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ABSTRACT: The proximal femur is abnormally shaped in patients with cam-type femoroacetabular impingement (FAI). Impingement
may elicit bone remodeling at the proximal femur, causing increases in cortical bone thickness. We used correspondence-based shape
modeling to quantify and compare cortical thickness between cam patients and controls for the location of the cam lesion and the
proximal femur. Computed tomography images were segmented for 45 controls and 28 cam-type FAI patients. The segmentations were
input to a correspondence-based shape model to identify the region of the cam lesion. Median cortical thickness data over the region of
the cam lesion and the proximal femur were compared between mixed-gender and gender-specific groups. Median [interquartile range]
thickness was significantly greater in FAI patients than controls in the cam lesion (1.47 [0.64] vs. 1.13 [0.22] mm, respectively;
p<0.001) and proximal femur (1.28 [0.30] vs. 0.97 [0.22] mm, respectively; p< 0.001). Maximum thickness in the region of the cam
lesion was more anterior and less lateral (p<0.001) in FAI patients. Male FAI patients had increased thickness compared to male
controls in the cam lesion (1.47 [0.72] vs. 1.10 [0.19] mm, respectively; p< 0.001) and proximal femur (1.25 [0.29] vs. 0.94 [0.17] mm,
respectively; p<0.001). Thickness was not significantly different between male and female controls. Clinical significance: Studies of
non-pathologic cadavers have provided guidelines regarding safe surgical resection depth for FAI patients. However, our results
suggest impingement induces cortical thickening in cam patients, which may strengthen the proximal femur. Thus, these previously
established guidelines may be too conservative. � 2016 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop
Res
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One in four people will develop hip osteoarthritis (OA)
in their lifetime.1 Within the last decade, femoroace-
tabular impingement (FAI) has been implicated as a
primary cause of hip OA in young adults.2–5 Two
distinct presentations of FAI have been identified:
pincer, defined as overcoverage of the femoral head,
and cam, characterized by an aspherical femoral head
and reduced head–neck offset. While many patients
present with both cam and pincer FAI deformities, the
morphological features of cam FAI tend to result in
accelerated joint degeneration.3 In particular, cam-
type femoral morphology may shear the cartilage at
the chondrolabral junction during flexion and internal
rotation of the hip.6–8

Cam FAI is treated by resection of bone in the
region of the femur believed to be abnormally shaped;
the specific location of this region varies among
patients but is generally located in the anterolateral or
superolateral region of the femoral head–neck junc-
tion.4 If the amount of resection is too conservative,

the underlying impingement may not be fully
addressed, which is a common reason for revision
surgery.9 However, too aggressive of a resection may
lead to an iatrogenic femoral neck fracture.10 In
previous studies, non-pathologic cadaveric femurs,11 or
generalized femoral anatomy,12,13 were used to evalu-
ate the effects of resection depth and shape on femoral
neck strength. However, use of non-pathologic cadav-
ers and simplified anatomy may not accurately repre-
sent the biomechanics of the femur in cam FAI
patients.

The density and shape of bone is modified by the
mechanical environment.14 In the case of cam-type
FAI, repetitive impingement may induce hypertrophy
of the bone, which may manifest as increased cortical
thickness. The cortex contributes to the majority of
load bearing within the hip.15 Thus, it is important to
establish a baseline understanding of cortical bone
thickness in patients with cam-type FAI, especially
over regions that may be resected during surgery.
Theoretically, a thicker cortex in cam FAI patients
could imply that resection limits based on analyses of
non-pathologic cadavers and generalized anatomy are
overly conservative.

