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Abstract

Developmental dysplasia of the hip (DDH) is commonly described as reduced femoral
head coverage due to anterolateral acetabular deficiency. Although reduced coverage is
the defining trait of DDH, more subtle and localized anatomic features of the joint are
also thought to contribute to symptom development and degeneration. These features are
challenging to identify using conventional approaches. Herein, we assessed the
morphology of the full femur and hemi-pelvis using an articulated statistical shape model
(SSM). The model determined the morphological and pose-based variations associated
with DDH in a population of Japanese females and established which of these variations
predict coverage. Computed tomography images of 83 hips from 47 patients were
segmented for input into a correspondence-based SSM. The dominant modes of variation
in the model initially represented scale and pose. After removal of these factors through
individual bone alignment, femoral version and neck-shaft angle, pelvic curvature, and
acetabular version dominated the observed variation. Femoral head oblateness and
prominence of the acetabular rim and various muscle attachment sites of the femur and
hemi-pelvis were found to predict 3D CT-based coverage measurements (R°=0.5-0.7 for
the full bones, R?=0.9 for the joint).

Statement of Clinical Significance: Currently, clinical measurements of DDH only
consider the morphology of the acetabulum. However, the results of this study
demonstrated that variability in femoral head shape and several muscle attachment sites
were predictive of femoral head coverage. These morphological differences may provide
insight into improved clinical diagnosis and surgical planning based on functional
adaptations of patients with DDH.

Keywords (5): Hip Joint; Developmental Dysplasia; Statistical Shape Modeling;
Morphology; Computational Morphometrics

1 Introduction

Approximately 20% of all cases of hip osteoarthritis (OA) are attributed to
developmental dysplasia of the hip (DDH), which is characterized by inadequate
containment of the femoral head by the acetabulum, i.e., reduced femoral head coverage.’
Biomechanical studies have demonstrated that patients with DDH have altered lower
limb kinematics and muscle activation strategies, as well as weakness of the hip flexors,
abductors, and internal rotators.>* These alterations are theorized to be compensatory
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mechanisms which serve to provide additional stability and protection to the joint from
conditions that may lead to OA.

In an effort to restore coverage and normalize hip biomechanics, patients are often
treated with a periacetabular osteotomy, which is a joint preserving surgery that reorients
the acetabulum to improve coverage of the femoral head. Overall, this surgery is an
effective treatment for DDH.>" However, suboptimal outcomes may occur when the
osteotomy results in either over-coverage, leading to impingement, or under-coverage,
leading to persistent hip instability.> It is therefore important to develop a complete
understanding of the anatomic relationship between the femoral head and acetabulum
since femoral head coverage deficiencies may be difficult to identify when subtle or
localized to a specific region of the joint.° Most often, clinical diagnosis and surgical
planning are guided by two-dimensional (2D) measurements of femoral head coverage,
including the lateral center edge angle'! (LCEA) and anterior center edge angle*?
(ACEA). However, these measurements describe the anatomy of the acetabulum and only
capture femoral head coverage in a single joint orientation and radiographic projection,
and thus they may fail to detect localized, and potentially subtle, deficiencies in coverage.
Further, since most patients with DDH present with concomitant deformities, such as
excessive femoral anteversion,™**® patient positioning may be altered during imaging.
Such alterations in positioning could influence the appearance and prevent accurate
quantification of the anatomy.

The shape variability of the hip joint in patients with DDH has also been evaluated
using 2D radiographs in combination with manual landmark identification,**?* but these
analyses suffer from similar limitations to those associated with 2D coverage
measurements and cannot capture the complete morphology of the two bones. Clinical
adoption of computed tomography (CT) and magnetic resonance imaging (MRI) provides
the ability to quantify both global and regional coverage deficiencies and concomitant
deformities in patients with DDH through 3D surface reconstructions of the
anatomy.™ %2 While these data may enhance diagnosis and pre-operative planning,
measurements made from reconstructed surfaces are generally still based on planar
projections and two-dimensional imaging parameters, which do not fully capture the 3D
morphology. Further complicating matters, measurements that define the spatial
relationship between the femur and pelvis are likely dependent on the orientation of the
participant in the CT or MRI scanner. The use of a standardized patient position during
imaging could improve consistency in these measurements across participants, however
some positional bias may be unavoidable.

