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ABSTRACT

Altered mechanics are believed to initiate osteoarthritis in hips with acetabular
dysplasia. Periacetabular osteotomy (PAO) is the preferred surgical treatment; however,
it is unknown if the procedure normalizes joint anatomy and mechanics. Changes in
three-dimensional (3D) morphology and chondrolabral mechanics were quantified after
PAO. Finite element (FE) models demonstrated that PAO improved the distribution of
coverage, reduced stress, increased congruity, and prevented cartilage thinning.
However, changes in mechanics were not consistent. In fact, one patient exhibited
increased stress after surgery, which was believed to be a result of over-correction.
Therefore, methods to integrate morphologic and biomechanical analysis with clinical
care could standardize outcomes of PAO.

FE simulations are time-intensive and require significant computing resources.
Therefore, the second aim was to implement an efficient method to estimate mechanics.
An enhanced discrete element analysis (DEA) model of the hip that accurately
incorporated cartilage geometry and efficiently calculated stress was developed and
analyzed. Although DEA model estimates predicted elevated magnitudes of contact
stress, the distribution corresponded well with FE models. As a computationally efficient
platform, DEA could assist in diagnosis and surgical planning.

Imaging is a precursor to analyzing morphology and biomechanics. Ideally, an

imaging protocol would visualize bone and soft-tissue at high resolution without ionizing



radiation. Magnetic resonance imaging (MRI1) with 3D dual-echo-steady-state (DESS) is
a promising sequence to image the hip noninvasively, but its accuracy has not been
quantified. Therefore, the final aim was to implement and validate the use of 3D DESS
MRI in the hip. Using direct measurements of cartilage thickness as the standard, 3D
DESS MRI imaged cartilage to ~0.5 mm of the physical measurements with 95%
confidence, which is comparable to the most accurate hip imaging protocol presented to
date.

In summary, this dissertation provided unique insights into the morphologic and
biomechanical features following PAO. In the future, DEA could be combined with 3D
DESS MRI to efficiently analyze contact stress distributions. These methods could be
incorporated into preoperative planning software, where the algorithm would predict the
optimal relocation of the acetabulum to maximize femoral head coverage while

minimizing contact stress, and thereby improve long-term outcomes of PAO.
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CHAPTER 1

BACKGROUND AND INTRODUCTION

1.1 The Hip Joint and Osteoarthritis
The hip is a diarthrodial joint comprised of the proximal head of the femur and
acetabulum ofthe pelvis (Fig. 1.1). It is the largest weight-bearing joint of the body and
carries loads of 2.5 to 5 times bodyweight2-4. The hip joint is central to mobility, and
plays an active role in nearly all activities of daily living. Therefore, diseases of the hip

have a debilitating effect, impacting mobility and overall quality of life>-'.

1.1.1 Hip Anatomy

The hip is described as a ball and socket joint, where the femoral head represents
the ball and the acetabulum is the socket (Fig. 1.1). The acetabulum forms at the union of
the ilium, ischium, and pubis bones. The articulating surfaces of the acetabulum and
femoral head are covered with hyaline cartilage. In the acetabulum, cartilage has a
horseshoe-shape and covers the lunate surface of the bone. On the femur, cartilage
covers the entire femoral head, approximating a sphere (Fig. 1.1).

Hyaline cartilage provides a smooth, lubricated surface for low friction
articulation between the femoral head and acetabulum. In the hip joint, average

acetabular cartilage thickness is approximately 1.5 mm in healthy hipsB-lo. Despite being



thin, the internal structure of cartilage enables effective distribution of loads to
underlying subchondral bonel0-12. Cartilage is composed of a dense extracellular matrix
(ECM) and a sparse distribution of specialized cells termed chondrocytes11-15. The ECM
is a highly organized structure consisting of water, collagen, and proteoglycans with
glycosaminoglycan side chains1,1416. Although porous, the components of the ECM
help to retain water within the matrix, which is critical for maintaining the mechanical
properties of cartilage. ECM is produced and repaired by the only metabolically active
cells in cartilage, chondrocytes. In the absence of blood supply and lymphatics, nutrient
delivery of cartilage relies on diffusion and osmosis, which is facilitated by movement of
interstitial fluid through the ECM 1517.

Cartilage structure is classified into zones by depth. Each zone has specific
material properties that reflect its functional role. The superficial zone is the thinnest and
contains collagen fibrils that lie parallel to the articular surface, which results in greater
tensile stiffness and strength than deeper zones1L13-15. The middle zone is the largest,

12 15

accounting for 40% to 60% of total cartilage volume™, Compared to the superficial

zone, chondrocytes are more spherical and thicker collagen fibrils are randomly

13 15 12 15

arranged . The deep zone provides the greatest resistance to compressive forces™,

Here, collagen fibrils have the largest diameter and are aligned perpendicular to the

articular surface11,12,15,18. The deepest layer is partially calcified and anchors collagen

fibrils of the deep zone to underlying subchondral bone13-15,18.
The acetabular labrum is a triangular-shaped, fibrocartilaginous ring that encircles

the acetabular rim192L The labrum is continuous with the acetabular cartilage, and

attaches to the bony acetabular rim and joint capsulezo,22 (Fig. 1.1). It provides extrajoint



stability by effectively deepening the socket and increases the surface area of the
acetabulum by as much as 27% 2% Similar to cartilage, the structure of the labrum is
separated by layers. The inner layer primarily consists of circumferential bundles of type
I collagen, while the outer layer of the labrum contains mostly types | and Il collagen26.

The ability of the labrum to repair is likely limited as vascular supply is only available at

the peripheral regions26.

1.1.2 Hip Osteoarthritis
Osteoarthritis (OA) is the painful degradation of tissues within the joint, and is
characterized by articular cartilage deterioration, hypertrophy of subchondral bone, and
thickening of the capsule??—%. Hip OA affects approximately 10% of the population over
age 60%°, and accounts for nearly 200,000 total hip replacements per year in the us®.
Known risk factors for idiopathic hip OA include increased age, elevated body-mass
index, genetic predisposition, and a history of participation in activities that excessively

31,33

load the hip Secondary hip OA can occur from systemic diseases that affect joint

tissue health®31 or from localized damage to the joint due to trauma or developmental

deformities, such as acetabular dysplasia3L%3.
The symptoms of hip OA can be debilitating and include persistent pain, stiffness,

and limited range of motion24,29. Diagnosis involves patient history, physical exam, and

1131

radiographic findings of cartilage and/or bone degeneration ;. Pain in the lateral and

anterior thigh and groin, morning stiffness, and pain with prolonged activity are

2931

characteristic of hip OA™",™. Typical findings on physical examination include antalgic

gait, restricted motion, pain with internal rotation, and crepitus with motion1129.
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Radiographic examination of hips with OA reveals joint space narrowing indicative of
cartilage thinning, the presence of subchondral sclerosis and cystic formation, and
femoral head and neck remodeling29,36.

OA affects all tissues in the joint including articular cartilage, subchondral bone,
synovium, ligaments, joint capsules, and surrounding musculature. However, the
primary changes involve the loss of cartilage, remodeling of subchondral bone, and
formation of osteophytest{37. The early changes observed in cartilage degeneration
include tissue swelling and reduced proteoglycan contenti,8%. Impaired chondrocytes
are unable to properly maintain the ECM, which disrupts regulation of interstitial fluid
flow, and ultimately results in increased water content11,340. Surface fibrillation and
cracking are the initial signs of matrix failure; degeneration progresses to eventual full
thickness cartilage loss11,39. At end-stage OA, subchondral cysts and osteophytes form
over regions of eroded cartilage®.

Treatment for hip OA aims to relieve pain and preserve joint function. In the
earlier stages of hip OA, exercise and physical therapy regimes have demonstrated mixed
results at relieving symptoms4l,42. Patient education and the use of a walking aide to
reduce load transfer of the affected hip can be efficacious at reducing symptoms4344.
Conservative management with pharmacologic agents has demonstrated the most
success. However, side-effects of medication are common, especially with prolonged
use3L4547. Ultimately, many patients with hip OA require total hip arthroplasty to relieve
symptoms31,48.

No single intervention has been shown to restore cartilage or completely curtail

the degenerative processes of OA. Therefore, prevention of advanced hip OA is critical,



and perhaps the most effective “treatment”. While certain risk factors are unavoidable,
lifestyle modifications including activity restrictions and maintenance of healthy weight
can reduce the risk of joint damage. Underlying bony deformities including acetabular
dysplasia have been identified as a primary cause of hip OA3#4,3549. When present,
correction of structural deformities may improve biomechanics and protect the hip from
mechanical overload. Therefore, a large component of OA treatment, especially within
the last decade, is focused on early diagnosis and surgical correction of geometrical

abnormalities to delay or prevent end-stage arthrosis.

1.2 Acetabular Dysplasia
Acetabular dysplasia is defined by an under-developed, shallow acetabulum,
which results in reduced femoral coverage and joint instability (Fig. 1.2). In cases of
severe and untreated dysplasia, the femur can be chronically dislocated, creating a
pseudo-acetabulum50. Acetabular dysplasia often presents at birth, and is termed
developmental dysplasia of the hip (DDH). Screening for DDH is standard for newborns

. . . . . 5152
and consists of manipulation of the hips to ensure normal motion™,

. While cases of
moderate to severe dysplasia are often diagnosed and treated during infancy or early
childhood, dysplasia may go unnoticed until skeletal maturity in many individuals. It is
unclear if acetabular dysplasia in adults is a mild form of DDH, or if it is a variant of
dysplasia that presents differently, perhaps during the final period of growth53%. The
focus of the work herein is treatment of acetabular dysplasia in adults.

The prevalence of radiographic acetabular dysplasia in adults is estimated at

between 1.7% and 20% depending on the radiological measurement method555. Many of



6
the risk factors for dysplasia are related to development in the womb5052. It is believed
that the position of the fetus and exposure to certain hormones in utero may have a large
influence on the development of the hip505%2. Additional risk factors for dysplasia include
being female, first-born, breech position, and having a high birth weight50-52,57,58. Finally,

a family history of dysplasia may also increase risk through an autosomal dominant

inheritance pattern with variable expression in some cases59.

1.2.1 Diagnosis

Acetabular dysplasia is diagnosed based on patient history and radiographic
findings60. Patients may present with symptoms of persistent groin pain exacerbated by
activity, reports of an unstable hip that “gives way”, hypermobility, or mechanical
symptoms5L606L The onset of pain is typically insidious; however, in some cases a
traumatic event or dramatic change in activity level (i.e. training for a marathon) may
trigger symptoms. A gradual onset of pain points to damage associated with chronic
overload, while a sudden onset may be indicative of labral injury.

Clinical evaluation of patients with dysplasia may reveal subtle alterations in gait,
strength, and range of motion. Patients with dysplasia ambulate with reduced hip
extension and increased pelvic drop6264 Changes in hip extension are likely a
consequence of pain avoidance, while pelvic drop may be a result of muscle weakness.
Trendelenburg gait presents if the abductors are profoundly weakened; it is characterized
by a drop in the contralateral pelvis during the single leg stance phase of walking. During
ambulation, the lateral trunk moves towards the weight-bearing limb to counterbalance

the drop in the contralateral pelvis6065 Patients with acetabular dysplasia usually



demonstrate normal passive range of motion or even hypermobility due to reduced
femoral coverage allowing a larger range of motion60. To identify chodrolabral damage
at the acetabular rim, an impingement exam is performed. In this test, the hip is passively
flexed to 90 degrees, adducted by 10 degrees, and internally rotated by 10-15 degrees61,66.
If damage is present, the impingement test typically reproduces symptoms of pain6l. The
apprehension test is more specific for identifying hip dysplasia as it is an evaluation of
hip stability and anterior coverage. Here, with the patient supine, the hip is extended and
externally rotated. Patients who have reduced femoral coverage anteriorly describe a
feeling of discomfort and instability67.

The combination of clinical exam and radiographic findings are necessary to
confirm the diagnosis of acetabular dysplasia. Radiographic measures indicative of
femoral coverage and acetabular geometry are most commonly used to evaluate
dysplasia. A more thorough discussion of radiographic exams and abnormalities detected

with volumetric imaging will be discussed in Section 1.3.

1.2.2 Treatment
If left untreated, acetabular dysplasia will lead to early joint degeneration and
eventually result in end-stage hip OAS68-70. Conservative management of dysplasia
includes avoiding high impact activities, strengthening the surrounding musculature to
support the joint, and managing symptoms with anti-inflammatories and/or the use of a
walking aid™. However, conservative management does not address the underlying bony
pathology. Therefore, hip preserving surgeries have been popularized in recent decades

to prevent or delay OA. The lack of femoral coverage is believed to reduce contact area



between the femoral head and acetabulum. Deficient coverage is believed to increase

o 7273
contact stress primarily along the lateral acetabulum™, .

The presumed damage
mechanism of overload to the lateral acetabulum corroborates with characteristic damage
patterns observed clinically. Labral injuries, chondral lesions, and subchondral cysts are
often reported in the lateral compartment of the acetabulum74-76.

Corrective pelvic osteotomies have become the accepted surgical treatment of
acetabular dysplasia. In skeletally mature patients, periacetabular osteotomy (PAO) is
the preferred hip preserving surgery. In PAO, the acetabulum is transected from the

. . . . . 7778
pelvis and reoriented into a position that increases femoral coverage' ',

(Fig. 1.3). A key
difference in PAO compared to other pelvic osteotomies is that the posterior column of
the pelvis remains intact, which maintains pelvic stability and allows earlier mobility
following surgery60,79. Additionally, the osteotomies are performed close to the joint,
which minimizes disruption to the pelvic geometry, and allows for larger rotation
acetabular corrections80-82

Repositioning of the acetabulum is the most critical aspect of the procedure. In
most cases of classic acetabular dysplasia, the acetabulum is adducted and flexed to
increase lateral and anterior coverage. The optimal position of the acetabulum has been
refined over time. With long-term patient follow-up, the consequences of malpositioning
the acetabulum have become apparent. For example, overcorrection of the acetabulum
has been identified as a risk factor for developing impingement after PAO®®.
Parameters have been outlined to assist with positioning and encompass a few

considerationsB®2%%7. Correction of the center-edge angle (CEA), a measure of lateral

femoral coverage, to 25-35° is one of the main factors in positioning the acetabulum.



Additional features that may prevent overcorrection and the development of impingement
include positioning the acetabulum such that the sourcil (sclerotic, weight-bearing surface
of the acetabulum) is not down-sloping, and ensuring that the center of the hip is not
medialized to the point of iatrogenic protrusio60.

Mid- to long-term follow-up of patients treated with PAO has demonstrated
positive results in patients with minimal damage, and good joint congruencygs-gl.
Patients typically report pain relief and have higher outcome scores after recovery@ﬁ.
Recently, it has even been suggested that some patients can tolerate increased activity
levels after PAO939%4. However, degeneration does still occur in many patients. A study
with 20 year follow-up reported that 40% of PAO patients had gone on to require total
hip arthroplasty90. Differences in biomechanics may provide insights into why some
dysplastic hips continue to deteriorate despite being treated with PAO. Yet, clinical
evaluations do not attempt to evaluate biomechanics. To date, computational modeling
studies have attempted to clarify the mechanical effects of PAO with simulations. Models
estimated increased contact area and reduced cartilage contact stress with PAO%9. The
clinical value of these studies are questionable, however, as simplifying assumptions
were made for the geometric representation of cartilage.

PAO is technically complex and has a substantial learning curve9-102
Complications are often related to surgeon inexperience, with complication rates varying
from 11 to 45%, depending on the institution89-102 Major complications include intra-
articular extension of osteotomies and malpositioning of the acetabulum such that
continued instability or impingement results10,102 Refinements to the surgical technique,

the recognition of the condition of hip impingement, and improvements in preoperative
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imaging and surgical planning have decreased complications. However, integration of
advanced surgical planning has yet to be a standard of care in patients treated with PAO.
Furthermore, the mechanical efficacy of the PAO procedure for improving joint

articulation and contact has yet to be reported.

1.3 Evaluation of Hip Joint Morphology
Abnormal hip morphology is what defines structural deformities of the hip. In the
case of acetabular dysplasia, radiographic measures are most commonly used to stage the
deformity. However, beyond an initial assessment to obtain a diagnosis, more advanced
imaging can provide a 3D characterization of the deformity that may reveal subtle

differences in acetabular dysplasia across patients.

1.3.1 Radiographic Measures

Radiographs generally confirm the suspicion of acetabular dysplasia. Initial
imaging typically consists of a standing anteroposterior (AP) pelvis radiograph, lateral
view, and a false profile view. The AP view is used to assess lateral coverage, slope of
the acetabulum, and acetabular version. It is particularly important to obtain the AP
radiograph with the pelvis in a position of neutral flexion and rotation, since
measurements are sensitive to both103104. The lateral view assists in evaluating femoral
head morphology, and the false profile view assesses anterior femoral coverage and joint
congruency. The most common radiographic signs are described in more detail below.

The lateral center-edge angle (CEA) is a measure of Ilateral femoral

coveragelX106. It is obtained by drawing an axis through the center of the femoral head
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and perpendicular to a medial-lateral line drawn between the ischial tuberosities. The
angle at the center of the femoral head defined by the femoral axis line and a line that
extends from the center of the femoral head to the lateral edge of the acetabular sourcil
(weight-bearing surface of the acetabulum) is the lateral CEA106107. A lateral CEA less
than 20° is indicative of dysplasia, though mild cases between 20-25° may be treated
surgically if symptomatic108.

Acetabular index/inclination (Al), or Tonnis angle, is a measure of the orientation
of the sourcil originating from the most medial point of the sourcil109. The Al is the angle
measured between a horizontal line and a line extending from the most medial point of
the sourcil to the most lateral point of the sourcil. An Al greater than 10° is considered
an up-sloping sourcil and is indicative of dysplasial04,106,109.

The version of the acetabulum can be estimated with an AP pelvis radiograph
based on the presence of the crossover or figure-eight sign. The acetabulum is
considered anteverted if the line of the anterior aspect of the rim does not cross the line of
the posterior aspect of the rim before reaching the lateral edge of the sourcil. Conversely,
in a retroverted acetabulum, the lines do cross. The presence of a crossover sign can be
indicative of anterior overcoverage of the acetabulum, and/or posterior undercoverage of
the acetabulum104,110. The crossover sign is particularly sensitive to the positioning of the
patient during radiography; misrepresentations can be introduced by excessive tilt or
rotation of the pelvisi®,

The lateral view radiograph is used to assess femoral head and neck shape. Many
patients with dysplasia exhibit insufficient femoral head-neck offset, which is a finding of

impingement60,74. Additionally, the sphericity of the femoral head is assessed using the
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lateral view as dysplasia can be associated with a flattened femoral head60104111. Finally,
the false profile is important for evaluating anterior coverage of the femoral head and
joint congruency9L104. The anterior CEA, or angle of Lequesne, is similar to the lateral
CEA, and measures anterior femoral coverage. The anterior CEA is measured from the
center of the femoral head. The angle is defined between the vertical line that passes
through the femoral head and a line that extends to the anterior edge of the acetabulum;
values less than 25° occur with dysplasiald4106. Joint congruency can also be
qualitatively assessed on the false profile and AP view to ensure acetabular reorientation
will not disrupt congruency91,14.

While radiographs do provide wuseful metrics in describing acetabular
morphology, there are limitations due to their two-dimensional (2D) nature. The
complex surface of the acetabulum and the relationship between the femur and
acetabulum should be fully analyzed in three dimensions (3D). Radiographic measures
also have limited reliability due to inconsistent quality of films, differences in patient

positioning, and irreproducible measurements21%

1.3.2 Three-dimensional Characterization
Beyond the major difference in femoral coverage that defines acetabular
dysplasia, other more subtle features including congruency and cartilage thickness have
been described9,104,114. While previously limited to 2D descriptions, volumetric imaging
with computed tomography (CT) and magnetic resonance imaging (MRI) has made it
possible to quantitatively characterize morphology in 3D. Considering that the diagnosis

of acetabular dysplasia is based on reduced femoral coverage and that surgical treatment
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is designed to increase femoral coverage, quantifying 3D coverage is clinically relevant.
Klaue et al. were the first to demonstrate the potential of generating surfaces from CT,
calculate femoral coverage in dysplastic hips, and simulate surgical reorientations to
determine changes in coverage with varying degrees of acetabular reorientation115116.
Using a projection technique, they quantified percent femoral head coverage in normal
and dysplastic hips. Hips affected with dysplasia demonstrated reduced coverage,
primarily in the anterolateral and posterolateral regions115. Dandachli et al. used a similar
method but also ensured that pelvic tilt was adjusted to neutral; the main limitation with
their method was that the femoral head was assumed spherical. Similar to prior
estimates, dysplastic hips had significantly reduced coverage compared to normal (51%

cover compared to 73% in normal hips)m.

However, Stubbs et al. determined that 3D
femoral coverage had no correlation with standard 2D radiographic measuresll4d. The
only study that has calculated 3D femoral coverage of dysplastic hips before and after
PAO demonstrated a significant increase in coverage by an average of 49%, which
restored overall percent coverage to a normal range. Mechlenburg et al. noted, however,
that the posterolateral femoral head remained less covered than normal 73, Additionally,
reduced posterolateral coverage after PAO has been corroborated with a study that
measured CEA throughout coronal slices ofa CT scangl. Subtle differences in coverage
such as diminished posterolateral coverage cannot be appreciated with radiographs alone.
Therefore, 3D assessments of coverage could aide in surgical planning of PAO to restore
normal coverage overall.

