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Abstract

A major contributing factor to the onset of early hip osteoarthritis is attributed to an enlarged,
aspherical femoral head deformity, characterized as cam-type femoroacetabular impingement
(FAI). The presence of the cam deformity alone does not explain differences in
pathomechanisms and it has been theorized that adverse loading to the subchondral bone may
play a predominant mechanical role in early joint degeneration. This doctoral thesis examined
the adverse hip joint loading due to cam FAI and characterize mechanical stimuli associated with
symptoms. Specifically, this research: 1) examined anatomical and functional characteristics
associated with the cam morphology; 2) developed subject-specific finite element hip joint
models to examine hip joint stresses, incorporating subject-specific geometries, materials
properties, and joint loading; and 3) implemented loading parameters during level walking and
squatting to examine hip joint stresses.

First, a classification study was conducted to recruit three participant groups: 1)
symptomatic (where participants had the cam deformity and pain); 2) asymptomatic (where
participants had the cam deformity, but no pain); and 3) control (where participants did not have
the cam deformity or clinical signs). Each participant's CT data were evaluated for multiple
anatomical hip joint parameters and then re-classified into their respective subgroups, using a
discriminant function analysis, based on the most significant parameters. In addition to the cam
deformity, symptomatic individuals had a lower femoral neck-shaft angle and reduced pelvic
range of motion.

Second, using the classified participants, hip joint loading was determined for the various
severities of cam FAI, with respect to alterations in hip contact forces and anatomical
considerations. Hip joint assemblies were segmented and reconstructed from subject-specific CT
and MRI data, where bone densities were quantified from CT data. A parametric study was
conducted to understand how varying material properties and loading conditions affected the
sensitivity of the predictive models, examining the most appropriate modelling parameters to
capture relative measurements.

Third, in conjunction with the first two studies, hip contact forces for level walking and
squatting tasks were applied to corresponding subject-specific models and simulated. As a cross-

sectional analysis, the stress magnitudes and regions described the joint loading in vivo for each



subject group and ascertained the risk of remodeling. For each subgroup (symptomatic,
asymptomatic, control), the participants with the largest and smallest femoral neck-shaft angles
were selected and compared. The symptomatic model with the lowest femoral neck-shaft angle
demonstrated the highest stress on the cartilage, during walking and squatting, and on the
subchondral bone, during squatting. The asymptomatic models showed cartilage stresses similar
to the control group, but experienced high-risk subchondral bone stresses, similar to the
symptomatic group. For both symptomatic and asymptomatic groups, the acetabular subchondral
bone stresses coincided with known areas of bone adaptation and proteoglycan depletion.

The outcome of this research program supported that cartilage degradation might not be
due to direct contact shear stresses, but perhaps rather attributed to the indirect effects of a stiffer
subchondral bone plate. Individuals with a large cam deformity and decreased femoral neck-
shaft angles are likely to experience severe subchondral bone stresses during higher amplitudes
of hip motion. This provides clinicians with indications of how the pathology exacerbates and
where initial cartilage delamination will likely occur, allowing them to perform the correct
assessments and proceed with the correct form of care. From a patient's perspective, an early and

accurate diagnosis could inhibit cartilage degradation and the progression of osteoarthritis.
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1.0 Statement

By 2020, almost one in five Canadians will suffer from osteoarthritis (OA) [22] — a debilitating
and painful, degenerative joint condition. For many, the thought of OA not only means severe
hip pain and reduced mobility, but also translates into work absenteeism, loss of income,
decreased productivity, increased medication, and more time and money spent on rehabilitation
treatments. This contributes, in part, to the 32,300 total hip replacements in Canada each year
[53], and will resultantly incur an approximate annual economic burden of $405B, by the year
2020 [22].

Pathological deformities leading to mechanical hip joint failures constitute a large
proportion of ongoing challenges in orthopaedics. Although the hip can remain functional, the
deformity may lead to early anatomical and functional adaptations, resulting to progressive
cartilage degradation. It has been theorized that a major contributing factor to the onset of early
adult hip OA is attributed to an enlarged, aspherical femoral head deformity, which causes joint
stiffness and pain at higher amplitudes of motion [3]. Characterized as cam femoroacetabular
impingement (FAI), the prevalence of this pathomechanical failure process is present in
approximately 25% of men and 5% of women [74], however, it was not until the last decade that
a closer association was identified between cam FAI and hip degeneration [42, 43].

Based on a recent cost analysis in the US, by Kahlenberg and associates [58], FAI
patients included in their cost study visited up to four health care providers, underwent more than
three diagnostic imaging tests, and tried three different treatments, all prior to receiving a correct
diagnosis of labral damage due to FAI. The duration between the initial onset of symptoms and
diagnosis for the FAI patients lasted approximately 32 months, while incurring an average cost
of $2,457 USD, per patient towards Medicare. With current literature on FAI focusing primarily
on radiographic indications, surgical methods and success rates, patient follow-up data, and
subsequent comprehensive literature reviews, very little research has been performed to examine
the effects of the cam morphology and the pathomechanics of FAI

With the ultimate goal to better understand the pathomechanisms of cam FAI, the
purpose of this research will be to address the question at large: what are the effects of cam FAI
on mechanical hip joint loading? This research proposes to:

. Examine the anatomical and functional characteristics associated with cam FAI

symptoms



. Reconstruct a comprehensive subject-specific, computational hip joint model with the
cam morphology
. Examine the contact stresses in the hip joint with the cam morphology, using finite

element methods

1.1 Rationale

Femoroacetabular impingement (FAI) has received a great extent of clinical and biomechanical
interest, with an exponentially increasing rate of scientific publications in recent years [74]. The
concept of FAI remains elusive and sometimes wrongly associated with other hip morphologies
[46, 83, 112], with the aetiology and prevalence of the cam morphology still unanswered [47,
112].

The morphology leading to mechanical FAI occurs when the anterosuperior aspect of the
femoral head obstructs the acetabulum during large and combined motions in hip flexion and
rotation [29, 100], as well as during squatting [26, 67, 69]. Patients with a more severe and larger
cam deformity, as defined by higher alpha angles [13, 111], can be susceptible to anterosuperior
cartilage and chondrolabral damage [13, 14]. Although the pathomechanism of FAI involves a
complex spectrum of anatomical and functional parameters, the detection protocols to recognize
the symptomatic morphology remains an ongoing challenge [42]. It is therefore imperative to
increase the understanding of this hip disorder and its effect on daily activities.

Although patients have demonstrated different hip kinematics at a higher range of motion,
such as during deep squatting [67, 69] resulting in higher hip joint stresses [86], it is still unclear
why many individuals with a cam deformity do not exhibit any clinical signs [49, 91, 95], thus
categorizing these individuals as asymptomatic [25, 47, 59, 107]. Moreover, the worry lies with
the early adaptation of the subchondral bone, perhaps initiated earlier due to the presence of the
cam deformity [93]. Knowing that both symptomatic and asymptomatic individuals with a
similar cam deformity experience changes in subchondral bone density [103, 104], which may
lead to eventual OA, it is imperative to delineate the differences of the asymptomatic group from
the symptomatic patients and healthy individuals, in efforts to establish a better detection

protocol and explain the risk of symptoms.



1.2 Background

1.2.1 History

The concept of FAI was initially introduced as a combination of various mechanical hip
disorders and multi-factorial failure processes. A relationship was initially established between
proximal femoral, “head-tilt” abnormalities with the onset of hip OA [83], where subsequently
correlations were established between femoral head deformities following a slipped capital
femoral epiphysis (SCFE). However, the early theories and relationships were not yet supported
with clinical evidence. The “pistol grip” term was also used to describe the shape of the femoral
head-neck, in comparison with a pistol handle, from anterior-posterior (AP) radiographs (Figure
1.1) [106]. The abnormal geometric configurations showed signs of early cartilage degeneration,
but no direct correlations were evident between the deformity and end-stage OA. At this point,
the observations were based on visual interpretations of radiographic evidence and no work was

done to determine the attainable motions in a “pistol grip” joint [48, 106].

Figure 1.1. Stulberg and associates’ (1975) anterior-posterior radiographic view of the “pistol grip” deformity,
comparing an aspherical femoral head with a pistol handle. The aspherical abnormality was an early representation
that characterised the deformity. Reproduced with permission of Springer (Ganz et al., 2008).
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Subsequent works noted that impingement was experienced at high amplitudes of hip motions.
Based on a combination of visual radiographic and preliminary physical examinations, general
terms were used to describe the impingement, referring to the deformity as: “head tilt” or “post-
slip”, epiphyseal displacement [43, 46, 75, 83], acetabular rim syndrome [65, 112], and cervico-
acetabular impingement [112].

It was then introduced that anterior hip obstruction was due to peri-acetabular osteotomy
[84], proposing that impingement was secondary to surgical repositioning of dysplastic acetabula.
It was possible that the newly realigned bone structure overcompensated for the adjusted adverse
conditions during the reparative phase of bone remodelling [51], subsequently causing an
abnormal rate of bone turnover and forming a bony protrusion. Variable degrees of groin pain
and limited hip motion were now observed in patients, explaining the ossification of the anterior
rim. Dynamic hip flexion and internal rotation were noticed to be restricted as well. An
additional follow-up study investigated the presence of protrusions after femoral neck fractures
[35]. Similar consequences of secondary anterior FAI were observed. The focus was on the
femoral head, where an oversized bony protrusion was formed at the site of the anterior fracture,
bridging between the femoral head and neck. This bridge of the bump again could be explained
by the reparative phase of bone remodelling during fracture healing. The intention of these
combined studies, of reparative bone remodelling, was to explain the mechanisms that initiated
FALI proposing that a deformity was formed at the femoral neck or acetabular rim due to trauma
or surgery.

The continuing research led Ganz and associates (2003) to recognize FAI as a
pathomechanical disease process and a contributor to early adult hip pain and OA [43]. The
intention of their research was to link FAIL as a hip deformity, with the pathogenesis of
idiopathic OA. An emphasis was placed on distinguishing relative causes of OA, trying to
distinguish if and which hip deformity would initiate secondary cartilage degeneration [42, 83].
To avoid confusion and to isolate various pathomechanical processes, a set of exclusions were
established to neglect other morphological hip abnormalities (e.g., Legg-Calvé-Perthes,
avascular necrosis, SCFE, dysplasia). The exclusions were necessary to better characterize OA
without extraneous aetiologies due to inflammation, trauma, or metabolic causes [42]. With more
than 600 open surgical dislocations observed, Ganz and associates proposed that FAI was a

mechanism for the development of early OA for most non-dysplastic hips [43]. It was suggested



that FAI was no longer just a resolute deformity of the hip joint, but rather a failure process
initiated by a multitude of possible biological and mechanical mechanisms that would eventually
provoke the onset of OA. This notion of FAI causing OA focused more on dynamic motion as
opposed to directional axial loading of the hip. The theory of axial hip overload to provoke OA
was disputed, further justifying that the development of OA in young adults, with normal hip
configurations, cannot be correctly justified with solely concentric and eccentric overload. The
studies thus far were unable to discuss mechanisms that initiate FAI or justify the etiology of the
deformity, but provided significant groundwork for clinical and radiographic assessments to
distinguish FAI types.

Recently, FAI has been deemed a pathomechanical process by which a human hip can
fail [30, 74] rather than a disease, with emerging clinical evidence and ongoing biomechanical
studies continuing to support that FAI provokes hip OA [14, 43, 71, 75]. Active adults with groin
pain may now be successfully treated with early detection [29, 43, 52, 70, 74]. From the
systematic review of literature on FAI, a great extent of past research focused on recognizing the
correct pathology and deformity leading to OA (Figure 1.2), leading to subsequent treatment
techniques and devising surgical solutions for FAI. Although there were recent efforts to discuss
the mechanisms that initiate the failure process, there is still a gap in the literature that does not
delineate FAI with the progression of OA. Although many studies noted that the cam deformity
is predominantly situated at the anterosuperior femoral head, subsequently leading to end-stage
cartilage damage, very few of these studies could confirm the exact location and progression of

damage [11, 13-15, 27].

1965 1973 1976 1991 1997 1999 2001 2003

Figure 1.2. Timeline of terminology from previous studies leading up to the association of FAI to OA.
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1.2.2 Cam vs. Pincer

The deformities that cause FAI can be distinguished as either cam or pincer [43]. In comparison
with a normal femoral head (Figure 1.3.A), the structural cam-type morphology is characterized
by an enlarged, aspherical femoral head, where an oversized junction leads to an insufficient
femoral head-neck offset and limits clearance between the head-neck and labrum (Figure 1.3.B).
The pincer-type morphology is characterized by an ossified labrum and over-coverage of the
femoral head (Figure 1.3.C). A combination of both types is often found in patients, with one

type likely leading to the other (Figure 1.3.D) [14].

Figure 1.3. Comparison between a: A) healthy, normal hip; B) cam FAI; C) pincer FAI; and D) mixed FAIL
Reproduced with permission of Wolters Kluwer Health, Inc (Lavigne et al., 2004).

The cam-type deformity is due to a decreased head-neck offset with an aspherical contour of the
femoral head-neck junction [43, 62, 112], giving it a pronounced anterolateral bump and
retroverted femoral head [54, 100]. The curvature is larger than average around the head-neck
junction, resulting in a bony triangular shaped extension and articular cartilage onto the
anterosuperior femoral neck [29]. The impingement is caused by a jamming of the abnormally

shaped femoral head with increasing amplitudes of motions — most noticeably, the osteochondral



lesion impacts the acetabular rim with flexion, internal rotation [1, 2, 17, 29, 61, 89, 100], and

with squatting motions [26, 67, 68, 86].

1.2.3 Cam Morphology

The typical measure to quantify the size and severity of the cam-type deformity uses the alpha
angle, to visually measure the asphericity of the dysmorphic bump and quantify the head-to-neck
relationship on imaging data [87]. The alpha angle is formed by the line parallel to the
longitudinal femoral neck axis and the femoral head-neck offset, where the femoral head is no

longer spherical (Figure 1.4).

Figure 1.4. Oblique-axial view measuring the alpha angle of a healthy, normal femur (left) and a cam-type
deformity (right). The circle with radius (r) is centered on the head center (hc), with an axis through the neck center
(nc) and another axis through the point of asphericity (A), forming the alpha angle. Reproduced with permission of
Elsevier (Notzli et al., 2002).

Notzli and associates (2002) established that a cam deformity was indicated by an alpha greater
than 55°, in the oblique-axial plane [62, 87, 88]; while some other studies were more
conservative, using an angle of 50° [13, 112] or 50.5 [9, 47, 64] in their cohort. Individuals with

a higher alpha angle, thus more severe deformity, had prevalent labral and cartilage lesions at the
anterosuperior acetabular cartilage; which was confirmed with open surgical dislocations [13,

14], radiographic evidence [14, 112], as well as subchondral bone mineral density analyses [104].
There was no mention yet as to how the presence or size of a cam deformity, using the alpha
angle, was representative of symptoms. Up until this point, it was assumed that a large cam
deformity would likely lead to symptoms. There was also no mention that the alpha angle was

gender-specific.



The modification of the imaging views, to observe the alpha angle in multiple radial
views around the clock-face of the femoral head and acetabulum, improved the assessment of the
cam deformity. Recognizing that the cam deformity was statistically prevalent at the
anterosuperior femoral head [94, 107], leading to degeneration of the anterosuperior acetabular
cartilage [13, 14], a higher alpha angle value greater than 60° in the radial 1:30 plane was
established as a threshold and predictor of hip pain [47, 64, 107] (Figure 1.5).

Figure 1.5. Radial 1:30 view indicating the large cam deformity in the anterosuperior region. Reproduced with
permission of Wolters Kluwer Health, Inc (Hack et al., 2010).

However, it was often argued that the alpha angle cannot adequately quantify the severity of FAI
[9, 66, 80, 82, 88, 107]. Moreover, radiologists may sometimes measure from planar imaging,
without any high level of accuracy or precision, potentially leading to misinterpretations [88].
This further suggested that both views, axial and radial, must be considered and perhaps in
conjunction with three-dimensional (3D) models, to provide clinicians with another perspective
to confirm a deformity [13, 94].

Typically, a cam deformity is indicated by an alpha angle greater than 50.5° or 60° in the
oblique-axial or radial plane, respectively [11, 87, 88, 94]. Although several studies
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demonstrated that the severity of the cam deformity (thus, elevated alpha angles) were associated
with hip pain and joint degeneration [11, 64, 70], there has been no significant correlation
between the deformity and the severity of symptoms. Moreover, other common radiographic
measures and anatomical features of the femoral head-neck and acetabulum have been
mentioned as potential factors for symptomatic FAI [8, 16, 59, 95], although it remains unclear
as to which combination of anatomical parameters can predict which patients are at-risk of

developing symptoms.

1.2.4 Symptoms

It is believed that hip trauma [43, 100], significant athletic activity [2, 90], and contact sports [71,
84], before or during skeletal maturation, can contribute to the risk of developing a cam
deformity. Though the mechanisms that initiate FAI are elusive and considered to be multi-
factorial, it is evident that each morphology type (cam or pincer) has its own respective root
causes, precursors, and associated hip disorders; moreover, each having its own respective group
of associated demographics.

Cam FALl is statistically more common with young athletic males, whereas pincer FAI is
more common with middle-aged and older females [59, 62, 72, 85, 112]. This distinction
justifies the inclusion of male-dominant, athletic participant groups, in several previous studies
of cam FAI [2, 3,57, 61, 63, 69]. Nepple and associates recently found sex-dependent patterns
in symptomatic patients [85], confirming that women have milder morphologies, whereas men
have a higher activity level leading to larger morphologies, extensive intra-articular diseases, and
combined-type morphologies.

FAl is rarely painful in its early stages, thus can go unrecognized for several years during
its preliminary asymptomatic settling-in phase [36, 55, 57, 105]. Early diagnosis and treatment of
FAI is important to alleviate severe hip pain, irreparable cartilage damage, and OA. The
difficulty sometimes with early diagnosis is that cam and pincer FAI appear to look normal
during early stages of development [71], where there is an evident lack of focus in implementing
additional diagnostic tools to assess the severity of the morphology leading to FAL

Although diagnostic imaging (e.g., x-ray, CT, MRI) is the standard practice to confirm
the presence of any hip deformity, it may be very difficult to determine if an individual will show

any symptoms or indicate signs of FAI, especially if dynamic hip motions are not performed.
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Primary symptom of hip impingement are indicated by groin and thigh stiffness and the inability
to flex the hip beyond a right angle [28, 71]. Further physical examinations are assessed with
internal-external rotations and hip flexion-extensions, to observe the difficulties in achieving a
full range of motion (ROM) and to confirm impingment, with reasonable reliability [96]. During
preliminary phases of the cam morphology, pain may be exacerbated by excessive cyclic loads
applied on the hip, such as extensive walking, deep flexion, and strenuous activities. Hip and
groin discomfort would frequently present itself during or after prolonged flexed positions (e.g.,
running, jumping, sitting or squatting) [28].

In addition to imaging and physical examinations, previous motion analyses observed
that symptomatic patients demonstrate different dynamic hip motions, such as level-walking [63]
and squatting [69], in comparison with a healthy, control population. Cam FAI had an adverse
effect on the dynamic squat motion, limiting squat depth and reducing pelvic ROM [69], and had
slightly lower peaks in abduction. Constrained abduction could be justified by the restricting soft
tissues in the hip joint with cam FAI It was suggested that the squat motion could be
incorporated as a possible diagnostic tool [67, 69], to notice any impediment in motion and
detect symptoms at an earlier stage. However, the dynamic squat motion should be performed
correctly, according to Lamontagne and associates (2009, 2011), as an additional diagnostic
physical examination tool (with feet shoulder-width apart, toes point anteriorly, squatting to the
lowest possible depth [67, 69]) and refraining from a shallow squat (Figure 1.6) [7].

As mentioned before, the cam morphology leads to acetabular cartilage damage
predominantly at the anterosuperior region [11, 13-15, 27, 104]. Beck and associates (2005)
observed 26 surgically dislocated hips and noted that the greatest depth of the cartilage lesions
were located at anterosuperior quadrant [14]. Similarly, Beaulé and associates (2005) observed
23 hips and noted cartilage lesions combined with labral tears, also located at the anterosuperior
clock-face, at the time of surgery [13]. In addition, Beaulé and associates (2012) reported severe
acetabular cartilage damage (Type 3 and 4, chondral delamination [15]) at the anterosuperior
region and further correlated the cartilage damage with elevated alpha angles [11]; whereas
Clohisy and associates (2013) observed slightly higher articular cartilage abnormalities at the

superolateral region, rather than at the anterior periphery [27].
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Figure 1.6. A) Level-walking [63] and B) maximal squat depth trials [69], comparing symptomatic cam FAI
patients with healthy, control participants. Reproduced with permission of Elsevier (Kennedy et al., 2009) and
Springer (Lamontagne et al., 2009).

From motion analyses and 3D kinematics and kinetics data, net hip joint forces and
moments can be calculated from inverse dynamics. These forces and moments represent
intersegmental reaction loads, though the approach excludes individual muscle contributions, co-
contractions, and other soft tissue loading (i.e., net passive moments). Nevertheless, the approach
is still commonly used to estimate net joint moments and forces. To better understand the effect
of cam FAI on the internal mechanical loading, hip contact forces are required, and necessitate
the determination of muscle and soft tissue loading contributions. Although in vivo contact force
measurements are possible with instrumented prostheses [20, 21, 32, 50], their invasiveness
raises numerous technical and ethical concerns. The data received from the instrumented
prostheses contributed to numerous studies and publications, towards the better understanding of
joint contact loading, and leading to a renowned online database. However, these studies were
often limited by sample size and population, as most of the patients implanted with instrumented
prostheses represented a specific age group and disease process (i.e., older population with
severe arthritis, in contrast with a younger, athletic FAI population).

Alternatively, several studies implemented in vitro methods using cadaveric hip joints
and uniaxial mechanical testers, providing indications of hip joint contact pressures [4, 10, 33, 41,

101]. Many of these studies were restricted by the loading calibration of the tensile tester and
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pressure sensors, as well as the ROM simulating the activity of daily living. Moreover, with an
excised joint capsule and ignoring muscles contributions and external forces, functional and
physiological contributions were neglected. Though hip motions and reaction forces can be
quantified using biomechanics testing, the principal stress and strain components within the hip
joint were still not apparent. The use of finite element methods provides an attractive approach,
since it avoids invasive in vivo experimentations.

The computational musculoskeletal models approach appears to be the most appropriate
method to estimate joint loadings in efforts to include muscle contributions [23, 34, 79]. The
musculoskeletal model can implement a forward dynamics approach to estimate muscle forces,
from muscular activities measured by electromyography (EMG) [24, 79, 99], showing a good
sensitivity to the subject-specific muscle activation [73]. In conjunction with an EMG-driven
musculoskeletal model, to determine the individual muscle and hip contact forces, a finite
element (FE) model can assess the mechanical stimuli in bone and soft tissues as necessary to
investigate the abnormal bone distribution in the hip with FAI. The inclusion of muscle and
contact forces obtained from the EMG-driven musculoskeletal model may yield a more complete

and accurate simulation with respect to the FE analyses currently available in the literature

1.2.5 Hip Joint Modelling

Subject-specific reconstruction is often avoided due to the time consuming efforts and
complexities of geometric variables. Many studies of hip joint biomechanics have resorted to
analyses of simplified 2D planar [97, 115] or idealized to a ball-and-socket models, which were
deemed by some researchers as appropriate for preliminary approximations [44]. However,
knowing that the femoral head conforms to a conchoid shape rather than a perfect sphere [81], it
would be important to incorporate subject-specific contour data of the femoral head to accurately
estimate the cartilage stresses and contact areas.

Thanks to CT-based navigation for preoperative planning, 3D FE models can now be
reconstructed using imaging data to follow a subject-specific approach [45]. Since the
segmentation process is time consuming and tedious, many studies implemented semi-automated
segmentation methods to extract objects of interests from CT and MRI data [40, 60, 78]. The
clarity and the sensitivity of the images tend to vary from scan to scan, therefore, it is often best

to perform manual segmentation.
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The selection of the material properties for FE modelling and simulations often depends
on the physiological application and mechanical assembly of the models. Nonlinear effects of
soft tissues can be approximated with hyperelastic [5] or poroelastic material properties [39, 102].
As for the bone geometries, some studies opted to apply an elastic modulus based on an
empirical formula derived from the apparent density of bone [18, 92, 108-110]. In this case,
knowing that bone is an anisotropic material, the material properties would differ in various
planes and directions. Since, bone is macroscopically composed of compact and trabecular bone,
there would be the need to consider dissimilar material properties with different elastic and shear
moduli. However, for a quasi-static condition with a low frequency of loading, a linear elastic
model would be deemed appropriate to model the bone structures. Therefore, many studies opted
for two separate, linear elastic, isotropic entities to represent the cortical shell and the internal
trabecular structure (Table 1.1) [6, 26, 77, 97, 98, 109]. Anderson and associates (2005, 2008)
further justified that the trabecular structure, while contributing very little stiffness, occupied
copious amounts of computational memory, and did not provide much function within their
simulation; thus, they suggested to only model a cortical shell for their study [4, 5].

Table 1.1. Selected summary of elastic moduli and Poisson’s ratios values for assembling finite element models of
the cortical and trabecular bone structure of the hip joint

Cortical Bone Trabecular Bone References

Elastic Modulus Poisson’s Ratio Elastic Modulus Poisson’s Ratio

17 GPa 0.29 Not used Not used Anderson, et al., 2008 [4]
20 GPa Not disclosed 100 MPa Not disclosed Chegini, et al., 2009 [26]
17 GPa 0.3 100 to 400 MPa 0.3 Rudman, et al., 2006 [97]
Not disclosed Not disclosed 120 MPa 0.3 Russell, et al., 2006 [98]
17 GPa 0.28t0 0.3 0.6to 1 GPa 0.3 Wei, et al., 2005 [115]

Moreover, other studies considered orthotropic properties to define the hip joint as a solid model
(Table 1.2) [31, 86, 113]. The use of orthotropic properties accounts for both cortical and
trabecular structures, thus eliminating the need to segment an additional trabecular component
and alleviate overuse of finite elements and computational memory. Additional details on

mechanical properties and stress analyses are included in (Appendix C — Mechanical Properties).
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Table 1.2. Mechanical properties of linear elastic orthotropic bone used for femur and pelvis [31]

Elastic Modulus (GPa) Ex=11.6 E, =122 E,=19.9
Shear Modulus (GPa) Gy=4.0 Gy, =5.0 Gy, =54
Poisson Ratio Vey = 0.42 vy, =0.23 vx,=0.23

In most cases, FE simulations of the hip considered mainly bone models and the
articulation components [4-6, 26, 86, 97, 98], and overlooked the role of muscle tissues. As an
improvement to the subject-specific material characteristics, FE hip joint models can be
constructed from segmented bone and soft tissue geometries obtained from subject-specific CT
and MRI data, using image segmentation software. It will be imperative to examine soft tissues
landmarks around the hip joint. The inclusion of the labrum in hip joint modelling will also be
crucial to understand the nature of the seal on pathological hip deformities [37-39]. The labrum
can be reconstructed around the periphery of the acetabulum, creating a seal around the femoral
head. To ensure that the articulation components from MRI will be in accordance with the CT
based bone models, the bone landmarks in each set of imaging data must be registered [76, 114].

The early FE simulations contributed substantially to the understanding and direction of
hip joint modelling and simulations. However, they also revealed numerous areas that needed
improvements. In addition, to further the understanding of subject-specific hip joint stresses, the
loading should be specific and integrated with the associated hip joint model (i.e., subject-

specific joint loading should not be approximated from instrumented prostheses data, if possible).
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2.0 Abstract

Background: The cam deformity causes the anterosuperior femoral head to obstruct with the
acetabulum, resulting in femoroacetabular impingement (FAI) and elevated risks of early
osteoarthritis. Several finite element models have simulated adverse loading conditions due to
cam FAI, to better understand the relationship between mechanical stresses and cartilage
degeneration. Our purpose was to conduct a systematic review and examine the previous finite
element models and simulations that examined hip joint stresses due to cam FAL

Methods: The systematic review was conducted to identify those finite element studies of cam-
type FAIL The review conformed to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines and studies that reported hip joint contact pressures or stresses were
included in the quantitative synthesis.

Results: Nine articles studied FAI morphologies using finite element methods and were included
in the qualitative synthesis. Four articles specifically examined contact pressures and stresses due
to cam FAI and were included in the quantitative synthesis. The studies demonstrated that cam
FAI resulted in substantially elevated contact pressures (median = 10.4 MPa, range = 8.5 — 12.2
MPa) and von Mises stresses (median 15.5 MPa, range = 15.0 — 16.0 MPa) at the acetabular
cartilage; and elevated maximum shear stress on the bone (median = 15.2 MPa, range = 14.3 —
16.0 MPa), in comparison with control hips, during large amplitudes of hip motions. Many
studies implemented or adapted idealized, ball-and-cup, parametric models to predict stresses,
along with homogeneous bone material properties and in vivo instrumented prostheses loading
data.

Conclusion: The formulation of a robust subject-specific FE model, to delineate the
pathomechanisms of FAI, remains an ongoing challenge. The available literature provides clear
insight into the estimated stresses due to the cam deformity and provides an assessment of its

risks leading to early joint degeneration.
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2.1 Introduction

The morphologies leading to mechanical femoroacetabular impingement (FAI) can be
distinguished as either cam (enlarged femoral head deformity), pincer (acetabular over-coverage),
or a combination of both [27, 48]. The cam-type deformity is characterized by a decreased head-
neck offset [27, 42, 77], giving it a pronounced anterolateral bump with lack of concavity at the
femoral head-neck junction [35, 69] (Figure 2.1). It has been attributed to adverse hip trauma and
loading [27, 63, 69], significant athletic activity [2, 59, 63], and contact sports [47, 55], prior to
skeletal maturation. Individuals with a larger cam deformity, as defined by higher alpha angles
[58], ultimately leads to a greater risk of the anterosuperior femoral head obstructing with the
acetabulum during combined motions of hip flexion, rotations [1, 2, 17, 41, 44, 46, 69], and
squatting [17, 44, 45, 56, 57], resulting in early adult cartilage degeneration [1, 10, 27, 71].

FAl is rarely painful in its early stages, thus can go unrecognized for several years during
its preliminary asymptomatic settling-in phase [22, 36, 38, 72]. Early diagnosis and treatment of
FAI is important to alleviate the risk of severe hip pain, irreversible cartilage damage, and
osteoarthritis (OA). The difficulty with early diagnosis is that the deformities appear to look
normal during its early stages of development [47], when there is an evident lack of focus in
implementing additional visualization or diagnostic tools to assess the severity of the deformity.

Although diagnostic imaging (e.g., x-ray, computed tomography (CT), magnetic
resonance imaging (MRI) is the standard practice to confirm the presence of any hip deformity, it
may be very difficult to determine if an individual will show any symptoms or indicate FAI,
especially if dynamic hip motions are not performed. From previous motion analyses,
symptomatic patients demonstrated constrained hip motions, such as during level walking [15,
43, 67] and squatting [45, 46]. Additional studies that involved finite element (FE) modelling
and analysis examined resultant hip joint stresses due to cam FAI, providing a better picture of
the pathomechanism. Many in silico simulations shared similar FE methods, however, posed
various research questions that resulted in different observations and dependent variables.
Moreover, while several studies implemented different mechanical stress analyses, it was unclear
which were more applicable to assess adverse loading conditions in the hip joint due to cam FAL
In efforts to examine the effects of cam-type FAI on mechanical hip joint loading and to better
understand the causal relationship between mechanical stimulus and cartilage degeneration, our

purpose in this systematic review was to examine previous studies involving finite element
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analysis (FEA) that simulated hip joint loading due to cam-type FAI and determined hip joint

stresses.
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Figure 2.1. Comparison between a normal and a cam FAI hip. Three-dimensional models representing a healthy,
normal left hip joint (A) and a left hip joint with severe cam-type femoroacetabular impingement (B), with the cam
deformity highlighted in red.

2.2 Methods

The systematic review conformed to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (2.7 Appendix — PRISMA Checklist). The protocol started
with a literature search, from three electronic databases: PubMed, Web of Science (Thomas
Reuters), and Cochrane Library. The protocol subsequently consisted of a screening process, to

further justify the pertinence and eligibility, and was completed on February 28, 2015.

2.2.1 Identification

A general search was conducted in each of the three online databases using the terms
“femoroacetabular impingement”, “femoro-acetabular impingement”, and “hip impingement”,
with any of the terms to appear as a keyword or within a field of the article. Among the articles,
the earliest was defined by Myers and associates (1999) [55], thus the time period for the
literature search was limited from 1999 to 2015. This preliminary search resulted in 2559

combined articles from the three databases.
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2.2.2 Screening and Eligibility

The articles were imported into a citation management program (EndNote X4, Thomas Reuters,
Philadelphia, PA, USA) where duplicates were removed. Among the remaining articles, a second
search used the term “finite element” and further narrowed down the pertinent literature (n = 17).
The abstracts of the remaining articles were then reviewed for eligibility and any study that did
not examine a cam or pincer morphology was excluded. The included articles were reviewed and
a qualitative synthesis compared each study’s methodology. A quantitative meta-analysis was
conducted on the studies that specifically examined hip joint stresses due to cam FAIL
Measurable dependent variable and stress parameters were thoroughly examined in each of the
eligible articles, looking specifically for “von Mises stress” (or “maximum distortion energy”),
“maximum shear stress” (or “Tresca stress”), or “contact pressure”. Studies that reported results

with a common dependent variable were grouped together for the meta-analysis.

2.3 Results

A total of 9 articles, in which a cam (8) or pincer (1) hip deformity was simulated using FEA,
were deemed eligible and included in the qualitative synthesis. From those, a total of 4 articles

examined hip joint contact pressures or stresses due to cam FAI (Figure 2.2).

27



PubMed Web Of Science Cochrane Library
1073 articles 1485 articles 1 review
IDENTIFICATION L , |
Combined total
n = 2559
After duplicates
removed
n=1088
SCREENING 4
Keyword search
“finite element” [ Excluded
- n=1071
n=17
L 4
Excluded
Hip morphology . (healthy hips or no
n=14 morphology)
n=3
ELIGIBILITY +
Keyword search Excluded
“cam” =+ (other morphology)
n==8 n=8a
k. L
Cualitative synthesis Qualitative synthesis
(comparing Methods) (pincer morphology)
n=48 n=1
INCLUDED +
Quantitative synthesis
(comparing Results)
n=4

Figure 2.2. Flowchart of selection criteria. According to the PRISMA guidelines, the number of articles started with
a total of 2559 combined articles from 3 databases (PubMed, Web of Science, and Cochrane Library). From those, a
total of 9 and 4 articles were included in the qualitative and quantitative syntheses, respectively.
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2.3.1 Preliminary Parametric Models

The first documented simulation that examined cam FAI was performed by Chegini and
associates, focusing on impingement and dysplasia during sitting and walking [17]. The
simulations comprised of a spherical, ball-and-cup FE model that was parameterized to various
alpha and lateral center-edge (CE) angles, according to the severity of cam FAI (higher alpha
angle), pincer FAI (higher CE angle), or dysplasia (lower CE angle). The advantage with using
an idealized, parametric model was that the deformities were easily defined and simulated at
every 10-degree increments for alpha and center-edge angles (alpha angle = 40 to 80°; CE angle
=0 to 40°). The study took a single patient and considered two loading scenarios — walking and
stand-to-sit. Hip contact loads were taken from in vivo instrumented prostheses data and applied
through the femoral head [12]. No specifications were given on patient details and dimensions of
the final model. Peak contact pressures and von Mises stresses were found in the acetabular
cartilage for both activities. During walking, no adverse stresses were noticed with increasing
alpha angles. This justified that peak stresses would be more prominent at higher dynamic
motions (i.e., higher stresses during squatting motions, as opposed to walking). For the stand-to-
sit activity, higher alpha and CE angles resulted in higher contact pressures and stresses.
Chegini and associates’ study only considered the oblique-axial plane when varying
alpha angles and did not consider radial planes. Moreover, the cam and pincer deformities were
limited to an alpha angle and CE angle of 80° and 40°, respectively, thus a more severe cam or
pincer deformity was not observed. The cam-only deformity cases showed peak contact
pressures that varied from 3.67 to 12.84 MPa (alpha angle = 60 to 80°, CE angle =20 to 30°);
and von Mises stresses from 9.7 to 27.2 MPa (alpha angle = 60 to 80°, CE angle = 20 to 30°),
situated at the anterosuperior cartilage. Their mixed impingement cases demonstrated slightly
higher peak contact pressures from 10.52 to 16.51 MPa (alpha angle = 60 to 80°, CE angle =
40°); and much higher von Mises stresses from 30 to 37 MPa (alpha angle = 60 to 80°, CE angle
= 40°), situated at the anterosuperior cartilage and labrum. It was uncertain if the acetabulum or
innominate bone structure was included. The magnitudes of the von Mises stresses for the cam
FAI models were provided, however, it was not explicitly reported for the control models. Only
cartilage stresses and contact pressures were reported and no results pertaining to the acetabulum,

pelvis, or femoral head were featured.
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As a follow-up to Chegini and associates’ study, Arbabi and associates further examined
penetration depths in the acetabular cartilage and labrum, indicating very high curvilinear and
radial penetration due to the idealized geometries [6]. However, no specific information about
the resultant von Mises stresses was provided. Although an idealized model was implemented,
Chegini and associates contributed an exploratory study in the early phases of FAI research,

which emerged as a preliminary benchmark.

2.3.2 Subject-Specific Bone Models

The next set of simulations involving FEA attempted to improve the subject-specificity of the
models. In an earlier work by Ng and associates, two patients with severe cam FAI were matched
with two healthy control participants [57]. Each participant’s geometric model was segmented
from subject-specific CT data and supplemented with subject-specific, intersegmental hip joint
reaction forces. The manually segmented models provided a more realistic representation of the
cam deformity, demonstrating the adverse loading conditions in the hip joint during standing and
squatting. Elevated stresses were located on the anterosuperior bone surface, beneath the
acetabular cartilage, during squatting for patients with severe cam FAI (15.2 + 1.8 MPa), in
comparison with healthy control participants (4.5 £ 0.1 MPa). This study provided a modelling
perspective of cam FAI and integrated more subject-specific data to further understand the
pathomechanism with mechanical stimuli corresponding to the known areas of acetabular
cartilage damage. With elevated stresses on the bone surface (as opposed to direct loading on the
cartilage), it emphasized the need to further understand the morphology and determine if joint
degeneration may be due to the indirect changes in the subchondral bone. Although the inclusion
of a labrum in FEA remains elusive [5], it would be beneficial in future studies to understand the
residual physiological effect of the labral seal for this pathological hip condition [23-25]. In
addition, the hip joint reaction forces provided valuable approximations of net forces and
moments, but were still underestimations of in vivo contact forces. Future initiatives to include
individual muscles and hip contact forces would better represent the physiological reactions and
resultant hip contact stresses.

