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Abstract

Measurement of joint kinematics can provide knowledge to help improve joint prosthe-

sis design, as well as identify joint motion patterns that may lead to joint degeneration

or injury. More investigation into how the hip translates in live human subjects dur-

ing high amplitude motions is needed. This work presents a design of a non-invasive

method using the registration between images from conventional Magnetic Resonance

Imaging (MRI) and open MRI to calculate three dimensional hip joint kinematics.

The method was tested on a single healthy subject in three different poses. MRI

protocols for the conventional gantry, high-resolution MRI and the open gantry, low-

resolution MRI were developed. The scan time for the low-resolution protocol was

just under 6 minutes. High-resolution meshes and low resolution contours were de-

rived from segmentation of the high-resolution and low-resolution images, respec-

tively. Low-resolution contours described the poses as scanned, whereas the meshes

described the bones’ geometries. The meshes and contours were registered to each

other, and joint kinematics were calculated. The segmentation and registration were

performed for both cortical and sub-cortical bone surfaces. A repeatability study was

performed by comparing the kinematic results derived from three users’ segmenta-

tions of the sub-cortical bone surfaces from a low-resolution scan. The root mean

squared error of all registrations was below 1.92mm. The maximum range between
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segmenters in translation magnitude was 0.95mm, and the maximum deviation from

the average of all orientations was 1.27◦.

This work demonstrated that this method for non-invasive measurement of hip

kinematics is promising for measuring high-range-of-motion hip motions in vivo.
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Chapter 1

Introduction

The thesis of this work was that images from conventional gantry and open gantry

MRI modalities can be registered to accurately measure three dimensional hip joint

translation and orientation during high amplitude hip poses in live subjects. In this

work, a method for acquiring high resolution images of hip joint bony geometry from

conventional gantry MRI and low resolution images of hip joint poses from open

gantry MRI was developed. A procedure for manual image processing and image

registration to calculate joint translation and orientation is described. At the time

of writing, this method is a first description of using registration, between images

obtained from open and conventional gantry MRI, to measure joint kinematics; the

method was found to be highly repeatable amongst multiple users who segmented

the images from open-gantry MRI.

There are many different methods that have been used to measure three dimen-

sional joint kinematics both in cadavers and in live human subjects. Many of these

methods use two modalities to record information about the joint: one modality is

used to measure the geometry of the bones and a second modality is used to record

information describing the relative position and orientation of the bones comprising
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the joint. The information from both modalities is then registered. Similar methods

are used in surgical navigation, where the position and orientation of a surgical tool

relative to a bone is used to guide surgical operations such as drilling, cutting, or

component placement.

MRI is a practical imaging modality to use for image acquisition for biomechanics

research. MRI is non-invasive, uses no ionizing radiation, and presents no known haz-

ards to subjects unless certain metal substances are present in their bodies, e.g., pace

makers, tattoos, or prostheses. Other modalities for acquiring images of joint anatomy

or otherwise recording joint kinematics can be used, for example X-ray, ultrasound, or

CT. Tracking points fixed to limbs of interest can also provide joint kinematics. MRI

is exceptional because it can be used to acquire detailed 3D information on tissue

structure, including bone, while being classified as non-invasive.

This method for measuring hip kinematics in-vivo used images that were acquired

using low resolution, open-gantry MRI (0.3T) and were registered to high resolution

images acquired using conventional gantry MRI (3T) in order to examine hip joint

translation for multiple static poses in a single subject. This method showed high

repeatability in translation and orientation measurements amongst users’ segmenting

the low resolution images and low image acquisition times for hip joint pose kinemat-

ics. A flowchart describing the method can be seen in Figure 1.1.
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Figure 1.1: Flowchart describing the method developed in this dissertation

1.1 Motivation

Biomechanics is a scientific field in which a variety of disciplines work together; knowl-

edge in this field has been derived from people with expertise in a variety of clinical

and technical areas that have included orthopedics, kinesiology, anatomy, computer

science, materials engineering, and mechanical engineering. Knowledge of the me-

chanical response of human tissues and organs when subjected to a mechanical stim-

ulus is useful in understanding the healthy function of the body. Biomechanics can

aid in understanding certain mechanically induced pathologies, as well as understand-

ing how mechanical stimuli may be used to induce a healing response. Biomechanical

understanding of joint function can also inform how structural modification of joints

can restore proper mechanical function.
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The development of joint replacement prostheses and procedures has allowed sur-

geons to restore function to once damaged joints, e.g., the knee, elbow, shoulder, or

hip. Individuals who receive joint replacements are often able to resume normal daily

activities that were previously restricted by joint dysfunction or pain. Investigation

into healthy and diseased joint motion may inform improved joint prosthesis design

or help to identify movement patterns or structural abnormalities that may lead to

future pathologies, such as osteoarthritis.

Many useful measurement tools and methods for measuring three dimensional

joint kinematics have been developed in cooperation with people with technical ex-

pertise in a biomechanical fields. Reflective skin markers have been used to provide

points attached to joint limbs that can be tracked by a camera to measure the rela-

tive poses of limb segments [9]. More recently, optoelectronic markers with multiple

camera-trackable points have been used to measure joint kinematics in cadavers.

This method requires fixation of the markers to bone via bone screws [35]. Other

less invasive methods used to measure joint kinematics include use of clinical imag-

ing modalities to record bone geometry and joint kinematics [14], for which lower

bounds on the reported error for these less invasive methods is estimated at 0.5mm

for position measurements and 0.5◦ for orientation.

Many of the previously implemented methods for measuring accurate joint mo-

tion in three dimensions combine information from two different modalities. One

modality is used to capture information on the joint structure and geometry and

the other records information on the relative position and orientation of each joint

segment. Modalities commonly used to record joint structure typically include Com-

puted Tomography (CT) or Magnetic Resonance Imaging (MRI), from which three
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dimensional models of bones can be derived. Modalities used to record position and

orientation are typically required to record images faster than in structural character-

ization. Reasons for this time constraint may be large pools of subjects, necessitating

low measurement time per subject, or that measurements of joint motion are needed,

requiring pose measurement times on the order of a fraction of a second. This low

latency requirement often means that the measurements of joint kinematics lack the

necessary detail to accurately describe joint structure. Because neither of the two

modalities can make all required measurements, these methods rely upon registration

algorithms to calculate correspondences between the detailed structural models and

kinematic information.

Some of these tools have been used to investigate hip joint structure and kine-

matics in more detail, challenging the long accepted ball and socket model of the

hip. According to this model, the hip should exhibit rotational motion about a single

point, and no translation [22]. Recent findings that challenge this model include evi-

dence suggesting the healthy hip can be better described by an ellipsoid [30], as well

as evidence that the hip joint translates both in cadavers and in live human subjects.

These investigations into hip motion have consistently found that the hip translation

is on the order of 3mm [9,14, 35].

Methods used to measure hip translation to date have limitations that prevent

use in measuring accurate hip joint kinematics during activities of daily living in

the general population. An optoelectronic tracker-based method used to track hip

translation in cadavers reported estimated accuracies of less than 1mm. Although

this method was accurate, this method was highly invasive, requiring CT (ionizing

radiation) scans to develop bony models and fixation of the markers to bone via bone
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screws [35]. Other less invasive methods have different limitations. Measurements

made using reflective skin markers can have motion artifacts arising from relative

motion between the surfaces of the skin and bone [9]. Conventional gantry MRI

can image bones non-invasively but limits motion at the hip joint, preventing imag-

ing of the hip in poses characteristic of activities of daily living [14]. The methods

used in these investigations need to be improved upon in order to make non-invasive

measurements of millimeter scale hip motion during activities of daily living.

The hip joint exhibits high ROM in three dimensional rotation during activities

of daily living. Evidence to date suggests that the hip joint can also translate in any

three dimensional direction on the order of a few millimeters [14,35]. Methods used to

measure hip translation to date have been limited by high invasiveness, inaccuracies

due to skin motion artifacts, or limitations on hip joint ranges of motion. In designing

the method described in this work, technologies were considered that would improve

upon these limitations.

1.2 Overview of Work and Results

In this work, the method designed to measure hip kinematics used the following steps:

1. A high resolution MRI scan of the subject’s hip was acquired in a neutral pose

using conventional gantry MRI at 3T

2. The high resolution MRI scan was segmented to develop 3D meshes of the pelvis

and femur

3. Coordinate frames were assigned to each of the meshes
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4. A low resolution MR scan of the subject’s hip in a pose of interest was acquired

using open-gantry MRI at 0.3T

5. The low resolution scan was segmented to develop 3D contours that described

the relative pose of the femur and pelvis

6. The high resolution meshes were registered to the low resolution contours, pro-

viding a transformation between the pelvis and femur coordinate frames

7. This transformation was used to calculate other joint kinematic parameters of

interest, including hip joint translation

The above process was carried out for registration of both cortical and sub-cortical

bone. The utility of these two approaches is discussed in this work.

This procedure was tested on a single subject. Three poses – two functional poses

based on clinical motions and one neutral pose – were imaged in the open-gantry,

low resolution scanner. Hip-joint translations were calculated for each pose from the

resulting transformation between the pelvis and the femur. Two additional persons

were asked to perform segmentations of sub-cortical bone in one of the functional

pose scans. The repeatability of the hip joint translation measurement was assessed

by comparing results obtained from different segmenters. The repeatability of the

orientation measurement was also assessed.

The method developed showed promise in detection of millimeter-scale hip transla-

tions; registration of the low-resolution and high-resolution images was below 1.51mm

RMSE for all scanned poses. The range of the results derived from multiple users’

segmentations was below 0.95mm for position and 1.27◦ orientation. Scan times for
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pose image acquisition were below 6 minutes. In future iterations, refinement of im-

age acquisition protocols may reduce image noise and scan time. Comparison to an

established method of kinematics measurement might give a better quantification of

error.

