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Abstract

The hip joint center (HJC) is needed for calculation of hip kinematics in various
applications. In the functional method, the center is determined by moving femur with
respect to acetabulum. A popular way for measuring this movement is through an optical
motion capture system. This method is fast and economical for most applications where we
require an instant HJC even though the reconstruction error in bone position calculation
exists due to skin artifact. This error is caused by movement of markers placed on skin rather
than on actual bone. Here we introduce ultrasound imaging as an additional modality to
measure the change in soft tissue thickness above bone while hip is flexed. We use this
information on the tissue thickness change to recalculate position of markers placed on skin
to match the movement of bone. A good advantage of using ultrasound machine is its non-
invasiveness. We calculated HIC using a symmetric center of rotation estimation (SCoRE)
algorithm, which uses the concept of coordinate transformation on 3D marker position data.
The algorithm gives the 3D position of two centers, one for each hip bone. The distance
between these two centers (SCoORE residual) gives us a hint on the accuracy of the HJC
calculation and has been proved to be proportional to the error with respect to actual center
in previous studies. These two centers should ideally coincide as they collectively form a
spherical joint. Our new algorithm for HJC calculation with tissue thickness compensation,
measured using ultrasound imaging shows the error has been reduced from 9.13 mm to 4.87

mm.
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Chapter 1. Introduction

Hip joint center (HJC) is the center of rotation of the human hip joint. This center is
needed as a reference point in various applications for various purposes. In applications such
as human gait analysis, this center is needed for calculation of hip joint kinematics and
kinetics such as hip joint angle, range of motion, hip moment and torque generated by
surrounding muscles. HIC is used as a reference point for medical applications such as
navigation based surgical systems, prosthetic alignment and bone reduction surgeries for

certain joint abnormalities [55].

This hip joint center can be calculated through various methods ranging from static
geometric shape analysis of joint anatomy or through analysis of dynamic hip motion. In
shape based methods, the medical images such as MRI1 or CT scan of hip joint is examined
by an expert who determines the stationary joint center through geometric analysis. Another
way to calculate the center is to use information regarding distances between certain points
on hip such a bony landmarks to use statistical shape analysis and predictive regression
modeling to calculate the center. Motion based approach to calculate HIC is commonly
known as functional method. This widely used method in gait laboratories and surgical
navigation systems gives HJC within a decent accuracy when compared to the geometric
center. In the functional method it is assumed that human hip is a ball and socket joint.
Markers are placed on thigh and pelvis such that their three dimensional (3D) position can be
recorded. Thigh is moved in various non-planar movements like flexion, extension,
abduction, adduction and circumduction with respect to pelvis. The movement of femur is

then measured relative to pelvis through these external markers placed on body and HJC is



calculated from the obtained marker trajectories in 3D through established algorithms. This
method is more convenient and in-expensive compared to shape analysis of medical images

and more accurate than prediction methods based on regression modeling.

Here we are interested in improving the calculation of center of rotation of the hip through
functional methods. Hence we analyze the existing algorithms and the major source of error
through literature review while concentrating on ways to improve this method for increasing

accuracy of HJC calculation.

1.1 Problem Statement

In optical human motion analysis experiments, markers are placed on the body so that its
movement can be recorded as 3D position of marker trajectory through special cameras.
Markers placed on the surface of the body (skin) are not rigidly attached to the underlying
bone. The algorithms used for reconstruction of bone position through external markers
assume that these markers are rigidly attached with the bone, even during the motion. In fact,
the underlying bone does not remain stationary with respect to the skin while the hip is
moved and hence this assumption does not hold true. While the bone does not remain in
center compared to the overlying skin due to contraction and relaxation of muscles when the
hip is moved, its reconstruction from markers placed on skin does not represent the true bone

position.

The method of finding HIC through motion analysis of hip joint based on positions of
external markers suffers from a source of error termed as soft tissue artifact (STA). The error
is measured as distance between the calculated center and the true center (available through

MRI/CT images). This error is caused due to displacement of markers placed on skin with



respect to underlying bone when specific movements like flexion, extension, abduction,

adduction and circumduction are made.

This displacement of markers poses problems in reconstructing accurate bone positions
using existing algorithms and leads to an error of up to 14 mm [43] in calculating HJC.
Studies have been carried out to measure the displacement of skin markers with respect to a
bone rigid frame of reference. This local frame of reference rigidly attached to bone is
achieved by recording the movement of markers placed on pins which can be inserted in
bone. Nonetheless, this is an invasive procedure and not feasible to apply on live humans.
Soft tissue artifact has been found out to be dependent on task being carried out (type of

movement), subject’s body attributes and location of markers on the segment of body [16].

Due to subject specific nature of this error, a general mathematical model based correction
established on previous experiments is not applicable to other studies. Hence there appeared
a need to track and compensate this error during the experiment for each participant as an
adhoc exercise. Existing methods are invasive and therefore not feasible to be applied in

either gait laboratories or navigation based surgical applications for live humans.

Consequently, it was desired to develop a non-invasive system to improve the
reconstruction of the bone position from markers placed on skin to improve motion analysis

based functional hip joint center calculation.

1.2 Ultrasound as an Ad hoc Modality

Ultrasound is a portable and non-invasive imaging modality that can give real time
measurement of depth of bone position through a set of images. Bone is visible as a contrast

in the image due to its dense nature compared to the surrounding tissues.



There exists a need to accurately reconstruct the underlying bone movement from markers
placed on skin. We sought a way to track the trajectory of bone on thigh by integrating
ultrasound imaging with an optical motion capture system. Ultrasound system has been
integrated with motion capture systems such as VICON [44] to get a global frame of
reference for the image plane and reconstruct a 3D model from 2D images through
calibration methods [45]. Recently Sangeux et al. [30] used ultrasound combined with
VICON to get a gold standard data for functional hip joint center with 4 mm accuracy

compared to MRI.

Hence, there seemed a possibility to integrate the two systems; Ultrasound and optical
motion capture (VICON), to simultaneously track the movement of bone along with the
movement of markers on skin. With the motivation of tracking the marker displacement with
respect to underlying bone non-invasively, we thought of using ultrasound imaging to
measure the change in thickness of tissue underlying the skin on which markers are placed
for functional HJC calculation and synchronizing it with the motion capture system to get a
bone fixed frame of reference. With this information we aimed to recalculate the marker’s

position on thigh to better match the trajectory of underlying bone

1.3 Proposed Solution

Based on the literature we found that attempts have been made to reduce soft tissue
artifact through linear statistical models or through shape analysis techniques [23]. Although,
the error is specific to the participant and cannot be generalized, hence there is a need to
evaluate this error every time motion analysis is used to determine the hip joint center to

ensure accuracy.



For HJC calculation through motion analysis, markers are placed on thigh and pelvis and
thigh is moved with respect to pelvis to record marker trajectory. Our observation was that
when the thigh moves the layer of muscle from skin up to bone contracts and relaxes. This
changes the muscle thickness and thigh shape. This would affect the distance between
markers placed on skin and the underlying bone. This distance would remain constant
throughout the motion if the marker on skin was rigidly attached to the bone and marker

position on skin could represent the position of underlying bone.

We propose the idea of observing the change in distance between the bone and skin. This
information on depth of bone can be obtained from ultrasound imaging. Simultaneously, we
capture the position of markers placed on thigh and pelvis for calculation of HJC through a
motion capture system (VICON). We also track the position of ultrasound probe in 3D space
by placing markers on it. Hence by synchronizing the two imaging systems we can get an
estimate of the position of bone in 3D space. The markers on probe allow us to have a
probe’s rigid frame of reference that moves rigidly with the thigh. Position and orientation of
the frame of reference attached to thigh calculated with markers on skin are then adjusted
using this information to give a trajectory in 3D which better represents bone motion.
Functional HJC calculation is done using coordinate transformation and error is expressed as
the difference between calculated pelvic and femur centers. This error value should decrease

with our proposed technique and the center should be closer to the actual HIC.

One of the main aims of this research is to track the bone (femur) movement with respect
to skin through ultrasound with simultaneous measurement of position of thigh with respect
to pelvis and synchronize it with a motion capture system to track the displacement of skin

markers with respect to underlying bone. This is an attempt towards assessing and



compensating for soft tissue artifact in a non-invasive manner through a possible ad hoc
exercise using ultrasound to model the subject specific and activity specific traits of marker

motion.

The second aim of the research is to evaluate the coordinate transformation algorithm
SCoRE [20] through the trajectories made by markers on skin to find out hip joint center.
The algorithm has a widespread use in gait laboratories to determine functional HJC.
Although its accuracy on simulation based experiments has been shown to give an error less
than 1 mm, when it is applied on human based experiments, the error tends to increase by
more than ten times [30]. Hence using this algorithm for different experiment settings than

those on which the accuracy has been reported might be misleading.

We have applied this algorithm on the 3D coordinate data from markers on skin (thigh and
pelvis) to get the position of the center. Then we calculated new 3D positions of marker with
the bone trajectory obtained using ultrasound imaging and compared its result with skin
marker based calculation to see the improvement. We have made an attempt to accommodate
the error due to displacement of skin markers during motion because of change in tissue
thickness from skin up to the bone. By translating the markers on skin by the amount of
tissue thickness towards bone, we aimed to reconstruct the marker trajectory as it would be
when markers were placed directly on bone and hence get a better estimate of hip joint

center through existing algorithms.

1.4 Overview of the Document

This document consists of six chapters. The introduction in Chapter 1 provides a broad

overview of the problem statement and the proposed solution. As the entity in concern is the



hip joint, in Chapter 2 we have detailed the morphology and physiology of hip joint; the
literature review on methodology for hip joint center calculation and details on the
algorithms and studies conducted for functional HJC calculation. Chapter 3 links the
literature with our research by providing an overview of methodology of our experiments
formed on the grounds of previous research and established algorithms. In Chapter 4 we
describe the experimental setup, techniques, procedure and equipment used for the
experiments. Chapter 5, we have detailed the exploratory analysis of the ultrasound imaging
and motion capture data along with the result of HJC derived through markers on skin and
compared with the result obtained from the bone trajectory incorporated new calculated
marker positions. Chapter 6 concerns the discussion, limitations and future work on the
topic. We have presented preliminary results of this thesis in three conferences and in the

process of submitting an article for publishing in a Journal.