In contrast, Jorge and associates developed their subject-specific bone models from radial
MRI, while cartilage and labrum were approximated using computer-aided design software [37].

Only one FAI patient model was developed (male, age = 27 years, alpha angle = 98°), matched
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with one healthy control model (female, age = 50 years, alpha angle = 48°). All soft tissues were
considered linear elastic and isotropic, and the bones were assumed rigid. A compression load
was applied to the femur on the acetabular cavity as well as flexural movements and internal
rotations. Loading data from in vivo instrumented prostheses database were used in the
simulations, using an arbitrary weight not specific to either participant. Jorge and associates also
found an elevated peak contact pressure and von Mises stress in the anterosuperior cartilage
(11.6 and 14.4 MPa, respectively) and labrum (16.4 and 14.7 MPa, respectively), during hip
flexion for their FAI model, however, observed a substantially higher peak contact pressure (20.6
MPa) and von Mises stress (28.2 MPa) during partial and full internal rotation, respectively. The
von Mises stress magnitudes for the control model was not explicitly reported. However, their
study was limited by the sample size and poor matching criteria — one young male, with a severe
cam deformity, matched with one healthy older female. This single comparison exhibited
substantial differences, but may not have explained the differences or variations among the FAI

and the control populations.

2.3.3 Effects of Surgery

Alternatively, a few studies recently implemented FE models to examine the effect of surgical
osteochondroplasty, specifically looking at the influence of resection depths with fracture
loading and risks due to adverse loading [3, 64]. Alonso-Rasagado and associates developed a
single FE hip model from CT data of a typical cam-type hip to predict stresses in the femoral
head-neck junction after open surgical resection [3]. Based on this single hip model, bone
resections were parameterized and performed virtually to incremental resection depths, instead of
incorporating real post-operative CT data and hip joint loadings. No information was provided
about the single femur model (e.g., sex, age, other morphologies). It was concluded that higher
amplitudes of hip motion (e.g., knee bend and stairs descent) yielded the highest stresses when
resection depth was beyond 10 mm. However, the authors used in vivo instrumented prostheses
data (taken from an older population) which led them to reduce the elastic moduli of the bone
models. This lacked a level of patient-specificity to represent the correct amount of bone
resection for a younger population with cam FAI although still suggesting a relative limit for

resection depth.
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Rothenfluh and associates used a general 3D femur model taken from a public anatomy
database to simulate resection geometry on fracture risks [64]. Using in vivo data from
instrumented prostheses data for stumbling and walking, they concluded that a resection should
be limited to 20% depth and 35% length of the femoral neck. The group acknowledged that large
inter-patient variations in bone quality, stature, and anatomy can occur; and, as a consequence,
suggested that subject-specific models would greatly improve fracture risk predictions.

Liechti and associates expanded the early parametric hip models by Chegini and
associates [17], to further examine pincer FAI and influences of contemporary surgical
interventions on stress distributions in protrusio hips [51]. Material properties and pre-processing
conditions were similar to the previous simulations [6. 17]. Hip joint loading data were again
taken from in vivo instrumented prostheses data, for walking and stand-to-sit motions, and
applied to several parameterized hip models (e.g., normal, dysplasia, protrusio) and surgical
intervention methods (e.g., rim trimming and acetabular reorientation). No other models or
components were considered, other than the cartilage and labrum components. The protrusio hip
resulted in elevated contact pressures in the medial acetabular cartilage (1.62 MPa, 24% higher
than their normal hip) and substantially higher von Mises stresses in the medial aspect of the
posteroinferior acetabulum (54% higher than their normal hip). Acetabular reorientation
decreased peak contact pressures, while additional rim trimming substantially reduced peak
stresses. The authors noted that subject-specificity was not considered or addressed, as their
models represented averaged geometries based on empirical, morphological data and not

representative of a “larger spectrum of anatomy” [51].

2.3.4 Cartilage Behaviours

A more recent FE study by Hellwig and associates adapted Chegini and associates’ parametric
hip model [17] to examine cartilage stresses due to cam FAI [33]. Only two conditions were
parameterized that compared a hip with cam FAI (alpha angle = 74°) and a healthy control hip
(alpha angle = 40°). The cartilage component was modelled as a poroelastic, orthotropic material
to characterize biphasic properties. Similar to the previous parametric studies [6, 17, 51], the
activities of walking and stand-to-sit were simulated. As result, peak contact pressures for the
normal hip were located in the superior cartilage during walking (2.87 MPa) and in the

posteromedial cartilage during stand-to-sit (3.58 MPa). Peak pore pressure was noticeably
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different between the control model (0.42 MPa, in the posterior cartilage) and the FAI model
(3.76 MPa, in the anterosuperior cartilage). No other bone component was considered in the
analysis. The study implemented in vivo contact loads from the instrumented prostheses database
[12], neglecting the subject-specificity of hip joint loading due to cam FAI. The study was also
limited by a low sample size — one FAI condition matched with one control. Moreover, the
authors noted that their 3D geometries were simplified and optimized for convergence, which
may overlook the subject-specificity of inter-individual anatomical characteristics and material

properties [33].
2.3.5 Development of the Cam Deformity

A recent study by Roels and associates investigated mechanical factors leading to the
development of a cam-type deformity [63]. A single FE model of the proximal femur was
reconstructed from CT data (age = 12 years, left leg), parameterized with 3 different growth plate
shapes, and simulated under 4 activities (normal walking, internal rotation, external rotation, hip
flexion) using loading data from in vivo instrumented prostheses data. They implemented an
osteogenic index to look at changes to the epiphyseal plate and followed up with their previous
findings on young athletes undergoing skeletal maturation [2]. As a result, Roels and associates
observed larger epiphyseal extensions during external rotation and hip flexion, with elevated
osteogenic indexes localized where the cam deformity would likely develop. Unlike the previous
models of cam FAI, they modelled the growth plate with a constant elastic modulus and
considered heterogeneous bone material properties for the femur, taken from CT data, to better
represent the varying densities.

In contrast with the other FE studies, Roels and associates’ intention was not to examine
hip joint stresses, but rather to look at the development of the cam deformity and its association
with various activities and loading parameters. Thus, their study and modelling parameters were
reviewed and included in the qualitative synthesis to thoroughly examine pre-processing FE
methods; however, since their study posed a different research question, their results were not

included in the quantitative synthesis
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2.3.6 Meta-Analysis

Table 2.1 lists the previous FE studies in literature that examined FAI — summarizing the study
details, participant details, loading details, and results. Among the screened studies that had
comparable quantifiable results, the most common dependent variable was an acetabular
cartilage contact pressure or stress parameter during an activity that required larger amplitudes of
hip motions (stand-to-sit, maximum squat depth, or deep hip flexion). Two studies reported peak
contact pressures and peak von Mises stresses in the acetabular cartilage due to cam FAI,
indicating a median contact pressure of 10.4 MPa (range = 8.5 — 12.2 MPa) and median von
Mises stress of 15.5 MPa (range = 15.0 — 16.0 MPa) [17, 37], while two studies reported
maximum shear stresses, indicating a much lower median of 3.10 MPa (range = 2.84 — 3.35 MPa)
[33, 57]. Only one of the studies examined stresses in the bone underneath the acetabular
cartilage and indicated maximum shear stresses of 15.2 MPa (range = 14.3 — 16.0 MPa) [57] and
one study indicated a peak pore pressure of 4.10 MPa [33]. A comparison of all reported peak

stresses for each study’s FAI and control groups can be seen in Figure 2.3.
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Table 2.1. Previous studies on cam FAI that implemented finite element methods, summarizing the study detail, modelling and simulation methods, and results of the cam

FAI group.

Study Details Participant Details Loading Details Results

Scope Author (year) Purpose Sample Size Model Activities Methods Peak Stress Magnitude Peak Stress Location
Stresses due Chegini, et al. Contact n=1 (25 conditions, Spherical, ball-and-cup Walking and stand-to-sit Percentage of bodyweight Contact pressures from Anterosuperior cartilage

to cam [17] (2009) pressure and parameterized for alpha model; uniform cortical load, from in vivo 3.67 to 12.84 MPaand von  and labrum, during stand-
deformity stress in cam and center-edge angles) shell; with linear-elastic, instrumented prostheses Mises stresses from 9.70 to to-sit
and pincer isotropic bone and cartilage data 27.20 MPa, during stand-
FALI dysplasia to-sit
Ng, et al. [57] Stresses on n=4 (2 cam males; 29, 44 Subject-specific hip joint Standing and squatting Subject-specific Maximum shear stress in Anterosuperior quadrant of
(2012) cartilage and years; alpha angle = 74, geometry, from CT data; intersegmental reaction cartilage from 3.3 to 3.9 acetabulum, during
bone layer due 84°; matched with 2 variable cartilage forces from inverse MPa and in bone from 13.4  squatting
to cam FAI control males; 36, 54 years;  thickness; with orthotropic dynamics to 16.9 MPa, during
alpha angle = 41, 45°) bone and isotropic cartilage squatting
Jorge, et al. Contact n=2 (1 cam male, 27 Subject-specific geometry, Joint compression with full ~ Percentage of bodyweight Contact pressures from Anterosuperior cartilage
[37] (2014) pressure and years, alpha angle = 98°; from MRI; no information flexion and internal load, from in vivo 11.6 to 16.4 MPa and von and labrum, during flexion
stress on matched with 1 control on bone model or rotation instrumented prostheses Mises stresses from 14.4 to
cartilage due to  female, 48 years, alpha materials; linear-elastic, data 14.7 MPa, during flexion
cam FAI angle = 48°) isotropic soft tissues
Hellwig, et al. Cartilage n=2 (1 cam, alpha angle =  Spherical, ball-and-cup Walking and stand-to-sit Percentage of bodyweight Contact pressure of 4.09 Posteromedial cartilage,
[33] (2015) behaviour due 74°; matched with 1 model; uniform cortical load, from in vivo MPa and Tresca stress of during stand-to-sit
to cam FAI control, alpha angle = 40°) shell; linear elastic, instrumented prostheses 2.59 MPa, during stand-to-
isotropic bone with data sit
poroelastic, orthotropic
cartilage
Penetration Arbabi, et al. Penetration n=1 (25 conditions, Spherical, ball-and-cup Stand-to-sit Percentage of bodyweight High curvilinear and very Anterolateral labrum
Depth [6](2010) depth and parameterized for alpha model; uniform cortical load, from in vivo high radial penetration; no
stresses in and center-edge angles) shell; with linear elastic, instrumented prostheses details on peak stress
labrum isotropic bone and cartilage data magnitude
Development Roels, et al. Loading on n=1 (male, 12 years; Subject-specific femur Walking, internal rotation, Percentage of bodyweight Osteogenic index of 0.7 Superolateral side of
of cam [63] (2014) epiphyseal parameterized for flat and geometry, from CT data; external rotation, deep load, from in vivo MPa, during external growth plate, during
deformity growth plate convex growth plate with subject-specific bone flexion instrumented prostheses rotation; noticeable external rotation
shapes) material properties, based data increase in osteogenic
on empirical formula index, during external
rotation and flexion
Effects of Alonso- Stresses on n=1 (6 conditions, Subject-specific femur Single and double leg Percentage of bodyweight von Mises stresses of 16 to Superolateral femoral neck,
surgery Rasagado, et femoral head- parameterized for various geometry, from CT data; stance, walking, stairs load, from in vivo 17.5 MPa, at resection with resection depth > 10

al. [3](2012)

Rothenfluh, et
al. [64] (2012)

neck after cam
resection

Fracture loads
after cam
resection

resection depths)

n=1 (3 conditions,
parameterized for various
resection depths)

with elastic-plastic,
isotropic bone

Subject-specific femur
geometry, from anatomy
database; with linear
elastic, isotropic bone

descent, knee bend

Stumbling, fast walking,
normal walking

instrumented prostheses
data

Percentage of bodyweight
load, from in vivo
instrumented prostheses
data

depth > 10 mm, during
knee bend

Critical fracture load =
4150 N, at 30% resection
(28 mm length, 39 mm
width

mm, during knee bend

Location of fracture at
inferomedial femoral neck

Stresses due
to pincer
deformity

Liechti, et al.
[51](2014)

Stresses due to
pincer FAI

n=1 (6 conditions,
parameterized center-edge
angles for various
acetabular shapes)

Spherical, ball-and-cup
model; uniform cortical
shell; with linear elastic,
isotropic bone and cartilage

Walking and stand-to-sit

Percentage of bodyweight
load, from in vivo
instrumented prostheses
data

Contact pressure of 1.62
MPa, for protrusio hip
during stand-to-sit

Posteromedial cartilage
(5.1 mm from medial
margin, with respect to
acetabular arc), for
protrusio hip during stand-
to-sit
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Figure 2.3. Summary of previous studies’ peak hip joint contact pressures and stresses. Peak contact pressure or stress on the acetabular cartilage or bone, during a deep
hip flexion task for each study’s cam FAI (grey) and control group (white), reporting the averaged peak magnitude and maximum and minimum range. (The von Mises
stresses for the control groups were not explicitly reported in Chegini, et al. 2009 and Jorge, et al. 2014, therefore, were intentionally omitted.)
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2.4 Discussion

2.4.1 Model Predictions

The previous generation of in silico FE studies provided clear objectives in examining contact
pressures and stresses due to cam FAI with each study’s parameters justifying their initial
research questions. The simulations provided a concrete understanding of pathological joint
loading and showed that the cam morphology led to substantially elevated stresses in the
acetabulum at a higher range of hip motion. The different studies implemented various methods
to characterize hip joint contact mechanics, using different parameters to measure contact
stresses, thus making a direct comparison of dependent variables slightly more difficult. The
extracted data indicated that contact pressure and von Mises stress were higher in the acetabular
cartilage [17, 37], in comparison with maximum shear stress and pore pressure [33, 57], in cam
FAI models.

As with any in silico study, there are many limitations associated with FE methods and its
resultant predictions. As noted by Viceconti and associates, sensitivity and validity are still
ongoing challenges to be addressed in FEA, especially when the study involves complex
multicomponent, musculoskeletal systems [79]. They further outlined that simulations should
implement a well-defined and assessed model with correctly identified and verified input
parameters, in efforts to ensure accurate and representative predictions. Many of the previous FE
studies of cam FAI featured convergence analyses to address concerns of meshing sensitivities,
but their conclusions were still cautious. The FE predictions were often validated against case
controlled hip joint simulations, involving other similar FE hip models, or validated against
previous clinical observations.

A comparison with clinical observations can partially justify the validity of predictive
models. As many of the FE simulations demonstrated, the cam morphology can lead to
acetabular cartilage damage predominantly in the anterosuperior region [8-10, 18, 71]. Beck and
associates observed 26 surgically dislocated hips and noted that the greatest depth of the cartilage
lesions were located in the anterosuperior quadrant [10]. Similarly, Beaulé and associates
observed 23 hips and noted cartilage lesions combined with labral tears, also located in the
anterosuperior clock-face, at the time of surgery [9]. In addition, another study by Beaulé¢ and

associates reported severe acetabular cartilage damage in the anterosuperior region and further

37



correlated the cartilage damage with elevated alpha angles [8]; whereas Clohisy and associates
observed slightly higher articular cartilage abnormalities in the superolateral region, rather than

the anterior periphery [18].

2.4.2 Hip Joint Modelling

Comprehensive, subject-specific reconstructions were often avoided, perhaps due to the time-
consuming efforts and complexities of imaging, geometric, and loading parameters, which
ultimately resulted in lower inter-subject variability [79]. In most cases, FE simulations of the
hip considered mainly bone models and the articulation components [4-6, 17, 57, 65, 66]. As a
future improvement to the subject-specific material characteristics, FE hip joint models may be
constructed from segmented bone and soft tissue geometries obtained from subject-specific CT
and MRI data, using image segmentation software. It will be imperative to examine soft tissues
landmarks around the hip joint. The inclusion of the labrum in hip joint modelling will also be
crucial to understand the nature of the seal in pathological hip deformities [23-25]. The labrum
can be reconstructed around the periphery of the acetabulum, creating a seal around the femoral
head. To ensure that the articulation components as obtained from MRI are in accordance with
the CT based bone models, the bone landmarks in each set of imaging data must be registered
[50, 78].

Many studies of hip joint biomechanics have been simplified into 2D planar [65, 80] or
idealized into a ball-and-socket analyses, which was deemed by some researchers as appropriate
for preliminary approximations [28]. Knowing that the femoral head conforms to a conchoid
shape rather than a perfect sphere [54], it would now be important to incorporate subject-specific
contour data of the femoral head to accurately estimate the cartilage stresses and contact areas.
Similar to the approach of CT-based navigation for preoperative planning, 3D FE models are
now reconstructed using imaging data following a subject-specific approach [29]. Since the
segmentation process is time-consuming, many studies implemented semi-automated
segmentation methods to extract objects of interests from CT and MRI data [26, 40, 52]. The
clarity and the sensitivity of the images tend to vary from scan to scan, often requiring more
manual segmentation methods to ensure a higher level of confidence.

The selection of the material properties for FE modelling and simulations often depends

on the physiological application and mechanical assembly of the models. Nonlinear effects of
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soft tissues can be approximated with hyperelastic [5] or poroelastic material properties [25, 70]
to estimate responses. As for the bone geometries, some studies opted to apply an elastic
modulus based on an empirical formula derived from the apparent density of bone [11, 61, 75,
76]. A common limitation that all the previous FE studies on cam FAI had was that bone was
modelled as a homogeneous material. It was argued in many studies that linear elastic models
would be sufficient for quasi-static loading frequencies, and therefore two separate, linear elastic
isotropic entities to represent the cortical shell and internal trabecular structure were often
implemented [6, 17, 51, 65, 66, 75]. However, knowing that bone is heterogeneous, the material
properties would react differently in various locations. At minimum, since bone is
macroscopically composed of cortical and trabecular bone with varying bone densities, there is a
need to consider varying elastic moduli throughout its composition according to Hounsfield units
from quantitative CT data.

In Anderson and associates’ FEA of the subject-specific hip joint (2008), bone was
modelled as a hyperelastic, isotropic material (with tetrahedral elements), whereas cartilage was
modelled as a neo-Hookean material (using brick elements) [4]. As a follow-up study, Anderson
and associates (2010) used the same biomechanical approach to examine different modelling
parameters — altering the femur’s and cartilage’s material models to examine their effects on
stress predictions [5]. Their models neglected the trabecular bone component, arguing that a
cortical shell was sufficient to demonstrate joint reactions [4, 5]. For the purpose of predicting
the mechanical stimuli and areas of bone formation in a subject-specific fashion, it may not be
sensible to disregard the trabecular bone component when simulating FAI, as it provides inherent
stability and the foundation of the bone remodelling matrix.

Anderson and associates’ latter study was meant as a comparative study to delineate the
possible outcomes from various methods. Their parametric models demonstrated that spherical
and conchoidal femoral head models, together with a smooth cartilage, distributed the stresses
more evenly and underestimated stresses, in comparison with a subject-specific geometry.
Furthermore, a constant cartilage thickness approach would be less realistic for pathologic hip
deformities. It was not suggested which of their parametric hip models was the most correct;
instead, it was described what should be the expectation in terms of stress patterns given specific
input parameters. This further confirms that idealized models cannot adequately assess stress

predictions and reiterates the need for subject-specific geometric models. In addition, Harris and
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associates reconstructed statistical shape models of hips with and without the cam deformity,
from subject-specific CT data [30]. Although their intention was not FEA modelling, the
statistical shape models compared the cam morphology with control femurs, emphasizing the
need for subject-specific geometries. There was a noticeable difference between the two groups

at the anterolateral head-neck junction, corresponding with the locations of cam deformity.

2.4.3 Motion and Loading with Cam FAI

To further the understanding of subject-specific hip joint stresses, the joint loading should be
specific and integrated with the associated hip joint model (i.e., subject-specific joint loading
should not be approximated from instrumented prostheses data, if possible). Motion analysis can
evaluate 3D kinematics and kinetics, during various activities of daily living. Since the structure
and range of hip motion is vital to locomotion, standing upright, and performing many daily
activities, it is important to determine how a deformity potentially impacts hip biomechanics. In
a level-walking study by Kennedy and associates [43], it was found that walking biomechanics
of cam FAI demonstrated marginal kinetic differences, when compared with a control group, but
showed constrained abduction in the frontal plane. In contrast, Hunt and associates found lower
hip extension, adduction, and internal rotation during the stance phase [34]. Lamontagne and
associates further showed significant differences in pelvic motion between cam FAI and control
subjects for a deep squat motion, where participants performed a maximum dynamic squat [46].
Their cam FAI group was unable to squat as low (41.5 £ 12.5%, as a percentage of leg height)
compared with the control group (32.3 + 6.8%, p = 0.037), suggesting that the maximal squat
depth may be feasible as a diagnostic test [46]. This further motivates FE studies of cam FAI to
involve larger amplitudes of hip motions.

In a follow-up study, post-operative patients (8 to 32 months after open surgical
dislocation) were able to squat significantly lower (33.2 + 10.3%), compared with their pre-
operative performance (36.9 + 12.0%, p = 0.027) [44]. However, these patients were unable to
return to their pre-operative walking performance [15]. Contrarily, Rylander and associates
found significant improvements in level-walking, confirming positive improvements for post-
operative patients [67].

From 3D kinematics and kinetics data, net hip joint forces and moments can be calculated

from inverse dynamics. These forces and moments represent intersegmental reaction loads, but
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the approach excludes individual muscle contributions, co-contractions, and other soft tissue
loading (i.e., net passive moments). Nevertheless, the approach is still commonly used to
estimate net joint moments and forces. To better understand the effect of cam FAI on the internal
mechanical loading, hip contact forces are required and necessitate muscle and soft tissue
loading contributions. In vivo contact force measurements are possible with instrumented
prostheses [13, 14, 19, 32]. The data received from instrumented prostheses contributed to
numerous studies and publications, towards the better understanding of joint contact loading, and
leading to a renowned online database. These studies were often limited by sample size and
population, as most of the patients implanted with instrumented prostheses represented a specific
age group and disease process (i.e., older population with severe arthritis, in contrast with a
younger, athletic FAI population). Overall, this invasive method raises numerous technical and
ethical concerns.

The approach followed by computational musculoskeletal models appears to be more
general and versatile to estimate joint loadings, in efforts to include muscle contributions [20, 53].
The EMG-driven musculoskeletal models can implement a forward dynamics analysis to
estimate muscle forces, from muscular activities [16, 53, 68], showing a better sensitivity to the
subject-specific muscle activation [49]. The inclusion of muscle and contact forces obtained
from such models may yield more complete and accurate loading conditions for FE analyses
compared to what is currently available in the literature. To our knowledge, no FE study has
implemented subject-specific muscle and hip joint contact forces, to examine resultant contact

stresses.

2.4.4 Asymptomatic Population

There has been growing interest to understand why many individuals with the cam deformity do
not develop early symptoms of FAI [31, 60, 62]. Asymptomatic individuals are characterized by
a cam-type deformity; however, do not demonstrate FAI (i.e., individuals with the cam deformity
but do not demonstrate any impingement, clinical signs, symptoms, or pain). Although several
studies examined the asymptomatic population, measuring additional anatomical parameters
from radiographic [7, 31, 62], CT [22, 39, 56], or MRI [21, 73, 74] data; there are currently no
FE studies that indicate hip joint stresses in the asymptomatic population. The health risk with

the asymptomatic cam deformity is that it can remain undetected even though it predisposes to
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early joint degeneration. Ultimately, a closer examination of additional anatomical parameters,
hip motion, joint loading and stresses, and correlation with resultant bone mineral density, might
shed some light into possible clinical associations, and could greatly contribute to the to the

understanding of the pathomechanisms at play in cam FAL

2.5 Conclusion

There is an evident trend to implement FEA toward the study of cam-type FAI It was apparent
that the previous FE studies were limited by incorrectly matched groups, which also indicated
the rigorous and time-consuming efforts required to manually segment imaging data. Several of
the previous studies implemented or adapted idealized, ball-and-cup, parametric models to
predict hip joint stresses, in addition to homogeneous material properties and in vivo
instrumented prostheses loading data. Although simplified for convergence, the parametric
models in combination with in vivo hip contact loads measured from an older population may
not be adequate to satisfy broader subject-specificity requirements. One of the biggest gaps in
literature, and one of the ongoing challenges, is the formulation of a robust subject-specific FE
model — one that will consider subject-specific parameters, hip joint loading, geometric models —
that can predict the adverse loading conditions in the symptomatic and asymptomatic populations,
ultimately delineating the pathomechanisms of FAI. This systematic review highlighted three
main areas for development, which were not addressed in previous studies:

1. There was no consideration for anatomical parameters associated with FAI symptoms
and very little emphasis on subject-specific hip joint geometries (where several studies
implemented idealized, ball-and-cup parametric models)

2. There was no consideration for subject-specific bone material properties

3. There was no consideration for subject-specific hip joint loading parameters

Moving forward, although there is strong suggestion from clinical observations that the presence
of cam FAI presents a substantial risk of developing early hip OA, there are still large gaps in
literature that cannot yet support such causality or account for different paths between the
symptomatic and asymptomatic populations in the face of apparently similar mechanical effects
due to the deformity. The data to accurately model, simulate, and understand the morphologies
associated with FAI are still growing. Furthermore, very few studies incorporated subject-

specific models to simulate biomechanical loading scenarios with the intention to address FAI.
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To better understand the pathomechanisms of cam FAI, one will have to answer the question:
what are the effects of cam FAI on mechanical hip joint loading? Currently, although the results
are not quite robust yet to reflect actual in vivo loading, as there is still room for improvement in
terms of hip joint modelling, the available literature provides some insight into the estimated
stresses due to the cam morphology; in turn this stress estimation may provide an assessment of

the risk of early joint degeneration.
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3.0 Gaps in Literature

From the systematic review on hip joint stresses due to cam FAI (Chapter 2), it was apparent that
many of the previous finite element models simulated adverse loading conditions, in efforts to
better understand the relationship between mechanical stresses and risks of cartilage
degeneration. However, the systematic review highlighted three main areas for development,
because they were not addressed in previous finite element studies:

1. Consideration of anatomical parameters associated with FAI symptoms and emphasis on

subject-specific hip joint geometries

2. Consideration of subject-specific bone material properties

3. Consideration of subject-specific hip joint loading parameters
Several of the previous finite element studies parameterized idealized, ball-and-cup, parametric
models to predict stresses; in addition to implementing homogeneous material properties and in
vivo instrumented prostheses loading data. The formulation of a robust subject-specific model
was partially considered in the past, but remains an ongoing challenge. To adequately contribute
to the understanding of hip joint loading due to cam FAI and the associated risks of joint

degeneration, it would be imperative to bridge these gaps in the literature.

3.1 Theoretical Framework

Although there is strong clinical evidence that cam FAI presents a substantial risk for early hip
osteoarthritis, there are still large gaps in the literature, such that causality has not been
established and it is still unknown why certain individuals with the cam deformity experience
clinical signs and symptoms early on, while others remain asymptomatic with the morphology.
Furthermore, as mentioned in Chapter 2, very few studies have attempted to incorporate subject-

specific models to simulate biomechanical loading scenarios with the intention to address FAL

3.1.1 Participant Cohort

It has long been reported that the cam deformity leading to mechanical FAI is predominantly
associated with male individuals [2, 3, 20, 21, 29, 33, 34]. Although the cam morphology can
appear in females as well, there may be etiological reasons for the deformity to either be more

asymptomatic in female population or more symptomatic in the male population. The disparity
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observed between males and females may potentially be explained by: congenital deformity [20,
21], different levels of mineralization during skeletal maturation [23], subclinical slipped capital
femoral epiphysis (SCFE) [4, 16, 22, 51], or repetitive load bearing activities [1-3, 50]. In terms
of study design, it may be feasible to investigate a male-only cohort to compare functional
anatomy and its effects towards symptoms.

The association of FAI with symptoms has been long studied, to try and better elucidate
the pathomechanisms leading to cartilage degeneration. Often, symptoms may be demonstrated
as a clinical sign and expressed in terms of pain. There may be a link between an individual’s
functional anatomy with their functional range of motion, which could help associate those who
are at risk of developing symptoms. A clinically defined symptomatic group may represent those
in the population who have a cam deformity and experience clinical signs and symptoms;
whereas a clinically defined asymptomatic group may represent a population with a cam
morphology, but which does not experience the resulting clinical signs and symptoms. The
primary intention of a combined cohort (consisting of symptomatic, asymptomatic, control
individuals) should be to enable a longitudinal study of pathomechanical progression — from a
healthy, non-pathological hip, to the development of an asymptomatic cam morphology, and to
the progression of symptoms due to a symptomatic cam deformity. The secondary intention of a
combined cohort is to structure a cross-sectional study to examine differences between each

subgroup.

3.1.2 Functional Anatomy Associated with Symptoms

As mentioned earlier (Chapter 1.2.4 — Symptoms), it has been long observed that the cam
deformity and its related pathoanatomical parameters result in early symptoms and joint
degeneration [20, 26, 27, 54]. Subclinical femoral head deformities may be a reason that leads to
the development of the cam deformity, in addition to overload of the physeal plate during
skeletal maturation. Symptomatic individuals with the cam deformity typically indicate
anatomical features on clinical imaging data (e.g., large alpha angle and reduced anterior femoral
head-neck offset).

Interestingly, many individuals with a cam deformity do not experience mechanical
impingement, remaining asymptomatic for much of their life. This provides a theoretical

framework per which a cam deformity, alone, does not lead to pain and clinical symptoms. It has
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been reported that several common radiographic measures of the femoral head, femoral neck,
and acetabulum have been associated with symptoms of FAI, but it remains unclear as to which
combination of parameters can stratify patients at risk of developing clinical signs. It was
hypothesized that FAI symptoms may be associated with additional anatomical parameters that
can exacerbate mechanical impingement in patients at risk of developing symptoms. The
consideration of additional anatomical parameters (Table 3.1) could establish a more clinically
relevant cohort for comparative analyses of resultant hip joint stresses. As a first step, the goal is
to closely examine the potential cause-and-effects of certain anatomical differences, which can

result in various hip joint loading and stresses.

Table 3.1. Anatomical parameter corresponding with anatomical hip joint features associated with symptoms

Anatomical Feature Anatomical Parameter (units) References
Notzli, et al. 2002 [43]
Axial alpha angle (°) Nouh, et al. 2008 [44]

Sutter, et al. 2012 [55]

Rakhra, et al. [46]
Sutter, et al. [55]

Ito, et al. 2001 [27]
Femoral head-neck offset (mm) Kang, et al. 2010 [28]
Chakraverty, et al. 2013 [13]

Cam Deformity Radial alpha angle (°)

Hartofilakidis, et al. 2011 [25]
Ranawat, et al. 2011 [47]
Neck Angle Bardakos, et al. 2009 [7]

Medial proximal femoral angle (°) Banerjee, et al. 2011 [6]
Monazzam, et al. 2013 [40]

Femoral neck-shaft angle (°)

Bedi, etal. 2011 [11]
Ejnisman, et al. 2013 [18]

Version Reynolds, et al. 1999 [48]

Acetabular version (°) Dandachil, et al. 2009 [15]
Chakraverty, et al. 2013 [13]

Femoral torsion (°)

Kang, et al. 2010 [28]

Pincer Deformity Lateral centre-edge angle (°) Kutty, et al. 2012 [30]

In addition to stratifying anatomical differences between symptomatic, asymptomatic, and
control individuals, it may be further warranted to examine individuals with bilateral cam
deformities. In these particular individuals with bilateral deformities, symptoms usually persist in
one hip while the contralateral hip remains unaffected and asymptomatic. There may be further
anatomical differences between the affected symptomatic side and the unaffected asymptomatic

side, that can help explain the risks of early pain.
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3.1.3 Motions Associated with Symptoms

As mentioned earlier (Chapter 1.2.4 — Symptoms), FAI has been known to reduce both passive
and dynamic hip range of motion. In the clinical setting, a physical examination can be used to
assess an individuals’ passive hip range of motion (flexion-extension, internal-external rotations,
abduction-adduction), in efforts to observe limits of motion (impingement signs) and note any
indications of pain (clinical signs). Level walking has been one of the most of studied motions,
when comparing pathological conditions, among others. It would be feasible to examine the
resultant hip joint stresses due to level walking conditions, comparing the instance of peak hip
joint loading between symptomatic, asymptomatic, and control participants. In addition, since
cam FAI demonstrated adverse effects on the dynamic squat motion (limiting squat depth,
reducing pelvic range of motion and abduction [31, 32]), it would be feasbile to compare a
standardized, common squat depth among symptomatic, asymptomatic, and control participants.
Since many individuals with symptomatic FAI are unable to accomplish a deep squat (due to the
restricted squat motion), a common squat depth ensures that all participant are compared at a
standard depth, near a deep squat (e.g., 50% of leg height, resulting in 90° of hip flexion and an

approximate of 90° of knee flexion).

3.1.4 Subchondral Bone

It has been observed that both symptomatic and asymptomatic individuals with cam deformities
undergo similar levels of acetabular subchondral bone remodelling [52] (Figure 3.1). A stiffer
subchondral bone could lead to a lower compliance for the articulating cartilage, which in turn

could result in elevated stresses and early cartilage degeneration.
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Figure 3.1. Bone density in the anterosuperior quadrant of a control (left), asymptomatic (middle), and symptomatic
(right) participant. The asymptomatic participant exhibited denser subchondral bone near the rim, while the
symptomatic participant exhibited a larger region or denser subchondral bone. Reproduced with permission of
Elsevier (Speirs et al., 2013).
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However, knowing that the cam deformity causes stiffer acetabular subchondral bone, in
symptomatic and asymptomatic individuals alike, does not justify why some individuals with the
morphology experience clinical signs and symptoms while others do not. Since cam FAl is a
pathological hip condition, that may be specific to symptomatic and asymptomatic populations, it
would be feasible to implement finite element models that considered subject-specific bone
material properties, to adequately represent the symptomatic group (with larger regions of denser
subchondral bone), asymptomatic group (with regions of denser subchondral bone), and control
group (with well distributed subchondral bone densities). Since a CT scanner is calibrated to
measurable Hounsfield Unit (HU) scale, there is a need to include a reference object (of known
density and attenuation properties) during imaging. In efforts to quantify bone density from
subject-specific imaging data, a calibration phantom (Model 3, Mindways Software, Austin, TX,

USA) can be included at the time of imaging (Figure 3.2).

Figure 3.2. CT images of a supine participant in the: A) frontal, B) sagittal, and C) transverse views; indicating the
flat calibration phantom placed beneath the participant (as indicated by the red arrow). The calibration phantom
contained five material rods (numbered 1 to 5), with known densities, used to correct the CT calibration settings.
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The calibration phantom contained five cylindrical materials, with known densities, and was
encased in a flat plastic base. By measuring the pixel value of each of the five materials, and
knowing their actual effective densities (in K;2HPO4 — dipotassium monohydrogen phosphate),
proper calibration of the CT images can be achieved, to determine bone mineral density.
Reconstructing finite element models with subject-specific bone densities is expected to provide

a more accurate representation of the pathological group.

3.2 Conceptual Framework

With the goal to better understand the pathomechanisms of cam FAI, the purpose of this research
was to address the question at large: what are the effects of cam FAI on mechanical hip joint
loading? Implementing a participant cohort (comparing symptomatic, asymptomatic, control
groups), this research program was broken down into three areas of study:

1. Anatomical and Functional Characteristics: which examined additional anatomical
and functional characteristics, that could be associated with the symptoms due to the cam
morphology

2. Determining Appropriate Modelling Characteristics: which reconstructed subject-
specific, computational hip joint models, representative of each group (symptomatic,
asymptomatic, control)

3. Modelling of Clinically Relevant Scenarios: which examined hip joint contact stresses
(in the cartilage, labrum, subchondral bone) using the finite element methods and hip

joint contact loading

3.2.1 Anatomical and Functional Characteristics

Since many individuals with cam deformities may not experience mechanical impingement or
pain symptomes, it is hypothesized that FAI symptoms may be related to other anatomical
parameters that can exacerbate mechanical impingement in patients at risk of developing
symptoms. The purpose of this study was to examine other anatomical and functional parameters
that were associated with symptoms resulting from the cam deformity. In this study section, the

questions were:
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1. Which of the anatomical and functional squat parameters best classify symptomatic,
asymptomatic, and control individuals with their respective subgroups and identify
patients at risk of developing symptoms?

2. What are the differences in the additional anatomical parameters, between the affected
and unaffected hips, in patients with bilateral cam deformities who demonstrate unilateral
FAI symptoms?

Each participant’s anatomical and functional parameters were measured from CT imaging
(Figure 3.3) and motion data, respectively. The common anatomical parameters, associated with
symptoms of cam FAI, included: the cam morphology parameters (axial and radial alpha angles,
femoral head-neck offset), neck angle parameters (femoral neck-shaft and medial proximal
femoral angles), version angle (femoral torsion and acetabular version), and acetabular
overcoverage (lateral centre-edge angle). From a dynamic squat motion, two common
parameters were collected for comparison: sagittal pelvic range of motion (from anterior to

posterior pelvic tilt) and maximal squat depth (with respect to leg height).

Figure 3.3. Anatomical CT parameters measuring the: A) axial alpha angle (AA) and femoral head-neck offset
(FHNO); B) radial alpha angle (RA); C) femoral neck-shaft angle (FNSA) and medial proximal femoral angle
(MPFA); D) neck and condyle horizontal (NH and CH) for femoral torsion; E) acetabular version (AV); and F)
lateral centre-edge angle (CE).

