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ABSTRACT 

 

Cam-type femoroacetabular impingement syndrome (FAIS) is a recently described 

pathology of the hip, characterized by reduced sphericity of the femoral head and pain 

during high range-of-motion activities. While cam FAIS is thought to be a major etiologic 

factor for the development of hip osteoarthritis, the natural history of cam FAIS is 

unknown. The over-arching objective of this dissertation was to address this knowledge 

gap by quantifying the morphological and biomechanical characteristics of cam FAIS.  

The aspherical femoral head in cam FAIS patients is thought to alter hip articulation 

patterns. However, the conclusions from studies evaluating hip kinematics in cam FAIS 

patients have been inconsistent. Unfortunately, skin marker motion capture is subject to 

substantial errors of up to 20° in rotation due to soft tissue artifact, and thus is likely not 

sufficient to study differences in hip motion between cam FAIS patients and control 

subjects. To this end, dual fluoroscopy has been used to quantify in-vivo hip kinematics 

during activities of daily living to within 1 mm and 1° in patients with cam FAIS. 

Measurements of morphology from radiographs are used to quantify femoral shape 

for diagnosis and to evaluate the sufficiency of surgical correction. However, there is little 

agreement as to which radiographic view provides the best visualization of the asphericity 

of the femoral head. Using statistical shape modeling, the specific shape variability of cam 

FAIS has been defined and used to evaluate various radiographic views on their ability to 

capture cam morphology. Importantly, insufficient resection is the most common reason 



iv 

for revision arthroscopy, indicating that further research on this topic is necessary. As such, 

cortical bone thickness was incorporated into statistical shape models to assess differences 

in cortical morphology that should be considered when investigating femoral resection and 

to evaluate whether cortical thickness could be used to guide the depth of surgical resection.  

Together, this work provided comprehensive measurements of hip morphometrics 

and biomechanics in patients with cam FAIS that improved our understanding of the role 

of morphology and movement patterns in FAIS hip joint degeneration. 
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CHAPTER 1 

 

INTRODUCTION AND BACKGROUND 

 

Motivation 

Cam-type femoroacetabular impingement syndrome (FAIS) is a recently described 

pathology of the hip, characterized by an abnormally shaped, aspherical femoral head, 

reduced range of motion, and groin pain.1; 2 Mounting evidence collected over the last two 

decades suggests that cam morphology is a major etiologic factor for the development of 

hip osteoarthritis (OA), especially among young, active adults.1; 3 As a recently recognized 

condition, the natural history of cam FAIS is still largely unknown. However, research 

indicates that both genetic and activity-based factors are involved in the progression of the 

disease.4; 5 The number of patients treated for cam FAIS has been steadily increasing in 

recent years.6-8 Accordingly, clinicians and healthcare systems are concerned about the 

rapid rise in a previously unrecognized condition, the ambiguity of the diagnostic criteria, 

and the costs and uncertainties of treatment.2 The over-arching objective of this dissertation 

was to narrow this knowledge gap by quantifying the morphological and biomechanical 

characteristics of cam FAIS.  

 

  



2 

 

Basic Hip Anatomy and Physiology 

The hip joint connects the torso and the lower limbs and acts as the interface 

between the proximal femur and the acetabulum. The femoral head is the proximal 

epiphysis of the femur which extends superomedially from the femoral shaft via the 

femoral neck and acts as the ball of the hip joint. The three pelvic bones, the ilium, ischium, 

and pubis come together to form the acetabulum, or socket, of the hip joint. While it is 

classically-defined as a ball and socket joint that is restricted to three rotational degrees of 

freedom, the hip joint is not perfectly congruent or spherical, and thus, also experiences 

translational motion.9 While the cortical bone of the proximal femur and hemi-pelvis is 

generally thin, thicker and denser cortical bone can be found along the diaphysis of the 

femoral shaft to resist bending moments created by the offset between the femoral head 

center and axis along the shaft of the femur.  

As with all articulating joints, a layer of articular, or hyaline, cartilage covers the 

subchondral bone of both the femoral head and the acetabulum, providing the hip with low 

friction articulation.10 Additionally, the cartilage facilitates the transmission of loads across 

the two articular surfaces.10 Hyaline cartilage is composed predominantly of water, 

extracellular matrix of type II collagen, and proteoglycans.10; 11 The composition and 

organization of the cartilage varies through the thickness with three general zones.10 The 

deep zone along the subchondral bone has the highest proteoglycan content with 

perpendicularly aligned collagen fibers, the middle zone serves as a transition between the 

deep and superficial zones and has low chondrocyte content and obliquely aligned collagen 

fibrils, and finally, the superficial zone is primarily flattened chondrocytes and collagen 

fibers aligned with the articulating surface.10 As cartilage degenerates and OA begins to 
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manifest, collagen organization is disturbed, proteoglycan content is reduced, and the 

matrix to becomes more permeable to water.11  

The fibro-cartilaginous labrum runs the periphery of the acetabulum and is joined 

with the transverse ligament inferiorly to surround the femoral head (Fig. 1.1).12 The 

labrum provides stability to reduce subluxation of the joint and to prevent dislocation,13-15 

and may offer a seal to maintain synovial fluid within the joint.16-19 The labrum consists of 

 
 
 

 

Figure 1.1. The hip joint includes the proximal femur, femoral cartilage, acetabulum of the 
hemi-pelvis, acetabular cartilage, and labrum.  
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three distinct layers; the articular surface is a meshwork of thin fibrils, beneath this, a layer 

of lamella-like collagen fibrils, and finally circumferential Type 1 collagen fibers.20 The 

three ligaments of the hip capsule, including the iliofemoral, ischiofemoral, and 

pubofemoral ligaments, span between the femoral neck and pelvis to provide additional 

joint stability, limiting anterior translation and external rotation.21; 22 There are two 

additional ligaments in the proximity of the hip joint, the zona orbicularis that encircles the 

femoral neck, and the ligamentum teres which connects the femoral fovea and the 

acetabular fossa. The ligamentum teres also serves to supply blood to the proximal femoral 

head during skeletal maturity, when the growth plate has not yet fused. Although its 

function in the adult hip is unclear, it may serve as a secondary stabilizer to contain the 

femoral head within the socket, which is evident by the finding that injuries to the ligament 

teres seem to occur concurrently with cartilage damage.23 

 

Pathology and Osteoarthritis 

While the nonpathological hip can provide smooth articulation for several decades, 

degeneration of the cartilage and acetabular labrum can cause significant pain, and 

mechanical symptoms, such as giving way, locking, or clicking. Left untreated, damage to 

cartilage and labrum may result in end-stage OA.2; 24; 25 Radiographic images are usually 

evaluated for the presence of osteophytes, narrowing of the joint space, and altered shape 

of the articulating surfaces in the diagnosis of end-stage hip OA using the Kellgren 

Lawrence (KL) grading system.26 Here, grades of 0, 1, or 2 signify little evidence of OA 

and grades of 3 or 4 indicate moderate to severe arthritis.26 Once diagnosed with end-stage 

OA, the only proven treatment option for patients is total hip arthroplasty (THA). The 
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number of THA procedures performed each year continues to increase, especially among 

younger individuals (45-64 years of age) where THA procedures more than doubled 

between 2000 and 2010.27 Given their young age, many of these patients can anticipate 

outliving their index THA prosthesis, necessitating a costly revision procedure.28 For this 

reason, there is an immediate need to develop a more in-depth understanding of the 

etiological factors for the development of hip OA among younger adults. Ideally, the native 

hip joint would be repaired and preserved as long as possible to delay or prevent the need 

for THA.  

While many cases of hip OA were once thought to be idiopathic, there is mounting 

evidence that most cases of this disease can be attributed to structural hip deformities and 

abnormal biomechanics that result from such morphologic irregularities.1; 29-32 The 

relationship between abnormal morphology and end-stage OA was recognized more than 

three decades ago in a study that identified 90% of hips with end-stage OA had evidence 

of some deformity of the femur or pelvis, 40% of which presented with loss of the normal 

contour over the femoral head-neck junction.30 Since then, this pathomorphology of the 

femur has been identified in as many as 80% of patients with end-stage OA.33 The 

asphericity of the femoral head-neck junction was first termed as a pistol-grip deformity, 

but is now more commonly referred to as cam morphology (Fig. 1.2).30; 34 Compared to 

other hip pathomorphologies, cam deformities have been observed to result in more rapid 

joint degeneration, including separation of tissue at the cartilage and labrum (i.e., 

chondrolabral) boundary.29 As such, the focus of this dissertation was the study of cam 

FAIS.  

A diagnosis of cam FAIS requires the presence of both deformities and symptoms, 
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Figure 1.2. Normal proximal femur and pelvic anatomy (left) and altered anatomy over the 
femoral head-neck junction in cam femoroacetabular impingement syndrome is 
highlighted in red (right). 
 
 

 

including motion- or position-related hip or groin pain. Most often, pain can be reproduced 

using specific clinical examinations that incorporate flexion, adduction, and internal 

rotation.2; 35 Treatment for cam FAIS often begins with conservative methods, including 

activity modification and/or nonsteroidal anti-inflammatory medications. If conservative 

treatments fail, then hip preserving surgery is often recommended. Open surgical hip 

dislocation and anthroscopic osteochondroplasty are often used to resect the offending cam 

lesion.36-39 While the open surgical technique has been preferred due to the improved 

visualization of and access to the joint, the use of arthroscopic techniques offer a reduced 

recovery period with fewer complications.40-43 Both techniques have proven to be effective 

at improving patient function in the short-term, but it is still unknown whether hip 
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preserving surgery alters the course of joint degeneration in cam FAIS patients.36; 44; 45  

The natural history of cam FAIS is not completely understood, but it is widely-

believed that both genetic and functional factors are responsible for tissue damage.5; 45-48 

While specific genes have been associated with osteoarthritis, and even abnormal hip 

morphology, the relationship between genetics and FAIS has yet to be fully clarified.5; 49; 

50 Nevertheless, it has been demonstrated that siblings of patients with a cam deformity are 

2.8 times more likely to have similar cam morphology than the general population.48 

Relative to functional factors, participants of high-intensity activities, especially during 

skeletal maturation, are more likely to have FAIS morphology, as has been shown in 

numerous morphological studies of athletes.47; 51-55 From these observations, it has been 

hypothesized and observed that the morphology of cam FAIS likely develops gradually 

prior to closure of the femoral head physis, or growth plate, dependent on both genetic 

factors and activity participation.46; 56  

The aspheric morphology of cam FAIS is thought to cause deleterious stresses and 

strains on the chondrolabral boundary, resulting in cartilage delamination and labral tears.1; 

31 During dynamic movements, the rotation of the aspherical femoral head within the 

acetabulum results in increased shear stress on the peripheral cartilage and chondrolabral 

boundary which leads to abrasions and delamination from the underlying bone and labrum 

(Fig. 1.3).1; 57; 58 In addition to cartilage fibrillation and tearing, FAIS patients often present 

with increased synovial inflammation and paralabral cysts.59; 60 Further, the increased stress 

on the bone may result in the formation of subchondral cysts or bone marrow edemas.61-63 

Cartilage is avascular and aneural, but as a proprioceptive tissue, the labrum 

contains free nerve endings.10; 15 Thus, damage to the labrum is the most likely source of 



8 

 

 

Figure 1.3. The aspherical femoral head of cam FAIS (left) results in increased labral 
translation and strain over the chondrolabral junction during rotation (right). 
 
 

 

hip pain in patients with cam FAIS.15; 64-66 Pain is often reported in localized regions of the 

anterior groin, lateral trochanter, and posterior buttock.35 The fact that the hip is located so 

deep within the soft tissue of the body may explain the lack of specificity in the location of 

pain. In particular, inflammation of the labrum, synovium, and capsule could refer pain in 

several anatomic directions. In addition, muscle wasting or over-use resulting from 

abnormal hip morphology could cause compensatory changes in hip biomechanics, which 

in turn could cause muscular pain.67 For this reason, diagnostic, anesthetic injections into 

the joint capsule are often used to identify whether the source of the pain is intra-articular 

in nature, such as that caused by labral tears or cartilage delaminations.68-70  
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Hip Joint Function 

The uninhibited range of motion of the hip is relatively high with more than 150° 

of flexion-extension, 80° of abduction-adduction, and 90° of internal-external rotation.71 

The aspherical femoral head characteristic of cam morphology is thought to limit this 

inherent range of motion due to abnormal abutment between the femoral head and the 

acetabulum or labrum.72-75 A combination of aspherical femoral morphology and motion 

adaptations are believed to result in altered hip biomechanics which may begin the process 

of degeneration and lead to early onset OA.31; 74; 76-78 

 

Kinematic Analysis of FAIS 

While the concept of reduced range of motion due to cam morphology is generally 

accepted, findings from numerous motion analysis studies employing a variety of 

techniques have not found consistent, conclusive evidence that cam FAIS is characterized 

by abnormal motion patterns.2; 24; 72-74; 79-84 Skin marker motion analysis and other 

noninvasive methods of capturing whole body kinematics have been the most widely used 

methods.73; 79; 81; 82; 84-86 These methods include data collection of active or passive motions 

in a variety of environments and data processing that can be done efficiently, sometimes 

even in real-time to provide biofeedback for movement training.86-88 Since these methods 

are capturing the external motion of the body, the specific motion of the underlying bone 

may not be accurately measured. Previous studies have evaluated the effect of soft-tissue 

artifact by comparing kinematics resultant of tracking the surface of the skin to those 

representing in-vivo bone motion and have found errors in all three planes of motion and 

of up to 20° in magnitude.89-92 With errors of this magnitude, it is likely that subtle 
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variations in motion resultant of the anatomical variation may be masked by the errors 

inherent to soft tissue artifact. Nevertheless, some previous studies using skin-based motion 

analysis have still been able to detect reduced peak joint angles and reduced range of 

motion in patients with cam FAIS.79-82; 93  

Another source of error in quantifying motion with skin marker motion capture is 

a result of the deep location of the hip joint center within the body, making it difficult to 

identify from bony prominences alone.89; 94-97 Previous studies have used both predictive 

and functional methods to determine the hip joint center.94; 95; 98 Predictive methods use 

bony landmarks and established regression equations to identify the location of the hip 

joint center,98-100 while functional methods use the data collected during a functional 

activity that incorporates rotational motion in all three planes to determine the center of 

rotation of the thigh segment.101; 102 It is generally accepted that functional methods more 

accurately identify the center of hip rotation, but both methods are prone to errors 

associated with anatomical bone morphological variation and motion of the skin relative 

to the bone.89; 95; 96 For example, studies have demonstrated that approximating the hip joint 

center of rotation from skin markers leads to errors on the order of 2 cm, which is 

approximately the radius of the femoral head.89; 94 

Often, idealized morphology, including spherical and concentric geometry for the 

hip, is used calculate hip kinematics. While the use of idealized anatomy removes the need 

to image subjects to define hip morphology, it is well-known that even the anatomically 

