in the recovery period. However,
there was a significant difference between the healthy and injured knee of the ACLD participants.

During the flexion phase of the single leg squat, the ACLD knee had greater rFHA orientation than
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the contralateral knee. This finding was speculated to arise from an increased magnitude of tibial
rotation within the injured knee, caused by a lack of ACL function.

2.3.5 Functional Flexion Axis

Besides its use to quantify knee kinematics, the HA has also been used to obtain functional axes
of joints, improving the ACS definition of the limbs by avoiding the subjective selection of
anatomical landmarks. Besier et al. (2003) compared the resultant lower limb kinematics of healthy
individuals when using two different ACS [108]. The first ACS was determined by obtaining a
F/E axis of the knee from the placement of reflective skin markers on the femoral epicondyles (the
conventional method). A second ACS was obtained by having the participant perform a
‘calibration movement’ (i.e., single knee bend) to obtain a series of IHA. The mean IHA from the
‘calibration movement’ was selected to represent the F/E axis of the knee’s ACS [108]. In general,
both methods produced similar, repeatable lower limb kinematics. However, the IHA method
produced more repeatable knee kinematics in the sagittal plane (IHA: r? = 0.73; Conventional: r?
= 0.57) and transverse plane (IHA: r?2 = 0.74, Conventional: r?> = 0.67). Furthermore, it was
speculated that the IHA method may be more advantageous with novice investigators, overweight
participants, or participants with bony deformities, as the anatomical landmarks may be more
difficult to locate in these situations [108].

A similar study was performed to determine the influence of different femoral ACS definitions on
the final output of knee kinematics [109]. Five methods were used to obtain a femoral ACS,
including the IHA method reviewed in the Besier et al. (2003) study [108]. Comparison of these 5
methods revealed that the F/E angle was not dependent on the ACS method used. However, the
orientation of the F/E axis was important for subsequent calculations of I/E rotation and Ab/Ad

angles, as the variability due to the ACS was within the same magnitude as the kinematic
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variability between participants [109]. The accuracy of each method was not investigated, but the
use of the IHA to determine functional axes was shown to be feasible.

2.3.6 Summary of Helical Axis Trends

The majority of literature characterizing knee kinematics with the HA has been qualitative,
providing a clear description of the HA behaviour during several movements [3]. Therefore, this
section will briefly describe the patterns seen with the general use of the HA (i.e., using the IHA,
sFHA, and rFHA).

The HA AP location tends to translate posteriorly during knee flexion, and anteriorly during knee
extension, regardless of knee status (e.g., age or injury). This finding seems to be consistent with
the movement of the intersection point of the cruciate ligaments. Therefore, the HA location may
be related to ligament function and integrity. Furthermore, the HA Sl location tends to be
positioned away from the bone origin when the knee joint is sliding. This may occur during the
beginning of flexion or the end of extension, when the femoral condyles lie flatter on the tibial
plateau. The HA consistently supported the presence of the common ‘screw home mechanism’ in
the knee. During early phases of knee flexion (or end phases of extension) the HA orientation
angles increase. This finding exemplifies the existence of greater coupled rotations at the knee,
especially the I/E rotation of the tibia.

There tends to be an increased variability of the HA measures with OA prone individuals. To
elaborate, dispersion of the HA may increase with aging, suggesting more variable knee
movements due to lack of motor control. In ACLD participants, the orientation, AP location, and
excursion increases were speculated to increase due to a lack of ACL function, resulting in joint

instability.
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Chapter Three: The Influence of Smoothing Techniques on the Accuracy of the rFHA
when applied to 2D/3D Registrations

3.1 Introduction

The High-speed Bi-planar Videoradiography system (HSBV) is an evolving X-ray technology that
permits the determination of three-dimensional (3D) bone movements with sub-millimeter
precision [17]. Using a pair of synchronized X-ray generators, image intensifiers, and high-speed
digital cameras, the HSBV allows the user to record bi-planar X-ray videos of a human performing
dynamic movements [15]. To quantify in-vivo bone movements, participant specific 3D bone
models (segmented from Computed Tomography [CT] or Magnetic Resonance [MR] images) are
registered to each pair of two-dimensional (2D) images from the HSBV video. This 2D-3D
registration process can be performed manually or automatically. As the bone models are
registered to each pair of image frames, a series of affine transformation matrices (ATM) for each
bone are calculated, representing their 3D orientations and translations over time. The ATM may
then be used to calculate different outcome variables, such as Euler/Cardan angles or the helical
axis, to represent movements of the joints between bone segments of interest.

A complication with the 2D-3D registration process is the presence of bone alignment error during
the manual or automatic processes. This error creates potentially non-negligible deviations from
the true movements and decreases the accuracy of the outcome variables [110], [111]. During the
manual registration process, the user will fit a bone model to the initial HSBV image frames. The
accuracy of this initial position is subjective to the user. As the manual registration process
continues in consecutive frames, miniscule and systematic errors may accumulate, eventually
becoming detectable to the human eye. At this occurrence, the user will shift the bone model back
to a more visually accurate position and the accumulation of errors resets to zero. This process

may repeat itself throughout the remaining one hundred to two hundred image frames, depending
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on the sample rate. Automatic segmentation techniques have been developed to overcome the
limitation of the precision of the human eye involved with manual registration. Two primary
techniques are used to automatically register bone models to the HSBV images: feature-based and
intensity-based [111], [112]. Although automatic segmentation may be an improvement to manual
segmentation by avoiding human subjectivity, the methods employed can still produce small errors
in bone alignment. This can be due to algorithms detecting bone features incorrectly or having
discrepancies between image and bone model intensities [113]. This can result in data points that
have deviated from the true path. To minimize these deviations, data smoothing techniques may
be applied to the ATM to increase the accuracy of the 2D-3D registration data.

Some of the common filters that have been used to smooth biomechanical data (e.g., Butterworth,
wavelet, and moving averages [8], [114]) apply to data that lie within a linear vector space, such
as the translations of skin mounted markers when using the OMCS. However, the orientation data
obtained from HSBV do not exist in this space. Therefore, the direct application of these types of
filters to the orientation component of the ATM is not possible. However, there are several
different techniques that exist to smooth orientations and overcome this limitation. One method is
to simply convert the non-linear orientation data into a linear vector space. For example, using unit
quaternions (refer to section 1.2.2.1), angular positions or velocities have been transformed with a
logarithmic map [115]-[117]. This transformation produces a series of linear vectors that are
compatible with the common filters typically used in biomechanics (e.g., Butterworth, wavelet,
and moving averages). Once the transformed angular positions or velocities are smoothed, they
can be converted back to quaternion form. An advantage of this method is that it avoids the need
to re-normalize the quaternions [117]. Another method to smooth orientations is using spherical

linear interpolation (SLERP) [118] as a low pass filter; taking advantage of the similar properties
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between SLERP and a single pole filter [119]. Finally, spline interpolation may also be applied to
orientation data [35], [120]. Specifically, a piece-wise polynomial is fit to the noisy data of each
quaternion component. The amount of smoothing performed by the spline fit is dictated by the
smoothing factor. This factor can be manually adjusted by the user, and automated processes have
also been developed [35]. An advantage of spline interpolation is the ability to simultaneously
smooth and interpolate a dataset. However, the subjectivity of the smoothing factor may be a
limitation.

With several options available to smooth orientation data, it is not clear which is most suitable for
2D/3D registration data. Therefore, the objective of this study was to investigate the effect of six
smoothing techniques, when applied to ATM from manual 2D-3D registrations, on the accuracy
of the finite helical axis (FHA). This was evaluated with ATM of a known, controlled rotation
within the HSBV using 3D printed bones mounted on a turntable. It was speculated that applying
the smoothing techniques to the ATM would increase the accuracy of the FHA directionality (i.e.,
more closely aligned with the turntable axis of rotation) and the rotational speed along the FHA.

3.2 Methods
3.2.1 Bone Prints

To acquire a set of femoral and tibial 3D printed bones, corresponding 3D stereolithography bone
models were imported into a 3D printer (LulzBot® Taz 5, Aleph Objects Inc.®, CO, USA). The 3D
bone models were acquired by segmenting CT images of a prior study participant (ethics ID:
REB15-0554) using Amira software (Thermo Fisher Scientific, MA, USA). Following the creation
of the 3D printed bones, a CT scan of them was performed to subsequently segment a new set of
3D stereolithography bone models. These newly acquired bone models, based on the 3D printed
bones, accommodated any potential inaccuracies to the real bones, improving future 2D-3D

registrations.
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3.2.2 Turntable System & HSBV Image Acquisition

The 3D bone prints were mounted onto a foam support in a position that approximated standing in
knee extension. A foam support was selected to remove potential occlusion and imaging artifacts
of the 3D printed bones when recording with the HSBV (Figure 3-1). The bone prints were then
placed onto a turntable (6034K31, McMaster-Carr, IL, USA) equipped with an optical encoder
(EM2 Optical Encoder Module 2”, US Digital®, WA, USA) and rotary encoder disk (DISK-2 2”
Outside Diameter, 7200 counts/revolution, US Digital®, WA, USA) (Figure 3-2). The turntable
rotated with a pre-defined speed of 2 RPM (or 12 deg/s). However, due to small amounts of friction
and the weight of the bone prints, the turntable tended to produce small deviations from this pre-
defined speed. Therefore, the encoder unit was installed to allow more accurate measurements of
rotational speed. The optical encoder was mounted onto the turntable motor casing and remained
stationary, while the encoder disk was mounted onto the motor shaft and rotated with the turntable.
Light from the optical encoder passing through the series of 7200 slits on the encoder disk was
detected by a photosensor on the opposite side of the encoder. The rate of rotation was calculated

from the time interval between each detection of light passing through the encoder disk.
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Figure 3-1 — The 3D printed bone models mounted onto the foam support in an approximate

standing position.

Rotary encoder disk

Optical encoder

Figure 3-2 — The optical encoder and rotary encoder disk mounted on the turntable.
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The turntable support and 3D printed bones were placed within the field of view of the calibrated
HSBYV system. A spirit level was used to visually inspect that the turntable’s axis of rotation was
as perpendicular as possible with the transverse plane of the HSBV coordinate system. A sub-
analysis was performed to examine the spirit level’s alignment accuracy using Radiostereometric
Analysis (RSA). Two pairs of RSA beads were adhered to corners of the level, representing its
orientation within the HSBV system (Figure 3-3). The level was placed on the turntable and
aligned as parallel as possible with the HSBV transverse plane. An HSBV image was recorded for
the level to complete a single trial. Afterwards, the level was removed completely from the HSBV,
and the process was repeated for a second trial. Five trials were performed in total. The bead
locations were determined using custom software (MATLAB, MathWorks, MA, USA), and the
vertical axes of each bead pairs were calculated (Figure 3-3). If the alignment of the turntable was
accurate, the vertical axes of the beads would lie parallel with the vertical axis of the HSBV (i.e.,

angle of 0 deg).

Figure 3-3 — The spirit level with two pairs of RSA beads adhered to four corners. The
vertical axes of each pair of beads are illustrated as well (yellow arrows). Note: the purpose
of the middle RSA bead on the left was to provide directionality within the HSBV images.
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A custom MATLAB code (MathWorks, MA, USA) was used to synchronize the data from the
encoder unit (240 Hz) and HSBV system (24 Hz). Specifically, the code detected the on/off signal
of the HSBV, supplied by a digital to analog converter. This signal would initiate or terminate the
collection of the encoder outputs. Five trials were recorded for 1/3™ of the turntable rotation
(approximately 10 seconds). This time frame was chosen to accommodate the encoder hardware
memory size. The turntable and 3D printed bones were not moved within the HSBV throughout
all trials. Furthermore, start positions for the 3D printed bones on the turntable were random (i.e.,
each trial consisted of a random 1/3' rotation of the turntable).

3.2.3 Data Processing

The rotation speed of the turntable was calculated by measuring the time between encoder
detections. To satisfy the memory constraints of the encoder hardware, turntable speed was
calculated at every eight detections (or 0.4 deg of rotation), resulting in less memory usage and
longer HSBV recordings. The encoder data was down sampled to 24 Hz by averaging the rotational

speed within each 0.04 s increment (Figure 3-4).
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HSBV Frames (24 Hz)

HSBYV
Frame
q

Encoder HHHIH HHHH‘

detection
— {11

Encoder Detections (240 Hz)

Figure 3-4 — lllustration of the down sampling process for the encoder data. Each vertical
tick mark on the top half (dark grey) represents a recorded HSBV frame at 24 Hz. Each
vertical tick mark on the bottom half (black) represents an encoder detection at 240 Hz. Note
that the rotation speed (light grey solid line) calculated at every eighth encoder detection was
assumed to be constant in the previous seven detections. The encoder data was down sampled

(DS rotation speed) by averaging every 0.04 s time increment (dashed grey line).

HSBYV images were undistorted and then imported into 2D-3D registration software (Autoscoper,
Brown University, USA) with calibration parameters that relate the 2D locations of the biplanar
images to a 3D space relative to the HSBV. The segmentation generated 3D bone models (femur
and tibia) were then manually 2D-3D registered to the HSBV frames in Autoscoper. The femur
and tibia were individually registered to all five trials by a single rater. ATM of a single trial were
imported into custom MATLAB code that first converted the rotation component into quaternions.
Afterwards, six different smoothing techniques were applied to the quaternions and translations

(Table 3-1): Low pass Butterworth filter (BW), Daubechies Wavelet filter (DW), Gaussian filter
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(G), Mean filter (M), Spherical Linear Interpolation (SLERP), and Spline interpolation with outlier

removal (SPOUT).

Table 3-1 — List of the six smoothing techniques used, and the input parameters used.

Smoothing Technique Parameters

Low pass Butterworth filter (BW) Cut-off frequency: 1 Hz
Daubechies Wavelet filter (DW) Wavelet transform; db4, Decomposition level: 2

L ) 1 4 6 4 1
Gaussian filter (G) Window: [E'E'E’E'E]

11111

Mean filter (M) Window: [gg-}g-g
Spherical Linear Interpolation (SLERP)® hrange = 0.4, hbias = 0.5

Spline interpolation with outlier removal (SPOUT)" Polynomial degree: 3, Q = 0.05

& refer to [119] for detailed descriptions
b refer to [121] for detailed descriptions

The BW, DW, G, and M filters required the quaternions to be converted into linear space using
logarithmic mapping [117]. The BW was set with a cut-off frequency of 1 Hz. This was decided
by first measuring the power spectral density of the converted quaternions using a fast Fourier
transform, and then visually selecting a cut-off that retained the majority of the frequency content
within the data [122]. A Daubechies 4 wavelet transform at the second decomposition level was
used for the DW, as it has been reported to provide the best smoothing for kinematic data [123].
The M filter specified with a 208 ms window (i.e., five point moving average).

SLERP may be used as a low-pass filter on orientation data, such as quaternions, but not translation
data. Therefore, to smooth the translations, the BW described above was used instead of SLERP
as it is commonly used in biomechanics and also acts as a low-pass filter. SLERP can act similar

to a single pole filter with the form,
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Ve = Yi-1+6(x — Yi-1) Eq. 3-1
where y, and x; are the filtered and original data point at time k, respectively, y,_, is the
previously filtered data point at time k-1, and 6 is an adjustable proportion factor between 0 and 1.
The formula states that the filtered point y, is dependent on distance between the original point
x; and previously filtered point y,_;, and the proportion factor. If the proportion factor is closer
to 1 the filtered point y, steers closer to the original data point x;,, while a proportion factor of 0
steers it closer to the previously filtered point y,_;. In terms of quaternions, SLERP has the ability
to steer a filtered quaternion (y;) towards x;, or y,_, depending on the distance between the two.
If the distance is large then the filtered quaternion is steered towards y,_;, and a small distance is
steered towards x;. However, the proportion factor can have poor performance with a range of 0
to 1. Therefore, the proportion factor of the SLERP filter was adjusted to range from 0.3 to 0.7
using a range of 0.4 (hrange = 0.4) and bias of 0.5 (hbias = 0.5) (Figure 3-5). A more detailed

implementation of this filter can be found on the Mathworks® website [119].
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Figure 3-5 — A visualization of the SLERP filter. A) If the distance between xk and yk-1 is
large (solid red line), the filtered quaternion yk (red circle) is steered towards yk-1 and is closer
to the true value of xk. B) In contrast, if the distance between xk and yk-1 is smaller, the filtered
quaternion yk is steered more towards xk. The hrange and hbias are illustrated as a light grey

box and black dot, respectively.

Spline interpolation was performed twice using third degree B-splines [124]. The first interpolation
was used to detect and remove any outliers that may exist within the quaternions and translations.
Motulsky and Brown (2006) provide a detailed description of the outlier removal process using a
false discovery rate approach. Briefly, a spline fit was performed, and a ‘standard deviation of

residuals’ (SDR) was calculated using the formula,

SDR = P68 x ( Eq. 3-2

N — K)
where P68 is the 68" percentile of the absolute value of residuals, N is the number of data points,
and K is the number of parameters fit by the spline (e.g., splines of third-degree polynomials have
K = 3). Afterwards, the absolute value residuals were ranked from lowest to highest, and two

values were computed for the largest 70% of residuals: a critical value (o) and t-score (t),

N—-(i—-1
o = Q( ]él ) Eq. 33
B |Residual;| Eq. 34
~ SDR '

where i dictates the rank of the residual and Q is the false discovery rate (e.g., a Q value of 0.05
represents a false discovery rate of 5%). A two-tailed p-value, with N-K degrees of freedom, was
then obtained from the t-score of each residual. The smallest value residual that had a p-value less

than the critical value was considered an outlier, along with any residual greater than this value
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[121]. For this study, the outlier detection was set with a false discovery rate of 5%. Following the
outlier removal, a second interpolation was performed on the outlier removed data to obtain the
smoothed quaternions and translations. During both interpolations, smoothing factors for the
splines were manually adjusted using a custom graphical user interface. The interface provided
real-time visualization of the adjusted smoothing factors and the respective spline curve. The
selected smoothing factors were subjective to the single rater. To ensure some consistency between
trials and participants, spline curves were fit on the reference frame of following the original

kinematic curve as close as possible but providing a smoother curve (Figure 3-6).
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Figure 3-6 — Example of a good spline fit (top) and poor spline fit (bottom). The red line
represents the original kinematic curve, while the green line represents the spline fit. The

bottom spline curve has been over-smoothed, deviating too far from the original curve.

The smoothed quaternions and translations were converted back into ATM and used to obtain a
series of FHASs. This process was performed for all trials for each 3D printed bone, resulting in ten

series of FHAs for each smoothing technique (five for the femur and five for the tibia). For this
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study a reference FHA (rFHA) was used instead of the traditional stepwise FHA (sFHA). The
rFHA was selected to provide larger angular displacements, thus reducing or eliminating any errors
associated with small angular deviations, as reported with the sFHA [5]. Therefore, the rFHA was
calculated using a single reference position throughout the rotation rather than using neighbouring
time points (as in the SFHA approach). The reference position was approximately 90 deg from the
start position of the rotation, allowing adequate rotation to minimize helical axis step size errors
[4], [5]. Three kinematic measures were calculated using the rFHA: orientation and dispersion
(Figure 3-7), and rotation speed difference (RSD). Orientation was calculated as the average angle
between the rFHA and vertical axis of the HSBV throughout a trial of ‘n’ frames (Equation 3-5).
Dispersion was determined as the average angle between an individual rFHA and mean rFHA
throughout the whole trial (Equation 3-6). The RSD was obtained by averaging the absolute
difference between the rotation speed along the rFHA () from the turntable speed recorded by the
rotary encoder (Jw|) throughout the trial (Equation 3-7). The rotation speed along the rFHA was
calculated by taking the first derivative of the rotation along the rFHA (Figure 3-7). The RSD was
computed as an absolute value to highlight the magnitude of differences, disregarding the
directionality of differences. For each 3D printed bone, means and standard deviations (SD) of the

orientation, dispersion, and RSD from all five trials were calculated for each smoothing technique.
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Figure 3-7 — Diagram of the three rFHA variables: orientation, dispersion, and rotation
speed. Orientation was calculated as the average angle between the rFHA and vertical axis
of the HSBV throughout a trial, dispersion as the average angle between an individual rFHA
and mean rFHA throughout the movement, and rotation speed as the first derivative of the

rotation along the rFHA.
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3.2.4 Data Analysis

Normality of the femoral and tibial RSDs (i.e., errors in the manual registrations) were evaluated
using a Shapiro-Wilk test and visual assessment of the corresponding quantile-quantile (Q-Q)
plots. To compare the smoothing techniques, each were ranked based on their mean (SD) rFHA
orientation, dispersion, and RSD. The ranking process assumed that the turntable axis of rotation
was parallel to the HSBV vertical axis. It was assumed that an rFHA orientation of O deg presented
the most accurate axis alignment with the turntable, while larger values suggested deviations away
from the turntable axis. Therefore, smoothing techniques with orientation values closer to zero
were ranked higher. Furthermore, the turntable remained stationary throughout the data collection.
Therefore, the axis of rotation would not have varied, pointing in a single direction. The dispersion
would reflect this, as a magnitude of 0 deg would represent a stationary axis of rotation. Smoothing
techniques with smaller dispersion values were ranked higher than those with larger dispersion
values. Finally, an RSD of zero would represent perfect rotational speed relations between the 2D-
3D registration and the rotary encoder outputs. Therefore, smoothing techniques were ranked
higher when the RSD was smaller. This ranking process was performed for the femur and tibia
individually. Means and associated SD were reported, along with relative percent changes of each
smoothing technique to the original, unsmoothed data.

3.3 Results

It was determined that the mean (SD) angle between the vertical axis of the RSA beads on the
level and the HSBV vertical axis was 1.20 (0.48) deg. Both the femoral and tibial RSDs were
determined to be not normal, with significant (p < 0.01) results in the Shapiro-Wilk test and the

Q-Q plots showing a non-linear trend (Figure 3-8).
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Figure 3-8 — Q-Q plots of the femoral and tibial RSDs, showing a non-linear trend. This

suggests that the errors associated with manual registration are not normally distributed.
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3.3.1 Femur

Without the use of a smoothing technique, the means (SD) of the rFHA orientation, dispersion,
and RSD of the femur were 1.18 (0.30) deg, 0.36 (0.39) deg, and 4.22 (3.91) deg/s, respectively
(Table 3-2). The smoothing techniques showed to have little or no effect on the orientation, with
means ranging from 1.17 deg — 1.24 deg, translating to a -0.9% — 5.1% change relative to the
unsmoothed data. Similar findings were observed for the measure of dispersion, with most
smoothing techniques resulting in magnitudes -8.3% — 2.8% away from the original data. The
exception was the SPOUT, showing a large improvement of 28% (0.26 [0.17] deg). Interestingly,
the G filter appeared to slightly worsen the orientation and dispersion magnitudes, showing
increases in orientation (1.24 [0.32] deg; 5.1%) and dispersion (0.37 [0.20] deg; 2.8%) compared
to original data (Table 3-2).