A stepwise discriminant function analysis (DFA) can be implemented to identify which of the
anatomical and functional squat kinematics parameters are most suitable to classify an affected

hip with their respective subgroup. Like a hierarchical linear regression, where multiple
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parameters describe the level of variance, the DFA further predicts how subjects are classified
based on the most suitable parameters. Moreover, the outputs from the DFA can provide two
predictive equations, based on standardized canonical discriminant function coefficients. These
coefficients will only consider the best anatomical or functional parameters that can significantly
classify groups. Thus, by inputting a future participant’s anatomical or squat information into the
predictive equations, the resultant functions will provide a visual indication of classification
based on their proximity to a group centroid. Sample sizes were adequate because the smallest
group size (either in the symptomatic, asymptomatic, or control group) exceeded the number of
total parameters (7 > k). The minimum F values for entry and removal were 3.00 and 2.71,
respectively. Although, the alpha angles and clinical signs were determinants for a priori
classification, the DFA assumed that each of the anatomical CT and squat parameters were
treated as an independent variable for grouping. Symptomatic patients who had bilateral cam
deformities (high alpha angles in both hips), but demonstrated only unilateral symptoms, were
further considered to look at anatomical differences between their affected (symptomatic) and
contralateral, unaffected (asymptomatic) hips. A paired sample t-test further compared
differences in anatomical parameters and physical examination measurements, between each
symptomatic patient’s affected and unaffected hips (CI = 95%). All statistical analyses were
performed using statistics software (SPSS Statistics Version 21, IBM Corporation, Armonk, NY,
USA).

To better predict which individuals with a cam deformity can be at risk of developing hip
symptoms, subject-specific functional parameters as well as additional anatomical parameters
were used to discriminate individuals with and without symptoms. In addition to providing
predictive algorithms, the outputs from the DFA classified the participant cohort into appropriate
respective subgroups — in efforts to establish an accurate baseline for group comparison for
modelling and simulation (Study 2 and Study 3). Also, the comparison of the affected and
unaffected hips in symptomatic patients with bilateral deformities may provide valuable insight
as to which parameters will significantly predict early symptoms. Table 3.2 summarizes the
implementation framework of Study 1, examining the anatomical and functional characteristics

(needed for Study 2 and Study 3).
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Table 3.2. Implementation framework summarizing the subcomponent studies towards the understanding of
anatomical and functional characteristics associated with symptoms

Study 1

B) Affected vs. unaffected hip in

A) Gr lassification . .
) Group classificatio symptomatic patients

Symptomatic
Groups Asymptomatic Symptomatic — with bilateral cam deformities
Control
Data Anatomical parameters Anatomical parameters
Functional squat parameters Clinical physical examinations
Methods Discriminant function analysis Paired sample t-test
Group classification Anatomical parameter(s) leading to onset of
Results " .
Association of parameter(s) with symptoms symptoms

3.2.2 Determining Appropriate Modelling Characteristics

To validate the segmentation process and evaluate potential measurement differences between
CT images and 3D models, anatomical parameters associated with symptoms (from Study 1)
were examined and compared using two diagnostic measurement methods: A) planar 2D CT
images and B) segmented 3D models. Moreover, with several different material modelling
parameters, it was unclear how resultant contact mechanics would compare in terms of stress
characteristics, under similar geometric assumptions and loading conditions. Therefore, an
evaluation of the conventional bone and soft tissue material properties was necessary to compare
existing standards. This study section focused on two questions:
1. Are there differences in anatomical parameters, measured from CT images and from
segmented 3D models?
2. Can the hip joint be better elucidated by including subject-specific bone densities and
various soft tissue properties?
This study section involved extensive computational work and image segmentation. Hip joint
models were segmented from a participant’s CT and MRI data, using image segmentation
software (3D-Doctor 4.0, Able Software Corp., Lexington, MA, USA). A threshold-density base
method was first implemented, by identifying the Hounsfield unit applicable to bone. This
resulted in outlines around the contour of the pelvic and femoral bones, per CT slice. On the CT

slices with the femoral head and acetabulum, many of the contours combined the pelvic and
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femoral bones as one single object. Therefore, manual segmentation was required to further
separate the two objects (pelvis and femur). A final step segmentation step was taken to remove
any of the geometric artefacts. A set of CT data were segmented by two observers, each
repeating the segmentation two weeks after the first. Using a Boolean operation in computer-
aided software (SolidWorks, Dassault Systémes, Concord, MA, USA), each observer’s first
segmented model was subtracted from one another, to confirm inter-observer reliability. Each
observer’s repeated segmentation was also compared to their first model, using Boolean
subtraction, to ascertain intra-observer reliability. Comparisons were confirmed near-perfect,
with marginal volume differences (difference < 8%).

As the segmented models may contain surface irregularities, each component was then
resurfaced using computer-aided design software (SolidWorks, Dassault Systémes, Concord,
MA, USA), to reduce geometric artefacts (Figure 3.4). Not only did the resurfacing procedure
provide a smoother model, but it also reduced the number of elements generated and
computation time (for Study 3) [42]. To confirm that the smoothed models were representative
of the segmented data, the Boolean subtraction operator was used to compare the volume
differences (between the original, segmented file and the final, resurfaced geometry).
Comparisons were confirmed near-perfect, with marginal volume differences (difference < 10%).
Observed differences were not located near the articulating surfaces (femoral head and

acetabulum).

A B C

Figure 3.4. The resurfacing procedure for each component from: A) original, segmented geometry with geometric
artefacts, to B) smoothed geometry, with minimal geometric artefacts, to C) final resurfaced model.
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To segment the cartilage and labrum, each participant’s MRI data were registered and fused with
their CT data. Using the segmentation software, both imaging sets were centered at control
points, where the deepest width of the acetabulum and the femoral head centre were used as
primary registration landmarks. First, the hip joint centre (femoral head centre) was located on
both CT and MRI data and matched according to the position in their modality’s Cartesian
coordinate system. Second, the MRI data were transformed onto the landmarks of the anterior
and posterior acetabular notches of the CT slice. With several control points, a least square
method generated an optimal mathematical transformation to map the MRI to the new coordinate
system.

After the soft tissue models were segmented, if there were any marginal discrepancies
between the bone model (segmented from CT) and the soft tissue models (segmented from MRI),
the bone models would take precedence. A Boolean subtraction operation was implemented, to
remove part the of the soft tissue layer, if there was any of the bone model overlapping it.

To further confirm the accuracy of the resurfacing and modelling procedure and to
validate the hip joint geometries, all anatomical parameters were re-measured (Figure 3.5), using
the computer-aided design software, and compared to the original CT measurements (from Study
1). As anatomical characteristics are clinically pertinent to diagnose FAI and predict symptoms
associated with morphologies, it would be imperative to examine to what extent anatomical
characteristics from segmented models would be representative of the original CT data. The
segmented models were blinded and reassigned filenames, to eliminate measurement bias.
Intermethod reliability was assessed between measurements from both planar, CT data and from
segmented, 3D models.

Next, a comparison of conventional material modelling properties was needed to
understand the variability and resultant stresses from hip joint simulations. Using a baseline
model for comparison, large-scale geometries and hip joint loading conditions were standardized,
while parameterizing hard and soft tissue material properties. As mentioned in the previous
chapter, the selection of material properties for the bone and soft tissues (cartilage and labrum) of
the hip joint was restricted to common linear-elastic, isotropic materials. Moreover, bone
material properties were implemented as homogeneous, regardless of any hip pathologies; thus,

neglecting the subject-specific density-elasticity relationship.
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Figure 3.5. Anatomical parameters, measured from the 3D segmented models, measuring the: A) axial alpha angle
(AA) and femoral head-neck offset (FHNO); B) radial alpha angle (RA); C) femoral neck-shaft angle (FNSA) and
medial proximal femoral angle (MPFA); D) neck and condyle horizontal (NH and CH) for femoral torsion; E)
acetabular version (AV); and F) lateral centre-edge angle (CE).

To obtain subject-specific bone material properties for each model, the calibration phantom was
scanned with the participant and indicated on CT data. The five materials (reference rods) within
the plastic base were identified and a region of interest was circled within each of the five rods,
through the middle of the plastic base in the transverse plane (Figure 3.6). Each of the reference
rod had a reference area of approximately 285 mm? and was provided with validated densities in
water and KoHPOs scales. From a participant’s CT data, the region of interest acquired an

average HU from the CT slice, per the imaging setting (Table 3.3). A region of interest greater

&

than 50% of the reference rod’s area would be sufficient to obtain the HU.

Figure 3.6. The calibration phantom encased five reference rods, seen at mid-base in the transverse plane. The rods
provided reference scales in water and KoHPOj4 densities and the Hounsfield Units were measured from the CT slice.
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Table 3.3. Composition of solid reference materials measured in water density, effective density, and Hounsfield
Units (from a participant’s CT data) for each reference rod of the calibration phantom

Reference rod Water density (mg/cc) K>HPOj4 density (mg/cc) Read Hounsfield Unit (HU)
A 1012.2 -51.8 -57.963
B 1057.0 -53.4 -19.142
C 1103.6 58.9 189.609
D 1119.5 157.0 355.253
E 923.2 375.8 459.134

Although this measurement of the HUs provided a generalized relationship scaled to the
effective KoxHPOg4 density, the relationship was not linearly correlated, thus the density-elasticity

relationship was not linearly scaled from the CT imaging setting (Figure 3.7).
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Figure 3.7. Relationship of the effective K;HPO4 density (from known density) with the measured Hounsfield Unit
(from the CT slice).

To correct the measurements from CT data, the reading in HU were converted to intensity values,
by considering the physical effects of air (~ -1000 HU). This converted value was then
subtracted from the known scaled water densities (Table 3.4). The correction resulted in a linear

relationship for each participant’s CT calibration (Figure 3.8), that associated the measured
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intensity value (measured from the CT image) with the known effective density of each reference

rod (scaled to Ko;HPOj4 density).

Table 3.4. Composition of solid reference materials’ water density, effective density, measured Hounsfield Units
(from a participant’s CT data), and converted intensity values for each reference rod of the calibration phantom

Read intensity

Reference Water density KoHPO, density Read Hounsfield Read intensity
. value — water
rod (mg/cc) (mg/cc) Unit (HU) value
(HU)
A 1012.2 -51.8 -57.963 942.037 -70.163
B 1057.0 -53.4 -19.142 980.858 -76.142
C 1103.6 58.9 189.609 1189.609 86.009
D 1119.5 157.0 355.253 1355.253 235.753
E 923.2 375.8 459.134 1459.134 535.934
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Figure 3.8. A participant’s corrected linear relationship of the effective K;HPO4 density (from known density) with
the corrected Hounsfield Unit (from the CT slice), accounting for water density subtracted from the intensity value.
(The equation, slope, intercept from the CT densitometric calibration are applicable to this participant only.)

The regression provided the slope and intercept of the CT correction factors needed to scale each
participant’s density-elasticity relationships. The slope and intercept were used for the
densitometric calibration equation:

p = slope pcr + intercept Equation 3.1
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Each participant’s CT densitometric calibration varied, as CT imaging varied from scan to scan,
thus this correction factor was performed for each participant. To obtain hip joint models with
heterogeneous material properties that varied with subject-specific bone densities, a bone density
mapping program (Bonemat v3.1, Istituto Ortopedico Rizzoli, Bologna, Italy) was used to assign
subject-specific elastic moduli to individual elements. Two density-elasticity relationships were

used to relate the bone density to elastic modulus:

E = 6.950p%° [41] Equation 3.2
E =3.790p3 [12] Equation 3.3

The coefficients were determined from previous studies and derived from empirical data [49].
Equation 3.2 was used as the primary density-elasticity power law, while Equation 3.3 was used
if a second interval of elasticity assignment was needed to account for discontinuities. The
resultant bone models had heterogeneous, isotropic material properties that were representative

of the cortical and trabecular elastic moduli (Figure 3.9).

Figure 3.9. Assembly of a pelvis and proximal femur (along with the wireframes of the cartilage and labrum models)
in Bonemat, indicating the distribution of the subject-specific heterogeneous bone material properties.

With the ultimate goal of understanding the pathomechanisms of cam FAI, the collective sub-
studies were expected to contribute to the modelling of cam FAI, by integrating more subject-

specific data to investigate stresses corresponding to the articulating cartilage and subchondral
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bone. The reliability analysis would confirm the appropriateness of the segmentation and

modelling process, as well as which selection of material properties would be adequate for

further modelling and simulation. If the reliability coefficients were near-identical, for the crucial

anatomical parameters and subject-specific representations of hip geometry, this would

demonstrate that the 3D models can be further implemented for finite element simulations. Table

3.5 summarizes the implementation framework of Study 2, examining the development (from

Study 1) and implementation (for Study 3) of subject-specific hip joint models.

Table 3.5. Implementation framework summarizing the subcomponent studies towards the understanding of subject-
specific modelling characteristics

Study 2
A) Evaluation of 3D models

B) Comparison of material properties

Groups
(from Study 1A)

Data

Methods

Results

Symptomatic
Asymptomatic
Control

Anatomical parameters from CT data
Anatomical parameters from segmented, 3D
models

Bland-Altman reliability
Intraclass correlation coefficient

Sensitivity study of modelling and
measurements

Comparative analysis of anatomical
measurements

Control (parameterized to various conditions)

Modelling parameters
Material properties
Joint loading for level walking

Comparative analysis of stress magnitude and
distributions

Sensitivity study of material modelling and
relative measurements

Comparative analysis of resultant stress
measurements

3.2.3 Modelling of Clinically Relevant Scenarios

The pathomechanism of the cam-type deformity has been intensely investigated to better

understand anatomical and functional parameters associated with symptomatology. Previous

studies tried to delineate the pathomechanism and loading nature of cam FAI using finite element

methods involving idealized geometries, loading inputs from inverse dynamics, or reaction loads

from instrumented hip prostheses. However, muscle activity needed for joint stability was

typically ignored in inverse dynamics, although it can potentially contribute up to 70% towards

total hip contact forces [35, 53]. Since in vivo measurements are invasive, musculoskeletal

modelling has been considered as an ethical alternative to estimate hip contact forces [19]. These
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analyses are critical as recent work showed that elevated mechanical stresses in the subchondral
bone may represent the dominant pathomechanism in cam-type FAI

The purpose of this study was to examine hip joint stresses in individuals with an
asymptomatic cam deformity, incorporating subject-specific hip joint contact forces and
geometries. Using two activities of daily living, it was hypothesized that the asymptomatic group
would demonstrate different loading patterns during level-walking and squat, in comparison with
the symptomatic and control groups. It was hypothesized that the symptomatic group would
demonstrate the highest stress increase, between the level walking and maximal squat loads. In
this study section, two questions were to be addressed:

1. Do peak stresses of asymptomatic individuals resemble the symptomatic or healthy
control population, during level walking?
2. Are the peak stresses of symptomatic, asymptomatic, and healthy control individuals
situated on the acetabular cartilage, labrum, or subchondral bone during squatting?
In addition to the above research questions, it was important to also examine if other anatomical
parameters influenced the peak stress magnitudes and distributions in each of the symptomatic,
asymptomatic, and control participants.

Each participant’s hip joint assembly was imported into finite element software (ANSYS
12.1, ANSYS Inc., Canonsburg, PA, USA), for static structural analysis. The material properties
and modelling parameters were established from Study 2 and were implemented towards these
models. Contact between the femoral and acetabular cartilage was modelled with friction. Each
cartilage model was bonded, as contact elements, to the target elements of the acetabulum and
femoral head, respectively. The trabecular bones were bonded and restrained within the cortical
shell model. Moreover, the labrum was bonded to the periphery of the acetabular cartilage and
adjacent cortical bone. The contact mechanics, between the articulating surfaces, were defined
using an augmented Lagrange method (KEYOPT(2) = 0), which implemented an iterative series
of penalty methods to impose contact compatibility.

The hip joint assembly was meshed using SOLID187 (10-node, tetrahedral) elements,
adequate for complex 3D assemblies and assignment of subject-specific elastic moduli (Study 2).
A patch independent scoping method was implemented along with a global minimum element
size to capture the curvatures of the models. Although the solving process could take longer, this

potentially eliminates the need to seek an extensive mesh convergence. Still, to ensure mesh
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sensitivity and convergence, a refinement step was defined for the acetabular cartilage, labrum,
and subchondral bone to automatically refine the mesh at locations with a tighter radius of
curvature.

Fixed boundary conditions were enforced at the pubis symphysis and iliac crest, from the
anterior to the posterior superior iliac spines, while the femur was free to translate in the
direction of load. A quasi-static loading scenario, using the highest resultant hip joint forces
during level walking, was simulated and a standardized squat depth may be better for
comparison among different individuals. For each simulation, the femur model was oriented with
respect to the pelvis model, using the kinematics data during the loading condition, applying the
hip contact forces at the femoral head, in the pelvic reference frame.

The bone and soft tissues models were segmented from CT and MRI data, respectively,
of the supinated participants. The neutral standing position referred to the orientation of the hip
joint in the supine imaging position. After reorienting the femur with respect to the hip joint
kinematics, if the femoral and acetabular layers overlapped, the assembly of the femur and
femoral cartilage were marginally displaced laterally, only until the cartilage layers no longer
overlapped. This was verified for all participant models, during the walking and squatting
positions, but was performed only if it was deemed necessary (i.e., material overlap).

Maximum shear stresses were examined in each participant’s acetabular cartilage, labrum,
and subchondral bone [5, 34, 36, 45]. The acetabular cartilage, labrum, and subchondral bone
were examined in four quadrants: anterior, superior, posterior, and inferior; where the acetabular
cartilage and subchondral bone were further divided into lateral and medial subsections (Figure
3.10). The peak stresses were examined in each of these components, determining the subsection
where the peak magnitudes were located.

Although the maximum shear stress analysis is another conventional failure criterion for
ductile materials, it is less conservative in comparison with von Mises criterion. Moreover, since
cartilage is mostly under shear stress, it may be more suitable to examine adverse hip loading
conditions by considering principal stresses and resultant maximum shear stresses. As described
in Radin and associates’ work (1991), maximum shear stresses could indicate risks of adverse
loading conditions leading to cartilage failure and across the cartilage-bone interface [45].

For each individual simulation, a mesh convergence analysis was performed to ensure

adequate solution. Convergence was deemed adequate when the changes in maximum shear
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stress magnitudes were less than 5% after mesh refinement. In addition, similarity between
averaged and unaveraged nodal stresses was verified. Results were compared with previous in
silico analyses on cam FAI and hip joint loading. Significantly high stresses on the cartilage and
labrum, indicative of cartilage degeneration, were compared with previous open surgical
dislocations [9, 10] and intraoperative joint preservations [8]. Elevated stresses on the bone layer
were compared with recent findings, by Speirs and associates [52], on acetabular subchondral

bone density, representative of the symptomatic, asymptomatic, and control populations.

Figure 3.10. Sagittal view of the left acetabulum indicating the anterior (A), superior (S), and posterior (P) regions;
and in the lateral (L) and medial (M) sections.

Each participant was asked to perform level-walking trials and maximal squat-depth trials, at a
self-selected pace, in a motion capture environment. Although the symptomatic participants were
aware of their cam deformity and scheduled for surgery prior to motion analysis, the
asymptomatic and control participants were not informed if they had a cam deformity until after
the completion of the protocol and motion analysis. In efforts to minimize skin artefacts and
locate hip joint centers, surface electrodes were placed onto each participant’s pelvic landmarks
prior to CT imaging, at the left and right anterior superior iliac spines (ASIS) and posterior

superior iliac spines (PSIS). After CT imaging was completed, the surface electrodes were
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replaced with retro-reflective surface markers used for motion capture. Thus, the surface
electrodes represented the reference locations of each pelvic retro-reflective marker, with respect
to the hip joint center. Three-dimensional kinematics were recorded using a ten-camera motion
capture system (MX-13, Vicon, Oxford, UK) with retro-reflective markers attached onto each
participant’s anatomical landmarks according to a modified Plug-in-Gait model (University of
Ottawa Motion Analysis Model [38]). The model included additional medial knee and ankle
markers, to better identify frontal planes and joint centres; as well as iliac crest and greater
trochanter markers, to better identify the pelvis and femur segments, respectively.

Participants were first asked to perform five level walking trials, walking at a self-
selected pace. Ground reaction forces of each participant’s affected leg, during single-stance,
were captured using two stationary force plates (FP4060-08, Bertec, Columbus, OH, USA).
Participants were then instructed to perform five maximal dynamic squats, squatting to the
lowest possible depth at a controlled, self-selected pace. The squat activity involves multiple
planes of motion and is as considered a demanding activity to repeat. Furthermore, the squat
activity subjects the hip to a flexed position, potentially forcing the hip to impinge. It has been
observed that this potential impingement, during a deep squat, can act as a diagnostic tool, to
differentiate symptomatic FAI from healthy, control individuals [32]. Moreover, there is the
possibility that a limited squat depth or range of motion may be a result of an apprehension due
to pain. Each foot was placed shoulder-width apart on a force plate, directed anteriorly, with toes
and heels in full contact with the ground during the entire squat cycle. Five squat depths were
averaged as a percentage with respect to leg height, where ground level represented a leg height
of 0%. The trajectories were filtered (Woltring, MSE = 15 mm?) using motion analysis software
(Nexus 1.8, Vicon, Oxford, UK) and ground reaction forces were filtered (zero-lag, 4" order
Butterworth, cut-off 6Hz) using numerical computations software (MATLAB R2014a,
MathWorks, Nantick, MA, USA).

Coinciding with another doctoral research work [37], muscle and hip contact forces were
estimated using a musculoskeletal modelling program (OpenSim 3.1, SImTK, USA). Adapting
an earlier model [24], the full-body representation was comprised of 12 segments, 29 degrees of
freedom, and 92 musculotendon actuators. The hip was modelled as a ball-and-socket joint with
3 degrees of freedom, whereas the knee was modeled as a custom joint with 1 degree of freedom,

and the ankle was modeled as a revolute joint with 1 degree of freedom. Muscle forces were
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computed using a static optimization approach with a quadratic cost function [14, 39]. Resultant

3D hip contact forces were calculated and expressed in the pelvic reference system [56].

For each participant’s walking activity, the instant with the highest resultant loading was

identified (Figure 3.11). During level walking, the loading response and terminal stance phases

were observed to distinguish which would have higher resultant forces. During maximal squat

depth, although participants were requested to reach their maximal squat depth (Figure 3.12), it

is the standard deep squat (at 90° hip flexion, near 90° knee flexion) that was analyzed and

compared among the participants. This was because some participants may not have been able to

achieve a deep squat (< 50% leg height).
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Figure 3.11. Hip contact force for single-leg stance a participant during level-walking, showing the resultant load
vectors in the X (+medial, -lateral), Y (+posterior, -anterior), and Z (+superior, -inferior). The highest load was
experienced at terminal stance (dashed grey line), during the single-stance phase.
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Figure 3.12. Squat depth analysis, showing a participant performing maximal dynamic squats, capturing the lowest
depth of the squat and pelvic range of motion. Reproduced with permission University of Ottawa (Dwyer, 2014).

It is still unclear why certain individuals with a cam deformity go on to develop degenerative
changes while others will remain asymptomatic for most of their adult life. Gaining a better
understanding of hip joint stresses in asymptomatic individuals with a cam deformity can also
provide critical insights into who is at risk of arthritic changes. It remains unknown what level of
stress leads to those changes and if there would be any pathomechanical differences among
individuals. In efforts to address differences in the FAI population, subject-specific hip joint
loading and models can be incorporated to decipher if stresses due to an asymptomatic deformity
share similarities with symptomatic or healthy cases. Table 3.6 summarizes the implementation
framework of Study 3, incorporating participant groups classified by significant parameters

(Study 1) and subject-specific hip joint models (Study 2).
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Table 3.6. Implementation framework summarizing the subcomponent studies towards the understanding of finite
element simulations of clinically relevant scenarios

Study 3
A) Loading during level walking B) Loading during squat
Groups Symptomatlc' Symptomatlc'
(from Study 1A) Asymptomatic Asymptomatic
Control Control
Data Joint loading for level walking Joint loading for squatting
Hip joint model (established from Study 2B) Hip joint model (established from Study 2B)
Finite element analysis Finite element analysis
Methods Discretized for highest instance of load during Discretized to compare common squat depth
level walking among participants
Peak stress on cartilage, labrum, subchondral Peak stress on cartilage, labrum, subchondral
Results . . . .
bone during level walking bone during squatting

3.2.4 Summary of Study Framework

Implementing a participant cohort (comparing symptomatic, asymptomatic, and control groups),
this research program was broken down into three studies (Figure 3.13). First, Study 1
determined anatomical and functional parameters that were associated with each participant
group (symptomatic, asymptomatic, control). This section established which parameters were the
most significant discriminants and, more importantly, which participants from each group were
to be selected for further examinations of hip joint stresses (for Study 3). Second, Study 2
evaluated the hip joint models, reconstructing subject-specific geometries representative of each
group (from Study 1). This section confirmed that the large-scale anatomical parameters of the
segmented models were representative of the participants’ CT data and further established which
material properties and modelling parameters were to be implemented for further examinations
of hip joint stresses (for Study 3). Third, Study 3 examined walking and squatting conditions,
comparing selected symptomatic, asymptomatic, and control participants (dependent on Study 1)
and incorporated the modelling parameters (dependent on Study 2). This section examined
resultant hip joint stresses each participant group, to determine if there were potential

pathoanatomical influences towards adverse loading conditions.
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Study 1

Anatomical and Functional Characteristics

B - Affected vs. unaffected hip in
symptomatic patients

A - Group classification

Study 2
Determining Appropriate Modelling Characteristics

B - Comparison of material

A - Evaluation of 3D models properties

Study 3
Modelling of Clinically Relevant Scenarios

A - Loading during level walking B - Loading during squatting

Figure 3.13. Conceptual framework summarizing the individual studies (1, 2, 3) and components (A, B) that will
contribute to and address the question: what are the effects of cam FAI on mechanical hip joint loading?
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4.0 Abstract

Background: Femoroacetabular impingement (FAI) represents a constellation of anatomic and
clinical features, but definitive diagnosis is often difficult. The high prevalence of cam
deformity of the femoral head in the asymptomatic population as well as clinical factors leading
to the onset of symptoms raises questions as to what other factors increase the risk of cartilage
damage and hip pain.

Questions/Purposes: The purpose was to identify any differences in anatomical parameters and
squat kinematics among symptomatic, asymptomatic, and control individuals and if these
parameters can determine individuals at risk of developing symptoms of cam FAI

Methods: Forty-three participants (n = 43) were recruited and divided into three groups:
symptomatic (12), asymptomatic (17), and control (14). Symptomatic participants presented a
cam deformity (identified by an elevated alpha angle on CT images), pain symptoms, clinical
signs, and were scheduled for surgery. The other recruited volunteers were blinded and unaware
whether they had a cam deformity. After the CT data were assessed for an elevated alpha angle,
participants with a cam deformity but who did not demonstrate any clinical signs or symptoms
were considered asymptomatic, whereas participants without a cam deformity and without
clinical signs or symptoms were considered healthy control subjects. For each participant,
anatomical CT parameters (axial alpha angle, radial alpha angle, femoral head-neck offset,
femoral neck-shaft angle, medial proximal femoral angle, femoral torsion, acetabular version)
were evaluated. Functional squat parameters (maximal squat depth, pelvic range of motion) were
determined using a motion capture system. A stepwise discriminant function analysis was used
to determine which of the parameters were most suitable to classify each participant with their
respective subgroup.

Results: The symptomatic group showed elevated alpha angles and lower femoral neck-shaft
angles, whereas the asymptomatic group showed elevated alpha angles in comparison with the
control group. The best discriminating parameters to determine symptoms were radial alpha
angle, femoral neck-shaft angle, and pelvic range of motion (p < 0.001).

Conclusions: In the presence of a cam deformity, indications of a decreased femoral neck-shaft
angle and reduced pelvic range of motion can identify those at risk of symptomatic FAIL

Level of Evidence: Level 111, diagnostic study.
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4.1 Introduction

Cam-type femoroacetabular impingement (FAI), characterized by an enlarged, aspherical
deformity of the femoral head and neck, is recognized as a pathomechanical disease process of
the hip and a possible cause for early adult osteoarthritis [1, 16, 23]. This mechanical
impingement is typically observed at the limit of ROM [31, 32] when the aspherical femoral
head comes into contact with lateral aspects of the anterosuperior labrum and acetabulum. In the
presence of a larger cam deformity, it further reduces the clearance between the femoral head-
neck junction and the labrum, therefore imposing an obstruction and inducing elevated stresses
[35].

Defining who is at risk of impingement and cartilage damage has been mainly based on
the size and location of the cam deformity, which has been traditionally quantified by the alpha
angle on multiplane imaging [3, 7, 36, 37, 39, 43, 45]. Several authors have shown that the
severity of the cam deformity (that is, a higher alpha angle) is associated with an increased risk
of hip pain and joint degeneration [7, 28, 33]. Typically, a cam deformity is indicated by an
alpha angle greater than 50.5° and 60° in the oblique-axial and radial plane, respectively [7, 36,
37, 39]. However, the accuracy and sensitivity of the alpha angle in determining the risk of
developing symptomatic FAI is inconsistent [6, 30, 34, 37, 43]. Moreover, other common
radiographic measures of the femoral head and neck and acetabulum have been associated with
symptomatic FAI [5, 10, 26, 40], but it remains unclear as to which combination of parameters
plays a role in identifying patients at risk of developing symptoms. Although patients have
demonstrated higher hip stresses [35] and different hip kinematics at higher ROMs such as
during maximal squatting [31, 32], it is still unclear why many individuals with cam deformity
do not exhibit any clinical signs [22, 38, 40].

Many individuals with cam deformities may not experience mechanical impingement or
pain symptoms, thus qualifying them as asymptomatic individuals [11, 18, 26, 43]. Therefore,
we postulated that FAI symptoms may be related to other anatomical parameters that can
exacerbate mechanical impingement in patients at risk of developing symptoms.

The purpose of this study was to examine other anatomical features of the hip that could
be associated with symptoms resulting from the cam deformity. In this study, we addressed two
research questions: (1) Can additional anatomical parameters, in addition to the conventional

alpha angles, and functional squat parameters determine differences among symptomatic,
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asymptomatic, and control individuals? (2) Which of the anatomical and functional squat
parameters best classify symptomatic, asymptomatic, and control individuals with their

respective subgroups and identify patients at risk of developing symptoms?

4.2 Patients and Methods

Initially, 50 male volunteers were recruited in a 2-year period through the hospital’s Division of
Orthopaedic Surgery. The participants were classified based on indications of a cam deformity
on CT scans, clinical impingement signs, and plans to undergo hip surgery. Symptomatic
participants with the deformity, who presented themselves with hip pain and clinical signs of
impingement, were recruited from the orthopaedic surgeon’s clinical practice once scheduled for
surgery. Additional participants volunteered for the study and were blinded and unaware whether
they had a cam deformity. Pelvic and knee CT data were acquired from each participant using
either a Toshiba Acquilion (Toshiba Medical Systems Corporation, Otawara, Japan) or a GE
Discover CT750 (GE Healthcare, Mississauga, Ontario, Canada) and observed for a cam
deformity, as indicated by an elevated alpha angle, by a musculoskeletal radiologist (KSR). After
the CT data were assessed, participants with a cam deformity but who did not demonstrate any
clinical signs or symptoms were considered asymptomatic. Participants without a cam deformity
and without any clinical signs or symptoms were considered as healthy control subjects.
Participants with any neurological or musculoskeletal disorders, degenerative diseases, previous
major lower limb injuries, or a body mass index greater than 30 kg/m? were excluded.

This a priori classification resulted in 15 symptomatic, 19 asymptomatic, and 16 control
participants. All participants completed pain questionnaires to ascertain their Hip Disability and
Osteoarthritis Outcome Score and WOMAC. Participants signed and provided informed consent
before the study. The university and hospital research institute ethics boards approved this study
and all investigations were conducted ethically in conformity with research principles.

To remove bias from a priori classifications, CT data were then blinded and randomly
assigned new file names. Both left and right hips were measured for multiple anatomical CT
measures, which included axial alpha angle, radial alpha angle, femoral head-neck offset,
femoral neck-shaft angle, medial proximal femoral angle, femoral torsion, and acetabular version
using Onis 2.4 (DigitalCore, Tokyo, Japan). To confirm the reliability of the measurements, two

observers (KCGN, APA) evaluated the anatomical CT parameters, each performing two readings.
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Both observers received training and instructions from a musculoskeletal radiologist (KSR).
Each observer’s second reading was performed 2 weeks after the completion of the first.

The axial alpha angle was measured on the oblique-axial plane of the longitudinal
femoral neck axis, observing for the cam deformity in the anterior aspect of the femoral head
[36]. With the vertex centered at the femoral head, the angle measured the femoral neck axis to
the head-neck junction (Figure 4.1.A). Anterior femoral head-neck offset was also observed on
the oblique-axial plane [11, 26], measuring the offset distance between the two tangents of the
anterior femoral head and neck (Figure 4.1.A). The radial alpha angle was obtained through a
1:30 clock face rotation about the longitudinal femoral neck axis [39, 43], observing the
anterosuperior quadrant (Figure 4.1.B). An axial alpha angle greater than 50.5° or radial alpha
angle greater than 60° was considered as cam deformity [6, 43].

The femoral neck-shaft angle, from the frontal plane, was formed between the femoral
neck and shaft axes (Figure 4.1.C) [22, 40]. Similarly, the medial proximal femoral angle was
measured between the femoral shaft axis and the line joining the center of the femoral head to
the superior greater trochanter (Figure 4.1.D) [5]. Femoral torsion was determined as the
difference between the femoral neck horizontal and condyle horizontal angles, each taking the
angle with respect to the transverse plane’s horizontal plane (Figure 4.1.E-F) [10, 15].
Acetabular version was measured on the transverse plane coincident with the left and right
femoral head centers [11, 12, 41]. This angle was formed by the line connecting the anterior and
posterior acetabular notches and the perpendicular axis to the posterior acetabular notch (Figure
4.1.G). Detailed measurement protocols for each anatomical parameter were provided to the
observers before the readings (Supplemental materials are available with the online version of
CORR®), 4.6 Appendix — CT Measures Protocol).

Three-dimensional (3-D) hip kinematics were collected from each participant’s maximal
squat depth motion using 10 Vicon MX-13 cameras (Vicon, Los Angeles, CA, USA) and
retroreflective skin markers placed on anatomical landmarks using a modified Helen-Hayes
marker set [ 13, 25]. Participants were instructed to perform five maximal dynamic squats,
squatting to the lowest possible depth at a controlled, self-selected pace. Feet were placed
shoulder-width apart, directed anteriorly, with toes and heels in full contact with the ground

during the entire squat cycle [31, 32]. Five squat depths were averaged as a percentage with
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respect to leg height, where ground level represented a leg height of 0%. Total sagittal pelvic

ROM was calculated from peak pelvic angles during descent, maximal squat, and ascent phases.

Figure 4.1. Anatomical CT parameters measure the: A) axial alpha angle (AA) and femoral head-neck offset
(FHNO); B) radial alpha angle (RA); C) femoral neck-shaft angle (FNSA); D) medial proximal femoral angle
(MPFA); E) neck (NH) and F) condyle horizontals (CH) for femoral torsion; and G) acetabular version (AV).

The resultant CT measurements were then unblinded and matched with the squat results.
For each of the symptomatic, asymptomatic, or control participants, the affected side was defined
by the side with symptoms, higher alpha angle, or smaller alpha angle, respectively. Five
participants (three symptomatic, one asymptomatic, one control) were excluded as a result of
their inability to perform an adequate deep squat (< 70% of leg height). A gray zone range for
the alpha angles was defined to account for potential reading errors (axial = 50.5° + 3°; radial =
60° £ 3°). Two participants (one asymptomatic, one control) were excluded as a result of their
alpha angles being within this gray zone. This resulted in a final sample size of 43 participants (n
=43), with 12 symptomatic, 17 asymptomatic, and 14 control participants.

For each anatomical CT measure, intra- and interrater reliability was quantified using the
intraclass correlation coefficient (ICC) using two-way mixed models. Intrarater considered single
measures whereas interrater considered average measures, both seeking absolute agreement [19,
42]. The intra- and interrater anatomical observations were in strong to near-perfect agreement
(0.847 < ICCops1 <0.987; 0.867 < ICCons> <0.967; 0.703 < ICCopsi-2 < 0.886; Table 4.1). To
examine if there were differences among each of the anatomical and functional parameters

among the groups, a one-way between-groups analysis of variance was used (a = 0.05). A
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stepwise discriminant function analysis (DFA) was implemented to identify which of the
anatomical and squat kinematics parameters were most suitable to classify each participant’s
affected hip with their respective subgroup. Similar to a hierarchical linear regression, where
multiple parameters describe the level of variance, the DFA further predicts how subjects are
classified based on the most suitable parameters. Sample sizes were deemed adequate because
the smallest group size (12) exceeded the number of total parameters (9) [44]. The DFA assumed
that each of the anatomical CT and squat parameters was treated as an independent variable for
grouping. Statistical analysis was performed using SPSS Statistics Version 21 (IBM Corporation,
Armonk, NY, USA).

Table 4.1. Intraclass correlation coefficient indicating the intra- and interrater reliability for each measured
anatomical CT parameter

Anatomical parameter Intrarater 1 Intrarater 2 Interrater 1-2
Axial alpha angle 0.957 0.948 0.881
Radial alpha angle 0.972 0.929 0.865
Femoral neck-shaft angle 0.847 0.867 0.854
Medial proximal femoral angle 0.969 0.904 0.783
Femoral head-neck offset 0.927 0.903 0.758
Femoral torsion 0.987 0.916 0.703
Acetabular version 0.968 0.967 0.886

4.3 Results

Other than the alpha angles and femoral head-neck offset, characteristic parameters of the cam
deformity, the asymptomatic group demonstrated similar anatomical and squat parameters as the
control group (Table 4.2). Both symptomatic and asymptomatic groups demonstrated higher
axial alpha angles (56 + 8° and 57 & 8°, respectively), radial alpha angles (67 = 6° and 71 + 6°,
respectively), and lower femoral head-neck offsets (6 =2 mm and 7 + 2 mm, respectively) in
comparison with the control group (axial =43 + 3°, #° = 0.517, p < 0.001; radial = 52 £ 4°, 5° =
0.705, p < 0.001; offset = 9 + 1 mm, #° = 0.440, p < 0.001). Femoral neck-shaft angles were
higher for the asymptomatic and control groups (127 + 3° and 128 + 2°, respectively) in
comparison with the symptomatic group (123 + 2°, #° = 0.496, p < 0.001). The symptomatic

group showed prominent femoral antetorsion (1° = 0.164, p = 0.039) in comparison with the

control group, but did not show any differences in medial proximal femoral angle or acetabular
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version. Moreover, the symptomatic group had a substantially reduced squat depth (44 + 10%)
and pelvic ROM (11 # 4°) in comparison with the asymptomatic (39 + 9%; 15 £ 7°) and control
groups (37 + 8%; 15 £7°).