1.3 Thesis Contributions

There were three contributions of this dissertation:

1. A method for measuring hip kinematics in-vivo was tested using multi-modality

MRI;

2. Open gantry MRI, which was originally developed for interventional use, was

used for biomechanics measurements;

3. A fast segmentation method for hip biomechanics was validated.

1.4 Dissertation Outline

This dissertation is organized into five chapters that present the background infor-

mation necessary to understand the method developed for non-invasive measurement

of hip kinematics, the methods used, the results from testing the method, and a

discussion of the utility and limitations of the designed method. The dissertation is

organized as:

Chapter 2, Background: Presents basic hip anatomy and a description of clin-

ical imaging modalities followed by some evidence from the literature that challenges

the ball and socket model of the hip. A review of current methods used to measure

millimeter scale hip translation and a critical review of a non-invasive, MRI-based
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method used to measure patellar kinematics, that can be adapted for use in the hip,

is also presented.

Chapter 3, Methods: Details the method designed in this work and the testing

of its utility in measuring the hip kinematics of a single subject. A methodology

for assessing the repeatability of the kinematics results derived from different users’

segmentations of the low resolution images is also outlined.

Chapter 4, Results: Presents the results obtained from the methods described

in Chapter 3.

Chapter 5, Discussion and Conclusions: Discusses the results, compares

the method developed in this work in detail to previous methods, presents the key

contributions of this work as well as potential future work.
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Chapter 2

Background

This dissertation describes a method for measuring hip kinematics in-vivo using mul-

tiple MRI modalities. Section 2.1 outlines the hip joint anatomy and kinematics

necessary to understand this dissertation. Section 2.2 presents brief descriptions of

X-ray, computed tomography, and ultrasound with a more detailed description of

magnetic resonance imaging. A high-level explanation of image registration, with

two examples of image registration utilizing MRI for surgical applications, is pre-

sented in Section 2.3. Section 2.4 presents a literature review of evidence challenging

the ball and socket model of the hip. A literature review on current methods used to

measure hip translation as well as a critical review of a non-invasive multi-resolution

MRI-based method used to study patellar kinematics is presented in Section 2.5.

2.1 Hip Joint Anatomy and Kinematics

The human hip joint is comprised of two bony structures: the pelvis and the femur.

The hip transmits load from the legs to the upper body and trunk. It also functions to

allow relative motion between the upper body and legs. These two functions facilitate

bipedal locomotion. The pelvis articulates with the femur, located in the upper leg,
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or “thigh”. This joint has a high rotational range of motion (ROM); in adult males

of 30–40 years of age it has been measured to have approximately 130◦ in flexion-

extension, 65◦ in abduction-adduction, and 65◦ in internal-external rotation [31].

The articular surface of the pelvis, which interfaces directly with the femur, is

called the acetabulum and can be seen in Figure 2.1. The corresponding articular

surface of the femur, the femoral head, can also be seen in Figure 2.1. The acetabulum

is a concave shape, whereas the femoral head is convex and fits in the acetabulum.

Thin layers of articular cartilage coats the femoral head and acetabulum, providing

a low-friction bearing surface to allow relative motion between the femoral head and

the acetabulum while they are in contact.

Figure 2.1: Femur, seen left, and pelvis, seen right. The articular surfaces are circled.

The bone tissue includes a stiff, mineralized outer layer of cortical bone and a
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spongy interior, which in this work will be referred to as sub-cortical bone. The sub-

cortical bone contains blood vessels for nourishing the bony tissue. Of importance for

MRI scanning is that the cortical bone contains nearly no water molecules, whereas

the sub-cortical bone has much higher water content.

Surrounding the hip joint are muscles, tendons, ligaments, and other soft tissues

which are beyond the scope of this dissertation.

2.2 Imaging Modalities

2.2.1 X-ray Radiography

X-ray radiography is commonly used to obtain 2D projection images of patient bony

anatomy. Attenuation of X-rays is greater in bone than in other soft tissues because

of the former’s high calcium content. This means that bones are readily visualized

on X-ray images. Such an image can be thought of as a 2D map of X-ray attenuation

coefficients of subject tissues. The X-ray emitter and detector can be relatively posi-

tioned so that nearly any joint position to be imaged, with the caveat that only 2D

projection images can be obtained. Consequently, projections of one bone overlapping

another bone may be difficult to visually differentiate [7].

2.2.2 Computed Tomography

Computed Tomography (CT) uses multiple X-ray projection images to compute a 3D

volume of X-ray attenuation coefficients, which can be used to visualize anatomy in

3D. Again, healthy bone typically has a high contrast to the surrounding soft tissue.

The image volume is computed as a stack of 2D images where each image shows

a view of the subject’s organs as though the anatomy was sliced along the image
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plane – it is for this reason that images in a 3D volume are commonly referred to

as “slices”. Compared with X-ray, CT has a much higher effective radiation dose –

a 2D radiograph of an adult hip requires 0.7mSv, whereas a CT investigation of an

adult pelvis requires 6mSv, nearly 9 times higher [24]. A typical CT investigation

requires exposing a patient to a radiation dose that is more than 3 times higher than

the mean annual natural background radiation dose (1.8mSv) [19].

2.2.3 Ultrasound

Ultrasound (US) uses pressure waves, with frequencies ranging from 1-15MHz, to

image tissues. Differences in the acoustic impedances of tissues – which depend on

the density and the speed of sound in the tissue – create contrast between tissues

in the image. Ultrasound is generally accepted as non-invasive [26]. In orthopedic

surgical navigation, US can provide a set of 2D bone contours in space that can be

registered to pre-operative CT [2] or MRI [11] scans.

2.2.4 Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) involves a variety of physical phenomena that

occur when radio-frequency (RF) waves, nuclei of hydrogen atoms, and their sur-

rounding physical and chemical environments, interact within a strong magnetic field.

Like ultrasound, MRI is considered to be non-invasive provided that the subject to

be imaged does not have certain metallic substances present within their body, e.g.,

certain tattoos and pacemakers [3,27]. Differences in the behavior of hydrogen atoms

in different tissues provide contrast between tissues, which can be mapped to a vol-

ume of image slices for visual tissue differentiation. Some hydrogen-nuclei properties
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that are commonly used to provide contrast between bone and surrounding tissue

are the proton density (i.e., local water concentration), as well as T1-relaxation time

constants and T2-relaxation time parameters. The latter two properties describe

different but simultaneously occurring mechanisms by which the hydrogen nuclei in

tissue will return to equilibrium after being perturbed by an RF pulse. T1-relaxation

and T2-relaxation each follow an exponential relationship with time, with T1 and T2

being the time constants of these exponential relationships. Proton density, as well as

T1 and T2 parameters, differ with tissue type. T1 and T2 can also change depending

on the magnitude of the applied magnetic field [16].

Many parameters can be used to tune an MRI sequence to change the rela-

tive weighting of the physical phenomena of proton density, T1-relaxation, and T2-

relaxation to affect tissue contrast in the resulting images. The main parameters that

determine the contrast are called “relaxation time” (TR) and “echo time” (TE). MRI

sequences that emphasize T1-relaxation or T2-relaxation are referred to as “T1” and

“T2” sequences, respectively [16]. T1 sequences will have a short TR (400-600 ms)

and a short TE (3-30 ms), whereas T2 sequences will have a long TR (2000-4000 ms)

and a long TE (80-120 ms), and proton density weighted sequences will have a long

TR and a short TE [7]. Example images of a human brain using T1, T2, and proton

density contrast weighting can be seen in Figure 2.2.
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Figure 2.2: MR images of the brain featuring different contrast settings. T1-weighting
can be seen on the left, T2-weighting can be seen in the middle, and proton
density weighting can be seen on the right [7].

In addition to varying the weighting of the physical properties that are used to

determine tissue contrast, parameters of the MRI sequence can be adjusted to de-

termine the resolution, field of view, number of image slices taken, and the signal to

noise ratio (SNR). These are all interrelated; inherent to MRI is a trade-off between

scan time, image resolution, number of image slices, and signal-to-noise ratio (SNR).

Whereas taking an image with a smaller voxel size might provide a very fine resolu-

tion, each voxel will also have a smaller number of hydrogen atoms emitting a signal

during a scan, meaning that more imaging time is needed to obtain enough signal

such that the SNR is acceptable. Often, factors such cost of scanning time must be

considered, and resolution and/or SNR must be limited, to meet time constraints for

the scan. SNR can be increased if a scanner with a higher magnetic field strength is

available, as SNR increases with field strength [16].

Other factors constraining MRI scan time include subject comfort and motion

artifacts in the image. Motion artifacts can result from accidental muscle movements,
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involuntary movement of the gastrointestinal tract, or blood flow through large vessels

near the anatomy of interest [7]. Probability of accidental muscle movement tends

to increase with scan time and level of subject discomfort so the longer the scan, the

more motion artifact may be present in the image.

The RF signals used to perturb the hydrogen atoms are emitted by an RF coil;

the RF coil measures the response of the hydrogen atoms to the perturbations by

detecting RF pulses emitted as the hydrogen atoms return to equilibrium. Coils are

designed to be placed in close proximity to subject anatomy. A variety of coil designs

exist for imaging different parts of the body, e.g., abdomen, hand, or head. Figure 2.3

depicts the coil used in this dissertation.

Figure 2.3: Large MRI body coil in open-gantry MRI. The coil can be seen, color
yellow, around the hip of the subject to be imaged. The scanner is a
AIRIS II, 0.3T (Hitachi, Tokyo, JP)

Conventional MRI scanners have an enclosed gantry design, but in recent years
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Figure 2.4: A conventional gantry MRI scanner, the MAGNETOM Skyra 3T
(Siemens, Munich, DE).

gantries with a more open design have been developed. Conventional MRI scanner

gantries have a cylindrical geometry and are approximately 60 cm in diameter; an

image of the conventional gantry MRI used in this dissertation can be seen in Fig-

ure 2.4. In recent years, scanners featuring open gantries have been developed and

used in clinical imaging. These gantries have two separated parallel circular surfaces

that the anatomy of interest must be positioned in-between for imaging. There are

two types of open-gantry MRI: upright and horizontal. The horizontal type was

designed to increase patient comfort and present a less demanding environment to

people who suffer from claustrophobia; they can be used to obtain scans of patients

within operating theaters [5]. More recently, upright open-gantry MRI scanners have

been developed; they have the advantage of allowing a variety of patient positions

such as sitting or standing during the scan [6].