Chapter 2. Literature Review

2.1 Hip Joint: A Ball and Socket Joint

Hip joint is the anatomical landmark in human body which connects the lower limb bone
femur and the abdominal bone acetabulum. The joint is modeled in biomechanical studies as

a ball and socket joint [1].

Acetabular

labrum
Acetabulum

Head of femur

Epiphyseal
line
Greater Neck of
trochanter femur
Femoral
neck axis
Shaft of Anatomical
femur ' axis of femur

Figure 2.1 Human hip joint anatomy [3]

2.1.1. Anatomy

The anatomy of hip consists of bones, muscles and ligaments. Two major bony parts of
hip joint are the thigh bone, Femur and the pelvic bone, Acetabulum [4]. The main parts of

these two bones for the joint are described here.



Acetabulum

The proximal part of human hip bone consists of acetabulum which is collectively formed
by the fusion of three bones namely ilium, ischium and pubis. The Ilium consists of anterior
and posterior iliac spines which are used as anatomical landmarks through palpation. The
Ischium is the lower bony part of acetabulum which bears the load of human body in seated
positions. The Pubis forms the anterior region of pelvis where the Ilium and Ischium fuse to
form the Acetabulum at pubic symphysis. The opening between ischium and pubis is called
Obturator Foramen. The Acetabulum contains a cavity opening to accommodate femoral
head and is supported by cartilaginous covering, ligaments and the acetabula labrum which
serves the purpose of providing a cushion surface to cater the forces around the joint and

protect the synovial fluid from flowing into the nearby parts [3] .

Ilium

PR IS 117\
e LAY
A ,%ff %
A ),Ji '

Head

Ischium Lateral and Medial Epicondyle

Figure 2.2 Lateral view of right acetabular bone and anterior view of femur [8]



Femur

The distal end of the hip joint consists of the longest and heaviest bone in human body
known as Femur [8]. Going from top to bottom, the main parts of femur consists of femur
head, neck, greater and lesser trochanter ,body, medial and lateral epicondyle as shown in
figure 2.2 The greater trochanter, medical and lateral epicondyles are the palpable bony
landmarks for femur [4]. The femur head fits into acetabula cup in order to form the Joint

[6]. The neck makes an angle inclined with the head.

The joint is subdivided into three compartments namely anterior, medial and posterior
which consists of muscles like rectus, abductor and hamstrings responsible for the strength
and functionality of the joint. The arteries and nerves control the blood flow and

transmission of signals to the limb.
2.1.2. Physiology

The main function of the Hip joint is to connect the upper trunk of the body from head to
abdomen to the lower limbs [6]. This joint bears the weight of the upper body and distributes
the load from sacrum to the acetabula while standing. The auto lock mechanism of hip joint
enables minimum effort to be put on by the supporting muscles while standing so the center
of mass lies posterior to the hip joint and an upright posture is obtained with the help of
Illiofemoral ligament. The locomotion functionality of human body is due to the flexible
joint rotation which allows for humans to walk. During walking the flexion angle of rotation
might reach up to 35° for people without any abnormalities [56]. Due to the lifetime
functionality of bearing weight and working against forces, the joint tends to degrade most

often with aging.
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Compression —_ \— Compression

Stand Stand

Figure 2.3 Functional anatomy of hip joint showing load bearing points in sitting and
standing position [10]

Ball and socket Joint

According to a definition by Britannica Online academic edition, the ball-and-socket joint
is defined as “Ball and socket Joint also called spheroidal joint, in vertebrate anatomy, a joint
in which the rounded surface of a bone moves within a depression on another bone, allowing
greater freedom of movement than any other kind of joint. It is most highly developed in the
large shoulder and hip joints of mammals, including humans, in which it provides swing for
the arms and legs in various directions and also spin of those limbs upon the more stationary
bones.”[7]. A perfect spherical joint would have access to move freely without any limits but
the human ball and socket joint motion is restricted with many limitations for stability and

support.
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Figure 2.4 Ball and socket model [9]

The hip joint offers 3 degree of freedom for rotation in 3 planes defined in medial/lateral,
anterior/posterior and superior/inferior directions of body [2]. The movements classified
with these planes are defined in next section. The full functionality of ball and socket
rotation is hindered by the presence of muscles like Gluteus Maximum , Hamstrings,
Abductor muscles supporting the limb [3][11]. The hip joint is multi axial and the
Illiofemoral, Pubofemoral and Ischiofemoral ligaments connect the parts of pelvis to femur

and limit the motion along with providing stability to the joint.
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Transverse Frontal Sagittal

Figure 2.5 Planes of hip movement: Transverse, Frontal and Sagittal [53]

2.2 Hip Joint Center and Range of Movement

Hip joint center is the center of rotation of the ball and socket joint described above. The
center acts as a point between the hip bones where the hip moments apply in order to provide
a range of movement (ROM) namely; Flexion/Extension in sagittal plane,
Abduction/Adduction in frontal plane and Internal/External rotation in transverse plane
[11]. This ROM could be restricted due to either some pathology at the joint or due to
degeneration of joint due to aging. The human motion analysis in such cases needs special

attention for accurate calculation of the hip joint kinematics and kinetics [57][54].

One of the growing reasons of concern for the restriction of hip mobility is an
abnormality known as Femoroacetabular impingement. Femoroacetabular Impingement
(FALI) is caused by repetitive motion of hip which leads to damaging of the soft tissues as

well as an abrupt growth of bone [54][59]. Due to FAI there is an abnormal collision

13



between the femur and acetabulum even during normal activity involving hip joint such as
walking or sitting. As a result there is an uneven stress on the joints as well as soft tissues
adjacent to them namely cartilage and labrum [59]. The function of these soft tissues is to
distribute stress on the joint evenly and provide a cushion to the bones. Due to this stress the
cartilage and/or labrum gets a tear [56][54]. The resulting degeneration, tearing of the
labrum and damage to the adjacent acetabulum cartilage can lead to the development of
Osteoarthritis (OA) [55]. It has been reported that this abnormality was very commonly
reported in young adults who practice extreme range of motion during athletic activities

[64].

There are majorly two types of FAI classified by the type of bone which causes
destruction of the joint. Two affected bones of hip joint are femur and acetabulum. The
abnormality associated with femur is called Cam type FAI and Pincer impingement is
another variation of FAI which affects the acetabulum [56][57]. In cam FAI, an abnormal
bony bump forms at the femoral head-neck junction resulting in an altered shape of the
femoral head. It is mostly formed on the antereo-superior region of the head neck junction.
This overgrowth of bone blocks the normal motion and rubs against acetabulum cartilage in
a manner which leads to abrasion. The second type or Pincer FAI occurs due to over
coverage provided by acetabular rim. Pincer FAI affects the labrum as it gets crushed
between the rim of abnormal acetabulum and the femoral neck in normal movements. This
may lead to deepening of the acetabulum which further increases the over coverage.
Subsequently the shear forces cause damage to the cartilage in long run leading to

degenerative pain.
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Figure 2.6 a) Cam FAI: Decreased offset at the femoral head/neck junction. b) Range of
Motion (ROM) causes shear forces and cartilage damage c) Pincer FAI: Acetabular over
coverage. d) Crushed labrum due to ROM by Leunig et al. [64]

The Cam type abnormality is common and is identified by alpha angle which is formed by
a line drawn from the center of the femoral head through the center of the femoral neck, and
a line from the center of the femoral head to the femoral head/neck junction. If the angle is

greater than 55 degrees, the condition is confirmed as FAI [59].

The diagnosis of FAI consists of preliminary physical examination along with a
radiographic study of hip. The X-Ray radiographs are capable of showing the bone
deformation but the soft tissue damage is not visible. The onset of pain is thought to have
occurred from labrum or cartilage tear [58]. Hence, MRI study is performed for examination

of anatomical condition of these soft tissues.
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Imaging modalities in use for detection and management of FAI:

Radiography X-Ray

Meyer et al. [63] compared radiographic projections from different views to assess the
geometry of femoral head neck junction. They found that the best way to see if the hip joint
was spherical or not was through Dunn view or cross table projection in internal rotation.
Dunn view is the X-Ray of hip in Antereo-posterior neutral rotation, 45° of flexion and 20°
of abduction [59]. The radiographic measurements include femur head neck offset, alpha
angle and anterior offset measurement. These findings did not correlate with the pain and

hence the soft tissues were to be considered as follows.

Magnetic resonance arthrography (MRA)

Magnetic resonance imaging allows viewing the soft tissues in body due to presence of
water in them which is the principal behind MRI. To view damage in cartilage and labrum a
dye is inserted to get the exact location of tear [55]. The MRA in FAI diagnosis shows the
position of labrum tear as well as calculation of alpha angle can be done. So it supplements
the radiographic study with additional information on soft tissue damage as seen in figure

2.7.
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Figure 2.7 MRA of femur in FAI a) and b) showing progressive extrusion of radio opaque
dye (arrow) at the site of labral tear by Banerjee et al. [59]

Two treatment options are available for treatment of FAI:

Non-Surgical management

There is no medication cure for FALI. Initial non-operative management includes lifestyle
changes like avoiding excessive hip movement and regular non-steroidal anti-inflammatory
agents can provide symptomatic relief. Athletes and sportsmen are advised to quit from the

profession, although it is unacceptable to young professionals [59].