Table 4.2. Descriptive anatomical CT parameters, squat depth parameters, and pain scores associated with the
symptomatic, asymptomatic, and control groups (reporting mean + SD)

Group descriptive Symptomatic Asymptomatic ~ Control Total
Number of participants 12 17 14 43

Age (years) 38+9 31+£5 32+6 33+7
Body mass index (kg/m?) 26+3 25+2 26+3 26+3
Anatomical parameter

Axial alpha angle (°) 56+ 8" 57+8" 43 +£3 52+9
Radial alpha angle (°) 67 +6" 71+6" 52+4 64 +10
Femoral head-neck offset (mm) 6+2" 7+2" 9+1 7+2
Femoral neck-shaft angle (°) 123 £25F 127+3 128+2 126 £3
Medial proximal femoral angle (°) 80+4 83+4 82+4 82+4
Femoral torsion (°) 14+9° 13+8 6+7 11+8
Acetabular version (°) 22+£5 18+4 19+6 19+5
Maximal squat depth parameter

Depth (percent leg height) 44 +£10 39+9 37+8 40+9
Pelvic ROM (°) 11+4 15+7 15+7 14+6
Pain questionnaire

HOOS — pain 64 £21%F 99+5 99 +4 88 £ 20
WOMAC — pain 71 £21%F 100+ 1 99+3 91 +£18

* Significant difference (p < 0.05) compared with control group

* Significant difference (p < 0.05) compared with asymptomatic group

The best parameters to classify the participants and to determine symptoms were radial alpha
angle, femoral neck-shaft angle, and pelvic ROM. The three-step DFA included radial alpha
angle in the first step (Wilk’s 4; = 0.295, p <0.001), femoral neck-shaft angle in the second
(Wilk’s A2 =10.157, p <0.001), then pelvic ROM in the third (Wilk’s 13 = 0.135, p <0.001). The
resultant two predictive equations based on the standardized canonical discriminant function

coefficients were:

Function 1 = (0.962+zRA) — (0.156=zFNSA) — (0.050°zROM) [1]
Function 2 = (0.325+2RA) + (0.973+zFNSA) + (0.517+zROM) [2]
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where zRA, zFNSA, and zROM represent the standardized normal scores of their respective
measures. Inputting an additional participant’s radial alpha angle, femoral neck-shaft angle, and
pelvic ROM z-values into the predictive equations (equations [1] and [2]), the resultant functions
would provide a visual indication of classification based on their proximity to a group centroid
(Figure 4.2). It was determined that 95% (41 of 43) of the original group was classified correctly.
A participant, initially classified as asymptomatic, was reclassified closer to the symptomatic
group based on the stepwise parameters. This asymptomatic participant had an elevated radial
alpha angle and decreased femoral neck-shaft angle (122°), similar to characteristic mean values
of the symptomatic group. Another symptomatic participant was predicted to be significantly
closer to the asymptomatic group with a radial alpha angle and femoral neck-shaft angle (125°)

closer to the mean values of the asymptomatic group (Figure 4.2).
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Figure 4.2. Discriminant function analysis with canonical discriminant functions classifies symptomatic (diamond),
asymptomatic (square), and control (triangle) individuals based on the radial alpha angle, femoral neck-shaft angle,
and pelvic ROM. Group envelopes (ellipses, CI = 95%) are centered on the group centroids (star markers)
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4.4 Discussion

Recent publications have highlighted the prevalence of the cam deformity in the normal
population based on the alpha angle [17, 18, 24]. However, we do not know what factors
increase the likelihood that a patient with cam FAI morphology will become symptomatic. To
better predict which individuals with a cam deformity who are at risk of developing hip
symptoms, we used subject-specific motion analysis as well as additional anatomical parameters
in discriminating individuals with and without symptoms. We found that radial alpha angle,
femoral neck-shaft angle, and pelvic ROM predicted FAI symptoms.

One of the limitations was the number of CT parameters considered. Because the focus
was on cam-type FAI we selected common recurring parameters of the proximal femur, as
opposed to the acetabulum, postulated to describe characteristics of FAL To fully understand the
relationship among joint structures, clinical signs, and the role of acetabular orientation on joint
kinematics, an extensive study of the morphological parameters associated with the acetabulum
(e.g., lateral center-edge angle and retroversion index) may be needed in the future along with a
3-D shape analysis of the cam deformity [20, 21]. Because the cam morphology is statistically
more prevalent in males [2, 9, 27], our sample population consisted of only male participants.
The inclusion of females could introduce variances in anatomical structure and squat kinematics.
Nonetheless, studies comparing sex in regards to anatomical parameters and motion analysis
should be addressed in the future. The differences in age may also have been a limitation,
because cartilage and labral damage not only depends on the size of the deformity, but can also
increase with age. Although our symptomatic group was slightly older, age differences were not
significant and there were a few older symptomatic participants who performed deeper squats
and wider pelvic motions. It may have been possible that pelvic ROM was limited by pain.
During the maximal dynamic squat, participants were asked if they experienced any discomfort
or pain during the motion and none of the patients stated that pain limited their squat capacity. In
addition, none of the patients had evidence of osteoarthritis on radiographs. Having said that, we
cannot fully account for other possible causes of limited squat such as apprehension by the
participant to avoid pain. It is possible that the pace of the squat motion can affect the loading
dynamics of the cam deformity onto the articulating surfaces. A subject-specific finite element
model, incorporating the viscoelastic characteristics of the cartilage, could be considered in the

future to better address the loading dynamics of the hip. The other limitation is the use of pain to
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help classify the different groups. Because there are multiple sources of pain in and around the
hip, we cannot make conclusions as to the risk of eventual hip arthritis. Use of quantitative
cartilage MRI may provide further insight into the biomechanical parameters associated with
FAI in patients with the cam morphology [4, 8].

We found that the symptomatic group had a substantially smaller femoral neck-shaft
angle with angles approaching coxa vara; others have suggested that this can predispose to
labral-chondral damage in patients with a cam deformity [10, 14, 45]. In addition, Bedi and
associates [10] recognized that shortening of the varus neck resulted in intraarticular and extra-
articular mechanical impingement. Hartofilakidis and associates [22] reported a femoral neck-
shaft angle for their symptomatic group (119°), which corresponded closely with our findings.
Ranawat and associates [40] reported a much higher symptomatic femoral neck-shaft angle (132°)
but was still lower than their respective contralateral asymptomatic side. A decrease in femoral
neck-shaft angle, although small, could explain symptoms of unilateral FAI [40]. The medial
proximal femoral angle for our symptomatic group was not substantially lower than our
asymptomatic or control group but was similar to previous findings for progressive osteoarthritis
[5]. The medial proximal femoral angle measures between the femoral head-to-neck from the
greater trochanter as opposed to the neck-to-shaft angle. The correct CT slice may not have been
selected to locate our superior greater trochanter, thus underestimating its implication toward
understanding the onset of osteoarthritis. The symptomatic group’s femoral torsion corresponded
with previous findings, indicating an increased risk for labral damage [15]. However, results for
acetabular version were inconclusive because several asymptomatic and control participants
demonstrated retroversion but did not show any clinical signs or symptoms. This contradicts
previous findings for acetabular version associated with symptoms [12, 26, 29, 41] and may not
yet be adequate to explain differences between symptomatic and asymptomatic individuals.

The stepwise DFA indicated that radial alpha angle, femoral neck-shaft angle, and pelvic
ROM were the best classifiers. Including other parameters in the stepwise DFA would not have
substantially improved the predictive power of the model. Alternatively, all parameters could
have been included in the DFA to obtain predictive functions dependent on all anatomical and
squat parameters. However, this would not have predicted which parameters were the most
suitable for classification and, thus, would not have established characteristics most potentially

associated with symptoms. Interestingly, the radial alpha angle was more predictive than the
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axial alpha angle [43], reiterating that it should be the preferred alpha angle to observe for the
increased severity of the cam deformity [6, 7, 39, 43]. The femoral neck-shaft angle was
considered as a second discriminating parameter to distinguish symptomatic from asymptomatic
individuals, because it was substantially different among the two groups. Although medial
proximal femoral angle and femoral torsion for the symptomatic group were slightly lower,
compared with asymptomatic, the difference was not large enough for the analysis to consider
them as discriminating parameters. Pelvic ROM was used as the final parameter to further
distinguish symptomatic from asymptomatic individuals. The symptomatic group could not squat
as low and had a reduced pelvic ROM in comparison with the other groups, reiterating the
implementation of a maximal squat motion as a functional diagnostic test in determining
individuals at risk of developing hip symptoms. The inclusion of femoral neck-shaft angle
reveals that there is an association between the neck orientation with a severe cam deformity and
dynamic hip motion, which improves previous understandings of the pathoanatomy [10, 14, 46].
Ultimately, for mechanical impingement to occur as a result of the cam morphology, symptoms
could persist attributable to a combination of several anatomical factors. Limited squat depth is
reflective of decreased pelvic mobility, putting the hip further at risk of developing pain.

From the canonical discriminant plot, for the symptomatic participants to move closer to
the asymptomatic ellipse, their femoral neck-shaft angle would have to increase. Ultimately, for
symptomatic and asymptomatic participants to move closer to the control ellipse, their cam
deformity parameters would have to decrease. It should be noted that the resultant canonical
discriminant equations and plots were applicable to this specific cohort of 43 males. As a long-
term comparative analysis, a larger multicentre study could be considered, to examine if a
discriminant function analysis would predict similar group memberships using a combination of
similar or additional anatomical parameters.

Our findings confirm the complex nature of impingement as well as other anatomical
parameters that play important roles in the onset of hip symptomatology. Consequently,
providing the clinicians with additional and more specific anatomical measurements (e.g., radial
alpha angle, femoral neck-shaft angle, pelvic ROM) can identify who is at greater risk of coming
to surgical intervention as well as developing screening programs for the cam morphology at risk

of FAL
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4.6 Appendix — CT Measures Protocol

Radiographic CT Measures Protocol for Cam FAI

Participants

+  Patients and participants first classified according to presence of cam deformity, symptoms, clinical signs

¢ (Cam deformity defined by an elevated alpha angle in the oblique-axial or radial plane
o Symptomatic femorcacetabular impingement (sFAI) — cam deformity, clinical signs
o Asymptomatic femoroacetabular deformity (aF AD) — cam deformity, no clinical signs
o Control (CON) — no cam deformity, no clinical signs

ALPHA ANGLE CLINICAL SIGNS AND :
GROUP (axial >50.5° or radial > 60°) SYMPTOMS NUMBER
SFAI Yes T 5
aFAD Yes No 19
CON No No 16
TOTAL 50
Measures

¢ Subject-specific CT data are blinded, randomized, then evaluated
o Blinded — CTs and filenames are renamed to “HIC XX (where “XX" denotes a two-digit
number); patient information removed from filenames to eliminate identification
o Randomized — CTs are reassigned random number for XX and then randomly reordered

o Evaluated — perform all measurements of the left hip, then right hip, for each patient in the
reordered list

+  Observations are recorded in a spreadsheet, that will indicate “HJC XX and the parameters to be measured
for the left and right hip

+  Complete all measures for all patients within a two-day period
¢ Reading sequence for “HIC XX will be andomized and reordered for second evaluation

Second intra-rater evaluation, to start two weeks after completion of first evaluation, on a new spreadsheet
(previous intra-rater evaluations are not to be seen)

s Previous inter-rater evaluations are not to be discussed, to eliminate bias

Radiographic CT Measures Protocol for Cam FATL
KLC. Geoffrey Ng — 2013
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Parameters

1. Alpha Angle - Axial 3:00 (AA)

o Axial plane found from eross-sectional view through centroid of femoml head
and longimdinal femomal neck axis

*  Trmacea circle amund contour of femoral head, with centroid centred in the
frontal, sagittal, and transverse planes

& Using the axial view, find the narmowest pant {width) of the femoral neck and
draw a line {Line A) through its cross section

*  Draw asecond line (Line B) through centre of the femonl neck
{longitudinally ) perpendicular to previous lne

®  Draw best-fit circle, following the outer edge of the femom| head {compact
bome)

*  Draw line (Line C) from centre of circle to the edge of the circle, where the
femoral head exceeds the cirele (head neck junction)

*  Alphaangle is the angle between the line Band C

Classification: cam deformity defined by axial alpha angle = 50.5°

2. Alpha Angle — Radial 1:30 (RA)

« Radial plane found from 45° rotation along the narmwest mid-sectional axis
of the femoral neck, exposing the anterosuperior quadrant {1 :30) of the
femaral head

*  Trmcea circle amund contour of femoral head, with centroid centred in the
frontal, sagittal, and transverse planes

*  Using the axial view, find the narmowest part {width) of the femoral neck and
dmw a line (Line A} through its cross section

*  Draw asecond line | Line B) through the centre of the femaral neck
{longitudinally ) perpendicular to previous lme

®  Then, draw best-fit circle, following the outer edge of the femoral head
{compact bone)

*  Draw line (Line C) from centre of circle to the edge of the circle, where the
femoral head exceeds the cirele (head neck unction)

*  Alphaangle is the angle between the line B and O

Classification: cam deformity defined by radial alpha angle = 60°

3. Femoral Neck-Shaft Angle (FNSA)

+  Axial plane found from ercss-sectional view through centmid of femomal head
and longimdinal femoml neck axis

®  From the frontal plane, tmee a circle around and centred at femoral head

*  Make sure that the slice used exposes the widestthickest portion of the
femoral diaphysis

*  Draw a line going through both the centre of the femoml neck and femoral
head (Line A)

& Diraw asecond line {Line B) beginning at the edge of the pinformis fossa all
the way down through the centre of the femur

s Femomal neck-shaft angle is angle between lines A and B

Classitication; nommal neck-shaft, defined by angle between 1 24-136° coxa vam,
defined as < 1 4

Radiographic CT Measures Protocol for Cam FAL
K.C. Geoffrey Ng - 2013
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4. Medial Proximal Femoral Angle (MPFA)

+ Tracea circle arund contour of femoral head, with bead centroid centred in
the fromtal, sagittal, and transverse planes

+  From the frontal view, ensure that the slice exposes the widest'thickest
partion of the femoral diaphysis

& Diraw a line (Line A) from the centre of the famoral head to the superiar tip
of the greater trochanter

& Diraw asecond line {Line B) beginning at the edge of the pinformis fossa all
the way down through the centre of the femur

s Medial proximal fermoral angle is angle between lines A and B

Classification: normal MPFA is between 84-50°

5 Femoral Hesd-Neck Offset (FHNO)

»  Tmcea cirele around contour of fermoral head, with head centroid centred in
the fromtal, sagittal, and transverse planes

*  Using the axial view, find the narmwest part {width) of the femoral neck
and dmw a line {Line A) through its cross section

*  Draw a line (Line B) through the centre of the femoml neck longitud inally
and pempendicular to line A

*  Draw a line (Line C) perpendicular to line A and parallel to line B, lining it
up with the edge of the compact bone of the neck itself (anterior wall of
femaral nack)

*  Draw another ling (Line D) pamllel to line C, lining it up with the outer
edge of the circle drawn arund the femoral head.

*  Femomal head-neck ofset is the thickness of the femorm| head that lies
anterior to the line passing the anterior wall of the femoml neck, hetween
lime C and O

Classification: decreased femoral head-neck offset defined as < Smm

Radiographic CT Measures Protocol for Cam FAL
K.C. Geoffrey Ng - 2013
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6. Femoral Version (FV)

MNeck Honzontal

From the transverse plane, take the slice with the thickest eross section of
femoral neck making sure that the lesser trochanter isnot visible in the slice
selectad

Diraw the first line { Line A) through both the centre of the femoral head and
longitudinally along the femoml neck axis

The second line {Line B) isa straight horizontal line with respeet to the
image plane that intersects with line A

Meck-horizontal angle is the angle between line A and B

Condyle Horizontal

From the transverse plane, take the slice about the knee with both
epicondyles in view

Drraw the first line { Line C) tangential 1o the most posterior convexity of
bath epicondyles {can also use femoral condyles as reference point) and the
second line (Line 1) in the horizontal plane that intersects with line O
Condyle-honzontal angle is the angle between line Cand D

Femomal version (absolute anteversion or retrovers ion) obtained by
subtracting the condyle-horizontal from the femoral neck-honzontal

If femomal epicondyles are internally mitated on the images, the angle is
negative, therefore must be added to the angle of anteversion

If the femoral epicondyles are extemally rotated on the images the angle of
rotation must be subtracted to the angle of anteversion

Knees motated imward when increased femom| anteversion and
compensatory extemnal tibial torsion

Rotated outward when decreased fermoral anteversion and compensatory
internal tibial torsion

Classification: femoml retroversion can be defmed as < 157 anteversion = 157

Acetabular Version (AV)

Caorreet for pelvic tilt, by aligning all left-right and anterior-posterior
superior iliac spines on the transverse plane

From the transverse plane, locate the slice where the acetabular cup is the
deepest — where the medial wall of the acetabulum is most medial
Diraw a line (Line A) horizontally across both posterior edges of the
acetabulum

Draw asecond line{ Line B) perpendicularly to line A, emssing at the
posterior edge of the acetabu lum,

Draw a third line {Line C) tangentially from the anterior to posterior
margins of the acetabulum

Acetabular version is the angle between line B and ©

Classification: acetabular retroversion defined by an angle < 1 5; normal
acetabular version is between 15-2(F

Radiographic CT Measures Protocol for Cam FAIL
K.C. Geoffrey Ng — 2013
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5.0 Abstract

Background: It is still unclear why many individuals with bilateral cam deformities demonstrate
only unilateral symptoms of femoroacetabular impingement, thus symptoms may be attributed to
additional anatomical parameters. The purpose was to examine patients with bilateral cam
deformities, with unilateral symptoms, and compare anatomical hip joint parameters between
their affected (symptomatic) hip and their contralateral, unaffected (asymptomatic) hip.
Methods: Twenty participants (n = 20) with unilateral symptoms, but bilateral cam deformities,
underwent CT imaging to measure their affected and unaffected hip’s: axial and radial alpha
angles, femoral head-neck offset, femoral neck-shaft angle, medial proximal femoral angle,
femoral torsion, acetabular version, center-edge angle; and a physical examination (hip flexion,
straight-leg raise, internal rotation, external rotation) to ascertain clinical signs.

Findings: The affected hips demonstrated limited motions during physical examination,
compared with unaffected hips (effect size d = 0.550 to 0.955). The affected hips had
significantly lower femoral neck-shaft angles (125° + 3) and lower medial proximal femoral
angles (79° £+ 4), compared with the unaffected hips (127° £ 3, p = 0.001, d = 0.922; and 81° + 4,
p=0.011, d = 0.632; respectively). There were no differences in cam deformity parameters
(axial and radial alpha angles, femoral head-neck offset), femoral torsion, acetabular version, and
center-edge angle, between affected and unaffected hips.

Interpretation: A decreased femoral neck-shaft angle or medial proximal femoral angle can be
implemented as a diagnostic predictor, to determine which hip may be at a greater risk of
developing early symptoms.

Level of Evidence: Level 111, diagnostic study.
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5.1 Introduction

The cam deformity is recognized as a predominant morphology of the proximal femur that
causes femoroacetabular impingement (FAI) [7, 8, 20, 31, 45]. Characterized by a combined
aspherical femoral head and reduced offset, the cam deformity induces impingement between the
proximal femur and the hip socket, resulting in clinical symptoms of labral damage, groin pain,
and reduced pelvic and hip motions [3, 13, 26, 30]. The abnormal joint contact loading can result
in elevated hip joint stresses [14, 37] and a greater risk of developing early osteoarthritis [1, 6-8,
20].

There has been emerging interest to understand why many individuals with cam
deformities do not develop early FAI symptoms (i.e., asymptomatic individuals with the cam
deformity but do not demonstrate impingement, clinical signs, symptoms, or pain) [2, 22, 23, 42].
The presence of a large cam deformity, indicated by elevated alpha angles, may not be sufficient
to characterize FAI symptoms [5, 27, 34, 36, 47], especially when the pathomechanical threat of
the asymptomatic cam deformity can remain undetected, but can still onset early subchondral
bone adaptation and joint degeneration [35, 46]. In addition to the conventional alpha angles,
recent studies examined FAI populations and measured additional anatomical parameters from
radiographic [4, 23, 42], computed tomography (CT) [18, 25, 36], and magnetic resonance
imaging (MRI) data [17, 47], to associate various femoral and pelvic structural parameters with
the onset of symptoms.

Knowing that many individuals in the FAI population may have bilateral cam deformities
[3], it is still unclear why symptoms are often experienced only in one hip, while their other
contralateral hip remains unaffected. The prevalence of bilateral cam deformities in the same
individual provides a unique opportunity to better delineate pathomechanisms leading to FAI and
to possibly further predict the progression of symptoms that will require physical therapy or
surgical intervention [3, 12, 24, 28, 35]. The purpose of this study was to examine patients with
bilateral cam-type deformities, who demonstrate unilateral FAI symptoms, and determine if there
are differences in anatomical hip joint parameters between their affected (symptomatic) and their

contralateral, unaffected (asymptomatic) hips.
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5.2 Methods

This diagnostic study (Level of Evidence III — STROBE Guidelines) involved anatomical
parameters and physical examinations associated with cam-type FAI symptoms. An
observational, case-control study was performed for a symptomatic group, where each
participant’s affected (case) and unaffected (control) hips’ anatomical parameters were blinded

and measured.

5.2.1 Participants

Twenty-two participants (n = 22; m = 19, f = 3) were initially recruited from the senior
orthopaedic surgeon’s clinical practice (PEB), during a two-year recruitment period at The
Ottawa Hospital. All participants presented themselves with primary unilateral hip pain, clinical
signs, and symptoms. Pelvic and knee CT images were acquired from each participant, using a
clinical CT scanner (Acquilion, Toshiba Medical Systems Corporation, Otawara, Japan; or
Discovery CT750, GE Healthcare, Mississauga, Ontario, Canada) and confirmed by a
musculoskeletal radiologist (KSR) to have a cam deformity on their affected (symptomatic) hip,
with elevated axial or radial alpha angles [5, 22, 27, 41, 47]. Any participant with neurological or
musculoskeletal disorders, degenerative diseases, or any previous major lower limb injuries or
surgeries was excluded. Participants were excluded if they indicated pain in their contralateral,
unaffected (asymptomatic) hip or other areas of their lower limbs. Two participants did not show
a cam deformity on their contralateral, unaffected (asymptomatic) hip, thus were excluded for
unilateral-only deformities. A total of twenty patients (n =20; m = 17, f = 3) indicated elevated
alpha angles for both affected and unaffected hips, confirming bilateral cam deformities (Table
5.1). Each participant completed pain questionnaires — Hip Disability and Osteoarthritis
Outcome Score (HOOS) and Western Ontario and McMaster Universities Arthritis Index
(WOMAC) — to ascertain their level of symptoms. Participants signed and provided informed
consent prior to the study. The university and hospital research institute ethics boards approved
this study, to ensure that all investigations are to be conducted ethically in conformity with

research principles.
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Table 5.1. Participant demographics, pain questionnaires, and bilateral cam deformity observations, reporting mean
and (SD)

_ Axial Alpha Angle > 50.5°
n=20 Age BMI HOOS Pain  WOMAC or Radial Alpha Angle > 60°
(m: 1) (years) (kg/m?) (%) Pain (%)
Affected Hip Unaffected Hip
17:3 36 (8) 26 (5) 64 (21) 71 (21) Yes Yes

HOOS = Hip Disability and Osteoarthritis Outcome Score
WOMAC = Western Ontario and McMaster Universities Arthritis Index

5.2.2 Anatomical Parameters

To remove bias, each participant’s CT data were blinded and randomly assigned new filenames.
Using an image reading software (Onis 2.4, DigitalCore, Tokyo, Japan), both left and right hips
were measured for multiple anatomical CT parameters, which included: axial alpha angle, radial
alpha angle, femoral head-neck offset, femoral neck-shaft angle, medial proximal femoral angle,
femoral torsion, acetabular version, and lateral centre-edge angle; all corresponding with
common anatomical features of the hip joint that may distinguish symptoms [9, 25, 36, 42].

Prior to measuring the alpha angles and neck angles, the slice of the femoral head center
was located on the oblique-axial, frontal, and sagittal planes. Using the femoral head center as
the point of rotation, the frontal plane was corrected to display the widest femoral neck and shaft
regions. A circle was traced around the femoral head on each of the three planes, where the
longitudinal femoral neck axis was determined as the line from the femoral head center through
the narrowest part of the femoral neck, on the oblique-axial and corrected frontal planes. The
longitudinal femoral shaft axis was defined as the line from the piriformis fossa through the
midpoint of diaphysis on the corrected frontal plane.

The axial alpha angle was measured on the oblique-axial plane of the longitudinal
femoral neck axis, observing for an aspherical anterior femoral head [38, 39]. With the vertex
centered at the femoral head, the angle was formed from the femoral neck axis to the head-neck
junction (Figure 5.1.A). Anterior femoral head-neck offset was also observed on the oblique-
axial plane [13, 25], measuring the offset distance between the two tangents of the anterior
femoral head and neck (Figure 5.1.A). The radial alpha angle was obtained by a 1:30 clock-face

rotation about the longitudinal femoral neck axis, observing for an anterosuperior asphericity [41,
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47] (Figure 5.1.B). An axial alpha angle, greater than 50.5°, or radial 1:30 alpha angle, greater
than 60°, was considered as cam deformity [22, 27].

The femoral neck-shaft angle was measured on the frontal plane [23, 42] (Figure 5.1.C),
between the femoral neck and shaft axes, with values below 120° deemed as coxa vara and
above 135° as coxa valga. Similarly, the medial proximal femoral angle was measured between
the femoral shaft axis and the line joining the center of the femoral head to the superior greater
trochanter [4] (Figure 5.1.C).

Femoral torsion was measured as the difference between the femoral neck horizontal and
condyle horizontal angles [9, 17], each taking the angle with respect to the transverse view’s
horizontal plane (Figure 5.1.D). Acetabular version was determined on the transverse plane
coincident with the left and right femoral head centers [13, 16, 44]. This angle was constructed
by the line connecting the anterior and posterior acetabular notches and the perpendicular axis to
the posterior acetabular notch (Figure 5.1.E). A femoral torsion or acetabular version angle less
than 15° was considered as retrotorsion or retroversion, respectively.

To measure the lateral center-edge angle, pelvic tilt and obliquity was first corrected by
lining up the ischial tuberosities on the frontal plane. The angle was formed by the superior-
inferior axis, perpendicular to the ischial tuberosity, and the line from the femoral head center
extending to the lateral edge of the acetabular rim [25, 29] (Figure 5.1.F). An angle greater than
39° was considered as over-coverage [29, 48].

To confirm the reliability of the anatomical measurements, two observers evaluated each
participant’s CT data, with each observer performing two readings. Both observers received
training and instructions from the senior-level musculoskeletal radiologist (KSR), and performed

the second reading two weeks after their first.
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Figure 5.1. Anatomical CT parameters comparing participant’s affected and unaffected hips, measuring: A) axial
alpha angle (AA) and femoral head-neck offset (FHNO); B) radial alpha angle (RA); C) femoral neck-shaft angle
(FNSA) and medial proximal femoral angle (MPFA); D) neck horizontal (NH) and condyle horizontal (CH) for
femoral torsion; E) acetabular version (AV); and F) center-edge angle (CE).
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5.2.3 Physical Examinations

To ascertain differences in clinical symptoms between the affected and unaffected sides, each
participant underwent a series of physical examinations for both hips, performing: hip flexion
(with knee flexion permitted), straight-leg raise, internal rotation, and external rotation, all in a
supine position (Figure 5.2); and measured using a goniometer (Zimmer Mfg Co., Warsaw, IN,

USA).

Figure 5.2. Physical examination measuring each participant’s affected and unaffected hip’s: A) flexion, B) straight-
leg raise, C) internal rotation, and D) external rotation.

5.2.4 Reliability and Statistical Analysis

Intra-observer reproducibility and inter-observer reliability were quantified using the
concordance correlation coefficient (p.) [33], appropriate to assess linear agreements between
continuous variables within a smaller sample size [32, 33]. The p. was considered either as poor
(<0.20), weak (0.20 to 0.39), moderate (0.40 to 0.59), strong (0.60 to 0.79), or near-perfect (>

0.80). The resultant CT measurements were unblinded and matched with the physical
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examination results. A paired sample t-test was computed to compare differences in anatomical
parameters and physical examinations, between each participant’s affected and unaffected hips
(CI=95%). Effect size was determined using Cohen’s d, considering the mean differences and
pooled variance, to indicate small (d = 0.2), medium (d = 0.5), and large (d = 0.8) effects and

various levels of practical significance [15]. Statistical analyses were performed using statistics

software (SPSS Statistics v.23, IBM Corporation, Armonk, NY, USA).

5.3 Results

Intra-observer reproducibility and inter-observer reliability for the anatomical observations were
in near-perfect agreements, for all parameters (p. > 0.81). The affected side confirmed clinical
signs and demonstrated significantly reduced hip flexion, straight-leg raise, internal and external
rotations, in comparison with the unaffected hip (P < 0.05; Table 5.2). The effect sizes further
demonstrated moderate to high levels of practical significance, for each of the physical
examinations (d = 0.550 to 0.955).

Table 5.2. Summary of physical examinations and anatomical parameters of the paired affected and unaffected hips,
reporting mean and (SD)

Physical Examination (units) Affected Hip Unaffected Hip  t-value p-value ]?j;)fl; ec?,ssige
Hip Flexion (°) 123 (14) 130 (20) -2.20 0.047 * 0.588 *
Straight-Leg Raise (°) 90 (16) 97 (16) -2.33 0.032 * 0.550 *
Internal Rotation (°) 31 (15) 38 (12) -2.20 0.045 * 0.567 t
External Rotation (°) 33 (21) 42 (19) -3.94 0.001 ** 0.955 %
Anatomical Parameters (units) Affected Hip Unaffected Hip  t-value p-value ]?j;)fl; ec?,ssige
Axial Alpha Angle (°) 55(7) 54 (5) 0.76 0.456 0.169
Radial Alpha Angle (°) 63 (6) 63 (4) 0.27 0.787 0.061
Femoral Head-Neck Offset (mm) 6(2) 6(2) -0.50 0.621 0.113
Femoral Neck-Shaft Angle (°) 125 (3) 128 (3) -4.12 0.001 ** 0.922 ¢
Medial Proximal Femoral Angle (°) 79 (4) 81 (4) -2.83 0.011 * 0.632 t
Femoral Torsion (°) 14 (6) 15 (8) -0.19 0.854 0.042
Acetabular Version (°) 24 (4) 24 (4) 0.50 0.616 0.113
Center-Edge Angle (°) 32 (4) 32 (6) 0.51 0.617 0.114

* significant difference (p < 0.05) T medium effect size (d > 0.5)

** significant difference (p <0.01) ¥ large effect size (d > 0.8)
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There were no differences in axial and radial alpha angles, femoral head-neck offset, femoral
torsion, acetabular version, and center-edge angle, between affected and unaffected hips (Table
5.2). Marginal femoral retrotorsion was observed between the affected (mean 14° (SD 6)) and
unaffected hips (mean 15° (SD 8)), whereas acetabular versions and center-edge angles were
considered normal and similar between affected and unaffected hips. Eleven participants had
slightly higher axial alpha angles on their unaffected side, while eight of those participants had
higher radial alpha angles on their unaffected side as well (Figure 5.3).

There were significant differences in femoral neck-shaft angle, between the affected
(mean 125° (SD 3)) and unaffected hips (mean 127° (SD 3); #(19) = -4.12, P=0.001, d = 0.922);
and medial proximal femoral angle, between the affected (mean 79° (SD 4)) and unaffected hips
(mean 81° (SD 4); #(19) =-2.83, P=0.011, d = 0.632); suggesting that the affected side had
much lower neck angles, in comparison with the unaffected side (Figure 5.4). The medium-to-
large effect sizes of the medial proximal femoral angle and femoral neck-shaft angle further

suggested moderate to very high levels of practical significance.
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Figure 5.3. Difference in axial and radial alpha angles, indicating the number of participants with larger cam
deformities (elevated alpha angles) on their affected (positive values) and on their unaffected sides (negative values).
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Figure 5.4. Resultant anatomical parameter measurements of the affected and unaffected hips, comparing the: axial
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femoral torsion, acetabular version, and center-edge angle (* significant difference, p < 0.05; ** significant
difference, p < 0.01; § medium effect size, d > 0.5; I large effect size, d > 0.8).
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5.4 Discussion

Although the clinical diagnosis of cam-type FAI is relatively well-established, our understanding
of the pathomechanisms leading to cartilage degeneration is still evolving. While the alpha angle
has been conventionally used to quantify the cam deformity, how to characterize associated
biomechanical abnormalities leading to symptoms and degeneration remain to be determined. In
efforts to predict the likelihood of symptoms and examine primary anatomical indictors of FAI,
we compared the symptomatic and the contralateral, asymptomatic hips in individuals with
bilateral cam deformities. To our knowledge, no study incorporated a patient cohort with
bilateral cam deformities to specifically compare differences in anatomical parameters and
clinical physical examinations, between the affected and unaffected sides. In our study, the
affected sides were confirmed to be symptomatic (and the unaffected sides were confirmed to be
asymptomatic) with history and physical examination.

The affected sides demonstrated restricted motions, during physical examinations. The
straight leg raise test can indicate a lumbar spine pathology or sciatic nerve irritation, if pain is
experienced at 30 to 70° (Lasegue’s sign). However, during the consultation with the senior
orthopaedic surgeon (PEB) and musculoskeletal radiologist (KSR), none of the participants had
any underlying herniated or degenerative disc disease. Moreover, all participants straight leg
raises exceeded 70° (for both affected and unaffected hips) and demonstrated that their limits
were not affected by lumbar pain.

Prior to measuring the anatomical parameters from CT data, efforts were made to correct
for pelvic obliquity and reorient slices to display the widest regions of the femoral head, neck,
and shaft (which cannot be done in planar x-rays). Also, two observers performed the readings,
each performing two observations seeking absolute agreement, to ensure that the measurements
were accurate, precise, and with no bias. As expected, there were no differences in cam
deformity parameters (axial and radial alpha angles, femoral head-neck offset) between the
bilateral hips, since participants showed an aspherical head and reduced anterior offset.
Interestingly, several participants (40%) had higher alpha angles on their unaffected hips,
reiterating that a cam deformity, alone, cannot explain symptomatology and does not necessarily
lead to FAI [5, 11, 27, 34, 36, 47]. In addition, there were no differences in femoral torsion,
acetabular version, or center-edge angle, between affected and unaffected hips. This further

suggests that pelvic orientation and version is symmetric in the FAI population. A slight femoral
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retrotorsion was noticed, however, it is unclear which hip would lead to early symptoms due to
symmetry. A combination of femoral and acetabular versions can still play a predominant role in
limiting internal hip rotation and dynamic motions [9, 11, 19]. The femoral neck angles (femoral
neck-shaft angle and medial proximal femoral angle) were significant parameters that
distinguished the affected from the unaffected side [4, 36, 42]. Therefore, the medium-to-large
effect sizes of the femoral neck-shaft angle and the medial proximal femoral angle demonstrate
that both measures can potentially predict which hip will experience early symptoms, in
individuals with bilateral cam deformities. Although our measurable differences in femoral neck
angles between the affected and unaffected sides were small, the statistical and practical
differences demonstrate important clinical implications.

In previous studies, Allen and associates (2009) observed an incidence of 77.8% (88/113
cases) of bilateral patients from their patient cohort, which was substantially higher than
Klingenstein and associates’ (2013) incidence of 20.4% (132/646 cases). The latter study further
compared unilateral and bilateral FAI and examined if there were possible radiographic measures
that could be associated with symptoms leading surgery. However, they were unable to find a
predictive parameter, as to which side would require initial surgical treatment, attributing general
surgical risks to sex, age, alpha angles, and acetabular anteversion [28]. A limitation of these
studies is the use of “hip pain” as a surrogate to determine clinical significance, whereas
asymptomatic individuals with a cam deformity have demonstrated that cartilage degeneration
can occur prior to the onset of symptoms [40]. Moreover, McGuffin and associates (2015)
recently showed no differences in proteoglycan depletion between symptomatic and
asymptomatic hips, in individuals with bilateral cam deformities, indicating that there is still an
increased risk of cartilage degeneration, regardless of hip pain.

An earlier study, by Bardakos and Villar (2009), investigated the effects of radiographic
parameters on the progression of osteoarthritis, where there was a clear difference in medial
proximal femoral angle between hips that indicated osteoarthritis (mean 81°) and normal hips
that did not (mean 87°; P = 0.004). Hartofilakidis and associates (2011) also reported a decreased
femoral neck-shaft angle for symptomatic hips (mean 119°). Ranawat and associates (2011)
wanted to further correlate radiographic findings with hip pain, where it was observed that
symptomatic hips had lower femoral neck-shaft angles, greater distances between the ilioischial

line to the fossa, and greater distances from cross-over to the superolateral acetabulum, in
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comparison with the contralateral, asymptomatic hip. However, there was no mention if their
cohorts had an asymptomatic cam deformity on the contralateral side. More recently, a study on
anatomical parameters implemented a discriminant function analysis and determined that radial
alpha angle and femoral neck-shaft angle, along with pelvic range of motion, were significant
predictors to distinguish symptomatic patients from asymptomatic individuals with cam
deformities (P < 0.001) [36].

