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ABSTRACT OF THE DISSERTATION

The Development of a Low-Cost Motion Capture
System for Quantitative Clinical Assessments

by

Julia Kathryn Nichols
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2016
Professor Vijay Gupta, Chair

Orthopaedic surgery is currently a field that is reactive, rather than proactive.
A movement screening tool could help identify individuals at risk for anterior
cruciate ligament (ACL) injury before injury occurs and decrease the long term
risk of osteoarthritis (OA). At present, accurate movement monitoring systems are
prohibitive in cost and size to be practical and accessible to the general population.
Current commercially available low-cost and more accessible systems lack the

accuracy needed for clinical relevance.

To address these limitations, we have developed more accurate Low-Cost
Movement Assessment Systems (LCMAS). We enhanced the retroreflective marker
detection capabilities for the Microsoft Kinect depth camera (LCMAS-Single) and
applied kinematic and kinetic calculations to the skeleton generated from the Mi-

crosoft Kinect2 depth camera (LCMAS-2).

Next, we laid out a detailed test-retest reliability study utilizing intraclass cor-
relation coeflicients (/CC), smallest detectable differences (SDD), Bland-Altman
plots, minimal clinically important difference (M C1D), and root mean squared
(RMS) difference to assess the performance of our low-cost systems relative to

the gold standard Vicon system for detecting kinematic and kinetic metrics asso-
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ciated with knee injury risk. Our study encompassed the evaluation of the drop
vertical jump (DVJ), double leg squat (DLS), and single leg squat (SLS). This
methodology can be applied to evaluating any new system of measurement to the

corresponding industry gold standard system.

Our LCMAS-Single and LCMAS-2 have repeatable measures and S D D smaller
than the M CID values from the scientific literature between at-risk and normal
populations for six and eight metrics, respectively. These metrics include hip an-
gle, knee angle, knee moment, and center of mass position. This outcome enables

the use of both systems as screening tools for ACL injury risk and rehabilitation.

Finally, we evaluate our envisioned clinical utility by implementing a litera-
ture based algorithm to assess combined motion and again compare the low-cost

systems to the industry gold standard with a test-retest reliability study.

We have demonstrated the potential for a clinically-relevant, accurate, low-
cost movement assessment tool that can revolutionize orthopaedic medicine by

shifting the focus from reactionary to preventative.
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Part I

Background



CHAPTER 1

Introduction

1.1 Motivation

In order to complete my Ph.D. training and gain the knowledge to analyze and as-
sess human movement, I sought out a Biomechanics research group at University
of California, San Francisco (UCSF). I collaborated with the UCSF Department
of Orthopaedic Surgery and the UC Berkeley (UCB) Department of Mechani-
cal Engineering on research that involves assessing and quantitatively monitoring
movement in 3-dimensions for injury risk and recovery on a widely accessible
platform. In the future, I hope to expand this work into a broader scope of ap-
plications, including evaluations in clinical practice, physical and occupational
therapy, ergonomics, and sports. I am especially excited to work on a highly clin-
ically relevant project and be able to improve patients’ movement, function, and

quality of life.

My background in elite athletics has provided insight and piqued my interest
in helping others in the field of Biomechanics. Anterior cruciate ligament (ACL)
injury is particularly widespread. I am personally motivated to explore reducing
ACL injury rates as several of my immediate family members have been afflicted,

and females are 4-6 times more likely to suffer an ACL injury [3].



1.2 Terminology and Anatomy

To understand and the interdisciplinary work presented in this dissertation, it is
important to be familiar with terminology and anatomy relating to the human

body. This section presents an overview of this material.

1.2.1 Anatomical Planes and Directions

Three primary orthogonal planes are associated with the body, Figure 1.1. Ter-

minology according to Moses et al. [77]:

Anatomical Planes:

Median (sagittal) plane - a vertical plane that divided the body into left and
right halves;

Frontal (coronal) plane - a vertical plane oriented at 90° to the median plane
that divides the body into front (anterior) and back (posterior) sections;
Horizontal (transverse or axial) plane, which divides the body into upper

(superior) and lower (inferior) sections;

Descriptive Terms:

Anterior (ventral) - towards the front of the body;

Posterior (dorsal) - towards the back of the body;

Superior (cranial) - towards the head,;

Inferior (caudal) - towards the feet;

Medial - towards the midline of the body;

Lateral - away from the midline of the body;

Proximal - toward the point of origin, root, or attachment of the structure;

Distal - away from the point of origin, root, or attachment of the structure;
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Figure 1.1: Schematic of the anatomical position with anatomical planes and tra-
ditional terminology. Based on Chaffin and Andersson [23, Figure 4.1, p. 80].

Image was composed using OpenSim [31].



1.2.2 Kinematic Conventions

General terms for movement according to Chaffin and Andersson [23]:

Flexion - Movement involving the bending of a joint whereby the angle between
the bones is diminished; the opposite of extension (except at shoulder);
Extension - The position of the joints of the extremities and back when one
stands at rest, or the direction of motion that tends to restore this position; the
opposite of flexion;

Adduction (varus) - Motion toward the midline. Decreases the angle between
a limb and the sagittal plane;

Abduction (valgus) - Motion away from the midline. Increases the angle be-

tween a limb and the sagittal plane.

In addition, Moses et al. [77] describe:

Medial (internal) rotation - turns the anterior surface medially or inward;
Lateral (external) rotation - turns the anterior surface laterally or outward,;
Supination - lateral rotation of the limb (e.g. the palm starts the movement
facing down and ends the movement facing up);

Pronation - medial rotation of the limb (e.g. the palm starts the movement
facing up and ends the movement facing down);

Inversion - movement of the foot so that the sole faces medially;

Eversion - movement of the foot so that the sole faces laterally.

The standard anatomical position and traditional terminology are illustrated

in Figure 1.1. Specific joint terminology is illustrated in Figure 1.2.

These terms all apply to the clinical description of motion. In motion capture
joint angles are interpreted as a series of three rotations to transform from a

segment coordinate system on one side of the joint to the segment coordinate
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Andersson [23, Figure 4.4, p. 86]. Images were composed using OpenSim [31].

system on the other side of the joint. The joint coordinate system and angles

are explained in more detail in Chapters 3 and 4. It is also important to note



that there is some translation present in joints. The techniques dealt with in this
dissertation do not broach this aspect of joint movement. The interested reader
is directed to start with Grood and Suntay [45] who include translational degrees

of freedom between limb segments.

1.2.3 Anatomy of the Knee

According to Chaffin and Andersson [23, pp. 15, 44, 45]:

Ligaments and tendons are dense connective tissues similar in mor-
phology and function. Ligaments connect bone to bone, providing
stability at joints, while tendons attach muscles to bone, transmitting
forces from the muscles....

A joint is a union of two or more bones. ... [In] synovial joints... there
is no tissue between the articular (joint) surfaces... Most joints are
synovial...

Many joints have discs of fibrocartilage to protect and support them.
Examples are the menisci of the knee joint, which serve to distribute

load and protect the articular cartilage.

The four bones in the synovial knee joint are the femur, tibia, fibula, and patella.
Four major ligaments of the knee are the anterior cruciate ligament (ACL), the
posterior cruciate ligament (PCL), the medial (or tibial) colateral ligament (MCL),
and the lateral (or fibular) colateral ligament (LCL).

Details and function of ligaments and menisci are listed in Table 1.1 and pic-

tured in Figure 1.3.



Table 1.1: Select major structures of the knee joint based on information from

Moses et al. [77, p. 530].

m Attachment Movement limited M

MCL Medial epicondyle of femur to Limits extension, Deeper fibers are
medial condyle and shaft of tibia hyperflexion, and firmly attached to
lateral flexion medial meniscus
LCL Lateral epicondyle of femur to Limits hyperextension  Separated from lateral
lateral surface of head of fibula  (is relaxed in flexion) meniscus by tendon
of popliteus
ACL Anterior part of intercondylar Limits extension, Slack when the knee is
area of tibia; extends superiorly, lateral rotation, and fully flexed, and taut
posteriorly, and laterally to posterior slipping of when the knee is fully
posterior part of medial side of  tibiaon femur extended
lateral condyle of femur
PCL Posterior part of intercondylar Tautin full flexionand  In the weightbearing
area of tibia; extends superiorly, lateral rotation, limits  flexed knee, it
and medially to anterior part of  posteriorslipping of stabilizes the femur
lateral surface of medial condyle tibia on femur
of femur
Medial Anteriorend attaches to Deepens the medial Cresent-shapped and
meniscus anteriorintercondylar area of condyle of the tibia firmly adherent to the
tibia; posterior end attached to deep surface of tibial
posteriorintercondylararea collateral ligament
Lateral More freely movable, through Deepens the lateral Nearly circular,
meniscus the posterior meniscofemoral condyle of the tibia separated from the

ligament, it is attached to the
medial condyle of the femur

fibular collateral
ligament
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Figure 1.3: Schematic of bones, major ligaments, and menisci of the right knee

joint, anterior lateral view. Image obtained from the public domain.

1.2.4 Musculature of the Lower Extremities

The prior section discussed passive joint stabilizers. In this section we discuss
muscles, the active joint stabilizers. According to Chaffin and Andersson [23,

pp. 26,88]:

Skeletal muscle constitutes almost 50% of the body weight. There
are several hundred muscles within the body, each with special func-
tion. In general, they all serve to generate moments about the joints...
Muscles are attached to bone by tendons and cross one or several
joints. They are under the direct control of the voluntary nervous

system, sometimes referred to as the somatic nervous system. The

9



unique property of muscle is that it can contract. When contraction
is initiated through the nervous system, the muscle either shortens,
producing a movement at the joint, or contracts without shortening,
providing stability...

When the muscle is extremely shortened, it cannot produce a useful
amount of tension. If gravity or tissue compression causes resistance
to extreme rotation of a body segment, then joint motion can be lim-
ited by the diminished force capacities of the muscles. When a muscle
acts about only one joint, the described limitation to joint motion is
not great. Unfortunately, many joints are spanned by two-joint mus-
cles, and thus the mobility at one joint depends to some degree on the

position of an adjacent joint.

A compilation of lower extremity muscles and their respective functions are listed
in Table 1.2. For a more comprehensive list and description of lower extremity
muscles, the interested reader is referred to an anatomy text book such as Moses

et al. [77].

Table 1.2: Action of major muscle groups on the hip and knee. Based on Bartel

et al. [5, Table 1.2, p. 13].

Lo | Acion | Musces/MuscleGroups

Hip Flexion Illiacus, psoas major
Extension Hamstrings, gluteus maximus
Abduction Abductors (gluteus minimus, gluteus medius, etc.)
Adduction Adductors (adductor magnus, adductor longus, etc.)
Knee Flexion Hamstrings, gastrocnemeus
Extension Quadriceps femoris

Note: Hamstrings consist of three different muscles (semitendinosus, semimembranosus, and
biceps femoris);

Quadriceps consists of four different muscles (rectus femoris, vastus lateralis, vastus medialis, and
vastus intermedius).

10



1.3 Anterior Cruciate Ligament Injury Incidence and

Prevalence

One in 3000 individuals in the US sustain an ACL injury, accounting for 100,000
injuries annually [33]. Seventy percent of these injuries are due to non-contact
mechanisms [44], with kinematic abnormalities suggested to be an important root
cause of these injuries [6, 87]. Long-term studies on ACL-reconstructed patients
show that 10-15 years after surgery, 50% to 70% of these patients develop knee
osteoarthritis (OA) [119]. Furthermore, the patients with post-traumatic knee
OA are, on average, 15 to 20 years younger than patients with primary knee
OA. Thus, ACL injury is serious, wide-spread, and has potentially preventable

kinematic profiles.

1.4 Injury Mechanism and Neuromuscular Retraining

Knee injury risk is influenced by both extrinsic and intrinsic factors. Extrinsic
factors include the sports competition level, physical and visual perturbations,
bracing, equipment, playing surface. Intrinsic risk factors include age, gender,

anatomy, prior injury, neuromuscular control, and biomechanical patterns [33, 49].

Some terminology according to Swanik et al. [114] and references therin in-

clude:

Proprioception refers to conscious and unconscious appreciation of
joint position, while kinesthesia is the sensation of joint motion or
acceleration [78]. These signals are transmitted to the spinal cord via
afferent (sensory) pathways. The efferet (motor) response to sensory

information is termed neuromuscular control [56].

Of the intrinsic factors we recognize the potential to impact neuromuscular

11



control to improve active stiffness and biomechanical patterns. According to
Hewett et al. [49] studies that look at neuromuscular control include those that in-
vestigate antagonist-agonist relationships [50, 51, 111, 123], lower extremity mus-
cle activation patterns [8, 54, 73, 128], decreased proprioception [61, 105, 106],
imbalanced medial-lateral muscle firing patterns [37, 65, 68, 72, 82, 102], and
increased fatigue [92, 123]. Some studies look at biomechanical patterns that at-
tempt to identify identify kinematic and kinetic differences that elevate injury
risk. In their review article Hewett et al. [49] included several examples including
center of mass relative to base of support [115], sagittal and frontal plane me-
chanics [30, 37, 50], side-to-side imbalances in neuromuscular strength, flexibility,
and coordination [7, 50, 65], increased ACL strain [39, 58, 69, 72], increased ankle
eversion [38], valgus collapse [12, 48, 58], increased hip internal rotation and de-
creased hip muscle activation [9, 66, 72|, and knee internal and external rotation

motion and torques [76].

An example of combined kinematic motions, defined as dynamic valgus [50],
is a theory of deficiencies in nueromuscular control that increase ACL injury risk,

Figure 1.4.

While many knee injury risk factors are not modifiable, multiple studies have
demonstrated that improving neuromuscular control of muscles (including those
listed in Table 1.2) can improve ACL injury risk [26, 86, 88|, [21, 35] via [44],
[47, 71, 89] via [46] and symptoms of knee OA [109]. However, a primary challenge
in reducing injury rates is determining the proper algorithm to identify at-risk

individuals so they can be enrolled in neuromuscular training programs [44].

12
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Figure 1.4: Combined kinematic motions resulting in dynamic valgus [50]. Image

was composed using OpenSim [31].

1.5 Maneuvers and Literature Values for Detecting

Deficiencies

Measures of function and disability include performance-based clinical assess-

ments, such as the double leg squat (DLS), single leg squat (SLS), and drop

vertical jump (DVJ).

During these maneuvers, trained clinicians can visualize certain lower extrem-

ity movements that suggest neuromuscular deficits and increase injury potential.
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Joint kinematics, kinetics, and muscular activation can be quantified by using
laboratory-based screening tools such as motion capture and electromyographic
(EMG) systems. Several studies [13, 17, 29, 42, 50, 52, 83, 84, 85, 120, 126, 129]
have used these assessment exercises and tools for evaluating movement devia-

tions.

Another metric, popular in gait studies exploring fall mechanisms, is the dy-
namic balance metric of displacement of center of mass relative to base of support
[127]. We believe that this metric could also be interesting to measure in relation

to ACL injury risk screening.

1.5.1 Double Leg Squat

The double leg squat (DLS) is the least demanding of the screening tasks discussed
here. For the DLS, the participant is asked to stand with their feet parallel and
shoulder-width apart, then perform squats by bending the knees while keeping
the back straight, and to bend the knees no further than was comfortable, while

attempting to keep their heels in contact with the ground [116], Figure 1.5.

V/

=

Figure 1.5: Double leg squat. Image was composed using OpenSim [31].
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1.5.2 Single Leg Squat

A more demanding maneuver is the single leg squat (SLS), Figure 1.6. The SLS
allows independent examination of the right and left lower extremities and is a
popular evaluation maneuver for ACL studies [29, 52, 120, 126, 129]. To perform
the SLS, the participant looks straight ahead and first stands on one leg with the
opposite knee flexed to approximately 90°. Then the individual squats down, as
far as they feel comfortable and without losing balance, on the weight-bearing limb
in a slow and controlled manner. Finally, they complete the continuous motion

by returning to the starting position.

Figure 1.6: Single leg squat. Image was composed using OpenSim [31].

1.5.3 Drop Vertical Jump

A higher impact and more demanding screening maneuver in studies, used by
Hewett and Myer [50], is the drop vertical jump (DVJ), Figure 1.7. For the DVJ,
the participant initially stands upright at rest on a 31 cm high box. They are

instructed to drop off the box onto a horizontal surface and immediately perform

15



a maximum vertical jump, as if they were executing a basketball rebound. The
stance/impact phase was defined as the participant’s initial contact with the force
platform following the drop (Stage II), to the take-off for the maximum vertical
jump (Stage IV). Other studies (e.g. Goerger, Padua et al. [42]) have used a

similar jump landing (JL) maneuver.

1.5.4 Performance Metrics from Prior Studies

Performance metrics from prior studies in the scientific literature are presented in
Tables 1.3 and 1.4. In these tables the first column contains a list of parameters
sorted by type (e.g. Kinematic, Kinectic, Other), and then joint (e.g. hip, knee,
ankle). The other major columns are headed by a letter that corresponds to
a study in the scientific literature. In these columns mean values and either the
standard deviation or the standard error of the mean for one or more of the metrics
are presented for low injury risk and high injury risk groups. The definitions of

these groups vary by study and are denoted in the Comparison row of these tables.

In order to evaluate a person performing the previously discussed maneu-
vers and draw meaningful conclusions, we look to prior studies reported in the
scientific literature. According to Crossley [28], “The minimal clinically impor-
tant difference quantifies the minimal difference that patients or practitioners
consider clinically important and thus will indicate a relevant change in the pa-
tient’s symptoms.[2, 55]” We will take our minimal clinically important differences
(MCID) to be the difference between mean values in the literature data for low
injury risk and high injury risk groups. The MCID values associated with the

metrics from prior studies are presented in a similar format in Tables 1.5 and 1.6.
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1.6 Addressing Current Limitations in Technology and

Accessibility

Current assessment tools have major limitations. Clinical tests are subjective,
difficult to implement, and lack of normative data for test results interpretation.
Laboratory-based screening tools require dedicated facilities, trained personnel,
and expensive equipment [81]. As a result, performance-based tests can be sensi-
tive to neuromuscular deficits that create risk, but are difficult to implement on

a wide scale.

In addition to laboratory-based functional assessment tools, other products,
such as Wii Fit, Your Shape, and Kinect Sports, are highly accessible but lack the
accuracy needed to reliably measure improvements in function and performance.
Low-cost ($150), commercially available depth cameras have attracted attention
from the biomechanics community as a potential measurement tool for use in clini-
cal and sports-related analysis of gait, posture, and human performance. Common
brands of these depth cameras include the ASUS Pro and Microsoft Kinect, Figure
1.8.

Figure 1.8: Depth cameras. Note: ASUS Pro (left) and Microsoft Kinect (right).

Unfortunately, because built-in body position estimates are generated using
statistical learning algorithms rather than direct measurements, they are insuf-
ficiently accurate to enable detailed biomechanical analyses, Figure 1.9. Cur-
rent comparisons only evaluate slow large maneuvers [14] or limited kinematics

(93, 113], and direct application of the raw 3D pose data lacks the accuracy to
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be clinically relevant [57]. To overcome these limitations, we have developed
computer vision enhancements and novel software tools that improve the way
the depth camera acquires, processes, and interprets human movement data and
enables the recognition of 3D human body position with low-cost commercially

available depth cameras.

Figure 1.9: Ezample of 3D pose estimation (skeleton) overlaid on RGB image

captured from the Microsoft Kinect during a SLS maneuver.
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1.7 Significance

Orthopaedic surgery is currently a field that is reactive, rather than proactive.
A movement screening tool could help identify at risk individuals before injury
occurs and decrease the long term risk of OA. At present, accurate movement
monitoring systems are prohibitive in cost and size to be practical and accessible
to the general population. Current commercially available low-cost and more
accessible systems lack the accuracy needed for clinical relevance. The result of

this current study paves the way for a breakthrough in preventative medicine.
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CHAPTER 2

Motion Capture

2.1 System Function

Our studies were conducted at the UCSF Human Performance Center (HPC).
The space is calibrated prior to subject data capture. Forty-eight retro-reflective
spherical markers, 14 mm in diameter, are positioned on the participant on key
bony landmarks and laterally on limb segments in rigid clusters of four markers.
Three-dimensional kinematic data were collected at 250 Hz by an infrared 10-
camera system (Vicon, Oxford Metrics, UK). Kinetic data were collected at 1000
Hz by two embedded force platforms (AMTI, Watertown, MA USA). All data
collection is synchronized. The position of passive retro-reflective markers within
the collection volume is located using the multiple cameras and direct linear trans-
formation (DLT) [1, 74, 101]. A static trial is captured for a reference posture and
baseline participant metrics, including weight, followed by the capture of dynamic

trials.

2.1.1 Marker Sets

Calibrations marker positions from the static standing trial were used to estab-
lish local coordinate systems for each segment (see Section 2.2.1). The relative
position and orientation of tracking markers associated with each segment are
also identified. These tracking markers are used to locate that segment’s position

and orientation during the dynamic trials. Marker sets with type and segment
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association are pictured in Figure 2.1 and listed in Table 2.1.

Marker Type:

. Calibration
@ Calibration/Tracking
@ Tracking

Figure 2.1: Marker locations. Image was composed using OpenSim [31].
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P-Vicon

Table 2.1: Marker Names with locations and type of use in model.

# Marker Name Description Segment Type

1T 'AR’ Top of the T on the Participant’s Right Ground T Reference

27T 'CTop' Top of the T in the center Ground T Reference

3T ‘AL’ Top of the T on the Participant’s Left Ground T Reference

47 'CBot’ Bottom of the stem of the T Ground T Reference
1 'R_Acro' Rightacromion Torso Calibration/Tracking
2 'sa) Sternoclavicular Joint Torso Tracking
3 'L_Acro' Leftacromion Torso Calibration/Tracking
4 'R_IC Rightiliac crest Torso/Pelvis Calibration/Tracking
5 'LIc Leftiliac crest Torso/Pelvis Calibration/Tracking
6 'R_GTro' Right Greater Trochanter Pelvis/Right Thigh Calibration/Tracking
7 'L_GTro' Left Greater Trochanter Pelvis/Left Thigh Calibration/Tracking
8 'R_ASIS' Right Anterior-superior iliac spine Pelvis Tracking
9 'L_ASIS' Left Anterior-superioriliac spine Pelvis Tracking

10 'R_Mid_Thigh' Right Mid-Thigh Right Thigh Tracking

11 'L_Mid_Thigh' Left Mid-Thigh Left Thigh Tracking

12 'R_PS_T Right Posterior-superior thigh Right Thigh (cluster) Tracking

13 'R_PLT Right Posterior-inferior thigh Right Thigh (cluster) Tracking

14 'L_PS_T' Left Posterior-superior thigh Left Thigh (cluster) Tracking

15 'LPLT Left Posterior-inferior thigh Left Thigh (cluster) Tracking

16 'R_LAS_T Right Anterior-superior thigh Right Thigh (cluster) Tracking

17 'R_ALT Right Anterior-inferior thigh Right Thigh (cluster) Tracking

18 'LAST Left Anterior-superior thigh Left Thigh (cluster) Tracking

19 L ALT Left Anterior-inferior thigh Left Thigh (cluster) Tracking

20 'R_Lat_Epi' Right Lateral-epicondyl Right Thigh/Right Shank Calibration/Tracking

21 'L_Lat_Epi' Left Lateral-epicondyl Left Thigh/Left Shank  Calibration/Tracking

22 'R_Med Epi' Right Medial-epicondyl Right Thigh/Right Shank Calibration

23 'L_Med_Epi' Left Medial-epicondyl Left Thigh/Left Shank Calibration

24 'R_TibTu' Right Tibial-tuberosity Right Shank Tracking

25 'L _TibTu' Left Tibial-tuberosity Left Shank Tracking

26 'R_PS S Right Posterior-superior shank Right Shank (cluster) Tracking

27 'R_PLS' Right Posterior-inferior shank Right Shank (cluster) Tracking

28 'L_PS_S' Left Posterior-superior shank LeftShank {cluster) Tracking

29 'L_PI_S' Left Posterior-inferior shank Left Shank {cluster) Tracking

30 'R_LAS_S' Right Anterior-superior shank Right Shank {cluster) Tracking

31 'R_ALS' Right Anterior-inferior shank Right Shank (cluster) Tracking

32 'LLAS S Left Anterior-superior shank Left Shank {cluster) Tracking

33 'L_ALS' Left Anterior-inferior shank Left Shank (cluster) Tracking

34 'R_Lat_Mal' Right Lateral-malleolus Right Shank/Right Foot Calibration/Tracking

35 'L _Lat_Mal Left Lateral-malleolus Left Shank/Left Foot  Calibration/Tracking

36 'R_Med_Mal' Right Medial-malleolus Right Shank/Right Foot Calibration

37 'L_Med_Mal' Left Medial-malleolus Left Shank/Left Foot Calibration

38 'R_5th_Met' Right 5t Metatarsal Right Foot Calibration/Tracking

39 'L_5th_Met' Left 5t Metatarsal Left Foot Calibration/Tracking

40 'R_Arch' Right Arch Right Foot Tracking

41 'L_Arch' Left Arch Left Foot Tracking

42 'R_1st_Met' Right 15t Metatarsal Right Foot Calibration

43 'L 1st Met' Left 15t Metatarsal Left Foot Calibration

44 ‘R_PS_Heel Right Posterior-superior heel Right Foot Tracking

45 ‘R_PI_Heel' Right Posterior-inferior heel Right Foot Tracking

46 'L_PS_Heel' Left Posterior-superior heel Left Foot Tracking

47 'L_Pl_Heel' Left Posterior-inferior heel Left Foot Tracking

48 'L5 S1' L5-S1 Pelvis Tracking
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2.2 Data Processing

The markers in the static and dynamic trials are labeled in Vicon Nexus soft-
ware, Figure 2.2a, and run through a custom pipeline that exports the data for
processing in Visual3D (C-Motion, Germantown, MD, USA). In Visual3D a se-
ries of custom pipelines start by importing the marker trajectory data, as well as
center of pressure location, ground reaction force and free moment data from the

synchronized force platforms.

In order to perform pose estimation, kinematics and kinetics, custom model
files construct a rigid segment representation of the participant based on the bony-
landmark calibration markers, see Section 2.2.1. These rigid segments have mass
and inertial properties based on Dempster’s body segment parameters and Hana-
van’s frustum of right circular cones and elliptical cylinders, as well as individual
coordinate systems [101], Figure 2.2b. From the static reference posture, the seg-
ment coordinate systems (or local coordinate systems) are oriented with the first
axis (X, red) in the medial/lateral direction with the participant’s right as posi-
tive, the second axis (Y, green) is the anterior/posterior direction with anterior as
positive, and the third axis (Z, blue) in the superior inferior direction with supe-
rior as positive. Three or more noncolinear tracking markers locate each segment’s
position and orientation throughout the laboratory space. In our case, we have
used a combination of individual markers and noncolinear clusters of markers at-
tached to rigid plates as tracking markers. The light blue sphere is the composite

center of mass for the model.

2.2.1 Segment Coordinate System Definitions

The segment coordinate system are pictured in Figure 2.3 and defined as follows:
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Participant_1_static @

e

Figure 2.2: Pictorial representations of motion capture models, (a) labeled markers
from Vicon capture, and (b) segment visualization with frustum of right circular

cones and coordinate systems in Visual3D.

Torso

Using a least-squares fit, a segmental frontal plane is fit to the 2 acromion
and 2 iliac crest markers. The inferior torso center is defined as the midpoint be-
tween the iliac crest markers. The superior torso center is defined as the midpoint
between the acromion markers. Thus, the superior-inferior axis, Zgg,so, i de-
fined as passing between the inferior torso center and superior torso center on the
segmental frontal plane, and points towards the superior direction. The anterior-

posterior axis, Yrorso, 1S chosen to be normal to the segmental frontal plane and

29



Figure 2.3: Model segments visualizations in Visual3D: (a) torso; (b) pelvis; (c)
right thigh; (d) right shank; (e) right foot; (f) right virtual foot.

points towards the anterior direction. The medial-lateral axis, Xr,,s0, is mutually
perpendicular to Yrors0 and Zreso, and is positive in (or points towards) the

lateral direction for the right side.
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Pelvis

Using a least-squares fit, the pelvis frontal plane is fit to the 2 iliac crest and 2
greater trochanter markers. The inferior pelvis center is defined as the midpoint
between the greater trochanter markers. The superior pelvis center is defined as
the midpoint between iliac crest markers. Thus, the superior-inferior axis, Z peis,
is defined as passing between the inferior pelvis center and superior pelvis center
on the segmental frontal plane, and points towards the superior direction. The
anterior-posterior axis, Y peis, iS chosen to be normal to the pelvis frontal plane
and points towards the anterior direction. The medial-lateral axis, X pgjyis, iS mu-
tually perpendicular to Y peyis and Zpepis, and is positive in (or points towards)

the lateral direction for the right side.

Thigh

To elaborate further on the specification of the basis vectors, we next consider
the thigh. A virtual point, “mid-trochanter”, is identified midway between the
contralateral and ipsilateral greater trochanter markers. Using a least-squares fit,
the femoral frontal plane is fit to the femoral medial and lateral epicondyle mark-
ers, the greater trochanter marker, and the “mid-trochanter” virtual point. The
hip center is defined as the midpoint between the greater trochanter marker and
“mid-trochanter” virtual point. The knee center is defined as the midpoint be-
tween femoral medial and lateral epicondyle markers. Thus, the superior-inferior
axis, Zrnign, is defined as passing between the hip center and knee center on the
femoral frontal plane, and points towards the superior direction. The anterior-
posterior axis, Yruign, is chosen to be normal to the femoral frontal plane and
points towards the anterior direction. The medial-lateral axis, Xrpigp, is mutually
perpendicular to Yrpign and Zrpign, and is positive in (or points towards) the

lateral direction for the right side.
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Shank

The corotational basis for the shank is specified by first fitting the tibial frontal
plane to tibial medial and lateral malleolus markers, and femoral medial and lat-
eral epicondyle markers. Again, a least-square fit is used. The ankle center is
defined as the midpoint between tibial medial and lateral malleolus markers. The
superior-inferior axis, Zgpank, is defined to pass between the knee center and ankle
center on the tibial frontal plane and is positive in the superior direction. The
anterior-posterior axis, Y gnank, is normal to the tibial frontal plane and is positive
in the anterior direction. The medial-lateral axis, Xgpank, is mutually perpendic-

ular to Y spank and Zigpanr and is positive in the lateral direction for the right side.

Foot

For the Foot segment the coordinate system assignment is modified from the
convention above to retain a coordinate system alignment in the neutral (static)
posture. Using a least-squares fit, a segmental plane is fit to the medial and lateral
malleolus markers and the 1st and 5th metatarsal markers. The distal toe center
is defined as the midpoint between the metatarsal markers. The proximal ankle
center is defined as the midpoint between malleolus markers. For neutral align-
ment, the anterior-posterior axis, Y oo, is defined as passing between the ankle
center and toe center on the segmental plane, and points towards the anterior di-
rection. The superior-inferior axis, Zg.q¢, is chosen to be normal to the segmental
plane and points towards the superior direction. The medial-lateral axis, X gy, is
mutually perpendicular to Y poor and Zg,e, and is positive in (or points towards)

the lateral direction for the right side.