Improvements in the RSD were observed with most of the smoothing techniques. SPOUT, SLERP,
and the M filter were ranked as the top three performers, providing RSDs of 0.84 (2.20) deg/s,
2.26 (2.24) deg/s, and 2.34 (2.29) deg/s, respectively. This translated to an 80.1%, 46.4%, and
44.5% improvement for the SPOUT, SLERP, and M filter, respectively. However, the BW filter
also provided substantial improvement to the RSD (2.74 (2.73) deg/s), showing an improvement
of 35.1%, while the next best filter only provided a 4.7% improvement (W filter: 4.02 [3.94] deg/s).
The G filter, consistent with rFHA orientation and dispersion, worsened the RSD by 1.9% (4.30

(4.23) deg/s) (Table 3-2).
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Table 3-2 — Means (SD) of the femoral kinematic measures using each smoothing
technique. Percentages for each smoothing technique represent the percent change relative
to the original, unsmoothed data. Negative percentages dictate an improvement, while

positive percentages dictate a diminishment.

Femur
Kinematic - -
Measures Smoothing Technique
None BW W G M SLERP SPOUT
. . 1.18 (0.29) 1.18 (0.30) 1.24 (0.32) 1.18 (0.29) 1.17 (0.29) 1.17 (0.25)
Orientation (deg)  1.18 (0.30) 0.0% 0.0% 5.1% 0.0% -0.9% 09 %

Dispersion (deg) 0,36 (0.19) 0.34(0.18) 0.36 (0.19) 0.37 (0.20) 0.34(0.18) 0.33(0.17) 0.26 (0.17)

-5.6% 0.0% 2.8% -5.6% -8.3% -27.8%
274(273) 402394  430(423)  2.34(2.29) 226(2.24)  0.84(2.20)
RSD (deg/s) 4.22 (3.91) -35.1% -4.7% 1.9% -44.5% -46.4% -80.1
3.3.2 Tibia

The application of the smoothing techniques on the tibia demonstrated patterns similar to the
femur. Without smoothing techniques, the rFHA orientation, dispersion, and RSD of the tibia were
1.26 (0.33) deg, 0.40 (0.23) deg, and 4.75 (4.11) deg/s, respectively (Table 3-3). Like the results
of the femur, the smoothing techniques had little or no effect on the orientation, with means ranging
from 1.24 deg — 1.34 deg, translating to a -1.6% — 6.3% change relative to the original data. The
SPOUT filter also provided the largest improvement to the dispersion (0.37 [0.17] deg), relating
to a 22.5% change relative to the original data. All other smoothing techniques had minimal
influence on the dispersion, with changes relative to the original data ranging from -5.0% — 2.5%.
Again, the G filter slightly worsened the orientation (1.34 [0.36] deg; 6.3%) and dispersion (0.41
[0.24] deg; 2.5%) (Table 3-3).

The RSD showed improvements with all smoothing techniques. SPOUT, SLERP, and the M filter
were the top three performers, providing RSDs of 1.32 (2.36) deg/s, 2.93 (2.75) deg/s, and 3.07

(2.87) deg/s, respectively. This translated to an 72.2%, 38.3%, and 35.4% improvement for the
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SPOUT, SLERP, and M filter, respectively. The BW filter also provided substantial improvements
to the RSD (3.37 (2.98) deg/s; 29.1%). The G and W filters ranked in the bottom two, resulting in
RSDs of 4.56 (4.01) deg/s, and 4.60 (3.97) deg/s, respectively. This related to 4.0% and 3.2%
improvements for the G and W filters, respectively (Table 3-3). The smoothing techniques
consistently showed smaller magnitudes of improvement to the tibial rFHA measures when
compared to the femoral rFHA measures.

Table 3-3 — Means (SD) of the tibial kinematic measures using each smoothing technique.
Percentages for each smoothing technique represent the percent change relative to the
original, unsmoothed data. Negative percentages dictate an improvement, while positive

percentages dictate a diminishment.

Tibia
Kinematic - -
Measures Smoothing Technique
None BW w G M SLERP SPOUT
. . 1.25(0.32) 1.26 (0.33) 1.34 (0.36) 1.25(0.32) 1.25(0.32) 1.24 (0.28)
Orientation (deg)  1.26 (0.33) -0.8% 0.0% 6.3% -0.8% -0.8% 16%

0.39 (0.21) 0.40 (0.23) 0.41 (0.24) 0.39 (0.21) 0.38 (0.20) 0.31(0.17)

Dispersion (deg) - 0.40 (0.23) -2.5% 0.0% 2.5% -2.5% -5.0% -22.5%

3.37 (2.98) 4.60 (3.97) 456 (4.01) 3.07 (2.87) 2.93 (2.75) 1.32 (2.36)

RSD (degfs) 475 (4.11) -29.1% -3.2% -4.0% -35.4% -38.3% -72.2%

3.4 Discussion

The purpose of this study was to determine the effects of several smoothing techniques, when
applied to ATM from 2D/3D registration, on the accuracy of the kinematic measures. It was
speculated that the smoothing techniques would increase the accuracy of all kinematic measures.
This was partially supported, as the orientation and dispersion were either not influenced by the
smoothing techniques (e.g., the W filter, showing a 0% change to the original data) or worsened
(e.g., the G filter, showing a 6.3% and 2.5% increase in tibial orientation and dispersion,

respectively). However, the majority of smoothing techniques did substantially improve RSDs
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between the rFHA and turntable. The lack of improvement in the orientation and dispersion
suggests that a consistent alignment of the 3D bone models throughout the manual 2D/3D
registration was already present. In contrast, the large improvements of the RSDs suggest that the
magnitude of rotation between each registered frame was susceptible to alignment errors.

Application of the smoothing techniques resulted in minimal changes in the rFHA orientation and
dispersion. The largest orientation value was observed for the tibia when using the G filter (1.34
[0.36] deg), representing a 6.3% (or 0.08 deg) increase relative to the original data. The smoothing
technique with the greatest overall improvement to orientation was the SPOUT (femur: 0.9% or
0.01 deg; tibia: 1.6% or 0.02 deg). This minimal influence may be due to the rFHA orientation
already being accurate within the original data (i.e., no smoothing techniques applied). The RSA
sub-analysis revealed alignment errors of 1.20 + 0.48 deg between the turntable axis and HSBV
vertical axis. Therefore, the orientation of the rFHA within the original data may have already been
accurate, which ranged from 1.18 — 1.26 deg. Similar to the orientation, the largest improvement
of dispersion was seen in the SPOUT (femur: 27.8% or 0.1 deg improvement; tibia: 22.5% or 0.09
deg improvement). This is contrary to another study by De Lange et al. (1990), who reported 11.5
deg of improvement in the sFHA dispersion when using quintic splines [125]. This may have
originated from the use of the SFHA instead of the rFHA. The sFHA is subjected to small angular
displacements, a well known error source on HA accuracy [126]. Alternatively, the reference
position of the rFHA serves the purpose of providing larger angular displacements to avoid this
error source. Therefore, the directionality of the HA may have already been accurate, resulting in
minimal influence of the smoothing techniques. Although sFHA orientation was not reported by
De Lange, similar results would be expected as the dispersion and orientation are both dependent

on the directionality of the HA.
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The smoothing techniques provided substantial improvements for the RSD. The SPOUT technique
provided the largest improvement for both the femur (80.1%) and tibia (72.2%), followed by
SLERP (femur: 46.4%; tibia: 38.3%) and the M filter (femur: 44.5%; tibia: 35.4%). An extensive
literature review revealed that no similar analysis has been performed, thus no direct comparisons
can be made. Although SPOUT performed the best, it had the disadvantage of having manually
selected smoothing factors, resulting in a subjective process to obtain an ideal spline fit.
Consequently, the choice of smoothing factors may influence the final kinematic outcomes. The
Generalized Cross-Validation (GCV) criterion can be further applied to SPOUT to automate the
smoothing factor selection [127]. The effective performance of GCV spline filtering has been
reported previously in a study that compared six smoothing techniques on simulated marker data
during walking. When adding noise to the simulated data, GCV spline fitting was a top performer
in noise removal, providing small RMSE to the original data [128]. Interestingly, the GCV
automation process has been reported to select smoothing factors that result in a curve equivalent
to a BW filter [35]. However, these equivalent curves were not previously assessed for outliers as
done with SPOUT. By incorporating the GCV into SPOUT, the limitation of subjectivity may be
eliminated. Further investigations are required to assess the performance of a GCV integrated
SPOUT.

Although the SLERP smoothing technique resulted in smaller RSDs (femur: 2.26 [2.24] deg/s,
46.4%; tibia: 2.93 [2.75] deg/s, 38.3%) these results were close in magnitude to those obtained
with the M filter (femur: 2.34 [2.29] deg/s, 44.5%; tibia: 3.07 [2.87] deg/s, 35.4%). Consequently,
the M filter may be preferred as there is greater ease of application and lower computational costs
compared to the intricacies of the SLERP technique implementation. The G filter resulted in

worsened femoral RSDs and minimally improved tibial RSDs. The G filter assumes that the errors
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form a Gaussian/normal distribution. Therefore, a poor performance with the G filter suggests that
the errors may be systematic instead of randomly distributed; validated by the significant Shapiro-
Wilk tests and a visual assessment of Q-Q plots for the femoral and tibial RSDs. This supports the
notion that miniscule, systematic errors may accumulate to an instance that is eventually noticeable
to the human eye. Furthermore, to the best of the author’s knowledge, the error distributions seen
with automatic registration algorithms have not been reported. Further investigations are required
to understand what error distributions are associated with the different 2D/3D registration
processes, allowing the implementation of appropriate smoothing techniques.

The ranking of the smoothing techniques was similar for both the femur and tibia. The top
performer was SPOUT, followed by SLERP and the M filter, forming the top three. The BW filter
was slightly worse, followed by the W filter and G filter as the bottom two techniques.
Interestingly, the smoothing techniques tended to provide greater improvements to the femoral
kinematics when compared to the tibia. This may have been a result of relative movements between
the femur and tibia models on the turntable, resulting in different kinematic curves and noise levels
between the two bones. However, a previous analysis of this data was performed and determined
a mean (SD) relative translation of 0.09 (0.05) mm [129]. Therefore, it is unlikely that any relative
movement occurred between the bones and instead rotated as a rigid body on the turntable, thus
having equivalent kinematics. The differences in improvement may have originated from errors
associated with the manual 2D/3D registration. The tibia, being more symmetrical than the femur,
may yield visual difficulties when determining the correct alignment [130]. In other words, rotating
the tibia a few degrees may still show an accurate alignment due to its symmetry. This may result
in greater magnitudes of errors within the tibial kinematics. Although not formally reported, a

similar finding was found by Postolka et al. (2020), who showed larger translational errors (up to
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0.28 mm) and rotational errors (up to 0.72 deg) in manual registrations of the tibia compared to
the femur [113]. However, this comparison was not a research objective of the study and a
statistical analysis was not performed.

3.4.1 Limitations

It is acknowledged that there are limitations to this study. Firstly, the accuracy of the turntable
rotation speed may have decreased when accommodating the memory limitations of the hardware.
Specifically, the rotary encoder outputs were recorded at every eighth sensor detection, or 0.4 deg
of turntable rotation. It was assumed that the previous seven detections were equal to the output of
the eighth detection (Figure 3-4). As a result, averaging the encoder outputs during the down
sampling process may not have contained the true encoder outputs. However, because every eight
detections coincided with 0.4 degrees of turntable rotation, it was assumed that the turntable
rotation speed would not fluctuate within such a small interval of rotation.

The 2D/3D registration was performed once, manually, by a single rater. Therefore, intra-rater and
inter-rater reliability could not be assessed, and the reported errors may not extrapolate to the
general process. However, a previous study using the same HSBV system and registration methods
as in this study determined inter-rater intra-class correlations of 0.92, thus being reliable [131].
Furthermore, it would be expected that intra-rater reliability would be greater or equal to the inter-
rater reliability. Therefore, these results may not differ if the registration process was performed
by another rater or performed again by the same rater. Furthermore, only manual 2D/3D
registration was performed in this study. One automated, intensity-based registration process
provided greater errors in out-of-plane movements when compared to the manual registration
counterpart [113]. Therefore, the smoothing techniques used here may have different performances

when applied to kinematic curves obtained from automatic registration. Further investigations are
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required to determine the influence of these smoothing techniques on ATM from automated
registrations.

Lastly, the smoothing techniques were only applied to ATM of 3D printed bones during a turntable
rotation. Therefore, this experimental design cannot be generalized to data obtained from human
participants. For example, only the shape of the 3D printed bones was representative of in-vivo
human bones. The biological composition of human bones and its surrounding soft tissue was not
present, which may provide a different quality of HSBV images [132], [133], potentially giving
rise to different magnitudes of errors within the corresponding 2D/3D registrations. How the
smoothing techniques would manage these errors requires further investigation. Additionally, the
smoothing techniques were only applied to a turntable rotation movement. The extension of these
techniques to ATM of more complex, in-vivo movements (e.g., a squat or walking) may produce
different results. However, obtaining a true measure of human kinematics for accuracy assessment
is difficult to achieve. Therefore, the turntable with its 3D printed bones was used as an alternative
approach.

3.5 Conclusions

It was unclear which of the several smoothing techniques available provide the best improvement
on kinematic data, specifically ATM acquired from 2D/3D registrations. This study evaluated the
influence of six smoothing techniques on ATM by assessing the accuracy of femoral and tibial
rFHA measures. The smoothing techniques did not have a large impact on the rFHA orientation
and dispersion, speculated to originate from the reference position providing more accurate HA
directionalities. Nevertheless, the SPOUT was determined to be the best performer with an 80.1%
and 72.2% RSD improvement for the femur and tibia, respectively. This was followed by the
SLERP, M, BW, W, and G filter. The SPOUT contained a subjective adjustment of its smoothing

factors. This limitation may be potentially avoided by automating the smoothing factor selection
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with GCV integration. Further investigations are required to determine how these smoothing

techniques would perform under in-vivo conditions/datasets.
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Chapter Four: Sensitivity of the rFHA to Reference Position Deviations
4.1 Introduction

The stepwise FHA (sFHA) shows promising evidence to characterize kinematics of the knee. Its
location and orientation has successfully described rotations of the knee during running and
passive knee extension [3], [102]. A more anterior sSFHA location and greater sFHA orientation
have additionally described kinematics of ACLD knees [74], [77], [78]. Finally, greater
magnitudes of sFHA dispersion have suggested a greater amount of knee instability in older
participants [76]. However, the sFHA is susceptible to stochastic errors when angular
displacements are small (refer to section 1.2.2.3.2) [4]. These errors can be alleviated in two ways:
1) by lowering the sampling rate, or 2) by calculating the SFHA at specific increments of angular
displacement. The second approach is most commonly used in literature. Unfortunately, both
methods result in the loss of temporal resolution. Therefore, to achieve larger angular
displacements while preserving temporal resolution, the use of a reference position has been
suggested to calculate the rFHA (Figure 1-6, refer to section 1.2.2.3.2) [5]. The rFHA characterizes
knee movement with respect to this reference position, instead of neighbouring time points.
Specifically, the reference position of the knee is aligned in a manner that exceeds the movement
of interest’s ROM. For example, during the heel strike to midstance phase of walking, the knee’s
peak flexion angle can reach approximately 20 degrees [134], [135]. A reference position of the
knee in 90 deg of flexion would provide large angular displacements (at least 70 deg) throughout
the movement, minimizing the stochastic errors associated with the sFHA while maintaining

temporal resolution (Figure 4-1). The use of a reference position to assess rFHA knee kinematics
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has been reported to successfully reduce the errors associated with the SFHA during a seated leg

extension and single leg squat [5].

Angular displacement: 5° Angular displacement: 5°
I 1 | 1
15° (
20° (‘
N X
90°
Reference Frame 1 Frame 2 Frame 3

position
L ]
Angular displacement: 75°

Angular displacement: 70°

Angular displacement: 75°

Figure 4-1 — An example of a reference position used to calculate the rFHA during a
movement of interest. Maximum knee flexion during the movement of interest reaches 20
deg (Frame 2). Between each frame of data, the knee angular displacements reach a
magnitude of 5 deg. The reference position (knee at 90 deg of flexion) is used to obtain larger
angular displacements that are relative to the reference position itself. This provides angular
displacements up to 75 deg for each frame of data. Note: Angular displacements of 5 deg
between each frame are rare in biomechanics and are usually within sub-degree ranges due
to high sample rates (typically 60-240 Hz). The values presented here are for illustration

purposes.

The use of the rFHA may come with its own limitations. Similar to the placements of reflective
skin markers [136], or the orientation of an anatomical coordinate system [137], the reference

position may be susceptible to alignment errors that result in different rFHA measures. The
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sensitivity of the rFHA and its outcome measures to misalignments of the reference position has
not been assessed previously in the literature. A formal analysis of this sensitivity is important to
provide an error range associated with misaligned reference positions. Understanding this error
range would provide a foundation to the sensitivity of each rFHA measure when subjected to these
inaccurate reference positions, an important factor when performing within- or between-
participant comparisons. Therefore, the purpose of this study was to determine what magnitude of
differences may be present in the rFHA measures over several reference position misalignments.
A second study objective was to determine the contribution of an individual plane of rotation on
the variability of the rFHA measure differences. Evaluating the sensitivity of the rFHA measures
with altered reference positions will provide insight to the errors associated with misaligned
reference positions.

4.2 Methods
4.2.1 Data Acquisition

A subset of previously collected data (REB15-0554) was used in this study. The original dataset
consisted of six healthy, male participants performing a single leg squat and treadmill walking
within the calibrated HSBV system. This study used a single trial from a treadmill walking task of
one participant (age 24 years). High resolution MR images (magnet strength: 3T, sequence: fast
imaging employing steady-state acquisition, resolution: 0.4 mm x 1.0 mm x 0.4 mm) of the
participant’s dominant knee were acquired. Afterwards, the participant performed treadmill
walking (speed: 1.2 m/s) within a calibrated HSBV (sampling rate: 120 Hz). One full gait cycle
(i.e., consecutive heel-strikes of the dominant leg) was recorded. A reference position was also

recorded in which the participant stood upright with their feet hip width apart.
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4.2.2 Data Processing

The images acquired from MRI were imported into Amira software (Thermo Fisher Scientific,
MA, USA) for segmentation and generation of 3D femur and tibia models. Using modified
methods of Miranda et al. (2010), the anatomical coordinate systems (ACS) of the femur and tibia
bone models were defined [138]. Briefly, the femoral ML axis was defined as the line connecting
the centres of spheres fit to each condyle. The center of this line was set as the femur origin.
Afterwards, a temporary Sl axis was obtained by calculating the smallest inertial axis of the
femoral diaphysis. The AP axis was calculated by taking a cross product between the ML and
temporary Sl axis. The final Sl axis was calculated as the cross product of the ML and AP axis,
providing an orthogonal coordinate system. The tibia was first aligned to its inertial axes to isolate
the tibial plateau, partitioned at the point of largest cross-sectional area along the transverse plane.
The centroid of the tibial plateau was set as the origin. Afterwards, the inertial axes of the tibial
plateau defined the ML, AP, and SI axes [138]. The ACS of both femur and tibia were aligned so
that the ML axis was directed positive laterally, SI axis positive superiorly, and AP axis positive
posteriorly. The formation of the ACS provided an affine transformation matrix (ATM) to relate
the MRI coordinate system and the femoral or tibial ACS.

HSBYV images were undistorted and then imported into 2D-3D registration software (Autoscoper,
Brown University, USA) with calibration parameters that relate the 2D locations of the biplanar
images to a 3D space relative to the HSBV. The 3D bone models (femur and tibia) were then
manually 2D-3D registered to the HSBV frames in Autoscoper (Figure 4-2). Each registered frame
in Autoscoper provided an affine transformation matrix, representing either the femur or tibia
orientation and location with respect to the HSBV coordinate system. Therefore, two temporal
series of ATM were acquired when registering a movement task, one for the femur and the other

for the tibia. The reference position was also 2D-3D registered.
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Figure 4-2 — A 3D model of the femur registered to the two 2D biplanar images of the HSBV.

Registering all frames provides a temporal series of ATM for the femur.

The Autoscoper ATM for both the temporal series and reference position of the femur and tibia
were imported into a custom MATLAB code (v2020b, MathWorks, MA, USA). The temporal
ATM series were smoothed using a B-spline filter with an outlier removal process (SPOUT, refer
to Chapter 3). The reference frames of the femoral and tibial ATM were converted from the HSBV
coordinate system to the respective ACS, allowing subsequent rFHA calculations from the knee
joint ATM relative to the reference position. Figure 4-3 provides a simplified illustration of this

process.
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Figure 4-3 — A simplified illustration outlining the acquisition of the knee joint ATM for
rFHA calculation in three steps/sections. Blue/top section: Summarizes the process of
obtaining an ATM that relates the HSBV coordinate system to the femoral or tibial ACS
([T45Ev])- Yellow/middle section: The application of [T45%y | to the femoral and tibial ATM
changes their reference frame to the respective ACS, allowing the calculation of the temporal
ATM relative to the reference position ATM ([TrGeforence] and [TrReferencel)-
Green/bottom section: The ATM of the tibia is calculated relative to the femoral ATM
Femur

([TFdia 1y, representing knee movement and the ATM required for rFHA calculations.

83



The conversion to the ACS was performed by calculating the ATM that relates the HSBV

coordinate system and ACS (Equation 4-1; blue section in Figure 4-3),

[Tissv] = [Titrr] * [Tissy] Eq. 41
where [THRI] represents the ATM from the HSBV to MRI coordinate system, [Ti%; ] represents
the ATM from the MRI to ACS, and [T4S,] is the resulting ATM from the HSBV to ACS.
Afterwards, the resulting transformation [T/4$5,,] was applied to the temporal series of ATM for
both the femur and tibia, changing the reference frame from the HSBV coordinate system to the

ACS (Equation 4-2; transition from the blue section to yellow section in Figure 4-3),

[TACS] = [T4Sy] = [THSBY] « [T4&5, 171 Eq. 4-2
where [T#5BV] is the temporal series of ATM from Autoscoper with respect to the HSBV
coordinate system, and [T 4¢5] is the resulting temporal series of ATM within the ACS. The same
procedure was performed for the reference position. ATM of the femoral and tibial temporal series

were then calculated relative to the reference position (Equation 4-3; yellow section in Figure 4-3),

F — ACS ACS -
[TF,IeQ?}LeC‘ence] - [TF.Reference] * [ Femur] ! Eq- 4-3
where [TAGS rorence] and [T, ] are ATM of the femoral reference position and temporal series

inthe ACS, respectively, and [TFemr .| is the ATM of the femoral temporal series with respect

,Reference

to the reference position. Equation 4-3 was also applied to the tibia to obtain a temporal series of
tibial ATM relative to the reference position. Finally, to obtain the temporal series of knee joint
ATM to calculate the rFHA, the movement of the tibia was calculated relative to the femur

(Equation 4-4; transition from the yellow section to green section in Figure 4-3),

[T7ibia | = « [TFemur 1« [TFibia ]‘1 Eq. 4-4

Femur F,Reference T,Reference
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where [Tt once| aNd [TF meforence | represent the temporal series of the femur and tibia relative

to their reference position, respectively, and [T£5™4"] is the resulting temporal series of the tibia
relative to the femur and used to calculate the rFHA (green section in Figure 4-3). The rFHA was
calculated from heel-strike to mid-stance phases of the gait cycle. Six rFHA measures were
determined: location, translation, orientation, dispersion, path length, and excursion (refer to
section 2.3 for the measure descriptions).