Conventional gantry designs require robust shielding and a supercooled solenoid

magnet design to achieve their high magnetic field strengths. Typical clinical scanners
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are 1.5T, with 3T scanners increasingly common [16]. Open-gantry designs often use

large permanent magnets and have lower magnetic field strengths, typically ranging

from 0.2T to 1T [5].

2.3 Image Registration

In surgical navigation and biomechanics research, there is often a need to align im-

ages of a subject or patient acquired using different imaging modalities. Typically,

one modality feature higher resolution and will be better suited for acquiring detailed

images of anatomic structures, whereas another modality, featuring a lower resolu-

tion, may have different advantages. These advantages could include the ability to

rapidly acquire images, useful for recording joint motion, or it may be better suited

to be measure the position and orientation of organs during surgery, minimally dis-

rupting the surgical work-flow and surgical access – this was the designed purpose

of open-gantry MRI. In this work, open-gantry MRI was used because the gantry

was less confining than a conventional gantry and allowed greater ROM in the hip

joint during imaging. After acquiring information from both modalities, a correspon-

dence between the anatomic structure information and position information must be

obtained through registration.

Registration is the process by which the information from the high-resolution and

low-resolution modalities is aligned. A transformation – a combination of rotation and

translational operations – can be found that describes the position of a point within

the coordinate frame of the high resolution image in terms of the coordinate frame

of the low resolution image, or vice versa. This transformation can be used to align

high resolution images of specific anatomic structures, for example the pelvis or femur,
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with low resolution images, for example rapidly acquired images describing relative

bone positions. Image registration is often used in biomechanical measurements or in

localization of bone and tool position in computer assisted surgery.

Preoperative MRI has been registered to intraoperative ultrasound in order to lo-

cate the position and orientation of bones in a subject. Dekomien et al. [10] registered

3D ultrasound and 3D MRI of the knee in a single subject. T1 and T2-weighted MRI

was combined to form the images describing the knee geometry. 300 registrations

were performed, with various orientation and translational perturbations applied to

the input images. Successful registration was defined as the MRI and ultrasound

knee surfaces being within 1mm of each other. In only 2 cases did registration fail.

Dekomien et al. [11] continued this work in-vivo by registering T2-weighted MRI

segmentations and ultrasound images of the L4 vertebrae in a single subject. 100

registrations were performed, with the images having their starting orientation and

position perturbed from a manual registration by no more than 5mm and 5◦. Precise-

ness was evaluated by taking the standard deviation of the distance between certain

bony landmarks on the registered images for all of the 100 registrations. The land-

mark showing the least precise registration was the leading edge of the vertebrae

body, which had a standard deviation of 2.11mm.

X-ray to MRI registration has been extensively investigated, for example by

Tomazevic et al. [33]. In an in-vitro study, Tomazevic et al. used cadaver verte-

brae as the anatomy of interest. MRI scans of the cadaver vertebrae were taken using

axial slices having 0.39mm x 0.39mm in slice resolution. The authors reported root

mean squared (RMS) target registration errors (TRE) less than 1.4mm for position

and RMS errors less than 1.6◦ for orientation. This method showed very low errors
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for the X-ray to MRI registration. A similar technique could be of use in measuring

hip joint kinematics.

2.4 Evidence to Date: Aspherical Hip Kinematics

The motion of the hip joint has long been thought to be purely rotational so that

a ball-and-socket joint is an adequate model of the mechanical function of the hip,

i.e., the femoral head acts as a the ball and the acetabulum acts as a socket [22]. By

definition, a perfect ball-and-socket joint would exhibit only rotational motion about

a single point, with no translatory motion. Currently, the ball-and-socket model of

the hip is assumed in a variety of scientific and clinical applications. In gait analysis,

for example, the centers of the acetabulum and femoral head are assumed to be

coincident throughout all hip range of motion; this geometric assumption is used in

calculation of joint kinematics and kinetics. In orthopedic clinical practice, the centers

of the femoral head and acetabulum are used to determine placement of hip [21] and

knee prostheses [17]. For hip prostheses, early failure of prostheses components [32]

raises the question: could the ball-and-socket model of the hip be insufficient, i.e.,

could spherical prosthesis geometry over-constrain the hip joint, leading to early wear

and failure? To start answering this question, a more thorough understanding of 3D

motion within the hip joint is needed.

Recent work has examined the geometry and motion of the hip joint in more detail.

It has been demonstrated that the shapes of the femoral head and the acetabulum may

be better described by a rotational ellipsoid than by a sphere [30]. If the shapes of the

articular surfaces are aspherical, then without constraints exterior to the joint, pure

rotational motion about a single point would be impossible, and translation would

20



not be unexpected. In addition, Zakani et al. [35] demonstrated that intact cadaveric

hip joints can translate within the hip joint on the order of 3mm during functional,

end-ROM motions. These measurements were performed by using a combination of

CT taken before hip motion measurement, and optical tracking marker fixed to bone

to measure joint motion.

Similar magnitudes of hip joint translation have reported for studies done in-

vivo. Gilles et al. [14] used 1.5T MRI to scan a population of 30 dancers’ hips

(60 hips total) in a “splits” pose and measured any observed translation. It was

found that the mean hip translation observed was 2mm, with all translations recorded

having magnitude below 4mm. Akiyama et al. [1], also using 1.5T MRI to take

all measurements, reported a mean 3D hip translation as 1.45mm for normal male

hips, 1.35mm for normal female hips, and 1.84mm for dysplastic female hips, with

maximum translations of 2.87mm, 2.41mm, and 3.55mm within each of the groups,

respectively. The hip positions examined in this study included neutral, 45◦ flexion,

15◦ extension, and the “Patrick Position” (50◦ flexion, 40◦ abduction, and 60◦ external

rotation).

2.5 Current Joint Kinematics Measurement Methods

There are many different methods that have been used to study hip joint kinematics

in 3D, using different modalities to capture joint geometry and kinematics. One

method, employed by Zakani et al. [35] used CT to record cadaver hip geometry and

tracked optical markers, drilled into bone, to record hip kinematics. Registration of

the optical markers to the CT scans was accomplished by probing bony landmarks.

The authors reported a worst-case measurement system error of 1mm. This method,
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while accurate, is only suitable for use in cadavers because of the highly invasive

fixation used to rigidly attach optoelectronic markers to bone, the probing of bony

landmarks, and the high radiation dose from CT.

A combination of MRI to image hip geometry and reflective skin markers to track

joint kinematics was used by Charbonnier et al. [9] to study hip kinematics during

high ROM ballet movements. Although surface markers are subject to large motion

artifacts of up to 20mm when attached to the thigh [8], the authors claim to have a

validated method to compensate for skin motion artifacts. However, as the authors

admit, this validation was only able to be performed for low amplitude motions be-

cause of the confining conventional gantry MRI, and further validation is needed to

study high-amplitude hip motions. Such a study could be performed in an open MRI

scanner.

This study’s design may limit its application in the general population. The

population used for the study and validation consisted entirely of dancers who trained

12+ hours per week. It is likely that these dancers would have less body fat than

members of the general population, so it remains to be seen if the skin motion artifact

compensation method employed in this study would still work in high-amplitude

motions or higher body-fat individuals.

Gilles et al. [14] also examined a population of dancers, measuring both low-

amplitude abductions and high-amplitude splits poses in conventional MRI. To obtain

the geometry of the pelvis and the femur, multiple MRI scans were necessary due to

bandwidth limitations for a single scan. Separate scans of the pelvis, mid-femur,

and proximal femur were aligned to include all anatomy. The total scan time to

acquire hip joint geometry was reported to be 13 minutes per subject. A shorter,
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lower-resolution scan protocol was used to acquire joint poses. The total time of

acquisition per pose was 7 minutes. Error in tracking translation was estimated by

the authors to be 0.5mm. The geometric and pose images were registered by a rigid

registration process. In this method, the confines of the conventional gantry MRI

limited the high amplitude poses measured to the splits pose. Using conventional

MRI to measure high ROM hip poses requires a splits pose that is not representative

of activities of daily living for the vast majority of the population; conventional MRI

alone seems impractical to use to study many high-ROM hip motions that occur

during daily living.

In addition to image acquisition of static bone poses, there is previous work on

using real-time, dynamic MRI to measure hip kinematics [15]. This work also used

conventional, closed-gantry MRI to measure bone structure and perform dynamic

imaging to measure joint kinematics. Each image volume contained seven slices, ac-

quiring six image slices per second during dynamic imaging. Because conventional

MRI was used, this study was limited to small-amplitude abductions and internal/ex-

ternal rotation. The mean errors were reported as 3.3mm in translation,and 3.3◦ in

rotation. The authors themselves conclude that precisely locating the center of the

femoral head using this method would be difficult.

In the literature reviewed, methods for measuring bone kinematics have been

limited by high invasiveness, bandwidth limitations, motion artifacts, and limitations

on joint ROM. A method developed by Fellows et al. [12] overcame these limitations in

measuring knee kinematics. This method measured patellar kinematics by registering

low and high resolution MR images. Slow, high-resolution MRI was used to capture

bone geometry and fast, low-resolution scans were acquired to record the relative
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poses of the patella, femur, and tibia at discrete positions throughout the range of

flexion for the knee. Errors in translation were less than 0.88mm, and errors in

orientation were less than 1.02◦. A critical review of this work follows.

A GE Signa Echospeed Plus LX 1.5T scanner was used for all MR imaging. The

high resolution MRI protocol was T1-weighted and required under 20 minutes of scan

time. High resolution scans were taken in the sagittal plane. Voxel size was 0.6mm

× 0.9mm × 2mm.

The low resolution scan protocol was also T1-weighted, with scan times under 1

minute. This was necessary as 9-10 scanned positions were recorded for each specimen.

An axial plane and sagittal plane scan was taken at each discrete flexion position.