Virtual Foot

Virtual foot segments are also calculated using projections of the malleolus and
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metatarsal markers onto the ground plane. The axis assignments are the same as

in the Foot, simply substituting the projected markers for the actual markers.

2.2.2 Model Choice

Generally a six-degree-of-freedom (DOF) or Segment Optimization model is used
where each segment has 6-DOF in space. The position and orientation of each
segment is located by using a least squares fit of the tracking markers on that
segment relative to the tracking markers in the standing static trial [101]. Some
laboratories choose to employ the Inverse Kinematic (IK) or Global Optimization
[70, 118] model where you can constrain the degrees of freedom of each segment.
One method is to allow the parent pelvis segment 6-DOF and then constrain

translation degrees of freedom on child segments.

For our Industry Gold Standard Data we have employed the 6-DOF model.
The custom pipelines are set up to calculate and export marker locations, lower
extremity (LE) joint angles, forces, and moments. Joint angles are calculated
from the rotation between the proximal and distal coordinate system. Joint forces
and moments are calculated using standard inverse dynamics, with the internal
forces and internal moments reported in the proximal, distal, and joint coordinate
system. In addition, the pipelines export the center of mass of the model and

force plate data comprising of force, free moment, and center of pressure.

2.2.3 Sign Conventions

The sign conventions used with kinematic and kinetic metrics are based on right-

handed segment coordinate systems and are listed in Table (2.2).
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Table 2.2: Sign conventions used with kinematic and kinetic metrics.

Angles and Moments

Right Left
Internal Internal
Extension Adduction Rotation Extension Adduction Rotation
(X) (Y) (Z) (X) (Y) (Z)
Hip - + + - - -
Knee + + + + - -
Ankle - + + - - -
Forces
Right Left
Lateral Anterior Superior Lateral Anterior Superior
(X) (Y) (Z) (X) (Y) (Z)
Hip + + + - + +
Knee + + + - + +
Ankle + + + - + +

2.2.4 Units and Normalization

Angles are reported in units of degrees and are obtained from the calculation of
rotating from the coordinate system of the proximal segment to the coordinate
system of the distal segment in a 1-2-3 sequence of Euler angles. Since angles
are described as a combination of three rotations they cannot simply be added
or subtracted for normalization. For the ankle we used the strategy of a virtual

foot segment for the distal segment as described in Section 2.2.1. More details on

rotations are covered in Chapters 3 and 4.

Forces are reported in units of N, as well as normalized to be dimensionless

by dividing by participants mass (Kg) and gravity (m/s?).
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Moments are reported in units of Nm, as well as normalized to be dimension-
less by dividing by participants mass (Kg), gravity (m/s?), and leg length in (m).
Leg length was chosen over height because 1) we are focusing on lower extremity
mechanics, and 2) we could rely on metrics generated through motion capture

from marker data.

2.2.5 Data Filtering

Originally we simply applied filtering to marker trajectory data. Due to marker
dropout in our low-cost systems and the resultant impact on both the 6-DOF and
IK models, we investigated other accepted practices. C-Motion maintains a well
documented wiki on Visual3D. A suggested solution is to refrain from filtering
data until after joint angles, moments, and forces are calculated and then filter
these metrics [18]. We wanted to handle the Vicon data and the low-cost system
data in the same fashion, so this filtering tactic is used in our analysis of the Vicon

data.

In post processing, kinematic and kinetic metrics are filtered according to
Winter’s analysis of residuals [122]. The residual, R, is evaluated at a range of

cutoff frequencies, f., in the following calculation (2.1):

RO =y 3 0 (6= K02 2.)

Where f. is the cutoff frequency of the bi-directional fourth-order zero-lag low-
pass butterworth filter, /V is the number of data points, X; is the raw data of the

ith sample, X; is the filtered data of the ith sample.

Signal distortion and noise passing through the filter are balanced at the se-
lected cutoff frequency, Figure 2.4. An analysis of residuals was performed using
MATLAB (MathWorks, Natick, MA, USA) on kinematic and kinetic data. Ac-
cording to van den Bogert, all signals should be filtered with the same parameters
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[18, 117]. We determined that our gold standard Vicon data be filtered at 12 Hz

for kinematic and kinetic metrics.

Residuals
N

1t selected cutoff .
frequency
““““““““ e e ] e ___NOISE passed th:rough filter
0 1 1 1 L
0 5 10 15 20 25
Cutoff Frequency (Hz)

Figure 2.4: Analysis of residuals to determine cutoff frequency in kinematic data

filtering. Note: Here the ezample metric is Knee Flexion Angle in units of degrees.

2.2.6 Repetition Identification

For the dynamic trials, we needed to define the beginning and end of each repeti-
tion. This definition is dependent on the type of maneuver. The DVJ starts with
the participant standing on top of a 31 cm high box, not in contact with the force
plates. For data segmentation, a repetition of a DVJ begins upon initial landing
when the force plate signal exceeds 10 N and ends at the following takeoff when
the force plate signal drops below 10 N. These values have been used in other
studies [42, 50]. The signals from each force plate (right (R) and left (L)) are
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separately identified and the starting (ON) events are tagged as RON and LON,
while the end (OFF) events are tagged as ROFF and LOFF. For the DLS, SLSR,
and SLSL maneuvers we cannot rely on the force plate signal to identify the be-
ginning and ending events as the participant is in contact with the force plates for
the entire series of repetitions. Instead we focused on the knee flexion angle and
defined an ON event in a sample of our data. Then we used a pattern recognition
algorithm within Visual3D to identify RON and LON, and the mirrored event to
identify ROFF and LOFF. All tags were manually checked, with extraneous tags
removed and missing tags added. In the SLS maneuvers only the active leg was
tagged. For all exercises, these ON and OFF events are tagged in the capture

timeline and apply to all metrics.

2.3 Limitations

At present, accurate movement monitoring systems are prohibitive in cost and
size to be practical and accessible to the general population. The systems require
many resources, including: space, money, personnel, time for data processing and
for subject markering. These limitations make it difficult to develop a normative
database or to be practical to be used for screening and assessing the general
population. In addition, even these industry standard systems are subject to
some level of error, including soft tissue artifact ranging from 20-31 mm when
compared to invasive bone mounted pins [40] or small capture volume fluoroscopy
[112]. Reischmidt et al. reported individual and mean root mean square (RMS)
differences, as well as maximum differences, in joint angles at the knee [100] and
ankle [99] between skin mounted and bone mounted markers for 3 and 5 partici-
pants, respectively. Mean values for RMS differences are presented in Table 2.3.
All of these studies demonstrate the the limitations in current non-invasive motion

capture and the resulting level of accuracy in kinematic and kinetic data.
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Table 2.3: Mean differences between knee [100] and ankle [99] angles derived from
skin mounted and bone mounted markers locations for 3 and 5 participants, re-

spectively.

Kneerotation | Variable | Mean [l Ankle rotation Variable | Mean |

Flexion/extension (X) RMS Diff (deg) 5.3 Plantarflexion/dorsiflexion (X) RMS Diff (deg) 4.6
Max Diff (deg) 7.9 Max Diff (deg) 7.5
RMS Diff (%) 20.8 RMS Diff (%) 14.1
Max Diff (%) 30.9 Max Diff (%) 21.4
Adduction/abduction (Y) RMS Diff (deg) 4.1 Inversion/eversion (Y) RMS Diff (deg) 4.6
Max Diff (deg) 6.6 Max Diff (deg) 7.5
RMS Diff (%) 70.4 RMS Diff (%) 34.7
Max Diff (%) 115.0 Max Diff (%) 56.4
Internal/external rotation (Z) RMS Diff (deg) 4.4 Adduction/abduction (Z) RMS Diff (deg) 3.6
Max Diff (deg) 9.0 Max Diff (deg) 5.7
RMS Diff (%) 63.6 RMS Diff (%) 51.2
Max Diff (%) 129.2 Max Diff (%) 85.8
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CHAPTER 3

Sets of Bases Vectors

This chapter, supplemental work to the following chapter Nichols and O’Reilly
“Verifying the Equivalence of Representations of Joint Moment Vectors with Ap-
plication to Biomechanical Motion Capture Data from a Drop Vertical Jump
Task”, discusses the derivation of formulae describing the relationships between
components for different representations of the same vector. The rotation between
two of the featured bases is parameterized by a 1-2-3 set of Euler angles and the
other two sets of featured bases are the Euler and dual Euler bases for this 1-2-3
set of Euler angles. For this choice of Euler angle parameterization, the relevant

transformations are collected in Equations (3.13), (3.14), (3.15), and (3.16).

3.1 Introduction

In the subsequent chapter, Nichols and O’Reilly “Verifying the Equivalence of Rep-
resentations of Joint Moment Vectors with Application to Biomechanical Motion
Capture Data from a Drop Vertical Jump Task”, the moment vector is described
using four different sets of basis vectors. In the interests of brevity many of the
details on the derivations of the relationships between the resulting four sets of
components that feature in this work were omitted. The purpose of this material
is to present this relevant background. We start with a discussion of the rotation
between the proximal and distal frames and then consider the parameterization
of this rotation using a set of 1-2-3 Euler angles. Our motivation for this choice of
angles is based on the seminal paper by Grood and Suntay [45] on the knee joint
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and the joint coordinate system associated with the Euler angles is detailed in Sec-
tion 3.4. The transformations between the components of a vector are collected

in Equations (3.13), (3.14), (3.15), and (3.16).

The notation featured in our work is identical to that used in O’Reilly (2008)
[95]. Arrays of real numbers are denoted by san-serif Roman letters, such as R, m,
while vectors and tensors are denoted by bold-faced Roman letters, e.g., g, and
R. For additional background on the Euler and dual Euler bases, the reader is
referred to O'Reilly (2008) [95] and references therein. Biomechanical applications

of this pair of bases can be found in multiple other works [27, 32, 34, 97].

3.2 The Rotation Between the Proximal and Distal Frames

It is convenient to define a fixed right-handed orthonormal basis for Euclidean
space E3. This fixed basis {E{, Eo, E3} will serve as the laboratory fixed basis.
Associated with the proximal body, we define an orthonormal, right-handed, basis
that is fixed to the proximal body. This basis is denoted by {p;, Py, P5}. A similar
basis, fixed to the distal body, is denoted by {d;, ds, ds}. While separate rotations
can be used to define the rotation of the proximal and distal bases vectors relative
to the laboratory fixed basis, the rotation of interest here relates the proximal

frame to the distal frame. This rotation is defined by a rotation tensor R.:

d;=Rp, (i=1,23). (3.1)

The tensor R = Zle d; ® p, has several equivalent representations:

3 3 3
R = Z Z Riyp, ® p;, = Z Z Rid; ® dy, (3'2)

i=1 k=1 i=1 k=1
where ® is the tensor product: (a® b)c = (b - c)a for any vectors a, b and c.

Given a vector a we can establish the following relationships between its compo-

40



nents in bases related by a rotation tensor R:

a-p, a-d; Ri1 Rip Ris
a- p, =R a- d2 , where R = R21 RQQ R23 . (33)
a- ps a-ds R31 Rss Rss

The inverse of the matrix R is its transpose: R~' = R”.

3.3 Euler Angle Parameterization of a Rotation

Among the 12 possible sets of Euler angle sequences of particular interest in the
present work is the 1-2-3 set. For this set of Euler angles, the components of the

rotation matrix R can be defined as the product of three simple rotations:

Ri1 Ry Rs
R = | Ry Rn Ry
| Riz R Rss
| cos(y) sin(y) 0O cos(f) 0 —sin(B) 1
= | —sin(y) cos(y) 0 0 1 0 0 cos(a) sin(«)
0 0 1 sin(8) 0 cos(B) 0 —sin(a) cos(a)

(3.4)

That is the Euler angle sequence is a rotation of a about p; followed by a
rotation about a vector d/2 through an angle $ and a rotation of v about ds,

Figure 3.1. The three vectors we have just mentioned form the Euler basis:

g1 = P1,
go = dl2 = Cos(a)p2 + sin(a)pg,
g, =d; = cos(ﬁ)d;3 + sin(ﬁ)d/1
— sin(B)p; — sin(a) cos(B)p; + cos(a) cos(B)p. (3.5)
Because g, - g5 = sin(f), the Euler basis is typically not orthogonal.
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pi=d] =g d;
(07 "
d;
d; dj
P3
P2
B
dl
2 dy=d, =g
dy
"
d;
"
d3 =d3=g3
Y
dll
2
ds

Figure 3.1: The 1-2-3 Fuler angle rotation sequence for the rotation tensor R =
22:1 di. ® p;,. Here, Jz and c{i, are the intermediate basis vectors following the
respective rotation by o about p,; and [ about cé The third rotation v completes

the transformation from py, to dj.

We can express the Euler basis in terms of the proximal or distal bases vectors:

g1 1 0 0 P
g |=| O cos() sin(av) P>
83 | sin(B) —sin(a)cos(B) cos() cos() P3
[ cos(B)cos(7) — cos(B)sin() sin(B) d,

= sin(7) cos(v) 0 d, | . (3.6)
I 0 0 1 ds

These transformations are useful when relating components of a vector that is

expressed in different bases.
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The dual Euler basis vectors are defined using the Euler basis vectors by the

following nine equations:

Here 6], is the Kronecker delta: d; = 1if i = k and is otherwise zero. For example,

62 =1 and §? = 0. Solving the equations g' - g, = 4., for g, we find that

! 1 , 1

gz;(gQXg?,), g2=§(g3><g1), gzg(glxg2)7 (3.8)

where
g=(81 X 8)-8s- (3.9)

Expressing these results in terms of the proximal and distal bases for the 1-2-3

set of Euler angles, we find that g = cos(f) and

1 sin(«) tan(S)

0 cos(a)

0 —sin(a)sec(p)

sec(fF) cos(7)
sin(y)

| —tan(8) cos(y)

— cos(a) tan()

sin(a)

cos(a)sec(3)

—sec(f3) sin(7)

cos ()
tan(8) sin(y)

With some additional work, we find that

A graphical summary of these results can be found in Figure 3.2.

g1
125

1 0 sin(B)
0 1 0

sin(8) 01
sec?(B)

0 1
—sec(f) tan(B) 0

0
sec?(8)
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go
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Figure 3.2: Graphical representation of the Euler {g,, g,, 95} and dual Euler
{g', &%, g°} basis vectors and their relationships with the prozimal {p,, py, P3} and
distal {dy, dy, d3} basis vectors, where a--y are a set of 1-2-3 Euler angles. Ex-
plicit expressions for these vectors can be found in Equation (3.6). In this figure

B> 0.

3.4 The Joint Coordinate System

In a joint coordinate system, two of the Euler basis vectors are identified with
axes through bony landmarks on the proximal and distal bodies. For the knee
joint shown in Figure 3.3, Grood and Suntay [45] identify g, = p; by stating the
following: “In the femur, the body fixed axis is chosen so that rotations about it
correspond to the clinical motion of flexion-extension.” For the axis g; = d3 that
represents the internal-external rotation axis, they note that this axis “is located
so it passes midway between the two intercondylar eminences proximally and
through the center of the ankle distally.” The floating axis g,, that represents the

adduction-abduction axis, is mutually perpendicular to g; and g,. We note that
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g3 =ds

P2

Figure 3.3: Schematic of the right knee joint showing the proximal {p;, Py, P3}
and distal {dy, dy, d3} bases which corotate with the femur and tibia, respectively.
The Euler {g,, g5, g3} and dual Euler {g', ¢*, g°} basis vectors associated with the
rotation of this joint when it is parameterized using a set of 1-2-3 Euler angles
(1 =a,2=p,3=asin Grood and Suntay (1983) [45]) and the condyles C
and D are also shown. This figure is adapted from O’Reilly (2013) [97].

Grood and Suntay’s discussion refers to bony landmarks identified with bi-planar
X-rays to establish segment coordinate systems [45]. How to initially define these
segment coordinate systems (e.g., p;, dx) within a motion capture laboratory
remains an interesting question in biomechanics research. The specification of
segment coordinate systems is not uniform in the literature and the exploration
of various representations is outside the scope of this work. For the example data

presented in Chapter 4, our choice of bases is outlined in Chapter 2.2.1.
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3.5 Components of a Vector

Given a vector A, we can express the vector in a variety of representations:

A = Aip; + Aspy + Asp;
= (Ildl + CLgdz + CL3d3
= Alegl + A?ﬂgQ + A%g3

:AElgl +AE‘2g2+AE3g3- (312)

With the help of Equations (3.3), (3.4), (3.10), and (3.11), we can arrive at the

relationship between the components in these representations:

a Ry Ry Ra || A
as | = | Ria Ros Rso Ag
as | Ris Ry Ry | | As
[ cos(8)cos(y) sin(y) 0] [ Ab
= | —cos(8)sin(y) cos(r) 0 | | A2
| sin(B) 0 1 A3
| sec(B)cos(y) sin(y) ~tan(B)cos(q) | [ A
= | —sec(8)sin(3) cos(y) tan(B)sin(y) | | Ag |.  (313)
] 0 0 1 A,
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and

Ri1 Ris Ris ay
Ro1 Ros Ras ao
Rs1 Rss Rss as
1 0 sin(5) AL
0 cos(a) —sin(a)cos(f) A%
0 sin(a) cos(a)cos(f) A3,
1 0 0 Ap,
sin(a) tan(8)  cos(a) —sin(a)sec(8) | | Ag,
| —cos(a) tan(B) sin(a) cos(@)sec(8) | | A,

(3.14)

Of particular interest is to determine the components Ag, given the components

in the distal and proximal bases. These relations can be obtained from Equations

(3.13) and (3.14) by standard matrix manipulations:

1 0 0 Ay
0 cos(av) sin(av) A
sin(f) —sin(a) cos(B) cos(a)cos(f) | | As
cos(8) cos(7) —cos(B)sin() sin(8) | [
sin(7) cos(7) 0 g

0 0 1 as

(3.15)

We also note that the components A -g, and A g’ are related by a transformation

that is not invertible when the Euler angles are singular (that is, when 8 = £7):

Ap
A
Al
Ap
Ap
Ag

1

2

3

[ se(®) 0 —sec(8)tan(8) | | Ag,

0 1 0 Ap,

| —sec(B)tan(B) 0 sec*(B) Ap,
1 0 s | [ AL
0 1 0 A2
| sin(8) 01 A3,
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The transformation Equations (3.13), (3.14), (3.15), and (3.16) are the principal

results in this Chapter.
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CHAPTER 4

Verifying the Equivalence of Representations of
Joint Moment Vectors with Application to
Biomechanical Motion Capture Data from a

Drop Vertical Jump Task

Biomechanics software programs, such as Visual3D, Nexus, Cortex, and Open-
Sim, have the capability of generating several distinct component representations
for joint moments and forces from motion capture data. These representations
include those for orthonormal proximal and distal coordinate systems and a non-
orthogonal joint coordinate system. In this chapter, a method is presented to
address the challenging problem of evaluating and verifying the equivalence of
these representations. The method accommodates the difficulty that there are
two possible sets of non-orthogonal basis vectors that can be used to express a
vector in the joint coordinate system and is illuminated using motion capture data

from a drop vertical jump task.

4.1 Introduction

The drop vertical jump task, Figure 4.1(a), has been championed by Hewett and
Myer [50] as a method to assess susceptibility to anterior cruciate ligament (ACL)
injury. They have identified knee abduction moment (KAM) during the stance
phase, Stages II-IV, of this maneuver as a key predictor in ACL injury risk. The
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KAM, which is a specific component of the knee joint moment vector M, is fea-
tured in numerous other studies, including gait analysis research on degenerative
knee joint diseases such as osteoarthritis. The moment M is not measured directly,
rather estimates of certain components of M can be computed using kinematic
and force plate data with the help of software packages such as Visual3D, Nexus,

Cortex, and OpenSim.

Motivated by the desire to seek clinical relevant results, one can examine mul-
tiple representations for M and its components (see works, e.g., [103], [15], [125]
and references therein). For instance, one can describe this vector using a basis
fixed to the tibia, or a basis fixed to the femur, a laboratory fixed basis, or, dat-
ing to the seminal paper by Grood and Suntay [45] on the knee joint, it is also
common to describe the components of M in terms of a joint coordinate system.
If a set of Euler angles is used to describe the relative rotation provided by the
joint, then each of the three joint coordinate axes can be placed in one-to-one
correspondence with the axes used to define the Euler angles. This set of axes
forms a set of non-orthogonal unit vectors {g;, g,, g3} which is known as the Euler
basis. In addition, associated with every set of Euler angles, a dual Euler basis
{g!,g? g%} is also defined. Thus multiple sets of distinct basis vectors can be
associated with a given joint including the orthonormal basis {p,, ps, p3} that
corotates with the proximal body, the orthonormal basis {d;,d,ds} that coro-
tates with the distal body, the Euler basis, and the dual Euler basis. By way
of illustration, a representative example of the progression of the joint rotation
(Euler) angles « (flexion-extension),  (adduction-abduction), and + (internal-
external rotation) through Stages II-IV of the jump maneuver is shown in Figure
4.1(b) and, following O’Reilly (2013) [97], the four aforementioned sets of basis

vectors axes are sketched in Figure 4.1(c).

Software packages enable the output of multiple sets of components for M.

What is not apparent is how to check if the different sets of components are equiv-
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alent. This situation is particularly the case when the user has limited access to
the algorithms producing the representations. An additional complication, that
has only been recently appreciated, arises because the joint coordinate system pur-
ports, not one, but two sets of non-orthogonal basis vectors: the Euler {g;, g,, g5}
and dual Euler {g!, g?, g} bases vectors. In this chapter, we present a straightfor-
ward method to check the equivalence of the various component representations
and use experimental data from a drop vertical jump task as a demonstration. We
also note that the results shown in this chapter are the first to explicitly demon-
strate that knowledge of the dual Euler basis {g', g%, g*} is needed to reconstruct
M from its joint coordinate system components provided by popular biomechanics

software packages.

To make this work as widely accessible as possible, a detailed discussion of
the transformations between the various set of basis vectors and components can
be found in Chapter 3. We also note that the work by Grood and Suntay [45]
prompted a series of related investigations and standardizations for other anatom-
ical joints (see [4] and [124]). Consequently, many of the methods discussed in
this chapter can be used with other anatomical joints such as the ankle, shoulder,

and elbow joints.

4.2 Methods

4.2.1 Acquisition of Sets of Kinematic and Force Data

Movement data was used of an adult male participant, from a larger motion
analysis study to monitor return-to-play criteria after ACL injury. The study
was approved by University of California, San Francisco, Committee on Human
Research (IRB 12-10253). Forty-eight retro-reflective spherical markers, 14 mm in
diameter, were positioned on the participant on key bony landmarks and laterally

on limb segments in rigid clusters of 4 markers. Three-dimensional kinematic
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Figure 4.1: (a) Schematic of the five stages of the drop vertical jump task. (b)
Variation in the right knee joint angles during a drop wvertical jump task. The
stance phase starts at initial contact, Stage II, and ends at take-off, Stage IV.
(c) Schematic of the right knee joint showing the proximal {p,, py, P3} and distal
{dy, dy, d3} bases which corotate with the femur and tibia, respectively. The Euler
{91, 95,95} and dual Euler {g"', g*, g°} basis vectors associated with the rotation
of this joint when it is parameterized using a set of 1-2-3 Euler angles (1 = a,
2 =3, 3 =7 as in Grood and Suntay [45]) and the condyles C' and D are also

shown. The skeleton images were composed using OpenSim [31].

data were collected at 250 Hz by a 10-camera system (Vicon, Oxford Metrics,
UK). Kinetic data were collected at 1000 Hz by two embedded force platforms
(AMTI, Watertown, MA USA).

In order to define the reference posture, a static trial was first conducted.
Next, data were collected from a participant performing a drop vertical jump as

described by Hewett and Myer [50], sketched in Figure 4.1(a). The participant
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initially stands upright at rest on a box. They are instructed to drop off the box
onto a horizontal surface and immediately perform a maximum vertical jump,
as if they were executing a basketball rebound. The stance/impact phase was
defined as the participant’s initial contact with the force platform following the
drop, to the take-off for the maximum vertical jump. Kinematics for six-degree-
of-freedom models of the thigh, shank, and foot along with force data from one of
the force platforms were imported into Visual3D (C-Motion, Germantown, MD,
USA). Marker position data was filtered using a 4th-order low-pass Butterworth
filter with a cutoff frequency of 15 Hz. For this analysis, variables, including
right knee joint angles and internal knee moment, calculated using the standard
inverse dynamics in Visual3D, with components in the proximal, distal, and joint
coordinate system (see Equations (4.4); 24 below), were exported from Visual3D
to MATLAB (MathWorks, Natick, MA, USA). The moment in question is an
estimate of the moment M at the proximal end of the shank [101, pp. 161-164].
MATLAB, in conjunction with the methods discussed below, was used to check

the equivalence of representations of the moment in different coordinate systems.

4.2.2 Definition of the Segment Coordinate Systems

Segment coordinate systems for the thigh and shank are shown in Figure 4.1(c) and
we take this opportunity to clearly define the associated axes. Segment frontal
planes and joint centers are defined using a model within the motion analysis

software in conjunction with marker data.

First, for the thigh, the superior-inferior axis, ps, is defined as passing between
the hip and knee centers on the femoral frontal plane, and points towards the
superior direction. The anterior-posterior axis, p,, is chosen to be normal to the
femoral frontal plane and points towards the anterior direction. The medial-lateral
axis, py, is mutually perpendicular to p, and p;, and is positive in (i.e., points

towards) the lateral direction for the right side.
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The corotational basis for the shank is specified by first defining the superior-
inferior axis, ds, to pass between the knee and ankle centers on the tibial frontal
plane and is positive in the superior direction. The anterior-posterior axis, ds, is
normal to the tibial frontal plane and is positive in the anterior direction. Paral-
leling the specification of p,, the medial-lateral axis, dy, is mutually perpendicular

to dy and d3 and is positive in the lateral direction for the right side.

The bases {p;, Py, P3} and {d;,ds,d3} that have just been defined are right-
handed. Thus, counterclockwise rotations are considered positive following the
right-hand rule. Additional details on the specification of the distal and proximal

bases sets can be found in Chapter 3.

4.2.3 Representations of Moments

We follow Grood and Suntay [45] and assume that a 1-2-3 set of Euler angles
(1 =a,2=p,3 =) is being used to parameterize the rotation of the knee
joint. As mentioned previously, o denotes the flexion-extension angle, 5 denotes
the adduction-abduction angle, and v denote the internal-external rotation. In
addition, we have the following Euler and dual Euler basis sets, respectively:!

ds x p;

= QXD — d,, 4.1
ldxp) 5% (4.1)

g1 = P1» o

and

g' = sec’ (B) g1 —sec (B) tan (3) gs,
g = 8

g’ = —sec(f)tan(B)g +sec’ (B) gs. (4.2)

It should be noted that g! and g have no apparent clinical interpretations unlike
g, and g5 which are chosen to align with the flexion-extension axis and internal-

external rotation axis, respectively, Figure 4.1(c). Additional details on the Euler

1 .
We tacitly assume that 3 # 7.
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and dual Euler basis and their application to biomechanics can be found in mul-

tiple works (see [32, 34, 94, 96] and [97]).

The moment vector M has a variety of representations:

M = Mip, + Myp, + Msp, Proximal basis
= myd; + mody + mads Distal basis
= Mpg, + Mpg, + Mg, Euler basis
= Mg, g' + Mp,g* + Mg,g®. Dual Euler basis (4.3)

Explicit relationships between the four sets of basis vectors appearing in these
representations can be found in Chapter 3. The interested reader is also referred
to O'Reilly (2013) [97, Figure 1(c)] for a graphical representation of Equations
(4.3)3.4. The four sets of components in Equations (4.3) are determined by pro-

jecting M onto a specific basis vector:

My=M-p,, mpy=M-dy,, ME=M-g" My =M-g, (k=1,23).
(4.4)
As we shall see below, the moment components in a joint coordinate system are

typically reported in the literature are Mp,, Mg, and Mpg,. That is,

Mg, = M-g,=M-p, =M,

d3><p1) 2 2
Mg, = M-g:M-(— =M. g = M;,
" ? ||ds x py]| o
Mg, = M-g;=M- ds=ms. (4.5)

However, in order to show that the resulting vector is equivalent to its counter-
part expressed in the proximal and distal bases, we need to compute Mg, g' +
MEg,8? + Mg,g®. That is, knowledge of the Euler basis is sufficient to compute the
components Mg, of M in the joint coordinate system, but, in order to construct

the moment vector from these components, the dual Euler basis is required.

It is straightforward to show that M # Mg g, + Mg,g, + Mpg,g;. Indeed,
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using the identity, Equation (3.16), from the prior chapter, we find that
Mg, = My, + sin(3) M3, Mg, = sin(B) My + M. (4.6)

Thus, the difference in the components can be entirely attributed to the second
Euler angle 8. As mentioned in O’Reilly (2013) [97] for the knee joint this angle is
small. For other joints, such as the shoulder, this is not the case but this angle still
suffers from the “crosstalk” effect [34] which can lead to challenges in comparing

representations of M.

Concomitant with the representations for M, related expressions for the mag-
nitude ||M]|| of M can be found by taking the inner (dot) product of this vector
with itself and then taking the square root. After some rearranging, the resulting

representations for ||M]|[* are

IMI* =M - M
= M} + My + M;
:mf+m§+m§

= (ME)" + (Mp)" + (ME)" + 2 (MEME) sin (8)

/

~\~

= (Mg,)* + (Mg,)* + (Mg,)’

+ (Mg,)* + (Mp,)*) tan® (8) — 2 (Mg, Mp, ) sec (8) tan (8) . (4.7)

[ J/
-~

The underbraced terms in these representations arise because of the non-

orthogonality of the Euler and dual Euler basis vectors.

4.2.4 Signal Comparisons

In order to assess the equivalency of representations, software reported moment
components M, and m;, were used to provide estimates of Mg, . The estimates for
the components Mg, obtained using M}, are denoted by Bg, while the estimates
for the components Mg, obtained using my are denoted by bg, . The appropriate
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transformations are obtained using Equation (3.15) in Chapter 3:

Bg, ] [ 1 0 0 M,

Bu | =| o0 cos(a) sin(a) M |,

Bp, | | sin(B) —sin(a)cos(8) cos(a)cos(B) M;

bo || cos(8)cos(y) —cos(B)sin(y) sin(B) | [ m

bg, | = sin(7) cos(7) 0 me | - (4.8)
be, | | 0 0 1 ms

An RMS (evaluated at 1% of stance intervals) was calculated for each of the
three components (Bg, and bg,) and compared to Mpg,. In addition, the mo-
ment magnitude ||M|| was calculated using M) and my using Equations (4.7)23
and compared to corresponding expression computed using the components Mg,
and Equation (4.7)5. Finally, moment vectors, M constructed from Equations
(4.3)1.2.4, at 0% to 100% of stance in increments of 10% were all rotated into the

proximal coordinate system and overlaid for qualitative comparison.