Surgery

For treatment of the Cam FAI, bumpectomy is suggested where the overgrowth of bone is
removed with surgery [54][64]. The surgery performed can be open or arthroscopic [59]. But
there is a possibility of a situation where the surgery leaves the patient with either too much
removal which leads to bone fracture or too little removal which needs a re-surgery. Any

labral tear should be treated with resection or repair as appropriate. This involves concerns
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of serious blood loss along with damage to sciatic nerve which happens in 2% of individuals

undergoing hip arthroplasty [60].

Gait analysis studies provide details on how this abnormality affects the biomechanics of
normal motion. It was found that the FAI patients could not squat as low as the controls did
in the study [57]. An accurate hip joint center location is required as a reference point for the
gait analysis or hip moment calculation done using functional approach through human
motion analysis. This center should be accurate enough to avoid errors in kinematic

calculations and hence the topic has been reviewed in the coming sections.
2.3.1. Need for an Accurate Hip Joint Center

The need to find an accurate hip joint center arises from the fact that the center is desirable
for accurate simulation of hip joint movements in various applications. The center of rotation
has been identified as a prerequisite in surgical field for placement of hip prosthetics [11].
The accurate center of rotation is needed for better placement of the knee joint prosthetic
alignment [49][50] as the axis of rotation is determined though this center. An error up to 2
mm in determination of this axis leads to a knee prosthetic alignment error of 0.3° [43]. In
gait analysis applications, the bone pose is reconstructed through markers placed on skin
[13][21] and there is a need for accurate hip joint center to calculate the joint angle and range
of motion for rehabilitation purposes [13]. It is also used as a landmark for navigation in
surgeries [25]. The errors in calculation of HJC propagate towards determination of
kinematics and kinetics of the joint motion. Hence it is essential for the HJC calculation

methods to give precise results [12].
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2.3.2. Methods to find Hip Joint Center

Various methods have been proposed to locate HJC to calculate kinematics and kinetics of

hip joint. Three main categories of methods are defined below.

Statistical modeling based method

Methods based on predictive modeling use regression equations based on morphology of
the hip, such as distance between anatomical landmarks like Anterior superior iliac spine
(ASIS) and Posterior superior iliac spine (PSIS). One of the studies compared by Bell et al.
[14] reported HIC as a percentage of distance from ASIS in medial, distal and posterior
direction. Although 95% of the times these equations based on generalized population
anatomy gave the result within 27 mm of true HJC, the question in concern was whether this
accuracy would be enough for medical applications. A more recent study also reported the
accuracy of such methods to be within 25-30 mm of true hip joint center [16] . This method
relies on identification of accurate anatomical landmarks which might vary depending on the
expertise of the identifier [12]. Hence the result might vary from one clinician to the other

depending on understanding of the landmarks.

Geometric shape based method

Hip joint center has also been estimated by using CT Scans [11], MRI [12] and X-Ray
radiographs [15] of the patients. The medical imaging gives an accurate position of femur
head. With the assumption that center of rotation coincides with the geometrical center of
femur head, calculations are made to either fit a circle in 2D or sphere in 3D onto the surface
of femur head or to use collision detection between simulated femur and acetabulum to

locate the center [12]. This methodology is most accurate (within 0.1 mm [12]) and is
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considered to be a gold standard for comparison with other techniques of HJC location.
Although due to the non-feasibility of sophisticated medical imaging modalities in gait
laboratories and/or operation rooms there is a need for a more economical yet accurate
method for identification of HJC for the purpose of gait analysis and surgical navigation

systems.

Hip motion based method

Another well-known methodology to calculate HJC is through 3 dimensional
stereophotogrametry [16] in which femur is rotated relative to the pelvis in order to calculate
the point about which the rotations occur. This method analyses trajectories made by
markers placed on body while specific movements are performed which are recorded by a
motion capture system. The accuracy of such a method depends on range of motion,
placement of markers, body type of patient and type and number of cycles of movement
made. This method was found to pose an error of 15 mm in a study on humans with normal
ROM [30] which increases to 26 mm [17] with a limited range of motion of hip. This method
has gained popularity due to ease of calculation, accuracy and non-invasiveness [19]. This is

the main topic of research here and hence is discussed in detail in further sections.

2.3 Functional Method for Hip Joint Center Calculation

Functional method for hip joint center calculation is defined as a technique to analyze the
movement of femur relative to pelvic frame of reference defined by various anatomical
landmarks [16]. For this approach, trajectory of movement of femur with respect to pelvis is
obtained in three dimensional space. A sufficient number of markers which can be seen by

optical motion capture system such as VICON [16] are placed on pelvis and femur to define
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anatomical and technical frames of reference [21]. Anatomical frame of reference is defined
by palpable landmarks such as RASIS, LASIS, RPSIS and LPSIS in pelvis and LE, ME and
GT in femur [17][21]. Whereas technical frame of reference is defined by markers placed on

skin and could vary depending on the study [21].

RASIS LASIS

GT

LFE

Figure 2.8 Anatomical frame of reference for femur and pelvis by Piazza et al. [17]

Figure 2.9 a) Marker cluster on skin defining technical frame, b) Markers on bony landmarks
defining anatomical frame by Cappozzo et al. [21]
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External pointing device with markers placed at known distance are used for calibration of
anatomical landmarks. The errors associated with the calibration process propagate to the
calculation of joint kinematics and hence a precise knowledge of the palpable bony

landmarks on the body is desirable.

Various studies have evaluated the accuracy of the functional method [16][17]Error!
eference source not found.[19][20] for HIJC calculation. Subsequent sections describe the
major algorithms used to calculate hip joint center using the marker trajectory information

obtained through various studies by means of simulation, mechanical linkages or humans.
2.3.1. Algorithms: Sphere Fitting and Coordinates Transformation

Sphere fitting

As described in earlier sections, the hip joint center is modeled as a ball and socket joint
for biomechanical kinematic studies. Hence to find the hip joint center, one of the approach
taken by various studies [13][16][19][20] is to model the joint as a sphere to be centered at
the HJC. Once the marker trajectories of femur with respect to a fixed coordinate system
(pelvis) are known over a period of time, these trajectories are modeled to trace a sphere and
the center is calculated using geometric sphere fitting equations. Most common approach is
to initialize a sphere with center say co in global orthogonal coordinate system. If £ gives the
known positions (on the moving segment, say femur) of m markers (f = 7 to m) in Ntime
frames (7 = 1 to N), then for each time frame, the Euclidean distance between the marker

position and sphere is minimized [16][19]
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cis the center calculated at each time frame for all markers iteratively until it converges to
minimize the error and r is the radius of sphere calculated from marker position. This
solution is also known as Quartic Sphere fit [16] and has a closed form solution. Although it
was found by Halvorsen et al. [35] that the solution of (1) is biased and does not converge to

true center. The bias gets removed when solved iteratively using a correction term.

™
5

i+d

Figure 2.10 Depicting the sphere traced by marker m, at time instance 7and 7+d with radius
rand center at ¢. x, yand zare unit axes attached rigidly to pelvis

Coordinate transformation

Ehrig et al. [20] evaluated numerous algorithms under the two major categories namely:
Sphere fitting as described above and Coordinate transformation. It was observed by the
authors that sphere fit method could only be applicable in case one of the segments of hip
joint is stationary and gives a constant center of rotation. Even if the pelvis is more
stationary, it is not completely immobile and its associated movement is not taken into

consideration in sphere fitting algorithms. Another category of algorithms namely
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Coordinate Transformation was evaluated and compared to geometric sphere fit methods for
the first time by Ehrig et al. [20]. In this category a local frame of reference is defined on the
moving segment of body using three or more markers and a point, ¢, is found throughout the
motion which is mapped from a local frame of reference to global frame of reference

satisfying the condition given in equation (2).

n
Z | Ric"+t; —c II? 2
i=1

Figure 2.11 Local femoral frame of reference with orientation Rand position ¢with respect
to a global frame by Ehrig et al. [20]
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The authors also devised an algorithm to accommodate the movement of pelvis rather than
just the femur. This algorithm utilizes transformation of coordinates of center from local
pelvic and femur frame of reference to an appropriate global frame such that a common
point with least movement is determined as HJC. This is known as Symmetric Center of

Rotation Estimation popularly known as SCoRE

N
Z”Rficf + 05 = (Rpicy + Opi)|| (3)

=1

R;, R, are the orientation matrices and Oy, O, are position vectors attached to femur and

pelvis respectively for time frames 7 = 7 to N. Equation (3) is minimized to get c and ¢,
which are center of rotation in pelvic and femur local coordinate systems respectively. An
estimate of accuracy of SCoRE is obtained by calculating SCoRE residual [36] which is a

measure of the distance between ¢, and c, after converting into an appropriate global

coordinate system. This method was applied and compared with sphere fit on various
human and cadaver studies as well. While the SCoRE algorithm tested on simulation studies
yields more accurate results (0.5 cm) than sphere fit method when both segments were in
motion, the study on human by Sangeux et al. [30] and on cadaver by Lopomo et al. [28]
presented sphere fit to be more accurate. Therefore, there is still a need to come up with the
best algorithm and/or functional technique to be applied to human studies for more accurate

results.
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2.3.2. Classification of Functional Studies based on Type of Data

Mechanical linkage based studies

An attempt to propose an optimized protocol for studies on functional estimation of HIC
was made by Camomilla et al. [16]. The authors studied effect of various factors such as
type and amplitude of movement, algorithm used, distance between markers and location of
cluster of markers on the calculation of hip joint center. Based on this study an algorithm
known as bias compensated sphere fit with a movement called as “Star Arc” [16] with
various flexion/extension, abduction/adduction and circumduction motion gave the most

accurate result when markers were placed far from each other but close to the joint center.