True anatomical variation of biological tissues can
be difficult to identify due to complex morphology.
Radiographic or other image-based measurements
serve as the foundation for diagnosing cam FAI.16–18

However, there is a high prevalence of radiographic
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signs of cam FAI among asymptomatic, healthy
hips,19,20 which calls into question the ability of
radiographic projections and measurements to define
anatomical variation specific to this disease. Equally
important, assessing the severity of cam FAI using
radiographs requires the assumption that a morpho-
logically normal hip is perfectly spherical. Yet, even
healthy hips are aspherical.21,22 Finally, the projection
of complex 3D anatomy to a 2D plane can fail to
visualize the magnitude and location of the cam
lesion.23

Correspondence-based computing methods, such as
statistical shape modeling (SSM), are powerful tools
used to quantify 3D anatomical variation and identify
shape differences.24–26 Correspondence-based methods
are ideal because they do not determine, a-priori, the
ideal shape that the structure should conform to. We
previously used SSM to demonstrate that cam femora
are significantly different in shape compared to con-
trols, and established principal component analysis
(PCA) modes that captured the variance in shape.25 In
our prior study, a hierarchical splitting strategy was
used to automatically place correspondence particles
onto the proximal femur. This entropy-based approach
to distribute correspondence particles reduces subjec-
tivity as it does not require manual landmark identifi-
cation or the use of training shapes. From the
correspondence model, scalar attributes that accom-
pany shape, such as the thickness of the cortical bone,
can be sampled at the same relative anatomic location
across a population.

The objective of this study was to use this corre-
spondence-based modeling approach to quantify and
compare cortical thickness between cam patients and
non-pathologic controls in the location of the cam
lesion and throughout the proximal femur. We hypoth-
esized that cam FAI patients would have increased
cortical thickness in the region of the cam lesion.

METHODS
Subject Recruitment and Screening
Institutional Review Board (IRB) approval was obtained
through the University of Utah (IRBs 11755 and 56086) and
Intermountain Healthcare (IRB 1024270). Twenty-eight cam
FAI patients (26 males) and 45 control subjects (29 males) of
similar age, weight, and body mass index (BMI) were
recruited for the study.

Volumetric computed tomography (CT) images of the
proximal femur were acquired using a: Siemens SOMATOM
128 Definition CT Scanner (IRB 56086, 20 control subjects,
15 cam patients), GE High Speed CTI Single Slice Helical CT
Scanner (IRB 11755, 59 control cadaver femurs), and GE
LightSpeed VCT scanner (IRB 1024270, 13 cam patients).25

Patients were diagnosed with cam FAI based on clinical
examination and radiographic measurements. Control sub-
jects were selected based on the absence of bony abnormali-
ties. For living control subjects, an anterior–posterior
radiograph was read by members of the study team with 5–
10 years of medical imaging experience to exclude morpho-
logic abnormalities. For all control femurs, a digitally
reconstructed radiograph (DRR) was generated from the CT

images. The alpha angle, which defines the angle between
the femoral neck axis and the point at which the femoral
head bone deviates laterally from a circle templated onto the
radiograph, was measured on the frog-leg lateral DRR. Alpha
angles greater than 60˚ were used to exclude femurs with
cam-like morphology.27 A total of 34 out of 79 control femurs
were omitted based on these criteria,28 leaving 45 control
subjects (15 live subjects and 30 cadaver femurs).

CT datasets were upsampled to axial slice thicknesses of
0.33mm to improve resolution. Cortical and trabecular bone
layers of each proximal femur were semi-automatically
segmented and reconstructed from the CT image data using
Amira (v5.6, FEI, Hillsboro, OR). Segmentation was com-
pleted using the methods of Anderson et al. which previously
resulted in less than 10% error for cortical thicknesses
greater than 0.7mm.29 Surfaces were smoothed and deci-
mated in Amira, and then reformatted to visual toolkit
(VTK) format.30 Reconstructed surfaces of the two layers
were used to determine the thickness of the cortical bone
over the surface of the femoral head and proximal shaft
using PreView.31 Thickness values were calculated using a
normal projection from the cortical surface to the trabecular
surface and recorded for each node (Fig. 1, top).

Correspondence-Based Shape Modeling
Surfaces representing right femurs were reflected to appear
as left femurs and all surfaces were aligned using the
iterative closest point algorithm as part of preprocessing.32

ShapeWorks33 was used to quantify anatomical variation in
the shape of the outer cortex, and provided the medium to
calculate differences in cortical thickness between groups
through modifications to the software framework described
below.