Statistical shape modeling (SSM) applies modern computational techniques to
parameterize and quantify complex anatomical shapes and their variability.?®* The
salient advantage of SSM is that it facilitates statistical comparisons without the need for
shape fitting and projection-based measurements as are often used clinically or manual
identification of preconceived regions of expected variation; this increases the likelihood
of identifying previously undetected group-wise differences in 3D shape. 3D SSM of the
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femur has been used to objectively identify the region of the proximal femur that is most
affected by cam femoroacetabular impingement syndrome™® and identify large variations
in femoral version, neck-shaft angle, and femoral neck length in patients with DDH.*!
However, to date, most SSM studies that have quantified morphology of the hip joint
have been limited to 2D bone contours,**? which limits the ability to use these models to
fully describe the specific pathology of the joint.

Recently, articulated SSMs have been developed to model human joints.***® Using an
articulated SSM, one can determine how the shape of the bones that comprise the joint
vary across the population separate from the variation in pose of the joint. However, the
utility of these models for clinical investigation of pathologies has yet to be shown and, to
our knowledge, articulated SSMs have not been applied to study the pathoanatomy of
DDH. The objectives of this study were therefore to: 1) apply an articulated SSM to
quantify and visualize anatomic variation in both the pose and shape of the hip of patients
with DDH, and 2) determine whether pose and shape variations quantified by SSM could
explain variation in 3D measurements of femoral coverage.

2 Methods
Type of Study: Retrospective
Level of Evidence: 11l

2.1 Participants

Fifty consecutive female patients that underwent primary curved periacetabular
osteotomy (CPO) for DDH between July 2008 and December 2017 were initially
considered for this retrospective study approved by our Institutional Review Board. Male
patients were excluded, as only a small portion of patients were male and studies have
reported differences in femur and pelvis shape across sexes which could convolute
analysis.*® For each patient, hips with DDH and no evidence of advanced osteoarthritis or
other morphological deformities were included, as this study focused on the prediction of
coverage in individuals who would be candidates for hip joint preserving surgeries, such
as periacetabular osteotomy. Therefore, hips with a LCEA > 25° (8 hips), Kellgren-
Lawrence (K-L) classification of 3 or greater (6 hips), Perthes deformity (1 hip), or
miscellaneous technical issues (2 hips) were excluded, leaving 83 hips from 47 patients
(43 right and 40 left hips). All patients were of Asian descent and Japanese nationality
with a mean * standard deviation (SD) age, height, and mass of 37 + 11 years, 1.58 +
0.05 m, and 54.0 £ 8.2 kg, respectively. The mean + SD of the LCEA measured on
anteroposterior radiographs was 13.0 + 8.0°.

2.2 Imaging and Pre-Processing
During imaging, all patients were positioned such that the pelvis was in a neutral

position, legs were parallel, and knees were pointed upward. CT images were acquired
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with a slice thickness of 1.00 mm (78 hips, 44 patients) or 1.25 mm (5 hips, 3 patients).
The full femur and hemi-pelvis of each hip were semi-automatically segmented from the
volumetric images and converted to three-dimensional surfaces using Amira (v6.0.1,
Visage Imaging, San Diego, CA, USA). Femur and hemi-pelvis surfaces were smoothed,
aligned as a pair to eliminate global variation in rotation and translation (such that the
relationship between the femur and pelvis was not altered), and reformatted to volumetric
distance transforms using pre-processing tools from ShapeWorks (v5.3.1, University of
Utah, Salt Lake City, UT, USA; shapeworks.sci.utah.edu).?