normal hip is not perfectly spherical or concentric.9; 103; 104 Further, use of spherical 

geometry for the hip precludes the study of conditions known to affect the shape of the 

femur and pelvis, including FAIS, Legg-Calve-Perthes, or acetabular dysplasia.9; 103-107 
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Moreover, assuming the hip to be spherical and concentric prohibits calculation of hip joint 

translations, which may play an important role in causing tissue damage.1; 31 To this end 

many studies have used ellipsoidal or conchoidal approximations to represent pathological 

hip anatomy associated with these disease patterns.108-112 While these aspherical 

approximations provide generalized understanding of the effect of morphology on motion 

and mechanics, they lack localized incongruencies of the joint that may be a stronger driver 

of altered motion joint loading patterns.113; 114 

Computer simulations have been widely used to evaluate the effect of hip anatomy 

on passive range of motion.72; 74; 115; 116 These simulations incorporate subject-specific 

anatomy from three-dimensional (3D) imaging to evaluate the isolated effect of anatomy 

on range of motion.115 While these studies often do not represent subject-specific motion 

patterns, they provide crucial insight on range of motion limitations that would result due 

to direct impingement between the femur and the acetabulum. Computer simulations do, 

however, employ a number of important assumptions which must be considered. First, soft 

tissues are ignored, such that the effect of both the cartilage and labrum are ignored. The 

effect of the labrum is likely crucial to understanding dynamic impingement, as the femur 

makes contact with the labrum and not the acetabular rim, even during high range of motion 

clinical exams.117 This abutment with the labrum is an important consideration, as the 

increased strain on the chondrolabral boundary may be an initiator to damage of both 

cartilage and labrum.1; 39; 118 Secondly, the center of rotation of the joint is considered to 

remain constant, ignoring translations within the joint. Errors in identifying the center of 

rotation of the femur and pelvis would then also propagate errors in measured motion 

patterns. Finally, simulations often incorporate rotations from only one plane of motion at 
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a time, while motions of daily living often combine all six degrees-of-freedom of the hip 

joint simultaneously.90; 117 Importantly though, these simulations provide evidence of 

possible limitations in range of motion due to cam morphology and may provide 

preoperative guidance in defining the region and depth of femoral resection necessary to 

improve function.119; 120185; 186 

Another method used to incorporate subject specific morphology has been to use 

cadavers to evaluate the passive motion of the hip.115; 121-123 Importantly, cadaveric models 

often preserve some of the soft tissues within and around the hip joint allowing for explicit 

evaluation of the role each of these tissues has in range of motion.58; 121 However, not all 

soft tissues and musculature can be preserved while still providing visualization of the hip 

joint and the motions applied to the cadaveric joint may not accurately represent passive 

motions in live subjects. While data from cadaveric models can be used to improve 

computer simulations and to study relationships between shape and motion, these data 

likely do not represent in-vivo joint motion.  

 

Imaging of Joint Health 

Volumetric and two-dimensional (2D) projection imaging are often used to 

visualize the health of the joint.69; 118; 124-126 Radiographic plain films obtain a snapshot of 

hip joint shape clinically, with various projections providing different views of the femoral 

head-neck junction, acetabulum, and overall congruency of the joint.104; 125; 127-129 

Importantly, plain films can be acquired during a clinical appointment and are typically 

available at the time of initial consultation. However, plain films do not visualize soft tissue 

structures, and thus, only when cartilage has become grossly thinned does it become 
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apparent that the joint has suffered damage.130 This is problematic, as full thickness 

delaminations to cartilage are relatively common among cam FAIS patients.31; 131 

Magnetic resonance (MR) imaging of the hip is often acquired prior to surgical 

intervention to better visualize the 3D morphology of the hip. MRI uses the polarization of 

water molecules to determine pixel or voxel intensity values in the resultant image. Various 

sequences use different values and ratios of repetition time (TR) and echo time (TE) to 

preferentially excite water molecules in tissues. T1-weighted images use short TR and TE 

to measure spin-lattice relaxation and provide imaging of the overall anatomy. T2-

weighted images use long TR and TE to measure spin-spin relaxation and provide imaging 

of abnormal fluid or inflammation. More recently, quantitative MRI (qMRI) has been used 

to quantify cartilage with T1ρ and T2 mapped images. Here, T1ρ mapping provides a 

measure of glycosaminoglycan (GAG) and proteoglycan content and T2 mapping provides 

a measure of water content, which indirectly represents collagen content and orientation.61; 

132-134 Since collagen and proteoglycan content are diminished in arthritic cartilage, even 

before the cartilage undergoes gross thinning, these images provide an early detection of 

joint degeneration.132  

MRI was originally used for the visualization of soft-tissues and bony contours, but 

more recently, with the introduction of dual-echo or ultrashort-TE imaging, has been used 

to accurately visualize cortical bone.135 MR images are reconstructed from field gradient 

data in the frequency domain. Longer acquisition scans are often necessary to obtain 

enough magnetic field gradient data in the frequency domain to produce high resolution 

images without wrapping or aliasing issues. Due to the reconstruction process of these 

images, a series of 2D images slices, which can be each be reconstructed two-
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dimensionally, often need shorter scan times than 3D image sequences which require more 

frequency data for reconstruction. However, more recently, 3D MR imaging sequences 

with relatively low scan times have been used for musculoskeletal imaging.105; 136 

Computed tomography (CT) imaging is a radiation-based imaging modality that 

uses a rotating x-ray tube and detectors to generate a 3D image volume. The use of a 

radiation-based modality results in clear delineation of bone and other calcified tissues, but 

can also be used to delineate separate muscle bellies and some other soft-tissues. CT 

imaging can provide high-resolution images very quickly, taking only a few seconds, and 

thus motion artifact is typically not a problem with this imaging modality.  

Most MR or CT images are acquired along an imaging plane, however radial 

imaging, acquired about the femoral neck axis or the axis perpendicular to the plane of the 

acetabular rim, has recently become more prevalent.137-139 Slices of radial volumetric 

images are often used to define the shape of the femoral head and to assess the ability of 

radiographic views to capture the morphology of the cam lesion.138; 140; 141 Similar to 

standard, planar images, radial images can also be used to assess regions of damage to the 

cartilage and labrum.131; 138; 139; 142; 143 However, visualization of cartilage and labral 

damage may be difficult without the use of a contrast agent.60; 131 For this reason, MR or 

CT arthrograms are often used as diagnostic tools when labral tears are suspected. For MR, 

saline can be used as contrast agent, while for CT, radiopaque liquids are needed.144; 145 

The use of a contrast agent provides improved visualization of labral tears and cartilage 

delamination, but still may not provide accurate visualization of the thickness of cartilage, 

as the two cartilage layers are often in contact, and thus may not be clearly separated. It is 

for this reason that traction is recommended during the acquisition of CT or MR images.145-
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147 For CT, traction only needs to be applied for a few seconds, however, for MR, imaging 

sequences can require several minutes. The application of traction in MR is therefore less 

practical as the joint may relax over time resulting in motion artifact. Importantly, longer 

scans while under traction may be discomforting, especially for patients with hip 

pathology. 

While static imaging methods have been used for decades, several dynamic 

methods have recently been identified which allow for the quantification of in-vivo bone 

motion relative to the subject’s underlying joint morphology. These methods have included 

the use of dynamic ultrasound, CT, or MRI to capture specific positions of interest which 

are thought to represent positions of impingement.148-150  

Dual fluoroscopy (DF) is another dynamic imaging technique where two pairs of 

fluoroscopes, each consisting of an x-ray emitter and an image intensifier, are arranged to 

share a combined field of view.151-154 In a clinical setting, the emitter is offset a fixed 

distance from the image intensifier by a metal c-arm-shaped connection. However, in a 

research setting, each emitter and image intensifier is mounted separately on a movable 

cart to provide flexibility in arrangement of the DF system such that the subject can perform 

activities within the combined field of view of the DF system. Digitally reconstructed 

radiographs (DRRs) of each bone from CT are then aligned with the two fluoroscope 

images to calculate the in-vivo bone position for each image frame. These data can then be 

used to visualize arthrokinematics and calculate joint angles and translations.117 

DF has been applied to a variety of joints, including the ankle, knee, hip, and 

shoulder.151-155 However, the hip provides unique imaging challenges as the hip joint is 

surrounded by large muscle groups and panniculus, resulting in high levels of scatter and 
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poor signal-to-noise ratio images. DF of the hip has been validated to capture dynamic, in-

vivo bone motion to sub-millimeter and sub-degree accuracy.151 DF has since been used to 

capture in-vivo motion of the femur and pelvis during the impingement exam for both 

control subjects and cam FAIS patients,117; 156 and more recently, during weight-bearing 

activities for control subjects.89; 90; 94; 157; 158 

 

Joint Loading and Biomechanics 

Full-thickness chondral lesions and extensive labral tears observed in patients with 

cam FAIS are likely a result of altered joint biomechanics and increased cartilage stresses 

which hasten joint degeneration and lead to early onset OA.1; 31; 32; 39; 77; 126 Measurement 

of in-vivo joint mechanics is not feasible, but finite element (FE) analysis of cartilage and 

labral stresses and strains can provide data to better-understand the role of altered 

mechanics in joint degeneration.75; 109; 159-165 Mappings of stress and strain measures of the 

cartilage and labrum can be used to identify regions of the cartilage or labrum that 

experience increased loading and are likely to experience early degeneration.160; 166; 167 As 

part of preoperative planning, FE analysis results can also be used to identify bony 

protrusions that increase chondrolabral stresses and strains and then to evaluate resultant 

stresses and strains after a simulated resection.120; 168 By verifying that surgical intervention 

will reduce peak stresses and strains within the joint prior to surgery, the risk for revision 

surgery and early onset of OA may be largely diminished. 

As is true with all computational models, a model is only valuable if it is properly 

validated.169 The validation of FE models of the hip joint has been reported relative to 

cartilage contact stresses measured ex-vivo under specified loading conditions.75; 159; 170 In 
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addition to validating a specific model, validation data can be used to assess the sensitivity 

of a model to various defining attributes, such as geometry or material properties.75; 171 By 

understanding the sensitivity of FE models to these parameters, informed decisions can be 

made as to whether a model can be simplified without losing validity. Notably, there are 

large computational benefits that can be gained when answering the question at hand does 

not require a subject-specific level of detail.  

Since the collection and processing of volumetric images required to generate FE 

models of subject-specific anatomy is extremely time- and labor-intensive, investigators 

have used spherical anatomy to depict the anatomy of the femur and acetabulum.109; 110; 112; 

165 Depending on the purpose of the model, the assumption of idealized anatomy may be 

valid, but this may be an over-simplification when attempting to study hips with abnormal 

anatomy. Specifically, the irregular shape of the joint and localized incongruencies may 

play a major role in the magnitude of stress and strain on the tissue, which is important for 

identifying potential mechanisms of tissue damage.  

Most FE models of the hip joint include, at a minimum, meshes representing the 

articular cartilage of the femoral head and acetabulum. If bones are included in the model, 

the cartilage is either assigned rigid contact with the bone, or tied contact if bones are 

allowed to deform. Beyond the structures of the bones and cartilage, the labrum is often 

also included, but the ligaments of the hip capsule are not when modeling nontraumatic 

activities. The labrum has been shown to play a role in load transfer and stability of the 

hip, especially in patients with reduced joint coverage.162 Even in hips with adequate 

coverage, the labrum still provides a boundary for the peripheral edge of the cartilage which 

alters predicted values of first principal strain and maximum shear stress.75; 165  
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Beyond the decision of what geometries should be included, the determination of 

material properties is a crucial step in the development of an FE model. The material 

properties of bone have varied between localized material properties from subject-specific 

imaging to fully rigid representations.164; 165; 172; 173 When bones are represented to be 

deformable, often only the cortex is included since the contribution of the trabecular bone 

to cartilage contact stresses is minimal.171 Since cartilage shear stress and strain are often 

the measure of interest in these models, the material properties of cartilage have been a 

higher priority of investigation. In recent models, cartilage has been represented as either 

an isotropic, linear elastic material,109; 112 a nearly incompressible hyperelastic material,159; 

160 or as a continuous fiber distribution material with a neo-Hookean ground matrix.161; 164; 

165; 173 Experimental data of bovine labrum have been used to define the material properties 

of the labrum as a transversely isotropic hyperelastic material with a fiber family embedded 

in a neo-Hookean ground matrix.161; 164; 165; 173-175  

After determining the geometries and material properties, boundary and loading 

conditions must be applied to the model to represent the position and loading of interest. 

Kinematics and joint reaction forces obtained from individuals with instrumented hip 

prostheses have been used to define boundary and loading conditions of many hip joint 

models.176 While these data, published by Bergmann et al., provide in-vivo kinematic and 

loading data, the THA patients monitored during their study may have altered gait patterns 

due to surgical recovery or the presence of osteoarthritis that may not accurately represent 

the kinematics of younger, nonarthritic subjects.176 It is unclear if such generalized models 

are appropriate for the study of cam FAIS, given that cam FAIS is defined as a condition 

for which both hip anatomy and joint articulation are altered. As such, patient-specific 



19 

 

boundary and loading conditions may be necessary inputs to ensure accurate predictions of 

hip contact mechanics. Accordingly, subject-specific kinematics and kinetics can be 

obtained from motion capture data collection or 3D imaging in high-range of motion 

positions of interest to drive FE models of the hip.164; 177; 178  

Ultimately, the accuracy of the model inputs will dictate the accuracy of model 

outputs. In certain scenarios, it may be reasonable to assume generic anatomy, loads, and 

kinematics. However, the importance of each parameter cannot be ascertained unless the 

investigator employs sensitivity studies to demonstrate how key model outputs, such as 

contact or shear stress, change as a result of altering model inputs. In support of future FE 

analysis, kinematics and kinetics calculated from musculoskeletal models from both skin 

markers and DF will be used to drive subject-specific FE models and to define the 

sensitivity of FE models of the hip to various boundary and loading conditions. The results 

from these sensitivity studies may illuminate aspects of the modeling protocol that could 

be streamlined to improve efficiency in the processing pipeline and increase the feasibility 

of analyzing a larger cohort of subjects. 