ShapeWorks performs analysis on volumetric datasets,
and thus requires input of a voxel-based representation of
each 3D surface. To accurately represent surfaces using
voxels, it is often necessary to reduce voxel size (i.e.,
increase resolution), which in turn increases the computa-
tional size of each volume. To circumvent this issue, a
pipeline was developed to accurately generate volume-based
representations without the need to reduce the size of each
voxel. Here, a spatial partitioning algorithm was used to
define a list of candidate surface mesh faces closest to each
voxel of a volume. From the list of candidate faces, the
nearest triangular face was identified and the physical
distance encoded for each voxel of the distance transform
(i.e., a volume which includes data of the distance to the
nearest surface for each voxel). This technique ensured
that the nearest face was chosen using the barycentric
distance, which is based on the centers of mass, between
each voxel and the surface vertices. The resultant iso-
surface (i.e., surface representation generated by connect-
ing the zero-distance voxels) approximated the input sur-
face mesh to an error that did not exceed 0.31mm using an
input voxel size of 0.5mm.

The primary purpose of this study was to analyze
differences in the thickness of the cortex at the proximal
femur. To limit placement of correspondence particles to
this region, a cutting plane was identified perpendicular to
the femoral shaft just proximal to the lesser trochanter for
a single template shape. An initial correspondence model,
with 512 particles, was used to optimize the transformation
of the template plane onto each femur (Fig. 1, middle).
Transformed cutting planes were visually verified for
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consistency across the population. Correspondence particles
(n¼ 2,048) were hierarchically placed above the cutting
plane for all shapes using ShapeWorks.25,33 The spatial

positions of the particles were optimized based on corre-
spondence across shapes and sampling over each surface
(Fig. 1, middle).

Figure 1. Flowchart for modeling pipeline. Subject specific shapes of the inner and outer boundaries of the cortex were segmented
and reconstructed from computed tomography scans; cortical thickness was determined. Surfaces were aligned and rasterized in
preparation for analysis. Cutting planes were transformed to each shape and used to limit locations of correspondence points. The
correspondence model was generated by placement of particles on each rasterized surface. Mean shapes were calculated from
average locations of the correspondence particles. Cortical thickness obtained from each subject was then mapped to the mean
shapes of each group using the correspondence model to display variation.

CORTICAL THICKNESS IN CAM FAI 3

JOURNAL OF ORTHOPAEDIC RESEARCH MONTH 2016



The correspondence model and volumetric distance trans-
forms for each subject were used to generate a mean distance
transform for the whole population and for each group. The
iso-surface generated from this mean distance transform was
smoothed and decimated to roughly 50,000 vertices to create
the mean surface.34,35 Using the correspondence model, the
population mean surface was warped to each subject and to
the mean shapes of each group using compactly supported
radial basis functions,36 which resulted in dense surface
meshes for each subject and group that were in correspon-
dence. Using this approach facilitated vertex-to-vertex com-
parisons, which were necessary to directly compare thickness
between shapes.

Volumes of the same dimensions and voxel size as the
distance transforms, which represented the 3D femur sur-
face, were generated to include scalar data for each subject,
specifically, cortical thickness. This approach could be ap-
plied to any feature that accompanies shape. Accordingly,
these volumes were referred to as feature volumes. Using the
correspondence model, the feature volumes were warped to
the mean shapes. Once warped, scalar cortical thickness
data for each subject was directly sampled and mapped onto
the mean surfaces. From the subject specific cortical thick-
ness data, mean and median values were mapped onto the
mean surfaces in Matlab (v7.10, The Mathworks, Inc.,
Natick, MA). Mean thickness for each group was used in the
quantification of group differences, while maximum, median,
and mean thicknesses were used for comparison of the
subjects within each group. For visualization of cortical
thickness variability within groups, thickness at each vertex
was sorted to identify the median and 10th, 25th, 75th, and
90th percentile values. These values were mapped onto the
surface of the mean cam and control femurs for visualization
(Fig. 1, bottom).

The region of the cam lesion was identified to allow for
analysis of cortical thickness at the location of surgical
resection. The region was identified by first calculating the
surface distance between the mean cam and control femur
surfaces in PreView.31 A region on the femoral head–neck
junction, designated by distance greater than 1.5mm be-
tween the mean shapes, was isolated as the region of the
cam lesion. A distance of 1.5mm between shapes isolated a
large region of the head–neck junction, while minimizing
inclusion of the saddle between the femoral head and the
greater trochanter.

