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Abstract

Soft tissue artifact during optical motion capture, or the movement of skin markers
relative to bone, is widely accepted as a significant source of error in estimations of angles
and moments. In some cases, the error associated with soft tissue movement exceeds that
of the physiological motion of the joint, thereby calling into question the accuracy of the
data obtained and casting doubt on the ability to determine mechanical demands of a given
task. While previous studies have attempted to quantify soft tissue artifact, the variability
in error with placement of skin markers (i.e. location specificity), the subject investigated
(i.e. subject specificity), and the requirements of the task examined (i.e. task specificity),
severely compromises the ability to develop methods which minimize and compensate for
soft tissue artifact. Thus, the global objective of this thesis was to investigate soft tissue
artifact of the thigh in high knee flexion movements and develop recommendations to
standardize data collection and processing techniques. High knee flexion was examined
because knee flexion beyond approximately 100° lacks investigation despite the unique
deformation of soft tissue that occurs in this range (i.e. thigh-calf contact). Additionally,
the repetitive adoption of high knee flexion is associated with knee joint injury and disease;
thus, to more clearly elucidate mechanisms for these injuries and disease, improvements in
the accuracy and reliability of collection and processing procedures is required.

Fifty participants performed squatting and kneeling movements while motion of the
pelvis and lower limb was recorded with optical motion capture and force data was
synchronously recorded from four embedded force plates. Six identical rigid marker
clusters were distributed on the distal and middle third of the thighs, and on the anterior,

lateral, and anterolateral aspect of the thighs, while one marker cluster was adhered to the



pelvis, shanks, and feet. Anthropometric measures were also taken for each subject
including sex, height, mass, waist circumference, thigh length, thigh proximal, middle, and
distal circumference, and thigh skinfold thickness. Data processing was divided into two
studies.

The first study developed a non-invasive method to estimate soft tissue artifact for
each thigh marker cluster which consisted of measuring the mean of the peak difference in
the hip joint center position when tracked with the pelvis cluster (i.e. the gold standard)
versus each of the six thigh marker clusters. Bland-Altman methods were then utilized to
compare agreement between the pelvis and thigh marker clusters for each task during
maximal knee flexion. Across the tasks, the mean difference ranged from -4.93 to 0.03 cm
while the lower and upper limits of agreement ranged from -11.86 to -3.27 cm and -0.87 to
5.33 cm, respectively. The mid-anterolateral cluster tended to be least susceptible to soft
tissue artifact across the tasks and thus would be recommended, while the lateral clusters
were most susceptible and should be avoided.

Utilizing the anthropometric measures for each subject, regression models were
also developed to determine the association between subject anthropometry and the mean
difference in hip joint center position for each marker cluster. Ten of eighteen regression
models significantly predicted soft tissue artifact with poor to moderate fit (R = 0.37 to
0.63) and explained between 14 and 40% of variation in the sample. These results suggest
that while soft tissue artifact is somewhat associated with measures of anthropometry,
marker placement should not be adjusted based on anthropometry alone. Additionally,

negative unstandardized beta coefficients and partial correlations for thigh skinfold



thickness and proximal thigh circumference revealed that adipose tissue may act to dampen
artifact resulting from muscular contractions.

The second study evaluated the difference in peak knee joint angles and moments
between the thigh marker clusters and assessed the ability of global optimization,
implemented in Visual3D utilizing IK constraints, to increase precision and reliability
between marker clusters. Without global optimization, there were significant differences in
estimated angles and moments between the marker clusters, wherein the mean difference
was up to 8.9° and 0.6 %BW=*H for flexion, 5.2° and 1.0 %BW*H for abduction, 4.9° and
0.7 %BW™*H for adduction, 7.5° and 0.1 %BW*H external rotation, and 9.5° and 0.1
%BW™*H for internal rotation. Global optimization was partially effective in compensating
for differences between marker clusters in the sagittal plane (peak mean difference
decreased 2.7° and 0.4 %BW*H) but less so in the frontal and transverse plane.
Additionally, while global optimization decreased the partial eta squared (i.e. measure of
effect of marker cluster location) for 12 of 30 outcome measures, intraclass correlation
coefficients (i.e. measure of marker cluster reliability) only increased for 2 of 30 outcome
measures. These findings highlight the importance of consistent marker placement for a
given subject (i.e. between legs and laboratory sessions) and between subjects, as well as

the need for researchers to report marker placement and all processing methods.
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Chapter 1 - General Introduction

1.1 Introduction

Motion capture remains one of the most widely used techniques for collecting
kinematic data as it is non-invasive, minimally time consuming, and it is relatively non-
constraining for individuals to complete a range of tasks. It is utilized in clinical settings
for injury and disease diagnosis and treatment planning, entertainment settings for
production of movies and games, and laboratory settings for evaluating kinematic demands
of a given task, for input and validation of musculoskeletal models, and for designing in
vitro testing protocols. During motion capture data collections, it is assumed that well-
placed markers on the skin are rigidly coupled to the underlying bone; and therefore, skin
marker position is representative of bone motion. Although this method provides a feasible
method for quantifying whole-body kinematics; the accuracy of the data is vulnerable to
soft tissue artifact.

Soft tissue artifact is the movement of skin markers relative to underlying bone that
results during human movement as skin slides, muscles contract and relax, and muscle and
adipose tissue oscillate due to inertial effects (Leardini et al., 2005). Soft tissue artifact
results in inaccurate and unreliable segment and joint kinematics and kinetics (Akbarshahi
et al., 2010; Barré et al., 2013; Benoit et al., 2006; Cappozzo et al., 1996; Kuo et al., 2011;
Miranda et al., 2013; Stagni et al., 2006; Tsai et al., 2011), which is problematic when
estimating task mechanical demands, defining occupational safety thresholds and
guidelines, and hypothesizing mechanisms of injury and disease.

It is known that soft tissue artifact is location, subject, and task specific (Leardini et

al., 2005). Soft tissue quantity, composition, and distribution varies throughout the body,



and as such, soft tissue artifact is not uniform within or between body segments (location
specificity), or between individuals (subject specificity). Additionally, soft tissue
deformation and displacement is not constant throughout motion, variation in movement
velocity, segment orientation, and joint range of motion, result in different magnitudes and
patterns of soft tissue artifact (task specificity). During tasks which require large changes
in joint range of motion, significant skin sliding, and muscle and adipose deformation
occurs; thus, the accuracy of the data obtained becomes increasingly vulnerable to soft
tissue artifact.

High knee flexion, where the knee flexion angle exceeds 120°, is commonly
adopted in activities of daily living and occupational tasks where kneeling or squatting is
required; however, repetitive or sustained adoption of high knee flexion is a known risk
factor for knee joint tissue injury and disease (Baker et al., 2003; Canetti et al., 2020;
Felson, 2013; Henriksen et al., 2014). Standard motion tracking design includes adhering
marker clusters to areas of the segment with the least expected soft tissue deformation
(Cappozzo et al., 1995), while maintaining marker visibility. With this goal in mind,
markers are typically placed on the distal-lateral thigh due to the decreased volume of
muscle and adipose tissue. Although the decreased volume of soft tissue may act to reduce
inertial effects, at approximately 125° of knee flexion, intersegmental contact between the
shank and thigh occurs (thigh-calf contact) (Kingston & Acker, 2018), thereby resulting in
significant deformation of shank and thigh topography, specifically in the posterior and
medial-lateral aspect of the segment. Despite the large magnitude of error in estimated
kinematics and kinetics that result due to soft tissue artifact in a range of similar tasks [e.g.

step-up, stair ascent and descent, or sit-to-stand (Akbarshahi et al., 2010; Kuo et al., 2011;



Stagni et al., 2005; Tsai et al., 2011)], soft tissue artifact in high knee flexion has been

minimally investigated.

1.2 Rationale

The first goal of this research was to investigate the location, subject, and task
specificity of soft tissue artifact of the thigh in high knee flexion. Location specificity was
examined by distributing six rigid marker clusters on different areas of the thighs. Subject
specificity was investigated by evaluating the correlation between multiple measures of
subject anthropometry and soft tissue artifact. Task specificity was examined by
investigating soft tissue artifact of the thigh that occurs throughout the knees full range of
flexion, including both squatting and kneeling movements which elicit high knee flexion.
By examining these factors, recommendations for data collection techniques (i.e. marker
placement) which attenuate soft tissue artifact could be made.

The second goal of this thesis was to examine the effects of marker cluster location
on meaningful biomechanical outcomes, specifically peak knee joint angles and moments.
Consequently, this research demonstrated the power of varying marker placement and the
need for consistency. Additionally, to examine if data processing techniques could partially
compensate for soft tissue artifact in high knee flexion, the ability of global optimization to
attenuate differences in knee joint angles and moments between the different marker
clusters on the thigh was investigated. Briefly, global optimization has been proposed to
attenuate soft tissue artifact by constraining the degrees of freedom of two adjacent
segments, thereby preventing unphysiological joint motion (Lu & O’Connor, 1999).

This research not only contributes to the collection of more accurate data, through

both collection and processing techniques, but it facilitates standardization across



laboratories, collections, equipment, protocols, and subjects. In turn, this enables stronger
comparisons and greater reproducibility between studies and provides stronger justification
of similarities and differences in results and conclusions. While scientists are challenged to
formulate new ideas and tools, hypotheses cannot be considered fact without reproducible

and repeatable results.

1.3 Objectives

The global objective of this thesis was to investigate soft tissue artifact of the thigh
in high knee flexion movements and develop recommendations to standardize data
collection and processing techniques which minimize and compensate for soft tissue

artifact. The specific objectives were:

1. To investigate the effect of thigh marker cluster location (i.e. placement of the
marker cluster on the thigh) on soft tissue artifact during high knee flexion tasks
(Chapter 3).

2. To assess the accuracy in which measures of anthropometry could predict soft
tissue artifact for marker clusters localized to different areas of the thigh (Chapter
3).

3. To compare peak knee joint angles and moments between the thigh marker clusters

during high knee flexion tasks with and without global optimization (Chapter 4).



Chapter 2 - Literature Review
2.1 Overview of High Knee Flexion

2.1.1 Defining high knee flexion

The knee joint has adapted to loading in activities of daily living, such as walking,
stair ascent and descent, sit-to-stand, and squatting, where knee joint angles range from full
extension to 120° (Kutzner et al., 2010; Mundermann et al., 2008). However, during high
knee flexion, which is defined as a pose where knee flexion exceeds 120° (Hemmerich et
al., 2006), unique loads are placed on less-conditioned structures of the knee joint. High
knee flexion is most commonly observed during activities of daily living (e.g. gardening,
prayer, and toileting) and occupational tasks (e.g. childcare, roofing, and flooring) which
require kneeling, squatting, or cross-legged sitting. Understanding the mechanics of high
flexion is important because exposures to high knee flexion have been implicated in the
onset and progression of bursitis (Thun et al., 1987), meniscal injuries (Baker et al., 2003),
and knee osteoarthritis at the tibiofemoral and patellofemoral joints (Canetti et al., 2020;
Jensen, 2008; Rytter et al., 2009). For individuals who habitually adopt these postures,
such as those in specific occupations or ethnic populations, there is an increased prevalence
of knee joint injuries and diseases (Coggon et al., 2000; Jensen, 2005); thereby suggesting
a causal relationship.

As the knee flexes to 120°, there is an approximate linear increase in lateral femoral
condyle posterior translation relative to the tibia (Johal et al., 2005); however as knee
flexion increases past 120°, rapid posterior translation of the medial and lateral femoral
condyles occurs (Johal et al., 2005; Leszko et al., 2011; Nakagawa et al., 2000) (Figure 2-

1). Below 120° of knee flexion, the medial and lateral femoral condyles were found to



translate 3.6 £ 2.0 and 21.1 + 4.7 mm posteriorly; however, when flexing to 140° knee
flexion, the condyles translated an additional 8.4 £ 2.1 and 9.8 £ 2.1 mm, respectively
(Johal et al., 2005). Similarly, from 90 to 133° of active knee flexion, the medial and lateral
condyle, translated posteriorly 2 £ 2 mm and 13 £ 6 mm then from 133 to 162° of passive
knee flexion, the condyles translated an additional 5 £ 2 mm and 15 + 4 mm, respectively
(Nakagawa et al., 2000). As this posterior translation of the femoral condyles occurs in
high knee flexion, anatomical changes in tibiofemoral contact result, whereby there is
decreased tibiofemoral contact area. For example, an MRI imaging study on ten subjects
found that contact area significantly decreased from 6.3 £ 1.4 mm2 to 4.7 £ 0.9 mm:2 for the
lateral femoral condyle, and 5.4 £ 0.7 mm2 to 3.3 £ 0.7 mma2 for the medial femoral
condyle, at 139 + 3° compared to full extension (Yao et al., 2008). Ultimately, decreases in
contact area result in concentrated application of joint forces to unconditioned tissue,

thereby cumulating to tissue damage and loss of tissue integrity (Andriacchi et al., 2004).
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Figure 2-1: Tibiofemoral contact point location throughout progressive knee flexion
[adapted from Leszko et al. (2011)]. The distance between the surface of tibial plateau
and center of the femoral condyles, represented by the red colour, was used to
determine contact point location.




2.1.2 Knee joint loading during high knee flexion

To understand injury and disease mechanisms in high knee flexion, quantification
of joint loading, and partitioning of this load to individual structures is required. This can
be accomplished by in vivo collections with an instrumented knee prosthesis, in vitro
testing, or musculoskeletal modelling. The gold standard for directly measuring knee joint
contact forces is using an instrumented knee prosthesis, with force transducers embedded
into the prosthesis tibial tray (D’Lima et al., 2006; Fregly et al., 2012; Zhao et al., 2007).
Studies utilizing a knee prosthesis have found that knee joint loading is highly activity
dependent, where peak compressive load was approximately 2.0, 2.5, and 3.5 percent body
weight (%BW) for squatting to 90°, walking, and stair ascent and descent, respectively
(Kutzner et al., 2010; Miindermann et al., 2008). In one study that investigated two
subjects transitioning into and out of kneeling, peak compressive load was 24.2 N/kg at
78.2° of knee flexion and 31.1 N/kg at 63.5° of knee flexion (Acker et al., 2018).

Since utilizing an instrumented knee prosthesis is often not feasible, in vitro testing
is a useful alternative for investigating knee joint loading under simulated in vivo
conditions. Cadaveric studies that have investigated high knee flexion most commonly
describe the relative movement between the tibial and femoral condyles. Similar to the in
vivo investigations described previously, the femur posteriorly translates and externally
rotates during transition into high knee flexion (Hofer et al., 2011; Iwaki et al., 2000).
Some studies have attempted to simulate in vivo loading of the knee joint during squatting
and kneeling (Hofer et al., 2011; Thambyah et al., 2005), however these studies are largely
quasi-static and have difficultly reproducing six degrees-of-freedom motion of the knee

joint and realistic partitioning of muscular forces.



To determine forces and moments at the knee during high knee flexion, inverse
dynamics is the most commonly used musculoskeletal modeling technique. In nineteen
subjects transitioning into and out of kneeling (90 to 150°), net flexion moments ranged
from 6.9 to 13.5 percent body weight times height (%BW*H) and net posterior force
ranged from 58.3 to 67.8 %BW, approximately twice as high as those typically occurring
during gait (Nagura et al., 2002). Similarly, in fifteen males performing kneeling
transitions, the peak flexion moment ranged from 3.3 to 12.6 %BW*H, while the peak
adduction moment (1.0 to 2.0 %BW*H) did not exceed values reported in gait (Chong et
al., 2017). Furthermore, axial joint contact forces during squatting have been reported as
high as 3.7 times body weight, at 138.7 = 8.1° knee flexion (Smith et al., 2008), and 7.3 +
1.9 times body weight, at 146.3° knee flexion (Nagura et al., 2006). However, these forces
and moments may be overestimated as models did not account for thigh-calf or heel-gluteal
contact. Inclusion of thigh-calf and heel-gluteal contact in inverse-dynamics-based models
has resulted in a 48% decrease in the net flexion moment (Pollard et al., 2011) and a
decrease in joint compressive and shear force from 4.37 to 3.07 and 1.31 to 0.72 times
body weight, respectively (Zelle et al., 2007, 2009).

In vitro testing and musculoskeletal modeling rely on accurate in vivo data. For in
vitro testing protocols to accurately simulate in vivo loading conditions, the load at a given
joint position, or vice versa, must be known. Additionally, musculoskeletal models utilize
in vivo kinematics and kinetics for input, in the case of an optimization or finite element
model, or for validation, like in an EMG-driven model. Therefore, to ensure joint
mechanics determined by in vitro tests and musculoskeletal models reflect reality, accurate

in vivo kinematics and kinetics must be obtained. As well, in vivo data must be reliable, or



demonstrate consistency across studies investigating similar mechanics. Without repeatable
and reproducible results, the scientific process of inductive reasoning cannot progress.

In high knee flexion, the coupling of high loads — determined by instrumented knee
prostheses and musculoskeletal models — and minimal contact area — estimated by imaging
techniques or cadaveric studies — may lead to knee joint tissue injury and disease onset and
progression. Specifically, high knee flexion has been implicated in the initiation and
progression of bursitis (Thun et al., 1987), meniscal injuries (Baker et al., 2003), and knee
osteoarthritis at the tibiofemoral and patellofemoral joints (Canetti et al., 2020; Jensen,
2008; Rytter et al., 2009). However, to truly understand the underlying mechanics of high
knee flexion that lead to tissue damage and degeneration, the in vivo kinematics and

kinetics of high knee flexion must be accurately and precisely quantified.

2.2 Soft Tissue Artifact in Optical Motion Capture

Optical motion capture is a fundamental tool in biomechanical data acquisition as it
enables three-dimensional (3D) digital representation of human movement. To accomplish
this, cameras track the instantaneous position of markers on the skin surface, which are
then used to define coordinate systems associated with each body segment. The coordinate
systems are three orthogonal axes (Cartesian) methodically constructed to model the
human body as a series of linked segments, for which segment and joint kinematics can be
calculated. The coordinate systems are referred to here as the laboratory coordinate system,
marker cluster coordinate system, and anatomical coordinate system. The laboratory
coordinate system is the global coordinate system defined relative to gravity during the
calibration of laboratory cameras’ field of view (Wu & Cavanagh, 1995). The marker

cluster coordinate system is the local coordinate system defined by the position of at least



three non-collinear markers on a segment (Wu & Cavanagh, 1995). If the markers are
adhered to a rigid object which is then adhered to the segment, the cluster is called a rigid
cluster or body; alternatively, if the cluster is constructed from markers individually
adhered to the segment, it is termed a non-rigid cluster. The anatomical coordinate system
is the local coordinate system defined by the position of anatomical landmarks; it is
typically physiologically meaningful or clinically relevant to segment and joint kinematics
(Grood & Suntay, 1983; Wu et al., 2002).

Although the purpose of this thesis was to investigate error in motion capture due to
soft tissue artifact; it is recognized that other sources of error are present, largely
instrumental error (Chiari et al., 2005) and anatomical landmark misplacement (Della
Croce et al., 2005). Instrumental error and anatomical landmark misplacement will be
briefly discussed below, prior to focusing on soft tissue artifact.

Instrumental error is the systematic or random error that results from collection
equipment or processing techniques. In motion capture, systematic error is the optical
distortion in marker coordinates due to inaccuracies, or non-linearities, in system
calibration (Cappozzo, 1991); thus proper calibration procedures are essential for
attenuation (Chiari et al., 2005). Conversely, random error is caused by electrical noise,
imprecision in the analog to digital conversion process, and distortion of marker shape due
to marker velocity, partial marker obstruction, or merging of marker signals (Furnee,
1997). Random error is mitigated by implementing appropriate filtering and smoothing
techniques during data processing (Chiari et al., 2005).

High accuracy is imperative in anatomical landmark identification, as landmarks

are used to construct anatomical coordinate systems. Anatomical landmark misplacement
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may result from palpation errors as subcutaneous landmarks are not simply points, but
large and/or irregularly shaped surfaces. When identifying landmarks of the lower
extremity, intra-examiner variability ranged from 5.7 to 21.0 mm, while inter-examiner
variability ranged from 11.5 to 24.8 mm (Della Croce et al., 1999). To increase anatomical
landmark reliability, the same trained examiner should perform identification, and
landmarks with poor identification reliability should be avoided in anatomical frame
construction. Misplacement error may also occur when locating internal anatomical
landmarks, such as a joint center, which can then propagate to errors in joint Kinetic
outcomes (Stagni et al., 2000). Multiple techniques for determining a joint center have
been investigated, including prediction algorithms (Bell et al., 1990; Davis et al., 1991,
Harrington et al., 2007) and functional methods (Camomilla et al., 2006; Gamage &
Lasenby, 2002); however, functional methods are typically more accurate (Ehrig et al.,
2006). Although instrumental error and anatomical landmark misplacement introduce
inaccuracies, soft tissue artifact is recognized as one of the largest sources of error in
motion capture marker coordinates (Andriacchi & Alexander, 2000; Cappozzo, 1991).
During dynamic tasks, the human body does not behave as rigid segments. The skin
deforms and slides over bony landmarks, particularly at areas close to joints. Additionally,
volumetric deformation of segments, or changes in shape and size, occurs as muscles
contract and relax, and due to gravitational effects. As well, muscle and adipose tissue
oscillate, or ‘wobble’, due to inertial effects. This movement of active and passive soft
tissue propagates to skin markers; thus, marker trajectory is not solely the result of skeletal
movement. Soft tissue artifact refers to the movement of skin markers relative to

underlying bone. Multiple studies have quantified soft tissue artifact by synchronously

11



collecting and comparing skin marker position, determined by motion capture, and bone
position, determined by bone fixation or imaging techniques, and through mathematical
procedures using only optical motion capture (section 2.2.1). Ultimately, studies have
found that soft tissue artifact results in less accurate marker position data which propagates
to error in subsequent biomechanical outcomes (section 2.2.2). Additionally, the magnitude
and pattern of soft tissue artifact has been shown to be modified by specific factors (section

2.2.3).

2.2.1 Methods for quantifying soft tissue artifact

The gold standard for quantifying soft tissue artifact requires skin marker position
and bone position to be synchronously collected and compared. Although skin marker
position is efficiently and effectively measured with a motion capture system,
determination of error-free bone position can be cumbersome, expensive, and time-
consuming, as it requires invasive techniques, such as bone fixated markers or radiation-
based imaging techniques (Cereatti et al., 2017; Leardini et al., 2005; Peters et al., 2010).

Early attempts to quantify soft tissue artifact utilized bone fixation techniques,
which requires fixing metal pins directly to bone (Benoit et al., 2006; Dal Maso et al.,
2014; Fuller et al., 1997; Reinschmidt, van den Bogert, Lundberg, et al., 1997). Bone
fixation requires surgical implantation of metal which is affixed to an externally visible
marker cluster. Then, in a reference posture, typically supine or upright standing,
anatomical landmarks are calibrated to the bone pin marker cluster either by a radiographic
image (Benoit et al., 2006; Reinschmidt, van den Bogert, Lundberg, et al., 1997,
Reinschmidt, van den Bogert, Nigg, et al., 1997) or manual palpation (Cappozzo et al.,

1996; Holden et al., 1997; Manal et al., 2003; Rozumalski et al., 2007). The subject then
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executes the protocol while skin marker and bone marker position are simultaneously
collected by the motion capture system. Three types of bone fixation modalities have been
previously used. Intra-cortical bone pins which involve surgical implantation of metal pins
into cortical bone (Benoit et al., 2006; Dal Maso et al., 2014; Fuller et al., 1997;
Reinschmidt, van den Bogert, Lundberg, et al., 1997; Reinschmidt, van den Bogert, Nigg,
et al., 1997; Rozumalski et al., 2007). Percutaneous skeletal trackers which are comprised
of two pins connected by a rigid link, that are inserted into opposite sides of the bone’s
periosteum (Holden et al., 1997; Manal et al., 2003). External fixation devices, which are
fixated to bone for the treatment of fractures, and subsequently motion capture markers are
mounted to the device frame (Cappozzo et al., 1996; Ryu et al., 2009).

While bone-fixated marker tracking can overcome some soft tissue artifact
challenges, there are some limitations. During dynamic movements, intra-cortical pins and
percutaneous skeletal trackers may bend or loosen, thereby disrupting anatomical frame
calibration and the data must be excluded (Benoit et al., 2006; Holden et al., 1997).
Additionally, implantation of pins is an invasive procedure with known risks to the subject;
thus, they are not suitable for regular laboratory use. While the pins are inserted, the
participants may experience pain or discomfort, which may result in compensatory
locomotion during the collection (Fuller et al., 1997). This is especially problematic for
percutaneous skeletal trackers and external fixators, as the devices are encumbering and
may promote further alteration of movement patterns (Leardini et al., 2005). There is also
concern that bone fixations may restrict or impede soft tissue deformation, specifically at
insertion sites where skin and subcutaneous tissue displacement may be disrupted by local

incisions (Leardini et al., 2005; Reinschmidt, van den Bogert, Lundberg, et al., 1997).
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Additionally, since bone fixations increase the risk of infection and damage to bone (Fuller
et al., 1997), they may have lasting health effects.

Although bone fixations pose ethical challenges, they are advantageous in acquiring
bone position, as they utilize a motion capture system for data collection. Consequently,
when quantifying soft tissue artifact through comparison with skin marker position,
additional motion tracking equipment is not required to obtain synchronized data, which is
collected at an acceptable sampling rate. This facilitates decreased data processing time, as
similar filtering, smoothing, and kinematic calculation techniques can be used.