 

Analysis of Morphology 

The morphology of the femur is one of the major indications for a diagnosis of cam 

FAIS, yet how these morphological variants relate to long-term joint health is not well 

understood. The morphology of the femoral head-neck junction in cam FAIS is generally 

visualized and measured using radiographs and 3D imaging techniques, such as CT or 

MRI.124; 126; 140 From these images, both angular and distance based measurements have 

been used to quantify femoral head asphericity. Specifically, the alpha angle is an angular 
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measurement between the femoral neck axis and the point at which the femoral head loses 

sphericity,179 whereas head-neck offset is defined as the distance between parallel lines 

along the femoral neck axis representing the lowest point on the femoral neck and the 

outermost point of the femoral head (Fig. 1.4). Beyond 2D analysis of cam morphology, 

3D surface-based measurements, such as maximum deviation from a sphere, have been 

utilized to define the severity of the cam lesion.104  

 

 

 

 

 

Figure 1.4. Radiographic projections and measurements commonly used in the diagnosis 
of cam femoroacetabular impingement syndrome. 
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Diagnosis 

Clinically, morphologic measurements are most commonly obtained from 

radiographs during the initial clinical consult to classify femoral morphology as being 

pathologic or normal.179 Upon the original recognition of cam morphology, alpha angle 

and head-neck offset measurements greater than 50° and 10 mm, respectively, indicated 

cam morphology.128; 180; 181 However, these cutoff values have been questioned due to the 

overwhelming presence of cam morphology in asymptomatic individuals.182 Agricola et al. 

found that from an anteroposterior radiograph, alpha angles greater than 60° indicated the 

presence of cam morphology, while alpha angles greater than 78° indicated progression to 

end-stage OA within five to 20 years.183 These results indicate a strong relationship 

between abnormal morphology and OA progression, but not for subtle morphological 

differences. A difference in femoral anatomy, especially with regards to femoral head 

asphericity, has been identified between sexes, where females naturally have more head-

neck offset than males.184 Another important observation has been the variability in normal 

measures of morphology based on alpha angles or head-neck offset values among imaging 

projections and modalities.104; 129; 137; 185-187 

A variety of radiographic views have been identified to provide unique views of the 

cam lesion.138; 188 While each view provides a unique projection of the femoral head, 

several studies have aimed to identify which view provides the optimal view of the femoral 

head to diagnose cam FAIS. Views that produce the highest alpha angle or the alpha angle 

most similar to those from radial slices of 3D images are often preferred as they are thought 

to best capture morphology.137; 141; 189 However, a previous study evaluating 3D femoral 

head shape relative to radiographic measurements indicated that larger alpha angle 
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measurements do not necessarily correlate to the best predictors of 3D shape.78; 104 

While there is little agreement between clinicians on the specific view of choice, 

most agree that a lateral view of the femur provides the best visualization of the 

morphology of the femoral head-neck junction.2; 129 However, the overall morphology of 

cam FAIS may not be accurately represented on a two-dimensional radiograph. This idea 

is in agreement with a previous study, which indicated that measurements of increased 

alpha angle and reduced head neck offset do not correlate well with increased femoral head 

asphericity.104 However, the basis of asphericity measurements lies in the assumption that 

femoral head morphology should be spherical, which is not the case, even among normal 

hips.9; 104 A more objective method to assess the ability of radiographic projections to 

capture 3D shape variation is needed to provide consistency in patient diagnosis.  

More than 35% of asymptomatic young adults have radiographic evidence of cam 

FAI.182 Radiographic prevalence of cam morphology is even higher in athletes, with 60-

75% of asymptomatic athletes having radiographic findings consistent with cam 

morphology without obvious joint space narrowing indicative of OA.54; 190 From the image-

based analysis of cam morphology, the prevalence of cam morphology is common in 

asymptomatic individuals, especially athletes.46; 51; 53-55; 190-192 These factors indicate that 

using current measurement techniques, we may not properly identify the morphological 

features unique to symptomatic hips with cam FAI.53; 54 However, a recent study found that 

even in the absence of pain, cartilage degeneration was found in subjects with cam 

morphology, which could indicate that femoral head asphericity may initiate the 

degeneration associated with OA.193 However, if we do not fully understand the 3D 

morphological signature of cam FAI, asymptomatic morphology may be treated with 
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unnecessary surgery.194 Thus, it has recently been recognized that cam morphology alone 

should not be interpreted as a diagnosis of cam FAIS.2; 24  

To identify morphological differences of the femur associated with this disease, 2D 

and 3D statistical shape modeling (SSM) techniques have been applied to radiographs or 

volumetric images of the hip.78; 195-201 Radiographic based studies were initially used to 

identify altered anatomy of the proximal femur, including regions of the head-neck 

junction, in patients with OA.195-199 While this observation provides further evidence of the 

relationship between altered morphology and OA, it is still unclear whether there are 

specific morphological traits of FAIS patients that lead to pain and tissue degradation long 

before the onset of OA. The shape variations specific to cam FAIS may be subtler than 

those associated with OA, such that radiographic shape analysis may not accurately 

identify abnormal morphology of cam FAIS. For this reason, SSM of 3D image-based 

surface representations has been applied to quantifying femoral morphology in patients and 

asymptomatic control subjects.78; 200; 201 

 

Treatment 

After diagnosis, cam FAIS is often treated first with conservative methods, 

including activity modification, anti-inflammatory medications, or an injection of steroid 

and long-acting anesthetic into the joint. In addition to serving as a possible method of 

treatment, intra-articular injections have also been shown to be a helpful diagnostic tool in 

identifying the pain as intra-articular.68-70 After failed conservative treatment, FAIS is often 

treated surgically with the aim of creating normal morphology so as to improve 

biomechanics and slow or halt further degeneration to the cartilage and acetabular labrum. 
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Insufficient surgical resection may result in residual impingement and require revision 

femoroplasty,202 while too aggressive of a resection may result in iatrogenic femoral neck 

fracture.203 Although only a few iatrogenic fractures have been documented, insufficient 

resection is noted as the leading cause for revision femoroplasty.202-204  

In response to the risk of iatrogenic femoral neck fracture, studies have evaluated 

postoperative strength of the resected femur using both in-vitro and in-silico techniques.205-

208 Importantly though, these studies have used generalized femoral anatomy without 

evidence of a cam lesion, which may not accurately represent the effect of femoral 

resection in cam FAIS patients. In addition to the inherent differences in morphology, 

increased cortical bone density over the region of impingement would likely increase the 

strength of the femoral neck.209; 210 For these reasons, it is important to consider subject-

specific anatomy, including the density and thickness of the cortical bone layer, in the 

analysis of the effect of resection on femoral strength.  

Preoperative computer simulations can be used to identify the region of the femur 

that should be resected to provide the patient with impingement-free range of motion.185; 

186 However, intra-operative imaging provides real-time analysis of whether a resection has 

sufficiently removed the regions of bone responsible for impingement.139 Fluoroscopic 

projections of bony anatomy provide a 2D image of the resultant shape of the femoral neck, 

while intra-operative arthroscope images can be used to assess dynamic motion between 

the femoral head and the labrum. Given these tools, residual impingement continues to be 

the leading cause of revision hip arthroscopy, therefore it is necessary to define surgical 

guidelines for consistent and sufficient bony resection.191; 193 
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Research Goals 

This dissertation is comprised of two major objectives. First, motion capture, DF 

and computer models were used to investigate the pathomechanics of the hip with cam 

FAIS. Second, SSM was applied to gain a deeper understanding of the pathomorphology 

of cam FAIS and the implications to diagnosis and treatment.  

Hip pathomechanics in cam FAIS patients are important to our understanding of 

altered motion patterns and joint loading that may initiate joint degeneration in these 

otherwise healthy individuals.32 Herein, hip kinematics were quantified using DF and skin 

marker motion capture to capture in-vivo joint motion of the hip and whole-body 

kinematics, respectively. During kinematic data capture, ground reaction forces were 

collected from an instrumented treadmill to provide the ability to calculate muscle and joint 

reaction forces using musculoskeletal models. Finally, the kinematic and joint reaction 

force data provide boundary and loading conditions for finite element analysis of subject-

specific hip biomechanics.  

While cam FAIS has been described relative to specific pathomorphology, the 

guidelines used for diagnosis and surgical resection may not be specific, as a large 

population of asymptomatic individuals have cam morphology.182 Statistical shape 

modeling (SSM) provides an objective method to quantify anatomical variation of 

anatomy, specifically of the proximal femur for the quantification of cam morphology. The 

shape statistics from SSM were used to evaluate commonly used radiographic 

measurements to determine the validity of currently used clinical measures, while the 

analysis of cortical bone thickness quantified differences in morphology and provided the 

data necessary to establish surgical resection guidelines.   
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Overall Significance 

In general, our understanding of the natural history of cam FAIS and the etiological 

factors that may lead to early degeneration and the eventual onset of OA is insufficient. 

Over the past decade, there has been a substantial increase in the number of young adults 

treated for morphological hip diseases, including FAIS.6; 7; 211 The prevalence of altered 

femoral head morphology in both young, active individuals and patients with end-stage 

OA is concerning as it presents a potentially grim future for the otherwise healthy person 

with cam morphology. The use of in-vivo kinematics of cam FAIS towards understanding 

subtle differences in motion patterns and to evaluate subject-specific hip contact mechanics 

may provide necessary insight to understand the role of cam morphology in hip joint 

degeneration prior to the onset of OA.  

The relationship between population-based shape metrics of cam FAIS and 

radiographic diagnosis and treatment strategies provide clinically relevant and objective 

data on femoral morphology in cam FAIS. By quantifying the morphology, kinematics, 

and mechanics of cam FAIS, we begin to address the role of morphology and function in 

hip degeneration. Collectively, this research has provided crucial insight on metrics of 

morphology and biomechanics relevant to cam FAIS.  

 

Summary of Chapters 

The first chapter of this dissertation provides the foundation for this research, 

including an introduction to the anatomy, pathology, measures of shape and function, and 

motivation for the specific goals of this research. While it may not discuss all studies 

relevant to hip biomechanics, it does provide the necessary background to review the 
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research herein. 

While many studies have indicated that abnormal articulation may be the cause of 

tissue degeneration associated with cam FAIS, conclusions about altered motion patterns 

have yet to be fully defined.2 For this reason, DF imaging was used to measure in-vivo 

bone motion of the hip for control subjects and cam FAIS patients. Previously, the in-vivo 

kinematic data for control subjects has been combined with whole body skin marker motion 

data to define the accuracy of methods used to estimate the location of the hip joint center, 

to determine the errors associated with soft-tissue artifact, and to understand the 

relationship between bony morphology and motion patterns.89; 90; 94; 157; 158 The comparison 

between hip and pelvic kinematics of cam FAIS patients relative to control subjects is 

included in Chapter 2, which is in preparation for submission to Clinical Orthopaedics and 

Related Research.  

Towards the quantification of cam morphology, SSM has been used to identify the 

specific 3D shape of the proximal femur in these patients.78 Cam FAIS is often diagnosed 

based on a culmination of hip pain, reduced range of motion, and morphological 

measurements from radiographs. Importantly, a large number of asymptomatic individuals 

have cam morphology. For this reason, shape statistics from SSM were used as a reference 

for the evaluation of common clinical radiographic projections for their ability to visualize 

the cam lesion and diagnose cam FAIS. By identifying the radiographic projections that 

provide the best representation of 3D cam morphology, we can provide clinicians with 

improved recommendations for using radiographs in the diagnosis of cam FAIS. Chapter 

3 is under peer review in Clinical Orthopaedics and Related Research. 

In addition to radiographic measurements of morphology, a diagnosis of FAIS 
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requires symptoms, specifically the presence of pain and positive clinical exams. The pain 

of cam FAIS is thought to originate as a result of impingement between the aspherical 

femoral head and the acetabular rim and labrum. Importantly, this impingement may result 

in increased stress over the region of cam morphology, which in turn would lead to bone 

remodeling and increased cortical thickness. To investigate this hypothesis, the inner and 

outer layers of the proximal femoral cortical bone were segmented and reconstructed to 

provide cortical thickness data relative to the surface of the outer cortex. These data were 

input into a statistical shape model of the proximal femur to investigate differences in 

cortical thickness between the two groups. Chapter 4 has been published in the Journal of 

Orthopaedic Research.212 

The cortical thickness data from Chapter 5 was then used to simulate a surgical 

resection of cam FAIS using the thickness of the cortex as a guide for resection depth. After 

the simulated resection, SSM was used to evaluate the shape of the proximal femur in cam 

FAIS patients after the simulated resection relative to control subjects. With the risks of 

residual impingement, the use of an inherent surgical guide of proper resection depth may 

improve patient outcomes and reduce the rate of reoperation. Chapter 5 has been published 

in Clinical Orthopaedics and Related Research.213 

Finally, Chapter 6 reviews the main objectives of this collection of research and 

discusses the ongoing research towards understanding the pathomechanics and 

pathomorphology of cam FAIS. Future research concepts and goals are presented which 

aim improve the impact of future work by streamlining the data collection and processing 

pipelines.  
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CHAPTER 2 

 

ALTERED PELVIC AND HIP JOINT KINEMATICS IN PATIENTS WITH  

CAM FEMOROACETABULAR IMPINGEMENT:  

A DUAL FLUOROSCOPY STUDY 

 

Abstract 

Femoroacetabular impingement syndrome (FAIS) may disrupt hip kinematics, 

resulting in pain and tissue damage. Nearly all kinematic motion studies of FAIS have 

employed skin markers, which are prone to soft tissue artifact errors and inaccurate 

calculation of the hip joint center. This may explain why the evidence linking FAIS with 

deleterious kinematics is contradictory.  

The purpose of this study was to employ dual fluoroscopy (DF) to quantify in-vivo 

kinematics of patients with cam FAIS relative to asymptomatic, morphologically normal 

control subjects during standing, weight-bearing activities of daily living, and functional 

range of motion activities.  

Eleven asymptomatic, morphologically-normal controls and seven cam-type FAIS 

patients were imaged with DF during standing, level walking, inclined walking, internal 

pivot, external pivot and two unweighted activities, abduction and a functional star-arc 

pattern maneuver. Model-based tracking calculated the kinematic position of the hip by 

registering projections of three-dimensional computed tomography models with DF 
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images. 

FAIS patients stood with their hip extended (mean [95% confidence interval], -2.2 

[-7.4,3.1]°, flexion positive), whereas controls were flexed (5.3 [2.6,8.0]°; p = 0.014). 

During level-walking, patients had a maximum external rotation angle (6.0 [0.4,11.7]°, 

external positive) that was greater than controls (-0.7 [-3.7,2.4]°; p = 0.050). Relative to 

their standing position, cam FAIS patients had less posterior pelvic tilt than the control 

subjects during heel-strike of self-selected speed level-walking (-0.3 [-2.5,1.8] vs. -3.7 [-

5.5,-1.8]; p = 0.050) and less peak posterior pelvic tilt during the standardized speed (1.3 

m/s) level walk (-1.0 [-3.8,1.7] vs. -4.4 [-6.0,-2.8]; p = 0.050). Pelvic tilt and obliquity were 

significantly different between self-selected speed level-walking and standing for 0% and 

24% of the gait cycle, respectively for the cam FAIS patients and 35% and 39% of the gait 

cycle, respectively for the control subjects. Conversely for incline gait, pelvic tilt of cam 

FAIS patients was significantly different than standing for 56% of gait, but not for any time 

point of gait for control subjects.  

FAIS patients had less hip internal rotation compared to controls during some 

functional activities. Compared to standing, cam FAIS patients had altered motion in pelvic 

tilt and obliquity during walking. 