From the aforementioned studies, there was substantial insight as to how the orientation
of the femoral axes influences clinical signs. Redmond and associates (2015) reported an
association between decreased femoral neck-shaft angles and larger labral tears for their female
population, using a multiple linear regression (P = 0.0044). Coxa vara combined with a cam
deformity can potentially predispose to mechanical impingement and increase the risk of labral
tears [21, 43, 49], resulting in early pain and clinical signs. Furthermore, a varus structure seats
the femoral head further into the acetabulum and, thus, alters the abductor moment and brings
the cam deformity closer to the anterosuperior labrum. This relatively higher greater trochanter
results in a shortened abductor muscle and lengthened moment arm which, in turn, causes
muscle imbalance and instability. This may provoke adverse contact loading to stabilize the
pelvis, further justifying differences in clinical signs and as to why the asymptomatic hip does
not experience early pain symptoms. Moreover, long-term effect of muscle imbalance may also
play a role in bone geometry changes [10]. Further research will examine the functional
outcomes of asymptomatic participants, to observe how different natural histories and the role of
soft tissues (i.e., capsular ligaments, muscles) will influence the progression of symptoms. In
efforts to delay surgery and also preserve the inherent stability of the hip joint, physical
examinations and anatomical parameters (femoral neck angles and cam deformity parameters)
should be observed early, prior to the onset of symptoms. With the decreased neck angle in mind,
other treatment options such as physiotherapy, abductor muscle training and recruitment
strategies should be considered.

One of the limitations in our study was that our cohort consisted of a male-dominant
population, as the cam deformity is statistically more prevalent in men. An additional study to
examine sex-differences can provide more insights as to if the pathomechanics is specific to sex.
Although it was determined that a sample size of 20 was adequate (to achieve a power of 0.95

and required large effect size of 0.8, using t-tests for matched pairs), a larger sample size would
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further increase the predictive power of the anatomical parameters. Also, additional anatomical
parameters could be considered (e.g., pelvic orientation, retroversion index, acetabular crossover
location) to further compare symmetry between the affected and unaffected sides. The ongoing
study will examine asymmetry and the effect of leg dominance during joint loading — if
compensatory load is applied onto the contralateral hip due to neuromuscular compensation.

In conclusion, in efforts to better predict early clinical signs and symptoms in patients
with bilateral cam deformities, a decreased femoral neck shaft angle or medial proximal femoral

angle can be implemented as a diagnostic predictor.
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6.0 Abstract

Subject-specific anatomical finite element models obtained from three-dimensional (3D)
segmentation have the potential to provide great insights into the pathomechanisms of
femoroacetabular impingement (FAI). Still, the accuracy of the geometries used to
construct these models needs to be evaluated. To this aim, we segmented fifty-four (n = 54;
age = 34 + 7 years; BMI = 26 + 4 kg/m?) hip joint models from subject-specific computed
tomography (CT) images, and measured multiple anatomical parameters (axial alpha angle,
radial alpha angle, femoral head-neck offset, femoral neck-shaft angle, medial proximal
femoral angle, femoral torsion, acetabular version, centre-edge angle) from both the
multiplanar images and the 3D models, to assess the intraobserver, interobserver, and
intermethod reliabilities. We implemented a method to ensure that anatomical
characteristics from segmented models were representative of original CT data.
Observations from both CT data and 3D models demonstrated strong to near-perfect
intraobserver, interobserver, and intermethod agreements (p < 0.01). Bland-Altman plots
indicated a slight discrepancy when assessing the asymptomatic FAI population, where
planar CT images possibly did not capture the full depth of the cam deformity and
underestimated geometric parameters. We indicated possible discrepancies to expect when
segmenting hip joint models for clinical evaluation and finite element modelling, notably

when observing femoral head-neck offset.
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6.1 Introduction

Characterized by an aspherical femoral head or head-neck junction with a reduced offset, a cam
deformity may induce femoroacetabular impingement (FAI) between the proximal femur and the
hip socket during extreme limits of hip motion [25, 54]. This mechanical impingement results in
higher joint stresses [18, 45, 55], putting the articulating cartilage at a greater risk of developing
degenerative changes [1, 10, 25, 55]. Clinical symptoms associated with cam-type FAI typically
include motion-induced pain, reduced hip flexion and sagittal range of motion [2, 36, 39].

As described by Notzli and associates [46], the alpha angle was established to measure
the size of the anterior and anterosuperior cam deformity on the axial and radial planes,
respectively, from computed tomography (CT) and magnetic resonance imaging (MRI) data [9,
47,51, 57, 58]. Despite the ongoing debate regarding the sensitivity of the alpha angle to detect
cam FAI[9, 21, 22, 38, 47, 57], evaluations from conventional CT or MRI, that implement
multiplanar imaging capacities to assess the cam deformity and anatomical hip joint parameters,
have been used as a gold standard [15, 26, 29, 43, 51].

In addition to the cam deformity parameters, it has also been hypothesized that several
other anatomical parameters, notably: femoral head-neck offset [17, 23, 35, 37, 49, 58], femoral
neck-shaft angle [31, 52], medial proximal femoral angle [7, 42], femoral torsion [11, 15, 24],
acetabular version [17, 19], and Wiberg’s lateral center-edge angle [17]; may contribute to FAI
symptomology [44].

In recent years, several finite element studies have examined hip joint stresses due to
FAI; yet, many of these models implemented spherically-idealized femoral head and acetabular
socket geometries, representing FAI by approximating only the alpha and centre-edge angles of
the cam and pincer deformity, respectively [4, 18, 32]. Several other finite element simulations
of FAI considered subject-specific geometries, by segmenting femur and pelvis models from
imaging data [3, 33, 45, 53]. However, none of these studies validated their models by
comparing multiple anatomical parameters of their segmented geometries with its associated
imaging data. Still, anatomical parameters can sometimes be measured from reconstructed three-
dimensional (3D) models, offering a more complete perspective of the cam deformity,
potentially leading to more accurate diagnostics of cam FAI [5, 6, 8, 10, 16, 20, 28, 30, 43, 50].
In efforts to validate 3D subject-specific geometries of hip joints with cam FAI, the purpose of

the present study was to compare the anatomical parameter measurements derived from 3D
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segmented models with those directly obtained from CT data. Measurements from CT data were
used as the reference gold standard to assess the cam deformity and anatomical parameters of the

hip joint.
6.2 Methods

6.2.1 Patient Recruitment

Fifty-four participants (n = 54, male = 48, female = 6; age = 34 + 7 years; BMI = 26 + 4 kg/m?)
were retrospectively examined. Pelvic and knee CT data were acquired from each participant
using either a Toshiba Acquilion (Toshiba Medical Systems, Markham, ON, Canada) or a GE
Discovery CT750 (GE Healthcare, Mississauga, ON, Canada). The CT imaging protocol used a
square 512x512 resolution, slice thickness of 0.625 mm, 120 kVp, and 200 mAs, with a resulting
in-plane pixel spacing of 0.721-0.977 mm. A senior-level musculoskeletal radiologist first
assessed the cam size, where a deformity was defined by an alpha angle greater than 50.5° or 60°,
in the oblique-axial or radial 1:30 plane, respectively [9, 46, 47, 51]. Participants were first
classified as either: 1) symptomatic, if they presented a cam deformity, clinical symptoms, and
were scheduled for surgery; 2) asymptomatic, if they presented a cam deformity, but no clinical
symptoms; or 3) control, if they did not present a cam deformity, symptoms, or lower-limb
abnormalities. This resulted in fourteen 14 symptomatic, 22 asymptomatic, and 18 control
participants (Table 6.1). Our protocol was approved by the university and hospital research

institute ethics boards. All participants signed and provided informed consent prior to the study.

Table 6.1. Summary of participant demographics and initial clinical assessment of the axial and radial alpha angles

Group Siz.e Age BMI ) Axial Ajpha Radial /O\1pha
(m:f) (years) (kg/m?®) Angle (°) Angle (°)

Symptomatic 14 (13:1) 39+8 27+5 56+8 65+8

Asymptomatic 22 (19:3) 31+6 25+2 58+9 68 +£8

Control 18 (16:2) 34+6 26+3 42+5 50+3

Total 54 (48:6) 34+7 26+ 4 52+11 62+11
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6.2.2 Measurements from Planar CT Images and from Three-Dimensional
Segmented Models

Each participant’s CT data were blinded and randomly assigned new filenames, to dissociate
participant information and remove bias. The 3D left and right hip and knee models were
manually segmented from CT data, using 3D-Doctor 4.0 (Able Software Corp., Lexington, MA,
USA), reconstructing from the superior iliac crest to the proximal femur and from the distal
femur to the inferior tibial plateau (Figure 6.1). The segmented models were also blinded and
reassigned filenames prior to any measurements. Each participant’s CT data and segmented
models were measured for multiple anatomical parameters associated with FAI symptoms,
including: axial alpha angle, radial alpha angle, anterior femoral head-neck offset, femoral neck-
shaft angle, medial proximal femoral angle, femoral torsion, acetabular version, and lateral
center-edge angle. The anatomical parameters from the CT images were read and measured
using Onis 2.4 (DigitalCore, Tokyo, Japan), whereas the segmented models were resurfaced, to
remove geometric artefacts, and measured using SolidWorks (Dassault Systémes, Concord, MA,
USA).

Prior to measuring the axial and radial angles, femoral neck-shaft angle, and medial
proximal femoral angle from CT data, the slice of the femoral head center was located on the
oblique-axial, frontal, and sagittal planes. Using the femoral head center as the point of rotation,
the frontal plane was corrected to display the widest regions of the femoral neck and shaft. A
circle was traced around the femoral head on each of the three planes, observing for the anterior-
posterior, medial-lateral, and superior-inferior bony prominences. The longitudinal femoral neck
axis was determined as the line from the femoral head center through the narrowest part of the
femoral neck, on the oblique-axial and corrected frontal planes. The longitudinal femoral shaft
axis was defined as the line from the piriformis fossa through the midpoint of diaphysis on the
corrected frontal plane.

Prior to measuring the 3D models, a geometric sphere with a defined centroid was
constructed by fitting a circle onto the contour of the femoral head. The circle was fitted by first
observing on the oblique-axial plane. From this section, the most anterior, posterior, and medial
bony prominences formed three control points for an arc of the circle. The sphere was then
reconstructed from the arc. This provided a geometric centroid and reference to evaluate

incongruences if the cam deformity exceeded its contours. The longitudinal femoral neck axis
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was determined as the line from the centroid of the sphere through the centroid of the narrowest
part of the femoral neck. A cross-sectional view was selected along the femoral neck axis to
observe the oblique-axial plane. The longitudinal femoral shaft axis was determined as the line
connecting the piriformis fossa through the centroid of the femoral shaft, bisecting the distal
midpoint of the diaphysis. As with conventional CT imaging, there were potential variances in
femoral and pelvic rotations and torsions among each participant. We corrected pelvic obliquity,
pelvic tilt, and also considered femoral neck and shaft alignments that were consistent for both

CT data and segmented models.

Figure 6.1. Three-dimensional models segmented from subject-specific CT data, considering the regions from the
superior iliac crest to the femoral diaphysis and from the knee’s inferior plateau to the posterior epicondyles.
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6.2.3 Anatomical Parameters

6.2.3.1 Axial and Radial Alpha Angles

The axial alpha angle was measured on the oblique-axial plane of the longitudinal femoral neck
axis, observing for an anterior asphericity. With the angle’s vertex centered on the femoral head
(on 2D images) and geometric centroid (on 3D models), the angle measured from the femoral
neck axis to the point where the head was no longer contained within the circle or sphere [46]
(Figure 6.2.A). The radial alpha angle was obtained by a 45-degree, 1:30 clock-face rotation
about the longitudinal femoral neck axis, observing the cam deformity in the anterosuperior
quadrant [51, 57] (Figure 6.2.B). An angle greater than 50.5° or 60° on the oblique-axial or radial

plane, respectively, was considered as a cam deformity [8, 57].

6.2.3.2 Femoral Head-Neck Offset
On the oblique-axial plane of the CT slice and segmented model (Figure 6.2.A), two tangents
were traced along the anterior femoral head and anterior femoral neck, both parallel with the

femoral neck axis. The distance between the tangents defined the offset between the head and

neck [17, 35].

6.2.3.3 Femoral Neck-Shaft Angle and Medial Proximal Femoral Angle

The femoral neck-shaft angle was measured on the frontal plane, formed by the longitudinal
femoral neck axis and the longitudinal femoral shaft axis (Figure 6.2.C) [31, 52]. Similarly, the
MPFA was measured between the longitudinal femoral shaft axis and the line joining the center

of the femoral head to the superior greater trochanter [7] (Figure 6.2.C).

6.2.3.4 Femoral Torsion and Acetabular Version
The femoral torsion was determined as the difference between the femoral neck and condyle
horizontals on the transverse plane. The neck horizontal angle was determined from the proximal
femur, as the angle between the longitudinal femoral neck axis and the horizontal plane. The
condyle horizontal angle was determined from the distal femur, formed by the posterior
epicondyles with respect to the horizontal plane [11, 24] (Figure 6.2.D).

Acetabular version was measured on the transverse plane coincident with the left and

right femoral head centers [17, 19]. On the image slice with the deepest acetabular socket, the
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version angle was formed by the connecting line between the anterior and posterior acetabular

notch with the perpendicular axis to the posterior acetabular notch (Figure 6.2.E).

6.2.3.5 Lateral Center-Edge Angle

Pelvic tilt and obliquity was first corrected by lining up the ischial tuberosities on the frontal
plane. The centre-edge angle was formed by the superior-inferior axis, perpendicular to the
ischial tuberosity, and the line from the femoral head center extending to the lateral edge of the

acetabular rim (Figure 6.2.F).
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Figure 6.2. Comparison of each anatomical parameter measured from CT images and segmented models of: A)
axial alpha angle (AA) and femoral head-neck offset (FHNO); B) radial alpha angle (RA); C) femoral neck-shaft
angle (FNSA) and medial proximal femoral angle (MPFA); D) neck (NH) and condyle horizontals (CH) of femoral
torsion; E) acetabular version (AV); and F) center-edge angle (CE).

124



6.2.4 Reliability and Statistical Analysis

To ensure that model segmentation was performed consistently, three models were initially
segmented by two individuals, to confirm that both individuals’ measurements were consistent.
For these preliminary three models, measurement differences within one increment of the unit
measure were considered acceptable. Once deemed adequate, all remaining models were
manually segmented by one individual and three segmentations were repeated by the same
individual, to ensure that the models were consistent. The three resegmented models were also
verified to be within a unit measure, to be deemed adequate.

The resultant measurements from the CT images and segmented models were then
unblinded and matched to analyze each participant’s affected side. For the symptomatic group,
each participant’s affected hip was defined as the side with clinical signs. For the asymptomatic
group, the affected hip was the side with the higher alpha angle. For the control group, the
control-matching hip was the side with the smaller alpha angle. To assess the measurement
reliability, the CT parameters were measured by two observers: Observer 1 performed the
measurements twice, to examine intraobserver reliability, while Observer 2 performed the
measurements once, to examine interobserver reliability with Observer 1. The segmented 3D
models were also measured by two observers: Observer 1 performed the measurements twice, to
examine intraobserver reliability and intermethod reliability with the CT measurements, while
Observer 3 performed the measurements once, to examine interobserver reliability with Observer
1. The second sets of observations for Observer 1, from CT data and segmented models, were
performed two weeks after the completion of the first. Statistical analysis was performed using
SPSS Statistics v.23 (IBM Corporation, Armonk, NY, USA), where intra- and interobserver
reliability was quantified using the intraclass correlation coefficient (/CC), using a two-way
mixed model seeking absolute agreement. Intermethod reliability was also assessed using a two-
way mixed /CC model, seeking consistency, and Bland-Altman scatter plots (CI = 95%). Intra-
and interobserver and intermethod agreements were considered as either poor (< 0.2), weak (0.2
—0.4), moderate (0.4 — 0.6), strong (0.6 — 0.8), or near-perfect (> 0.8) based on their /CC. A one-
way, between groups analysis of variance was used to determine differences in mean

intraobserver, interobserver, and intermethod observations (o = 0.05).
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6.3 Results

From CT images, the intraobserver reliability was in near-perfect agreement (0.861 < ICCcropbsi
<0.968, p <0.01), while the interobserver reliability was slightly lower, but still in strong to
near-perfect agreement (0.778 < ICCcrobsi-2 < 0.891, p <0.01). The lowest interobserver ICCs
from CT images were for medial proximal femoral angle, centre-edge angle, and femoral head-
neck offset (/CC =0.778, 0.778, 0.789, respectively). From segmented 3D models, all intra- and
interobserver reliabilities were in strong to near-perfect agreement (0.774 < ICCwmop obs1 < 0.966,
0.773 < ICCwmop obsi-3 < 0.983, p < 0.01). The parameters from the segmented models with the
lowest intra- and interobserver /CCs were femoral head-neck offset (0.774 and 0.798,
respectively) and femoral torsion (0.773 and 0.778, respectively). The axial alpha angle, radial
alpha angle, femoral neck-shaft angle, and acetabular version were measured consistently from
CT images and 3D models, demonstrating near-perfect intra- and interobserver agreements
(Table 6.2).

All intermethod measurements were also in strong to near-perfect agreement (0.709 <
ICCcr-mop £0.924, p <0.01; Table 6.3). The femoral head-neck offset, femoral neck-shaft angle,
centre-edge angle, and medial proximal femoral angle demonstrated the lowest intermethod
reliabilities (/CC = 0.709, 0.731, 0.764, 0.776, respectively), while the other anatomical
parameters were in near-perfect agreement. Although limits of intermethod agreement indicated
slight variances, most noticeably for the axial alpha angle (/CC = 0.897, limits = -8.6 to 8.3°) and
radial alpha angle (/CC = 0.874, limits = -10.4 to 8.7°), the mean differences for all parameters
were centered on zero with very few comparisons found beyond the upper or lower limits
(Figure 6.3). A few asymptomatic participants were observed to be outside the limits of
agreement, most noticeably for radial alpha angle, femoral head-neck offset, femoral torsion, and
acetabular version. The control participants were observed close to the mean differences, with
very few participants exceeding the upper or lower limits. Comparing each of the three
participant groups, there were no differences for each anatomical parameter measured from CT

images and 3D models, (p > 0.05; Table 6.4).
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Table 6.2. Summary of intraobserver and interobserver reliability for each anatomical parameter, measured from CT
images and segmented models

CT Images Segmented 3D Models
Anatomical Parameter Observer 1 Observer 1-2 Observer 1 Observer 1-3
intraobserver /CC interobserver /CC intraobserver /CC interobserver /CC
(mean + SD) (mean + SD) (mean + SD) (mean + SD)
Axial alpha angle (°) 0.942 (52.1 +£10.0°) 0.869 (51.8 +£9.3°) 0.966 (52.0 £9.5°) 0.983 (52.4 +£9.7°)
Radial alpha angle (°) 0.951 (61.5 +10.1°) 0.891 (63.4 +9.8°) 0.934 (62.2 £ 9.7°) 0.966 (62.9 +10.2°)
Femoral head-neck offset (mm) 0.923 (7.8 £2.0 mm) 0.789 (7.7 £2.5 mm) 0.774 (8.0 £2.1 mm) 0.773 (8.6 £2.0 mm)
Femoral neck-shaft angle (°) 0.861 (125.2 +3.8°) 0.856 (125.8 £3.9°) 0.957 (125.2+£3.5°) 0.978 (125.4 £3.5°)
Medial proximal femoral angle (°) 0.968 (80.7 £ 3.7°) 0.778 (81.7+£4.1°) 0.826 (81.9 £ 3.4°) 0.905 (81.8 £4.4°)
Femoral torsion (°) 0.883 (11.1 £10.3°) 0.874 (10.3+£10.3°) 0.798 (11.0 +9.0°) 0.778 (12.6 +7.5°)
Acetabular version (°) 0.900 (20.5 £5.2°) 0.840 (19.9 £5.2°) 0.855 (18.8 £5.2°) 0.922 (17.7 £5.5°)
Center-edge angle (°) 0.881 (33.3+£3.7°) 0.778 (33.7 £ 4.3°) 0.884 (33.8+3.7°) 0.838 (34.0 £2.0°)

All intraclass correlation coefficients (/CC) significant to p <0.01

Table 6.3. Summary of intermethod reliability for each anatomical parameter, comparing measurements from CT
images and segmented models

Anatomical Parameter Intermethod /CC Meap difference

(mean + SD) (limits of agreement 95%)
Axial alpha angle (°) 0.897 (51.9+9.5°) -0.15° (-8.6-8.3°)
Radial alpha angle (°) 0.874 (61.7+9.7°) -0.86° (-10.4-8.7°)
Femoral head-neck offset (mm) 0.709 (7.9 £ 2.1 mm) -0.27 mm (-3.5-2.9 mm)
Femoral neck-shaft angle (°) 0.731 (125.4 £3.6°) 0.29° (-4.8-5.4°)
Medial proximal femoral angle (°) 0.776 (81.3£3.5° -1.15° (-5.8-3.5°)
Femoral torsion (°) 0.924 (10.9 £9.5°) -0.20° (-7.5-17.1°)
Acetabular version (°) 0.838 (19.8 £5.2°) 2.12° (-3.6-7.9°)
Center-edge angle (°) 0.764 (51.94£9.5°) -0.76° (-5.5-4.0°)

All intraclass correlation coefficients (/CC) significant to p < 0.01

Table 6.4. Summary of Observer 1’s first reading of each anatomical parameter’s mean and standard deviation,
measured from CT images and segmented models

Anatomical Symptomatic Asymptomatic Control

Parameter CT Images 3D Models pvalue  CTImages 3D Models pvalue CTImages 3D Models p value
ﬁ‘g‘g‘f‘; (ajfha 55.6+7.0 578462  0.395 57.6+73  564+79 0596 419438  42.1+42  0.849
aRIf‘I:l‘:‘l(f)lpha 64.6+£66  68.0+54  0.146 68.1£69  67.5+72  0.775 505+£29  51.1+34  0.543

Femoral head-

6.1+1.7 71£1.7 0.759 73£1.9 69+19 0.465 95+14 10.0+ 1.1 0.634
neck offset (mm)

Femoral neck-

o 1206 £ 1.4 1208+2.0 0.274 1273+2.6 126725 0.493 1272+23 1269+22 0.184
shaft angle (°)

Medial proximal

o 79.2£33 80.7+3.9 0.127 81.5+4.0 823+38 0.487 80.9+3.3 822+23 0.238
femoral angle (°)

Femoral

S 11.4+120 11.7+11.1  0.951 133+75 12.5+5.6 0.669 7.3+10.5 8.7+£10.5 0.687
torsion (°)

Acetabular

AP 234+53 212+54 0.273 19.7+3.8 17.5+44 0.086 204+59 185+ 5.6 0.323
version (°)

Center-edge

angle (%) 33.7+43 348+39 0.487 32.1+£3.0 332+£37 0.228 334+£3.1 33.5+£3.6 0.945
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Figure 6.3. Bland-Altman scatter plots demonstrating intermethod agreements for the symptomatic (diamond),
asymptomatic (star), and control (circle) participants, between the CT images and segmented models, for each
parameter: A) axial alpha (AA) angle; B) radial alpha (RA) angle; C) femoral head-neck offset (FHNO); D) femoral
neck-shaft angle (FNSA); E) medial proximal femoral angle (MPFA); F) femoral torsion (FT); G) acetabular
version (AV); and H) center-edge (CE) angle.
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6.4 Discussion

We measured diagnostic anatomical parameters, common for FAI morphologies. As anatomical
characteristics are clinically pertinent to diagnose FAI and predict symptoms associated with
morphologies, we examined to what extent the anatomical characteristics from the 3D segmented
models were representative of the original CT data. While the clinical presentation and diagnosis
of cam-type FAI is relatively well-established, our understanding of the pathomechanisms
leading to cartilage degeneration is still evolving. Although the cam deformity has been well-
described with the alpha angle, how to directly characterize biomechanical abnormalities leading
to degeneration remains to be determined. While many studies focused on validating anatomical
measurement methods from imaging protocols, using intra- and interobserver repeatability, few
studies compared intermethod measurements to ascertain the geometric validity of segmented
models. Moreover, no studies compared intermethod measurements in the context of clinical
settings using three different participant groups (hip morphology involving symptomatic,
asymptomatic, and control participants). Several of the recent finite element studies of FAI
reconstructed idealized geometries to simulate hip joint stresses, using only alpha (cam
deformity) and CE angles (pincer deformity) as geometric parameters, without considering any
of the other subject-specific anatomical parameters as factors of mechanical impingement.
Moreover, the FAI models that were reconstructed from subject-specific imaging data were not
adequately validated against the original imaging data, thus it was unclear to what degree the
segmented models were accurate representations of the subject-specific hip joint geometries.
Prior to completing all the segmentations and measurements, two individuals compared
three preliminary segmentations and one individual resegmented three different models.
Knowing that there is a level of subjectivity during the measurements, anatomical parameters of
these preliminary models were measured and compared with one another. Any discrepancies
with measurements and segmentations methods were discussed among the two individuals
(where one unit of measure was deemed acceptable for clinical purposes). Our measurements
demonstrated excellent reliability, when comparing the two methods, due to the lack of
variability in patient positioning and imaging. Our intra- and interobserver reliabilities coincided
with previous studies having achieved very similar, if not better, reliability coefficients for axial
and radial alpha angles [5, 8, 16, 37, 49, 57], femoral head-neck offset [37, 49], femoral neck-

shaft and medial proximal femoral angles [7, 11, 31, 41, 52], femoral torsion [15, 24], acetabular
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version [19, 20], and centre-edge angle [16, 35, 37, 48]. However, many previous studies used
various imaging views and methods, thus making it difficult to draw direct intermethod
comparisons. Cadet and associates looked at intra- and interobserver reliabilities for planar
radiographs and 3D CT models, for eight FAI patients, observing for only alpha angle, cam
location, centre-edge angle, and crossover [16]. Their purpose was to examine whether
measurements from 3D CT models would demonstrate higher intra- and interobserver
reliabilities, in comparison with radiographic measurements. Their work suggested very little
differences between both methods and that there were no advantages to the 3D models for their
diagnostic purposes. However, their study was limited by a very small sample size (n = 8) with
only four measured parameters. Cadet and associates further acknowledged that the segmentation
process was time-consuming, but saw the potential for 3D models for surgical outcomes and
preoperative planning. In contrast, our study examined additional anatomical FAI parameters for
a larger sample size, examining intermethod discrepancies using Bland-Altman scatter plots.
Interestingly, Nepple and associates suggested that the 45° Dunn view and frog-leg radiographs
were adequate to approximate the cam deformity, in comparison with CT, but also
acknowledged that multiplanar 3D imaging could be more advantageous for deformity
characterization [43].

Although it took less time to measure parameters from planar images than from 3D
models, the geometric centroid fitted on the femoral heads of the 3D models provided a higher
level of certainty that the femoral neck and shaft axes were correctly represented, as they were
determined based on volumetric properties of the models. This was different from 2D images,
where measurements were recorded from subjectively traced geometric circles and axes, based
on the images’ contours.

Our 3D models were reoriented in SolidWorks to correct for pelvic incline. The models
permitted us to visualize and measure a truly 3D deformity. Several studies reported that 3D
measurements could be more accurate than 2D [10, 19, 22, 28, 30, 43, 50, 52], although this may
be dependent on the parameter and application. Harris and associates emphasized that a
statistical shape model could characterize the cam deformity [28]. The circle-fit implemented in
our study served as a geometric, spherical centroid and reference point, similar to the

conventional protocols established by Notzli and associates [46], where a perfect circle was
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traced around the femoral head on the oblique-axial plane. It may be useful to further examine
whether or not the conchoidal-fit could better describe the severity of the cam deformity [30].

Although strongly correlated, our planar images possibly did not capture the full depth of
the cam deformity or geometric structures, thus underestimating a few anatomical parameters.
Due to characteristics of 2D images that display and project only one slice at a time, a lot of
anatomical detail may be absent above or below the displayed slice, as evidenced by the femoral
head-neck offset, femoral neck-shaft angle, and medial proximal femoral angle parameters. Our
slight discrepancies could also be attributed to the different interobserver positioning of the
longitudinal femoral neck or shaft axis on the plane of interest. This was perhaps more evident
for the evaluation of the femoral head-neck offset, which could have resulted in different
estimations of perpendicular offsets and not adequately capturing the depth of the cam deformity.
A known recurring issue with 3D segmentation is the presence of geometric artefacts, generated
from poor resolution and voxel sizing. The models were resurfaced in SolidWorks, which
reduced geometric artefacts, but also produced a more smoothed representation of the model.
The resurfacing procedure was performed to integrate a spline over the nodes, in efforts to
reduce the number of jagged voxel edges that are typically produced from image segmentation.

We acknowledge that there are inherent limitations with segmentation and modelling that
could greatly influence the outcome of finite element simulations. For our methods to measure
the 3D anatomical parameters, we adhered to the 2D measurement methods as closely as
possible (i.e., circle-fitting to reconstruct a geometric centroid). The methods for 2D CT
measurements are commonly practiced and, as we wanted to model large-scale anatomical
parameters of the femoral head-neck and acetabulum, we implemented and compared anatomical
measurements that were used in clinical practice.

According to our Bland-Altman plots, it was more difficult to assess the asymptomatic
participants, making the limits of agreement slightly wider. With this discrepancy to characterize
asymptomatic participants in mind, this further suggests the need to understand the risks and
anatomical indicators of osteoarthritis to classify the asymptomatic population [27, 34, 44, 56,
57]. With the exception of the alpha angles, there were no other established anatomical
thresholds to characterize asymptomatic individuals.

The comparison of intermethod clinical measurements raises many questions as to if and

how methods can be confidently interchangeable [13, 14, 40]. The limits of agreement were
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deemed reasonable, based on our clinical application [12], with mean differences centered on
zero. Lee and associates considered that there should be no systematic bias; no significant mean
differences between methods; and /CC should be at least 0.75 [40]. First, in our study, observer
and systematic bias were removed as much as possible, with all data blinded and read multiple
times, with multiple readers. Second, there were no statistical differences between intermethod
means. Third, although only femoral head-neck offset and femoral neck-shaft angle did not meet
the intermethod correlation criterion of 0.75, the parameters demonstrated very strong
correlations. We noted a few underestimations to be expected with CT measurements, however,
when doubt arises with the segmented models and in clinical practice, any measured hip joint
parameter with an intermethod /CC near or below 0.75, should be repeated. If the intermethod
ICC still falls below 0.75 after the repeated observation, the model could be re-segmented to
ensure that the models are accurate geometric representations.

The importance of validating hip joint geometries cannot be overstated, especially when
these models are used to study the natural history and pathomechanism. We demonstrated
potential differences to be expected when performing subject-specific segmentation and
modelling, with slight discrepancies noted from the Bland-Altman plots, and showed consistency
to be implemented in clinical orthopaedics [12]. We implemented a method to help ensure that
the anatomical characteristics from 3D segmented models were representative of the original CT
data. The crucial anatomical parameters were near-identical, subject-specific representations of
the hip joint geometry, demonstrating that the 3D models can be further implemented for

computational analysis and finite element simulations.
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7.0 Abstract

Computational, finite element hip joint simulations can represent a patient demographic
and help predict adverse loading conditions. It is unclear what combination of material
properties should be implemented, when using similar geometric and loading assumptions,
to examine hip joint stresses and elucidate risks of early joint degeneration. The purpose
was to evaluate conventional material modelling properties, used for bone and cartilage
models in finite element hip joint simulations, and compare their resultant peak maximum
shear stress characteristics. Hip joint models (femur, pelvis, femoral and acetabular
cartilages, labrum) were segmented from one male participant’s CT and MRI data. Models
were meshed and parameterized as either: 1) cortical with trabecular bone, 2) cortical
without trabecular bone, or 3) heterogeneous, subject-specific bone; with either: A) linear-
elastic, B) hyperelastic, or C) orthotropic soft tissues properties; for a total of nine hip joint
assemblies. Subject-specific hip contact forces, during terminal stance, were determined
from a musculoskeletal modelling program and applied to all models for simulation. The
heterogeneous bone combined with hyperelastic soft tissues showed slightly higher
absolute peak maximum shear stress at the anterolateral acetabular cartilage (5.8 MPa);
whereas the cortical and trabecular bone assembly with orthotropic soft tissues showed the
lowest peak stress (4.0 MPa). The heterogeneous, subject-specific bone density models
also indicated moderate variability between soft tissues parameters (7.1 — 16.8%), but
captured secondary stress concentrations. Although marginal differences, the
heterogeneous bone density models may be more adequate to demonstrate inter-subject

variability and represent specific pathologies.
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7.1 Introduction

Early benchmark studies in hip joint contact mechanics implemented cadaveric specimens
loaded into an instrumented testing apparatus [11, 25, 29, 45]. More recently, many studies
focused on in silico methods to examine hip joint contact mechanics, having the advantages to
reconstruct finite element hip joint models from subject-specific imaging data and parameterize
different aspects of hip joint geometry, material properties, and loading parameters [3, 9, 49].
Many in silico hip joint studies report contact stresses as resultant dependent variables used for
comparative analyses. Although biological implications of joint stresses are disputable [8],
results from computational simulations can provide an assessment as to which geometric,
material, or loading factors are associated with patient-specific demographics and risks of early
joint degeneration [31, 44].

Early finite element hip joint simulations often included the femur, pelvis, articulating
femoral and acetabular cartilages within the assembly, with more recent efforts accounting for
the labrum as well [12, 13, 17, 18, 21], where material properties depended on the physiological
application. Since bone is macroscopically composed of cortical and trabecular bones, several
studies implemented conventional material properties to consider each bone as linear-elastic,
isotropic materials with homogeneous elastic and shear moduli; as well as modelling cartilage
and soft tissues as linear-elastic [10, 37, 38]. Anderson and associates (2008, 2010) further
excluded the trabecular structures from simulations, justifying that they had very little influence
on contact stresses and increased computation time. To account for variable bone densities in the
femur and pelvis, many studies applied elastic moduli based on an empirical formula derived
from apparent bone densities [6, 33, 42], to represent the stiffness of each individual finite
element, resulting in more subject-specific, heterogeneous bone models. Nonlinear effects of soft
tissues can also be approximated with hyperelastic properties, to estimate nonlinear, viscoelastic
responses [3, 21]; or orthotropic properties, accounting for the different responses in each of the
cylindrical directions [17].

With several different material modelling parameters, it is unclear how resultant contact
mechanics would compare in terms of stress characteristics, under similar geometric assumptions
and loading conditions. In efforts to understand the effects of material modelling parameters on

hip joint morphology and simulations, the purpose was to evaluate various conventional material
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modelling properties of the bone and cartilage, used in finite element hip joint loading

simulations, and compare their resultant peak hip joint stress magnitudes and distributions.

7.2 Methods

7.2.1 Participant

One male participant, with no history of lower limb abnormalities, clinical signs, symptoms, or
previous surgeries was recruited for this study (n = 1, age = 26 years, BMI = 23 kg/m?). The
participant underwent pelvic computed tomography (CT) and magnetic resonance imaging
(MRI), to reconstruct bone and cartilage models, respectively; and walking kinematics and
kinetics were recorded in a motion capture environment. Our protocol and analyses were
approved by the university and hospital research institute ethics boards and the participant signed

and provided informed consent prior to the study.

7.2.2 Imaging and Anatomical Parameters

Pelvic and knee CT data were acquired from the participant using a conventional scanner
(Discovery CT750, GE Healthcare, Mississauga, ON, Canada); scanning in a supine position
with a calibration phantom (Model 3, Mindways Software, Austin, TX, USA) placed under the
lumbar vertebra for bone mineral densitometry. The CT data were captured (512x512 resolution,
slice thickness of 0.625 mm, 120 kVp, 200 mAs, in-plane pixel spacing of 0.721 mm) and the
hip joint anatomical parameters were first measured by a senior musculoskeletal radiologist
(KSR) to determine which hip to model and analyze. Both hips showed no indications of
acetabular overcoverage, dysplasia, crossover signs, femoral or acetabular retroversion; however,
the left hip indicated smaller cam parameters (i.e., lower axial and radial alpha angles compared
with the right hip) and was selected for further modelling and analyses. The left hip underwent
subsequent MRI (MAGNETOM Symphony, Siemens Healthcare GmbH, Erlangen, Germany),
to determine the cartilage thickness and contour of the labrum, using a field strength of 1.5 T

(384x384 resolution, slice thickness of 3 mm, in-plane pixel spacing of 0.469 mm).

7.2.3 Contact Forces

In efforts to minimize skin artefacts and locate hip joint centers, surface electrodes were placed

onto the participant’s pelvic landmarks prior to CT imaging, at the left and right anterior superior
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iliac spines and posterior superior iliac spines. After CT imaging, the surface electrodes were
replaced with retro-reflective surface markers used for motion capture. Therefore, the surface
electrodes represented the reference locations of each pelvic retro-reflective marker, with respect
to the hip joint center [27]. The participant performed level walking trials in our motion capture
laboratory, where 3D kinematics were recorded using a ten-camera motion capture system (MX-
13, Vicon, Oxford, UK) with retro-reflective markers attached onto each participant’s anatomical
landmarks according to a modified Plug-in-Gait model; and ground reaction forces were
captured using two stationary force plates (FP4060-08, Bertec, Columbus, OH, USA). Hip
contact forces were then estimated using a musculoskeletal modelling program (OpenSim 3.1,
SimTK, USA), where resultant 3D hip contact forces were calculated and expressed in the pelvic
reference system [26]. The loading response and terminal stance phases during walking were
observed to distinguish which produced higher resultant forces. The instant with the highest
resultant forces was simulated for the quasi-static loading condition, to compare differences in

responses for each combination of material properties.

7.2.4 Segmentation and Modelling

The femur and pelvis were manually segmented from CT data, using image segmentation
software (3D-Doctor 4.0, Able Software Corp., Lexington, MA, USA), reconstructing the bone
contours from the superior iliac crest to the proximal femur. In addition, the contours of the
trabecular bones were segmented. Each geometric model was resurfaced to reduce geometric
artefacts, using computer-aided design software (SolidWorks, Dassault Systémes, Concord, MA,
USA). Anatomical hip joint parameters of the segmented models were measured to confirm the
model’s geometric accuracy with the associated CT data. Measurements were taken by two
observers, each performing two observations, following an existing protocol to validate
segmented hip joint models from its original CT data [30].

Using the segmentation software, the MRI data were centered on four control points of
the target CT image, where the deepest width and depth of the acetabulum and the femoral head
center were denoted as registration landmarks (Figure 7.1). The midpoint between the femoral
and acetabular cartilage was determined as well, denoting the thickness of each cartilage. The

peripheries of the femoral cartilage, acetabular cartilage, and labrum were manually segmented
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and resurfaced. Each bone, cartilage, and labrum component was individually segmented, to be

assigned unique material modelling properties.