From 1996 to 2006, studies have largely utilized bone pins and fixation devices;
however, from 2005 onwards, there has been a shift in focus to imaging techniques (Peters
et al., 2010). Imaging techniques are advantageous as no physical incision or insertion of
foreign material into the subject is required. X-ray is the most frequently used method of
visualizing underlying bone; however, computerized tomography (CT) scans, MRI, and
ultrasound have also been used. CT scans produce highly detailed cross-sectional images
of internal structures, by taking a series of low-dose radiation x-rays from different
perspectives and combining them computationally (Mehta et al., 1997). MRIs use a strong
magnetic field to obtain even more detailed images of anatomical structures than a CT scan
(Mehta et al., 1997). Ultrasound utilizes high frequency sound waves to view underlying
structures, but in less detail than CT scans or MRI (Mehta et al., 1997). CT scans, MR,
and ultrasound are useful because the subject is not exposed to radiation, or a low dose in
the case of CT scans. However, high-quality images are best obtained when the subject is
stationary (Mehta et al., 1997). Although static images enable visualization of underlying

soft tissue relative to bone when segments are in different postures, the images are not
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indicative of instantaneous changes that occur. For example, muscle contraction and soft
tissue oscillation during locomotion cannot be captured. Recently, coupling of motion
capture and ultrasound have been investigated to track bony landmark trajectory during
treadmill gait (Jia et al., 2017) and ultrasound has been used to determine spinal unit axial
rotation (McKinnon & Callaghan, 2019); however, fluoroscopy and videoradiography,
which make use of x-rays, are more universally employed and validated in vivo,
particularly when examining the knee joint.

Fluoroscopy, or videoradiography, involve a series of radiographs, taken at an
acceptable sampling frequency, to produce an x-ray movie. To track bone motion with
videoradiography, a bone-embedded coordinate system is constructed and tracked with the
radiographs at each time frame. The bone-embedded coordinate systems can be marker-
based or markerless. Marker-based tracking requires invasive techniques to insert radio-
opaque objects, such as joint replacements (Barré et al., 2013; Kuo et al., 2011; Stagni et
al., 2005) or tantalum beads (Tashman et al., 2007; Tashman & Anderst, 2003), thereby
limiting their applicability to human movement analysis. Alternatively, markerless tracking
utilizes algorithms which match 3D subject-specific bone models, produced from MRI or
CT scans, to x-ray motion data (Akbarshahi et al., 2010; Li et al., 2012; Miranda et al.,
2013; Tsai et al., 2011), thereby providing information on bone morphology and bone
motion, simultaneously, without error from soft tissue. Unfortunately, methods which
utilize x-ray expose participants to radiation which can have lasting health effects.

Recently, methods for estimating soft tissue artifact which rely only on motion
capture, have been investigated. Estimating soft tissue artifact with motion capture markers

involves tracking individual marker displacement relative to different marker cluster
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coordinate systems located on the same (Camomilla et al., 2009) or adjacent segments
(Lucchetti et al., 1998; Ryu, 2012; Ryu et al., 2009). The multiple independent observer
method was developed to quantify soft tissue artifact of markers located on the same
segment (Camomilla et al., 2009). In the multiple independent observer method,
independent observers (of individual marker displacement) are determined under the
assumption that non-rigid clusters, which display uncorrelated deformation (i.e. size and
shape changes), will estimate uncorrelated marker positions (Camomilla et al., 2009).
Independent observers are identified by constructing all possible non-rigid clusters from a
marker array of individual markers on a segment and comparing deformation of the
clusters. If deformation is uncorrelated between the marker clusters, the clusters are
considered independent observers of a marker which was not used in the construction of
the independent clusters. Once independent observers are identified, marker displacement
due to soft tissue artifact (soft tissue artifact vector) is estimated as the coherent average of
displacement vectors reconstructed from the coordinate systems of the independent
observers (Camomilla et al., 2009). This method was validated by comparing the estimated
soft tissue artifact vector with fluoroscopy data of two subjects during a step-up task
(Camomilla et al., 2009; Stagni et al., 2005). The magnitude of the soft tissue artifact
vectors were consistent, with root mean square (RMS) values ranging from 2.5 to 23.0
mm, and demonstrated similar time-histories with a correlation of 0.83 + 0.13 (Camomilla
et al., 2009). The multiple independent observer method is limited in that it does not
consider marker cluster rigid translation or rotation, which is likely correlated between
clusters, despite uncorrelated deformation. As well, although the method estimates the

magnitude and pattern of cluster deformation, no information is provided on the phase of
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the signal (i.e. whether the non-rigid cluster shrinks or enlarges during deformation), and
the soft tissue artifact vector estimate is affected by 180° of phase indeterminacy.
However, upon consistent performance during the validation procedure, the multiple
independent observer method has been deemed valuable for quantifying localized segment
deformation (Camomilla et al., 2009).

Another method to estimate soft tissue artifact is the dynamic calibration method,
which was originally used as a method to estimate and compensate for soft tissue artifact of
a specific marker (Lucchetti et al., 1998; Ryu, 2012; Ryu et al., 2009). For dynamic
calibration, the position of a marker is tracked by two marker clusters, one located on the
same segment as the marker being tracked, and one located on the adjacent segment. The
difference between the marker estimated position from the two clusters is assumed to be
representative of soft tissue artifact. This method has been utilized to quantify soft tissue
artifact of a given marker as a function of time (Lucchetti et al., 1998), joint angle
(Lucchetti et al., 1998; Ryu, 2012), or offset between markers in the same marker cluster
coordinate system (Ryu, 2012; Ryu et al., 2009). Typically, this method has been utilized
during a hip flexion-extension task with the knee extended, where soft tissue artifact of the
thigh is assumed to be correlated with hip rotation, and the shank is considered an artifact-
free observer of this artifact on the thigh (Lucchetti et al., 1998; Ryu, 2012; Ryu et al.,
2009). Soft tissue artifact is then calculated as the difference between the marker position
vectors in the thigh and shank anatomical coordinate system. Two limitations are
acknowledged in this method. First, errors may be amplified for thigh markers which are
further away from the shank marker cluster (Cappozzo et al., 1997). This limitation was

addressed by using a coordinate system constructed from both the thigh and shank markers
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instead of solely the shank cluster (Lucchetti et al., 1998); however, it is unclear if this
method would affect the accuracy of the initial estimation of soft tissue artifact.
Additionally, the aforementioned method is limited as no segment can truly be artifact-
free, in this case largely due to inertial effects and skin sliding on the shank. However,
when the soft tissue artifact vector estimated during the hip flexion-extension was
subtracted from marker position during gait, soft tissue artifact was shown to be partially
compensated for, where RMS errors in knee joint rotation and translation were reduced
from 6 to 3° and 14 to 4 mm (Lucchetti et al., 1998), and error in marker displacement was
reduced between 30 and 60% while error in joint kinematics was reduced between 25 and
40% (Ryu, 2012). Although dynamic calibration does not appear to encompass all artifact,
it is effective when utilizing the shank to estimate soft tissue artifact on the thigh during
gait and may be useful for evaluation of other segments and tasks.

Methods which utilize only motion capture to estimate soft tissue artifact are a
promising avenue for evaluating soft tissue artifact. Although they may not be as accurate
as bone fixation and imaging techniques for quantifying absolute soft tissue artifact, they
may be useful for comparing relative soft tissue artifact on a segment. For instance, these
methods may be useful for comparing local soft tissue artifact between marker sets on the

same segment.

2.2.2 Quantification of soft tissue artifact

Multiple studies have quantified soft tissue artifact, however varying results have
been obtained due to inconsistency in equipment, motor tasks, subject characteristics, and
marker quantity and location, as well as the metrics used to represent the data. Although it

is recognized that soft tissue artifact occurs on all body segments (Cereatti et al., 2017;
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Leardini et al., 2005; Peters et al., 2010); the scope of this thesis will be limited to soft
tissue artifact at the thigh. This is because when examining the lower extremity, soft tissue
artifact is greatest for thigh markers, due to the large volume of soft tissue that oscillates,
slides, and deforms during movement. Consequently, errors in knee joint kinematics and
kinetics are largely attributable to error at the thigh, as opposed to the shank (Kuo et al.,
2011; Reinschmidt, van den Bogert, Lundberg, et al., 1997; Tsai et al., 2011).

Experimentally, soft tissue artifact is quantified in two ways: individual marker
displacement within a bone-embedded coordinate system, determined by bone fixation or
imaging techniques, or differences in skin marker estimated versus bone marker estimated
thigh and knee kinematics. Although individual marker displacement is useful for
determining soft tissue deformation at specific areas of a segment (location-specificity),
and thus contributes to knowledge of optimal marker placement, marker displacement
provides no indication of how soft tissue artifact will propagate to error in segment and
joint kinematics. Some studies have also quantified differences in thigh and knee
kinematics determined by skin markers versus known bone position. Studies examining the
differences in thigh marker displacement and thigh and knee kinematics are summarized in
Table 2-1 and Table 2-2, respectively, and will be discussed throughout this section. All
values are presented in accordance with ISB standards, where the X axis is anterior-
posterior, Y is proximal-distal, and Z is medial-lateral (Wu & Cavanagh, 1995).

To synthesize results of studies investigating soft tissue artifact, Cereatti et al.
(2017) proposed a set of eight standardized metrics for describing soft tissue artifact in
terms of marker displacement within a bone-embedded anatomical coordinate system:

RMS error, which describes the mean displacement of the marker from its mean position
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throughout the movement trial (total, along X, Y, and Z), and peak-to-peak amplitude,

which represents the maximum displacement of the marker within the bone-embedded

coordinate system (i.e. difference in the minimum and maximum position of the marker)

(total, along X, Y, and Z). Although RMS error and peak-to-peak amplitude for X, Y, and

Z depend on anatomical coordinate system definition, the total RMS error and peak-to-

peak amplitude do not (Grimpampi et al., 2014). Furthermore, Cereatti et al. (2017)

conducted a secondary analysis on a single participant and trial from multiple studies to

facilitate soft tissue artifact comparison (Table 2-1). Across tasks and markers, soft tissue

artifact on the thigh ranged from a mean RMS error of 0.41 to 2.53 mm, and a mean peak-

to-peak error of 1.64 to 7.23 cm (Table 2-1).

Table 2-1: Thigh marker displacement relative to femur-embedded anatomical

coordinate system [modified from Cereatti et al. (2017)].

Task Study Mean RMS Mean P_eak-to-Peak
Difference (cm) Amplitude (cm)

Knee flexion-extension Akbarashi et al. (2010) 0.74 2.55
Hip flexion-extension Bonci et al. (2014) 0.61 1.64
Functional hip gg[ﬁzmlﬁtaa;t (312I0?29313) 0.59 2.16
Akbarashi et al. (2010) 0.67 1.77
Overground walking Benoit et al. (2006) 0.76 2.40
. . Akbarashi et al. (2010) 1.37 4.12
Treadmill walking Barre et al. (2013) 0.85 2.84
Running Rendschmidt et al. (1997) 0.69 2.11
Lateral cutting maneuver Benoit et al. (2006) 0.73 2.22
Stagni et al. (2005) 1.49 4.18
Step-up Akbarashi et al. (2010) 1.24 3.48
Tsai et al. (2011) 151 4.65
. Stagni et al. (2005) 2.53 7.23
Sit-to-stand Kuo et al. (2011) 0.80 222
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When artifact affects the position of anatomical landmarks, anatomical axis
misalignment will result when constructing anatomical coordinate systems. Misalignment
will lead to under or overestimation of segment and joint kinematics, with or without
kinematic crosstalk (when the rotation about one axis is interpreted as rotation about
another). Additionally, when soft tissue artifact affects markers which are utilized to
determine joint centers, kinetic outcomes, such as net joint moments and joint reaction
forces, will be affected (Cappozzo, 1991; Kuo et al., 2011; Stagni et al., 2000; Tsai et al.,
2011). Ultimately, error in joint kinematics and kinetics will lead to error in joint loads
estimated by musculoskeletal models and cadaveric studies. This may be problematic when
determining mechanisms of a specific injury or disease, evaluating demands of
occupational tasks, or from a clinical perspective during diagnosis or treatment.

While no study to date has quantified soft tissue artifact in high knee flexion,
studies which have quantified error in thigh and knee rotation and translation in low to
mid-range flexion activities are presented in Table 2-2. Peak rotation errors about each axis
ranged from X = 2.7° t0 18.2°, Y = 4.4° t0 10.2°, and Z = 2.2° to 15.8°, while RMS
rotation error was X =2.0°t0 8.6°, Y = 2.5°t0 8.4°, and Z = 2.1° to 9.1° (Table 2-2).
Although less studies have quantified translation error, peak and RMS translation error has
ranged from 0.30 to 3.37 cm and 0.07 to 1.23 cm, respectively (Table 2-2). When
examining Kinematics, it is important to evaluate error as it pertains to motion in a specific
plane, for a specific joint. For example, 5° of error at 100° of knee flexion results in error
that is 5% of the physiological motion, while 5° of error at 10° of knee internal rotation is
equivalent to 50% of the range of motion. Additionally, since translation values at the knee

joint are so small (within mm), optical motion capture cannot confidently be used.
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Compared to kinematics, the effect of soft tissue artifact on kinetic calculations has
been minimally investigated. Two studies have investigated changes in knee joint
moments, calculated with inverse dynamics, as a result of soft tissue artifact during sit-to-
stand (Kuo et al., 2011) and stair ascent (Tsai et al., 2011) using single plane fluoroscopy.
Throughout the stance phase of stair ascent, knee flexion-extension moments were
significantly underestimated as a result of soft tissue artifact; however there was no
difference in abduction-adduction or external-internal rotation moments (Tsai et al., 2011).
As well, knee flexion-extension and abduction-adduction moments were significantly
underestimated due to soft tissue artifact in a sit-to-stand, but there was no difference in
external-internal rotation moments (Kuo et al., 2011). Although the results of the
aforementioned studies suggest that kinetic outcomes may be less susceptible to soft tissue
artifact, investigation into additional tasks, kinetic variables of interest, and metrics for
describing variables (e.g. peaks versus mean) is warranted. This is especially true given
that soft tissue artifact appears to result in underestimation of knee joint moments, which

may have implications in the definition of thresholds for injury and disease.

Table 2-2: Kinematic error in femur and knee rotation and translation attributed to
soft tissue artifact. Brackets indicate standard deviations. Commas separate subject-
specific values. 1 indicates values for the femur, all other values are reported for the
knee. Stdev of angle is the standard deviation of the orientation of the distal thigh
cluster coordinate system relative to the femur anatomical coordinate system. Root
mean square error is RMS and range of motion is RoM.

Rotation (°) Translation (cm)

Task Error Z X Y A X Y
Flex-Ext  Abd-Add  Int-Ext Med-Lat Ant-Post  Comp-Dist

Reinschmidt et al. (1997)

Peak 4.3 4.4 8.4 - - -
Walking RMS 2.1 2.4 3.9 - - -
Benoit et al. (2006)
RMS 2.6 3.3 2.5 0.62 0.90 0.44

Barre et al. (2013)
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RMS 8.2(2.8) 0.2(0.1) 7.7(45) 0.09(0.05) 0.14(0.09) 0.07 (0.40)
Treadmill Akbarashi et al. (2010)
Walking RMS 4.5 4.5 5.9 = = =
RMS/Joint 8.9 93.5 826 i i i
RoM (%) ' ' '
Reinschmidt et al. (1997)
Running Peak 7.9 4.1 4.4 - - -
RMS 5.3 6.6 9.0 - - -
. Lietal. (2012)
;Lenarﬂrr:"” Peak 158 2.7 9.0 0.30 1.12 1.23
g RMS 9.1 2.0 6.5 0.19 0.71 0.88
Benoit et al. (2006)
Peak 4.0 8.6 4.7 0.90 0.95 0.67
Miranda et al. (2013)
Lateral
Cutting Peak 8.88 18.18 10.23 3.37
Mediant 3.67 11.97 5.07 2.49
Peak 2.21 5.52 5.04 0.86 0.67 1.87
Median 0.51 0.02 0.06 0.17 0.12 0.07
Hip Akbarashi et al. (2010)
External RNFIQSI\;IJiim 2.4 2.7 6.1 - - -
Rotation RoM (%) 47.3 29.3 102.3 - - -
Akbarashi et al. (2010)
RMS 8.3 7.2 6.4 - - -
RMS/Joint
Knee RoM (%) 7.3 69.0 46.7 - - -
Flexion-  Stagni et al. (2005)
Extensi
xiension — Stdevof 9331 10537 88,32 i i i
anglet
RMS/Joint
RoM (%) 10.1,12.3 22.7,66.2 26.2,43.2 - - -
Stagni et al. (2005)
Stevol 16339 204,41 172,39 i . -
anglet
Stair RMS/Joint
Ascent RoM (%) 11.2,7.0 49.1,358 57.4,636.8 - - -
Lietal. (2012)
Peak 5.9 35 7.3 0.20 0.87 1.30
RMS 3.3 2.5 5.1 0.15 0.61 1.10
Stagni et al. (2005)
Stdevol 18260 202,61 171,60 - . -
anglef
RMS/Joint
Step-up RoM (%) 104126 794,606 310,348 - - -
Akbarashi et al. (2010)
RMS 4.3 7.2 4.9 - - -
RMS/Joint
RoM (%) 7.7 76.0 43.0 - - -
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Sit-to-
stand

Stagni et al. (2005)

Stevof 55345 28341 253,41 i ]
anglet
RMS/Joint
RoM () 95153 809,705 27.2,234 i i

2.2.3 Factors influencing soft tissue artifact

In the literature on soft tissue artifact, three main themes have emerged:

1)

2)

3)

Soft tissue artifact is location specific. Soft tissue composition and quantity
varies throughout the body, and as a result, soft tissue artifact is not uniform
between or within body segments.

Soft tissue artifact is subject specific. Subject anthropometrics, largely soft
tissue composition and distribution, will affect features of soft tissue artifact. As
well, how an individual completes a task, or the individual’s movement
patterns, will modify soft tissue artifact. Factors such as joint mobility or range
of motion, and muscle recruitment strategies, could potentially alter soft tissue
artifact between individuals and between repetitions of a given task.

Soft tissue artifact is task specific. Variation in segment orientation and joint
angle, and the speed of the movement performed, will result in different
magnitudes and patterns of soft tissue deformation, and thus, error in marker

trajectories.

Location Specificity

Although total RMS error and peak-to-peak amplitude (Table 2-1) are useful for

examining soft tissue artifact of the thigh as a whole segment, artifact amplitude and

direction is not constant within a segment. Karlsson & Tranberg (1999) found that

displacement was greatest for the proximal thigh in the anterior-posterior direction.
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Cappozzo et al. (1996) found similar results where the largest displacement occurred
anterior-posteriorly for thigh markers. The greater trochanter marker displaced up to 30
mm anteriorly during hip flexion and 30 mm posteriorly during hip external rotation, and
the lateral epicondyle marker displaced up to 40 mm posteriorly during knee flexion, while
medial-lateral and axial displacement for these markers did not exceed 15 mm (Cappozzo
etal., 1996). Tsai et al. (2011) and Kuo et al. (2011) also found large anterior-posterior
displacement, during stair ascent and sit-to-stand respectively, where lateral thigh markers
displaced proximal-posterior during knee flexion, and distal-anterior during knee
extension. However, anterior thigh markers displacement was largely axial. Across tasks
(stair ascent and descent, step-up/down, and sit-to-stand), Stagni et al. (2005) found
anterior-posterior and axial displacement was largest around the posterior-proximal thigh,
while medial-lateral displacement was largest around the posterior-lateral thigh. During
active knee flexion, Sati et al. (1996) found the displacement of individual markers (3 mm
diameter) on the femoral epicondyles varied up to 41.5 mm anterior-posteriorly and 38 mm
axially, where markers closest to the joint line experienced the largest displacement (Sati et
al., 1996). Although it appears that marker displacement is somewhat predictable with joint
motion, the magnitude and direction will vary depending on the location on the segment.
By evaluating individual marker displacement relative to a bone-embedded
coordinate system constructed and tracked via fluoroscopy, Stagni et al. (2005) and Barré
et al. (2015) created subject-specific maps of soft tissue artifact (Figure 2-2). Stagni et al.
(2005) found soft tissue artifact was generally highest at the posterior-proximal thigh and
lowest at the anterior-distal thigh during activities of daily living (Figure 2-2). Similarly,

Barré et al. (2015) found maximal and minimal soft tissue artifact occurred at the proximal
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and lateral thigh across subjects, respectively, during gait (Figure 2-2). These results
suggest that while a distal-lateral cluster placement may be optimal for tasks which elicit
soft tissue oscillation but require minimal joint range of motion, such as gait or running, a
more anterior cluster placement may be best for tasks which require greater changes in

knee joint range of motion.

A Subject #1 Subject #2 15 B Subject #1 Subject #2 15
S0 50 ( 50 /
40 40 40
30 30
_ > 30 =
= 10 10 =
20 20 B = 20 -
5 - z
- ( =] o =
2 10 10 = 2 10 =]
= 0 0 & £ ~
g T & 0 b
= -0 -10 s = = - -
. g & < B
] 2
20 20
20 20
-30 -30 \ \
30 -30
-40 40 & L N
-20 20 210 ~—& 10 40 -40
0 20 -0 0 10 20 -10 ~—& 10
0
AP [%leg length] AP [% leg length]
C Subject #1 Subject #2 15 D i Thigh STA magnitude along gait cycle, mm
0/ 50 (/ T ’ MoAA
400 H— =
40 (mmi
350 2
E1] .
= - l"’u 9 '.L[: E' 300 H
0 “ é -5’ &— -
5 2. > 15
e 10 =3 £ ®or
2 3 =) LAA} i
i »w £ maa - i
® 0 0 T g Emas MiAA
0] = 3 - 10
g .10 10 - E] <3
5 i3 [ 5 = g 150
20 20 % 100
-30 \ 20 \ 5
-40
200 <10 0 10 '4‘.):[, 0~ 10 0
0 @ = S = i P
; : 0
AP [% leg length] 250 -200 -150 -100 -50 0 50 100 150 200 250

Standardized thigh circumference. mm

Figure 2-2: Soft tissue artifact topography of the right thigh. A) Anterior-posterior
marker displacement during knee flexion-extension. B) Medial-lateral marker
displacement during a step-up/down task. C) Axial displacement during sit-to-
stand/stand-to-sit task [adapted from Stagni et al. (2005)]. D) Average total marker
displacement across 19 subjects. Negative coordinates on the x-axis represent the
lateral thigh. LAA is the least affected area, MoAA is most affected area, and MiAA
is mid-affected area [adapted from Barre et al. (2015)].
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Until now, soft tissue artifact has been discussed exclusively pertaining to the thigh
segment; however, when constructing the femur anatomical coordinate system, the hip
joint center is used as the proximal point for defining the longitudinal axis (Grood &
Suntay, 1983). Without the use of imaging techniques, the hip joint center can be estimated
by predictive methods, which involve regression equations based on distances between
bony landmarks (Bell et al., 1990; Davis et al., 1991; Harrington et al., 2007), or functional
methods, where the hip is circumducted in a star-arc pattern and the center of rotation
between the pelvis and thigh is determined through optimization (Camomilla et al., 2006).
When hip circumduction is not problematic, the functional method is preferred as it more
accurately predicts hip joint center location (Ehrig et al., 2006). During upright standing,
the hip joint center is coincident with the femoral head, and then throughout movement, it
is tracked with the pelvis; thus, the thigh anatomical coordinate system is affected by pelvis
soft tissue artifact. Although studies have quantified soft tissue artifact at pelvis bony
landmarks during gait (Camomilla et al., 2017; Hara et al., 2014; Rozumalski et al., 2007),
hip circumduction (Camomilla et al., 2017), and sit-to-stand tasks (Rozumalski et al.,
2007), few studies have determined the effect of soft tissue artifact on hip joint center
determination and trajectory during dynamic tasks.

To quantify the effect of soft tissue artifact on hip joint center determination,
Cereatti et al. (2009) put four cadaveric specimens through the star-arc movement in a
supine posture and compared bone pin and skin-marker determined hip joint center
position. Error in determination was found to be independent of hip range of motion,
ranging from 1.4 to 38.5 mm (Cereatti et al., 2009). However, these values may not be

representative of true soft tissue artifact during the functional hip trial, due to the lack of
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muscle activity, and because the functional trial is normally performed with subjects in
upright standing.

