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Abstract

Introduction—Individuals with over- or under-covered hips may develop hip osteoarthritis.
Femoral head coverage is typically evaluated using radiographs, and/or computed tomography
(CT) or magnetic resonance images obtained supine. Yet, these static assessments of coverage may
not provide accurate information regarding the dynamic, three-dimensional (3-D) relationship
between the femoral head and acetabulum. The objectives of this study were to: 1) quantify total
and regional 3-D femoral head coverage in a standing position and during gait, and 2) quantify the
relationship between 3-D femoral head coverage in standing to that measured during gait.

Materials and Methods—The kinematic position of the hip during standing and gait was
measured in-vivo for eleven asymptomatic morphologically normal subjects using dual
fluoroscopy and model-based tracking of 3-D CT models. Percent coverage in the standing
position and during gait was measured overall and on a regional basis (anterior, superior, posterior,
inferior). Coverage in standing was correlated with that measured during gait.

Results—For total coverage, very little change in coverage occurred during gait (range: 35.0 —
36.7%; mean: 36.2%). Coverage at each time point of gait strongly correlated with coverage
during standing (r = 0.929 — 0.989). The regions thought to play an important role in weight
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bearing (i.e. anterior, superior, posterior) were significantly correlated with coverage in standing
during the stance phase.

Conclusions—Our results suggest that coverage measured in a standing position is a good
surrogate for coverage measured during gait.
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INTRODUCTION

Individuals with over- or under-covered hips are at risk of developing hip osteoarthritis (OA)
(Beck et al., 2005; Conrozier et al., 1998; Giori and Trousdale, 2003; Gosvig et al., 2010;
Kim et al., 2006; Novais et al., 2017; Reijman et al., 2005; Tonnis and Heinecke, 1999). Hip
preservation surgery may slow or halt the progression of OA in these patients by changing
the anatomic relationship between the femoral head and acetabulum (Kaneuji et al., 2015;
Steppacher et al., 2008). In particular, pelvic osteotomies aim to improve cartilage contact
mechanics by increasing lateral femoral head coverage in patients with developmental
dysplasia of the hip and posterolateral coverage in patients with acetabular retroversion.
Osteochondroplasty, which is most often performed arthroscopically, aims to eliminate
impingement caused by an overly-prominent acetabular rim in patients with pincer
femoroacetabular impingement syndrome and acetabular protrusio.

The success of surgeries to treat structural hip deformities relies, in part, on a thorough pre-
operative understanding of femoral head coverage. Most often, two-dimensional (2-D)
radiographic measurements of the lateral center-edge angle (LCEA) (Clohisy et al., 2008;
Novais et al., 2017; Wiberg, 1953), extrusion index (Murphy et al., 1995), and Ténnis angle
(Tonnis and Heinecke, 1999) from an anteroposterior film are used to evaluate femoral head
coverage. However, there are several limitations associated with these radiographic
measurements. For example, 2-D radiographic measurements are influenced by patient
positioning and imaging technique (Kosuge et al., 2014), which may give rise to high inter-
and intra-observer error (Kapron et al., 2011). Importantly, each 2-D radiographic
measurement provides a single angular measurement of the anatomy, which may not
accurately represent the extent of complex, three-dimensional (3-D) deformities known to
alter femoral head coverage (Hansen et al., 2012).

Previously, computed tomography (CT) images have been used to calculate 3-D coverage of
the femoral head on an overall (Cheng et al., 2015; Dandachli et al., 2008; Miyasaka et al.,
2014; Suzuki et al., 2017; van Bosse et al., 2015) and regional basis (Hansen et al., 2012;
Larson et al., 2015). A major limitation of these prior studies is that 3-D coverage was based
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on reconstructions of volumetric images acquired in the supine position. Previous 2-D
radiographic studies found a difference in coverage among supine and standing positions
(Henebry and Gaskill, 2013; Pullen et al., 2014; Wylie et al., 2017). Thus, it follows that
femoral head coverage could change during gait, but these measurements are not available.
As gait is a common daily activity that results in increased stress at the covered region,
understanding how coverage changes during gait could influence how structural hip
deformities are diagnosed and treated. For example, if it was shown that lateral coverage
decreases during gait, then surgeons may wish to reorient the acetabular socket more
laterally than they would if they had based the pre-operative plan on only an assessment of
coverage during standing.