4.2.3 Misalignment of the Reference Position

To simulate misalignments of the reference position, rotation matrices representing these
misalignments were applied to the original position of the tibia, altering the knee angle.
Specifically, deviations to the flexion/extension (F/E) and internal/external (I/E) rotation angles
were applied. The abduction/adduction (Ab/Ad) angle was not altered due to the knee having a
small RoM, both passively and dynamically, within this plane [126], [139]. The increments used
to misalign the reference position were 4 deg in F/E and 1 deg in I/E rotation. These increments
were selected from average differences relating to knee angle measurement modalities of three
cadaveric knees at five different knee flexion angles (10°, 30°, 60°, 90°, and 120°) [140].
Specifically, the magnitude of 4 deg was chosen as traditional goniometers were reported to have
4 deg of F/E inaccuracy when compared to radiographic measurements. Furthermore, it was found
that I/E rotation had differences of approximately 1 deg between different radiographic
measurements [140]. As a result, the F/E angle was altered by four degrees in both directions,
resulting in three F/E positions: original position (0 deg), more extended (+4 deg), and more flexed
(-4 deg). The I/E rotation of the tibia was altered in one-degree increments, up to five degrees in
both directions, resulting in eleven I/E positions: original position (O degrees), internally rotated

(+1, +2, +3, +4, and +5 degrees), and externally rotated (-1, -2, -3, -4, and -5 degrees). Overall, the
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combinations of the three F/E and eleven I/E rotations provided a total of thirty-three different
reference positions. For each reference position, six rFHA measures were calculated throughout
the same trial and phase of walking: location, translation, orientation, dispersion, path length, and
excursion (refer to section 1.2.2.3 for full definitions).

4.2.4 Data Analysis

For all six rFHA measures, the absolute differences between the original reference position (0 deg
of F/E and I/E rotation) and misaligned reference positions (£4 deg of F/E and/or +5 deg of I/E
rotation) were calculated. This resulted in a total of thirty-two absolute differences. The mean
difference, SD, and 95% CI of the thirty-two differences were calculated to determine the total
influence of the misaligned reference positions. The percent change of the mean absolute
difference with respect to the original reference position was also calculated.

The individual contribution of the F/E and I/E rotation angles to the total influence of the
misaligned reference positions was assessed for each rFHA measure (Figure 4-4). To determine
the influence of the I/E rotation angle, the mean differences and SD over the I/E rotation angles
were calculated at each fixed F/E angle for each rFHA measure. Because three F/E angles were
considered (-4 deg, 0 deg, +4 deg) a total of three means and SD were acquired. The three means
and SD were further compiled into a single mean difference, SD, and 95% CI, representing the
influence of the I/E rotation angle. A similar procedure was performed for the F/E angle, where
the final mean difference, SD and 95% CI was compiled from eleven prior means and SD (i.e., I/E

rotation angles from -5 deg to +5 deg in 1 deg increments).
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Figure 4-4 — A schematic diagram of the procedure used for isolating the individual influence

of A) the I/E rotation misalignments and B) the F/E misalignments.

As a result, three different sets of mean differences and SD were acquired: one representing the
total influence of the reference position misalignments, one representing the influence of the I/E
rotation angle, and one representing the influence of the F/E angle. The SD for each set represented
the variability of the total misalignments, I/E rotation angle, and F/E angle, respectively. To
determine how much influence the I/E rotation and F/E angle had on the variability of the total
misalignments for each rFHA measure, the percent contribution (%Con) of the I/E rotation (%Con

IE) and F/E (%Con FE) were calculated using Equation 4-5 and Equation 4-6.

|IE SD — Total SD|

%ConlE = (1 — Total SD * 100 Eq. 4-5
|FE SD — Total SD|

%Con FE = |1 — TotalSD * 100 Eq. 4-6

where IE SD, FE SD, and Total SD represent the SD of the I/E rotation angle, F/E angle, and
total misalignment, respectively. From the two equations, it can be seen that a %Con of one

hundred would relate to the I/E rotation or F/E angle having a SD equal to the total misalignment.
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Therefore, greater percentages were interpreted as greater contributions to the variability of the
rFHA measures.

Finally, for each rFHA measure, the (not absolute) differences at every reference position
misalignment were plotted. To determine if any patterns in the differences existed a line of best fit
was incorporated to the plots and a coefficient of determination (R?) calculated.

4.3 Results

An overall influence of the reference position misalignments was apparent (Table 4-1). Of the
translational rFHA measures, the path length had the largest mean absolute difference (19.53 mm)
and AP location the smallest (1.17 mm change). However, the AP location had the largest percent
change (33.98%), while the remaining translational rFHA measures ranged from 13.72-20.57%.
Of the angular rFHA measures, orientation demonstrated a larger mean absolute difference than
the dispersion but similar percent changes (orientation: mean difference = 5.45 deg, percent change

= 12.98%); dispersion: mean difference = 0.77 deg, percent change = 12.79%).
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Table 4-1 — The total influence of the reference position misalignments from the original
reference position. Mean absolute differences, SD, 95% CI, and percent change of each

rFHA measure are provided.

Total
Original
rFHA Measure Reference Me"’?” Absolute SD 95% ClI % Change
. Difference
Position
AP 3.44 1.17 0.81 (-0.42, 2.76) 33.98
Location (mm)
sl -35.17 5.25 331 (-1.25, 11.74) 14.92
Translation (mm) -9.19 1.26 0.84 (-0.38, 2.90) 13.72
Orientation (deg) 41.98 5.45 3.66 (-1.72, 12.61) 12.98
Dispersion (deg) 6.03 0.77 0.54 (-0.29, 1.83) 12.79
Path Length (mm) 112.29 19.53 13.39 (-6.72, 45.77) 17.39
AP 71.43 10.73 7.63 (-4.22, 25.68) 15.03
Excursion (mm)
Sl 33.93 6.98 4.20 (-1.26, 15.22) 20.57

The individual I/E rotation and F/E angles showed different influences on the variability of each
rFHA measure (Table 4-2). The largest influences originated from the F/E angles, with %Con
ranging from 72.28-98.26%. The I/E rotation tended to have smaller contributions, ranging from
3.64-98.57%. The F/E angles had greater influence than the I/E rotation angles in Sl location (F/E:
89.18%; I/E: 33.78%), path length (F/E: 85.74%; I/E: 22.67%), AP excursion (F/E: 87.55%; I/E:
3.64%), and Sl excursion (F/E: 88.74%; I/E: 50.80%). The I/E rotation angles had greater influence
than the F/E angles in AP location (I/E: 89.43%; F/E: 72.28%). No difference in influence was
found for translation (I/E: 98.57%; F/E: 97.95%), orientation (I/E: 96.84%; F/E: 95.38%), and

dispersion (I/E: 97.40%; I/E: 98.26%).
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Table 4-2 — The individual influence of the I/E rotation and F/E angles on the rFHA measures. The %Con of each angle to the

variability of the total influence are also provided.

Internal/External Rotation Flexion/Extension
rFHA Measure /AN SD 95%Cl DACaTIESTuane (iean Absolute ) 95% ClI % Contribution
Difference Difference

AP 1.17 0.73 (-0.25, 2.59) 89.43 1.15 0.59 (0.00, 2.30) 72.28
Location (mm)

sl 5.11 1.12 (2.91, 7.30) 33.78 5.31 3.67 (-1.88, 12.51) 89.18
Translation (mm) 1.26 0.83 (-0.36, 2.88) 98.57 1.25 0.82 (-0.36, 2.86) 97.95
Orientation (deg) 5.40 3.54 (-1.54, 12.34) 96.84 5.47 3.82 (-2.03, 12.97) 95.38
Dispersion (deg) 0.77 0.53 (-0.26, 1.80) 97.40 0.76 0.53 (-0.28, 1.80) 98.26
Path Length (mm) 18.99 3.04 (13.04, 24.94) 22.67 19.77 15.30 (-10.21, 49.76) 85.74

AP 10.42 0.28 (9.87, 10.96) 3.64 10.88 8.58 (-5.93, 27.69) 87.55
Excursion (mm)

sl 6.84 2.13 (2.65, 11.02) 50.80 7.06 4.68 (-2.10, 16.22) 88.74
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The graphs illustrated a distinct and consistent pattern of differences with each reference position
misalignment (Figure 4-5). This was evident with second-degree polynomials, pertaining to the

differences at each simulated reference position, having perfect coefficients of determination (R?

=1).
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Figure 4-5 — Graphs for each rFHA measure illustrating the differences (original —
misaligned) associated with the thirty-two reference position misalignments. Each line
represents a specific F/E angle (blue = +4 deg flexion, orange = 0 deg flexion, grey = 4 deg
extension) over the eleven difference I/E rotation angles (-5 — +5 deg). Second-degree
polynomials at each F/E angle over the eleven I/E rotation angles had perfect coefficient of

variations (R? = 1) and are thus not shown (figure continued on next page).
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Figure 4-5 — Graphs for each rFHA measure illustrating the differences (original —
misaligned) associated with the thirty-two reference position misalignments. Each line
represents a specific F/E angle (blue = +4 deg flexion, orange = 0 deg flexion, grey = 4 deg
extension) over the eleven difference I/E rotation angles (-5 — +5 deg). Second-degree
polynomials at each F/E angle over the eleven I/E rotation angles had perfect coefficient of

variations (R? = 1) and are thus not shown.

4.4 Discussion

This study investigated the influence of several misaligned reference positions on six rFHA
measures. Two knee angles — F/E and I/E rotation —were computationally altered to produce thirty-
two simulated misalignments from the original reference position. The differences associated with
the total misalignments were assessed, as well as the individual influence of each angle.

The total misalignments of the reference position (i.e., combined F/E and I/E rotation angles)

revealed the presence of differences for most of the rFHA measures (Table 4-1). Specifically, the
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path length and AP excursion showed the largest mean absolute differences while the Sl location,
orientation, and Sl excursion showed similar mean absolute differences. The AP location,
translation, and dispersion showed the smallest mean absolute differences. The small differences
in the rFHA translation and dispersion may be due to their independence of the reference position.
The rFHA translation represents the summed translation that occurred throughout a movement
task, while the dispersion is a measure of the rotational variability throughout a movement task.
Therefore, a misalignment in the reference position (which acts as a baseline for the rFHA
measures) would have a small effect on the amount of translation that occurred, and the variability
of the movement performed. Regardless, the study findings indicate that the misalignment of the
F/E and I/E rotation angles within the reference position can substantially influence the rFHA
measures. Therefore, care must be taken when selecting and aligning the knee in its reference
position to minimize these differences.

The study results suggest that misalignments of the F/E and I/E rotation angles may influence the
rFHA measures differently. This was evident in their percent contribution (%Con) to the total
misalignment variability (Table 4-2). The F/E angle of the reference position had the largest
contributions, especially within the Sl location, path length, and AP/SI excursion. This finding
suggests that the knee F/E angle within the reference position may have a greater contribution to
the rFHA measures than the I/E rotation angle. This may be a result of F/E being the most
prominent rotation of the knee, while I/E rotation and Ab/Ad contain smaller magnitudes of
movement and are considered secondary movements [139]. However, it is important to note that
the I/E rotation misalignment had a higher contribution than the F/E misalignment for AP location.
Although the %Con was not much greater (I/E rotation: 89.43%; F/E: 72.28%), it does suggest

that the two anatomical planes of movement may uniquely influence specific rFHA measures. This
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is best portrayed in the graphs of the AP location and AP excursion (Figure 4-5). In the AP location
graph, it can be seen that at each I/E rotation increment, the three data points representing the F/E
angles do not vary as much as the I/E angles at a fixed F/E angle (I/E rotation SD: 0.73 mm, F/E:
0.59 mm, Table 4-2). The opposite is seen within the AP excursion, where the variability at a single
I/E increment resulted in large variability within the F/E angles, but minimal variability was
observed throughout the I/E angles at a fixed F/E angle (I/E rotation SD: 0.28 mm, F/E: 8.58 mm,
Table 4-2).

Lastly, second-degree polynomials fit to the rFHA measure differences resulted in perfect
coefficients of variation (R? = 1). This is not surprising, as the reference position represents a
baseline for the rFHA measures. Therefore, a change in the reference position would influence the
rFHA measures in a specific and quantifiable manner. The polynomials determined at each F/E
increment represent a function that relates the I/E rotation misalignment to the magnitude of error.
As a result, there may exist the possibility to “correct” the rFHA measures to a specific reference
position. This could be valuable for repeated measure studies, requiring multiple reference
positions over time. For example, assume a reference position (and associated movement data)
was collected at two time points for a single participant, with the purpose of performing an rFHA
analysis of the knee. If the second reference position differed by 4 deg of flexion and 2 deg of
internal rotation, a correction of the rFHA measures at the second time point may be feasible. This
would be achieved by using the functions for each rFHA measure associated with 4 deg of knee
flexion and inputting the corresponding I/E rotation parameters (i.e., +2 deg). This would produce
the magnitude of errors that would be present for each rFHA measure and could be adjusted for

within the data.
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4.4.1 Strengths & Limitations

One strength of this study was the use of the HSBV, which supplied the ability to record bone
movements directly, thus not relying on reflective skin markers. Therefore, skin movement
artifacts were completely avoided, and more accurate knee kinematics were obtained. Another
strength of this study was the use of simulated misalignments to the reference position. Firstly,
simulating misalignments had the advantage of not exposing participants to unnecessary multiple
trials within the HSBV, reducing the risk of unnecessary radiation. Secondly, this allowed known,
controlled misalignments to be input to understand the effect of different reference positions on
the rFHA measures. With human participants it would be challenging to accurately align the knee
angle at the different increments used in this study. However, the misalignments used in this study
may under- or over-estimate the true misalignments encountered with human positioning. Future
studies may consider aligning human participants to a reference position for multiple trials. This
would help to better understand what the actual range of knee angles may be when aligning the
reference position. Additionally, the repeatability of the reference position could be assessed with
multiple trials from human participants (this could not be addressed in this study). Investigating
the expected variation in reference position alignment within and between participants is important
to consider given the substantial impact of reference position misalignments on the rFHA
measures. However, because the HSBV uses X-rays, the risk of radiation is present when
performing multiple trials and may to lead to complications when establishing an experimental
design.

Lastly, only a walking movement for one healthy participant was assessed in this study. A larger
sample size would provide more confidence in the results of the study, ensuring the differences
observed with one participant are observed in other participants. Other daily movement tasks, such

as a step-up or knee bend, may provide different patterns and magnitudes of differences when
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compared to walking and require further investigation. Because the reference position acts solely
as a baseline for the rFHA measures, it would be expected that similar, relative patterns would
exist with different movements and healthy participants. However, individuals with injured or OA
knees may have altered differences with reference position misalignments when compared to
healthy knees and the influence of this requires further investigation as well.

4.5 Conclusions

The purpose of this study was to determine the influence of reference position misalignments on
the rFHA measures. This was achieved by simulating thirty-two misaligned reference positions
and determining the mean absolute differences of the rFHA measures relative to the original
position. It was found that the alignment of the reference position had a substantial impact on the
rFHA measures, with mean absolute differences ranging from 1.17-19.53 mm and 0.77-5.45 deg.
The percent change of the differences relative to the original reference position ranged from 12.79-
33.98%. The variabilities of these differences were mostly associated with the F/E angle of the
knee, with %Con ranging from 72.28-98.26%. These results provided an indication as to what
rFHA measure differences may exist with misaligned reference positions. These differences could
potentially be corrected for in repeated measure studies by using a ‘correction function’. However,
future studies are recommended to consider the use of a device to position the femur and tibia into

appropriate and repeatable alignments of knee F/E and I/E rotation.
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Chapter Five: Differences in the rFHA Measures Between Two Imaging Modalities
5.1 Introduction

The rFHA is a promising method to quantify and distinguish the kinematics of individuals at high
risk of tibiofemoral OA. With the use of the conventional OMCS, the rFHA provided measures
that could detect kinematic differences between injured and contralateral knees of participants with
ACLD [40]. However, due to the use of skin mounted reflective markers, the OMCS is susceptible
to movement artifacts that potentially result in erroneous kinematics (refer to section 1.2.1.1). For
the thigh and shank during a walking task, these artifacts have been reported to produce 4.4 deg
and 13.0 mm of error within the CA and translations, respectively [7]. These ranges may be viewed
as the minimal detectable difference (MDD), or the minimum difference required to confidently
suggest that the difference observed is “true”. Otherwise, any differences within the MDD may
originate from skin movement artifacts. These artifacts have also been reported when using the
sFHA, resulting in HA with impractical directionalities that exceed two SD away from the mean
HA [10]. To avoid skin movement artifacts, alternative options exist that can capture joint motion
without the use of skin mounted reflective markers (e.g., dynamic MRI [141], flock of birds [142],
4D CT [143]). One method in particular, HSBV, uses biplanar X-rays to capture bone movements
within sub-millimeter accuracies (refer to section 1.2.1.2) [17].

The effect of skin movement artifacts on the rFHA remain unknown. However, the HSBV may
provide a gold standard comparison to determine the influence of skin movement artifacts within
the OMCS. Therefore, the purpose of this study was to compare six rFHA measures derived from
both the OMCS and HSBV. This analysis will provide insight into the presence and influence of

skin movement artifacts on the rFHA measures. It was hypothesized that the differences between

97



the two modalities would lie within the reported magnitudes of skin movement artifact errors (up
to 4.4 deg and 13.0 mm).

5.2 Methods

The data and methods used in this study were partly described in the sub-analysis of Chapter 4
(section 4.2). Therefore, any additional information relevant to the study in this chapter will be
provided in this section.

5.2.1 Study Participants

Six healthy male participants (ages 24-37) were recruited for this ethics approved study (REB15-
0554) (Table 5-1). Healthy participants were considered as individuals with no knee pain or
stiffness in the past year and no prior lower limb or knee surgery.

Table 5-1 — Participant measurements. Ages, heights, weights, and BMI are provided for all

six participants.

Participant Age (yrs) Height (cm) Weight (kg) BMI
MADF 001 24 182 72 21.74
MADF 002 29 165 48 17.63
MADF 003 33 173 72 24.06
MADF 004 37 182 91 27.47
MADF 005 31 175 77 25.14
MADF 006 26 185 80 23.37
Mean (SD) 30 (4.73) 177 (7.46) 73.33 (14.25) 23.24 (3.34)

5.2.2 Data Acquisition

Data acquired for this study was also used for a validation study not related to this thesis.
Additional measurement systems (e.g., electromyography [EMG]) and reflective skin markers
were incorporated to achieve the objectives of the validation study. Only the measurement systems
and reflective skin markers relevant to the objectives of the current study are presented here. Six
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reflective markers were placed on the dominant leg of the participant — one triad on the thigh and
the other on the shank — representing the underlying femur and tibia, respectively. Prior to
kinematic data collection, images of the participant’s dominant knee were acquired using a 1.5T
MRI (sequence: fast imaging employing steady-state acquisition [0.40 x 1.00 x 0.40 mm]).
Afterwards, the participant performed two movement tasks: treadmill walking (at 1.2 m/s) and
single leg squats, within a synchronized OMCS (120 Hz) and HSBV (60 Hz) setup (Figure 5-1).
Additionally, the participant was recorded in a standing position, which was to be used as the
reference position for the rFHA. One trial of a full gait cycle (consecutive heel-strikes of the
dominant leg) was collected for the walking task. Additionally, participants performed three trials
of single leg squats. The depth of squat was not specified and subjective to the comfort of the

participant.

FigurE—l —The synchronized OMCS and HSBV setup. Four of eight cameras (1-4) for the

OMCS are seen above the HSBV. Two image intensifiers (I1 1 and 11 2) and corresponding
X-ray generators (X-ray 1 and X-ray 2) for the HSBV can be seen as well. Participants
performed treadmill walking and a single leg squat within the two systems. Protective lead

vests were worn during all HSBV trials.
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To obtain a spatial relationship between the coordinate systems of the OMCS and HSBV, a custom
calibration cube containing twelve reflective markers was imaged in both modalities (Figure 5-2).
The locations of the markers on the calibration cube provided common reference markers within
the OMCS coordinate system and the HSBV coordinate system. As a result, the magnitudes of

rotation and translation to relate the two coordinate systems could be obtained.

Figure 5-2 — The custom calibration cube, containing twelve reflective markers, to relate the

coordinate systems of the OMCS and HSBV.

5.2.3 Data Processing

A brief description of the data processing methods is supplied here. For a more detailed
explanation, refer to Chapter 4 (section 4.2.2).

MR images were segmented using Amira software (Thermo Fisher Scientific Inc., MA, USA) to
acquire 3D bone models of the femur and tibia. Afterwards, the bone models were 2D-3D
registered to the biplanar images of the HSBV using Autoscoper (Brown University, RI, USA).
Specifically, 3D bone models of the femur and tibia were individually aligned to each pair of
frames provided by the HSBV. This process results in two separate series of affine transformation

matrices (ATM), one for the femur and one for the tibia. The individual ATM series of the femur
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and tibia were imported to a custom MATLAB code (v2020b, MathWorks, MA, USA). The ATM
of the femur and tibia were filtered using a B-spline filter with outlier removal (SPOUT) and then
used to calculate the rFHA of the knee relative to their respective femoral and tibial ACS [138].
For the OMCS data, reflective marker locations for the reference position and movement tasks
were tracked using Cortex (Motion Analysis, CA, USA) and smoothed with a low pass
Butterworth filter (cut-off frequency: 6 Hz). The selection of a 6 Hz cut-off frequency was based
on a Fast Fourier Transform spectrum analysis, which determined that the majority of frequencies
within both movement tasks fell under 3 Hz. To transform the marker locations of the thigh and
shank to the same femoral and tibial ACS, respectively, an equation similar to Equation 4-1
(section 4.2.2) to transform the Autoscoper ATM to the ACS was used,

[Tissv] = [Titri] * [Tisgy] Eq. 4-1
where [THRI] represents the ATM from the HSBV to MRI coordinate system, [Ti%; ] represents
the ATM from the MRI to ACS, and [T4$5,] is the resulting ATM from the HSBV to ACS. An

additional ATM that relates the OMCS coordinate system to the HSBV coordinate system

([THSEY]) was required, resulting in the equation

[Torics] = [Tugi] * [Thssv] = [Tohs] Eq. 5-1
[T/SBY] was obtained from the images of the custom calibration cube (Figure 5-2) obtained in
both the HSBV and OMCS systems. The marker locations of the neutral and movement trials, for

both the thigh and shank, were then converted to the ACS,

[Xacs] = [Xomes] * [Tonies] Eq. 5-2
where [Xoumcs] 1S @ matrix that contains the marker locations (mm) of the thigh or shank marker

triads within the OMCS coordinate system, and [X,cs] IS @ matrix that contains the marker
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locations (mm) of the thigh or shank triads within the ACS. Afterwards, a singular value
decomposition approach described by Challis (1995) was applied to the ACS marker locations of
the thigh, obtaining a series of ATM that represent the kinematics of the thigh relative to its
reference position. The same process was repeated for the shank. Afterwards, the ATM series of

the tibio-femoral joint was calculated using Equation 4-4 (section 4.2.2).