To examine the effect of activity on the hip joint center trajectory, Fiorentino et al.
(2016) compared position of the hip joint center, calculated by predictive and functional
methods, and determined by dual fluoroscopy and motion capture, during six dynamic
activities (level and incline walking, a functional hip trial, 45° of hip abduction, and end of
range internal and external rotation). Soft tissue artifact was quantified as hip joint center
deviation relative to the femoral head center position, which was determined with
fluoroscopy and tracked with the thigh. Compared to the femoral head center, the
functional method had lower absolute error in determining the hip joint center (fluoroscopy
= 1.3 £ 0.5 mm, motion capture = 12.5 £ 4.8 mm) than the predictive methods (fluoroscopy
= 18.6 £ 8.9 mm, motion capture = 19.4 £ 9.2 mm) (Fiorentino et al., 2016). Additionally,
during motion, all calculated hip joint centers remained within the pelvis acetabulum,
where RMS error was 2.8 + 0.7 mm. Collectively, these results suggest that the functional
method should be utilized to define hip joint center position and that the hip joint centre
trajectory is relatively robust to pelvis soft tissue artifact.
Subject Specificity

Due to the specialized equipment required for quantifying soft tissue artifact,
studies often consist of small sample sizes; however, this may be problematic since soft
tissue artifact demonstrates high subject-dependency. A large part of this subject-
dependency is likely due to variability in subject anthropometrics. Intuitively, it makes
sense that individuals with greater volume of soft tissue, quantified by values such as body

mass index (BMI), would have greater soft tissue artifact, yet, the relationship appears to
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be more complex. Barré et al. (2013) investigated the correlation between soft tissue
artifact during treadmill gait and subject BMI, where their sample consisted of nineteen
subjects with BMI ranging from 23.0 to 37.8 kg/m2. For the femur and knee, no significant
correlation was found for rotation about X or Z, while rotation about Y was inversely
correlated with BMI (femur R = -0.53, knee R =-0.56) (Barré et al., 2013). When
comparing to an exoskeleton, which clamped onto the femoral epicondyles, and biplanar
videoradiography during a squat, Clément et al. (2018) found similar results, where there
was greater soft tissue artifact in non-obese (BMI = 24.8 + 2.3 kg/mz2) compared to obese
subjects (BMI = 34.3 + 2.7 kg/mz2). These results were believed to be a result of greater
adipose tissue in obese subjects, which acted to attenuate soft tissue deformation that
resulted from muscular contractions (Clément et al., 2018). Conversely, Garling et al.
(2007) found no correlation between BMI (ranging from 26 to 34 kg/mz across ten
subjects) and error in knee joint angles. Camomilla et al. (2017) found soft tissue artifact of
the pelvis increased with BMI when examining cadaveric specimens. The lack of
consensus regarding the relationship between BMI and soft tissue artifact may be because
BMI is too general a description of subject anthropometrics, without consideration of other
factors such as, individual soft tissue distribution, segment soft tissue volume and
composition, or variability in data collection modalities.

The subject specificity of soft tissue artifact complicates the ability to produce data
collection methods for attenuation and models for compensation. However, it may be
possible to identify subject specific characteristics, such as BMI, segment circumference,
or joint mobility, which aid in the development of methods to reduce soft tissue artifact on

a subject-by-subject basis (e.g. marker configurations for a specific population).
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Task Specificity

Intra- and inter-subject variability in task execution, due to factors like joint range
of motion or muscle recruitment strategies, may affect soft tissue artifact between subjects
and trials. Soft tissue artifact varies across motor tasks, due to differences in the velocity of
movement and orientation of segments or joints during movement execution. As
movement velocity increases, during impact or upon rapid changes in direction, soft tissue
artifact increases as a result of increased soft tissue oscillation. Oscillation occurs due to
inertial effects, where soft tissue behaves as a second-order underdamped system and will
oscillate in a dampened manner during dynamic activities (Gruber et al., 1998). In this
way, activities such as running and cutting, will elicit greater oscillation than walking, as
greater acceleration is required.

Increases in joint angle also tend to increase soft tissue artifact, as skin sliding,
changes in muscular contractions, and compression of muscle and adipose tissue occurs.
During cycling, Fuller et al. (1997), found displacement of markers on the greater
trochanter and lateral femoral epicondyle cyclically varied with the movement. Cappozzo
et al. (1996) found as the angle of the joint closest to the marker increased, marker
displacement also tended to increase. Similarly, when evaluating stair ascent and sit-to-
stand, respectively, Tsai et al. (2011) and Kuo et al. (2011) found significant differences in
knee rotation and translation measured by skin markers and fluoroscopy when the knee
was most flexed (Kuo et al., 2011; Tsai et al., 2011). However, the majority of studies
which have determined this relationship between soft tissue artifact and joint angle, have
examined gait and tasks which require low to moderate joint range of motion, typically less

100°.
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Multiple processing techniques, which have been successful in partially attenuating
soft tissue artifact, build on the assumption that there is a specific relationship between soft
tissue artifact and joint(s) position or orientation. Briefly, as these methods are discussed in
detail in section 2.3.2, double calibration methods assume that soft tissue artifact is linearly
correlated with joint angle (Cappello et al., 1997; Stagni et al., 2005, 2009) while multiple
calibration (Lucchetti et al., 1998; Ryu, 2012; Ryu et al., 2009) and kinematic-optimization
methods (Bonci et al., 2014; Camomilla et al., 2013, 2015) assume the relationship
depends on the specific task requirements. Through experimental in vivo studies which
quantify soft tissue artifact throughout movement and construction of models which
assume soft tissue artifact changes predictably throughout motion, it is concluded that, to
some extent, soft tissue artifact demonstrates task specificity, typically resulting from
changes in segment orientation and/or joint range of motion.

Implications of Soft Tissue Artifact

Although soft tissue artifact is a complex source of error affected by a number of
factors, motion capture remains a feasible and widely used method for quantifying whole-
body kinematics. Therefore, it is necessary that soft tissue artifact be quantified — in the
context of marker location, subject characteristics, and throughout a given motor task — to
facilitate the development of methods which minimize and compensate for soft tissue

artifact.

2.3 Methods to Reduce Soft Tissue Artifact
Mathematically, soft tissue artifact has been described by four geometric
parameters: marker rotation and translation, and marker cluster scaling and deformation

(Grimpampi et al., 2014). Rotation and translation, at the level of individual markers or a
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marker cluster, has been collectively defined as the rigid component of soft tissue artifact.
Conversely, scaling and deformation of a non-rigid cluster formed by individual markers,
has been defined as the non-rigid component of soft tissue artifact. The rigid component
refers to changes in marker orientation and position, while the non-rigid component refers
to changes in marker cluster size and shape. Rigid and non-rigid soft tissue artifact, for an
individual marker or a marker cluster, are assumed to be independent and additive to result
in total soft tissue artifact, where the rigid component tends to dominate soft tissue artifact
(Dumas et al., 2014). This has been concluded by studies discerning rotation, translation,
and deformation components relative to a reference pose (Barré et al., 2017; Benoit et al.,
2015; De Rosario et al., 2012; Dumas et al., 2014), using principal component analysis
(Andersen et al., 2012), and by comparing the performance of models which attenuate soft
tissue artifact by accounting for different components of artifact (Dumas & Cheze, 2009).

In order to substantially reduce soft tissue artifact, methods should place emphasis
on minimizing and compensating for the rigid component of soft tissue artifact. During
data collection, this can be accomplished by varying marker cluster physical
characteristics, method of attachment to the segment, and marker location on the segment
(section 2.3.1). Additionally, mathematical procedures and models have been developed to
partially compensate for soft tissue artifact in data processing applications (section 2.3.2).

2.3.1 Minimizing soft tissue artifact in data collection

Markers which are located on different areas of a segment will exhibit similar
movement due to bone motion, and independent movement due to local deformations of
the underlying soft tissue (Bonci et al., 2014). To reduce individual marker motion from

local soft tissue deformation, real or digitized markers are calibrated to a non-rigid or rigid
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cluster coordinate system in a reference pose, typically upright standing, and the marker
coordinates are reconstructed relative to the coordinate system throughout the task
(Cappozzo et al., 1995). In this way, all calibrated markers undergo uniform deformation
due to soft tissue artifact, equivalent to the artifact affecting the marker cluster; however,
there is no direct attenuation of the cluster soft tissue artifact.

While rigid clusters only experience rigid artifact, non-rigid clusters will experience
non-rigid and rigid artifact. Non-rigid artifact modifies the relative distance between
markers, thereby disrupting the marker cluster coordinate system calibrated during the
reference pose. Ultimately, this results in unpredictable changes to marker cluster
coordinate systems, which can vary at each time frame. Although a number of data
processing techniques have been proposed to minimize non-rigid artifact in non-rigid
marker clusters (section 2.3.2); rigid clusters are more commonly used, since non-rigid
artifact is completely eliminated and decreased instrumentation is required on the subject
(Angeloni et al., 1992; Manal et al., 2000).

Rigid cluster design criteria have been proposed to minimize error propagation,
including the effects of soft tissue artifact, from marker coordinates to segment and joint
kinematics. By simulating experimental error on marker coordinates and altering specific
cluster characteristics, it was concluded that rigid clusters should consist of at least four
non-collinear markers on an isotropic and quasi-planar surface, where cluster radius is at
least ten times greater than the standard deviation of the system’s instrumental error
(Cappozzo et al., 1997). However, beyond this, recommendations for rigid cluster shape
and size are complicated by the additional mass, and subsequent inertial effects (Benedetti

et al., 1998). For example, markers often need to be projected on wands or fins to ensure
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optimal camera visibility, yet this affects cluster mass distribution and resonant frequency
(Karlsson & Tranberg, 1999). Since higher frequency noise is more distinguishable from
the frequency of human movement (approximately 1 to 10 Hz), low-mass rigid clusters
that oscillate at higher frequencies may be recommended. Additionally, studies which have
examined reducing contact area between a rigid cluster and the skin, accomplished by
elevating clusters or decreasing cluster size, have found a decrease in cluster stability,
resulting in greater cluster oscillation during movement (Sudhoff et al., 2007). While there
are strict marker cluster design criteria to ensure successful data collections, characteristics
of the marker cluster, such as mass and contact area on the subject’s skin, may be altered to
modify soft tissue artifact.

For motion capture data collections, specific marker attachment methods have been
shown to attenuate soft tissue artifact. In general, markers should be adhered directly to the
subject’s skin (i.e. avoiding clothing) with double-sided tape, and for a rigid cluster, straps
around the cluster and segment should be used to facilitate cluster movement with skeletal
movement rather than local soft tissue displacement (Manal et al., 2000). These attachment
recommendations were initially made in the context of gait; however, they are widely used
for motion capture collections across a range of tasks.

Although varying rigid cluster physical characteristics and attachment method may
assist in slightly attenuating soft tissue artifact, altering marker location on a segment has
the potential to be more effective. Standard practice to maximize marker visibility, while
minimizing marker distortion and soft tissue artifact, is to place markers on areas with the
least expected soft tissue deformation and at angles perpendicular to the cameras. Since the

largest changes in joint rotation typically occur in the sagittal plane, markers are commonly
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placed on the lateral aspect of the thigh, where there is a smaller volume of muscle and
adipose tissue, and away from joint lines (Cappozzo et al., 1995). Although the
performance of rigid clusters localized to different areas of a segment has been minimally
investigated; multiple studies have compared the performance of non-rigid marker clusters.
For these studies, the non-rigid clusters have undergone a solidification procedure
(Andriacchi et al., 1998; Chéze et al., 1995; Soderkvist & Wedin, 1993; Veldpaus et al.,
1988) to minimize changes in the markers’ relative position between time frames; thereby
increasing rigidity. Cappozzo et al. (1996) evaluated different combinations of three-
marker clusters formed from six different markers on the lateral thigh during cycling and
hip external rotation in one subject. RMS error in femur rotation ranged from 1.0 to 7.0°,
where no single marker cluster was superior across tasks or axes of rotation. Akbarshahi et
al. (2010) compared different three-marker non-rigid clusters formed from combinations of
six markers distributed over the anterior and lateral thigh, and one on the patella. For knee
flexion to 90° and a step-up task, thigh clusters constructed from two anterior and one
distal or mid-lateral marker performed best for knee flexion-extension and abduction-
adduction, while a cluster formed from one anterior, one lateral, and the patella marker
most accurately quantified knee internal-external rotation (Akbarshahi et al., 2010). In
activities of daily living, Stagni et al. (2005) compared knee joint rotations from marker
clusters formed by markers on the whole, or proximal, central, or distal third of the thigh,
while the shank cluster remained constant. Across subjects and tasks, error in rotation was
largest with the proximal thigh cluster (Stagni et al., 2005). For both subjects, knee flexion-
extension was most artifact-free with a distal thigh cluster (Stagni et al., 2005). Abduction-

adduction for subject 1 was also best with a distal cluster, but the total (for stair ascent and
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descent, step-up/down, and knee extension) and proximal (for sit-to-stand) thigh cluster
were best for subject 2 (Stagni et al., 2005). For internal-external rotation, results were
highly variable as each thigh cluster performed best for at least one subject during one of
the tasks (Stagni et al., 2005). Unfortunately, the number and specific location of the
markers forming each cluster were not provided (Stagni et al., 2005). Barré et al. (2015)
found similar results by creating a subject-specific soft tissue artifact map based on
individual marker displacement, of the thigh during treadmill gait, and classifying areas of
the thigh as least, mid, and most affected by soft tissue deformation. Non-rigid clusters
were formed from markers on the different classified areas of the thigh, and femur
transformations from the various clusters were compared. RMS differences were similar
across all clusters, with two exceptions: 1) axial rotation was largest for clusters built from
markers in least and most affected areas (least =8.1 £ 3.9°, most =7.3 £ 2.0°, mix=5.7 +
2.1°, mid = 5.2 + 2.6°), and 2) translation along all axes was smallest for the least affected
area cluster (anterior-posterior = 3.0 + 1.6 mm, axial = 4.4 = 1.7 mm, medial-lateral = 8.6 +
3.2 mm). Additionally, mean coefficients of multiple correlation were excellent (> 0.90)
for all clusters and transformations, except for rotation about the axial (0.35 to 0.52) and
medial-lateral (0.59 to 0.77) axes. Evidently, soft tissue artifact within a segment is
complex, whereby the placement of motion capture markers has been shown to affect
kinematic outcomes. Thus, there is a need to assess which marker configuration results in
the most accurate kinematics, in the context of specific outcome measures, such as joint

rotation or translation within a specific plane, for a specific task.
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2.3.2 Compensating for soft tissue artifact in data processing

The following section in no way provides an exhaustive list of the computational
processing procedures tested and/or validated; however, some of the most common and
relevant techniques for mitigating soft tissue artifact are discussed below.

Standard practice to reduce noise in a signal is to filter the data, where the goal is to
maximize noise removal and signal retention. This is accomplished by utilizing an
appropriate filter and cut-off frequency. Unfortunately, soft tissue artifact resonates at a
range of frequency harmonics, some of which are indistinguishable from human movement
(Fuller et al., 1997). For example, skin sliding will exhibit lower frequency content,
approximately identical to the frequency of human movement, since they have identical
sources — the movement of bone. Alternatively, muscle and adipose tissue will oscillate at
higher frequencies, possibly at distinct frequency harmonics from human movement,
thereby facilitating effective removal by digital filtering. To discern the contributions of
skin sliding, muscular contractions, and soft tissue oscillation, Bonci et al. (2014) modelled
thigh soft tissue artifact under the assumption that artifact increases linearly with skin
sliding, due to changes in hip and knee angle, using in vivo (Reinschmidt, van den Bogert,
Nigg, et al., 1997) and in vitro (Cereatti et al., 2009) data to calibrate the model. By
comparing estimated soft tissue artifact outputted by the model, and measured soft tissue
artifact from the data sets, they attempted to distinguish skin sliding contribution to total
artifact (Bonci et al., 2014). The model-estimated soft tissue artifact had an average 89% of
frequency content between 0 and 5 Hz, encompassing the majority of skin sliding and
voluntary movement (Bonci et al., 2014). Frequency analysis of in vivo soft tissue artifact

during running revealed that an average of 73% of frequency content also fell between 0
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and 5 Hz (Bonci et al., 2014). Furthermore, the correlation between the time histories of
the model-estimated and measured soft tissue artifact was excellent (r > 0.93) across
markers, axes, and subjects (Bonci et al., 2014). The similarity between model-estimated
and measured soft tissue artifact in the frequency and time domain suggests that oscillation
may not be the primary source for soft tissue artifact. Additionally, since oscillation
demonstrates higher frequency content (above ~5 Hz) (Bonci et al., 2014), it may be more
easily mitigated through filtering techniques. Evidently, digital filtering will not be
successful in eliminating all noise due to soft tissue artifact; thus, other data processing
techniques must be implemented for further attenuation of noise resulting from soft tissue
deformation.

Unlike a rigid cluster, formed from markers on an isotropic rigid body which
exhibits no change in size or shape throughout movement; non-rigid clusters exhibit
relative changes in marker displacement which can be partially compensated for by
mathematical approaches. Least square methods compute optimal marker transformation
by minimizing marker cluster deformation between two time points, typically relative to
the marker arrangement during a reference pose (Cheze et al., 1995; Sdderkvist & Wedin,
1993; Veldpaus et al., 1988). Inertial methods, such as the point cluster or interval
deformation technique, utilize a marker cluster tensor of inertia to assign each individual
marker a mass that minimizes segment cluster deformation between successive time points
(Alexander & Andriacchi, 2001; Andriacchi et al., 1998). Although least square and
inertial methods compensate for the non-rigid component of soft tissue artifact, they do not
address rigid motion of the cluster relative the underlying bone; and thus, error in knee

rotation (up to 5°) and translation (up to 10 mm) persists (Cereatti et al., 2006).

38



Least square and inertial methods are commonly utilized to attenuate non-rigid soft
tissue artifact at the level of the segment. However, segment error will propagate to joint
error; often exhibited as motion about some degree-of-freedom which is larger than
realistically probable. Global, or multi-body, optimization models attempt to limit this
overestimated joint motion by imposing constraints on the degrees-of-freedom between
two adjacent segments (Lu & O’Connor, 1999). Mathematically, marker position is
calculated by minimizing the difference between measured and model-predicted marker
coordinates, under these kinematic constraints (Lu & O’Connor, 1999). Most commonly,
joint translation is constrained, thereby creating a chain of three degrees-of-freedom
spherical joints. A global optimization model was first effective in preventing knee joint
dislocation during gait analysis (Lu & O’Connor, 1999), and has since been tested and
validated on a range of other tasks including, running (Bonnet et al., 2017; Gasparutto et
al., 2015; Richard et al., 2017), hopping and cutting (Potvin et al., 2017; Richard et al.,
2017), sit-to-stand and step-up (Richard et al., 2017; Stagni et al., 2009), squatting
(Clément et al., 2015), and quasi-static knee flexion to 110° (Charbonnier et al., 2017).

Although global optimization has been effective in partially compensating for soft
tissue artifact (Charbonnier et al., 2017; Clément et al., 2015; Gasparutto et al., 2015;
Potvin et al., 2017; Reinbolt et al., 2005), it is not a consistently reliable method (Andersen
et al., 2010; Bonnet et al., 2017; Richard et al., 2017; Stagni et al., 2009). In quasi-static
knee flexion, RMS error in knee joint angles compared to bone orientation in an MRI
system ranged from 6.8° to 8.7° without kinematic constraints and 7.1° to 9.8° with knee
translation constrained and was largest for internal-external rotation, followed by

abduction-adduction, then flexion-extension in the higher knee flexion ranges
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(Charbonnier et al., 2017). Additionally, during squatting to 60°, Clément et al. (2015)
demonstrated that spherical constraints on ankle, knee, and hip marginally reduced soft
tissue artifact for knee abduction-adduction and internal-external rotation, typically
between 1° and 3°, in healthy subjects and those with knee osteoarthritis, with minimal to
no change in estimated knee flexion-extension. Translation constraints on the ankle, knee,
and hip during a step-up and sit-to-stand task also minimally reduced soft tissue artifact,
whereby the mean RMS error in knee joint angle compared to bone position measured by
fluoroscopy, was approximately 10° but up to 25° (Stagni et al., 2009). Richard et al.
(2017) found similar results when implementing six global optimization models, with
varying joint constraints, in a step-up and sit-to-stand task, wherein no model substantially
attenuated soft tissue artifact to within 2° or 2 mm of bone position and orientation.
Evidently, there are varying results on if global optimization is an effective tool for
compensating for soft tissue artifact. Part of this dilemma extends from the fact that studies
have implemented global optimization in a variety of different ways. For example, studies
have evaluated different types of constraints on individual and multiple joints (Andersen et
al., 2010; Clément et al., 2015; Gasparutto et al., 2015), applied two-step optimization
procedures to increase subject specificity based on subject joint parameters and joint
degrees of freedom (Reinbolt et al., 2005), and attempted to adjust constraints as a function
of joint angle (Potvin et al., 2017). Nevertheless, global optimization presents itself as a
feasible option for attenuating the effects of soft tissue artifact as it does not require any
additional steps to be taken during data collection, and it can be easily implemented in

biomechanical software. Furthermore, global optimization should be evaluated in its
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effectiveness to partially compensate for soft tissue artifact in high knee flexion
movements as dynamic flexion greater than approximately 90° has not been evaluated.

Multiple models which attempt to compensate for soft tissue artifact build upon the
assumption that soft tissue artifact changes predictably or consistently over a joint’s range
of motion. In this way, a systematic pattern in marker trajectory, attributed to soft tissue
artifact, is defined in relation to the motor task. Double calibration procedures define the
pattern of soft tissue artifact in a given task by performing calibration procedures at the
start and end of range of motion of the specific task, then interpolate between the two
known anatomical landmark positions (Cappello et al., 1997, 2005). Double calibration has
been effective in attenuating soft tissue artifact, wherein knee joint angles determined by
motion capture are within approximately 3.5° and translations are within 4.5 mm (Cappello
etal., 1997, 2005; Stagni et al., 2009). These findings support the claim that soft tissue
artifact varies somewhat predictably with joint angle as assuming a relationship between
knee joint angle and soft tissue artifact partially compensated for error in kinematics.

The largest criticism for double calibration procedures is that they impose a specific
relationship, commonly through linear interpolation, on marker trajectories throughout the
movement. To overcome this limitation, ad hoc task-specific movements can be used to
calibrate marker artifact by determining the correlation between marker trajectory over
time (Lucchetti et al., 1998), joint angle (Lucchetti et al., 1998; Ryu, 2012), or offset
between markers in the same marker cluster coordinate system (Ryu, 2012; Ryu et al.,
2009). Like double calibration procedures, dynamic calibration has also been effective in

compensating for task-related soft tissue artifact of the lower extremity (Lucchetti et al.,
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1998; Ryu, 2012; Ryu et al., 2009), providing further support to the presence of a
relationship between soft tissue artifact and task demands.

Kinematic-driven optimization models, which like multiple calibration procedures,
attempt to define the relationship between soft tissue artifact and the motor task performed,
have been also proposed to compensate for soft tissue artifact. Specifically, these models
assume there is a correlation between soft tissue artifact and joint angle, and an
optimization model is then produced which minimizes the difference in measured and
model-predicted and marker coordinates at each time frame (Bonci et al., 2014; Camomilla
et al., 2013, 2015). During validation of these models against a gold standard, partial
attenuation of soft tissue artifact occurs, whereby measured and model-predicted marker
trajectories demonstrate similar time histories, but large residuals (Bonci et al., 2014;
Camomilla et al., 2015). The large residuals are likely because models do not account for
the effects of oscillation, resulting in only partial attenuation of soft tissue artifact (Bonci et
al., 2014).

Although computational methods represent a feasible option for attenuating the
effects of soft tissue artifact, these methods result in only partial compensation, and the
models lack validation across a range of subjects and tasks. Therefore, models should be
used in conjunction with data collection minimization techniques to facilitate a greater

reduction in soft tissue artifact.
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Chapter 3 - A Non-Invasive Assessment of Soft Tissue Artifact of the Thigh in
High Knee Flexion

3.1 Introduction

Optical motion capture is used to quantify the motion of bones by measuring the
position of markers that are adhered to the skin. However, as an individual moves, skin
markers move relative to underlying bone due to the deformation and displacement of both
active and passive tissue. This results in error in marker trajectories, known as soft tissue
artifact, which can lead to kinematic and kinetic errors which are as large, or larger, than
physiological joint angles and/or moments (Akbarshahi et al., 2010; Kuo et al., 2011;
Reinschmidt, van den Bogert, Nigg, et al., 1997; Stagni et al., 2005; Tsai et al., 2011).
Although multiple studies have quantified soft tissue artifact by synchronously collecting
and comparing skin marker position, determined by motion capture, and bone position,
determined by bone fixation (e.g. bone pins) or imaging techniques (e.g. x-ray or MRI),
these methods are invasive, cumbersome, and expensive. Thus, recently, methods for
estimating soft tissue artifact which rely only on motion capture have been investigated.

To quantify soft tissue artifact non-invasively, the position of a single marker is
quantified by multiple coordinate systems, constructed from multiple marker clusters
which are localized to the same (Camomilla et al., 2009) or adjacent segments (Lucchetti et
al., 1998; Ryu, 2012; Ryu et al., 2009). The difference in the position of the marker
reconstructed from the different marker clusters is considered to be an estimate of soft
tissue artifact. For marker clusters located on the same segment, the multiple independent
observer method has been proposed (Camomilla et al., 2009). This method requires a
marker array of individual markers on a given segment [e.g. sixteen (Camomilla et al.,

2009; Stagni et al., 2005)]. Non-rigid clusters are then formed from the individual markers
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and the deformation of the different clusters throughout motion are compared. Non-rigid
clusters that display uncorrelated deformation are considered ‘independent observers’ of a
marker that is not used in the construction of the cluster (Camomilla et al., 2009). Each
marker is then tracked throughout motion with each independent observer simultaneously,
and soft tissue artifact of the specific marker is estimated as the average of the
displacement vectors for each of the independent observers (Camomilla et al., 2009).

Alternatively, soft tissue artifact has been estimated by comparing the position of a
digitized marker reconstructed from marker cluster coordinate systems on two adjacent
segments (Lucchetti et al., 1998; Ryu, 2012; Ryu et al., 2009). For example, the location of
the digitized marker on the thigh is tracked by both the thigh and shank coordinate system
as the subject performs a hip flexion-extension task with the knee extended (Lucchetti et
al., 1998; Ryu, 2012; Ryu et al., 2009). During this motion it is assumed that the
reconstruction of the marker by the shank is artifact-free, and thus soft tissue artifact is
equal to the difference between the thigh and shank estimated position of the marker as a
function of time (Lucchetti et al., 1998), joint angle (Lucchetti et al., 1998; Ryu, 2012), or
offset between markers in the same cluster coordinate system (Ryu, 2012; Ryu et al.,
2009). The use of non-invasive methods for quantifying soft tissue artifact provide an
alternative tool for examining soft tissue artifact on a task-by-task basis, without the need
for overly specialized equipment or subsequent limitations on sample size.