Voxel size was 1.25mm × 2.5mm × 2mm for the axial scans, and 1.1mm × 2.2mm ×

2mm for the sagittal scans.

The kinematic measurements obtained from the high-resolution to low-resolution

MRI registration were compared with Roentgen Stereophotogrammetric Analysis

(RSA), for which tantalum beads were implanted into the femur, tibia, and patella

of each specimen. CT scans of each specimen were segmented to provide bony ge-

ometry that included bead positions, and bi-planar X-ray images were taken at each

position of flexion to measure relative joint poses. The bead positions in the CT

scan and X-ray images provided accurate registration of the CT-based models to the

bi-planar X-ray images. This registration method produced a measurement standard

for joint kinematics measurement to which multi-resolution MRI registration could

be compared.

A multi-step process for ensuring coordinate frame agreement across CT and MRI

based models was performed. Anatomic coordinate frames were assigned to generic

24



femur, tibia, and patella models using landmarks defined by Grood and Suntay [20].

Next, 3D meshes obtained from CT scan segmentations were transformed to the

generic models so that landmark definition would be consistent across all three spec-

imens. The segmented MRI models were then registered to the CT meshes such that

the CT coordinate system could be assigned to the MRI models. Some adjustment to

the MRI-CT model registrations was necessary because the shape of the MRI models

and the CT models differed; cortical bone does not emit signal during MRI, whereas

sub-cortical bone does, and on CT both cortical and sub-cortical bone are similar in

contrast. The registrations were adjusted until the relative poses of the bones during

the starting position, which was full extension, was calculated using bi-planar X-ray to

CT registration; the multi-resolution MRI registrations were consistent within 0.5mm

and 0.5◦.

The comparison to RSA-based analysis of joint motion supports the accuracy of

the method, as the relative error between the two methods is quite low for posi-

tion and orientation measurements. Although the RSA and MRI measurements were

made during two separate trials, another study by Fellows et al. [13] demonstrated

that application of the multi-resolution MRI method in-vivo showed intra-subject

repeatability on the order of the reported error (0.81mm translation and 1.40◦ ori-

entation) [13]. Intra-experimenter error, assessed by comparing kinematics derived

from different users’ segmentations of low-resolution MR images, was also low with

0.68mm translation error and 1.28◦ orientation error. The possibility of bead move-

ment between different sets of measurements, as well as the difficulties in assigning

comparable coordinate frames to the CT-based and MR-based models implies that

the errors calculated by the authors are likely conservative.
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This method shows promise for study of the kinematics of other joints. The

method showed fairly good repeatability, with the intra-subject and inter-experimenter

repeatability very close to the reported error for the method. This suggests that mo-

tion artifacts that were present when acquiring images of a live subject, and which

were not present in cadavers, did not significantly affect the kinematic measurements

of the knee made by MRI. Another strength of this method is that it was non-invasive.

However, hip joint motion limitations of conventional gantry MRI still need to be ad-

dressed before the hip can be studied using multi-resolution MRI.
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Chapter 3

Methods

The objective of this work is to design a method for accurate measurement of 3D

in-vivo hip kinematics using multi-resolution MRI.

Some general specifications of the method are readily apparent from a considera-

tion of the method’s prospective use. Regarding acquisition time of the images, this

needed to be fast; practically, this meant on the order of a few minutes because of

the relatively high cost of MRI time. Fast data collection would also reduce the time

that subjects spend in potentially uncomfortable hip poses.

Because the hip exhibits significant motions about all three anatomic axes, the

kinematics measurements were required to be 3D, as opposed to 2D.

Previous studies of cadaver hip translation found translations of approximately

3mm [35], which suggests that the desired accuracies of kinematics measurements

should have less than 1.5mm error in finding relative position of the pelvis and femur.

There was little guidance in the literature on the relative orientation error needed in

a hip study, so we set this error limit at 3◦.
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3.1 Hip Joint Imaging

A healthy 23-year-old male subject, with no prior history of hip pathology, was chosen

for initial testing of the prototype method. The subject had a height of 178cm and a

body weight of 82kg, near the average for a 23-year-old male [28].

High-resolution representations of the pelvis and femur were required to calculate

accurate hip joint kinematics. MRI was selected for the hip, in part because it does

not expose a subject to ionizing radiation or other phenomena that are known to

disrupt biological processes.

Most conventional MRI scanners have a magnetic field strength of 1.5T, with

scanners having a magnetic field strength of 3T becoming more common. A higher

magnetic field strength is advantageous because the signal-to-noise ratio (SNR) scales

approximately linearly with field strength, e.g., twice the magnetic field has twice

the SNR [16]. Here, a Siemens MAGNETOM 3T conventional-gantry MRI scanner

(Siemens AG, Munich, DE) with a Body 60 coil was chosen to obtain high resolution

scans of the hip anatomy.

There are many pulse sequences that can be used in 3T MR imaging of the mus-

culoskeletal system. Some commonly used sequences include spin-echo (SE), Fast

Spin-Echo (FSE), and Gradient Echo (GE). Although time per scan is highest for

SE scans, they provide the highest tissue contrast of the three scan types considered.

Because only one high-resolution MR scan per subject was needed in this study, an

increased scan time was determined to be worthwhile.

The Echo Time (TE) and Repetition Time (TR) were adjusted to obtain good

tissue contrast between the hip cortical bone, the surrounding tissues, and sub-cortical

bone. T1-weighting, T2-weighting, and proton density weighting were considered.
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T2-weighting was selected because of its good image contrast in subsequent manual

segmentation of cortical and sub-cortical bone. T1 values tend to converge at higher

magnetic field strengths, and so T2-weighted imaging can provide better contrast [25].

The desired sequence and contrast information were provided to an MRI technician

who operated the scanner; the operator then selected the exact TR and TE parameters

for the scan.

Determination of the desired voxel size was based, in part, on the magnitude

of femoral head translations observed in a previous cadaver study [35] that had a

mean observed translation of approximately 3mm. If the voxel side lengths were

approximately 1/4 of the mean observed translation, then each side would be 0.8mm3.

The MRI technician made adjustments to the final sequence, resulting in voxels that

were 0.7mm × 0.7mm × 0.8mm in size.

A full scan of the pelvis and femur was not necessary for development of this

method. An ideal scan field of view (FOV) would include the entire acetabulum, plus

10 cm of femoral shaft; the MRI technician chose to adjust the FOV so that more

of the superior pelvis was included, and less of the femoral shaft. The FOV for each

coronal slice was 180mm × 180mm, centered roughly on the femoral head. From the

FOV and desired voxel size, the matrix size and slice thickness were derived.

Scan-time constraints dictated the remaining parameters. Scan time was limited

to about 15 minutes. This meant that there was sufficient bandwidth to scan 30

images spaced 2.8mm apart, with the number of signal averages (NSA) set to 2 by

the MRI technician. MRI parameters are summarized in Table 3.1. After acquisition,

the images were saved as a DICOM file for later processing.
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Table 3.1: MRI parameters for the high resolution, 3T hip scan. Slices were in the
coronal plane. Common MRI abbreviations are: echo time (TE), repeti-
tion time (TR), slice thickness/spacing (T/S), number of signal averages
(NSA).

Type TE TR FOV T/S Slice Matrix NSA Scan time
(ms) (ms) (mm) no. (min:sec)

2D SE 60 4500 180 0.8/2.8 30 256 x 256 2 15:00

The coordinates of each voxel within the scan were expressed relative to the high-

resolution scanner frame, {H}. The axes of {H} were approximately parallel to the

anatomical directions in which X was medial, Y was posterior, and Z was superior).

The origin of {H} was automatically set by the scanner and did not correspond to

any anatomically meaningful location.

The 3D geometry of the pelvis and femur was found from manual segmentation

of the high resolution MR images. Briefly, segmentation consisted of marking voxels

within an image volume to delineate anatomical structures of interest. Segmentation

of the high resolution scans was performed on the DICOM data using the commer-

cially available MIMICs software, version 17.0 (Materialise, Leuven, BE). All MIMICs

operations on the high resolution images were expressed within frame {H}.

It should be noted that no attempts were made at segmenting articular cartilage.

The femoral head and acetabular articular cartilage were in contact and could not be

visually differentiated from one another.

In this editing software, the marked voxels were grouped into sets called “masks”,

which could be used to reference sets of marked voxels corresponding to separate

anatomical structures.

Separate masks for the pelvis and femur were created. Voxels describing hip joint

bony anatomical surfaces were marked, creating bony contours within each mask.
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Voxels along each image boundary, where the hip bony anatomy extended outside

the image volume, were also marked so that the bony contours were thereby closed.

Areas on the interior of each closed contour were filled. This process was performed

for both cortical and sub-cortical bone.

From the segmentation, 3D meshes were generated from the filled masks using

built-in automatic triangular meshing algorithms. After the first generation of the

3D mesh, areas of each bony surface model that required further refinement were

identified and the corresponding masks were modified accordingly. 3D mesh genera-

tion and surface refinement were iterated until bone mesh surfaces were acceptably

smooth. Meshes were exported for further processing. The pelvis and femur meshes

were expressed within mesh coordinate frames, M{P} and M{F}, respectively. Mesh

coordinate frames M{P} and M{F} were coincident with {H}.

A second commercially available software package, MAGICs (Materialise, Leu-

ven, BE), was used to refine the 3D meshes in by removing regions that did not

describe actual anatomy. For example, non-anatomical flat areas were artifacts from

the bony anatomy intersecting the boundaries of the MR image volume; such areas

were cropped. The result was a 3D triangulated mesh for each bony surface of inter-

est, with non-anatomical flat areas replaced by open regions with no triangles. The

cropped meshes were exported for image registration. After exporting from MAGICs,

pelvis and femur meshes were still expressed within frames M{P} and M{F}, respec-

tively. No coordinate transformations were applied to the high resolution images or

meshes during image and mesh processing.

Because the gantry and RF coils of a conventional MRI scanner physically re-

stricted an ordinary subject from rotating the hip joint into poses of interest, a second
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Figure 3.1: An example artifact of MRI imaging that needed special manual process-
ing. Here, a non-anatomic flat area appeared on the mesh in place of the
lateral aspect of the greater trochanter.