4.3 Results and Discussion

Knee joint angle components from one repetition of a drop vertical jump are
presented in Figure 4.1(b) and used in with Equations (4.7, 4.8) to calculate the
estimates ||M]||, Bg,, and bg,. Software produced moment components My, my
and Mg, for the drop vertical jump are shown in Figure 4.2(a,b,d). We find that
the RM S differences between By, and Mg, are 0.0 Nm, 8.2x 107! Nm, 3.1x 107°
Nm, and between bg, and Mg, are 4.4 x 107% Nm, 8.2 x 107! Nm, 0.0 Nm, for the
1st, 2nd, and 3rd components, respectively. Moment magnitude from the software
produced moment components My, my and Mg, are displayed in Figure 4.3(a).
The RM S difference between the |[M|| computed using M}, and Mg, is 1.9 x 107!
Nm, using m;, and Mg, is 1.9 x 10~' Nm, and using M}, and my, is 4.4 x 107°
Nm. Moment vectors, M constructed from the different bases, at increments of
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Figure 4.2: The moment vector M and four different representations of its com-
ponents as a function of the percentage of the stance. (a) The components in the
proximal basis My, = M - p,, (b) the components in the distal basis my, = M - dy,
(c) the components My, = M - g& computed using (S.16),, and (d) the compo-
nents in the joint coordinate system Mg, = M - g,. As anticipated Mg, = M,
and Mg, = ms. The data shown in (a), (b), and (d) are imported directly from
Visual3D.

10% were all rotated into the proximal coordinate system and overlaid in Figure

4.3(b). At each increment, the moment vectors visually align.

As mentioned earlier, KAM has been identified as a key indicator in ACL

injury risk screening and knee osteoarthritis. This component of M is equivalent
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Figure 4.3: (a) Overlaid computations of the magnitude of the moment vector
M using three representations from Equations (4.7)s35 (i.e., the components in
proximal, distal, and joint coordinate system representations). (b) The moment
vectors M, at each 10% of stance, obtained by reconstructing M from its com-
ponents using Equations (4.3)1 2,4, rotated into the proximal basis, and overlaid.

The axes in this figure are not to scale.

in the Euler and dual Euler basis, Mg, = Mz. It is difficult to conclude if Mg, is
correct from the exported signal data (Figure 4.2(a,b,d)). However, using rotated
M, and my, signals allows us to compare moment vector components. The small
RMS values for Mp, confirm the similarity of the signals. Both exported signal
data and RM S values demonstrate M; aligns with Mg, and mg aligns with Mg,
as expected since p; = g; and ds = g5. Reconstructing these components in the
proximal coordinate system in Figure 4.3(b) also aids in confirming the equivalence

of these signals.

Further comparison of overall magnitude gives confidence that we have ob-
tained complete signals. All magnitude comparisons yield small values of RM S
difference. However in this example, erroneously omitting the underbraced terms
in the determination of |[M|| (Equation (4.7)5) increases the RM S error value by

a factor of 22. This magnitude calculation is dependent on 5 due to the additional
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terms introduced by the non-orthogonal dual Euler basis. In the case of the knee
where ( values are small, RMS error is also small. However, other joints such
as the shoulder could see higher values of § thus making the understanding and

inclusion of the dual Euler basis even more critical.

4.4 Conclusions

To properly verify signals from commercially available software and confidently re-
port findings from experimental data, it is crucial to understand the relationships
between the different coordinate systems used to present biomechanical data. In
this chapter, a method has been presented to show how four distinct sets of mo-
ment components can be used to reconstruct the moment vector. Of the four
distinct sets, we note that the commonly used moment components in a joint
coordinate system (i.e., Mg, ) require the dual Euler basis both for the recon-
struction of the moment vector, M = Mg, g' + Mg,g* + Mg,g*, and the accurate
determination of its magnitude ||M]||. The authors encourage the inclusion and
use of the dual Euler basis in biomechanics education curriculum so that a more
comprehensive understanding of the kinetic quantities described using the joint

coordinate system can be achieved.
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CHAPTER 5

Low-Cost Movement Assessment System -

Kinect

5.1 System Function - Kinect

In the depth camera, beams of infrared light are cast across a scene, illuminating
objects within the viewing volume, and a receiver picks up information about
how far the light has traveled and builds a 3-dimensional (3D) depth map of
objects within the volume, Figure 5.1. This technology is known as Structured-
light 3D Scanning [36]. Raw data (2D infrared (IR) image, 3D depth map, and
3D estimated pose) streams from the depth camera continuously over the course

of the maneuver at a frame rate up to 30Hz, Figure 5.2.

5.1.1 Measurement, Accuracy, and Resolution

Khoshelham and Elberink detailed the system function of the original Kinect
camera and conducted an exploration into accuracy and resolution of the system

[62]. The following is a summary of that information.

The original Kinect camera was released in November 2010. It is a triangula-
tion sensor consisting of an IR laser emitter, an IR camera, and an RGB camera,
Figure 5.3. A diffraction grating splits the IR beam into a speckle pattern, pro-
jected onto the volume of interest. The IR camera detects this pattern. The

system compares this pattern to a reference pattern on a plane at a known dis-
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Figure 5.1: DV.J depth maps at initial contact (left) and mazimum position (right).

Note: Changes in color indicate changes in depth value.

Figure 5.2: Depth camera images: (a) 2D IR image; (b) 3D depth map image; (c)
3D estimated pose (from Microsoft SDK) overlaid on RGB image.
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tance. Using triangulation, the distance a speckle is offset or shifted from the
reference indicates a change in depth measurement compared to the reference

plane.

; Color Sensor
IR Emitter IR Depth Sensor

Tilt Motor

Microphone Array

Figure 5.3: Schematic of Microsoft Kinect depth camera, based on [79].

The IR sensor can detect 1280 x 1024 pixels for each frame of data. However,
due to bandwidth limitations the IR images are streamed at 640 x 480 pixels.
This equates to 307,200 data points, with three (z,y, z) coordinates for spacial

location, in each frame of data.

Lighting conditions, surface type and shape, occlusions, shadows, and distance
can all impact the quality of the depth data, Figure 5.4. Strong lighting conditions
(ambient light or over exposure due to reflections) can result in low contrast of the
speckle pattern, relative to the background, resulting in outliers or gaps (erosions)
of the depth (point cloud) data. Occlusions occur when the IR camera cannot
detect an area of the scene (even though it may have been illuminated by the IR
laser pattern). Shadows occur when an area is not illuminated by the IR laser
but detected by the IR sensor. Both occlusions and shadows result in gaps in the

point cloud data.

In the operating range of the sensor (0.5 - 5.0 m) the point density decreases

with increasing distance from the sensor to the object and the random error of
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Figure 5.4: Depth map image exemplifying erosion due to markers, shadows, and

surfaces.

depth measurement increases proportionally to the square distance from the sensor
to the object. For depth resolution, at 1 m the point spacing is about 2 mm, at 3
m the point spacing is 2.5 cm, and at 5 m the point spacing is close to 7 cm. The
random error in depth measurement is a few millimeters at 0.5 m from the sensor
and reaches 4 cm at the maximum range of 5 m. It is important to understand
the parameters around the quality of depth data when investigating potential uses

for the Kinect camera.

In addition, there is an off center distortion in the IR image, with the largest
distortion, appearing in the upper left hand corner. It was not investigated in this
paper how consistent the distortion was between cameras and the necessity of
individual calibration to compensate for this systematic error. The RGB camera
has a more centered distortion and requires calibration to the depth data or colors

could be incorrectly associated with surfaces.
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The 3D estimated pose constructs a simple skeleton with estimated joint cen-

ters based on pattern recognition [107].

It is important to note that careful selection of clothing can help to reduce
the potential of depth map erosion at the site of a retro-reflective marker, Figure
5.5. We also spent some time investigating treating the markers with a coating

to reduce retro-reflectivity, Figure 5.6.

Figure 5.5: Depth camera image comparison: (a) RGB image of different cloth-
ing; (b) 2D IR image of same scene illustrating contrast differences with different

materials of the same dark color.

Figure 5.6: Depth images of markers with layers of coating increasing from left to

right, (a) 2D IR image; (b) 3D depth map image.
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5.2 System Development to Improve Accuracy

Our Low-Cost Movement Assessment System (LCMAS) extracts biomechanically
relevant metrics from marker position data, and generates high-quality human
kinematic profiles. Difficult to obtain outside a laboratory setting, these kine-
matic data are inherently valuable. They can be processed in order to extract
application-specific metrics. These metrics are valuable for standardized quan-
titative functional outcomes desired for clinical comparative effectiveness trials,
and for the generation of large databases of normative musculoskeletal function.
Quantitative metrics also allow a participant’s results to be tracked over time.
These data have been previously shown to be valuable for knee injury risk predic-

tion [81].

5.2.1 Initial Functionality

For each participant, specific anatomical reference points are located and retro-
reflective markers are adhered to the surface of the skin above these points. The
participant faces the depth camera and performs an assessment maneuver. The
depth camera acquires raw data (2D infrared image, 3D depth map, and 3D
estimated pose) and streams this data to a connected computer. We captured all
of our depth data using the open source program OpenNI. We also captured time

stamp information from the CPU.

All post-processing is completed in MATLAB (MathWorks, Natick, MA,
USA). First, a select series of frames that encompass the maneuver is identified.
In each frame, the 2D IR image data is processed by fine-tuning and applying
filter parameters to enhance the contrast between markers and surroundings. The
centroid of the 2D markers are located. The 2D marker locations are overlaid onto
the 3D point cloud data and the 3D coordinates are extracted from the points in

the surrounding neighborhood, Figure 5.7. This process is repeated for all selected
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frames. In the original iteration of the system, markers were labeled in one frame

and propagated through the other frames using a simple algorithm.

5.2.2 Implemented Improvements

Additions to initial functionality created our LCMAS system (LCMAS-Single,
Figure 5.8) and include: establishing an independent laboratory coordinate sys-
tem, reducing processing time and improving accuracy of marker position by crop-
ping point cloud data to remove background objects and ground plane, increasing
marker detection by added hole filling in the point cloud data where depth map
had been eroded at marker location, stabilizing marker tracking with a user inter-
face, and the creation of marker location processing which enabled the extraction
of kinematic and kinetic metrics. A schematic of the initial processing and im-

provements are shown in Figure 5.9.

5.2.2.1 Independent Laboratory Coordinate System and Point Cloud
Cropping

With the 307,200 data points per frame, any data processing can be significantly
impeded by dealing with extraneous points. Performing a simple crop beyond the
depth of interest removes many unnecessary points. However many points still
remain in the ground plane and background objects and they can contribute to
inaccuracies in marker detection if they are in the neighborhood of the 2D IR

centroid overlay.

In order to identify and crop ground plane and background points, an in-
dependent laboratory reference coordinate system was established. The initial
coordinate system, basis {Cy, Cs, C3}, assigned to the point cloud data is based
on the camera orientation and is not necessarily aligned with the ground plane or

background plane. Simply cropping data from a given dimension of point cloud
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Figure 5.8: Clinical Capture Environment: LCMAS-Single.

data would yield inconsistent results and potentially remove desired data points or
fail to remove extraneous points. To consistently identify the reference coordinate
system, we chose to employ the 4 ground reference “T” markers at the edges of
the force plates in Figure 5.10. Note that the reference markers were identified by
performing a separate round of data processing, without cropping, for the capture
volume. The markers across the top of the “T” are used to identify vector k/17 and
the markers along the stem of the “T” identify vector ky. Vector ks is the cross
product of these two vectors. Next, to ensure orthogonality of the coordinate

system we establish vector k; as the cross product of ko and ks.
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Figure 5.10: Force plate with “T” markers and laboratory basis vectors.

/ _—
k = |PrPr,]

—
ko = [PTBPTO]
C
ks =k, x ko
k1 = k2 X k3 (51)

Finally, we set each of these vectors to unit length.

k. ko L

k= — = — = (5:2)
ollall T (el T [Tkl

Once we have an orthonormal coordinate system established, we can transform

all of the point cloud data from the camera basis into the fixed laboratory basis

{Ela E27 E3}

1 0 0
E,=1|0 Ex= 1|1 Es= |0 (5.3)
0 0 1

We create a rotation matrix, R, using directional cosines and set the origin at the
marker at the intersection of the top and stem of the “T”, Pr,.

lijj=—r 9 _—F, -k (i=1,2,3), (j=1,2,3) (5.4)
T E] ]| ’
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lll l12 l13

L= ln ln ls (5.5)
1 32 lss
L
R= " (5.6)
L]

Each valid point, P;, in the camera coordinate system can be located by a vector,

[Vi]c'

Vile = [ﬁ}c (5.7)

where Pp is the origin of the camera coordinate system.

In order to locate P; in the laboratory fixed basis, we proceed with the following

transformation:
vilg = R{ Ve~ role | (53)
where
viole = [PoPr) (59)
and
vip = [PrP) (5.10)

All the exercises of interest take place on the force plates so any point cloud
data beyond this area can be removed. In addition, the area below the “T” mark-
ers is the ground plane and can be removed. All of these point cloud locations are
indexed and replaced with not-a-number (NaN) value in the unrotated (original)
point cloud, Figure 5.13. By using the indexed locations we simplify processing,
avoiding rotating all of the data points back to the original coordinate system and

introducing error.

To proceed with marker detection, we must used the untransformed point
cloud coordinates. However, following marker location extraction, If we wish to
analyze the marker coordinates in the independent laboratory coordinate system,

we can simply use the above equations to rotate and translate the data.
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5.2.2.2 Hole Filling

Now that we have reduced the chance of introducing ground plane and background
information in the marker detection process, we turn our attention to filling-in the
erosions in the depth map data. The erosions have a depth value of zero and when
replaced by NaN, create holes in the depth map, Figure 5.11. To populate these
erosions with values, we employ an algorithm modeled from Hudson [53] (note
that more sophisticated methods exist and we hope to utilize these in future work
(19, 20, 110]). Each zero value is indexed, creating a mask, so only these values
are modified by the hole filling technique. This preserves the data captures as
well as reducing processing time. Next, we find the mean value of the sampling
neighborhood (a 7x7 pixel square or kernel with the zero value in the center was
chosen for this study) and replace the zero with this mean value (not including
any zeros in the calculation). This process is applied to all zero points and iterated
until no zero values remain. Note: a median value could have also been used or a

different size neighborhood.

If the background is not cropped before this technique is employed, the pop-
ulated values for the holes will be skewed by the background values, Figure 5.12.
Note the color pattern of the filled holes in Figure 5.12b and the streaks of surface
data between the subject and the background in Figure 5.12c. This is undesirable

for our purposes, thus cropping occurred prior to hole filling.

For the data presented in this work, the hole filling method was applied to each
dimension of point cloud data independently. This method better preserves the
detected edge of the participant. For faster processing the image coordinate could
be used and only the depth coordinates filled. Once we have filled the holes in
the cropped point cloud data, Figure 5.13 | we are ready to proceed with marker

detection as described in initial functionality.
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Raw Holes Filled

Figure 5.11: Depth map data illustrating raw (left), holes (center), and filled
(right) data.

Figure 5.12: Depth map processing: (a) raw depth map image; (b) depth map
image of populated hole values; (c) filled 3D image.
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Figure 5.13: Point cloud data: original with gross background cropping (left) and
refined ground plane and background cropping with hole filling (right).

5.2.2.3 Tracking Interface

We were fortunate to have rotation student, Jennifer Hu, aid our motion capture
efforts. I guided Ms. Hu in the development of a GUI based tracking program,
Figure 5.14. The program started with the initial functionality described earlier
but allowed user interaction to access each frame independently. With this access,
the user can check, assign, or reassign marker labels in each frame, greatly increas-
ing confidence in labeling assignments. This access to labeled markers allows us
to proceed with combining multiple depth cameras, calculating marker based an-
gles, comparing to the industry gold standard system, and importing into robust

modeling programs.

5.2.2.4 Dual Depth Cameras

We spent some time investigating simultaneous use of multiple Kinect cameras to
increase the surface area of a participant visible within a testing volume. We noted
some interference and increased erosion of the point cloud data. This effect is
presumably due to the multiple cameras operating in the same range of wavelength
(827 nm [79]) in the light spectrum. Observationally the interference seems to be
diminished by vibrations but we did not run an experiment to note the impact

vibration had on accuracy. We positioned the depth cameras at approximately 90
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Figure 5.14: Example frame of labeled markers in tracking GUL

degrees from one another and 45 degrees off the frontal plane to try and minimize
interference while still gathering as much marker data as possible, Figure 5.15.
Left and Right depth cameras were triggered by the same experimenter. More

detail on how these signals are combined is provided in Chapter 7.

5.2.2.5 Calculation of Marker Based Angles

We use the 3D marker locations to calculate estimates of joint angles. Markers
and vectors are illustrated in Figure 5.16. Note these are comparable to the visual
interpretations a clinician would use to estimate joint angles. First, segment

vectors are established using the marker locations. Then, the angle between the
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Figure 5.15: Clinical Capture Environment: LCMAS-Dual.

vectors is calculated. Adduction/abduction angles are adjusted by 7. In our
computer code we also included directional checks to distinguish between flexion
and extension. A simplified version of the calculations are in the equations below.

Similar calculations were also performed for the left lower extremity.

Hip

Vectors

PH = PRIC — PRGTro Pelvis (511)
HH = PLGTro - PRGTm Hlp line (512)
TH = PRLatEpi — PRGTro Thlgh (513)
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Flezion/Extension Angle

Ty - P
i) = cos! (#)
[Tl P

Adduction/Abduction Angle

1n A _ Ty -Hpy
Oy =cos ' (X-2) — cos 1<—)
o T || [[H ]

Knee

Vectors

TK - PRGTTD - PRLatEpi Thlgh

Sk = PRLatMaz - PRLatEpi Shank

Flexion/Extension Angle

QKF/E — 008_1 (M)
ISkl [ Tk||

Adduction/Abduction Angle

A

X'SK
0 R . |
Kaajay = COS~ (X 2) — cos (HSKH)
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Ankle

Vectors

Sa= PRLatEpi - PRLatJ\/Ial Shank (5'20)
Fia= PRSthJMet - PRLatMal Foot (521>
Dorsiflexion/Plantarflezion Angle
_ Fa-Sa
04, =cos ' (—) (5.22)
e [[Eall [[Sall

5.2.2.6 Additional Functionality

Beyond the initial functionality improvements, we have worked to import marker
locations from LCMAS into Visual3D enabling synchronization with force plate
data and the application of robust modeling of kinematic and kinetic parameters.
More detail is provided in Chapters 7 and 8. With this capability we were also
able to calculate a center of mass position in three dimensions and center of mass

relative to base of support. The later metric calculation is detailed in Chapter 8.
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Figure 5.16: Marker based angle measurements for the hip, knee, and ankle. Im-

ages were composed using OpenSim [31].
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CHAPTER 6

Low-Cost Movement Assessment System -

Kinect2

6.1 System Function - Kinect2

The Kinect2 is the newer version of Microsoft’s depth camera, Figure 6.1. It
has similar functionality to the original Kinect, however, it utilizes time of flight
technology for depth measurements. It also features a more robust skeleton, with
25 points compared to the 15 points in the earliest version. We did not modify
the raw output data. We enhanced the skeleton generated by the Kinect2 from

the point cloud data.

Figure 6.1: Kinect2 depth sensing camera. Image obtained from the public domain.
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6.2 System Development to Improve Accuracy

6.2.1 Implemented Improvements

We refer to the motion capture system, utilizing the Kinect2 with our enhance-
ments, as the Low-Cost Movement Assessment System-2 (LCMAS-2). All cal-
culations are performed using a customized MATLAB script. We use the data
from the generated skeleton and assign mass and center of mass (COM) position
locations to each segment based on Dempster’s body segment parameters [101].
We then can calculate an overall COM for the model. We also spatially and tem-
porally synchronized the LCMAS-2 data with the Vicon data, enabling use to
use the force plate data. Using the LCMAS-2 data we implemented joint angle
calculations based on the skeleton joint center positions. In addition, we assigned
segment coordinate systems and ensured orthogonality. Next we assigned inertial
properties based on Chandler [25] via Chaffin [24]. We were then able to use
inverse dynamics to take force plate data and calculate joint reaction forces and

net joint moments.

6.2.1.1 Center of Mass Assignments

Calculations in this section are based on equations found in Robertson et al. [101].
Here we make the assumption that the COM of each segment lies between joint

centers on the long axis (Z for the shank and thigh, and Y for the foot).

To assign mass, mg, to each segment of the skeleton we utilize the following
equation:

ms = psM (6.1)

where p, is the segment percentage of total mass, M, and is obtained from Demp-
ster’s body segment parameters, Table 6.1. The use of these parameters is common

in biomechanics research but it should be noted that it preferable to use more in-
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dividualized representative parameters for the specific participant or population

of interest, when possible.

Table 6.1: Dempster’s Body Segment Parameters [101].

Center of Mass/
SegmentMass/ | Segment Length

Segment Endpoints (proximal to distal) Total Mass R
Ps Byroximat
Foot Ankle to ball of foot 0.0145 0.500
Shank Knee to ankle center 0.0465 0.433
Thigh Hip to knee center 0.1000 0.433
Pelvis L4-L5 to trochanter 0.1420 0.105
Zﬂﬁgarf,iﬂd C7-T1to L4-L5 0.3550 0.630
Head C7-T1to ear canal 0.0810 1.000
Hand Wrist center to knuckle of 3 finger 0.0060 0.506
Forearm Elbow to wrist center 0.0160 0.430
Upperarm  Glenohumeraljoint to elbow center 0.0280 0.436

The location of each segment’s COM, r, is calculated with the following equa-
tion:

Ts = T's prozimal + Bs prozimal (T's.distal — T's prozimal) (6.2)
where 7 prozimar 15 the position of the segment’s proximal end, 7 gistar i the po-
sition of the segment’s distal end, and B prozima 15 the ratio of the location of
the COM from the segment’s proximal end to the segment’s length. Values for

Bs prozimar are listed in Table 6.1.

The total model COM position, ry,., is located using the segment COM po-

sitions, weighted by segment mass, Equation 6.3.

S
Ttotal = Zpsrs (63)
s=1
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A visualization of the Kinect2 skeleton and the LCMAS-2 skeleton with seg-

ment and total COM positions is shown in Figure 6.2.

Figure 6.2: FEzample of Kinect2 skeleton (left) and LCMAS-2 skeleton (right).
Body segments are shown as blue lines, joints positions are shown as small red
dots, segment center of mass (COM) positions are shown as small blue dots, and

total model COM position is shown as large blue dot.

6.2.1.2 Synchronization with Gold Standard Data

To accommodate the partial Visual3D model of the Vicon data (missing arms and
head), a partial model COM was also calculated for LCMAS-2 and used in the

synchronization calculations.

Data from the LCMAS-2 is captured at approximately 30 frames per second.
However, the capture rate is nonuniform within a data file. In order to address
this inconsistency, we also capture CPU timestamps. Now we can properly space

the data. We interpolate the data to match the time step of the Vicon system.

Next, to temporally synchronize the signals, we focus on vertical component
of COM for both the Vicon and LCMAS-2 models for 3 repetitions of the selected
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maneuver. The signals are temporarily filled and smoothed according to an analy-
sis of residuals. We then identify the minimum low position of COM for the three
repetitions in each system, Figure 6.3 (top left). Next we shift the LCMAS-2 data
on the time scale to match the Vicon data based on the average offset of the three

repetitions, Figure 6.3 (bottom left).

Now to spatially synchronize the data, we identify select 3D points in both sys-
tems over the first quarter and last quarter of the three repetitions. In the Vicon
data these points are bilateral acromion, greater trochanter, lateral epicondyle,
tibial tuberosity, lateral malleolus, and COM. In the LCMAS-2 data the corre-
sponding points are bilateral shoulder, hip, knee, knee, ankle, and COM. Each
knee is used twice in the LCMAS-2 data to balance the corresponding lateral epi-
condyle and tibial tuberosity from the Vicon data. For the registration, in both
systems the COM is weighted at 50 percent and the other 10 points share the re-
maining 50 percent weighting evenly. Then we register these weighted components
of the LCMAS-2 to Vicon using a modified version of the MATLAB function for
calculating singular value decomposition, “svd”. Then we use the output rotation
and translation data to transform the LCMAS-2 data. The three components of
COM from both systems are shown in Figure 6.3 (top right unrotated and bot-
tom right rotated). Now the LCMAS-2 signals are matched to the Vicon and
force plate signals, Figure 6.4, allowing for use of the force plate data in metric
calculations for the LCMAS-2 model. With these newly obtained metrics we can

proceed to system comparisons.

In the future we plan to independently associate the LCMAS-2 to the force
plate signals to create a completely independent system that does not use the

Vicon data for registration.
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Figure 6.4: Matched LCMAS-2 skeleton to Vicon markers. Note small red dots
are Vicon markers, large red dot is Vicon COM; small blue dots are LCMAS-2

joints joined by blue lines representing skeleton segments, and large blue dot is

LCMAS-2 COM.

6.2.1.3 Joint Angle Calculations

Here we use the same angle definitions we used when calculating the marker based
angles in Chapter 5.2.2.5, replacing the marker position with corresponding skele-

ton joint center location from LCMAS-2. The only exception is the pelvis vector.
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For marker based angles, a vector was constructed between the greater trochanter
and iliac crest markers. With joint center locations, a vector is constructed be-
tween the hip center and mid-torso skeleton points. This vector is translated to
both hip joint centers and then the hip flexion angle calculations proceed as they

did previously in marker based angles.

6.2.1.4 Segment Coordinate System Definitions

The segment coordinate system definitions correspond to the general direction
and definitions outlined in the gold standard Visual3D model in Chapter 2.2.1
and Figure 2.3. Since we are simply connecting joint centers to create segments,
in order to create a 3D coordinate system for each segment we need to define
each segment’s frontal plane based on its relative orientation to other segments.

Each segment’s coordinate system definitions are detailed below.

Pelvis

The first component of the pelvis coordinate system, Xpg.is, is defined as
the unit vector constructed from subtracting the left hip position from the right
hip position and dividing by the norm of the same calculation. Next, we define
a mid-hip position as the average of the two hip positions from the skeleton. A
vector, Y'p,p,:e, i the segment’s transverse plane is identified from the subtraction
of the skeleton hip joint center from our newly defined mid-hip position. Based
on the relative position of these points, positive in in the anterior direction. The
superior-inferior axis, Zpepis, 18 defined as the unit vector that is perpendicular
to the segment’s transverse plane and obtained from the cross product of Xpeis
and Y'p,,;s divided by its norm. Finally, to ensure an orthogonal coordinate

system, the second component, Y p.is, is defined as the cross product of Zpejyis

and XPelvis .
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Thigh

For the thigh we start by defining the third component, Zgp,g,, as the unit
vector along the line connecting the knee and hip positions from the skeleton,
with positive in the superior direction. The medial-lateral axis, Xrpigp, is defined
as the cross product of Zgpnenr and Zgpg, divided by its norm (Zgpani defined
below). Again to complete the orthogonal coordinate system the remaining com-
ponent, Yrpign, is obtained from the cross product of the other two components,

ZThigh and XThigh-

Shank

The establishment of the shank coordinate system closely resembles that of
the thigh. First we define Zgpenr as the unit vector in the superior direction
along the line connecting ankle and knee joint positions from the skeleton. Next
we define Xgpanr as the unit vector of the cross product of Zgpenr and Zgpign
divided by its norm. It is important to note that now Xgpeni is equivalent to
Xrhigh-Finally we complete the orthogonal coordinate system with Y gpanr by

taking the cross product of Zgnane and Xspank-

Foot

For the foot, we would like the coordinate system to be in a similar orientation
as the other segments in the anatomical position. This desire means that we
define the second component, Y oo, as the unit vector along the line connecting
toe and ankle positions from the skeleton, with positive in the anterior direction.
The medial-lateral axis, X oo, i the cross product of Y poor and Zigpens divided
by its norm. Finally, the definition of Zp,, ensures orthagonality of the coordiate

system as the cross product of X g, and Y goer-
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Virtual Foot

The definition of the coordinate system for the virtual foot follows a similar
procedure to that of the foot. The second component of the coordinate system,
Y virtuaiFoot, 1S the unit vector in the anterior direction along the line connecting
the toe position ground projection and ankle position ground projection (no
vertical component) of the skeleton. The third component, Zy,tuairoor, 18 a unit
vector in the vertical direction. And finally the first component, Xy tuaiFoot, 1S

the cross product of YVirtualFoot and ZVirtualFoot'

Floating Azes for Joint Coordinate Systems

When we define the joint coordinate systems for each joint, we use the first
component of the proximal segment’s coordinate system, X, ,zimai, and the
third component of the distal segment’s coordinate system, Zg;sq. To complete
the coordinate system we must define the floating axis, Y fj0q¢, as the mutually
perpendicular unit vector. The floating axis for the hip, Yg;,, is the cross
product of Zrpgn and Xpepis divided by its norm. Similarly, the floating axis
for the knee, Y gpee, is the cross product of Zgpene and Xgpgn divided by its
norm. Here it is also important to note that since Xgpani is equivalent to Xoppign
then Y gnee is equivalent to Y spank, S0 that now the joint coordinate system is
equivalent to the distal coordinate system. Next we define the floating axis for
the ankle, Y anre, as the cross product of Zg,o and Xgpens divided by its norm.
Finally, the floating axis for the virtual ankle, Yy ruaiankie, 18 the cross product

of Zvirtuairoot a0d Xgpank divided by its norm.

We do not use standard joint angle definitions with these coordinate systems.

For example, in the knee the calculation is the same for flexion but we would
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negate adduction/abduction and internal /external rotation by the way we defined
the coordinate systems. These unit vectors are assigned so we have a coordinate

system to use with our force and moment calculations.

6.2.1.5 Velocity and Acceleration

Calculations in this section are based on equations found in Robertson et al. [101].
We use the finite difference method to calculate each segment’s linear velocity, v,
and linear acceleration, ag, in the global coordinate system, where ry; is the

position of the center of mass of each segment at each time, t.

Tst+1 — Tst—1
2At (6-4)

Vst =

Ts,t—l—l - 2rs,t + Tst—1

At?

(6.5)

Agt =

To calculate angular velocity, w,, and angular acceleration, a, of each seg-
ment, we first calculate the rotation matrix of the segment relative to the Global
Coordinate System, R, at each point in time, ¢,. We then use the following equa-

tions to calculate the finite differences of the rotation matrices to obtain angular

velocity.
RA - Rt+1Rt_1 (66)
)
|ws7t] = Q_At (67)

Here ¢ is the rotation about the helical axis defined by unit vector, D.