Although these non-invasive methods may not quantify soft tissue artifact as
accurately as bone fixation or imaging techniques, they may be useful for comparing local
soft tissue artifact between marker clusters located on the same segment. Previous research

has demonstrated that markers localized to different areas of the thigh experience different
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soft tissue artifact (i.e. location specificity) (Akbarshahi et al., 2010; Barré et al., 2015;
Cappozzo et al., 1996; Stagni et al., 2005); thus, it is theorized that placing markers on
areas with the least soft tissue deformation and displacement may be optimal. That being
said, defining an optimal marker placement is complicated by multiple factors, namely the
subject and task (Leardini et al., 2005).

It is known that soft tissue artifact varies between individuals (i.e. subject
specificity) (Barré et al., 2013; Clément et al., 2018; Garling et al., 2007; Stagni et al.,
2005). Although previous studies have found a relationship between the magnitude of soft
tissue artifact and subject BMI (Barré et al., 2013; Clément et al., 2018; Garling et al.,
2007), there are conflicting results on if this is a positive or negative relationship and
across the different planes of motion. It is likely that variability in soft tissue artifact would
be partially explained by participant anthropometrics; however, no study to date has
investigated the relationship between local (i.e. segment) measures of anthropometry and
soft tissue artifact.

Soft tissue artifact has also been shown to vary with the task performed (i.e. task
specificity). Specifically, soft tissue artifact is known to increase with joint angle
(Cappozzo et al., 1996; Fuller et al., 1997; Kuo et al., 2011; Tsai et al., 2009); however,
tasks which require large changes in joint angle have largely been unexplored. At the knee
joint, high flexion, where the knee flexion angle exceeds 120°, may elicit different soft
tissue artifact than low-to-moderate joint range of motion tasks, due to contact between the
thigh and calf which begins at approximately 125° of knee flexion (Kingston & Acker,
2018). Consequently, a specific marker placement may be more optimal for use in high

flexion. For example in gait, markers on the distal-lateral thigh have been shown to exhibit
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the least soft tissue artifact (Barré et al., 2013); however, in a sit-to-stand task, which may

elicit more similar soft tissue movement to thigh-calf contact, a distal-anterior cluster was

more accurate (Stagni et al., 2005). Since repeated adoption of high knee flexion has been

found to be associated with the development of knee joint injury and diseases (Baker et al.,
2003; Canetti et al., 2020; Coggon et al., 2000; Jensen, 2005, 2008), recommendations for
accurate and reproducible methods of data acquisition must be made for these tasks to

more clearly discern mechanisms of injury.

3.1.1 Agreement between hip joint center and femoral head center as an estimate for

soft tissue artifact

The first objective of this study was to investigate the effect of thigh marker cluster
location on soft tissue artifact during high knee flexion tasks. Motion tracking for the thigh
was collected from rigid marker clusters localized to the middle and distal third of the
thigh, and on the anterior, lateral, and anterolateral aspect of the thigh while the participant
completed different squatting and kneeling activities. As an estimate of local soft tissue
artifact, the functional hip joint center, which was considered coincident with the femoral
head center during upright standing (Camomilla et al., 2006; Fiorentino et al., 2016), was
tracked with the pelvis cluster and each of the six thigh clusters through motion. Soft tissue
artifact was defined as the difference in the position of the functional hip joint center
estimated from the pelvis cluster (‘hip joint center’) and each of the thigh clusters
(‘femoral head center’). Based on previous studies of tasks which require moderate
changes in knee flexion (Akbarshahi et al., 2010; Stagni et al., 2005), it was hypothesized

that soft tissue artifact would be smallest for the distal-anterior thigh cluster, as this cluster
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would be least affected by posterior and medial-lateral topographic deformation of the

thigh during thigh-calf contact.

3.1.2 Soft tissue artifact subject specificity

The second objective was to assess the accuracy in which global and local measures
of anthropometry could predict soft tissue artifact for marker clusters localized to different
areas of the thigh. Global measures included sex, height, mass, BMI, waist circumference
while local measures were thigh length, thigh proximal, middle, and distal circumferences,
and thigh skinfold thickness. Multiple linear regressions were performed, using backward
stepwise procedures, between subject anthropometry (independent variables) and the mean
of the peak difference in the estimated 3D position of the hip joint center and femoral head
center (dependent variable) for each of the six thigh clusters independently. It was
hypothesized that there would be a moderate fit between predicted soft tissue artifact and
subject anthropometrics, thereby facilitating recommendations for marker placement (i.e.
marker clusters which predict a larger difference in hip joint center and femoral head
center position from subject anthropometry should be avoided for that subject).
Additionally, based on previous findings which found soft tissue artifact was poorly
correlated with global measures of anthropometry (Barré et al., 2013; Camomilla et al.,
2017; Garling et al., 2007), it was hypothesized that local measures of the thigh
anthropometry would have a stronger effect on soft tissue artifact than global measures of
subject anthropometry, as indicated by the frequency of retention in the regression models

and larger standardized beta coefficients and partial correlations.
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3.2 Methods

3.2.1 Sample population

An a-priori analysis was completed, using G*Power 3.1, to determine the required
sample size for the statistical methods presented in this thesis (Faul et al., 2007). The
results were estimated using a power level (beta) of 0.80, an alpha level of 0.05, and a
medium effect size of 0.06, which was estimated from data presented by Barré et al.
(2015). The required sample size for the multiple linear regressions (chapter 3) when all
ten independent variables were retained was seventy-five subjects. However, given that
backward stepwise procedures were utilized and there was a high likelihood of collinearity
in the regression models, it was considered unlikely that all independent variables would
be retained in the final regression models. Thus, the same analysis was completed with five
independent variables, and the required sample size was fifty-eight subjects. Alternatively,
the three-way ANOVAs (chapter 4) indicated that a sample size of thirteen subjects would
be sufficient. Given the large discrepancies in sample size requirements between the
studies and the assumption of a modest medium effect size, fifty participants were
collected for this thesis.

Fifty participants (Table 3-1) with no previous, or current, low back or lower
extremity injury which required medical intervention or time off work for longer than three
days within the past year were recruited from the University population. Subjects were
required to have no difficulty or pain completing the squatting and kneeling protocol. All
but three subjects were right leg dominant. Each subject read and signed an informed

consent form approved by the university’s research ethics board.
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Table 3-1: Mean and standard deviation (in brackets) descriptive and anthropometric
participant information. Prox is proximal, mid is middle, and dist is distal.

Parameter Female (n=28) Male (n =22) Total (n = 50)
Age (years) 21.1 (3.0) 21.4 (2.6) 21.2 (2.9)
Height (m) 1.65 (0.09) 1.79 (0.06) 1.71 (0.10)
Mass (kg) 63.6 (11.6) 78.2 (10.2) 70.0 (13.1)
BMI (kg/m2) 23.2 (3.4) 24.3 (2.4) 23.7 (3.0)
Waist circumference (cm) 73.9 (8.2) 81.7 (6.4) 77.3 (8.4)
Thigh length (cm) 424 (3.1) 44,6 (2.0) 43.4 (2.8)
Prox thigh circumference (cm) 59.9 (5.40) 58.2 (7.5) 59.2 (6.4)
Middle thigh circumference (cm) 51.2 (4.7) 53.4 (4.0) 52.1 (4.5)
Dist thigh circumference (cm) 40.1 (3.6) 43.0 (7.2) 41.4 (5.6)
Thigh skinfold (mm) 28.0 (9.3) 15.0 (5.6) 22.3 (10.2)

3.2.2 Instrumentation

Kinematic data was collected using a six three-camera-bank optical motion capture
system (Optotrak, Certus/3020, NDI, Waterloo, ON). Prior to participant arrival the
collection space was calibrated, and a global coordinate system was defined using a rigid
cube containing sixteen infrared diodes with known configuration. The global coordinate
system was defined in conjunction with ISB standards, where Y was proximal(+)-distal, X
was anterior(+)-posterior, and Z was medial-lateral (Wu & Cavanagh, 1995). Kinematic
data was sampled at 50 Hz and kinetic data was synchronously recorded at 2000 Hz from
four embedded force plates (OR6-7, AMTI, Watertown, MA), which were zeroed prior to
each collection.

For instrumentation of each subject, rigid marker clusters of four non-collinear
infrared diodes were placed on the sacrum of the pelvis, bilaterally on the thighs, shanks,
and feet (Figure 3-1). A total of six marker clusters were localized to the middle and distal

third of each thigh, with four clusters placed on the lateral and anterior aspect of the thigh
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on one leg, and two clusters placed anterolateral aspect of the opposite thigh (Figure 3-2).
Thigh cluster arrangement was randomized to the subject’s right or left leg. Cluster
placement was defined as: distal-anterior, distal-anterolateral, distal-lateral, mid-anterior,
mid-anterolateral, and mid-lateral. The distal and middle third of the thighs were defined as
30-60% and 60-90% of the distance from the palpated greater trochanter to the lateral
femoral condyle, respectively. The lateral clusters were placed such that the midline of the
cluster was approximately in line with the greater trochanter and lateral femoral condyle,
while the anterior clusters were placed such that the midline of the clusters were
approximately in line with the anterior superior iliac spine and patella. The anterolateral
clusters were placed such that the midline was approximately halfway between the lateral
and anterior thigh clusters on the opposite leg. Marker clusters were attached to segments
using double-sided carpet tape, and elastic Velcro straps which were wrapped through the
cluster and around the respective segment for the shank, thigh, and pelvis. The straps were
adjusted as needed prior to calibration trials to ensure that deformation of the segments did
not occur during adoption of the high knee flexion postures (i.e. the straps were not too
tight). The position of anatomical landmarks (Figure 3-1), tracked with each marker
cluster, were identified while the participant stood in anatomical posture using a

digitization probe (Cappozzo et al., 1995).
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Figure 3-1: Optotrak marker placement and digitized landmarks for data collection.
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Figure 3-2: Thigh cluster placement was defined as distal-anterior, distal-lateral, mid-
anterior, and mid-lateral for one leg (left leg in this image), and distal-anterolateral
and mid-anterolateral for the opposite leg.

3.2.3 Experimental protocol

Once participants read and provided informed consent, participants were given an
overview of the experimental protocol and asked to change into athletic shorts and
footwear. Demographic and anthropometric data for the dominant lower limb were then
measured (Table 3-1). Thigh length was measured as the distance between the palpated
greater trochanter and lateral femoral condyle. Thigh circumference measurements were
taken at 30% (proximal), 60% (middle), and 90% (distal) of the thigh length as measured

from the greater trochanter. Two thigh skinfold measurements were taken at the midpoint
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between the inguinal fold and the anterior surface of the patella (Stewart & Marfell-Jones,
2011), wherein the average of the measurements was used as a gross representation of
thigh adiposity.

Instrumentation then commenced by attaching rigid clusters to the pelvis, distal-
lateral thighs, shanks, and feet. A functional hip joint center trial (star-arc pattern and hip
circumduction) was performed (Camomilla et al., 2006) using the distal-lateral thigh
clusters on the right and left legs, to ensure more symmetrical hip joint center localization.
The participant was then instrumented with all the thigh rigid clusters for subsequent high
knee flexion movement trials and anatomical landmarks were digitized (Figure 3-1 and 3-
2). Following digitization, participants performed a quiet standing (static calibration) trial
and a functional knee joint center trial (knee flexion-extension).

Participants then observed the high knee flexion movements performed by the
researcher and were able to practice them until they could perform them comfortably.
Participants completed the following four high knee flexion movements in a randomized
order on the embedded force plates: flat-foot squat (FS), heels-up squat (HS), dorsiflexed
kneel (DK), and plantarflexed kneel (PK) (Figure 3-3). Each trial consisted of the
participant descending into maximal flexion, statically holding the posture for five seconds,
then ascending to the starting posture in the same manner as the descent. Participants were
instructed to maximize knee flexion and thigh-calf contact. Participants completed FS and
HS with a symmetrical descent into the squat from upright standing, while DK and PK
were completed with both asymmetrical and symmetrical transitions: asymmetrical —
transition between upright standing and kneeling by moving through a lunging posture

with the right or left leg, and symmetrical — beginning on knees, approximately 90° of knee
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flexion with hips extended, and sitting back into kneel (Figure 3-4). For the asymmetrical
kneeling transitions, the leg stepping forward into the lunge was defined as the lead leg and
the other leg was defined as the trail leg (Figure 3-4). Five repetitions of each movement
variation were completed. For analysis, eight tasks were defined: FS, HS, DK symmetrical
(DK-S), PK symmetrical (PK-S), DK lead leg (DK-L), PK lead leg (PK-L), DK trail leg

(DK-T), and PK trail leg (PK-T).

FS /7 W HS

Figure 3-3: High knee flexion movements defined as the flat-foot squat (FS), heels-up
squat (HS), dorsiflexed kneel (DK), and plantarflexed kneel (PK).
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Figure 3-4: High knee flexion movement transitions. A) is the asymmetrical kneeling
transition, where the left leg is the lead leg and the right leg is the trail leg, and B) is
the symmetrical kneeling transition.

3.2.4 Data processing

Gaps in the position data that were less than 200 ms (10 frames of data) were filled
with a cubic spline (Howarth & Callaghan, 2010) and kinematic and kinetic data were dual
pass filtered using a second-order low pass Butterworth filter with a cut-off frequency of 6
Hz (Longpre et al., 2013; Winter, 2009) in Visual3D (C-Motion, Version 2.05,
Germantown, USA). For padding prior to filtering, one second of data was reflected
(Howarth & Callaghan, 2009). As well, the functional hip and knee joint centers were
calculated from the functional trials (Schwartz & Rozumalski, 2005). The functional
method has been shown to most accurately quantify the hip joint center (Camomilla et al.,
2006; Ehrig et al., 2006; Fiorentino et al., 2016). The knee flexion angle throughout the
movement trials was calculated using a Z-X-Y Cardan sequence (flexion-extension,

abduction-adduction, internal-external rotation) for each thigh cluster, in conjunction with
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the shank cluster. Thigh and shank anatomical coordinate system definitions are provided
in Table 5-1 and 5-2.

The difference in the position of the hip joint center when tracked with the pelvis
cluster (‘hip joint center’) versus when tracked with one of each of the six thigh clusters
(‘femoral head center’) was calculated as an estimate of soft tissue artifact in a custom
Matlab program (The Mathworks, Release R2019B, Natrick, MA). First, a local coordinate
system, represented by a 3 x 3 rotation matrix, R, and origin, o, was constructed from the
global coordinates of three non-collinear markers for the pelvis and each of the thigh
marker clusters (Eq. 3.1 and 3.2) where the column vectors in Eq. 3.2 are the orthogonal

unit vectors describing the cluster coordinate system.

O.X'

0= [oy] Eq. 3.1
OZ

R=[% 7 7] Eq. 3.2

During upright standing, the hip joint center was considered coincident with the
femoral head center (Camomilla et al., 2006; Fiorentino et al., 2016); therefore, at the start
of each movement trial, when the participant was in upright standing, or a similar posture
for the hips in DK-S and PK-S, the hip joint center and the femoral head center were
defined at the same global position. This was accomplished in the first frame of data, by
defining a vector, v; (Eq. 3.3) in the local coordinate system for the respective marker
clusters, from the origin of the local coordinate system for the pelvis and each of the thigh
marker clusters to the functional hip joint center, FHC, where o and FHC are point

coordinates in the global coordinate system in Eq. 3.3.
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v, = R« (FHC — 0) Eq. 3.3

Throughout the movement trial, the position of the hip joint center was
reconstructed relative to the pelvis cluster [i.e. gold standard (Camomilla et al., 2006)],
while the position of the femoral head center was reconstructed relative to each thigh
cluster. while the position of the femoral head center (FHC) was reconstructed relative to
each thigh cluster (T = 1:6). The position of these two points was calculated by
performing a local to global transformation at each frame of data, i (Eq. 3.4 shown for

HJC).

HJC;=R+*v;+o0 Eq. 3.4

Soft tissue artifact would theoretically cause these two points to diverge. The
difference (D) between the hip joint center and femoral head center for each thigh cluster
in the three orthogonal global directions, as well as the magnitude of the 3D difference,

calculated by the vector norm, were then determined (Eqg. 3.5).

Dl == H]C_FHCT=1:6 Eq35

For each high knee flexion task, the mean of the peak difference across trials was
calculated for each subject when knee flexion was greater than 120°, as determined by the
distal-lateral and distal-anterolateral marker cluster for the respective legs. In FS, not all
subjects achieved 120° of knee flexion; therefore, 80° of knee flexion was used.
Additionally, for three subjects, the mid-lateral and/or mid-anterolateral marker clusters

were used to define the high knee flexion range as the distal-lateral and/or distal-
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anterolateral cluster had slid significantly from its calibrated location throughout the
protocol.

In addition to determining peak soft tissue artifact in high knee flexion, soft tissue
artifact was examined as a function of knee flexion angle. To accomplish this, the mean of
the 3D difference across trials (equal to the Bland-Altman mean difference at each frame
of data) and the mean knee flexion angle across the six thigh marker clusters, were first
truncated and normalized to 101 frames of data. For the squats and symmetrical kneels,
data was truncated based on pelvis marker vertical displacement decreasing 1 cm below
mean height at the start and end of the trial and visually examined for consistency across
subjects and trials. For the asymmetrical kneels, data was truncated when the vertical
ground reaction force under the lead leg exceeded 20 N during descent and was less than
20 N during ascent. The mean difference and mean knee flexion angle were then plotted
against each other and qualitatively examined to gain insight into the relationship between

soft tissue artifact and joint angle.

3.2.5 Statistical analysis

To estimate soft tissue artifact of the thigh, agreement between the position of the
hip joint center, tracked with the pelvis cluster, and femoral head center, tracked with each
thigh cluster, was evaluated using methods described by Altman & Bland (1983) in a
custom Matlab program. Bland-Altman methods graphically represent data by plotting the
mean of two measurement methods (x-axis) versus the difference between the methods (y-
axis); then, summarize the agreement between the methods with the calculated mean
difference, also called the bias, and the limits of agreement (Altman & Bland, 1983). The

limits of agreement are equal to the mean difference plus and minus two standard
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deviations of the differences, thereby defining the upper and lower limit in which 95% of
the differences between the two methods are expected to fall (Bland & Altman, 1986). The
mean of the peak difference (position of hip joint center — femoral head center) for each
subject in X, vy, z, as well as the magnitude of this 3D difference, was input into the Bland-
Altman analyses. Separate analyses were completed for each thigh cluster (six), high knee
flexion movement (eight), and direction (four).

For interpretation of the Bland-Altman analysis, three questions were considered to
compare agreement between the marker clusters. Firstly, was there a relationship between
the mean position and difference in position between the hip joint center and femoral head
center? This was accomplished by visually examining the Bland-Altman plots for an
increasing or decreasing trend and changes in variability as the mean decreased or
increased. Secondly, how large was the mean difference between the different marker
clusters? This was accomplished by comparing the mean difference between the different
marker clusters. Lastly, how wide were the limits of agreement between the different
marker clusters? This was accomplished by visually examining the distance between the
mean difference and limits of agreement in the Bland-Altman plots, which is equal to
approximately two standard deviations of the differences. Marker clusters whose mean
difference and limits of agreement were closer to zero — which would indicate no
difference between the hip joint center and femoral head center — were concluded to
demonstrate higher agreement; and thus, experience less soft tissue artifact. Of note, the
difference between the hip joint center and femoral head center was calculated from the
position in the global coordinate system and therefore, does not provide information on

how each thigh coordinate system would be affected.
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Multiple linear regressions were performed using a backward stepwise procedure
(Babyak, 2004; Steyerberg et al., 2001) for each of the six thigh marker clusters in SPSS
(IBM Corp., Version 26.0, Armonk, NY). Regressions were computed between the
subjects’ absolute mean of peak difference in the 3D position of the hip joint center and
femoral head center (dependent variable), and ten independent variables (sex, height, mass,
BMI, waist circumference, thigh length, thigh proximal, middle, and distal circumference,
and thigh skinfold thickness) for each of the six thigh clusters separately. For evaluating
sex, 0 was assigned to females and 1 was assigned to males; thus, a positive coefficient
indicated a positive effect for males (Chehab et al., 2017; Schielzeth, 2010). Independent
variable inclusion and exclusion criteria levels were set to p < 0.05 and > 0.10,
respectively. Subjects were identified as outliers and removed if the mean peak difference
was greater than the mean plus three standard deviations, their Mahalanobis’ distance
exceeded the critical value calculated from the degrees of freedom for the given model, and
confirmed as an outlier by visually examining the data. This analysis was performed for
both squatting and kneeling, using data from HS, the mean of DK-L and DK-T,
collectively referred to as DK, and the mean of PK-L and PK-T, collectively referred to as
PK. Each of the models was assessed by evaluating the correlation coefficient (R), the
adjusted R square (R2), and the level of significance with a Bonferroni corrected alpha
level of 0.05/6 = 0.008, for each of the thigh marker clusters. Correlation coefficient
strengths were defined using the following criteria: 0 to 0.3 is weak, 0.3 to 0.5 is low, 0.5
to 0.7 is moderate, and 0.7 to 1.0 is strong (Mukaka, 2012). All models were also examined
for collinearity (tolerance < 0.1 and variance inflation factor > 5) (Babyak, 2004). If

independent variables were found to be collinear, stepwise regression was performed with
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suspect variables removed until all criteria were met (Legendre & Legendre, 2012). To
interpret the relationship between independent and dependent variables, unstandardized
and standardized beta coefficients, as well as partial correlations were compared

(Schielzeth, 2010).

3.3 Results

3.3.1 Agreement between hip joint center and femoral head center

The mean difference in the hip joint center and femoral head center was greatest
along the Y axis (vertical), followed by the X axis (anterior-posterior), then the Z axis
(medial-lateral); however, agreement was similar across the different planes of motion
(Table 5-4 to Table 5-6). Similar trends between the thigh marker clusters (i.e. the relative
order of mean difference and limits of agreement) were found across the different planes of
motion; therefore, the magnitude of the 3D difference (Table 5-3) will be discussed to
summarize the differences between the marker clusters.

No increasing or decreasing trend between the mean and difference was observed
in the Bland-Altman plots, and the data points were uniformly scattered around the
horizontal axis (Figure 5-1 to 5-8). Together, this suggests there was no relationship in the
mean and difference in the hip joint center and femoral head center position across the
different movements or between different marker clusters.

The mean difference was largest for the distal-lateral cluster (-3.26 to -4.93 cm) and
smallest for the mid-anterior cluster (0.03 to -1.00 cm) across all movements; however, the
order of the other four marker clusters varied somewhat across movements (Figure 3-5;
Table 5-3). The anterolateral and anterior clusters had a smaller mean difference than the

mid-lateral cluster for all movements except DK-S (Figure 3-5; Table 5-3). The mid-
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anterolateral cluster had a smaller mean difference than the distal-anterolateral cluster for
all movements except FS, and the distal-anterior cluster for all movements (Figure 3-5;
Table 5-3). The distal-anterior and distal-anterolateral cluster performed very similarly;
however, the distal-anterolateral cluster typically demonstrated a smaller mean difference
than the distal-anterior, and in cases where this was not true, the mean difference between
the clusters was within 0.15 cm (Figure 3-5; Table 5-3).

Across the movements, the mid-lateral cluster had the narrowest limits of
agreement (Figure 3-5; Table 5-3), with a peak lower and upper limit of -7.25 and 1.21 cm,
respectively (Figure 3-5; Table 5-3). The distal-lateral cluster had the widest limits of
agreement (peak lower = 11.86 cm; peak upper = 2.38 cm) in all movements except FS and
DK-L (Figure 3-5; Table 5-3), where the distal-anterior had wider limits of agreement
(peak lower = -8.92 cm; peak upper = 5.08 cm) (Figure 3-5; Table 5-3). The limits of
agreement for the mid-anterior, mid-anterolateral, and distal-anterolateral clusters were
similar across all movements (Figure 3-5; Table 5-3).

Although marker clusters with a smaller mean difference did not necessarily have
narrower limits of agreement, the mean difference and limits of agreement were consistent
between the high knee flexion tasks (Figure 3-5 and 3-6; Table 5-3). The mean difference
was generally larger in the kneels than the squats. Additionally, the limits of agreements
tended to be narrowest in the symmetrical kneels and widest in the asymmetrical kneels

(Figure 3-5; Table 5-3).