The link between increased coverage and increased area in which to support load

is intuitive. However, it is unlikely that the relationship between coverage and cartilage
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contact is one-to-one. Altered congruency and differences in cartilage thickness could
result in regions of focal loading, thereby reducing load-bearing area. The only study to
report on quantitative differences in congruency between dysplastic and normal hips
determined that dysplastic hips were significantly less congruent in unloaded regionsl It
has also been reported that dysplastic hips have significantly thicker cartilage compared
to normal hips, and that the gradient increase in cartilage thickness towards the
superolateral region was significantly greater in dysplastic hips9. These differences in
congruency and cartilage thickness in dysplastic hips are important to consider in surgical
planning. Reorientation of the acetabulum into a position that disrupts congruency or
positions thinned cartilage into a loadbearing position could have serious mechanical
consequences.

Differences in morphology may be important and useful predictors of the
development of hip OA. A relationship between reduced femoral coverage defined by
lateral CEA and hip OA has been described68. With refined 3D measures of femoral
coverage, in conjunction with a description of congruency and cartilage thickness, a more
complete understanding of factors that contribute to the progression of OA may be
elucidated. 3D metrics could also be useful in surgical planning; acetabular
reorientations based on optimization routines that consider femoral coverage in all
regions of the femoral head, congruency, and cartilage thickness of potential load-bearing

surfaces could improve outcomes of PAO.
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1.4 Hip Joint Mechanics

Altered kinematics, Kkinetics, and stresses to cartilage and labrum are believed to
be the primary initiator of hip OA4°,118-122. Therefore, it is of primary importance to study
these hip biomechanics in healthy and pathologic hips to better understand disease
progression and evaluate surgical treatments that seek to restore normal mechanics. To
this end, the work herein focuses on changes in intra-articular mechanics in hips with
acetabular dysplasia after PAO. However, it is important to mention that differences in
whole-joint mechanics likely contribute to the progression of damage in complex
pathomechanical diseases of the hip such as acetabular dysplasia. Previous studies have
reported altered joint angles and moments in patients with dysplasia6264. Specifically for
walking, patients with dysplasia were found to have significantly increased pelvic drop
and rotation, reduced peak hip extension angle, and a lower walking velocity than the
matched normal controls62-&4.

These altered gait patterns likely result from a combination of factors including
differences in surrounding soft tissue and musculature, decreased joint stability, and pain
avoidance strategies. While some progress has been made in identifying differences in
whole-joint mechanics, more research is needed to establish relationships between
structural deformities and kinematics. Additional research in this regard will assist in

refining the current methods for determining intra-articular mechanics.

1.4.1 Direct Measurement of Intra-articular Contact Mechanics
Intra-articular mechanics can be studied by invasive direct measurement

techniques or with computational modeling. Briefly, directly measuring joint mechanics
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can be accomplished in vitro by positioning pressure-sensitive film or electronic pressure

. . 123 128
sensors between the articulating surfaces -

. The joint is positioned and loaded with
fixtures to best replicate physiologic loading, and contact pressure is measured.
Measurements are limited to levels that can be quantified by the pressure films, and by
the force capacity and spatial resolution of electronic pressure sensors. Furthermore, the
extensive dissection required to place sensors in the joint along with the addition of a
foreign body into the joint space disrupts anatomic physiology and loading. To achieve
in vivo loading conditions, a few studies have implanted instrumented hip prostheses that
measure equivalent joint reaction forces?3®4%® Although physiologic in respect to
loading and soft tissue support, the idealized spherical geometry and metallic material of
the implant are not representative of the native hip. Given the inherent limitations and

invasive nature of direct measurement, computational modeling is an excellent alternative

to estimate intra-articular mechanics.

1.4.2 Computational Modeling Techniques

Computational modeling can estimate cartilage contact stresses, strains, and areas
in vivo. There are many computational models that approximate solutions to systems of
equations that do not have exact solutions including finite element analysis (FEA),
discrete element analysis (DEA), and multiscale modeling. Use of these techniques
varies depending on the application. FEA uses basis functions with compact support to
discretize a continuum into finite elements. FEA can predict stress and strain at all points
throughout the continuum, providing detailed information from simulations within the

continuum. In contrast, DEA represents deformable structures with discrete elements
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such as springs and dashpots and estimates stress and strain at the contact surface 1-1%,
DEA is computationally efficient, making it more accessible to large population studies
and clinical applications13142. Multiscale modeling couples across scales, modeling
stress and strain from the macroscale to microscale. Intra-articular mechanics can be
studied at multiple levels, varying from macroscale whole joint cartilage mechanics down
to the microscale chondrocyte levell43146. Although additional information can be
obtained from multiscale modeling, the added complexity of interfacing between
different tissue levels further complicates the modeling process, which limits the
practicality of multiscale modeling as a tool with direct clinical relevance. As this

dissertation is motivated by the need to extend computational modeling closer to clinical

applications, the two methods that are explored henceforth are FEA and DEA.

1.4.3 Finite Element Analysis (FEA) in the Hip

Finite element analysis (FEA) is a well-accepted and well-described method for
predicting mechanics throughout a continuum. The FE method is a weighted residual
method that uses compactly supported basis functions to solve a set of governing partial
differential equationsw. Our lab has an extensive history with the development,
validation, and application of subject-specific FEA in the normal and pathologic
hip1231251973473%). The following section elaborates on the aspects most relevant to
evaluate changes in cartilage and labral mechanics in dysplastic hips from PAO.

Anderson et al. introduced the validated subject-specific FE model of the hip that
serves as the basis for the FE study presented in Chapter 3. First published in 2005, few

research groups have rivaled the caliber of Anderson’s validated model to the present
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day ™. FE studies of the hip typically make simplifying geometrical assumptions, most
commonly by modeling the hip as a sphere®151,1%2, assuming constant cartilage thickness,
or a combination of idealized geometry with cartilage thickness that varies along a single
gradient direction. Models presented within these studies have not been experimentally
validated, and produce unrealistic predictions of intra-articular mechanics, estimating
unicentric contact patterns with predictions of contact stress that are often an order of

123 124 126
y

magnitude lower than those measured in vitro ™, Spherical models of the hip

continue to be published, despite their gross underestimation of cartilage contact stress
and overestimation of contact area in unrealistic, concentric patterns148153 Challenges
with acquiring volumetric images, generating subject-specific surface reconstructions,
and discretizing surfaces into meshes that accurately capture complex and irregular
geometries likely explain the limited number of studies that have modeled the hip using
subject-specific geometry.

Since the initial validation ofthe FE modeling protocol by Anderson et al., a more
extensive validation was completed and additional studies have defined cartilage
mechanics in healthy hips, hips with acetabular retroversion, and hips with acetabular
dysplasial23127,149150. Cartilage contact stress and contact area in FE models of five
cadaver hips with normal morphology predicted mechanics in good agreement with
experimental measures using pressure film . Further, a parameter analysis indicated
that contact stress is relatively insensitive to the constitutive model chosen for cartilage,
and that specimen-specific material coefficients with regional variations did not have a
large effect on contact mechanics'®’. The minimal effects of cartilage representation on

contact patterns support the use of the simplest hyperelastic model, a neo-Hookean
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constitutive material, which reduces the computational complexity. Contact patterns
quantified in the validation study also supported findings by Harris et al. when applied to
living subjects with normal anatomy: specifically, that more variation in contact patterns
exists between individuals than between simulated loading activities 2",1%.

Subject-specific FE modeling studies that compared mechanics in patients with
retroverted and dysplastic hips to those of healthy controls described minimal and
inconsistent differences in cartilage contact mechanics between populations1150.
However, in hips with acetabular dysplasia, the labrum carried a significantly larger
amount of load compared to healthy hips. In hips with normal morphology, the labrum
was estimated to support less than 3% of the total load transferred across thejointl,ZS. In
contrast, the labrum in dysplastic hips was loaded 2.8 to 4.0 times more than that of
healthy hipsl The additional load to the labrum of the dysplastic hip likely compensates
for reduced bony support, which may explain why cartilage contact stress was not
significantly larger in dysplastic hips compared to healthy hips. Russell et al. had
conflicting results, and reported significantly elevated peak pressures in dysplastic
hipslx4. However, this model did not include the labrum, which would reconcile the
discrepancy between the work done by Russell to that by Henak. Without labral support,
it is possible that the shallow acetabulum is focally loaded along the lateral rim, creating
a small localized region of elevated contact stress, as suggested by the simulations of
Russell and colleaguesis4.

The high incidence of OA in hips with dysplasia and the presence of damage
patterns consistent with chronic overload of the lateral acetabulum have motivated the

development of surgical treatments for acetabular dysplasia. Hip preserving surgeries
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such as PAO are commonly performed to restore more normal coverage, and
correspondingly, improve mechanics’2"°®.  Positive mid- to long-term outcomes in
clinical studies have been cited to demonstrate the effectiveness of PAO for treating
dysplasia based on radiographic measures and outcome scores®® . However, while the
underlying theory for PAO is based on improving mechanics, few studies have assessed
changes in mechanics after PAO%1%.  Following PAO, the reorientation of the
acetabulum may disrupt the natural congruency of the joint, which could have
undesirable consequences. Furthermore, hip contact mechanics are unique to the
individual and complex, and consequently may not behave similar to intuitive theories
primarily based on joint coverage. Our validated FE modeling protocol that includes

patient-specific bone, cartilage, and labrum offers a unique opportunity to elucidate hip

contact mechanics following PAO.

1.4.4 Discrete Element Analysis (DEA) in the Hip

Discrete element analysis (DEA) was developed to determine human articular
joint contact pressure following the concept of the Rigid Body Spring Model Theory that
was derived by Kawai for civil engineering applications134136. It was termed DEA from
its use of discrete spring elements to simulate rigid bodies in contact under static load1%.
First introduced to orthopaedics as a 2D study to compare cartilage contact area and
stress in normal and pathologic hips, DEA was quickly applied to other diarthrodial
joints134156-160. A handful of DEA studies on the hip have been published9,97,16L
However, all hip DEA studies predicted concentric and symmetric contact distributions

and introduced simplifying assumptions for cartilage geometry. Therefore, predictions of
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prior DEA models of the hip were limited in their ability to extract physiologically
realistic data. Nevertheless, it is possible that DEA models of the hip could predict
accurate results if the actual geometry of bone and cartilage was included. This
motivated the development of a subject-specific DEA model of the hip for the work
herein. To introduce this modeling technique, the general theory and formulation of the
DEA method is reviewed.

For orthopaedic applications, bones are modeled as rigid bodies, and articular
cartilage is represented by an array of compressive springs13,135140161 The rigid bodies
representing bone are considered to be at equilibrium under the application of a joint
reaction force. A solution is determined such that the sum of the spring reaction forces
created from displacement of the rigid bone segments balances the applied joint reaction
force. A linear spring model is typically used and will be discussed further; however,
nonlinear representations have been described and may be found in the literature *% 1% 138
Spring stiffness is derived from a linearized elasticity model, which assumes infinitesimal

strains and a linear relationship between stress and strain. Starting with the equation for

Hooke’s law:

aij = Cijkl€ki (11)

Here, is the Cauchy stress tensor, is the stiffness tensor, and is the strain
tensor. In this case, the stiffness tensor represents the spring stiffness, which is a scalar,
k. We also assume spring deformation is along the longitudinal direction of the spring,

which simplifies the equation above to a first order equation:
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(12)

Next, k can be expressed in terms of Young’s modulus, E, and Poisson’s ratio, v, as

follows:

e(l—Vi [o,
at= (1-2.% 1vcCi (13)
Stress and strain tensors are redefined based on definitions,

@i =~ andei=~ ,where stress is the force over area for each spring element and

strain is the displacement divided by initial spring length. Substituting into Eq. (1.3) we

get the following:

£i E(1 v Aui

A = (1-2VW(1+V) h (.)

Rearranging into the familiar format of Hooke’s law, F = k Au, where F is the force, k is

the stiffness, and is the displacement:

= AE(L V) au (1.5)
N h(-2y@l+vy) 1 v o

With further rearrangement of Eq. (1.5), the spring stiffness, k, can be defined as:
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k = AEO_jd_ (1.6)
h(1- 2v)(1+ v) v o

The spring stiffness depends on the area of each element face associated with a spring,
the spring length which corresponds to cartilage thickness, Young’s modulus, and
Poisson’s ratio.

The DEA solver based on the theory and equations outlined above was created at
the University of Utah Musculoskeletal Research Lab by Steve Maas and was specifically
designed to complement the validated finite element model of the hip developed by

Anderson et al *®

. Therefore, the inputs required and model set up are similar to the finite
element models described in Section 1.4.3. Briefly, the femur and pelvis are represented
by triangulated rigid surfaces with cartilage thicknesses defined at each node. Bones are
oriented according to loading conditions from in-vivo studies, which also define the
magnitude and direction of the joint reaction force applied to the femur . A compressive
spring is generated at the center of each triangular face on the femur and spring stiffness
is determined from Eq. (1.6) using material properties from the literature161-164. Newton’s
method is used to determine the solution by iteratively displacing the femur until the
residual of the joint reaction force and sum of all spring forces is less than the user
defined tolerance. Contact stresses are calculated from the spring force and triangular
element area where each spring was attached.

Prior DEA studies of the hip are limited in their predictive abilities due to the
geometrical assumptions made in their models. Yoshida et al. used a general 3D pelvic

model and prescribed constant cartilage thickness to estimate hip mechanics during

activities of daily lifel6l. A study by Tsumura et al. simulated pelvic osteotomies in
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dysplastic hips and predicted cartilage contact stress and area for every 5 degrees of
acetabular rotation®’. Cartilage thickness was assumed to be equivalent to joint space
thickness, or the distance between femur and acetabulum. Armiger et al. modeled
dysplastic hips before and after PAO with DEA, assuming constant cartilage thickness9.
All of these studies predicted concentric and symmetric contact distributions as a result of
simplifications to the representation of cartilage thickness. With model inputs that do not
resemble the native hip, conclusions from prior DEA hip studies should be interpreted
with caution.

The University of Utah DEA implementation for calculating intra-articular
mechanics of the hip is based off of previously described DEA studies of the hip but
enhances the geometrical representation of cartilage9%,971%5161.163 Our DEA method
distinguishes itself by including subject-specific bone and cartilage as model inputs,
which introduces the dependence of spring stiffness on varying cartilage thickness values.
Seemingly minor details, these changes have a dramatic influence on estimates of
cartilage contact stress and area. Contact stress patterns change from unicentric,
symmetric distributions of low magnitudes with constant cartilage thickness to bicentric
patterns with higher magnitudes that concur with experimental studies when subject-
specific cartilage thickness is included148153 Previously unable to predict accurate intra-
articular mechanics in the hip due to modeling assumptions, DEA had limited
applications. However, the University of Utah enhanced subject-specific DEA model of

the hip offers opportunities for clinical and population-based studies.
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1.5 Imaging the Hip Joint

Imaging is one of the primary diagnostic methods for assessing hip pain. Two-
dimensional radiographs provide an initial evaluation and are typically relied on for
preliminary diagnosis. However, once an underlying bony pathology has been identified,
advanced imaging is often performed to comprehensively assess the joint. CT and MRI
are commonly prescribed to evaluate bony abnormalities with greater detail in 3D, and as
a means to detect articular and labral damage.

The hip joint is inherently challenging to image, which may explain why imaging
studies of the hip are not as prevalent. The spherical shape of the femoral head and
acetabulum make it susceptible to staircase artifact and partial volume averaging.
Furthermore, articular cartilage in the hip is thin, requiring high-resolution scans to
capture articular geometry. Additionally, the hip joint is tight, making it difficult to
delineate opposing cartilage layers without traction and/or introduction of secondary fluid
into the joint space. Finally, because of its deep position in the body, it is difficult to
obtain sufficient signal-to-noise-ratio with MRI when imaging a joint obscured by soft
tissue. Despite imaging challenges, CT and MRI are routinely used in the diagnosis,

treatment management, and follow-up care of patients with hip pain.

1.5.1 Computed Tomography (CT) Imaging
CT images are produced by rotating an x-ray source around the body. X-rays
pass through the body at different angles and a detector array collects the transmission

projection datals5166.  Computer software then synthesizes the data to produce



26
tomographic images. Images can be reformatted into any plane, resulting in a stack of x-
ray images through the plane that best appreciates the pathology.

CT is often utilized for preoperative planning for acetabular dysplasia. Clinicians
may request CTs as standard of care to fully appreciate the extent of bony pathology for
surgical planning. In contrast to 2D radiographs, CT images provide a more
comprehensive, 3D assessment which may reveal subtle pathologies not visualized with
radiographs106114167. Additionally, 3D surface reconstructions can be generated from
CT, enabling surgeons to interact with 3D models to assist with preoperative planningl67.
While CT scans offer high-resolution imaging of bone, they cannot directly image the
soft tissue structures of the hip joint. Assessing cartilage integrity is essential for hip
preserving surgeries as preexisting cartilage damage has been associated with poor
outcomesiEBID,

CT arthrography (CTA) is utilized to visualize bone and indirectly image hyaline
cartilage, and labrum in the hip simultaneously. Using fluoroscopic guidance, a
radiologist injects radio-opaque contrast material intra-articularly. The contrast material
attenuates at a high intensity, similar to that of cortical bone for concentrations used for
hip CTA170,171. Articular cartilage and labrum are outlined by contrast and underlying
subchondral bone (Fig. 1.4). Using CTA, cartilage degeneration and lesions as well as
labral injuries can be imaged by visualizing penetration of contrast into soft tissue
structures1/21/ (Fig. 1.4).

Qualitative clinical evaluation using CT and CTA provides clinicians with useful
information in determining treatment strategies. However, CT also enables quantitative

analyses for research applications. Surface reconstructions serve as inputs into FE and
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DEA models for prediction of intra-articular mechanics%12517. 3D surfaces also enable
the determination of kinematics with submillimeter accuracym. Additionally, 3D
measures are more accurate than corresponding 2D radiographic measures used for
clinical assessment110114 and plots of cartilage thickness can be generated89,167,175.
Although CT offers benefits for clinical and research applications, it is not
without risk to the subject— infection, allergic reaction to administered contrast, and
injury to neurovascular structures*™® ™. However, the primary concern with CT for
evaluating hip disorders is the associated exposure to ionizing radiation. MRI is often
utilized to alleviate radiation concerns, especially considering that the patient population

with hip dysplasia is young and may be at higher risk for long-term complications from

increased radiation exposure.

1.5.2 Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) utilizes the properties of nuclear magnetic
resonance to create high spatial resolution images with excellent soft tissue contrast.
Generally, most imaging is based on the nucleus of the hydrogen atom, which is abundant
in biological tissues. To obtain medical images, a patient is placed in the magnetic field,
which aligns the protons parallel to the applied field. To generate a signal, the
magnetization must be tipped away from equilibrium. Radiofrequency (RF) pulses
disturb the protons so that the net magnetization vector flips out of alignment with the
external magnetic field. The direction of the magnetization vector produces components
transverse and longitudinal to the applied field. The precession of the transverse

magnetization induces a current in a receiver coil, which becomes the MR signal.
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After RF pulses, the net magnetization vector realigns with the axis of the applied

field. The longitudinal magnetization recovers as spinning nuclei release energy back to
the surrounding lattice through the process of T1 recovery. The time it takes for
longitudinal recovery to the lowest energy state is called T1, or spin-lattice relaxation
time.  Concurrently, the transverse magnetization decreases and dephases due to
interactions between adjacent spinning nuclei and their magnetic fields, termed T2
relaxation. T2 relaxation is inherent to the tissue, and depends on spin-spin interactions.
Spin dephasing also occurs due to inhomogeneities in the magnetic field. The
combination of spin-spin interactions and inhomogeneities in the magnetic field dephase
transverse magnetization, resulting in T2 decay. T1, T2, and T2 values are tissue-
specific and therefore, largely define tissue appearance. Tissue contrast is created from
differences in T1, T2, and proton density, which are determined from inherent properties
of the tissue'®. However, scanning parameters such as repetition time (TR) and echo
time (TE) can be altered to emphasize specific types of contrast. TR is the time between
RF pulses and TE is the time between an RF pulse and the peak of the detected
signall18L,18. In general, T1-weighted images (short TR and TE) can depict anatomy best
and T2-weighted images (long TR and TE) identify disease better because T2-weighted
images highlight regions of higher water content, which typically is indicative of
pathologic processeslgo,lsz,m. Proton density weighted (PD) images (long TR and short
TE) display differences in contrast predominantly due to differences in proton density
between tissue types. PD sequences can usually visualize both anatomy and the disease
process. Finally, signal localization is used to define positional data of the MR imaging

system. Gradients of the strength of the magnetic field are applied in the imaging



29
plane184. Both the phase-encoding and frequency-encoding gradients cause shifts in
phase and frequency, respectively, which allows the exact location and amplitude of the
signal to be computed.