5 — cos (RAH + Raoo + Rass — 1)
2
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RA23 - RA32

Ras1 — Rais

R Ra12 — Ran 6.0
Y= 2sind (6.9)
a=R_,0 (6.10)

Here 11 is v transformed into the Global Coordinate System.

Finally, we assemble our segment’s angular velocity, ws, in the Global Coordi-
nate System

Wit = |ws | T (6.11)

We can now use finite difference to obtain angular acceleration, a, from an-

gular velocity, w;.

o ws,tJrl - ws,tfl
O =

12
, SAL (6.12)

6.2.1.6 Inertial Properties

Next we must establish the inertial properties of each segment. With the LCMAS-
2 skeleton we lack the joint width information Visual3D uses to construct segment
volumes and thus inertial properties. Instead we turn to the literature to obtain

standardized values. For our calculations we use inertial properties from Chandler

[25] via Chaffin [24], Table 6.2.

Table 6.2 lists components of C' which is the ratio of radius of gyration, K, to
segment length L.
K

C = - (6.13)

The segment lengths are calculated from the average segment lengths in series
of static frames at the beginning of each participant’s data capture session. The

components of C' construct a diagonal matrix which can be used to calculate the
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Table 6.2: Inertial Properties from Chandler [25] via Chaffin [24]. C' is the ratio
of radius of gyration (K ) to segment length (L). Motion azes to allow the motion:

x = sagittal plane motion; y = frontal plane motion; z = horizontal plane motion.

CSegment |k lo oo

Foot Foot length 0.26 0.25 0.12
Shank Fibular height 0.28 0.28 0.08
Thigh Trochanterion height — fibular height 0.28 0.28 0.12

Torso length (Suprasternale height —

Torso trochanterion height) S
Head Head length 0.32 031 0.34
Hand Hand breadth 0.50 0.46 0.27
Upperarm Acromion - radiale 0.26 0.25 0.10

diagonal matrix for the mass moment of inertial of each segment about its center
of gravity, I..

I =m,C*L? (6.14)
Again, my is the segment mass.

Now we proceed to computation of each segment’s inertial contributions to
net joint moment. For ease in calculation, we convert w, and a, to the segment’s

coordinate system.

w! = Rw; (6.15)

ol = Rsay (6.16)

Now, we calculate each segment’s inertial contributions to net joint moment
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/1 in the each segment’s coordinate system.

d
vl = p (I'wl) = Ial, + W x (I'w') (6.17)

Finally, we convert T/ into the Global Coordinate System.

vl = R (6.18)

Now we have all the components necessary to proceed to our inverse dynamics

calculations.

6.2.1.7 Inverse Dynamics

Calculations in this section are based on equations found in [101]. We make the
assumptions that joint forces are equal and opposite about the joint and that joint

moments are equal and opposite about the joint.

The joint reaction force, F;, is generalized in the following equation.

s
F; = <Z mg (a, — g)) — Fory (6.19)

Here the summation is performed over all segments distal to the joint, S, gravity

is g, and the ground reaction force, F,f, is obtained from the force plate data.

The net joint moment, T;, is generalized in the following equation.

S
Tj - (Z Tg _I' rj.s X mg (as - g)) - Tng - (rj.grf X FQTf) (620)

s=1
Here the summation is performed over all segments distal to the joint, S, the
vector from the joint to a distal segments COM is r;,, the vector from the joint
to ground reaction force is rj 4 ¢, and the free moment, T, ¢, is obtained from the

force plate data.

Visualizations of these variables are presented in Figure 6.5.
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Figure 6.5: Free body diagrams of the thigh, shank, and foot (left), vectors from
proximal end of thigh to distal segments COM and ground reaction force (cen-
ter), and vectors from proximal end of shank to distal segment COM and ground

reaction force (right). Based on [101, Figure 7.3, p. 154].

These equations enable the calculations of joint reaction force and net joint
moment with the synchronized force plate data from Visual3D. The joint reaction
force and net joint moment are calculated in the Global Coordinate System and
then can simply be dotted into the corresponding joint coordinate system, proxi-
mal coordinate system, and distal coordinate system, for comparison to Visual3D

values.
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Part II1

System Comparisons
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CHAPTER 7

Marker Position Comparison Between Low-Cost

Depth Camera Systems and Vicon

7.1 Overview

We hypothesize that with the processing improvements from Chapter 5, an in-
expensive depth camera, such as the Microsoft Kinect, can be used to obtain,
1) single camera and 2) simultaneous left and right side dual camera 3D marker
measurements of comparable magnitude to soft tissue artifact, compared to the
high-cost gold standard Vicon motion capture system (Oxford Metrics, UK). In
addition, the processing improvements will increase the number of markers validly
detected and the surfaces, ground or participant, on which the markers are placed
will impact the level of detection. An example of dual depth maps and participant

marker configuration are shown in Figure 7.1.

7.2 Methods

The study was approved by University of California, San Francisco, Committee on
Human Research (IRB 12-10253). Adult volunteers, 3 male and 3 female, provided
signed informed consent. The Vicon (Oxford Metrics, UK), Single Depth Camera
System, and Dual Depth Camera System were set-up with a testing volume that
mimicked a 10’x10’ clinical examination room with four reference markers placed

in a “T” configuration on the floor. The Single Depth Camera System was centered
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Figure 7.1: (A) Depth map right side; (B) Depth map left side; (C) Complete

marker set. Image composed using OpenSim [31].

in the frontal plane, while the Dual Depth Cameras were oriented in the corners
of the testing volume, facing the subject, offset from the frontal plane, Figure 7.2.
Each depth camera was within a 2-3 m range of the participant testing location
and connected to a computer running a custom MATLAB (MathWorks Natick,
MA, USA) script and Open NI Viewer to capture depth information.

Forty-eight retro-reflective markers were placed on each participant, by the
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Figure 7.2: Clinical Capture Environment comprised of both the Single Depth
Camera System (center) and the Dual Depth Camera System (left and right).

same experimenter, in a configuration for detection by the Vicon system and the
low-cost depth camera based systems. For each participant (“P”), 43 markers

were assessed, Figure 7.1C and Table 2.1.

Static trials were captured, consisting of the testing volume with reference
markers and the markered participants. The static trials were recorded simulta-
neously with the infrared 10-camera Vicon system and with either 1) the Single
Depth Camera System or 2) the Dual Depth Camera System. This process, in-
cluding remarkering of the participant, was repeated multiple times in a testing

session. Participants attended two testing sessions one week apart.
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7.2.1 Data Processing

Vicon System

Procedures are detailed in Chapter 2 with labeled marker locations exported

to ASCii files for import to MATLAB for comparison calculations.

Single Depth Camera System

In this setup we gathered data in the frontal plane, Figure 7.2. Other
orientations are certainly possible and need to be optimized for each task. We
recorded simultaneously with Vicon. A custom MATLAB script was used to
process the data with the old method and new method detailed in Chapter 5.
In the Vicon system, position coordinates for each marker were averaged over
the 250 frames of Vicon data, captured at 250Hz. In the Single Depth Camera
System, position coordinates for each marker were averaged over the first 80
frames collected (sampling rate of 30 frames/second). Three upper torso markers
and 4 ground T markers were registered (using code including the MATLAB
function for calculating singular value decomposition, “svd”) from the two
systems and matched labels were compared. The difference between the Single
Depth Camera System datasets and the Vicon data were calculated in x,v, 2,

directions and absolute difference, R.

Dual Depth Camera System

We positioned the depth cameras sideways (to increase field of view in the
vertical direction) at approximately 90 degrees from one another and 45 degrees
off the frontal plane to try and minimize interference while still gathering as much
marker data as possible, Figure 7.2. Left and Right depth cameras were triggered
by the same experimenter. A custom MATLAB script was used to process the

data with the old method and new method detailed in Chapter 5. In the Vicon
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system, position coordinates for each marker were averaged over the 250 frames
of Vicon data, captured at 250Hz. In the Dual Depth Camera System, position
coordinates for each marker were averaged over the first 80 frames collected
(sampling rate of 30 frames/second). The left camera coordinates were registered
to the right camera coordinates based on the 4 ground reference “T” and the 3
upper torso markers. The average position between the right and left data was
calculated. All three datasets, i) Right Depth Camera, ii) Left Depth Camera,
and iii) Average Depth Camera, were rotated and translated to a coordinate
system aligned with the average position of the ground reference “T” markers.
Labeled Vicon data was imported into MATLAB, averaged, and registered
to the average position of the 4 ground reference “T” and the 3 upper torso
markers. The difference between the 3 Dual Depth Camera System datasets (i-iii)

and the Vicon data were calculated in x, ¥, z, directions and absolute difference, R.

General

Each marker of each trial in each of the one Single Depth Camera System
and three Dual Depth Camera System data sets was examined. Markers with an
absolute difference of 4 cm or less met our valid threshold. This value corresponds
to the random error in depth measurement at the 5 m maximum range of the
sensor [62]. Mean difference and standard deviation (SD) compared to the Vicon

system were reported for markers with >70% of valid trials.

A Combined Depth Camera data set was also compiled from the Dual Depth
Camera data sets. For each individual “T” and “P” marker, priority was given
to Average Depth Camera data. If that data did was not present for a marker,
the Combined Depth Camera data set was augmented with either the Left Depth

Camera or Right Depth Camera data, if available.

Unpaired t-tests were performed to evaluate if differences exist between “T”
and “P” marker differences in all valid data sets. These tests were also performed
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to evaluate “T” and “P” marker differences between i) Right Depth Camera, ii)
Left Depth Camera, and iii) Average Depth Camera (with a Holm-Sidak correc-
tion to set the family level of significance at ar = 0.05') as well as between iv)

Combined Depth Camera and v) Single Depth Camera data sets (o = 0.05).

This data processing procedure was performed before and after the implemen-
tation of system improvements of point cloud cropping, point cloud hole filling,
and tracking detailed in Chapter 5. Unpaired t-tests were performed between the
old and new processing for “T” and “P” markers in all valid and data sets. For
all statistical evaluations, the overall level of significance was set at a = 0.05.
Finally, the percentage change in number of markers detected of each type in each

data set, from old processing to new processing, was calculated.

7.3 Results

For the Dual Depth Camera System: the ground reference “T” had 23 trials
calculated for 4 markers in each of the 3 i) Right Depth Camera, ii) Left Depth
Camera, and iii) Average Depth Camera datasets; and the static participant had
13 trials calculated for 43 markers in each of the 3 datasets. For all three datasets,
markers meeting our valid threshold criteria were identified. Mean differences and

SD are reported (old processing: Table 7.1; new processing: Table 7.3).

For the Single Depth Camera System: the ground reference “T” had 12 trials
calculated for 4 markers; and the static participant had 8 trials calculated for 43
markers. Markers meeting our valid threshold criteria were identified. For each
valid marker, the mean difference and SD was reported (old processing: Table 7.2;

new processing: Table 7.4).

'For the Holm-Sidak correction, p-values of the multiple comparisons are determined and
ordered from smallest to largest. Then, each p-value is compared to the corresponding peri:
obtained from Perit; = 1 — (1- ozT)l/(k_j“). Where k is the total number of comparisons and
j is the comparison number. For our purposes k¥ = 3 and ar = 0.05 thus, perie; = 0.0170,
Derity = 0.0253, and perir, = 0.0500.[41]
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Table 7.1: Old processing datasets of the mean difference and standard deviation,
between markers detected with Vicon and Depth Camera (i) Right; (i) Left; (iii)

Average. Note: “T” denotes reference; “P” denotes Participant.

Depth Camera Right Left Average
# Marker Name Valid Trials Difference | [Valid Trials Difference | |Valid Trials Difference
(%) (cm) (%) (cm) (%) (cm)
1T 'AR' 100.0 1.26 ( 0.50 ) 100.0  1.72 ( 0.55 ) 100.0 0.90 ( 0.29 )
2T 'CTop' 100.0 1.53 ( 0.68 ) 100.0  1.08 ( 0.31} 100.0 0.87 (0.41)
s ‘AL’ 870 249 (057 ) 100.0  1.18 ( 0.64 ) 100.0 1.58 ( 0.44 )
47 'CBot' 100.0 1.67 ( 0.40 ) 100.0  1.20 ( 0.37 ) 100.0 1.10 ( 0.28 )
1 'R_Acro' 92.3 2.19 ( 0.39) 92.3 1.32 ( 0.60) 92.3 1.63 (0.26)
2 'sc)’ 100.0 2.80 ( 0.63 ) 100.0  2.53 ( 0.90 ) 100.0 2.18 ( 0.52 )
3 'L_Acro' 100.0 1.71 ( 0.68 ) 100.0 149 ( 0.79 ) 100.0 1.37 (0.42)
4 "R_IC!
5 "Lic 846  1.36(0.65)
6 'R_GTro'
7 'LGTro' 769 099 (0.51)
8 'R_ASIS'
9  'L_ASIS' 84.6 2.53 (092 ) 76.9 232 (059)
10 'R_Mid_Thigh'
11 'L_Mid_Thigh' 76.9 2.77 (052 ) 76.9 1.91 ( 0.61 )
12 'RPST
13 'RPLT
14  LPST
a.|is 'L_PLT 76.9 198 ( 0.80)
16 'RAST
17 'RALT
18 'LAST 846  2.21(0.95) 923  1.93(062)
19  LALT 923 2.73 (0.68 ) 846  1.73(0.79)
20 'R_Lat _Epi'
21 'L_Lat_Epi' 1000  1.26 ( 0.88 )
22 'R_Med_Epi' 100.0 1.89 ( 0.98 ) 100.0 1.61 ( 0.93)
23 'L_Med_Epi'
24 'R_TibTu'
25 'L_TibTu'
26 'R_PS.S'
27  'R_PLS'
28 'L_PS_S'
29 'L_PL_S'
30 'R_AS_S'
31 'R_ALS'
32 'LLAS.S' 846  1.12(082) 76.9 2.83 (1.16) 1000  2.13( 0.95 )
33 'LALS 76.9 2.40 ( 0.90 )
34 'R_Lat_Mal'
35 'L_Lat_Mal 100.0 125 (0.71)
36 'R_Med_Mal' 100.0 197 ( 0.88 ) 846  1.95(1.05)
37 'L_Med_Mal'
38 'R_5th_Met'
39 'L_5th_Met' 923 2.40 ( 0.79 ) 100.0  1.65( 0.79 ) 100.0 1.17 ( 0.51 )
40 'R_Arch' 923 2.55 ( 0.70 ) 100.0 2.28 ( 0.82 ) 100.0 1.17 ( 0.51 )
41 'L_Arch'
42 'R_1st_Met'
43 'L 1st Met'
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Table 7.2: Old processing datasets of mean difference and standard deviation,
between markers detected with Vicon and (i) Dual Combined Depth Camera; (ii)

Single Depth Camera. Note: “T” denotes reference; “P” denotes Participant.

Depth Camera Dual — Combined Single
# Marker Name Valid Trials Difference Dataset Valid Trials Difference Dataset
(%) (cm) (%) (cm)
1T ‘AR 100.0  0.90 ( 0.29 ) Average 100.0 0.73(0.29 ) Center
2T 'CTop’ 100.0 0.87 ( 0.41 ) Average 100.0 0.75(0.46 ) Center
s ‘AL’ 100.0  1.58 ( 0.44 ) Average 100.0 0.52(0.38 ) Center
4T 'CBot’ 100.0  1.10 { 0.28 ) Average 100.0 0.55(0.28 ) Center
1 'R_Acro' 923 1.63 ( 0.26 ) Average 100.0 1.21(0.32 ) Center
2 Nk 100.0 2.18 ( 0.52 ) Average 100.0 2.10(0.52) Center
3 'L_Acro' 100.0  1.37 { 0.42 ) Average 100.0 1.39(0.58) Center
4 "R_IC' 75.0  2.48(1.39) Center
5 e 84.6 136 (0.65) Left
6 'R_GTro'
7 'L GTro' 769 099 (051) Left
8  'R_ASIS' 875  1.59(0.48 ) Center
9 'L_ASIS' 76.9  2.32 (0.59 ) Average
10 'R_Mid_Thigh' 875  1.96(0.78 ) Center
11 'L_Mid_Thigh' 76.9 1.91 ( 0.61 ) Average
12 'R_PS_T
13 'RPLT
14  'LPST
o|15s  'LPLT 76.9  1.98(0.80) Left
16 'RAS_T 100.0 1.63 (0.80 ) Center
17 'RALT 875  1.81(0.93) Center
18 'LAST 92.3  1.93 (0.62 ) Average
19 LALT 84.6  1.73 (0.79 ) Average
20 'R_Lat _Epi'
21 'L Lat_Epi' 100.0 1.26 (0.88) Left
22 'R_Med_Epi' 100.0 1.61 ( 0.93 ) Average
23 'L_Med_Epi' 714  2.33(1.30) Center
24 'R_TibTu'
25 'L_TibTu'
26 'R_PS.S'
27  'R_PI_S'
28 'LPS_S'
29 'LPLS
30 'R_AS_S' 87.5  1.85(1.45) Center
31  'RALS
32 'LASS' 100.0  2.13 ( 0.95 ) Average
33 'LALS 769  2.40(0.90) Left
34 'R_Lat_Mal'
35 'L_Lat_Mal' 100.0 1.25 (0.71 ) Left
36 'R_Med_Mal' 84.6 1.95 ( 1.05 } Average
37 'L_Med_Mal' 85.7 1.76 ( 0.81 ) Center
38 'R_5th_Met' 875  1.08(0.89 ) Center
39 'L_5th_Met' 100.0  1.17 { 0.51 ) Average
40  'R_Arch’ 100.0  1.17 { 0.51 ) Average
41 'L_Arch’
42 'R_1st_Met'
43 'L 1st Met' 100.0  1.34 ( 1.07 ) Center
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Vicon match to: Vicon match to:
® Right Camera @ Center Camera
@ |[eft Camera @ None
@ Average Camera
e None

Figure 7.3: Old processing marker sets for (A) Combined Dual Depth Camera;
(B) Single Depth Camera. Image composed using OpenSim [31].
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Table 7.3: New processing datasets of the mean difference and standard deviation,
between markers detected with Vicon and Depth Camera (i) Right; (i) Left; (iii)

Average. Note: “T” denotes reference; “P” denotes Participant.

Depth Camera Right Left Average
# Marker Name Valid Trials Difference | [Valid Trials Difference | |Valid Trials Difference
(%) (cm) (%) (cm) (%) (cm)

1T 'AR' 100.0 1.35( 0.71 ) 100.0  1.59 ( 0.62 ) 100.0 0.85 ( 0.39 )
2T 'CTop' 100.0 1.55 ( 0.80 ) 100.0  0.96 ( 0.40 ) 100.0 0.84 ( 0.43 )

s ‘AL’ 870  2.25( 0.65 ) 100.0  1.00 ( 0.72 ) 100.0  1.34 (0.41)
47 'CBot' 100.0  1.35 ( 0.47 ) 100.0  1.06 ( 0.29 ) 100.0 0.78 ( 0.14 )
1 'R_Acro' 92.3 2.11 (0.41) 92.3 132 (0.62) 92.3 158 ( 0.28)
2 'sc)’ 100.0 2.69 ( 0.61 ) 100.0  2.45( 0.77 ) 100.0  2.06 ( 0.50 )
3 'L_Acro' 100.0 1.58 ( 0.62 ) 100.0 131 (0.72) 100.0  1.19 ( 0.40 )
4 "R_IC!
5 "Lic 846 141 (0.68)
6 'R_GTro'
7 'LGTro' 76.9 1.07 ( 0.52 )
8 'R_ASIS'
9  'L_ASIS' 84.6 2.60 ( 0.84 ) 923 2.60 ( 0.74 )
10 'R_Mid_Thigh' 846  3.08( 0.56 )
11 'L_Mid_Thigh' 100.0 2.07 (1.17) 76.9 2.90 ( 0.51 ) 100.0 2.36 ( 0.87 )
12 'RPST
13 'RPLT
14  LPST

a.|is 'L_PLT 84.6 2,19 ( 1.06)
16 'RAST
17 'RALT
18 'LAST 92.3 2.32 (0.92) 1000  2.00 ( 0.77 )
19  LALT 923 2.81 (0.70 ) 1000  1.95( 0.73 )
20 'R_Lat _Epi'
21 'L_Lat_Epi' 1000  1.08 ( 0.57 )
22 'R_Med_Epi' 846 198 (0.77) 100.0 1.51( 0.80 )
23 'L_Med_Epi'
24 'R_TibTu'
25 'L_TibTu'
26 'R_PS.S'
27  'R_PLS'
28 'L_PS_S' 76.9 2,17 (0.91)
29 'L_PL_S'
30 'R_AS_S'
31 'R_ALS'
32 'LLAS.S' 846 099 (0.87) 1000  2.77 ( 1.15) 1000  1.76 ( 0.87 )
33 'LALS 76.9 1.07 ( 0.37 ) 923 2.10 ( 1.04 ) 100.0 150 ( 0.72 )
34 'R_Lat_Mal'
35 'L_Lat_Mal 100.0 1.03 (0.59)
36 'R_Med_Mal' 100.0  1.52 ( 1.02 ) 923 1.94 ( 0.85 )
37 'L_Med_Mal'
38 'R_5th_Met'
39 'L_5th_Met' 100.0 139 ( 0.38 ) 100.0  2.15 ( 0.58 )
40 'R_Arch' 846  2.68 ( 0.56 ) 923 227 (1.18 ) 100.0  1.85( 0.73 )
41 'L_Arch' 100.0  2.45 (093 ) 84.6 2.07 ( 1.14 ) 100.0 1.96 ( 0.94 )
42 'R_1st_Met' 1000  1.94 ( 0.54 ) 1000  1.32 ( 0.61)
43 'L 1st Met' 84.6 2,55 ( 1.05) 100.0 2.77 ( 0.63 )
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Table 7.4: New processing datasets of mean difference and standard deviation,
between markers detected with Vicon and (i) Dual Combined Depth Camera; (ii)
Single Depth Camera. Note: “T” denotes reference; “P” denotes Participant.

Depth Camera Dual — Combined Single
# Marker Name Valid Trials Difference Dataset Valid Trials Difference Dataset
(%) (cm) (%) (cm)

1T ‘AR 100.0  0.85 ( 0.39 ) Average 100.0 0.64 ( 0.30 ) Center
2T 'CTop’ 100.0  0.84 ( 0.43 ) Average 100.0 0.74 (0.46 ) Center

s ‘AL’ 100.0  1.34 (0.41 ) Average 100.0 0.51(0.40 ) Center
4T 'CBot’ 100.0  0.78 { 0.14 ) Average 100.0 0.46 ( 0.30 ) Center
1 'R_Acro' 923 1.58 ( 0.28 ) Average 87.5 1.23(0.34 ) Center
2 Nk 100.0  2.06 ( 0.50 ) Average 100.0 2.02 (0.50) Center
3 'L_Acro' 100.0  1.19 { 0.40 ) Average 100.0 1.38(0.52) Center
4 "R_IC' 87.5  2.54(1.40) Center
5 e 846  1.41(0.68) Left 75.0  2.89(0.81) Center
6 'R_GTro'
7 'L GTro' 769  1.07 (052 ) Left 100.0 2.27(0.59 ) Center
8  'R_ASIS' 100.0 1.91(0.90) Center
9 'L_ASIS' 923  2.60 ( 0.74 ) Average
10 'R_Mid_Thigh' 846  3.08(056) Left 875  1.86(0.76 ) Center
11 'L_Mid_Thigh' 100.0  2.36 ( 0.87 ) Average
12 'R_PS_T
13 'RPLT
14  'LPST

o|15s  'LPLT 84.6  2.19(1.06) Left
16 'RAS_T 100.0  1.54 ( 0.85 ) Center
17 'RALT 100.0 1.89(0.92 ) Center
18 'LAST 100.0  2.00 ( 0.77 ) Average 75.0  2.50(0.26 ) Center
19 'LALT 100.0  1.95 ( 0.73 ) Average 75.0  2.53(0.79 ) Center
20 'R_Lat _Epi'
21 'L Lat_Epi' 100.0 1.08 (057 ) Left 875  2.38(0.81) Center
22 'R_Med_Epi' 100.0 1.51 ( 0.80 ) Average 71.4 2.90 ( 0.76 ) Center
23 'L_Med_Epi' 85.7  2.60(1.32) Center
24 'R_TibTu'
25 'L_TibTu'
26 'R_PS.S'
27 'R_PI_S'
28 'LPS_S' 769 217 (091) Left
29 'LPLS
30 'R_AS_S' 87.5  1.50(1.00) Center
31  'RALS 875  2.32(0.74) Center
32 'LASS' 100.0 1.76 ( 1.76 ) Average 750  2.27(0.48) Center
33 'LALS 100.0  1.50 ( 0.72 ) Average 875  2.89(0.67 ) Center
34 'R_Lat_Mal'
35 'L_Lat_Mal' 100.0 1.03 (0.59 ) Left
36 'R_Med_Mal' 92.3 1.94 ( 0.85 ) Average 71.4 2.01 (1.01) Center
37 'L_Med_Mal' 85.7 2.05(0.92 ) Center
38 'R_5th_Met' 875  1.48(0.90) Center
39 'L_5th_Met' 100.0  2.15 { 0.58 ) Average 100.0 244 (0.45) Center
40  'R_Arch’ 100.0  1.85 ( 0.73 ) Average 71.4 2.49 (0.60 ) Center
41 'L_Arch’ 100.0  1.96 { 0.94 ) Average 100.0 1.35(0.85) Center
42 'R_1st_Met' 100.0 1.32 ( 0.61 ) Average 87.5 1.82 (1.04 ) Center
43 'L_1st_Met' 100.0  2.77 ( 0.63 ) Average 100.0 168 (0.95) Center
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Vicon match to: Vicon match to:
® Right Camera @ Center Camera
@ |[eft Camera @ None
@ Average Camera
e None

Figure 7.4: New processing marker sets for (A) Combined Dual Depth Camera;
(B) Single Depth Camera. Image composed using OpenSim [31].
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The valid individual markers values from the Dual Combined Depth Camera
System are compiled in Tables 7.2 and 7.4 for ease of comparison to the valid
Single Camera data. An illustration of identified markers from the old system are

presented in Figure 7.3 and from the new system in Figure 7.4.

Only a few markers in either the Left of Right Depth Camera data sets had a
lower mean differences to Vicon and a significant difference (with a Holm-Sidak
correction to set the family level of significance at ar = 0.05) to the Average Depth
Camera data set and were not used in the Combined Depth Camera data set. For
old processing this marker was Marker 32 (Left anterior-superior shank) in the
Right Depth Camera data set (p = 0.0114). For new processing this marker was
Marker 39 (Left 5th Metatarsal) in the Left Depth Camera data set (p = 0.0006).

Mean and standard deviation between each data set and each marker type
compared to Vicon are detailed below and presented in Table 7.5. The statistical
p-values between marker types for each data set are also detailed in Table 7.5.
In addition, p-values from the unpaired t-test comparing “T” and “P” marker
differences between old and new processing are presented in Table 7.5. There
was a statistically significant difference (p < 0.05) for the Average Depth Camera
and Combined Depth Camera datasets for the “T” markers. There was also a
statistically significant difference (p < 0.05) for the Combined Depth Camera and
Single Depth Camera datasets for the “P” markers. Percentage change in number
of markers detected of each type in each data set, from old processing to new

processing, is also listed in Table 7.5.

For comparisons between the a) Left, Right, and Average Depth Camera data
sets and b) Combined Depth Camera data set and Single Depth Camera data
sets for old and new processing, “T” and “P” marker types, p-values are reported
in Table, 7.5. There was a significant difference (a) p < 0.016) for “T” marker
types for all comparisons. For old processing “P” marker types were significantly

different between Average Depth Camera and Right Depth Camera (p = 0.0008)
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and Left Depth Camera (p = 0.0243) data sets. For new processing “P” marker
types were significantly different (p = 0.0060) between Combined Depth Camera
and Single Depth Camera data sets.

Unique marker counts for each type of marker (“T” and “P”) for old and new

processing are also presented in Table 7.5.

Old Processing - Dual

The Right Depth Camera Data provided a valid matches to Vicon for 4 “T”
markers and 7 “P” markers, the Left Depth Camera Data provided valid matches
to Vicon for 4 “T” markers and 17 “P” markers, and the Average Depth Camera
Data provided valid matches for 4 “T” markers 12 “P” markers. When compiled
into the Combined Depth Camera data set, there were 4 valid “T” markers and
18 valid “P” markers. We also calculated the mean and SD of the difference
in position of all valid markers markers between the Vicon system and those
observed with i) Right Depth Camera, ii) Left Depth Camera, iii) Average Depth
Camera , and iv) Combined Depth Camera datasets, Table 7.5. There was a
statistically significant difference (p < 0.01) between the “T” data and “P” data

in each of the four data valid sets.

Old Processing - Single

The Single Depth Camera Data provided a valid match to Vicon for 4
“T” markers and 13 “P” markers. We also calculated the mean and SD of
the difference in position of all valid markers between the Vicon system and
those observed with the Single Depth Camera system, Table 7.5. There was a
statistically significant difference (p < 0.0001) between the “T” data and “P”

data for the old processing Single Depth Camera data set.

111



New Processing - Dual

The Right Depth Camera Data provided valid matches to Vicon for 4 “T”
markers and 9 “P” markers, the Left Depth Camera Data provided valid matches
to Vicon for 4 “T” markers and 22 “P” markers, and the Average Depth Camera
Data provided valid matches for 4 “T” markers and 16 valid “P” markers. When
compiled into the Combined Depth Camera data set, there were 4 valid “T”
markers and 23 valid “P” markers. We also calculated the mean and SD of the
difference in position of all valid markers markers between the Vicon system and
those observed with i) Right Depth Camera, ii) Left Depth Camera, iii) Average
Depth Camera, and iv) Combined Depth Camera datasets, Table 7.5. There was
a statistically significant difference (p < 0.01) between the “I” data and “P”

data in each of the four data valid sets.

New Processing - Single

The Single Depth Camera Data provided a valid match to Vicon for 4 “T”
markers and 27 “P” markers. We also calculated the mean and SD of the difference
in position of all valid markers between the Vicon system and those observed with
the Single Depth Camera system, Table 7.5. There was a statistically significant
difference (p < 0.0001) between the “T” data and “P” data for the new processing

Single Depth Camera data set.

7.4 Discussion

We were able to determine a Combined Dual Depth Camera marker set by priori-
tizing the Average Depth Camera data and supplementing it with either the Left
or the Right Depth Camera data. This hierarchy seems justified with only one
marker in each of the old processing and the new processing procedures showing

improved detection by either the Left or Right Depth Camera over the Average
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Depth Camera. In particular, when you consider we hope to use this technology
to capture dynamic trials, in which the participant moves and thus the marker
position changes, it does not seem prudent to assign a single marker to solely
Left or Right Depth Camera detection when Average Depth Camera detection is

available.