MRI scanner was used. An AIRIS II, 0.3T scanner (Hitachi, Tokyo, JP) was used

with a large body coil, the QD Flex Body (L). This open-gantry scanner provided

low-resolution images of the subject’s hip joint in functional poses. The physical con-

struction of this scanner was to have the main field generated by opposing magnets

arranged horizontally, so that a subject could lie down in the scanner. A human

test subject’s hip and leg, positioned in an open-gantry MRI scanner, is pictured in

Figure 3.2.
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Figure 3.2: Test subject positioned in open-gantry MRI. The open gantry design al-
lowed a subject to achieve a large hip range of motion.

The scan parameters were intended to require a scan time less than 6 min and

have the SNR optimized for 1.2mm × 0.7mm in-slice resolution. The literature on

musculoskeletal MRI protocols at low magnetic field strengths, of 0.5T or lower,

served as a guide for developing preliminary scan parameters. Because the images

were to be subsequently segmented, surface delineation in the images was of special

interest. The literature suggested that T1-weighted images provided adequate bone-

soft tissue contrast at low magnetic field strengths, with T2-weighted images being

an acceptable alternative [23].

To verify these suppositions from the literature, an empirical pilot study was

conducted. Many low-resolution scans of the same human subject were acquired,

using a variety of T1-weighted and T2-weighted parameter sets. Tissue contrast in

the image was evaluated visually. The pilot results confirmed that T1-weighted scans,
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acquired using the available 0.3T MRI scanner, provided adequate visual contrast

between bone and soft tissues for the kinematics study.

The matrix size, slice thickness, and number of signal averages (NSA) were varied

to find parameters that produced a scan with at least 16 images, in a scan time

of less than 6 minutes, with an acceptable SNR. The SNR was evaluated by visual

comparison of the images. The final set of scan parameters are provided in Table 3.2.

Table 3.2: MRI parameters for the low resolution, 0.3T MRI scans. Slices were in the
coronal plane. Common MRI abbreviations are: echo time (TE), repeti-
tion time (TR), slice thickness/spacing (T/S), number of signal averages
(NSA).

Type TE TR FOV T/S Slice Matrix NSA Scan time
(ms) (ms) (mm) no. (min:sec)

2D SE 25 400 320 x 160 4.0/6.0 16 260 x 224 4 5:58

Two functional poses, and a neutral pose, were chosen for testing the prototype

method. The functional poses were adapted from poses used for clinical assessment

that were also examined in a previous hip kinematics study by Zakani et al. [35].

These poses were verified to show high magnitudes of hip translation in cadavers.

The first clinical hip pose was 90◦ flexion with full adduction and internal rotation.

The second clinical pose was 90◦ flexion with full abduction and external rotation.

Adaptation of these poses, by lowering the required flexion angle, was necessary so

that the subject’s legs would fit within the large body coil used in the low-resolution

scans. These pose adaptations also reduced subject discomfort so that the pose could

be held for the duration of the scan. The first and second adapted poses are referred

to as “internal-rotation” and “legs-crossed” for the duration of this work. The two

functional poses can be seen in Figure 3.3.

Images of the two functional poses and the neutral pose were acquired using the
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Figure 3.3: Functional poses imaged using open-gantry MRI. The internal-rotation
pose is shown on the left and the legs-crossed pose is shown on the right.

low-resolution MRI scan parameters described in Table 3.2. After acquisition, the

images were saved for later processing. Voxel coordinates for each low resolution pose

scan were expressed relative to the low resolution scanner frame {L}.

Contours describing the relative position and orientation of the pelvis and femur

during each pose were found by segmenting the low resolution images. A segmentation

work-flow similar to that used in obtaining the high resolution 3D hip geometry

was performed with the low-resolution data as the input. As for the high-resolution

segmentation, voxel locations were expressed relative to the scanner frame, in this

case {L}, during all operations on low-resolution images.

Masks describing cortical and sub-cortical pelvis and femur anatomy were created.

In each image, contours with 1-voxel thickness were automatically generated from the

segmented bony areas.

Additional manual modification of the contours was performed to remove regions

that did not describe anatomy present in the high resolution scans. For example,

non-anatomical straight-line contour regions were artifacts from the bony anatomy

intersecting the boundaries of the MR image volume; such contours regions were
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cropped. Regions where the low resolution contours included anatomy supplementary

to the high resolution 3D models were also cropped. In some cases, noise near the

edge of the image volume distorted the contrast between soft tissue, cortical and

sub-cortical bone. Contours in these regions were also cropped. The result was

a set of contours describing the pelvis and femur during a neutral pose and the

two functional poses. Voxels along cropped contour regions were left unmarked.

The modified contours were exported as a point cloud for image registration, with

coordinates describing the center of each marked voxel within frame {L}.

Figure 3.4: An example MR image that needed special manual processing. Here,
parts of the sub-cortical femoral shaft were included in the low resolution
MRI scan but not in the high resolution meshes.
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3.2 Image Registration

Image registration between corresponding high-resolution 3D meshes and low-resol-

ution 3D contours was required to calculate a transformation describing the high-

resolution femur relative to the pelvis in the same relative pose as described by a

low-resolution scan. This transformation was subsequently used to calculate hip joint

kinematics.

Image registration was performed in MATLAB 15.0a (Mathworks, Natick, US).

Each of the high-resolution pelvis and femur meshes was imported into MATLAB, and

the coordinates of the vertices of each mesh were extracted as a 3D point cloud. The

point clouds describing the low-resolution contours were also imported into MATLAB.

The Iterative Closest Points (ICP) Algorithm [4] was used to perform the regis-

tration between the low resolution contours and the high resolution meshes. Briefly,

ICP was an algorithm used to align two point sets by minimizing the square root of

the mean of squared distances between pairs of closest points contained in the two

point sets. This measure was the root mean squared error (RMSE). The two point

sets were referred to as the model and the data.

ICP established paired-point correspondences between the two point sets by find-

ing the closest point within the model for each point in the data. In order for ICP

to properly function, there had to be many more points in the model than in the

data to ensure paired-point correspondences could be found. The smaller voxel size

of the high-resolution scans vs. the low-resolution scans, 0.7mm × 0.7mm × 0.8mm

vs. 1.3mm × 0.7mm × 4mm, yielded 3-4 times more points than the low resolution

scans; there were approximately 13,000 vs. 4,000 for femur, and 20,000 vs. 5000 for

the pelvis. For each pose registration, the high-resolution 3D point clouds were used
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as the model and the low-resolution contour point clouds were used as data.

Pre-alignment of the model and data is often necessary because ICP is sensitive

to the initial relative position and orientation of the model and the data; poor ini-

tial alignment sometimes results in ICP converging on a local minimum RMSE far

above the global minimum [4]. Two alignment procedures were tested. One pre-

alignment method translated the high-resolution pelvis and femur point clouds so

that their centroids were aligned with the origins of M{P} and M{F}, respectively.

The low resolution data was pre-aligned by translating the low-resolution point-cloud

centroids to be coincident with {L}. The second procedure applied an additional

rotation operation to the low-resolution point clouds to achieve a closer alignment.

Preliminary analysis showed that registrations found by applying ICP to contours

and meshes aligned with only translation and no rotation was comparable to pre-

alignment including manually selected rotations. Therefore, sufficient pre-alignment

of the meshes and contours was accomplished in this implementation by using the

first method for pre-alignment. These zero-mean point clouds were used as inputs to

the ICP registration algorithm.

Application of the ICP algorithm to corresponding low-resolution bone contours

and high-resolution bone meshes yielded transformations [
MP

L
T ] and [

MF

L
T ] for each

low-resolution pose. These transformations were stored for further analysis.

3.3 Kinematics Analysis

The kinematics analysis calculated the translations of the femoral head and the rela-

tive orientation of the femur and pelvis meshes for a low-resolution pose scan. Testing
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of this procedure was performed for both cortical and sub-cortical mesh-contour regis-

trations of all scanned poses. Repeatability of hip translation and orientation analysis

was performed by analyzing kinematics results derived from multiple users’ segmen-

tations of the sub-cortical bone regions in the low-resolution scan of the legs-crossed

pose.

Anatomic coordinate frames A{P} and A{F} were assigned to the pelvis and

femur meshes derived from the high resolution MRI scans. Because of resolution and

bandwidth limitations, the high resolution MRI scan of the hip joint was limited in its

FOV. This limited FOV, when centered on the femoral head as specified in the high-

resolution MR protocol, excluded the landmarks recommended by the International

Society of Biomechanics (ISB) [34] for assigning coordinate reference frames to the

pelvis and femur. Thus, a frame approximating an ISB anatomic frame was assigned

to the pelvis and femur meshes. The origin of A{P} was set to the nominal center

of the acetabulum. The orientation of the coordinate axes from M{P} were used for

A{P}. The orientation of the X, Y, and Z axes belonging to M{P} approximated

the medial, posterior, and superior anatomical directions, respectively. The femur

mesh anatomic frame A{F} was defined as being oriented the same as M{F}, with

its origin at the femoral head center (FHC). Coordinate transformations [
AP
MP

T ] and

[
AF
MF

T ] were developed to define the anatomic frames A{P} and A{F} relative to the

established mesh frames M{P} and M{F}. Table 3.3 outlines the coordinate frames

used in the registration process.
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Table 3.3: Definitions of all coordinate frames used in generating hip joint meshes
and contours as well as the registration process.

Frame Definition
CT Coordinate frame of the high resolution MRI scan-

ner. Coordinate axes directions approximated
anatomical directions: X was medial, Y was poste-
rior, and Z was superior. Origin was based on scan-
ner setup and did not correspond to an anatomi-
cally meaningful location.

{L} Coordinate frame of the low-resolution MRI scan-
ner. The coordinates of the low resolution pelvis
and femur contours for each pose were defined rel-
ative to this frame.

M{P} Coordinate frame in which the 3D pelvis mesh was
expressed. This frame was coincident with {H}.