There are many sequences used in MR imaging defined by additional parameters;
however, the two fundamental types of pulse sequences are spin-echo (SE) and gradient
echo (GRE). In SE sequences, a 90° RF pulse is applied, followed by a 180° pulse at one
half the TE time to rephase the nuclei and induce an echol®. To reduce scan time, fast
spin-echo (FSE) sequences apply multiple 180° rephasing pulsesl8. Each rephasing
pulse creates an echo, which considered together are referred to as an echo train with a
length equivalent to the number of RF rephasing pulses. FSE sequences are much faster
than SE, and acquisition time is inversely related to the echo train length. GRE
sequences differ from SE in that gradients, instead of RF pulses, are applied to dephase
(negative gradients) and rephase (positive gradients) transverse magnetizationﬁ%?
Additionally, variable flip angles are used with GRE. Because gradients do not refocus
magnetic field inhomogeneities, GRE sequences are sensitive to inhomogeneity of the
field, which can result in signal loss or susceptibility artifacts *®. Acquisition times are
shorter for GRE compared to SE, and GRE sequences can involve the creation of a steady
state18 To create a steady state, a low angle RF pulse and a TR shorter than the T1 and
T2 of the tissues are used. As a result, the net magnetization is not diminished between
successive TRs, and the signal remains in a steady state.  Therefore, transverse
magnetization remains available for samplinglgg. Spoiled or incoherent GRE sequences
produce the same effect as T1 or PD-weighting with a spoiler RF gradient to eradicate the

remaining transverse magnetization after each echo190. Conversely, partially refocused or
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coherent GRE sequences produce T2 weighting by applying a gradient to rephase the T2*
magnetization while it is being dephased191,192

This section discusses the sequences most commonly used in imaging the hip: 2-
D FSE, 3D spoiled gradient echo (SPGR), and 3D DESS. FSE sequences are widely
used to image the hip clinically. The most common clinical MRI protocol uses a
combination of T1-, T2-, and PD-weighted FSE acquisitions at a few locations
throughout the joint and in different planes. These protocols provide 2D images at
discrete locations in the joint, which is often described as a comprehensive assessment.
In reality, images are limited to 2D snapshots in different planes and positions of the
joint. This can give a general impression ofjoint health but could miss focal lesions and
does not allow for comprehensive analyses using surface reconstruction for visualization
or quantitative methods. Nonetheless, for the purpose of diagnosis, FSE sequences may
be sufficient to obtain an overall impression of joint health. Specifically, the ability of
MR imaging to identify chondral and labral pathologies has received a great deal of
attention. Numerous studies have reported on the diagnostic accuracy and reliability of
identifying labral tears; however, no census has been reached on the best technique.
Historically, two-dimensional FSE sequences with intra-articular injection were
popularized in detecting articular and labral damage, reporting the best accuracy174,193-198,
More recently, 3D acquisitions have been introduced to image the hip, providing
volumetric images with equivalent or improved ability in detecting intra-articular
damage9,194,195,198-22.

In recent years, 3D MR imaging of the hip has become more common. However,

generally speaking, studies to date have solely focused on the assessment of articular
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damage and rely on low scan resolutions199-200,203 Only a handful of studies have
exploited the potential of 3D MR acquisitions; for example, to generate fringe plots of
cartilage thicknessd 3 and display site-specific integrity of cartilage using biochemical
imaging200. 3D spoiled GRE (3D SPGR) is considered a standard MR technique for
quantitative morphologic assessments of cartilage in the knee and presents the advantages
of high spatial resolution and high signal intensity of articular cartilage%@ﬁl—%ﬁ. Therefore,
it is no surprise that of the few studies that have used 3D MRI to image the hip, SPGR
has been the most common 3D sequence employed. In SPGR, a spoiler RF gradient is
used to eradicate any remaining transverse magnetization after each echo, thereby
producing the same effect as T1 or proton-density weighting19. Very few studies have
imaged the hip in 3D with MRI as it is challenging to obtain high-resolution images with
sufficient signal and contrast. 3D SPGR sequences have been used to compare
morphology and articular damage between healthy hips and hips affected with acetabular
dysplasia9,173,208,209. Although images captured morphology and identified intra-articular
damage reasonably well, SPGR may not be the ideal sequence for the hip because of
disadvantages including lack of contrast between cartilage and fluid, longer imaging
times, and high sensitivity to susceptibility artifacts2.

3D dual echo steady-state (DESS) is a well-established sequence for morphologic
assessment of knee cartilage that could be applicable to imaging the hip211-214. DESS is
more time efficient and has higher signal-to-noise ratio and cartilage-to-fluid contrast
than SPGR215216. DESS is a 3D coherent GRE sequence that acquires two or more

gradient echoes separated with a RF pulse and combines both echoes to produce

images21l7. DESS images have a larger T2* weighting, which creates high signal in
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cartilage and synovial fluid. Extensive evaluation of DESS in knee OA trials has
demonstrated good accuracy and precision in diagnostic and quantitative cartilage
assessmentszog,m. Considering the benefits that DESS offers, it is a promising sequence
to study the hip: high-resolution scans, enhanced contrast between cartilage and fluid, and
efficient scan times. The most recent MR studies of the hip have used DESS for
morphologic assessments and identification of chondral and labral injuries198-200.
However, no study has used DESS to generate surface reconstructions of the bone and

soft tissue structures of the hip. Finally, the accuracy of DESS to image hip cartilage has

not been evaluated.

1.6 Overall Motivation and Summary of Chapters

The over-arching goal of this dissertation is to improve the clinical diagnosis and
treatment of acetabular dysplasia and evaluate the mechanical efficacy of the PAO
procedure. Because dysplasia is believed to be a pathomechanical disease of the hip,
clinical care should be based on mechanical analyses. The body of this dissertation seeks
to develop the foundations for a biomechanical assessment of acetabular dysplasia.
Specifically, this dissertation enhances the understanding of the widely accepted surgical
treatment of PAO for dysplasia, introduces a clinically accessible computational model to
estimate intra-articular hip contact mechanics, and improves advanced imaging for the
hip joint that is necessary to generate accurate patient-specific models.

The focus of Chapters 2 and 3 is to evaluate morphology and biomechanics in
acetabular dysplasia before and after surgical treatment of PAO. As described in Section

1.2.2, the rationale of PAO is that reorientation of the acetabulum improves coverage of
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the femoral head, increases joint stability, and decreases joint contact stress. Although
intuitive, the ability of PAO to normalize hip contact mechanics has yet to be
demonstrated quantitatively in a cohort of patients treated for dysplasia. Also, to date,
follow-up studies of PAO patients have only described subjective patient-reported
outcomes (e.g. questionnaires) and changes in 2D radiographic measures&®). Changes in
the complex, 3D morphology have not been adequately described, and no study has
qguantified changes in intra-articular mechanics following PAO with patient-specific
detail.

Chapter 2 reports measures of 2D and 3D morphology before and after PAO in
patients with acetabular dysplasia. Chapter 3 details changes in cartilage and labrum
contact mechanics before and after PAO, and relates biomechanical findings to articular
congruency. Chapter 3 provides the first assessment of pre- and postoperative hip contact
mechanics using patient-specific anatomy. As discussed previously, only models that
employed idealized geometry for cartilage and bone have been used to study mechanics
before and after PAO. Together, Chapters 2 and 3 provide a quantitative dataset that
addresses clinically important questions related to the treatment of dysplastic hips. These
data also provide baseline data required to develop optimization software and associated
methods that could be useful for preoperative surgical planning.

Personalized surgical plans are becoming more common as the healthcare
industry has access to improved technology. With its steep learning curve, surgeons who
perform the PAO procedure could benefit from incorporating patient-specific surgical
plans to guide the resection and reorientation of the acetabulum. Ideally, personalized

plans would ensure the acetabulum is rotated into a position that minimizes contact
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stresses. Computational methods such as FEA and DEA could be used for this purpose.
Introduced in Section 1.4.4, DEA predicts hip contact mechanics by modeling cartilage
as an array of deformable springs. Chapter 4 describes the first implementation of a
subject-specific DEA model of the hip. As detailed in Chapter 4, DEA models of the hip
can be analyzed in seconds, compared to several minutes or hours required by FEA. With
excellent computational efficiency, DEA could become a valuable clinical tool. Potential
applications may include a preoperative estimation of contact areas and cartilage stress
distributions on a per-patient basis to determine disease severity, and potentially, the need
for surgery. DEA could also be used to predict the optimal relocation of the acetabulum
during PAO.

Discussed in Section 1.5, imaging is necessary for clinical diagnosis as well as for
generating computational models. Specifically, volumetric image data are required to
create accurate surface reconstructions and computational models that emulate subject-
specific anatomy. For clinical diagnosis, 3D imaging of the hip is essential to visualize
deformities throughout the hip. Surface reconstructions can then be used to appreciate the
complex geometry of the pelvis and femur as well as the relationship between the two?'8-
2L The success of the PAO procedure relies on a 3D preoperative assessment of the size
and location of bony hip deformities as well as cartilage integrity/continuity (i.e. health,
thickness)*® 2. In particular, the clinician must not rotate the acetabulum during PAO
such that damaged areas of cartilage undergo continued loading in the postoperative
configuration. Surprisingly, preoperative planning of PAO currently relies on 2D
radiographs, which do not visualize cartilage and cannot describe the complex, 3D nature

of hip anatomy.
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Section 1.5.1 outlined CT, and described how our lab has utilized CT for the purpose
of 3D modeling of the hip123125127130147-150176177223224. Using CT, high-resolution
images can be obtained of the entire pelvis and proximal femur in short scan times,
typically 12 seconds?® 2, Coupled with intra-articular injection of radio-opaque
contrast agents and traction, CT scans of the hip can clearly delineate cortical and
trabecular bone, and femoral and acetabular cartilage8 ¥RI%BIREP However, the major
limitation of CT is the associated radiation exposure, which can exceed 10 mSv (1
Rad)226.

The number of patients diagnosed and treated for developmental hip disorders will
continue to increase in the coming years, especially as we become more aware of
conditions similar to dysplasia, such as femoroacetabular impingement and acetabular
retroversion. Most patients with hip pathoanatomy are young, healthy adults (i.e. 18-40
y/o). Furthermore, nearly 75% of patients have bilateral hip pathologies, requiring
follow-up care in the form of additional scans49. Noninvasive techniques to image both
hips over time are therefore advantageous. Accordingly, imaging methods that do not
require radiation would be ideal for patients with hip dysplasia. Ideally, the chosen
modality would image bone and cartilage in a single sequence, be of high resolution,
obtain volumetric data, and be time-efficient. Introduced in Section 1.5.2, the use of
certain MRI sequences could allow for volumetric imaging of hip bone and cartilage to
provide clinicians with enhanced visualization of deformities and damage without the
risk of ionizing radiation.

As described in Section 1.5.2, DESS MRI could be an excellent sequence to image

the hip for diagnostic purposes as well as for 3D modeling. For example, imaging with
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DESS could streamline the process to generate 3D reconstructions of bone and cartilage.
Specifically, with DESS, bone, cartilage, and intra-articular contrast are represented by
different voxel intensities; in CTA, bone and intra-articular contrast have very similar
intensities (Fig 1.4). With similar x-ray attenuations, it can be tedious and time-
consuming to manually segment bone from contrast using CTA in order to create 3D
surface reconstructions. With separate voxel intensities, it may be feasible to
automatically segment the DESS MR images, ultimately reducing the time needed to
create 3D surfaces.

Chapter 5 reports on the implementation of the DESS MRI protocol to obtain high-
resolution 3D acquisitions of the hip; the use of traction and intra-articular fluid to
visualize opposing layers of cartilage are also described. Additionally, Chapter 5
demonstrates that DESS is potentially more accurate than CTA to measure acetabular
cartilage thickness. With the accuracy of DESS for imaging hip cartilage thickness
established, Chapter 5 provides a protocol that could be deployed for the purpose of
staging OA on a per-patient basis, or longitudinally assess the efficacy of various
treatments (conservative, medication, surgery, etc.) in terms of retarding the progression
of OA.

Finally, Chapter 6 summarizes the conclusions of this dissertation as a body of
work, and interprets key findings of each chapter as interrelated topics to improve clinical
management of acetabular dysplasia. Additionally, Chapter 6 discusses future directions

that may build upon the work herein.
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Figure 1.1. Surface reconstructions of a normal left hip joint. (a) Anterior view of the hemipelvis, labrum, and proximal femur
with femoral cartilage. (b) Sagittal view of the hemipelvis with acetabular cartilage on the lunate surface and the acetabular
labrum.
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Normal Hip Dysplastic Hip

Figure 1.2. Differences in coverage between normal and dysplastic hips. Shallow
acetabulum and reduced anterior and lateral femoral coverage in the dysplastic hip is
indicated by the arrows in the (b) surface reconstruction and (d) digitally reconstructed
radiograph. (a) Surface reconstruction and (c) radiograph of hip with normal anatomy
exhibits a more spherical acetabulum with increased coverage.



Figure 1.3. Schematic of periacetabular osteotomy (PAOQO) for treatment of acetabular dysplasia. (a) Preoperatively, there is
diminished anterior and lateral coverage of the femoral head. In PAO, the acetabulum is transected from the pelvis, allowing
free rotation of the acetabulum. Osteotomy sites are indicated by the dashed lines. (b) Postoperatively, the acetabulum has
been rotated anteriorly and laterally to increase femoral coverage. The acetabulum is secured in its new orientation with
cortical screws (not pictured).
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Figure 1.4. Midcoronal images of the hip joint. Traction was applied inferiorly to the
femur to distract the joint. (a) Normal hip computed tomography arthrogram (CTA) of
healthy control. (b) Normal hip 3D dual echo steady state (DESS) magnetic resonance
arthrogram (MRA) of cadaver.



CHAPTER 2

CHANGES IN FEMORAL COVERAGE AND CARTILAGE

THICKNESS AFTER PERIACETABULAR OSTEOTOMY

2.1 Abstract

Periacetabular osteotomy (PAQO) seeks to improve femoral head coverage and
prevent thinning of cartilage in dysplastic hips, but studies have not used patient-specific
anatomy to measure changes in joint coverage and cartilage thickness following PAO.
The objectives of this study were to quantify three-dimensional (3D) femoral coverage
and cartilage thickness in hips with dysplasia before and after PAO.

Computed tomography arthrography (CTA) was performed on five patients with
dysplasia before and after PAO. Radiographic measurements of the lateral center edge
angle (LCEA), acetabular index (Al), and cross-over sign (CoS) were obtained. 3D
surfaces of bone and cartilage were reconstructed from CTA images. The femur was
divided into total, medial, lateral, anterior, and posterior regions, and four quadrants.
Coverage as well as acetabular and femoral cartilage thickness were quantified on a total
and regional basis.

The LCEA significantly increased, Al significantly decreased (P < 0.001, 0.002,
respectively), and CoS eliminated following PAO. Coverage did not change significantly

overall (P = 0.505) or by quadrant (all P > 0.215). However, coverage significantly
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increased laterally and significantly decreased medially (P = 0.046, 0.046, respectively).
There were no significant differences in anterior or posterior coverage (P = 0.594, 0.654,
respectively). Average acetabular and femoral cartilage thickness did not change overall
(P = 0.237, 0.094, respectively) or by region/quadrant (all P > 0.112).

After surgery, radiographic measurements improved, but PAO did not improve
coverage overall. Thus, PAO may only improve coverage locally. Though longer-term
follow-up studies are necessary, our results suggest PAO may halt further thinning of

cartilage.

2.2 Introduction

Acetabular dysplasia is a well-established risk factor for the development of early
hip osteoarthritis (OA)1,2. In dysplastic hips, the acetabulum is shallow and does not
adequately cover the femoral head. Decreased femoral coverage is believed to cause
overloading to cartilage and subsequent deterioration and thinning. Periacetabular
osteotomy (PAO) is recommended to restore femoral coverage and prevent or delay OA.
In PAO, the acetabulum is transected from the pelvis and reoriented to a position of
optimal coverage, confirmed during surgery by measurement of two-dimensional (2D)
fluoroscopy images34.

Pre- and post-PAO evaluation of dysplastic hips is typically limited to 2D
radiographic measures. On anteroposterior (AP) radiographs, the lateral center-edge
angle (LCEA) quantifies lateral coverage of the femoral head, the acetabular index (Al)
indicates the slope of the sourcil (i.e. weight-bearing region of the acetabulum), and the

crossover sign (CoS) assesses the orientation of the acetabulum5. While radiographic
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measures can identify gross differences in acetabular morphology and coverage, these 2D
images cannot describe the complex three-dimensional (3D) anatomy of the hip6. Subtle,
localized differences in femoral coverage may not be clearly visible on radiographs?.
Further, though cartilage thickness is an important factor in monitoring outcomes
following PAO, the thickness of cartilage can only be inferred as the joint space width on
radiographs%,@. Only substantial thinning indicative of advanced OA can be identified
with radiographs.

A 3D method capable of accurately quantifying femoral coverage and cartilage
thickness before and after PAO could elucidate the effects this surgery has on hip
morphology, including its ability to prevent thinning of cartilage. Previous published
work has assessed changes in coverage after PAO using computed tomography (CT)
images, yet did not utilize the volumetric potential of CT as they did not generate 3D
surface reconstructions10. Instead, Mechlenburg et al. estimated the changes in load-
bearing area of the femoral head after PAO using stereologic methods. They found that
the projected load-bearing surface increased by an average of 49% postoperatively, which
improved coverage to within normal limitsl0. While this study did report femoral
coverage, the accuracy of their method is limited. Specifically, they only estimated
coverage using measurements of 2D images from the CT data, rather than direct analysis
of the 3D surfaces. To our knowledge, femoral coverage has not been determined from
3D surfaces before and after PAO.

Therefore, the purpose of this study was to evaluate 3D femoral coverage in
dysplastic hips before and after PAO. Additionally, to identify changes in cartilage

thickness that may indicate cartilage deterioration, femoral and acetabular cartilage
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thickness was analyzed pre- and postoperatively from 3D surfaces generated from

computed tomography arthrography (CTA).

2.3 Methods
2.3.1 Subject Selection and Image Acquisition

Five patients with symptomatic acetabular dysplasia were imaged before and after
surgical treatment with PAO by a single experienced orthopaedic surgeon (University of
Utah IRB# 10983, 43600). All procedures were followed in accordance with the Helsinki
Declaration. Preoperatively, patients were diagnosed with acetabular dysplasia based on
a LCEA less than 25 degrees and acetabular indices greater than 10 degrees (1 male and 4
female, BMI 21.1 £ 3.6 kg'm-2 age 29.8 + 5.8 years). Follow-up time averaged 19.3 +
7.2 months, yielding a postoperative age of 31.5 + 6.3 years. Minimal changes in body

mass index were observed (BMI 21.4 £ 2.9 kg'm-).
A validated CT arthrography (CTA) protocol was utilized to capture morphology
pre- and postoperativelyll,lz. A musculoskeletal radiologist prepared a solution of 20 ml
of 1% lidocaine (Hospira, Lake Forest, IL, USA), 10 ml of 61% iopamidol (Isovue 300
mg iodine/ml, Bracco Diagnostics, Monroe Township, NJ, USA) and 0.1 ml of 1:1000
epinephrine 1 mg/ml (Hospira, Lake Forest, IL, USA) in a 30 ml lure lock syringe.
Approximately 15-25 mL of contrast was injected under fluoroscopic guidance using a
lateral oblique approachlz. Traction was applied with a hare-traction splint during CT to
distract the joint and delineate between acetabular and femoral cartilage. Images of the
pelvis and bilateral femurs were acquired using a 128-section single-source CT machine

(SOMATOM Definition™; Siemens Healthcare, Munich, Bavaria, Germany) with the
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following settings: 120 kVp, 100-400 mAs, 512 x 512 matrix, 1.0 pitch, 300-400 mm
FOV, 1.0 mm section thickness.

Radiographic measures of acetabular morphology are sensitive to patient
positioning1314. Therefore, to obtain standardized radiographic measurements, digitally
reconstructed radiographs (DRR) were generated from CTA images pre- and
postoperatively to measure lateral femoral coverage, acetabular slope, and acetabular
version1516 (Fig. 2.1). CTA image data of the pelvis, sacrum, and bilateral femurs were
isolated using segmentation masks and a Boolean operation built into Amira software
(v5.4, Visage Imaging, San Diego, CA). A DRR was generated to simulate an
anteroposterior (AP) pelvis view. The pelvis was positioned in a neutral position such
that the obturator index (ratio of the largest horizontal distance of the obturator foramina)
was between 0.8 and 1.2 and the distance from the pubic symphysis to the tip of the
coccyx was between 1 and 3 cmb. Lateral center-edge angle, acetabular index, and the

presence of a crossover sign were measured by one observer as described by Clohisy et

al.5
2.3.2 Three-dimensional Analysis of Femoral Head Coverage
Bone and cartilage surfaces were segmented semi-automatically in Amira using
validated threshold settingsﬂ,ls. Those images covering the acetabulum and femoral head

were up-sampled to three times the original resolution in all planes to minimize stair-case
artifactl519. On the affected hip, cortical bone, and cartilage were segmented for the
hemipelvis and proximal femur. Additionally, cortical bone was segmented for the

sacrum, and contralateral hemipelvis and femur for alignment and generation of DRRSs.
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Reconstructed surfaces were triangulated and segmentation artifacts were removed by
controlled smoothing using Amira. The pelvis and femur were positioned in the neutral
kinematic position of walking at midstance”. An alignment procedure established the
neutral position and corrected for the effects of traction as follows. First, the surfaces of
the affected hip were rotated about the center of the contralateral acetabulum to correct
for obliquity and rotation. Next, the affected femoral head was translated to correspond
with the relative positioning between the contralateral pelvis and femur. Finally, the
affected pelvis and femur were rotated about the center of the femoral head to achieve the
kinematic position of walking at midstance2d.

Femoral coverage was quantified by projecting the rim of the bony acetabulum
onto the nearest points on the surface of the femoral head. Specifically, a cubic spline
was fit to the rim of the cortical bone of the acetabulum. Next, the femoral head was
isolated using first principal curvature as calculated in the FEBio software suite”. The
femoral head was then divided into anatomic regions15 Three points were used to define
the anatomical regions: (1) the center of the sphere fitted to the femoral head, (2) the
center of the narrowest cross-section of the femoral neck, and (3) the circumferential
center of the femoral shaft just proximal to the lesser trochanter1s. The three points then
defined a plane that divided the femoral head anteriorly and posteriorly. A second plane
was created perpendicular to the first plane and passed through points (1) and (2) to
establish boundaries for the medial and lateral regions. The two bisecting planes then
described the following quadrants: anterolateral (AL), anteromedial (AM), posterolateral
(PL), and posteromedial (PM). Coverage was then calculated as a percent of the

following regions: total, medial (AM + PM), lateral (AL + PL), anterior (AM + AL),
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posterior (PM + PL), and by quadrant, where percent was calculated by the following

equation:

Percent Coverage = 100% x [covered area (mmz) / total area ofregion (mm )]  (2.1)

2.3.3 Three-dimensional Plots of Cartilage Thickness

Acetabular and femoral cartilage thickness was calculated using a validated
algorithmlg. First, triangulated faces representing the articular regions of the acetabular
cortex and femoral head cortex were selected using first principal curvature in the FEBio
software suite®.  Next, the distance between the outer cartilage surface and cartilage-
cortical bone boundary was determined by projecting the vector normal. Cartilage
thickness at each surface node was represented as 3D color fringe plot. Average cartilage
thickness was calculated when considering the entire surface of acetabular and femoral
cartilage, and also by region. Acetabular cartilage was divided in anterior, posterior, and
superior regions, whereas the femoral head was divided into the quadrants of AL, AM,

PL, and PM as described above.