[TTivia | = « [TFemur 1« [TTibia I Eq. 4-4

Femur F,Reference T,Reference

where [TEE0 once] and [TF mef o ence | represent the temporal series of the femur and tibia relative

to their reference position, respectively, and [T£57%"] is the resulting temporal series of the tibia
relative to the femur and is used to calculate the rFHA. In the case of the OMCS, the femur and
tibia ATM are represented by the thigh and shank ATM, respectively.

Six rFHA measures were calculated: location, translation, orientation, dispersion, path length, and
excursion (refer to section 2.3 for measure descriptions). For single leg squats, the rFHA measures
were calculated during the extension phase of the squat — specifically from 40 deg to 20 deg of
knee flexion. Trials were removed from analysis if they did not reach a squat depth to 40 deg, or
had HSBV images unsuitable for tracking (e.g., the tibia was occluded, Figure 5-3). If more than
two trials were removed for a participant, the participant was completely removed from the single
leg squat analysis. For the single walking trial, the rFHA was calculated from heel-strike to mid-
stance. Like the single leg squat, if the HSBV images were unsuitable for tracking due to bone
occlusion the participant was removed from the walking analysis. Trials of both movements, from
both the OMCS and HSBV, were normalized to 100 data points prior to calculating the rFHA
measures. The remaining trials of the single leg squat for each imaging system were averaged for

each participant.
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Figure 5-3 — Example of limb crossover during a single leg squat that resulted in an occluded
tibia.

5.2.4 Data Analysis

For each participant, the rFHA measures derived from the HSBV data were subtracted from the
matching OMCS data (HSBV — OMCYS), thus acquiring paired differences of the two imaging
modalities. Due to the small sample size of the study, a non-parametric Wilcoxon signed-rank test
(o =0.05) was used to assess the paired differences of the rFHA measures. A Benjamini-Hochberg
procedure with a false discovery rate of 5% was used to compensate for multiple testing and
preserve the significance value to 0.05. Original p-values are reported, and those below 0.05 are

explicitly stated if they remained significant after the application of the Benjamini-Hochberg
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procedure. Additionally, for each rFHA measure, absolute values of the paired differences were
compiled into a mean absolute paired difference and associated SD.

5.3 Results

Of the six participants recruited, four were included in both the single leg squat and walking
analysis. Different participants were dropped between movement tasks. For the single leg squat,
MADF 003 and MADF 004 were unable to reach knee flexions of 40 deg and/or had limb
occlusion within two or more trials. For walking, MADF 004 and MADF 006 were removed due
to their trials containing limb occlusion.

5.3.1 Single Leg Squat

Although not significant, paired differences (n = 4) in the AP location (p = 0.07), path length (p =
0.07), and AP excursion (p = 0.07) had consistent directionalities as all rank counts were positive
or negative (Table 5-2). A tracing of the rFHA location along the femoral mid-sagittal plane for
each participant illustrates these consistent differences (Figure 5-4). To elaborate, the AP location
represents the mean AP intersection of the rFHA with the mid-sagittal plane of the femur, the path
length represents the total distance the AP/SI location travelled along the mid-sagittal plane, and
the AP excursion is the range of the AP intersection. The negative rank count in the AP location
indicates a more anterior rFHA location in the OMCS. The positive rank counts in the path length
and AP excursion indicate a shorter distance travelled and a smaller range of movement in the AP
direction, respectively, for the OMCS. Therefore, the location tracings are more anterior and
shorter for the OMCS (Figure 5-4). All other measures did not show a consistent directionality in

their differences (Table 5-2).
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Table 5-2 — Results of the Wilcoxon signed rank test (HSBV — OMCS) during the extension
phase of the single leg squat for all rFHA measures. No significant findings were found, but
the AP location, path length, and AP excursion had consistent directionalities in their

differences, with all rank counts in positive or negative directions.

Single Leg Squat Rank Counts Mean Rank
p-value

rFHA Measure Positive Negative Positive Negative

AP 0 4 0.00 2.50 0.07
Location

SI 2 2 3.00 2.00 0.72
Translation 2 2 3.50 1.50 0.47
Orientation 2 2 2.50 2.50 1.00
Dispersion 3 1 2.33 3.00 0.47
Path Length 4 0 2.50 0.00 0.07

AP 4 0 2.50 0.00 0.07
Excursion

Si 2 2 2.50 2.50 1.00
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Figure 5-4 — Within-participant mean rFHA location tracings along the femoral mid-sagittal

plane for both the HSBV (blue) and OMCS (red) during the single leg squat. OMCS tracings

were more anterior and shorter in length. Start and stop indicate the beginning and end of

the extension phase, respectively. Arrows dictate the direction of the trace.

106



The absolute paired differences of the rFHA measures ranged from 7.29-37.85 mm and 0.87-6.34
deg (Table 5-3). The largest absolute difference was seen in the path length (mean [SD] difference:
37.85 [18.42] mm). However, the AP/SI location and AP/SI excursion were also large. AP and Sl
locations showed mean (SD) absolute differences of 24.31 (17.15) mm and 24.41 (24.27) mm,
respectively. AP and Sl excursions showed absolute differences of 31.09 (7.21) mm and 15.59
(18.81) mm, respectively. Translation along the rFHA showed a smaller absolute difference of
7.29 (6.27) mm. The orientation and dispersion also demonstrated smaller absolute differences
(orientation mean [SD] difference: 6.34 [2.10] deg; dispersion: 0.87 [0.34] deg).

Table 5-3 — The mean absolute paired differences (HSBV — OMCS) and associated SD of the

rFHA measures during the extension phase of the single leg squat.

Single Leg Squat HSBV OMCS Absolute Paired Difference
rFHA Measure Mean SD Mean SD Mean SD

AP 24.44 15.37 48.75 8.49 24.31 17.15
Location (mm)

Sl -13.67 20.68 -15.23 17.99 24.41 24.27
Translation (mm) 1.43 7.71 -3.08 3.73 7.29 6.27
Orientation (deg) 18.86 8.83 19.13 7.78 6.34 2.10
Dispersion (deg) 2.77 1.21 2.40 1.60 0.87 0.34
Path Length (mm) 58.87 22.02 21.03 15.68 37.85 18.42

AP 42.16 10.33 11.07 8.06 31.09 721
Excursion (mm)

Sl 24.30 14.98 16.73 11.89 15.59 18.81
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5.3.2 Walking

No significant paired differences (n = 4) between the HSBV and OMCS were found for the rFHA
measures from heel-strike to mid-stance of walking. However, the differences in path length
contained the same directionality for all four participants, evident in its positive rank counts
(positive rank count: 4; negative rank count: 0) (Table 5-4). This finding is further illustrated by
the rFHA location tracing along the femoral mid-sagittal plane, where the length of the tracing
tended to be longer within the HSBV (Figure 5-5).

Table 5-4 — Results of the Wilcoxon signed rank test (HSBV — OMCS) during the walking
task from heel-strike to midstance for all rFHA measures. No significant differences were

found, but the path length was seen to have all positive ranks.

Walking Rank Counts Mean Rank
p-value

rFHA Measure Positive Negative Positive Negative

AP 2 2 3.50 1.50 0.47
Location

Sl 3 1 2.33 3.00 0.47
Translation 2 2 1.50 3.50 0.47
Orientation 2 2 1.50 3.50 0.47
Dispersion 3 1 3.00 1.00 0.14
Path Length 4 0 2.50 0.00 0.07

AP 3 1 3.00 1.00 0.14
Excursion

Sl 2 2 2.50 2.50 1.00
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Figure 5-5 — The rFHA location tracings along the femoral mid-sagittal plane for both the
HSBV (blue) and OMCS (red) during the walking task (heel-strike to midstance). Although
not significant, all HSBV path lengths were greater than the OMCS. HS and MS indicate the
time points of heel-strike and midstance, respectively. Arrows dictate the direction of the

trace.

Similar patterns of the mean absolute differences to the single leg squat were observed. The path
length had the largest absolute difference with mean (SD) difference of 101.84 (58.03) mm. AP/SI
location and AP/SI excursion showed large magnitudes of absolute differences as well. AP and Sl
location had absolute differences of 35.55 (38.22) mm and 59.71 (27.84) mm, respectively. AP
and Sl excursion showed absolute differences of 47.32 (16.74) mm and 24.02 (29.42) mm,
respectively. The translation had a smaller absolute difference of 11.87 (10.19) mm. Orientation

and dispersion revealed absolute differences of 22.90 (13.63) deg and 4.13 (3.39) deg, respectively.
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Overall, larger magnitudes (29-240%) of mean absolute differences were seen in the rFHA
measures during walking when compared to the single leg squat (Table 5-5).
Table 5-5 - The mean absolute paired differences (HSBV — OMCS) and associated SD of the

rFHA measures from heel-strike to mid-stance of walking.

Walking HSBV OMCS Absolute Paired Difference
rFHA Measure Mean SD Mean SD Mean SD

AP -12.11 1321 -38.47 47.99 35.55 38.22
Location (mm)

Sl -32.10 10.92 -64.66 61.92 59.71 27.84
Translation (mm) -9.53 6.58 -2.10 8.75 11.87 10.19
Orientation (deg) 29.42 13.32 39.94 15.51 22.90 13.63
Dispersion (deg) 6.49 3.18 2.94 1.44 413 3.39
Path Length (mm) 143.68 40.67 41.85 18.66 101.84 58.03

AP 57.68 19.98 21.74 19.93 47.31 16.74
Excursion (mm)

Sl 46.13 26.73 31.94 12.39 24.02 29.42

5.4 Discussion

The OMCS requires skin mounted markers to represent the underlying movement of the bones of
interest. However, the presence of skin movement artifacts can introduce noise to the data, with
CA errors reported to reach magnitudes of 4.4 deg for rotations and 13.0 mm for translations during
a walking task [7], [144]. The HSBV has an advantage over the OMCS by eliminating skin
movement artifacts and providing the ability to record bone movement directly. Therefore, this
study investigated the influence of skin movement artifacts on rFHA measures by simultaneously
collecting HSBV and OMCS data during a single leg squat (n = 4) and walking (n = 4). It was
hypothesized that the differences in rFHA measures between the two imaging modalities would
lie within the range of CA errors.

Paired differences of the path length, AP excursion, and AP location had consistent directionalities

of differences during the single leg squat between the HSBV and OMCS (i.e., all four differences
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were either negative or positive, Table 5-2). This was visible in the rFHA location trace, which
depicted rFHA intersections along the femoral mid-sagittal plane that were more anterior and
shorter in length in the OMCS compared to the HSBV (Figure 5-4). Furthermore, the direction of
the trace for both systems appeared to visualize an accurate knee extension movement of the knee.
During knee extension while running, it has been reported that the sSFHA will shift anteriorly [102].
The rFHA trace of all participants, with the exception of the OMCS in MADF 001, demonstrated
this anterior motion. However, this anterior shift appeared to be more pronounced with the HSBV.
This finding also suggests that the rFHA can produce similar patterns to the sFHA but maintain
temporal resolution.

The path length within the walking task showed a consistent directionality of differences, having
all positive ranks (Table 5-4). This translated to the HSBV having greater path lengths than the
OMCS. This was illustrated in the rFHA location trace, where the HSBV had greater trace lengths
(Figure 5-4). Additionally, the HSBV tended to have a location trace that better represented the
patterns of a walking task. In contrast to knee extension, where the sFHA shifts anteriorly, the
sFHA will shift posteriorly during knee flexion [102]. Therefore, at heel-strike, where knee flexion
begins, it makes sense that the rFHA location trace would shift posteriorly. Afterwards, when
reaching the midstance of walking, the knee begins to extend again and the rFHA shifts anteriorly.
This pattern was most clearly and consistently demonstrated by the HSBV, while the OMCS was
considerably more variable.

It is also interesting to note that only the AP measures of the location and excursion contained a
bias, while the SI measures did not. In a prior study by Cappozzo et al. (1996), it was discovered
for seven participants that skin markers on the thigh or shank had a tendency to provide the same

pattern of movement artifacts, but with different magnitudes depending on their placement [145].
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Based on this finding, skin movement artifacts present in this study may have been similar for all
participants as well, and specifically influenced the AP components of the rFHA measures. Further
studies are required to investigate this speculation.

In general, the largest absolute differences were seen in the rFHA path length, excursion, and
location, ranging from 18.67-101.84 mm (Table 5-3 and Table 5-5). In regards to the study
hypothesis, these differences were greater than what was expected from skin movement artifacts,
reaching values greater than 13.0 mm [7]. This finding may be partially attributed to the
compounded errors to which three measures are susceptible. Specifically, the rFHA location is
dependent on the physical position of the rFHA within the ACS. However, the physical position
of the rFHA is influenced by both rotations and translations of the knee. Therefore, the rFHA
location is susceptible to compounded errors of the translations and rotations due to skin movement
artifacts. This could explain why the differences were larger than the expected errors. Because the
rFHA path length and excursion are computed from the rFHA location measure, it was observed
that these two measures also contained large differences. These compounded skin movement
artifact errors within the OMCS may potentially mask the true movement of the underlying bones,
producing erroneous bony movements that indicate smaller rFHA path lengths and/or excursions
(as seen in the OMCS rFHA location tracings of Figure 5-5 when compared to the HSBV).

The differences associated with the rFHA translation, orientation, and dispersion agreed with the
study hypothesis. Unlike the rFHA location, path length, and excursion, the translation,
orientation, and dispersion of the rFHA are not susceptible to these compounded errors. The
translation revealed absolute differences (8.21-11.87 mm) within the reported ranges of skin
movement artifact using CA (up to 13.0 mm) [7]. Similarly, the angular rFHA measures -

orientation and dispersion - revealed absolute differences (orientation: 6.74 deg; dispersion: 1.49-

112



4.13 deg) within or similar to the ranges provided by Benoit et al. (2006) (up to 4.4 deg deg) [7].
The one exception was the orientation differences during the walking task (22.90 deg, Table 5-5).
Between the two movement tasks, larger differences were observed for walking compared to the
single leg squat. This finding is speculated to be attributed to greater skin movement artifacts when
walking. In a study by Miranda et al. (2013), OMCS and HSBV data were compared during a jump
cut maneuver [146]. It was found that knee kinematic differences (using CA) between the two
imaging modalities were similar until ground contact, where rotational differences reached up to
15 deg and translational differences up to 28 mm. This discrepancy was attributed to the impact
from the jump cut producing skin oscillations, thus greater skin movement artifacts following
ground contact. In this current study, the single leg squat is a slower movement and produces
minimal impact oscillations on the leg. In contrast, walking is a faster movement and contains
phases of impact (i.e., heel-strike) which can produce oscillations throughout the leg during early
stance phase likely leading to greater magnitudes of skin movement artifacts.

5.4.1 Strengths & Limitations

This study used the highly accurate HSBV system as a gold standard comparison, providing the
ability to record bone movement directly. The HSBV and OMCS were used simultaneously and
synched together to perform direct comparisons between the two systems. Furthermore, the
movement data acquired from these systems were transformed to the same ACS, defined directly
from bone landmarks instead of skin mounted markers. However, this study still had its limitations.
Firstly, this is the first time that direct comparisons of the rFHA between the HSBV and OMCS
were performed for these movements. Therefore, it is challenging to compare these results to other
studies. Secondly, only six total participants were assessed in this study, with four included in the
analysis of each movement task due to trial quality control. For future studies, the quality of the

trials may be improved by controlling for single leg squat angle and improving the alignment of
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the HSBV system to reduce the time frame of limb crossover. Due to trial removal, this study
resulted in four paired differences for the single leg squat and walking tasks. However, this sample
size was selected according to a previous validation study, which acquired the data for different
research questions and variables of interest. Because of this small sample size, the high risk of
Type Il errors (i.e., false negatives) exists. A larger sample size, especially for walking, may
provide more statistical power and reduce the chances of Type Il errors from occurring. The data
obtained from this study may provide future rFHA studies a foundation to calculate a sample size
with greater statistical power. Finally, the confined field of view of the HSBV limits the activities
that can be measured. Activities with greater impacts that produce more substantial skin movement
artifacts (e.g., running) are challenging to record but may provide different results. Further studies
investigating movements with higher velocities and impacts are required to generalize the patterns
of the rFHA differences found in this study with other movements.

5.5 Conclusions

The negative influence of skin movement artifacts on the computation of accurate knee kinematics
has been reported when using CA and the sFHA. It was unknown how the rFHA is influenced by
these skin movement artifacts and what magnitude of errors would be present. Therefore, this study
investigated differences in six rFHA measures between the HSBV and OMCS; using HSBYV as the
gold standard system as it is not influenced by skin movement artifacts. The location, path length,
and excursion of the rFHA showed the greatest magnitudes of differences (18.67-101.84 mm) and
exceeded the expected error range. This was evident in the rFHA location tracing being
consistently more anterior and shorter in length within the OMCS. This finding was speculated to
originate from compounded rotational and translational errors of the knee due to skin movement
artifacts, thus masking the true movement of the underlying bones. The interpretation of these

measures within the OMCS should be approached with caution. On the other hand, the remaining
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measures (with the exception of orientation during walking) were found to lie within the expected
range of errors due to skin movement artifacts. The rFHA translation, orientation, and dispersion
are better recommended for use within the OMCS as they are not susceptible to compounded

errors.
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Chapter Six: Characterization of rFHA Knee Kinematics in Young Adults with previous
Youth Sport-Related Knee Injury

6.1 Introduction

The knee is one of the most commonly injured joints among adolescent sport [147], [148]. A knee
injury may result in reduced ligament function, meniscal tears, and joint misalignment [149].
These three factors are known to contribute to altered knee kinematics, potentially resulting in the
development of tibiofemoral OA (refer to section 1.2.4.2) [67], [150]. Therefore, altered knee
kinematics due to knee injury may be related with the four- to six-fold increased risk of
tibiofemoral OA development when sustaining a knee injury [151]-[153]. For adolescents who
have received such an injury in sport, this is a substantial increase in risk with significant long-
term health implications.

Several investigations have been performed that determined the existence of statistically
significant altered kinematics for injured knees. However, there is a lack of consistent
directionality within these changes, resulting in conflicting evidence towards what kinematic
changes exist with a certain injury. For example, when compared to healthy controls, significant
knee kinematic differences have been reported in ACLR females during a vertical drop jump
(VDJ). ACLR females showed greater magnitudes of knee abduction at initial contact of the VDJ
[99]. In a different study, males and females with ACLR were compared to sex matched controls
during a VDJ of similar height [100]. However, no kinematic differences in the knees were
reported during the initial contact of the VDJ [100]. The inconsistency of the findings between
these two studies may be attributed to several potential sources, including source of the graft used
for reconstruction [154], compounded effects of other knee deficiencies (e.g., meniscal tears)
[155], and computational issues such as Cardan angle crosstalk errors [25]. Controlling for the first

two sources is challenging, as it may limit the external validity of the study and impede the
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fulfilment of a large sample size, respectively. However, using an alternative approach to quantify
knee kinematics is a possible solution to eliminate the issue of crosstalk.

The finite helical axis (FHA) is an alternative and supplementary method to Cardan angles for
quantifying knee kinematics. It is immune to CA crosstalk effects by assuming that the joint moves
and translates along a single axis. Additionally, the helical angles, computed by projecting the
rotation along the unit vector of the FHA, provide similar 3D angles to the CA but are not
susceptible to crosstalk effects. The FHA (specifically the sFHA) has been applied previously to
assess and compare ACLR knees with healthy controls during different single leg hop movements.
No significant differences in the sFHA dispersion were found between the ACLR and healthy
control knees [78]. While this finding may be true, it also may be potentially attributed to a
limitation of the SFHA, where it is susceptible to stochastic errors when angular displacements are
small [4]. The errors in this study were reduced by calculating the sSFHA at 10-degree intervals
throughout the movement, which also results in a reduction in temporal resolution. Consequently,
the kinematic information becomes limited to specific time points and information between each
10-degree interval is lost. Therefore, differences associated with ACLR knee kinematics may have
been lost as well within the omitted data. To avoid this issue, the rFHA may be used instead.
However, it has not been used to assess ACLR knees during a jumping task such as the VDJ.
Therefore, the purpose of this study was to use the rFHA to characterize VDJ knee kinematics of
individuals with ACLR knees, and to compare the rFHA kinematic measures to those obtained for
age, sex, and sport matched controls. CA, the conventional approach to quantifying knee
kinematics, were also computed and compared between the ACLR group and their matched
controls. It was hypothesized that the rFHA would successfully detect kinematic differences in

ACLR knees when compared to the matched controls.
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6.2 Methods
6.2.1 Study Participants

A total of forty-eight participants with ACLR (also referred to as the ACLR group) and their age,
sex, and sport matched controls were analyzed in this matched-pairs design study (ACLR: n =48,
controls: n =48, N = 96). All participants provided consent for this CHREB approved study (ethics
ID: REB14-2212). These participants were acquired as a sub-sample from a larger dataset. The
original dataset was previously collected for the Alberta Youth Prevention of Early Osteoarthritis
historical cohort study conducted at the University of Calgary. This dataset consists of two groups:
1) one hundred individuals who sustained a youth (< 18 years old) sport-related injury 3 to 10
years earlier, and 2) one hundred age, sex, and sport matched controls. Of the one hundred injured
participants, only those with a history of complete ACL tears, followed by surgical reconstruction,
were included in this study. Consequently, fifty-four participants with ACLR were considered for
this study. However, due to dropout or sustaining new injuries, six of these fifty-four were removed
from the analysis.

More information on the recruitment, inclusion/exclusion criteria, and injury diagnosis has been
previously reported for this dataset [156]. Additionally, this cohort study previously investigated
the consequences of knee injury in youth sport and its association with OA development [157].
Briefly, the injured group participants were clinically diagnosed with a ligament, meniscus, or
other intra-articular knee injury that required rehabilitation and disrupted sport participation. The
matched control participants had no previous history of knee injuries that resulted in a time-loss
of sport. Participants were excluded from the study if they were pregnant, received a
musculoskeletal injury within three months prior to testing that resulted in a time-loss of work,

school, or sport, received non-steroidal anti-inflammatory drugs or cortisone injections within
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three months prior to testing, had a diagnosis of other arthritides, or had other medical conditions
that prevented the completion of functional tests.

6.2.2 Data Collection

Lower limb kinematics and ground reaction forces during a VDJ were collected for each
participant using an OMCS (Eagle Digital System, Motion Analysis, CA, USA, 240 Hz) and two
force plates (Type 9287, Kistler Instruments AG, Switzerland, 2400 Hz), respectively. Prior to
recording, participants were outfitted with thirty-eight reflective markers following International
Society of Biomechanics recommendations (Figure 6-1). A table providing the specific marker
locations can be found in Appendix A. A reference position trial was recorded with the participant
standing barefoot with their feet shoulder width apart, hands on the hips, and head looking forward.
Afterwards, ten trials of barefoot VDJ were performed. A successful VDJ trial consisted of the
participant standing on a 31 cm box, with their feet shoulder width apart. Starting with both feet
on the box, the participant would step off and drop onto the ground with both feet (one foot on
each force plate) forming the first support phase. This was succeeded by a counter movement jump
of maximal effort. The trial ended once the participant landed on both feet after the jump, forming
the second support phase. A trial was unsuccessful if the participant jumped off the box (rather
than stepped off), if both feet did not land on separate force plates during both first and second

support phases, if the feet did not land simultaneously on the floor, or if they lost balance.
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Figure 6-1 — Illustration of the thirty-eight reflective markers placed on the participants

following the International Society of Biomechanics recommendations.