We did not expect all markers to be in view. The Right Depth Camera for
both old and new processing detected a fewer number of unique “P” markers than
the Left Depth Camera. This limited the total number of Average Depth Camera
unique “P” marker detections. Khoshelham and Elberink [62] discussed an off
center distortion of the IR image. Perhaps this distortion is the root cause of
the discrepancy between Left and Right data sets. We also rotated both depth
camera in the same direction. Perhaps maintaining the Left camera position and
rotating the Right camera by 180 degrees will improve detection. In addition,
the participant position in the testing volume, relative to the cameras, may have
been a factor in the difference observed. Future work will include calibration to

compensate for systematic IR distortion and investigation into camera orientation.

When looking at comparisons between the Left, Right, and Average Depth
Camera data sets in both the old and new processing for “T” markers we saw
significant differences. The differences between Left and Right could be expected
based on the discrepancies discussed earlier with the Left and Right Depth Cam-
era detection. The difference between Average Depth Camera and both the Left
and Right Depth Camera could also be expected since in the data handling the
Vicon data was registered to Average data set points, including the 4 “T” mark-
ers. For the “P” markers we only saw a significant difference between the two
individual cameras of the dual system and Average Depth Camera data sets for
old processing. This may be attributed to the benefit of more information and

data registration process.
In looking at the comparison between the Combined Depth Camera data set
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and the Single Depth Camera data sets for old and new processing, “T” marker
types were significantly different. We suspect the Single Depth Camera data set
had a smaller mean difference to the Vicon data because of the simple frontal
plane orientation relative to the ground reference “T”. For the new processing
“P” marker detection was also significantly different. We suspect the increased
difference between the Single Depth Camera Data and Vicon may be attributed
to the inclusion of a larger array of markers. In the Single Depth Camera data
set we detected 27 unique valid markers compared to the 23 in the Combined
Depth Camera data set. In both old and new processing the Combined Dual
Depth Camera detected fewer unique markers when compared to the Single Depth
Camera system. Again, we suspect that future work looking at IR distortion and
camera orientation may address this discrepancy and improve detection with the

Dual Depth Camera systems.

The significant difference between the “T” and “P” data (Table 7.5) for all data
sets with old and new processing suggests several potential system differences that
should be investigated further. The “T” markers were on a flat stationary surface
while the “P” markers were on a participant at different orientations relative to the
cameras. The different backgrounds could influence the marker detection. Markers
on the edge of surfaces could result in depth measurement error. Placement of the
participant in the field of view, camera orientation, and the tracking algorithm
could all affect marker detection. Even with all these potential sources of variation,
both the “T” and “P” data from the Low-Cost Systems had a difference compared
to the Vicon system on the order of error due to soft tissue artifact between
3D floroscopy and stereophotogrammetry, which found up to 3.1 cm SD for the
thigh and 2.1 ¢cm SD for the shank [112]. However, care should be taken when
interpreting prior studies where markers were only evaluated on flat surfaces when

determining joint angles [104].

In comparing the old processing to new processing we saw a significant dif-
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ference between the “T” markers detection in the Average Depth Camera data
set and thus the Combined Depth Camera, since it was comprised on all Average
data. All 4 markers were detected in both old and new processing, so the reduced
mean difference between Average (and Combined) depth Camera data relative to

Vicon is attributed to processing improvements.

In comparing the old processing to new processing we saw a significant dif-
ference between the “P” markers detection in the Combined Depth Camera and
Single Depth Camera data sets. There was a 34.6% increase in overall number of
markers validly detected, with an increase from 18 to 23 unique markers validly
detected, for the Combined Depth Camera data set. There was a 115.1% increase
in overall number of markers validly detected, with an increase from 13 to 27
unique markers validly detected, for the Single Depth Camera data set. So, we
see a slight increase in the mean of the difference between low-cost and Vicon
systems, this can be attributed to more unique markers meeting the valid crite-
ria and being included into the comparison calculations, and a large increase in

overall number of markers detected.

It should be noted that across all 5 Depth Camera data sets there was an
increase in overall number of markers validly detected, with an increase in unique
markers validly detected. This suggests that for all Depth Camera systems the
new processing represents an improved method. Also, pending additional process
improvements for the Dual Depth Camera System, the Single Depth Camera Sys-
tem can detect more unique valid markers making it a more desirable system. In
addition, the Single Depth Camera system has the advantage of reduced data pro-
cessing with half of the data files to process and markers to label when compared

to the dual system.

An inexpensive depth camera, such as the Microsoft Kinect, can be used to
obtain 3D marker position measurements that are comparable to the high-cost

reference standard Vicon motion capture system. The processing improvements
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employed improved the number of markers validly detected by the systems and the
surface on which the markers are detected significantly impacted marker detection.
Future work will include investigating sources of data discrepancy to continue the
increase number of markers validly detected, and optimize the testing protocol

and data handling to obtain a clinically relevant movement assessment system.

7.5 Significance

Low-cost motion capture systems will potentially bridge the gap to making accu-

rate movement-screening assessment tools accessible to a larger population.
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CHAPTER 8

Study Design: Test-Retest Reliability

8.1 Introduction

In Chapter 1 we discussed at length the necessity of a low-cost screening tool
for quantitative clinical assessments. Other researchers have looked at low-cost
depth cameras and either 1) used the built-in estimated pose (skeleton) to assess
slow grand maneuvers [14] or limited kinematics [93, 113] which are insufficiently
accurate to enable detailed biomechanical analyses, or 2) evaluated markers on
flat surfaces [104] which we showed in Chapter 7 may yield different results than
markers positioned on a study participant. To our knowledge no other research
team has looked at these low-cost depth cameras as a viable tools for highly-

quantitative clinical screening maneuvers.

With the improvements we have made, LCMAS-Single and LCMAS-2 are good
candidates for continued evaluation. In order to assess the potential of either
LCMAS as a clinical screening tool we need to examine how consistently they
make measurements and how these measurements compare to the industry gold
standard Vicon system. Then, to evaluate the viability as a screening tool, com-
pare these measurements to the minimal clinically important differences (M C1D)

from the scientific literature Chapter 1.5).

According to Crossley [28], “The minimal clinically important difference quan-
tifies the minimal difference that patients or practitioners consider clinically im-

portant and thus will indicate a relevant change in the patient’s symptoms.[2, 55]”
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We will take our M C1IDs to be the difference between mean values in the litera-
ture data and compare these to our smallest detectable difference (SDD) for each
metric. Ultimately we hope to identify if any of the SDDs for kinematic and
kinetic metrics detected with either LCMAS are small enough to reliably detect
values necessary to screen for ACL injury risk and rehabilitation, determined by
the M CID threshold levels set in by the scientific literature (Chapter 1.5), Figure
8.1.

MCID values

from scientific
literature

Figure 8.1: Venn diagram of MCID values of metrics from the scientific literature

and SDD of metrics evaluated by LCMAS.

We hypothesize that one or more of our Low-Cost Movement Assessment Sys-
tems will have repeatable measures and SDD smaller than the MCID values
from the scientific literature for some of the metrics (e.g. joint angles, forces,
moments, center of mass position relative to base of support position) between
at-risk and normal populations, enabling use of the system as a screening tool for

ACL injury risk and rehabilitation.
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8.2 Methods

In order to identify the test-retest reliability, we will examine intra-system repeata-
bility between repetitions (within a day) and between days, as well as inter-system

reliability, for each LCMAS and Vicon.

The study was approved by University of California, San Francisco, Committee
on Human Research (IRB 12-10253). Volunteers, 3 male and 3 female, provided
signed informed consent. At the time of testing, participants were free of lower
extremity injury. One participant reported no history of lower extremity injuries.
While three participants reported history of lower extremity injury on one side

and two participants reported history of lower extremity injuries on both sides.

The Vicon (Oxford Metrics, UK), LCMAS-Single, and LCMAS-2 were set-up
with a testing volume that mimicked a 10'x10’ clinical examination room with
four reference markers placed in a “T” configuration on the floor. The LCMAS-2
was centered in the frontal plane and the LCMAS-Single was positioned directly
above, Figure 8.2. Data was simultaneously captured with the gold standard
Vicon system and at both the LCMAS-Single and LCMAS-2. Each low-cost depth
camera was within a 2-3 m range of the participant testing location and connected
to a computer running a custom software to capture depth information. For the
LCMAS-Single the software consisted of a custom MATLAB (MathWorks Natick,
MA, USA) script and Open NI Viewer. For the LCMAS-2 the software was built
using the Microsoft Kinect for Windows SDK.

Forty-eight retro-reflective markers were placed on each participant, by the
same experimenter, in a configuration for detection by the Vicon system and the

LCMAS-Single system, Table 2.1.

Static trials were captured, consisting of the testing volume with reference
markers and the markered participants. Next, we removed the calibration mark-

ers for the collection of dynamic trials. We collected several sets of movement
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Figure 8.2: Clinical Capture Environment comprised of both the LCMAS-Single
(top) and LCMAS-2 (bottom).

screening data for the study participants performing 3 repetitions per set of drop
vertical jump (DVJ), single leg squats (SLSR, SLSL) and double leg squat (DLS).
Adequate practice was allowed to decrease learning effects. This data consists of
two days of data capture separated by one week, with multiple sets of repetitions
captured per session. A schematic depicting the data sets used in this evaluation

is shown in Figure 8.3.

Data handling for each system is detailed below. The metrics detected by
each system are shown in Figure 8.4, with forces and moments reported in the
proximal, distal, and joint coordinate system (JCS), totaling 73 metrics for Vicon

and LCMAS-Single and 64 metrics (in black) for LCMAS-2.
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Day 1
Day 2
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Motion Capture System
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6DOF Kinect Static
D 1K X Vicon Static X X
6DOF Kinect Static
F 1K X Vicon Static X X

Figure 8.3: Study design.
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Figure 8.4: Metrics evaluated in each system for comparison.

Note: Metrics

in black are the metrics attempted to be detected in LCMAS-2, metrics in red

(segment rotation based joint angles) were not attempted.

8.2.1 Data Processing

Vicon

Specifics on the gold standard motion capture system and kinematic and ki-

netic data processing are detailed in Chapter 2. Complete, multi-repetition, un-

filtered kinematic and kinetic motion capture data files were exported from Vi-
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sual3D and imported into MATLAB for post-processing. To facilitate comparison
to both LCMAS-Single and LCMAS-2, unfiltered components of each metric of
Vicon data was partitioned into the repetitions identified by force plate signals
that were tagged events in Visual3D. Then the first and last data point of each
repetition for each component of each metric was identified. Next the data was
filtered according to analysis of residuals detailed in Chapter 2 at 12 Hz. Then a
shape preserving polynomial filled any gaps in data between the identified points

at the beginning and the end of the repetitions.

In MATLAB we also calculated an additional metric, center of mass (COM)
relative to base of support (BOS), often used to evaluate balance. COM position
is calculated in Visual3D and included in the previously mentioned exported data.
BOS position is calculated by determining the magnitude of the force vector de-
tected by each force plate (||Fg|| and ||Fy||) and using that magnitude to weight
the center of pressure (COP) location from each force plate (COPg and COPY).

The weighting determines the location between the two COPs.

IF2|| = ||F Rl + |[FyLl] (8.1)
Fr F;
BOS = COPg + COP, (8.2)
T

Then our metric of interest COM relative to BOS is a simple subtraction.
COM,¢ypos = COM — BOS (8.3)

Since the COP occurs on the ground plane making the vertical component con-
stant, we are only concerned with two components (medial/lateral and ante-

rior /posterior) of this COM relative to BOS metric.

To establish validation cut-points for the LCMAS data, the Vicon data was

analyzed. In the Vicon data, for each component of each metric over all subjects
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a) the maximum and minimum values were determined and b) the peak absolute

value of slope was determined for a 1% change in stance.

We also analyzed the Vicon data to establish peak metric ranges for the
LCMAS data. The percentage of stance when each minimum and maximum peak
metrics occurred was noted for each participant in the Vicon data. The extreme
values of the range of occurrence was used to establish the ranges for the LCMAS

data.

For each evaluated signal percentage of stance curves and five different peak
metrics, i) minimum value, ii) maximum value, iii) range of motion (ROM) of
values, iv) value at initial contact (or first valid data point), and v) value at
maximum knee flexion (MKF), were used in system comparisons outlined in the

next section.

Dynamic data was processed for DLS, SLS, and DVJ maneuvers.

LCMAS - Single

Data was processed with system improvements detailed in Chapter 5. The
data processing was intensive at this early stage in system development, thus only
DVJ data was analyzed for this study. DVJ was chosen from the three different
maneuvers as it was deemed the most demanding on the participants and data

capture, due to the higher loading and speed of movement of the activity.

Initially, visual inspection of the raw depth map data frames was used to
identify the start (feet first contact force plates) and end (feet take-off from force
plates) of repetition. Then the depth camera data was processed from three frames
before initial contact to three frames after take-off to ensure capture of the entire

maneuver.

To proceed with a thorough analysis the LCMAS-Single data needed to be

spatially and temporally synchronized to the Vicon data. In order to spatially
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synchronize the LCMAS-Single data to Vicon, LCMAS-Single marker position
data was rotated and translated into the Vicon lab coordinate system based on
the ground reference markers and the three upper torso markers from the static

reference posture capture, as previously discussed in Chapter 7.

To temporally synchronize the data, we first used the CPU time stamp infor-
mation to properly space the data. The LCMAS-Single has an inconsistent frame
sampling rate, thus we cannot assume even time steps between frames. Then
each repetition was roughly temporally aligned based on 5th metatarsal marker
velocity and force plate signal. Next, LCMAS-Single marker position data was im-
ported into Visual3D, Figure 8.5, based on this rough temporal alignment. Then
we performed a manual temporal fine tuning, centering the repetition over the
beginning and the end of the time series to align with initiation and termination
of force plate signals. This fine tuning involved an iterative process where the
time adjustment necessary was noted and applied to the LCMAS-Single data in
MATLAB and then the LCMAS-Single data was re-imported into Visual3D for

confirmation of proper alignment.

Once marker data was spatially and temporally synchronized to Vicon data,
four different processing procedures were separately applied to the LCMAS-Single
data in Visual3D. The first procedure used a 6DOF model and the Vicon static
data for the reference posture, the second procedure used an inverse kinematic (IK)
model, in which all joints had 3DOF of rotation and the pelvis had 6DOF, and the
Vicon static data for the reference posture. The next two processing procedures
differed from the first two in that they utilized the Kinect static data for reference
posture while using the same 6DOF and IK models for kinematic and kinetic
calculations. The Vicon and 4 LCMAS-Single processing procedures used the
same force plate data which consisted of force vectors, free moments, and center
of pressure. Once kinematic and kinetic calculations were completed in Visual3D,

all metrics were exported to MATLAB for post-processing. In MATLAB we also
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Figure 8.5: Example of marker, model, and force vector visualization in Visual3D

for Vicon (left) and LCMAS-Single.

calculated an the additional metric, center of mass (COM) relative to base of

support (BOS) described in the prior Vicon section.

The Vicon event tags for the beginning and end of repetition were used to
partition the data into repetitions. Next, the data was filtered according to anal-
ysis of residuals detailed in Chapter 2 at 2.5 Hz. Then a polynomial was fit to
the data: 3rd order for angle and position components; 7th order for force and

moment components.

Next, each component of each metric of LCMAS-Single data was evaluated
for validity. We set our validity criteria at a minimum of 50% of raw data points
gathered in a repetition. If the data meets this first criteria, then the processed

signal is compared to the corresponding Vicon signal cut-points. For this com-
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parison first we evaluate the minimum and maximum signals. If at least one of
these values are more than 50% above or below the range established by the Vi-
con data, it is deemed invalid, Figure 8.6. Then we evaluate the absolute value
of metric slope between 1% of stance intervals. If the data is more than twice as
steep as the slope established by the Vicon data at any increment, the repetition
is considered invalid. If the LCMAS-Single signal meets all of these criteria, it is

considered valid and progressed on to system comparisons.

Finally to extract peak metrics for i) minimum value, ii) maximum value, iii)
range of motion (ROM) of values, iv) value at initial contact (or first valid data
point), and v) value at maximum knee flexion (MKF), we looked to the ranges
of percent stance set by the Vicon data. We doubled the range of minimum and
maximum percent of stance seen in the Vicon data, limited by the extremes of

0% and 100% stance, Figure 8.6.

The five peak metrics and percentage of stance curves were used in system

comparisons outlined in the next section.

above valid range = v
o o)
" 3 () o)
50% of Vicon range above Vicon max o ©
@ ()]
o o 2 |8 S &
= Vicon range = © = = =
4+ + C = —
5] ) o o] @ o
S S = S w |8 2
50% of Vicon range below Vicon min ; ?_ © ?_ S
6 o = o g
below valid range F § S °\£ 3
g a n > N ©
0 Stance (%) 100 0 Stance (%) 100

Figure 8.6: Data ranges. Image on left illustrates setting the upper and lower
thresholds in the validation criteria, while the image on the right represents the

window of percent stance in which peak values were obtained.
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LCMAS - 2

The alignment with the Visual3D COM and force plate signal is detailed in
Chapter 6. In MATLAB we also calculated an the additional metric, center of
mass (COM) relative to base of support (BOS) described in the prior Vicon sec-
tion. The repetition partitioning, filtering, signal validation, and extraction of

peak metrics was the same as detailed in the prior LOCMAS - Single section.

The five peak metrics and percentage of stance curves were used in system

comparisons outlined in the next section.

Dynamic data was processed for DLS, SLS, and DVJ maneuvers.

8.2.2 Data Analysis

For each system we would like to assess the within-day and between-day repeata-
bility for the full repetition time profiles as well as the peak value of each metric.
These intra-system reliability measures are also known as test-retest reliability and
help us evaluate the “consistency of a test or measure” [121]. Additionally, we
would like to compare the reliability of each LCMAS to the industry gold standard
Vicon system. Inter-system evaluations help us quantify the agreement between
two methods of clinical measurement [11]. We would also like to determine: 1) if
the marker based angles are good surrogate measures for the corresponding rota-
tion based angle measurements; and 2) which coordinate system (proximal, distal,

or joint) is the best to report force and moment data.

8.2.2.1 Statistical Analysis

Statistical analysis stemming from root mean squared (RM.S) difference, analysis
of variance (ANOV A), intraclass correlation coefficient (ICC) [108], standard
error of measurement (SEM) [67], smallest detectable difference (SDD) [80] (also
known as the smallest real difference (SRD) [67], repeatability coefficient (RC')
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[16], minimum difference (M D) [121], or minimal detectable change (M DC)),
and Bland-Altman plots [11, 10] are detailed below. According to Crossley [28],
“The minimal clinically important difference quantifies the minimal difference
that patients or practitioners consider clinically important and thus will indicate
a relevant change in the patient’s symptoms.[2, 55]” We will take our minimal
clinically important differences (M CID) to be the difference between mean values

in the literature data and compare these to our SDD for each metric.

All RM S calculations were performed at 1% increments from 0% to 100% of

the Stance Phase.

RMS = |~ (X - X)) (8.4)

i=1
Where N is the number of data points, X; is the data of the ith sample, X; is

the reference data of the 7th sample.

Intra-System Repeatability - Between Repetitions

For each system, to assess within-session reliability of peak metrics we per-
formed a one-way ANOV A for the first two valid repetitions for each day of
testing. The ANOV A table corresponds to that used by Rankin and Stokes [98]
for a one-way random effects model. Mean square (M.S) values were then used as
the source of variance in an /C'C 1y calculation [98]. Where BM S is the between-
subjects mean square with DFp = n — 1 degrees of freedom and WAMS is the
within-subjects mean square with DFy = n(k — 1) degrees of freedom. Here n is

number of subjects and k is number of repetitions.

BMS —-WMS
ICQmV_BMS+M%JﬂVMS (8:5)

The standard error of measurement (SEM) is:

SEM =vWMS (8.6)
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Smallest detectable difference (SDD) is:

SDD =1.96 x V2 x SEM (8.7)

For Bland-Altman plots, the average value between repetitions for each subject

is plotted on the horizontal axis and the difference between the same values, d,
is plotted on the vertical axis. The mean difference (d) is calculated and is an
estimate of the bias between the measurements. The standard error (SE) of d is:
SE; = % (8.8)

where s; is the standard deviation of d and n is the number of measurement

comparisons.

To establish how certain we are in the value of d we calculated 95% confidence

intervals (95%C1) for d [67]:
95%CIJ:CZ:|:t X SE; (8.9)

where t is from the probability distribution based on n — 1 degrees of freedom.

In addition, to identify the range in which we would expect 95% of the differ-

ences to lie, we calculated 95% limits of agreement (95%LA):

95%LA =d 4 1.96 x s4 (8.10)

To determine how certain we are in the 95%LA, we calculated the SE of the
upper and lower 95%LA and 95%C1 for each 95%LA [11].

SE 4 =171 x SE; (8.11)
95%0]95%LAUWW = 95%LAuppe,« +¢x SELA (812)
95%0[95%LAZO1U€T = 95%LAlower +t x SELA (813)

Next, we calculated 95%S DD which is similar to the 95%LA [67]:

95%SDD = d 4 SDD (8.14)
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We also calculated RM .S values between the first two valid repetitions of each

set, over the stance phase, for the two days of testing for each participant.

Intra-System Repeatability - Between Days

For each system, to assess between-session reliability of the mean value of peak
metrics we performed a one-way ANOV A. The ANOV A table corresponds to
that used by Rankin and Stokes [98] for a one-way random effects model. These
new M S values were then used as the source of variance in the ICC(; 1) equation
[98]. The calculations for SEM and SDD also use the equations above with M S
and DF values from the new ANOV A. However, here n is number of subjects
and k is number of days.

BMS —-WMS

ICChp = BIIS

(8.15)

For Bland-Altman plots, the average value between days for each subject is
plotted on the horizontal axis and the difference between the same values, d, is
plotted on the vertical axis. The mean difference (d) is calculated and is an esti-
mate of the bias between the measurements. The other calculations described with
the Bland-Altman analysis above were also calculated for the between-sessions in-

vestigation.

We also calculated RM S values between the mean metric profiles, over the

stance phase, for the two days of testing for each subject.

Inter-System Reliability

To compare the reliability of the mean value of peak metric detection of each
system to the industry gold standard, Vicon system, we performed a two-way,
mixed-model, systems-fixed ANOV A for each day of testing. The ANOV A Table
corresponds to that used by Rankin and Stokes [98] for a two-way, mixed-model,

raters-fixed (Note: here we take the systems to be the raters). M.S values were
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then used as the source of variance in an /C'C(3 calculation [98]. Where BM S is
the between-subjects mean square with DFg = n — 1 degrees of freedom, SM S is
the between-systems (raters) mean square with DFg = k — 1 degrees of freedom,
and EMS is the error with DFp = (n — 1)(k — 1). Here n is number of subjects

and k is number of systems (raters).

BMS — EMS
T = .16
CCGw) BIIS (8.16)
The standard error of measurement (SEM) now becomes:
SEM = VEMS (8.17)

The calculation for SDD also use the equations above with the new SEM value.

The Bland-Altman calculations described above are also performed, this time
comparing the mean from each testing session from each subject between two
systems. We also calculated RM .S values between individual repetitions and mean
metric profiles, over the stance phase, for the two systems of testing for each

subject.

8.2.2.2 System Evaluation

In order to proceed, we must first identify how to approach the massive amount of
data we have just produced. Arguably, depending on the desired use of each low-
cost system, it may be prudent to approach the data from a different direction. For
example, once normative databases have been established and prospective studies
performed for a variety of maneuvers and risk assessments, we may be much more
interested in the intra-system repeatability for a wide range of metrics measured in
the low-cost systems and less concerned with the correlation to the gold standard
system. This potential future utility motivated us to perform the data analysis
on the full spectrum of metrics. However, at this stage of development of the
low-cost systems we will focus on the metrics identified in prior studies, detailed
in Chapter 1.5.
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Table 8.1: Summary of primary and secondary variables examined in double leg
maneuvers. Note: Initial contact (IC); range of motion (ROM); mazimum knee

flexion (MKF); center of mass (COM); base of support (BOS).

Joint | Type ‘ Primary Parameter

Hip Kinematic Peak Flexion
ROM Flexion
IC Ab/Adduction
Kinetic Peak Flexion Moment

Ankle Kinematic ROM Dorsiflexion

Knee Kinematic Peak Flexion
ROM  Flexion
IC Ab/Adduction
Peak Abduction
Peak Adduction
Peak Internal Rotation

Kinetic Peak Abduction Moment

Joint | Type ‘ Secondary Parameter

Other Position ROM COM relative to BOS
Hip Kinematic MKF  Flexion
ROM Adduction
MKF  Adduction
ROM External Rotation
MKF  External Rotation

Ankle Kinematic ROM Pronation

Knee Kinematic ROM Adduction
MKF  Adduction
MKF  External Rotation
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Table 8.2: Summary of primary and secondary variables examined in single leg
maneuvers. Note: Initial contact (IC); range of motion (ROM); mazimum knee

flexion (MKF); center of mass (COM); base of support (BOS).

Joint | Type Primary Parameter

Other Position ROM COM relative to BOS
Hip Kinematic ROM Flexion
MKF  Flexion
ROM Adduction
MKF  Adduction
ROM External Rotation
MKF  External Rotation
Ankle Kinematic ROM Dorsiflexion
ROM Pronation
Knee Kinematic Peak Flexion
ROM Adduction
MKF  Adduction
MKF  External Rotation

Joint | Type ‘ Secondary Parameter

Hip Kinematic Peak Flexion
IC Ab/Adduction
Kinetic Peak Flexion Moment
Knee Kinematic ROM Flexion
IC Ab/Adduction
Peak Abduction
Peak Adduction
Peak Internal Rotation
Kinetic Peak Abduction Moment
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We took the metrics identified in Chapter 1.5 and for the double leg exercises
(DVJ and DLS) we examine the double leg metrics as primary variables and
the single leg metrics at secondary variables, compiled in Table 8.1. For single
leg exercises (SLS) the metrics were prioritized in the opposite order, with the
single leg metrics as primary variables and the double leg metrics at secondary
variables, compiled in Table 8.2. When evaluating the COM position we chose
the peak metric of ROM because this value was more likely to be repeatable than

the laboratory based position between repetitions and days.

For these metrics, we start by checking the inter-system IC'C. Since we are
using the Vicon system as our gold standard, it is critical to have correlation
between the low-cost systems and Vicon. An IC'C of less than 0.40 is considered
poor, an IC'C of 0.40 to 0.75 is adequate, and an IC'C above 0.75 is excellent. If
the inter-system correlation is adequate or better (highly preferred) for detecting
a particular metric, we proceed. Next, we compare the inter-system SDD to the
literature MCID value. If the SDD is smaller than the MCID, we proceed to

the intra-system comparisons.

For the low-cost intra-system comparisons we first look between repetitions.
The assumption here is that a participant would be more consistent on the same
day of testing with the same marker placement than one week later. We check
for an adequate IC'C' and SDD using the same criterial described above. For
the between days evaluation, the same checks are performed. Next, we round out
our analysis by investigating the Bland-Altman and RM S values for inter- and

intra-system comparisons.

The statistical analysis is summarized in Figure 8.7 with an overlay of boxes

and numbers signifying order of consideration for system evaluations.

Finally, we also examine the intra-system evaluations for the Vicon system.
These values are important for us to consider because they represent the consis-
tency of the industry gold standard, especially relative to our low-cost systems.
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Day 1 Day 2 Day 1 Day 2 Between Days
Peak metrics Mean of Between 1%t two Mean of
Compare[mciD|*** repetitions valid repetitions repetitions
i) Min ANOVA ANOVA ANOVA
i) Max 1 3 4
iii) ROM ICC : ICC ICC
iv) IC SDD SDD SDD
v) Maxknee flexion Bland-Altman Bland-Altman Bland-Altman |°
Metrics over RMS (rep & mean) RMS RMS

stance phase

Figure 8.7: Summary of statistical analysis used in system evaluations. Numbered

bozes indicate order of consideration.

In addition, they indicate the amount of error introduced by inconsistencies in
our subjects performing the maneuvers and the marker placement by the experi-

menter.

Results and Discussion for the LCMAS-Single are presented in Chapter 9,
while the corresponding information for the LCMAS-2 is presented in Chapter
10.
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CHAPTER 9

Low-Cost Movement Assessment System-Single

Compared to Vicon

Using the methods detailed in Chapter 8, we have processed and analyzed the
LCMAS-Single and Vicon data for the drop vertical jump (DVJ). In this chapter
we present the Results and Discussion for the inter-system reliability and the

intra-system repeatability study for these systems.

9.1 Results

We first present a sample of the plots generated in our study. Our intent is to
provide the reader with a comprehensive view of the scope of comparisons as well
as a feel for the numerical values. The three types of plots are 1) center of mass
(COM) relative to base of support (BOS), 2) root mean square (RMS), and 3)
Bland-Altman. Details of each type of plot are explained below. Then, we present
tables of numerical data for variables that passed the screening criteria for both
the low-cost system compared to Vicon and for angle measurement comparisons
between markers, from either the the low-cost or Vicon system, and rotations

calculated in the Vicon system.

9.1.1 Center of Mass Relative to Base of Support

A sample COM relative to BOS plot is shown in Figure 9.1. This plot represents

an overhead view where increasing X is towards the participant’s left side, and
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increasing Y is towards the participant’s posterior direction. The lines, one for
each system, represent the path (X,Y") of the COM relative to the BOS through
the repetition. The stars represent initial contact. The origin is located at the
BOS and marked with a circle on the plot. Note that while COM and BOS
are both calculated in the laboratory coordinate system, this plot is not of the
laboratory space as the BOS is not fixed in the laboratory system and may shift
throughout the duration of the repetition. Interpretation of this plot is detailed

in the Discussion section.

016
014
012

01

0.06 -

Y Position {m)

0.04 -

0.04- —— Vicon
| | | | — LCMAS-Single
-0.02 0 0.02 0.04
X Position (m)

Figure 9.1: Sample plot: center of mass relative to base of support. Note: Stars
represent initial contact, circle represents base of support, decreasing Y is towards

the participant’s anterior direction.
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9.1.2 Root Mean Square Comparisons

The RMS plots show metric component profiles over the stance phase (z axis) of
each repetition. The left column of plots contains angle data, while the center
column displays force data, and the right column presents moment data. The
exception to the described presentation of data is in the ankle plots, which in-
stead of displaying a blank plot for the second component of marker angle data,
we provide components of the COM position plots. Our evaluation yields four

different types of RMS plots. Sample data output is shown in Figures 9.2 to 9.9.

9.1.2.1 Inter-System Comparisons

For the inter-system comparison, single repetition RMS comparisons for the right
hip, knee, and ankle are shown in Figure 9.2, Figure 9.3, and Figure 9.4, re-
spectively. The top row consists of data in the joint coordinate system (JCS), the
middle row is composed of the first component of marker angle data and force and
moment data in the proximal coordinate system (PCS), while the bottom row is
comprised of the second component of marker angle data and force and moment
data in the distal coordinate system (DCS). Again, in the case of the ankle data,
components of COM position are presented in the bottom left plot. Vicon data
is plotted using thin lines while data from our low-cost system is plotted in thick
lines. The RMS value between corresponding lines of the Vicon and LCMAS are

color coded and presented to the right of each plot window.