Even during submaximal range of motion activities, such as incline walking, 

patients may alter pelvic motion to avoid positions that approximate the cam lesion and the 

acetabular labrum. Conversely, patients may have overall patterns of reduced pelvic motion 

during common activities, like level walking. 
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Introduction 

Cam-type femoroacetabular impingement syndrome (FAIS) is often identified as 

an etiological factor in the development of hip osteoarthritis (OA) and represents a common 

cause of hip pain in young and otherwise healthy adults.1 Cam FAIS morphology is 

described as a femoral head asphericity with reduced head-neck offset over the 

anterosuperior and anterolateral regions of the femoral head-neck junction.2 In addition to 

this morphology, patients with cam FAIS often report pain and reduced range of hip 

motion.3; 4 It is hypothesized that the cam lesion abuts abnormally with and begins to pivot 

about the acetabular rim and labrum after contact, resulting in increased translations within 

the joint, especially during high range of motion activities of flexion and internal rotation.5; 

6 This hypothesis is supported by damage patterns observed in patients with cam FAIS.1  

Many studies have attempted to quantify the kinematics of cam FAIS to assess the 

relationship between cam morphology and limited range of hip joint and pelvic motion, 

but results have been relatively inconsistent. The investigation of kinematics during gait 

has identified a decreased range of motion in one or more planes of motion in patients with 

cam FAIS.7-10 Similarly, limited peak ranges of motion have been reported for cam FAIS 

patients in all planes of motion,11 but these conclusions have not been consistent across 

studies.8; 12 In addition to reduced hip range of motion, several studies have also identified 

reduced pelvic range of motion in cam FAIS patients, primarily in the frontal plane.9; 13 

However, the relationship between altered hip joint and pelvic motion patterns in cam FAIS 

patients has yet to be well defined and the role morphology plays in hip function remains 

poorly understood.  

To combat these issues, several studies have used computer simulations or 
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cadaveric specimens to better understand motion restrictions in the setting of cam FAIS 

using subject-specific morphology of the femur and pelvis. Herein, high range of motion 

activities, such as the anterior impingement exam, can be recreated using a computer model 

in which direct impingement between the femur and pelvis serves as the cause of reduced 

range of motion.14-16 However, these simulations do not incorporate pelvic motion and 

assume direct impingement between the femoral neck and acetabular bone which do not 

represent in-vivo motion patterns.6  

Studying kinematic movement relative to the underlying three-dimensional 

anatomy (i.e., arthrokinematics) may be required to elucidate the pathomechanics of FAIS. 

To this end, we previously developed and validated a dual fluoroscopy (DF) system to 

quantify in-vivo hip arthrokinematics, and found it to be accurate within 0.5 mm and 0.6°.17 

DF has been used to measure arthrokinematics during clinical exams for patients with FAIS 

and during weight-bearing activities of daily living for control subjects.5; 18 However, this 

technology has not been applied to compare hip arthrokinematics between cam FAIS 

patients and controls during weight-bearing activities.  

The purpose of this study was to employ DF to quantify in-vivo kinematics of 

patients with cam FAIS relative to asymptomatic, morphologically normal control subjects 

during standing, weight-bearing activities of daily living, and unweighted functional 

activities. We hypothesized that cam FAIS patients would have reduced hip and pelvic 

peak joint angles and range of motion during dynamic activities.  
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Participants and Methods 

Seven cam FAIS patients (mean (standard deviation); age, 29 (7) years; height, 

179.1 (10.1) cm; mass, 78.9 (15.2) kg; body mass index (BMI), 24.5 (3.2) kg/m2) were 

recruited from the clinic of an orthopaedic surgeon (SKA). Diagnosis of cam FAIS was 

determined based on patient reported symptoms, positive clinical examinations (i.e., 

anterior impingement exam), and confirmation of cam morphology on radiographic images 

in the anteroposterior, modified false profile, and frog-leg lateral positions. Eleven control 

subjects (age, 23 (2) years; height, 173.3 (10.4) cm; mass, 63.8 (10.9) kg; BMI, 21.1 (1.9) 

kg/m2), used for comparison, had been recruited for previous studies evaluating hip joint 

kinematics during weight bearing activities of daily living.18-21 All subjects had no previous 

history of lower limb surgery, a BMI less than 30 kg/m2, a lateral center edge angle between 

20° and 40°, and no radiographic evidence of OA or other anatomical abnormalities. Each 

subject provided informed consent for this Institutional Review Board approved study. 

Subjects were then imaged with computed tomography (CT) and DF to capture in-vivo hip 

kinematics.  

The CT and DF imaging protocols have been previously described.17; 21 Briefly, CT 

images of the pelvis and proximal femur were acquired with a SOMATOM Definition 128 

CT scanner (Siemens AG, Munich, Germany). Images were acquired at 120 kVp, 1.0 mm 

slice thickness, and 200 to 400 mAs with variable fields of view due to subject size.22 The 

proximal femur and pelvis were segmented and reconstructed from CT images (Amira, 

v5.6, FEI, Hillsboro, OR, USA).  

Each subject performed activities of daily living, including standing, level walking 

at a standardized speed (1.3 m/s), level and incline walking at a self-selected speed, internal 
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and external rotational pivots, a functional star-arc maneuver,23 and abduction to 

approximately 45°. The DF system consists of two pairs of x-ray emitters and image 

intensifiers mounted on independent bases and arranged with an overlapping field of view. 

Each subject performed dynamic activities on an instrumented treadmill (Bertec 

Corporation, Columbus, OH, USA) with the hip of interest positioned in the combined field 

of view of the custom DF system (Radiological Imaging Services, Hamburg, PA, USA) 

(Fig. 2.1). Images were captured at 100 Hz while fluoroscopy settings ranged from 78-100 

kVp and 1.9-3.2 mAs with camera exposures of 4.5-7.0 ms. 

CT voxel intensities within each bone were used as input to model-based 

markerless tracking of the DF images.24 Here, projections of each bone were manipulated  

 

 

 

Figure 2.1. Dual fluoroscopy of the left hip of a representative male subject during level 
walking on an instrumented treadmill. Image intensifiers (II) are positioned on the far side 
of the subject, while the beam emitters are in the foreground.  



52 
 

 

in six degrees-of-freedom to simultaneously align with each frame from DF. The spatial 

position of each bone was tracked using bony landmarks over the length of each trial.17 For 

each activity, two trials were captured when possible, but activity level, allotted DF time, 

and image quality limited the ability to capture and analyze activities from some subjects 

(Table 2.1).  

For the walking trials at a self-selected speed, the same treadmill speed was used 

for level and incline walking trials based on the preferred walking speed of the subject.18; 

20 For all walking trials, a single gait cycle was evaluated herein. For rotational pivots and 

abduction, only the position of maximum range of motion was evaluated. For the functional 

star-arc activity, the five positions of the star (1, flexion; 2, flexion-abduction; 3, abduction; 

4, extension-abduction; and 5, extension) and the range of motion during circumduction 

were evaluated while the subject balanced on the contralateral limb. Gait data and data 

from the functional star-arc activity were normalized across subjects for comparison. 

Kinematic data for the controls was previously published,18; 20 while all activities for the 

cam FAIS patients were included herein for the first time.  

 

 

Table 2.1 Participants for each activity, listed by sex. 

Activity 
Cam FAIS 

Patients 
Control 
Subjects 

Neutral Stance 5 M, 2 F 6 M, 5 F 
Level Walk 5 M, 2 F 6 M, 5 F 
Standardized Level Walk 4 M, 1 F 6 M, 5 F 
Incline Walk 5 M, 2 F 6 M, 5 F 
Rotation 5 M, 2 F 6 M, 5 F 
FHJC 4 M, 2 F 5 M, 5 F 
Abduction 4 M, 2 F 4 M, 5 F 
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For this study, kinematic joint angles were presented as raw joint angles between 

the local coordinate systems of the proximal femur and the pelvis and as angles relative to 

the standing position.18 This approach provided data on both the in-vivo joint position and 

the relative relationship between static (i.e., standing) and dynamic motions. Joint 

translation data were evaluated in the local coordinate system of the pelvis, relative to the 

static neutral position, such that values represented the relative movement between the 

femoral head center and the acetabular center. The vertical axis of the lab was projected 

onto the sagittal and coronal planes of the local coordinate system of the pelvis to calculate 

pelvic tilt and obliquity, respectively. The lateral axis was projected onto the horizontal 

plane of the lab to measure pelvic rotation, all pelvic rotation angles were represented 

relative to the average pelvic rotation during the level walking activity at a self-selected 

speed. Joint angles, joint translations, and pelvic rotation angles were calculated using a 

custom script (MATLAB, v9.3.0, MathWorks, Natick, MA, USA).  

Unless otherwise noted, all data were presented as mean [95% confidence interval]. 

Student’s t-tests were used to evaluate mean differences between cam FAIS patients and 

control subjects. The Holm-Bonferroni method was used to correct for multiple 

comparisons, where corrections were applied across directions of motion. For time series 

data, the Benjamini and Hochberg method of false discovery rate was used to correct for 

nonindependence. Correlations were assessed between joint angles and pelvic rotation 

angles. All statistics were completed in MATLAB.  

 

  



54 
 

 

Results 

Standing 

FAIS patients stood with their hip extended (-2.2 [-7.4,3.1]°, flexion positive), 

whereas controls were flexed (5.3 [2.6,8.0]°, p = 0.014). All of the control subjects stood 

in a position of anterior pelvic tilt (9.7 [6.5,13.0]°, anterior tilt positive), while two males 

of the seven cam FAIS patients stood in a position of posterior pelvic tilt which brought 

the mean for the FAIS group into less anterior tilt (5.0 [-2.6,12.5]°), but group differences 

were not significant. For standing, there was a very strong correlation between flexion 

angle and pelvic tilt for cam FAIS patients (r = 0.948) and a strong correlation for control 

subjects (r = 0.720).  

 

Gait Kinematics 

No significant differences were observed in preferred walking speed or cadence 

during any of the gait activities. In particular, cam FAIS patients preferred a walking speed 

of 1.29 [1.13,1.45] m/s at 125 [118,132] steps/min for level walking and 120 [114,126] 

steps/min for incline walking; controls preferred a walking speed of 1.29 [1.22,1.37] m/s 

at 124 [118,131] steps/min for level walking and 122 [113,131] steps/min for incline 

walking.  

During level walking, cam FAIS patients had greater overall external rotation (p = 

0.050), but did not have less internal rotation (p = 0.063) (Fig. 2.2). While differences were 

not significant, cam FAIS patients appeared in more external rotation and extension with 

more posterior pelvic tilt and greater lateral translations when compared to controls 

throughout the gait cycle (Fig. 2.3).  
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Figure 2.2. Peak joint angles, joint translations, and pelvic rotation angles during self-
selected speed level walk (top), standardized speed level walk (middle), and self-selected 
speed incline walk (bottom). Significant differences between control subjects and cam 
FAIS patients are indicated with an asterisk (*). 
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Figure 2.3. Hip joint angles and pelvic rotation angles for control subjects and cam FAIS 
patients during self-selected speed level walking. Solid line indicates mean, while the semi-
transparent band represents the 95% confidence interval.  
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Abduction range of motion was strongly correlated to the range of pelvic obliquity 

during all gait activities, though not all correlations were significant (Table 2.2). Flexion 

angle was very strongly correlated to pelvic tilt during heel-strike and toe-off of both self- 

selected and standardized speeds of level gait for cam FAIS patients and during toe-off at 

self-selected speed for control subjects. At heel-strike, hip rotation angle and pelvic 

rotation angles were strongly correlated for cam patients for level gait and for control 

subjects for incline gait (Table 2.2). No differences were observed between cam FAIS  

 

 

Table 2.2 Correlation between joint angle range of motion and pelvic rotation range of 
motion. 

 

Activity Correlation Group Flexion - Tilt 
Abduction - 
Obliquity 

Joint Rotation 
- Pelvic 
Rotation 

Level Walk 

Heel-Strike Cam 0.932 * -0.895 * -0.868 * 
 Control 0.526 -0.356 -0.206 

Toe-Off Cam 0.976 * -0.801 -0.480 
 Control 0.796 * -0.381 0.136 

Range of 
Motion 

Cam 0.368 0.832 * 0.180 
Control 0.660 * 0.747 * 0.463 

Standardized 
Level Walk 

Heel-Strike Cam 0.958 * -0.871 -0.779 
 Control 0.693 -0.647 -0.451 

Toe-Off Cam 0.959 * -0.687 0.678 
 Control 0.656 -0.659 -0.506 

Range of 
Motion 

Cam 0.477 0.871 0.268 
Control 0.457 0.735 * 0.573 

Incline Walk 

Heel-Strike Cam 0.745 -0.801 -0.730 
 Control 0.575 -0.650 -0.711 * 

Toe-Off Cam 0.655 -0.500 -0.237 
 Control 0.632 -0.710 * -0.532 

Range of 
Motion 

Cam -0.739 0.734 0.825 * 
Control 0.117 0.867 * 0.376 

*Correlations significant at the p<0.05 level. 
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patients and control subjects in joint angles or translations for range of motion (Fig. 2.2) or 

at the position of interest for the rotational pivots and functional activities (Table 2.3). 

 

Hip Kinematics Relative to Standing 

During heel-strike of level walking, patients had less posterior pelvic tilt relative to 

their position during standing than did control subjects (-0.3 [-2.5,1.8]° vs. -3.7 [-5.5,-1.8]°; 

p = 0.050). Overall, FAIS patients also had less relative posterior pelvic tilt during the 

standardized speed level walk compared to controls (-1.0 [-3.8,1.7]° vs. -4.4 [-6.0,-2.8]°; p 

= 0.050).  

Relative to standing and compared to control subjects, cam FAIS patients were in  

 

 

Table 2.3 Hip joint angles during standing and the maximum range of motion for the 
internal and external rotational pivot.  

 
Activity Joint Angle Control (°) Cam (°) p val 

Standing Ex(-)/ Fl(+) 5.3 [2.6,8.0] -2.2 [-7.4,3.1] .014 

 Ad(-)/ Ab(+) 3.1 [1.5,4.7] 0.8 [-3.1,4.7] .325 

 In(-)/ Ex(+) Rot -10.3 [-14.7,-5.9] -6.2 [-15.4,2.9] .325 
Internal 
Pivot Ex(-)/ Fl(+) 25.5 [21.0,29.9] 19.2 [14.4,24.0] .150 

 Ad(-)/ Ab(+) -4.2 [-7.2,-1.2] -4.0 [-9.2,1.1] .941 

 In(-)/ Ex(+) Rot -39.4 [-45.8,-33.1] -31.8 [-38.7,-24.9] .179 
External 
Pivot Ex(-)/ Fl(+) 2.0 [-2.9,6.9] -1.4 [-7.6,4.9] -- 

 Ad(-)/ Ab(+) 2.5 [-0.1,5.1] 2.1 [-3.0,7.1] -- 

 In(-)/ Ex(+) Rot 25.9 [17.8,34.1] 25.8 [17.3,34.3] -- 
--p value of 1.0 after correction for multiple comparisons. 
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more abduction (27.3 [22.5,32.1]° vs. 18.9 [14.3,23.6]°; p = 0.046), with more anterior 

pelvic tilt (6.6 [1.8,11.4]° vs. 1.7 [0.2,3.2]°; p = 0.030) and upward obliquity (13.1 

[10.5,15.6]° vs. 10.2 [9.0,11.5]°; p = 0.033) during position 3 (abduction) of the functional 

star-arc activity. FAIS patients were also in less extension during position 5 (extension) 

when compared to controls (-2.1 [-8.0,3.7]° vs. -9.6 [-12.5,-6.7]°; p = 0.024). 