Figure 7.1. Sagittal view showing the image registration of a participant’s left hip using CT (A) and MRI (B) data.
The CT scan shows the dense tissues of the acetabulum and femoral head, while MRI shows the separation between
the acetabular and femoral cartilage. The red asterisks denote registration landmarks and control points that were
established at the deepest width and depth (not visible) of the acetabulum and the femoral head center.

7.2.5 Material Parameters and Pre-Processing

Each component was imported to finite element analysis software (ANSYS 12.1, ANSYS Inc.,
Canonsburg, PA, USA) and each model was meshed with SOLID187 elements — a ten-node
tetrahedral element. Three bone (1-3; Figure 7.2) and three soft tissue (A-C) modelling
parameters were considered and reconstructed (Table 7.1), for a total of nine pre-processed
models:

1) Cortical and trabecular bone assembly: where both cortical and trabecular bone models
were included and considered as two separate homogeneous, isotropic models in the each of
the femur and pelvis components [10, 37, 38].

2) Cortical shell model (trabecular bone removed): where homogeneous trabecular
components were neglected. A Boolean operation removed the trabecular components from
the femur and pelvis, resulting in a homogeneous, isotropic cortical shell model with varying
thickness [3].

3) Heterogeneous bone model: where material properties were based on subject-specific

apparent density, using the calibration phantom and quantitative mapping. Properties were
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determined using a density mapping script (Bonemat v3.1, Istituto Ortopedico Rizzoli,
Bologna, Italy) resulting in a heterogeneous, isotropic bone model [39, 42]. Meshes were
first imported into the bone density mapping software and a density-elasticity relationship
assigned unique elastic moduli to individual elements of the entire model, based on the
conversion from the densitometry calibration (pct) to the corrected apparent density (pash).

A) Linear-elastic cartilage and labrum: where both cartilage and labrum were modeled as
linear-elastic and isotropic [10, 14].

B) Hyperelastic cartilage and labrum: where cartilage and labrum were modeled as Neo-
Hookean, hyperelastic and incompressible models [21, 32].

C) Orthotropic cartilage and labrum: where linear-elastic, orthotropic properties were
assigned to the femoral cartilage, acetabular cartilage, and labrum [5, 14, 17].

Biphasic formulations were not considered for soft tissue parameters. The hyperelastic
soft tissues was configured to a mixed formulation with constant hydrostatic pressure
(KEYOPT(6) = 1, hyperelasticity), with large deformations considered during simulation. Bone
and soft tissue models started with a nominal element size of 3 and 2 mm, respectively, and then
refined to ensure mesh sensitivity and convergence. Element sizes and counts were similar
among modelling parameters, for each of the bone and soft tissue models, with the exception of
the cortical shell assembly, which had a reduced total element count due to the excluded

trabecular bone.

Figure 7.2. Section view of the left hip joint assembly in the frontal plane showing the bone (grey), acetabular
cartilage and labrum (blue), and femoral cartilage (green) components in the: 1) cortical (grey) and trabecular (red)
bone assembly; 2) cortical shell model, with the trabecular bones removed; and 3) heterogeneous model, that
incorporated subject-specific bone density values throughout the entire bone.
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Table 7.1. Summary of material properties for each bone and soft tissue modelling parameter

Modelling Parameter

Component

Material Properties

References

1) Cortical and Cortical bone Ecort =17 GPa Chegini et al. 2009
trabecular bone Veort = 0.29 Rudman et al. 2006
assembly Russell et al. 2006

Trabecular bone Etab = 100 MPa,
Virab = 0.3

2) Cortical shell Cortical bone Ecort = 17 GPa, Anderson et al. 2010
model Veort = 0.29

3) Heterogeneous Cortical and E =a+ bpas® Carter and Hayes 1977
bone model trabecular bone based on empirical density-elasticity Morgan et al. 2003

relationships Schileo et al. 2008
Taddei et al. 2007

A) Linear-elastic Cartilage Ecartitage = 12 MPa, Veartilage = 0.45 Chegini et al. 2009
cartilage and Labrum Elabrum = 20 MPa, Viabrum = 0.4 Ferguson etal. 2001
labrum

B) Hyperelastic Cartilage and G=13.6 MPa, K=1.36 GPa, D1 =0 Henak et al. 2011
cartilage and labrum Park et al. 2004
labrum

Athanasiou et al. 1994

C) Orthotropic Ei1=1.18 MPa, E> = E; = 8.5 MPa;
cartilage and vi2 =v13 = 0.046, v23 = 0.146; G = 2.5 MPa Ferguson et al. 2001

labrum Hellwig et al. 2016
Acetabular cartilage E1 = 1.23 MPa, E> = E; = 8.5 MPa;

vi2 =v13=0.044, v23 = 0.146; G = 2.5 MPa

Femoral cartilage

Labrum E1=0.157 MPa, E> =26, E3 =3 MPa; vi2 =vi3

=0.04,v23=0.1;G=1.5 MPa

7.2.6 Finite Element Simulation

Boundary conditions were fixed at the sectioned proximal diaphysis, pubis symphysis, and iliac
crest, from the anterior to the posterior superior iliac spines. Contact between femoral and
acetabular cartilage was modelled with a coefficient of friction of 0.01 [43]. A quasi-static
loading scenario, using the highest resultant hip joint forces during terminal stance, was
discretized for comparison. The femur model was oriented with respect to the pelvis model,
using the kinematics data during the loading condition, with the hip contact forces applied at the
femoral head, in the pelvic reference frame. Peak maximum shear stresses were examined for
each participant’s acetabular cartilage and labrum, as it could indicate adverse loading leading to
cartilage failure [34] and across the cartilage-bone interface [4]. A convergence analysis was
performed to ensure that the refined mesh obtained an adequate solution, noting the relationship
between the stress magnitude and the number of total elements (decrease in element size).

Convergence was adequate if the change in stress magnitudes was less than 5%, with increasing
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element refinement. Unaveraged stresses were also verified as well and compared with the

averaged integration point results, to ensure that meshes were sufficiently refined.

7.3 Results

The anatomical parameters measured from the segmented models were similar to its associated
CT data, confirming that the bone models were accurate geometric representations (Table 7.2).
The cartilage and labrum geometries were identical for each simulated condition. The quasi-
static loading condition was simulated for the terminal stance phase. After mesh refinement for
each modelling parameter, the number of elements was substantially higher for the
heterogeneous bone model (150,652 + 160) and cortical and trabecular bone assembly (141,205
+ 112), compared to the cortical shell model (102,488 = 93). For the nodal integration points,

the unaveraged stresses were within 2% of the averaged stresses.

Table 7.2. Anatomical parameters measured from the original CT data and the segmented model

Anatomical Parameters CT Data Segmented Model
Axial 3:00 alpha angle (°) 45 46

Radial 1:30 alpha angle (°) 55 55

Femoral head-neck offset (mm) 9 8

Femoral neck-shaft angle (°) 130 129

Medial proximal femoral angle (°) 82 81

Femoral torsion (°) 4 5

Acetabular version (°) 17 19

Lateral center-edge angle (°) 31 30

The combination of heterogeneous bone with hyperelastic soft tissues had the highest
absolute peak maximum shear stress (5.8 MPa; Figure 7.3), located in the anterolateral quadrant
(Figure 7.4); while the cortical and trabecular bone assembly with orthotropic soft tissues had the
lowest peak maximum shear stress (4.0 MPa; Figure 7.3), also in the anterolateral acetabulum
(Figure 7.4). The cortical and trabecular bone assembly had the largest variability in peak
maximum shear stresses (4.0 — 5.0 MPa) and largest percent differences, among soft tissue
parameters (2.0 — 22.2%; Table 7.3). The heterogeneous, subject-specific bone density models
showed moderate variability (4.9 — 5.8 MPa, 7.1 — 16.8%) and showed slightly higher peak

stresses, with stress distributions indicating secondary stress concentrations. Although the
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cortical shell model had lower variability (5.1 — 5.4 MPa, 2.0 to 7.7%), there were abrupt
changes in stress distributions, for each of the soft tissue modelling parameters, and no evident

secondary stress concentrations.

8.0 - m 1) Cortical and trabecular bone assembly
0 2) Cortical shell model
7.0 4 @ 3) Heterogeneous model

6.0 -
5.0
4.0 -
3.0
2.0 -

1.0

Peak maxmimum-shear stress (MPa)

0.0

A) Linear-elastic B) Hyperelastic C) Orthotropic

Soft tissue model parameter

Figure 7.3. Peak maximum shear stress values for each combination of bone (1-3) and soft tissue (A-B) modelling
parameter.
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Bone model Soft tissue model parameter

parameter A) Linear-elastic B) Hyperelastic C) Orthotropic

1) Cortical and
trabecular bone
assembly

Max = 4.0 MPa

“ ~
Max = 4.9 MPa Max = 5.0 MPa &

2) Cortical shell
model

Max = 5.0 MPa g

Max = 5.1 MPa Max = 5.4 MPa

3) Heterogeneous
bone model

Max = 5.4 MPa Max = 5.8 MPa Max = 4.9 MPa

Figure 7.4. Sagittal view of a single participant’s acetabular cartilage and labrum, showing the maximum shear
stress distributions, for each bone (1-3) and soft tissue (A-C) modelling parameter. The reference locations are
denoted by anterior (A), posterior (P), superior (S), and inferior (I). Peak stresses were localized in the anterolateral
quadrant, with secondary stresses distributed in the anterosuperior quadrant and anterior labrum, dependent on the
modelling parameters.
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The linear-elastic soft tissues showed the lowest variability, between each of the bone

modelling parameters, with stresses predominantly at the anteroinferior labrum, instead of the

acetabular cartilage (4.9 — 5.4 MPa, 4.0 — 9.7%; Table 7.3). Although the hyperelastic models

showed moderate variability (5.0 — 5.8 MPa, 7.7 — 14.8%), there was greatest amount of contact

distribution, for each of the bone modelling parameters, with stresses concentrated at the

anterolateral acetabulum; whereas changes in stress concentrations were most abrupt in the

orthotropic soft tissues (4.0 — 4.9MPa, 2.0 — 20.2%)).

Table 7.3. Comparison of percent differences between bone and soft tissue modelling parameters

Percent difference between soft tissue modelling parameter

Bone modelling parameter A) Linear-elastic B) Hyperelastic A) Linear-elastic
B) Hyperelastic C) Orthotropic C) Orthotropic

1) Cortical and trabecular bone assembly 2.0% 22.2% 20.2%

2) Cortical shell model 5.7% 7.7% 2.0%

3) Heterogeneous model 7.1% 16.8% 9.7%
Soft tissue modelling parameter

Percent difference between bone

modelling parameter A) Linear-elastic B) Hyperelastic C) Orthotropic

1) Cortical and trabecular bone assembly o o o

2) Cortical shell model 4.0% 7% 222%

2) Cortical shell model o o o

3) Heterogeneous model 3% 71% 2.0%

1) Cortical and trabecular bone assembly 9.7% 14.8% 202%

3) Heterogeneous model

7.4 Discussion

The intention of the study was to examine the influence of various bone and soft tissue material
modelling parameters on hip joint stresses, while maintaining hip joint geometries and loading
conditions consistent for all conditions. Although subject-specific reconstructions are sometimes
avoided due to time consuming segmentations, it may be important to incorporate geometries

that accurately reflect patient-specific demographics to predict contact stresses. We examined
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differences in stress characteristics among each bone and soft tissues material modelling
parameter, using the same subject-specific hip joint geometries and loading condition. The bone
and soft tissue geometries were extracted from imaging data and, along with the mesh refinement
parameters and boundary conditions, were consistent for all simulations. The joint loading
condition was implemented as hip joint contact forces and was also consistent for all simulations.
We accounted for differences in cartilage thickness in the models, knowing that femoral and
acetabular cartilage are non-uniformly distributed and each have different thicknesses [23, 28].

We compared conventional soft tissues parameters and considered cartilage as a whole-
body layer under quasi-static, non-cyclic loading parameters, where in many previous studies,
simplified isotropic properties were often implemented [2, 3, 10, 37]. Various articular cartilage
models in previous simulations also focused on biphasic [15, 17] or poroelastic, fibril-reinforced
properties [12, 13, 40]. It may be interesting to further investigate stress consolidation due to
fluid exudation and intermittent hydrostatic pressures in the future; however, may require a
reduced axisymmetric hip joint model [12, 13, 40].

Our cortical and trabecular bone assembly implemented conventional principles to model
linear-elastic, isotropic bone components [9, 10, 37, 38], but demonstrated the largest variability
in peak maximum shear stresses, between each soft tissue parameter. The stress magnitudes were
slightly lower than previous reports, as we reported peak maximum shear stresses, which tended
to be consistently lower than contact pressures and von Mises stresses, reported in previous
findings. The increased stresses at the anteroinferior labrum may be attributed to the linear
response of the material property.

Our cortical shell and hyperelastic soft tissues model implemented the principles of
Anderson and associates (2008, 2010), according to which the inclusion of the cortical bone,
alone, should have been sufficient to predict adverse cartilage stresses. Similar to their study, we
confirmed that including the trabecular bone did not show substantial differences in stress
characteristics. Moreover, simulation time and mesh refinement were much shorter and simpler
[2, 3]. Their studies used hexahedral elements for their cartilage geometry (~37,000 elements)
and tetrahedral elements for their cortical shell mesh (~35,000 elements), which was far less than
our element count (~ 103,600 elements). Similarly, we meshed our bones with tetrahedral
elements, but decided to stay consistent with tetrahedral elements for soft tissue components.

Although hexahedral elements are likely more stable and efficient for simplified femur models,
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tetrahedral elements could produce a more accurate geometry [36]. Anderson and associates
(2010) examined the effects of various bone and cartilage topologies and provided a well-defined
benchmark for several subsequent in silico hip joint studies [1, 16, 18, 20-22]. Our peak
maximum shear stresses were within range of Henak and associates’ results [19], but again
tended to be consistently lower than contact pressures [3]. Our cortical shell model was feasible
to predict the absolute peak stress magnitude and location, compared with other bone modelling
parameters, however, not sufficient to indicate secondary stress concentrations. For descriptive
analyses involving several participant models, representative of specific demographics, it may be
appropriate to implement this approach.

Our subject-specific bone density models showed slightly more distinct secondary stress
concentrations that corresponded with areas of denser bone. With varying bone density, the
stress differences demonstrated a level of sensitivity that the heterogeneous bone density model
could capture, in comparison with the other two homogeneous structures. This approach may be
more adequate for a cross-sectional analysis, comparing subject-specific hip joint stresses or
pathological groups. We retrospectively examined the bone density distribution of the
heterogeneous model and noticed that the elastic moduli varied slightly in the acetabular dome.
Although not substantially variable in this healthy, non-pathological participant, heterogeneous
bone models may be even more important when examining hip joints with various known
pathologies (e.g., femoroacetabular impingement, dysplasia, slipped capital femoral epiphysis),
especially if the joint underwent osteoarthritic changes and subchondral bone remodelling [35,
41].

Our participant had an increased hip extension, during terminal stance, which resulted in
prominent anterolateral hip joint stresses. Unlike previous finite element simulations, the joint
contact forces that were implemented in this study were not acquired from instrumented
prostheses data [7], which scaled bodyweight loading to the participant’s activity; instead, hip
contact forces were acquired from a musculoskeletal modelling simulation, which reflected joint
loading predictions specific to our participant and activity [26]. The anterolateral stresses
coincide with previous findings on anterior hip forces, during terminal stance and toe-off [24, 46,
47]. Lewis and associates (2010) indicated that muscle forces, together with ground reaction
forces, contributed to substantially higher total forces during terminal stance phase; in which a

greater hip extension resulted in elevated anterior hip joint force. Similarly, Wesseling and
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associates’ musculoskeletal model (2015) demonstrated a decreased hip contact force, during
terminal stance, after reducing hip extension.

One of the limitations was the number of modelling parameters examined in this study.
We selected conventionally used material modelling parameters from literature that simulated
macroscopic effects of joint loading on cartilage contact stresses. It should be acknowledged that
there are several other studies that implemented intricate modelling parameters and material
properties, which posed other in-depth and purposeful research questions. This study also
examined a single, healthy participant with no known lower-limb abnormalities, in efforts to
compare parameterized material modelling parameters. Knowing that inter-subject variability is
just as influential as parameterizing material properties [16], it would be interesting to examine
the effects of each modelling parameter with a larger sample size or a group that could represent
a patient-specific population. This would further confirm if a subject-specific, heterogeneous
bone model could better predict symptomatic contact stresses.

The hip joint was imaged with 3-mm slices during MRI. Although this was a relatively
large slice thickness, compared to CT imaging, the MRI was a high resolution sagittal sequence,
adequate for assessing the cartilage thicknesses (in-plane pixel spacing of 0.469 mm). Similar to
CT acquisition, MRI was also done in the supine position. To further assess the effects of hip
morphologies on cartilage thickness, imaging during weight-bearing positions could be
considered in the future [48], to incorporate the effects of natural postural position and loading.

Resultant hip joint loading was interpreted as hip contact forces applied to the femoral
head, similar to load applications of Bergmann and associates’ study (1993). Our hip joint
contact forces were determined through static optimization and were marginally higher than
forces measured from instrumented prostheses. However, differences in age, activity level, BMI,
and pathology between our studied participant and participants from instrumented prostheses
cohort (i.e., older in age, moderate activity level, higher BMI, arthroplasty resulting from
osteoarthritis) should be considered. The next step is to incorporate individual muscle
contributions at their lines of action and through their wrapping points using a musculoskeletal
model, which may yield higher resultant stresses, as opposed to a resultant net contact force at
the hip joint center. Moreover, although it was not the purpose of this study, it would be
interesting to select one combination of material modelling parameters, to further examine the

effect of hip extension on anterior stresses during level walking [24]. This would lead to further
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research in asymptomatic pathologies resulting in altered hip extension and pelvic range of
motion, possibly delineating the associated risks with elevated anterior hip joint degeneration
[46, 47].

There are several formal requirements that finite element simulations should meet to be
deemed clinically applicable; which includes selecting and verifying the model parameters, as
well as identifying the proper input parameters [44]. One of the ongoing challenges is the
formulation of a robust finite element hip joint model that considers subject-specific parameters,
hip joint loading, and geometric models, to predict adverse loading conditions [31]. From this
study, a total of nine combinations of bone material parameters and soft tissue material
properties were simulated and compared. Using the same geometries and hip joint loading
parameters, for each combination of material properties, the differences in stress distributions
and concentrations were relatively marginal (both visually and numerically). From the resulting
similarities, the effects of simplified material modelling parameters leading to progressive joint
degeneration has not yet been fully elucidated. The linear-elastic soft tissue models demonstrated
the lowest variability in peak stress, while the cortical and trabecular bone assembly showed
larger variability. It may be more feasible to implement either of these combinations for larger
sample sizes, representative of healthy participant cohorts. Although the heterogeneous bone
density model showed moderate variability, it showed the highest peak stress (with the
hyperelastic soft tissues) and indicated more well-distributed stresses and secondary peaks. In
combination with the non-linear, hyperelastic soft tissues, the heterogeneous bone model may be
the most adequate to demonstrate inter-subject variability within a cohort or represent a patient-
specific demographic with a known pathology or degenerative osteoarthritic changes. While
there is variability to be expected with any combination of material properties and modelling
parameters, it will always be important to understand relative differences between each

combination and, if possible, account for these variabilities.
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8.0 Abstract

Background: It is still unclear why many individuals with a cam morphology of the hip do not
experience pain. It was recently reported that a decreased femoral neck-shaft angle may also be
associated with hip symptoms. However, it is unclear what effects do different femoral neck-
shaft angles have on hip joint stresses in symptomatic and asymptomatic individuals with cam
morphology.

Questions/Purposes: We examined the effects of the cam morphology and femoral neck-shaft
angle on hip stresses during walking by asking: (1) Are there differences in hip stress
characteristics among symptomatic patients with cam morphology, asymptomatic individuals
with cam morphology, and individuals without cam morphology? (2) What are the effects of
high and low femoral neck-shaft angles on stresses?

Methods: Six participants were selected, from a larger cohort, and their cam morphology and
femoral neck-shaft angle parameters were measured from CT data. Two participants were
included in one of three groups: 1) symptomatic with a cam morphology, 2) asymptomatic with a
cam morphology, 3) asymptomatic control with no cam morphology; with one participant having
the highest femoral neck-shaft angle, whereas the other participant having the lowest, in each
subgroup. Subject-specific finite element models were reconstructed and simulated during the
stance phase, near push-off, to examine maximum shear stresses on the acetabular cartilage and
labrum.

Results: The symptomatic group with cam morphology indicated high peak stresses (6.3-9.5
MPa), compared with the asymptomatic (5.9—7.0 MPa) and control groups (3.8—4.0 MPa).
Differences in femoral neck-shaft angle influenced both symptomatic and asymptomatic groups;
participants with the lowest femoral neck-shaft angles had higher peak stresses in their respective
subgroups. There were no differences among control models.

Conclusions: The study suggests that individuals with a cam morphology and varus femoral
neck angle are subject to higher mechanical stresses than those with a normal femoral neck angle.
Individuals with a cam morphology and decreased femoral neck-shaft angle are likely to
experience severe hip stresses. Although asymptomatic participants with cam morphology had
elevated stresses, a higher femoral neck-shaft angle was associated with lower stresses. Future

research should examine larger amplitudes of motion to assess adverse
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8.1 Introduction

The pathomechanism of the cam-type hip morphology, which in some patients is associated with
femoroacetabular impingement (FAI), has been intensely investigated to better understand
anatomic and functional parameters associated with symptomatology. Cam deformity,
characterized by an aspherical femoral head-neck junction, has been suggested as a cause of
labral-chondral damage as well as an early cause for hip osteoarthritis [11, 17]. Several studies
suggest that severe cam deformity, as defined by larger alpha angles, could indicate which
individuals may be at risk of developing early hip pain and arthritis [1, 22]. Although many
symptomatic individuals with a cam morphology experienced different hip kinematics, notably
during level walking [21] and maximal squatting [23, 24], other individuals with a cam
morphology may not experience any clinical signs or symptoms [2, 12, 13, 19, 22, 33, 45]. In
addition to elevated alpha angles, it was recently noted that a decreased femoral neck-shaft angle
might be indicative of early symptoms as well [13, 33, 34, 45]; however, it is unclear what
combined effects a large cam morphology and decreased femoral neck-shaft angle have on
resultant hip stresses. To our knowledge, no study has incorporated these subject-specific
anatomic parameters with computational, finite element methods to determine the effects on
mechanical hip stresses.

According to a recent systematic review on finite element simulations of cam FAI [36],
there has been limited work pertaining to finite element simulations that examine cam FAI and,
moreover, many of the previous studies used idealized hip geometries [8, 15] as opposed to
models reconstructed from subject-specific imaging data. It has also been demonstrated that
subchondral bone density is higher in individuals with a symptomatic or asymptomatic cam
morphology [52, 53]; however, previous finite element simulations neglected subject-specific
bone material properties. Previous finite element studies also attempted to delineate
pathomechanics of cam FAI using hip reaction loads from instrumented hip prostheses [8, 15, 18]
or from inverse dynamics [37]. However, inverse dynamics are limited to external and inertial
forces, typically neglecting muscle activity [26, 54], whereas rigid body dynamics and
musculoskeletal modeling include gravitational, inertial, and muscle forces to calculate joint
contact loads.

Because elevated mechanical stresses in the subchondral bone may play a

pathomechanical role in cam FAI [42, 52, 53], subject-specific input parameters (perhaps
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including geometries, material properties, joint loading) are critical to adequately represent a
patient demographic. It would also be necessary to examine hip stresses in individuals with an
asymptomatic cam morphology to determine if stress magnitudes and distributions of these
individuals are comparable to either an at-risk, symptomatic population or healthy control
population without cam morphology. The purpose of this study therefore was to examine the
combined effects of the cam morphology and femoral neck-shaft angle on hip stresses during
level walking. We specifically addressed two research questions: (1) Are there any differences in
hip stress characteristics among patients with cam morphology, asymptomatic individuals with
cam morphology, and control individuals without cam morphology? (2) What are the effects of a

high or low femoral neck-shaft angle on hip stresses for each respective subgroup?

8.2 Patients and Methods

Six male participants (n = 6, age = 32 + 7 years, body mass index = 26 + 3 kg/m?), from a larger
patient cohort (which consisted of 43 males [33]), were recruited through the senior orthopaedic
surgeon's clinical practice (PEB). The cam morphology has been more prevalent in younger,
athletic males [11]; therefore, the six participants in this study were male as well. Each
participant underwent pelvic imaging using conventional CT scanners (Acquilion; Toshiba
Medical Systems Corporation, Otawara, Japan; or Discovery CT750; GE Healthcare,
Mississauga, Ontario, Canada) to confirm if they had a cam morphology, as indicated by either
an axial 3:00 or radial 1:30 alpha angle greater than 50.5° or 60°, respectively [38, 44] (Figure
8.1). Participants were scanned in a supine position with a calibration phantom (Model 3;
Mindways Software, Austin, TX, USA) placed under the lumbar vertebra for bone mineral
densitometry. Participants who initially presented with clinical symptom, impingement sign, and
a cam morphology on CT images were considered as symptomatic participants, who were then
scheduled for surgery. The other participants were recruited as volunteers, who showed no hip
pain, clinical impingement signs, and were unaware whether they had a cam morphology. From
these volunteers, participants who showed a cam morphology on CT images but did not present
with clinical signs or symptoms were considered as asymptomatic, whereas participants with no
cam morphology and no clinical signs or symptoms were considered as control subjects. Each
participant’s alpha angles were assessed by a senior-level musculoskeletal radiologist (KSR),

where for each symptomatic, asymptomatic, or control participant, the affected side was defined
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by the hip with symptoms, higher alpha angle, or smaller alpha angle, respectively. Each
participant’s affected hip underwent subsequent MRI (MAGNETOM Symphony; Siemens
Healthcare GmbH, Erlangen, Germany), to determine cartilage thicknesses and labral contours.
Any participant with a history of a major lower limb injury or musculoskeletal abnormality was

excluded.

SUP
LAT

ANT

Figure 8.1. The cam morphology was determined by an alpha angle greater than 50.5° or 60° either in the 3:00 axial
plane (left) or 1:30 radial plane (right), respectively. The femoral neck-shaft angle (FNSA) was also determined to
examine the effects of a high and low femoral neck-shaft angle on each participant group.

In addition to the cam morphology, the femoral neck-shaft angle of each participant’s
affected hip was measured from their CT data [33], using a DICOM viewer (Onis 2.4;
DigitalCore, Tokyo, Japan) to examine if the symptomatic group had a prominent decreased
femoral neck-shaft angle, an anatomic characteristic associated with FAI symptomatology [33,
34] (Figure 8.1). Lateral center-edge angles were measured as well and confirmed to be normal
(< 39°). Participants also completed pain questionnaires—Hip Disability and Osteoarthritis
Outcome Score (HOOS) and WOMA C—to confirm symptoms. The pain questionnaires were
used to assess any subjective differences in symptoms. We expected the symptomatic group to
have lower pain questionnaire scores, compared to the asymptomatic and control groups (which
should have scores near 100%). Based on the resultant anatomic and clinical indications, the

larger cohort consisted of 12 symptomatic, 17 asymptomatic, and 14 control participants [33].
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For this study, we selected two participants for each of the three groups from the larger cohort—
one participant with the highest femoral neck-shaft angle and one with the lowest femoral neck-
shaft angle for each of the symptomatic, asymptomatic, and control groups (Table 8.1). The
study protocol was approved by the university and hospital research institute ethics boards.
Participants provided informed consent before the study and all investigations were conducted
ethically in conformity with research principles.

Table 8.1. Summary of clinical assessments and measured anatomical parameters for each symptomatic,
asymptomatic, and control participant, with high (H) and low (L) femoral neck-shaft angle

Participant Age BMI 2 HQOS WQMAC $;1§;3:00 i;((l)lzipha E::ll(?;l?;ft
(years) (kg/m?) Pain (%) Pain (%) angle (°) angle (°) angle (°)
Symptomatic H 25 25 53 55 51 63 125
Symptomatic L 33 22 65 80 58 64 119
AsymptomaticH = 28 27 100 100 52 66 134
Asymptomatic L 44 27 100 100 56 70 123
Control H 32 26 100 100 44 56 132
Control L 30 29 100 100 41 52 124

H = High femoral neck-shaft angle

L = Low femoral neck-shaft angle

HOOS = Hip Disability and Osteoarthritis Outcome Score

WOMAC = Western Ontario and McMaster Universities Arthritis Index

Before motion analysis, in efforts to minimize skin artifacts and pelvic misalignment
during motion capture, surface radio-opaque markers were placed onto each participant’s pelvic
landmarks before CT imaging at the left and right anterosuperior iliac spines and posterosuperior
iliac spines. Each participant performed level walking trials, at a self-selected pace, in the motion
capture environment. Three-dimensional kinematics were recorded using a 10-camera motion
capture system (MX-13; Vicon, Oxford, UK) with retroreflective markers placed on anatomic
landmarks according to a modified Plug-in-Gait model [28]. Ground reaction forces of each
participant’s affected leg, during single stance, were captured using two stationary force plates
(FP4060-08; Bertec, Columbus, OH, USA). The trajectories were filtered (Woltring, MSE = 15
mm?) using motion analysis software (Nexus 1.8; Vicon) and ground reaction forces were
filtered (zero-lag, fourth-order Butterworth, cut-off frequency 6 Hz) using numerical
computational software (MATLAB R2014a; MathWorks, Nantick, MA, USA).

Muscle and hip contact forces were estimated using a musculoskeletal modeling program

(OpenSim 3.1; SimTK, USA). We adapted a model, which consisted of the torso and lower body
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segments [9], where the hip and lumbar spine were modelled as ball-and-socket joints, that
contributed to a total of 23 degrees of freedom and 92 musculotendinous actuators [28]. Muscle
forces were computed using a static optimization approach with a quadratic cost function [31]
and resultant three-dimensional hip contact forces were calculated and expressed in the pelvic
reference system [63].

Each participant’s affected hip model was manually segmented from their CT data using
image segmentation software (3D-Doctor 4.0; Able Software Corp, Lexington, MA, USA),
including slices from the superior iliac crest to the proximal femur (Figure 8.2.A). The MRI was
manually registered and centered on four control points of the target CT images, where the
deepest width and depth of the acetabulum and the femoral head center were denoted as
registration landmarks. The midpoint between the femoral and acetabular cartilages and their
thicknesses were determined. The femoral cartilage, acetabular cartilage, and labrum were
manually segmented. None of the participants indicated signs of osteoarthritis or joint space
narrowing; therefore, cartilage was modeled as a smooth layer with no surface discrepancies.
The segmented models were then resurfaced to reduce geometric artifacts using computer-aided
design software (SolidWorks; Dassault Systémes, Concord, MA, USA). Anatomic hip
parameters of the resurfaced models were measured using computer-aided design software and
compared with the original CT data, to confirm the accuracy of the resurfacing and modeling
procedure [35].

Each participant’s hip assembly was imported into finite element analysis software
(ANSYS 12.1; ANSYS Inc, Canonsburg, PA, USA) and meshed with tetrahedral, SOLID187
elements. Bone material properties were based on subject-specific apparent density using the
calibration phantom and quantitative mapping. Meshes were first imported into the bone density
mapping software (Bonemat v3.1; Istituto Ortopedico Rizzoli, Bologna, Italy) and a density-
elasticity relationship assigned unique elastic moduli to individual elements (Figure 8.2.B), for
each individual participant model, based on the conversion from the densitometry calibration
(pcT) to the corrected density (pash), resulting in heterogeneous, isotropic bone models (Figure
8.2.C) [47, 56]. Cartilage and labrum were modeled as Neo-Hookean, hyperelastic materials [16,
40] with constant hydrostatic pressure (KEYOPT(6) = 1, hyperelasticity).
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Figure 8.2. Frontal view of the segmented left hip assembly, from the superior iliac crest to the proximal diaphysis
(A). The segmented model was resurfaced to reduce geometric artifacts and bone material properties were
determined from and a density-elasticity relationship that assigned a unique elastic modulus to each individual
element (B), that resulted in heterogeneous, isotropic bone models (C).

Bone and soft tissue models started with an element size of 3 and 2 mm, respectively, and
were further refined to ensure mesh sensitivity. Mesh convergence was considered adequate if
the change in stress magnitudes was less than 5%, with increasing element refinement.
Unaveraged stresses were also compared with averaged integration point results, to ensure that
the meshes were sufficiently refined. (The smallest resultant element size for the cartilage model
were 0.22-0.74 mm.) Contacts between femoral and acetabular cartilages were modelled with a
frictional coefficient of 0.01 [57]. Boundary conditions were fixed at the pubis symphysis and
iliac crest (from anterior to posterior superior iliac spines) (Figure 8.3). The femur model was

oriented using the kinematics data during the loading condition and was permitted to translate in
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the loading direction [16, 37]. A quasistatic loading scenario, using the highest resultant hip
forces during terminal stance, was selected for comparison with hip contact forces applied at the
femoral head. Since cartilage may be most susceptible to shear stresses under quasi-static loading
[27], maximum shear stresses were examined on each participant’s acetabular cartilage and
labrum to examine adverse loading conditions [15, 37]. A process flowchart from subject-

specific input data to resultant hip stresses is summarized (Figure 8.4).

Figure 8.3. Boundary conditions were fixed at the pubis symphysis and iliac crest, from the anterior superior iliac
spine to posterior superior iliac spine. The femur was oriented according to the kinematics data and was permitted to
translate in the loading direction.
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8.3 Results

The symptomatic and asymptomatic models showed higher maximum shear stresses than the
controls. Both symptomatic participants indicated peak maximum shear stresses on the
anterolateral cartilage (6.3—-9.5 MPa), but also secondary posteroinferior stresses (Figure 8.5).
Both asymptomatic participants showed moderate stress magnitudes in the superior and posterior
cartilage (5.9-7.0 MPa), whereas the controls experienced the lowest stresses with more well-
conforming contacts and dissipated distributions along the superior and posterior domes as well
(3.8-4.0 MPa; Figure 8.5).

Differences in femoral neck-shaft angle influenced both cam morphology groups. The
symptomatic participant with the lower femoral neck-shaft angle (119°) had the highest
maximum shear stress in the anterolateral cartilage (9.5 MPa; Figure 8.6) with a high secondary
peak stress in the posterior region (7.9 MPa) as well, whereas the symptomatic participant with
the higher femoral neck-shaft angle (125°) showed a lower magnitude (6.3 MPa). The
asymptomatic participant with the lowest femoral neck-shaft angle (123°) also had slightly
higher peak stress (7.0 MPa) than the asymptomatic participant with the highest femoral neck-

shaft angle (134°, 5.9 MPa). There were no substantial differences between the two controls.
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Participant Subgroup

Symptomatic Asymptomatic Control

Femoral Neck-Shaft Angle

High

Symptomatic H - Left | 6.3 MPa Asymptomatic H — Mirrored Right | 5.9 MPa Control H — Mirrored Right | 4.0 MPa

0]
Femoral Neck-Shaft Angle

L

Symptomatic L - Left | 9.5 MPa Asymptomatic L — Left | 7.0 MPa Control L — Mirrored Right | 3.8 MPa

Figure 8.5. Sagittal view of the acetabular cartilage and labrum, from the resultant finite element simulations, showing the maximum shear stress distributions
for each symptomatic, asymptomatic, and control participant with the highest (H = top row) and lowest (L = bottom row) femoral neck-shaft angle. The reference
locations are denoted by anterior (ANT), posterior (POS), superior (SUP), and inferior (INF).
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Figure 8.6. Graph indicating the peak maximum shear stress for each symptomatic, asymptomatic, and control
participant with the highest and lowest femoral neck-shaft angle.
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8.4 Discussion

It is unclear why certain individuals with cam deformities develop progressive degenerative
changes and symptoms, whereas others remain asymptomatic for most of their lives [12, 19, 46,
55]. Gaining a better understanding of stresses in asymptomatic hips can provide critical insights
into those who are at risk of arthritic changes. In an effort to address differences in the FAI
population, we incorporated subject-specific anatomic parameters, geometries, material
properties, and joint loading to determine if stresses resulting from an asymptomatic morphology
share similarities with symptomatic or healthy individuals. We examined if decreased femoral
neck-shaft angles could explain early symptoms resulting from adverse loading conditions.
Although asymptomatic participants had elevated stresses, a higher femoral neck-shaft angle was
associated with lower stresses despite a cam morphology.

Our study had certain limitations. First, there was slight overlap in femoral neck-shaft
angles between the symptomatic and asymptomatic groups, that resulted in overlapping peak hip
joint stresses as well. None of our symptomatic participants had a valgus neck to directly
compare with upper limits of the asymptomatic and control groups (134° and 132°, respectively),
whereas similarly, our asymptomatic and control participants did not have varus angles. The
participants were selected from a larger cohort (n = 43), that examined differences in anatomical
parameters between symptomatic, asymptomatic, and control participants [33]. From that study,
the femoral neck-shaft angles of the asymptomatic (127 + 3°; 123—134°) and control groups (128
+ 2°; 124-132°) were higher, in comparison with the symptomatic group (123 + 2°; 119-125°; n?
=0.496, p <0.001) [33]. It was interesting to note that higher stresses were not necessarily
dependent on participant group or symptoms, but perhaps was more associated with femoral
neck-shaft angle and a cam morphology. This might also further support the concept that a
higher femoral neck-shaft angle decreases the risk of early symptoms [10, 33, 34, 49, 50]. We
also accounted for the highest and lowest femoral neck-shaft angles in each group as opposed to
examining the largest and smallest cam deformities.

Second, certain limitations were imposed by the small sample size. We captured the
upper and lower neck angles, but a larger sample size would increase the robustness and
differences among the subgroups, which may further delineate intersubject variability and
correlate impingement severities with associated anatomical parameters (cam morphology and

femoral neck-shaft angle). Due to this smaller sample size, we also did not match for BMI
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between subgroups. We had a considerably small BMI range for each subgroup, thus were
unable to observe the effects of varying BMI on hip joint stresses. It would be interesting to
examine if varying BMIs would lead to higher hip joint stresses. Furthermore, since the cam
morphology is prevalent males [11, 13], our larger cohort that we selected these participants
from also consisted of male participants [33]. Future work to increasing the sample size and
include female participants could examine the functional and anatomical variances.

