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Abstract
Background Individuals with a cam deformity and a decreased (varus) femoral neck-shaft angle may be predisposed to symptomatic femoroacetabular impingement
(FAI). However, it is unclear what combined effects the
cam deformity and neck angle have on acetabular cartilage
and subchondral bone stresses during an impinging squat
motion. We therefore used ﬁnite element analysis to examine the combined effects of cam morphology and femoral neck-shaft angle on acetabular cartilage and
subchondral bone stresses during squatting, examining the
differences in stress characteristics between symptomatic

and asymptomatic individuals with cam deformities and
individuals without cam deformities and no hip pain.
Questions/purposes Using ﬁnite element analysis in this
population, we asked: (1) What are the differences in acetabular cartilage stresses? (2) What are the differences in
subchondral bone stresses? (3) What are the effects of high
and low femoral neck-shaft angles on these stresses?
Methods Six male participants were included to represent
three groups (symptomatic cam, asymptomatic cam, control without cam deformity) with two participants per
group, one with the highest femoral neck-shaft angle and
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one with the lowest (that is, most valgus and most varus neck
angles, respectively). Each participant’s ﬁnite element hip
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 and subchondral bone.
Results Both groups with cam deformities experienced
higher subchondral bone stresses than cartilage stresses.
Both groups with cam deformities also had higher subchondral bone stresses (symptomatic with high and low
femoral neck-shaft angle = 14.1 and 15.8 MPa, respectively; asymptomatic with high and low femoral neckshaft angle = 10.9 and 13.0 MPa, respectively) compared
with the control subjects (high and low femoral neck-shaft
angle = 6.4 and 6.5 MPa, respectively). 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 (123°)
demonstrated anterolateral subchondral bone stresses (13.0
MPa), similar to the symptomatic group. The control group
also showed no differences between cartilage and subchondral bone stresses.
Conclusions The resultant subchondral bone stresses
modeled here coincide with ﬁndings that acetabular subchondral bone is denser in hips with cam lesions. Future
laboratory studies will expand the parametric ﬁnite element
analyses, varying these anatomic and subchondral bone
stiffness parameters to better understand the contributions
to the pathomechanism of FAI.
Clinical Relevance Individuals with a cam deformity and
more varus neck orientation may experience elevated
subchondral bone stresses, which may increase the risks of
early clinical signs and degenerative processes associated
with FAI, whereas individuals with cam morphology and
normal-to-higher femoral neck-shaft angles may be at
lesser risk of disease progression that would potentially
require surgical intervention.

Introduction
Femoroacetabular impingement (FAI) is described as a
pathomechanical failure process of the hip leading to
eventual joint degeneration [17]. It is attributed to an abnormal bone deformity that can be characterized as an
enlarged femoral head-neck junction (cam type), severe
acetabular overcoverage (pincer type), or a combination of
both (mixed type) [16, 17]. Mechanical impingement is
commonly experienced at the extremes of hip motion,
which can result in elevated hip stresses and precede early
cartilage degeneration and osteoarthritis [1, 5]. The cam
deformity itself is an enlarged bony prominence over the
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femoral head-neck junction, characterized as an aspherical
femoral head with elevated a angles [47, 51, 60, 62].
Individuals with cam FAI often demonstrate restricted joint
motion during walking, stair ascent/descent, and squatting
[26, 30, 32, 33, 39, 41, 54, 55] as well as pain attributed to
trauma, injuries, or labral tears. Conversely, there is a
growing population of individuals with cam deformities
who may never experience symptoms for much of their
adult life [10, 20, 28, 31], although the concern for these
asymptomatic individuals is that they may still be susceptible to subchondral bone stiffening [50, 59] and eventual
cartilage degeneration [2, 6, 35]. It has recently been observed that individuals with a cam deformity and a smaller
femoral neck angle may be more predisposed to early-onset
hip pain [4, 39, 40, 52], although it is unknown what
combined effects these parameters (cam deformity and
neck angle) have on impingement during hip loading.
In recent years, ﬁnite element methods have been used
to simulate cam FAI and examine resultant hip stresses [11,
12, 23, 27, 46]. Previous simulations indicated that patients
with cam FAI experienced elevated stresses at higher
amplitudes of motion (such as with sit to stand, squatting,
and deep ﬂexion) in comparison with those with normal
hips. However, there was a lack of subject speciﬁcity in
several of the previous in silico studies, in which many of
the studies did not consider subject-speciﬁc material
properties or loading parameters to adequately represent
participant groups nor examine a clinically deﬁned
asymptomatic population [42]. Our earlier study compared
symptomatic and asymptomatic cam morphologies, examining the instance of peak joint loading during level
walking [44]. Although both symptomatic and asymptomatic cam morphologies demonstrated higher stresses
than control hips, only marginal differences in stress concentrations were observed between each participant’s acetabular cartilage and subchondral bone. This lower
subchondral bone stress could have been attributed to the
relatively small ROM during walking.
Therefore, the purpose of this study was to use ﬁnite
element analysis to examine the combined effects of cam
morphology and femoral neck-shaft angle on hip stresses
during squatting, examining the differences in stress
characteristics between symptomatic and asymptomatic
patients with cam deformities and individuals with normal
hips, by asking: (1) What are the differences in acetabular
cartilage stresses? (2) What are the differences in subchondral bone stresses? (3) What are the effects of high and
low femoral neck-shaft angles on these stresses?