2.3.4 Statistical Analysis
Paired t-tests were used to identify pre- to postoperative changes in continuous
radiographic measures (i.e. LCEA and Al), percent femoral coverage, and cartilage
thickness. P-values were adjusted following Finner’s procedure when multiple
comparisons were performed, such as the four femoral quadrants (i.e. AL, AM, PL, PM),

three acetabular regions (i.e. anterior, superior, medial), or two femoral regions (i.e.
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medial/lateral or anterior/superior). All statistical analyses were performed in Stata (v
13.0, StataCorp LP, College Station, TX), and plots were generated using SigmaPlot (v

11.0; Systat Software, San Jose, CA). Significance was set at P < 0.05.

2.4 Results

Qualitative inspection of the 3D surfaces demonstrated that PAO reoriented the
acetabulum to increase lateral coverage and corrected acetabular version when
retroversion was present (Fig. 2.2). Visualization of the 3D surfaces also demonstrated
that posterolateral coverage increased for all patients (Fig. 2.2).

After the PAO procedure, radiographic measures changed significantly.
Specifically, the LCEA was significantly increased, Al significantly decreased (Table
2.1) (P < 0.001, 0.002, respectively). Compared to the normal reference ranges for
LCEA and Al, all measurements were corrected to normal except the Al in patient #3
(Table 2.1). Finally, for the three patients who presented with acetabular retroversion

preoperatively, the CoS was eliminated postoperatively.

2.4.1 Femoral Head Coverage
Overall, percent coverage did not significantly change postoperatively (P = 0.505)
or by quadrant (all P > 0.215). However, by region, coverage significantly increased
laterally and significantly decreased medially postoperatively (P = 0.046, 0.046,
respectively). There were no significant differences in anterior or posterior coverage (P =

0.594, 0.654, respectively).
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2.4.2 Cartilage Thickness

Average acetabular cartilage thickness was 1.40 £ 0.20 mm and 1.55 £ 0.27 mm

in the pre- and postoperative states, respectively. Average femoral cartilage thickness
was 1.30 £ 0.18 mm and 1.56 = 0.25 mm in the pre- and postoperative states. Inspection
of the 3D fringe plots indicated that acetabular cartilage thickness was thickest in the
superolateral region and thinnest in the posteroinferior region in both pre- and
postoperative states (Fig. 2.4a,b). Femoral cartilage thickness was thickest around the
fovea of the femoral head and generally tapered in thickness towards the femoral neck in
both pre- and postoperative states (Fig. 2.4c,d). Average acetabular and femoral cartilage
thickness did not change after PAO overall (P = 0.237, 0.094, respectively) or by

region/quadrant (all P > 0.112) (Fig. 2.5a).

2.5 Discussion

To our knowledge, this study is the first to quantify changes in femoral coverage
and cartilage thickness calculated using 3D surface reconstructions of bone and cartilage
before and after PAO. Our results suggest that despite returning radiographic
measurements to the range of normal, PAO does not significantly increase total femoral
coverage. Nevertheless, PAO did shift coverage from primarily medial before surgery to
balance coverage in the medial and lateral regions after PAO. Also, we did not observe
clear signs of cartilage thinning after PAO. Specifically, no significant changes in
acetabular or femoral cartilage thickness were observed.

Contrary to common belief3%, overall femoral coverage did not significantly

change after PAO. Considering that PAO does not alter the size or shape of the
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acetabulum, it is intuitive that total coverage remains relatively constant. In dysplasia,
the acetabulum is under-developed and shallow. While reorienting the acetabulum can
redistribute coverage to balance coverage across all regions of the femoral head, the
shape of the acetabulum does not change. Thus, the acetabulum may remain shallow
postoperatively, thereby explaining why overall coverage of the femoral head did not
improve. By regional and quadrant analysis, the only significant differences observed
were an increase in lateral coverage and a corresponding decrease in medial coverage.
The shift towards increased lateral coverage was observed regardless of acetabular
version. However, variability in acetabular version with 3 retroverted and 2 anteverted
hips likely impeded our ability to discern statistically significant differences in anterior or
posterior coverage as well as changes within individual quadrants after PAO.
Nevertheless, visual inspection of 3D surfaces representing the pre- and postoperative
states suggest that correction of the acetabulum in PAO may be unique to the patient and
depend on the primary region of deficient coverage. In the case of patients who present
with acetabular dysplasia and retroversion, coverage was most deficient in the
posterolateral region. In contrast, when a CoS was not present, coverage was most
deficient anterolaterally.

Our results differ when compared to those of a previous study that used
stereologic methods to estimate femoral coverage from CT images. Mechlenburg et al.
found an average 49% increase in femoral coverage in dysplastic hips after PAO10. The
conflicting results are likely explained by differences in methodology used to compute
coverage. In the prior study, coverage was estimated based on 2D measurements

acquired in the sagittal plane. Femoral coverage was calculated by vertical line
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projection of the most prominent points of the anterior and posterior acetabulum onto the
femoral head. Furthermore, the entire femoral head was selected by Mechlenburg,
whereas we only selected the region thought to articulate in the socket (using principal
curvature). It is therefore conceivable that use of single vertical line projections would
overestimate femoral head coverage. As we considered the entire anatomy of the
acetabulum and femoral head to calculate coverage, we believe our method is more
accurate and precise than that reported by Mechlenburg. Specifically, Mechlenburg’s
method required the user to select prominent points, which may be a subjective process,
and may not encompass the important details of the acetabulum. Conversely, our method
automatically projected a cubic spline representing the entire acetabular rim
automatically onto the 3D surface of the femoral head using closest point projection.
Finally, the goal of PAO is to increase femoral head coverage about the articulating
surface of the femur. Thus, by first isolating the articulating surface of the femoral head,
we believe our method to calculate coverage is of greater clinical relevance than that
reported previously.

While our study did not incorporate an analysis of coverage in normal hips to
serve as a comparison, our coverage results can be qualitatively compared to a prior study
that analyzed changes in coverage between normal and retroverted hipszg. Specifically,
in the study by Hansen et al., coverage was calculated in the same manner as that
performed in our study. Total coverage of dysplastic hips after PAO averaged 51% and
remained reduced when compared with previously described coverage of 58% in normal
hip523. Surprisingly, coverage in the AL region was ~17% in normal hips, which is less

than our average coverage pre- and postoperatively for dysplastic hips. The most obvious
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discrepancy in coverage between normal and dysplastic hips is in reduced coverage in the
posterolateral region. Coverage was ~65% in the PL region of normal hips, while
coverage averaged 31% preoperatively and increased to 45% postoperatively in
dysplastic hips. These findings suggest that reduced posterior coverage due to the
shallow acetabulum observed in dysplasia may be as clinically important as reduced
anterior coverage.

Changes in radiographic measures served as a clinical metric in which to compare
3D changes in coverage achieved by PAO. Thus, in our study, radiographic parameters
for acetabular dysplasia were measured before and after PAO. Given the small sample
size, it was not possible to perform linear regression to quantitatively compare
radiographic measurements to 3D coverage. However, comparisons between
radiographic measurements and 3D coverage can be made qualitatively. Measurements
of LCEA and Al indicated that all hips were corrected within normal limits except for Al
in patient #3 (Table 2.1). Additionally, the CoS was eliminated in all patients, restoring
acetabular anteversion (Fig. 2.2). Despite radiographic parameters of acetabular
coverage, slope, and version being corrected after PAO, 3D femoral coverage analysis
demonstrated that total coverage remains unchanged. In this regard, one could postulate
that radiographs do not provide valuable metrics in which to evaluate femoral head
coverage as quantified in 3D. Indeed, previous work has demonstrated that radiographic
measures do not correlate with 3D measures of morphology6. Therefore, the limitations
in assessing 3D coverage based off of 2D radiographic measures must be appreciated

within the context of diagnosis and treatment of acetabular dysplasia.
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Changes in cartilage thickness after PAO could serve as an indicator of the
progression of OA. We did not detect significant differences in acetabular or femoral
cartilage thickness following PAO. However, we did observe a trend to indicate possible
increases in femoral cartilage thickness. One prior study monitored changes in cartilage
thickness in dysplastic hips preoperatively, and at 1 year and 2.5 year follow-up using
magnetic resonance imaging24. In agreement with our results, they reported no changes
in average thickness of acetabular and femoral cartilage at 2.5 years follow-up. However,
at 1 year follow-up, a significant increase in acetabular cartilage of 0.12 mm was
observed. The authors speculated that an inflammatory process may have caused
cartilage swelling in response to surgery. It is possible that the trend we detected toward
increased femoral cartilage thickness is indicative of the same. While our findings and
the work by Mechlenburg substantiate the use of PAO as an intervention to delay the
progression of OA, it is necessary to interpret our results with caution as the follow-up
time to obtain postoperative CTA images was short. Also, considering the limits of
spatial resolution of the imaging used, and the associated accuracy of the measurement
techniquell, changes in cartilage thickness on the submillimeter scale could be due to
image noise and variation in the segmentation technique used to create 3D models.

There are limitations that warrant discussion. The small sample size made it
difficult to detect significant changes, especially in regional and quadrant analysis where
there was likely more variability at the local level in the shape of the acetabulum and
femur. Additionally, with a small sample size, it was not feasible to perform linear
regression to quantify relationships between radiographic measures and 3D femoral

coverage. In addition to a diagnosis of dysplasia, three of the five patients exhibited a



73
CoS, indicative of acetabular retroversion. Therefore, an additional limitation to this
study is that the patient population was inhomogeneous. With a more homogenous
population, it is possible we would have observed more significant differences in total
and regional coverage. Another limitation is that CTA requires the use of ionizing
radiation; the benefit to risk ratio of using CTA must be carefully considered. Also,
femoral coverage was calculated for the hip for only one simulated activity of daily
living: walking at midstance. We chose walking at midstance because it represents a
neutral kinematic position. Consideration of other simulated activities could reveal
changes in femoral coverage that were not detected herein. Finally, assessment of
cartilage thickness is limited by the accuracy of the imaging protocol. By using a CTA
protocol that has been previously validated, we have confidence that our measurements
of cartilage thickness are accurate to within ~0.5 mm of the true thickness with 95%
confidencell Nevertheless, subtle changes in cartilage thickness could have gone
undetected.

In summary, we found that PAO does not increase overall coverage of the femoral
coverage, which is contrary to prior research and conventional clinical thought. Rather,
we found that PAO serves to balance medial and lateral coverage, by altering coverage
on a regional basis. Use of 3D models to represent femoral head coverage could be useful
to guide surgical resection of the acetabulum on a per-patient basis. In particular, patients
who present with dysplasia and acetabular retroversion may require a PAO that affords
improvements in coverage in the posterior and lateral regions, whereas hips with
dysplasia that are anteverted may have better outcomes when the acetabulum is rotated

laterally and anteriorly. Though we did not observe changes in cartilage thickness,
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additional research, with longer follow-up times, is required to quantify the ability of
PAO to halt progressive thinning of cartilage. Nevertheless, the methods described
herein provide an accurate and precise method to evaluate, in 3D, femoral head coverage

and cartilage thickness.
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AVG
STDEV

Radiographic Measures and Femoral Coverage by Quadrant Pre- and Postoperatively

Radiographic Measures

LCEA
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6.0
9.0
12.8
11.7
4.3

Al
23.2
14.6
40.0
21.3
19.6
23.7

9.6
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no
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Percent Coverage

PREOPERATIVE

Overall AL
48.7 28.1
53.3 44,3
48.7 21.6
45.6 13.0
51.4 25,5
49.6 26.5
2.9 115

AM

63.1
94,3
321
40.2
719
60.3
25.0

PL
26.8
13.2
52.7
36.9
22.9
30.5
15.0
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Overall AL
49.9 34.9
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51.3 35.0
50.2 34.2
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AM

45.6
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36.7
56.0
47.0
10.8

PL
42.2
51.0
52.5
52.4
26.9
45.0
11.0

PM
76.7
90.6
78.3
7.7
69.7
78.6

7.5

8.



Figure 2.1. Radiographic measures of the anteroposterior pelvis view commonly used in the diagnosis of acetabular dysplasia. a)
Lateral center-edge angle: the angle formed by a vertical line and a line connecting the center of the femoral head with the lateral edge
of the sourcil. b) Acetabular index: the angle formed by a horizontal line and the line connecting the medial point of the sourcil with
the lateral point of the sourcil. c) Crossover sign: positive when the anterior (solid line) and posterior (dashed line) walls of the
acetabulum cross (not positive herein).

6.



PT1 PT 2 PT 3 PT 4 PT5

Figure 2.2. Pre- and postoperative 3D surface reconstructions of the femur and pelvis for each patient. Differences in pathologies
between patients is evident by the presence of a crossover sign preoperatively in patient # 1, 2, and 5. Patient # 3 and 4 demonstrated

less anterior coverage preoperatively. Postoperatively, coverage was more balanced between anterior/posterior and medial/lateral for
all patients.
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Figure 2.3. Femoral coverage by quadrant displayed on the femur for patient # 1 pre- and
postoperatively. Lateral coverage increased and medial coverage decreased
postoperatively. Values for coverage is indicated by percent of the regional area covered.
For patient # 1, PL (yellow) increased from 27% to 42%, PM (green) decreased from
79% to 77%, AL (red) increased from 28% to 35%, and AM (blue) decreased from 63%
to 46%.
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PRE POST

Figure 2.4. Plots of (a, b) acetabular and (c, d) femoral cartilage thickness pre- and
postoperatively for patient # 5. General trends in cartilage thickness were consistent pre-
and postoperatively. (a, b) Acetabular cartilage was thickest in the superolateral
acetabulum and thinnest posteroinferiorly. (c, d) Femoral cartilage was thickest near the
fovea and gradually tapered to thin cartilage at the femoral neck. Femoral cartilage was
significantly thicker after PAO in all regions (d). Regions of the acetabulum and femoral
head analyzed are labelled and indicated by the dashed lines.
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Figure 2.5. Average (a) acetabular and (b) femoral cartilage thickness overall and by
region pre- and postoperatively. There were no significant differences in average (a)
acetabular or (b) femoral cartilage thickness overall or by region/quadrant.



CHAPTER 3

PATIENT-SPECIFIC CHONDROLABRAL MECHANICS IN ACETABULAR

DYSPLASIA FOLLOWING PERIACETABULAR OSTEOTOMY

3.1 Abstract

Periacetabular osteotomy (PAO) seeks to improve hip joint contact mechanics by
increasing femoral head coverage. However, studies have not confirmed, using patient-
specific anatomy, that PAO reduces contact stress and redistributes load to the cartilage
and labrum.

The objective of this study was to evaluate cartilage and labrum mechanics and
articular congruency in dysplastic hips before and after PAO using patient-specific finite
element (FE) models. Five patients with dysplasia were modeled pre- and
postoperatively following a validated FE protocol. Contact stress and area on the labrum
and acetabular cartilage as well as labrum load support were compared. Congruency was
assessed for walking at midstance (WM) and ascending stairs at heel-strike (AH).

Percent contact increased postoperatively overall, medially, and superiorly
(P=0.008, <0.001, <0.001). Peak acetabular contact stress decreased significantly
overall, laterally, anteriorly, and superiorly (P<0.001, <0.001, <0.001, 0.012).

Correspondingly, average contact stress decreased overall and in the lateral, anterior, and
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posterior regions (P<0.001, 0.001, 0.037). Only average contact stress on the superior
labrum and peak labrum stress overall decreased (P=0.017, 0.0218). No changes in load
supported by the labrum or contact area labrum contact area were observed. Peak and
average congruency improved (P=0.011, 0.003 for WM; P=0.021, <0.001, for AH).

PAO can increase contact area and decrease contact stress on the acetabular
cartilage, and improve congruency. The procedure also shifted primary loading from
areas known to have damage to locations that may provide more effective force transfer.
Despite these positive changes, the labrum may continue to experience abnormal loading

following PAO.

3.2 Introduction
Approximately one in four people will develop hip osteoarthritis (OA)2.
Reports estimate that as many as 50 percent of cases of hip OA are believed to be the
result of acetabular dysplasia®49. In dysplastic hips, the acetabulum is shallow and
under-developed, resulting in an unstable joint with inadequate coverage of the femoral
head66,228. It was initially hypothesized that reduced femoral coverage in dysplastic hips

. . . 72 154
caused chronic overload of the articular cartilage™”, .

Indeed, many patients with
dysplasia have cartilage lesions to support this finding76229. However, more recent work
suggests that the labrum experiences overload in pre-osteoarthritic hips with dysplasia,
which may cause an outward-to-in progression of hip osteoarthritis’ . Therefore, both

the labrum and cartilage appear to play an important mechanical role in the modulation of

OA in hips with dysplasia.
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Periacetabular osteotomy (PAQ) has been a mainstay treatment for dysplasia. In
PAO, the acetabulum is transected from the pelvis and reoriented into a position that
increases anterolateral coverage6°,72,79. It is believed that by normalizing radiographic
measures during surgery such as the center-edge angle (CEA), joint coverage is restored,
and degeneration is prevented or delayed. Mid- to long-term clinical follow-up studies
have demonstrated positive outcomes after PAO% %0 However, the procedure is
technically demandingloz, and as many as 40% of dysplasia patients treated with PAO
eventually require total hip arthroplasty for end-stage OA.

Ultimately, the goal of PAO is to restore hip contact mechanics by normalizing
anatomical relationships between the pelvis and femur. A quantitative understanding of
cartilage and labrum (i.e. chondrolabral mechanics) before and after the PAO procedure
could thus provide valuable data to refine surgical procedures to increase the number of
positive outcomes. Hip chondrolabral mechanics cannot be measured in-vivo, but they
can be estimated using computational techniques, such as the finite element (FE)
method12398127,14815014,176. Likely due to the inherent difficulties of imaging and
generating accurate geometrical surface reconstructions, most models to date have made
simplifying assumptions to the cartilage representation and do not model the
labrum98127,148150154176. Unfortunately, when bone is assumed to be perfectly spherical
and/or cartilage is assigned constant thickness, computational models predict unrealistic,
concentric contact distributions with contact stress magnitudes that are not
physiologicall48153 In addition, as the labrum has been shown to undergo loading in

dysplastic hips, inclusion of this tissue structure appears to be essential to elucidate the

pathomechanics of hip dysplasial,zs.
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Patient-specific FE models that accurately incorporate geometry of bone and
cartilage can predict mechanics in good agreement with stress data obtained in-
vitro127176. Prior work that has modeled contact mechanics in the dysplastic hip with
patient-specific bone and cartilage is limited to preoperative models, and showed mixed
conclusions1154 Russell et al. found significantly elevated cartilage stresses in the
dysplastic hips compared to healthy hips1¥, whereas Henak et al. did not find increased
contact stresses in dysplastic hipsL However, Henak et al. did find that the labrum in
dysplastic hips experienced significantly larger load support; they concluded the labrum
may compensate for reduced acetabular coverage and protect acetabular cartilage from
stress overloadl This conclusion could not be reached by Russell et al. as the labrum
was not included14.

Prior studies suggest that hip mechanics may be dictated by factors other than the
coverage of the joint. In dysplastic hips, the shape of the acetabulum and femoral head
may be abnormal®B128 influencing the degree of congruency between the two
articulating surfaces 1L With this in mind, it is possible that after reorienting the
acetabulum in PAO, congruency of the joint may be reduced, causing focal loading to
cartilage. However, this remains to be known as patient-specific anatomy for the
cartilage, bone, and labrum has not been used when developing and analyzing computer
models to predict hip mechanics in dysplastic hips treated with PAO.

Overall, it is unclear if PAO improves hip contact mechanics as theorized. A
quantitative understanding of how the PAO procedure decreases mechanical load to both
the labrum and cartilage, overall and regionally, could yield data valuable to refine

surgery and improve clinical outcomes. The objectives of this study were to compare
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chondrolabral contact mechanics and joint congruency in dysplastic hips pre- and
postoperative PAO during activities of daily living using a validated patient-specific FE

modeling protocol150176.

3.3 Methods

Five patients with symptomatic acetabular dysplasia (1 male and 4 female, BMI
21.1 + 3.6 kg'm-, age 29.8 + 5.8 years) underwent surgical treatment with PAO by a
single experienced orthopaedic surgeon (author CLP). Each patient was imaged using
radiographs and CT arthrography before and after surgery, at minimum 1 year follow-up
(19.3 = 7.2 months, yielding a postoperative age of 31.5 + 6.3 years). All research
procedures were performed in accordance with the Helsinki Declaration with informed
consent and institutional board approval (University of Utah IRB 10983, 43600).
Preoperatively, patients had a CEA less than 25 degrees (11.7 = 4.3 degrees) and
acetabular indices greater than 10 degrees (23.7 £ 9.6 degrees). The lateral CEA was
increased and acetabular indices were decreased to normative levels with a CEA 30.2
4.1 degrees and acetabular index 8.8 = 4.9 degrees. Body mass index (BMI) was nearly
identical following surgery (BMI21.4 + 2.9 kg'm-).