2.3 Statistical Shape Modeling

In ShapeWorks, a particle-based correspondence model of the hip joint was generated
with each femur and hemi-pelvis pair representing a single hip joint. The correspondence
model included 6,144 correspondence particles for each hip (n=4,096 on the femur,
n=2,048 on the hemi-pelvis). From this initial Unscaled SSM, a two-step alignment
method described by Agrawal and colleagues was used to remove variability in size and
pose from the model (Figure 1).%® In the first alignment step, hip size (i.e. scale) was
normalized across the population via generalized Procrustes analysis, resulting in the
SSM with Pose. In the second step, mean femur and hemi-pelvis shapes generated from
the SSM with Pose were used as alignment templates to remove individual pose
variations of the separate bones (femur and hemi-pelvis); these shapes were then used to
generate the SSM of Shape (Figure 1).* Principal component analysis (PCA) was used to
reduce the dimensionality of the correspondence model into a smaller number of modes
that described dominant shape variations. PCA was applied to the correspondence model
of the Unscaled SSM and after each step of the alignment process. Parallel analysis was
used tg identify the PCA modes that represented shape variance greater than random
noise.**

2.4 Femoral Head Coverage Analysis

Femur and hemi-pelvis surfaces were reconstructed based on the mean
correspondence particle configuration from the Unscaled SSM (Figure 1). The regions
corresponding to the femoral head and lunate surface were automatically identified using
1% and 2" principal curvature of the mean femoral head and acetabular surfaces,
respectively.®® The selected region of the lunate surface was manually adjusted to include
the entire acetabular rim, as the rim is relevant to femoral head coverage, and the
selection of the femoral head was expanded to include the fovea and avoid
inconsistencies in fovea size and position across the population. The correspondence
particles associated with the isolated regions of the joint were then used to extract the
femoral head and acetabular regions from the surfaces of each patient hip in the original
coordinate system of the CT images. Coverage was calculated in this orientation, as the
removal of scale would not alter coverage measurements and because the final joint
alignment of the two-step process was not guaranteed to place the femur and pelvis in a
true anatomical orientation.
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Femoral head coverage was quantified for each hip using the Area Coverage tool in
ShapeWorks.?**® Herein, the covered region of the femoral head was defined by the
nodes intersected by the normal projection of any node of the acetabular surface; thus,
over-selection of the acetabular rim would not affect the results.®” Coverage was
expressed as the surface area of the covered region divided by the total surface area of the
femoral head in percent.2.5 Regression Model for Femoral Head Coverage

PCA modes from each SSM were used to predict femoral head coverage using least
absolute shrinkage and selection operator (LASSO) regression in MATLAB (R2019a,
Natick, MA, USA). LASSO regression identifies a relevant, i.e. predictive, subset of
variables when the initial set of variables is large.*® PCA was run on correspondence
particle coordinates of 73 hips for regression model training and validation; ten samples
were randomly selected to be used in a separate test dataset and held out from the initial
analysis. Eigenvalues of all 73 PCA modes were standardized to a mean of zero and a
standard deviation of one. The value of the LASSO penalty term (lambda) was optimized
through leave-one-out cross-validation for each regression model to isolate a subset of the
PCA modes most predictive of coverage. Final regression models for the Unscaled SSM
comprised the smallest number of PCA modes needed for the mean squared error (MSE)
of predicted coverage relative to measured coverage to be within one standard error of the
overall minimum MSE, i.e. one standard error rule.** Regression models for the SSM with
Pose and SSM of Shape were limited to the number of PCA modes determined for the
Unscaled SSM to enable direct comparison across SSMs. Final regression coefficients
were obtained using a linear regression model with leave-one-out cross validation of the
modes selected from LASSO. The final regression coefficients were averaged across each
cross-validation model. Eigenvalues for the 10 test samples were determined from the
eigenvectors of the training and validation regression model and used to evaluate the
predictability of the model. The regression coefficients of each SSM were used to
reconstruct predicted surfaces of minimum and maximum coverage of the cohort.
Surface-to-surface distance between predicted shapes of minimum and maximum
coverage were generated to visualize results.

Next, PCA and regression analysis was applied to the isolated joint correspondences
to identify local shape features and isolate those that best predicted hip joint coverage. To
do so, only correspondence particle locations within the regions of the femoral head and
acetabulum (339 and 119 points, respectively) were included in the PCA and regression
analysis for each SSM. Data were then analyzed using the same procedure described for
the full bone data.