Third, hip contact forces were also determined using static optimization [39, 41].
Previous studies indirectly validated and compared their results with contact forces from
instrumented prostheses [7, 14, 26]. Our contact forces were marginally higher than those from
instrumented prostheses, but differences in population characteristics, age, walking speed, and
activity level should be considered [7, 25, 28, 58, 61].

Fourth, although we improved subject-specific bone material properties to examine FAI,
we did not examine biphasic cartilage properties or consolidation, which should be considered in
future studies along with dynamic responses [3, 27, 51]. Although subject-specific bone densities
were mapped onto individual elements, resulting in heterogeneous bone models, another
limitation may be the isotropic property. Isotropy is a conventional material property, when
implementing subject-specific bone density mapping for heterogeneous components, however,
future steps should consider anisotropic or orthotropic properties to simulate the material
behavior or bone.

Fifth, capsular ligaments and muscle lines of action were not included in the model,
because we focused on the contributions of the bony morphology toward adverse contact loading.
Taut hip joint ligaments would properly seat the femoral head into the acetabulum at more
neutral positions, but may restrain hip range of motion in individuals already with a cam
morphology. However, knowing that capsular ligaments also play a vital role in minimizing edge
loading [59, 60], poorly functioning ligaments may be unable to prevent adverse contact loading
at higher amplitudes of motion. Therefore, it would be imperative to further examine the effects
of the surrounding capsule on limiting adverse stresses and microinstability [20, 32].

Finally, we examined level walking and, although there were differences in cartilage
stresses among the subgroups, we did not note any substantial subchondral bone stresses. The
baseline bone densities, for each model, were within range of typical values for cortical and

trabecular bones. There were no differences in elastic modulus between participants within a
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subgroup. The symptomatic and asymptomatic participants had marginally higher elastic moduli
than the control group, but no differences were observed on the subchondral bones. It would be
important to examine other activities that require larger hip motions (e.g., squatting, stair
ascent/descent) to compare if elevated subchondral bone stresses are different among subgroups
and delineate pathomechanical arthritic changes [29, 52, 53]. It is hypothesized that impinging
motions may cause higher stresses, not only to the articulating cartilage, but also to the
subchondral bone. This would further reinforce the theory that early subchondral bone adaptation
may lead to secondary cartilage degeneration [42].

As mentioned, there was an overlap in femoral neck-shaft angles between the
symptomatic and asymptomatic groups. The symptomatic cohort that we were selecting from did
not have a high femoral neck-shaft angle and, similarly, the asymptomatic and control
participants did not have low femoral neck-shaft angles for direct comparisons. The resultant
consequence of these small differences has yet to be fully elucidated. The asymptomatic
participants’ moderate stresses were higher than the control subjects but were more evenly
distributed than the symptomatic models. To our knowledge, no study has investigated hip
contact stresses resulting from an asymptomatic cam morphology [36]. In comparison with one
of the first finite element studies, Chegini and associates [8] examined cartilage stresses using an
idealized ball-and-socket model parameterized to various cam and acetabular coverage
morphologies, applying instrumented prosthesis loads. They reported no changes in stress as
alpha angles were increased, which may be attributed to their idealized geometry. Our results for
the control subjects were slightly higher than their control parameters (contact pressure = 2.57 +
0.89 MPa); however, we included subject-specific geometries, bone material properties, and,
more importantly, joint loading, which could have yielded a higher result. Another earlier study
on FAI applied subject-specific intersegmental hip forces during maximal squat [37]. Our
resultant contact stresses were within a reasonable range during the lower amplitude of hip
motion, but cannot directly compare with the different squatting activity. The current study
considered hip contact forces as opposed to intersegmental forces from inverse dynamics, thus
improving the representation of hip contact stresses. Jorge and associates [ 18] found much higher
cartilage contact pressures at higher amplitudes of hip motion. However, their study was limited
to one male subject with a severe cam deformity (age = 27 years, alpha angle = 98°) matched

with one healthy female control subject (age = 50 years, alpha angle = 48°). A recent study by
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Hellwig and associates [15] also implemented idealized geometries and instrumented prosthesis
loads during walking to compare one cam (alpha angle = 74°) with one control hip (alpha angle
= 40°). Using a poroelastic, orthotropic cartilage model, they found peak contact pressures in the
superior cartilage for the control hip (2.87 MPa). Peak pore pressure was also different between
control (0.42 MPa, posterior cartilage) and FAI (3.76 MPa, anterosuperior cartilage). The authors
remarked that their geometries were idealized for convergence.

In this study, the symptomatic and asymptomatic participants with low femoral neck-
shaft angles had the highest resultant stresses in their respective subgroups. Both symptomatic
participants and the asymptomatic participant with the lower femoral neck-shaft angle indicated
anterolateral and posterior stress concentrations, which coincided very closely to known areas of
cartilage damage [4-6], subchondral bone stiffening [53], and decreased proteoglycan content
[29, 43] as a result of cam FAL Elevated stresses of the symptomatic group could also be
attributed to pre-existing chondrolabral damage, resulting in incongruent articulations and
unfavorable contact mechanics. The control participant, with the lower femoral neck-shaft angle,
showed more favorable contact mechanics, justifying that it could be a combination of both cam
and neck angle parameters that contribute to adverse stresses. Although clinical assessment of
the cam deformity is usually from multiplanar imaging, it does not provide a complete picture in
regard to the likelihood for the onset of degenerative symptoms. Recent work by our group
suggests that differences in peak stresses between the symptomatic and asymptomatic groups
further supports that a decreased femoral neck-shaft angle may be an indicator of those at risk of
developing early symptoms and onset of osteoarthritis [33, 34]. Also, in recent in vivo studies by
Siebenrock and associates [49, 50], intertrochanteric varus osteotomies were performed on
healthy ovine hips to reduce the femoral neck-shaft angle and experimentally induce mechanical
cam impingement. This resulted in localized chondrolabral degeneration, comparable to
progressive damage in human hips with FAI. The coxa vara construct seated the femoral head
further into the acetabulum and brought the cam morphology closer to the anterolateral and
anterosuperior labrum. This may predispose to early labral damage and perhaps explain why
some asymptomatic individuals do not experience early symptoms. Although the cam
morphology rarely impinges at lower amplitudes of motion, the effect of a lower femoral neck-
shaft angle and shortened abductor may contribute to more adverse contact loading to stabilize

the pelvis during level walking [58, 61, 62]. We retrospectively examined the participants’
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terminal stance phase and remarked that both asymptomatic participants along with the control
participant with high femoral neck-shaft angle all had higher hip extensions. Interestingly, both
symptomatic individuals had small hip extensions during terminal stance, which may have been
limited by capsular ligaments or perhaps indicate a protective mechanism to minimize anterior
hip contact forces [25, 61]. This could be a neuromuscular adaptation mechanism to avoid pain
by altering the direction and magnitude of the force vectors [30]. The unaffected, contralateral
hip of the symptomatic group should be further investigated to confirm asymmetry and if
compensatory load is applied onto the unaffected hip [48].

In conclusion, our study suggests that individuals with a cam morphology and varus neck
angle may be subjected to elevated mechanical stresses. Although asymptomatic participants
had elevated stresses, a higher femoral neck-shaft angle was associated with lower stresses
despite a cam morphology. Thus, individuals with an asymptomatic cam morphology and low
femoral neck-shaft angle may be at a greater risk of developing clinical signs and symptoms.
Future studies will involve higher amplitudes of hip and pelvic motions as well as contact
stresses at the underlying subchondral bone to better understand the contributions of various

anatomic and functional parameters in individuals with a cam morphology.
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9.0 Abstract

Objective: Examine the combined effects of the cam-type femoral head deformity and femoral
neck-shaft angle on hip joint (cartilage, labrum, and subchondral bone) stresses, during squatting,
in a symptomatic, asymptomatic, and control group.

Design: Six male participants were included, to represent three groups (symptomatic cam,
asymptomatic cam, healthy control), with two participants per group — one with the highest
femoral neck-shaft angle and one with the lowest. Each participant’s finite element hip joint
models were reconstructed from imaging data and assigned subject-specific bone material
properties. Hip contact forces, during squatting, were determined and applied to the finite
element models, to examine maximum shear stresses in the acetabular cartilage-labrum and
subchondral bone.

Results: The cam groups experienced higher subchondral bone stresses than cartilage-labrum
stresses. Both cam groups also had substantially higher subchondral bone stresses (symptomatic
= 13.8-15.8 MPa, asymptomatic = 10.9—-13.0 MPa), compared to the controls (6.4—6.5 MPa).
The symptomatic and asymptomatic participants with low femoral neck-shaft angles had the
highest cartilage and subchondral bone stresses, in their respective subgroups. The asymptomatic
participant with low femoral neck-shaft angle demonstrated anterolateral subchondral bone
stresses (123°, 13.0 MPa), similar to the symptomatic group.

Conclusions: The resultant subchondral bone stresses coincide with recent findings, where
acetabular subchondral bone was denser in cam-type hips. Individuals with a cam deformity and
varus neck orientation are subjected to elevated subchondral bone stresses, which would increase

the risks of early clinical signs and degenerative process associated with FAL
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9.1 Introduction

Femoroacetabular impingement (FAI) is described as a pathomechanical failure process of the
hip [14], attributed to an abnormal bone deformity — either due to an enlarged femoral head
(cam-type), severe acetabular overcoverage (pincer-type), or a combination of both (mixed-type).
Mechanical impingement is commonly experienced at higher extremes of hip motion, which can
result in elevated hip joint stresses and precede early cartilage degeneration and osteoarthritis [1].

The cam deformity itself is an enlarged bony prominence over the femoral head-neck
junction, characterizing an aspherical femoral head and elevated alpha angles [35, 37, 45]. Many
individuals with cam FAI have can demonstrate restricted joint motions (e.g., during level
walking, stair ascent/descent, squatting) [22-24, 29, 40] and clinical signs of pain; however,
several individuals with cam deformities never experience symptoms for much of their adult life
[8, 16, 21]. The cause for concern for these asymptomatic individuals is that they are still
susceptible to subchondral bone stiffening [36, 44] which may onset early cartilage degeneration
[2,5,27].

It is possible that early pain symptoms in individuals with cam deformities may be
attributed to trauma, injuries, or labral tears. It was recently observed that individuals with a cam
deformity and a decreased femoral neck-shaft angle may be predisposed to symptoms of FAI [3,
17, 29, 30, 38]; however, it is still unknown what combined effects both parameters (cam
deformity and neck angle) have on hip joint stresses.

In recent years, finite element methods were popularized to simulate cam FAI and
examine resultant hip joint stresses [9, 18, 20, 34]. Previous simulations indicated that cam FAI
experienced elevated stresses at higher amplitudes of motion (e.g., sit-to-stand, squatting, deep
flexion), in comparison with normal hips. However, there was a lack of subject-specificity in
previous in silico studies, where many of the studies did not address subject-specific material
properties or loading parameters to adequately represent participant groups and, moreover, a
clinically defined asymptomatic population [32]. A recent study compared hip joint stresses due
to symptomatic and asymptomatic cam morphologies, examining the instance of peak joint
loading during level walking [33]. Although both symptomatic and asymptomatic cam
morphologies demonstrated higher stresses than control hip, only marginal differences were
observed between each participant’s acetabular cartilage and subchondral bone. This lower

subchondral bone stress could have been attributed to the smaller amplitude of walking motion.
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Therefore, the purpose of this study was to investigate the combined effects of the cam deformity
and femoral neck-shaft angle on hip joint stresses during squatting. Specifically, we examined
acetabular cartilage-labrum and subchondral bone stresses in symptomatic, asymptomatic, and

healthy individuals with high and low femoral neck-shaft angles.

9.2 Methods

9.2.1 Participants and Imaging

Six male participants (n = 6, age = 32 + 7 years, BMI = 26 + 3 kg/m?), from a larger participant
cohort, were selected for this study [29, 33]. In efforts to minimize skin artefacts and pelvic
misalignments during motion capture, radio-opaque surface markers were placed onto each
participant’s left and right anterior superior iliac spines and posterior superior iliac spines prior to
CT imaging [26]. Each participant was imaged using a conventional CT scanner, in a supine
position (Acquilion, Toshiba Medical Systems Corporation, Markham, ON, Canada; or
Discovery CT750, GE Healthcare, Mississauga, ON, Canada), imaging the iliac crest to the
proximal diaphysis as well as the femoral condyles (512x512 resolution, slice thickness of 0.625
mm, 120 kVp, 200 mAs). A calibration phantom (Model 3, Mindways Software, Austin, TX,
USA) was placed under the lumbar vertebra for bone densitometry and the natural lordosis was
confirmed with a scout scan.

The CT data were reviewed by a senior musculoskeletal radiologist (KR) for a cam
deformity, which was indicated by either an axial 3:00 or radial 1:30 alpha angle greater than
50.5° or 60°, respectively [29, 35, 37, 45] (Figure 8.1). Participants completed pain
questionnaires — Hip Disability and Osteoarthritis Outcome Score (HOOS) and Western Ontario
and McMaster Universities Arthritis Index (WOMAC) — to confirm symptoms. The participants
who presented a cam deformity and clinical signs were considered as symptomatic; while the
participants who indicated a cam deformity, but showed no clinical signs were considered as
asymptomatic and the participants who did not have a cam deformity or clinical signs were
considered as healthy controls. (Aside from the symptomatic participants, the remaining
participants were unaware whether they had a cam deformity until after the data acquisition
protocol.) For the symptomatic, asymptomatic, and control groups, the affected hip for
comparison was the hip with clinical signs, larger cam deformity, and smaller cam deformity,

respectively.
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Figure 9.1. (A) Hip joint assembly, comprised of a segmented hemi-pelvis and proximal femur, indicating the alpha
angle planes. Two planes were examined, to determine if the femoral head had a cam deformity: (B) the 3:00 axial
plane observed if alpha angle exceeded 50.5°; and (C) the 1:30 radial plane observed if alpha angles exceeded 60°
(small insets depicts CT image). The femoral neck-shaft angle (FNSA) was determined to examine the effects of
neck angles on each group’s acetabular cartilage and subchondral bone stresses.
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The femoral neck-shaft angle was measured for each hip joint (Figure 8.1), using a
DICOM viewer (Onis 2.4, DigitalCore, Tokyo, Japan), to confirm if the symptomatic group had
a reduced neck angle [29, 30]. For each of the three participant groups, the participant with the
largest femoral neck-shaft angle and participant with the smallest femoral neck-shaft angle were
selected (Table 9.1). Each participant’s affected hip underwent subsequent MRI (MAGNETOM
Symphony, Siemens Healthcare GmbH, Erlangen, Germany), using a field strength of 1.5 T
(384x384 resolution, slice thickness of 3 mm) to determine cartilage thicknesses and labral
contours. Participants did not indicate other hip pathologies, major lower limb injuries, or other
musculoskeletal abnormalities. The study protocol was approved by the university and hospital
research institute ethics boards and participants provided informed consent prior to the
investigations.

Table 9.1. Summary of clinical assessments and measured anatomical parameters for each symptomatic,
asymptomatic, and control participant, with high (H) and low (L) femoral neck-shaft angle

Participant Age BMI 2 H(.)OS WQMAC $;1§;3:00 i;((l)l::pha E::ll(?;l?;ft
(years) (kg/m?) Pain (%) Pain (%) angle (°) angle (°) angle (°)
Symptomatic H 25 25 53 55 51 63 125
Symptomatic L 33 22 65 80 58 64 119
Asymptomatic H 28 27 100 100 52 66 134
Asymptomatic L 44 27 100 100 56 70 123
Control H 32 26 100 100 44 56 132
Control L 30 29 100 100 41 52 124

H = High femoral neck-shaft angle

L = Low femoral neck-shaft angle

HOOS = Hip Disability and Osteoarthritis Outcome Score

WOMAC = Western Ontario and McMaster Universities Arthritis Index

9.2.2 Segmentation and Modelling

Each participant’s pelvis and femur bone models were manually segmented from CT data using
segmentation software (3D-Doctor 4.0, Able Software Corp., Lexington, MA, USA). The MRI
data were registered and centred on four control points of the target CT images, where the
femoral head centre and the acetabulum’s deepest width and depth were landmarks for
registration (Figure 9.2.A). The midpoints between the femoral and acetabular cartilages were
located on each slice to determine cartilage thicknesses; and the femoral cartilage, acetabular

cartilage, and labrum were manually segmented. All segmented models were then resurfaced to
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reduce geometric artefacts, using computer-aided design software (SolidWorks, Dassault
Systémes, Concord, MA, USA) (Figure 9.2.B). To confirm the accuracy of modelling procedure,
anatomical hip joint parameters of the resurfaced models were measured using computer-aided
design software and compared with the original CT data [31]. Soft tissues were modelled as
smooth layers as none of the participants indicated osteoarthritis.

Hip joint models were imported into finite element analysis software (ANSYS 12.1,
ANSYS Inc., Canonsburg, PA, USA) and meshed with tetrahedral, SOLID187 elements. The
meshes were then imported into a bone density mapping program (Bonemat v3.1, Istituto
Ortopedico Rizzoli, Bologna, Italy). A linear density-elasticity relationship assigned subject-
specific elastic moduli to individual elements, based on the calibration phantom, resulting in
heterogeneous, isotropic bone models [46] (Figure 9.2.C). Cartilage and labrum were modelled
as Neo-Hookean, hyperelastic materials [19], with constant hydrostatic pressure. Articular
cartilage contacts were modelled with a frictional coefficient of 0.01 [47]. Element sizes for the
bone and soft tissue models started at 3 and 2 mm, respectively, and refined to ensure mesh

sensitivity.

. Segmentation Bone material o 3 Finite element
A. Imaging data B. and resurfacing - mapping D. Hip joint loading E. simulation

Figure 9.2. Summary of process showing subject-specific input data used for finite element simulations. (A) CT and
MRI data were used for modelling; (B) hip joint models were segmented and resurfaced; (C) subject-specific bone
material properties were mapped to each bone model; (D) squat loads were applied; and (E) simulated to determine
resultant hip joint stresses on the acetabular cartilage, labrum, and subchondral bone.

9.2.3 Motion Analysis and Hip Joint Forces

Each participant performed maximal squatting trials in the motion capture environment (Figure
9.2.D), similar to previous squat protocols [28, 29, 34]. Three-dimensional kinematics were
captured using ten infrared motion capture cameras (MX-13, Vicon, Oxford, UK) and
retroreflective markers attached onto each participant’s anatomical landmarks. The radio-opaque

pelvis markers were replaced with retro-reflective markers and the motion trajectories were
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filtered using motion analysis software (Woltring, MSE = 15 mm?; Nexus 1.8, Vicon, Oxford,
UK). Ground reaction forces were captured using two force plates (FP4060-08, Bertec,
Columbus, OH, USA) and filtered using numerical computational software (zero-lag, 4™ order
Butterworth, cut-off frequency 6Hz; MATLAB R2014a, MathWorks, Nantick, MA, USA). Hip
contact forces were estimated using a musculoskeletal modelling program (OpenSim 3.1, SIimTK,
USA). The torso and lower-limb segments modelled the hips and lumbar as ball-and-socket
joints, which contributed to 23 degrees of freedom and 92 musculotendon actuators [10, 25].
Muscle forces were determined using static optimization [28] and the resultant three-dimensional

hip contact forces were expressed in the pelvic reference system [50].

9.2.4 Finite Element Simulation

Since each participant had a different squat depth and pelvic range of motion, a common quasi-
static loading scenario was simulated to examine the mid-squat condition at 90° hip flexion, near
50% of leg length. In each finite element simulation, the hip contact forces were applied at the
femoral head and boundary conditions were fixed at the pubis symphysis and superior iliac crest.
Maximum shear stresses were examined on each participant’s acetabular cartilage, labrum, and
subchondral bone to examine adverse loading conditions (Figure 9.2.E). The femur was oriented
per the squatting position and the sectioned plane of the proximal diaphysis was fixed to permit
translation in the direction of loading [19, 33] (Figure 9.3). A flowchart from subject-specific

input data to resultant hip joint stresses is summarized in (Figure 9.4).

Figure 9.3. Sagittal view of the hip assembly during neutral position (left) and squatting position (right). The femur
and pelvis models were oriented according to the mid-squat condition of 90° hip flexion near 50% of leg height.
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Figure 9.4. Summary of process showing subject-specific input data used for finite element simulations. (A) CT and
MRI data were used for modelling; (B) hip joint models were segmented and resurfaced; (C) subject-specific bone
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9.3 Results

9.3.1 Cartilage and Labrum Stresses

Both symptomatic and asymptomatic groups had higher maximum shear stresses, compared to
the controls. The symptomatic participant with low femoral neck-shaft angle showed the highest
peak stress on the anterosuperior cartilage (119°, 10.4 MPa) with multiple stress concentrations
in the posterior quadrant (Figure 8.5). The symptomatic participant with high femoral neck-shaft
angle had a much lower peak stress at the anterolateral cartilage (125°, 7.4 MPa), with a
prominent secondary posteroinferior stress concentration. Both asymptomatic participants had
peak stresses on the anterolateral cartilage, with the lower femoral neck-shaft angle indicating a
higher peak stress (123°, 7.5 MPa) compared to the higher femoral neck-shaft angle (134°, 6.9
MPa). Although there were no substantial differences in stress magnitudes between controls
(5.9-6.2 MPa), the participant with high femoral neck-shaft angle showed more evenly
dissipated stresses (Figure 8.5).

9.3.2 Subchondral Bone Stresses

Both cam deformity (symptomatic and asymptomatic) groups showed substantially higher
stresses on the subchondral bone, than on the cartilage. Differences in femoral neck-shaft angle
greatly influenced both cam deformity groups. The symptomatic participant with low femoral
neck-shaft angle had the highest stress in the anterosuperior region (119°, 15.8 MPa), while the
higher femoral neck-shaft angle resulted in a lower magnitude (125°, 13.8 MPa). Both
symptomatic participants also indicated elevated secondary posterior stresses, perhaps due to
contrecoup levering (Figure 9.6). The asymptomatic participants showed elevated anterolateral
stresses; however, the participant with low femoral neck-shaft angle demonstrated an elevated
anterosuperior stress, more similar to the symptomatic group and closer the acetabular rim (123°,
13.0 MPa). The asymptomatic participant with high femoral neck-shaft angle showed a slightly
lower stress (134°, 10.9 MPa). Both control participants experienced lower, well-distributed
stresses (6.4—6.5 MPa). For both cam deformity groups, peak subchondral bone stresses were
substantially higher than their corresponding cartilage-labrum stresses (Figure 9.7); whereas for
the control group, there were marginal differences between peak cartilage-labrum and

subchondral bone stresses.
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Figure 9.5. Sagittal view of the acetabular cartilage and labrum, from the resultant finite element simulations, showing the maximum shear stress distributions
for each symptomatic, asymptomatic, and control participant with the highest (H = top row) and lowest (L = bottom row) femoral neck-shaft angle. The reference
locations are denoted by anterior (ANT), posterior (POS), superior (SUP), and inferior (INF).
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9.4 Discussion

We implemented subject-specific hip joint geometries, bone material properties, and hip joint
loading data to examine acetabular cartilage-labrum and subchondral bone stresses in
symptomatic, asymptomatic, and control individuals with either a high or low femoral neck-shaft
angle. Both cam deformity groups had slightly higher acetabular cartilage stresses, compared to
the control group; however, the individuals with a cam deformity and low femoral neck-shaft
angle had substantially high cartilage and subchondral bone stresses. The cam deformity groups’
acetabular subchondral bone stresses were considerably higher than their associated cartilage
stresses [34]. Interestingly, the asymptomatic participant with the high femoral neck-shaft angle
demonstrated cartilage stresses that were marginally higher than the control group, but showed
high subchondral bone stresses. These findings align very closely with recent studies, where
acetabular subchondral bone was much denser in cam-type hips, regardless of clinical signs or
symptoms [36, 44]. In addition, the asymptomatic participant with low femoral neck-shaft angle
experienced subchondral bone stresses much more similar to the symptomatic group, which
supports that early clinical signs and symptoms may be due to a decreased femoral neck-shaft
angle [3, 17, 29, 30, 38]. To our knowledge, no study has investigated hip contact stresses in a
clinically defined asymptomatic population, at an extreme range of motion [32].

A recent systematic review noted that several previous simulations on cam FAI
implemented simplified geometric models to predict stresses, along with homogeneous bone
material properties and instrumented prostheses loading data [32]. The first finite element
simulation on FAI, by Chegini and associates (2009), reconstructed an idealized ball-and-socket
model, parameterized to several cam and acetabular coverage morphologies, and applied
instrumented prostheses forces for a stand-to-sit activity [9]. Although an indirect comparison of
stress parameters, our cam deformity groups’ peak cartilage-labrum stresses were similar to their
reported large range of contact pressures (3.67 — 12.84 MPa) and von Mises stresses (9.7 —27.2
MPa) for cam deformities with normal acetabular coverage. There was no report on subchondral
bone stresses. In a previous study that examined acetabular subchondral bone stresses, due to
cam FAI during maximal squatting [34], our peak maximum shear stresses for the cam deformity
groups were within range of their values (13.4 — 16.9 MPa). The current study included a labrum
model as well as subject-specific bone material properties and hip contact forces (as opposed to

intersegmental forces from inverse dynamics), thus improving the representation of hip contact
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stresses. Jorge and associates (2012) cam-type model also reported elevated peak contact
pressures and von Mises stresses in the anterosuperior cartilage (11.6 and 14.4 MPa, respectively)
and labrum (16.4 and 14.7 MPa, respectively), during deep flexion [20]. Their study was limited
to one male subject, with a severe cam deformity (age = 27 years, alpha angle = 98°), matched
with one female control subject (age = 50 years, alpha angle = 48°). Although previous finite
element simulations were preliminary explorations of hip joint stresses due to cam FAI, none of
the studies considered subject-specific bone material properties or the effects of femoral neck-
shaft angles to adequately characterize subgroups. Previous studies also implemented either
instrumented prosthesis loads or intersegmental reaction forces (from inverse dynamics) as
opposed to hip joint contact forces (from static optimization and musculoskeletal modelling). In
our earlier finite element study, that compared hip joint stresses between symptomatic,
asymptomatic, and control individuals during level walking [33], the symptomatic group showed
higher acetabular cartilage stresses (6.3 — 9.5 MPa), in comparison with asymptomatic (5.9 — 7.0
MPa) and control participants (3.8 — 4.0 MPa). Similarly, the symptomatic and asymptomatic
participants with low femoral neck-shaft angles demonstrated higher peak cartilage stresses.
However, from that earlier study, there were no differences between each participant’s acetabular
cartilage and subchondral bone stresses. The lower acetabular subchondral bone stresses could
have been attributed to the smaller amplitude of motion (i.e., walking motion reducing risks of
impingement).

Our symptomatic participants exhibited multiple stress concentrations in the
anterosuperior and posterior cartilage and subchondral bone, indicative of slight contrecoup
stresses [5], and corresponded with regions of decreased proteoglycan content [2, 27]. Both
symptomatic and asymptomatic groups indicated stress concentrations, which coincided to
known areas of cartilage damage [4, 5] and subchondral bone stiffening [44]. Interestingly, both
symptomatic participants had relatively low femoral neck-shaft angles, compared to the
asymptomatic and control groups. The asymptomatic participant with low femoral neck-shaft
angle (123°) had similar peak stresses as the symptomatic participant with high femoral neck-
shaft angle (125°). This further supports that neck angle parameters, combined with cam
deformity parameters, are influential discriminants to predict early symptoms of cam FAI [29,
30], and perhaps can further associate varus hips with elevated adverse stresses leading to early

labral tears and clinical signs [3, 15, 17, 39].
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A varus hip may also be more susceptible to shear loading across the physeal growth
plate [13], which could predispose to slipped capital femoral epiphysis or cam FAI. In an earlier
finite element study, by Fishkin and associates (2006), a single male model with slipped capital
femoral epiphysis was parameterized to various femoral versions, directional varus loading, and
bodyweight loading parameters [13]. The authors observed that varus loading conditions resulted
in greater shear forces across the physis, which ultimately could increase slip risks. In another
recent finite element study, Sanchez Egea and associates (2014) parameterized femoral neck-
shaft (110 — 130°), femoral torsion (0 — 20°), and acetabular version angles (0 — 20°), examining
anatomical variations leading to hip joint cartilage stresses during quasi-static walking loads [41].
Interestingly, their varus hip configuration (110°) also demonstrated higher stresses than their
control model. However, their study parameterized one female model (age = 99 years, BMI =
23kg/m?), taken from an existing database. More importantly, femoral head parameters did not
consider any cam morphologies (i.e., alpha angles and femoral head-neck offset), which could
explain why peak stresses were centrally located in the acetabular cartilage, instead of the
chondrolabral junction. In recent in vivo ovine studies, Siebenrock and associates (2013, 2015)
performed intertrochanteric osteotomies on eight healthy sheep hips [42, 43]. Although the ovine
femoral heads did not indicate cam-like deformities, the femoral neck-shaft angles were
surgically decreased to induce mechanical impingement. The surgical procedure clearly
reproduced varus neck angles and resulted in chondrolabral degeneration [42], similar to
progressive hip joint degeneration in human hips with FAI [43]. The varus angle brought the
lateral aspect of the femoral head closer to the labrum, predisposing to early labral damage and
justifies why many asymptomatic individuals do not experience early symptoms.

In the greater spectrum of FAI research, previous work by our group showed noticeable
differences in squatting mechanics, deep hip joint flexion, and pelvic range of motion, between
symptomatic and control participants [23, 24, 29]. In this study, we selected a common squat
depth (90° hip flexion, near 50% leg length) among all participants, to compare hip joint stresses
at the same amplitude of motion. Although the asymptomatic and control participants could
squat slightly deeper than half of their leg length, this instance was selected as the symptomatic
participants were very near the maximal squat depth. Anatomically, a decreased neck angle can
further position the greater and lesser trochanters more superiorly, which alters hip abductor

muscle lengths, insertions, and functions [48]; as well as disrupting muscle wrapping around the
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capsular ligaments [11, 49]. This should warrant further research to examine the roles of hip joint
capsular ligaments and extra-articular tissues, with various neck orientations, to better
understand the risks of edge loading during impinged motions.

There are limitations to consider and address for future research. We selected participants
based on the maximum and minimum femoral neck-shaft angles, from our larger cohort, and did
not base selections criteria on largest and smallest cam deformity parameters. None of our
symptomatic participants had a valgus neck, to compare with the asymptomatic and control
participants with high femoral neck-shaft angles (134° and 132°, respectively). However, this
further supports that a higher femoral neck-shaft angle decreases the risk of early symptoms. A
larger sample size would improve the robustness to correlate impingement severities with
associated anatomical parameters (cam deformity and neck angle parameters). Furthermore, hip
joint contact forces were determined from static optimization, as opposed to instrumented
prostheses [6], thus were marginally higher. Differences in age, activity level, BMI, and hip
pathology should be considered, when comparing hip contact forces from instrumented
prostheses [25]. Also, muscle lines of action and capsular ligaments were not included in the
model, as we examined on the effects of the bony cam deformity on adverse contact loading.
Knowing that muscle loads contributes considerably to bone remodelling [12] and capsular
ligaments may play a vital role in minimizing edge loading [49], it would be imperative to
further examine the effects of the surrounding tissues on changes in hip contact forces and efforts
to limit microinstability. Finally, soft tissue material properties were approximated, as we did not
model biphasic cartilage properties. Future studies should consider poroelasticity to account for
consolidation as well as integrating weight-bearing imaging to better characterize cartilage
contact mechanics and understand the cartilage deformation [7].

Our study demonstrated that individuals with a cam deformity and varus neck angle are
subjected to elevated subchondral bone stresses, which would increase the risks of early clinical
signs and symptoms associated with FAI Ultimately, the asymptomatic cam deformity can
remain subclinical, while predisposing to early subchondral bone stiffening and progressive joint

degeneration.
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10.0 Summary

In efforts to examine the effects of cam-type FAI on mechanical hip joint loading, this research
program was structured to investigate the pathoanatomical influences on resultant hip joint
stresses, using finite element modelling methods. From the systematic review of previous hip
joint simulations of cam-type FAI (Chapter 2), specific gaps in the literature and three main areas
for development were identified:

1. No consideration for anatomical parameters associated with FAI symptoms and very little

emphasis on subject-specific hip joint geometries

2. No consideration for subject-specific bone material properties

3. No consideration for subject-specific hip joint loading parameters
Many of the previous models featured idealized, ball-and-cup, parametric geometries to predict
stresses, and implemented homogeneous material properties and in vivo instrumented prostheses
loading data. Therefore, the basis of this doctoral research was to formulate more subject-
specific models, and to implement a participant cohort (comprised of symptomatic,
asymptomatic, and control participants).

First, Anatomical and Functional Characteristics (Chapters 4 and 5) determined that the
cohort’s symptomatic participants had characteristically smaller femoral neck-shaft angles, in
comparison with the asymptomatic and control participants. This was further confirmed in
symptomatic participants who had bilateral cam deformities, where their asymptomatic
(contralateral, unaffected) hip had a larger femoral neck-shaft angle and range of motion. The
varus neck angle helped justify participant selection for the subsequent comparative analyses.

Secondly, the studies on Determining Appropriate Modelling Characteristics (Chapters 6
and 7) evaluated the accuracy of the large-scale anatomical parameters of the segmented models.
This was important to confirm that the reconstructed geometries were representative of the
original subject-specific imaging data. Moreover, various modelling parameters (geometric and
material properties) were tested to compare the resultant hip joint stresses. The modelling
parameters that were selected and compared, demonstrated marginal differences. The
heterogeneous bone density models were selected and simulated, to provide more subject-
specific representations of each participant cohort and the pathological hip.

Thirdly, the Modelling of Clinically Relevant Scenarios (Chapters 8 and 9) examined

walking and squatting conditions, comparing the selected symptomatic, asymptomatic, and
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control participants. Each of the three groups had one participant with the largest femoral neck-
shaft angle (selected from the larger cohort) and one participant with the smallest femoral neck-
shaft angle. The symptomatic participant with the low femoral neck-shaft angle demonstrated the
highest stresses during walking and squatting. Interestingly, the asymptomatic participant with
the low femoral neck-shaft angle showed slightly lower peak stresses, but indicated similar stress
concentration on the acetabular cartilage and subchondral bone, during walking and squatting.
There may be several anatomical and neuromuscular mechanisms that lead to progression of
clinical signs. The results suggest that individuals with a cam deformity and varus neck angle are
more at risk of developing early symptoms and labral damage. Table 10.1 summarizes each
study (1, 2, 3), sub-study (A, B), and the important clinical findings.

Table 10.1. Summary of the conceptual framework and findings for each individual study (1, 2, 3) and components
(A,B)

Study 1. Anatomical and Functional Characteristics
A. Group classification B. Affected vs. unaffected hip in symptomatic patients

e Parameters for classification were radial alpha angle, femoral neck-shaft angle, pelvic range of motion
e Lower femoral neck-shaft angle associated with symptomatic hip

Study 2. Determining Appropriate Modelling Characteristics
A. Evaluation of 3D models B. Comparison of material properties

e Segmented models and methods demonstrated strong reliability
e Nonlinear hyperelastic cartilage models and subject-specific, heterogeneous bone models were examined

Study 3. Modelling of Clinically Relevant Scenarios

A. Loading during level walking B. Loading during squatting

e Both symptomatic participants and the asymptomatic participant with low femoral neck-shaft angle indicated
high stresses during walking and squatting

e Participants with a cam deformity and low femoral neck-shaft angle demonstrated adverse loading conditions
on the acetabular subchondral bone during squatting
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10.1 Clinical Implications

10.1.1 Varus Neck Angle

The symptomatic group had a significantly smaller femoral neck-shaft angle, which coincided
with a few previous studies [10, 24, 48]. The discriminant function analysis determined that the
femoral neck-shaft angle was the most significant discriminant, after radial alpha angle, to
distinguish symptomatic from asymptomatic individuals. This was further observed in the
individuals with bilateral cam deformities, but experienced symptoms on one side (affected side
with lower femoral neck-shaft angle), while their contralateral side remained asymptomatic
(unaffected side with normal femoral neck-shaft angle). Interestingly, some of the bilateral cam
participants had larger alpha angles in their asymptomatic hips; which reiterated that mechanical
impingement may be due to more than the bony cam deformity.

Anatomically, the varus angle positions the proximal femur’s greater and lesser
trochanters more superiorly (Figure 10.1). As a result, the femoral head is further seated into the
acetabulum and would bring the cam deformity closer towards the anterosuperior labrum. Soft
tissue attachments (capsular ligaments and musculotendons) on the two trochanters are also
positioned slightly more superior and proximal to the pelvis. The greater trochanter of the femur
acts as an attachment site for numerous muscles, including: gluteus medius and minimus,
obturator internus and externus, gemelli, and piriformmis; while the lesser trochanter anchors the
psoas major and iliacus muscles. Combined with a large cam deformity, this may lead to intra-
articular impingement (from the bony deformity) and further extra-articular impingement (from
the surrounding soft tissues).

In a previous biomechanical analysis of hip abductor function, Neumann (1989)
suggested that the role of the abductor muscles should be considered in “closed-chained”
perspectives (e.g., during stance phase of level walking and during squatting), where load
carriage should be typically avoided in cases where a symptomatic hip has a decreased internal
moment arm [43]. In the case of coxa vara, although shortened hip abductors lengthens the
internal moment arm (i.e., hip joint centre to greater trochanter), the external moment arm (i.e.,
hip joint centre to load of the overall bodyweight) remains the same, thus unable to balance and
stabilize the pelvis [43, 61]. This may provoke adverse contact loading when trying to stabilize

the pelvis in the frontal plane.
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Figure 10.1. Hip assemblies for a femur with a normal femoral neck-shaft angle (FNSA) of 125° (left); and a
smaller FNSA of 120° (right). The smaller neck angle shortened the abductor muscles and, combined with a cam
deformity, was associated with symptoms and higher hip joint stresses.

From a spinopelvic perspective, a superiorly positioned lesser trochanter can also shorten
iliopsoas and psoas major muscles [8, 13, 18]. Domb and associates (2011) reported cases of
iliopsoas impingement leading to labral damage, due to smaller femoral neck-shaft angles [18].
A tighter psoas tendon may further induce adverse stresses to the anterior labrum (Figure 10.2),
while restricting hip extension during walking and sagittal pelvic range of motion during
squatting, as seen in Chapter 4 and in previous motion analyses [32, 33]. The tighter psoas, due
to the varus neck, may be another causative factor as to why many symptomatic participants

were unable to squat as low and experienced reduced sagittal pelvic range of motion.