Patient-specific FE models representing pre- and postoperative cartilage, labrum,
and bone anatomy were generated using image data obtained from a validated CT
arthrography (CTA) protocol 123127149150, 176. Briefly, patient-specific surface
reconstructions (Fig. 3.1) were created from cartilage, labrum, cortical bone, and
trabecular bone segmentations. Cartilage, labrum, and bone mesh densities and

constitutive models followed published validation and sensitivity studies (Fig.



89
3.1)2 % 1 " A range of anatomical positions and loads were applied to each FE model to
analyze activities of walking at toe-off (WTO, 205% BW), midstance during walking
(WM 203% BW), the transition of heel-strike and midstance for stair descent (DHM
230% BW), and heel-strike during stair ascent (AH, 252% BW) using Bergmann’s data2.
During loading, the pubis and sacroiliac joint of the hemipelvis were held rigid, but the
remaining bone was modeled as a deformable body1/. All FE models were analyzed
with NIKE3D234.

Peak and average contact stress and contact area were recorded on the surface of
the acetabular cartilage and labrum23. Average contact stress was calculated for those
nodes where contact stress was greater than 0 MPa. For each activity, fringe plots were
generated to map the average acetabular cartilage contact stress across all patients onto a
representative mesh. To select the representative mesh, the articulating surface of
acetabular cartilage from each patient mesh was fit to a sphere. The mesh that had a
radius closest to the average radius was designated the representative patient mesh.
Contact area was calculated at all faces with a positive value for contact stress and
presented as a percentage of the total surface area ofthe cartilage. The load supported by
the labrum was reported as a percentage of the total load on the cartilage and labrum.
Congruency of the articular surfaces was calculated following established methods12%.
Congruency was defined as a root-mean-square (RMS) curvature value such that smaller
values indicate a more congruent surface. Congruency was determined for cartilage at
points in contact in the final position of WM and AH. WM and AH models were chosen
because these activities correspond to the most neutral and extreme kinematic angles

12

analyzed herein, respectively™~. The point of peak congruency (i.e. most congruent



90
point and smallest RMS value) and average congruency were reported. Contact stress,
contact area, and congruency were evaluated in the lateral and medial regions, and in the
anterior, superior, and posterior regions (Fig. 3.2). Pre- and postprocessing was
performed using PreView and PostView, respectively
(http://mrl.sci.utah.edu/software.php).

All differences between pre- and postoperative states were assessed statistically
using a mixed-effects linear regression. Changes in peak and average contact stress, and
percent contact area were analyzed for all activities as a function of region. Load carried
by the labrum was analyzed by activity. Differences in peak and average congruency
were evaluated by region and over the total articulating surface for WM and AH.
Finner’s procedure was used for multiple comparisons236. All statistical analyses were
performed in Stata (v 13.0, StataCorp LP, College Station, TX), with plots generated
using SigmaPlot (v 11.0; Systat Software, San Jose, CA). Significance was set at P <

0.05.

3.4 Results
Contact patterns for all patients were bicentric pre- and postoperatively (Fig. 3.3).
Contact stresses appeared were more focal in the preoperative state for all of the patients
(Fig. 3.3). When mapped to the representative patient mesh, the anterolateral rim
exhibited concentrated regions of elevated contact stress (Fig. 3.4). Contact was also
focused laterally preoperatively (Fig. 3.4). Postoperatively, contact shifted medially and

demonstrated loading primarily in the superomedial acetabulum for all activities (Fig
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3.4). Additionally, the load appeared better distributed postoperatively, with additional
regions of acetabular cartilage in contact.

Peak acetabular cartilage contact stress significantly decreased from 20.03 + 5.26
MPa pre- to 13.31 £ 3.75 MPa postoperatively across all activities and all patients (P <
0.001). Average contact stress significantly decreased from 4.28 + 3.14 MPa pre- to 3.66
+ 2.38 MPa postoperatively across all activities and all patients (P < 0.001). With the
analysis portioned into the lateral and medial regions, a significant decrease in peak and
average contact stress in the lateral region was observed postoperatively (Fig. 3.5a,b) (P <
0.001, P < 0.001, respectively). Conversely, average contact stress significantly
increased medially for all patients (P = 0.003); peak contact stress trended towards a
significant increase medially (Fig. 3.5a,b) (P = 0.071). W.ith the analysis partitioned into
three regions of anterior, superior, and posterior (Fig. 3.2b), average contact stress
significantly decreased postoperatively in the anterior and posterior regions (Fig. 3.5b) (P
= 0.001, 0.037, respectively). Peak contact stress was significantly smaller
postoperatively in the anterior and superior regions; atrend towards a significant decrease
was observed posteriorly (Fig. 3.5a) (P = < 0.001, 0.012, 0.057 for anterior, posterior,
superior, respectively).

The percent of acetabular cartilage in contact significantly increased
postoperatively across all activities and all patients (Fig. 3.5¢) (P = 0.008). Specifically,
percent contact significantly increased medially and superiorly across all activities and all
patients (Fig. 3.5¢) (P < 0.001, P < 0.001, respectively).

When considering all subjects and activities, average contact stress was reduced

postoperatively on the superior labrum for all patients and activities (Fig. 3.6a) (P =
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0.017). Peak contact stress on the labrum was significantly reduced considering the total
surface (P = 0.0218), however, there were no significant changes by region. Despite the
change in contact stress, contact area on the labrum did not change for all activities on a
regional basis (Fig. 3.6b). Additionally, there were no significant changes in load
supported by the labrum in all activities (Fig. 3.6c).

Postoperatively, femoral and acetabular cartilage were more congruent (i.e.
smaller RMS values) in almost all regions for both WM and AH (Fig. 3.7). Peak
congruency improved in WM postoperatively across the total articulating surface,
medially, and superiorly (Fig. 3.7a) (P = 0.011, <0.001, 0.003, respectively). Average
congruency also improved in WM across the total articulating surface, laterally, and
anteriorly (Fig. 3.7b) (P = 0.003, <0.001, 0.005, respectively). In AH, average and peak
congruency significantly decreased over the total surface and laterally (Fig. 3.7c,d) (P
<0.001, <0.001, respectively for average congruency; P = 0.021, 0.003, respectively for
peak congruency). Additionally, congruency improved superiorly for AH (Fig. 3.7d) (P

= <0.001).

3.5 Discussion
PAO has become the accepted treatment for acetabular dysplasia. The rationale
for the procedure is that surgery improves coverage and hip contact mechanics. The
focus of this study was to compare chondrolabral mechanics and congruency of
articulating surfaces after PAO with patient-specific geometry for bone, cartilage, and
labrum. This study is the first, to our knowledge, to model chondrolabral mechanics in

dysplastic hips pre- and postoperative PAO using patient-specific anatomy. Our findings
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suggest that PAO may be efficacious at preventing OA; peak and average acetabular
cartilage contact stress was reduced, contact area was increased, and articular congruency
was significantly improved. However, we found only minor changes in labral mechanics
following surgery. The role of continued loading to the labrum as a modulator of OA in
dysplastic hips treated with PAO requires additional investigation.

Chronic exposure to static compression damages cartilage structure ex-vivo,
where greater loads are increasingly harmfulZ7. In addition, it has been suggested that
hip dysplasia results in a chronic stress overload of cartilagel>. Therefore, the rationale
for PAO is that by reorienting dysplastic acetabuli to increase anterolateral coverage,
contact stress will be reduced, thereby preventing or delaying progression to end-stage
hip OA. Inspection of FE contact patterns pre- and postoperatively predicted in our study
qualitatively support the use of PAO: we observed an increase in contact area and shift
from more focal loading anterolaterally to regions of larger contact medially and
superiorly (Figs. 3.3,3.4). Quantitatively, our results also support the theory that PAO
prevents OA by demonstrating increased medial and superior contact area, which
contributed to the overall increase in the total percent contact area observed
postoperatively (Fig. 3.5¢). PAO is also believed to decrease load to the lateral
acetabulum and medialize contact’?®. Our results support that contact increases
medially, but we showed that lateral contact remains unaltered (Fig. 3.5¢). This suggests
that although the lateral acetabular cartilage is still loaded, the load is better distributed as
evidenced by a significant decrease in peak and average contact stress laterally as well as

more diffuse contact patterns overall (Figs. 3.3, 3.4, 3.53,b).
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Increased contact area theoretically prompts lower contact stresses. Considering
all patients and activities, we indeed found that maximum and average acetabular
cartilage contact stress were significantly reduced postoperatively. The most pronounced
reductions in cartilage contact stress were in the lateral and anterior regions. This may be
a key factor in explaining the good clinical success of PAQO; focal cartilage lesions,
subchondral cysts, and cartilage delaminations are typically described in the anterolateral
compartment of the acetabulum in dysplastic hips7622. After PAO, contact stress was
decreased in the anterolateral acetabular cartilage, and therefore could theoretically halt
the progression of OA in this region. Beyond reducing contact stress laterally and
anteriorly, PAO also increased loading medially as exhibited by increased average
contact stress and contact area (Fig. 3.5b). By redistributing load across the acetabular
cartilage as a whole, PAO improves articular mechanics.
While significant changes in acetabular cartilage mechanics were observed after
PAO, labral mechanics were not as appreciably altered. The only previously reported
consistent difference in labral mechanics between normal and dysplastic hips for all
activities was an increase in contact area on the superior labruml This could indicate
that the most harmful differences in labral mechanics are specific to the superior region in
dysplastic hips. Our results demonstrate a slight decrease in contact area of the superior
labrum, with a corresponding significant decrease in average contact stress. These
differences suggest that load is better distributed in the superior labrum postoperatively,
in spite of the lack of change in total load supported by the labrum. The percent load
supported by the labrum in dysplastic hips has been reported to be 2.8 to 4.0 times larger

than in normal hipsl Despite the increase in medial joint contact after PAO, the labrum
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remained in contact and supports load. This may be a result of excessively prominent
hypertrophied labra in dysplastic hips; the labrum overhangs from the acetabular rim,
making contact and loading inevitable pre- and postoperatively (Fig. 3.8). Upon further
inspection, we qualitatively observed that the labrum undergoes less displacement after
PAO (Fig. 3.8). Therefore, while mechanics of the labrum are not normalized, they
appear to be improved, with the most substantial of changes occurring in the superior
labrum.

Rotation of the acetabulum disrupts the native congruency between articular
surfaces, which may have undesired effects on chondrolabral mechanics following PAO.
Prior quantitative evaluation of articular congruency concluded that the unloaded medial
region was significantly less congruent in dysplastic hips compared to healthy hipsl Our
study was the first to show that congruency improved following surgery; all regions
demonstrated a trend towards enhanced peak and average congruency (Fig. 3.7).
Improvements in joint congruency likely modulated decreases in contact stress and
increases in contact area. Additional research is necessary to quantify the relative role
congruency has on reducing contact stress following surgery.

Positive changes in contact stress, contact area, and articular congruency may be
sensitive to the degree of correction achieved by acetabular reorientation. latrogenic
pincer type femoroacetabular impingement following PAO is a well-known phenomenon,
but the appropriate degree of acetabular reorientation is difficult to define. Over-
correction may shift contact excessively medial. With elevated stress on the medial wall
of the acetabulum, cartilage may become overloaded (i.e. acetabular protrusion)282%,

One patient (PT 4, Fig. 3.3) demonstrated what may be excessive medial contact during
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WM. It is worthy to note that this was the only patient to experience increased average
contact stress on acetabular cartilage postoperatively. Surprisingly, this patient had a
postoperative CEA that was within the normal range at 28.5°. This illustrates the
potential importance of three-dimensional evaluations of anatomy to aide in preoperative
planning, and emphasizes the complex nature of mechanics that may only be revealed
using anatomically accurate computational models.

Prior studies have estimated mechanics before and after PAO with simplified
models. Zhao et al. altered the geometry of a normal hip to simulate dysplasia and
modeled varying degrees of acetabular reorientation to estimate the effects of PAO using
FE models®. Armiger et al. used discrete element analysis to predict acetabular contact
stress and contact area before and after PAO when assuming constant cartilage thickness
and nondeformable bones%. These studies had similar conclusions to our study: that
PAOQO shifts contact medially and reduces cartilage contact stress. However, use of
constant cartilage thickness is known to predict larger contact areas with diffuse contact
patterns, and use of rigid bones may over-estimate stresses ™. Also, simulated dysplasia
may not be a realistic surrogate for actual dysplasia as it will not capture subtle
differences or concomitant deformities. As a result, contact mechanics reported from
these prior studies were not physiologically realistic. Estimates of contact area in the
study by Armiger et al. averaged 1559 + 460 mm? and 2337 + 451 mm pre- and
postoperatively, respectively. Compared to our results, contact areas reported by
Armiger et al. were ~5 times larger; compared to a prior study that modeled normal hips
using subject-specific anatomy, Armiger’s estimates of contact area were nearly 4 times

larger%,149. Therefore, estimates of mechanics in prior studies that did not accurately
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represent tissue anatomy should be interpreted with caution, as predictions are
considerably altered when simplified or simulated geometry with nondeformable bones
are used. Finally, prior pre- and postoperative FE models did not include the labrum,
which is known to have an important role in the mechanics of dysplastic hips95.

Comparing values of average contact stress to prior patient-specific FE models of
dysplasia, we report larger stresses. This is because our calculations of average stress
were based on nodes with positive contact stress. In contrast, Henak et al. averaged
contact stress at all nodes on the articulating surface, where more than half of the values
are 0 MPa because they are not loaded (~30% of the acetabular cartilage is in contact for
a given activity). Therefore, average contact stresses are substantially lower, ~1 MPal
In our study, averages corresponded well with Henak et al. when the average was
calculated for all nodes on the articular surface; overall average contact stress was 0.71 *
2.02 MPa pre- and 0.69 = 1.73 MPa postoperatively.

There are some limitations that warrant discussion. The complex process to
generate and analyze patient-specific FE models and repeated CT scans prohibited use of
a large sample size. However, having patients serve as their own control strengthened the
statistical analysis. Additionally, the degree of acetabular dysplasia in this patient group
was not severe. Mechanics may differ in cases of extreme dysplasia where the deformity
may introduce superfluous complexities including femoral pathologies. Follow-up time
was an average of 19 months. It is possible that bone and/or cartilage remodeling may
occur over a period of longer follow-up. Patients with dysplasia have been noted to have
altered gait patterns; in walking, patients exhibit reduced hip extension, increased pelvic

drop and rotation, and reduced ground reaction force compared to healthy controls6264. It
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is unclear whether PAO improves gait kinematics, or if they remain altered240241. Our
simulations applied identical kinematics from in-vivo data pre- and postoperatively. This
assumption accentuated changes in mechanics due to PAO rather than altered
kinematics2.  Cartilage was modeled as nearly-linear and nearly-incompressible
hyperelastic, which is a simplification of articular cartilage behavior'? ¥’ **°. Despite this
simplification, the model has shown to predict mechanics in good agreement
experimental results12717/6. Although the labrum was modeled according to its fiber
structure26 and represented as transversely isotropic hyperelastic242, material coefficients
were derived from bovine tissue. Prior work has demonstrated that labral mechanics
were more affected by the constitutive model representation than differences in material
coefficients®®. Therefore, changes in model predictions are likely minimal. Finally, the
position of boundary between articular cartilage and labrum influences cartilage and
labral mechanics. Cartilage and labral tissue are indistinguishable from each other on
CTA. However, the boundary was objectively determined in a consistent manner using
curvature of the underlying acetabular bone.

In conclusion, our study suggests that PAO is effective at increasing contact area
and decreasing contact stress on the acetabular cartilage. Contact area increased the most
medially, and the largest reductions in contact stress were found anteriorly and laterally.
Articular congruency improved postoperatively. However, labral mechanics were largely
unaltered. Future work will incorporate patient-specific kinematics and a more diverse
patient population to encompass the spectrum and severity of dysplasia present.
Additionally, a longer follow-up of the current study group could provide insights into

factors that may predict premature failure; one hip exhibited increased contact stresses
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medially following PAO which could have been caused by overcorrection. As a
technically demanding procedure, we believe patient-specific FE models could be useful
as a teaching tool and for surgical planning of PAO. In particular, models could optimize
acetabular reorientation to normalize contact stresses while avoiding over-correction and

iatrogenic impingement.
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Figure 3.1. Finite element model representation for a single patient. Patient-specific 3D
reconstructions of the femur and pelvis in the (a) preoperative and (b) postoperative state.
The femurs are semitransparent to highlight anterolateral femoral coverage (indicated by
the arrows). (c) Representative postoperative model showing bone, cartilage, and labrum.
(d) Sagittal view of mesh discretization for bone (white) acetabular cartilage (blue) and
labrum (red).
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Figure 3.2. Regions of acetabular cartilage and labrum analyzed. (a) Lateral and medial
regions were analyzed for acetabular cartilage. (b) A 3 region analysis partitioned
acetabular cartilage and labrum into anterior, superior, and posterior regions.



PT 1 PT 2 PT 3 PT 4 PT5

Figure 3.3. Contact stress pre- and postoperatively for walking at midstance for each patient. In general, contact was better
distributed postoperatively with more stress in the medial regions. However, for one patient (PT 4), focal contact was observed
on the medial portion ofthe acetabulum, extending to the acetabular fossa.
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Figure 3.4. Average contact stress of all five patients pre- (top) and postoperatively (bottom) during all activities. Contact
shifted medially for all patients postoperatively. Anterolateral focal loading was alleviated postoperatively. Note: contact
stresses from all five subjects have been mapped to a single mesh for visualization.

10T



108

Figure 3.5. Changes in acetabular cartilage mechanics postoperatively. (a) Peak contact
stress significantly decreased in lateral, anterior, and superior regions. (b) Average
contact stress was significantly reduced postoperatively in lateral, anterior, and posterior
regions; average contact stress increased medially. (c) Percent contact area significantly
increased in medial and superior regions. Error bars indicate the standard error. P values
are listed and * indicates P < 0.05 in comparison to postoperative hips.
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Figure 3.6. Changes in labral mechanics postoperatively. (a) Average contact stress, (b)
percent contact, and (c) percent load supported by the labrum did not significantly change
postoperatively. Error bars indicate the standard error. P values are listed and * indicates
P < 0.05 in comparison to postoperative hips.



Figure 3.7. Peak congruency (most congruent point indicated by minimum RMS value) and average congruency during WM
and AH overall, and by region. Most congruent point in () WM and (c) AH. Average congruency in (b) WM and (d) AH.
Congruency was improved postoperatively in all regions for AH and all regions except for posterior in WM. Error bars
indicate the standard error. P values are listed and * indicates P < 0.05 in comparison to postoperative hips.
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Figure 3.8. Displacement of cartilage and labrum for a representative dysplastic hip
during walking at toe-off. (a) The labrum experienced larger displacements before PAO.
(b) Postoperatively, displacement was more diffuse across acetabular cartilage and
labrum. Dashed lines indicate the position of cross-sections. Coronal cross-section of the
anterior joint (c) pre- and (d) postoperatively. The labrum is contacted and loaded (c) pre-
and (d) postoperatively.



CHAPTER 4

A NEW DISCRETE ELEMENT ANALYSIS METHOD FOR

PREDICTING HIP JOINT CONTACT STRESSES1

4.1 Abstract

Quantifying cartilage contact stress is paramount to understanding hip
osteoarthritis. Discrete element analysis (DEA) is a computationally efficient method to
estimate cartilage contact stresses. Previous applications of DEA have underestimated
cartilage stresses and yielded unrealistic contact patterns because they assumed constant
cartilage thickness and/or concentric joint geometry. The study objectives were to: 1)
develop a DEA model of the hip joint with subject-specific bone and cartilage geometry,
2) validate the DEA model by comparing DEA predictions to those of a validated finite
element analysis (FEA) model, and 3) verify both the DEA and FEA models with a
linear-elastic boundary value problem. Springs representing cartilage in the DEA model
were given lengths equivalent to the sum of acetabular and femoral cartilage thickness
and joint space in the FEA model. Material properties and boundary/loading conditions
were equivalent. Walking, descending, and ascending stairs were simulated. Solution

times for DEA and FEA models were ~7 seconds and ~65 minutes, respectively.

Reprinted from Journal of Biomechanics, 46(6), Abraham CL, Maas SA, Weiss JA, Ellis
BJ, Peters CL, Anderson AE, A New Discrete Element Analysis Method for Predicting
Hip Joint Contact Stresses, 1121-7, 2013, with permission from Elsevier.
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Irregular, complex contact patterns predicted by DEA were in excellent
agreement with FEA. DEA contact areas were 7.5%, 9.7%, and 3.7% less than FEA for
walking, descending stairs, and ascending stairs, respectively. DEA models predicted
higher peak contact stresses (9.8-13.6 MPa) and average contact stresses (3.0-3.7 MPa)
than FEA (6.2-9.8 and 2.0-2.5 MPa, respectively). DEA overestimated stresses due to
the absence of the Poisson’s effect and a direct contact interface between cartilage layers.
Nevertheless, DEA predicted realistic contact patterns when subject-specific bone
geometry and cartilage thickness were used. This DEA method may have application as
an alternative to FEA for preoperative planning of joint-preserving surgery such as

acetabular reorientation during peri-acetabular osteotomy.

4.2 Introduction
Chronic exposure of elevated cartilage contact stresses has been shown to predict

the onset and progression of osteoarthritis (OA) in the hip?®2*.

Thus, methods to
quantify hip joint cartilage contact stresses are clinically relevant and necessary to
improve our understanding of hip OA. For example, the magnitude and distribution of
cartilage contact stress could be used to quantify mechanical differences between normal
and pathologic hips, generate preoperative surgical plans, and predict long-term
prognosis following surgical treatment. However, direct measurement of cartilage
contact stresses and contact area in-vivo is currently not possible.