6.2.3 Data Processing

Reflective marker trajectories were tracked using Cortex Motion Capture Software (Version
3.6.1.1315, Motion Analysis Corporation, USA) for both the reference position trial and VDJ
trials. The trajectories were imported into Visual3D (C-Motion Inc., USA) to define ACS of the
thigh and shank, and subsequently compute 3D knee angles relative to the reference position. ACS
definitions of the thigh and shank are outlined in Appendix B. The angles of both knees were
specified in a ‘X, Y, Z’ CA sequence, relating to flexion/extension (F/E), abduction/adduction

(Ab/Ad), and internal/external (I/E) rotation, respectively. Knee flexion, adduction, and internal
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rotation indicated positive rotations. All angles were calculated relative to the femur. Vertical
ground reaction forces from both feet were used to determine the time of foot contact during the
first support phase. The start of the first support phase was designated by the first instance of
ground contact by the left/right foot when stepping off the box and ended at the first instance of
the left/right foot leaving the ground during the counter-movement jump.

To calculate the rFHA, CA of the knee for each participant were imported into custom Matlab
(v2020b, MathWorks, MA, USA) and first converted into rotation matrices. The rotation matrices,
already relative to the reference position and within the ACS, were then used to compute rFHA
measures during the first support phase of the VDJ. The rFHA measures included the orientation,
dispersion, and helical angles (Figure 6-2). Other rFHA measures (specifically rFHA location, path
length, and excursion) were not included as their calculations require the magnitudes of joint
translations. To elaborate, the VVDJ consists of high impacts and velocities, producing large skin
movement artifacts. Therefore, joint translations were deemed to be contain large errors during the
VDJ and may be insufficiently accurate for rFHA calculations. This was evident in Chapter 5,
where rFHA location, path length, and excursion differences between the OMCS and HSBV
ranged from 18.67-101.84 mm, exceeding previously reported CA errors of up to 13.0 mm [7].
Orientation was defined as the mean angle between each individual rFHA and the mediolateral
(ML) axis of the femur throughout the support phase. Dispersion was defined as the mean angle
between each individual rFHA and the mean rFHA throughout the support phase. The helical
angles were acquired through the scalar multiplication of the rotation along the rFHA (¢) by the
directionality of the helical axis (n;) (Eg. 6-1, where n1; represents the three components of the unit

vector [y, 1y, 15]).

Helical angles = ¢ * n; Eq. 6-1
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The multiplication in Equation 6-1 separates the rotation along the rFHA into three distinct
rotations, like the CA. To elaborate, the directionality of the rFHA will change depending on the
contribution of the knee planar rotations: pure F/E would result in a rFHA that is parallel with the
ML axis of the femur, pure Ab/Ad would result in a rFHA that is parallel with the AP axis of the
femur, and pure I/E rotation would result in a rFHA that is parallel with the SI axis of the femur.
Therefore, by multiplying the rotation about the rFHA by the unit vector of the rFHA, the
contribution of each planar movement can be separated into three distinct angles representing F/E,
Ab/Ad, and I/E rotation. However, unlike the CA, the helical angles are not susceptible to crosstalk

[101].

122



Legend

a Orientation
= rFHA
¢ Dispersion
Mean rFHA
0 Rotation
= ML Axis N
n rFHA unit vector

Figure 6-2 — The rFHA orientation (u), dispersion (¢), rotation (0), and unit vector (n).
Orientation (o) was defined as the mean angle between each individual rFHA (solid red line)
and mediolateral axis (solid black line) of the femur throughout the support phase.
Dispersion (¢) was defined as the mean angle between each individual rFHA and the mean
rFHA (dashed red line) throughout the support phase. The helical angles were acquired
through the scalar multiplication of the rotation along the rFHA (0) by the directionality of

the helical axis (n).

Data points for the orientation, dispersion, helical angles, and CA of each knee throughout the first
support phase were obtained for each trial and normalized to one hundred data points. The
orientation and dispersion measures were calculated for four sections of movement: full support
phase, flexion segment of the support phase, extension segment of the support phase, and time

from initial contact to maximum knee flexion (based on helical angles). For each section of
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movement, the orientation and dispersion measures across all ten VDJ trials were averaged,
resulting in a mean and SD for the orientation and dispersion for every participant.

To compare the helical angles and CA between the two groups, the time point at maximum knee
flexion was also investigated. For each trial, the Ab/Ad and I/E rotation coinciding with maximum
knee flexion (based on helical angles) were determined for both helical angles and CA approaches.
The Ab/Ad and I/E rotation at maximum flexion were then averaged across all ten VVDJ trials for
each participant, yielding a mean and SD. Measures for the injured knees of the ACLR group and
the same knee of the control group were used for further analysis (e.qg., if the right knee was injured
for an individual in the ACLR group, the right knee was assessed for their matched control).

6.2.4 Statistical Analysis

Participant demographics were reported using medians and ranges (min, max). Comparisons
between the matched pairs/groups consisted of the frequency (i.e., count) of participant or knee
characteristics. Additionally, comparisons of the age, height, and weight of the matched pairs were
performed with mean paired differences (ACLR — control) and associated 95% CI.

All statistical tests to determine kinematic (rFHA and CA) differences were performed using SPSS
Statistics 26 (IBM, NY, USA). The kinematic measures of the knee for comparisons between
participants with ACLR and healthy controls were rFHA orientation, dispersion, and helical
angles, and CA. All kinematic measures were checked for normality using a Shapiro-Wilk test and
assessed visually using QQ plots. Two types of t-tests (or non-parametric equivalents if needed)
were used to assess kinematic differences between the ACLR group and the matched controls for
the different sections of movement within the first support phase of the VDJ. Group differences of
the kinematic measures (orientation, dispersion, helical angles, and CA) between the ACLR and
healthy participants were assessed using independent t-tests (or Mann-Whitney U tests if normality

was violated). Additionally, because the matched pairs design of this study, the participants in the
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ACLR group were compared to their specific matched control using paired t-tests (or Wilcoxon
Signed Rank Test if normality was violated) [158]. All statistical tests were performed with a
significance value of 0.05 (o = 0.05). To account for multiple comparisons within the group and
paired analyses (twelve comparisons performed in total for all kinematic measures at all movement
sections) the Benjamini-Hochberg procedure was used with a 5% false discovery rate to preserve
a significance value of 0.05 [159].

Group means, SD, and effect sizes (Cohen’s D [160]) were reported for all tests. Additionally, the
average within-participant SD of the rFHA orientation and dispersion was calculated for each
group during the full support phase (table of results can be found in Appendix C). For parametric
tests, mean group/paired differences with associated 95% confidence intervals (CI) were
determined. For non-parametric tests, medians, interquartile ranges (IQRs), and percentage of
matched pairs who changed in the direction of the main effect were determined. Magnitudes of the
effect sizes were categorized as no effect (< 0.20), small (0.20-0.49), medium (0.50-0.79), and
large (> 0.80) [160].

6.3 Results

The demographics of the ACLR and healthy groups were very similar. Ages of the participants
with ACLR ranged from 18-26 yrs, with a median of 22 yrs (matched pair difference (SD) was -
0.1 (0.7) yrs). The sample consisted primarily of females (67%). Median (max, min) height and
weight of the participants with ACLR were 1.71 (1.56, 1.94) m and 69.0 (51.0, 100.7) kg,
respectively (matched pair difference (SD) of height: -0.01 (0.09) m; weight: -5.8 (13.5) kg) (Table
6-1). The weight was significantly greater in the participants with ACLR, evident in the 95% ClI

of the mean paired difference not crossing zero (95% CI: 1.84-9.67, Table 6-1).
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Table 6-1 — Descriptive statistics of the ACLR and healthy control groups. Ages, male/female
ratio, height, weight, and injury counts are provided. All values are stated as median (max,
min). Mean paired differences (ACLR - control) and 95% CI are reported as well. The
weight of the participants with ACLR was significantly greater, evident in the 95% CI not

crossing zero.

ACLR Healthy Paired Difference (95% CI)

Number n=48 n=48

Age (years) 22 (18, 26) 22 (18, 26) 0.06 (-0.14, 0.26)
Age at injury (years) 15 (9, 18) N/A

Male/female ratio (%6) 33/67 33/67

Height (m) 1.71 (1.56, 1.94) 1.71 (1.52, 1.88) 0.62 (-1.91, 3.16)
Weight (kg) 74.8 (52.2, 105.5) 69.0 (51.0, 100.7) 5.76 (1.84, 9.67)
ACL tear 48 0

Knee surgery 48 0

Associated meniscal injury 32 0

Contralateral knee injury 10 0

Contralateral knee surgery 9 0

The Shapiro-Wilk test for normality determined that the rFHA orientation and dispersion were not
normally distributed (p = 0.00-0.05), with the exception of dispersion during the full support phase
(p = 0.38), thus requiring the use of non-parametric tests. All other measures (CA and helical
angles) were normally distributed and parametric tests were used (p = 0.09-0.80). Following the
Benjamini-Hochberg procedure, no measures during any section of movement were significantly
different. However, there are non-significant findings in this study that merit discussion. All p-
values reported in this section are the original test values, prior to correcting for false discovery
rates. Therefore, measures with p-values below the alpha value of 0.05 are not to be considered

significant.
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6.3.1 Dispersion & Orientation

Although no significant differences were found, the rFHA dispersion had a small effect size during
the full support phase of the VDJ (Table 6-2). A group analysis revealed that the ACLR group may
have had greater magnitudes of dispersion than the healthy group, with a mean difference of 0.46
deg (95% CI: -0.02 deg to 0.93 deg, effect size = 0.39, p = 0.06). A similar finding in the full
support phase was observed when performing a paired analysis between the participants with
ACLR and their matched controls, where participants with ACLR showed 0.46 deg of greater
dispersion than their matched control (95% CI: 0.03 deg to 0.89 deg, effect size = 0.39, p = 0.04,
Table 6-2). However, it is difficult to distinguish these differences when viewing a tracing of the
rFHA unit vector within the sagittal plane throughout the full support phase (Figure 6-3).
Interestingly though, an inferior offset can be seen within the rFHA tracing for the ACLR group
(Figure 6-3). The dispersion IQR were also larger for the ACLR group for both the flexion phase
(ACLR IQR: 1.68 deg; Healthy: 1.23 deg) and extension phase (ACLR IQR: 1.68 deg; Healthy:
1.30 deg) of the VDJ (Table 6-2). Similar findings were determined for the within-participant
variabilities, with average within-participant SD being greater in the ACLR group for orientation
(ACLR SD: 1.01 deg; Healthy: 0.92 deg; Appendix C) and dispersion (ACLR SD: 0.80 deg;
Healthy: 0.58 deg; Appendix C).

During the flexion phase of the VDJ, the majority of participants with ACLR (% main effect =
64.58%) had greater magnitudes of dispersion than their matched controls with a medium effect
size (ACLR median (IQR): 3.27 (1.68) deg; control median (IQR): 2.99 (1.23) deg; effect size =
0.52, p = 0.08). Similar findings were not observed for the rFHA orientation which had a small

effect size (effect size = 0.25, p = 0.40; Table 6-2).
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Table 6-2 — The group analysis (independent t-tests) and paired analysis (paired t-tests) of the rFHA orientation and dispersion
at the full, flexion, and extension phase the VDJ. All values are in degrees except “% main effect”, representing the percentage
of matched pairs that followed the main effect. All p-values are from the original tests with corresponding effect sizes. No p-

values were significant (p < 0.05) following the Benjamini-Hochberg procedure.

Group Analysis Paired Analysis
ditean | 9506Cl povalue Gt 9s6Cl . pvalue
Timeframe Measure Group Mean SD Median  IQR (ACLR - Soweerr), (Zgg)Ct (ACLR - l(JIowsrr), effect (e;;:)ct
Healthy) PP Healthy) PP
ACLR 9.19 4.46 8.18 4.31 - - - -
Orientation 81‘; 50.00 gig
Full support Healthy 9.60 395 850 481 - - (0.17) ; - (0.12)
phase ACLR 413 125 . ; 0.06 004
Dispersion® 0.46 (-0.02, 0.93) 0'39 0.46 (0.03, 0.89) - 0'39
Healthy 3.67 1.09 - - (0.39) (0.39)
ACLR 5.52 4.80 7.08 5.91 - - - -
Orientation 823 58.33 ggg
Healthy 917 406 857 509 - - (0.27) ; ) (0.25)
Flexion phase
ACLR 3.46 1.20 3.27 1.68 - - - -
Dispersion 8;2 64.58 822
Healthy 3.16 115 2.99 1.23 - ; (0.26) ] ) (0.52)
ACLR 8.88 4.36 8.00 4.74 - - - -
Orientation 8;‘2 41.92 ggg
Healthy 9.27 4.00 8.85 5.01 - - (0.15) ] . (0.08)
Extension phase
ACLR 3.53 1.26 3.27 1.68 - - - -
Dispersion gig 60.42 gzlé
Healthy 321 100 320 130 ; ; (0.19) ] ) (0.48)

2designates the use of a parametric test (independent or paired t-test)
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rFHA Tracing
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Figure 6-3 — A sagittal plane tracing of the rFHA unit vector during the full support phase
of the VDJ. Greater magnitudes of dispersion (i.e., a more variable rFHA tracing) were not
evident between the ACLR (red) and healthy (blue) groups. However, an inferior offset of
the rFHA unit vector tracing was present within the ACLR group. Start and stop indicate
the initial contact and take-off of the support phase, respectively. Arrows dictate the

direction of the tracing.

6.3.2 Helical & Cardan Angles

Maximum knee helical flexion angles for the ACLR and healthy group were similar in magnitude
(ACLR mean [SD]: 94.10 [10.27] deg; Healthy mean [SD]: 95.60 [10.12] deg) and equal in
location (50% support phase). At the maximum point of flexion during the first support phase of
the VDJ, only one notable (non-signficant) observation was seen with a small effect size.

Specifically, a group analysis showed that the ACLR group positioned their knee in a less
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internally rotated position during the squat (based on helical angles) than the control group, with
a mean difference of -2.18 deg (95% CI: -4.55 deg to 0.18 deg, effect size =-0.37, p = 0.07; Table
6-3). This observation was more pronounced with the paired analysis between the participants with
ACLR and their matched controls. The mean paired differences of the helical internal rotation
reached magnitudes of -2.18 deg and contained a 95% CI that did not cross zero (95% CI: -4.11
deg to -0.25 deg, effect size = -0.37, p = 0.03; Table 6-3). A similar pattern was not observed based
on the Cardan internal rotation, which had a negligible effect (effect size = -0.11; Table 6-3 &

Figure 6-4).
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Table 6-3 — The group analysis (independent t-tests) and paired analysis (paired t-tests) of the rFHA orientation, dispersion,
helical angles, and CA at the maximum point of knee flexion during the VDJ. All values are in degrees except “% main effect”,
representing the percentage of matched pairs that followed the main effect. All p-values are from the original tests with

corresponding effect sizes. No p-values were significant (p < 0.05) following the Benjamini-Hochberg procedure.

Group Analysis Paired Analysis
Mean Mean
. 95% ClI p-value . 95% ClI . p-value
. . difference difference % main
Timeframe Measure Group Mean SD Median  IQR (ACLR - Ejlows:), ((:Iz)a (ACLR - l(JIow:rr), effect (esfiz)ct
Healthy) PP Healthy) PP
ACLR 8.44 5.07 7.45 6.95 - = = S
Orientation 8‘112 50.00 gg;
Healthy 871 427 78 586 - - (0.15) - - (0.05)
ACLR 3.02 1.38 2.70 1.81 - - - -
Dispersion gﬁ 56.25 833
Healthy 277 121 256 140 ; ; (0.14) - ; (0:29)
Adduction ~ ACLR CYCN - - 0.27 0.21
1.63 (-1.30, 4.55) ' 1.63 (-0.92, 4.18) - ‘
(Cardan)® Healthy 112 6.91 i ) 0.22) (0.23)
Max Flexion
Adduction ACLR 9.02 12.95 - -
. 0.40 (-4.56, 5.35) 8'32 0.40 (-3.95, 4.75) - ggg
(Helica)®  pearthy 862 1156 - - (0.03) (0.03)
Internal ACLR 803 987 - - 0,50 053
Rotation -1.04 (-4.86, 2.79) 0 11 -1.04 (-4.31, 2.24) 0 1
(Cardan)  Healthy 907 897 . - oAy (-1
Internal ACLR 332 565 - -
Rotation -218  (-4.55,0.18) %’%77 218 (-411,-0.25) %%3;
(Helical)® Healthy 551 6.03 - - (-0.37) (-037)

2designates the use of a parametric test (independent or paired t-test)
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Figure 6-4 — The mean curves (with SD bars) of the Cardan angles (left) and helical angles

(right) throughout the first support phase of the VDJ for the ACLR group (red) and control

group (blue). A trend of lesser helical internal rotation in the ACLR group (bottom right

graph) was seen at maximum knee flexion (50% support phase).
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6.4 Discussion

The risk of developing tibiofemoral OA increases substantially after receiving a knee injury, such
as an ACL tear. A contributing factor to this increased risk may be altered knee kinematics.
However, there has been a lack of consistency in the directionality of these kinematic changes
when using CA. The sFHA may be an alternative approach to quantify knee kinematics but lacks
temporal resolution. Fortunately, the rFHA provides a promising alternative that preserves
temporal resolution. Therefore, this study investigated knee kinematics of ACLR and matched (by
age, sex, and sport) controls using the rFHA. Specifically, rFHA measures (orientation, dispersion,
and helical angles) and CA were compared between the two groups during the first support phase
of aVDJ.

6.4.1 Dispersion & Orientation

This was the first study to compare rFHA dispersion and orientation between ACLR and healthy
participants during a VDJ. No statistical differences were found for the rFHA orientation and
dispersion when performing a grouped and paired analysis between the ACLR group and their
matched controls (Table 6-2 and Table 6-3). These findings did not support the hypothesis that
kinematic differences would exist between these two groups. However, the rFHA dispersion may
have had having greater magnitudes in the ACLR group throughout the full support phase of the
VDJ, revealing a small effect size (effect size = 0.39, mean difference: 0.46 deg; Table 6-2). This
finding was supported in both the group and paired analyses performed. Furthermore, the rFHA
dispersion had a medium effect size (effect size = 0.52) during the flexion phase of the VDJ, with
the majority of participants with ACLR having greater magnitudes than their matched controls (%
main effect = 64.58%). This potential increase in rFHA dispersion suggests there may be a
presence of knee instability in ACLR knees. To elaborate, the dispersion represents the average

amount of angular deviation a single rFHA (from one data frame) had from the mean rFHA
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throughout the full support phase. It is speculated that smaller dispersion values represent a knee
with more stable movements. In contrast, greater dispersion values represent more variable
movements of the knee. This greater variability was present within the dispersion IQR during the
flexion and extension phases, with ACLR groups having greater IQR (0.38-0.45 deg) than the
healthy controls. The greater ACLR dispersion may originate from altered neuromuscular control,
stemming from ACL injuries and ACL reconstruction. EMG activation patterns of the lower limb
muscles [161]-[163], as well as strength performance of the quadriceps muscles [164], have been
reported to change following both ACL injury and reconstruction. These alterations may result in
more variable knee movements, as the muscles surrounding the knee are unable to maintain greater
levels of stability [163]. However, this study did not investigate muscle EMG patterns and this
speculation requires further investigations. It is also important to note that a dispersion difference
of 0.46 deg may be outside of the precision limits of the OMCS used in this study and could be
due to errors within the system itself. Additionally, it is unknown if this magnitude of difference
would contribute to tibiofemoral OA development. The clinical significance of this finding
remains to be determined in future studies.

No differences in the rFHA orientation were observed. This finding is consistent with a study by
Markstrom et al. (2020), which investigated sFHA orientation between ACLR and healthy
participants during three different single-leg hop movements: one-leg hop for distance, one-leg
vertical hop, and a standardized rebound side hop [78]. Although the VDJ was not performed, each
movement had similarities to the VVDJ, such as a vertical displacement in the vertical hop, and a
countermovement jump in the rebound side hop. The authors speculated that SFHA orientation
represented a general measure of knee robustness, or the ability for the knee to maintain a joint

configuration that primarily results in F/E movements. It was suggested that if the knee performed
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a pure F/E movement, the HA would be parallel to the ML axis of the knee and the orientation
would be zero. Any other rotations (i.e., Ab/Ad and I/E rotation) would deviate the HA away from
the ML axis of the knee, thus increasing the degree of orientation, indicating a decrease in knee
robustness. However, Markstrom et al. (2020) did not find any differences in knee robustness
between ACLR and healthy participants during the three single-leg hop movements [78]. This was
speculated to originate from altered landing strategies within the ACLR group. Specifically, the
injured legs of the ACLR group were found to contain 5% longer contact times and 4% lower peak
vertical ground reaction forces than their contralateral limb. This finding was suggested to provide
lower magnitudes of loading on the injured knee, thus an easier ability to maintain knee robustness
throughout the single leg hop movements [78]. A similar outcome may be present within this VDJ
study. participants with ACLR may have altered their landing strategy to reduce the magnitude of
load on the injured knee, thus maintaining knee robustness levels similar to healthy control.
However, this study did not investigate loading differences between limbs and future studies are
required to confirm if similar approaches are used by participants with ACLR during a VDJ.
Furthermore, the purpose of reconstructing the ACL is to retain knee function. Therefore, the lack
of differences in the rFHA dispersion and orientation may be a result of the reconstructive surgery
maintaining normal kinematics of the knee. Further studies are required to investigate ACLD knee
kinematics during a VDJ.