The authors indicated that the errors in calculation of hip joint center through functional
approach could be reduced to 1 mm by using these optimal conditions in absence of soft
tissue artifact (discussed in upcoming sections). This study was performed using mechanical
linkage, which is a model resembling the human hip joint consisting of metallic rods
connected through a ball and socket joint. The model is incapable of depicting real hip joint
as there are no soft tissues restricting the motion. Hence the mechanical setup used to obtain
the result for HIJC was distant from the human based experimental conditions which report
an error of up to 13 mm [21]. Advantage of mechanical linkage based studies is that a true

center of rotation is known for checking the accuracy of algorithm.
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Figure 2.12 Mechanical linkage front view (left) and top view (right) used by
Camomilla et al. [16]

Digital simulation based studies

Virtual markers illustrating positions of anatomical landmark on pelvis and femur were
generated using computer simulation in a study [20] to test the accuracy of various
algorithms being used to calculate HJC through functional approach. Utility of simulation
based experiments is to generate large number of samples of data with varied variables in
terms of ROM, amplitude, random noise, different cluster of markers to check the effect of
these variables on a new algorithm to find HJC. Begon et al. [18] employed trajectory
information from markers placed on a human participant to simulate the model to replicate
human based errors and obtained accuracy within 4 mm which was close to the ones based
on mechanical linkage. This study also recommended that low amplitude movements with
more repetitions produce minimum errors whereas Camomilla et al. [16] advise the use of
maximum possible range of movement. Since artificial noise is added to simulate conditions
similar to studies on humans, simulation based studies are useful only for testing

functionality of an algorithm but does not guarantee its replication in human based studies.
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Songs

Figure 2.13 Simulation of 4 markers on pelvis and femur each and rotation of femur

by 20° by Ehrig et al. [20]

Cadaver based studies

Mechanical linkage and simulation based studies lack the information of marker
deformation due to skin stretching and tissue wobbling known as Soft Tissue Artifact (STA)
when markers are placed on skin [23] In vitro studies have been performed on cadavers to
test the accuracy of functional algorithms [26]. These studies provide a way to measure the
soft tissue artifact by various techniques and at the same time assess the accuracy of
algorithm through skin markers. Markers are attached to a pin tracker that can be inserted in
the bone so that true bone trajectory information is available which is considered to give the
gold standard data for comparison with markers placed on skin. The functional algorithms
which provided an accuracy of more than 1 mm when tested with simulation and mechanical
linkage gave an error up to 10 mm when placed on skin. Sphere fit algorithm was more
accurate with reduction in range of motion [26] whereas transformation technique was more
accurate in presence of pelvic tracker to accommodate the error due to movement of both

segments [28].
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Human based studies

All the previous studies form a basis for testing the functionality and accuracy of
algorithms to be finally used in human based studies. The need for functional HIJC arises
from the fact that a non-invasive motion analysis based method could give an estimate of
HJC close to the actual center for various applications in surgical navigation system or gait
analysis. The studies based on human participants show an accuracy of up to 13 mm [19]. A
recent study on normal human population suggested that geometric sphere fit algorithms
gave an accuracy of up to 20 mm and performed better than coordinate transformation
techniques [30]. The errors increase by an order of magnitude when compared with the
simulation data results [30]. Studies performed on humans need an estimate of actual hip
center through imaging modalities [32] to calculate the error. Peters et al. [33] proved the
utility of ultrasound as a possible tool to assess the actual HIC within 4 mm of MRI through
3D ultrasound imaging. This was used as a validation methodology in human based
experiments [29][30].The errors found in human based studies with markers placed on skin
are said to come from so called soft tissue artifact which is the topic to be covered in coming

sections.

Apart from the traditional way of determining the joint center through motion tracking of
markers placed externally on the skin, we are aiming to improve the calculations by
introduction of an imaging modality known as ultrasound imaging, as mentioned in section
1.3, to measure the change in tissue thickness while the hip is moved. In the next section we
will briefly describe the characteristics of the image and how we process the image to track

an edge in it.
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2.4 Ultrasound Imaging and EdgeTrak

Ultrasound is an imaging modality which works on the principal of sending a sound wave
in the frequency range more than 20 KHz through the body and then measure the reflected
wave which would give information regarding the depth of the tissue under measurement.
The modality is inexpensive apart from being portable and poses no known risk to humans.
The main use of this imaging is to view morphological details of soft tissues such as fetus or
heart. The system consists of a transducer which converts electrical signals to acoustic waves
and transmits it to the body, while also acting as a receiver which receives the echo waves
returning after reflection from body tissues. The pixels in image represent the location of the
anatomical feature in the body that has reflected the signal and the brightness corresponds to
the strength of the echo. Besides its various advantages, ultrasound imaging suffers from low
signal to noise ration and low image resolution compared to its counter parts such as MRI or

CT.

Major reasons for including ultrasound imaging in the context of improving HJC
calculation through motion capture are: Real time measurement of depth of bone during hip
movement, non-Invasive imaging, feasibility of integration with motion capture system and
portability. We needed to track the change in the tissue thickness while hip is being flexed
when simultaneously the movement of markers placed on skin is being recorded. We
observed that the bone surface at thigh is visible as an edge in ultrasound image while person
is standing still and even while the hip is flexed when transducers are aligned vertically to
the length of the bone. Hence we needed to track the edge of the bone in the images in order

to get the information on change in tissue thickness covering the bone.
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2.4.1. EdgeTrak : Algorithm for Tracking Edge in Ultrasound Image

The EdgeTrak [47] is software developed by Li et al. [47] in 2004 which is used to track
the surface of the tongue in ultrasound images. Ultrasound images have high speckle noise
occurring due to interference of the coherent waves. Due to the presence of high contrast
noise, it is not easy to track the edges in the image through traditional edge detection
methods. Li et al. [47] used an active snake model along with the incorporation of a
constraint of intensity homogeneity. It is able to track the surface of the tongue in a series of

real time images acquired while speaking some words.

The active snake model works with a few contour points given by users on the ultrasound
image, which are interpolated to get smoothly connected points through B-Spline
interpolation. These points are then attracted towards the edge by minimization of internal
and external energies. The internal energy governs the smoothness of the curve and makes
sure to track the edges even in discontinuities. While the external energy consists of the
intensity gradient change along with a local region based intensity information. This
component connects the contour points to the image. The intensity homogeneity constraint

avoids tracking the speckle noise which also has high intensity gradient.

A prime reason for using EdgeTrak is to ensure an automatic edge tracking system which
can track the edge of an object through a sequence of images while the position and shape of
the edge is being deformed. Also, using existing algorithms for edge detection cannot
distinguish between similar intensity edges presented by the dense muscle overlaying the

bone at the front of thigh. Since in EdgeTrak, we initialize the first frame near the edge of
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interest, the muscle tracking is avoided and sequence of images are tracked through dynamic

programming by taking the contours of previous frame as the initialization.
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Figure 2.14 EdgeTrak [47] showing a) Contour point initialization b) B-Spline
interpolation of points into a smooth curve ¢) The optimized tracking of edge of
interest in spite of other high contrast features.
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Based on the reviewed literature in previous section, we present the overview of
methodology used in this research work for calculating the hip joint center in human based
studies using functional method and further improving the same for more accurate results in

the upcoming section.
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Chapter 3. Overview of Methodology

3.1 Objective

The objective of this research is to use ultrasound as an adhoc modality with human
motion analysis experiments in order to decrease the error in finding hip joint center using
existing algorithms based on coordinate transformation methods. The coordinate
transformation algorithm (SCoRE) mentioned in section 2.3.1 will be used to calculate the
hip joint center using the trajectories made by markers on thigh and pelvis , placed on skin.
This is explained further in the section below. We will make an attempt to measure the
change in the distance between skin and bone (femur) during leg movement in a non-
invasive manner using ultrasound imaging modality. This information will be further used to
recalculate the position of markers placed on thigh in a global frame of reference and the

new marker positions will be used to recalculate the hip joint center.
3.2 Calculation of Hip Joint Center

We need orientation matrix and position vector attached to the pelvis and thigh in order to
calculate the joint center of rotation using SCoRE algorithm. Using three marker positions
on each segment, say mzs, mzand ms, the joint positions can be defined as a position vector

of any of the markers for all time frames recorded. To calculate the orientation/ rotation
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matrix we use two methods: Unit vector and Singular Value Decomposition.

Figure 3.1 Representation of skin marker clusters on thigh and pelvis forming the local
frame of references RfOfand Rp,Op respectively with respect to global frame of reference
G,0g (Human thigh image obtained from Anatomy Atlas [4])
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3.2.1. Calculation of Rotation Matrix

Using the marker positions on each segment, the orientation / rotation matrix can be

calculate as follows

X = |my - my [/norm(m; - my) (4)
Z = crossProduct(|m; - my |/norm(msz - m;), X) (5)
Y = crossProduct(Z,X) (6)

Where /m, - m [ is the vector distance between two markers for N time frames and
norm (m, - m ) is the magnitude of the distance between markers for all frames.

crossProduct (A,B) gives the vector cross product between two vectors 4Aand B. Thus X ¥
and Zare orthonormal unit vectors and R = [X Y Z] is the rotation matrix of a segment with
respect to a global frame of reference G Hence we get the rotation matrices Rr and Rp

corresponding to the segments femur and pelvis respectively.

Another way to calculate this matrix is by using Singular Value Decomposition (SVD)
algorithm proposed by Soderkvist and Wedin [48]. In this algorithm, the position of all
markers for all the frames, in a cluster attached to a segment is registered onto the position of
a static pose i.e. the first frame of the cluster. Here we explain this algorithm for calculation

of pelvic rotation matrix Ry,

Let’s say for markers m, m, and m, attached to pelvis, we have two positions in time

recorded at 1% frame and N™ frame. Let the positions be x,x,x forframeland y,y,, y,
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for frame N. Then two matrices are constructed using the positions of markers in two frames

such that
A = [x; — mean(x), x, — mean(x), x; — mean(x)] (7)
B = [y, —mean(y),y, — mean(y),y; — mean(y)] (8)
Where mean(x) = % Yie1x (i) and mean(y)= % 1y (i) are the average of positions

of all markers in frame one and any frame N resp. And the rotation matrix is determined by

getting the minimum of the function

min||RA—BI|, ©)

Where [1Z]|, = X,z and equation (9) is solved using the SVD as follows

C =BA' (10)

[P,Q,T] = svd(C) (12)

R, = P(diag[1 1 det(PT")])T’ (12)
0, = mean(y) — R(mean(x)) (13)

Where equation (11) is solved using the svd function in MATLAB for singular value
decomposition of a matrix into orthonormal components P, Tand a diagonal matrix Q . X’ is
the transpose of any matrix X. These rotation matrices are calculated from markers attached
on the segments, namely femur, pelvis and probe. Based on the calculation of rotation matrix

and position vectors defining local frame of references, further algorithm can be discussed.