The objectives of this study were to: 1) quantify total and regional 3-D femoral head
coverage in a standing position and during gait, and 2) quantify the relationship between 3-D
femoral head coverage measurements in standing to that measured during gait. Our analysis
was focused on quantifying coverage in asymptomatic, morphologically-normal, control
hips to establish the baseline understanding necessary to study pathologic hips in the future.
We hypothesized that: 1) 3-D femoral head coverage measured in the standing position
would differ significantly compared to that during the gait cycle, and 2) 3-D measurements
of coverage in the standing position would be significantly correlated with 3-D coverage
measured dynamically.

MATERIALS ANS METHODS

Subjects

Eighteen pain-free control subjects without a history of injury or surgery to either lower limb
signed informed consent to be considered for participation in this Institutional Review Board
approved study. These eighteen subjects were screened using an anteroposterior film to
exclude individuals with morphological abnormalities, including acetabular dysplasia,
femoroacetabular impingement, acetabular retroversion, or Perthes disease. Seven subjects
were excluded based on these criteria, leaving eleven subjects (six male). The mean £
standard deviation LCEA, extrusion index, and Ténnis angle for the eleven subjects was
32.8+5.0°, 11.8 £ 4.6, and 3.6 + 3.7°, respectively. The mean + standard deviation age,
height, and body mass index was 23 + 2 years, 173 + 10 cm, and 21 + 2 kg/m?, respectively.

CT Scans and Dual Fluoroscopy (DF) Data Collection

The eleven subjects enrolled in this study were previously analyzed using a combined
experimental and computational protocol that involved motion capture, CT scan, DF, and
model-based markerless tracking (MBT) to calculate in-vivo hip kinematics (Atkins et al.,
2017; Fiorentino et al., 2016a; Fiorentino et al., 2017; Fiorentino et al., 2016b; Uemura et
al., 2018). Briefly, subjects walked on an instrumented treadmill (Bertec, Columbus, OH,
USA) at their self-selected walking speed. Simultaneously, high-speed DF images were
acquired at 100 Hz of the pelvis and proximal femur of a randomly-selected hip. DF images
were also captured during a static position (i.e. standing position) while subjects stood
upright with their feet hip-width apart and pointed forward.
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Subjects underwent a CT arthrogram of the hip that was imaged with DF using a 128-slice
scanner (SOMATOM Definition, Siemens Healthineers, Erlangen, Germany) with a field of
view (300 — 400 mm) that included the entire pelvis, proximal femur, and femoral condyles.
The proximal femur and pelvis were scanned with 1 mm slices at 120 kVp and 200 — 400
mAs, and the femoral condyles were scanned at 3 mm slices with 120 kVP and 150 mAs.
Caredose™ was used for all scans to modulate tube current. Surface models of the pelvis
and the femur were generated by semi-automatic segmentation of the CT images using
Amira (v.6.0.1, Visage Imaging, San Diego, CA, USA) (Figure 1A). Finally, MBT used the
3-D bone reconstructions and DF images to calculate the in-vivo position of the pelvis and
femur for the standing position and during the entire gait cycle as described previously
(Kapron et al., 2014). Two trials of treadmill walking were collected, but the trial with the
highest quality fluoroscopy images was chosen for MBT. Of note, we previously validated
MBT of the hip to errors less than 0.5 mm and 0.6° (Kapron et al., 2014).

Analysis of Total and Regional Femoral Head Coverage

Analysis of total and regional femoral head coverage was performed using the spatial
position of the 3-D reconstructions of the pelvis and femur at each time point in the gait
cycle as calculated from the DF images by MBT. Coverage was defined as the area where
the lunate surface of the acetabulum covered the femoral head (Collin et al., 2017; Hansen et
al., 2012). Triangular elements representing the lunate surface of acetabulum (Figure 1B)
and the femoral head (Figure 1C) were extracted from surface models in PostView (Maas et
al., 2012) (v.2.0, University of Utah, Salt Lake City, UT, USA) using principle curvature as
described previously (Kapron et al., 2014). Briefly, the elements and nodes of the femoral
head were automatically selected using 15t principle curvature. Fovea capitis was also
excluded using 1 principle curvature. The elements and nodes of the lunate surface were
semi-automatically selected from the pelvis model based on 2" principle curvature values.
2" principle curvature provided the exclusion of the acetabular fossa, but also excluded the
acetabular rim. As such, the lunate surface was expanded manually to include the acetabular
rim to ensure the entire bony acetabulum was considered when analyzing coverage.