Within the region of the cam lesion, the location of
maximum thickness was found on both the mean shapes and
on each subject specific shape. This location was represented
as a vector from the sphere-fit center of the femoral head to
the location of maximum thickness and mapped onto each
anatomical plane. The best-fit sphere was calculated by first
isolating faces of the femoral head based on first principal
curvature of the mean cam and control shapes in PostView.31

These faces were identified for each subject based on the
faces from each respective mean shape. The nodes corre-
sponding to these faces were then fit to a sphere using a
linear system of equations in Matlab.

Statistical Analysis
The Shapiro test was used to evaluate normality, and the
Wilcoxon rank sum test or Student’s T-test to evaluate group
demographic differences between cam and control subjects in
the R statistical software.37 Since there was predominance
for male patients, with only two female patients, statistical

analysis was completed to compare not only between cam
and control subject populations, but also within control and
male populations separately. This resulted in comparisons of
cortical bone thickness between female and male control
subjects (16 and 29 subjects, respectively) and male cam and
control subjects (26 and 29 subjects, respectively).

Principal component analysis (PCA) isolated the modes of
variation from the correspondence particle locations. The
PCA modes containing significant variation were determined
using parallel analysis.38 Within these significant modes,
PCA loading values were compared between the two groups
using a Student’s T-test with Finner’s adjustment for multi-
ple comparisons.39 Hotelling’s T2 test was utilized to deter-
mine whether a significant shape difference existed between
the two groups.

The mean correspondence particle locations and thickness
values for the mean cam and control femurs were used to
generate a linear discrimination between the two shapes in
high-dimensional shape space (i.e., high-dimensional vector).
Specifically, the 2,048 scalar data points representing cortical
thickness at each correspondence particle location were
organized into a vector for each subject specific and mean
shape. The linear discrimination between the two mean
shapes in shape space was then defined as the difference of
the two mean shape vectors. Each subject shape was then
mapped to this shape space representation by taking the dot
product between the subject specific and linear discrimina-
tion vectors, which resulted in a single scalar value represen-
tation of thickness of each subject shape. This analysis was
repeated for the correspondence particle locations to provide
a scalar representation of shape. These scalar values were
evaluated against shape statistics using Spearman’s correla-
tion coefficient.

Maximum, median, and mean cortical thickness values
and the angular components of the vector representing the
location of maximum thickness were evaluated for normality
using the Shapiro-Wilk test and then compared using a
Wilcoxon rank sum test or Student’s T-test with Finner’s
adjustment for multiple comparisons.

RESULTS
Age and BMI were not normally distributed across the
population. Thus, for consistency, all demographics
were analyzed using the Wilcoxon rank sum test. The
weight of the female controls was significantly less
than that of the males (p¼0.006); all other metrics
between the cam and control populations, male cam
and control subgroups, and the female and male
control subgroups were not significantly different
(p>0.05) (Table 1).

Parallel analysis of the PCA loading values based
on the correspondence particle locations on the outer
bone cortex identified ten modes of significant varia-
tion, which included 85.8% of the total variation
within the population, representing 33.5%, 20.4%,
8.3%, 6.4%, 4.7%, 3.9%, 2.6%, 2.4%, 2.1%, and 1.7% of
the overall variation, respectively. Three of these
modes (PCA modes 1, 5, and 7; Fig. 2) aligned with
significant group differences based on analysis of PCA
loading values (adj. p¼0.019, p¼ 0.040, and p<0.001,
respectively). Mode one described general variation in
anterior–posterior widths. Modes 5 and 7 represented
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variations in head–neck offset and femoral head
circumference; mode 7 also described variations in the
greater trochanter. Modes 2, 3, 4, and 6 represented
variations in the curvature of the saddle between the
femoral head and greater trochanter, lateral extent of
the femoral head and greater trochanter, and shape of
the proximal shaft. Hotelling’s T2 test showed the
outer cortex of cam and control patient groups to be
significantly different in shape (p< 0.001).