3.2.2. Coordinate Transformation Algorithm

Using the rotation matrices calculated by the methods explained in section 3.2.1, the

coordinate transformation algorithm from Ehrig et al. [20] is presented as follows,
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0P1 - Of

Rf1 - RP1 1

: [Cf] _ . (14)

. Cp .
Ry — Rpy Opy = Opy

Where R_ and R, are the rotation matrices associated with femur and pelvis resp. for

frames i =1 to N and 0. and 0, are the corresponding translation vectors calculated from

the mean of marker positions in local frame of reference indicating the origin of the segment

as shown in equation (13).

These over determinate system of equations are solved using MATLAB backslash
operator ‘\’ to get a least square estimation of centers in local femur and pelvic frame of

reference; Crand Cprespectively.
3.2.3. Evaluation of Algorithm Accuracy

The calculated centers in local frame of reference of femur and pelvis should ideally
coincide as the center of rotation of the whole joint is one point common to both the
segments. Hence the inaccuracy in the algorithm is reported as the distance between the two

calculated centers Crand Cp.

r=|C, — Cf| (15)
Where ris the “SCoRE residual” which is proportional to the error compared to the

actual hip joint center in the condition where it is a known quantity.

Ehrig et al. [36] validated through a statistical model that, the residual is proportional to
the actual error estimated using a known hip joint center. They coined the term “SCoRE
residual” which is equal to the Euclidean distance between Crand Cp after transforming into
a common frame of reference. Hence, by using this relation a decrease SCoRE residual will

indicate an increase in accuracy of the algorithm. We use this measure to estimate the
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accuracy of algorithm and also to compare the results obtained amongst different
participants. We follow its proportionality proved by Ehrig et al. [36] with error compared to
the actual HJC and provide a measure of the accuracy of algorithm in case the actual center

is not known.

3.3 Complications

The accurate estimation of joint center of rotation depends on how precisely the rotation
matrices depict the orientation and the position vectors represent the position of the segment
pose. This would depend on the position of markers. If the markers were rigidly attached on
the bone, the R and O would perfectly represent the segment and hence result in accurate

center determination.

The calculation of hip joint center through human motion analysis experiments suffers
from error due to movement of markers placed on skin rather than directly on bone. This is
known as soft tissue artifact (STA). Due to this artifact, there is an error in reconstruction of

bone from markers placed on skin.
3.3.1L. Soft Tissue Artifact

Functional algorithms have been demonstrated to be accurate enough to find HJC using
non-invasive motion capture system. Although great accuracy was found in simulation
studies, the errors increased by more than 10 times in human based experiments. Leardini et
al. [23] have prepared a thorough analysis of a common source of error in human based
motion analysis which is said to be caused by movement of skin markers relative to the
underlying bone. Due to this error, the measurements made with the position reconstructed

through skin markers would not represent a true bone. STA is quantified as the amount of
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displacement of markers on skin relative to underlying bone fixed frame of reference. This
has been studied through invasive measures where pins are inserted in bone with markers on
them defining the bone reference system along with markers on skin [26][27][28]. Some
studies have used external fixation devices to get a bone fixed frame of reference [38][39].
Alexander et al. [38] quantified the limb segment pose estimation error through the analysis
of change in limb shape by tracking underlying bone trajectory for a particular task and
corrected the position and orientation by 33% and 25% respectively. Whereas Ryu et al. [39]
modeled and compensated the displacement of anatomical landmarks through skin
movement analysis by 40-80%. While interval deformation technique defined in former
study mandated a previous knowledge of marker trajectory with respect to bone, the latter
one required precise anatomical landmark identification which varied with expertise. Due to
invasive nature of these studies, a common consensus for soft tissue artifact compensation is
still a topic of research. In a partially non-invasive study which combined X-Ray
fluoroscopy to measure the STA, it was found that while the STA could be generalized for a

specific motion type, it varies with subject and location of markers.
3.3.2. Minimization of Error in Optical Motion Analysis

A comprehensive study on methods to minimize STA errors has been presented by
Leardini et al. [23]. Methodologies range from solidification procedure, where three markers
on skin are chosen to form a triangle with least deformation over a period of time, to
anatomical landmark calibration where in the markers placed on bony landmarks such as
greater trochanter and medial/lateral epicondyle are tracked over time to compensate for skin
displacement through least square minimization approach. Minimization of functional HJC

error due to STA based on statistical shape analysis methods have been suggested recently
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[41]. However these methods overcome the problem of distortion of the shape of the clusters
over time, the issue of its non-association with underlying bone still remains unsolved. These
studies have only provided a measure to tackle the error with associated algorithm (SCoRE)
[20], whereas in human based experiments [33] it was proved that geometric sphere fit
provide a better estimate of HJC. Hence there is a need to eliminate the issue of STA in

functional HJC independent of algorithms to be used.
3.3.3. Algorithm for Soft Tissue Artifact Compensation

It was observed that amongst other STA compensation algorithms, Alexander et al. [38]
advised a technique that not only takes into consideration minimization of displacement of
markers on skin, but also incorporates the trajectory information of markers moving with

respect to underlying bone.

The algorithm requires knowledge of marker trajectory which was found to be Gaussian
for the task of stepping up a stair. This trajectory along with a Gaussian noise gives an
estimate of the pose of underlying bone and accommodates any change in limb shape due to
STA over time. If a cluster of m markers with position F(i) (in global frame) in i=1to N
time instances is given with respect to its center of mass (C) and rotation matrix constructed

from inertia Eigen vectors (E), then markers position in local cluster frame is given by

L) = EQ™ (F@) - C®) (16)
If bone pose is known with an Orientation B(Z) and position O(i), then the skin markers

with respect to the bone embedded system can be represented as

R(G) = B L (F@) - 0(0)) 17)
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This solution is indeterminate since B and O are unknown and cannot be known unless
invasive measures are taken to get this pose estimation. R and L are said to be coincident
when the subject is in static position and they could be estimated using rigid body

transformation from each other.

An estimate of R is made through a knowledge of trajectory of markers d(a;) with respect
to bone and an additional noise v(Z). Through this, L could be estimated and minimized with
chi square test to get the parameters for trajectory d(a:), where d is the trajectory defined

with parameters a over i time instances.

With this parameter identification, transformation between marker cluster to bone cluster
can be obtained using inertia tensor Eigen value decomposition at each time step [38]. This
model generates bone pose X, Yand Z coordinates which were compared to the bone pose
estimated by markers placed on an external fixation device. The interval deformation
techniques used in this study has shown to improve the estimation of bone pose from skin

markers rather than rigid body assumption by 29%.

3.4 Solution Overview

Based on the algorithm described in section 3.3.3 we came up with the idea of tracking the
bone movement with respect to skin which could be used to get the trajectory of marker with
respect to bone as needed in the previous algorithm for registration of skin based frame of

reference to bone fixed frame of reference.

Ultrasound is an imaging modality which is considered non-invasive when compared to
other imaging modalities such as X-Ray radiography. This is a modality in which bone is
visible as a dense white tissue compared to the other soft tissue due to its highly dense
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nature. We have attempted to use the ultrasound imaging to track the position of bone
(femur) in the moving segment while integrating it with motion capture system to
simultaneously track the movement of skin markers. By placing markers on an attachment to
probe we can get an estimate of 3D position of the image plane in a global frame of
reference. Also, a rigid attachment on probe with markers on it would act as a probe fixed
frame of reference which moves rigidly with the thigh and also gives value depth of bone at
the same time. This information will be used to translate the skin marker position on thigh
to match the trajectory of bone by making transformations of markers in probe’s frame of

reference.

After getting a new position of the skin markers on thigh in global frame of reference, the
rotation matrix and position vector (New.Rr and New_ 0Oy will be recalculated for thigh
based on equations to calculate rotation matrix explained in section 3.2.1 and then used to
solve equation (14) to obtain new center of rotation and consequently SCoRE residual will
be measured and compared. We expect the SCoRE residual to decrease when New, Rrand
New. Or are used for solving for the centers and hence claiming to have improved estimate
of bone position based on bone depth information during hip movement from ultrasound

imaging.
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Chapter 4. Experimental Procedure and Data

Aquisition

The experimental setup consisted of ultrasound imaging machine (Picus, Esaote Europe)
and linear probe (L10-5, 5 MHz operating frequency, width 4 cm). The motion capture
system consisted of 6 VICON MX40 cameras operating at the frame rate of 120 Hz. 9 retro
reflective markers were used, 3 each on thigh and back, and 3 on probe with an extension to
track the position of probe movement. Four researchers took part in the initial exploratory
research needed to form the design of the research after signing an informed consent with an
ethics approval from Carleton University. The ultrasound images were obtained at a frame

rate of 30 Hz for 6 seconds which gave 180 frames of recording for each capture.