6.4.2 Helical & Cardan Angles

The helical angle approach has never been used previously to quantify kinematics of the ACLR
knees. Following the Benjamini-Hochberg procedure, no significant differences were found in
helical and Cardan angles at maximum knee flexion angle of the VDJ, thus refuting the study
hypothesis. However, when using the helical angle approach, the I/E rotation of the knee had a

small effect size. This suggests that the ACLR group may have had a less internally rotated tibia
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(2.18 deg) at maximum knee flexion of the VDJ. This was seen in the group analysis (effect size
=-0.37, p = 0.07) and paired analysis (effect size = -0.37, p = 0.03). The rFHA unit vector trace
helps visualize this notion (Figure 6-3). It can be seen that the ACLR rFHA trace had an inferior
offset to the healthy trace. This indicates that the ACLR group had a smaller (or more negative)
rFHA unit vector in the Sl direction. To elaborate, if the rFHA were purely vertical it would have
a magnitude of one on the Sl axis. Therefore, a greater magnitude on the Sl axis corresponds to
greater magnitudes of I/E rotation. Furthermore, the sign of the unit vector in the SI direction
dictates the direction of the rotation. A positive unit vector in the Sl axis indicates a positive (i.e.,
internal) rotation, while a negative unit vector in the Sl axis indicates a negative (i.e., external)
rotation. Therefore, the inferior offset of the ACLR group resulted in smaller or more negative Sl
unit vectors, indicating that they had lesser magnitudes of internal rotation throughout the support
phase of the VDJ. No such pattern in internal rotation was found using the CA approach. This
finding for the CA approach may be due to the susceptibility to crosstalk, originating from two
sources (refer to Section 1.2.2.2). First, crosstalk may originate from misaligned Ab/Ad and I/E
rotation axes, resulting from inaccurate landmark locations when defining an ACS. This may result
in the two rotations about these axes coinciding with each other. In other words, I/E rotations of
the knee may be partially registered as Ab/Ad movements, and vice versa [25]. The second source
is the selection of the order of rotations when computing the CA. This study used a CA rotation
sequence of F/E, followed by Ab/Ad, and finally I/E rotation. Because I/E rotation was the last
rotation of the CA sequence, it would be the most susceptible to crosstalk errors. The helical angle
is not susceptible to crosstalk errors and provides an alternate approach to characterizing 3D knee

kinematics.

136



The impression of a less internally rotated tibia of the ACLR knee at maximum knee flexion may
be a compensatory mechanism to limit strains on the reconstructed ligament, as excessive internal
rotations of the tibia have been suggested as a risk factor for ACL injury [165], [166]. However,
these lesser internal rotations (or greater external rotations) may come with another risk. A study
by Tashman et al. (2004) had reported that ACLR knees during downhill running had 4 deg greater
external tibial rotation when compared to their contralateral, un-injured knees [167]. Using a
geometric analysis, it was observed that applying these altered I/E rotations to 3D bone models
resulted in a 3.5 mm anterior shift in the lateral tibial plateau contact location. These shifts may
result in abnormal contact forces on the cartilage - another risk factor of OA [167]. Furthermore,
a study by Kroker et al. (2018) used the same study cohort to compare the subchondral bone
microarchitecture of fifteen female participants with ACLR and fourteen age-matched controls
[168]. It was found that the participants with ACLR had subchondral bone plates on the lateral
femur that were 47.9-53.7% thicker than the controls. This may be related to the lessened tibial
internal rotation of the ACLR group. Using a computer simulation, Andriacchi et al. (2006) found
that increased internal tibial rotation of the tibia may increase cartilage thinning on the medial
compartment of the knee [69]. Therefore, it could be speculated that a decrease in tibial internal
rotation may increase cartilage thinning on the lateral compartment of the knee, resulting in greater
magnitudes of forces acting on the underlying subchondral bone. Therefore, the subchondral bone
may thicken to compensate for these increased loads. However, the bone microarchitecture of the
participants in this study were not assessed and requires further investigation.

It is also important to note that the smaller helical internal rotations at the point of maximum knee
flexion within ACLR knees conflicts with the rFHA orientation angles averaged throughout the

full support phase. The finding of no difference in rFHA orientation angles between ACLR and

137



healthy participants suggests similar levels of knee robustness (i.e., similar magnitudes of out-of-
F/E-plane rotations). This finding implies that the ACLR group had similar rotations along the
Ab/Ad and I/E rotation axes when compared to the healthy controls. However, according to the
helical angles these variables were not similar at the point of maximum knee flexion. These
contradictory findings may be a result of the different timeframes over which the rFHA orientation
and helical angles were calculated. The rFHA orientation was calculated as an average measure
throughout the total time frame of the support phase, while the helical angles were calculated at a
single time point (i.e., maximum knee flexion). Therefore, it may be valuable to investigate the
rFHA orientations at a single time point or throughout shorter time frames to avoid masking
potential differences that may occur within the overall movement.

Using the same sub-sample as this current study, Kuntze et al. (2021) determined a significantly
greater rate of change for Cardan knee abduction angle in the injured participants when compared
to the controls [169]. Specifically, injured participants had a mean difference (95% CI) of -0.04 (-
0.07, 0.00) deg/s in Ab/Ad slope during 35-90% of the support phase (i.e., the transition from
landing to push-off, Figure 6-4). This finding indicates that the injured participants shifted their
knee alignment into abduction more quickly. This increased rate of change was speculated to
originate from a lack of knee control within the coronal plane, likely due to deficits in hip muscle
strength and neuromuscular control [169]. The small effect size of increased rFHA dispersion
found in the current study also suggests increased knee instability and supports these CA findings
on altered in Ab/Ad slope.

It is clear that the rFHA has strong potential to detect kinematic differences between ACLR and
healthy knees. The helical angles, with their insensitivity to crosstalk errors, provided the notion

that ACLR knees had lesser knee internal rotation at the maximum depth of the VVDJ. Further
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applications of the rFHA are required to determine its utility within biomechanics (e.g., different
movements and knee injuries/status).

6.4.3 Strengths & Limitations

A strength of this study was the use of the helical angles as an alternative approach to
characterizing 3D rotations of the knee. Unlike the CA, the helical angles are not susceptible to
crosstalk errors and yielded similar overall results. Furthermore, the helical angles were able to
detect a trend of lesser internal rotations within the ACLR group, a finding the CA approach was
unable to achieve. The helical angles may be a useful alternative within the OMCS to characterize
knee kinematics.

This study had a large sample size of 48 matched pairs, which is uncommon in biomechanical
analysis and a strength of this study. However, significant findings were still lacking following the
Benjamini-Hochberg procedure. The absence of significant findings may be a result of type Il
errors (i.e., false negatives). Larger sample sizes would minimize this error and provide greater
statistical power. Despite the participants with ACLR being matched to healthy controls for age,
sex, and sport, confounding variables may have remained. For example, the participants may have
competed in more than one sport, thus exposing them to other injury risk factors associated with
that sport and potentially influencing their kinematics. Additionally, matched controls were
recruited based on self-report histories of no injury, while participants with ACLR were recruited
from clinics with consistent clinical assessment protocols. As a result, there is a potential for recall
bias within the matched controls when remembering their knee injury history.

The orientation was measured as the overall angle between the rFHA and ML axis of the knee.
This is ideal for measuring knee robustness, which is the ability of the knee to maintain a F/E
movement and minimize the simultaneous rotations about the Ab/Ad and I/E rotation axes.

However, a consequence of this method is that it masks the individual influence of knee Ab/Ad
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and I/E rotation on the rFHA directionality. For example, two participants may achieve equal
magnitudes of rFHA orientation, but how this was achieved may be dominated or equally affected
by Ab/Ad or I/E rotation. The current method of calculating rFHA orientation does not allow this
concept to be examined. Therefore, future studies may consider dividing the orientation angle into
two separate angles. This would be achieved by projecting the orientation onto the frontal and
transverse planes, representing individual angles that represent the contributions of the Ab/Ad and
I/E rotations, respectively [102].

6.5 Conclusions

For the first time, kinematic differences during a VDJ between adolescents with a sustained ACL
injury and matched (age, sex, and sport) controls were assessed using the rFHA. No differences in
rFHA orientation between the ACLR and healthy controls were found, suggesting that both groups
were able to maintain similar levels of knee robustness throughout the VDJ. However, trends of
greater rFHA dispersion (0.46 deg) in the ACLR knees indicates that there may be a lack of
neuromuscular coordination, resulting in more erratic knee movements. Additionally, helical
angles were used for the first time to quantify and compare the kinematics of ACLR knees to
healthy controls. ACLR knees tended to have lesser magnitudes (2.18 deg) of helical internal
rotation at maximum knee flexion, a finding that was lacking within the Cardan internal rotation.
Lesser magnitudes of helical internal rotation may potentially act as a safety mechanism to reduce
strains on the ACL. However, these altered rotations may result in abnormal cartilage contact
locations, potentially contributing to the formation of tibiofemoral OA. This information may

provide mechanistic insights to the onset of tibiofemoral OA in adolescents with ACL injury.
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Chapter Seven: Kinematic Differences Associated with Aging Using the rFHA
7.1 Introduction

Aging has a strong association with OA, with approximately 30-40% of individuals at the age of
80 years developing the joint disease [49]. This prevalence has been linked to altered
musculoskeletal function/structure originating from the aging process, including changes in bone
morphology [170], cartilage biochemistry [171], neuromuscular activity [172], [173], and
decreased levels of muscle strength and size [174]-[176]. In the lower limbs, these elements have
been associated with abnormal knee kinematics. Therefore, abnormal knee kinematics are
considered risk factors for the onset or progression of tibiofemoral OA (refer to section 1.2.4) [67].
Changes in knee kinematics due to aging have been extensively investigated but with conflicting
results reported. In a recent meta-analysis of twenty-nine studies, the effect size of aging as a factor
towards altered knee kinematics in the sagittal plane was small when using CA (standardized effect
=-0.40 [p = 0.00]) [94]. Although there was abundant evidence to suggest that kinematic changes
in the sagittal plane of the knee exist with aging, there was a lack of consistency in the
directionality of the kinematic changes. Additionally, a moderate effect was found in the knee
RoM within the sagittal plane (standardized effect = -0.70 [p = 0.00]), suggesting that older
individuals had a larger RoM in knee F/E. However, several other studies contradict this finding,
determining that older individuals have a smaller RoM [177], [178]. These inconsistent findings
in knee kinematics with aging were suggested to arise from methodological heterogeneity (e.g.,
different walking speeds). However, there are two other factors that may contribute to these
inconsistencies: 1) skin movement artifacts associated with skin mounted reflective markers,
especially located on the thigh and shank [7], and 2) crosstalk errors associated with the use of

CA, resulting from inaccurate ACS definitions [96].
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To address the first factor - the potential error source of skin movement artifacts - HSBV may be
used instead for kinematic assessments. Specifically, HSBV uses biplanar X-rays to record bone
movements directly instead of relying on skin mounted markers to represent the underlying bone
movements. HSBV has been used in previous studies to characterize CA kinematic envelopes of
asymptomatic knees for younger [139] and older [179] individuals during the gait cycle. For fifteen
younger participants (9 males and 6 females, ages 30.5 £ 6.2 yrs), Gray et al. (2019) found peak-
to-peak displacements (i.e., RoM) in F/E, I/E rotation, and Ab/Ad to be 70.7 deg, 9.2 deg, and 1.9
deg, respectively, during the full gait cycle of level walking [139]. For eight older, asymptomatic
participants (4 male, 4 female, ages 61.7 £ 5.4), Kefala et al. (2017) found average RoM in I/E
rotation and Ab/Ad angles to be 3.6 £ 1.1 deg and 2.3 £ 0.6 deg, respectively, during the stance
phase of level walking [179]. However, the kinematic results of these two studies are difficult to
compare due to different time frames analyzed (i.e., full gait cycle versus stance phase only). To
date, no direct comparisons of asymptomatic knee kinematics between younger and older
individuals have been reported. The second factor - presence of crosstalk - may be avoided by
using the HA instead of the conventional CA approach (refer to section 1.2.2). Only one study,
performed by Temporiti et al. (2020), has used the HA (specifically the sSFHA) to compare healthy
knee kinematics of twenty younger and twenty older individuals [76]. During treadmill walking,
the study revealed significant differences in the sFHA dispersion, with 2.8-5.0 deg of greater
magnitudes in the older participants. However, the OMCS was used in this study and the authors
specified that skin movement artifacts within the data may have remained despite using filters to
minimize these errors [76]. Additionally, the sSFHA is susceptible to stochastic errors if the angular
displacements are small [4]. Temporiti managed this issue by calculating the knee kinematics at

every ten degrees of rotation along the sagittal plane. However, this method reduces the temporal
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resolution of the data and omits large time frames of data that may have contained significant
kinematic differences. The rFHA has the ability to preserve temporal resolution by using a
reference position instead to achieve larger angular displacements [5]. Consequently, the
limitations surrounding the Temporiti study may be alleviated by using the rFHA in conjunction
with the HSBV.

Furthermore, several other HA measures exist to characterize knee kinematics but have not been
investigated with an aging population. For example, during a squat it was found that ACLD knees
had a more anterior sFHA location (2.6-15.9 mm; the intersection of the sSFHA with the femoral
mid-sagittal plane) and greater sFHA orientation (1.0-3.2 deg; angle between the sFHA and
femoral ML axis) when compared to healthy controls. This result was speculated to arise from
translational and rotational instabilities of the knee, respectively, which correlated with
tibiofemoral OA severity [77]. Similar measures with the rFHA may provide a more thorough
assessment of knee kinematics in older individuals, who may show equivalent patterns of
movement to the ACLD group as they are at higher risk of tibiofemoral OA. Additionally, the
trace of the rFHA location along the femoral mid-sagittal plane may provide information regarding
the amount of movement and RoM of the knee (i.e., path length and rFHA AP/SI excursion, section
2.3).

The purpose of this study was to compare rFHA measures and CA between younger and older
individuals with asymptomatic knees during level walking using the HSBV. It was hypothesized
that the younger group would demonstrate different knee kinematics than the older group.
Specifically, the older group would have greater magnitudes of rFHA path length and AP/SI

excursion (relating to a greater knee movement and RoM), and greater magnitudes of rFHA
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orientation (relating to decreased rotational knee stability). CA were also compared to the rFHA
helical angles as an exploratory analysis (as in Chapter 6).

7.2 Methods

The data used in this study was previously collected as part of a larger study, approved by the
Conjoint Health Research Ethics Board (REB15-0554). The data was previously analyzed by
Ritchie (2017) and Kupper (2020, thesis publication pending), who investigated different research
questions and variables to this current thesis research. Only methods related to this thesis will be
described in this section.

7.2.1 Study Participants

Ten male participants were recruited for this study and assigned in equal numbers to one of two
groups: 20-to-30-year age group (ages 25.8 + 1.9 years, body mass index (BMI) 22.5 + 1.1 kg/m?)
and 50-to-60-year age group (ages 55 + 2.4 years, BMI 26.8 + 4.0 kg/m?). Inclusion criteria
required participants to be under 190 cm tall to accommodate HSBV height restrictions, have no
history of lower limb injury or surgery, have no form of musculoskeletal injury within 6 months
prior to testing, and be self-reported as asymptomatic for tibiofemoral OA. All participants
provided informed consent prior to participation (ethics ID: REB15-0554).

7.2.2 Data Collection

Each participant first completed the Knee Osteoarthritis Outcome Score (KOOS) to obtain a better
description of participant knee symptoms and function [181]. Prior to HSBV collection, MR
images of the right limb for each participant were acquired (General Electric Medical Systems 3T
Discovery 750; Steady State Free Precision, slice thickness 1 mm; slice spacing 0.5 mm; field of

view 24 X 24 cm; matrix 512 X 512 pixels; echo time: 2.32 ms; repetition time: 7.513 ms; flip angle

35°; acquisition time 7°01”). Participants were asked to avoid strenuous activity (e.g., lifting,

running, strenuous or extensive walking or cycling) twelve hours before imaging, and remained
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non-weight bearing an hour before imaging. Following MR imaging, participants were taken to
the HSBV lab (refer to section 1.2.1.2). All participants were fit with protective lead garments to
shield against stray x-rays. Participants were positioned within the calibrated HSBV and walked
on a split-belt Bertec (USA) treadmill (1.2 m/s) instrumented with force plates (1000 Hz). A
warmup was first performed on the treadmill for two minutes to acclimatize the participant to the
walking speed [182]. Three trials (i.e., successive gait cycles) of the right leg were then recorded
with the HSBV (120 Hz, 64-72 kV, 100 mA, 1 ms pulse, effective dose 1.0 mSv, inter-beam angle
60 deg) along with ground reaction forces from the force plates. A sync pulse was used to
synchronize the HSBV and force plate data.

7.2.3 Data Processing

It has been found that asymptomatic knees may still show signs of OA within MR images [183].
Therefore, Magnetic Resonance Imaging Osteoarthritis Knee Scores (MOAKS) were acquired to
determine the OA status of each participant, where higher scores relate to greater severities of OA
[184]. Using the high-resolution knee MR images, a trained musculoskeletal radiologist reported
MOAKS for all ten healthy, self-reported asymptomatic participants. MOAKS scores were
categorized as very low (0-4), low (5-19), moderate (20-39), and high (>40). MR images of the
right knee were also imported into Amira (Thermo Fisher Scientific, MA, USA) for manual
segmentation of the femur and tibia, providing 3D models of the respective bones. These bones
were then transformed into an ACS using methods described previously [185]. For the femur, the
ML axis of the knee was defined by fitting and connecting the centres of spheres to each femoral
condyle. The centre of this ML line was designated as the origin of the femur. A temporary Sl axis
was created by connecting a line between the hip centre (defined as the centroid of a sphere fit
onto the femoral head) and femur origin. Afterwards, the AP axis was obtained by determining a

vector cross product between the ML and temporary Sl axis. The final SI axis was then calculated
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by computing a vector cross product between the ML and AP axis to obtain an orthogonal system.
For the tibia, the origin was defined as the centre of the intercondylar eminence. Similar to the
femur, the ML axis was obtained by connecting a line between the centres of the medial and lateral
plateaus. A temporary Sl axis was obtained by connecting the tibial origin and ankle centre (mid-
point of a line connecting the medial and lateral malleolus). The AP axis was obtained by
computing a vector cross product between the ML axis and temporary Sl axis. The final SI axis
was calculated by computing a vector cross product of the ML and AP axes. The ACS of the femur
and tibia were both oriented such that lateral, superior, and anterior directions were positive [185].
Knee extension, adduction, and internal rotation were designated as positive rotations.

HSBYV images were undistorted and then imported into 2D-3D registration software (Joint Track
Biplane, University of Florida, USA) with calibration parameters that relate the 2D locations of
the biplanar images to a 3D space relative to the HSBV. The 3D bone models, within their
respective ACS, were then 2D-3D registered to the HSBV images. Joint Track Biplane outputs a
series of Cardan angles (‘F/E, Ab/Ad’, I/E sequence [27]) and translations relating to the
movement of the bone being registered. Therefore, two kinematic series were acquired for each
trial, one for the femur and another for the tibia. Due to lower limb crossover during the gait cycle,
resulting in bone occlusion during a segment of the walking movement, registration of the femur
and tibia was only possible for partial sections of the stance and swing phase (stance: ~0-25%;
swing: ~70-100%). Additionally, if the femur and/or tibia of the participant during a trial did not
align properly with the HSBV (resulting in the femur and/or tibia not appearing within the images),
the trial was eliminated. Within each trial for each participant, the kinematic series of both bones

were normalized to a percent gait cycle, where 0% represents heel-strike and 100% represents toe-

146



off (Figure 7-1). The cut-offs for these events were determined using the vertical ground reaction
force signals.

Gait Cycle (%)
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Figure 7-1 — Example of kinematic curves normalized to 100% gait cycle. Three trials of knee
F/E for a single participant are illustrated. 0% represented heel-strike and 100%
represented toe-off. The gap within the data (~25-70%) is due to the inability to register the

bones because of lower limb crossover.

Knee rFHA parameters were obtained using a custom Matlab program (v2020b, MathWorks, MA,
USA) during two movement segments: 1) from 0-25% of the gait cycle (i.e., heel-strike to mid-
stance) and 2) from heel-strike to the occurrence of peak vertical ground reaction force during 0-
25% gait cycle (referred to as peak force [PF] henceforth). The swing phase was not assessed for
kinematics as the largest magnitudes of joint reaction forces occur during the stance phase. This
process requires converting the Cardan angles of both bones into a rotation matrix using a ‘ZXY’

sequence,
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cOycO; +sb0ysbOysB;, cOxsO,; —sbOycO;+cOysOxsh,
—CcOysB; +sbOysbycl; cOxchHB; sBOysO;+cOysblych, Eq. 7-1
sOy cOy —s 0y cOy cOy

where ‘c’ and ‘s’ represent cosine and sine functions, respectively, and 0 represents the Cardan
angle about a specific axis (X, Y, or Z). This provides a 3x3 rotation matrix representing the
orientation of the femur or tibia within the ACS. The ‘ZXY’ sequence was chosen because the
same sequence was used by the Joint Track Biplane software to calculate the CA. These rotation
matrices were subsequently smoothed using a B-spline filter with outlier removal process
(SPOUT, refer to Chapter 3).

To obtain a reference position for the rFHA, knee angles (tibia relative to the femur) were
calculated during the first of the three swing phases recorded. The swing phase was selected as
greater magnitudes of knee flexion occur within this phase, providing a reference position that
supplies large angular displacements relative to the stance phase. The magnitude of helical flexion
during swing phase was first calculated. The time point corresponding to 60 deg of knee flexion
was selected as the reference position. It is important to note that the rotation about the HA is not
affected by errors due to small angular displacements, only the directionality and position of the
HA are affected [37]. Therefore, the helical flexion angle used to define the reference position was
considered accurate. Because the alignment of the reference position may influence the rFHA
measures in this study (refer to Chapter 4), the helical angles within the other planes of motion
(Ab/Ad and I/E rotation) were averaged across all participants, providing a mean (SD) and 95%
ClI of the reference position alignments in those two planes.

For all gait cycle trials successfully recorded, the femur and tibia rotation matrices during 0-25%
gait cycle were calculated relative to the reference position. Next, the relative bone movements

(tibia relative to femur) were calculated to obtain knee joint rotation matrices. Using these
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matrices, the rFHA measures were quantified: AP and Sl location, translation, orientation,
dispersion, path length, AP and SI excursion, and helical angles (refer to section 1.2.2.3 for
definitions). For each participant, the rFHA measures from 0-25% gait cycle and 0-PF were
averaged across all trials to obtain a mean (SD) rFHA measure at each movement segment.

7.2.4 Statistical Analysis

Due to the small sample size (n = 5 per group), a non-parametric Mann-Whitney U test was
performed to determine group differences in rFHA measures from 0-25% gait cycle and 0-PF.
Mean differences (younger — older) and accompanying SD were reported to supplement the Mann-
Whitney U test. Cardan and helical angles at the single instance of PF were only included in the
PF Mann-Whitney U test analysis. Tests were performed with a significance value of (o = 0.05)
and effect sizes reported (Cohen’s D). Magnitudes of the effect sizes were categorized as no effect
(< 0.20), small (0.20-0.49), medium (0.50-0.79), and large ( > 0.80) [160]. To accommodate for
multiple tests (eight rFHA measures at 0-25% gait cycle and fifteen measures [FFHA and CA]
from O-PF or at PF) the Benjamini-Hochberg procedure was used with a false discovery rate of
5% to preserve the significance value to 0.05 [159]. Original p-values are reported in this study,
prior to the Benjamini-Hochberg procedure. Therefore, p-values smaller than 0.05 may not be
significant and will be explicitly stated when significance was maintained. To assess differences
in kinematic variability, inter-quartile ranges (IQR) of each measure were compared between the
younger and older groups. These IQR were further illustrated with box plots for qualitative
assessments. Tracings of the rFHA AP/SI location were also shown to provide a visual assessment

of the rFHA path length and AP/SI excursions.
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7.3 Results
7.3.1 KOOS and MOAKS

The high KOOS scores of all ten participants indicated that all had low levels of knee pain and
high knee function (Table 7-1). The lowest symptoms score was 79/100 in the older group and
93/100 in the younger group, where a score of 100 indicates no symptoms. Younger participants
scored 100/100 in all other KOOS categories (pain, activities of daily living, sports and recreation,
and quality of life). The lowest pain score in the older participants was 83/100, where a score of
100 indicates no pain. The remaining KOOS measures ranged from 85-100 out of 100.