The scalar mapping of each subject femur onto the
linear discrimination of variation in shape space
between the cam and control shapes (Fig. 3) showed
significant differences between the two groups in
terms of both shape (using the three anatomical
directions to describe the location of each particle) and
thickness (using the scalar thickness value at each
particle) (p< 0.001 for both). Mode one from PCA was
strongly correlated to the shape mapping (r¼ 0.94, adj.
p< 0.001); all other modes had no more than a weak
correlation and were not significant after correction for
multiple comparisons (r<0.15, adj. p>0.684). The
thickness mapping values were weakly correlated with
PCA modes 1, 2, 3, 6, 7, and 8, but were not significant
after correction for multiple comparisons (r<0.29; adj.
p> 0.118 for all). The shape and thickness mappings
were also weakly correlated (r¼0.37, p¼0.001).

Thickness data were not normally distributed.
Thus, a Wilcoxon rank sum test was used for compari-
son of subject thickness metrics. Cam patients had
increased cortical thickness compared to control sub-
jects in terms of maximum, median, and mean thick-
ness values within the region of the cam lesion, as
identified by shape differences (Fig. 4, top right), and
median thickness values over the proximal femur,

whether gender effects were considered or not (Table
2). No difference in cortical thickness was evident
between male and female control subjects.

When comparing thickness between mean shapes
(one-to-one comparison, no p-values), qualitative in-
spection revealed increased cortical thickness in
patients with cam FAI for the region of the cam lesion.
The region of the cam lesion was also thicker on
average than the entire proximal femur. Overall, the
mean proximal cam femur was thicker than the mean
control femur (Table 3). The maximum thickness of
the cam lesion was greater for cam patients than
controls (2.47 vs. 1.71mm). The maximum difference
in thickness between the two mean shapes was within
the region of the cam lesion and 1.35mm in magnitude
(Fig. 4, bottom right). The mean cam shape had
greater cortical thickness throughout the entire cam
lesion.

The mean female control and male cam femurs
were also thicker than the mean male control femur
(Table 3). Among the mean male shapes, the maxi-
mum thickness within the region of the cam lesion
was 2.53 and 1.65mm for the cam and control
subjects, respectively. The male cam shape had
greater thickness throughout the entire region with a
maximum difference in thickness of 1.47mm. Among
the controls, the maximum thickness for the female
controls was greater than that of the male controls
(1.91 vs. 1.65mm, respectively). The female control
shape was maximally 0.48mm thicker and 0.19mm
thinner than the male control shape within the region
identified as the cam lesion.

Median regional thickness, evaluated within the
region of the cam lesion, for each subject was moder-

Table 1. Demographics for Groups and Subgroups of the Population Represented as Median [Interquartile Range]

Entire Cohort Subject Subgroups

Controls Patients Female Controls Male Controls Female Patients� Male Patients

Subjects, n 45 28 16 29 2 26
Age, years 28 [12] 23 [13] 30 [18] 27 [10] 21, 47 23 [13]
Weight, kg 81.0 [22.0] 81.0 [15.4] 62.8 [22.5] 81.0 [19.0] 68.5, 97.0 81.0 [14.7]
BMI, kg/m2 24.2 [7.9] 25.0 [3.9] 22.0 [11.3] 25.6 [5.1] 25.9, 32.8 24.8 [4.0]
�Individual values are presented for the female patients due to sample size (n¼2).

Figure 2. Contours representing the 2D projection
of femur surfaces in the axial and coronal planes
represent variation of plus (blue) and minus (orange)
two standard deviations of each PCA mode that
corresponded to a significant difference between the
cam and control shapes. Modes represent variation in
the curvature of the femoral head–neck junction and
greater trochanter.
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ately correlated with the thickness mapping (r¼0.66,
p< 0.001). When comparing the PCA loading values
for each significant mode of variation to the median
thickness within the region of the cam lesion, a weak
correlation with PCA mode 6 was identified (r¼0.38,
adj. p¼0.015). No other correlations between thick-
ness and shape statistics were found to be significant.

Median and percentile thickness values mapped
onto the mean cam and control femurs showed a large
region of variable thickness for the cam femur with
minimal increase in thickness for the lower percentiles
and clear increases in thickness for the higher percen-
tiles (Fig. 5).