Computational modeling is an alternative to direct in-vivo measurement of

cartilage contact stresses. Both finite element analysis (FEA)15324620 and discrete

element analysis (DEA)%1%25-28 have been used to estimate hip cartilage contact
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stresses. FEA models of the hip can predict cartilage contact stresses consistent with
experimental data when subject-specific bone and cartilage geometry are used and bones
are modeled as deformable25°,254. However, the construction and analysis of FEA models
are time-intensive and computationally expensive. Thus, many published FEA models
simplify the complex geometry of the hip joint by assuming spherical geometry2#7.29 or
constant cartilage thickness™. Models that assume ideal geometry underestimate peak
cartilage contact stresses by 60%, average cartilage contact stresses by 21%, and
overestimate contact area by 25%°>°

DEA (i.e. rigid body spring method) is a computationally efficient method for
calculating cartilage stresses. Using DEA, bones are modeled as rigid bodies and
cartilage is represented as an array of springsi%1#2% Cartilage contact stress is
guantified based on spring deformation. Previous DEA models have assumed concentric
hip joint geometry and constant cartilage thickness 195 251 253 257 cartilage thickness equal

to the distance between the acetabulum and femoral head?2 These assumptions for DEA

underestimate  cartilage stress and  predict unrealistic, simplified contact

patterns®5185,281 383 when compared to experimentally measured contact stress magnitudes
and complex contact pattern3124,128,258. However, it is possible that DEA could provide
realistic predictions of hip cartilage contact stress if subject-specific bone and cartilage
thickness were incorporated. The study objectives were to: 1) develop a DEA model of
the hip joint with subject-specific bone and cartilage geometry, 2) validate the DEA

model by comparing DEA predictions to those of a validated FEA model, and 3) verify

both the DEA and FEA models with a linear-elastic boundary value problem.
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4.3 Methods
High-resolution CT image data (512*512, 320 mm field of view, in-plane
resolution 0.625*0.625 mm, 0.6 mm slice thickness) of a 25-year-old male cadaveric hip
provided baseline geometry (cortical bone and cartilage surfaces) for both the DEA and

previously validated subject-specific FEA model®*.

4.3.1 Discrete Element Analysis Implementation

A custom C++ program was written to perform DEA. A Newton solver was used
to determine the position of the femur such that the sum of the spring forces balanced the
applied force. As the DEA method requires rigid bones, both the pelvis and femur were
modeled as rigid, triangulated surfaces with position-dependent cartilage thickness values
assigned to each node. Nodal cartilage thicknesses were computed as the distance
between cartilage and cortical bone surfaces projected along the surface normal vector.
Cartilage was represented by a distribution of compressive springs generated in the
region of the femoral head underlying the acetabulum in each loading scenario. One end
of the spring was attached at the center of each triangle on the acetabulum and the other
was determined by projecting the point along the acetabular surface normal onto the
femoral head. The initial spring length was calculated as a distance between starting and
projection points, and was defined as the sum of acetabular and femoral cartilage
thickness and gap distance at the corresponding location of the FEA model (Fig. 4.1).
Since the spring attachment at the femur did not necessarily terminate directly at a femur
surface node, femoral cartilage thicknesses were interpolated from neighboring nodes.

The springs resisted compressive forces (spring length less than the sum of acetabular
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and femoral cartilage thickness) but not tensile forces (Fig. 4.1). The force generated by

compression of an individual spring was calculated according to Hooke’s law:

fi=kd Axp (4.1)

where Ax, is the spring compression distance, k is spring stiffness, and n, is the local
surface normal. The spring stiffness k depended on Young’s modulus and Poisson’s ratio

(E = 11.85 MPa, v = 0.45)251.253;

(1- 2v)(1 + V)h, (42)

Here, A, is a triangular element area and h, is the sum of acetabular and femoral cartilage
thicknesses. The spring forces (Eq. (4.1)) that balance the applied force are a nonlinear
function of femur position. Newton’s method determined the position of the femur so that
spring forces balanced the applied force. The initial condition was the initial position of
the femur and pelvis, positioned according to in-vivo kinematic data?d. Newton’s
method was used to calculate the root of the residual function, defined as the difference
between the user input force and the sum of the spring forces. The updated position of
the femur was calculated at each Newton-iteration and projection points of springs on the
femoral head were regenerated following each update to account for the new position of
the femur. To maintain the appropriate kinematic position, rotation of the femur was

restricted, and therefore, moments were not balanced. Contact stresses were calculated
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from the spring force and triangular element area where each spring was attached. A

convergence study determined the number of springs necessary.

4.3.2 Finite Element Analysis

Triangular shell elements defined bone geometry2®, and were assumed rigid to
correspond with DEA model assumption. Cartilage was represented using hexahedral
elements as a neo-Hookean hyperelastic material, and the shear modulus, G, and bulk
modulus, K, were assigned based on the Young’s modulus E and Poisson’s ratio v used

in the DEA analysis:

E

G = 2L +V) (4.3)
_E

K = 31- 2v) (4.4)

FEA models were analyzed using NIKE3D 20.

4.3.3 Loading and Boundary Conditions
The pelvis was assumed rigid and fixed in space. The femoral head was modeled
as rigid but free to translate in all three axes (rotations constrained). Loading conditions
and geometric orientation of the femur relative to the pelvis were based on published data
for in-vivo hip loads 22, Walking (W), descending stairs (DS), and ascending stairs (AS)

for the average subject in”>° were analyzed; 800 N bodyweight was assumed. Force was
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applied to the geometric center of the femoral head, determined as the center of a sphere

fit to the femoral head using a least squares optimization.

4.3.4 Data Analysis

To facilitate DEA and FEA comparisons, DEA nodal results (defined on
triangulated bone surfaces) were projected onto the articulating (quadrilateral) surface of
the FEA cartilage mesh and interpolated. Interpolation was accomplished by locating the
closest point projection of each quadrilateral node onto the triangular bone surface. The
value at the projection point was interpolated from nodal values using element shape
functions. Predictions of peak contact stress, average contact stress, and contact area
were compared descriptively between DEA and FEA to validate the DEA model, where
validation was the process of ensuring that a computational model accurately represents
the physics of the real-world system261,262. Cartilage contact stress was sampled on the
surface of the acetabular cartilage, and average contact stress was calculated for each
loading scenario considering all articulating nodes in contact (i.e. nodes with a positive
contact stress). Cartilage contact area was calculated by summing the surface area of
each element in the acetabular cartilage that was in contact with the femoral cartilage.
The acetabular cartilage was divided into anterior, superior, and posterior regions, where
each region contained an equivalent number of elements263. Both DEA and FEA models

were preprocessed using PreView and postprocessed using PostView (www.febio.org).


http://www.febio.org
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4.3.5 Model Verification

A linear-elastic boundary value problem (Fig. 4.2) served as verification of the
DEA and FEA models, where verification was defined as determining that a
computational model accurately represents the underlying mathematical model and its
solution?®* 202264, Specifically, contact stress predictions were compared to the simplified
elasticity solution of an elastic sphere supported bilaterally by concentric rigid
spheres256,266. The model dimensions, constitutive models, and loading conditions were
comparable to physiologic hip models. Rigid hemispheres radii were 20 and 24 mm, and
the elastic sphere conformed to the rigid backings and was 4 mm thick, similar to the
thickness of two cartilage layers266268 The simplified elasticity solution described
displacement as the differential equations of equilibrium in spherical coordinates and
assumed displacement was confined to the radial direction265.

To model the equivalent using FEA, 4 mm thick cartilage was represented with
hexahedral elements as a single layer (10 through the thickness, total of 108,000
elements). The outer surface cartilage nodes were fixed and the smaller rigid sphere was
represented by hexahedral elements (2 elements through thickness, total of 21,600
elements). Cartilage was a neo-Hookean, hyperelastic material (E = 11.85 MPa, v =
0.45, EQ 3,4) and a frictionless sliding interface was defined between the smaller rigid
hemisphere and cartilage layer. An additional FEA model was generated with a
frictionless sliding interface between two cartilage layers. Here, cartilage was modeled
as two separate materials using hexahedral elements (2 mm thickness each, 5 elements

through thickness, total of 54,000 elements for each cartilage layer). Cartilage layers
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were tied to rigid bone backings. All FEA models utilized quarter symmetry and were

analyzed in NIKE3D 260.

A DEA simulation was analyzed with rigid hemispheres (r = 20 mm, 24 mm) and
constant cartilage thickness of 4 mm. Spring stiffness was determined following material
properties equivalent to the analytical solution and FEA (E = 11.85 MPa, v = 0.45). A
convergence study determined the number of springs required. A range of forces (100 N
- 4000 N) was applied through the smaller rigid hemisphere to compare predictions

across loads in both FEA and DEA models.

4.4 Results
4.4.1 Contact Area

DEA and FEA contact patterns corresponded well and predicted irregular,
complex contact for all three loading scenarios (Fig. 4.3). For walking and descending
stairs, both methods predicted contact predominantly in the superolateral region. For
ascending stairs, contact was predicted posteriorly (Fig. 4.3). DEA contact areas were
7.5%, 9.7%, and 3.7% less than FEA contact areas for walking, descending stairs, and
ascending stairs, respectively (Fig. 4.4). Regional contact areas (anterior, superior,
posterior) were consistently reduced in DEA compared with FEA and averaged
71.1+£16.7, 85.8+16.7, and 26.4+1.5 mm?2 less than FEA in walking, descending stairs,

and ascending stairs, respectively.
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4.4.2 Contact Stress
DEA contact stress distributions were similar to FEA, but DEA predictions
exhibited greater variation, especially at higher magnitudes of contact stress (Fig. 4.5).
Mean and median contact stresses averaged 43% and 44% higher in DEA, respectively.
Peak contact stresses for DEA and FEA ranged from 9.8-13.6 and 6.2-9.8 MPa,
respectively. Average contact stresses for DEA and FEA ranged from 3.0-3.7 and 2.0-2.5

MPa, respectively.

4.4.3 Verification Results

At a force of 2000 N, DEA and FEA models that analyzed a single layer of
cartilage predicted peak contact stress 0.42% and 2.11% higher than the analytical
solution, respectively (Fig. 4.6). Contact stress predicted by the FEA model with two
layers of cartilage was reduced compared with the analytical solution and FEA model
that analyzed a single layer of cartilage. The difference in contact stresses was largest at
the location of maximum stress (6 = 0), where DEA predicted a contact stress 18.5%
greater than the 2 layer FEA model. The mean and median contact stresses were 17.1%
and 15.7% higher in DEA than the 2 layer FEA model. Results were consistent over
forces varying from 100 - 4000 N, a range that encompasses loads experienced in-

vivo®®,

4.4.4 Convergence and Computation Time
The DEA convergence study demonstrated that ~20,000 and ~5,000 springs were

required to achieve <5% change in average/peak contact stress and contact area upon
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further refinement in the subject-specific hip models and spherical verification model,
respectively. The solution time for each DEA model was ~7 seconds (IBM ThinkPad
Intel Core 2 Duo cpu @2.80 GHz, 3 GB RAM). FEA models required an average
solution time of ~65 minutes on a computing cluster (SUN FIRE X2270 2 cpu / 8 core
Intel Xeon X5550 @ 2.67GHz (16 cores with HT) 48GB of RAM 1GB network

interface).

4.5 Discussion

The results of this study demonstrated that when subject-specific bone and
cartilage geometry are included in DEA, cartilage contact stress distributions in the hip
are consistent with a validated FEA model. Furthermore, DEA was able to provide
general trends for contact stress magnitudes and yield information about cartilage contact
stress profiles. However, we found that DEA could not reliably predict the true
magnitude of contact stress at specific locations in the hip joint. Despite this limitation,
DEA could be a useful tool for comparative studies (normal vs. pathologic or pre- vs.
postop), where the difference between groups, rather than the true magnitude of contact
stress, is of primary interest. DEA could also be useful for applications where contact
area or contact stress profiles are important (preoperative planning or intra-operative
surgical tools).

The average increase of 43% and 44% in mean and median cartilage contact
stresses (Fig. 4.5) in DEA compared to FEA may be partially explained by differences in
the model representations. While FEA models have two deformable cartilage parts in

contact, DEA represents cartilage as a single part, where one spring is attached to bone
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on each end. The reduction in contact stresses when two deformable cartilage surfaces
contact (i.e. FEA) compared to springs compressed by rigid materials on either side (i.e.
DEA) was demonstrated in the verification problem, where the difference in cartilage
representation and contact definition resulted in ~16% reduction in average and median
contact stresses in a perfectly concentric model (Fig. 4.6). Although this does not
account for the magnitude of difference in the hip model (~44%), the incongruency in the
hip model likely exacerbates any differences due to representations of cartilage and the
contact interface. Although the femoral head was free to translate in all directions, the
DEA models did not model deformation in the lateral direction of cartilage, and Poisson’s
Effect was effectively ignored. Therefore, in this way, the true deformation of cartilage
is not modeled in DEA. Conversely, FEA models can model the lateral response of
cartilage under compression, which effectively reduces contact stresses compared to
DEA.

Overall, the contact stress distributions corresponded well between DEA and
FEA. This is due to two factors. First, the initial positions of bone and cartilage were
identical in FEA and DEA. Second, subject-specific cartilage thickness was accounted
for in DEA by assigning spring lengths equivalent to cartilage thickness, based directly
on the FEA model. Therefore, despite differences in contact stress magnitudes, DEA
predicted contact stress distributions that corresponded very well with FEA. In fact,
contact areas were within an average of 7% of FEA. One explanation for this small
difference in contact area is as follows: For the FEA model, the total area available for
cartilage contact was simply the area of the cartilage-cartilage contact interface.

However, in the DEA models, a true cartilage-cartilage contact interface did not exist
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since a single spring represented both layers of cartilage. For DEA, the total available
contact area was the area of the acetabular cartilage-bone interface in the FEA model (the
acetabular cortical bone served as the spring origin). Regardless, the difference in
available contact area between DEA and FEA was only 15%. Thus, it is the kinematic
position and contact interface geometry (i.e. cartilage thickness) that primarily dictates
the contact stress distribution and area; differences in the approach utilized to model
cartilage deformation and manner in which contact area is calculated is less important.

The magnitude of the difference in contact stress and area between FEA and DEA
varied with respect to the loading scenario analyzed. For example, in the ascending stairs
scenario, DEA cartilage contact stresses were ~20% higher, compared to the ~40% DEA
versus FEA difference in the descending stairs and walking models. The differences in
DEA-FEA agreement among the loading scenarios likely resulted from the inability of
DEA to model the Poisson’s Effect. This becomes apparent in scenarios such as
descending stairs and walking where contact stresses had a high concentration of contact
stresses in the posteroinferior region of the acetabular cartilage (Fig. 4.3). In contrast, in
the ascending stairs scenario, there was no contact in that region and thus less bias
towards higher stress magnitudes overall.

The complex spatial distribution of contact stress and the magnitude of stresses
predicted in our study are in contrast with the results of previously reported DEA models
of the hip. Specifically, contact stress patterns in our study did not follow the typical
unicentric, equally-distributed contact patterns seen in previously published DEA studies.

Most prior studies used 2D radiographic measures to define geometry of the bone and

cartilage and assumed a spherical articulating surfacel®BZ1 78557, A few studies have
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improved the implementation of DEA by using CT data to model the cartilage-bone
interfaces®™ 2*2. However, CT images did not visualize cartilage. Thus, the articulating
surface was assumed to be spherical% or represented by cartilage thickness equal to the
joint space252. The hip joint is not perfectly spherical267-20 and cartilage thickness varies
throughout the joint10269. Accordingly, FEA and DEA models that simplify the cartilage
contact interface can be expected to underestimate cartilage contact stresses and

overestimate contact area’>?>°. To obtain cartilage contact stress predictions that are

consistent with in-vitro studies™ ?**#® it is necessary to include subject-specific bone
geometry and cartilage thickness in computational models of the hip.

There are a number of limitations that deserve discussion. The first is the
assumption that bones are rigid. This is a limitation that is inherent in the DEA method.
In an FEA model, it has been previously shown that the rigid bone assumption increases
predicted cartilage contact stresses?®b. However, in the present study, rigid bones were
assumed for both FEA and DEA; error as a result of this assumption would be consistent
between modeling approaches. Another inherent limitation of the DEA method is the
representation of two layers of cartilage as a single spring. This simplified representation
of cartilage in DEA limits results to a single force value for each spring, and therefore
predicts a single value of stress throughout the cartilage thickness, which will be higher
than FEA models that represent cartilage with two parts in contact. The difference in
model representations of cartilage contact complicates the method by which results were
compared between DEA and FEA. In DEA studies, stresses would typically be

calculated at the bone surface where springs are attached. Since the cartilage geometry is

often unknown, and there is no cartilage surface or mesh available, calculating stress at
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the bone interface is usually the only option. In our study, contact stress was determined
at the articulating cartilage surface since the cartilage surface geometry was available
from the FEA model. In contrast, FEA models predict stresses throughout the cartilage
thickness and are not limited to the primary result of a force value through the thickness
of cartilage. Another potential limitation in our study is the difference in material models
between DEA and FEA. In our study, the DEA model employed a linear-elastic spring
model whereas the FEA model represented cartilage materials as neo-Hookean. Cartilage
was not modeled as linear in FEA because it is not rotationally invariant (spurious strains
are induced by rigid body rotations) and would therefore provide an inaccurate solution.
This is not a problem with DEA because it models spring deformation as a one-
dimensional strain problem. Thus, although material models are not consistent between
modeling methods, the authors believe the use of a Neo-Hookean cartilage material in
FEA and linear elasticity for DEA was warranted. Finally, model predictions and
potential extensions of this work should be interpreted with caution considering the
limited number of simulations that were performed on a single cadaveric hip.

To our knowledge, this is the first implementation of a subject-specific DEA
model of the hip. When subject-specific bone geometry and cartilage thickness were
included in the DEA model, realistic contact stress patterns were predicted. Although
advanced imaging, such as CT or MR arthrography, may not be available to create
subject-specific reconstructions of the hip that include detailed bone geometry and
cartilage thickness, it is important to recognize that DEA models using simplified contact
interface geometry will underestimate cartilage contact stresses, overestimate contact

areas, and predict unrealistic cartilage contact stress patterns.
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Assuming detailed information is available for bone and cartilage, the new DEA
algorithm presented herein offers a computationally efficient alternative to FEA modeling
for the prediction of contact stresses. Considering the differences in contact area
predictions were small, DEA may be utilized in modeling studies where the contact area
and distribution of cartilage contact stresses, and not the absolute magnitude of contact
stress, is of primary importance. In particular, DEA may be clinically useful for
applications that require a large number of simulations or where time is limited. For
example, our DEA modeling approach could be used to generate preoperative plans,
based on an optimization routine to minimize cartilage contact stress, or for intra-
operative feedback systems in the treatment of hip pathologies such as dysplasia or

femoroacetabular impingement.
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Figure 4.1. Sagittal view of DEA representation. Bones were rigid and cartilage was
represented by an array of springs (left). 3D FEA model; triangular shell and hexahedral
elements defined cortical bone and cartilage, respectively (right).
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Figure 4.2. Schematic of verification problem under 2000 N load. Geometry was
concentric: inner rigid material r = 20 mm, outer rigid material r = 24 mm, 4 mm thick
cartilage between rigid materials. (a) Analytical solution modeled a single cartilage layer.
Contact stress was calculated as a function of theta, the angle from vertical. (b) A single
cartilage layer was represented by springs in DEA. (c) One layer FEA model. (d) Two
layer FEA model.
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Figure 4.3. Contact stress patterns corresponded well between DEA and FEA for walking
(W), descending stairs (DS), and ascending stairs (AS). The top/middle rows were scaled
differently to show similarities in contact pattern. The bottom row shows the FEA results

scaled the same as the DEA results (top row), indicating that DEA predicted higher
contact stresses than FEA.
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Figure 4.4. DEA contact areas were comparable to FEA predictions for walking (W),
descending stairs (DS), and ascending stairs (AS).
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Figure 4.5. Box plots of cartilage contact stress for the DEA and FEA models under
conditions of walking (W), descending stairs (DS), and ascending stairs (AS). Plots
indicate the 25th and 75th percentiles and error bars indicate the 5th and 95th percentiles.
Contact stresses predicted by DEA were elevated and more variable, especially at higher
values. The mean (solid lines) and median contact stresses (dashed lines) were higher in
DEA in all loading conditions.
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Figure 4.6. Comparisons of contact stresses predicted by FEA and DEA to an analytical
solution. Contact stress predictions were consistent between analytical, DEA, FEA (1
layer) but reduced in FEA (2 layer). In the 2 layer FEA model, the difference in contact
stresses was largest at the location of maximum contact stress (9 = 0) where DEA
predicted a contact stress higher than the two layer FEA model.



CHAPTER 5

3D DUAL ECHO STEADY STATE (DESS) MRI ACCURATELY

QUANTIFIES ACETABULAR CARTILAGE THICKNESS

5.1 Abstract

The ability of hip-preserving surgery to delay osteoarthritis depends on the
thickness of cartilage prior to surgery. Magnetic resonance imaging (MRI) is the
preferred modality to assess hip cartilage. However, the accuracy of a high-resolution
three-dimensional (3D) MRI sequence to image the thickness of hip cartilage has not
been reported.

The objectives of this study were: first, to develop a 3D DESS MR arthrography
protocol with hip traction; second, using physical measurements of cartilage thickness as
the reference standard, quantify the accuracy of acetabular cartilage thickness estimated
from 3D surfaces segmented from the 3D DESS MR images.