 

Dynamic Pelvic Motion 

During both standardized and self-selected speeds of level walking, dynamic pelvic 

tilt and obliquity were significantly different from pelvic tilt and obliquity of standing for 

less of the gait cycle for cam FAIS patients when compared to control subjects, who had 

significant differences during loading response, pre-swing, and terminal swing (Table 2.4). 

While pelvic obliquity had the same trends during incline gait, pelvic tilt in cam FAIS 

patients was significantly different than tilt during standing for more of the incline gait 

cycle, predominantly during the swing phase (Table 2.4). Differences between pelvic 

rotation during standing and gait were only found during incline gait (Table 2.4). 

While no significant differences in pelvic tilt were observed during the functional 

star-arc activity, FAIS patients had consistent patterns of increasing followed by decreasing 

pelvic tilt, obliquity, and rotation during the arc (circumduction) portion of the activity 

(Fig. 2.4). Qualitatively, the control subjects had more variability in subject-specific 

patterns of pelvic motion during circumduction of the functional star-arc activity.  
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Table 2.4 Percent of gait cycle that the pelvic position was significantly different than 
during stance. 

Activity Pelvic Angle Cam FAIS Control 

Level Walk 

Tilt 0% 35%  
(1-20, 54-60, 93-100%) 

Obliquity 24%  
(55-78%) 

39%  
(8-19, 54-80%) 

Pelvic Rotation 0% 0% 

Standardized 
Level Walk 

Tilt 0% 49%  
(1-21, 41-57, 90-100%) 

Obliquity 8%  
(64-71%) 

59%  
(9-23, 54-98%) 

Pelvic Rotation 0% 0% 

Incline Walk 

Tilt 56%  
(30-41, 55-98%) 0% 

Obliquity 16%  
(57-71%) 

69%  
(1-22, 44-81, 92-100%) 

Pelvic Rotation 23%  
(77-99%) 

33%  
(1-6, 74-100%) 

Values in parenthesis represent the specific periods of gait where the pelvic position was 
significantly different than pelvic position during stance. 
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Figure 2.4. Hip joint angles and pelvic rotation angles for control subjects and cam FAIS 
patients during the functional star-arc activity. The five star positions are labeled 
numerically: 1, flexion; 2, flexion-abduction; 3, abduction; 4, extension-abduction; and 4, 
extension. The arc (circumduction) portion of the activity is indicated by a light gray 
vertical band. Solid line indicates mean, while the semi-transparent band represents the 
95% confidence interval. 
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Discussion 

We employed DF to quantify in-vivo kinematics of patients with cam FAIS relative 

to asymptomatic, morphologically normal control subjects during standing, weight-bearing 

activities of daily living, and unweighted functional activities. Cam FAIS patients stood 

with more extension and walked with more external rotation during self-selected speed 

level walking, but additional kinematic deviations were not found. While overall pelvic 

range of motion was not different between patients and controls, we observed reduced 

pelvic motion in cam FAIS patients during gait relative to their standing position when 

compared to control subjects. Thus, aside from peak external rotation during level walking, 

hip kinematics were not different in patients with cam FAIS. However, our results suggest 

that treatment strategies aimed at increasing dynamic pelvic motion during daily activities 

like level walking could benefit patients with cam FAIS.  

This study was not without limitations. First, only a limited number of subjects 

were recruited and analyzed. While we were still able to detect significant differences in 

gait patterns and pelvic motion between the cam FAIS patients and control subjects, 

additional differences in external rotation and flexion would likely have been observed 

with a larger sample size. Thus, our results should be viewed in the context of a preliminary 

study. Second, only a single gait cycle or activity was analyzed for each subject. While 

multiple gait cycles and activities were captured and analyzed as allowed by subject 

activity level, allotted DF time, and image quality, the high accuracy and low bias of DF 

reduces the need to average results across gait cycles.17 Third, along these lines, the use of 

DF and CT exposed subjects to ionizing radiation. The radiation exposure for the subjects, 

including CT and DF, was 10.72 mSv. This amounts to 21% of the annual exposure limit 
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for a radiation worker, or nearly three years of background radiation in the Salt Lake City, 

Utah area.25 The reader should also note that the annual dose limit for the general public 

from licensed operation is 1.0 mSv,26 but this limit excludes background radiation and 

voluntary participation in medical research studies.  

To our knowledge, this is the first study to evaluate in-vivo kinematics of patients 

with cam FAIS during weight-bearing activities of daily living. Consistent with previous 

studies evaluating kinematics and range of motion in cam FAIS patients, we observed no 

differences in cadence between cam FAIS patients and controls.9 While previous studies 

have reported reduced peak internal rotation, we found instead that cam FAIS patients have 

greater external rotation during level walking.7; 10; 11 The difference in measures of 

transverse plane kinematics is likely due to the effect of soft tissue artifact. In particular, 

soft tissue artifact can cause errors on the order of 20° when estimating kinematics in the 

transverse plane.18 Previous studies have observed limited sagittal range of motion or 

reduced peak extension in FAIS patients during weight-bearing activities.7; 9-13 However, 

we did not consistently observe differences in sagittal range of motion when using DF 

during the same activities. Without subject-specific bony anatomy of the pelvis, it is 

difficult to measure in-vivo pelvic tilt, therefore the altered sagittal pelvic tilt may have 

instead appeared as overall reduced hip range of motion in the sagittal plane with the use 

of skin marker motion analysis, as previously reported.7; 9-13 While not significant, cam 

FAIS patients had trends of reduced peak downward obliquity which could manifest as 

reduced pelvic obliquity range of motion as has previously been observed during level 

gait.9 Interestingly, we found no significant differences in range of motion even during the 

high range of motion rotational pivots. This finding may be the result of joint mobility 
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limitations, as both subject cohorts had large intersubject variability indicating that bony 

morphology may not be the only factor responsible for changes in range of motion.  

Previous reports of patients with FAIS, hip OA, and lower back pain have reported 

reduced pelvic range of motion.9; 13; 27; 28 While we did not explicitly identify any reductions 

in pelvic range of motion, we did find that when compared to control subjects, cam FAIS 

patients had reduced pelvic tilt during level gait relative to their standing position. 

Interestingly, this was not true for incline gait, which may indicate that patients with FAIS 

move with reduced pelvic range of motion as a result of altered stability strategies during 

regular tasks. Conversely, for more challenging or irregular tasks, like incline walking or 

circumduction (Fig. 2.4), patients may compensate with increased pelvic motion to avoid 

positions that approximate the cam lesion and the acetabular labrum.  

Our study findings are important, as they provide calculations of in-vivo pelvic and 

hip joint motion of FAIS patients during activities of daily living and functional range of 

motion activities relative to subject-specific morphology. Our results represent active 

motion patterns that are free from errors associated with soft tissue artifact. Further, we did 

not have to assume generic morphology or motion patterns when evaluating kinematics, as 

we directly measured in-vivo bone motion based on anatomical landmarks specific to each 

individual. Given the use of subject-specific morphology and in-vivo kinematics, we still 

did not find consistent reductions in peak joint angles or range of motion, indicating that it 

is likely that the effect of FAIS morphology on daily motion patterns is minimal. 

Nevertheless, reduced pelvic motion may play a role in this disease.  

In conclusion, our findings agree with those previous studies that concluded that 

the kinematic effects of cam FAIS are minimal during weight-bearing activities and 
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highlight the possible importance of reduced pelvic range of motion in patient populations 

with hip pain. Future studies should investigate altered pelvic relative to femur-labrum 

approximation to understand whether these differences are compensatory strategies to 

minimize pain. 
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CHAPTER 3 

 

HOW WELL CAN 2D RADIOGRAPHIC MEASUREMENTS OF CAM 

FEMOROACETABULAR IMPINGEMENT DESCRIBE THE  

3D SHAPE OF THE PROXIMAL FEMUR? 

 

Abstract 

Many two-dimensional (2D) plain films are used in the diagnosis of cam 

femoroacetabular impingement (FAI), but there is little consensus as to which of these 

views best visualizes the pathomorphology of the femur. Previous studies have evaluated 

2D radiographic measurements from plain films against measurements from computed 

tomography (CT) or magnetic resonance images (MRI) as a reference standard. However, 

these reference images have often utilized 2D image slices instead of 3D surface data, 

which may not accurately describe the magnitude and extent of the cam lesion and 

associated asphericity of the femoral head. 

The purpose of this study was to use digitally reconstructed radiographs (DRRs) 

and statistical shape modeling (SSM) to determine how well 2D radiographic 

measurements of cam FAI predict 3D metrics of proximal femoral shape and identify the 

combination of radiographic projections that best describe 3D shape of the proximal femur.  

Femur surface reconstructions from 37 cam FAI patients (34 males) and 59 

controls (36 males) were generated from CT images. Surfaces were input to SSM, which 
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objectively calculated a 3D shape score for the entire proximal femur and for a region 

representing only the cam lesion. DRRs for eight views were generated from CT data and 

measurements of the alpha angle and head-neck offset were acquired from each projection. 

Relationships between radiographic measurements from each DRR projection and the 3D 

shape scores (for the entire proximal femur and for the region specific to cam lesion) were 

assessed with linear correlation. Additionally, partial least squares (PLS) regression 

determined which combination of projections and measurements best-predicted 3D shape 

scores. 

Correlations between radiographic measurements and 3D shape scores were 

strongest for alpha angle measurements on the cross-table view for the entire proximal 

femur (r = -0.568, p < 0.001) and on the Meyer lateral view for the region of the cam lesion 

(r = -0.669, p < 0.001). PLS demonstrated that DRR measurements from the Meyer lateral 

and 90° Dunn radiographs produced the optimized regression model for predicting shape 

scores for the proximal femur (R2 = 0.394) and the region of the cam lesion (R2 = 0.496). 

Interestingly, views with larger differences in alpha angle and head-beck offset between 

control and cam FAI groups did not did not have the strongest correlations with 3D shape. 

Considered together, radiographic measurements from the Meyer lateral and 90° 

Dunn views provided the most effective predictions of 3D shape as determined using SSM. 

However, the alpha angle and head-neck offset measurements from these views described 

less than half of the overall variation in 3D anatomy of either the entire proximal femur or 

the region of the cam lesion. Furthermore, the magnitude of these radiographic 

measurements was not necessarily a strong predictor of the severity of the cam lesion. 

Clinicians should consider that 2D radiographic measurements alone may be 
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inadequate to fully-appreciate the shape of the cam lesion. Additionally, radiographic 

projections that result in greater differences in alpha angle and head-neck offset 

measurements between cam FAI patients and control subjects may not necessarily provide 

better visualization of the cam lesion. 

 

Introduction 

Cam-type femoroacetabular impingement (FAI) is now recognized as a major 

etiological factor in the development of hip osteoarthritis (OA) and represents a common 

cause of hip pain.1 Morphologically, cam FAI presents as femoral head asphericity with 

reduced head-neck offset. The region of asphericity is often referred to as the cam lesion 

and is generally located in the anterosuperior and anterolateral regions of the proximal 

femur. Surgical treatment of cam FAI aims to resect the lesion and alleviate symptoms. As 

such, an accurate assessment of the severity of the deformity (i.e., magnitude and location 

of the cam lesion) is important for preoperative planning.2-4 A multitude of two-

dimensional (2D) plain films have been described for this purpose, but there lacks 

consensus as to which views are best for evaluating the cam lesion.5-8  

Previous research has attempted to identify which plain film views best describe 

the three-dimensional (3D) anatomy of hips with and without cam FAI. Specifically, 2D 

plain film measurements were compared to those from the reference standard, which 

included either computed tomography (CT) or magnetic resonance images (MRI).3; 7-12 

Most measurements of CT and MRI were obtained from single image slices, acquired in 

either standard (axial, coronal, or sagittal) or radially reformatted planes.3; 7-12 However, 

there is no guarantee that these 2D image slices capture the cam lesion such that the apex 
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is aligned with the imaging plane.  

Volumetric CT and MRI data can be reconstructed into 3D surface models of the 

hip, but in practice, it is difficult to extract quantitative measurements of these 

reconstructions using standard clinical metrics, and thus most are only qualitatively 

analyzed in a clinical setting. Statistical shape modeling (SSM) objectively quantifies 3D 

anatomic shape using reconstructions from CT or MRI and provides a technique to 

investigate clinical treatment strategies.13; 14 We recently published an SSM study that 

described a method to assign a 3D shape score to each individual subject relative to the 

shape variation between the control and cam FAI groups.14 Regressions between 

measurements of the alpha angle and head-neck offset from plain film views and 3D shape 

scores calculated objectively by SSM could identify which radiographic views and 

associated measurements best describe the true shape of proximal femur.  

The purpose of this study was to use digitally reconstructed radiographs (DRRs) 

and SSM to determine how well 2D radiographic measurements of cam FAI predict 3D 

metrics of proximal femoral shape and identify the combination of radiographic projections 

that best describe 3D shape of the proximal femur. Anecdotally, we have observed 

considerable variation in the magnitude and location of the cam lesion across patients at 

the time of surgery. Thus, we hypothesized that 2D radiographic measurements from each 

plain film would not be strongly correlated to the 3D shape score, but that the use of 

multiple plain film views and associated measurements would improve the prediction of 

3D shape scores calculated by SSM. 
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Participants and Methods 

A total of 59 control subjects, including both living subjects and cadaveric 

specimens (36 males; age, mean: 29, range: 15-55) were included. Living subjects provided 

informed consent and were prospectively recruited between April 2008 and September 

2014 with IRB approval.13-16 Fourteen of 43 living control subjects and 29 of 59 cadaveric 

specimens were excluded for having anatomy of FAI or acetabular dysplasia, as evaluated 

using an anteroposterior radiograph for live subjects and a DRR in the frog-leg position for 

cadaveric specimens, leaving 59 controls in total. Thirty-seven nonconsecutive patients 

with cam FAI (34 males; age, mean: 27, range: 16-47), were recruited for convenience on 

the basis of radiographic findings of cam FAI and positive clinical examinations, as 

assessed by an orthopaedic surgeon with more than 10 years of experience treating FAI.  