The vector between the femoral head center and
the location of maximum thickness was directed
more anterior and less inferior in patients compared
to controls (median [interquartile range]; 46 [24]˚ vs.
30 [19]˚ anterior of lateral and 10 [25]˚ vs. 21 [26]˚
inferior of anterior; adj. p¼ 0.016, 0.039, respectively;
Fig. 6). The coronal components of this vector were
not significantly different between the two groups (9
[29]˚ vs. 11 [19]˚ inferior of lateral; adj. p¼0.635).
When comparing the subgroups, similar results were
seen for the male cam and control groups in the axial
plane, with components of 46 (22)˚ versus 30 (21)˚
anterior of lateral (adj. p¼0.009). The location of
maximum cortical thickness was less inferior in the
sagittal plane (17 [26]˚ vs. 28 [17]˚, adj. p¼0.044) in
males than females in the control group. The vectors
to maximum thickness for the mean cam and control
shapes differed by 11˚ in the axial, 6˚ in the sagittal,
and 0˚ in the coronal plane between the two groups,
which agreed well with the differences identified
based on the vectors identified on subject specific
shapes.

DISCUSSION
Correspondence-based shape modeling was used to
identify the region of the cam lesion based on shape
variation between cam and control subjects. Cortical
bone thickness in this region of the femur, as well as
over the proximal surface, was significantly greater in
patients with cam FAI than control subjects. The
location of maximal cortical thickness was variable,
but was more anterior and less inferior in patients.
Cortical thickness magnitude was not significantly
different between male and female control populations,
but the location was less inferior in males. Similar to
the population of cam and control subjects, the male
cam and control groups showed significant differences
in both maximum thickness and location of maximum
cortical thickness in the axial plane.

The increase in thickness of cortical bone in the
region of the cam lesion could be the result of
hypertrophy due to a biological response to the
repetitive impingement associated with deep flexion,
internal rotation, and adduction.3,14 This concept
agrees with a previous study, which identified in-
creased bone density of the subchondral bone in
patients with cam FAI.40 To understand the bio-
mechanical and biological effect of impingement,
additional focus should be placed on cortical bone
thickness in the corresponding region of the acetabu-
lum, as increased bone density has been identified in
this region and hypothesized to a be a factor in
osteoarthritis development.41 Interestingly, we found
that thickness of the entire proximal femur was
greater in cam FAI patients. This could indicate
generalized bone hypertrophy, possibly due to an
adaptation of the entire femur due to altered loading
at the primary impingement site.

Figure 3. The correspondence model was used to determine a linear discrimination of the variation between the mean cam and mean
control shapes in shape space (bottom row) which was normalized from �1 to þ1. Standard deviations for each are shown in
parentheses and mapped above the mean shapes. Each subject shape was then mapped to this linear representation of shape
variabilities. Five subject specific shapes from three cam patients and two controls are shown with their mapping value at the
appropriate location.
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Results demonstrating the variability in thickness
over the population could indicate that the proximal
femur is stronger in cam FAI patients, due to
increased cortical thickness. Specifically, for percen-
tiles greater than the median, there was a clear
increase in cortical thickness on the femoral neck near
the region of the cam lesion and on the proximal
medial femoral shaft. These increases in cortical
thickness were much more obvious in the cam group
than the control group. A small region of increased
thickness could be seen on the mean control femur,
although it was positioned more distally on the femo-
ral neck than on the cam femur. This increase
indicates some natural variability in cortical thickness
over the femoral neck, even in the asymptomatic
population. It will be important to confirm that cam
femurs have increased strength due to elevated corti-

cal thickness, as these mechanical data could help to
refine guidelines pertaining to the optimal resection
depth.

The general shape variations between cam FAI and
control femurs agree with our prior research identify-
ing shape variations at the head–neck junction and
greater trochanter.25 However, the content of each
specific PCA mode varied. This difference in PCA
modes is likely due to differences in alignment and
cropping. Since the cutting planes were transformed
onto each femur based on an initial optimized corre-
spondence model, the plane location would have
reduced the variability in vertical distance to the
greater trochanter and any angular variations of the
shaft. These variabilities may be important when
evaluating shape variation of the proximal femur, but
are likely not necessary in the evaluation of cortical