3D DESS MRI scans of four intact cadaver hips were obtained before and after
cores of cartilage were harvested from the acetabulum; the two MRIs were spatially
aligned to reference positions of the cores. The thickness of cartilage cores was
measured under microscopy. Using automatic and semi-automatic segmentation, 3D

reconstructions of acetabular cartilage were generated from the images. Using Bland



138
Altman plots, physical measurements were compared to those from the 3D
reconstructions.

With traction, MR images qualitatively demonstrated excellent separation
between acetabular and femoral cartilage layers; good signal contrast between
subchondral bone, cartilage, and saline facilitated nearly automatic segmentation. Using
both segmentation techniques, acetabular cartilage thickness from the 3D reconstructions
could be estimated within ~0.5 mm ofthe physical measurements with 95% confidence.

The chosen 3D DESS protocol accurately measures acetabular cartilage thickness.
As a nearly automatic segmentation process, 3D reconstructions from the chosen MR

protocol could be used for preoperative planning.

5.2 Introduction

Hip osteoarthritis (OA) is a substantial economic and societal burden, affecting 9
million US citizensl,z. Within the last decade, bony deformities characterized as
acetabular dysplasia and femoroacetabular impingement (FAI) have been implicated as
the primary cause of hip OA in young adults34. In dysplasia, the mechanism of OA is
thought to be decreased femoral head coverage, which causes increased loading of the
labrum and cartilage. In FAI, acetabular over-coverage and/or an abnormally shaped
femoral head may cause focal cartilage lesions from excessive shearing and/or premature
abutment between the femur and acetabulum.

Hip-preserving surgeries aim to prevent end-stage osteoarthritis and the need for

hip arthroplasty in FAI and dysplasia patients by restoring normative coverage and

contact mechanics4-6. The success of surgery relies, in part, on an accurate preoperative
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assessment of bone anatomy and cartilage thickness. The integrity and thickness of
hyaline cartilage is particularly important as extensive damage or thinning to cartilage is
a known contraindication for hip-preserving surgery56. Radiographs are limited in their
ability to discern subtle anatomical deformities, and do not provide detailed information
of the hyaline cartilage thickness. W.ith the addition of intra-articular contrast, CT
arthrography (CTA) provides high-resolution volumetric images that have been shown to
accurately visualize bone and cartilage7-ﬂ. However, in recent years, MRI has become
the preferred modality to assess FAI and dysplasia as it does not use ionizing radiation.

Clinical MRI protocols of the hip typically acquire two-dimensional (2D) fast
spin-echo (FSE) sequences12-14. While 2D FSE sequences yield images with excellent
tissue contrast and high in-plane spatial resolution, reduced out-of-plane resolution (i.e.
thick image slices) may not visualize pathology due to partial volume averaging15.
Three-dimensional (3D) sequences minimize partial volume effects and through-plane
distortion by acquiring thin, continuous image slices. From a single scan, 3D acquisitions
that are of high, nearly isotropic resolution can be postprocessed to any desired plane to
enable a comprehensive assessment of the joint. Images from a 3D acquisition can also
be segmented to display 3D anatomy for bone and cartilage to plan surgeryl6.
Postprocessing of these surfaces can yield maps of cartilage thickness that may stage
OA" ™Y Finally, 3D surfaces provide the geometry for patient-specific computer
models to estimate cartilage contact mechanics (e.g. finite and discrete element
analyses)89182L

MRI of the hip is inherently challenging due to its deep location in the body and

spherical geometry. Long scan times may be required to obtain high-resolution images
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that minimize stair-case artifact and accurately visualize thin acetabular and femoral
cartilage while still obtaining adequate signal to noise (SNR) in a joint surrounded by

thick soft tissue13,15.

Additionally, the tight fitting and congruent hip joint make it
difficult to distinguish opposing layers of cartilage. With improved technology and use
of 3D gradient echo imaging techniques that utilize small excitation pulses and short
repetition times, 3D scans of the hip have been achieved in reasonable scan times® Y22
However, resolution was limited and traction was not always included, making it difficult
to distinguish the boundary between acetabular and femoral cartilage®?*?

Owed to its superior SNR and signal contrast previously demonstrated when
imaging knee cartilage, 3D dual echo steady state (DESS) is a promising sequence to
image the hip22,24-29. 3D DESS can achieve nearly isotropic, high-resolution acquisitions
in relatively short scan times. Also, using DESS, cortical bone appears to be displayed as
negative signal, highlighting the potential of this protocol to image cartilage and bone in
a single acquisition. With the addition of traction to separate acetabular and femoral
cartilage, and intra-articular fluid to distinguish the joint space boundary, 3D DESS MRI
could provide a feasible protocol to generate images of bone and cartilage in the hip. The
objectives of this study were to: 1) develop a 3D DESS MR arthrography protocol with
hip traction, and 2) using physical measurements of cartilage thickness as the reference

standard, quantify the accuracy of acetabular cartilage thickness estimated from 3D

surfaces segmented from the 3D DESS MR images.
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5.3 Methods
The general approach involved obtaining 3D DESS MRI scans of four intact
cadaver hips before and after cores of cartilage were harvested from the acetabulum; the
two MRIs were spatially aligned to reference positions of the cores. The thickness of
each core was measured and compared to those obtained from the 3D reconstructions of

the first MRI scan.

5.3.1 Injection, Traction, and Initial MRI Scan

Two fresh-frozen pelvis to toe-tip cadavers (32 year female, 55 year male) were
utilized (IRB# 11755). To improve delineation between femoral and acetabular cartilage,
a musculoskeletal radiologist (CJH) injected 25 ml sodium chloride 0.9% (saline) into
each hip through a 22-gauge spinal needle using a lateral oblique approach. To allow
saline to fill the joint space, bilateral traction was applied using a custom device made of
polyvinylchloride tubing (Fig. 5.1). Traction was applied by first securing the pelvis to
the proximal segment of the device using a wide strap. Next, a strap was attached to the
ankle; an inferiorly directed force of approximately 5-10 kg was applied to the ankle by
tightening a plastic cable tie that was fixed to the distal segment of the traction device
(Fig. 5.1). The process of applying traction was repeated for the contralateral limb.

The pelvis and both hip joints were imaged using a 3.0-T magnet (Magnetom
Trio; Siemens Medical Solutions, Erlangen, Germany) with a built-in spine-matrix coil
and body-matrix phased-array coil placed about the pelvic region. Three-dimensional
MR images were acquired in the coronal plane using a water-excitation DESS sequence.

The field-of-view of the scan encompassed the entire pelvis with a 0.5 x 0.5 mm in-plane
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resolution and 0.7 mm thickness. Imaging parameters included a repetition time of 16.3
ms, echo time of 4.7 ms, flip angle of 25°, and bandwidth of 186 Hz/pixel. Image
acquisition time was 12 minutes using an acceleration factor of 2 with generalized

autocalibrating partially parallel acquisition (GRAPPA).

5.3.2 Physical Measurements of Cored Cartilage Samples

After the first MRI, the acetabulum was accessed by incising the anterior and
lateral hip/thigh soft tissue. The hip was dislocated by flexing and externally rotating the
thigh with the ligamentum teres excised®. Osteochondral cores were harvested from the
acetabulum using a 5.3-mm trephine (Stryker Instruments, Kalamazoo, MI). The
trephine was modified to include a center boring pin that facilitated removal of the plug.
A total of 12 cores were acquired: 3 each from the anteroinferior, anterosuperior,
posteroinferior, and posterosuperior regions’,°*

Cores were bisected longitudinally using a custom miter-box to ensure equal
division. Cores were positioned on a microscope stage (Nikon SMZ800, Nikon
Instruments, NY) with the bisected side facing up and a stage micrometer in the field-of-
view at the level of the bisected edge. Digital microscope images (Optronics Microscope
Camera, Optronics, CA) were obtained of each bisected core at a magnification of 25X
(Fig. 5.2). Each image was calibrated using the micrometer. Cartilage thickness was
measured at the center of each core using ImageJ32. Measurements of thickness for both

halves of the core were averaged. Two observers (CLA and LSM) measured cartilage

thickness; nearly 2 weeks later, one observer (CLA) repeated the measurements.
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5.3.3 Second MRI Scan
After harvesting cartilage cores from both hips, a second MRI was obtained to
determine the position of the cores. Prior to this scan, saline-filled cylindrical tubes sized
to match the core diameter were implanted in each cored hole to serve as fiducials. The
second MRI was acquired following the same imaging parameters as the first. However,
dissection to remove cartilage cores made it possible to image the acetabulum in the

absence of bilateral traction.

5.3.4 MRI Postprocessing

Computational methods were used to quantify cartilage thickness from MR
images (Fig. 5.3). Briefly, the acetabular cortex was segmented, reconstructed, and
cropped equally in both MRIs. Next, the acetabular cortex from the first MRI was
aligned to the acetabulum from the second scan. This transformation was applied to the
acetabular cartilage, segmented from the first MRI, to register the cartilage to the second
MRI. With both acetabular cortex and cartilage surfaces transformed, the saline-filled
fiducials defined the spatial location of each core. Cartilage thickness from the first scan

was calculated at the appropriate locations. Details are described below.

5.3.4.1 Segmentation and Three-dimensional Reconstruction
All segmentation and surface reconstructions were generated using Amira (5.4.5,
Visage Imaging, San Diego, CA). First, image stacks were cropped to include those
image slices that encompassed both hip joints and up-sampled using a Lanzcos filter

kernel to improve the resolution of the segmentation mask (0.25 x 0.25 mm in-plane
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resolution, 0.23 mm thickness)o. Pixels exclusively representing cortical bone, acetabular
cartilage, and saline were selected in ImageJ at a midjoint axial image. These pixels
defined intensity distributions to determine thresholds for segmentation. Thresholds were
calculated as a weighted midpoint between maximum and minimum intensities. A
weighted midpoint was chosen to account for drastic differences between intensities that
would otherwise overestimate brighter pixels, caused by volumetric averaging with
adjacent pixels. Thresholds were determined for each hip and scan independently.

The ability of automatic and semi-automatic segmentation techniques to define
cartilage anatomy was assessed separately. Specifically, the acetabular cartilage and the
outer cortex of the acetabulum in the first MRI were segmented automatically by
selecting the pixels within the predetermined thresholds as defined above. Next, a user
manually edited the initial automatic mask for regions that did not, on qualitative
inspection, appear to correctly define the cartilage-saline and/or cartilage-bone boundary.
Semi-automatic segmentation was performed on two occasions by one observer (CLA)
with a time lapse of 2 weeks, and by a separate observer (LSM) to quantify inter- and
intra-observer repeatability. The acetabular cortex and saline-filled fiducials were
segmented and reconstructed from the second MRI scan in a similar manner. However,
less soft tissue surrounded the hip joint in the second scan, which reduced SNR.
Therefore, greater manual segmentation was required. All masks were reconstructed into
3D surfaces using built-in algorithms in Amira that applied controlled smoothing and

decimation to reduce artifact (Fig. 5.4).
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5.3.4.2 Spherical Cropping

An objective approach was applied to align 3D surfaces from the first and second

MRI. First, triangulated faces representing the articular region of the acetabular cortex
were selected using first principal curvature as calculated in the FEBio software suite®.
From these selected faces, the radius and center of the best-fit sphere was calculated
using a linear Ieast-squares-optimization%. This sphere was increased to a radius of 45 or
47 mm (smaller radius for female specimen) to define a boundary at which to crop the
reconstructed cortex created from each MRI scan. By spherically cropping, the two
triangulated reconstructions of the acetabular cortex could be aligned without bias
introduced as a result of differences in the position of the hip in the MR scanner bed

between successive scans.

5.3.4.3 Surface Alignment and Transformation

Once cropped, the two acetabular cortex surfaces were aligned using an iterative
closest point algorithm built into Amira (Amira MeshPack 5.4.5, Visage Imaging, San
Diego, CA) that minimized the root mean square distance between surfaces. The
transformation that aligned the first to second scan was applied to the acetabular cartilage
reconstruction; the resulting surfaces of acetabular cartilage, acetabular cortex, and
saline fiducials were then spatially positioned in the second MRI.  The same
transformation was used for each hip for both automatically and semi-automatically
segmented reconstructions. By visualizing the surfaces together, regions where cartilage
was cored (saline-filled fiducials) could be identified with respect to the reconstructions

of the first scan.
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5.3.4.4 Cartilage Thickness

The thickness of the reconstructed acetabular cartilage was determined using a
validated algorithm19. Briefly, the distance between cartilage and cortex surfaces was
determined by projecting the surface normal vector of faces representing the subchondral
bone boundary to the faces representing the outer surface of cartilage. Thickness was
then mapped as a 3D color fringe plot, where each node that defined the surface of the
reconstructed cartilage from the first MRI scan had a unique thickness value. Finally,
cartilage thicknesses at nodes surrounding each saline-filled fiducial were averaged and

compared to the thickness of the physically cored sample.

5.3.5 Data Analysis and Statistics

Inter- and intra-observer repeatability of physically measured cartilage and semi-
automatic segmented MRI cartilage thickness were quantified using the intraclass
correlation coefficient (ICC)34. Inter-observer repeatability was assessed between the
first set of measurements for both observers. Observer agreement was interpreted as:
slight if the ICC < 0.20, fair if 0.21-0.40, moderate if 0.41-0.60, substantial if 0.61-0.80,
and almost perfect if >0.80%®. For subsequent analysis, the physical and semi-automatic
segmented MRI thickness measurements from both observers (CLA measures 1 and 2,
LSM measure 1) were averaged.

Bland-Altman plots assessed agreement between MRI-based estimates of
cartilage thickness and physical measurements®3%. Results for MRI cartilage thickness
determined with automatic and semi-automatic segmentation were presented separately

for comparison of the two techniques. The limits of agreement were calculated and
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plotted, representing the 95% confidence interval of differences between physical and
MRI-based thicknesses®-®. The relationship between MRI and physical thicknesses was
also assessed with linear regression, including calculations for the coefficient of
determination. All statistical analyses were performed in Stata (v 11.0, StataCorp LP,
College Station, TX), with plots generated using SigmaPlot (v 11.0; Systat Software, San
Jose, CA). Significance was set at P < 0.05.

To account for clustered data at the level of each hip (n = 4) and cadaver (n = 2),
the variance was adjusted using the design effect. The corrected variance was multiplied
by the design effect, DE: DE = 1+ (n-1)(ICC), where n was the average cluster size and

the ICC was computed at the hip level and cadaver level of clustering7,39.

Both ICCs
were zero when truncated to six decimal places. Therefore, the variance was not
increased and conventional statistical methods that assume independence of observations

were applied.

5.4 Results
With traction, 3D DESS qualitatively demonstrated excellent separation between
acetabular and femoral cartilage layers in the axial, sagittal, and coronal planes (Fig.
5.4). Throughout most of the hip, good signal contrast was observed between bone,
cartilage, and saline (Fig. 5.4). Except for a few regions within the articulating surface,
automatic segmentation delineated cortical bone, cartilage, and saline well. Regions
where this was an exception were constrained to the cartilage-saline boundary

immediately around air bubbles located at the anterior injection site of two hips, in the
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posteroinferior region of one hip where the joint space was not filled with ample saline,
and in a region of suspected low density in subchondral bone (Fig. 5.5).

As measured experimentally, cored cartilage thickness ranged from 0.80 to 2.95
mm (mean, 1.51 £ 0.49), compared to 0.76 to 3.21 mm (mean, 1.60 + 0.50) and 0.77 to
3.20 mm (mean, 1.56 £ 0.50) as estimated from MRI reconstructions with automatic and
semi-automatic segmentation, respectively. Acetabular reconstructions with cartilage
thickness plotted spatially demonstrated that cartilage was thickest along the superolateral
acetabulum and thinnest in the medial aspect of the posterior region (Fig. 5.6). In
general, cartilage was thinner medially and increased in thickness towards the lateral rim.

From Bland Altman analysis, cartilage was reconstructed with automatic
segmentation to a bias of 0.10 mm (average difference between MRI and physical
measurements) and repeatability coefficient of £ 0.51 mm (1.96 X the standard deviation
of the differences between MRI and physical measurements). Using semi-automatic
segmentation, the bias improved to 0.06 mm, as did the repeatability coefficient at + 0.43
mm. The Bland Altman plot demonstrated uniform scatter. With no proportional bias,
standard 95% confidence limits were -0.41 to 0.61 mm for automatic and -0.37 to 0.49
mm for semi-automatic segmentation37 (Fig. 5.7).

Linear regression of MRI measured thickness versus physical thickness yielded a
significant (P < 0.001) relationship for both automatic and semi-automatic segmentation.
Linear regression of MRI values from automatic segmentation (auto MRI = 0.26 + 0.89
X physical thickness; R = 0.74) was very similar to that of semi-automatic segmentation

(semi-automatic MRI = 0.17 + 0.93 X physical thickness; R2=0.81) (Fig. 5.8).
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Inter- and intra-observer repeatability of cartilage thickness as measured from
microscope images and estimated from reconstructions generated from semi-
automatically segmented MRI images were almost perfect. For microscope
measurements, inter- and intra-observer ICC values were 0.948 and 0.950, respectively,

and for semi-automatically segmented MRI thicknesses, 0.968 and 0.940, respectively.

5.5 Discussion

This study demonstrated that a 3D DESS MRI protocol for the hip that includes
traction and intra-articular saline provides high-resolution images with excellent
separation between femoral and acetabular cartilage and delineation between bone,
cartilage, and saline. Using both automatic and semi-automatic segmentation techniques,
acetabular cartilage thickness from the 3D reconstructions could be estimated within ~0.5
mm of the physical measurements with 95% confidence. Thus, we believe the chosen 3D
DESS MRI protocol could potentially be used to stage OA and plan treatment for patients
who are candidates for hip-preservation surgery.

The acetabular cartilage thickness profiles and average thickness of 1.51 + 0.49
mm found in our study are consistent with previous findings7,1011,174042. Using MRA,
Nishii et al. reported an average acetabular cartilage thickness of 1.91 mm, ranging from
1.1 to 4.0 mm, as measured from digitized anatomic slices in 4 cadaveric hipsﬂ. Also, a
study of 10 cadaveric hips measured average acetabular cartilage thicknesses ranging
from 1.06 + 0.24 mm in the posteromedial acetabulum to 1.83 = 0.45 mm in the

superolateral acetabulum40. From cartilage thickness plots (Fig. 5.6), our findings
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concur with Shepherd and Seedhom that thinner cartilage is located medially, and the
thickest cartilage is located in the superolateral acetabulum7217404L

As reported to date, the most accurate methods described for imaging acetabular
cartilage thickness have used surface reconstructions to calculate thickness rather than
pixel-based measurement of thickness on image slices7,1011,1743. Studies by Wyler et al.
and Hodler et al. measured thickness on 2D images and concluded that hip cartilage
thickness could not be accurately determined in at least half of MR images111743. Errors
in referencing anatomic slice measurements to their respective image-based locations as
well as the limitation of measurement accuracy from in-plane scan resolution likely
explain the reduced accuracy with measurements made on image slices. In contrast, use
of smoothed and decimated surfaces, as was done in our study, may yield subvoxel
accuracy as reconstructions inherently remove noise.

Allen et al. and Tamura et al. utilized 3D reconstructions of CTA images to
estimate acetabular cartilage thickness; their results are the most accurate to date7,l°. The
bias and 95% tolerance limit of semi-automatic segmentation using DESS MRI in our
study (0.06 £ 0.43 mm) represents a slight improvement compared to Allen et al. (0.13 %
0.46 mm) and Tamura et al. (0.18 £ 0.75 mm). A validation study by Nishii et al.
determined the mean error of measurements from surface reconstructions generated from
MRI as 0.28 + 0.23 mm™. Though each of these studies utilized 3D models, we believe
our results demonstrate superior accuracy because we acquired higher resolution scans
and up-sampled images for segmentation. For example, Nishii et al. utilized a 0.625 mm
in-plane and 1.5 mm out-of-plane resolution compared to the 0.5 mm in-plane and 0.7

mm out-of-plane resolution utilized herein.
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In our study, MRI measurements based on automatic and semi-automatic
segmentation had similar accuracy when compared to physical thickness of cored
specimens. Nevertheless, semi-automatic segmentation was associated with improved
accuracy, evidenced by tighter 95% tolerance intervals in the Bland Altman plots and a
higher coefficient of determination (Figs. 5.7, 5.8). The fact that automatic segmentation
did not identify the correct boundaries in all locations where cartilage was cored explains
why semi-automatic segmentation improved the accuracy (Fig. 5.5). Our study
highlights the importance of eliminating air bubbles and using traction to enable saline to
fill the entire joint space. The area suspected to have low subchondral bone density as
the cause for segmentation error also suggests that subchondral bone should be
sufficiently intact to obtain accurate measurements of cartilage thickness using 3D DESS.
There are several potential benefits to the described 3D DESS MR imaging
protocol. First, as with any MR sequence, there is no exposure to ionizing radiation.
Second, the accuracy of cartilage thickness measurements reported from this sequence is

highest for MRI reported to date and is as good or better than CTA’®

. Third, inclusion
of traction enabled separation of acetabular from femoral cartilage. Clinically, it is
important to assess femoral and acetabular cartilage independently to stage OA. For
example, femoral cartilage thinning is typically indicative of advanced damage as
deterioration of the acetabular cartilage usually precedes femoral cartilage
deterioration444. Therefore, consistent with the recommendation of others, we believe
traction is a necessary component for imaging studies of the hip®-°,*" %4,

Acetabular cartilage thickness could be measured at discrete locations on a single

image slice from the 3D DESS MR sequence. However, for diagnostic information and
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surgical planning, we believe 3D reconstructions of the bone cortex and cartilage provide
more descriptive data to guide treatment planning. Fringe plots of cartilage thickness
template relative to the bony anatomy in 3D, which could elucidate damage patterns and
help surgeons to choose between hip arthroplasty and hip-preserving surgery. It has been
shown that predictions of cartilage contact stress by patient-specific finite element
models are sensitive to changes in the thickness of cartilage as portrayed in the model
Therefore, beyond clinical assessments, having the ability to accurately create 3D
reconstructions of cartilage from MRI directly translates into increased accuracy of
computer models.