The MOAKS of all ten participants are also provided in Table 7-1. Overall, the participants had
healthy joint scores All younger participants had a MOAKS of 0, indicating very minimal to no
signs of OA. Older participants generally had greater MOAKS, ranging from 0-26. Four of the
five older participants were considered to have very low or low signs of tibiofemoral OA. Only
one older participant was categorized within moderate OA, having a MOAKS of 26.

Table 7-1 — KOOS scores and MOAKS for younger (Y1-Y5) and older (O1-O5) participants.

High KOOS scores (maximum 100) indicate no problems in that category.

KOOS (out of 100) MOAKS
Particlpant Symptoms Pain g;fll;lnlt_lf\zgé ;Ezzzzgi Quality of Life Score Definition
Y1 93 100 100 100 100 0 Very Low
Y2 96 100 100 100 100 0 Very Low
Y3 100 100 100 100 100 0 Very Low
Y4 100 100 100 100 100 0 Very Low
Y5 100 100 100 100 100 0 Very Low
o1 100 100 100 100 100 0 Very Low
02 79 83 100 85 88 8 Low
o3 89 100 100 100 100 11 Low
o4 93 92 100 100 94 3 Very Low
05 100 97 99 95 100 26 Moderate
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7.3.2 Reference Position & Trial Elimination

Variability of the reference positions was present. Mean (SD) helical Ab/Ad within the reference
position was -2.61 (4.51), corresponding to a 95% CI of -5.40-0.19 deg. Mean (SD) helical I/E
rotation within the reference position was 4.33 (4.88), corresponding to a 95% CI of 1.30-7.35
deg. A single trial for Y1, O1, O3, and O5 were removed from the analysis due to the lower limb
not being sufficiently visible for 2D/3D registration.

7.3.3 Path Length, Location, Excursion, and Translation

The rFHA path length was significantly different between younger and older asymptomatic
participants from 0-25% of the gait cycle. Younger participants demonstrated 37% greater path
length magnitudes than the older participants (mean difference [SD]: 10.60 [9.23] mm, effect size:
2.93, p = 0.01; Table 7-2). This is evident in a visual inspection of the rFHA location tracing,
where on average the younger group had a longer tracing length than the older group (Figure 7-2).
This was also evident in the individual rFHA tracings for each participant (refer to Appendix D).
This significant difference in path length was not found from 0-PF, but a large effect size remained
(mean difference [SD]: 8.05 [3.21] mm, effect size: 2.34, p = 0.02; Table 7-3). Additionally, the
path length variability was smaller within the older group for both the 0-25% gait cycle segment
(younger IQR: 13.36 mm, older IQR: 4.19 mm; Table 7-2 & Figure 7-3) and in the 0-PF segment
(younger IQR: 10.38 mm, older IQR: 2.98 mm; Table 7-3 & Figure 7-4).

The rFHA location, excursion, and translation did not reveal any statistically significant
differences between the two groups for both movement segments of interest (Table 7-2 & Table
7-3). AP and Sl location had a mean difference (SD) of -22.34 (55.30) mm and 3.53 (37.64) mm
from 0-25% gait cycle, and -24.46 (55.50) mm and 3.43 (37.15) mm from O-PF, respectively. AP
and Sl excursion had a mean difference (SD) of 4.05 (4.85) mm and 3.48 (6.58) from 0-25% gait

cycle (Figure 7-2), and 4.31 (5.23) mm and 5.62 (6.40) mm from 0-PF, respectively. The
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translation along the rFHA showed mean differences (SD) of 1.51 (2.82) mm from 0-25% gait
cycle and 0.76 (1.35) mm from 0-PF. Similar to the path length, the rFHA location, excursion, and
translation were more variable (i.e., larger IQRs) within the younger group, with the exception of

translation at 0-25% gait cycle (Table 7-2 & Table 7-3).
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Table 7-2 — Statistics for each rFHA measure for the younger and older groups from 0-25% gait cycle. Group means and mean
differences (younger - older) with associated SD and 95% Cls are provided, as well as U scores and p-values (with corresponding

effect sizes) from the Mann-Whitney U tests.

0-25% Gait Cycle Younger Older Mean . U Score p_vam.e

rFHA Measure Mean SD Median IQR Mean SD Median IQR Difference (effect size)
Location (AP) (mm) -2.05 40.68 2.29 77.67 20.30 37.47 33.15 72.52 -22.34 55.30 7.00 0.31(0.78)
Location (SI) (mm) 435 3136 5.23 58.13 -7.88 20.81 238 36.79 3.53 37.64 11.00 0.84 (0.20)
Translation (mm) -5.42 1.92 -6.30 3.05 -6.93 2.07 -6.36 3.09 151 2.82 8.00 0.42 (0.62)
Orientation (deg) 8.55 2.31 8.13 4,58 8.03 4,72 5.62 8.31 0.52 5.26 8.00 0.42 (0.62)
Dispersion (deg) 2.78 0.32 2.70 0.62 3.40 1.06 2.85 141 061 111 6.50 0.22 (0.87)
Path Length (mm) 29.01 8.91 25.81 13.36 18.41 241 18.73 4.19 10.60 9.23 0.00 0.00* (2.93)
Excursion (AP) (mm) 9.76 4,74 8.48 8.42 5.71 1.03 5.49 1.90 4.05 4.85 5.00 0.15(1.14)
Excursion (SI) (mm) 13.86 5.56 1173 7.76 1038 3.52 9.92 4.94 3.48 6.58 7.00 0.31(0.78)

* dictates a significant difference after the Benjamini-Hochberg procedure
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Figure 7-2 — The rFHA location trace along the femoral mid-sagittal plane from 0-25% gait

cycle. A significant difference in path length was found, with younger (blue) participants

having greater path lengths than older (red) participants. This is

length of the younger participants. AP/SI excursions (dashed arrows) were not significantly

different. Start indicates 0% gait cycle and stop indicates 25% gait cycle. The solid arrows

dictate the direction of the trace.
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Table 7-3 — Statistics for each rFHA measure for the younger and older groups from 0-PF. Group means and mean differences
(younger - older) with associated SD and 95% Cls are provided, as well as U scores and p-values (with corresponding effect

sizes) from the Mann-Whitney U tests.

Peak Force Younger Older 'Mean . U Score p-valu.e

rFHA Measure Mean SD Median IQR Mean SD Median IQR Difference (effect size)
Location (AP) (mm) -4.46 4059 -0.25 7757 19.81 37.84 3327 73.19 -24.26 55.50 7.00 0.31(0.78)
Location (SI) (mm) -2.62 30.80 0.41 56.21 -6.05 20.78 -1.13 37.05 343 37.15 11.00 0.84 (0.20)
Translation (mm) -3.53 2.16 -4.42 3.96 -4.30 2.10 -3.56 2.80 0.76 1.35 12.00 1.00 (0.07)
Orientation (deg) 10.53 3.37 11.84 6.45 9.35 5.74 6.40 8.84 1.18 6.66 8.00 0.42 (0.62)
Dispersion (deg) 3.60 0.43 3.48 0.85 3.42 1.15 2.90 2.06 0.18 1.23 8.00 0.42 (0.62)
Path Length (mm) 21.10 7.01 19.43 10.48 15.05 1.57 12.22 2.98 8.05 3.21 1.00 0.02 (2.34)
Excursion (AP) (mm) 8.26 5.09 7.39 8.62 3.95 121 4.09 2.35 431 5.23 5.00 0.15(1.14)
Excursion (SI) (mm) 12.82 6.21 11.66 9.43 7.19 154 6.53 2.77 5.62 6.40 5.00 0.15 (1.14)
Helical Adduction (deg) -1.72 4.80 -1.32 8.54 -3.01 2.22 -2.13 3.52 1.30 5.29 9.00 0.55 (0.48)
Cardan Adduction (deg) -1.43 4.30 -0.42 6.05 -1.52 3.02 -0.91 5.14 0.09 5.25 10.00 0.69 (0.34)
Helical Internal Rotation (deg) 0.48 6.85 -1.51 11.81 4.06 4.45 3.09 6.68 -3.58 8.17 7.00 0.31(0.78)
Cardan Internal Rotation (deg) 1.03 6.97 1.82 12.40 4.81 3.73 3.56 5.00 -3.78 7.90 8.00 0.42 (0.62)
Helical Extension (deg) 38.60 5.79 40.44 8.00 39.22 3.35 40.34 4.30 -0.62 6.69 12.00 1.00 (0.07)
Cardan Extension (deg) 38.68 5.82 40.48 8.10 39.26 3.40 40.40 4.39 -0.58 6.74 12.00 1.00 (0.07)
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Figure 7-3 — Box plots of the rFHA measures (A-H) from 0-25% gait cycle for the younger
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Figure 7-4 — Box plots of the rFHA measures (A-H) from 0-PF for the younger (blue) and
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7.3.4 Orientation & Dispersion

Orientation and dispersion of the rFHA did not show any significant differences between the
younger and older participants (Table 7-2 & Table 7-3). The mean difference (SD) of the
orientation was 0.52 (5.26) deg from 0-25% stance phase and 1.18 (6.66) deg from 0-PF. The IQR
of the orientation was larger in the older group from 0-25% gait cycle (younger IQR: 4.58 deg,
older IQR: 8.31 deg; Table 7-2 & Figure 7-3) and from 0-PF (younger IQR: 6.45 deg, older IQR:
8.84 deg; Table 7-3 & Figure 7-4). The dispersion showed mean differences (SD) of -0.61 (1.11)
deg from 0-25% gait cycle and 0.18 (1.23) deg from 0-PF. Similar to orientation, the older group
showed greater IQR for dispersion for both 0-25% gait cycle (younger IQR: 0.62 deg, older IQR:
1.41 deg; Table 7-2 & Figure 7-3) and 0-PF (younger IQR: 0.85 deg, older IQR: 2.06 deg; Table
7-3 & Figure 7-4).

7.3.5 Helical & Cardan Angles

There were no group differences (younger - older) discovered for either the helical or Cardan
angles at the single instance of PF (Table 7-3). Helical and Cardan adduction angles showed mean
differences (SD) of 1.30 (5.39) deg and 0.09 (5.25) deg, respectively. Helical and Cardan internal
rotation had mean differences (SD) of -3.58 (8.17) deg and -3.78 (7.90) deg, respectively. Finally,
helical and Cardan extension showed mean differences (SD) of -0.62 (6.69) deg and -0.58 (6.74)
deg, respectively. The older participants tended to have less variable helical and Cardan angles at
PF, demonstrating 14.90-59.68% smaller IQR (Table 7-3 & Figure 7-5). Temporal graphs of the

helical and Cardan angles from 0-25% gait cycle can be found in Appendix E.
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7.4 Discussion

Aging is a major risk factor for the onset and progression of tibiofemoral OA. This is because
aging has been partly linked to altered knee kinematics that result in changes of knee stability and
RoM. These changes ultimately lead to altered contact locations on the femur and tibia. However,
there is a lack of strong evidence to suggest that these kinematic differences exist when using CA,
as the directionality of the changes have been inconsistent (e.g., studies have reported both larger
and smaller RoM for older groups when compared to younger groups). This may be due to certain
methodological limitations, such as skin movement artifacts with the OMCS and crosstalk when
using CA. Therefore, the rFHA, in conjunction with HSBV, was used in this study to investigate
the knee kinematic differences of five younger and five older participants from 0-25% gait cycle
and from 0-PF (or at PF). It was hypothesized that the older group would have greater magnitudes
of rFHA path length, AP/SI excursion, and orientation, and a more anterior rFHA location.

7.4.1 Path Length & Excursion

It was hypothesized that the older group would have greater magnitudes of rFHA path length. This
hypothesis was not supported in the study, as the older group had significantly smaller magnitudes
of rFHA path length when compared to the younger group. This was visible in the rFHA location
trace, where it is clearly shown that the older group had a smaller trace length than the younger
group (Figure 7-2). The younger group revealed a larger path length than the older group from 0-
25% gait cycle (mean difference [SD]: 10.60 [9.23] mm, effect size: 2.93, p = 0.00). Although not
significant following the Benjamini-Hochberg procedure, a large effect size was seen from 0-PF
(mean difference [SD]: 8.05 [3.21] mm, effect size: 2.34, p = 0.02). The rFHA path length
represents the rFHA location’s total distance travelled (represented by the length rFHA location
trace; Figure 7-2). If the rFHA contains smaller movements in its directionality and/or position

across the movement of interest, the path length will be smaller. A smaller path length may be
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associated with ‘stiffer’ knee kinematics that result in reduced bone movements [40]. Therefore,
the older group walked with a stiffer knee that did not rotate and/or translate as much as the
younger group. This finding was further supported by the smaller path length variability of the
older participants, suggesting that this stiffer knee strategy was performed consistently throughout
0-25% gait cycle and 0-PF. It is speculated that a reduced RoM in the knees of the older
participants may result in loads that act within a smaller surface area of knee cartilage when
compared to the younger participants. Consequently, the cartilage within that area may be more
frequently exposed to habitual loading, thus increasing the risk of cartilage degradation in that
region. However, a previous study by Kupper (2020), using the same data as in this study, does
not confirm this speculation [186]. To elaborate, the study by Kupper compared the path travelled
of the femoral and tibial cartilage contact regions (i.e., weighted centroids) between the younger
and older participants. No statistically significant group differences were found in the path
travelled of the weighted centroid. This was suggested to be a result of the small sample size, thus
not having sufficient power in the study. However, the study did note that some older participants
had large oscillations in the weighted centroid location [186]. This may result in a larger surface
area in which the loads within the knee act, thus contradicting the finding in this study where older
participants had a smaller rFHA path length. Future studies are required with a larger sample size
to increase the power of the study, and to better determine the relationships between the rFHA path
length and cartilage contact regions.

The smaller magnitudes of path length in the older group may also be an accommodation at older
ages to minimize the risk of injury/falling. Older individuals have been reported to have decreased
levels of knee proprioception, or a lessened capacity to detect the position/orientation of their knee

joint [187], [188]. As a result, they may “stiffen’ their gait (i.e., reduce their knee RoM) to provide
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minimal joint displacements, thus maintaining a safer knee position to avoid a loss of balance. This
study did not find statistically significant differences in rFHA excursion to further support the
notion of decreased knee RoM. However, older individuals have been previously reported to have
smaller RoM within the knee during waking [177]-[179]. This decrease in RoM has been
speculated to increase stability of the knee and promote greater balance [189]. These speculations
have been substantiated with EMG studies, where increased levels of muscular co-contractions
were present with aging, providing more stability to the knee [189], [190]. However, increases in
muscular co-contraction may lead to greater forces within the joint, promoting the progression of
tibiofemoral OA [191]. Similar, but more drastic decreases in proprioception and increases in
muscular co-contractions have been observed in participants with tibiofemoral OA to increase
knee stability [73], [191]-[193]. A similar pathogenesis may exist within older, asymptomatic
individuals and requires further investigation.

7.4.2 Orientation & Dispersion

The orientation of the rFHA did not differ between the two groups, thus refuting the study
hypothesis that orientations would be greater in the older group. The same observation was seen
with the translation along the rFHA. This is an interesting finding because the path length, which
was significantly different, is dependent on these measures. Specifically, the directionality of the
rFHA (measured with orientation) and the physical position of the rFHA in 3D space (influenced
by knee translations) will affect the point of intersection between the rFHA and femoral sagittal
plane (i.e., the rFHA location). Therefore, it would be expected that at least one of these measures
would be a differentiating factor between the two groups. It may be that a larger sample size is
required to determine these differences, as this study had a small sample size (n =5 for each group).
However, these findings may also suggest that the knee kinematics of older, asymptomatic

individuals are not simply distinguished by rotations and translations individually. Instead,
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differences in knee kinematics could reside within the combined alterations of the two movement
types. The rFHA, because of its ability to combine rotations and translations as a single,
quantifiable measure, may prove to be a powerful supplementary tool to kinematic analyses.

The dispersion of the rFHA was not significantly different between the two groups for either
movement segment assessed. This finding is contrary to a recent OMCS study performed by
Temporiti et al. (2020), who determined significantly greater magnitudes of sFHA dispersion (1.8-
5.0 deg) during 95-10% and 75-95% of the gait cycle in twenty older, asymptomatic participants
when compared to twenty younger, healthy controls [76]. These conflicting results may originate
from three methodological differences. Firstly, the phases of gait that were assessed were not the
same, as our study investigated 0-25% of the gait cycle. 0-25% (heel-strike to midstance phase of
walking) was selected for this study as the largest joint reaction forces occur during the stance
phase of gait. However, measuring dispersion from 95-10% (terminal swing to foot flat) and 75-
95% (initial swing to terminal swing) of the gait cycle may provide different results. These
movement segments involve different kinetic chains (swing = open chain; stance = closed chain)
which may require different kinematic strategies. Further investigations are required for these
speculations. Secondly, Temporiti asked the participants to walk on a treadmill at a self-selected
speed, whereas this study had a fixed treadmill speed of 1.2 m/s. It has been shown that magnitudes
of knee F/E are influenced by walking speed [194], [195]. However, during passive knee flexions
it was demonstrated that Ab/Ad and I/E rotation of the knee were closely coupled with F/E angle
[126], [196]. Although not a passive movement, any knee F/E changes due to different walking
speeds may potentially extend into the Ab/Ad and I/E rotations of the knee. Therefore, caution
should be used when comparing kinematics of individuals walking at different speeds. Finally,

Temporiti used the sFHA instead of the rFHA. The sFHA is susceptible to small angular
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displacements, resulting in potentially erroneous positions and directionalities of the SFHA [4]. To
mitigate this complication, Temporiti calculated the SFHA at every 10 deg increment of sagittal
knee motion. However, this results in the temporal resolution being reduced, resulting in the
computation of the sFHA at limited and specific time points. In the case of the rFHA, temporal
resolution is maintained due to the use of a reference position. Therefore, the calculation of
dispersion differs between the rFHA and sFHA. The rFHA dispersion is calculated using a greater
amount of data that may be more variable, whereas the SFHA dispersion is calculated using limited
data at specific intervals.

7.4.3 Helical & Cardan Angles

No group differences were found for knee angles at the single instance of PF when using both the
helical and Cardan angle approach. However, both approaches revealed smaller angle variabilities
within the older group (14.90-59.68% smaller 1QR, Figure 7-5) when compared to the younger
group). This is an interesting finding, because the variability (IQR) of the rFHA orientation in
older participants was found to be 81.44% and 37.05% greater from 0-25% gait cycle (Table 7-2)
and 0-PF (Table 7-3), respectively. These conflicting variabilities are speculated to result from the
time frames each measure is calculated from (similar to the helical angle and orientation results
from Chapter 6, refer to section 6.4.2). The helical and Cardan angles were analyzed at a specific
instance of time (PF) while the rFHA orientation was averaged throughout the whole segment of
movement (0-25% gait cycle and 0-PF). Therefore, direct comparisons of these two measures are
challenging. Assessing the rFHA orientation temporally or at a specific instance of time may be
beneficial to determine its relationships with the helical and Cardan angles; future investigations
are required.

The decrease in helical and Cardan angle variability may have been a safety mechanism for the

older participants to maintain a stable knee and avoid falling during the stance phase of walking
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[197], [198]. To elaborate, older individuals experience a decline in proprioceptive function, which
has been related to an increased risk of falling [187]. Therefore, older individuals may not be able
to control their knee movements to the extent that younger individuals can. During stance phase,
where peak reaction forces occur within the knee, older individuals may seek to minimize their
risk of falling by reducing the RoM of the knee and maintaining a more stable configuration.
Similar decreases in proprioception and joint angle variability have been determined in individuals
with tibiofemoral OA [199], [200]. However, due to the cross-sectional design of this study, it is
not possible to determine if these stiffer gait patterns in the older, asymptomatic individuals are
associated with tibiofemoral OA development. Future studies are recommended to use a
longitudinal study design to establish a cause-effect relationship between these stiffer gait patterns
and tibiofemoral OA development.

The supplementary findings provided by the rFHA and CA provide additional insights that inform
the utility of the rFHA within biomechanics. It is evident that the rFHA is a feasible and promising
approach to characterize knee joint stability in a relatively novel perspective.

7.4.4 Strengths & Limitations

One strength of this study includes the use of the HSBV to record bone movements of the
participants directly, providing accurate kinematics that are not influenced by skin movement
artifacts. Additionally, this study was able to assess the rFHA kinematics from heel-strike to the
moment of peak vertical ground reaction force (i.e., 0-PF), as well as helical and CA at the single
instance of PF. This is a valuable time frame/point as this is when the knee is subjected to large
magnitudes of reaction forces, which are speculated to be a key factor to the development of
tibiofemoral OA. Furthermore, the assessment of the helical angles at PF is more efficient using
the rFHA, due to its ability to preserve temporal resolution. The alternative sFHA is typically

calculated at large angular intervals (e.g., every 10-degrees of knee F/E) to reduce stochastic errors.
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Consequently, there is a loss of temporal resolution and it may be difficult to achieve the SFHA
measures at the exact time of PF. This is not an issue with the rFHA. A final strength of this study
was the use of KOOS and MOAKS to assess knee symptoms/function and health, respectively.
All participants in this study provided self-reports of asymptomatic knees. Therefore, older
participants considered themselves to be functionally indifferent to the younger participants, being
able to perform similar movements without impairment or pain. However, asymptomatic knees of
older participants revealed some signs of OA [183]. The use of KOOS and MOAKS informed the
study of what levels of knee pain/function and OA each participant had and to ensure both groups
were similar.

Limitations in this study are acknowledged as well. First, based on MOAKS, a participant within
the older group had moderate signs of OA while the remaining participants of had very low or low
signs of OA. Because this one participant’s OA status was more severe, their knee kinematics may
have increased the variability of the data within the older group. Secondly, the small sample size
is a crucial factor that lessens the statistical power of the study. However, the post-processing of
HSBV data for a single participant is time consuming and larger sample sizes are difficult to obtain
in HSBYV studies (refer to section 1.2.1.2). Furthermore, the rFHA and CA presented in this study
were exploratory variables from the primary study design. Consequently, the sample size was
calculated based on different variables that were not related to the research questions presented
here (e.g., cartilage contact path locations). Furthermore, a small sample size may increase the risk
of Type Il errors (i.e., false negatives). A larger sample size would reduce the risk of Type Il errors
and potentially reveal more significant findings to substantiate the current rFHA findings.
However, the rFHA is a relatively new approach to characterize knee kinematics. Due to limited

rFHA studies, it was challenging to perform a sample size calculation. However, the exploratory
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findings of this thesis provide a basis for sample size calculations in future studies. Finally, a
reference position for each study participant was acquired during their respective swing phase,
specifically at 60 deg of knee flexion along the HA. However, according to the helical angles, it
was determined that Ab/Ad and I/E rotation angles between the reference positions ranged from -
5.40-0.19 deg and 1.30-7.35 deg, respectively. These alignment differences may have an influence
on the rFHA measures that could change the overall results of the study (refer to Chapter 4). Future
studies should ensure that a reference position trial is obtained in a controlled setting, ensuring
consistent knee alignments.