We leveraged previously-published participants for the current study. In particular, 

28 out of the 37 patients and 45 out of the 59 controls were scanned with CT for SSM 

studies aimed at quantifying the distribution of cortical bone thickness in the proximal 

femur14 and the ability of virtual resections to restore femoral shape.13 Furthermore, 14 

control subjects were previously scanned with CT for unrelated dual fluoroscopy motion 

analysis studies.15; 16 The remaining 9 cam FAI patients were scanned for the purpose of 

completing the present study. 

Computed tomography images of the proximal femur of all subjects were acquired 

using a previously described protocol17 with a SOMATOM Definition1 128 CT scanner 

(Siemens AG, Munich, Germany) (29 control subjects, 24 patients with cam FAI), 

HiSpeed1 CTi Single Slice Helical CT scanner (GE Healthcare, Chicago, IL, USA) (30 

control cadaver femurs), or LightSpeed1 VCT1 scanner (GE Healthcare) (13 patients with 
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cam FAI). Images were acquired at 100 to 120 kVp, 512 x 512 acquisition matrix, 0.625 

to 1.0 mm slice thickness, 0.9 to 1.0 pitch, and 100 to 200 mAs with variable fields of view. 

The proximal femur was segmented from upsampled CT images (Amira, v5.6, FEI, 

Hillsboro, OR). DRRs were generated by projecting the CT image data of the femur (Fig. 

3.1) to create eight plain film views described in the literature (Fig. 3.2).5; 6; 18-22 A series 

of rotation angles was applied to each femur to generate consistent femur positioning for 

each DRR (Table 3.1). From each radiographic view, measurements of alpha angle and 

head-neck offset (Fig. 3.1)22; 23 were obtained by two orthopaedic researchers with one to 

four years of experience with medical imaging using a custom code written in Matlab (v. 

7.10, Natick, MA, USA). Researchers were blinded as to whether the images were from a 

control subject or an FAI patient. 

Segmentations of 3D CT images were used to reconstruct surfaces of the proximal 

femur (Fig. 3.1). Femur surfaces were preprocessed for the SSM pipeline using the 

ShapeWorks command line tools (University of Utah, Salt Lake City, UT).14 

Correspondence points were automatically placed and optimized to be evenly spaced and 

located in the same relative anatomic position across subjects. The mean control and mean 

cam FAI femur correspondence point locations were used to define the spectrum of shape 

variability.14 Subject correspondence point locations were then mapped onto this spectrum 

to determine the individual shape scores.14 The assignment of shape scores was repeated 

for the subset of correspondence points that represented the region of the cam lesion, as 

defined by a difference in mean shapes greater than 1 mm.14 Computer-generated femur 

surfaces were reconstructed for the mean cam FAI patient, the mean control subject, and 

to represent integer shape scores of the population between -4 and +4. The shape distance  
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Figure 3.1. Flowchart of the methodological pipeline that included statistical shape 
modeling (SSM) and analysis of radiographic measurements used in the diagnosis of cam 
femoroacetabular impingement (FAI). Both cam FAI and control subjects were considered. 
For each subject analyzed, images from computed tomography (CT) were segmented to 
isolate the proximal femur. Reconstructed surfaces were input to SSM. Digitally 
reconstructed radiographs (DRRs) were then generated to represent eight plain film views 
commonly obtained in patients with suspected cam FAI. The DRRs were generated by 
projecting the CT image stack, including only the pixel intensities within the proximal 
femur, at fixed rotation angles (Table 3.1). Alpha angle and head-neck offset measurements 
were obtained on each DRR. Partial least squares regression was performed between the 
radiographic measurements and shape score to determine which radiographic view(s) and 
associated alpha angle and head-neck offset measurements best described the three-
dimensional shape score calculated by SSM. 
  



76 
 

 

 

 

Figure 3.2. Digitally reconstructed radiographs (DRRs) of the eight views analyzed. The 
DRRs shown are from a representative cam femoroacetabular impingement patient (26 
year old male). 
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Table 3.1 Femur positioning for the digitally reconstructed radiographs representing eight 
plain film views. 

Radiographic View Flexion Abduction 
External 
Rotation Reference 

Antero-posterior 0° 0° -15° 18 
Meyer Lateral 25° 20° 0° 5 
45° Dunn (Neutral) 45° 20° 0° 19 
Espié Frog-leg 45° 45° 30° 20 
Modified 45° Dunn 45° 20° 40° 6 
Frog-leg Lateral 45° 0° 60°* 21 
90° Dunn 90° 20° 0° 19 
Cross-table 0° 0° -15°** 22 
* External rotation angle was applied about the inferior superior axis of the 
body, not the femur. 
** Inferomedial projection used for this view. 
 

 

 

between the mean shapes was mapped onto the mean cam FAI femur to provide 

visualization of shape variation relative to the anatomy. The rotations used for the DRR 

projections were applied to this mapped surface to visualize how cam FAI anatomy was 

captured on each radiographic view.  

The assumption that data were normally distributed was tested using the Shapiro-

Wilk test. Those data that were normally distributed were represented as mean ± standard 

deviation, while non-normally distributed data were represented as median (interquartile 

range). The repeatability of alpha angle and head-neck offset measurements was 

determined using a two-way consistency calculation of intra-class correlation coefficient 

(ICC).24; 25 Measurements were averaged between the two observers for all other statistical 

analyses. An unpaired Student’s T test was used to compare measurements between 

groups. Spearman’s rank-order correlation coefficient was used to evaluate the relationship 

between each individual radiographic measurement and the shape score. The Holm-
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Bonferroni adjustment method corrected for multiple comparisons. Corrected p values less 

than 0.05 were used to identify significance. All statistical analyses were completed in R 

(v3.4.1).26  

Partial least squares regression (PLS) was used to determine the set of radiographic 

views and associated measurements that best represented the shape scores of the proximal 

femur and the shape scores of the region of the cam lesion as quantified using SSM.27 

Leave-one-out cross-validation was used to calculate the predictive power of the model; 

components with goodness of prediction values (Q2) greater than 0.0975 were kept in the 

model and the number of factors was determined to maximize the coefficient of 

determination (R2) and minimize the number of radiographic views.27 The variable 

influence on projection (VIP) was used to evaluate the relevance of each measurement in 

the explanation of the shape scores.  

 

Results 

The DRR-based radiographic measurements of the two groups were significantly 

different for all eight alpha angle measurements and seven of the head-neck offset 

measurements; the standard frog-leg lateral view head-neck offset measurement was not 

significantly different between groups (Table 3.2). The largest difference in measurements 

between groups was observed on the Meyer lateral for alpha angle and the 90° Dunn for 

head-neck offset (Table 3.2). Excellent inter-rater reliability was observed on all alpha 

angle measurements (ICC range: 0.80–0.94) and three head-neck offset measurements 

(anteroposterior, Espié frog-leg, and modified 45° Dunn; ICC range: 0.78–0.80), good 
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agreement on four head-neck offset measurements (Meyer lateral, frog-leg lateral, 90° 

Dunn, cross-table; ICC range: 0.64–0.72), and fair agreement on one head-neck offset 

measurement (45° Dunn, ICC = 0.42).  

The mapping of the surface distance between the mean cam FAI and the mean 

control femurs from SSM provided clear visualization of the average location and 

magnitude of the cam lesion (Fig. 3.3, with the darkest red indicating the region of largest 

deviation). For many of the views, the positioning of the femur did not allow for 

visualization of the maximum deviation of the cam lesion (Fig. 3.3). Specifically, some 

radiographic projections, such as the anteroposterior or cross-table views, appeared more 

likely to position the cam lesion out of plane with the plain film projection.  

The shape scores were significantly different between groups (cam: -1.0 ± 1.8 vs. 

control: 1.0 ± 1.7; p < .0001). The range of shape scores from SSM was wider for the cam 

group than the control group indicating larger shape variability (cam, range: -4.4 to 3.4 

compared to controls, range: -2.3 to 4.5). Computer-generated femur reconstructions for 

the integer shape scores showed variability in both the femoral head-neck junction and the 

posterosuperior greater trochanter (Fig. 3.4).  

All correlations between shape scores and 2D radiographic measurements were either weak 

or moderate (Table 3.3). The cross-table alpha angle and modified 45° Dunn head-neck 

offset provided the strongest correlations with proximal femur shape, while the Meyer 

lateral alpha angle and neutral 45° Dunn head-neck offset provided the strongest 

correlations with the shape of the isolated cam lesion (Table 3.3).  

Results from PLS regression indicated that combined radiographic measurements 

from the Meyer lateral and 90° Dunn radiographs most effectively described femur shape, 
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Figure 3.3. The mean cam femur from statistical shape modeling was aligned to the 
orientation of the eight digitally reconstructed radiographs to visualize the location and 
magnitude of the cam lesion relative to the imaging plane. The color map represents the 
spatial distance between the mean cam and mean control surface reconstructions.  
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Figure 3.4. Computer-generated femur surface reconstructions representing the spectrum 
of variability in proximal femoral anatomy as calculated from statistical shape modeling. 
The correspondence points of each subject femur were mapped onto the spectrum of shape 
variation to generate a subject-specific shape score. Horizontal lines identify the standard 
deviation of shape scores for the femur shapes of the cam patients (magenta) and control 
subjects (green). Negative shape scores indicate shapes that resemble cam femurs, while 
positive shape scores indicate shapes that resemble control femurs. Along the spectrum, 
shape variation in the head-neck junction can be seen in both the superior view (top) and 
the anterior view (bottom), while variation of the greater trochanter is best seen in the 
superior view. 
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including both the shape of the overall proximal femur and of the isolated cam lesion (Q2 

= 0.446) (Table 3.4). In this combined model, the relative shape of the isolated cam lesion 

was better predicted from radiographic measurements (R2 = 0.497, Q2 = 0.507) than the 

overall shape of the proximal femur (R2 = 0.372, Q2 = 0.384). Substitution of the cross-

table for the 90° Dunn provided similar predictability, with variations in R2 < 0.01. The 

combined regression model was improved slightly with the addition of the cross-table (Q2 

= 0.456) and diminished with the inclusion of the anteroposterior view (Q2 = 0.386).  

 

Discussion 

We quantified the ability of various radiographic projections and associated 2D 

measurements of femoral head asphericity to describe the 3D shape score of the proximal 

femur, as determined from SSM. The best predictive model included the alpha angle and 

head-neck offset measurements from the Meyer lateral and 90° Dunn radiographs, thus 

confirming our hypothesis that 2D radiographic measurements from more than one view 

would be necessary to predict 3D shape. The predictability of the model was improved 

with the addition of the cross-table view; however, to minimize the number of radiographs 

and avoid concerns of poor image quality due to projection angle,6 the cross-table view 

was not included in the final regression model.  

This study was not without limitations. First, we used radiographic measurements 

to screen control subjects, yet morphologic features found in symptomatic cam FAI 

patients are prevalent among asymptomatic individuals.28 Thus, our results should be 

interpreted with caution, as shape score values would change if asymptomatic controls with 

FAI morphology were included. Many previous studies evaluating the relevance of 
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Table 3.4 Partial least squares regression model coefficients and variable influence on 
projection values for the optimized model predicting the shape score from statistical 

shape modeling relative to the entire proximal femur and the region specific to the cam 
lesion. 

 Alpha Angle  Head-neck Offset 
 PLS Coefficient   PLS Coefficient  

DRR View 
Proximal 

Femur 
Cam 

Lesion 
VIP 

 
Proximal 

Femur 
Cam 

Lesion 
VIP 

Meyer Lateral -0.229 -0.261 1.14  0.162 0.185 0.81 
90° Dunn -0.235 -0.268 1.18  0.161 0.184 0.81 
PLS, partial least squares; DRR, digitally reconstructed radiograph; VIP, variable 
influence on projection 
 

 

 

radiographic measurements did not include control subjects 8-12. We included controls 

herein to evaluate regressions over a wide range of radiographic measurements. A majority 

of our recruited cam FAI patients were males which may affect the distribution of shape 

scores. However, cam FAI occurs more frequently in males, and therefore our results 

represent the population of interest.29 A potential second limitation was that we used DRRs 

in-lieu of standard plain films; DRRs do not visualize soft-tissue bulk surrounding the hip, 

making them appear different than standard plain films. Nevertheless, DRRs have been 

shown to be a valid surrogate for plain films,7 and are advantageous in that they can be 

generated consistently, thereby eliminating variability associated with positioning of the 

patient and/or radiographic equipment. Importantly, the ICC values for the measurement 

of alpha angle and head-neck offset on the DRRs were as good or better than those 

previously reported when measuring standard plain films.21; 30; 31  

To our knowledge, this is the first study to use regression analysis to identify which 

radiographic views and associated 2D measurements provided the best predictors of 3D 
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femur shape as quantified using SSM. A previous study by Harris et al. evaluated the 

relationship between alpha angles and head-neck offset measurements obtained on the 

frog-leg lateral view to results from principal component analysis of SSM data from cam 

FAI and control hips using linear correlation.32 Harris et al. found moderate to weak 

correlations between 2D radiographic measurements of femoral shape and the first three 

principal component loading values from SSM,32 which aligns with the moderate 

correlations we found between radiographic measurements and shape scores. Other studies 

have evaluated measurements from plain films and 2D slices from standard or radial 

reconstructions of CT or MRI in an attempt to identify the optimal plain film views.3; 7-12 

For example, Nepple et al. evaluated the sensitivity and specificity of cam FAI diagnosis 

based on the anteroposterior, 45° Dunn, frog-leg lateral, and cross-table views relative to 

measurements from radial CT images.11 Based on their analysis, Nepple et al. 

recommended a set of three plain films, including the anteroposterior, 45° Dunn, and frog-

leg lateral, be used in clinical decision-making. In contrast, none of the three views 

identified by Nepple et al. were used to predict 3D shape in our PLS regression model, and 

the one view they excluded, the cross-table, slightly improved predictability when added 

to our two radiograph model. These discrepancies are likely due to the fact that Nepple et 

al. used 2D measurements of radial images as the reference standard, whereas we used 3D 

shape scores quantified with SSM.  

Importantly, measurements from radial imaging are often used as a reference 

standard, yet these measurements are still based on a single, 2D image slice, which likely 

does not capture the true 3D shape of the cam lesion. For example, 30° radial slices on a 

femoral head with a radius of 20 mm would be separated by 10.5 mm on the femoral 
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surface. When correlating alpha angle measurements from plain films and radial CT images 

to measurements of 3D femoral head asphericity (i.e., deviation from best-fit sphere), 

Harris et al. found the modified 45° Dunn and cross-table views to be more strongly 

correlated to 3D asphericity measurements than any of the radial reconstructions.7 Thus, in 

contrast to previous reports,8-10 radial imaging may not serve as a good reference standard 

with which to evaluate the shape of the proximal femur.  

Clinicians often obtain multiple radiographs of the hip to provide evaluations of hip 

pathologies, acetabular coverage, and degree of degeneration. One of the most commonly 

used radiographs is the anteroposterior radiograph. For this reason, measurements from the 

anteroposterior radiograph were incorporated into the regression model with the Meyer 

lateral and 90° Dunn radiographs. However, the inclusion of measurements from this third 

view actually reduced the predictability of the model from Q2 = 0.446 to Q2 = 0.386. As 

such, the use of measurements from this and other views should focus on the overall 

assessment of the hip joint and not on the assessment of cam FAI.  