Patients and Methods
Six male participants (n = 6; age, 32 6 7 years; body mass
index [BMI], 26 6 3 kg/m2) from a larger participant
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cohort were selected for this study [39, 41, 44]. From the
larger cohort, all participants completed pain
questionnaires—Hip Disability and Osteoarthritis Outcome Score and WOMAC—to conﬁrm symptoms. The
participants who presented with a cam deformity and
clinical signs were considered symptomatic, whereas the
participants who indicated a cam deformity but showed no
clinical signs were considered asymptomatic; and the
participants who did not have a cam deformity or clinical
signs were considered control subjects. (Aside from the
symptomatic participants, the remaining participants were
unaware whether they had a cam deformity until after the
data acquisition protocol.) As a result, the larger cohort
from the earlier study consisted of 12 symptomatic, 17
asymptomatic, and 14 control participants to select from
[39]. 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.
Each participant was imaged using a conventional CT
scanner in a supine position (Acquilion™, Toshiba Medical Systems Corporation, Markham, Ontario, Canada; or
Discovery CT750, GE Healthcare, Mississauga, Ontario,
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Canada), imaging the iliac crest to the proximal diaphysis
as well as the femoral condyles (512 3 512 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. In efforts to minimize skin artifacts and pelvic
misalignments during motion capture, radiopaque surface
markers were placed onto each participant’s left and right
anterosuperior iliac spines and posterosuperior iliac spines
before CT imaging [34]. The CT data were reviewed by a
senior musculoskeletal radiologist (KR) for a cam deformity, indicated by either an axial 3:00 or radial 1:30 a
angle > 50.5° or 60°, respectively [47, 51, 60] (Fig. 1).
The femoral neck-shaft angle was measured for each hip
(Fig. 1) using a DICOM viewer (Onis 2.4; DigitalCore,
Tokyo, Japan) to conﬁrm if the symptomatic group had a
reduced neck angle [39-41]. For each of the three participant groups, the participant with the largest femoral neckshaft angle and the participant with the smallest femoral
neck-shaft angle were selected from the initial cohort
(Table 1). Each participant’s affected hip underwent subsequent MRI (MAGNETOM Symphony; Siemens

Fig. 1 A-C (A) The hip assembly is comprised of a segmented hemipelvis and proximal
femur, indicating the a angle planes. Two planes were examined to determine if the femoral
head had a cam deformity, where (B) the 3:00 axial plane is observed if a angle > 50.5° and (C)
the 1:30 radial plane is observed if a angle > 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. SUP = superior; ANT = anterior;
LAT = lateral.
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Table 1. Summary of clinical assessments and measured anatomic parameters for each symptomatic, asymptomatic, and control
participant with high (H) and low (L) femoral neck-shaft angle
Participant

Age
(years)

BMI
(kg/m2)

HOOS
Pain (%)

WOMAC
Pain (%)

Axial 3:00 a
angle (°)

Radial 1:30 a
angle (°)

Femoral neck-shaft
angle (°)

Symptomatic H
Symptomatic L
Asymptomatic H
Asymptomatic L
Control H
Control L

25
33
28
44
32
30

25
22
27
27
26
29

53
65
100
100
100
100

55
80
100
100
100
100

51
58
52
56
44
41

63
64
66
70
56
52

125
119
134
123
132
124

BMI = body mass index; HOOS = Hip Disability and Osteoarthritis Outcome Score.