7.5 Conclusions

The natural aging process may result in several musculoskeletal deficiencies, thus altering the
kinematics of the knee. These altered kinematics have been speculated to assist in the onset or
progression of tibiofemoral OA. Although these changes have been evident, the directionalities of
these changes have been inconsistent between studies. For example, studies have reported both
smaller knee RoM [178], [201] and larger knee RoM [94] in older groups when compared to
younger groups. These directional inconsistencies may be partially attributed to errors within the
methods used, specifically skin movement artifacts and crosstalk. To avoid these error sources,
this study was the first to use the rFHA, in conjunction with HSBV, to compare knee kinematics
of younger and older asymptomatic individuals. It was hypothesized that the older group would
demonstrate greater magnitudes of rFHA path length, excursion, and orientation. The rFHA path
length was significantly smaller (10.60 mm, effect size: 2.93, p = 0.00) in the older group than the
younger group, refuting the study hypothesis. This finding suggests that older individuals develop
a strategy to walk with a stiffer gait. This strategy then limits the amount of knee movement, with
the purpose of maintaining a stable knee to reduce the risk of falling. The speculation of limited

knee movement in the older participants was supported with smaller variability of the helical and
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Cardan angles at PF (14.90-59.68% smaller IQR). These stiffer gait patterns are similar to previous
findings of individuals with tibiofemoral OA. Therefore, the rFHA may provide promising
measures that are sensitive to the kinematic changes associated with tibiofemoral OA. However,
this cross-sectional study cannot identify this potential cause-effect relationship and longitudinal

investigations are required to confirm these speculations.
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Chapter Eight: Summary & Future Directions
8.1 Introduction

This thesis investigated the use of the rFHA as an alternative measure to quantify and characterize
altered knee kinematics for individuals at high risk of tibiofemoral OA. The research is presented
in seven chapters. The first chapter provided the motivation of the thesis, followed by an
introduction to the biomechanical etiology of tibiofemoral OA and the methods used to record and
quantify knee kinematics. Chapter 1 concluded with the current knowledge gaps relating to
characterizing knee kinematics, followed by the objectives of the thesis, and the specific aims (SA)
and hypotheses. A review of relevant literature on tibiofemoral OA kinematics using the CA and
rFHA approaches, and the knowledge gaps associated with the rFHA were provided in the second
chapter. The next three chapters (Chapters 3-5) provided a technical assessment of the rFHA as a
biomechanical measure, specifically its response to different smoothing techniques within the
HSBV, the influence of misaligned reference positions on the rFHA outcome measures, and the
differences in rFHA measures between the HSBV and OMCS. Chapters 6 and 7 outlined the
application of the rFHA to characterize differences in knee kinematics of participants who are at
high risk of tibiofemoral OA relative to healthy participants. Chapter 6 investigated kinematic
differences of ACLR knees in youths, while Chapter 7 investigated kinematic differences between
younger and older participants with asymptomatic knees.
The objectives of this thesis were as follows:
1. To advance the applicability of the rFHA in describing clinically relevant knee joint
kinematics by evaluating its accuracy within the HSBYV and its sensitivity to errors. This
will provide technical considerations when using the rFHA to characterize knee kinematics

most accurately.
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2. To determine if the rFHA is capable of distinguishing knee kinematics of individuals at
higher risk for tibiofemoral OA, such as older or injured knees.
The first objective was achieved through the following SA:

SA 1. Determine the accuracy of the rFHA within the HSBV, and how different smoothing
techniques applied to the ATM from the HSBYV data may improve the accuracy (Chapter
3).

SA 2. Assess the mean differences and variabilities of the rFHA measures to reference position
misalignments, thus establishing how sensitive the measures are to changes in the
reference position (Chapter 4).

SA 3. Compare rFHA measure differences between the OMCS and HSBV to characterize
potential skin movement artifact errors during movement tasks; and to identify rFHA
measures that contain the least errors and therefore can be used with most confidence
(Chapter 5).

The second objective was achieved through the final SA:

SA 4. Apply the rFHA to individuals at higher risk of tibiofemoral OA (specifically youths with
a history of ACL injury and older, asymptomatic individuals) to characterize the knee
kinematics during various movement tasks and compare them to healthy controls.
(Chapters 6 and 7).

8.2 Key Findings and Contributions

SA 1. This was the first study to investigate the influence of different smoothing techniques for
the ATM on the accuracy of the rFHA when using HSBV. It was speculated that applying
the smoothing techniques to the ATM would increase the accuracy of the rFHA
directionality and the rotational speed along the rFHA. A B-spline filter modified with an

outlier removal process (SPOUT) provided the best performance when rated on rFHA
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SA 2.

SA 3.

accuracy (RSD = 0.84-1.32 deg/s), followed by SLERP (RSD = 2.26-2.93 deg/s) and a
moving average technique (RSD = 2.34-3.07 deg/s). These study findings inform HSBV
data processing approaches as to what smoothing techniques are recommended to provide
the most accurate knee kinematics.

This was the first study to assess differences in the rFHA measures when presented with
reference position misalignments. It was found that misalignments of the reference
position had a substantial impact on the rFHA measures. Mean absolute differences of the
translational and angular rFHA measures ranged from 1.17-19.53 mm and 0.77-5.45 deg,
respectively. The variabilities of these differences were mostly associated with the F/E
angle of the knee, with percent contributions ranging from 72.28-98.26%. These
differences could potentially be minimized by using a ‘correction function’ and the use of
a device to position the femur and tibia into appropriate and repeatable alignments.

The difference in rFHA measures between the conventional OMCS and more accurate
HSBV were determined for the first time in this study. It was hypothesized that the
differences (HSBV — OMCS) between the two modalities would lie within the reported
magnitudes of skin movement artifact errors (up to 4.4 deg and 13.0 mm). The rFHA
location, path length, and excursion exceeded the expected errors due to skin movement
artifacts (ranging from 18.67-101.84 mm), refuting the study hypothesis. The reason for
this finding was speculated to originate from the measures being dependent on the
rotations and translations of knee, thus being exposed to a compounded influence of both
rotational and translational errors due to skin movement artifacts. The rFHA translation,
orientation, and dispersion differences fell within the range of the expected errors

(translation: 8.21-11.87 mm, orientation: 6.74 deg; dispersion: 1.49-4.13 deg), supporting
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SA 4.

the study hypothesis. Consequently, the rFHA translation, orientation, and dispersion are
recommended more strongly for use within the OMCS as they are not susceptible to
compounded errors associated with skin movement artifacts.

Characterizing knee kinematics with the rFHA measures has been reported previously in
only one study investigating potential differences in knee kinematics of healthy and ACLD
knees during a single leg squat and seated leg extension [40]. This thesis research applied
the rFHA for the first time to characterize knee kinematics of two other populations who
are at high risk of tibiofemoral OA: (a) individuals with an ACLR knee and (b) older,
asymptomatic individuals. The purpose of these two studies was to identify potential
differences in knee kinematics between high-risk tibiofemoral OA participants and healthy
control participants. Insights derived from these studies are summarized as follows:

a. Adolescents who sustained a sport related ACL injury, resulting in ACLR, had
their knee kinematics compared to healthy matched controls during a VDJ using
an OMCS. It was hypothesized that the rFHA would successfully detect kinematic
differences in ACLR knees when compared to the matched controls. No
statistically differences were found between the two groups to support the study
hypothesis. However, the participants with ACLR tended to have greater
magnitudes of rFHA dispersion (0.46 deg) throughout the first support phase of
the VDJ, implying increased levels of knee instability. Additionally, lesser
magnitudes of helical internal rotation (2.18 deg) at maximum knee flexion were
observed for the ACLR group. This difference was not identified using the CA
approach. Because smaller internal rotations of the knee have been found to reduce

ACL strains, it was speculated that the lesser magnitudes of helical internal rotation
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within the ACLR group was adopted as a safety mechanism to reduce ACL strains
and prevent reinjury. However, this safety mechanism may result in abnormal
contact locations within the knee, resulting in knee forces acting on unadapted
cartilage and promoting tibiofemoral OA development. Lastly, the helical angles
may provide an alternate approach to the CA for characterizing knee kinematics.
The helical angles successfully detected kinematic differences where the CA could
not. This may be due to the advantage of the helical angles being immune to
crosstalk errors.

Using HSBV, the rFHA knee kinematics of younger and older participants with
asymptomatic knees were compared during level treadmill walking from 0-25%
gait cycle and 0-PF (or at PF). It was hypothesized that the older group would
demonstrate greater magnitudes of rFHA path length, excursion, and orientation.
No changes in the rFHA orientation were found, thus not supporting the study
hypothesis. The rFHA path length was significantly smaller (10.60 mm, p = 0.00)
in the older group from 0-25% gait cycle and contradicted the study hypothesis.
Smaller path lengths suggest a ‘stiffer’ knee with minimal rotations and/or
translations. This ‘stiffer’ gait may originate from increased muscular co-
contractions to increase knee stability. However, increased muscular co-
contractions may increase internal forces at the knee and promote tibiofemoral OA
development. Additionally, smaller rFHA path lengths in the older group were
substantiated with trends of smaller rFHA excursions (3.48-5.62 mm), translating
to smaller knee RoM. Smaller knee RoM may result in knee loads acting within

smaller surface areas of cartilage, thus exposing the cartilage to more frequent
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loading and increasing the risk of cartilage degradation. These patterns are similar
to individuals with tibiofemoral OA and may act as a biomechanical marker for
tibiofemoral OA development. Longitudinal investigations are required to confirm
these speculations.

8.3 Future Directions
8.3.1 Sample Size

Most of the studies in this thesis had a small sample size (n=1-10). The only study that was an
exception was the pre-OA youth injury study (Chapter 6) that had a total of 96 participants, which
is rare in biomechanical analyses and considered a strength of the study. Additionally, in studies
involving the use of the HSBV having a sample size greater than 20-30 participants is uncommon.
However, a larger sample size will provide greater statistical power and a stronger ability to
generalize the results to the population of interest. There is also minimal literature available to
conduct sample size calculations as the rFHA measures are relatively novel. This exploratory
research is useful for generating data for power calculations and formulating research hypotheses
for future rFHA studies. Finally, most of the participants within this thesis were male. A sample
of female participants may provide insight to potential sex differences in knee kinematics for
various age ranges, joint health status and across difference movement tasks.

8.3.2 Automation of SPOUT

The SPOUT was the top performing smoothing technique for smoothing kinematic data acquired
with the HSBV. However, it is currently a subjective method that requires the user to manually
select a smoothing factor to obtain the “ideal” kinematic curve. However, the selection of this
smoothing factor can be determined automatically using Generalized Cross-Validation (GCV)

[35]. Future studies are required to determine how the GCV would interact with the outlier removal
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process and if the accuracy of the kinematics when using the original SPOUT are maintained or
improved.

Furthermore, the use of SPOUT provides a series of polynomial functions that relate to the
smoothed kinematic curves. Therefore, the derivatives of these functions would be much more
accurate than the finite difference approximations. This is advantageous for the IHA, which
depends on the accuracy of the calculated derivatives (refer to section 1.2.2.3.1). Therefore, it may
be useful to incorporate the use of a GCV integrated SPOUT on HSBYV data, allowing the accurate
calculation of the IHA. This enables the comparison of the different HA methodologies (IHA,
rFHA, and sFHA) and any relationships that may be present. This is especially important due to
the fact that the absolute measures of the rFHA are not physically meaningful like the IHA or
sFHA. Instead, the rFHA has relative measures with the purpose of comparing accurate kinematic
patterns.

8.3.3 Reference Position Repeatability

Reference position misalignments and their influence on the rFHA measures were investigated
using a controlled simulation (i.e., an original reference position was rotated to specific positions
using rotation matrices; refer to Chapter 4). This approach is advantageous when determining the
expected errors in the rFHA measures with specific reference position misalignments. However,
the F/E and I/E rotation increments selected may not generalize to participant misalignments
within the HSBV or OMCS. Therefore, future studies may consider determining the intra- and
inter-session repeatability of the reference position in-vivo. This would provide a range of errors
based on in-vivo experimental knee joint positioning that may occur when aligning participants to
a reference position. Additionally, these further investigations would inform whether similar

changes to the rFHA measures exist when compared to the simulated study.
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Furthermore, it is likely that reference position misalignments will remain despite attempts to
accurately position participants with visual inspection or alignment devices. However, it was seen
that errors associated with reference position alignments are quantifiable with second order
polynomials, referred to as a ‘correction function’. Future studies focused on the development and
implementation of these functions could potentially provide substantial improvements in the
accuracy, repeatability, and reproducibility of the rFHA measures

8.3.4 Relating the rFHA to other Components of OA

The promise of the rFHA to quantify knee kinematics has been demonstrated in this research.
However, based on the work of Andriacchi et al. (2015) altered knee rotations/translations are only
one of several factors that contribute to the development of tibiofemoral OA [67]. The Systems
Model of OA developed by Andriacchi suggests that OA development consists of integrated
changes in mechanical, biological, and structural components. Therefore, relating the rFHA
measures to other mechanical measures such as cartilage contact path and stiffness, muscle
activation and co-contraction patterns, and kinetics (e.g., knee moments and joint reaction forces)
may provide more detailed descriptions of tibiofemoral OA etiology. Additionally, the
incorporation and integration of biological measures (e.g., MRI T2 relaxometry, which can provide
information on cartilage health status, specifically free water content [202] and collagen fibril
density [203]) and structural measures (e.g., skeletal alignment/structure, bone shape, and cartilage
thickness and volume) may provide a composite joint profile to provide additional insights into
the intricate pathogenesis of tibiofemoral OA.

8.3.5 Alternative Assessments of the rFHA Measures

The rFHA measures within this thesis were calculated as averaged or summed measures
throughout a movement to perform statistical analyses, resulting in single quantity measures for

statistical analyses. Similarly, the helical and Cardan angles were analyzed discretely by selecting
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a specific time point in the movement of interest (e.g., at maximum knee flexion or at peak vertical
ground reaction force). As a result, temporal patterns were only identified through visual
inspections of rFHA unit vector or location tracings. The ability to analyze the rFHA measures
temporally may provide further insights to the knee kinematic differences associated with
tibiofemoral OA. This is possible with the use of statistical parametric mapping, an analysis
approach designed for continuous, temporal data [204]. Future studies may consider the use of
statistical parametric mapping with temporal rFHA measures, providing supplemental information
about where the differences occur.

Additionally, only between-participant comparisons of the rFHA measures were performed.
Further studies may include within-participant comparisons (e.g., injured versus contralateral
knees or repeated measure studies) to further inform the development of tibiofemoral OA.
Specifically, these studies will provide the rFHA measure magnitudes and variabilities that are
associated with specific movement tasks and populations, assisting in the determination of
clinically important differences in tibiofemoral OA.

8.3.6 Assessment of Different Movement Tasks

There is a need to better understand the main patterns within the rFHA measures that correspond
to specific movements. Establishing the consistencies of these patterns in healthy individuals is
important for future between-group comparisons based on age, sex, joint health status, or sport
involvement/expertise. Assessing the rFHA measures of healthy individuals during different
movement tasks would also enable developing a database of baseline kinematics that relate to
various movement tasks. This baseline could be used to determine clinically important differences
in the rFHA measures and enable the rFHA to be used for diagnostic and joint health monitoring

purposes, as well as to assess the effect of joint treatments and intervention strategies. Ultimately,
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in combination with CA, these could be developed into biomechanical measures that would
identify individuals a high risk of developing early OA or progressing with OA.

8.3.7 Incorporation of the Helical Angles

The helical angles are a different approach to characterize knee kinematics within three rotational
planes (F/E, Ab/Ad, and I/E rotation). The advantage of the helical angles is that they are not
susceptible to the crosstalk errors present within the conventional CA approach. Additionally, the
helical angles provide similar magnitudes and patterns of kinematics to the CA approach making
them easy to comprehend. Because helical angles demonstrated a strong ability to characterize
knee kinematics within high tibiofemoral OA risk populations, it may be a powerful and
supplemental tool to quantify not only knee kinematics, but general joint kinematics.

8.4 Conclusion

The purpose of this thesis was to advance the applicability of the rFHA in characterizing knee
kinematics during dynamic movement tasks. For the first time a technical assessment of the rFHA
was performed regarding the determination of an optimal smoothing technique, the sensitivity of
rFHA measures to reference position alignment, and the influence of skin movement artifacts on
rFHA measures. The results of the technical studies indicated that 1) a B-spline filter with outlier
removal process (SPOUT) was the best smoothing technique to use on ATM for subsequent rFHA
calculations, 2) reference position misalignments have a substantial effect on the rFHA measures,
and 3) differences in the rFHA measures exist between the OMCS and HSBV, with some
exceeding CA skin movement artifact errors. Lastly, the rFHA was successfully applied for the
first time to characterize knee joint kinematics in two high tibiofemoral OA risk populations: knees
with ACLR and in older participants. The results of the application studies demonstrated the

feasibility and promise of the rFHA measures as a biomechanical marker for tibiofemoral OA
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Specifically, the rFHA dispersion, path length, excursion, and helical angles successfully detecting

trends or statistical differences in knee kinematics of high-risk tibiofemoral OA populations.
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APPENDIX A: Marker Locations

Marker # Location
1 5th metatarsal joint, lateral, right
2 Superior navicular, right
3 Lateral calcaneus, right
4 Malleolus, medial, right
5 Malleolus, lateral, right
6 Distal tibia, lateral, right
7 Proximal tibia, anterior, right
8 Fibula head, right
9 Condyle, medial, right
10 Condyle, lateral, right
11 Distal thigh, right
12 Medial thigh, right
13 Proximal thigh, right
14 Greater trochanter, right
15 5th metatarsal joint, lateral, left
16 Superior navicular, left
17 Lateral calcaneus, left
18 Malleolus, medial, left
19 Malleolus, lateral, left
20 Distal tibia, lateral, left
21 Proximal tibia, anterior, left
22 Fibula head, left
23 Condyle, medial, left
24 Condyle, lateral, left
25 Distal thigh, left
26 Medial thigh, left
27 Proximal thigh, left
28 Greater trochanter, left
29 Anterior superior iliac spine, right
30 Anterior superior iliac spine, left
31 Posterior superior iliac spine, right
32 Posterior superior iliac spine, left
33 Sternum, half distance between
manubriunVxiphoid process
34 Manubrium
35 C7
36 Acromion, right
37 Acromion, left
38 Helper marker - iliac crest, right
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APPENDIX B: Anatomical Coordinate System Definitions

Segment

ACS

Definition

Thigh

Origin

Initial medio-lateral axis

Supero-inferior axis

Antero-posterior axis

Medio-lateral axis

Hip joint centre: Calculated using methods of Bell et al.?
Briefly, the hip centre was defined as a percentage of the
distance between the left and right anterior superior iliac
spines: 14% medially, 19% posteriorly, and 30%
inferiorly.

Line that connects the medial and lateral femoral
condyles, pointing laterally.

Line that connects the knee joint centre (refer to
definition of the shank origin) to the hip joint centre,
pointing superiorly.

Cross product between the supero-inferior axis and
initial medio-lateral axis, pointing anteriorly.

Cross product between the antero-posterior axis and
supero-inferior axis, pointing laterally.

Shank

Origin

Initial medio-lateral axis

Supero-inferior axis

Antero-posterior axis

Medio-lateral axis

Knee joint centre: Defined as the midpoint of the line
that connects the medial and lateral femoral condyles.

Line that connects the medial and lateral femoral
condyles, pointing laterally.

Line that connects the ankle joint centre (defined as the
midpoint of the line that connects the medial and lateral
malleoli) and knee joint centre, pointing superiorly.

Cross product between the supero-inferior axis and
initial medio-lateral axis, pointing anteriorly.

Cross product between the antero-posterior axis and
supero-inferior axis, pointing laterally.

2 Bell et al. [205]
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APPENDIX C: Within-participant SD of the ACLR group and matched controls

) ACLR Healthy
Matched Pair
Orientation (deg) Dispersion (deg) Orientation (deg) Dispersion (deg)
1 0.66 0.51 1.08 0.56
2 0.63 0.57 1.35 1.69
3 0.46 0.43 0.94 0.52
4 0.41 0.48 0.61 0.36
5 0.59 0.47 0.45 0.29
6 0.99 0.84 0.60 0.38
7 0.81 0.64 0.37 0.36
8 0.45 0.50 0.41 0.59
9 1.65 1.73 1.22 0.37
10 1.39 1.91 1.59 0.61
11 1.20 0.96 0.66 0.40
12 1.53 1.84 0.49 0.14
13 0.86 0.47 1.02 0.76
14 1.00 0.72 0.84 0.54
15 0.87 0.51 0.39 0.10
16 0.56 0.54 0.57 0.58
17 0.72 0.38 0.66 0.89
18 0.93 0.32 1.22 0.52
19 0.58 0.59 0.96 0.68
20 1.05 0.68 0.58 0.43
21 1.96 1.06 1.30 0.79
22 0.79 0.51 0.73 0.34
23 1.89 0.96 1.28 0.29
24 0.76 0.61 0.81 0.66
25 1.08 0.83 1.02 0.66
26 2.07 1.38 1.13 0.50
27 1.05 0.66 0.71 0.37
28 0.89 0.96 0.96 0.54
29 1.15 0.61 1.42 0.38
30 0.48 0.45 0.68 0.71
31 0.79 0.48 0.64 0.89
32 0.71 0.55 1.99 0.51
33 1.13 0.66 0.32 0.43
34 0.62 0.58 0.73 0.40
35 1.36 1.12 1.01 0.56
36 1.21 1.29 1.13 0.49
37 0.80 0.76 0.70 0.38
38 0.82 0.51 2.77 1.70
39 1.87 1.85 1.22 0.91
40 2.28 1.47 0.64 0.60
41 0.99 0.61 0.86 0.75
42 1.03 1.01 0.81 0.87
43 0.75 0.64 0.44 0.57
44 1.33 0.67 0.95 0.44
45 0.82 0.70 1.22 0.85
46 1.29 1.47 1.06 0.66
47 0.61 0.34 0.88 0.60
48 0.63 0.41 0.57 0.36
Average 1.01 0.80 0.92 0.58
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APPENDIX D: Individual rFHA tracings
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Figure D-1 — The individual rFHA tracings of the younger (Y1-5) and older (O 1-5)
participants. All trials for each participant are provided to illustrate the within-participant

variability (figure continued on next page).
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Figure D-1 — The individual rFHA tracings of the younger (Y1-5) and older (O 1-5)

participants. All trials for each participant are provided to illustrate the within-participant

variability.
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APPENDIX E: Supplementary temporal graphs of the Cardan and helical angles
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Figure E-1 — The CA (graphs A, C, and E) and helical angles (graphs B, D, and F) of the
younger (blue) and older (red) groups from 0-25% gait cycle. The grey box indicates the time

range of when PF occurred for a participant (between 15-20%0).
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