Using MATLAB (v. 7.10, The MathWorks, Natick, MA, USA), the surface model of the
femoral head was divided into four anatomic regions (i.e. anterior, superior, posterior, and
inferior) to enable regional coverage calculations and comparisons. Herein, the femoral head
coordinate system was defined based on landmarks of the medial and lateral epicondyles,
femoral head center, and femoral neck axis. The transverse axis of the femur (Figure 2A)
was defined as the long axis of a best-fit cylinder to the surface nodes representing the
femoral neck (i.e. neck axis)(Casciaro et al., 2010; Uemura et al., 2018). The superior-
inferior axis (Figure 2B) was defined as the axis between the mid-point of the medial and
lateral femoral condyles (Wu et al., 2002) and the center of the femoral head, as defined
using a sphere-fit (Harris et al., 2013). Using this coordinate system, the nodes of the
femoral head were sorted into quadrants about the transverse axis (Figure 2C) (Harris et al.,
2014; Wylie et al., 2017).

The Coverage Tool in PostView was used to calculate femoral head coverage. Herein, the
surface elements of the femoral head were considered in the calculation of coverage if they
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were intersected by the normal projection of any element of the lunate surface. The
kinematic data from MBT was applied to the surface models of the lunate surface and
femoral head using the Kinemat Tool in PostView. Coverage was assessed for each time
point during the gait cycle, and results were exported to MATLAB. First, areal coverage,
measured in units of mm?2, was defined by calculating the area of the elements at the femoral
head surface that were covered; this calculation was repeated on a regional basis according
to the boundaries for each quadrant. Second, recognizing that the size of the femoral head
may vary across subjects, areal coverage was converted into a percent coverage by dividing
the covered area by the total area overall and with respect to each quadrant. Both areal
coverage and percent coverage were calculated at each time point of the gait cycle.

Upon confirming a normal distribution using a Kolmogorov-Smirnov test, percent coverage
was expressed as mean + standard deviation. Comparisons among the regions were made
with one-way analysis of variance (ANOVA). Multiple comparisons were corrected by using
the Hochberg procedure. Coverage measured in the standing position was compared to the
mean coverage measured during gait using a paired Student’s t-test. Next, coverage
measured in standing for each subject was correlated to that subject’s mean coverage during
gait using Pearson’s correlation. Additionally, for each time point of the gait cycle, coverage
during standing was correlated to coverage measured at each time point. In this way, each
time point during gait had a corresponding correlation coefficient that was plotted to show
whether there were stronger correlations during specific points of the gait cycle. Finally, the
intra-class correlation coefficient (ICC) was used to determine the level of agreement in
percent coverage calculations by two of the authors (KU, PRA), which was deemed
necessary, as there was some manual selection involved (e.g. acetabular rim) when choosing
triangular elements to be used for the calculation of coverage. In this case, the ICC assessed
agreement in percent coverage in the standing position. For all statistics, p < 0.05 was
considered to represent significant differences. Correlation coefficients > 0.8 were
considered to represent very strong correlations, and ICC values > 0.8 were considered to
represent very strong reliability (Landis and Koch, 1977; Uemura et al., 2018). All statistical
analyses were performed using SPSS statistical software (v.22, IBM, Armonk, NY, USA).

Unless otherwise noted, all data were presented as mean + standard deviation. In the
standing position, the total coverage of the femoral head was 36.2 £ 2.9% (Table 1). Percent
coverage for the anterior, superior, posterior, and inferior regions was 24.4 + 2.2%, 53.1
+6.2%, 51.4 £ 6.0%, and 10.6 * 3.7%, respectively. There were significant differences in
percent coverage between each of the four regions (p < 0.001) except between the posterior
and superior regions (p = 0.955).

During gait, the mean total coverage of the femoral head was 36.2 + 3.0% when averaged
across subjects. The mean percent coverage for the anterior, superior, posterior, and inferior
regions was 29.7 + 3.7%, 51.2 + 7.1%, 48.8 £ 5.6%, and 9.5 £ 3.0%, respectively (Table 1).
Total percent coverage did not vary substantially during gait, ranging from 35.0 — 36.7%
(Figure 3). The range in percent coverage for the anterior, superior, posterior, and inferior
regions was 16.2 — 39.4%, 48.4 — 56.6%, 41.5 — 55.9%, and 7.4 — 13.6%, respectively
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(Figure 3). When analyzing mean data, the total coverage at 30% and 57% of the gait cycle
matched that measured during standing (Figure 3, marked as short vertical lines). For each
of the regions, the percent coverage was equal to that of the standing position at 31% and
62% of the gait cycle for the anterior region, 52% and 72% for the superior region, 23% and
60% for the posterior region, and 29% and 59% for the inferior region (Figure 3).