For the inter-system comparison, mean RMS comparisons for the right knee in
the JCS are shown in Figure 9.5. The first, second, and third components of each
metric are displayed in the respective row, with the columns corresponding to the
prior description. The individual repetitions are plotted in colored lines, while the
mean of those repetitions is plotted with a black line. Vicon data is plotted using

thin lines while data from our low-cost system is plotted in thick lines. The RMS
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value between corresponding mean lines of the Vicon and LCMAS is presented to

the right of each plot window.

9.1.2.2 Intra-System Comparisons

Now we proceed to the intra-system comparisons. First we look at the between
repetitions RMS comparisons for the right knee in the JCS in Figures 9.6 and
9.7 for the LCMAS and Vicon system, respectively. The first, second, and third
components of each metric are displayed in the respective row, with the columns
corresponding to the prior description. The second repetition is plotted using thin
lines while data from the first repetition is plotted in thick lines. The RMS value

between corresponding lines is presented to the right of each plot window.

Next we examine the intra-system between day RMS comparisons for the right
knee in the JCS in Figures 9.8 and 9.9 for the LCMAS and Vicon system, respec-
tively. The first, second, and third components of each metric are displayed in
the respective row, with the columns corresponding to the prior description. The
individual repetitions are plotted in colored lines, while the mean of those repe-
titions is plotted with a black line. Trial F is plotted using thin lines while data
from Trial D is plotted in thick lines. The RMS value between corresponding

mean lines is presented to the right of each plot window.

It should be noted that while primarily RMS data for the right knee in the
JCS was presented here, similar evaluations were performed for the right knee in
the PCS and DCS as well as the hip and ankle in all three coordinate systems.
In addition, data was evaluated for the left side, for all three joints, in all three
coordinate systems, as well as COM position. All of this data was evaluated in
the four versions (i) Vicon static - 6DOF; ii) Vicon static - IK; iii) Kinect static -

6DOF; and iv) Kinect static - IK) of the LCMAS-Single and the Vicon datasets.
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9.1.3 Bland-Altman Comparisons

Next, we examine the Bland-Altman plots for comparing the extreme metrics
detected by our systems. Examples of the eight different Bland-Altman plots
generated in our evaluation are shown for the second component of hip angle in
the JCS at initial contact (IC) in Figure 9.10. For each plot the average of the
measurements being compared is plotted on the z axis and the difference between
the measurements is plotted on the y axis. The mean difference, d, is plotted as
a horizontal solid line in the center of the plot, with the 95% confidence interval
of d, 95%C1I;, plotted on either side with a dashed line, and the 95% limits of
agreement, 95%L A, plotted at the outermost extent of the plot with a dot-dash
line. The value for each of these variables is displayed next to the line on the
right side of the plot window. The top row of Figure 9.10 contains our inter-
system comparisons. The middle row contains intra-system comparisons for the
LCMAS-Single, while the bottom row contains intra-system data for the Vicon
system. The left-most column contains comparison data from Day 1, while the
center column contains data from Day 2. The right-most column contains intra-
system data from between days. It should be noted that similar comparisons were

performed for all metrics under consideration in this study.

9.1.4 Numerical Results

Numerical results for select metrics are summarized in Table 9.1 and detailed
in Tables 9.2 and 9.3. In this summary table, each row contains a metric and
the associated inter-system and intra-system comparisons. Each circle is color
coded, as detailed in the legend, to visually indicate the level of agreement of
IC'C and comparison of SDD with the M CID values. The outline of the circle
is used to represent IC'C' agreement and the fill of the circle indicates how the

SDD compares to the MCID values. For the inter-system comparisons the two
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circles correspond to the Day 1 (left) and Day 2 (right) evaluations. For the
intra-system comparisons, the three circles correspond to the between repetitions
comparisons, Day 1 (left) and Day 2 (center), and Between Days comparisons
(right). Metrics from LCMAS-Single that met our screening criteria are designated
with an asterisk. This visual comparison provides a simple platform to compare

the metrics detailed in the numerical tables.

Finally, we present numerical tables in which values extracted from the dif-
ferent types of plots are compiled along with ICC, SDD, and MCID values.
Primary and secondary variables that passed the screening criteria for LCMAS-
Single compared to the corresponding Vicon metric are presented in Table 9.2 and
9.3, respectively. All system comparisons listed in the summary table for these
metrics are presented in the numerical tables. Numerical results are compiled in
Appendix A.1 for variables from the summary table that did not meet our screen-
ing criteria . Five different metrics are presented in Table 9.2 while one metric is

presented in Table 9.3.

The tables consist of four different types of comparisons. First, we have com-
parisons between a version of LCMAS-Single models and the Vicon model. Sec-
ond, are comparisons between the LCMAS-Single marker based angle and the
corresponding Vicon marker based angle. The next type of comparison is LCMAS-
Single marker based angle to the corresponding Vicon model or JCS based angle.
Finally, we examine the Vicon marker based angle to the corresponding Vicon

model or JCS based angle.

For these tables, the inter- and intra-system comparisons for one metric in one
version of LCMAS are presented on one half of each page. When looking at the
page in landscape orientation, the component is listed on the far left with the
the type of comparison (i) minimum value (Min), ii) maximum value (Max), iii)
range of motion (ROM) of values, iv) value at initial contact (IC), or v) value

at maximum knee flexion (MKF)), the component of the parameter of interest
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(1st, 2nd, or 3rd), and the parameter of interest (e.g. knee angle corresponding
to rotations to align with the JCS). The second main column contains the sta-
tistical measurement labels for the data presented in the tables. These labels are
comprised of: the IC'C’; the number of comparisons, n, involved in obtaining the
statistics; the SEM; the SDD; the lower and upper bounds for the 95%SDD:;
from the Bland-Altman plots: the d, the lower and upper bounds for the 95%C1j,
and the lower and upper bounds for the 95%LA; and from the RMS plots the
Fraction or ratio of comparisons used to comparison captured and the average of
the RM S values for the comparisons used for both individual curve evaluations
and mean curve evaluations. Other statistical output is not presented at this time.
The leftmost group of data columns is headed ”Inter-System: Vicon” and in this
column the inter-system comparison data is presented for each day of testing, with
the exception of the RM S data where both days are included in the average RM S
and fraction values. Note that values were obtained for both individual curves
and mean curves. The center group of data columns is headed ”Intra-System:
Between Reps” and contains the intra-system comparisons between repetitions
for each day of testing for each system from the inter-system comparison. The
next group of data columns is headed " Intra-System: Between Days” and contains
the intra-system comparison between days for each system from the inter-system
comparison. Finally at the far right of the page, the corresponding M CID value
from the scientific literature is presented for ease of comparison to each SDD. The
units listed with the MCID values apply to all numbers listed for that metric,

with the exception of the ICC, n and Fraction values.
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Table 9.1: Summary of ICC and SDD for Variables in LCMAS-Single for DVJ.
Note: Inter-system circles represent Day 1 and Day 2; intra-system circles repre-

sent Between Repetitions (Day 1, Day 2), and Between Days.
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9.2 Discussion

We will first discuss general points. Then we will step through a discussion of
the primary and secondary metrics presented in the numerical tables of the prior

section.

9.2.1 General

COM Relative to BOS Interpretation

For understanding and interpretation of the COM relative to BOS plot we
look to the example in Figure 9.10. In this figure, the path for the LCMAS-Single
COM relative to BOS travels a larger range in the Y-direction and a more similar
range in the X-direction when compared to the Vicon COM relative to BOS.
This positioning demonstrates greater measurement similarity in the X-direction
(medial-lateral) than in the Y-direction (anterior-posterior) or the depth value

from the LCMAS-Single system.

Bland-Altman Plots Interpretation

In the Bland-Altman plots the mean difference, d, represents an estimate
of the bias between measurements. If this number is positive or negative,
the measurements from one system (for inter-system comparisons) or one test
occasion (for intra-system comparisons) tend to be larger or smaller than the
other. If the 95%C1; does not include zero, it indicates a systematic bias [67].
If the bias is consistent, we can adjust the new method by simply adding or
subtracting d to match the industry gold standard [10]. It is possible that
the variability changes with magnitude and that the 95%LA are too wide or
too narrow throughout the measurement range. A logarithmic transformation
could be used to address these differences. It is also possible that difference is

nonuniform and in one direction for low values and the other direction for larger
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values. This relationship could cause the 95%LA to be wider than necessary. A
linear regression for determining d would narrow the bands for the corresponding
95%CT and 95%LA.[11] For example, this type of analysis could benefit the data
shown in the top row left side of Figure 9.10 where values are above d on the left
side of the plots and below d on the right side of the plots. We leave this level of

analysis and refinement to future work.

Reliability and Repeatability

Agreement between two systems is impacted by intra-system repeatability [11].
If either system has poor repeatability the result would be poor agreement. For
this reason it is important to compare the intra-system repeatability alongside
the inter-system reliability in our screening criteria. If we can improve intra-
system repeatability for our LCMAS-Single system across additional metrics, we
will likely see improved inter-system agreement. While inter-system agreement
could be impacted by lack of repeatability from either system, almost all of the
data presented here shows the Vicon system to have better repeatability and lower

SDD than the LCMAS-Single.

The 95%SDD is similar to the 95%LA and both can be used to estimate
the inter-system reliability and intra-system repeatability. If this value is similar
between intra-system repeatability for one system and inter-system reliability, a
lack of agreement can be attributed to lack of repeatability by that system. If
the inter-system bounds are considerably wider than either of the intra-system
bounds, then some other factor is impacting the agreement [11]. Most of our

data is within the range of the intra-system bounds.

Root Mean Square Analysis

Only a few metrics met our overall criteria. However, we did see that RM S
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values tended to be smaller than SDD values. We suspect this observation
indicates that LCMAS-Single is better at representing the curve of a metric over
the duration of a repetition rather than the peak metrics. This situation could
potentially be improved in future work by refining data processing. These process
improvements could include adjustments to filter and polynomial fit parameters,

as well as the range of detection based on the Vicon data.

LCMAS-Single Model

The LCMAS-Single (Vicon Static - IK) was the model with the most associated
metics, with three primary (Max 1st component hip angle, IC 2nd component
hip angle, and Min 1st knee angle) and one secondary (ROM 1st component
COM position) meeting our screening criteria. The LCMAS-Single (Vicon Static -
6DOF) was the second place model for associated metics, with two primary (Max
1st component hip angle, and Min 1st knee angle, ) and one secondary (ROM
1st component COM position) meeting our screening criteria. We suspect the
association with the Vicon static over the Kinect static indicates a compounding
error when a Kinect static is employed. When the LCMAS-Single uses the Vicon
static, the low-cost and Vicon Systems use the same static reference posture. If
this set-up yields a positive result with our screening criteria over a set-up using
the Kinect static, this situation indicates the low-cost tracking is adequate but the
initial assignment calibration in the low-cost system is poor. Possible refinement of
defining the static reference posture in our LCMAS-Single system would improve
metric detection in a stand alone system. For example, aligning the calibration
markers at each joint in the participant’s frontal plane and then ensuring both
markers have the same value in the anterior-posterior direction in post-processing.
We also suspect that the results were better with the IK model over the 6DOF

model because of the additional constraints on the system.
Selection of model did not impact marker based angles.
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Marker Based Angle Measurements

The LCMAS-Single had two primary (IC 2nd component knee angle, and
Max 2nd component knee angle) and zero secondary metrics meet our screening
criteria for marker based angle measurements relative to Vicon marker based
angle measurements. The LCMAS-Single had zero metrics meet our screening
criteria for marker based angle measurements relative to Vicon rotation based
angle measurements. The Vicon System had five primary (Max 1st component
hip angle, ROM 1st hip angle, IC 2nd component hip angle, Min 1st knee angle,
and ROM 1st knee angle) and one secondary (ROM 2nd component knee angle)
metric meet our screening criteria for marker based angle measurements relative
to Vicon rotation based angle measurements. Only one of these metrics (IC 2nd
component knee angle) passed the screening criteria for both LCMAS-Single
marker based angle measurements relative to Vicon marker based angle measure-
ments and Vicon marker based angle measurements relative to Vicon rotation
based angle measurements. However, we did see good intra-system reliability and
low SDD from several LCMAS-Single marker based angle measurements (Max
1st component hip angle, ROM 1st knee angle, IC 2nd component knee angle,
Min 2nd component knee angle, and Max 2nd component knee angle) reported
in the summary table. This observation indicates a potential to use marker
based angle measurements as a injury risk screening metric in the future, after

we conduct a prospective study to establish metric thresholds.

Coordinate System for Reporting Moment

None of the moment metrics met our screening criteria. In general, the Vicon
system showed adequate to excellent intra-system correlation and the intra-system
SDD was smaller than the MCID. The intra-system LCMAS-Single (Vicon
Static - IK, Vicon - 6DOF, and Kinect Static - IK) had mixed intra-system results

as did each systems’ inter-system comparison to Vicon. We had more of the

171



systems close to passing our screening criteria for the 2nd component of Knee
Moment in the JCS. Pending future work, currently the JCS is coordinate system

of choice.

9.2.2 Primary Variables DVJ - LCMAS-Single Compared to Vicon

This section covers the primary metrics summarized in Table 9.1 and detailed in

Tables 9.2.

Max - 1st Component - Hip Angle

First, we examine the rotation based angle comparisons. For the inter-system
comparison for this metric, the data captured with the LCMAS-Single, using the
Vicon Static reference posture and both the IK and 6DOF models, were excellently
correlated to the corresponding Vicon System data for both Day 1 and Day 2.
For intra-system comparisons, these systems also had excellent correlation for each
day of between repetition comparisons and between days comparisons. Also, all
of the data was validly collected with these systems for each day of testing. When
evaluating the SDD, we see larger values for the inter-system comparisons and
smaller values for the intra-system comparisons. For the between days comparison,
the Vicon SDD was about half of the LCMAS-Single (Vicon Static - IK and
Vicon - 6DOF) SDDs. For these systems all inter- and intra-system comparisons
yielded SDD values were less than the M CID from the scientific literature. The
Bland-Altman plots showed a bias, d, of around 20 degrees for the LCMAS-Single
(Vicon Static - IK) to Vicon inter-system comparison, and around 9 degrees for
the LCMAS-Single (Vicon Static - 6DOF) to Vicon inter-system comparison. All
intra-system comparisons for these systems displayed a d, of less than 4.2 degrees.
In addition, the 95%LA were similar to the 95%S DD, with larger spread on the

inter-system comparisons than the intra-system comparisons.
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Now, we examine the marker based angle comparison. For the inter-system
comparisons for this metric, the LCMAS-Single (Markers) based data was ade-
quately correlated to the corresponding Vicon (Markers) data. The intra-system
comparisons for LCMAS-Single (Markers) and Vicon (Markers) were excellently
correlated. About two-thirds of the data was validly detected in LCMAS-Single
(Markers), while all the data was detected in Vicon (Markers). For LCMAS-Single
(Markers) and Vicon (Markers) the intra-system SDD values were less than the
MCID from the scientific literature. However, the inter-system S DD values were

below the M C'ID value, thus not meeting our screening criteria.

Finally, we examine the Vicon and LCMAS-Single marker based angles to the
Vicon rotation based angle. For the inter-system comparisons for this metric,
the Vicon (Markers) and LCMAS-Single (Markers) based data were adequately
correlated to the corresponding Vicon System rotation based data. The intra-
system comparisons were discussed above. The inter-system SDD values for Vi-
con (Markers) to Vicon rotation based angle comparisons were smaller than the
MCID values, showing potential for the marker based metric to be a surrogate
measure for the rotation based metric after accounting for the 14 degree measure-
ment bias, d. However, the inter-system SD D values for LCMAS-Single (Markers)
to Vicon rotation based angle comparisons were greater than the MC'ID values,
thus not meeting our screening criteria. This LCMAS-Single (Markers) metric has
potential to be used in clinical evaluations following system improvements and/or

a prospective study.

For all comparisons, the RMS values were smaller than the corresponding

SDD values and the MCID values.

IC - 2nd Component - Hip Angle

Again we start with examining the rotation based angle comparisons. For
the inter-system comparison for this metric, the data captured with the LCMAS-
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Single, using the Vicon Static reference posture and both the IK and 6DOF mod-
els, were excellently correlated to the corresponding Vicon System data for both
Day 1 and Day 2. For intra-system comparisons, these systems also had excellent
correlation for each day of between repetition comparisons and between days com-
parisons. Also, all of the data was validly collected with the LCMAS-Single (Vicon
Static - IK and Vicon Static - 6DOF) for each day of testing. When evaluating the
SDD, we see all values for the LCMAS-Single (Vicon Static - IK) comparison are
less than the smaller M C'I D, with the exception of inter-system comparison Day
1 SDD which is less than the larger M C1D value. For the LCMAS-Single (Vicon
Static - 6DOF) comparison, all SDD values are less than the smaller MCID,
with the exception of inter-system comparison Day 1 SDD which is less than
the larger MCID value, and intra-system LCMAS-Single (Vicon Static - 6DOF)
between days Day 1 SDD which exceeds both MCID values. LCMAS-Single
(Vicon Static - 6DOF) does not meet our screening criteria but LCMAS-Single
(Vicon Static - IK) passes the evaluation. For the LCMAS-Single (Vicon Static
- IK), the Bland-Altman plots showed a bias, d, of less than 2 degrees across all
comparisons. In addition, the 95%LA were similar to the 95%SDD.

Now, we examine the marker based angle comparisons. For the LCMAS-
Single (Markers) based data and the corresponding Vicon (Markers) data, all
ICC values were adequate or excellent. However, the the intra-system SDD
value for LCMAS-Single (Markers) between repetitions Day 1 and between days

were above the larger M CID value, thus not meeting our screening criteria.

Finally, we examine the Vicon and LCMAS-Single marker based angles to the
Vicon rotation based angle. For the inter-system comparisons for this metric,
the Vicon (Markers) and LCMAS-Single (Markers) based data was excellently
correlated to the corresponding Vicon System rotation based data. The intra-
system comparisons were discussed above. The LCMAS-Single marker based angle

compared to the Vicon rotation based angle did not meet our screening criteria

174



for the same reason the LCMAS-Single (Markers) based data compared to the
corresponding Vicon (Markers) data did not meet our screening criteria, LCMAS-
Single (Markers) intra-system SDD. However, the inter-system SDD values for
Vicon (Markers) to the Vicon rotation based angle were smaller than the MCID,
which again shows the potential of the marker based angle as a surrogate for the

corresponding rotation based angle with future work.

For all comparisons, the RM S values were smaller than the corresponding

SDD values and the MCID values.

Min - 1st Component - Knee Angle

We begin with an examination of the rotation based angle comparisons. For
this metric the JCS based rotation from the LCMAS-Single (Vicon Static - IK and
Vicon Static - 6DOF) met the screening criteria relative to their Vicon counter-
part. For the inter-system comparison for this metric, the data captured with the
LCMAS-Single (Vicon Static - 1K), was excellently correlated to the correspond-
ing Vicon System data for both Day 1 and Day 2. For intra-system comparisons,
each system also had excellent correlation for each day of between repetition com-
parisons and between days comparisons, with the exception of between repetitions
Day 2 for the LCMAS-Single (Vicon Static - IK) which had adequate correlation.
The LCMAS-Single (Vicon Static - 6DOF) was excellently correlated for all intra-
system comparisons and adequately correlated to the corresponding Vicon System
data for inter-system comparisons. All of the data was validly collected with these
three systems for each day of testing. The between repetition SDD tended to be
larger than the between days SDD in each system, indicating a benefit to using
a mean value from multiple repetitions. All SDD values were less than the larger
MCID from the scientific literature. This comparison indicates that maneuvers
scored with large differences between groups such as the deep squat in a Func-

tional Movement Screen (FMS) may be an appropriate use of our system while it
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may lack the accuracy for more sensitive comparisons. However, it is interesting to
note that the between days LCMAS-Single (Vicon Static - IK) SDD was slightly
smaller than the smaller MCID, as were the intra-system between repetitions
Day 1 and between days SD Ds for the Vicon system. This comparison indicates
promise for the low-cost system to be used in more sensitive comparisons once a
normative database has been established with the low-cost system. The Bland-
Altman plots showed a bias, d, of less than 7.2 degrees across all comparisons.
In addition, 95% LA were similar to the corresponding95%SDD. The RM S val-
ues were smaller than the SDD values for all comparisons with the exception
of the between days comparison for Vicon data where the values were similar.
However, LCMAS-Single (Vicon Static - IK) and Vicon intra-system RM S values
were less than the smaller MCID value while the intra-system LCMAS-Single
(Vicon Static - 6DOF) and all inter-system RM .S values were only slightly larger
than the smaller MCID value. Both LCMAS-Single (Vicon Static - IK) and
LCMAS-Single (Vicon Static - 6DOF) meet our screening criteria.

Now, we examine the marker based angle comparison for LCMAS-Single
(Markers) and Vicon (Markers). For the inter-system comparisons, Day 1 was
adequately correlated and Day 2 was excellently correlated. In the intra-system
comparisons for these systems all data was excellently correlated with the excep-
tion of the poor intra-system LCMAS-Single (Markers) between repetitions on Day
2. Almost two-thirds of the data in LCMAS-Single (Markers) was validly detected.
All SDD values were below the larger M CID value and the intra-system Vicon
(Markers) between repetitions Day 1 and between days SDD values were also be-
low the smaller M C'ID values. Unfortunately, we just miss meeting our screening
criteria do to the lack or correlation for LCMAS-Single (Markers) between repe-
titions Day 2. Again, this metric has potential and system improvements could

bring this variable into the range of meeting our criteria.

We round out our analysis with an examination of the Vicon and LCMAS-
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Single marker based angles to the Vicon rotation based angle. For all inter-system
comparisons for this metric, the Vicon (Markers) and LCMAS-Single (Markers)
based data was excellently correlated to the corresponding Vicon System rotation
based data. The intra-system comparisons for this metric were discussed
above.When evaluating the SDD, for the inter-system comparisons between
Vicon (Markers) and Vicon (Rotation) we see values smaller than the inter-
system comparisons between LCMAS-Single (Markers) and Vicon (Rotation),
with the SDD values from Vicon (Markers) and Vicon (Rotation) less than the
smaller MCID value and the SDD values from LCMAS-Single (Markers) and
Vicon (Rotation) less than the larger MCID value. All of the RMS values
were less than the smaller MCID value with the exception of inter-system
LCMAS-Single (Markers) and Vicon (Rotations) that were slightly larger than
the smaller MCID value and well below the larger MCID value. Again, we
just miss meeting our screening criteria for the LCMAS-Single (Markers) due to
the lack or correlation between repetitions Day 2. However, the positive out-
come of the Vicon (Markers) to Vicon (Rotation) indicates the potential for the

marker based angle to be a good surrogate measure for the rotation based measure.

IC - 2nd Component - Knee Angle

For this metric we start with the marker based angle comparison for LCMAS-
Single (Markers) and Vicon (Markers) which met our screening criteria. For the
inter-system comparison for this metric, the data captured with the LCMAS-
Single (Markers), was excellently correlated to the corresponding Vicon System
data for both Day 1 and Day 2. For intra-system comparisons, each system also
had excellent correlation for each day of between repetition comparisons and be-
tween days comparisons.It is also important to note over two-thirds of the data was
validly collected with the LCMAS-Single (Markers) for each day of testing. When

evaluating the SD D, we see similar values for the inter-system comparisons, intra-
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system between days comparisons, and intra-system between repetitions compar-
isons for Vicon (Markers). We see slightly larger values for intra-system between
repetitions comparisons for LCMAS-Single (Markers). All SDD values were less
than the smaller MCID from the scientific literature. The Bland-Altman plots
showed a bias, d, of less than 1.5 degrees across all comparisons. In addition, the

intra-system 95%L A were similar to the 95%SDD.

Next, we look at the Vicon and LCMAS-Single marker based angles compared
to the Vicon rotation based angle. All inter-system comparisons were poorly corre-
lated and the SD D values were greater than the M C'I D values, with the exception
of inter-system Day 2 LCMAS-Single (Markers) to Vicon (Rotation) which was
adequately correlated. The intra-system comparisons for Vicon (Rotation) were
excellently correlated with SDD values less than the smaller MCID value. The
intra-system comparisons for LCMAS-Single (Markers) and Vicon (Markers) were

discussed above.
The RM S values were smaller than the M C'ID values for all all comparisons.

So we have a successful screening criteria result for the LCMAS-Single
(Markers) to Vicon (Markers) evaluation, however the negative result when
comparing each of these systems to the Vicon (Rotation) data indicates the
marker based data is not a surrogate measure for the rotation based data and a

prospective study should be performed to establish thresholds for this metric.

Mazx - 2nd Component - Knee Angle

For this metric we start with the marker based angle comparison for LCMAS-
Single (Markers) and Vicon (Markers) which also met our screening criteria. All
inter- and intra-system comparisons were excellently correlated. About three-
quarters of the data was validly collected with the LCMAS-Single (Markers) for

each day of testing. When evaluating the SDD, we see similar values for all
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comparisons. All SDD values were less than the M C'ID from the scientific litera-
ture. The Bland-Altman plots showed a bias, d, of less than 1.5 degrees across all

comparisons. In addition, the intra-system 95%LA were similar to the 95%SDD.

To complete our analysis of this metric we look at the Vicon and LCMAS-
Single marker based angles compared to the Vicon rotation based angle. The inter-
system correlation was excellent between LCMAS-Single (Markers) and Vicon
(Rotation) for Day 2 and adequate for Day 1. The inter-system correlation was
excellent between Vicon (Markers) and Vicon (Rotation) for Day 1 and adequate
for Day 2. The intra-system correlation for Vicon (Rotation) was excellent for all
comparisons and the other intra-system comparisons were discussed above. The
inter-system SDD values were larger than the M CID for both sets of system

comparisons. All intra-system SDD values were less than the smaller MCTD.

The RM S values were smaller than the all the corresponding SDD values and
MCID values. It is also important to note that these RM S values are the same
as those discussed in the prior metric because the RMS is calculated over the

duration of the repetition of this component.

The screening criteria result was positive for the LCMAS-Single (Markers) to
Vicon (Markers) evaluation, however the negative result when comparing each of
these systems to to the Vicon (Rotation) data indicates the marker based data
is not a surrogate measure for the rotation based data. The excellent correla-
tion within systems with low SDD values indicate good repeatability within the
systems and potential viability as the low-cost system to be able to use this met-
ric in evaluating maneuvers. Again, a prospective study should be performed to

establish thresholds for this metric.
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9.2.3 Secondary Variables DVJ - LCMAS-Single Compared to Vicon

This section covers the secondary metrics summarized in Table 9.1 and detailed

in Tables 9.3.

ROM - 1st Component - COM - Position

For this metric both the LCMAS-Single (Vicon Static - IK) and the LCMAS-
Single (Vicon Static - 6DOF) had good screening criteria results relative to the
Vicon counterpart. For the inter-system comparison for this metric, the data cap-
tured with LCMAS-Single (Vicon Static - IK) and was excellently correlated to
the Vicon data for both Day 1 and Day 2, while the data captured with LCMAS-
Single (Vicon Static - 6DOF) was adequately correlated to the Vicon data for
Day 1 and excellently correlated for Day 2. For intra-system between repetition
comparisons, the LCMAS-Single (Vicon Static - 1K) data was adequately corre-
lated for both days, the LCMAS-Single (Vicon Static - 6DOF) and Vicon data
were both excellently correlated for Day 1 and adequately correlated for Day 2.
For intra-system between days comparisons, the LCMAS-Single (Vicon Static -
IK) data was adequately correlated, the LCMAS-Single (Vicon Static - 6DOF)
and Vicon data were both excellently correlated. When evaluating the SDD, we
see values below the MCID ranging from 0.9 to 3.0 cm. For the inter-system
comparison, the LCMAS-Single (Vicon Static - IK) Day 2 had the smallest SDD
value. For the intra-system comparisons each LCMAS-Single (Vicon Static -IK
and Vicon Static - 6DOF) had slightly larger values than the Vicon system. The
LCMAS-Single (Vicon Static - IK) also has more valid repetitions (over half) than
the LCMAS-Single (Vicon Static - 6DOF).

The Bland-Altman plots showed a bias, d, of 1.1 cm or less for all comparisons.

In addition, the 95% LA were similar to the 95%SDD.

The RM S values were similar to or smaller than the SDD values and smaller
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than the MCID value for all comparisons. The inter-system RM S values were

smaller than the intra-system RM S values.

Both systems LCMAS-Single (Vicon Static - IK and Vicon Static - 6DOF)
met the screening criteria for this metric. This result suggests the systems abil-
ity to detect medial-lateral movement of the whole body and consistency of the
participants’ range of medial-lateral movement through repetitions and between

days.

9.2.4 Conclusions

For each system we were able to assess the within-day and between-day repeata-
bility for the full repetition time profiles as well as the peak value of each metric.
These intra-system reliability measures are also known as test-retest reliability and
help us evaluate the “consistency of a test or measure” [121]. Additionally, we
were able to compare the reliability of each LCMAS to the industry gold standard
Vicon system. Inter-system evaluations help us quantify the agreement between
two methods of clinical measurement [11]. We also determined: 1) which marker
based angles are good surrogate measures for the corresponding rotation based

angle measurements; and 2) the JCS is the best to report moment data.

Two of our Low-Cost Movement Assessment Systems models have repeatable
measures and SDD smaller than the M CID values from the scientific literature
for some of the metrics (2 for LCMAS-Single Markers relative to Vicon Markers, 4
for Vicon Static - IK, and 3 for Vicon Static - 6DOF') between at-risk and normal
populations, enabling use of the system as a screening tool for ACL injury risk
and rehabilitation. To expand the number of metrics and the clinical relevance of
this screening tool we propose continued system improvements and a prospective
study to establish a normative database and identification of abnormal movement

thresholds.
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CHAPTER 10

Low-Cost Movement Assessment System-2

Compared to Vicon

Using the methods detailed in Chapter 8, we have processed and analyzed the
LCMAS-2 and Vicon data for the drop vertical jump (DVJ), double leg squat
(DLS), and single leg squat (SLS). In this chapter we present the Results and
Discussion for the inter-system reliability and the intra-system repeatability study

for these systems.