62



ol g ) - T ) T
o B I - L il o (M Hii - T
0 14 s T——T T ( + ry
¢
L 2 ¢ ¢ o te e o ¢ ¢ LI
Q
2 ¢ ¢ \
s -4 |l L 5
g = | -:_ als 114 » @ —:_ * L] | HE
o -6F min o =
-8} o - N L 1 i
10+ -
DA MA alt
DAL MAL IE 4
-12 |——pL ML .
FS HS DK-S PK-S DK-L DK-T PK-L PK-T

Figure 3-5: Summary of Bland-Altman mean of the peak difference (bias) and limits

High Knee Flexion Task

of agreement for each marker cluster [distal-anterior (DA), distal-anterolateral

(DAL), distal-lateral (DL), mid-anterior (MA), mid-anterolateral (MAL), and mid-

lateral (ML)] in each task. The solid black line indicates perfect agreement, the
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63



Flat-foot Squat
4%

Dorsiflexed Kneel

8%  12%

Dorsiflexed Kneel (Sym)
6%

24% 8% 0%
26% 14% 2%
6%
32%
8% 34% 34%
32% 6% 28%
Heels-up Squat Plantarflexed Kneel Plantarflexed Kneel (Sym)
16% 4% 12% 6% 120, 6%
12%
30% 10%
34%

18%

10%

22%

6%

30%

0
4% 36%

30%

EENOA EENOAL DL VA EEEVAL [ ML

Figure 3-6: Distribution of sample in which specific marker placement demonstrated the smallest mean difference in the
3D position of the hip joint center and femoral head center for each task. The mean difference from both the lead and
trail leg was utilized for the asymmetrical dorsiflexed and plantarflexed kneel.
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Across the high knee flexion tasks, the mean difference tended to increase with
knee flexion angle where soft tissue artifact peaked at the end of the descent phase and
beginning of ascent phase, during moderate to high knee flexion (Figure 3-7 to 3-9).
Although the pattern of soft tissue artifact was not identical between marker clusters
throughout a movement, similar trends were found. For the squats, soft tissue artifact
plateaued or decreased at approximately 100° and 120° for FS and HS, respectively (Figure
3-7). Similarly, in PK-S, soft tissue artifact plateaued at approximately 140° knee flexion;
however, in DK-S, soft tissue artifact linearly increased with knee flexion (Figure 3-7).
During the asymmetrical kneels, as the flexion angle increased beyond 120°, soft tissue
artifact varied between the lead and trail legs. In the lead leg, soft tissue artifact abruptly
decreased when transitioning between the lunge and kneel (Figure 3-8 and 3-9), wherein
the individual must circumduct their leg and tuck it under their body. Soft tissue artifact for
the lead leg then increased as the subject reached maximal flexion (Figure 3-8 and 3-9).
Conversely, for the trial leg, soft tissue artifact tended to increase with knee flexion, with a
small decrease occurring in some marker clusters when transitioning between the lunge

and kneel (Figure 3-8 and 3-9).
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Figure 3-8: Mean difference in hip joint center and femoral head center 3D position
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dorsiflexed kneel lead (DK-L) and trail (DK-T) leg.
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3.3.2 Soft tissue artifact subject specificity

Subject 15 was identified as an outlier and removed from analysis for the distal-
anterior cluster in all movements and the mid-anterior cluster in DK. Eighteen multiple
linear regression models were computed, of which ten reached statistical significance (p <
0.05) and did not violate the assumption of collinearity (Table 3-2). Of these ten regression
models, five demonstrated a moderate fit and five demonstrated a low fit, as concluded by
the R values (Table 3-2). Regression models significantly predicted soft tissue artifact for
the distal-anterolateral and mid-lateral cluster in all high knee flexion tasks, the mid-
anterior cluster in HS and PK, the mid-anterolateral cluster in HS only, and the distal-
anterior cluster in DK only (Table 3-2, Figure 3-10 to 3-13).

For the distal-anterolateral cluster in HS and PK, distal thigh circumference
explained 14% of the sample soft tissue artifact variation, while the addition of sex and
thigh skinfold thickness in the DK regression model increased Rz to 22% (Table 3-3). For
the mid-lateral cluster, the models explained 16 to 26% of the sample soft tissue artifact
variation, wherein only mass was included for DK and PK, while only BMI was included
for HS (Table 3-3). In both HS and PK, regression models for the mid-anterior cluster
explained 35 and 40% of sample variability, respectively, with the inclusion of sex, height,
thigh length, and proximal and middle thigh circumference (Table 3-3). For the mid-
anterolateral cluster in HS, which included mass and waist circumference, the model
explained 25% of the sample variability (Table 3-3). For the distal-anterior cluster in DK,
mass, height, and thigh distal circumference were included in the regression model

accounting for 25% of sample variability (Table 3-3).
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Unstandardized beta coefficients and partial correlations for the retained
independent variables in each regression model which significantly predicted soft tissue
artifact are presented in Table 3-4. For the partial correlations, 3 were classified as weak,

17 were classified as low, and 2 were classified as moderate (Table 3-4).
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Table 3-2: Correlation coefficient (R) and coefficient of determination (Rz2) for each linear regression across the six thigh
marker clusters for the heels-up squat (HS) and dorsiflexed kneel (DK). Values that are bolded reached statistical
significance (p < 0.05) and did not violate the assumption of collinearity.

Distal- Distal- Distal- Mid- Mid- Mid-
Task Anterior Anterolateral Lateral Anterior Anterolateral Lateral
R R2 R Re2 R R2 R R2 R R2 R R2
Heels-up Squat 031 009 037 014 034 012 063 040 050 025 051 0.26
Dorsiflexed Kneel 050 025 047 022 049 024 049 024 - - 041  0.16
Plantarflexed Kneel 03 013 038 014 038 014 059 035 029 008 046 0.22
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Table 3-3: Summary of regression models which reached statistical significance (p < 0.05) including R, Rz, intercept and
unstandardized beta coefficients.

Independent Heels-up Squat Dorsiflexed Kneel Plantarflexed Kneel
Variables DAL MA MAL ML DA DAL ML DAL MA ML
R 0.37 0.63 0.50 0.51 0.50 0.47 0.41 0.38 0.59 0.46
R2 0.14 0.40 0.25 0.26 0.25 0.22 0.16 0.14 0.35 0.22
Intercept -1.67 -4.87 -4.37 -2.33 -12.55 -0.76 -0.50 -1.16 -8.01 -0.54
Sex - -1.39 - - - -0.89 - - -1.14 -
Height - 8.58 - - 6.55 - - - 11.30 -
Mass - - -0.08 - -0.07 - 0.05 - - 0.05
BMI - - - 0.23 - - - - - -
Waist Circ - - 15.23 - - - - - - -
Thigh Length - -19.47 - - - - - - -0.23 -
Thigh Prx Circ - -12.18 - - - - - - -0.12 -
Thigh Mid Circ - 16.67 - - - - - - 0.16 -
Thigh Dst Circ 9.08 - - - 0.23 11.33 - 0.09 - -
Thigh Skinfold - - - - - -0.05 - - -
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Table 3-4: Standardized beta coefficients and partial correlations (italicized in brackets) for independent variables

retained in each of the regression models that reached statistical significance (p < 0.05).

Heels-up Squat

Dorsiflexed Kneel

Plantarflexed Kneel

Independent
Variables DAL MA MAL ML DA DAL ML DAL MA ML
Sex ] -0.60 ] ] ] -0.34 ] -0.42
(-0.46) (-0.27) (-0.32)
Height ] 0.77 ] 0.46 ] ] ) 0.84
g (0.40) (0.29) (0.42)
Mass ] ] -0.86 -0.64 0.41 0.46
(-0.41) (-0.33) (0.41) (0.46)
0.51
BMI ) ) ) (0.51) ) ) ) ) )
. 1.07
Waist Circ - - (0.49) - - - - - - -
. -0.48 -0.48
Thigh Length - (-0.33) - - - - - - (-0.32)
. : 0.65 -0.55
Thigh Prx Circ - (-0.54) - - - i i i (-0.45)
. o 0.60 0.52
Thigh Mid Circ - (0.42) - - - - - - (0.42)
. . 0.37 0.68 0.49 0.38
Thigh DstCirc 4 57y ] ] (0.49)  (0.46) (0.38) ]
. . -0.36
Thigh Skinfold - - - - - (:0.29) - - -
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Figure 3-10: Comparison of measured and estimated difference in 3D position (cm) of hip joint center and femoral head
center for heels-up squat (HS) regression models which reached statistical significance. Dark blue line indicates perfect
agreement.
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3.4 Discussion

3.4.1 Agreement between hip joint center and femoral head center

The agreement in the position of the hip joint center, tracked with the pelvis cluster,
and the femoral head center, tracked with each of the six thigh clusters, was utilized to
non-invasively describe soft tissue artifact on the thigh in high knee flexion. The mean
difference, or bias, and limits of agreement demonstrated that some of the locations
investigated were more optimal than others for placing marker clusters on the thigh when
examining high knee flexion.

Few studies have investigated soft tissue artifact during high knee flexion activities,
however deformation of the thigh during tasks which require up to approximately 100°
knee flexion and during seated activities, where deformation occurs due to force
application on the posterior aspect of the thigh, have been investigated. In a step-up and sit-
to-stand task, peak thigh marker displacement has been recorded as high as 4.65 cm
(Akbarshahi et al., 2010; Stagni et al., 2005; Tsai et al., 2011) and 7.22 cm (Kuo et al.,
2011; Stagni et al., 2005), respectively. One study which measured the displacement of a
marker on the lateral femoral epicondyle and found that at 120° of active knee flexion, the
marker displaced posteriorly up to 4.00 cm and proximally up to 1.50 cm (Cappozzo et al.,
1996). The magnitude of soft tissue artifact observed in the previous investigations is
comparable to the results of the current study, particularly the mean difference, suggesting
that the non-invasive method proposed is reliable. That being said, the real value of this
method was its ability to make comparisons between locations on the thigh, ultimately

facilitating the evaluation of different marker clusters.
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Although previous studies have found that soft tissue artifact tends to be larger for
the proximal thigh (Barré et al., 2013; Stagni et al., 2005), the results of the current study
suggest that the clusters on the middle thigh were less vulnerable to soft tissue artifact than
those on the distal thigh. This trend occurred for all movements and clusters except for the
anterolateral clusters in FS, wherein the distal-anterolateral cluster had a 0.36 cm smaller
mean difference than the mid-anterolateral cluster. This trend persisted when examining
the limits of agreement, with the exception of the anterior clusters in HS, where the
magnitude of the 95% limit was 0.05 cm greater for the distal-anterior cluster, however this
is equal to sensitivity of the motion capture system. Clusters localized to the distal thigh
may be more susceptible to soft tissue artifact as they are closer to the knee joint and thus
may experience greater skin sliding (Sati et al., 1996) or due to muscular contractions of
vastus lateralis and medialis (Cereatti et al., 2017). Additionally, the current study used
rigid marker clusters attached to the segment with straps, while previous studies typically
investigated individual markers adhered to segment with tape (Akbarshahi et al., 2010;
Barré et al., 2013; Stagni et al., 2005). The heavier rigid marker cluster attached to the
segment with straps may have attenuated soft tissue artifact resulting from oscillation of
markers and/or segments (Angeloni et al., 1992; Manal et al., 2000), which presumably
would have been larger on the proximal thigh as there is greater volume of soft tissue
(Table 3-1).

Since the high knee flexion movements investigated did not require rapid changes
in acceleration or large impacts, it is likely that the estimated soft tissue artifact was due to
changes in thigh segment orientation and range of motion of adjacent joints (Bonci et al.,

2014). In the symmetrical squats and kneels, soft tissue artifact tended to increase to a peak
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as subjects reached maximal flexion (Figure 3-7). For the asymmetrical kneels, soft tissue
artifact abruptly decreased for most marker clusters, particularly in the lead leg, as the
subject transitioned from the lunge to the kneel, then tended to increase as greater knee
flexion was obtained (Figure 3-8 and 3-9). Interestingly, transitioning from the lunge to the
kneel requires circumduction of the lead leg, similar to the functional hip joint center trial,
which may have resulted in the observed decrease in soft tissue artifact as this artifact
would be included in the initial estimation of the functional hip joint center. In squatting
and kneeling, onset of thigh-calf contact occurs at approximately 120 to 125°, then contact
area progressively increases with knee flexion, proximally along the thigh (Kingston &
Acker, 2018); thereby resulting in significant topographic deformation of the posterior and
medial and lateral thigh. Although the onset of thigh-calf contact was not quantified in the
present study, the results of the mean difference versus knee flexion angle suggest that
some change in soft tissue artifact occurs at the approximate knee flexion angle that thigh-
calf contact would occur (Figure 3-7 to 3-9). Of the marker clusters tested, thigh-calf
contact would likely have the largest effect on the lateral clusters; and therefore, could
partially explain the larger mean difference observed for more laterally placed clusters. For
clusters on the mid-thigh, the mid-lateral cluster had the largest mean difference, followed
by the mid-anterolateral, then mid-anterior, across all movements. Alternatively, for the
distal-thigh clusters, the mean difference was always largest for the distal-lateral cluster
while the distal-anterior and distal-anterolateral cluster performed similarly. These results
are similar to previous studies which utilized a marker array to quantify soft tissue artifact
of the thigh and found that soft tissue artifact was generally lowest on the anterior thigh

during knee flexion-extension, and step-up and sit-to-stand tasks (Stagni et al., 2005).

79



The Bland-Altman analysis was initially designed to evaluate the agreement
between two methods (Bland & Altman, 1986); however, the current study proposes
performing multiple Bland-Altman analyses simultaneously, and subsequently comparing
the results. The bias provides information on the systematic difference between the
position of hip joint center and femoral head center; thereby providing insight into the
accuracy of the marker cluster across the sample. The limits of agreement, which are
calculated using the standard deviation of the differences and define the upper and lower
limits in which 95% of the differences are expected to fall (Bland & Altman, 1986), afford
conclusions on the consistency of the marker cluster across the sample. With this method,
it is important to reflect on both the bias and limits of agreement when evaluating the
accuracy and reliability of each of the marker clusters. For example, the relative order of
the bias and limits of agreement for the marker clusters, particularly for those on the
middle thigh, were not the same. The mid-lateral cluster demonstrated the highest
agreement, followed by the mid-anterolateral, then mid-anterior cluster, opposite to the
order of the mean differences. However, for the mid-lateral cluster, the line of equality (i.e.
difference of 0 indicating perfect agreement) fell outside the limits for FS, HS, and DK-T,
indicating that in high knee flexion there would be zero soft tissue artifact (i.e. no
difference in the hip joint center and femoral head center) in only 5% of cases. Therefore,
in attempting to narrow down what marker clusters might be best for high flexion by
comparing results of the Bland-Altman analysis, it is believed that both the mean
difference and limits of agreement should be considered sequentially.

One must also consider results of the Bland-Altman analysis within the context of a

clinically meaningful value. In this case, at what distance would the difference between the
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hip joint center and femoral head center be considered unacceptable? Studies which
simulate error in anatomical landmarks during calibration then calculate subsequent
kinematic and kinetic outcomes are useful for determining this threshold. One study which
simulated mislocation of the hip joint center along X, Y, or Z found that 3.00 cm
significantly affected angles and moments for the hip, and marginally affected angles and
moments for the knee (Stagni et al., 2000). Using 3.00 cm as a threshold for the mean
difference, reveals that the anterior and anterolateral marker clusters would be appropriate
for all high flexion movements studied, the mid-Ilateral cluster would be appropriate for
investigations of kneeling but not squatting, and the distal-lateral would not be appropriate
for use in high knee flexion. That being said, the aforementioned study was completed for
gait which requires much smaller changes in hip and knee range of motion than the high
knee flexion movements examined herein, and the study did not consider simultaneous
error that could occur in other anatomical landmarks used to construct the anatomical
coordinate systems (e.g. knee joint center, femoral condyles). In the current study, since
rigid marker clusters were utilized, it can be assumed that error in the position of the hip
joint center would also be present, in part, at other anatomical landmarks on the thigh.
Although it is unlikely that the error at other anatomical landmarks would be identical to
that of the hip joint center, some soft tissue artifact is likely still present. Mislocation of the
femoral condyles by 1.50 cm during sit-to-stand and step-up tasks, resulted in RMS errors
of 6.8°, 5.4°, and 6.0° of knee flexion-extension, abduction-adduction, and internal-
external rotation (Stagni et al., 2006). Similarly, an investigation of inter-examiner
calibration of anatomical landmarks revealed that mean differences of up to 1.92 cm in the

calibration of the femoral condyles and the hip joint center, can lead to differences in thigh
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angles of 3.0°, 2.5°, and 5.1° about Z, X, and Y, respectively (Della Croce et al., 1999). A
1.50 cm threshold for the mean difference, would leave only the mid-anterior and mid-
anterolateral cluster appropriate for analyzing high knee flexion movements, as well as the
distal-anterolateral cluster in squatting.

Unfortunately, while the mean differences may yield the mid-anterior and mid-
anterolateral cluster appropriate for both kneeling and squatting tasks, the magnitude of the
limits of agreement exceeded the proposed thresholds. However, it is important to note that
current study performed a ‘worst case’ Bland-Altman analysis by utilizing the mean of the
peak difference in the hip joint center and femoral head center across the trials, and by
simultaneously evaluating the total error in X, Y, and Z. When acknowledging only the
mean difference, the mid-anterior and mid-anterolateral thigh were the most appropriate
locations to evaluate kinematics in high knee flexion. Between these two marker clusters,
the mid-anterolateral cluster tended to have narrower limits of agreement (Figure 5-1 to 5-
8) and a smaller mean of peak difference for the majority of subjects across the tasks
(Figure 5-9). Additionally, the mid-anterior cluster was more vulnerable to marker
obstruction by the trunk and/or upper limbs as indicated by the smaller sample size in FS
and HS. Thus, an anterolateral cluster placement, at the mid-thigh level if sufficiently

visible, would be optimal for investigations which evaluate high knee flexion.

3.4.2 Soft tissue artifact subject specificity

The current study assessed the accuracy in which local and global subject
anthropometry could predict soft tissue artifact using multiple linear regression. It was
hypothesized that there would be a moderate fit between predicted soft tissue artifact and

subject anthropometrics. This was partially supported as, of the eighteen (six per activity)
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regression models performed, five demonstrated a moderate fit and five demonstrated a
low fit. These results not only support previous findings that soft tissue artifact is subject
specific, but also suggest that there is some interaction between subject, location, and task
specificity.

Of the ten significant regression models, global and local (i.e. thigh) measures of
anthropometry were included in regression models with the same frequency; where mass
and distal thigh circumference were most commonly retained. Additionally, four of the
regression models only retained measures of global anthropometry, two models only
retained measures of local anthropometry, and four models retained measures of both
global and local anthropometry. For models which included both global and local measures
of anthropometry, standardized beta coefficients and partial correlation coefficients, which
provide insight into the strength of the effect that an independent variable has on the
dependent variable, were similar between anthropometric measures. Together, these results
lead us to reject the hypothesis that local measures of the thigh anthropometry would have
a stronger effect on soft tissue artifact than global measures of subject anthropometry.
Evidently, it appears that local and global measures of anthropometry similarly influence
soft tissue artifact on the thigh; however, the effect of any anthropometric measure was not
particularly strong given the low fit and variance explained by the partial correlations and
regression models.

Although it would seem reasonable that individuals with a greater volume of soft
tissue would exhibit greater soft tissue artifact, the relationship between anthropometry and
soft tissue artifact appears to be more complex. Previous studies which observed less soft

tissue artifact in individuals with a larger BMI (Barré et al., 2013; Clément et al., 2018),

83



hypothesized that greater volume of adipose tissue may act to dampen the effect of
muscular contractions, thereby reducing overall soft tissue artifact (Clément et al., 2018).
Findings of the current study support the hypothesis that the composition or type of soft
tissue (i.e. adipose versus muscle) modifies soft tissue artifact, particularly when
examining the unstandardized beta coefficients and partial correlations for the measures of
thigh skinfold thickness, thigh circumference, and sex. For thigh skinfold thickness, the
negative coefficients indicate that greater subcutaneous adiposity was associated with
decreased soft tissue artifact. Negative coefficients were also observed for the proximal
thigh circumference, which typically holds greater adipose tissue, while positive
coefficients were observed for both the middle and distal thigh circumference.
Furthermore, negative coefficients were observed for sex, which indicated that being
female was associated with a decrease in soft tissue artifact. Of note, females had greater
proximal thigh circumferences and thigh skinfold thickness (i.e. greater adipose tissue), but
smaller middle and distal thigh circumferences than males (Table 3-1). These results
indicate that adipose tissue, which oscillates or wobbles during motion, may contribute less
to total soft tissue artifact, and in some cases reduce artifact, while movement of soft tissue
from muscular contractions may increase soft tissue artifact. This is similar to the results of
Bonci et al. (2014) who found soft tissue oscillation of the thigh contributed less than
approximately 11% to total soft tissue artifact, while 89% of soft tissue movement was
explained by changes in the position of the hip and knee, when attempting to model artifact
of a running task.

Alternatively, positive unstandardized beta coefficients and partial correlations,

were observed for global measures of soft tissue, including height, BMI, waist

84



circumference, and mass for the mid-lateral cluster in DK and PK. As well, the negative
coefficient for sex also supports these findings, wherein females tended to have smaller
values for height, mass, BMI, and waist circumference (Table 3-1). While global measures
of anthropometry may provide insight into total soft tissue volume, thereby indicating that
an increase in total soft tissue volume may increase soft tissue artifact, these values poorly
summarize soft tissue composition and distribution. Providing support to the complexity of
global measures in describing local soft tissue artifact, mass was positively associated with
soft tissue artifact for the mid-lateral cluster in DK and PK, but negatively associated with
soft tissue artifact for the distal-anterior cluster in DK and the mid-anterolateral cluster in
HS. Although the standardized beta coefficients and partial correlations indicate that local
and global measures of anthropometry may be similarly correlated with soft tissue artifact,
local measures likely provide greater insight into the relationship between soft tissue
composition and distribution and soft tissue artifact and should therefore be preferentially
considered when evaluating soft tissue artifact subject specificity.

Although there were similarities in the anthropometric variables that were retained
for the same marker cluster between different high knee flexion movements (e.g. same five
independent variables were retained for the mid-anterior cluster in HS and PK), inclusion
varied considerably between the different marker clusters. These findings suggest that
some marker clusters may be more vulnerable to the volume, composition, and/or
distribution of soft tissue present. For example, soft tissue artifact for the distal-
anterolateral cluster was significantly correlated with distal thigh circumference in all
tasks, suggesting that soft tissue volume and/or composition modifies soft tissue artifact of

the distal-anterolateral thigh. Additionally, soft tissue artifact for the mid-anterior cluster
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was significantly correlated with sex which may suggest that soft tissue artifact of the mid-
anterior thigh is influenced by factors beyond anthropometric variability. However, given
the low to moderate fit (R = 0.37 to 0.63) and percentage of variation explained (14 to
40%) by any given regression model, it is likely that other factors such as movement
patterns during task completion, muscle recruitment patterns, and joint range of motion
also play a role in the magnitude and pattern of soft tissue artifact.

When first performing these regression models, it seemed reasonable that the
results could not only provide insight into why soft tissue artifact varied between
individuals but could also inform marker cluster placement. For example, anthropometric
measures taken at the start of a data collection could be input into the regression models to
predict optimal marker cluster placement (i.e. the marker clusters which predicted the
smallest differences the position of hip joint center and femoral head center should be
implemented in the subsequent collection). However, the results of the current study,
specifically the lack of significant regression models for all clusters and poor model fit for
models that did reach statistical significance, call into question adjusting marker placement
on a subject-by-subject basis, when only anthropometry is considered. Furthermore, these
results suggest that soft tissue artifact is not only extremely subject specific, but this
subject specificity extends beyond simply anthropometric variability and interacts with
marker location and the task examined.

Despite substantial variability in the regression models, for studies which
investigate a specific population (e.g. overweight or obese) it may be possible that the
results regression models can be used to inform optimal cluster placement. For example,

selection of the distal-anterior cluster in HS, and the mid-anterolateral cluster in DK and
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PK may be optimal as the regression results for these marker clusters indicated that they
were least affected by subject anthropometry (i.e. lowest R regardless of significance in
Table 3-2). However, predictive ability of the regression models on a new data set and
investigation into different sample populations is warranted prior to implementing these
population-specific marker configurations, as only young and healthy university aged
subjects were evaluated herein. Additionally, the use of multiple linear regression assumed
that there was a linear relationship between an anthropometric variable and soft tissue
artifact. While linear correlations between anthropometric measures and soft tissue artifact
have been tested previously, the relationship may in fact be more complex, and thus,

investigation into different relationships may improve model fit.

3.5 Limitations

A number of methodological limitations for the current study are acknowledged.
First, the method of quantifying soft tissue artifact was built on the assumption that pelvis
soft tissue artifact was minimal. Although it is recognized that soft tissue artifact of the
pelvis and specifically of the hip joint center occurs, Fiorentino et al. (2016) found that in
six tasks which required rotation of the hip about all axes of rotation, the hip joint center
remained within the pelvis acetabulum during motion, with an RMS error of 2.8 £ 0.7 mm.
These results imply that the hip joint center is relatively robust to soft tissue artifact. As
well, this magnitude of error in hip joint center location would likely minimally affect the
results of the current study, given that the magnitude of soft tissue artifact estimated in the
current study is greater than 0.028 cm.

Second, the effect of marker cluster distance from the hip joint center must be

acknowledged as a potential confounder in the results, where marker clusters that are in
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closer proximity to the hip joint center would theoretically have the highest agreement (i.e.
marker clusters on the mid-thigh exhibit a lower mean difference and narrower limits of
agreement than clusters on the distal-thigh). Although this trend was apparent in the data,
we do not believe the differences between the marker clusters were solely the result of
distance from the hip joint center as the magnitude of the mean difference between the
marker clusters was quite similar (within centimetres). Additionally, the closest cluster to
the hip joint center (the mid-lateral cluster) did not demonstrate the smallest mean
difference across the marker clusters. Interestingly, when thigh length was retained in the
regression models, for the mid-anterior cluster in HS and PK, the unstandardized beta
coefficient and partial correlation coefficient were negative. This would indicate that for
the mid-anterior cluster, marker clusters which would be further away from the hip joint
center with a longer thigh, demonstrated less soft tissue artifact. Although this in no way
eliminates questions of distance from the hip joint center on the method proposed, it does
provide support that the results of the current study were not simply due to distance.
Additionally, although the Bland-Altman plots were completed for each direction,
it is important to note that these were within the global (laboratory) coordinate system not
the thigh local coordinate system. Therefore, conclusions cannot be made regarding how
the directional change in the hip joint center position may affect thigh and knee angles.
Future studies should consider how error in anatomical landmarks may propagate to error
in meaningful kinematic and kinetic outcomes. Despite an abundance of research seeking
to quantify and compensate for soft tissue artifact, few studies have defined thresholds for

error in marker position that would be ‘accurate enough.’
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Lastly, the relatively low anthropometric variability present in the sample
population may have contributed to the low percentage of variation explained by the
regression models. This limitation is further supported as subject 15, who was taller (1.84
cm) and had much lower thigh adiposity (skinfold thickness = 6.9 mm) than the sample
population, was identified as an outlier and removed from the four regression models.
Future work should consider increasing the anthropometric variability, both in terms of

local and global measures, to increase the predictive ability of the regression models.