3 Results

For the initial Unscaled SSM (Figure 1), six PCA modes were determined to be
significant and captured 95.8% of the shape variation of the full bones (60.8%, 22.9%,
5.3%, 2.7%, 2.1%, and 1.9%, for each mode respectively). For the isolated joint, four
PCA modes were determined to be significant and captured 94.1% of the shape variation
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(58.3%, 24.6%, 8.7%, and 2.5%, for each mode respectively). The first mode primarily
represented variation in full bone scale. The second, third, and fourth modes represented
variability in pose, specifically flexion-extension, abduction-adduction, and internal-
external rotation, respectively. The fifth and sixth modes represented variability in the
position of the joint and rotational angles of the femur and pelvis (Table 1). Similar
morphological variations were observed for both the isolated joint (Figure 2) and full
femur and hemi-pelvis (Figure 3).

For the globally aligned SSM with Pose (Figure 1), six PCA modes were determined
to be significant and captured 91.7% of the shape variation of the full bones (56.7%,
13.8%, 7.1%, 6.5%, 5.0%, and 2.6%, for each mode respectively). For the isolated joint,
six PCA modes were determined to be significant and captured 95.1% of the shape
variation (54.4%, 21.5%, 7.6%, 5.3%, 4.3%, and 2.0%, for each mode respectively). The
first, second, and fourth modes primarily represented variation in flexion-extension,
abduction-adduction, and internal-external rotation, while the third, fifth, and sixth modes
represented more subtle morphological variations (Table 1). Modes 1 and 2 of the SSM
with Pose exhibited similar variation to that of Modes 2 and 3 from the Unscaled SSM,
while Modes 4, 5, and 6 of the SSM with Pose represented similar variation to that
captured in Modes 4, 5, and 6 from the Unscaled SSM. Similar morphological variations
were observed for both the isolated joint (Figure 2) and full femur and hemi-pelvis
(Figure 4).

For the individually aligned SSM of Shape (Figure 1), 11 PCA modes were
determined to be significant and captured 84.4% of the shape variation of the full bones
(36.0%, 13.5%, 9.4%, 5.5%, 4.3%, 3.9%, 3.6%, 2.5%, 2.2%, 1.9% and 1.5%, for each
mode respectively). For the isolated joint, six PCA modes were determined to be
significant and captured 91.0% of the shape variation (37.6%, 33.9%, 8.1%, 5.3%, 3.8%,
and 2.3%, for each mode respectively). Compared to the Unscaled SSM and SSM with
Pose, the first six modes of the full bone SSM captured 72.7% of the overall shape
variation. Variation in shape captured by each PCA mode was more subtle and not easily
attributed to single specific features, but did resemble those found in later modes of the
Unscaled SSM and SSM with Pose (Table 1). Subtle shape variation was observed for all
significant PCA modes with the variation of the joint being more localized after the first
two modes (Figure 2) and the variation of the femur being qualitatively smaller in
magnitude than that of the hemi-pelvis after the first three modes for the full bone model
(Figure 5).