Figure 4. Anterior view of fringe plots showing differences in anatomy and mean cortical thickness for cam and control groups. (A)
Mean shapes for the control (left) and cam (middle) groups shown with the shape difference mapped onto the mean control femur
(right). (B) The region of the head–neck junction with greater than 1.5mm of difference in the anatomy of the outer cortex was
identified as the region of the cam lesion (right); thickness was evaluated for this region on the mean control (left) and cam (middle)
shapes. (C) Mean cortical thickness of the control (left) and cam (middle) groups with the difference in mean thickness between groups
(right). The greatest difference in thickness corresponded with the region of the cam lesion (right, inset). Note: The fringe plot in the
inset has been re-scaled.
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thickness, especially for the region of the cam lesion.
Further, reduced variability within the region of
analysis may have helped to elucidate more subtle
differences in this area.

For this study, we evaluated the cam lesion in the
context of the entire proximal femur; this was done for
several reasons. First and foremost, in addition to
testing the hypothesis that cortical bone was thicker
in the region of the cam lesion, we sought to determine
if the entire proximal femur had increased cortical
thickness. If we had isolated the analysis only to the
region of the cam lesion, we would not have had the

ability to evaluate differences over the proximal femur.
Second, the region of the cam lesion represents only a
small region of the femoral head and head–neck
region, which is not normal anatomy. Without refer-
ence to nearby anatomy, it would be difficult to justify
how any specific lesion or part of a lesion would relate
to another lesion. The goal of this work was to
evaluate the cam lesion and cortical thickness by
virtue of their deviation from normal anatomy. Manu-
ally defining the lesions a-priori would not enable this
objective quantification. In terms of technical issues,
although our method to optimize the placement of

Table 2. Median and Interquartile Range (IQR) of Subject Specific Maximum, Median, and Mean Regional and
Median Proximal Femur Thickness for All Groups and Subgroups

Entire Cohort Subject Subgroups

Median [IQR] adj. p Median [IQR] adj. p

Maximum regional thickness, mm
Controls 2.30 [1.13] Male controls 2.62 [1.20]

Female controls 2.24 [0.59] 0.897
Patients 3.47 [2.23] <0.001 Male patients 3.47 [2.50] 0.002

Female patients 2.88, 4.13 �

Mean regional thickness, mm
Controls 1.18 [0.31] Male controls 1.17 [0.29]

Female controls 1.21 [0.38] 0.866
Patients 1.71 [0.81] <0.001 Male patients 1.71 [0.79] <0.001

Female patients 1.15, 1.92 �

Median regional thickness, mm
Controls 1.13 [0.22] Male controls 1.10 [0.19]

Female controls 1.13 [0.34] 0.568
Patients 1.47 [0.64] <0.001 Male patients 1.47 [0.72] <0.001

Female patients 0.86, 1.63 �

Median proximal femur thickness, mm
Controls 0.97 [0.22] Male controls 0.94 [0.22]

Female controls 0.99 [0.17] 0.544
Patients 1.28 [0.30] <0.001 Male patients 1.25 [0.29] <0.001

Female patients 1.77, 1.28 �

IQR indicates variation within each group. Regional thickness was evaluated within the region of the cam lesion. p-values shown are
relative to control and male control groups for the entire cohort and subject subgroups, respectively. �No statistical comparisons were
made with the female patient group due to sample size (n¼2).

Table 3. Median and Interquartile Range (IQR) of Regional and Overall Thickness for Mean Shapes for All Groups
and Subgroups

Entire Cohort Median [IQR] Subject Subgroups Median [IQR]

Mean shape regional thickness, mm
Controls 1.26 [0.48] Male controls 1.23 [0.44]

Female controls 1.28 [0.57]
Patients 1.91 [0.41] Male patients 1.92 [0.44]

Female patients 1.69 [0.95]

Mean shape overall thickness, mm
Controls 1.02 [0.49] Male controls 1.01 [0.49]

Female controls 1.04 [0.49]
Patients 1.33 [0.52] Male patients 1.32 [0.52]

Female patients 1.52 [0.78]

IQR indicates the variation in mean thickness for each mean shape. Regional thickness was evaluated within the region of the cam
lesion. p-values shown are relative to control and male control groups for the entire cohort and subject subgroups, respectively.
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correspondence particles is automatic, it does require
unique anatomical features to ensure that correspon-
dence particles are positioned across samples in the
same relative anatomic position. Thus, it would be
difficult to estimate correspondences on these isolated
patches without the benefit of reference to nearby
anatomy.