Our study findings are important, as they question the assumption that radiographic 

projections that result in higher alpha angle measurements and greater differences in 

measurements between patients with cam FAI and control subjects are better projections 

for visualizing the cam lesion. Specifically, as we showed herein, some of the radiographic 

projections that best represented the 3D shape score had some of the smallest alpha angle 

or largest head-neck offset measurements (e.g., 90° Dunn). Similarly, large differences in 

measurements were observed between the cam and control groups on the Espie frog-leg 

and modified 45° Dunn radiograph, yet these views were not identified through PLS 

regression as being predictive of 3D shape scores of the proximal femur.  
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In conclusion, the combined alpha angle and head-neck offset measurements from 

the Meyer lateral and 90° Dunn radiographic views provided the most effective predictions 

of 3D shape of the proximal femur. Therefore, we recommend that clinicians use these 

views when evaluating patients with clinical symptoms consistent with a diagnosis of cam 

FAI. However, these views were still only able to describe less than half of the actual 

anatomic variation observed for the proximal femur. Thus, 3D reconstructions generated 

from CT or MRI data may better visualize femoral morphology. However, to our 

knowledge, clinical tools that extract measurements of 3D hip shape are not readily 

available. As such, future work should focus on refining the SSM software such that it can 

be used to objectively quantify deformity severity on a patient-specific basis.  
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CHAPTER 4 

 

QUANTITATIVE COMPARISON OF CORTICAL BONE THICKNESS USING 

CORRESPONDENCE-BASED SHAPE MODELING IN PATIENTS  

WITH CAM FEMOROACETABULAR IMPINGEMENT 

 

Reprinted with permission from Atkins PR, Elhabian SY, Agrawal P, Harris MD, 

Whitaker RT, Weiss JA, Peters CL, Anderson AE. J Orthop Res. 2017; 35(8):1743-1753. 
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CHAPTER 5 

 

DOES REMOVAL OF SUBCHONDRAL CORTICAL BONE PROVIDE 

SUFFICIENT RESECTION DEPTH FOR TREATMENT OF  

CAM FEMOROACETABULAR IMPINGEMENT? 

 

Reprinted with permission from Atkins PR, Aoki SK, Whitaker RT, Weiss JA, Peters CL, 

Anderson AE. Clin Orthop Relat Res. 2017; 475(8):1977-1986. 
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CHAPTER 6 

 

IMPACT, ONGOING RESEARCH, FUTURE DIRECTIONS 

 

Impact 

It is widely believed that cam femoroacetabular impingement syndrome (FAIS) is 

a major cause of hip osteoarthritis (OA).1; 2 Despite numerous studies devoted to the topic, 

we continue to lack a comprehensive understanding of why some individuals with cam 

lesions rapidly develop hip OA, whereas others appear to live well into adulthood without 

ever developing symptoms or damage.1-5 While this dissertation was unable to establish 

cause and effect relationships between shape, biomechanics, and OA in the setting of cam 

FAIS, the research did substantially advance our understanding of hip biomechanics and 

morphometrics using innovative techniques that spanned both experimental and 

computational paradigms.  

Dual fluoroscopy (DF), which is devoid of errors caused by skin motion artifact, 

demonstrated that cam FAIS patients stood in more extension, and walked with greater 

external rotation on level terrain when compared to asymptomatic controls with normal hip 

morphology. Although other motion analysis studies have reported similar results,6-8 our 

work is novel in that it captured in-vivo bone motion of the femur and pelvis. By tracking 

the spatial position of the bones directly, we were able to isolate the contributions of the 

femur and pelvis to overall joint motion and uncover subtle variations in pelvic motion that 
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may have been overlooked in previous studies of hip joint range of motion. These data 

reveal that patients with FAIS may compensate for pain or reduced range of motion with 

altered patterns of pelvic motion, such that they have an overly stable pelvis during 

common activities, like level walking, but then may require additional pelvic motion, 

during more challenging activities where the femur more closely approximates the 

acetabular labrum, like incline walking or circumduction. It is possible that reduced pelvic 

motion during normal activities may lead to deleterious joint mechanics, and if corrected, 

could improve the function of patients with cam FAIS. Thus, the work herein may inform 

alternative treatment pathways for patients with cam FAIS.  

Arthrokinematics of the hip provide unique insight on in-vivo bone motion, far 

beyond the kinematics that have been quantified to date. Importantly, our understanding of 

overall hip joint motion patterns, especially those of cam FAIS patients, can be improved 

with arthrokinematic data, as the six degree of freedom motion of the hip can be visualized 

and motion patterns can be analyzed relative to subject-specific anatomy.9-12 While DF 

data provides a unique representation of hip function, the limited sample sizes, resultant of 

laborious data acquisition and processing pipelines, hinder the ability to find adequately 

powered differences when comparing groups, as observed in Chapter 2. Improvements to 

both the acquisition and processing of DF data have been proposed later in this chapter to 

enable larger sample sizes to be analyzed in the future. 

The research detailed in Chapters 3, 4, and 5 employed statistical shape modeling 

(SSM) to evaluate clinical metrics of classifying cam morphology, quantifying cortical 

bone thickness in cam FAIS, and determining whether the resection of cortical bone 

restores morphology in these patients. Several technical advancements specific to SSM 
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were made as a result of conducting these studies, including the development of improved 

pre- and post-processing tools and the identification of improvements to optimization 

strategies in the existing software, which have improved the usability of the pipeline. 

Importantly, these advancements to the SSM pipeline provided the ability to yield results 

with direct clinical relevance.  

Radiographic measurements from plain films are utilized in the diagnosis of cam 

FAIS, yet there is still little agreement as to which views best describe the morphology of 

the femoral head-neck junction. Importantly, two-dimensional (2D) slice-based 

measurements of morphology are often used as the gold-standard for comparison of plain 

film measurements. To combat these inaccuracies, Chapter 3 presented three-dimensional 

(3D) shape statistics from SSM and regression models to identify the radiographic views 

that provided the best representation of femoral head morphology. Importantly, 2D 

radiographs only captured roughly half of the 3D morphology of the proximal femur, which 

may not adequately represent the morphology of cam FAIS. 3D imaging of the hip joint 

may provide crucial information during diagnosis and preoperative planning for cam FAIS 

patients. 

In Chapter 4, the analysis of cortical thickness of the proximal femur in cam FAIS 

patients indicated that not only do patients have increased cortical thickness over the region 

of the cam lesion, as was hypothesized, but that patients also have generally increased 

cortical thickness over the entire proximal femur, even after removing sex as a factor.13 In 

addition to having a generally thicker cortex over the proximal femur, the location of 

maximum cortical thickness was located more anterior and less lateral in cam FAIS 

patients. Importantly, this indicates that the previous use of generalized anatomy or 
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asymptomatic cadaveric specimens to investigate the strength of the proximal femur may 

in fact lead to overly-conservative conclusions about the depth of resection considered to 

be safe. This is especially important, as the leading cause for revision arthroscopy is 

insufficient resection and residual impingement.14; 15 The specific morphology and 

thickness of the cortex in cam FAIS patients indicates that the loading of the femur in cam 

FAIS may lead to altered stress distributions which would allow for surgical resection of 

the cam lesion without disruption of the overall strength of the femur.  

The optimal depth of resection of the cam lesion is based on both ensuring that the 

mechanical strength of the proximal femur is not compromised and also ensuring the 

impingement has been alleviated. While many studies have aimed at evaluating the residual 

strength of the proximal femur, in Chapter 5 we used SSM to evaluate the sufficiency of a 

resection through the cortical bone layer for patients with cam FAIS. While it is difficult 

to test the hypothesis of whether a simulated resection is optimal for patient outcomes, the 

technique of resecting through the sclerotic cortex of the cam lesion has anecdotally been 

successful surgically.16 Using SSM, the removal of sclerotic bone alone was determined to 

return cam FAIS morphology to within 1 mm of the anatomy of asymptomatic control 

subjects over the region of the cam lesion.17 While experienced hip arthroscopists may not 

require intra-operative guides to determine the depth of surgical resection, many 

orthopaedic surgeons performing femoral osteochondroplasty arthroscopically are 

performing less than five operations per year, so the use of sclerotic cortical bone as an 

inherent guide for resection depth may improve patient outcomes.18  

The use of SSM in orthopaedics provides a unique opportunity to objectively 

quantify morphology. However, the current implementation of SSM software has not been 
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directed towards clinical use. In support of this dissertation, several advancements have 

been incorporated into ShapeWorks, an SSM implementation developed through the 

Scientific Computing and Imaging Institute (SCI) at the University of Utah, that provide 

more streamlined use for biomechanists and clinicians. In addition to improvements to the 

flexibility of the software to analyze more complex geometries, some of the most important 

improvements have been made towards improving the preprocessing of geometry for 

analysis. Towards this end, advanced methods of generating accurate volumetric distance 

transforms of surfaces have been implemented to improve the accuracy of input shapes, 

reflection and alignment tools have been incorporated into the SSM pipeline to avoid the 

need for external software packages, and the ability to incorporate scalar data into the 

analysis of shape have been added to the preprocessing functionality of ShapeWorks.13 

Additional postprocessing tools have been incorporated to allow linear discrimination of 

the shapes against overall population variation and tools are in-development to allow for 

analysis of scalar variability with reference to shape.13 Importantly, the improvements to 

the ShapeWorks software package are in preparation for release to the general public in the 

near future, which is an important step towards being able to analyze 3D morphology as 

part of clinical diagnosis and treatment. 

  

Ongoing Research – Finite Element and Musculoskeletal Models 

The methodologies developed and refined as part of this dissertation have been 

instrumental in supporting several ongoing research projects specific to FAIS. For 

example, one of our major future goals is to employ finite element (FE) modeling to 

quantify chondrolabral mechanics in patients with FAIS. In doing so, we may be able to 
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isolate specific bony protrusions that give rise to deleterious mechanics. These data can be 

used as part of preoperative planning to determine the region of bony resection which 

would normalize mechanics and prevent or delay hip OA.  

Our lab has a long-standing history of using volumetric imaging methods, such as 

computed tomography (CT) arthrograms, to provide the images necessary to create faithful, 

3D FE meshes of hip bone, cartilage, and labrum.19-24 While we have demonstrated that 

accurate reconstructions of these structures are a necessary precursor to obtaining accurate 

predictions of hip contact mechanics,20; 24 it is unclear if the same level of detail is required 

when assigning boundary and loading conditions to the FE model. More recently, subject-

specific motion and loading patterns have been incorporated into models of cam FAIS,25; 

26 but without analysis of the sensitivity of the model to the boundary and loading 

conditions it is unclear whether this technique improves predictions of chondrolabral 

mechanics.  

At present, we are executing a study that will compare FE predictions between 

models with varying levels of subject-specific boundary and loading conditions. More 

specifically, we are using ground reaction forces quantified by the instrumented treadmill 

along with kinematics measured directly by DF (see Chapter 2) and estimated by skin 

marker motion analysis as inputs to musculoskeletal models. These musculoskeletal 

models will predict the magnitude and direction of the hip joint reaction force (JRF). The 

kinematic positions measured by DF or estimated by skin markers will then be applied to 

the FE model with the corresponding JRF for each kinematic dataset. We will then compare 

FE predictions between models driven using DF-based data and those driven using skin 

marker data. In addition, we plan to compare FE predictions from the subject-specific 
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boundary and loading condition models to FE models driven using data from the 

literature.27 Specifically, Bergmann et al. used skin marker motion analysis and 

instrumented total hip replacement prosthetics to measure hip kinematics and JRFs in 

patients treated for end-stage hip OA with total hip arthroplasty.27 These data have been 

used by numerous groups, including our lab and colleagues at the Musculoskeletal 

Research Laboratories, as the boundary and loading conditions for FE models aimed at 

estimating chondrolabral mechanics in asymptomatic controls, acetabular dysplasia 

patients, and acetabular retroversion patients, both before and after surgery.20; 22; 24; 28-35 

However, it is important to recognize that patients with FAIS may ambulate differently 

than total hip replacement patients. By comparing FE predictions between models with 

varying levels of subject-specificity in the assignment of boundary and loading conditions, 

we will establish the inputs required for FE modeling of FAIS moving forward. Beyond 

cam FAIS patients, these data will provide sensitivity data for FE predictions of hip 

chondrolabral mechanics to various boundary and loading conditions, which can be 

incorporated into other FE models of the hip. 

Final results for the aforementioned FE boundary and loading condition study are 

still being processed. Nevertheless, it is worthwhile to discuss the musculoskeletal model 

in more detail to properly frame the research and the nuances of conducting such a study. 

Currently, we are using a publicly available, full-body musculoskeletal model developed 

in OpenSim (National Center for Simulation in Rehabilitation Research, 

www.opensim.standford.edu) to predict hip JRFs.36 Within this model, anthropometric 

dimensions of the model are scaled to the dimensions of each subject during a static, 

standing trial using the Scale Tool in OpenSim. The degrees of freedom of the model are 

http://www.opensim.standford.edu/
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adjusted to minimize error between model and experimental marker locations using the 

Inverse Kinematics Tool. Joint moments are calculated from the inverse kinematics 

solutions and the ground reaction force measurements using the Inverse Dynamics Tool. 

From here, individual muscle activation levels and muscle-tendon unit forces are calculated 

Static Optimization Analysis.37 and the JRFs in the reference frame of the pelvis are 

determined from the Analysis Tool’s Joint Reaction Analysis.  

While the process of calculating muscle forces and JRFs has been relatively well 

documented, the assumptions behind these models are numerous, and can be problematic. 

For example, as part of ongoing research, a former postdoctoral fellow, Dr. Niccolo 

Fiorentino, is providing an objective assessment of the effect of soft tissue artifact on 

kinematics and kinetics.  