3.6 Conclusions

The overarching evidence that soft tissue artifact varies due to marker cluster
location on the thigh, subject anthropometry, and high knee flexion tasks begs the question
of: how should future data collections be conducted in attempt to reduce the complex
effects of soft tissue artifact? Three evidence-based recommendations have emerged from
the study findings. First, it is recommended that marker clusters be placed on the
anterolateral aspect of the thigh when investigating high knee flexion. Additionally, the
cluster should be placed towards the middle of the thigh, given that marker visibility is not
disrupted. In cases where an anterolateral cluster placement is not feasible, a lateral
placement should not be used. Second, the low to moderate model fit and percentage of
variation explained from the regression models suggests that subject anthropometry alone
cannot inform marker placement. Additionally, due to the consistent bias across the
different marker clusters and high knee flexion tasks but a relatively wide limits of
agreement, the lack of sufficient regression models for all marker clusters in multiple tasks,
and inconsistency in retained anthropometric variables in the regression models, it is not

recommended that thigh marker placement be adjusted on a subject-by-subject basis.
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Lastly, it is recommended that researchers report marker cluster placement in published
work to facilitate stronger comparisons between investigations. Although it is unlikely that
motion capture data will enable quantification of intricate changes in joint position and
orientation that can be observed with bone fixation or imaging techniques, standardization

of data collections will enable more reliable and reproducible data to be obtained.
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Chapter 4 - Sensitivity of Knee Joint Angles and Moments to Thigh Marker
Cluster Location and Global Optimization

4.1 Introduction

Accurate and reliable kinematic and kinetic data is necessary for drawing
biomechanical conclusions on task demands, understanding mechanisms of tissue damage
and degeneration, and facilitating guidelines for injury and disease diagnosis, treatment,
and rehabilitation. Unfortunately, multiple sources of error may impede the ability to
obtain accurate data; where in optical motion capture collections, soft tissue artifact is
often cited as one of the largest sources of error (Andriacchi & Alexander, 2000;
Cappozzo, 1991). Soft tissue artifact refers to movement of muscle, adipose tissue, and
skin relative to bone, thereby leading to inaccuracies in the position of skin markers
(Leardini et al., 2005). When examining the lower limb, the thigh typically exhibits the
largest error. Error in estimated knee joint angles has been recorded as high as 8.4° in gait
(Reinschmidt, van den Bogert, Lundberg, et al., 1997), 15.8° in running (Li et al., 2012),
and 7.3° in stair climbing (Li et al., 2012). Although error in kinetic outcomes have
received less attention, knee joint moments, particularly flexion-extension moments, have
been found to be underestimated during gait and stair climbing as a result of soft tissue
artifact (Kuo et al., 2011; Tsai et al., 2011). Evidently, methods for attenuating soft tissue
artifact are essential for improving kinematic and kinetic accuracy, as well as standardizing
data collections and processing methods.

One method that has been proposed to reduce soft tissue artifact is adjusting the
placement of marker clusters on a segment. Multiple studies have compared knee joint
angles estimated from marker clusters formed from different individual markers adhered to

the thigh (i.e. non-rigid marker clusters) and a constant shank cluster (Akbarshahi et al.,
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2010; Barré et al., 2015; Cappozzo et al., 1996; Stagni et al., 2005). It was found that while
some marker clusters perform more optimally than others, this largely depended on the
task and axis of rotation analyzed (Akbarshahi et al., 2010; Barré et al., 2015; Cappozzo et
al., 1996; Stagni et al., 2005). To date, no study has investigated how placement of rigid
marker clusters — marker clusters formed from individual markers on a rigid object that is
then adhered to the segment — affects estimated knee joint angles and moments, despite
that rigid marker clusters are more commonly recommended in data collections (Angeloni
et al., 1992; Cappozzo et al., 1995; Manal et al., 2000).

In addition to adjusting marker placement during data collections, data processing
methods have been proposed which may contribute to attenuation of soft tissue artifact.
One example is global optimization, in which constraints are applied on the degrees-of-
freedom of adjacent segments to minimize the potential for unrealistic joint motion or
dislocation (Lu & O’Connor, 1999). Global optimization has been investigated in the
context of walking (Lu & O’Connor, 1999; Reinbolt et al., 2005), running (Bonnet et al.,
2017; Gasparutto et al., 2015; Richard et al., 2017), hopping and cutting (Potvin et al.,
2017; Richard et al., 2017), sit-to-stand and step-up (Richard et al., 2017; Stagni et al.,
2009), squatting (Clément et al., 2015), and quasi-static knee flexion to 110° (Charbonnier
et al., 2017). While global optimization has been successful in partially compensating for
soft tissue artifact, the results are quite variable and, in some cases, the magnitude of error
in position relative to the known position of bone is still quite large (Andersen et al., 2010;
Charbonnier et al., 2017; Clément et al., 2015; Richard et al., 2017). However, global
optimization can be advantageous because does not require additional steps during data

collection and can be easily implemented in biomechanics software that has this capability.
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Thus, global optimization presents a promising avenue for attenuating soft tissue artifact in
a variety of tasks. Specifically, tasks which require large changes in joint range of motion
require further investigations, as soft tissue artifact is known to increase with joint angle,
thereby increasing the likelihood of unphysiological joint motion (Cappozzo et al., 1996;
Fuller et al., 1997; Kuo et al., 2011; Tsai et al., 2011).

Although it is known that soft tissue artifact may be attenuated by data collection
and processing techniques, studies typically evaluate these two pathways in isolation (i.e.
the effectiveness of global optimization is presented for one marker cluster set). Since no
marker set or compensation techniques has been effective in completely eliminating soft
tissue artifact, and there are often varying results on their effectiveness in the literature, it
seems reasonable that a combination of collection and processing techniques should be
simultaneously evaluated.

The objective of the current study was to compare knee joint angles and moments
in high knee flexion between thigh marker clusters localized to six different areas of the
thighs with and without global optimization. Rigid marker clusters were placed on the
middle and distal third of the thighs, and on the anterior, lateral, and anterolateral aspect of
the thigh while subjects completed squatting and kneeling. Maximum and minimum knee
joint angles and moments about each axis of rotation were assessed with and without
global optimization which was implemented in Visual3D, using the inverse kinematics
(IK) constraints model function to constrain motion of the ankle, knee, and hip (Lu &
O’Connor, 1999). Three-way repeated measures ANOVAs were also performed to
evaluate the effect of marker cluster location, global optimization condition, and high knee

flexion task on peak knee joint angles and moments. Following the ANOVAs, effect sizes,
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defined by the partial eta squared definition (1), were calculated for each global
optimization condition and task to determine if global optimization decreased the effect of
marker cluster location. Reliability between marker cluster estimated angles and moments
was also assessed with intraclass correlation coefficients (ICCs). It was hypothesized that
there would be a two-way interaction between marker cluster location and global
optimization condition in which global optimization would attenuate differences between
marker clusters, and thus there would be less differences between marker clusters when IK
constraints were applied. Additionally, it was hypothesized that global optimization would
result in a decrease in effect sizes and an increase in ICCs. If this occurred, this could be
interpreted as global optimization partially compensating for soft tissue artifact on the
thigh in high knee flexion, since it would indicate that global optimization reduced the

effects of local soft tissue deformation between marker cluster locations.

4.2 Methods

4.2.1 Data collection

The data for this study was obtained from the experiment described in the previous
chapter. Accordingly, specific details of the data collection can be found in section 3.2. For
the present study, only the symmetrical high knee flexion movements were analyzed
including HS, DK-S, and PK-S to facilitate stronger comparisons between marker clusters

localized to opposite legs.

4.2.2 Data processing
Knee joint angles about all axes of rotation for each of the six thigh clusters were
calculated using a Z-X-Y Cardan sequence (flexion(+)-extension, abduction(+)-adduction,

external(+)-internal rotation) in Visual3D (C-Motion, Version 2.05, Germantown, MD,
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USA) using the thigh anatomical coordinate system for each of the individual thigh clusters
and the shank anatomical coordinate system from the single shank cluster. Anatomical
coordinate systems definitions are detailed in Table 5-1 and 5-2.

External knee joint moments in all three planes of motion for each of the six thigh
clusters were calculated using a bottom-up rigid link model from the measured ground
reaction force. Knee joint moments were normalized to percent body weight multiplied by
height (%BW*H) and expressed in the tibial coordinate system (Mindermann et al., 2004).
Data were then truncated based on the pelvis marker vertical position decreasing 1 cm
below mean height at the start and end of the trial, and visually examined to ensure
consistent truncation.

A second set of knee joint angles and moments were calculated with the use of
global optimization to restrict lower limb joint translation. This was accomplished by
implementing the Visual3D IK constraints model function, whereby knee and hip
translation were constrained. Restriction of ankle translation and rotation about X
(inversion-eversion) and Y (internal-external rotation) were recommended following
consultation with the software manufacturer to ensure physiological lower limb motion.
This step was only necessary when utilizing the IK constrained model because the foot
marker clusters were nearly collinear, to ensure visibility during PK. For the IK model, all
segments were equally weighted at 1.00 to ensure consistent accuracy with the motion
capture data. Additionally, the Levenberg-Marquardt optimization approach was selected
for computational efficiency.

Flexion, abduction and external rotation were defined as positive, while extension,

adduction, and internal rotation were defined as negative for both knee joint angles and
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moments. The mean of maximal flexion, maximal and minimal abduction-adduction, and
maximal and minimal external-internal rotation were calculated for each subject across the

trials for a given tasks and input into the following statistical analyses.

4.2.3 Statistical analysis

All statistical procedures were completed in SPSS (IBM Corp., Version 26.0,
Armonk, NY). Listwise elimination of missing data was used, in which subjects with an
incomplete data set were excluded.

Three-way repeated measures ANOVAs were performed to evaluate the effect of
marker cluster (six levels), global optimization condition (two levels), and task (three
levels) on the mean of the peak knee joint angle and moment (ten dependent variables).
Mauchly’s test was used to evaluate sphericity, and when violated, a Greenhouse-Geisser
corrected p-value was used to evaluate significance. Significance was determining using an
alpha level of 0.05, and when the results of an ANOVA indicated significance, post hoc
pairwise comparisons were evaluated with a Bonferroni correction.

The effect of marker cluster location for each task and global optimization
condition was evaluated using 77;29- This measure of effect size was interpreted using the
following criteria: 0 to 0.05 is a small effect, 0.06 to 0.13 is a medium effect, and > 0.14 is
a large effect (Cohen, 2013) and compared within tasks between global optimization
conditions.

ICC(2,1) were calculated using a two-way mixed effects model for absolute
agreement. The single measure ICC was reported as only one marker cluster is used for
measuring kinematics in actual application (Koo & Li, 2016). ICC reliability strength were

defined with the following criteria: 0 to 0.5 is poor reliability, 0.5 and 0.75 is moderate
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reliability, 0.75 to 0.9 is good reliability, and 0.9 to 1.0 is excellent reliability (Koo & Li,

2016).

4.3 Results

Knee joint angle and moment revealed similar time histories between marker
clusters throughout completion of the high knee flexion tasks (Figure 5-9 to 5-14). The
timing of the peaks were consistent between marker clusters with the exception of the
abduction-adduction moment where some clusters measured an abduction moment while
others simultaneously measured an adduction moment (Figure 5-13).
Three-Way ANOVAs

Due to listwise elimination of missing data, thirty-nine subjects were included in
the knee joint angle analysis, and thirty-seven subjects were included in the knee joint
moment analysis, described below. Subjects were excluded as a result of missing all trials
due to marker cluster obstruction, instrumental error, poor placement of feet and/or knees
on force plates, or difficulty implementing global optimization. The results of the three-
way ANOVAs revealed significant three-way interactions (marker cluster x global

optimization condition x task) for each peak angle and moment (Table 4-1).
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Table 4-1: Three-way interaction F statistic, p value, and effect size for each three-
way ANOVA.

Dependent Variable F Statistic P Value Effect Size
Peak Angle

Flexion 32.14 <0.001 0.46
Abduction 15.45 < 0.001 0.29
Adduction 28.94 <0.001 0.43
External Rotation 5.56 <0.001 0.13
Internal Rotation 45.15 <0.001 0.54
Peak Moment

Flexion 8.36 <0.001 0.19
Abduction 13.44 < 0.001 0.27
Adduction 9.09 <0.001 0.42
External Rotation 6.75 <0.001 0.16
Internal Rotation 5.70 < 0.001 0.14

Attenuation of differences between marker clusters with the use of global
optimization depended on the outcome measure examined, with post hoc pairwise
differences between marker clusters, global optimization condition, and task presented in
Table 5-7 to 5-16. The maximum mean differences between marker clusters in estimating
the peak flexion angle and moment were reduced from an average 8.9 t0 6.2° and 0.7 to 0.3
%BW*H with global optimization (Figure 4-1 and 4-2).

For the peak abduction angle, global optimization increased the maximum mean
difference from an average 5.2 to 10.4° (Figure 4-3). Global optimization attenuated the
maximum mean difference for the peak abduction moment in HS (1.2 to 0.7 %BW*H) but
increased it in DK-S (0.7 to 1.3 %BW*H) and PK-S (1.2 to 1.4 %BW*H) (Figure 4-4).

For the peak adduction angle, global optimization did not attenuate differences
between marker clusters as the maximum mean difference increased from an average 4.9 to

7.0° (Figure 4-5). When examining the peak adduction moment, global optimization did
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not affect the maximum mean difference in HS (0.5 %BW=*H), but the difference increased
from 1.0 to 1.3 %BW*H in DK-S and 0.6 to 1.1 %BW*H in PK-S (Figure 4-6).

While global optimization marginally attenuated differences between marker
clusters for the peak external rotation angle in HS (6.3 to 5.7°), the maximum mean
difference increased in DK-S (8.6 to 14.8°) and PK-S (7.7 to 13.5°) (Figure 4-7). There
were no differences in the peak external rotation moment without global optimization,
however some differences emerged when global optimization was applied (Figure 4-8;
Table 5-14).

For the peak internal rotation angle, global optimization attenuated differences in
HS (8.0 to 4.5°) and DK-S (9.8 to 8.2°), while PK-S marginally increased (10.7 to 11.4°)
(Figure 4-9). For the peak internal rotation moment, there were no significant differences
between marker clusters without global optimization; however, significant differences
were observed between marker clusters when global optimization was applied (Figure 4-

10; Table 5-16).
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Figure 4-1: Interaction plots for peak knee flexion angle (marker cluster x 1K) in each
task. Significant differences between marker clusters, global optimization condition,
and tasks are detailed in Table 5-7.
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Figure 4-2: Interaction plots for peak knee flexion moment (marker cluster x 1K) in
each task. Significant differences between marker clusters, global optimization
condition, and tasks are detailed in Table 5-8.
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Figure 4-3: Interaction plots for peak knee abduction angle (marker cluster x 1K) in
each task. Significant differences between marker clusters, global optimization
condition, and tasks are detailed in Table 5-9.
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Figure 4-4: Interaction plots for peak knee abduction moment (marker cluster x 1K)
in each task. Significant differences between marker clusters, global optimization
condition, and tasks are detailed in Table 5-10.
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Figure 4-5: Interaction plots for peak knee adduction angle (marker cluster x 1K) in
each task. Significant differences between marker clusters, global optimization
condition, and tasks are detailed in Table 5-11.

101



-4
-4
-4

HS - | DK-S | PK-S

o
o
|

Abd(+)-Add(-) (%BW*H)
—

1
—
l_
1
—
|
K
4 =
|
1
—

-2 -2 i -2
-3}|——DA ——mMaA 30 L -3
—— DAL —— MAL
—— DL ML
-4 : : -4 : -4 : :
No IK IK No IK IK No IK IK

Figure 4-6: Interaction plots for peak knee adduction moment (marker cluster x 1K)
in each task. Significant differences between marker clusters, global optimization
condition, and tasks are detailed in Table 5-12.
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Figure 4-7: Interaction plots for peak knee external rotation angle (marker cluster x
IK) in each task. Significant differences between marker clusters, global optimization
condition, and tasks are detailed in Table 5-13.
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Figure 4-8: Interaction plots for peak knee external rotation moment (marker cluster
x 1K) in each task. Significant differences between marker clusters, global
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Figure 4-9: Interaction plots for peak knee internal rotation angle (marker cluster x
IK) in each task. Significant differences between marker clusters, global optimization
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Figure 4-10: Interaction plots for peak knee internal rotation moment (marker
cluster x IK) in each task. Significant differences between marker clusters, global
optimization condition, and tasks are detailed in Table 5-16.

Effect Sizes

Due to listwise elimination of data, for both the effect size and ICC calculations, 45
subjects were included in the knee joint angle analysis, and 45, 44, and 43 were included in
the knee joint moment analysis for HS, DK-S, and PK-S, respectively. Sixty effect size
calculations were performed, of which 8 were classified as small, 15 were classified as
medium, and 37 were classified as large (Table 4-2). Effect sizes tended to be larger for
knee joint angles than moments (Table 4-2).

Global optimization had varying effects on nf,, depending on the movement and
outcome measure (Table 4-2). For peak angles in HS, 77;2; decreased for all variables,
resulting in a decrease in classification from large to medium for all measures except the
peak external rotation angle which remained classified as large (Table 4-2). With global

optimization, n, for the peak flexion moment decreased from medium to small, and 7 for

the peak abduction moment decreased from large to medium (Table 4-2). The n; for the
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peak adduction and external and internal rotation moment was classified as large and
small, respectively, with and without global optimization (Table 4-2).

In DK-S, n; for all peak angles was classified as large without global optimization
(Table 4-2). Although global optimization decreased 7, for all axes of rotation except the
peak abduction angle, only the effect for peak internal rotation angle was reduced from
large to medium (Table 4-2). For the peak flexion moment, global optimization reduced nf,
from medium to small. The n; for peak internal rotation moment was classified as medium
with and without global optimization (Table 4-2). With global optimization, the nf, for the
peak abduction and adduction moment increased, thereby remaining classified as large, and
the peak external rotation moment increased from small to medium (Table 4-2).

With and without global optimization, the n for all peak angles in PK-S were
classified as large. Furthermore, applying global optimization increased ; for all angles
except the peak flexion and internal rotation angle, which remained classified as large
(Table 4-2). Global optimization decreased 7;; from medium to small for the peak flexion
moment, and from large to medium for the peak adduction moment (Table 4-2).
Alternatively, n; for the peak abduction and internal rotation moment remained classified
as large and medium, respectively. The 71;29 for peak external rotation moment increased

from medium to large (Table 4-2).
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Table 4-2: Effect sizes (n,z,) for peak knee joint angles and moments in each task with
(1K) and without (no IK) global optimization. Small effect sizes (< 0.06) are italicized.
Effect size comparisons (with and without global optimization) which resulted in a
decrease in classification are bolded.

« Flexion Abduction Adduction External Rot Internal Rot
Tas No IK IK No IK IK No IK IK No IK IK No IK IK
Peak Angle
HS 0.39 0.13 0.25 0.12 0.20 0.12 0.24 0.18 0.38 0.12
DK-S 0.50 0.22 0.19 0.34 0.39 0.27 0.32 0.27 0.32 0.09
PK-S 0.43 0.31 0.20 0.39 0.39 0.18 0.20 0.23 0.23 0.23
Peak Moment
HS 0.07 0.02 0.31 0.11 0.25 0.24 0.01 0.01 0.01 0.02
DK-S 0.09 0.03 0.16 0.28 0.32 0.36 0.05 0.11 0.06 0.06
PK-S 0.08 0.02 0.29 0.30 0.18 0.06 0.08 0.23 0.10 0.11

Intraclass Correlation Coefficients

A total of sixty ICCs (10 dependent variables x 3 tasks x 2 IK conditions) were
performed to quantify the reliability between marker clusters in estimating peak knee joint
angles and moments with and without global optimization for each task. Coefficients were
classified as: 31 poor, 27 moderate, 1 good, and 1 excellent (Table 4-3). Knee joint
moments tended to have higher reliability coefficients than knee joint angles (Table 4-3).
Global optimization increased reliability coefficients to a new classification for 2 variables,
the peak flexion angle in HS increased from good to excellent and the peak flexion angle in
PK increased from poor to moderate reliability (Table 4-3). Alternatively, global
optimization did not change reliability classification for 12 variables and decreased

reliability classification for 16 variables (Table 4-3).
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Table 4-3: Intraclass correlation coefficients (ICC) for peak knee joint angles and
moments in each task with (IK) and without (no 1K) global optimization. ICC
classified as moderate to excellent (> 0.50) are italicized. ICC comparisons (with and
without global optimization) which resulted in an increase in classification are bolded.

Task Flexion Abduction Adduction External Rot Internal Rot
% No IK IK No IK IK No IK IK No IK IK No IK IK
Peak Angle
HS 0.75 0.92 0.60 0.38 0.57 0.20 0.68 0.57 0.53 0.49
DK-S 0.52 0.67 0.72 0.42 0.52 0.33 0.65 0.43 0.59 0.30
PK-S 0.45 0.66 0.70 0.37 0.59 0.34 0.67 0.55 0.69 0.72
Peak Moment
HS 0.63 0.60 0.38 0.45 0.64 0.49 0.55 0.48 0.34 0.36
DK-S 0.40 0.38 0.46 0.32 0.61 0.33 0.55 0.36 0.61 0.41
PK-S 0.45 0.42 0.43 0.48 0.46 0.06 0.65 0.32 0.73 0.45

4.4 Discussion

The current study compared knee joint angles and moments estimated from marker
clusters localized to six different areas of the thighs with and without global optimization
to determine the effectiveness of changing marker placement and/or utilizing global
optimization in attenuating soft tissue artifact. The hypothesis that there would be two-way
interactions between marker cluster location and global optimization condition, as well as
decreased effect sizes and increased ICC with global optimization was partially supported.
Global optimization was partially effective at attenuating differences in angles and
moments between marker clusters in the sagittal plane, however in the frontal and
transverse plane, angles and moments estimated from the different marker clusters were
typically more variable when global optimization was applied. The differences in peak
knee joint angles and moments between the marker cluster without global optimization will

be discussed prior to assessing the effects of global optimization.
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4.4.1 Angles and moments between marker clusters

Across the different tasks, there were significant differences between marker
clusters (without global optimization) in estimating the peak knee joint angles for all axes
of rotation, with a mean difference of an average 8.9° flexion, 5.2° abduction, 4.9°
adduction, 7.5° external rotation, and 9.5° internal rotation. When estimating peak knee
joint moments there were significant differences between marker clusters for peak flexion,
abduction, and adduction, with a maximum mean difference between marker clusters of
0.6, 1.0, and 0.7 %BW*H on average, respectively. The peak external and internal rotation
moments had an average mean difference of only 0.1 %BW*H. Additionally, across the
axes of rotation, the angle and moment waveforms between marker clusters were
temporally and spatially similar; however, in some cases, specifically for abduction and
adduction moments, the variability between marker clusters was quite high. Collectively,
these results demonstrate that marker cluster placement on the thigh can alter knee joint
kinematics and kinetics; thus, not only is it important to be consistent with marker
placement, but a given marker placement may be more representative of underlying bone
motion.

Although there are multiple sources of error that may result in differences between
marker clusters (i.e. calibration errors or optical distortion), it can be assumed that the
dissimilarities are in part due to variability in local soft tissue artifact experienced by each
of the clusters. Soft tissue artifact results from multiple sources including skin sliding,
muscle and adipose deformation and oscillation, muscular contractions, and gravity;
however, since definitive bone motion was not quantified in the current study, the results

do not afford conclusions on the magnitude and direction of soft tissue artifact experienced

108



by the different marker clusters. Instead, the results demonstrate the sensitivity of
kinematic and kinetic outcomes to marker placement, thereby demonstrating that
adjustment of marker placement in high knee flexion is a feasible option for more
accurately measuring bone motion.