Healthcare GmbH, Erlangen, Germany) using a ﬁeld
strength of 1.5 T (384 3 384 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 before the
investigations.
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 centered on
four control points of the target CT images, where the
femoral head center and the acetabulum’s deepest width
and depth were landmarks for registration (Fig. 2A). 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 reduce geometric artifacts using
computer-aided design software (SolidWorks; Dassault
Systèmes, Concord, MA, USA) (Fig. 2B). To conﬁrm the

accuracy of the modeling procedure, anatomic hip
parameters of the resurfaced models were measured using
computer-aided design software and compared with the
original CT data [43]. Soft tissues were modeled as smooth
layers because none of the participants had osteoarthritis
based on the imaging data.
Hip 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 Version 3.1; 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 [61] (Fig. 2C). Cartilage
and labrum were modeled as Neo-Hookean, hyperelastic
materials [24, 25] with constant hydrostatic pressure. Articular cartilage contacts were modeled with a frictional
coefﬁcient of 0.01 [63]. Element sizes for the bone and soft
tissue models started at 3 and 2 mm, respectively, and were
reﬁned to ensure mesh sensitivity.
Each participant performed maximal squatting trials in
the motion capture environment (Fig. 2D), similar to

Fig. 2 A-E Summary of the process showing subject-speciﬁc input data used for ﬁnite element simulations. (A) CT and MRI data
were used for modeling; (B) hip 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 stresses on the acetabular
cartilage, labrum, and subchondral bone AL = anterolateral; AM = anteromedial; SL = superolateral; SM = superomedial; PL =
posterolateral; PM = posteromedial.
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previous squat protocols [32, 33, 39]. Three-dimensional
kinematics were recorded using 10 infrared motion capture
cameras (MX-13; Vicon, Oxford, UK) and retroreﬂective
markers attached onto each participant’s anatomic landmarks. The radiopaque pelvis markers were replaced with
retroreﬂective markers and the motion trajectories were
ﬁltered using motion analysis software (Woltring, mean
square error = 15 mm2; Nexus 1.8.5; Vicon, Oxford, UK).
Ground reaction forces were captured using two forceplates (FP4060-08; Bertec, Columbus, OH, USA) and ﬁltered using numeric computational software (zero-lag,
fourth-order Butterworth, cutoff frequency 6 Hz; MATLAB R2014a; MathWorks, Natick, MA, USA).
Hip contact forces were estimated using a musculoskeletal modeling program (OpenSim 3.1; SimTK, Stanford University, Palo Alto, CA, USA). The torso and lower
limb segments modeled the hips and lumbar as ball-andsocket joints, which contributed to 23 degrees of freedom
and 92 musculotendon actuators [13]. Muscle forces were
determined using static optimization [37, 38] and the resultant three-dimensional hip contact forces were
expressed in the pelvic reference system [65].
Because each participant had a different squat depth and
pelvic ROM, a common quasistatic loading scenario was
simulated to examine the midsquat condition at 90° of hip
ﬂexion (near 50% of leg length). In each ﬁnite element
simulation, the hip contact forces were applied at the
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femoral head and boundary conditions were ﬁxed at the
pubis symphysis, iliac crest, and sacroiliac joint. Because
cartilage is mostly under shear stress, which could indicate
risks leading to cartilage failure and across the cartilagebone interface [3, 49], maximum shear stresses were examined on each participant’s acetabular cartilage, labrum,
and subchondral bone to examine adverse loading conditions (Fig. 2E).
The femur was oriented according to the squatting position and the sectioned plane of the proximal diaphysis
was ﬁxed to permit translation in the direction of loading
[25, 44] (Fig. 3). With two models per group (one representing the highest femoral neck-shaft angle and one representing the lowest), a full statistical analysis was not
conducted because there was no statistical power. The
range of the two values (maximum and minimum) that
represents the resultant magnitudes from the models with
the highest and lowest femoral neck-shaft angles are
reported. A ﬂowchart from subject-speciﬁc input data to
resultant hip stresses is summarized (Appendix, Supplemental Digital Content 1, http://links.lww.com/CORR/A103).

Results
Both symptomatic and asymptomatic groups had higher
cartilage stresses compared with the control subjects. The