Importantly, some of the steps necessary to incorporate DF data into 

musculoskeletal models complicate the DF kinematic tracking of the hip joint. First, while 

true bony geometries are not usually available as part of standard gait analysis, our imaging 

protocol includes CT and DF which provide bone geometries and positions for model 

initialization and scaling. However, incorporation of subject-specific scaling parameters, 

which can include the position of the hip joint center, can produce additional errors, 

especially when these factors vary widely from what would be derived from skin marker 

locations. However, by using subject-specific scaling parameters from bone geometries, 

we hope to reduce aberrant movement of the hip joint center which would result in errors 

in the calculation of hip JRFs. Second, DF data is transformed into the motion capture lab 

coordinate system based on spatiotemporally synced images of a calibration cube. Due to 

the field of view of the DF system, the calibration cube is relatively small in size, such that 
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even small errors in the calibration result in large errors in the transformation of virtual DF 

marker data from the DF system to the motion capture lab coordinate system. Once the 

markers are in the same coordinate system and the model is scaled, it is important to process 

the data sets as equivalently as possible. Due to the known issues with soft tissue artifact 

from skin marker motion capture,38 markers can be preferentially weighted in OpenSim to 

use more reliable markers to track each segment.39 Since the accuracy of the virtual DF 

markers is within 1° and 1 mm, it may be desirable to assign these markers higher 

weighting factors, but this would lead to inconsistencies between the skin marker and DF 

models. Similarly, it is usually advantageous to reduce residuals within the model to ensure 

that the forces within the model are reasonable, but kinematics are altered as part of the 

residual reduction analysis, which would eliminate the benefit of incorporating accurate 

DF kinematics. Further, it is difficult to apply the same residual reduction methods to two 

separate models. These aspects and others are currently being evaluated to provide an 

objective comparison of musculoskeletal modeling results between DF and skin marker 

kinematic inputs which will then be used to ascertain the sensitivity of FE predictions to 

changes in kinematics and kinetics.  

Once we have obtained the JRFs from OpenSim models, we will assign them to 

subject-specific FE models generated from CT arthrography data. More specifically, 

subject-specific anatomy of the proximal femur, hemi-pelvis, femoral and acetabular 

cartilage layers, and the labrum will be segmented and reconstructed into triangular-

meshed surfaces.23 From these surfaces, subject-specific tetrahedral meshes of the bone 

cortex, cartilage, and labrum will be generated in Preview (FEBio software suite, 

www.febio.org) using a recently implemented automatic meshing pipeline.40 The ability to 

http://www.febio.org/
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semi-automatically generate volumetric tetrahedral meshes of complex geometries, such 

as the acetabular cartilage and labrum, is an important improvement to the FE modeling 

pipeline. Previously, we generated hexahedral meshes to represent cartilage and labrum 

from an unstructured block mesh (Fig. 6.1), but this approach was very time- and labor-

intensive, which made it impractical to incorporate larger sample sizes within a single FE 

modeling study.  

With the mesh created, we will then assign material properties to the various tissues. 

At least initially, the femur and pelvis will be modeled as isotropic elastic materials 

(Young’s modulus Ε = 17 GPa, Poisson’s ratio ν = 0.29).41 The femoral and acetabular 

cartilage will be represented using an ellipsoidal fiber distribution (EFD) constitutive 

model with a Neo-Hookean ground matrix (shear modulus µ = 1.82 MPa, bulk modulus, 

Κ = 1860 MPa, fiber power coefficient β = 4, and initial modulus ξ1 = 9.19 MPa).42 The 

labrum will be modeled as an uncoupled transversely isotropic Mooney-Rivlan (μ = 2.8 

MPa, Κ = 1000 MPa, exponential toe region coefficients Ϲ3 = 0.05 MPa, Ϲ4 = 36, 

 

 

 

Figure 6.1. Volumetric mesh of the acetabular cartilage, labrum and transverse ligament 
generated with hexahedral elements from TrueGrid (left) and tetrahedral elements 
generated in Preview (right). 
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straightened fiber modulus Ϲ5 = 66 MPa, and fiber stretch for straightened fibers λ = 

1.103).32; 43; 44 

As discussed above, boundary and loading conditions from three sources will be 

evaluated, including the generalized kinematics and joint reaction forces (JRFs) from the 

literature27 and two subject-specific sources based on kinematic and load data from motion 

capture and musculoskeletal modeling. From these data sources, a total of five model 

combinations will be assessed to determine the sensitivity of FE predictions to the 

kinematics and loading from each data source (Table 6.1). Four of the models will be force 

driven, while the final model will be driven by the displacements obtained from the DF 

data without the use of force data. For each model, the impact and active peaks of gait, 

which correspond to the first and second peaks of the ground reaction force data, will be 

simulated. Subject-specific gait cycles will be temporally synched with the generalized gait 

cycle to allow for combination of and comparison between data sources. Rotations and 

displacements will be converted to rotation vectors from the generalized and subject- 

specific data for representation in PreView and FEBio. The subject-specific kinematics and 

displacements will be calculated relative to International Society of Biomechanics (ISB) 

 

 

Table 6.1. Boundary and loading conditions used to assess the sensitivity of 
chondrolabral stress and strain to various input data. 

Model Boundary Condition Source Loading Source 
General Bergmann Kinematics27 Bergmann JRF27 
SM-Kinematic SM motion capture Bergmann JRF27 
SM-Load SM motion capture OpenSim JRF (SM) 
DF-Load DF motion capture OpenSim JRF (DF) 
DF-Disp DF motion capture DF displacements 
SM, skin marker; DF, dual fluoroscopy; JRF, joint reaction forces. 
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coordinate systems.38; 45; 46 Importantly, the generalized data collected from instrumented 

hip prosthesis patients used a modified coordinate system based on the geometry of the hip 

prosthesis with alternative vertical and horizontal femoral axes.27 For consistency between 

data sources and with other reports of kinematics, the generalized joint angles will be 

converted to ISB-based joint angles.  

As discussed above, this is an ongoing study. Nevertheless, volumetric meshes have 

been generated for two cam FAIS patients and two control subjects. Here, estimates of 

contact area, contact stress, first principal Lagrange strain on the articular surface (Ε1), and 

maximum shear stress at the osteochondral interface (τmax) will be assessed, as these 

metrics are relevant to previous validation studies and appear to be the most relevant to 

hypothesized modes of injury in FAIS patients.24; 34; 35 Preliminarily, a gait cycle model of 

a cam FAIS patient based on generalized kinematics and joint reaction forces from the 

literature27 showed increased strain over both the anterosuperior and posterosuperior 

labrum during both the impact and active peaks of gait (Fig. 6.2). With the use of 

generalized kinematics, the abutment of the aspherical femoral head with the labrum 

caused increased strain over these two regions. The inclusion of subject-specific boundary 

and loading conditions will begin to answer the question of whether subject-specific 

kinematics provide alleviation from increased stress and strain due to aspherical anatomy 

or if they lead to patterns of higher stress and strain within the joint. While results are only 

preliminary, FE predictions appear to be at least moderately sensitive to the boundary and 

loading conditions applied. Future research will need to evaluate the extent to which 

boundary and loading conditions affect predictions for additional subjects. 
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Figure 6.2. 1st Principal Lagrange strain through the thickness of the acetabular cartilage 
and labrum of a cam FAIS patient during the impact and active peaks of the gait cycle 
(14% and 46% gait). Line through pelvis indicates the cut plane, as viewed from the top. 
 

 

 

Ongoing Research – Magnetic Resonance Imaging and Dual-Fluoroscopy 

One major drawback of using DF and model-based markerless tracking is exposure 

to ionizing radiation from the fluoroscopes as well as the CT scanner. Importantly though, 

the majority of the radiation exposure is from the acquisition of CT images. Since both 

fluoroscopy and CT are radiation-based imaging modalities which represent tissue density 

similarly, the pixel intensities of the projections of bone generated from CT data are similar 

to those from the fluoroscopy images. Model-based markerless tracking exploits this notion 

during alignment of the digitally-reconstructed radiograph (DRR) with the fluoroscope 

images, suggesting that CT is indeed the best modality for DF tracking. Nevertheless, 

magnetic resonance (MR) images also provide images of bone which, when properly 
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transformed, appear similar to CT-based image data for input to model-based markerless 

tracking. In doing so, radiation dose to the research subject would be reduced by 80% or 

more.  

Recognizing the potential MR has, we acquired MR images of our subjects. In both 

CT and MR images, cortical and trabecular bone is differentiated, however in comparison 

to trabecular bone the cortex appears brighter in CT and darker in MR. Therefore, to 

generate DRRs from our T1-weighted, gradient echo MR images, voxel intensities from 

the MR scan were inverted and scaled based on histogram matching to approximate the CT 

voxel data for the femur and pelvis (Fig. 6.3). Kinematics tracked using the T1-weighted 

images were within 0.0 ± 0.5°, 0.1 ± 0.2°, -0.2 ± 0.5° of the data tracked by CT for flexion-

extension, abduction-adduction, and internal-external rotation, respectively (mean ± 95% 

 

 

 

Figure 6.3. Pixels within the pelvis were isolated for a T1-weighted gradient echo image 
(left) and transformed to approximate voxel intensities of CT (center). Voxel intensities 
from a similar slice of a pelvis from CT are shown for reference (right).
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confidence interval). Thus, assuming this level of accuracy is sufficient, as it is within the 

bounds of the original validation, future DF studies of the hip could be performed without 

the need for CT imaging.38 

 

Ongoing Research – Statistical Shape Modeling 

While the focus of this dissertation has been on capturing and defining the shape of 

the proximal femur in cam FAIS patients, we have made recent progress on quantifying 

the shape of the pelvis in control subjects and patients with acetabular dysplasia or 

retroversion. Due to the unique shape of the pelvis, including high curvature and thin 

regions of the iliac wing and acetabulum, SSM of the pelvis required improvements to the 

flexibility of ShapeWorks. Specifically, several assumptions were revisited and surface 

normal data was incorporated in the correspondence optimization scheme. From the model 

of the pelvis, we found the first ten modes of variation to be significant. Interestingly, 

significant differences were found in overall shape between the acetabular dysplasia and 

acetabular retroversion subjects (p = 0.032), but not between the control subjects and either 

the acetabular dysplasia or acetabular retroversion patients (p = 0.482 and p = 0.060, 

respectively). Two modes of variation seemed to be representative of these group-based 

differences (Fig. 6.4). Mode 0 was significant between the acetabular retroversion patients 

and both the acetabular dysplasia patients (p = 0.003) and the control subjects (p = 0.024). 

Mode 7 was significant between the control subjects and both the acetabular dysplasia (p 

= 0.010) and the acetabular retroversion patients (p = 0.048). 

With the model of the pelvis, we are now able to begin building SSM models of the 

hip joint for the analysis of contact stress and strain from FE analysis across a population.  
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Figure 6.4. Principal component analysis modes of variation relevant to group differences 
between control subjects without pathology, patients with acetabular dysplasia, and 
patients with acetabular retroversion. The semitransparent mean hemi-pelvis shape is 
overlaid with each mode-based shape for reference. 
 

 

 

Towards this end, an SSM model is being optimized to include the proximal femur, femoral 

cartilage, hemi-pelvis, and acetabular cartilage and labrum. Results from previous FE 

analyses will be incorporated as scalar values and used to validate the ability to predict 

mechanics relative to the shape of the joint (Fig. 6.5). As a secondary study, FE models 

will be generated using SSM-based geometries of different populations and disease 

severities to evaluate the use of population-based FE models in the assessment of damage 

patterns associated with disease. 
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Figure 6.5. Pipeline for processing joint biomechanics through statistical shape modeling 
where subject geometries of the bone and cartilage will be combined with previous and 
ongoing biomechanical data to assess the relationship between shape and function. 
 

 

 

Future Directions 

While DF imaging provides an accurate method to capture in-vivo joint motion, it 

is extremely laborious to process the data, which perhaps precludes its use for studies where 

a large cohort is needed to test a hypothesis with sufficient statistical power. For this reason, 

there are several advancements to the DF processing pipeline that should be addressed in 

the future. Due to the poor signal-to-noise ratio of the DF images, model-based tracking of 
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the hip is often completed with a large amount of manual intervention, which is both time 

intensive and prone to inaccuracies. We have preferentially recruited individuals with a 

body mass index less than 30 kg/m2 to minimize radiation scatter and produce good quality 

images (i.e., high signal-to-noise ratio). However, another technique to improve image 

quality would be to use a pulsed fluoroscopy system instead of a continuous system, as 

these systems can provide high contrast images. Our DF system is a continuous system, 

which allows for capturing of data at a high imaging rate, however pulsed DF systems can 

capture up to 150 Hz, which is higher than what was used for our analysis of daily activities 

(100 Hz) and would therefore be a viable option for future DF system acquisitions.  

In almost any kinematic study, the same series of activities is captured for each 

subject. While kinematics and bone positions would be expected to vary across the 

population, the general movement patterns should be very similar. Using machine learning 

techniques, movement patterns from one subject could possibly be used to initialize the 

tracking procedure for the next subject. Over a series of subjects, an average movement 

pattern with expected variations could be used to more efficiently track the movements of 

each new subject. Future studies evaluating in-vivo kinematics may be able to take 

advantage of several improvements to the data capturing and processing pipeline, which 

would allow for streamlined analysis of larger subject cohorts. With the use of MR images 

instead of CT, research subjects would be exposed to considerably less ionizing radiation 

for DF-related studies, which may allow for analysis at multiple time points, such as pre- 

and postoperatively.  

We must recognize though that it may not be necessary to use DF when the research 

question can likely be answered using less invasive and time-consuming motion capture 
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equipment. Once the musculoskeletal and biomechanical models have been processed, the 

specific advantages of using DF to capture kinematics of these patient cohorts will be 

clarified. With the data from these ongoing studies, the design of future studies can evaluate 

the potential benefits of incorporating DF or skin marker motion capture into the respective 

data collection and processing pipeline. It may be shown that the musculoskeletal and FE 

models are not sensitive to the differences between DF and skin marker data collection, 

such that future studies can use these data to make an educated decision on the appropriate 

level of detail of input data. Importantly, while our subject cohort was small, the trends of 

kinematic differences between DF and skin marker acquired data could be used to develop 

a correction factor, including an offset or scaling factor, to correct kinematics from skin 

markers for use in future studies. 

Towards improving the analysis of shape, many advancements to the SSM pipeline 

were made in support of this dissertation. However, there are still many aspects of the 

pipeline that do not yet lend themselves well to clinical applications. Importantly, bone 

geometries must be segmented, reconstructed, and preprocessed prior to incorporation into 

SSM. The software developers at SCI are currently working on being able to use image 

data as direct input to the SSM pipeline. While this would likely still require 3D images to 

be obtained, eventually with a large enough dataset and the use of machine learning 

techniques, 3D SSM could be based directly off of radiographic images.  

In addition to the need to expedite preprocessing steps, there is currently no method 

to incorporate shapes directly into a previously generated shape model. By projecting the 

mean correspondence points onto a new shape and performing optimization from this 

nearly optimized state, shape statistics quantifying disease severity could be provided in 
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nearly real-time clinically. This functionality is important, since, at present, the generation 

of the correspondence model can take a week or more of computing time, which is not 

viable for a clinical setting with a constant influx of imaging data.  

With the improvements to the FE modeling pipeline, larger cohorts of subjects can 

be analyzed in future studies. The resultant biomechanical data can be integrated into the 

SSM pipeline and analyzed relative to shape data to elucidate the relationship between 

bony morphology and mechanical function in cam FAIS. This relationship is important to 

defining the natural history of cam FAIS and preserving the native hip in these patients. 

With the help of an extensive team of collaborators, this research endeavor has provided 

the necessary foundation to integrate the analysis of hip shape and function towards 

understanding the role of morphology and mechanics in cam FAIS.   
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