For the evaluation of coverage, the cross-validated lambda value and number of
selected modes varied based on input shape data (Table 2). The number of selected
modes was eight for the full bone SSMs and 13 for the joint SSMs, which represented
between 6.1% and 84.9% of the overall shape variation. These findings indicate that the
modes predictive of coverage were not necessarily those that described the predominate
shape variation observed in each model. For the isolated regions of the joint, the variation
captured by the modes selected from LASSO represented the prominence of the
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acetabular rim and angle of the lunate surface, as well as the flattening or oblateness of
the femoral head (Figure 6, Video S-1). These features were visibly reduced for the SSM
of Shape, however the fit of the validation data was equivalent to that of the Unscaled
SSM and SSM with Pose. In addition to the features of the joint, the full bone regression
model revealed that a more prominent and posterior lesser trochanter, an inferior greater
trochanter, and anterior femoral bowing (Figure 7, Video S-2) were femoral features
predictive of decreased coverage, while a wider iliac tilt angle, broader ischium, a more
prominent anterior superior iliac spine (ASIS), and a less prominent anterior inferior iliac
spine (AIIS) were pelvic features predictive of decreased coverage. These features were
present in all three SSMs, however some of the more subtle features of the Unscaled SSM
and SSM with Pose varied from those observed in the SSM of Shape, which may explain
the drop in predictability for the SSM of Shape. Generally, the predictability of the joint
level SSMs was better than that of the full bone SSMs, where the mean absolute error of
prediction was 0.6% coverage for the joint SSMs and 1.1% coverage for the full bone
SSMs. The predictability of the models on the 10-sample test dataset was comparable to
that of the training and validation dataset (Table 2), except for the full bone SSM of Shape
which resulted in a negative Q? value.

4 Discussion

An articulated SSM, which allows for analyzing variability in shape of individual
bones separate from that of the pose of the joint, was applied to a population of females
of Asian descent and Japanese nationality diagnosed with DDH.*® Using this model, the
relationship between femur and pelvis shape and measurements of femoral head coverage
was also investigated. In both the Unscaled SSM and SSM with Pose, positional variation
along the three kinematic planes of the hip (i.e., flexion-extension, abduction-adduction,
and internal-external rotation) was identified in the early PCA modes, which constitute
larger percentages of the total shape variation (Figures 2-4). In the SSM of Shape, which
removed variation in scale and pose, we observed variation in the morphology of both the
femur and pelvis, however the magnitude of change in femoral anatomy appeared to be
reduced after the first three modes (Figure 5). Aside from anatomical differences which
directly altered coverage (e.g., size and shape of the femoral head and acetabulum), a
variety of less obvious morphologic features were associated with minimum and
maximum measured coverage (Figure 6). Importantly, the variation in shape was not
isolated to the region immediately surrounding the joint, but also included variation in the
relative orientation of the ilium, ischium, and pubis, and the position of the femoral head
relative to the femoral shaft (Figure 7). Additionally, muscle origin/insertion sites on both
bones, including the AIIS, ASIS, and both the lesser and greater trochanters, varied with
coverage which may indicate that differences in muscle recruitment or relative strength
occur in parallel with variation in coverage. These findings support previous research-
based and clinical observations of functional compensation in DDH patients across a
broad spectrum of disease severity.*
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The application of SSM to study hip morphology has been in large part limited to 2D
radiographs or small regions of the joint or bone. In 2D applications, femur and pelvis
shape characteristics have been identified as relevant to the incidence of OA, including
modes of variation representing morphology consistent with DDH and those found
herein.*** To our knowledge, only one 3D SSM study evaluated the region of the joint
in DDH patients and asymptomatic participants. In their study, morphological differences
between males and females as well as differences associated with disease severity, such
as angular steepness of the acetabular roof (i.e. lunate surface) and reduced femoral head
coverage, were observed,* which aligns well with the morphological variation captured
by our regression model of coverage. However, the region of interest in their prior study
was limited to the proximal femur and distal pelvis. Another 3D SSM evaluated the full
femur (interpolated from images of the proximal and distal femur) of female patients
diagnosed with DDH and identified femoral version, neck-shaft angle, femoral head size,
and femoral neck length as features of variation within their cohort.** We did not directly
report shape variation for the decoupled femur, but observed similar aspects of variation
for combined hip joint SSMs, even when scale and pose differences were included in the
model. Previous studies have not evaluated the full hemi-pelvis of patients with DDH
using 3D SSM, however a previous study evaluating morphology directly from CT
images identified rotational deformities of the pelvis, including anterior or posterior
rotation of the acetabulum,*” which aligned with the morphological variation represented
in Mode 4 of the SSM of Shape.