Fig. 3 A-B Sagittal view of the hip assembly during the neutral position (A) and the examined squatting position (B) is shown. Femur and pelvis models were oriented according to
the kinematics at a midsquat condition of 90° hip ﬂexion near 50% of leg height. SUP =
superior; POS = posterior; LAT = lateral.
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symptomatic participant with low femoral neck-shaft angle
(119°) showed multiple peak stresses on the anterosuperior
cartilage (absolute maximum peak = 10.4 MPa) with
multiple stress concentrations in the posterior quadrant
(Fig. 4). The symptomatic participant with a higher femoral
neck-shaft angle (125°) had a much lower peak stress at the
anterolateral cartilage (absolute maximum peak = 7.2 MPa)
with a prominent secondary posteroinferior stress concentration. Both asymptomatic participants had anterolateral peak cartilage stresses with the lower femoral
neck-shaft angle (123°) indicating a marginally higher
peak stress (absolute maximum peak = 7.5 MPa) compared
with the higher femoral neck-shaft angle (134°, absolute
maximum peak = 6.9 MPa). Although there were no substantial differences in stress magnitudes between control
subjects (peaks = 5.9, 6.2 MPa), the participant with high
femoral neck-shaft angle visually showed more evenly
distributed stresses (Fig. 4).
For both cam deformity (symptomatic and asymptomatic) groups, peak subchondral bone stresses were
substantially higher than their corresponding cartilage

Clinical Orthopaedics and Related Research®

stresses, whereas for the control group, there were
marginal differences between peak cartilage and subchondral bone stresses (Fig. 5). Differences in femoral
neck-shaft angle inﬂuenced both cam deformity groups.
The symptomatic participant with low femoral neckshaft angle (119°) had the highest stress in the anterosuperior region (absolute maximum peak = 15.8 MPa),
whereas the higher femoral neck-shaft angle (125°)
resulted in a lower magnitude stress concentration (absolute maximum peak = 14.1 MPa). Both symptomatic
participants also revealed elevated secondary posterior
stresses, perhaps as a result of contrecoup levering. The
asymptomatic participants showed elevated anterolateral stresses; however, the participant with low femoral neck-shaft angle (123°) demonstrated elevated
anterosuperior stress on the acetabular rim (peak = 13.0
MPa), whereas the asymptomatic participant with high
femoral neck-shaft angle (134°) showed slightly lower
stress (peak = 10.9 MPa). Both control participants experienced lower, well-distributed stresses (peaks = 6.4,
6.5 MPa; Fig. 6).

Fig. 4 Sagittal view of the acetabular cartilage and labrum 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).

Copyright © 2018 by the Association of Bone and Joint Surgeons. Unauthorized reproduction of this article is prohibited.

Volume 477, Number 5

Cam FAI Stresses During Squatting

1059

Fig. 5 Sagittal view of the acetabular subchondral bone 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).

Discussion
Although individuals with a cam deformity and a smaller
femoral neck angle may be more predisposed to symptoms
of FAI [4, 39, 40, 52], it was unclear how these parameters
(cam deformity and neck angle) affected impingement
during hip loading. Finite element methods have shown
utility in the simulation of cam FAI, indicating elevated hip
stresses at extremes of motion [11, 12, 23, 27, 46]; however, there was a lack of subject speciﬁcity and a clinically
deﬁned asymptomatic population was not examined [42].
In this study we implemented subject-speciﬁc hip geometries, bone material properties, and hip loading data and
observed that individuals with a cam deformity and a lower
femoral neck-shaft angle were subjected to elevated subchondral bone stresses, which would increase the risks of
early clinical signs and symptoms associated with FAI.
There are limitations of our study to consider and address for future research. First, our sampling was limited to
extremes of femoral neck-shaft angles with only males
included. Although cam deformity is more prevalent in the

younger, male population, the small sample size and selection protocol do not account for the larger spectrum of
anatomic variability to represent populations with more
diverse morphologies [16, 22]. A larger sample size with
female participants would improve the robustness to correlate impingement severities with associated anatomic
parameters as well as permit the examination of other
variables such as BMI and activity level. Second, hip
contact forces were determined from static optimization as
opposed to instrumented prostheses and thus were marginally higher. Differences in age, activity level, BMI, and
hip pathology should be considered when comparing hip
contact forces from instrumented prostheses [7]. Third,
knowing that muscle loads contribute considerably to bone
remodeling [8, 14] and capsular ligaments play a vital role
in functional stability [21, 29, 64], it would be imperative to
further examine the effects of the surrounding tissues on
changes in hip contact forces in future work [9, 36].
Both cam deformity groups had slightly higher acetabular cartilage stresses compared with the control group;
however, the individuals with a cam deformity and low
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Fig. 6 Peak maximum shear stress on the acetabular cartilage-labrum and subchondral
bone for each symptomatic, asymptomatic, and control participant with the highest and
lowest femoral neck-shaft angle is shown.