10.1 Results

We first present a sample of the plots generated in our study. Again, our intent is
to provide the reader with a comprehensive view of the scope of comparisons as
well as a feel for the numerical values. The three types of plots are 1) center of
mass (COM) relative to base of support (BOS), 2) root mean square (RMS), and
3) Bland-Altman. Details of COM relative to BOS and RMS plots are explained
below. Bland-Altman plots were covered in detail in Chapter 9.1.3 and that de-
scription applies to the statistics presented in this chapter also. Then, we present
tables of numerical data for variables that passed the screening criteria for both
the low-cost system compared to Vicon and for angle measurement comparisons
between markers, from either the the low-cost or Vicon system, and rotations

calculated in the Vicon system for DVJ, DLS, and SLS maneuvers, respectively.
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10.1.1 Center of Mass Relative to Base of Support

The description given for this plot in Chapter 9.1.1 also applies to the sample
COM relative to BOS plot is shown in Figure 10.1. However in this version of the
plot we present data from the three different maneuvers examined in this study.
The sample repetition of DVJ in Figure 10.1 is the same repetition previously
shown in Figure 9.1, therefore the Vicon path is the same in the two figures while
the LCMAS data in this section is from the LCMAS-2 and the LCMAS data

presented previously is from the LCMAS-Single. Examination of the different

maneuvers in Figure 10.1 is detailed in the Discussion section.
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Figure 10.1: Sample plot: center of mass relative to base of support for DV.J
(left), DLS (center), and SLS (right). Note: Stars represent initial contact, cir-
cle represents base of support, decreasing Y 1is towards the participant’s anterior

direction.
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10.1.2 Root Mean Square Comparisons

All of the same types of RMS plots for inter- and intra-system comparisons pre-
sented in Chapter 9.1.2 were also created in the evaluations presented in this
chapter. For the inter-system comparisons these types of plots are the individual
and mean of repetition plots. For the intra-system comparisons these types of
plots are between repetition and mean of repetitions between days. The plots in

this chapter are to be interpreted in the same manner.

To provide the reader with a feel for the different maneuvers in this chapter,
we have included sample individual repetition inter-system RMS plots. For each
maneuver we present the angle (left column), force (center column) and moment
(right column) plots for the right hip, knee, and ankle. The DVJ is shown in
Figures 10.2 to 10.4. Again this data is from the same repetition presented in the
LCMAS-Single Figures 9.2 to 9.4. The Vicon data will be the same between the
two sets of plots, however the LCMAS data presented in this chapter is from the
LCMAS-2 . The DLS is shown in Figures 10.5 to 10.7. Finally, the SLS is shown
in Figures 10.8 to 10.10.
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10.1.3 Numerical Results

For each maneuver, results for select metrics are presented in summary tables and
detailed in numerical tables. We remind the reader that interpretations of these

two types of tables were presented in Chapter 9.1.4.

The tables consist of three different types of comparisons. First, we have
comparisons between the LCMAS-2 marker based angle and the corresponding
Vicon marker based angle. The next type of comparison is LCMAS-2 marker
based angle to the corresponding Vicon model or JCS based angle. Finally, we
examine the Vicon marker based angle to the corresponding Vicon model or JCS

based angle.

10.1.3.1 Drop Vertical Jump

For the DVJ, numerical results for select metrics are summarized in Table 10.1.
Variables that passed the screening criteria for LCMAS-2 compared to the corre-
sponding Vicon metric are presented in Table 10.2. All system comparisons listed
in the summary table for these metrics are presented in the numerical tables. Nu-
merical results are compiled in Appendix A.2 for variables from the summary table
that did not meet our screening criteria. Three different metrics are presented in

Table 10.2.
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Table 10.1: Summary of ICC and SDD for DV.J metrics in LCMAS-2 and associ-
ated systems. Note: Inter-system circles represent Day 1 and Day 2; intra-system
circles represent Between Repetitions (Day 1, Day 2), and Between Days.

Inter-
Component System
Comparison

Intra-System Comparisons

| ____Model ___E&J  Model |

000 000
Hip Angle Max 1 000 000
000 000
( LX 000
Hip Angle ROM 1 Q0 @ 000
000 000
00 000
Hip Angle IC 2 @00 000
000 000
000 00
Knee Angle Min 1 000 [ JoX )
z e0ce eoe
g 00 (YY)
'S Knee Angle ROM 1 00 000
000 000
Lo Je) 000
Knee Angle IC 2 (Jo)eo) 000
000 000
O® 0 Qe o
Knee Angle Min 2 0+ 0 000
Qe o 000
[ I 000
Knee Angle Max 2 o0 000
000 000
Knee Moment PCS Min 2 LN 000
coM Position ROM 1 00 Q0
(1 X ) o0®
Hip Angle MKF 2 00 00
z o0 000
g ® e0o
§ Knee Angle ROM 2 @00 000
] 000 000
[ 2 Xe 00
Knee Angle MKF 2 000 0 ®
@00 ( JoX )
Legend
icc sbD
o = Poor @ =Above MCID % = Variable meeting
= Adequate = Below larger MICID screening criteria
o = Excellent & =Below Smaller MCID
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10.1.3.2 Double Leg Squat

For the DLS, numerical results for select metrics are summarized in Table 10.3.
Primary and secondary variables that passed the screening criteria for LCMAS-2
compared to the corresponding Vicon metric are presented in Tables 10.4 and 10.5,
respectively. All system comparisons listed in the summary table for these metrics
are presented in the numerical tables. Numerical results are compiled in Appendix
A3 for variables from the summary table that did not meet our screening criteria.
Four different metrics are presented in Table 10.4 and one metric is presented in

Table 10.5.
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Table 10.3: Summary of ICC and SDD for DLS metrics in LCMAS-2 and associ-
ated systems. Note: Inter-system circles represent Day 1 and Day 2; intra-system

circles represent Between Repetitions (Day 1, Day 2), and Between Days.

Intra-System Comparisons

[ ____Model ___E&J  Model |

Inter-
Component System
Comparison

000
Hip Angle Max 1 000 000
000 000
(1 X ] 000
Hip Angle ROM 1 (T X ] 000
000 000
000 000
Hip Angle IC 2 000 000
000 000
@00 000
Knee Angle Min 1 @00 @00
z @00 000
E 000 000
'S Knee Angle ROM 1 000 000
000 000
000 000
Knee Angle IC 2 00 000
000 000
( LR 000
Knee Angle Min 2 0@ Q@ 000
000 000
Q@ o 000
Knee Angle Max 2 @ o @00
000 00
Knee Moment PCS Min 2 00 @ 000
CoM Position ROM 1 @0 @e o
COM Position to BOS ROM 2 000 °0 e
(1 X ] 00
| Hip Angle MKF 2 00 @ Oew®
g ece oee
g ) (T Y
§ Knee Angle ROM 2 ( TX ) (1 X ]
000 (1 X ]
@e oo 000
Knee Angle MKF 2 @e o (1 X ]
000 (1 X J
Legend
icc soD
o = Poor @ = Above MCID % = Variable meeting
= Adequate = Below larger MICID screening criteria
o = Excellent @ =Below Smaller MCID
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10.1.3.3 Single Leg Squat

For the SLS, numerical results for select metrics are summarized in Table 10.6.
Variables that passed the screening criteria for LCMAS-2 compared to the corre-
sponding Vicon metric are presented in Table 10.7. All system comparisons listed
in the summary table for these metrics are presented in the numerical tables.
Numerical results are compiled in Appendix A.4 for variables from the summary

table that did not meet our screening criteria. Six different metrics are presented

in Table 10.7.

We remind the reader that in the SLS there is a switch in primary and sec-
ondary variables. For consistency and ease in comparison we have left the metrics
in the same order in the presented tables and simply changed the heading of the
sections to correspond to the correct assignment. A few metrics had M CID val-
ues in both the primary and secondary category. For the SLS the primary MCID
was lower. In all cases the LCMAS-2 did not meet the screening criteria for this
lower M CID so the metric was converted into a secondary metric and evaluated
in the screening criteria with the secondary M CID. Two of these metrics (ROM
1st component hip angle and Min 1st component knee angle) are reported in these

tables.
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Table 10.6: Summary of ICC and SDD for SLS metrics in LCMAS-2 and associ-
ated systems. Note: Inter-system circles represent Day 1 and Day 2; intra-system

circles represent Between Repetitions (Day 1, Day 2), and Between Days.

Intra-System Comparisons

| ____Model &)  Model |

Inter-
Component System

Comparison

Angle
000

Hip Angle ROM 1 00

000
Hip Angle IC 2 ( [ )

@00
Knee Angle Min 1 * 00
000
000
Knee Angle ROM 1 * @@

e
©
]
c
o
(%]
@
»

000
000
Knee Angle IC 2 eoe
000
000

*
o)
(o)

o0 00 00 OO0 00 00 oo

Knee Angle Min 2 * )

o0 00 00 00 00 00 00
o0 00 00 00 00 00 00
o0 00 00 OO0 00 00 oo

000 000

Knee Angle Max 2 [ )

Knee Moment JCS Max
Knee Moment PCS Max
Knee Moment DCS Max
COM Position ROM
COM Position ROM
COM Position to BOS ROM
COM Position to BOS ROM
00 ®

N = N = NDNDN
(o]
(@)
o0 02000000
00 00 009099000 00 00 00 00 OO 00 00 00

00 00 000000000 00 00 00 00 OO 00 00 00

Hip Angle MKF 2 [ )

Primary
.
.

Knee Angle ROM 2 @
L X ) 000
000

Knee Angle MKF 2 (L)
L) 000 (o X )

Legend

Icc SDD
o = Poor @ = Above MCID % = Variable meeting
= Adequate = Below larger MCID screening criteria

o = Excellent @ =Below Smaller MCID
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10.2 Discussion

We will first discuss general points. Then we will step through a discussion of
the metrics presented in the numerical tables for the three maneuvers in the prior

section.

10.2.1 General

The Bland-Altman Plots Interpretation, Repeatability, and Root Mean Square

Analysis were discussed in Chapter 9.2.1 and also apply to this data analysis.

COM Relative to BOS Interpretation

For understanding and interpretation of the COM relative to BOS plot for our
three maneuvers, we look to the example in Figure 10.1. In this figure, the path
for the LCMAS-2 COM relative to BOS travels a similarly shaped trajectory for
all three maneuvers when compared to the Vicon COM relative to BOS. For the
DVJ, the path for the LCMAS-2 COM relative to BOS travels a smaller range in
the Y-direction and a more similar range in the X-direction when compared to the
Vicon COM relative to BOS. This positioning demonstrates greater measurement
similarity in the X-direction (medial-lateral) than in the Y-direction (anterior-
posterior) or the depth value from the LCMAS-2 system. For the DLS and SLS
we see a smaller range in X and Y values than for the DVJ. This discrepancy
is understandable based on the dynamic nature of the maneuver and the fact
that the participant is not in contact with the force plates immediately before
and after the repetition. We also observe that both double legged maneuvers
have data posterior to the origin, indicating the COM is to the posterior of
the BOS. In the SLS we notice that in contrast, the path of the COM is more
evenly distributed between the anterior and posterior sides of the BOS. For the

SLS we also note the path curving around the origin on the participant’s right
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side (decreasing X direction). This maneuver was the SLS on the right leg. We

suspect this curved feature may be mirrored for the same maneuver on the left leg.

LCMAS-2 Model

Several measurements depend on the model we created in the LCMAS-2 sys-
tem. The COM and COM relative to BOS rely not only on the segment mass
assignments but also the model orientation within the capture volume. So the
evaluation of these metrics is also in part an evaluation of how well we were able
to spatially and temporally match the LCMAS-2 data to the Vicon data. Another
layer of difficulty is added when evaluating the moments and forces. These met-
rics also depend on spatial and temporal synchronization in addition to segment
coordinate system definitions and relative movement of the different segments to
each other and between captured frames used in the inverse dynamic calculations.
No force metrics were compared to MC1D values. However, from looking at the
RMS plots in Figures 10.2 to 10.10, force curves from the LCMAS-2 appear to
closely approximate the corresponding Vicon values indicating potential for use
in a screening tool for ACL injury risk and rehabilitation. Force metrics should

be included in a normative database and prospective studies.

The model was not used to evaluate rotation based angles.

Marker Based Angle Measurements

All evaluated angle measurements for the LCMAS-2 were marker based angle
measurements. While these metrics do not depend on the spacial synchroniza-
tion to the gold standard system, temporal synchronization is still important for
repetition identification. The corresponding metrics, for both marker based and

rotation based angles, were reported and evaluated from the Vicon system.

For the DVJ, the LCMAS-2 had three primary (Max 1st component hip angle,
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Min 1st knee angle, and ROM 1st knee angle) and zero secondary metrics meet our
screening criteria for marker based angle measurements relative to Vicon marker
based angle measurements. For the DVJ, the LCMAS-2 had two primary (Min 1st
knee angle, and ROM 1st knee angle) and zero secondary metrics meet our screen-
ing criteria for marker based angle measurements relative to Vicon rotation based
angle measurements. For the DVJ, the Vicon System had five primary (Max 1st
component hip angle, ROM 1st hip angle, IC 2nd component hip angle, Min 1st
knee angle, and ROM 1st knee angle) and one secondary (ROM 2nd component
knee angle) metric meet our screening criteria for marker based angle measure-
ments relative to Vicon rotation based angle measurements. All three metrics that
passed the screening criteria for LCMAS-2 marker based angle measurements rel-
ative to Vicon marker based angle measurements also passed Vicon marker based

angle measurements relative to Vicon rotation based angle measurements.

For the DLS, the LCMAS-2 had two primary (Min 1st knee angle and ROM
Ist knee angle) and zero secondary metrics meet, our screening criteria for marker
based angle measurements relative to Vicon marker based angle measurements.
For the DLS, the LCMAS-2 had four primary (Max 1st component hip angle,
IC 2nd component hip angle, Min 1st knee angle, and ROM 1st knee angle) and
zero secondary metrics meet our screening criteria for marker based angle mea-
surements relative to Vicon rotation based angle measurements. For the DLS, the
Vicon System had six primary (Max 1st component hip angle, ROM 1st hip angle,
IC 2nd component hip angle, Min 1st knee angle, ROM 1st knee angle, and 1C
2nd component knee angle) and zero secondary metrics meet our screening criteria
for marker based angle measurements relative to Vicon rotation based angle mea-
surements. Both metrics that passed the screening criteria for LCMAS-2 marker
based angle measurements relative to Vicon marker based angle measurements
also passed Vicon marker based angle measurements relative to Vicon rotation

based angle measurements.
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For the SLS, the LCMAS-2 had four secondary (Min 1st knee angle, ROM 1st
knee angle, Min 2nd component knee angle, and Max 2nd component knee an-
gle) and zero primary metrics meet our screening criteria for marker based angle
measurements relative to Vicon marker based angle measurements. For the SLS,
the LCMAS-2 had four secondary (Max 1st component hip angle, Min 1st knee
angle, ROM 1st knee angle, and Min 2nd component knee angle) and zero primary
metrics meet our screening criteria for marker based angle measurements relative
to Vicon rotation based angle measurements. For the SLS, the Vicon System had
five secondary (Max 1st component hip angle, ROM 1st hip angle, IC 2nd com-
ponent hip angle, Min 1st knee angle, and ROM 1st knee angle) and zero primary
metrics meet our screening criteria for marker based angle measurements relative
to Vicon rotation based angle measurements. Two metrics (Min 1st knee angle
and ROM 1st knee angle) that passed the screening criteria for LCMAS-2 marker
based angle measurements relative to Vicon marker based angle measurements
also passed Vicon marker based angle measurements relative to Vicon rotation

based angle measurements.

For all three maneuvers, three metrics (Max 1st component hip angle, ROM
Ist hip angle, and IC 2nd component hip angle) passed the screening criteria for
Vicon marker based angle measurements relative to Vicon rotation based angle
measurements. Two metrics (Min 1st knee angle and ROM 1st knee angle) passed

the screening criteria for all three types of comparisons for all three maneuvers.

The metrics where only the Vicon marker based measurements passed the
criteria indicate a potential to use marker based angle measurements as a injury
risk screening metric in the future, after we conduct a prospective study to

establish metric thresholds.

Coordinate System for Reporting Moment

For the DVJ and DLS maneuvers, the PCS had the best result; however, no
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moment metric met the screening criteria. In the SLS, we saw positive results for
all three coordinate systems, JCS, PCS, and DCS. We will explore these results in
more detail in 10.2.4. Remember that when we defined segment coordinate system
for LCMAS-2 in Chapter 6.2.1.4 the JCS was equivalent to the DCS. However,
these coordinate systems are different from each other in the Vicon model so
comparisons of moment in each of the three different coordinate systems may

yield different results.

10.2.2 Drop Vertical Jump
10.2.2.1 Primary Variables DVJ - LCMAS-2 Compared to Vicon

This section covers the primary metrics summarized in Table 10.1 and detailed

in Table 10.2.

Max - 1st Component - Hip Angle

For this metric we start with the marker based angle comparison for LCMAS-2
(Markers) and Vicon (Markers) which met our screening criteria. For the inter-
system comparison for this metric, the data captured with the LCMAS-2 (Mark-
ers), was excellently correlated to the corresponding Vicon System data for both
Day 1 and Day 2. For intra-system comparisons, each system also had excellent
correlation for each day of between repetition comparisons and between days com-
parisons. All SDD values were less than the smaller MCID from the scientific
literature. The Bland-Altman plots showed a bias, d, of less than 19 degrees for
inter-system comparisons, less than 7 degrees for LCMAS-2 intra-system compar-
isons, and less than 1 degree for Vicon intra-system comparisons. In addition, the

intra-system 95%LA were similar to the 95%SDD.

Next, we look at the Vicon and LCMAS-Single marker based angles compared

to the Vicon rotation based angle. All inter-system and intra-system comparisons
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were excellently correlated and the SDD values were less than the M CID values,
with the exception of inter-system Day 1 LCMAS-2 (Markers) to Vicon (Rotation)
SDD which was larger than the MCID.

The RM S values were smaller than the M C'ID values for all comparisons.

We have a successful screening criteria result for the LCMAS-2 (Markers) to
Vicon (Markers) and Vicon (Markers) to Vicon (Rotation) evaluations, indicating
the potential for the marker based data to be a surrogate measure for the rotation
based data. However, a negative result when comparing LCMAS-2 (Markers) to
the Vicon (Rotation) data indicates a prospective study should be performed to

establish thresholds for this metric.

Min - 1st Component - Knee Angle

For this metric all three types of comparisons had excellent inter- and intra-

system correlation.

The marker based angle comparison for LCMAS-2 (Markers) and Vicon (Mark-
ers) met our screening criteria. All SDD values were less than the larger MCI1D
from the scientific literature and Vicon (Markers) between repetitions Day 1 and
between days SDD values were less than the smaller MCID value. The Bland-
Altman plots showed a bias, d, of less than 15 degrees for inter-system compar-
isons, less than 7.2 degrees for LCMAS-2 (Markers) intra-system comparisons, and
less than 3 degrees for Vicon (Markers) intra-system comparisons. In addition,

the intra-system 95%LA were similar to the 95%SDD.

Next, we look at the Vicon and LCMAS-2 marker based angles compared
to the Vicon rotation based angle. All SDD values were less than the larger
MCID from the scientific literature and Vicon (Rotation) between repetitions
Day 1 and between days SDD values were less than the smaller MCID value.

Vicon (Markers) and Vicon (Rotation) inter-system SDD values were also less
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than the smaller M CID value. For the LCMAS-2 (Markers) to Vicon (Rotation)
comparison, the Bland-Altman plots showed a bias, d, of less than 11.5 degrees
for inter-system comparisons, less than 7.2 degrees for LCMAS-2 (Markers) intra-
system comparisons, and less than 2.2 degrees for Vicon (Rotation) intra-system

comparisons. In addition, the intra-system 95%LA were similar to the 95%SDD.
The RM S values were smaller than the M C'ID values for all comparisons.

So we have a successful screening criteria result for the LCMAS-2 (Markers)
to Vicon (Markers) evaluation and when comparing each of these systems to
the Vicon (Rotation) data. This outcome indicates the marker based data is a

surrogate measure for the rotation based data for this metric.

ROM - 1st Component - Knee Angle

For this metric all three types of comparisons had excellent inter- and intra-
system correlation, with the exception of LCMAS-2 (Marker) intra-system be-
tween days which was adequately correlated. All three types of comparisons had

inter- and intra-system SDD values smaller than the M CID value.

The marker based angle comparison for LCMAS-2 (Markers) and Vicon (Mark-
ers) met our screening criteria. The Bland-Altman plots showed a bias, d, of less
than 20 degrees for inter-system comparisons, less than 3.1 degrees for LCMAS-2
(Markers) intra-system comparisons, and less than 5.3 degrees for Vicon (Mark-

ers) intra-system comparisons. In addition, the intra-system 95%LA were similar

to the 95%SDD.

The comparison for LCMAS-2 (Markers) and Vicon (Rotation) also met our
screening criteria. The Bland-Altman plots showed a bias, d, of less than 19 de-
grees for inter-system comparisons, less than 3.1 degrees for LCMAS-2 (Markers)
intra-system comparisons, and less than 6 degrees for Vicon (Rotation) intra-

system comparisons. In addition, the intra-system 95%LA were similar to the
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95%SDD.
The RM S values were smaller than the M CID values for all comparisons.

We have a successful screening criteria result for the LCMAS-2 (Markers)
to Vicon (Markers) evaluation and when comparing each of these systems to
the Vicon (Rotation) data. This outcome indicates the marker based data is a
surrogate measure for the rotation based data for this metric. We do acknowledge
however, that for this metric the M CID value is rather large. This comparison
indicates that maneuvers scored with large differences between groups such as the
deep squat in a Functional Movement Screen (FMS) may be an appropriate use
of our system while the accuracy for more sensitive comparisons requires more

exploration.

10.2.3 Double Leg Squat
10.2.3.1 Primary Variables DLS - LCMAS-2 Compared to Vicon

This section covers the primary metrics summarized in Table 10.3 and detailed

in Table 10.4.

Max - 1st Component - Hip Angle

For this metric all three types of comparisons had excellent inter- and intra-

system correlation. All three types of comparisons had inter- and intra-system
SDD values smaller than the MCID value, with the exception of LCMAS-2

(Marker) to Vicon (Markers) inter-system comparison.

The marker based angle comparison for LCMAS-2 (Markers) and Vicon (Mark-

ers) did not meet our screening criteria.

The comparison for LCMAS-2 (Markers) and Vicon (Rotation) met our screen-

ing criteria. The Bland-Altman plots showed a bias, d, of less than 15.1 degrees
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for inter-system comparisons, less than 4.5 degrees for LCMAS-2 intra-system
comparisons, and less than 1.1 degrees for Vicon intra-system comparisons. In

addition, the intra-system 95%LA were similar to the 95%SDD.
The RM S values were less than the M CID values for all comparisons.

We have a successful screening criteria result for the LCMAS-2 (Markers) to
Vicon (Rotation) evaluation. This outcome indicates our system can use this

metric in evaluating maneuvers.

IC - 2nd Component - Hip Angle

For this metric all three types of comparisons had excellent inter- and intra-
system correlation, with the exception of LCMAS-2 (Marker) to Vicon (Markers)
inter-system comparison which was adequately correlated for both Day 1 and
Day 2. All three types of comparisons had inter- and intra-system SDD values
less than the smaller MCID value, with the exception of LCMAS-2 (Marker)
to Vicon (Markers) inter-system comparison which had an SDD value above the

larger M C'ID value.

The marker based angle comparison for LCMAS-2 (Markers) and Vicon (Mark-

ers) did not meet our screening criteria.

The comparison for LCMAS-2 (Markers) and Vicon (Rotation) met our screen-
ing criteria. The Bland-Altman plots showed a bias, d, of less than 1.4 degrees
for inter-system comparisons, less than 1 degree for LCMAS-2 intra-system com-
parisons, and less than 1 degree for Vicon intra-system comparisons. In addition,

the intra-system 95%LA were similar to the 95%SDD.

The RM S values were smaller than the larger MCID values for all compar-
isons, with the exception of LCMAS-2 (Marker) to Vicon (Markers) inter-system

comparison.

We have a successful screening criteria result for the LCMAS-2 (Markers) to
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Vicon (Rotation) evaluation. This outcome indicates our system can use this

metric in evaluating maneuvers.

Min - 1st Component - Knee Angle

For this metric all three types of comparisons had excellent inter- and intra-
system correlation. All three types of comparisons had inter- and intra-system
SDD values smaller than the larger M CID value. Intra-system comparisons had
SDD values less than the smaller M CID value for LCMAS-2 (Markers) between
repetitions Day 1, Vicon (Markers) between repetitions Day 1 and Day 2, and
Vicon (Rotation) between repetitions Day 1 and Day 2. Inter-system comparisons
had SDD values less than the smaller M CID value for Vicon (Markers) to Vicon
(Rotation).

The marker based angle comparison for LCMAS-2 (Markers) and Vicon (Mark-
ers) met our screening criteria. The Bland-Altman plots showed a bias, d, of less
than 6 degrees for inter-system comparisons, less than 8.2 degrees for LCMAS-2
(Markers) intra-system comparisons, and less than 1.6 degrees for Vicon (Mark-

ers) intra-system comparisons. In addition, the intra-system 95%LA were similar

to the 95%SDD.

The comparison for LCMAS-2 (Markers) and Vicon (Rotation) met our screen-
ing criteria. The Bland-Altman plots showed a bias, d, of less than 8 degrees for
inter-system comparisons, less than 8.2 degrees for LCMAS-2 intra-system com-

parisons, and less than 2 degrees for Vicon intra-system comparisons. In addition,

the intra-system 95%LA were similar to the 95%SDD.

The RM S values were smaller than the larger M CID values for all compar-

isons.

We have a successful screening criteria result for the LCMAS-2 (Markers)

to Vicon (Markers) evaluation and when comparing each of these systems to
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the Vicon (Rotation) data. This outcome indicates the marker based data is a

surrogate measure for the rotation based data for this metric.

ROM - 1st Component - Knee Angle

For this metric all three types of comparisons had excellent inter- and intra-
system correlation. All three types of comparisons had inter- and intra-system

S DD values smaller than the M CID value.

The marker based angle comparison for LCMAS-2 (Markers) and Vicon (Mark-
ers) met our screening criteria. The Bland-Altman plots showed a bias, d, of less
than 25 degrees for inter-system comparisons, less than 7.3 degrees for LCMAS-2
(Markers) intra-system comparisons, and less than 2.4 degrees for Vicon (Mark-

ers) intra-system comparisons. In addition, the intra-system 95%LA were similar

to the 95%SDD.

The comparison for LCMAS-2 (Markers) and Vicon (Rotation) met our screen-
ing criteria. The Bland-Altman plots showed a bias, d, of less than 23 degrees
for inter-system comparisons, less than 7.3 degrees for LCMAS-2 intra-system
comparisons, and less than 2.6 degrees for Vicon intra-system comparisons. In

addition, the intra-system 95%LA were similar to the 95%SDD.
The RM S values were smaller than the M CID values for all comparisons.

We have a successful screening criteria result for the LCMAS-2 (Markers)
to Vicon (Markers) evaluation and when comparing each of these systems to
the Vicon (Rotation) data. This outcome indicates the marker based data is
a surrogate measure for the rotation based data for this metric. Again, we do
acknowledge that for this metric the M C'I D value is rather large. This comparison
indicates that maneuvers scored with large differences between groups such as the
deep squat in a Functional Movement Screen (FMS) may be an appropriate use

of our system while the accuracy for more sensitive comparisons requires more
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exploration.

10.2.3.2 Secondary Variables DLS - LCMAS-2 Compared to Vicon

This section covers the secondary metrics summarized in Table 10.3 and detailed

in Table 10.5.

ROM - 2nd Component - COM relative to BOS - Position

This metric met our screening criteria. The LCMAS-2 to Vicon comparisons
had excellent inter-system correlation for Day 1 and adequate correlation for Day
2. In the intra-system comparisons, LCMAS-2 had excellent correlation for all
comparisons and Vicon had adequate correlation for between repetitions Day 1
and between days, and excellent correlation for between repetitions Day 2. All

comparisons had inter- and intra-system S DD values less than the M CID value.

The Bland-Altman plots showed a bias, d, of less than 1.2 cm for inter-system
comparisons, less than 0.4 cm for LCMAS-2 intra-system comparisons, and less

than 0.6 cm for Vicon intra-system comparisons. In addition, the intra-system

95%LA were similar to the 95%SDD.
The RM S values were smaller than the M CID values for all comparisons.

We have a successful screening criteria result for the LCMAS-2 to Vicon
evaluation. This outcome indicates our system can use this metric in evaluating

maneuvers.
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10.2.4 Single Leg Squat
10.2.4.1 Secondary Variables SLS - LCMAS-2 Compared to Vicon

This section covers the secondary metrics summarized in Table 10.6 and detailed

in Table 10.7.

Max - 1st Component - Hip Angle

For this metric all three types of comparisons had excellent inter- and intra-
system correlation. All three types of comparisons had inter- and intra-system

SDD values less than the M C1D value, with the exception of LCMAS-2 (Marker)

to Vicon (Markers) inter-system comparison Day 1.

The marker based angle comparison for LCMAS-2 (Markers) and Vicon (Mark-

ers) did not meet our screening criteria.

The comparison for LCMAS-2 (Markers) and Vicon (Rotation) met our screen-
ing criteria. The Bland-Altman plots showed a bias, d, of less than 4.2 degrees for
inter-system comparisons, less than 5.2 degrees for LCMAS-2 intra-system com-
parisons, and less than 2 degrees for Vicon intra-system comparisons. In addition,

the intra-system 95%LA were similar to the 95%SDD.
The RM S values were smaller than the M CID values for all comparisons.

We have a successful screening criteria result for the LCMAS-2 (Markers) to
Vicon (Rotation) evaluation. This outcome indicates our system can use this

metric in evaluating maneuvers.

Min - 1st Component - Knee Angle

For this metric all three types of comparisons had excellent inter- and intra-
system correlation. All three types of comparisons had inter- and intra-system

SDD values smaller than the larger MCID value. Intra-system comparisons
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had SDD values less than the smaller M CID value for Vicon (Markers) between
repetitions Day 1 and Day 2, and Vicon (Rotation) between repetitions Day 1 and
Day 2. Inter-system comparisons had SDD values less than the smaller MC1ID

value for Vicon (Markers) to Vicon (Rotation).

The marker based angle comparison for LCMAS-2 (Markers) and Vicon (Mark-
ers) met our screening criteria. The Bland-Altman plots showed a bias, d, of less
than 2.1 degrees for inter-system comparisons, less than 7.5 degrees for LCMAS-2
(Markers) intra-system comparisons, and less than 3.3 degrees for Vicon (Mark-

ers) intra-system comparisons. In addition, the intra-system 95%LA were similar

to the 95%SDD.

The comparison for LCMAS-2 (Markers) and Vicon (Rotation) met our screen-
ing criteria. The Bland-Altman plots showed a bias, d, of less than 5.5 degrees
for inter-system comparisons, less than 7.5 degrees for LCMAS-2 intra-system
comparisons, and less than 3.3 degrees for Vicon intra-system comparisons. In

addition, the intra-system 95%LA were similar to the 95%SDD.
The RM S values were less than the smaller M C1 D values for all comparisons.

We have a successful screening criteria result for the LCMAS-2 (Markers)
to Vicon (Markers) evaluation and when comparing each of these systems to
the Vicon (Rotation) data. This outcome indicates the marker based data is a

surrogate measure for the rotation based data for this metric.