M{F} Coordinate frame in which the 3D femur mesh was
expressed. This frame was coincident with {H}.

A{P} Coordinate frame in which the 3D pelvis mesh was
expressed. Orientation was that of M{P}, with its
origin at the acetabulum center.

A{F} Coordinate frame in which the 3D femur mesh was
expressed. Orientation was that of M{F}, with its
origin at the FHC.

The nominal centers of the acetabulum and femoral head were derived from the

high-resolution meshes. Articular surfaces were cropped from the high-resolution

meshes using MAGICs. The centers of the articular surfaces were determined from

least-squares spherical fits to the cropped acetabulum and femoral-head meshes. All

sphere fitting was performed in MATLAB; the RMSE of each spherical fit was below

0.8 mm, which was equal to the high-resolution scan voxel thickness.

Although the femoral head was not perfectly spherical, it has been shown that

the typical femoral head deviates from the shape of a sphere much less than the

acetabulum [30]. Previous work on studying hip translation has used the center of a
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sphere fit to the femoral head to localize the center for translational analysis [35] so

their convention was adopted here.

The pelvis and femur anatomic coordinate frames A{P} and A{F} are illustrated

in Figure 3.5.

Figure 3.5: Anatomic coordinate frames A{P}, black, and A{F}, blue, with pelvis
and femur meshes used for registration.

The relative pose of the high-resolution femur and pelvis, as described by each set

of low-resolution pelvis and femur contours, were found by calculating the transform

[
AP
AF

T ]. Equation 3.1 describes the order of transformations required to calculate [
AP
AF

T ],
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and Table 3.4 describes how each of these transformations was obtained.

Table 3.4: Definitions of transformations used in obtaining hip joint kinematics.

Coordinate Transformation Definition

[
AP
MP

T ] Transformation from pelvis mesh frame M{P} to
anatomical pelvis frame A{P}. This transforma-
tion was a translation to the acetabular center.

[
AF
MF

T ] Transformation from femur mesh frame M{P} to
anatomical femur frame A{P}. This transformation
was a translation to the FHC.

[
MP

L
T ] Transformation from low-resolution scanner frame

{L} to pelvis-mesh frame M{P}. This transfor-
mation was obtained by registration of the high-
resolution pelvis mesh to the pelvis contours from
a low-resolution scanned pose.

[
MF

L
T ] Transformation from low resolution scanner frame

{L} to femur mesh frame M{F}. This transfor-
mation was obtained by registration of the high-
resolution femur mesh and the femur contours to a
low-resolution scanned pose.

[
AP
AF

T ] = [
AP
MP

T ][
MP

L
T ][

MF

L
T ]−1[

AF
MF

T ]−1 (3.1)

The translation of the femur in each scanned pose was examined. FHC position

was defined relative to the anatomic pelvis frame A{P}. For each pose, the FHC

position was given by the translational component of [
AP
AF

T ]. FHC translation was

defined as the difference between the translational component of [
AP
AF

T ] for each pose

and a reference neutral FHC position. This reference neutral FHC position was

defined as the center of the sphere fit to the femoral head mesh expressed relative to

frame A{P}. For the reference neutral FHC position, the relative pose of the femur

and pelvis meshes was not modified from the high-resolution scan segmentation.
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The transformation [
AP
AF

T ] could not be used to calculate flexion, abduction, and

internal rotation angles because the pelvis and femur anatomic coordinate frames were

not assigned based on anatomical landmarks. However, the rotation matrix contained

within [
AP
AF

T ] could be used to assess the repeatability of the hip orientation extracted

from multiple users’ segmentations of the low-resolution contours.

3.4 Robustness of Design

Because the segmentation procedure employed in this method relied upon human

interpretation of images, the repeatability of translational analysis and of hip joint

orientation analysis was also evaluated. To investigate the robustness of the design,

multiple users’ segmentations of sub-cortical bone from the legs-crossed pose low-

resolution scan were used to produce low-resolution contours. These contours were

registered to the high-resolution models, then the registrations were used to calculate

the relative position and orientation of the pelvis and femur anatomic frames. The

kinematics results derived from each users’ segmentation of the low-resolution scan

were compared to assess repeatability.

In addition to the author, two persons were asked to segment the sub-cortical

bone from the low resolution scans of the subject’s hip joint while in the legs crossed

pose. The segmenters had prior experience segmenting hip joint X-ray and/or CT

scans, but had no experience segmenting MRI scans. Segmenters went through the

process described in Section 3.1 to generate contours of the sub-cortical pelvis and

femur. These contours were registered to the high resolution 3D models as described

in Section 3.2. The resulting registrations were used to find [
AP
AF

T ]i, where i denotes

user 1, 2, or 3.
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Assessment of repeatability of the design was performed by comparison of cal-

culated FHC translation and relative orientation of the pelvis and femur meshes.

Femoral-head translation was calculated as outlined in Section 3.3.

Repeatability of the relative orientations of the pelvis and femur was examined

by comparing the deviations from the mean of the orientations calculated from each

users’ segmentation. For each user, the rotation matrix of [
AP
AF

T ]i, denoted [
AP
AF

R]i,

was converted to a quaternion. The mean of all three quaternions was calculated

using the method described by Gramkow et al. [18]. This mean quaternion was

transformed back into a mean rotation matrix [
AP
AF

R]. The inverse of [
AP
AF

R] was applied

to [
AP
AF

R]i from users 1, 2, and 3, and the axis-angle decomposition of [
AP
AF

R]−1

i
[
AP
AF

R]i

was calculated for each user. The magnitude of the angle, denoted θi, represents the

angular displacement between the femur pose extracted from each user’s segmentation

and the mean legs-crossed femur pose.
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Chapter 4

Results

4.1 Hip Joint Imaging

The final high resolution MRI scan protocol was obtained after consultation with a

medical physicist and final adjustments were made by an MRI technician. A repre-

sentative image of the subject’s right hip can be seen in Figure 4.1.

One finding of this thesis work was a suitable parameter set for low-resolution MRI

scans. A literature search for parameters of musculoskeletal MRI at low magnetic-

field strengths suggested that T1-weighted imaging would provided adequate bone-

soft tissue contrast, with T2-weighted images being an acceptable alternative [23].

After the literature review, an empirical pilot study was conducted. Testing with a

T2-weighted MRI scan protocol using the low-resolution, open-gantry MRI scanner

resulted in images such as the one in Figure 4.2. Better tissue contrast was achieved

by using a T1-weighted imaging protocol on 2mm-thick slices, shown in Figure 4.3.

After selecting T1-weighting for the low resolution scan parameter set, the matrix

size, slice thickness, and NSA were varied to find parameters that produced a scan

with at least 16 images, in a scan time of less than 6 minutes, with an SNR sufficiently
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Figure 4.1: High resolution T2-weighted image of the subject’s right hip.

high such that cortical and sub-cortical bone contours could be visually differentiated.

The final low resolution scan protocol is outlined in Table 3.2. A representative image

obtained using the final T1-weighted scan sequence is shown in Figure 4.4.

4.2 Image Registration

High-resolution scans of the subject’s right hip in a neutral pose were obtained. Low-

resolution scans of the subject in a neutral pose, as well as in the two functional

poses of internal rotation and legs crossed, were also obtained. Cortical and sub-

cortical pelvis and femur anatomy was segmented from each scan. 3D cortical and

sub-cortical surface meshes were extracted from segmentations of the high resolution

scans, while cortical and sub-cortical surface contours were extracted from the low

resolution scan segmentations. For each pose, corresponding low resolution contours

46



Figure 4.2: Low resolution T2-weighted image of the subject’s right hip.

and high resolution meshes were registered.

The root mean squared error (RMSE), described in Section 3.2, was used as a

measure of the quality of the registration between each corresponding high-resolution

model and low-resolution contour set. All RMSE values for the sub-cortical and cor-

tical registrations derived from a single users’ segmentations were less than 1.51mm;

these are summarized in Table 4.1 and Table 4.2 respectively. The registration process

is depicted graphically in Figure 4.5.

4.3 Kinematics Analysis

Femoral-head center (FHC) positions during each pose were calculated as described in

Section 3.3. The transformation [
AP
AF

T ], derived from the mesh-contour registrations,

47



Figure 4.3: Low resolution T1-weighted image of the subject’s right hip. Slice thick-
ness was 2 mm, compared to 4 mm in the final protocol.

Table 4.1: RMSE values for sub-cortical surface model to contour registration. All
values are in mm.

Hip Joint Position
Anatomy Neutral Internal Legs

Rotation Crossed
Pelvis 1.29 1.47 1.49
Femur 1.23 1.39 1.37
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Figure 4.4: Low resolution T1-weighted image of the subject’s right hip. Image ob-
tained using final T1-weighted low resolution MRI protocol.

Table 4.2: RMSE values for cortical surface model to contour registration. All values
are in mm.

Hip Joint Position
Anatomy Neutral Internal Legs

Rotation Crossed
Pelvis 1.30 1.31 1.51
Femur 1.14 1.33 1.31
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(a) (b)

(c) (d)

Figure 4.5: (a) Surface models and (b) posed surface contours are (c) registered to
each other, producing a transform to move the cortical surface models to
the (d) posed relative orientation.
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was used to find the pose of the high-resolution pelvis and femur that was described by

the low-resolution contours for each subject pose. The femoral head and acetabular

centers were calculated by sphere fits to the cropped high-resolution articular surfaces.

All FHC positions were taken with respect to the anatomical pelvis coordinate frame

A{P} as described in Table 3.3 and shown in Figure 3.5, with its origin centered at

the calculated acetabular center. FHC translation was defined as the displacement

of the femoral head center between a low resolution scanned pose and the reference

neutral FHC position. The reference neutral FHC position was defined as the center

of the sphere fit to the femoral head mesh expressed relative to frame A{P}. For the

reference neutral FHC position, the relative pose of the femur and pelvis meshes was

not modified from the high-resolution scan segmentation.

Femoral-head center translations, as described by a single user’s segmentations of

the low-resolution pose scans, are shown in Tables 4.3 and 4.4.