For initial exploratory research, 16 (4*2*2) recordings were measured for each participant
with motion capture and ultrasound being recorded simultaneously. Four movement types
namely: Flexion with knee bent (KB), Flexion with knee straight (KS), Abduction, and
Circumduction were performed so that ultrasound transducers were placed in two positions:
vertically and horizontally aligned to the underlying bone on thigh. Probe was also placed at
two positions on thigh, at front and on side (laterally). For each movement initially the
participant stood still. After a count of three, ultrasound recording was initiated with a slight
push given to ultrasound probe perpendicular to the skin surface for synchronization with the
VICON’s recording of the position of markers after which the hip movements were made

one at a time and the VICON recording was on before and after the ultrasound recording.
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b) c)

Figure 4.1 Experimental Setup showing a) VICON MX40 6 cameras with participant in
stationary pose b) ultrasound machine c) ultrasound probe with attachment for markers
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The Workflow of Experimental Procedure

Setup a Motion Capture
System

Setup an Ultrasound
imaging System

Place markers on thigh,
pelvis and ultrasound
probe

Start Motion Capture
System to record the
movement of markers

Place probe on front of
the thigh vertically
alligned with bone

Count to three and Start
Ultrasound Capture
with a slight push to the
probe against thigh

Flex the hip from
neutral to back wtih
knee in bent position
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The ultrasound images were processed using MATLAB. The bone was detected as a
straight line when transducer was aligned vertically to the bone as opposed to a curve when

it was aligned horizontally as shown in figure 4.2.

The software EdgeTrak [47] was used to track the position of bone in ultrasound images.
The images with transducer in horizontal alignment, figure 4.2 d, were noisy with a lot of
frames missing the bone information due to possible slipping of the probe, hence only
vertically aligned images were processed. Contour points were initialized for one frame and
automatic edge detection was performed using EdgeTrak [47]. The contour points were
exported as 100 x and y coordinates for 180 frames and processed with MATLAB. The
average y coordinate of the contour points gave the tissue thickness information for 180

frames over 6 seconds.

When participant was at rest, the bone was considered to be in a neutral position. The
thickness obtained by the first frame of ultrasound gave this information. Using MATLAB,
the displacement of bone from its neutral position with respect to skin was obtained to
calculate the change in tissue thickness for each subsequent ultrasound frame. The initial
push given to the probe in order to synchronize the ultrasound frames with VICON motion
capture data is seen as a glitch in the image, figure 4.3, due to a sudden decrease in tissue
thickness before movement occurs. This is used to identify the start of the motion in

ultrasound images and synchronized with VICON based on time stamping.
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Table 4.1 Displacement of skin marker on thigh in 3D (VICON) and bone (femur) in 2D

(Ultrasound) with motion type “Flexion (Knee Bent)”

Participant | Probe Maximum Marker Maximum Bone Average Bone
location | (thigh) Movement in (thigh) Movement (thigh) Movement
(©n space (cm) wrt skin (cm) wrt skin (cm)
thigh)
1. Front 31.55 1.486 0.94
Side 37.03 0.705 0.32
2. Front 28.61 0.476 0.216
Side 21.52 0.038 -0.020
3. Front 26.69 0.779 0.608
Side 26.89 0.731 0.370
4, Front 30.11 0.866 0.486
Side 17.55 0.414 0.161

Table 4.2 Correlation of synchronized data for movement of marker on skin (VICON) and
bone (Ultrasound)

Participant | Probe Correlation

location coefficient (r)
(On thigh) (P<0.001)

1 Front 0.869

Side 0.861

2 Front 0.527

Side -0.251

3 Front 0.612

Side 0.748

4 Front 0.581

Side 0.511
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The displacement of skin markers was calculated as the absolute difference of average
marker’s position on thigh between two consecutive frames. This gave a qualitative idea on
the movement of thigh in space. In Table 4.1, the maximum displacement of the skin
markers in a global laboratory frame of reference is reported along with the maximum and
average displacement of bone from its neutral pose with respect to skin obtained from

ultrasound for four participants.

A correlation was obtained between displacement of markers on skin in space and the
movement of bone from its neutral position after synchronization of VICON and ultrasound

frames such that for every four samples of VICON data there was one ultrasound data point.

Compared to others, one participant exhibited maximum displacement of bone in flexed
position from its neutral pose when at rest. As seen in Table 4.2, the correlation between
displacement of markers on skin and the displacement of bone from its neutral position was
maximum for participant 1. Hence, for the purpose of qualitative analysis, participant 1’s
data is analyzed in the thesis to establish the algorithm for defining a bone fixed frame of
reference based on the bone depth information from ultrasound for Flexion (KB) with probe
placed at the front of the thigh. Subsequently, time frames giving maximum correlation for
other participants are identified and the algorithm based on participant 1’s data analysis is
applied to compare the results of hip joint center calculation using the coordinate

transformation algorithm.

49



Vertical I
—> Side
Horizontal
Front
,,-f ?1'.-.

Depth (cm)

 Width cm)

c)

Depth {em)

b)

Widih fomi

d)

Figure 4.2 Ultrasound images for probe placed on thigh. a) Model representation of human
body (Image obtained from [37]) with arrows showing vertical and horizontal allignment of
probe as well as front and side of thigh b) The ultrasound probe used in the experiment
showing length and width of probe. Ultrasound images showing depth of bone when the
probe is placed on thigh with length of probe alligned c) vertically and d) horizontally.
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Figure 4.3 Tissue thickness variation obtained from ultrasound for Flexion(KB), Flexion
(KS) and Abduction movement with probe placed on the a) front and b) side for one
participant
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Apart from the contour data obtained from processing ultrasound images in MATLAB
and EdgeTrak, the 3D positional information for each marker present in the field of view of
6 cameras were obtained for N frames depending on the duration of each movement type.
Coordinate 3D (C3D) data type was explored using btk toolkit in MATLAB to fetch the

marker information from VVICON blade software.

The figure 4.4 shows the 3D trajectory of 6 markers placed on body while femur is flexed
with respect to a stationary pelvis. This trajectory information along with tissue thickness
from ultrasound is analyzed in next chapter to evaluate soft tissue artifact and calculate hip

joint center using functional algorithm. Pjand Thjare markers placed on Pelvis and Thigh

respectively for 7markers (/=1 to 3)

Marker Trajectory in Global Frame of Reference

&: By

i e

/7400

800 X (mm)

Figure 4.4. Trajectory of three markers on pelvis and three on thigh are shown in global
frame of reference with movement Flexion(KB) obtained. The trajectory is an ensemble of
position vector obtained over N frames with frame rate of 120 frames per second
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Chapter 5. Data Analysis and Results

Based on the procedure described in the previous section, two kinds of data were
obtained. The data on change in tissue thickness/ bone depth on thigh were obtained from
ultrasound as shown in figure 4.3. Secondly the data on 3D coordinates of all the markers
placed on the body were obtained from VICON and converted into a MATLAB readable
format using btk toolkit available as a MATLAB binary downloadable from

“https://code.google.com/p/b-tk/wiki/MatlabBinaries ”

Information on change in tissue thickness obtained from ultrasound was analyzed with the
joint angles which are in turn calculated using femur and pelvic rotation matrices as
described in section 3.2.1. The joint orientation matrix, Rjint With respect to pelvic frame of
reference was obtained through the orientation matrices Rrand Rp defining the femur and

pelvic segments so that for 7 = 1 to Nframes
Rioine(0) = Rp (i) * Rp (D) (18)

The angles were determined from rotation matrix obtained by singular value
decomposition [48] algorithm with respect to the defined pelvic frame of reference with
three markers. For a 3x3 rotation matrix Rjine With nine elements as described in Cappozzo

et al. [21] joint angle of rotation with respect to a segment are obtained as,
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alpha = sin"1(r3,) (19)

— ain-1 31 > (20)

beta = sin (cos(alpha)

gamma = sin~! (— T > (21)
cos(alpha)

Where ryare the elements of rotation matrix with /% row and j# column. Here alpha, beta
and gamma are the angle of rotations of femur with respect to pelvis X, Yand Z axis. These
axes do not have a practical meaning as they are constructed using any three markers on
pelvis and hence just represent a frame of reference without any directional significance.
Construction of anatomical frame of reference and hence axes was beyond the scope of the

study.

From the graphs, figure 5.1, a linear relation was noted for change in tissue thickness with
the angle of rotation for Flexion (KB) profile. Tissue thickness at the front of thigh decreases
linearly with increase in hip flexion angle. With this information it was assumed that the
bone position changes with respect to skin during movement type flexion and hence skin
markers do not accurately represent the bone pose. This information obtained from
ultrasound can be combined with three dimensional position of probe through VICON to get
an estimate of a point on bone in global frame of reference. With this estimated position of
bone, we can get the trajectory of markers so that they represent the movement of bone in 3D
space rather than that of skin. Hence, soft tissue artifact could be assessed and compensated

in a non-invasive manner for each participant
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Figure 5.1. Correlation between angle of rotation with change in tissue thickness. Alpha,
Beta and Gamma are joint angle of rotation as described in equations (19),(20) and (21)
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5.1 Representation of Soft Tissue Artifact using Bone Trajectory

from Ultrasound

In chapter 3, section 3.3.1 we have discussed about the cause of error known as soft tissue
artifact in human movement analysis which occurs due to the use of markers placed on skin.
This error has been explicitly assessed using invasive techniques. We a need frame of
reference fixed to bone to evaluate the amount of marker displacement on skin with respect
to underlying bone. The change in shape of marker cluster on the moving segment (thigh)
can be estimated using average displacement of three markers on thigh in space with respect

to each other as shown in figure 5.2.

o
T

m
T

=
T

w
T

[N}
T

1 1 ) L L 1
0 100 200 300 400 500 600 700

Frames (1/120) sec

o

-1

Average marker displacement (mm)

Figure 5.2. Average displacement of three markers on thigh with respect to each other
during hip flexion (KB) for one participant.

This gives us the information regarding skin displacement from frames 300 to 600 as the

hip is flexed. The maximum movement due to change in shape of markers with respect to
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each other is 6 mm. We are not considering improvement of change in cluster shape in this

study. We are concentrating on how thigh markers move with respect to underlying bone.