The difference between the marker clusters should be interpreted within the context
of the knee joint’s physiological motion about a specific axis of rotation. For example,
previous soft tissue artifact studies have presented error due to soft tissue artifact as a
percent of joint range of motion, in which the percent error typically ranged from
approximately 7-15% flexion-extension, 70-80% abduction-adduction, and 23-43%
external-internal rotation angle in a step-up task and sit-to-stand (Akbarshahi et al., 2010;
Stagni et al., 2005). Presenting the current data in a similar manner (maximum mean
difference between marker clusters as a percent of the sample mean peak angle for each
task) yields differences of approximately 6% of the mean of the peak flexion angle, up to
20-28% for abduction, 61-183% for adduction, 45-69% for external rotation, and 50-350%
for internal rotation. While the aforementioned studies (Akbarshahi et al., 2010; Stagni et
al., 2005) compared marker clusters and bone kinematics, one study which compared the
precision of marker clusters in determining knee abduction-adduction found the mean
difference in peak adduction angle between marker clusters was 4.7° (9.0 to 13.7°) in
lateral cutting and 13.9° (1.9 to 15.8°) in a vertical drop jump (Mok et al., 2015). Although
the latter study utilized non-rigid marker clusters and investigated tasks which likely elicit
greater soft tissue oscillation than those of the current study, the magnitude of difference

between marker clusters relative to the peak angles were similar.
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In addition to differences in kinematic outcomes, the moments between marker
clusters differed by up to 5-7% of the mean of the peak flexion moment, up to 52-100% for
abduction, 71-100% for adduction, 12-16% for external rotation, and 33-100% for internal
rotation. Previous studies which investigated the percent error of knee joint moment during
stair ascent and sit-to-stand relative to peak the moment measured with fluoroscopy,
ranged from 0.4-12.8% for peak flexion-extension moment, 0.1-16.2% for peak the
abduction-adduction moment, and 0.5-13.5% for the peak external-internal rotation
moment (Kuo et al., 2011; Tsai et al., 2011). While magnitudes of under 10% for the
flexion angle and moment are unlikely to be detrimental to data obtained, the difference for
the other axes of rotation calls into question the precision of the data and highlights the
need for consistency in marker placement. For example, for protocols that require subjects
to complete multiple laboratory sessions or compare data to the contralateral limb, small
variations in marker placement on the thigh, may have significant effects on estimated
kinematics and kinetics; thereby casting doubt on the effect of a given intervention or the
demands of a given task. Additionally, although systematic differences between marker
clusters were not consistent across all subjects, as soft tissue artifact is highly subject
specific (Barreé et al., 2013; Clément et al., 2018; Garling et al., 2007; Stagni et al., 2005),
researchers should take care in ensuring that marker placement is similar between subjects
completing the same laboratory protocol and when combining data from multiple data sets.

Kinematic and kinetic outcomes in activities of daily living which require low to
moderate knee flexion range of motion are often utilized to explore injury and disease
etiology (Bouchouras et al., 2015; Donohue et al., 2015; Graci et al., 2012; Yamazaki et

al., 2010; Zeller et al., 2003) and assess the effectiveness of a given treatment (Acker et al.,
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2011; Myles et al., 2002; Sumner et al., 2019; Verdini et al., 2017). Therefore, it is
extremely important that variation in kinematics and kinetics are reflective of changes in
the independent variable (i.e. population or intervention). The differences between marker
clusters observed in the current study exceeded those previously reported between
populations or when evaluating the effectiveness of an intervention. For example, when
comparing high knee flexion kinematics between male Muslims with a total knee
replacement and healthy controls, the mean difference for kneeling and squatting,
respectively, was 1.4 and 8.0° flexion, 7.4 and 7.2° abduction, 2.4 and 0.5° adduction, 4.9
and 7.0° external rotation, and 7.8 and 6.2° internal rotation (Acker et al., 2011). The small
differences between the populations highlights the importance of consistent marker
placement, as a small change in marker placement could result in changes larger than the
change that could be attributed to the intervention.

Comparisons for kinetic outcomes in activities of daily living which require low to
moderate knee flexion have also been performed. For example, differences in knee joint
moments between those with anterior cruciate ligament injuries and healthy controls are
often investigated as there is an association between anterior cruciate ligament injuries and
knee osteoarthritis (Andriacchi & Miundermann, 2006; Chaudhari et al., 2008; Kessler et
al., 2008). Zabala et al. (2013) found significant differences between knee flexion-
extension and adduction moments during stair ascent and descent between anterior cruciate
ligament reconstructed, the contralateral limb, and healthy controls; however, differences
were within 1.5 and 0.6 %BW™*H, respectively. Like the kinematic outcomes, these

differences are close to or within the differences between marker clusters presented herein.
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While the ANOVAs highlighted differences between the marker clusters, the ICCs
provide some indication of reliability between the marker clusters. The results of the ICCs
were somewhat concerning as reliability was most frequently classified as moderate for
angles and poor for moments. Low coefficients were likely observed because the ICCs
were calculated for absolute agreement and single measure, which will result in smaller
values than when consistency and/or average measures are used (Koo & Li, 2016).
Absolute agreement was chosen as this definition considers the extent to which one marker
cluster equals another as opposed to the consistency definition which considers systematic
differences between marker clusters, which were likely to vary considerably across
subjects (Akbarshahi et al., 2010; Cappozzo et al., 1996; Stagni et al., 2005). As well, the
single measure definition was reported as only one marker cluster is typically used on a
segment during data collection. It is possible however that taking the average of multiple
marker clusters would not only enhance reliability, but also accuracy in measuring bone
motion. Like the results of the ANOVAs, the ICCs call into question the reliability of
marker clusters localized to different areas of the thigh in estimating peak knee joint angles
and moments in high knee flexion.

In summary, these findings reveal that marker cluster placement significantly
affects estimates for peak knee joint angles and moment in high knee flexion tasks. In
some cases, particularly for those in the frontal and transverse plane, the differences
between marker clusters were similar to the angle and/or moment experienced by the knee
joint in high knee flexion movements. Additionally, the differences in angles and moments
between marker clusters may exceed values previously found between population groups

or as a result of a given intervention. It is recommended that researchers take extreme care
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in selecting marker placement when evaluating high knee flexion or similar tasks and
ensure consistent placement between subjects, bilaterally on a single subject’s extremities,

and when multiple laboratory sessions are required.

4.4.2 Global optimization

Global optimization was partially effective in attenuating differences in angles and
moments between marker clusters, however this was highly axis and task dependent.
Global optimization, significant differences were observed between marker clusters for all
outcome measures except for the peak knee flexion moment in DK-S. Differences between
marker clusters were most effectively attenuated for the peak flexion angle and moment,
wherein the maximum mean difference between marker clusters decreased 2.7° and 0.4
%BW™*H. Global optimization also attenuated the maximum mean difference for the peak
abduction moment (0.5 %BW=*H), external rotation angle (0.6°), and internal rotation
angle (3.5°) in HS. The maximum mean difference in peak internal rotation angle also
decreased in DK-S (1.6°) with global optimization. However, while there were no
differences in the peak external or internal rotation moment between marker clusters
without global optimization, applying global optimization resulted in significant
differences between some marker clusters. Additionally, of the thirty effect size
comparisons (with and without global optimization), global optimization only effectively
decreased the effect size classification for 12 variables (included in this is 2 effect sizes
which remained classified as small). Similarly, for the ICCs, global optimization increased
reliability classification for 2 variables. Collectively, these results demonstrate that global
optimization partially attenuated differences between in kinematic and kinetic outcome

between marker clusters, most frequently for outcomes in the sagittal plane and for HS.
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While the results of three-way ANOVAs exemplify absolute differences between
marker clusters, these results were best summarized by examining the change in effect
sizes. Based on the assumption that if there was no soft tissue artifact, all marker clusters
would estimate the same peak angles and moments, a decrease in the effect size with
global optimization suggests that global optimization may be effective in partially
compensating for soft tissue artifact. For the peak knee joint angles, all effect sizes were
initially classified as large without global optimization. With global optimization most
effect sizes decreased, however the decrease was only large enough to warrant a change in
effect size for angles in HS (with the exception of the external rotation angle) and the
internal rotation angle in DK. Additionally, for peak knee joint moments the effect size
classification decreased or did not change from a small effect for the peak flexion moment
in all tasks, the peak abduction moments in HS, and the peak adduction moment in PK.
Despite a change in effect size classification for only 12 variables, some of the changes in
effect size were quite striking. For example, although an effect remained classified as
large, the decrease was larger than the difference between a small and large effect (i.e.
0.13). Moreover, since the effect size was determined using 77;2;, this value indicates the
percentage of variation in the peak angle or moment accounted for by the different marker
clusters (Cohen, 2013; Lakens, 2013). For instance, n; decreased from 0.50 to 0.22 for the
flexion angle in DK-S; thus, there was 28% decrease in the percentage of variation
associated with marker cluster location with global optimization. It is also worth noting
that smaller effect sizes were observed for moments compared to angles, thus suggesting
that kinematic outcomes may be more susceptible to soft tissue artifact than kinetic

outcomes. This is reasonable as differences in knee joint moments between the thigh
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marker clusters would only result if there was a change in the position of the knee joint
center (Kuo et al., 2011; Tsai et al., 2011).

If global optimization was compensating for soft tissue artifact, one would expect
an increase in precision and reliability between marker clusters, and thus an increase in
ICCs. However, ICCs, which already tended to demonstrate poor to moderate reliability,
more frequently decreased with global optimization, suggesting an increase in within-
subject variability. More specifically, ICC reliability classification increased for 2 variables
(the flexion angle in HS and PK), did not change for 12 variables, and decreased for 16
variables. Conversely, the results of the ANOVAs and the effect size calculations indicate
a decrease in the differences in the sample means for the marker clusters. Taken together,
these findings suggest that while global optimization may decrease differences across the
sample, within-subject variability (which is likely more indicative of individual soft tissue
artifact) may not be effectively compensated for, particularly when evaluating angles and
moments in the frontal and transverse plane. Utilizing different IK chain possibilities (i.e.
different degrees-of-freedom constraints or segment weighting factors), different methods
to solve the optimization solution (i.e. Visual3D also offers quasi-Newton and simulated
annealing methods), and potentially the production of models which include subject
specific constraints (e.g. joint range of motion or anthropometry) may improve the
compensation ability of global optimization model. Additionally, the differences in the
ability of the global optimization model for the different tasks, particularly that the models
performed better in HS compared to DK-S and PK-S, suggests that changes to the model
may be required to improve its applicability in more complex tasks as the global

optimization method was initially designed for use in walking (Lu & O’Connor, 1999).
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Although the results of the current study alone do not afford conclusions on
accuracy of marker placement, when coupled with the Bland-Altman results in Chapter 3,
the marker cluster which may be most likely to represent bone motion was the mid-
anterolateral cluster. Peak angles and moments estimated by the mid-anterolateral cluster
tended to fall between other marker clusters; however, this trend was variable with the task
and global optimization condition. However, these results suggest that the mid-
anterolateral cluster may be closest to the mean kinematic and kinetic measurements,
which could be considered the best representation of bone motion (Bland & Altman, 1986).
Additionally, if global optimization was effectively compensating for soft tissue artifact,
one would expect marker clusters which were most susceptible to soft tissue artifact, to
undergo the largest changes when IK constraints were applied. Based on the results from
Chapter 3, we would expect the distal-lateral and mid-lateral cluster to require the largest
compensation. Interestingly, the lateral clusters not only tended to display similar trends
(i.e. both increased, decreased, or did not change) when global optimization was
implemented but they also tended to undergo larger changes in angles or moments in the
frontal and transverse plane compared to the other marker clusters (Figure 4-3 to 4-10).

In conclusion, global optimization represents a feasible option for attenuating
differences between marker clusters; however, improvements must be made to the tool to
improve subject specificity. While there was a decrease in the sample mean differences
between the clusters with global optimization, as indicated by changes in the frequency and
magnitude of the significant difference in the ANOVASs and decreases in effect sizes,
within-subject variability tended to increase, as indicated by increases in ICCs. Global

optimization more effectively attenuated differences between marker clusters when
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estimating the peak flexion angle and moment, while differences between angles and
moments in the frontal and transverse plane were only reduced for some marker clusters.
These findings cast doubt on the ability to reliably estimate knee joint abduction-adduction
and external-internal rotation in high knee flexion. The current research demonstrates that
while global optimization, implemented in Visual3D using IK constraints, can attenuate
some differences in angles and moments between marker clusters, global optimization
alone cannot eliminate all variability between marker clusters, and thus is likely only

moderately effective in compensating for soft tissue artifact.

4.5 Limitations

Although soft tissue artifact is considered one of the largest sources of error in
measuring kinematics from motion capture data, it is recognized that other sources of error
are present, and thus may have affected the results of the current study. Three
methodological limitations are acknowledged. First, some of the differences between the
marker clusters may have resulted in part because marker clusters were localized to
opposite legs (i.e. the distal-anterior, distal-anterolateral, mid-anterior, and mid-
anterolateral cluster on one leg while the distal-anterolateral and mid-anterolateral cluster
were on the other leg). Thus, differences between anterior/lateral and anterolateral clusters
would likely be due to both differences in soft tissue artifact and differences in movement
strategy between the legs. However, since the tasks investigated were symmetrical and the
marker clusters were compared within a trial, it is unlikely that differences between marker
clusters on opposite legs were solely the result of different movement strategies between

the legs.
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An additional methodological limitation to the current study is that the use of the
current gold standard for defining the thigh coordinate system — the functional knee joint
center and functional axis on the distal end of the segment — may result in slightly different
coordinate system definitions between the clusters as these landmarks were estimated for
each thigh marker cluster independently from the functional knee joint trial. Although the
differences in thigh coordinate system definition may have amplified or attenuated
differences between the thigh marker clusters, we believe it would not have been justified
to utilize the same joint center and axis definitions between the marker clusters as this
would not be implemented in a typical motion capture data collection. Moreover, it is
likely that differences between marker clusters were attenuated by this coordinate system
definition as soft tissue artifact experienced by the different marker clusters during the
functional knee trial would be included in the estimation of the position of the knee joint
center and functional axis. Thus, soft tissue artifact between marker clusters may in fact be
compensated for by utilizing the functional knee joint center and axis for coordinate system
definition.

While global optimization was effective in reducing variability in the sagittal plane
kinematics, the difficulties faced when attempting to implement IK constraints in Visual3D
should be acknowledged. Although constructing an 1K model was a straight-forward
process, utilizing the IK optimization algorithm to calculate kinematics and kinetics was
quite challenging. To obtain the postures, the model often underwent unphysiological
motion of the lower limbs, such as 360° of axial rotation of the shank or feet or gimbal
lock occurring in the knee joint. This instability in the model unfortunately led to exclusion

of trials and in some cases, subjects. Recommendations by the software provider to restrict
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foot rotation relative to the shank decreased the frequency of unphysiological motion but
did not prevent it entirely. Future improvements to the model should address this instability
and make recommendations for additional processing steps which can be taken to improve
the predictive ability of the model.

Lastly, despite that the current sample size (n of 50 with 28 females and 22 males),
was sufficient for statistical testing with sex as an additional independent variable, sex was
not included in in the current ANOVAs. Instead, sex was considered in the regression
equations found in Chapter 3. This was decided a priori as it was hypothesized that much
of the variability in marker cluster location between the sexes would likely have resulted
from anthropometric variability. Thus, we felt investigating anthropometry as continuous
rather than discrete variables would provide greater insight into their effects on soft tissue
artifact. Additionally, it is important to note that inclusion of sex as an additional
independent variable would not have distinguished between optimal marker placement for
males and females, but rather demonstrated possible differences in marker cluster

reliability, global optimization conditions, and/or tasks between the sexes.

4.6 Conclusions

While the results of the current study cannot speak to accuracy of marker clusters in
tracking bone motion, they provide evidence on the precision between marker clusters,
thereby tapping into necessary standardization procedures when utilizing optical motion
capture. Peak knee joint angles and moments were different between the thigh marker
clusters; however, the differences observed were inconsistent across high knee flexion
tasks and axes of rotation. These findings suggest that specific marker clusters may be

more representative of bone motion depending on the task demands and the axis of rotation
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of interest. Additionally, these results highlight the importance of consistency in marker
placement between and within subjects to enhance scientific reproducibility.

Global optimization represents a feasible method to reduce differences between
marker clusters when estimating flexion angles and moments in high knee flexion, but
improvements to the optimization procedures are warranted to increase its applicability for
other planes of motion and more complex tasks. Additionally, given that global
optimization differentially affected the thigh marker clusters across the sample, future
investigations into attenuating soft tissue artifact should consider changes in kinematic and
kinetic outcomes with marker placement and compensation methodologies,
simultaneously.

The results of the current study indicate that estimated angles and moments varied
considerably with marker cluster location, global optimization condition, and the different
high knee flexion tasks. These findings emphasize the need for researchers to report all
data processing steps in published work. Researchers must be transparent and specific
when describing methodological procedures to ultimately facilitate comparability and

reproducibility in the field.
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Chapter 5 - Novel Contributions and Future Directions

The two studies presented in the current thesis probed the location, subject, and task
specificity of soft tissue artifact in high knee flexion through data collection and processing
methods, to ultimately make recommendations for attenuating soft tissue artifact.

The first study developed a non-invasive method, making use of the difference in
the position of the functional hip joint center tracked by the pelvis cluster and different
thigh clusters, to compare thigh marker cluster susceptibility to soft tissue artifact. This
method could be applied to other tasks or segments to evaluate marker placements which
may be least vulnerable to soft tissue artifact. The results indicated that a mid-anterolateral
cluster is likely most accurate in high flexion as it was least vulnerable to thigh-calf contact
while maintaining marker visibility. As well, soft tissue artifact was shown to increase with
knee flexion, which aligns with results from previous studies (Cappozzo et al., 1996; Kuo
etal., 2011; Tsai et al., 2011).

The association between local and global measures of subject anthropometry and
soft tissue artifact was then explored using backward stepwise regressions. It was found
that while soft tissue artifact was extremely subject specific, subject anthropometry could
be utilized to moderately predict soft tissue artifact for specific marker clusters in squatting
and kneeling. Additionally, the results demonstrated that measures which differentiate
between segment adipose and muscle tissue may more effectively explain the relationship
between anthropometry and soft tissue artifact.

While the first study used changes in the position of the functional hip joint center
to estimate soft tissue artifact, the second study explored the sensitivity of knee joint angles

and moments to marker placement, thereby demonstrating the extent to which soft tissue
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artifact may affect clinically meaningful outcomes. The results indicated that marker
placement can significantly affect peak knee joint angles and moments, particularly in the
frontal and transverse plane. These findings were similar to previous studies, which found
that appropriate marker placement can improve the accuracy of determining bone motion
in tasks which require low to moderate knee flexion (Akbarshahi et al., 2010; Barré et al.,
2013; Cappozzo et al., 1996; Stagni et al., 2005). These results extend beyond studies
which examine high knee flexion tasks; researchers must ensure consistent marker
placement within and between subjects.

Additionally, the second study investigated if global optimization could partially
compensate for differences between marker clusters in estimating peak knee joint angles
and moments. By applying IK constraints in Visual3D to limit the degrees-of-freedom of
the joints of the lower limb, the results demonstrated that while global optimization may
attenuate some differences between marker clusters, largely in the sagittal plane and for
squatting, global optimization was less effective on a subject-by-subject basis.

This thesis investigated the precision and reliability of different marker clusters in
high knee flexion, a task that has previously been large unexplored. The results suggest
that marker placement can significantly alter kinematic and kinetic outcomes which
ultimately compromises the ability to compare results between studies and make
conclusions on mechanisms for injury and disease. While there is a need to address the
accuracy of the marker placements and global optimization procedures tested in the current
thesis, the results exemplify the need for standardization in data collection and processing
procedures. Researchers must be consistent in marker placement within and between

subjects during data collection and report all methodological steps in published work. The
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importance of standardization must not be overlooked as it facilitates the ability to repeat,
compare, and reproduce scientific investigations — the foundation of inductive reasoning

and scientific advancement.
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Appendices

Appendix A: Anatomical Coordinate System Definition

The following section outlines segment coordinate system definition, utilized for

calculating knee joint angles and moments in study one, in conjunction with 1ISB guidelines

(Wu et al., 2002; Wu & Cavanagh, 1995). The digitized greater trochanter, and lateral and

medial femoral condyles were identical between the thigh clusters localized to the same

leg.

Table 5-1: Thigh coordinate system

Origin Functional hip joint center (Camomilla et al., 2006; Ehrig et al., 2006)

Plane defined by origin, greater trochanter, and lateral and medial border of
YZ the knee joint (points projected from the lateral and medial femoral condyles
plane along the knee functional axis of rotation)
Y -axis Vector from the functional knee joint center to origin
X-axis Vector perpendicular YZ plane (anterior)
Z-axis Perpendicular vector calculated from cross-product of X-axis and Y-axis

Table 5-2: Shank coordinate system

Origin Functional knee joint center

Plane defined by lateral and medial malleoli and lateral and medial border of
YZ the knee joint (points projected from the lateral and medial femoral condyles
plane along the knee functional axis of rotation)
Y-axis Vector from midpoint of medial and lateral malleoli to the origin
X-axis Vector perpendicular YZ plane (anterior)
Z-axis Perpendicular vector calculated from cross-product of X-axis and Y-axis

136



Appendix B: Bland-Altman Mean Difference and Limits of Agreement Values

Table 5-3: Mean of the peak difference (bolded) and limits of agreement (italicized in brackets) for the estimated position
(cm) of the hip joint center and femoral head center for each task. Sym is symmetrical, lead is lead leg, and trail is trail
leg. * indiciates sample size less than 50 subjects due to marker obstruction (FS: n = 31, 48, 14, 48, 47, 48; HS: n = 48, 50,

45, 50, 49, 50).
Task Distal- Distal- Distal- Mid- Mid- Mid-
Anterior Anterolateral Lateral Anterior Anterolateral Lateral
Flat-foot -1.95 -0.56 -3.39 0.03 -0.92 -3.22
Squat* (-7.68/3.78) (-4.61/ 3.49) (-7.20/0.42) (-4.28 / 4.35) (-4.81/2.97) (-5.57 /-0.87)
Heels-up -1.94 -1.21 -3.44 -0.35 -0.90 -3.10
Squat* (-6.86 /2.98) (-5.50/ 3.08) (-9.80/2.91) (-5.32/4.63) (-4.98/3.18) (-5.76 /1 -0.44)
Dorsiflexed -2.26 -2.41 -3.35 -1.00 -1.26 -1.72
Kneel (Sym) (-5.03/0.51) (-4.81/-0.01) (-7.30/0.60) (-3.27 /1 1.28) (-3.29/0.77) (-3.72/0.29)
Plantarflexed -2.04 -2.08 -3.26 -0.85 -1.17 -2.18
Kneel (Sym) (-5.59/1.51) (-5.48/1.31) (-7.43/0.91) (-4.11/2.41) (-4.12/1.79) (-5.05/0.69)
Dorsiflexed -1.92 -2.01 -4.93 -0.47 -1.50 -3.02
Kneel (Lead) (-8.92/5.08) (-6.68 / 2.66) (-11.86/ 2.00) (-5.88/4.95) (-5.85/2.85) (-7.25/1.21)
Plantarflexed -1.73 -1.60 -4.56 -0.29 -1.12 -2.98
Kneel (Lead) (-8.38/4.92) (-6.79/3.59) (-11.51/2.38) (-5.92/5.33) (-5.46/3.22) (-6.82/0.86)
Dorsiflexed -2.01 -1.81 -4.67 -0.21 -1.00 -2.80
Kneel (Trail) (-7.98/3.97) (-5.62/1.99) (-11.61/2.28) (-4.91/4.49) (-4.51/2.51) (-5.41/-0.18)
Plantarflexed -1.85 -1.75 -4.30 -0.39 -1.32 -2.74
Kneel (Trail) (-8.04 / 4.33) (-5.85/2.35) (-10.90/2.30) (-5.49/4.70) (-4.83/2.20) (-6.00/0.51)
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Table 5-4: Mean difference (bolded) and limits of agreement (italicized in brackets) for the estimated position (cm) in X
(anterior-posterior) of the hip joint center and femoral head center for each movement. Sym is symmetrical, lead is lead
leg, and trail is trail leg.

Movement Distal- Distal- Distal- Mid- Mid- Mid-
Anterior Anterolateral Lateral Anterior Anterolateral Lateral
Flat-foot -1.92 -3.14 -2.53 -0.22 -2.11 -2.00
Squat (-6.22/ 2.38) (-8.11/1.83) (-8.06 / 2.99) (-5.31/4.86) (-7.04/2.82) (-7.16/ 3.16)
Heels-up -1.23 -2.55 -1.91 -0.87 -1.53 -1.21
Squat (-6.32/ 3.86) (-7.52/2.41) (-7.77 1 3.96) (-6.04 / 4.29) (-6.37/3.32) (-6.45/4.03)
Dorsiflexed -1.86 -1.85 -2.32 -0.45 -0.85 -1.18
Kneel (Sym) (-4.98/ 1.26) (-4.58/0.88) (-5.65/1.00) (-3.54/2.64) (-3.68/1.97) (-3.86 /1.50)
Plantarflexed -1.12 -1.57 -1.90 -0.17 -0.66 -1.13
Kneel (Sym) (-5.85/3.62) (-6.02 / 2.87) (-7.16/ 3.36) (-4.78 1 4.44) (-4.85/3.53) (-5.81/3.54)
Dorsiflexed -1.01 -2.55 -4.46 -0.52 -1.63 -2.41
Kneel (Lead) (-7.78 /1 3.95) (-7.57/2.48) (-10.81/1.89) (-5.5714.52) (-6.52 / 3.25) (-6.34/1.52)
Plantarflexed -1.72 -2.38 -4.38 -0.61 -1.58 -2.30
Kneel (Lead) (-7.79/ 4.36) (-7.60/2.84) (-10.29/ 1.54) (-5.94 /1 4.73) (-6.26/3.11) (-7.32/2.73)
Dorsiflexed -2.51 -2.97 -4.96 -0.59 -2.02 -3.08
Kneel (Trail) (-7.25/2.23) (-6.60/ 0.65) (-11.08 / 1.15) (-4.91/3.72) (-5.30/1.25) (-6.01/-0.15)
Plantarflexed -2.12 -2.75 -4.82 -0.83 -2.04 -2.64
Kneel (Trail) (-7.35/3.11) (-7.25/1.76) (-10.71/ 1.07) (-5.81/4.14) (-6.26 / 2.18) (-7.27 1 1.99)
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Table 5-5: Mean difference (bolded) and limits of agreement (italicized in brackets) for the estimated position (cm) in Y
(vertical) of the hip joint center and femoral head center for each movement. Sym is symmetrical, lead is lead leg, and

trail is trail leg.