Decreased femoral head coverage has been shown to be independently associated
with both decreased LCEA and increased acetabular retroversion.?* Interestingly, other
than the prominence of the acetabular rim, the shape variation related to coverage seemed
less related to aspects of morphology thought to be associated with DDH (i.e., femoral
version and neck-shaft angle) and seemed to instead align closely with muscle attachment
sites (e.g. ASIS, AlIS, trochanters, posterior femur). Specifically, more prominent origin
and insertion sites of the gluteus medius (lateral iliac crest and superior greater
trochanter), quadratus femoris (ischial tuberosity and intertrochanteric crest), illiacus
(medial iliac crest and lesser trochanter), and adductor magnus (inferior pubic ramus and
medial femoral shaft) appear to be predictive of increased coverage (Figure 7), which
may indicate decreased muscle lengths in patients with less severe DDH. In contrast, Liu
and colleagues found that hips with dysplasia had a shorter gluteus medius than
contralateral control hips, but this 7% decrease was within the standard deviation of the
measurement.** Furthermore, in comparison to our observations, which were based on 3D
bone morphology, Liu et al. relied on 2D planar measurements of muscle length, which
may have been affected by muscle activation angle. In addition to the aforementioned
muscles, prominent origin or insertion sites of several other muscles on the femur and
pelvis associated with muscle weakness or abnormal activation in patients with DDH?™*
were predictive of coverage in our study (i.e. anterosuperior intertrochanteric line for the
piriformis and gemellus, or the AIIS and anterolateral iliac crest for the tensor fasciae
latae and sartorius). This observation indicates morphological changes over the entire
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femur and hemi-pelvis, which are resultant of either developmental or compensatory
mechanisms, may be relevant to both coverage and our understanding of DDH.

From the full bone analysis, Mode 3 from the Unscaled SSM and Mode 2 from the
SSM with Pose, which both represented variation in abduction-adduction, iliac tilt angle,
and other subtle morphological differences (Figures 3, 4), were found to be relevant
predictors of coverage. Since our patients were positioned in a controlled manner during
imaging and subtle variability in abduction-adduction is unlikely to affect overall femoral
head coverage, the selection of this mode for inclusion in the predictive model may
instead indicate that variation in pelvic width and iliac tilt angle were relevant to
coverage. Additionally, these features also predicted coverage in the SSM of Shape as
part of Mode 5 (Figure 5). Collectively, this exemplifies the strength of our analysis
methods to identify true morphological features of coverage whether or not scale and
pose were included in the model.

With respect to coverage predictions, results indicated that the morphology at the
level of the joint was more predictive of coverage than consideration of the full pelvis
and femur (Table 2). Similarly, the predictability of coverage from the joint SSMs was
strong whether or not scale and pose were considered (Figure 6, Video S-1). The
predictability from the full bone SSMs decreased with the removal of both scale and pose
(Figure 7), which may indicate that more modes are necessary to accurately predict
coverage due to the subtle morphological variations represented by each mode of
variation for the full bone SSM of Shape. Additionally, interpretation of the modes when
using the full bone model is challenging, highlighting the benefit of focusing an SSM on
a specific region of interest to support the associated analysis.

For all SSMs, an oblate femoral head and prominent acetabular rim were predictive of
coverage. Unfortunately, conventional clinical measurements, e.g., the LCEA and ACEA,
rely solely on acetabular anatomy to assess coverage. Moving forward, morphology of
the joint, including the femoral head, should be considered and clinical methods to
measure the presence of a more oblate or larger femoral head could be helpful in
assessing coverage.