Figure 10.2. Sagittal view of the hip joint in a neutral position (left), with the iliopsoas further away from the

anterior hip joint; and the hip joint in extension (right), where the iliopsoas may induce higher anterior forces and
impingement. Reproduced with permission of University of Ottawa (Mantovani, 2016).
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In addition to the previous suggestions that a lower femoral neck-shaft angle is associated
with hip pain [8, 24, 48, 49], Siebenrock and associates (2013, 2015) recently examined the
degenerative process of FAI in sheeps [53, 54]. This in vivo, animal study involved a surgical
procedure to reduce the femoral neck-shaft angle to induce mechanical cam impingement (Figure
10.3). Ovine specimens were selected as they had aspherical femoral heads, similar to the
characteristic shape of human cam morphologies They performed unilateral, intertrochanteric
varus osteotomies on a group of 16 healthy sheeps, where the varus osteotomy seated the
aspherical femoral head closer to the anterolateral and anterosuperior labrum. After short and
long-term follow-up (sacrificed at 14, 22, 30, 38 weeks), they observed localized chondrolabral
degeneration on the operated side, which were comparable to the progressive damage in human
hips with cam FAI (Figure 10.4). Siebenrock and associates (2015) further confirmed the course
of the ovine hips’ degenerative process, measuring the cartilage biochemistry at 10 and 14 weeks,

using predictive T2 and T2* imaging modalities [54].

Cam-Type
Physiological Superior Impingement
Head-Neck Asphericity

Intertrochanteric
Osteotomy Hook Plate

Figure 10.3. Siebenrock and associates (2015) examined the healthy sheep hip structure, as it had a naturally
aspherical femoral head (A). An intertrochanteric varus osteotomy was performed to induce mechanical cam

impingement (B), by medially rotating the femoral head-neck and closing a 15-degree wedge resection. Reproduced
with permission of Springer (Siebenrock et al., 2015).
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Figure 10.4. Siebenrock and associates’ (2013) in vivo ovine study, comparing: (A) their macroscopic evaluation of
a healthy, control sheep with normal cartilage; (B) development of lesions after 14 weeks of the varus osteotomy
(black arrows denote malacia; star denotes longitudinal labral tear); (C) delamination of lesion (black stars) with
carpet phenomena (black arrows) after 22 weeks; and (D) detached labrum, with malacia and cleavage lesions (black
arrows) after 38 weeks. Reproduced with permission of John Wiley and Sons (Siebenrock et al., 2013).

10.1.2 Finite Element Methods

The importance of subject-specific hip joint simulations cannot be overstated, especially when
examining clinical research questions. The finite element modelling parameters were selected to
address previous concerns of subject-specificity, to better represent an individual’s subject-
specific anatomical geometries and bone material properties. First, subject-specific anatomy was
a critical parameter to include in the finite element models, as the cam deformity and femoral
neck-shaft angle were associated with symptomatic FAI It was also important to include
subject-specific cartilage thicknesses, to represent each cohort, since individuals with a cam
morphology would naturally have slightly thinner cartilage layers, compared to control
participants. Second, subject-specific bone material properties were necessary, since bone
mineral densities differ between individuals with and without a cam morphology. Finally,

subject-specific hip contact forces were important and reflected each participant’s joint loading
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mechanics. Interestingly, the symptomatic participants demonstrated lower hip contact forces,
compared to the asymptomatic and control individuals. This indicates that hip joint stresses are
likely less influenced by the magnitude of the force vector, but rather more influenced by the
direction of the force vector. This also reiterates that the symptomatic participants demonstrated
a neuromuscular compensatory mechanism, in efforts to avoid impingement and pain.

In efforts to extract clinically relevant data and results from finite element simulations,
Viceconti and associates (2005) provided a guideline of issues to address, which included: model
selection, proper parameter identification, inter-subject variability, verification, sensitivity

analysis, and validation [64].

10.1.2.1 Model Selection

The intention of the selected model was to contribute to the understanding of adverse hip joint
loading due to cam FAI. For the models to adequately represent a participant cohort, several
subject-specific input parameters (e.g., hip joint loading, geometries, and material properties
specific to the participant or cohort) could be implemented to better predict the adverse loading
conditions. The bone and soft tissue geometries were extracted from subject-specific imaging
data and, along with the mesh refinement parameters and boundary conditions, were consistent
for all simulations. For the quasi-static conditions, which simulated a specific instance during
level walking (terminal stance) and mid-squat (90° of hip and knee flexion), conventional soft
tissues properties were implemented. Cartilage was considered as a uniform, isotropic layer
which was adequate for quasi-static, non-cyclic loading parameters [3, 4, 15, 23, 26-29, 50, 51,
68]. In combination with the hyperelastic soft tissues, heterogeneous bone models were
implemented to demonstrate inter-subject variability within a cohort and to also represent a
pathology-specific demographic. The effects of simplified material modelling parameters leading

to progressive joint degeneration have not yet been fully elucidated.

10.1.2.2 Proper Parameter Identification and Inter-Subject Variability

As mentioned, the quasi-static simulations compared hip joint stresses at specific time points,
during level walking (terminal stance) and mid-squat (90° of hip and knee flexion). For this, it
was critical to identify the relevant independent variables to structure the comparative analyses.

Differences in anatomical and functional parameters, between the participant groups
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(symptomatic, asymptomatic, and control), established this basis for clinically relevant
dependent variables. As an independent variable, the alpha angle parameter identified who were
the individuals with the cam morphology; however, it was the neck angle parameters that
established significant and clinical differences between those with or without symptoms.

For dependent variables, cartilage loss is a mediated process that has been linked to
regions of elevated stresses, due to abnormal bone geometries [22, 42, 46]. As a dependent
variable, maximum shear stresses were examined in each participant’s acetabular cartilage,
labrum, and subchondral bone [7, 35, 46], as it could indicate adverse loading leading to
cartilage failure and across the cartilage-bone interface [7, 46]. More importantly, to contribute
to the understanding of joint loading to the pathomechnical process, Ateshian and associates
(2015) reported that the instantaenous response of shear stresses at the cartilage-bone interface
was consistent with experimental observations [7]. Moreover, maximum shear stress has been
typically measured to correlate with metrics observed for physical damage or metabolic change
[7]. While there is variability to be expected with any combination of material properties and
modelling parameters, it will always be important to understand relative differences between
each combination of dependent variables and, if possible, account for these variabilities.

To account for inter-subject variability, each participant model had an individualized
bone model, derived from a density-elasticity relationship. The heterogeneous bone models
showed slightly more distinct secondary stress concentrations that corresponded with areas of
denser bone, in comparison with the other conventional bone modelling parameters. This was
more pertinent for the cross-sectional analysis — comparing subject-specific hip joint stresses
within pathological groups. After retrospectively examining the bone density distributions, the
elastic moduli were evidently different in the acetabular dome, demonstrating inter-subject
variability (Figure 10.5). The symptomatic participants had marginally higher elastic moduli than
the asymptomatic group; however, both cam deformity groups (symptomatic and asymptomatic
groups) had higher acetabular elastic moduli than the control group, which coincided closely
with previous analyses of acetabular subchondral bone density [58]. The symptomatic participant
with low femoral neck-shaft angle had the highest elastic modulus values (~ 20 GPa), which
reflected the osteoarthritic process of the stiffer subchondral bone and the elevated stresses in the

acetabulum.
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Figure 10.5. Sagittal view of each participant’s acetabulum model, indicating the elastic modulus distribution. The
symptomatic (left) and asymptomatic (centre) groups had higher elastic moduli than the control group (right),
while the symptomatic participant with low femoral neck-shaft angle (bottom left) had the highest values.

10.1.2.3 Verification and Sensitivity Analysis

Verification ensures that the result approximates the underlying mathematical model [64]. The
hip joint models were reconstructed from subject-specific imaging data and indicated slight
discrepancies (from the Bland-Altman plots), but were consistent to be implemented in clinical
orthopaedics [12]. The mesh for bone and soft tissue models started with a nominal element size
of 3 and 2 mm, respectively, and then refined to ensure mesh insensitivity and convergence.
Element sizes and counts were similar, for each of the bone and soft tissue models. For the nodal
analysis, unaveraged stresses were confirmed to be within 5% of the averaged values at the
integration points, to ensure that meshes were sufficiently refined [59]. Moreover, both iterative

and direct solvers were tested and compared, to ensure that there were no inconsistencies.

10.1.2.4 Validity

As Viceconti and associates (2005) remarked, it is near impossible to fully validate a numerical

model [64]. However, it is common to verify and validate results against previous similar studies
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in literature. The implications of these comparisons are important as they permit a level of
validation for how much “trust” there is in the results or if the finite element simulations yield
any practical significance. The systematic review (Chapter 2) noted that previous FAI
simulations used simplified geometries to predict stresses, along with homogeneous bone
material properties and instrumented prostheses loading data. Furthermore, no study investigated
hip contact stresses resulting from an asymptomatic cam morphology; thus, more importantly, no
study differentiated between hips with a symptomatic cam deformity and an asymptomatic cam
morphology.

The first reported finite element model on FAI, by Chegini and associates (2009),
parameterized an idealized ball-and-socket model to various cam and acetabular coverage
morphologies, and applied instrumented prosthesis loads [15]. During level walking, there were
no changes in stress with varying alpha angles, which was likely due to their idealized geometry.
Their control parameters were slightly lower (contact pressure = 2.57 + 0.89 MPa), than results
reported in this doctoral research; however, their model did not consider subject-specific
geometries, bone material properties, and, more importantly, joint loading, which could have
yielded a higher result. During squatting, the cam deformity groups’ peak cartilage-labrum
stresses were similar to their reported large range of contact pressures (3.67 — 12.84 MPa) and
von Mises stresses (9.7 — 27.2 MPa) for cam deformities with normal acetabular coverage. There
was no report on subchondral bone stresses.

Another earlier finite element study examined acetabular subchondral bone stresses, due
to cam FAI during maximal squatting, but applied intersegmental hip forces [44]. The cam
deformity groups’ stresses were within range of their earlier values (13.4 — 16.9 MPa), however,
the current study included a labrum model as well as subject-specific bone material properties
and hip contact forces (as opposed to intersegmental forces from inverse dynamics), thus
improving the representation of hip contact stresses.

Jorge and associates (2012) found much higher cartilage contact pressures during deep
flexion, noticing elevated peak contact pressures and von Mises stresses in the anterosuperior
cartilage (11.6 and 14.4 MPa, respectively) and labrum (16.4 and 14.7 MPa, respectively) [30].
Their study was limited to one male subject with a severe cam deformity (age = 27 years, alpha
angle = 98°) matched with one healthy female control subject (age = 50 years, alpha angle = 48°).

Another recent study by Hellwig and associates (2015) also implemented idealized geometries
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and instrumented prosthesis loads during walking to compare one cam (alpha angle = 74°) with
one control hip (alpha angle = 40°) [25]. Using a poroelastic, orthotropic cartilage model, they
found peak contact pressures in the superior cartilage for the control hip (2.87 MPa). Peak pore
pressure was also different between control (0.42 MPa, posterior cartilage) and FAI (3.76 MPa,
anterosuperior cartilage). The authors remarked that their models were idealized for convergence
[25]. It is also a common strategy to validate numerical models by comparing results with case
controlled in vitro experiments. However, none of the previous finite element simulations on
cam FAI validated their models using this approach. Although in vitro cadaveric studies involve
physical testing of the biological tissues, there are numerous inherent limitations that may result
in an incompatible solution.

To date, there has been no published in vitro cadaveric hip joint study that involved
human hips with cam deformities. This makes direct validation, with previously established case
controlled experiments, difficult. As mentioned earlier (Chapter 10.1.1 — Varus Neck Angle),
Siebenrock and associates’ (2013, 2015) in vivo studies examined the progression of hip joint
degeneration in ovine hips with a cam deformity and varus neck angle [53, 54]. This is the
closest study in vitro or in vivo study that considered the influence of additional anatomical
parameters on joint degeneration; and aligns well with the results presented in this dissertation.
In continuation with the aforementioned studies, Maquer and associates (2016) recently
examined in vitro the effects of cam resection on ovine hips and found that fractures risks were

only high with large osteochondroplasty procedures [37].

10.1.3 Effects of Cam FAI on Joint Stresses

From the finite element simulations on level walking and squatting, the cam deformity
participants with low femoral neck-shaft angles had higher stresses in their respective subgroups.
Both symptomatic participants and the asymptomatic participant with the lower femoral neck-
shaft angle indicated anterolateral and posterior stress concentrations, which coincided very
closely to known areas of cartilage damage. The symptomatic participants experienced multiple
stress concentrations during squatting, in the anterosuperior and posterior cartilage and
subchondral bone, which could have been indicative of slight contrecoup stresses [9], and
corresponded with regions of decreased proteoglycan content [5, 39]. Interestingly, the

asymptomatic participant with the high femoral neck-shaft angle demonstrated marginally higher
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cartilage stresses than the control group, but showed high subchondral bone stresses during
squatting. In addition, the asymptomatic participant with low femoral neck-shaft angle
experienced subchondral bone stresses that were more similar to the symptomatic group [5, 58].
Comparing these results with clinical observations, Speirs and associates (2013)
implemented the similar cohort (n = 36) of symptomatic, asymptomatic, and control participants
(of 12 equally matched groups), to investigate acetabular subchondral bone density [58]. The
anterosuperior bone density was much significantly higher for the symptomatic (14 — 38%) and
asymptomatic groups (15 — 34%), compared to the controls. Interestingly, the asymptomatic
group had higher bone mineral density values in the anterior rim section and anterosuperior
midsection, compared to the symptomatic group (Figure 10.6). Moreover, bone mineral density
correlated moderately with axial 3:00 alpha angle (R%4.. = 0.16) but had a stronger correlation

with radial 1:30 alpha angle (R%4z = 0.44).
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Figure 10.6. Sagittal view of Speirs and associates’ (2013) acetabular bone mineral density plots of the symptomatic
(“surgical”, in red), asymptomatic (“bump”, in green), and control groups (in blue), plotted on a left hip. Bone
mineral density (mg/cc) was measured at: A) the level of the rim (lateral edge of the acetabulum); B) middle
(midsection of the acetabular thickness); and C) medial wall. Reproduced with pending permission of Elsevier
(Speirs et al., 2013).

In addition, recent publications demonstrated the capacity of T1p MRI to determine
differences between normal hips and FAI [47], where relaxation time is inversely proportional to
proteoglycan concentration. Using a similar cohort to this thesis study, McGuffin and associates
(2015) studied 19 individuals with bilateral cam deformities and found no differences in
proteoglycan depletion between their affected (symptomatic) hip and their unaffected
(asymptomatic, contralateral) hip, indicating that there is still an increased risk of cartilage

degeneration, regardless of hip pain [39]. Comparing relaxation times, the closest comparison
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was in the anterolateral quadrant and the affected hip (mean = 31.7 ms, range = 29.6 — 34.0 ms)
was only marginally higher than the unaffected side (mean = 29.1, range = 26.2 —31.9 ms; p =
0.089). Anwander and associates (2016) then compared 20 asymptomatic individuals with a cam
deformity to 16 healthy individuals, using T1p MRI [5]. Again, asymptomatic cam hips had a
longer relaxation time (34.0 & 4.6 ms) than control hips (31.3 + 3.2 ms; p = 0.050). In this case,
alpha angles did not correlate with relaxation time; which may further support that the size of the
cam deformity alone does not lead to a depletion of proteoglycan or to the progression of
symptoms.

Although the cam deformity rarely impinges at lower amplitudes of motion, the
combined effect with a lower femoral neck-shaft angle and shortened abductor may contribute to
more adverse contact loading to stabilize the pelvis. Elevated hip joint stresses of symptomatic
individuals could be attributed to pre-existing chondrolabral damage, resulting in incongruent
articulations and unfavorable contact mechanics. The control participant in this study, with the
lower femoral neck-shaft angle, showed more favorable contact mechanics, which again may
justify that a combination of both cam and neck angle parameters (among others) may contribute
to adverse stresses.

During level walking, both asymptomatic participants along with the control participant
with high femoral neck-shaft angle all had larger hip extensions. Both symptomatic individuals
had smaller hip extensions during terminal stance, which could have been limited by capsular
ligaments or perhaps indicated a protective mechanism to minimize anterior hip contact forces
[34, 65]. Interestingly, the symptomatic participants had lower hip joint contact forces, in
comparison with the other two groups. In terms of the anatomical structure, the varus neck and
higher trochanters resulted in a shortened iliofemoral ligament and different iliopsoas wrapping.
This could also be a neuromuscular adaptation mechanism to avoid pain by altering the direction
and magnitude of the force vectors [40]. Lewis and associates (2010) determined that a greater
hip extension resulted in elevated anterior hip joint force [34]; while Wesseling and associates’
musculoskeletal model (2015) also showed lower hip contact forces, during terminal stance, after
reducing hip extension [65]. Wesseling and associates’ (2016) subsequent study on hip implants
suggested that increasing hip abduction would decrease contact forces; while decreasing hip

extension, during terminal stance, would further result in lower risks of edge loading [66].
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Furthermore, there have been suggestions that subclinical slipped capital femoral
epiphysis (SCFE) and the abnormal head-neck extension can lead to the growth of the cam
deformity [1, 17, 21, 55]. A varus hip could lead a hip to higher shear loading across the physeal
growth plate, which could further predispose to SCFE or cam FAI [20]. In an earlier finite
element study, by Fishkin and associates (2006), a single male model with slipped capital
femoral epiphysis was parameterized to various femoral versions, directional varus loading, and
bodyweight loading parameters [20]. Varus loading conditions resulted in higher shear forces
across the physeal plate, ultimately increasing the risk of slippage. In another study by Sanchez
Egea and associates (2014), a finite element model was parameterized with various femoral
neck-shaft (110 — 130°), femoral torsion (0 — 20°), and acetabular version angles (0 — 20°), to
examine the effects of anatomical variations on hip joint cartilage stresses, during quasi-static
walking loads [52]. In comparison with the results from this dissertation, their varus
configuration (110°) demonstrated higher stresses than their control model (Figure 10.7); though
their study parameterized one female model (age = 99 years, BMI = 23 kg/m?), taken from an
existing database. Moreover, femoral head parameters were not considered (i.e., alpha angles and
femoral head-neck offset), which could explain why peak stresses were centrally located in the

acetabular cartilage, instead of the chondrolabral junction.
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Figure 10.7. Sanchez Egea and associates’ (2014) finite element study that compared a normal hip condition
(Referencia) and parameterized femoral neck-shaft (NS), femoral anteversion (FA), and acetabular anteversion (AA)
angles, examining stress distributions in the labrum (top row), femoral cartilage (middle), and acetabular cartilage
(bottom). The varus neck configuration (NS110°) resulted in higher and very localized stresses across the
posterosuperior quadrants. Reproduced with permission of Elsevier (Sanchez Egea et al., 2014).
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In Buchan and associates’ (2015) work, 12 cadaveric hips with cam morphology were
loaded and examined using open MRI [14]. It was not reported if the specimens experienced
symptomatic impingement. The hip joint specimens were placed in two positions: 1) supine and
2) anterior impingement; and imaged using a T1-weighted sequence. After imaging, the
iliofemoral capsular ligament and ligamentum teres were excised, to access the hip joint capsule.
Contact pressure sensors (K-Scan 4400, Tekscan, Boston, MA, USA), designed for the
acetabular socket’s convexity-concavity articulation, were mounted onto the lunate surface. The
hip specimens were manually moved to simulate passive anterior impingement. From this work,
hips with the cam morphology demonstrated a higher level of intrusion into the cartilage space
[14]. Interestingly, their hip with a combination of a cam morphology, coxa vara, acetabular
retroversion, and femoral neck osteophytes had the highest contact forces (Figure 10.8), in
comparison with all the other hips. The authors reported that two hip specimens were excluded
from their study, as the cam deformity was severely large combined with a varus neck, which

resulted in dislocations.
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Figure 10.8. Buchan and associates’ (2015) hip joint specimen with a combination of a large cam morphology,
varus neck angle, acetabular retroversion, and anterior neck osteophytes. The impingement test resulted in a severe
cam intrusion (top left) and contact with the anterior labrum (bottom left). Moreover, the total resultant contact
force, measured from the contact pressure sensors, were the highest among their collected specimens (right). The
resultant stresses, from the impingement test, was concentrated in the anterosuperior quadrant. Reproduced with
permission of John Wiley and Sons (Buchan et al., 2015).
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10.2 Limitations

10.2.1 Participant Demographics

One general limitation that affected all three studies was that the cohort consisted of a male-
dominant population, as the cam deformity is statistically prevalent in men. The inclusion of
females could introduce variances in anatomical structure and squat kinematics. Therefore, an
additional study to examine sex-differences could elucidate whether the pathomechanics of FAI
is specific to sex. Age differences may also have been a limitation since cartilage and labral
damage not only depends on the size of the deformity, but may also increase with age. Although
our symptomatic group was slightly older, age differences were not significant and there were a
few older symptomatic participants who performed deeper squats and wider pelvic motions.

Furthermore, many of the patients who presented themselves to the senior orthopaedic
surgeon, with unilateral hip pain, were younger males. It may have been possible that these
patients were exposed to strenuous physical activities during skeletal maturation, predisposing
them to cam deformities. Their persisting clinical symptoms and pain over time may have been
attributed to the recurring mechanical impingement, leading to symptomatic chondrolabral
damage or subchondral bone stiffening. The subsequent recruitment process of the asymptomatic
participants required seeking volunteers who could fulfill the sex-, age-, BMI-matching criteria.
As result, several of the asymptomatic volunteers (with and without a cam morphology) were
male, young, and average in BMI (characteristic of the young, athletic, male population).

Although it was determined that the sample sizes were adequate for the anatomical
measurements, a larger sample size would further increase predictive power. For the finite
element simulations, certain limitations were imposed by the small sample size. The participants
with the highest and lowest neck angles were selected for simulation, but a larger sample size
would increase the robustness and differences among the subgroups, which may help to further
delineate intersubject variability and correlate impingement severities with associated anatomical
parameters (cam morphology and femoral neck-shaft angle).

It is possible that the participants’ walking and squatting motions (squat depth and pelvic
range of motion) were limited by pain. However, during any of the required task, participants
were asked if they experienced any discomfort or pain during the motion, and none of the

patients stated that pain limited their walking or squatting capacity. It is possible that the pace of
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the walking or squatting motion may have affected the loading dynamics of the cam deformity
onto the articulating surfaces. Although none of the patients had evidence of osteoarthritis on
imaging data, there are still numerous possible causes of limited squat (e.g., apprehension by the
participant to avoid pain, neuromuscular inability, extra-articular impingement). Another

limitation was the use of pain to help classify the different groups.

10.2.2 Anatomical Parameters

One of the limitations was the number of CT parameters considered. Since the focus was on
cam-type FAI, common recurring parameters of the proximal femur were selected, as opposed to
the acetabulum. To fully understand the relationship among joint structures, clinical signs, and
the role of acetabular orientation on joint kinematics, an extensive study of the morphological
parameters associated with the acetabulum (e.g., lateral center-edge angle, retroversion index,
subtended angles, acetabular crossover locations and coverage) may be needed in the future,
along with a 3D shape analysis of the cam deformity. These additional anatomical parameters
could be considered to further compare symmetry between the affected and unaffected sides, in
individuals with bilateral cam deformities. A next step could be to examine the relationship
between the acetabular coverage and the femoral head-neck deformity and its influences on
range of motions. Moreover, additional anatomical spinopelvic parameters should be measured,
to examine their potential influence on anterior hip joint pain and restricted sagittal range of

motion. This could also help further differentiate symptomatic from asymptomatic hips.

10.2.3 Modelling Parameters

To evaluate the geometric 3D hip joint models, the anatomical measurements adhered to the 2D
measurement methods as closely as possible (i.e., circle-fitting to reconstruct a geometric
centroid). The intention was to model large-scale anatomical parameters of the femoral head-
neck and acetabulum and compare anatomical measurements that were used in clinical practice.
According to our Bland-Altman analyses, it was slightly more difficult to assess asymptomatic
participants, suggesting the need for more thorough understanding of the anatomical indicators
of osteoarthritis to classify the asymptomatic population. Apart from the alpha angles, there were
no other established anatomical thresholds to characterize asymptomatic individuals. The Bland

Altman analyses’ limits of agreement were deemed reasonable, based on our clinical application
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[12], with mean differences centered on zero. A few underestimations should be expected with
CT measurements. When doubt arises with the segmented models and in clinical practice, any
measured hip joint parameter with an intermethod ICC near or below 0.75 should be repeated. If
the intermethod ICC still falls below 0.75 after the repeated observation, the model could be re-
segmented to ensure that the models are accurate geometric representations.

From the MRI data, the hip was imaged with 3-mm slices and although this was a
relatively large slice thickness, compared to CT imaging, the MRI was a high resolution sagittal
sequence, adequate for assessing the cartilage thicknesses (in-plane pixel spacing of 0.469 mm).
Both the CT and MRI acquisitions were done in the supine position. To further assess the effects
of hip morphologies on cartilage thickness, imaging during weight-bearing positions could be
considered in the future [67], to incorporate the effects of natural postural position and loading.

In terms of the material modelling parameters, a notable limitation was the number of
parameters examined in this study. Conventionally used material modelling parameters from
literature were selected to simulate the macroscopic effects of joint loading on cartilage contact
stresses. This study also examined a single, healthy participant with no known lower-limb
abnormalities, in efforts to compare parameterized material modelling parameters. Knowing that
inter-subject variability may be just as influential as parameterizing material properties [23], it
would be interesting to examine the effects of each modelling parameter with a larger sample
size or a group that could represent a patient-specific population. This would further confirm if a
subject-specific, heterogeneous bone model could better predict symptomatic contact stresses.
There are several previous studies that implemented intricate modelling parameters and material
properties, which posed other in-depth and purposeful research questions.

Although there was an improvement with implementing subject-specific bone material
properties to examine FAI, biphasic cartilage properties or permeability were not considered.
Cartilage consolidation should be further considered in future studies along with dynamic
responses [6, 35, 57]. Although subject-specific bone densities were mapped onto individual
elements, resulting in heterogeneous bone models, another limitation may be the isotropic
properties used. Isotropy is a conventional material property, when implementing subject-
specific bone density mapping for heterogeneous components, however, future steps should

consider anisotropic or orthotropic properties to simulate the material behavior or bone.
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Although higher maximum shear stresses may be associated with increased subchondral
bone density [58) as well as potentially higher risks of hip joint degeneration [39, 46], it is not
known if cumulative stress or damage can play a role in the osteoarthritic process. In addition to
incorporating dynamic responses in future studies, a cumulative stress metric should be
considered to further examine the damage threshold in the cartilage.

Resultant hip joint loading was interpreted as hip contact forces applied to the femoral
head, similar to load applications of Bergmann and associates’ study (1993). Hip joint contact
forces implemented in this dissertation were determined through static optimization and were
marginally higher than forces measured from instrumented prostheses [36]. It should be
acknowledged that there are large variances in age, activity level, BMI, and pathology between
the participants studied in this work and participants with instrumented prostheses (i.e., older in
age, moderate activity level, higher BMI, arthroplasty resulting from osteoarthritis). A
subsequent step could be to incorporate individual muscle contributions at their lines of action
and through their wrapping points using a musculoskeletal model, which may yield higher
resultant stresses, as opposed to a resultant net contact force at the hip joint center. As discussed
earlier (Chapter 10.1.1 — Varus Neck Angle), subject-specific muscle wrapping and lines of
actions (e.g., femoroacetabular abductors and rotators due to varus neck angle; tightened psoas
and anterior hip pain, due to pelvic tilt and varus neck angle), can help further delineate

differences between symptomatic and asymptomatic individuals [63].

10.2.4 Clinical Simulations

The resultant simulations carry certain limitations. Only quasi-static conditions during level
walking (peak force during terminal stance) and during squatting (mid-squat condition) were
examined and compared. There are numerous other activities of daily living that could have been
implemented for simulation, such as: stairs ascent and descent, sit-to-stand and stand-to sit,
incline ramp up and decline ramp down; however, standard gait analysis was selected as it was
common movement of interest. Furthermore, squatting requires a larger combined range of hip
motions; and it was selected for comparison as it previously revealed differences between
symptomatic patients and healthy, control individuals [33].

In terms of the selected participants, the individual with the highest and the individual

with the lowest femoral neck-shaft angle were selected for each subgroup. Due to the
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characteristically varus angle of the symptomatic group, there was an overlap in femoral neck-
shaft angles between the symptomatic and asymptomatic groups (i.e., more varus necks of the
symptomatic group, compared to the normal range of neck angles of the asymptomatic group).
None of the symptomatic participants had a valgus neck to directly compare with upper limits of
the asymptomatic and control groups (134° and 132°, respectively), whereas similarly, our
asymptomatic and control participants did not have varus angles. The consequence of these small
differences has yet to be fully elucidated. The slight overlap in femoral neck-shaft angles
between the symptomatic and asymptomatic groups also showed overlapping peak hip joint
stresses. It was interesting to note that higher stresses were not necessarily dependent on
participant group or symptoms, but were perhaps associated with femoral neck-shaft angle and
cam morphology. In addition, we also accounted for the highest and lowest femoral neck-shaft
angles in each group as opposed to examining the largest and smallest cam deformities. The
baseline bone densities for each model were within range of typical values for cortical and
trabecular bones. There were no differences in elastic modulus between participants within a
subgroup, but the symptomatic and asymptomatic participants had marginally higher elastic
moduli than the control group.

In addition to the muscle lines of actions, capsular ligaments were not included in the
model in the modelling and simulations. Although the focus was on the contributions of the bony
morphology toward adverse contact loading, the study of ligament contributions towards contact
mechanics would be instructive. Taut hip joint ligaments could properly seat the femoral head
into the acetabulum at more neutral positions, but may restrain hip range of motion in individuals
with a cam morphology. Knowing that muscle loads contributes considerably to bone
remodelling [11, 19] and knowing that capsular ligaments also play a vital role in minimizing
edge loading [62], poorly functioning ligaments may be unable to prevent adverse contact
loading at higher amplitudes of motion. Thus, further examination of the surrounding capsule on

limiting adverse stresses and microinstability is warranted [31, 38, 41, 56, 60].

10.2.5 Effects of Surgical Correction

The post-operative effects (after open surgical dislocation or arthroscopic cam resection) of the
symptomatic patients were not examined. It was recently reported that surgically resecting the

cam deformity can delay the pathomechanical process of subchondral bone stiffening [16]. One
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of the next steps, part of the ongoing research program, is to compare the hip joint stresses before
and after surgical correction, to determine if there are any improvements to the hip joint stresses.

The results from this dissertation may further challenge the perspectives of joint
preservation surgery. In a case where a patient who underwent an ineffective cam resection (to
reduce pain or delay the pathomechanical process), an intertrochanteric osteotomy could be
considered, to correct the varus neck. Alternatively, femoral neck lengthening can be considered
for hips with superiorly positioned greater trochanters, to lengthen the abductor muscles [2].
Moreover, in the scenario of tightened iliopsoas, due to coxa vara, an alternative psoas release
could be considered, to alleviate anterior hip joint stresses [18]. The long-term results of the
combined surgeries would need to be further investigated, to fully understand any effects on
microinstability of the hip joint.

In any case, non-invasive and non-surgical methods should always be considered first. If
no labral tear or short-term cartilage damage was experienced, it would be a question of pain
management for the individual and lengthening the hip abductors and iliopsoas. This non-
invasive, muscular strengthening approach could be implemented prior to any long-term

degenerative or arthritic changes.
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10.3 Conclusion

With the ultimate goal to understand the pathomechanisms of cam FAI, the collective sub-studies
and the iterative design process of the finite element models presented a modelling approach to
the analysis of cam FAI by integrating more subject-specific data to investigate mechanical
stresses corresponding to areas of articulating cartilage damage and subchondral bone adaptation.
In efforts to preserve the natural hip joint, understanding that anatomical parameters can play an
important role in the onset of hip symptomatology is critical to help identify those who are at
greater risk of earlier onset of irreversible damage.

An early theory, proposed by our research group,! suggested that the cam morphology
could subject the hip joint to early bone adaptation. This early research question asked if bone
remodelling, secondary to mechanical stimulus, could play a role in the degenerative process
[45]. At the time, there was still no clear understanding of how additional anatomical parameters
could contribute to symptoms and mechanical hip joint loading, aside from the cam morphology.
Nevertheless, the early ideas brought into the discussion the question of how the hip could be
subjected to adverse loading conditions, directly to the bone, from the cam effect.

Multidisciplinary efforts to characterize FAI remain to be warranted. To help delineate
focal sub-studies and improve the understanding of cam FAI, this dissertation identified gaps in
the literature. Upon closer observations, adverse hip joint stresses were less likely due to the
actual magnitudes of the applied forces, but instead were more likely due to the combination of
the cam deformity, varus neck angle, and subject-specific bone material properties, which could
have affected the resultant mechanical loading directions and contact mechanics. With this in
mind, anatomical and functional parameters will be crucial to help distinguish asymptomatic
individuals and should be implemented towards developing screening programs — in efforts to
predict hips that will be at risk of early symptoms. The combined effects of the cam morphology
and varus neck may induce higher stresses into the subchondral bone during larger hip motions.
This would increase the likelihood of early pain associated with FAI. Although it is possible that
an asymptomatic cam deformity can remain subclinical, while predisposing to early subchondral
bone stiffening, hips with an asymptomatic morphology and varus neck angle may be at greater

risks of labral tears and degeneration.

! Ng KCG, Rouhi G, Lamontagne M, Beaulé PE. The mechanisms that initiate femoroacetabular impingement

— can Wolff’s law explain FAI? In proceedings of Bioengineering 08. 2008. Imperial College London, UK.
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Ongoing research will examine the functional outcomes of asymptomatic participants, to
observe how different natural histories and the role of soft tissues (i.e., capsular ligaments and
muscles) will influence the progression of symptoms. In efforts to delay surgery and preserve the
inherent stability of the native hip, physical examinations and additional anatomical parameters
(i.e., femoral neck angles and cam deformity parameters) should be observed early, prior to the
onset of symptoms. With the decreased neck angle in mind, other treatment options such as
physiotherapy, abductors and psoas muscle training and recruitment strategies should be
considered.

Although the research question of “what are the effects of cam FAI on mechanical hip
joint loading?” is still elusive, the overall benefit taken from the present research work is the
characterization of the pathoanatomical aspects associated with cartilage damage and the
clarification of the causal relationship between FAI and the prevalence of osteoarthritis. A better
understanding of the interaction between the joint morphology, function, and mechanical stimuli
could possibly lead to an improved screening process to detect the progression of a cam FAI and
provide clinicians the indications on where initial chondrolabral or cartilage damage could occur.
Early recognition could help reduce hip osteoarthritis cases and, thus the number of hip

arthroplasty surgeries.
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Material Tensors

Orthotropic properties representing different elastic responses to loads in the XYZ directions,

can be represented by nine elastic constants in the constitutive equation:

1 Vyx Yzx 0 0
Ex Ey E,
Zy 2 o0 0 0
Sxx Ex Ey Ez Uxx
Evy Vxz Yyz 1 0 0 0 %yy
€2z _ Eyx Ey E, Ozz .
e = ) Oy Equation C.1
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EZ X 2 Gyz O-Z X
1
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ZX
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26y

where E represents the elastic modulus, G represents the shear modulus, and v represents
Poisson’s ratio. The subscripts indicate the applied normal plane and coordinate direction,
respectively. The orthotropic material model is different from the isotropic model, where the

elastic modulus, shear modulus, and Poisson’s ratio are independent of direction, as seen by:

Exx 1 v v 0 0 0 Oxx

Eyy v 1 v 0 0 0 Oyy

&2 1 v v 1 0 0 0 Oz .

&: "E 0 0 0 1+v 0 0 0 CdqutnCa
€zx 0 0 0 0 1+v 0 Ozx

Exy 0 0 0 0 0 1+v Oxy

where only two constants are needed. Various models for the articular cartilage have also been
implemented in the past. Some researchers have exploited the biphasic property of cartilage
considering cartilage as a poroelastic material. However, in studies looking at the articular
cartilage as a whole-body layer, as opposed to focusing on the fluid exudation and intermittent
hydrostatic pressures, a simplified isotropic property has often been implemented. Since quasi-
static loading involves non-cyclic loads, time-dependent and viscoelastic behaviours can also be

ignored.
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Mechanical Stress Analysis

Many computational finite element programs provide various nodal and element solution tools
for post-processing analysis. The von Mises stress analysis is frequently used to calculate nodal
solutions to examine the loading conditions and equivalent stresses in the component. The
corresponding failure criterion considers the squared differences of the principal stresses, then

compares the equivalent stress with the material’s yield stress, as stated by:
o 0?40 0+ (05 0] <0 Equation C.3
LG o, O3 o3 0) <0 quation C.

where o1, 02, 03 represent the principal stresses and g, represents the yield stress. By taking the
equilibrium state of a material’s distortion energy into account, the von Mises failure theory acts
as a conservative failure criterion and is often used for assessing ductile engineering materials.
Thus, it may be questionable to determine von Mises stresses in the innominate structure, since
the hip assembly comprises of quasi-brittle bone tissues.

Alternatively, a maximum shear stress analysis can provide a less conservative account
for principal stresses. Theoretically, the maximum shear stress analysis (Tresca’s failure criterion)
considers the differences between the maximum and minimum principal stresses. The failure
criterion would require for one half of the difference between the principal stresses to be less
than the yield shear stress.

Although the maximum shear stress analysis is another conventional failure criterion for
ductile materials, it is less conservative in comparison with von Mises criterion. Moreover, since
cartilage is mostly under shear stress, it may be more suitable to examine adverse hip loading
conditions by considering principal stresses and resultant maximum shear stresses. As described
in Radin and associates’ work (1991), maximum shear stresses could indicate risks of adverse

loading conditions leading to cartilage failure and across the cartilage-bone interface.?

2 Radin EL, Burr DB, Caterson B, Fyhrie D, Brown TD, Boyd RD. Mechanical determinants of osteoarthrosis.
Semin Arthritis Rheum. 1991;21:12-21.
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