Movement Distal- Distal- Distal- Mid- Mid- Mid-
Anterior Anterolateral Lateral Anterior Anterolateral Lateral
Flat-foot -2.01 -0.59 -4.33 -0.23 -1.28 -4.55
Squat (-6.81/2.78) (-5.43/4.24) (-9.29/0.63) (-3.98/3.51) (-5.70/3.14) (-7.68/-1.41)
Heels-up -2.39 -0.79 -5.01 -0.03 -0.99 -4.25
Squat (-7.97/3.19) (-6.13/4.55) (-11.84 /1.83) (-4.30/4.24) (-5.54 /1 3.57) (-7.52/-0.98)
Dorsiflexed -2.82 -2.77 -4.65 -1.53 -1.41 -2.16
Kneel (Sym) (-5.55/-0.09) (-5.52/-0.01) (-8.71/-0.58) (-3.86/0.80) (-3.73/0.92) (-4.32/0.01)
Plantarflexed -2.99 -3.25 -5.41 -1.91 -1.97 -3.50
Kneel (Sym) (-5.87/-0.11) (-6.37/-0.13) (-10.10/-0.71) (-4.56 / 0.75) (-4.70/0.75) (-5.95/-1.05)
Dorsiflexed -2.67 -0.63 -5.76 -0.92 -0.85 -3.93
Kneel (Lead) (-8.11/2.77) (-6.02 / 4.75) (-11.52/-0.01) (-5.33/3.50) (-5.61/3.90) (-7.30/-0.55)
Plantarflexed -2.36 -0.65 -5.65 -0.70 -0.53 -3.85
Kneel (Lead) (-7.87/3.14) (-6.03/4.72) (-12.32/1.01) (-5.12/3.72) (-5.23/4.16) (-7.34/-0.35)
Dorsiflexed -1.23 -0.22 -4.23 0.75 0.74 -1.64
Kneel (Trail) (-7.04 /1 4.57) (-4.98 / 4.54) (-9.90/ 1.45) (-2.76 1 4.27) (-2.80/4.28) (-5.30/2.02)
Plantarflexed -1.60 -0.54 -5.07 0.19 0.05 -2.79
Kneel (Trail) (-7.36/4.16) (-5.68/ 4.60) (-11.70 / 1.56) (-3.40/3.79) (-4.20/ 4.29) (-6.12/0.54)
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Table 5-6: Mean difference (bolded) and limits of agreement (italicized in brackets) for the estimated position (cm) in Z
(medial-lateral) of the hip joint center and femoral head center for each movement. Sym is symmetrical, lead is lead leg,

and trail is trail leg.

Movement Distal- Distal- Distal- Mid- Mid- Mid-
Anterior Anterolateral Lateral Anterior Anterolateral Lateral
Flat-foot -0.31 0.01 0.23 0.16 0.23 0.01
Squat (-7.12/ 6.50) (-3.80/3.83) (-4.48 / 4.94) (-4.05/ 4.36) (-2.75/3.21) (-2.90/2.93)
Heels-up -0.09 -0.04 0.03 0.06 0.12 -0.11
Squat (-5.37/5.19) (-4.18/4.11) (-4.96 /5.02) (-4.95/5.08) (-2.99/3.22) (-3.01/2.80)
Dorsiflexed 0.04 -0.24 -0.03 -0.06 -0.12 -0.20
Kneel (Sym) (-2.78 /1 2.86) (-2.90/2.41) (-4.15/ 4.09) (-2.04/1.92) (-1.71/1.48) (-2.48/ 2.07)
Plantarflexed -0.11 0.00 -0.19 -0.03 -0.03 -0.10
Kneel (Sym) (-3.53/3.30) (-3.38/3.38) (-4.20/ 3.83) (-2.86 / 2.80) (-2.15/2.09) (-2.48/ 2.28)
Dorsiflexed -0.11 -0.05 -0.03 0.05 0.09 -0.18
Kneel (Lead) (-6.90/ 6.68) (-5.16 / 5.05) (-6.76 / 6.69) (-5.28 /5.37) (-3.33/3.51) (-4.92 1 4.56)
Plantarflexed -0.15 0.02 0.22 0.07 0.28 0.04
Kneel (Lead) (-7.01/6.71) (-4.68/4.72) (-6.35/6.78) (-5.47 /5.61) (-3.14/3.71) (-4.38 / 4.46)
Dorsiflexed -0.13 0.01 -0.32 -0.02 0.10 -0.41
Kneel (Trail) (-6.35/6.04) (-3.90/4.10) (-5.88 /5.25) (-5.22/5.18) (-2.91/2.94) (-4.07 / 3.29)
Plantarflexed -0.35 0.04 -0.09 0.00 0.13 -0.20
Kneel (Trail) (-7.01/6.31) (-4.11/4.20) (-5.62 / 5.45) (-5.47 /1 5.47) (-2.8713.12) (-3.60/3.19)
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Appendix C: Bland-Altman Plots for Magnitude of 3D Difference
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Figure 5-1: Bland-Altman plot for each marker cluster in the flat-foot squat. The solid black line indicates perfect
agreement, the solid blue line is the mean difference, and the dashed line is the upper and lower limits of agreement.
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Figure 5-2: Bland-Altman plot for each marker cluster in the heels-up squat. The solid black line indicates perfect
agreement, the solid blue line is the mean difference, and the dashed line is the upper and lower limits of agreement.
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Figure 5-3: Bland-Altman plot for each marker cluster in the symmetrical dorsiflexed kneel. The solid black line
indicates perfect agreement, the solid blue line is the mean difference, and the dashed line is the upper and lower limits of

agreement.
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Figure 5-4: Bland-Altman plot for each marker cluster in the symmetrical plantarflexed kneel. The solid black line

indicates perfect agreement, the solid blue line is the mean difference, and the dashed line is the upper and lower limits of

agreement.
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Figure 5-5: Bland-Altman plot for each marker cluster in the lead leg of the dorsiflexed kneel. The solid black line
indicates perfect agreement, the solid blue line is the mean difference, and the dashed line is the upper and lower limits of

agreement.
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Figure 5-6: Bland-Altman plot for each marker cluster in the lead leg of the plantarflexed kneel. The solid black line
indicates perfect agreement, the solid blue line is the mean difference, and the dashed line is the upper and lower limits of

agreement.
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Figure 5-7: Bland-Altman plot for each marker cluster in the trail leg of the dorsiflexed kneel. The solid black line

indicates perfect agreement, the solid blue line is the mean difference, and the dashed line is the upper and lower limits of

agreement.
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Figure 5-8: Bland-Altman plot for each marker cluster in the trail leg of the plantarflexed kneel. The solid black line
indicates perfect agreement, the solid blue line is the mean difference, and the dashed line is the upper and lower limits of

agreement.
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Appendix D: Knee Joint Angle and Moment Time Histories

— 180 180
o
Q 135 185, 0\
=
pre=t
X 0| N |
+ | |——DA ——MA |
< 4 45 | |——pDAL ——MAL| |1
&’ — DL ML \
0 0 S
0 20 40 60 80 100
— 180 180
&
Q 135 135 | / X
3 d
pre=1
I:Jf 90 ¢ 90 ¢
+
X 45 | 45 |
™ 0 DK-SI | | | 0 | | | |
0 20 40 60 80 100 0 20 40 60 80 100
—~ 180 180
o
Q135 / \ | 135 f \\
HE / N\
'j,j 90 | 1 90!
+
-g 45 ¢ 45 ¢
™ 0 PK-S . . . 0 . . . .
0O 20 40 60 80 100 O 20 40 60 80 100

% of Movement % of Movement

Figure 5-9: Mean knee flexion(+)-extension(-) angle for each thigh marker clusters in
each task. Left column: no IK; right column: IK.
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Figure 5-10: Mean knee abduction(+)-adduction(-) angle for each thigh marker
clusters in each task. Left column: no IK; right column: IK.
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Figure 5-11: Mean knee external(+)-internal(-) rotation angle for each thigh marker
clusters in each task. Left column: no IK; right column: IK.
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Figure 5-12: Mean knee flexion(+)-extension(-) moment for each thigh marker
clusters in each task. Left column: no IK; right column: IK.

152



N o — no

1
N

no

[}
—4

1
no

N o — no

Abd(+)-Add(-) (%BW*H) Abd(+)-Add(-) (%BW*H) Abd(+)-Add(-) (%BW*H)

-

HS | A
I |
M ____A
0 20 40 60 80 100
DK-S
I N
? 7
\ ¢ —f
0 20 40 60 80 100
a i
_%C _ A
PK-SI | | |
0 20 40 60 80 100

% of Movement

T

——— DA —— MA
-1 = DAL = MAL
— DL ML
_2 : | !
0 20 40 60 80 100
2
1

7

01/

_1.

0O 20 40 60 80
1f
R

-1+t

100

v

0 20 40 60 80
% of Movement

100

Figure 5-13: Mean knee abduction(+)-adduction(-) moment for each thigh marker
clusters in each task. Left column: no IK; right column: IK.
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Figure 5-14: Mean knee external(+)-internal(-) rotation moment for each thigh
marker clusters in each task. Left column: no IK; right column: IK.
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Appendix E: Pairwise Differences in Peak Knee Joint Angles and Moments Between
Marker Clusters and Tasks

The following section highlights pairwise differences between marker clusters and
tasks for the two IK conditions. Each table summarizes one dependent variable (i.e. peak

knee joint angle/moment).

Table 5-7: Mean and standard deviation (in brackets) peak flexion angle for each
marker cluster and global optimization condition in each task. Numbers indicate
significant differences between tasks, described below the table. VValues with different

letters across a row indicate significant differences between marker clusters.

Task IK DAs DAL14 DL12 MA:3 MALz1:2 MLz12
HS No IK 152.7 (8.4)as 154.8(7.8)a 148.8(10.3)c 157.3(9.5)¢ 155.7(8.7)a  152.2 (9.0)v
1K 150.2 (7.2)a 150.3 (5.9) 149.9 (6.5)a 151.5(7.3)» 150.8 (6.4) 150.3 (6.8)
DK-S No IK 157.1(5.8)ac 159.1 (5.7)» 154.1(8.9)a 162.7(7.2)a 163.3(6.1)cd 162.9 (6.5)d
IK 156.4 (4.8)a»  155.3 (4.0)oc 154.4 (4.0)c 157.4(4.5)a 155.4 (4.3) 155.2 (4.0)»
PK-S No IK 157.5 (6.2)a 158.6 (5.3)a 152.9(8.3)c 162.0(6.4)da 161.9(5.3)¢  160.8 (6.0)bd
1K 155.4 (5.8)a 153.5(4.4)a 1524 (45w 157.1(5.1)c 154.2(5.1)a 153.6 (4.7)a

1 Significant differences between all tasks without IK.

2 Significant differences between all tasks with IK.

3 Significant differences between all tasks except DK-S and PK-S in both IK conditions.
4 Significant differences between all tasks except DK-S and PK-S with IK

Global optimization significantly decreased the flexion angle for the distal-anterior, mid-

anterior, and mid-anterolateral cluster in all tasks, and the distal-anterior cluster in HS and
PK-S.
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Table 5-8: Mean and standard deviation (in brackets) peak flexion moment for each
marker cluster and global optimization condition in each task. Numbers indicate
significant differences between tasks, described below the table. VValues with different
letters across a row indicate significant differences between marker clusters.

Task IK DA24 DALs3s DL2s MA:25 MAL15 ML1s

NolK 9.4 (18)» 88(L4)  88(L7) 95(1.8): 89(14)  93(L7)»

HS IK  89(18)a 8.4 (L5) 8.7(1.8)c 87(18)w  8.4(14) 8.9 (1.7)nd

DK-S NoIK 8.5 (12)ab 8.4 (lO)ac 8.0 (12)cd 8.5 (11)ab 8.2 (11)bd 8.0 (12)cd
IK  81(L.3) 8.1 (1.3) 8.2 (1.1) 8.1(1.2) 8.1(1.2) 8.2 (1.1)

pr.g NoIK 91(12)a  87(LO0) 85(1.1)p  91(L1)a  87(L1) 8.6 (1.1)

IK 85(13) 85(12) 87(1.0) 85(12:. 85(L1) 88 (Ll

1 Significant differences between all tasks without IK.

2 Significant differences between all tasks except HS and PK-S without IK.
3 Significant differences between HS and DK-S without IK.

4 Significant difference between all tasks except HS and PK-S with IK.

5 Significant difference between DK-S and PK-S with IK.

Global optimization significantly decreased the peak knee flexion moment for the distal-
anterior, distal-anterolateral, and mid-anterior cluster in all tasks, the mid-anterolateral
cluster in HS and PK-S, and the mid-lateral cluster in HS but significantly increased the
flexion moment for the distal-lateral and mid-lateral cluster in DK-S and PK-S.

Table 5-9: Mean and standard deviation (in brackets) peak abduction angle for each
marker cluster and global optimization condition in each task. Numbers indicate
significant differences between tasks, described below the table. VValues with different
letters across a row indicate significant differences between marker clusters.

Task IK DAs3 DAL24 DL45s MA:1,2 MAL24 MLas

NoIK 19.0(65): 18.0(6.8)a 10.0(7.2)x 13.8(7.1)» 16.3(7.0) 19.2(6.9)

HS IK  195(10.7) 19.8(8.7)a 12.6(7.8)» 152 (115)s 20.4(8.0)a 15.4(8.0)
bk.s NOIK 200(74) 219 (77w 222(7.6) 214 (7.3 243(65)ks 252 (6.2)s

IK  204(87): 17.7(8.3)» 10.0(8.9) 20.6(7.3)a 18.1(7.6)a 14.0 (6.6)s
kg NOIK 2L0(78) 217 (79w 228 (77 227 (770 248 (77)w 26.1(65)s

IK  27.2(10.6)a 23.3(8.3): 14.3(8.8)y 26.1(8.7)a 23.4(6.6). 18.6 (6.6)c

1 Significant differences between all tasks without IK.

2 Significant differences between all tasks with IK.

3 Significant differences between all tasks except HS and DK-S in both IK conditions.
4 Significant differences between all tasks except DK-S and PK-S without IK.

5 Significant differences between all tasks except HS and PK-S with IK.

6 Significant differences between all tasks except DK-S and PK-S with IK.
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Global optimization significantly decreased the peak abduction angle for the distal-lateral
and mid-lateral cluster in all tasks, and the distal-anterolateral and mid-anterolateral cluster
in DK but increased the peak abduction angle for the mid-anterolateral cluster in HS.

Table 5-10: Mean and standard deviation (in brackets) peak abduction moment for
each marker cluster and global optimization condition in each task. Numbers indicate
significant differences between tasks, described below the table. VValues with different
letters across a row indicate significant differences between marker clusters.

Task IK DA12 DAL:12 DL13 MA:1,2 MAL.:. ML.12

NoIK 1.4(0.6): 22(08)xc 26(L0)p  20(09)w 22(09)m 1.8 (0.7«

HS IK  1.9(0.9)s 1.7(0.8)n 2410« 22(09)s 1.7(0.6)a 1.9 (0.9)m
bk.s MNOIK 01(05) 0507k 08(LLp 0307  04(0.7w  04(08)

IK 05(06): 05(0.8)» 1.6(14p  05(0.9)a: 03(05).  1.0(L0)
s NOIK 08(09  L7(LLw 20(13)p  13(10) 14(11s  1.0(10)

IK  08(10): 11(14)ws 22(14)c 0811  09(1L0)»  1.5(L3)

1 Significant differences between all tasks with no IK.
2 Significant differences between all tasks with IK.
3 Significant difference between all tasks with 1K except HS and PK-S.

Global optimization significantly increased the peak abduction moment for the distal-
anterior cluster in HS and DK-S and the mid-lateral cluster in PK-S but decreased the peak
abduction moment for the distal-anterolateral and mid-anterolateral cluster in HS and PK-
S, and the mid-anterior cluster in PK-S.

Table 5-11: Mean and standard deviation (in brackets) peak adduction angle for each
marker cluster and global optimization condition in each task. Numbers indicate
significant differences between tasks, described below the table. Values with different
letters across a row indicate significant differences between marker clusters.

Task IK DA12 DALz DL12 MA13 MALz1:2 MLz,

NolK 11(32» 06(35)  0.7@27a -11(33) 0427 1.1(3.2)0

HS IK -81(75) -56(4.8)s -54(41)a -105(7.9p -5.7(4.0) -5.9(3.7)a
bk.s NOIK 88(4d.  97(44. 110(45p 794l  110(44)p 138(37)

IK  97(81): 7.6(7.9) 11(6.3) 9.4(8.3)a 81(54) 5.0 (4.7
pk.s NOIK 102(52w 114 (58w 127(53) 9.1(47w  121(53)p 156 (47)

IK  11.6(9.4): 98(7.6)w 42(7.2c 11.4(9.9)a 105(5.6)n 6.9 (5.8)

1 Significant differences between all tasks with no IK.
2 Significant differences between all tasks with IK.
3 Significant differences between all tasks with IK except for DK-S and PK-S.

Global optimization significantly decreased the peak adduction angle for all marker

clusters in HS, for the distal-lateral, mid-anterolateral, and mid-lateral cluster in DK-S, and
for the distal-lateral and mid-lateral cluster in PK-S.
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Table 5-12: Mean and standard deviation (in brackets) peak adduction moment for
each marker cluster and global optimization condition in each task. Numbers indicate
significant differences between tasks, described below the table. Values with different
letters across a row indicate significant differences between marker clusters.

Task IK DA123 DAL124 DL:1 MA1,2 MALz124 ML1
No IK -0.5(0.9)a 0.0 (0.4)nc -0.1 (0.7 -0.3 (0.7)c -0.1 (0.5)0c  -0.2 (0.7)nc

HS IK -08(0.6)a -0.6(0.6) -04(04) -09(0.6)a -0.7(0.7) -0.5(0.45)
bk.s MNOIK -16(12a -06(05)p -09(12w -13(12)s -0.9(08)w -11 (11

IK  -17(14) -13(1.2)a -04(06) -1.8(13)p -1.3(1.0) -0.6(0.7)
kg NOIK -09(09: -03(02)p -05(08p -0.6(08)kc -0.5(04) -0.6(06)

IK -1.4 (1.3)a -0.8(0.9)a  -0.3 (0.2)c -1.4 (1.2)a -0.9 (0.8)a -0.5 (0.6)nc
1 Significant differences between all tasks with no IK.
2 Significant difference between DK-S and HS with IK.
3 Significant difference between PK-S and HS with IK.
4 Significant difference between DK-S and PK-S with IK.

Global optimization significantly decreased the peak adduction moment for all clusters in
HS, for the distal-anterolateral, mid-anterior, and mid-anterolateral cluster in DK-S, and
distal-anterolateral, mid-anterior, mid-anterolateral, and mid-lateral cluster in PK-S but
increased the peak adduction moment for the distal-lateral and mid-lateral cluster in DK-S.

Table 5-13: Mean and standard deviation (in brackets) peak external rotation angle
for each marker cluster and global optimization condition in each task. Numbers
indicate significant differences between tasks, described below the table. VValues with
different letters across a row indicate significant differences between marker clusters.

Task IK DA14 DAL234 DL23s MA1.4 MAL14 ML1
HS No IK 9.4 (9.3)ac 6.3 (7.0)ab 4.1 (8.4)p 10.4 (9.2)c 6.5 (7.3)a 8.6 (10.1)a
IK 15.2 (8.2)a 12.8 (7.4) 9.5 (7.8)b 13.6 (9.2)a 115 (7.4) 9.9 (8.3)
DK-S No IK 11.8(10.8)a 5.8 (8.0)b 4.7 (12.2)0c  13.3 (12.4)a 9.5 (8.5)ac 11.8 (11.3)a
IK 19.8 (14.8)a 17.0(11.3)a 6.6 (11.0)c 21.4(13.9)a 16.8 (9.5)a  11.5(9.5)
PK-S No IK 14.6 (11.0)a» 12.7 (10.2)bc 8.5(12.5)c 16.2 (12.4)ar 15.3(10.2)a 15.0 (12.2)ab

IK  227(186)s 21.2(13.8): 10.8 (1250 24.3(19.8): 19.2(12.7) 14.4(13.9)

1 Significant differences between all tasks with no IK.

2 Significant differences between all tasks with no IK except for HS and DK.
3 Significant difference between HS and DK-S with IK.

4 Significant difference between HS and PK-S with IK.

5 Significant difference between DK-S and PK-S with IK.

Global optimization significantly increased the peak external rotation angle for the distal-

anterior, distal-anterolateral, mid-anterior, mid-anterolateral cluster in all movements and
the distal-lateral cluster in HS and PK-S.
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Table 5-14: Mean and standard deviation (in brackets) peak external rotation
moment for each marker cluster and global optimization condition in each task.
Numbers indicate significant differences between tasks, described below the table.
Values with different letters across a row indicate significant differences between
marker clusters.

Task IK DA12 DAL1245 DLu1ags MA: MAL1234 ML145
HS No IK 0.6 (0.3) 0.7 (0.3) 0.6 (0.3) 0.6 (0.3) 0.7 (0.3) 0.6 (0.3)
IK 0.6 (0.3)a 0.7 (0.3) 0.6 (0.3) 0.5 (0.3)b 0.7 (0.3) 0.6 (0.3)
DK-S No IK 0.5(0.2) 0.5(0.2) 0.4 (0.2) 0.4(0.2) 0.5(0.2) 0.5(0.2)
IK 0.5 (0.3)ab 0.5 (0.3) 0.3 (0.3)d 0.5(0.3)a 0.5 (0.3)ne 0.4 (0.2)c
PK-S No IK 0.5(0.2) 0.6 0.2) 0.5(0.2) 0.5(0.2) 0.6 (0.2) 0.5(0.2)

IK  06(04): 05(0.3)n 02(0.2) 05(0.4): 06(0.3): 0.3(0.3)

1 Significant difference between HS and DK-S without IK.

2 Significant differences between DK-S and PK-S without IK.
3 Significant difference between HS and PK-S without IK.

4 Significant difference between HS and DK-S with IK.

5 Significant differences between HS and PK-S with IK.

Global optimization significantly decreased the peak external rotation moment for the
distal-lateral and mid-lateral cluster in all tasks, and mid-anterior cluster in HS, and the
distal-anterolateral cluster in PK-S.

Table 5-15: Mean and standard deviation (in brackets) peak internal rotation angle
for each marker cluster and global optimization condition in each task. Values with
different letters across a row indicate significant differences between marker clusters.

Task IK DA DAL DL MA MAL ML

Hg  NOIK -111(62)w -130(7.6)c -17.8(6.9)s -98(84) -142(82)w -14.2(69)
IK -136(72) -12.8(7.6) -169(9.0)a -151(7.8) -12.4(6.9)  -12.8(6.8)s

bk.s NOIK 30(@3)»  -39(82c  -57(104)s 41(1L5) -12(88s  0.8(LL5)
IK  -1.0(11.3)a -1.6(9.3)»  -7.7(11.8)c 05(8.9)  -0.6(7.6)n  -4.3(8.9)
NolK 2.4(12.8)s  -52(152) -8.3(14.7p 24(135) -1.8(13.3)a 0.2 (12.9)«

PKS |k 04(158)  -11(172) -104(169) 10(17.0)s -12(174)  -6.7 (15.1)u

There was a main effect of task in which peak internal rotation angle was significantly
greater in HS (-13.6°) compared to both DK-S (1.5°) and PK-S (2.4°) for all clusters and
IK conditions (F = 45.15, p < 0.001, n? = 0.54).

Global optimization significantly decreased the peak internal rotation angle for the mid-
anterior cluster in HS, the distal-anterior, mid-anterior, and mid-lateral cluster in DK-S,
and mid-lateral cluster in PK-S. IK constraints significantly increased the peak internal
rotation angle for the distal-anterolateral cluster in DK-S and PK-S.
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Table 5-16: Mean and standard deviation (in brackets) peak internal rotation
moment for each marker cluster and global optimization condition in each task.
Numbers indicate significant differences between tasks, described below the table.
Values with different letters across a row indicate significant differences between
marker clusters.

Task IK DA:2 DAL: DL23 MA:2 MAL: ML2;3

HS No IK -0.2(0.2) -0.2 (0.2) -0.2 (0.2) -0.2 (0.2) -0.1(0.2) -0.2 (0.2)
IK -0.3(0.2)as -0.2(0.2)ace -0.3(0.2)ca -0.3(0.2)ac  -0.2 (0.2)bst -0.3 (0.2)er

DK-S No IK 0.0(0.2) 0.1(0.2) 0.0 (0.2) 0.0 (0.3) 0.1(0.2) 0.0 (0.2)
IK -0.3(0.3)a -0.3(0.3) -0.3(0.2)a -0.4 (0.3)n -0.2(0.3) -0.3(0.2)a

PK-S No IK -0.2(0.4) 0.0 (0.3) -0.1(0.4) -0.1(0.4) 0.0 (0.3) -0.2 (0.3)

IK  -03(0.3)w -02(0.3): -04(0.3) -04(0.3)ca -0.3(0.3)ca -0.4(0.3)a

1 Significant differences between all tasks without IK.
2 Significant differences between all tasks except HS and PK-S without IK.
3 Significant differences between all tasks except HS and DK-S with IK.,

Global optimization significantly decreased the peak internal rotation moment for all
marker clusters and tasks.
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