This study had limitations that warrant consideration. First, our homogenous patient
population was entirely female and of Asian descent and Japanese nationality, which
limits the generalizability of the study results. However, our use of a homogenous
population removed sources of shape variation not specifically related to DDH, such as
those related to sex,™ race and ethnicity, or unrelated deformities, such as OA-induced
osteophytes. Thus, this model provided insight into the relationship between the full
femur and hemi-pelvis in DDH and allowed for a systematic analysis of the morphology
of the hip joint and factors related to 3D coverage in this population. Second, images
were acquired with the participant supine and thus the coverage measurements reported
in our study do not represent those of a functional, weight bearing position. However, we
believe our measurements of coverage with the participant supine are valid and clinically-
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relatable. Notably, clinical CT and MRI scans of DDH patients are acquired supine.
Furthermore, research has demonstrated that variation in pelvic tilt, which is the
predominant postural difference of the hip between supine and standing in patients with
DDH, does not affect coverage measurements.**** Additionally, studies have
demonstrated that measurements of coverage change very little when evaluated over
gait.>’ Collectively, this suggests that it is largely the shape of the hip, not pose, that
dictates the measurement of 3D coverage. Third, our two-step alignment approach did not
specifically control the corrections in pose for the SSM of Shape, such that joint surfaces
were not prevented from overlapping,® however the SSM of Shape was not intended to
describe anatomical positions of the joint and coverage measurements were based on the
CT position, so subtle overlap did not impact our analyses and conclusions.

In summary, through the use of SSM in combination with a multi-stage alignment
approach, we identified pose variability to include each independent plane of hip motion
and shape variability to include a number of features potentially related to biomechanical
function, such as muscle attachment sites and rotational or torsional variability in the
context of DDH. These factors could be related to abnormal hip biomechanics which may
be a functional adaptation used to compensate for symptoms. Importantly, even within a
homogeneous cohort, morphological features that were predictive of coverage
measurements were found. Notably, coverage could be predicted using shape features
that were present outside of the joint surfaces, which may be relevant to clinical
evaluation of patients with DDH. Future studies should evaluate the observed
morphological variability in the context of a more diverse study population and against
asymptomatic participants to further identify morphological features directly related to
symptomatic DDH. This analysis could elucidate the role biomechanics plays in the
development of clinical symptoms and patient functional adaptation to hip instability.
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Figures

Unscaled SSM SSM with Pose SSM of Shape

Joint Scaling Bone Alignment

Figure 1. Stages of the statistical shape model (SSM), shown with two representative hips
at each alignment stage; semi-transparent hips representing the previous alignment stage
are shown for reference. An initial SSM was generated using the unscaled, globally
aligned femur and hemi-pelvis data (left). Joint scaling was applied to develop models
that evaluated both pose and shape (middle). Finally, bone alignment was performed to
generate models of shape (right).
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Figure 2. The principal component analysis (PCA) modes containing significant variation
in shape of the Unscaled SSM (top), SSM with Pose (middle), and SSM of Shape
(bottom). Semi-transparent surface reconstructions represent the mean and the bounds of
two standard deviations for each mode from the anterior (top of each box) and superior
(bottom of each box) views. Arrows qualitatively show regions of greatest variation
captured by each mode. + indicates modes included in the regression model of coverage.
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Figure 3. The first six principal component analysis (PCA) modes of the initial unscaled
statistical shape model (SSM), i.e., Unscaled SSM, shown through semi-transparent
surface reconstructions representing the mean and the bounds of two standard deviations
for each mode from the inferior (top; femur and pelvis separated for visual clarity),
anterior (middle), and lateral (bottom) views. Arrows qualitatively show regions of
greatest variation captured by each mode. + indicates modes included in the regression
model of coverage.
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Figure 4. The first six principal component analysis (PCA) modes of the globally aligned
statistical shape model (SSM) of pose and shape, i.e., SSM with Pose, which removed
scaling and global alignment, but maintained the spatial relationship between the femur
and hemi-pelvis, shown through semi-transparent surface reconstructions representing the
mean and the bounds of two standard deviations for each mode from the inferior (top;
femur and pelvis separated for visual clarity), anterior (middle), and lateral (bottom)
views. Arrows qualitatively show regions of greatest variation captured by each mode. +
indicates modes included in the regression model of coverage.
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Figure 5. The first six principal component analysis (PCA) modes of the individually
aligned statistical shape model (SSM) of bone shape, i.e., the SSM of Shape, which
removed the relative relationship between orientation of the femur and pelvis, shown
through semi-transparent surface reconstructions representing the mean and the bounds of
two standard deviations for each mode from the inferior (top; femur and pelvis separated
for visual clarity), anterior (middle), and lateral (bottom) views. Arrows qualitatively
show regions of greatest variation captured by each mode. + indicates modes included in
the regression model of coverage.
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Figure 6. Linear regression model predictions of coverage (left inscribed plots) for each