The directional trends for the neutral pose translation were similar for both cor-

tical and sub-cortical registrations. The neutral pose was translated inferiorly and

anteriorly from the reference neutral pose. The neutral pose also showed medial trans-

lation in the sub-cortical registration. The magnitudes of translation of the neutral

pose were 1.31mm for the sub-cortical registration and 1.48mm for the cortical regis-

tration. The internal-rotation pose showed a directional trend similar to the neutral

pose for the sub-cortical registrations; the magnitude of this translation was 1.23mm.

For the cortical registration, the internal rotation pose showed nearly no translation

from the reference neutral. The legs-crossed pose showed medial and inferior trans-

lation for the sub-cortical registration, with the translation derived from the cortical
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registration having increased translation in these directions and also having a poste-

rior translation. The magnitudes of the legs-crossed pose translations were 2.67mm

for the sub-cortical registration and 4.23mm for the cortical registration.

Table 4.3: FHC translations from reference neutral for poses derived from sub-cortical
registrations. All values are in mm

FHC Translation
Reference Neutral Internal-Rotation Legs-Crossed
Neutral Position Pose Pose Pose

x (medial) 0.26 0.73 0.99 1.68
y (posterior) -0.16 -0.37 -0.37 0.02
z (superior) 1.45 -1.02 -0.62 -2.07
Magnitude × 1.31 1.23 2.67

Table 4.4: FHC translations from reference neutral for poses derived from cortical
registrations. All values are in mm.

FHC Translation
Reference Neutral Internal-Rotation Legs-Crossed
Neutral Position Pose Pose Pose

x (medial) 0.26 0.06 0.02 2.17
y (posterior) -0.16 -0.38 -0.18 1.31
z (superior) 1.45 -1.43 0.05 -3.39
Magnitude × 1.48 0.04 4.23

The femoral-head center positions, calculated using sub-cortical low-resolution

contours and cortical low-resolution contours, were also examined as 3D plots. The

correspondences between tabular data and graphical data are:

• Table 4.3 translations are plotted in Figure 4.6;

• Table 4.4 translations are plotted in Figure 4.7;

• Table 4.3 and Table 4.4 translations for the neutral pose are plotted in Fig-

ure 4.8;
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• Table 4.3 and Table 4.4 translations for the internal-rotation pose are plotted

in Figure 4.9;

• Table 4.3 and Table 4.4 translations for the legs-crossed pose are plotted in

Figure 4.10.
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Figure 4.6: FHC positions calculated by registering sub-cortical low-resolution
meshes and contours.

4.4 Robustness of Design

To examine the robustness of the method, two persons other than the author were

asked to segment the sub-cortical bone from the low-resolution scans of the legs-

crossed pose. The registration RMSE values for the sub-cortical registrations derived

from multiple users were all below 1.93mm, shown numerically in Table 4.5.

The femoral-head center positions calculated from multiple users’ segmentations

of the legs-crossed pose low-resolution scan were consistent: the maximum distance
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Figure 4.7: FHC positions calculated by registering cortical low-resolution meshes
and contours.
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Figure 4.8: FHC positions derived from neutral-pose low-resolution scan, calculated
by registering cortical and sub-cortical meshes and contours.
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Figure 4.9: FHC positions derived from internal-rotation pose low-resolution scans,
calculated by registering cortical and sub-cortical contours and meshes.
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Figure 4.10: FHC positions derived from legs-crossed pose low-resolution scans, cal-
culated by registering cortical and sub-cortical meshes and contours.
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between any two head centers was 0.95mm, shown in Table 4.6. The directional

trends in translations derived from multiple users’ segmentations were similar with all

translations occurred in the infero-medial direction and having little translation along

the antero-posterior axis. Figure 4.11 displays the data from Table 4.6 graphically,

with the femoral-head center positions plotted within the pelvis coordinate frame.

Table 4.5: RMSE values for sub-cortical surface mesh to contour registration for mul-
tiple segmenters. The segmented low-resolution scan was for the legs-
crossed pose. All values are in mm.

Anatomy User 1 User 2 User 3
Pelvis 1.49 1.92 1.69
Femur 1.37 1.81 1.34

Table 4.6: FHC translations for the legs-crossed pose, for all segmenters. All values
are in mm.

FHC Translation
Reference Neutral Position User 1 User 2 User 3

x (medial) 0.26 1.93 1.38 1.23
y (posterior) -0.16 -0.14 0.19 -0.07
z (superior) 1.45 -0.62 -0.97 -1.26
Magnitude × 2.03 1.70 1.76

The maximum deviation of any of the femoral orientations calculated from each

user’s segmentation from the mean orientation was 1.27◦, as shown in Table 4.7, using

the calculation procedure of Section 3.3. Briefly, the transformations [
AP
AF

T ]i from each

user’s segmentation were used to compute a mean femur orientation relative to the

pelvis; this mean orientation was described by the rotation matrix [
AP
AF

R]. The inverse

of each [
AP
AF

R]i was applied to the mean orientation. An axis angle decomposition of

[
AP
AF

R]−1

i
[
AP
AF

R]i yielded the angle θi representing the angular displacement between
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Figure 4.11: FHC positions from multiple users’ segmentations of the legs-crossed
pose low-resolution scan, calculated by registering sub-cortical meshes
and contours.

the femur pose that was extracted from each user’s segmentation and the mean legs-

crossed femur pose. Figure 4.12 and Figure 4.13 show the neutral pose and mean

legs-crossed pose high-resolution models, respectively.

Table 4.7: Angle from axis-angle decomposition of rotation matrix [
AP
AF

R]−1

i
[
AP
AF

R]i rep-
resenting the rotation from the legs-crossed pose orientation for each seg-
menter to the mean legs-crossed pose orientation. All values are in degrees.

User 1 User 2 User 3
θi 0.68 1.27 1.18
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Figure 4.12: Femur and pelvis posed as described by high-resolution MRI scan with
pelvis anatomic coordinate frame.

Figure 4.13: Femur and pelvis posed as described by the orientation averaged from
kinematics results derived from multiple users’ segmentations.
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Chapter 5

Discussion and Conclusions

In Section 5.1, this chapter first discusses some practical benefits of this implemen-

tation of multi-modality MRI registration for measurement of hip kinematics. Next,

Section 5.2 compares the method developed in this work to existing methods using

image registration for measuring joint kinematics and computer-assisted surgical nav-

igation. A discussion of practical considerations for this method follows in Section 5.3.

Section 5.4 summarizes the contributions of this work and Section 5.5 lists potential

future work. Finally, Section 5.6 concludes this dissertation.

5.1 Practical Considerations

Benefits of this implementation included the ability to measure high-ROM hip joint

poses, fast joint-pose image acquisition time, and the use of non-invasive MRI scans.

The low-resolution MRI protocol for this method used and open MRI scanner with a

large body coil, which allowed the test subject to perform large-ROM hip poses during

the low-resolution scan acquisition. Image acquisition time was under 6 minutes.

This minimized subject discomfort and reduced the chance that the subject might

have moved involuntarily during the scan. This also increased the variety of static
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poses that could be imaged, with the limitation that some poses of interest may be

difficult to hold for longer than 6 minutes. Other involuntary motion artifacts can

also be reduced if scan time is minimized, with gastrointestinal motion being a prime

example. MRI is non-invasive, which may increase the potential pool of subjects that

could be included in a future study of hip kinematics.

There was high repeatability in the kinematics results derived from multiple users’

segmentations. In Table 4.3, it can be seen that the FHC positions in the legs-crossed

pose, calculated from sub-cortical bone registrations, were consistent. The same gen-

eral trend of FHC position relative to the reference neutral is apparent in registrations

calculated from all users’ segmentations; the FHC was displaced medially and infe-

riorly from the reference neutral. The maximum difference between FHC positions

along any of the pelvis anatomic frame axes was 0.7mm and the maximum absolute

difference in position was 0.95mm. Pose orientations calculated from multiple users’

segmentations were also consistent, as shown in Table 4.7. The maximum angular

deviation, about an individual rotation axis, from the mean orientation calculated

from all users’ segmentations was 1.27◦.

The use of sub-cortical bone high resolution models and low resolution contours

for registration made the segmentation process easier. As can be seen in Figure 4.4,

the borders between the cortical bone (shown as black) and the sub-cortical bone

(shown as nearly white) are more readily distinguished than are the borders between

cortical bone and the surrounding soft tissues. Around these regions, a user must

make assumptions to estimate the correct curvature of the cortical bone; by com-

parison, manual segmentation of the sub-cortical bone requires less work and fewer

assumptions about the MRI parameters and the subject who was imaged.
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Registration RMSE was below 1.92mm for all segmenters. This was encouraging

because the low resolution voxel size was 1.3mm × 0.7mm × 4mm, and the longest

corner-to-corner distance was 4.3mm; thus, the maximum RMSE was less than half

the largest corner-to-corner distance of the low-resolution voxels, meaning it was of

sub-voxel accuracy.

The kinematics results achieved using cortical and sub-cortical bone surfaces for

registration were different, which was attributed in part to difficulties in cortical-bone

segmentation. The absolute difference in position between the calculated FHC po-

sition for the legs-crossed pose was 1.91mm and for the internal-rotation pose was

1.19mm, comparing between segmentations done by a single user. Assuming that the

non-cortical and cortical bone were rigidly displaced, the differences in kinematics

results should have been within the variation observed between segmenters. Diffi-

culties in segmentation of cortical bone were mentioned by Fellows et al. [12] as a

contributing reason for why cortical bone was not used in their study, so this result

was not surprising.

This method of measuring hip kinematics had the added benefit of recording

images of articular cartilage and soft tissues surrounding the hip joint. In a future

study of hip kinematics, this information could prove useful in discovering trends

between anatomic and kinematics variations of the hip.