ROM - 1st Component - Knee Angle

For this metric all three types of comparisons had excellent inter- and intra-
system correlation. All three types of comparisons had inter- and intra-system

SDD values smaller than the MCID value.

The marker based angle comparison for LCMAS-2 (Markers) and Vicon (Mark-

ers) met our screening criteria. The Bland-Altman plots showed a bias, d, of less

240



than 16 degrees for inter-system comparisons, less than 10 degrees for LCMAS-2
(Markers) intra-system comparisons, and less than 3 degrees for Vicon (Markers)
intra-system comparisons. In addition, the intra-system 95%LA were similar to

the 95%SDD.

The comparison for LCMAS-2 (Markers) and Vicon (Rotation) met our screen-
ing criteria. The Bland-Altman plots showed a bias, d, of less than 15 degrees for
inter-system comparisons, less than 10 degrees for LCMAS-2 intra-system com-
parisons, and less than 3 degrees for Vicon intra-system comparisons. In addition,

the intra-system 95%LA were similar to the 95%SDD.
The RM S values were smaller than the M CID values for all comparisons.

We have a successful screening criteria result for the LCMAS-2 (Markers) to
Vicon (Markers) evaluation and when comparing each of these systems to the Vi-
con (Rotation) data. This outcome indicates the marker based data is a surrogate
measure for the rotation based data for this metric. Again we do acknowledge,
that for this metric the M CID value is rather large. This comparison indicates
that maneuvers scored with large differences between groups such as the deep
squat in a Functional Movement Screen (FMS) may be an appropriate use of our

system while the accuracy for more sensitive comparisons needs more exploration.

Min - 2nd Component - Knee Angle

For this metric all three types of intra-system comparisons had excellent intra-
system correlation. All three types of intra-system comparisons also had SDD

values less than the smaller MCID value.

The marker based angle comparison for LCMAS-2 (Markers) and Vicon (Mark-
ers) met our screening criteria. This comparison had excellent inter-system cor-
relation for both Day 1 and Day 2 and SDD values less than the smaller M CID
value. The Bland-Altman plots showed a bias, d, of less than 3.6 degrees for
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inter-system comparisons, less than 0.8 degrees for LCMAS-2 (Markers) intra-
system comparisons, and less than 0.3 degrees for Vicon (Markers) intra-system

comparisons. In addition, the intra-system 95%LA were similar to the 95%SDD.

The comparison for LCMAS-2 (Markers) and Vicon (Rotation) met our screen-
ing criteria. This comparison had adequate inter-system correlation for both Day
1 and Day 2 and an SDD values less than the smaller M CID value for Day 2
and less than the larger M C'ID value for Day 1. The Bland-Altman plots showed
a bias, d, of less than 6.4 degrees for inter-system comparisons, less than 0.8 de-
grees for LCMAS-2 intra-system comparisons, and less than 0.2 degrees for Vicon

intra-system comparisons. In addition, the intra-system 95%LA were similar to

the 95%SDD.

Interestingly, Vicon (Markers) compared to Vicon (Rotation) did not meet our
screening criteria. The inter-system correlation was poor for both days and SDD

values were above the M CID value.

The RM S values were less than the smaller M C'ID value for all comparisons,
with the exception of Vicon (Marker) to Vicon (Rotation) inter-system comparison

where the RM .S values were greater than the larger M CID value.

We have a successful screening criteria result for the LCMAS-2 (Markers)
to Vicon (Markers) and LCMAS-2 (Markers) to Vicon (Rotation) evaluation.
This outcome indicates our system can use this metric in evaluating ma-
neuvers. However, caution should be used because of the lack of agreement
between the Vicon (Markers) to Vicon (Rotation) data. A prospective study

to determine thresholds for this metric with the low-cost system would be prudent.

Mazx - 2nd Component - Knee Angle

For this metric the marker based angle comparison for LCMAS-2 (Markers)

and Vicon (Markers) met our screening criteria. This comparison had excellent
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inter-system correlation for both Day 1 and Day 2. All intra-system comparisons
had excellent correlation, with the exception of LCMAS-2 (Marker) between rep-
etitions Day 1 which was adequately correlated. For all comparisons the SDD
values were less than the smaller M CID value. The Bland-Altman plots showed a
bias, d, of less than 5.1 degrees for inter-system comparisons, less than 0.9 degrees
for LCMAS-2 (Markers) intra-system comparisons, and less than 0.5 degrees for
Vicon (Markers) intra-system comparisons. In addition, the intra-system 95%LA

were similar to the 95%SDD.

The comparisons for LCMAS-2 (Markers) and Vicon (Markers) to Vicon (Ro-
tation) did not met our screening criteria. These comparisons had adequate inter-
system correlations for both Day 1 and Day 2. The intra-system correlation for
LCMAS-2 (Markers) was discussed above and the intra-system correlation for
both Vicon systems was excellent. However, both sets of inter-system SDD val-
ues were greater than the larger M CID value on both days. All intra-system
SDD values were less than the smaller MCID value, with the exception of the
Vicon (Rotation) SDD value which was between the two MCID values.

The RM S values were less than the smaller M CTD value for all comparisons,
with the exception of Vicon (Marker) to Vicon (Rotation) inter-system comparison

where the RM .S values were less than the larger MCID value.

We have a successful screening criteria result for the LCMAS-2 (Markers) to
Vicon (Markers) but not with either of the Vicon (Rotation) evaluations. This
outcome indicates our system can possibly use this metric in evaluating maneu-
vers. However, a prospective study to determine thresholds and a normative

database for this metric with the low-cost system is necessary.
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Mazx - 2nd Component - Knee Moment

For this metric the comparison for the LCMAS-2 and Vicon systems in all
three coordinate systems (joint (JCS), proximal (PCS), and distal (DCS)) had
excellent inter- and intra-system correlation and SDD values smaller than the
MCID value. This was the only metric reported that passed our screening criteria
but did not have full data sets. We captured about two-thirds of the LCMAS-2

data and all of the Vicon data.

The comparison in the JCS met our screening criteria. The Bland-Altman
plots showed a bias, d, of less than 5.9 Nm for inter-system comparisons, less than
7.4 Nm for LCMAS-2 intra-system comparisons, and less than 0.9 Nm for Vicon
intra-system comparisons. In addition, the intra-system 95%LA were similar to

the 95%SDD.

The comparison in the PCS met our screening criteria. The Bland-Altman
plots showed a bias, d, of less than 3.5 Nm for inter-system comparisons, less than
3.9 Nm for LCMAS-2 intra-system comparisons, and less than 0.9 Nm for Vicon
intra-system comparisons. In addition, the intra-system 95%LA were similar to

the 95%SDD.

The comparison in the DCS met our screening criteria. The Bland-Altman
plots showed a bias, d, of less than 7.1 Nm for inter-system comparisons, less than
7.4 Nm for LCMAS-2 intra-system comparisons, and less than 0.9 Nm for Vicon
intra-system comparisons. In addition, the intra-system 95%LA were similar to

the 95%SDD.

The RM S values were less than the M C1D value for all intra-system between
repetition comparisons and Vicon intra-system between days comparisons. For the
LCMAS-2 intra-system between days comparisons, only the PCS had an RMS
value less than the MCID value. For inter-system comparisons all RM.S values

were greater than the M C'ID value.
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With the RM S analysis, at this point in time the PCS seems to be the best
for reporting this metric. All three coordinate systems passed the IC'C' and SDD
based screening criteria, but caution should be used prior to using this metric in
evaluating maneuvers until appropriate system improvements can be implemented

to address the lack of agreement seen in the RM S values.

10.2.5 Conclusions

For each system we were able to assess the within-day and between-day repeata-
bility for the full repetition time profiles as well as the peak value of each metric
for the DVJ, DLS, and SLS maneuvers. These intra-system reliability measures
are also known as test-retest reliability and help us evaluate the “consistency of
a test or measure” [121]. Additionally, we were able to compare the reliability of
LCMAS-2 to the industry gold standard Vicon system. Inter-system evaluations
help us quantify the agreement between two methods of clinical measurement [11].
We also determined: 1) which marker based angles are good surrogate measures
for the corresponding rotation based angle measurements; and 2) the PCS is the

best to report moment data.

For all the maneuvers studied, our LCMAS-2 system has repeatable measures
and SDD smaller than the M CID values from the scientific literature for some
of the metrics (3 for DVJ, 5 for DLS, and 6 for SLS) between at-risk and normal
populations. This outcome enables the use of the LCMAS-2 system as a screening
tool for ACL injury risk and rehabilitation. To expand the number of metrics
and the clinical relevance of this screening tool we propose continued system
improvements and a prospective study to establish a normative database and

identification of abnormal movement thresholds.
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CHAPTER 11

Clinical Utility

11.1 Introduction

In the clinical setting, a tool to assess anterior cruciate ligament (ACL) injury
risk and rehabilitation needs to be easy to implement, and simple to interpret.
These requirements will facilitate a tool to be incorporated into clinical practice
and impactful on patient health. We are motivated to create an algorithm to
interpret a patient’s kinematic data captured with one of our LCMAS and provide
the patient and practitioner with a simple assessment score. This score would
quantify the level of ACL injury risk or level of rehabilitation due to the patient’s
movement pattern. Once the level of injury risk is identified, interventions can be

implemented and progress can be monitored quantitatively.

As we discussed in Chapter 1, a possible cause of non-contact ACL injury is a
combination of deficiencies resulting in kinematic and kinetic abnormalities which
can be visualized during screening maneuvers. Other researchers have attempted
to create clinically friendly ACL injury risk screening assessment using the drop
vertical jump (DVJ) [85]. However, when implemented by another research team,
results were inconclusive [43]. This attempt at a clinically friendly assessment
relied on validated 2-D surrogate measures [84] for the 3-D metrics identified in a

prospective study [50].

Our aim is that with a 3-D measurement tool, there is potential to create a

working algorithm for a clinically friendly injury risk and rehabilitation screening
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tool.

In order to gain a sense of what our current low-cost systems are capable of
assessing prior to performing a prospective study, we construct and implement a
simple literature value based algorithm. We apply this algorithm with the DV J,
double leg squat (DLS), and single leg squat (SLS) data from Vicon, LCMAS-
Single, and LCMAS-2 used in our test-retest reliability study.

We hypothesize that we can use a simple literature value based algorithm to
create a straight-forward, quantitative, ACL injury risk score and assess the test-
retest reliability for this score for our LCMAS-Single and LCMAS-2 compared to

the gold standard Vicon system.

11.2 Methods

We created an algorithm based on literature values and five values from three

kinematic components.

The algorithm was constructed with using simple linear relationships and
weighting. The first component is peak knee flexion. According to Crossley,
exceeding 60 degrees of knee flexion is considered an element of good performance
on the SLS maneuver [29]. The second component is peak knee abduction angle.
Here we used knee valgus motion and tibial length from Myer’s tool development
[85] to define the risk angle at 6 degrees. The third metric is peak hip adduction
angle. We use the difference between a poor and good rating for a SLS, according
to Hollman [52]. We note that McConnell [75] identified the first 20 degrees of
knee flexion to be the most critical for proper movement. So, we also look at the
angle of knee flexion when the peak values of knee abduction angle and peak hip
adduction angle occur. If these peaks occur at less than 20 degrees of knee flexion,
the risk contribution of the component is amplified indicating more injury risk.

Next, we use a simple linear scale to assess a level of risk for each of the three
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components. Finally, we weight these components into a single compiled score

based on approximations of Myer’s tool [85].

A simple visualization of this algorithm is presented in Figure 11.1, where the
R values are the risk contribution of each metric and the w is the weighting factor.
The output OverallScore is an easy to interpret value from 0 to 10, where 0-4 is

Poor, 4-7 is Fair, and 7-10 is Good.

The needed algorithm input metrics were obtained from the study detailed in
Chapter 8. We use data captured in the LCMAS-Single for the DVJ, and in the
LCMAS-2 and Vicon for the DVJ, DLS, and SLS. To establish M CID values for
our algorithm we calculate the point contribution of each metric at its individual
MCID value without the additional penalty for the peak occurring in less than
20 degrees of flexion. The low MCID value is 0.72 points and the high MCID

value is 2.64 points.

Finally, we perform the test-retest reliability calculations of the low-cost sys-
tems relative to the gold standard Vicon system using the data analysis and

statistical methods outlined in Chapter 8.2.2.
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11.3 Results

Numerical results for the overall risk score evaluation are summarized in Table
11.1 and detailed in Tables 11.2 to 11.4. We remind the reader that interpretations

of these two types of tables were presented in Chapter 9.1.4.

The tables consist of four different types of comparisons. First, we have com-
parisons between a version of LCMAS-Single models and the Vicon model risk
score. Second, are comparisons between the LCMAS-Single or LCMAS-2 marker
based angle risk score and the corresponding Vicon marker based angle risk score.
The next type of comparison is LCMAS-Single or LCMAS-2 marker based angle
risk score to the corresponding Vicon model or JCS based angle risk score. Fi-
nally, we examine the Vicon marker based angle risk score to the corresponding

Vicon model or JCS based angle risk score.

For the DVJ, numerical results for the risk score comparisons of the LCMAS-
Single and LCMAS-2 are presented in Table 11.2. In the LCMAS-Single only two
model versions (Vicon Static - IK and Vicon Static - 6DOF) had values for all
metrics in the risk score calculation and thus results to report. Next, numerical
results for the risk score comparisons of the DLS for LCMAS-2 are presented in
Table 11.3. Finally, numerical results for the risk score comparisons of the SLS

for LCMAS-2 are presented in Table 11.4.
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11.4 Discussion

In order to avoid repetition when discussing the intra-system results, for each
maneuver we will first analyze the intra-system results and then evaluate the

inter-system results.

11.4.1 Drop Vertical Jump

Intra-System - DVJ

For the LCMAS-Single (Vicon Static - IK) intra-system comparisons, between
repetitions Day 1 had adequate correlation, between repetitions Day 2 had ex-
cellent correlation, and between days had adequate correlation. The SDD for
between repetitions Day 1 and between days was greater than the larger MCID,
while the SDD for between repetitions Day 2 was less than the larger MCID.
This system does not pass the intra-system portion of our screening criteria and
improvements to the system and/or the algorithm are necessary for potential use

of this combination as a clinical tool.

With the LCMAS-Single (Vicon Static - 6DOF) all intra-system comparisons
had excellent correlation. The SDD for all comparisons was less than the larger
MCID. This system does pass the intra-system portion of our screening criteria
and we look to the inter-system comparisons to evaluate the potential use of this

system with the algorithm as a clinical tool.

In the LCMAS-Single (Markers) intra-system comparisons, between repeti-
tions Day 1 had excellent correlation, between repetitions Day 2 had adequate
correlation, and between days had excellent correlation. The SDD for all com-
parisons was less than the larger M C'I D. This system also passes the intra-system
portion of our screening criteria and we look to the inter-system comparisons to

evaluate the potential use of this system with the algorithm as a clinical tool.
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For the LCMAS-2 (Markers) intra-system comparisons, between repetitions
Day 1 had adequate correlation, between repetitions Day 2 had adequate correla-
tion, and between days had poor correlation. The SDD for between repetitions
Day 1 and Day 2 was less than the larger M CID, while the SDD for between
days was greater than the larger MCID. This system does not pass the intra-
system portion of our screening criteria and improvements to the system and/or

the algorithm are necessary for potential use of this combination as a clinical tool.

With Vicon (Markers) intra-system comparisons, between repetitions Day 1
had adequate correlation, between repetitions Day 2 had adequate correlation,
and between days had poor correlation. The SDD for all comparisons was less
than the larger M C'ID. This system does not pass the intra-system portion of our
screening criteria and improvements to the algorithm are necessary for potential

use of this combination of system and algorithm as a clinical tool.

Finally, for Vicon (Rotation) all intra-system comparisons had excellent
correlation. The SDD for all comparisons was less than the larger MCID. This
system does pass the intra-system portion of our screening criteria and since this
system is our gold standard it indicates the viability of the risk score algorithm

as a clinical tool.

Inter-System - DVJ

For the LCMAS-Single (Vicon Static - IK) to Vicon (Rotation) all inter-system
comparisons had poor correlation. The SDD for all comparisons was greater
than the larger MCID. The LCMAS-Single (Vicon Static - IK) does not pass
our screening criteria for the DVJ and improvements to the system and/or the

algorithm are necessary for potential use of this combination as a clinical tool.

In the LCMAS-Single (Vicon Static - 6DOF) to Vicon (Rotation) inter-system

comparison, Day 1 had poor correlation and Day 2 had adequate correlation. The
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SDD for all comparisons was greater than the larger MCID. The LCMAS-
Single (Vicon Static - 6DOF) does not pass our screening criteria for the DVJ and
improvements to the system and/or the algorithm are necessary for potential use

of this combination as a clinical tool.

With the LCMAS-Single (Markers) to Vicon (Markers) inter-system compar-
ison, Day 1 had poor correlation and Day 2 had adequate correlation. The SDD
for Day 1 was greater than the larger M C 1D, while the SDD for Day 2 was less
than the larger MCID. The LCMAS-Single (Markers) does not pass our screen-
ing criteria relative to Vicon (Markers) for the DVJ, however it does show promise
with one valid day of inter-system comparison, a valid LCMAS-Single (Markers)
intra-system comparison and an almost valid Vicon (Markers) intra-system com-
parison. Improvements to the LCMAS-Single (Markers) and/or the algorithm are

necessary for potential use of this combination as a clinical tool.

For the LCMAS-Single (Markers) to Vicon (Rotation) all inter-system com-
parisons had poor correlation. The SDD for all comparisons was greater than the
larger MCID. The LCMAS-Single (Markers) does not pass our screening criteria
relative to Vicon (Rotation) for the DVJ and improvements to the system and/or

the algorithm are necessary for potential use of this combination as a clinical tool.

In the LCMAS-2 (Markers) to Vicon (Markers) inter-system comparison, Day
1 had excellent correlation and Day 2 had poor correlation. The SDD for Day
1 was less than the larger M CID, while the SDD for Day 2 was greater than
the larger MCID. The LCMAS-2 (Markers) does not pass our screening criteria
relative to Vicon (Markers) for the DVJ, however it does show promise with one
valid day of inter-system comparison, an almost valid intra-system comparisons.
Improvements to the LCMAS-2 (Markers) and/or the algorithm are necessary for

potential use of this combination as a clinical tool.

With the LCMAS-2 (Markers) to Vicon (Rotation) all inter-system compar-
isons had poor correlation. The SDD for all comparisons was greater than the
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larger MCID. The LCMAS-2 (Markers) does not pass our screening criteria rel-
ative to Vicon (Rotation) for the DVJ and improvements to the system and/or

the algorithm are necessary for potential use of this combination as a clinical tool.

Finally, in the Vicon (Markers) to Vicon (Rotation) inter-system comparison,
Day 1 had poor correlation and Day 2 had adequate correlation. The SDD
for Day 1 was greater than the larger M CID, while the SDD for Day 2 was
less than the larger MCID. The Vicon (Markers) does not pass our screening
criteria relative to Vicon (Rotation) for the DVJ, however it does show promise
with one valid day of inter-system comparison, an almost valid Vicon (Markers)
intra-system comparison, and a valid Vicon (Rotation) intra-system comparison.
Improvements to the algorithm are necessary for potential use of the combination

of Vicon (Markers) with an algorithm as a clinical tool.

11.4.2 Double Leg Squat

Intra-System - DLS

For the LCMAS-2 (Markers) all intra-system comparisons had poor correla-
tion. The SDD for all comparisons was less than the smaller MCID. This
system does not pass the intra-system portion of our screening criteria and im-
provements to the system and/or the algorithm are necessary for potential use of
this combination as a clinical tool.

With Vicon (Markers) all intra-system comparisons had excellent correlation.
The SDD for between repetitions Day 1 and Day 2 was less than the smaller
MCID, while the SDD for between days was less than the larger MCID. This
system does pass the intra-system portion of our screening criteria and we look
to the inter-system comparisons to evaluate the potential use of this system with

the algorithm as a clinical tool.

Finally, for Vicon (Rotation) all intra-system comparisons had excellent
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correlation. The SDD for all comparisons was less than the smaller MCID.
This system does pass the intra-system portion of our screening criteria and
since this system is our gold standard it indicates the viability of the risk score

algorithm as a clinical tool.

Inter-System - DLS

For the LCMAS-2 (Markers) to Vicon (Markers) inter-system comparison, all
inter-system comparisons had poor correlation. The SDD for all comparisons was
less than the larger M CID. The LCMAS-2 (Markers) does not pass our screening
criteria relative to Vicon (Markers) for the DLS, however it does show promise
with valid SDD values for the inter- and intra-system comparisons. Improvements
to the LCMAS-2 (Markers) and/or the algorithm are necessary for potential use

of this combination as a clinical tool.

With the LCMAS-2 (Markers) to Vicon (Rotation) inter-system comparison,
all inter-system comparisons had poor correlation. The SDD for all comparisons
was less than the larger MCID. The LCMAS-2 (Markers) does not pass our
screening criteria relative to Vicon (Rotation) for the DLS, however it does show
promise with valid SDD values for the inter- and intra-system comparisons. Im-
provements to the LCMAS-2 (Markers) and/or the algorithm are necessary for

potential use of this combination as a clinical tool.

Finally, in the Vicon (Markers) to Vicon (Rotation) inter-system comparison,
Day 1 had adequate correlation and Day 2 had poor correlation. The SDD for
all comparisons was less than the larger M CID. The Vicon (Markers) does not
pass our screening criteria relative to Vicon (Rotation) for the DLS, however it
does show promise with a valid Day 1 and an almost valid Day 2 inter-system
comparison, a valid Vicon (Markers) intra-system comparison, and a valid Vicon
(Rotation) intra-system comparison. Improvements to the algorithm are necessary
for potential use of the combination of Vicon (Markers) with an algorithm as a

264



clinical tool.

11.4.3 Single Leg Squat

Intra-System - SLS

For the LCMAS-2 (Markers) intra-system comparisons, between repetitions
Day 1 had poor correlation, between repetitions Day 2 had excellent correlation,
and between days had adequate correlation. The SDD for all comparisons was
less than the larger MCID. This system does not pass the intra-system portion
of our screening criteria and improvements to the system and/or the algorithm

are necessary for potential use of this combination as a clinical tool.

With Vicon (Markers) all intra-system comparisons had excellent correlation.
The SDD for between repetitions Day 1 and between days was less than the larger
MCID, while the SDD for between repetitions Day 2 was less than the smaller
MCID. This system does pass the intra-system portion of our screening criteria
and we look to the inter-system comparisons to evaluate the potential use of this

system with the algorithm as a clinical tool.

Finally, in Vicon (Rotation) all intra-system comparisons had excellent
correlation. The SDD for all comparisons was less than the larger MC1D. This
system does pass the intra-system portion of our screening criteria and since this
system is our gold standard it indicates the viability of the risk score algorithm

as a clinical tool.

Inter-System - SLS

For the LCMAS-2 (Markers) to Vicon (Markers) all inter-system comparisons
had poor correlation. The SDD for all comparisons was greater than the larger
MCID. The LCMAS-2 (Markers) does not pass our screening criteria relative to
Vicon (Markers) for the SLS. Improvements to the LCMAS-2 (Markers) and/or
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the algorithm are necessary for potential use of this combination as a clinical tool.

With the LCMAS-2 (Markers) to Vicon (Rotation) all inter-system compar-
isons had poor correlation. The SDD for all comparisons was greater than the
larger MCID. The LCMAS-2 (Markers) does not pass our screening criteria rel-
ative to Vicon (Rotation) for the SLS. Improvements to the LCMAS-2 (Markers)
and/or the algorithm are necessary for potential use of this combination as a

clinical tool.

Finally, in the Vicon (Markers) to Vicon (Rotation) all inter-system compar-
isons had excellent correlation. The SDD for Day 1 was greater than the larger
MCID, while the SDD for Day 2 was less than the larger MCID. The Vicon
(Markers) does not pass our screening criteria relative to Vicon (Rotation) for the
SLS, however it does show promise with an almost valid Day 1 and a valid Day 2
inter-system comparison, a valid Vicon (Markers) intra-system comparison, and a
valid Vicon (Rotation) intra-system comparison. Improvements to the algorithm
are necessary for potential use of the combination of Vicon (Markers) with an

algorithm as a clinical tool.

11.5 Conclusion

We were able to use a simple literature value based algorithm to create a straight-
forward, quantitative, ACL injury risk score and assess the test-retest reliability
for this score for our LCMAS-Single and LCMAS-2 compared to the gold standard

Vicon system.

Despite our low-cost systems’ ability to successfully detect individual metrics,
no low-cost system with the current version of the algorithm passed our screening
criteria. However, we did see potential for our envisioned clinical utility with
either system improvement, algorithm improvements, or both. These algorithm

improvements could include using different metrics and tailoring the risk scale
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and weighting factor of each metric based on statistical evaluation to maximize
the agreement between a LCMAS and Vicon OwerallScore. The present form
of LCMAS-Single and LCMAS-2 can be implemented in the clinical setting for

detection of the individual metrics as detailed in Chapters 9 and 10.

Each maneuver was assessed using the same risk score algorithm for all sys-
tems. Going forward with algorithm development, we will explore tailoring a
separate algorithm to each type of maneuver. We may also consider consolidating
these separate algorithms from each type of maneuver into a master overall score

for a clinical injury risk and rehabilitation assessment tool.
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CHAPTER 12

Conclusions

12.1 Current Studies

Throughout this work we have made the case for the necessity of a low-cost quan-
titative clinical tool for identifying at risk individuals before injury occurs. We
have identified limitations in current screening tools and created different ver-
sions of low-cost tools that we hope will address the accessibility and accuracy

shortcomings of currently available systems.

In an effort to evaluate the system improvements to the LCMAS-Single, we
scrutinized marker detection in a static posture, relative to the gold standard

Vicon system and saw substantial gains.

Next, we laid out a detailed test-retest reliability study to assess the perfor-
mance of our low-cost systems relative to the gold standard Vicon system for
detecting kinematic and kinetic metrics associated with knee injury risk. This
methodology can be applied to comparing any new system to the corresponding

industry gold standard system.

In the LCMAS-Single test-retest reliability assessments we successfully de-
tected 6 different metrics for the drop vertical jump (DVJ) maneuver, with re-
peatable measures and SDD smaller than the MCID values from the scientific
literature for some of the metrics between at-risk and normal populations, enabling
use of the system as a screening tool for ACL injury risk and rehabilitation. For

LCMAS-Single using markers based angles relative to Vicon markers based angles,
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we identified two metrics: Initial Contact (IC) 2nd component knee angle, and
Maximum (Max) 2nd component knee angle. With the LCMAS-Single using the
Vicon Static reference posture and IK model relative to the Vicon industry gold
standard, we identified four metrics: Max 1st component hip angle, IC 2nd com-
ponent hip angle, Minimum (Min) 1st knee angle, and Range of Motion (ROM)
Ist component center of mass (COM) position. Finally, for the LCMAS-Single
using the Vicon Static reference posture and 6DOF model relative to the Vicon
industry gold standard, we identified three metrics: Max 1st component hip an-
gle, Min 1st knee angle, and ROM 1st component COM position. The results
of this study are summarized in Table 9.1 on page 153. To expand the number
of metrics and the clinical relevance of this screening tool we propose continued
system improvements and a prospective study to establish a normative database

and identification of abnormal movement thresholds.

In the LCMAS-2 test-retest reliability assessments, we also successfully de-
tected several metrics for the DVJ, double leg squat (DLS), and single leg squat
(SLS) maneuvers. For all the maneuvers studied, our LCMAS-2 system has re-
peatable measures and SDD smaller than the MCID values from the scientific
literature for some of the metrics between at-risk and normal populations. In the
DVJ, we identified three metrics: Max 1st component hip angle, Min 1st knee
angle, and ROM 1st knee angle (summarized in Table 10.1 on page 195). For the
DLS, we identified five metrics: Max 1st component hip angle, IC 2nd component
hip angle, Min 1st knee angle, ROM 1st knee angle, and ROM 2nd component
COM relative to base of support (BOS) position (summarized in Table 10.3 on
page 203). Finally, in the SLS we identified six metrics: Max 1st component hip
angle, Min 1st knee angle, ROM 1st knee angle, Min 2nd component knee angle,
Max 2nd component knee angle, and Min 2nd component knee moment (summa-
rized in Table 10.6 on page 214). This outcome enables the use of the LCMAS-2

system as a screening tool for ACL injury risk and rehabilitation. To expand
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the number of metrics and the clinical relevance of this screening tool we again
propose continued system improvements and a prospective study to establish a

normative database and identification of abnormal movement thresholds.

To demonstrate our envisioned clinical utility, we used a simple literature value
based algorithm to create a straight-forward, quantitative, ACL injury risk score
and assessed the test-retest reliability for this score for our LCMAS-Single and
LCMAS-2 compared to the gold standard Vicon system. Despite our low-cost
systems’ ability to successfully detect individual metrics, no low-cost system with
the current version of the algorithm passed our screening criteria, summarized in
Table 11.1 on page 251. However, we did see potential for our envisioned clinical
utility with either system improvement, algorithm improvements, or both. The
present form of LCMAS-Single and LCMAS-2 can be implemented in the clinical

setting for detection of the individual metrics detailed in the previous paragraphs.

We have demonstrated the potential for a clinically-relevant, accurate, low-
cost movement assessment tool that can revolutionize orthopaedic medicine by

shifting the focus from reactionary to preventative.

12.2 Future Potential

Future potential areas of exploration include applications in clinical practice, phys-
ical and occupational therapy (e.g. fall prevention [127]), ergonomics (e.g. 3D
Static Strength Prediction Program (3DSSPP) [22]), and sports, and expanding
research with OpenSim modeling (e.g. Kar included an ACL component into a
model used with drop-landings [59, 60]) and FEA (e.g. Kiapour has developed an
ACL strain model used with drop-landings [63, 64]).

It is also interesting to consider increasing the scope of metrics to include
other variables such as joint power and incorporating electromyographic (EMG)

and inertial sensors.
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APPENDIX A

Numerical Results: Test-Retest Reliability

This appendix contains numerical results for metrics that did not meet our screen-

ing criteria that were listed in summary tables.

A.1 LCMAS-Single - DVJ

Primary and secondary variables summarized in Table 9.1, from the LCMAS-

Single DV J trials are presented in Tables A.1 and A.2, respectively.

A.2 LCMAS-2 - DVJ

Primary and secondary variables summarized in Table 10.1, from the LCMAS-2

DV trials are presented in Tables A.3 and A.4, respectively.

A.3 LCMAS-2 - DLS

Primary and secondary variables summarized in Table 10.3, from the LCMAS-2

DLS trials that are presented in Tables A.5 and A.6, respectively.

A.4 LCMAS-2 - SLS

Secondary and primary variables summarized in Table 10.6, from the LCMAS-2

SLS trials that are presented in Tables A.7 and A.8, respectively.
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