To get an estimate of how much are these markers moving with respect to underlying

bone we obtain a probe’s frame of reference defined by three markers on probe as shown in

figure 5.3
X = |Pr3 - Pry|/morm(Prs - Pry) (22)
Z = crossProduct(|Pr, - Pry |/norm(Pr, - Pry),X) (23)
Y = crossProduct(Z,X)) (24)
Rprove = [X Y Z] (25)
Oprove = P13 (26)

w2 50T

Figure 5.3. A representation of markers on thigh, 7» and pelvis, P, with ultrasound probe
placed on the thigh with markers Pra (n = 1 to 3) forming the probe frame of reference
(Human thigh image obtained from Anatomy Atlas[4])

57



The probe frame of reference is such that the image is contained in probe’s local XY plane
so that Y is the direction perpendicular to the depth of bone and parallel to direction of

movement.

In order to find a point to match the bone depth variation, we calculate the centroid of the

probe’s marker positions and translate it in probe’s local Y'direction at each time frame

1 (27)
Pc =§*(Pr1 + Pry + Prj)

Pcis the centroid in frame of reference of probe. This centroid is translated by a known
distance to reach the surface of the skin. The distance from probe point Pzto skin is 350mm.
This is then further translated to match bone depth for each time frame in ¥ direction. This
point is then converted in global frame of reference. The distance between this point on bone
and markers on skin should remain constant if the skin markers were rigidly associated with

bone. This displacement with respect to neutral position is given in figure 5.4 below.

Soft Tissue Artefact
Marker1
5r = Marker2 []
- Marker3

20+

251

Change in tissue thickness(mm)

L L L L L L
100 200 300 400 500 600 700

Time (1/120 Sec)

Figure 5.4. Variation of distance between a calculated point on bone and three markers on
thigh with respect to neutral position (when participant is standing still)

58



The markers, Tn, (n=1 to 3) on thigh, figure 5.3, are now converted into probe’s frame of
reference using the Rprove and Oprope,

Tprove, = Rprobe(Tn — Oprobe) (28)

For each time frame, all three thigh marker positions obtained in probe’s frame of
reference (Zprope,) are translated in Y direction to match the depth of the bone using ydepth
obtained from ultrasound synchronized with VICON frames as shown in figure 5.3. These
new marker positions are then used to construct a new frame of reference (New Rr and
New. 0y using equations (22) to (26) with (Zprobe, + [0 ydepth 0]) instead of Pa. This frame

of reference is considered to be attached to bone rather than skin.

A bone fixed frame of reference is hence calculated by translating all three markers on
thigh to match the bone trajectory information and reconstructing the rotation matrix and

translation vector from those three points.

The positional artifact depicting the displacement of skin markers in a bone rigid frame of
reference as defined by Cappozzo et al. [42] was determined in bone frame of reference as

the displacement of thigh markers on skin from their mean position in all time frames

N
. (29)
pa() =m@) -~ > m ()
i=1

Where m is the 3D position of markers and % YN m(i) is the average of position of

marker m, over N time frames. The correlation of marker’s displacement in bone frame of
reference with respect to the flexion angle in pelvic domain is shown in figure 5.5 for three

angles in pelvic frame of reference for hip flexion. The average position of all three markers
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is calculated so that positional artifact represents the amount of variation of the markers from
its average position in a bone fixed frame of reference calculated using the bone depth

variation obtained using ultrasound.

Table 5.1 Correlation between joint angle of rotation and marker positional artifact in bone
frame of reference

Joint angle of rotation Correlation coefficient (r)
(P<0.001)
Alpha 0.84
Beta 0.89
Gamma -0.85
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Figure 5.5. Correlation plot between positional artifacts (pa) as calculated in eq (29) in bone
frame of reference and joint angle of rotations in pelvic frame of reference.
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Figure 5.6. 3D representation of skin marker movement in bone frame of reference for three
markers on thigh

Soft tissue artifact has been presented as the displacement of markers placed on skin with
respect to underlying bone fixed frame of reference. The average movement of markers
placed over thigh on skin in bone local frame of reference is found to be an average of 15

mm which is represented as STA in the figure 5.6.
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5.2 Calculation of Functional Hip Joint Center

Calculation of hip joint center using the coordinate transformation method as described in
section 3.2.2 requires calculation of rotation matrices for thigh and pelvis each. We have

calculated these matrices using two methods namely unit vectors and SVD in section 3.2.1.

The proximal and distal centers, ¢, and Cr respectively, were obtained by solving the

equation in least square approach using MATLAB
Rf1 - RP1 0p1 - 0f1
. Cr .
=]
RfN o RPN OPN - OfN

Rr, Rp are rotation matrices and O, Op are translation vectors for the distal and proximal

segment respectively. 7 = 7to Nis the instance of time frame recorded by VICON

The probe’s frame of reference was constructed using the equations (22) to (26) with
markers placed on probe. The ¥ component points towards the direction of change in tissue
thickness. The thigh markers were transformed in probe’s frame of reference using the
transformation equation (28) and translated by amount of tissue thickness to construct a new

frame of reference (New._Rr and New. O for thigh from the translated marker positions.
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Figure 5.7. a) Average displacement of markers on skin placed on thigh in probe’s frame of
reference b) change in soft tissue thickness synchronized with VICON.

In figure 5.8 (a) the plot in black is the average of ¥ component of the thigh markers
movement in probes frame of reference after incorporation of tissue thickness variation
shown in figure 5.8 (b). The movements in X and Z directions are small (3.2 mm and 4.07
mm respectively) indicating the rigidity of probe’s frame of reference with femur. In ¥the

average movement expressed as absolute displacement from first frame is 11.16 mm.

The marker positions calculated with bone trajectory information is represented as Thpone
in the figure 5.9 below. Hip joint center is now calculated using the SCoRE [20]Error!
eference source not found. algorithm with the raw set of thigh marker trajectory and with

the new trajectory obtained through ultrasound tissue thickness information.
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Figure 5.8. Trajectory made by position of three markers placed on each body segment
pelvis (Pu), thigh( Tha) and three markers calculated with bone pose estimation ( 7h¢mbone) are
shown in global frame of reference

Using the position of thigh markers obtained after the translation in probe’s local frame of
reference for soft tissue thickness change, the SVD algorithm [48] was used to calculate the
orientation New_Rr and position New, Or for both segments in motion and applied to

SCoRE to get the hip joint center in proximal and distal segments.

The euclidean distance between Cp and Crwere calculated as SCORE Residual [36] as

described in section 3.2.3

r=|C, — Cfl
This is calculated for time frames identified for the duration of the movement giving
maximum correlation with the ultrasound sunchronized data and presented below for two
cases for each participant. Firstly with the rotation matrices obtained from raw data marker
trajectory obtained directly from VICON (Rs Rp) and secondly, with recalculated marker
positions for thigh after tissue thickness information from ultrasound was imposed

(New_Rr ).

65



Figure 5.10 and 5.11 show the frequency distribution and spread, resp., of the error over
time period in which the participant was flexing the hip. The error was reported in pelvic

frame of reference for the purpose of comparision in a fixed anatomical frame of reference.

o

01
009t ooglk
008 ooal
>
o007 oot
g o
3 00| S oosl
o o
= 0051 &= 0050
4 o
E 0.04 - % 0.04
& &
oz 0031 & oot
0ot oo2f
001 oo
0 L . 0 L .
0 5 10 0 5 10 15
Score Residual Score Residual
a b

Figure 5.9. Score Residual obtained in pelvic frame of reference from: a) marker position on
skin b) bone movement compensated thigh marker trajectory
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Figure 5.10. The error calculated as distance between proximal and distal centers obtained
over time frames while hip is flexed for one participant.
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The center location along with skin marker and bone trajectory is shown in the figure 5.12
below in global ZY; ZXand YX planes respectively. €z and Czare centers calculated with raw
data, without and with SVD algorithm used for calculation of rotation matrix respectively.
The absolute distance between these centers is 5.75 mm. C3z is the center calculated with
bone trajectory from new markers using SVD. It has been shown [29] that with the use of
SVD, the error associated with change in shape of cluster of markers is lesser. Hence, for
comparision amongst participants, SVD method is used for calcultation of rotation matrices.
In figure 5.12, Y'is the direction defining superior / inferior (Up as positive direction) and XZ

is the transverse plane.
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Figure 5.11. Trajectory of markers on skin(Pelvis: P, PzPs3, Thigh: Thi, Thz Ths) and
calculated markers on bone( Zhzsone , Thzsone, Th3pone) in global frame of reference along
with position of calculated hip joint center (cz,czc3)
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For the purpose of testing repeatability, the algorithm was tested on flexion (KB)
movement performed twice by the same participant, as shown in figure 5.13, for whom
ultrasound data was available from the first movement recording. Proximal and distal centers
are an average of pelvic and thigh centers determined in pelvic frame of reference

respectively, for Ntime frames using SCoRE algorithm.
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Figure 5.12. Comparison of residual as distance between proximal and distal centers
calculated by coordinate transformation algorithm with markers on skin and bone for one
participant with same movement performed twice.

As per our hypothesis, after performing a detailed analysis on the participant’s data with
maximum correlation, the algorithm was extended to other participants. Other participants
did not have an acceptable correlation (r > 0.8) between skin marker and bone movement
over all frames of flexion (Table 4.2). Hence the time frames were acknowledged for all
participants with correlation value r > 0.8, starting at the begining of motion identified
through synchronization as described earlied. The SCoRE algorithm was then applied over
those identified time frames for all participants with rotation matrices calculated using skin
markers and new calculated markers containing bone trajectory information. The results are

shown in figure 5.14. where the legends : Without and With Ultrasound, represent
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calculations through skin markers and new calculated markers containing bone trajectory

information, respectively.