The positions derived from the internal-rotation pose and the neutral pose were

within the inter-segmenter error of the neutral reference along two of the three

anatomic axes, and within twice the inter-segmenter error along the third axis. Al-

though the difference between internal-rotation and neutral pose translations derived

from sub-cortical segmentations was within inter-segmenter error along all three of
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the anatomic axes, at 0.7mm, this was to be expected because the poses selected were

substantially adapted from the poses examined by Zakani et al. [35], and may have

been less likely to show translation. In addition, because there was no positioning

device used to ensure repeatability of subject hip positioning, there was no reason to

expect the FHC to remain in the same position in the two neutral scans even if the

subject assumed a similar pose. All of these results are for single scans of each pose

in a single subject, and no statements of statistical significance can be made about

hip translation from the results of this study.

The FHC translations that were derived from sub-cortical bone registrations sug-

gest that this method shows promise for measuring millimeter-scale translations in

the hip joint. The FHC translation in the legs-crossed pose along two of the anatomic

axes was somewhat greater than the inter-segmenter error, at 0.7mm, and the trans-

lation magnitude was greater than twice the inter-segmenter error at 0.95mm. This

higher magnitude of translation observed in the legs-crossed pose was consistent with

the subject’s experience during the scan. Of all poses scanned, the legs-crossed pose

caused the subject the most discomfort and The subject reported feeling as though

his hip was being taken near limits of its range of motion.

5.2 Comparison to Existing Methods

Compared to highly accurate but invasive methods of using image registration to mea-

sure hip kinematics, the method developed in this work was advantageous because its

low invasiveness made it more feasible to study a large cohort of healthy individuals.

The method employed by Zakani et al. [35] was reported to have translational error

of less than 1mm, but these methods required CT scans to develop bone models and
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optoelectronic markers to be fixed to bone via bone screws. It may be challenging to

receive ethics approval for a study on a sufficient number of volunteers when the study

requires high radiation CT scans and drilling pins into bone. The method developed

in this dissertation did not have this limitation and could reasonably be used to study

live human subjects.

The 2D/3D X-ray to MRI registration method tested by Tomazevic et al. [33] was

less invasive, requiring that only a single X-ray be taken of the bone. Their registration

method was highly accurate, with maximum RMSE TRE’s of 1.4mm and 1.6◦, but

required very high resolution MRI slices with pixel sizes of 0.39mm×0.39mm and X-

ray images with pixel sizes of 0.143mm×0.143mm. It may not be feasible to acquire

MRI scans of the hip joint at this resolution, given existing bandwidth limitations

and FOV requirements. It is not clear that the error associated with registration of

a lower-resolution MRI scan to a single X-ray image would be adequate to measure

three-dimensional hip translation. The method developed in this work used MR

images that are more practical to acquire in the hip as input to the registrations.

Ultrasound to MRI registration has been previously investigated, for example by

Dekomien et al. [10, 11]. In their work, registrations were performed using images of

a single subject’s vertebrae. The accuracy was evaluated by examining the registered

position for chosen anatomical landmarks amongst multiple registration trials with

unique starting pre-alignments. The leading edge of the vertebral body showed the

least precise registration, having a standard deviation of 2.11mm, an error that must

be improved upon to measure millimeter-scale translational motion in the hip joint.

The repeatability of the FHC position in this dissertation was 0.95mm, lower than

the standard deviation of the vertebral body position in the registration of ultrasound
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to MRI.

Current methods for kinematics measurement that can achieve toughly 1mm

translational measurement errors require either invasive measurements, “closed” gan-

tries that can provide higher magnetic field strengths, or higher signal bandwidths

than are practical in imaging the relatively large pelvis and femur at high resolutions.

Non-invasive methods using multi-resolution MRI to measure hip translation have

been implemented, for example by Gilles et al. [14] who measured hip joint translation

with an estimated translational error of 0.5mm. Although very accurate, the hip-

joint poses that could be measured were limited to low-amplitude circumduction or

a “splits” pose that was achieved in a population of dancers; these were physical lim-

itations imposed because all scans were acquired using a closed-gantry MRI scanner

with a magnetic-field strength of 1.5T. Any additional RF signal bandwidth that was

made available came at the expense of undesired involuntary motions. The method

developed in this dissertation used an imaging modality that had more physical room

available for motion but less bandwidth, which made possible the measurement of

millimeter-scale hip translations.

Fellows et al. [12] used multi-resolution MRI to track patellar kinematics. The

maximum error in position along anatomic axes was less than 0.88mm and the error in

orientation was 1.75◦. Intra-subject variability and inter-experimenter variability were

slightly less in magnitude. For the method implemented in this work, the variability

in the orientation and translation calculated using segmentations of sub-cortical bone

was of a similar magnitude to theirs; the maximum difference in position along any

of the coordinate axes was 0.7mm and the maximum deviation of orientation from

the mean was 1.27◦.
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Charbonnier et al. [9] registered optically tracked skin-marker-based motion mea-

surements to MRI-based meshes of the hip. The authors claim to have developed and

validated a method that compensates for skin-motion artifacts, but admitted that

the validation was limited to small-amplitude motions because a conventional MRI

was used as the “gold-standard” to image the posed bone positions. In addition,

their population included only dancers who trained for 12+ hours per week and who

likely had less body fat than most of the general population. It remains to be seen

if their skin-motion artifact compensation method can be extended to use in a gen-

eral population. The method developed in this dissertation used MRI to record bone

kinematics and was not limited by skin-motion artifacts.

5.3 Technical Limitations

Limitations associated with the MRI scanners and associated equipment included the

difficulty in repeating placement of the large body coil, the inability to take images

during weight-bearing poses, and the inability to image dynamic movements. There

were also limitations arising from the noise and the finite resolution of the images,

and from human interpretation of the images.

While taking scans of the subject, it was found that placing the body coil in

the same position relative to the subject was difficult. This was attributed to the

flexible structure of the coil and to its large size relative to the subject. Although

these properties allowed for large-ROM hip motion, future applications of this method

might benefit from a more rigid coil design or from the use of smaller surface coils

that can be mounted directly on the subject. Gilles et al. [14] used surface coils in

measuring hip kinematics with MRI in dancers performing a splits pose, so there are
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coils that can be used with high-ROM hip poses.

Because the available MRI scanner featured a horizontal open gantry, the subject’s

position was limited to lying horizontally and no weight-bearing images could be ob-

tained. It is reasonable to think that joint kinematics measured in a loaded hip would

more closely resemble the kinematics of activities of daily living than did kinematics

measured in a non-loaded hip. There are a number of ways that future applications

of this method could image the hip in a loaded state. For example, a mechanical

apparatus can apply load to the lower limb during a conventional MRI scan [29] and

an upright open-gantry MRI scanner can weight bearing during imaging [6].

The method was also limited to imaging static poses of the hip joint, rather than

dynamic motions. In dynamic MRI the resolution, SNR, and number of image slices

are often reduced to achieve a concurrent reduction in imaging time [15]. Gilles et

al. used a protocol with 7 imaging planes and an image acquisition rate of 6 slices

per second. A conventional MRI scanner with a magnetic field strength of 1.5T was

required so that sufficient bandwidth was available to rapidly acquire images with

sufficient SNR and resolution. The choice of open-gantry MRI limited the available

bandwidth because only low magnetic-field strengths were available.

There are other limitations that arise from the low bandwidth of open-gantry MRI.

SNR and resolution are reduced, which can reduce segmentation accuracy. This error

can propagate, increasing registration errors and reducing the accuracy of kinematics

results. The registration RMSE values ranged from 1.14mm to 1.92mm, which was

close to half of the difference between the voxel thicknesses of the low-resolution and

high-resolution images of 4mm and 0.8mm respectively; future reduction of the voxel

thickness of the low resolution scan might lead to registrations with lower error.
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Hip-joint anatomical angles could not be calculated for each pose because coor-

dinate frames were not assigned to the hip joint in the high-resolution meshes. The

anatomical landmarks as specified by the International Society of Biomechanics for

assigning joint coordinate systems [34] to the pelvis and femur were not present in

the high-resolution scans. Because of bandwidth limitations, the desired resolution

could not be achieved while also having a FOV large enough to include the landmarks.

Gilles et al. [14] surmounted the bandwidth limitations for a single scan by aligning

multiple scans to image a greater extent of hip anatomy, which is an approach that

could be taken in future work.

The use of a single subject in development of this work made it difficult to make

comments on the error or uncertainty of the method with any statistical significant

support. A distinct measurement method with known accuracy for noninvasive in-

vivo hip joint kinematics measurements was not available, so comparison to a known

measurement standard was not performed.

5.4 Contributions

There were three main contributions of this dissertation:

1. A method for measuring hip kinematics in-vivo was tested using multi-modality

MRI;

2. Open gantry MRI, which was originally developed for interventional use, was

used for biomechanics measurements;

3. A fast segmentation method for hip biomechanics was validated.
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5.5 Future Work

As described above, future work might include:

• Comparison of kinematics results of this method with results measured using

an established method for validation and quantification of error;

• Optimization of MRI protocol for reducing image acquisition time;

• Measuring hip kinematics in multiple subjects;

• Implementation of a coil with less motion restriction;

• Acquisition and alignment of multiple high resolution scans (overlapping/adja-

cent) for each subject to image the anatomical landmarks that are required for

coordinate-frame assignment.

5.6 Conclusions

This dissertation describes a method for using multiple MRI modalities to measure

in vivo hip kinematics. MR imaging protocols for high-resolution and low-resolution

MRI were developed. High-resolution MRI scans from conventional-gantry MRI and

low-resolution MRI scans from open-gantry MRI were registered. Hip kinematics

were measured in a single subject for a neutral pose and for two functional poses that

were thought to induce hip-joint translation. The relative translation of the femoral-

head center with respect to the acetabulum was examined in detail. It was found that

sub-cortical bone was much easier to segment, and that the inter-segmenter repeata-

bility for position and orientation was similar to the inter-segmenter repeatability

and measurement error of the multi-resolution MRI method implemented by Fellows
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et al. [12] for the knee. The method implemented in this dissertation had a clear

advantage over previous work in that images of bony surfaces could be taken both

non-invasively and in a way that allowed for high-ROM hip motion. Further work

could be undertaken to better characterize the error of this method and to optimize

other practical aspects, including image acquisition time and physical landmarks for

the assignment of anatomical coordinate frames.
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