femoral neck-shaft angle had substantially high cartilage
stresses. Although previous ﬁnite element simulations
were preliminary explorations of hip stresses resulting
from cam FAI, none of the studies considered subjectspeciﬁc loading characteristics or bone material properties or the effects of femoral neck-shaft angles to
adequately characterize subgroups [42]. Previous studies
also implemented either instrumented prosthesis loads or
intersegmental reaction forces (from inverse dynamics) as
opposed to hip contact forces (from static optimization
and musculoskeletal modeling). Although an indirect
comparison of stress parameters, our cam deformity
groups’ peak cartilage stresses were similar to Chegini
and associates’ [11] large range of contact pressures
(3.67–12.84 MPa) and von Mises stresses (9.7–27.2 MPa)
for cam deformities. However, they reconstructed an
idealized ball-and-socket model, parameterized to several
cam and acetabular coverage morphologies, and applied
instrumented prosthesis forces for a stand-to-sit activity.
Jorge and associates’ [27] 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. Their study was limited to one male
subject with a severe cam deformity (age, 27 years; a
angle = 98°) matched with one female control subject

(age, 50 years; a angle = 48°). In another recent ﬁnite
element study, Sánchez Egea and associates [56] parameterized femoral neck-shaft (110°–130°), femoral torsion
(0°–20°), and acetabular version angles (0°–20°), examining anatomic variations leading to hip cartilage stresses
during quasistatic walking loads. 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,
23 kg/m2) and did not account for any cam morphology.
Although in our previous work we showed noticeable
differences in hip kinematics between symptomatic and
control participants [32, 33, 39], in this study, we
selected a common squat depth (90° hip ﬂexion, near 50%
leg length) for all participants to compare hip 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
because the symptomatic participants were very near the
maximal squat depth. Anatomically, individuals with
symptomatic FAI are more associated with anterior acetabular coverage and higher spinopelvic incidence angles
[18, 41], and thus our symptomatic individuals squatted
with their hips slightly abducted and externally rotated to
perhaps avoid any discomfort and direct chondrolabral
contact with the cam deformity.
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The cam deformity groups’ acetabular subchondral
bone stresses were considerably higher than their associated cartilage stresses. Interestingly, the asymptomatic
participant with the high femoral neck-shaft angle demonstrated cartilage stresses that were similar to the control
group’s cartilage stresses, but showed higher subchondral
bone stresses compared with the control group. These
ﬁndings align very closely with recent studies, in which
acetabular subchondral bone was much denser in cam-type
hips, regardless of clinical signs or symptoms [50, 59].
Both symptomatic and asymptomatic groups had stress
concentrations that coincided with known areas of cartilage
damage [6] and subchondral bone stiffening [59]. Both
symptomatic participants had relatively low femoral neckshaft angles compared with 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 [39, 40] and perhaps can further associate varus hips
with elevated adverse stresses leading to early labral tears
and clinical signs and symptoms [4, 19, 53]. A varus hip
may also be more susceptible to shear loading across the
physeal growth plate [15, 48], which could predispose to
slipped capital femoral epiphysis or cam FAI. In our earlier
ﬁnite element study that compared hip stresses among
symptomatic, asymptomatic, and control individuals during level walking [44], the symptomatic and asymptomatic
participants with low femoral neck-shaft angles demonstrated higher peak cartilage stresses. The resultant higher
stresses were not directly associated with higher hip contact
loading, because the symptomatic participants (with denser
subchondral bone) had lower estimated hip contact forces
during squatting. Similar to our previous study on level
walking [44, 45], this may have been the result of a compensatory mechanism to reduce hip contact loading. In an
earlier ﬁnite element study by Fishkin and associates [15], a
single male model with slipped capital femoral epiphysis
was parameterized to various femoral versions, directional
varus loading, and body weight loading parameters. The
authors observed that varus loading conditions resulted in
greater shear forces across the physis, which ultimately
could increase the risk of morphologic changes. In recent
in vivo ovine studies, Siebenrock and associates [57, 58]
performed intertrochanteric osteotomies on eight healthy
sheep hips. 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
[57], similar to progressive degeneration in human hips
with FAI [58]. Ultimately, individuals with a cam
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deformity and decreased neck angle appear more likely to
require surgical intervention to reduce adverse stresses and
delay the degenerative process [5], whereas individuals
with cam morphology and normal-to-higher femoral neckshaft angles are at lesser risks of disease progression that
potentially require surgical intervention [41, 45].
In conclusion, our study demonstrated that individuals
with a cam deformity and lower femoral neck-shaft angles
are subject 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. Future studies will expand the inputs for
parametric ﬁnite element analyses, varying the size and
location of the cam morphology, femoral neck-shaft angle,
soft tissue envelope (for example, capsular ligaments,
muscles) as well as the acetabular subchondral bone stiffness to better understand the contributions of individual
anatomic parameters to the pathomechanisms of FAI.
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