16.00
14.19

14.00

12.00

10.00 9-59

8.00 6.95 7.50

5.82
6.00 4.71

3.64 3.65

Residual (mm)

4.00
2.00

0.00
1 2 3 4

m Without Ultrasound With Ultrasound

Figure 5.13. Comparison of residual as distance between proximal and distal centers
calculated by coordinate transformation algorithm with markers on skin and bone for four
participants.
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Chapter 6. Discussion

We have suggested a novel idea of integrating ultrasound imaging with human motion
analysis in order to improve the estimate of bone pose reconstruction from markers placed
on skin. This method is a cost effective and realistic approach towards improving the
existing algorithms. Here we have proposed and demonstrated the feasibility of combining
two imaging modalities which can be utilized in numerous applications which require
precise identification of instant center of rotation. We have shown the applicability on hip
joint but it might be applicable to other similar joints which could be modeled as ball and
socket. An improvement of algorithm (SCoRE) for estimating hip joint center using this
method has been suggested using the bone depth information. The skin markers placed on
thigh are translated in space by the amount of bone depth variation during hip flexion in
order to make the markers follow bone movement trajectory and hence provide a better

estimate of its position in 3D space than current methods.

We have analyzed the motion type flexion with knee in bent position to evaluate the
dependency of the skin marker displacement with respect to underlying bone using
ultrasound based bone trajectory information. This method was based on the fact that if
probe position is known in 3D laboratory space and the image plane contains the information
of bone position, the estimate of a point on bone could be made. This gave us a bone fixed
frame of reference non-invasively and the displacement of markers on skin with respect to

this frame of reference could be calculated.

Functional hip joint center technique with coordinate transformation algorithm was tested

on participants. In this method it is assumed that a constant distance is maintained from joint
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center to marker coordinates in each local segment. Bone trajectory information was
imposed on skin markers for better reconstruction of bone and hence the center. Distance
between the proximal and distal centers was calculated to test the accuracy of the algorithm.
This method has been established previously [36] to test the accuracy of the results. To
elaborate more on the measurement of accuracy as a residual of calculated proximal and
distal centers, Ehrig et al. [36] established SCoRE residual as a measure of error. They
proved that this measure of distance between calculated proximal and distal centers through
SCoRE coordinate transformation algorithm is proportional to the error between the
calculated and actual centers and can provide an estimate of accuracy of algorithm in case
ground truth is not available. Hence we have used this measure as an estimate of accuracy in

our research.

The algorithm was tested for one participant at first for a detailed analysis. The positions
of markers were reconstructed in pelvic fixed frame of reference and the error was brought
down from 14.19 mm to 3.64 mm by reconstructing the bone position with use of ultrasound
data for this participant. When applied to other participants for the time frames with
maximum correlation value, the error value was brought down significantly with our
method. The mean error value is brought down by 46.65% from 9.13 mm with standard
deviation 3.71 mm with skin marker data to 4.87 mm with standard deviation 1.82 mm with
bone trajectory imposition. Student’s t test was performed to test the difference of means
with unequal variance between the results of two methods to support the alternative
hypothesis that the error was significantly lesser with our method at a 5% significance level.
Also the absolute distance between calculated centers of rotation between the two methods

was close to 30 mm which is in the range of agreement with the study based on X-Ray by
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Bell et al. [14]. We have utilized the well-established algorithm of coordinate transformation
to determine the estimate of HJC through external markers using suggested movements and
cluster of markers. Hence it is assumed that the calculated proximal and distal centers will be
close to the actual and that the SCORE residual would provide a check on accuracy as

established before.

The quantitative analysis was limited by the errors due to manual handling of probe which
might pose pressure based variation in different participants. Ultrasound data was noisy and
some of the frames were missing due to misplacement of probe during the motion. These
frames were manually identified and the value was treated as an outlier with mean value
treatment. Out of 4 motion types, only Flexion (KB) had a significant (P <0.001) correlation
between ultrasound and VICON determined frames to reconstruct the bone trajectory
information for the entire motion in accordance with previous studies [38]. The probe
attachment was heavy making it difficult for participant to hold it rigidly during the motion.
Also, synchronization is done based on manual observation and analysis of graph based data.
For all the profiles, few data points are against the observed trend which is assumed to be
due to excessive pressing of ultrasound probe which alters the tissue thickness and change is
not observed. The change is observed if only the probe was held neutrally without pressing
the skin. Another limitation is evaluation of one dimensional bone variation rather than 3D
which is available from studies with bone pins which comes with its own drawback of being
invasive. Hence in this qualitative analysis, only one participant’s data was fully analyzed to
present the proof of concept for visualization of the idea to use ultrasound as an ad hoc

exercise for accurate bone pose estimation.
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VICON system accuracy was assessed by measuring the distance between two markers
rigidly attached onto the probe’s attachment. Its dynamic accuracy was tested as the amount
of variation in this distance compared to the actual distance between markers while the probe
was moved in space. The accuracy was an average of 0.44 £ 0.04 mm standard deviation.
Propagation of this error in measurement could lead to certain inaccuracies in measurement

of HJC.

Correlation between angle or rotation and positional artifact has been shown in previous
studies [38] and similar relation is found in our experiments. One of the participants showed
correlation with correlation coefficient r greater than 0.8 between angle of rotation and
change in tissue thickness with P < 0.001 for the entire duration of motion. This data was
chosen for further analysis to establish and test the algorithm for whole duration of flexion
back to neutral position. This correlation value for other participants was less than 0.8 for the
whole duration for flexion movement. Consequently, for the application of SCoRE
algorithm, the continuous time frames were identified for other participants for whom the
correlation value was > 0.8 and then the algorithm was implemented on that restricted data
to calculate the hip joint center using new reconstructed marker positions for the identified

frames.

We have provided a qualitative analysis of soft tissue artifact by reconstructing orientation
and position of bone with the help of markers placed on probe and the variation of bone
during the movement in 1D. As the angle of rotation increases in global XY plane for the
flexion motion in pelvic frame up to 50° the tissue thickness decreases by 23%. We present a
possibility to determine the subject and task specific bone trajectory information through

ultrasound which could possibly be integrated with the algorithm of Alexander et al. [38] to
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determine interval based deformation to accommodate for skin movement artifact. Figure 5.1
shows a correlation plot between the angle of rotation in pelvic frame of reference and the
change in tissue thickness over bone synchronized over time frames. This information, along
with the dependency of positional artifact calculated in equation (29) (figure 5.5), indicates a
possibility to model the soft tissue artifact for error compensation using the information on
bone trajectory non-invasively in future. The coefficient of regression fit between these
quantities can be analyzed further in order to model the STA with ample number of

participants in the study. This is left as a future scope of the research.

An attempt was made to improve HJC calculation from skin markers with information
about bone movement and its position with respect to global coordinate system from
ultrasound data synchronized with 3D positional VICON data. The markers placed on skin
gave an estimate of HJC which was medial and anterior to the one calculated with the
estimation of bone pose from ultrasound. Due to the lack of Gold standard data, the
validation of the accuracy of this method cannot be done. The SCoRE residual [36], which
has been established to give an estimate of error compared close to gold standard, was
significantly reduced (P<0.05) although our main aim was to get a better estimate of the

center rather than improvement of algorithm used to calculate the same.

The suggested method of incorporating bone trajectory information to recalculate marker
positions was tested on two trials by one participant and the average distance between the
centers from skin and bone based markers was 31.02 mm and 30.44 mm for two trials
respectively. The difference of means between these two trials was not significant based on t
test hypothesis done using MATLAB. The bone trajectory information extracted from one

data point for flexion (KB) profile was applied on the second trial in which ultrasound data
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was not available and the results came out to be close enough. This provides the repeatability
information in the experiment. The SCoRE residual decreased for all participants when it
was calculated with markers reconstructed with bone trajectory information. One of the
reasons for maximum reduction in participant 1 could be due to the use of maximum number
of frames for entire flexion motion. This gives better range of motion for calculation of HJC.
For other participants only a subset of time frames during the movement was used such that
for those frames, the correlation (r) between skin and marker movement was greater than the
set threshold of 0.8. Hence the reduction in error is lesser but still a significant value

indicating the usability of algorithm with adequate range of motion information.

One plane motion, flexion, was evaluated because only one dimension information
regarding the change in depth of bone was available through the ultrasound. This might tend
to give more error than multi planar motion as evaluated in previous studies using a pivoting
algorithm [25]. Although, it was found in a study that functional hip joint center calculation
algorithms perform similarly in single plane motion as long as the range of motion is
adequate [65]. We have utilized maximum range of motion in participant’s caliber in the
study. Also, the FAI occurs at anterio-superior region of hip joint which is affected by the
flexion movement and hence there is a need to evaluate this motion type for the hip
abnormality under consideration. Other non-invasive studies [50] have assessed the effects
of the soft tissue artifact using fluoroscopy, but they have not suggested a compensation
technique. Interpolation method described in [51] is complicated and does not include
subject specific traits. Hence ultrasound can be feasibly integrated with motion analysis to

track the subject specific traits to solve the problem of STA non-invasively.
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The future studies will attempt towards measuring three dimensional bone displacements
in multi-planar movements with wearable ultrasonic sensors which do not hinder the natural
movement. The limitations of handling the probe manually and unexpected amount of
pressure given to the ultrasound probe are expected to over-come by attaching the probe
through a foam based attachment rigidly onto the thigh. The time synchronization between
the two imaging modalities can be improved by improvising automatic synchronization
based on time stamps or an external trigger based circuit. Number of participants will be
considerably increased in order to perform statistical analysis on the coefficient of linear
regression between angle or rotation and positional artifact. In the end, the validation of this

concept with a gold standard data would be needed for use in clinical settings.
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Abbreviations

CT Computed Tomography

FAI Femoroacetabular Impingement

GT Greater Trochanter

HJC Hip Joint Center

LASIS | Left Anterior Superior Illiac Spine
LE Lateral Epicondyle

LPSIS | Left Posterior Superior Illiac Spine
ME Medial Epicondyle

MRI Magnetic Resonance Imaging

OA Osteoarthritis

RASIS | Right Anterior Superior Illiac Spine
ROM | Range of movement

RPSIS | Right Posterior Superior Illiac Spine
SCoRE | Symmetric Center of Rotation Estimate
STA Soft Tissue Artifact
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