Using CTA, the attenuation of cortical bone closely represents that of the intra-
articular radio-opaque contrast injected into the joint capsule4950. As a result, CTA
images of the hip require substantial manual correction of segmentation to distinguish the
bone-contrast boundary to create 3D models’®. In contrast, DESS MR images in our
study clearly delineated cortical bone, cartilage, labrum, and injected saline at varying
gray-levels such that each material had a unique intensity range. Thus, use of DESS MRI
may automate the process to generate 3D surface models for important structures of the
hip.

There are some limitations with this study. First, the sample size was small, with
a total 4 hips. Also, postprocessing ofthe MR images may have introduced error with the
alignment procedure used to relate the first and second scans. Because bone and cartilage
surfaces are generally smooth in the articulating region, we would not expect dramatic
changes in thickness at the immediate regions identified by saline fiducials. Therefore,

small errors in locating the spatial position of the cartilage cores would conceivably have
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minimal effect on the accuracy of measurements. Finally, our approach to measure
acetabular thickness relied on segmentation of the cartilage-subchondral bone boundary,
but we did not explicitly quantify the accuracy of DESS MRI to measure bone anatomy.
However, given the favorable results herein, we believe DESS MRI can clearly delineate
the cartilage-subchondral bone boundary. Future studies will need to assess the accuracy
of DESS MRI for measuring the thickness of subchondral and cortical bone.

Our study simulated patient imaging as closely as possible by scanning intact
pelvis to toe-tip specimens to obtain cartilage thickness maps. Translating this protocol
into live subjects may be a challenge due to motion artifact and need for extended hip
traction. Future studies will incorporate methods to minimize motion artifact by scanning
each hip separately. We will also develop methods to stabilize the hip in traction despite
possible muscular co-contraction.

In summary, using both automatic and semi-automatic segmentation, acetabular
cartilage thickness from 3D reconstructions of DESS MR images could be estimated
within ~0.5 mm of the physical measurements with 95% confidence. Implementation of
3D DESS MRI of the hip may be beneficial to the clinical care of patients as it avoids
radiation while maintaining the highest reported accuracy of cartilage thickness
measurements from the available volumetric imaging modalities. As a nearly automatic
segmentation process, 3D reconstructions from the chosen MR protocol could stage hip

OA for preoperative decision making.
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Figure 5.1. Schematic of custom traction frame made of polyvinylchloride. The pelvis
was secured to the proximal segment of the traction device using wide Velcro™ straps.
Bilateral traction was applied through straps attached to the ankles. An inferiorly directed
force (indicated by arrows) was applied to each ankle strap with a plastic cable tie that
was then fixed to the distal segment of the traction device.
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Figure 5.2. Photo illustration of -cartilage core positioning and cross-sectional
measurements. (left) Exposed acetabulum after 5.3 mm cartilage cores were harvested.
(right) Digital microscope image of bisected core with micrometer at 25X magnification.
The dashed line labels the bone-cartilage interface and the arrows indicate cartilage

thickness measurement.
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Figure 5.3. MRI postprocessing workflow. Analysis occurred from top to bottom with
different stages designated by separate rows beginning with the segmentation and

generation of surfaces and ending with the determination of cartilage thickness at marker
locations.
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Figure 5.4. Segmentation and surface reconstructions of cortex and cartilage. (left)
Midjoint coronal slice of DESS MRI with bone, cartilage, and saline clearly visualized.
The acetabular cortex and cartilage automatically defined segmentation masks are
outlined in yellow and blue, respectively. (right) Lateral view of surface reconstruction of
acetabular cortex and cartilage with anteroinferior (Al), anterosuperior (AS),

posteroinferior (PI), posterosuperior (PS) regions identified and approximate locations of
cartilage cores shown.
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Auto segmentation Semi-auto segmentation

Figure 5.5. Regions where automatic segmentation failed to delineate bone-cartilage and
cartilage-saline boundaries correctly on qualitative visual inspection. Coronal slice in the
posterior acetabulum where (a) automatic segmentation did not properly identify bone-
cartilage or cartilage-saline boundary. (b) Manual correction (indicated by arrows) was
used to define bone boundary in the region of suspected low bone density and to define
cartilage boundary where saline failed to delineate cartilage-saline boundary inferiorly.
(c) Sagittal image where an air bubble introduced into the anterior joint space disrupted
automatic segmentation of cartilage. (d) Segmentation was corrected manually at the site
of the air bubble as indicated by the arrow.
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Figure 5.6. Cartilage thickness plots of both hips from one cadaver. The labrum was
included in the cartilage surface reconstructions, and is much thicker than articular
cartilage (indicated by the red color on the thickness plot); analysis of the thickness of the
labrum was not performed. The thickest and thinnest cartilage is observed in the
superolateral and posteromedial acetabulum, respectively.
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Figure 5.7. Bland Altman plots comparing physical and MRI measurements. The average
thickness of physical and MRI measurement are plotted against the difference between
physical and MRI measurements. Automatic and semi-automatic points are indicated by
circles and triangles, respectively. Improved accuracy of semi-automatic segmentation is
evidenced by tighter 95% tolerance limits for semi-automatic segmentation (solid lines)
compared to those of automatic segmentation (dashed lines).
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Figure 5.8. Scatterplot of physical thickness versus MRI thickness. Linear regressions of
both automatic and semi-automatic MRI measurements demonstrated a strong predictive
relationship with physical thickness (R° = 0.74 and 0.81 for auto and semi-auto) and near
one-to-one correspondence (slopes approximately 1).



CHAPTER 6

CONCLUSION

6.1 Summary and Impact

At 20 year follow-up, nearly 40% of patients with acetabular dysplasia treated by
PAO developed end-stage OAL. Methods to improve and standardize the success of PAO
would therefore be of great clinical value. Altered mechanics are believed to initiate OA
in acetabular dysplasiaﬁ,%. Accordingly, treatment should incorporate knowledge
regarding the relationship between abnormal morphology and biomechanics. As
concomitant deformities often present with acetabular dysplasia, diagnosis and treatment
should be as objective as possible, analyzing the complex, 3D nature of the hip.

To date, most modeling approaches that have attempted to analyze hip mechanics
before and after PAO have relied on over-simplifying assumptions, representing hip
anatomy as a perfect sphere, or reducing the analysis to two dimensions. By accurately
modeling the anatomy of the hip cartilage, bone, and labrum, this dissertation laid the
foundation for enhancing our pre- and postoperative morphological and mechanistic
understanding of acetabular dysplasia. More specifically, this dissertation: 1) quantified
changes in femoral head coverage, cartilage thickness, congruency and chondrolabral

contact mechanics following PAO performed by a single surgeon, 2) validated a
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computationally efficient method for estimating hip contact mechanics, and 3)
established 3D DESS MRI as an accurate volumetric imaging protocol. This chapter
serves to summarize the findings, and discusses future work that could build upon the

research herein.

6.1.1 Morphology and Mechanics in PAO

PAO has become the accepted surgical treatment for acetabular dysplasia. The
objective of PAO is to restore normal joint mechanics by reorienting the acetabulum into
a position that increases femoral head coverage. However, previous studies have not
confirmed that PAO increases coverage and improves mechanics of the dysplastic hip
using methods that include 3D patient-specific anatomy of living subjects.

Contrary to common belief, data from Chapter 2 demonstrated that femoral
coverage did not significantly increase overall following PAO. Although lateral femoral
coverage was found to significantly increase after PAO, medial coverage decreased;
postoperative coverage was therefore balanced to the same percent found preoperatively.
These data suggest that PAO is limited to improving coverage on a regional basis, at the
sacrifice of reducing coverage in other regions.

Although overall femoral coverage may not be increased after PAO, model
predictions from Chapter 3 demonstrated that contact mechanics did improve throughout
the hip. In fact, cartilage contact stress was distributed more diffusely after PAO, which
was likely the result of more balanced coverage between the medial and lateral regions.
However, estimates of contact mechanics showed a great deal of variation between

patients, and FE model predictions suggested that PAO did not improve mechanics in one
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of the five patients, which was likely due to overcorrection. Our finding that contact
stresses varied between patients was in agreement with prior modeling studies by our
group. Specifically, we found larger variation in contact stress between individual
patients than across loading scenarios for a single subject. Considering the variation in
patient morphology, and that predictions of mechanics are unique to each patient, patient-
specific biomechanical models may be useful to improve and standardize long-term

results of PAO.

6.1.2 Accurate and Time-efficient Predictions of Mechanics

To integrate patient-specific mechanical analysis into clinical practice, more
accessible and time-efficient methods are desired. In Chapter 4, DEA provided realistic
distributions of cartilage contact stress about the acetabulum, and was able to complete
the analysis in an average of 7 seconds; this is over 500 times faster than corresponding
FE models. Prior DEA models of the hip were limited to assumptions of constant
cartilage thickness, or modeling the joint as a sphere45 Our research group has
demonstrated that models that simplify cartilage geometry predict concentric contact
patterns with reduced stress magnitudes and larger contact areas that are not supported by
experimental studies6-10. Thus, the DEA model reported in Chapter 4 accurately
incorporated cartilage thickness and underlying anatomy for the cortical bone. As a
result, our DEA model provided physiologically realistic predictions of the distribution of
cartilage contact stress.

Beyond the fast run time, other features of DEA make it feasible for clinical use.

First, the intuitive nature of the representation of cartilage as springs is easily understood
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by clinicians. Second, the computational ease makes DEA an ideal modeling approach
that does not require substantial computing resources (models can be solved using
processors common to a basic laptop computer). Though additional validation studies
would be necessary, it is reasonable to assume the DEA protocol described herein could
be extended to model contact mechanics in otherjoints besides the hip.

While DEA is computationally efficient, certain modeling assumptions cause
DEA to over-estimate contact stresses. Specifically, compared to FE estimates of stress,
DEA predicted an average increase of 43% and 44% in mean and median cartilage
contact stresses. The discrepancy in stress magnitudes can be explained by the manner in
which contact is modeled using DEA. In FEA, opposing layers of cartilage are modeled
as distinct bodies in contact. However, with DEA contact is modeled as the deformation
of a single spring between two rigid bodies (representing cortical bone of the acetabulum
and femur). Also, the spring model in DEA did not simulate the lateral response of
cartilage under compression due to Poisson’s Effect. Despite the fact that DEA over-
estimated contact stress magnitude, the overall distribution of contact stress (i.e. contact
pattern) compared well between FE and DEA- contact areas were estimated within 10%
of FE predictions. Therefore, DEA may be effective for applications where contact
distributions and contact area are more important than stress magnitudes. For example,
the development of an optimization routine for preoperative planning of PAO could be
well suited for DEA. DEA could efficiently optimize the position of the acetabulum to
minimize average contact stress, or maximize contact area. It would be computationally
expensive to use FE modeling for this purpose as each model requires about 60 minutes

of processing time using advanced computing servers. Conversely, the DEA model
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would only require approximately 7 seconds, allowing one to analyze several simulated

rotations of the acetabulum in a very short period of time.

6.1.3 3D DESS MRI of the Hip

Imaging is critical to both clinical and research applications in orthopaedics. For
example, imaging is required to diagnose dysplasia, and provides the geometry of 3D
biomechanical models. Improved methods to acquire high-resolution volumetric images
that visualize bone, cartilage, and labrum could standardize the diagnosis of dysplasia and
possibly expedite the development of 3D computer models. Results from Chapter 5
showed that using 3D DESS MRI with intra-articular saline injection and traction,
acetabular cartilage thickness measurements obtained from automatically segmented 3D
reconstructions can be estimated within ~0.5 mm of the gold standard with 95%
confidence. This accuracy is among the best reported for measuring acetabular cartilage
thickness from volumetric images, including CTAM™E,

Beyond improvements in accuracy, the MRI protocol described in Chapter 5
offers additional benefits for clinical care and basic science research. First, considering
the increase in the number of patients diagnosed and treated for developmental hip
disorders within the past decade, imaging with MRI alleviates concerns with radiation
exposure. This is especially true given that the patient population presenting with
dysplasia consists of young adults who may require numerous evaluations throughout
their lifetime. The use of intra-articular injection of nonionic CT contrast agents such as
iopamidol has been linked to the development of insidious hip painl4d Anesthetics are

commonly added to numb the hip during injection of contrast media. Within the last few
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years, reports have recently surfaced that use of anesthetics during intra-articular
injection may induce chondrocyte and synovial cell apoptosisi516. Therefore, a second
benefit of the described DESS protocol is that it only requires saline, an inert and
biocompatible substance, to serve as the intra-articular contrast media. Finally, from both
clinical and research perspectives, DESS could streamline the process to generate 3D
reconstructions of bone and cartilage. Specifically, using DESS, bone, cartilage, and
intra-articular saline have different intensities. Conversely, cortical bone and injected
contrast have similar attenuations on CTA images. Therefore, automatic segmentation,
based on thresholding alone, could generate surface reconstructions in a fraction of the

time compared to CTA.

6.2 Limitations and Future Directions

Although the studies presented within this dissertation provide the foundations for
integrating biomechanical analysis into the clinical setting, there are limitations that
should be addressed in the context of future research.

Estimating hip contact mechanics with computational models is limited by the
modeling assumptions. While the finite element models used to evaluate changes in
mechanics after PAO are the most complex and geometrically accurate models in the
literature, refinements are possible. For example, cartilage and labrum material
properties were assumed from the literature for bovine tissue, and were homogenously
distributed throughout these soft-tissue structures. Future research could quantify
material properties and constitutive behavior of human tissue. Ideally, the constitutive

models would consider the time- and loading-dependent nature of the tissues as well as
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site-specific properties. While prior studies have determined that model predictions of
contact mechanics are relatively insensitive to subject-specific and site-specific properties
for articular cartilage, predictions of transchondral mechanics are indeed dependent on
material models and coefficients™,®®. Future modeling studies that incorporate more
detailed constitutive models could evaluate changes in transchondral mechanics in the
normal and dysplastic hips. Use of physiologic material models may also provide more
accurate predictions of shear stress at the cartilage-bone and cartilage-labrum boundaries,
which represent the locations where damage is observed clinically.

Patients with acetabular dysplasia have altered kinematics and kinetics1921, but
the boundary and loading conditions incorporated herein were generalized and applied
from a group of patients treated for THA?%. Also, kinematics were held constant between
patients, with only the applied load varying according to the body weight of the patient.
The need for patient-specific boundary and loading conditions could be assessed by
quantifying joint articulation and load transfer in each patient. To incorporate patient-
specific kinematics, skin marker tracking is unlikely to provide the resolution necessary
to discern subtle differences across patients. However, high-speed dual fluoroscopy
could provide submillimeter accuracy of patient-specific hip joint kinematics®. By
simultaneously measuring ground reaction forces during activities of daily living, joint
reaction forces could be estimated using muscle modeling software. Together, joint
kinematics (measured by dual fluoroscopy) and joint reaction forces (estimated by
muscle models) would provide patient-specific boundary and loading conditions. FE
predictions could then be compared between models that incorporate patient-specific

boundary and loading conditions to those that utilize generic data from the literature.
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Another limitation of this work was that the sample size was small. Though
dysplasia is relatively common, the time-intensive nature of the studies described herein
inherently limits the number of subjects that can be analyzed over a period of a few years.
Also, patients imaged preoperatively with CTA may not reside within a reasonable
distance from the University of Utah Medical Center, making follow-up difficult.
Finally, the studies described herein required two CTA scans within a period of 1-2
years; many patients are averse to repeat CT scans. One focus of this dissertation was
therefore to validate the accuracy of 3D DESS MRI as an alternative to CTA.

As noted in Chapters 1-3, dysplastic hips often present with concomitant
deformities, including: acetabular retroversion, hypertropic labra, or impingement. As
2D projections of complex anatomy, radiographs often fail to comprehensively diagnosis
dysplasia and the aforementioned deformities. Thus, it was very challenging to
determine, a-priori, which patients would be ideal candidates for the studies presented in
Chapters 2 and 3 based on radiographs alone. Therefore, a final limitation of the
described work is that the cohort of dysplastic hips was not homogenous. Future research
could utilize more advanced imaging, such as radial MRI/CT, and 3D reconstructions to
exclude patients who may appear to be homogenous upon inspection of radiographs.
Nevertheless, the research presented in Chapters 2 and 3 is the most comprehensive to
date; subtle deformities in bone and cartilage were included. Also, by modeling the
labrum in both pre- and postoperative states, the data from Chapter 3 demonstrate that
load may continue to be increased in dysplastic hips following PAO. This finding is

especially important as the awareness of labral pathology in dysplastic hips increases.
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The techniques described within this body of work must be integrated to realize
the end goal of transitioning biomechanical analysis into clinical care of acetabular
dysplasia. To develop accurate biomechanical models, DESS MRI imaging is certainly a
promising sequence. However, the accuracy of DESS MRI may depend on image
resolution and signal to noise ratio. Specifically, images described in Chapter 5 were
acquired using a 3 Tesla (T) scanner, but most clinical scanners are 1.5 T. Future research
could compare 3D reconstructions generated using a 1.5 and 3.0 T magnet. Also, in the
future, it will also be necessary to develop improved methods to apply traction to distract
opposing layers of cartilage in the hip of living subjects. Chapter 5 established the
accuracy of the DESS protocol in vitro. In practice, there are several challenges when
imaging the hip using arthrography. For example, gradual release of traction during an
MRI scan could induce motion artefact. Motion artefact is not an issue with CT as the
scan typically lasts less than 15 seconds. Fortunately, prior studies have described the use
of hip traction during MRI without reporting any problems, even for scan times that
exceeded 10 minutes#25 Our lab is currently developing an MRI-compatible traction
device that shows excellent potential to distract the hip while limiting motion artifact.
With a DESS imaging protocol in place, modeling studies could be streamlined
with automatic segmentation. In Chapter 2, changes in femoral coverage and acetabular
and femoral cartilage thickness based on segmented surfaces were evaluated after PAO.
While femoral coverage is not sensitive to minor differences in segmentation, the
calculation of cartilage thickness is sure to be dependent on segmentation. Future studies
could avoid the subjectivity of semiautomatic segmentation by using direct thresholding

of DESS images as described in Chapter 5.
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The subject-specific DEA hip model presented in Chapter 4, and the 3D DESS
MR imaging sequence detailed in Chapter 5, could be used together to efficiently
estimate mechanics in the clinical setting. Implementation of the DEA technique requires
inputs for surface reconstructions of the femur and pelvis bone with cartilage thickness
calculated at the articulating nodes. W.ith cartilage and bone surfaces automatically
segmented using 3D DESS MRI, subject-specific DEA models could be generated in
substantially less time than the current method that requires manual adjustment to
segmentation. Together, generating surface reconstructions from DESS MRI has the
potential to diagnose and plan surgical treatment options for patients. Diagnosis with
biomechanical models could identify which region of the acetabulum is overloaded, and
an optimization routine could be used to determine the optimal reorientation for PAO to
minimize contact stress. This framework for generating patient-specific surgical plans
for PAO has been attempted by other research groups; however, accurate cartilage
geometry has not been integrated into prior studies4,26.

The final hurdle in implementing patient-specific diagnosis and treatment of
acetabular dysplasia relies on accurately replicating the optimized surgical plan in the
operating room. With advanced computer navigation systems, it is possible to follow
predetermined surgical plans either by tracking the position of the acetabulum after it is
separated from the pelvis during PAO%72. However, the more practical method would
be to integrate the DEA hip model with a computer navigation system to provide real-
time estimates of contact stress distributions based on the position of the acetabulum.
The surgeon could alter the degree of rotation until he/she was satisfied with both the

intra-operative fluoroscopic measures and analysis of hip contact mechanics.
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Though results of long-term studies of PAO are mixed], it is reasonable to assume

that the procedure has been refined over time. Accordingly, performed today by an
experienced surgeon, PAO may have better success rates that those reported from
procedures performed decades ago. However, outcomes could likely be further improved
if a biomechanical analysis were integrated into the clinical care of acetabular dysplasia.
To substantiate such claims, patients would need follow-up imaging with methods such
as DESS MRI to closely monitor the progression of hip OA. Biochemical MR imaging,
which seeks to quantify cartilage health in-vivo, is a relatively new area of
musculoskeletal imaging that has great potential. Different techniques including T2
mapping, ADC mapping, and dGEMRIC have been used to detect early cartilage

23 Each technique targets a different component of articular cartilage to

deterioration
assess cartilage biochemical integrity. Therefore, these methods have the potential to
detect early cartilage damage before significant irreversible degeneration has occurred.
From diagnosis through treatment monitoring, biochemical MRI could play an important
role in clinical care. However, additional research is necessary to support the validity of
biochemical imaging and establish its role for conditions such as hip dysplasia. In this
regard, hip contact mechanics could be correlated to biochemical imaging findings to
better understand the role between altered mechanics and development of early hip OA.
If such relationships were established, it may be possible to predict hip biomechanics
using biochemical imaging findings alone. In other words, it would not be necessary to
develop complex computer models on a per-patient basis. Biochemical imaging using

MRI is therefore an important area of orthopaedic research and could greatly impact the

clinical care of hip dysplasia.
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In summary, the research presented in the context of the body of this dissertation
provides critical insights into the mechanics of the dysplastic hips before and after
surgery. By including the complex, 3D anatomy of bone, cartilage, and labrum, we
successfully quantified morphological changes following PAO. The implementation of a
DEA protocol that incorporates subject-specific cartilage geometry provides a platform
for future work to develop optimized surgical plans for PAO on a per-patient basis.
Finally, successfully application of the validated 3D DESS MRI protocol to a cohort of
living subjects in the future could substantiate a noninvasive imaging protocol of the hip
that would provide accurate reconstructions of cartilage anatomy without the added risk

of ionizing radiation.
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