SSM: Unscaled SSM (top), SSM with Pose (middle), and SSM of Shape (bottom);
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including semi-transparent surface reconstructions (center; “joint”) and surface distance
plots (right; “acetabulum” and “femoral head”) of predicted minimum and maximum
coverage. Linear regression-based predictions of coverage for test data are shown in gray
with training and validation data in black; the line of best fit for each dataset and
horizontal lines of minimum and maximum coverage are shown. Semi-transparent
surface reconstructions show the predicted shapes for minimum and maximum coverage
values of the population. Surface distance plots represent regions indicative of increased
and decreased coverage as shown on the surface of maximum coverage. Differences in
oblateness of the femoral head, prominence of the acetabular rim, and curvature of the

lunate region were identified for all models.
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Figure 7. Linear regression model predictions of coverage (left inscribed plots) for each
SSM: Unscaled SSM (top), SSM with Pose (middle), and SSM of Shape (bottom);
including semi-transparent surface reconstructions and surface distance plots (right) of
predicted minimum and maximum coverage of the femur and hemi-pelvis. Linear
regression-based predictions of coverage for test data are shown in gray with training and
validation data in black; the line of best fit for each dataset and horizontal lines of
minimum and maximum coverage are shown. Semi-transparent surface reconstructions
show the predicted shapes for minimum and maximum coverage values of the
population. Surface distance plots represent regions indicative of increased and decreased
coverage as shown on the surface of maximum coverage. Differences in oblateness of the
femoral head and prominence of the acetabular rim and various muscle attachment sites
are visible.

Tables

Table 1. Description of dominant variations observed for the modes visualized in Figures 2-5.

Mode Unscaled SSM SSM with Pose SSM of Shape
Flexion-extension (pelvic tilt  Relative scale of femur and
1 Scale - .
angle) pelvis, femoral bowing
Flexion-extension (pelvic tilt Abduction-adduction (iliac Femoral neck-shaft angle,
2 tilt angle), distal femoral - .
angle) . iliac thickness and curvature
version
Abduction-adduction (iliac Relative scale of femur and .
. . L Bone thickness, femoral
3 tilt angle), femoral version, pelvis, ilium angle, femoral .
AN . version
pelvic twist bowing
Internal-external rotation . .
o . . Internal-external rotation lliac-ilium angle, femoral
4 (iliac opening angle), ilium - .
angle (iliac opening angle) neck-shaft angle
Pelvic width, femoral offset Proximal femoral version, Femoral bowmg, iliac cre;t
5 curvature, pubic symphysis

and neck-shaft angle

pelvic width
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Illiac angle, femoral version,  Femoral neck-shaft angle,
6 superior-inferior joint ilium position, iliac thickness
position and curvature

Iliac curvature, femoral
version

Table 2. Regression parameters for the prediction of femoral head coverage from
PCA mode data and the resultant prediction results for the training and test datasets
for different input shape data sets from each SSM.

Training Test
Ranked Modes (Number

Shape Data  Lambda of Modes, Percent

Variance Captured) ) 2
R MAE Q MAE

e 0000 e sy 070 11 079 09
Fpose 00043 R gy 061 11 081 09
e 0008 PRS0 14 012 20
Unscaled 12,11, 6,4,13,7,9, 2,

0.0023 3,16,17,8,21 (13 092 06 089 0.6

SSM Modes, 39.6%)
. 11,12, 8,9, 4,10, 2, 1,
SSF'\,’('JS"Z'th 0.0024 18, 17, 16, 13 (12 091 06 094 05

Modes, 84.9%)

This article is protected by copyright. All rights reserved.



9,5,6,8, 10, 13, 16, 43,
0.0024 47,14, 2,19, 29 (13 092 06 083 09
Modes, 44.0%)

SSM of
Shape

Abbreviation: MAE, mean absolute error, presented as percent coverage;
SSM, statistical shape model.
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