Each PCA mode is an objective measure that
considers the entire shape space; it does not directly
measure any single aspect of the anatomy that is

clinically relevant, such as the shape of the head–neck
junction. Since PCA was performed based on the entire
proximal femur, it is important to note that each PCA
mode described some aspect of shape variation of the
proximal femur, but none were specific to the region of
the cam lesion. Accordingly, it should not be surprising
that PCA loading values were not strongly correlated
with regional thickness metrics or the mapping of
thickness between the mean cam and control shapes.
While a strong correlation between thickness and a
specific mode of variation would have identified shape
variations, which could be used to identify increased
cortical thickness clinically, a lack of correlation does
not signify that shape and thickness are not related;
cortical thickness in the region of the cam lesion was
clearly increased in cam patients compared to controls.

Previous studies have identified gender differences
in the presentation of FAI including variations in
radiographic measurements and intraoperative pathol-
ogy,42 which motivate analysis of cortical thickness
specific to gender. The cam group only included two
female subjects, and thus, statistically meaningful
comparisons could not be made directly for female cam
shapes. Our recruitment of control subjects was also
imbalanced to include more males than females, with
only 16 females compared to 29 males, since cam FAI is
predominantly seen in males.42 It is possible that with
a larger number of female control subjects and better
sampling of the population, differences in cortical
thickness due to gender would be more evident. How-
ever, based on the data available, the gender differ-
ences in cortical thickness are of smaller magnitude

Figure 5. Percentile thickness representing the 10th, 25th, 50th, 75th, and 90th percentile of thickness for each of the vertices on the
mean control (top) and cam (bottom) femur (median thickness is the 50th percentile). Increased cortical thickness was evident overall
and in the region of the cam lesion on the mean cam femur.

Figure 6. Vectorial representation of the location of maximum
cortical bone thickness plotted relative to the mean shape of the
control group. Solid vectors represent mean location for the cam
(blue) and control (red) groups. Dashed vectors represent one
standard deviation of angular variation in each view.
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than differences between the cam and control group.
Thus, similar increases in cortical thickness could be
expected in females with cam-type FAI.

The location of maximum thickness within the
region of the cam lesion was variable across the
populations. Most of the variation between groups
could be captured in the axial plane with the location
of maximum cortical thickness more anterior and
less lateral in patients with cam FAI. A more
anterior location of maximum cortical thickness could
indicate bone hypertrophy caused by repetitive abut-
ment during hip flexion and internal rotation.4

Within the cam group the variation in each anatomic
plane was high. This variability signifies the diffi-
culty in generalizing the cam lesion across patients
with cam FAI and justifies subject specific surgical
planning.

Improved accuracy in the generation of volumetric
distance transforms from surface data facilitates fu-
ture biological and biomechanical studies where sur-
face meshes are commonly used. The inclusion of
reflection and alignment tools herein provided efficient
and automated preprocessing to reduce manual time
requirements in generation of the correspondence
model. The automatic transformation of cutting planes
could be extended to analysis of larger populations
where a particular anatomical location is of primary
interest. Advancements in warping techniques, which
incorporate the correspondence model and original
distance transforms, allow for direct vertex-to-vertex
comparisons between both subject and mean shapes.
Additionally, the incorporation of scalar attributes in
shape analysis could be adapted to other applications.
For this study, a scalar value was used to represent
cortical bone thickness, but future studies could use
this technique to evaluate other attributes that accom-
pany shape, such as bone densities from CT data or
stresses from finite element analysis.

While we did not find strong correlative relation-
ships between shape and cortical bone thickness, it is
clinically important to understand that cortical bone
thickness is increased proximally and in the region of
the cam lesion for patients with cam FAI. Previous
studies evaluating resection depth have not taken into
account possible variations in cortical thickness for
patients with cam FAI.11–13 Additional research is
required to establish parameters of the resection to
prevent both under-resection and iatrogenic femoral
neck fractures that are specific to the anatomical
characteristics in patients with cam FAI.10
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