On a regional basis, coverage in the standing position was significantly larger than the mean
coverage during gait for the posterior and the superior regions and significantly smaller for
the anterior region (p = 0.006, 0.015, and p < 0.001, respectively) (Table 1). However,
percent coverage between the standing position and gait only varied by 1.1 — 5.3% (absolute
difference in percent coverage, not a percent change).

Mean coverage during gait was significantly correlated to coverage during standing for all
regions (Table 1). Correlations between total coverage during gait with coverage during
standing were very high and significant for the entire gait cycle (r = 0.929 — 0.989) (Figure
4, limit of significant r values shown as a horizontal dashed line at ~0.6). When analyzed
regionally, correlations were significant for most of gait cycle (Figure 4).

For the inter-observer analysis, the ICCs of percent total coverage and for all four regions
were between 0.823 and 0.999, indicating strong reliability(Landis and Koch, 1977). When
considering total and regional coverage together, the mean absolute difference in percent
coverage between the observers was 0.2% - 1.1%.

DISCUSSION

Structural hip diseases that present with abnormal femoral head coverage may lead to OA.
Hip preservation surgery aims to improve, or in some instances reduce, femoral head
coverage so as to normalize hip contact mechanics. Thus, pre-operative measurements of
femoral head coverage are deemed important for surgical planning. Femoral head coverage
is typically measured from a standing or supine plain film radiograph, and/or from CT or
magnetic resonance (MR) images, but these measurements may not be representative of
coverage during gait. Therefore, we sought to quantify 3-D femoral head coverage in a
standing position as well as during gait. We found little variation in total femoral head
coverage during the gait cycle. While we found significant differences on a regional basis
when comparing coverage during standing with that during gait, the magnitude of these
differences was quite small, and likely not clinically-relevant. We also evaluated the
relationship of femoral head coverage during gait with that measured for standing, and found
significant correlations for all regions over most of the gait cycle. Thus, collectively, our
results suggest that 3-D coverage measured in a standing position is a good surrogate for
coverage measured during gait. However, it is important to note that this conclusion is based
on an analysis of asymptomatic, morphologically-normal subjects, and could change if
patients with hip pathoanatomy were analyzed.

In this study, the mean total percent coverage observed in the standing position was 36.2%,
which is smaller than previous studies of normal subjects that reported percent coverage
between 40 — 73% (Cheng et al., 2015; Dandachli et al., 2008; Hansen et al., 2012; Larson et
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al., 2015; Miyasaka et al., 2014). However, our results are not directly comparable since we
defined coverage differently. In particular, a few studies used only the proximal hemisphere
of the femoral head to define coverage, which would lead to higher values than our study
since we included the entire femoral head (Cheng et al., 2015; Dandachli et al., 2008;
Miyasaka et al., 2014). We chose to include the entire femoral head because the distal
hemisphere could contact the acetabulum during hip flexion-extension or abduction-
adduction. Other reports included the fovea capitis and the acetabular fossa when calculating
coverage (Hansen et al., 2012; Larson et al., 2015), which could give rise to higher percent
coverage values than those measured in our study. We chose not to include the fovea capitis
and acetabular fossa, as it would be highly unlikely that these recessed regions would ever
be in contact. Consistent with previous studies of control subjects, we found coverage to be
greater in the posterior region than in the anterior region (Hansen et al., 2012; Larson et al.,
2015). We also found coverage in the inferior region to be the smallest among the four
regions, which was likely due to exclusion of the acetabular fossa.

Our first hypothesis that femoral head coverage would change during gait was confirmed for
the anterior, posterior and superior regions, but not for total coverage or for the inferior
region. It is important to recognize that, although statistically significant, the differences
may not be clinically-meaningful, as they were quite small (difference of 1.9 — 5.3%,
calculated as 23 — 67 mm&). We previously showed that hip translation during gait in these
subjects was only 0.6 mm (Fiorentino et al., 2016a). Such small translations are unlikely to
move the femoral head center enough to have a major impact on coverage, especially if the
hip is spherical in shape. However, we posit that coverage may change more for patients
with structural hip disease. In particular, many patients with acetabular dysplasia have
irregularly-shaped femoral heads that may subluxate during articulation, which could reduce
or increase coverage depending on the direction the hip translates. Similarly, coverage may
change more during dynamic motion for patients with cam-type FAI since the hip may
translate laterally as the aspherical femoral head attempts to articulate with a spherically-
shaped acetabulum.

Our second hypothesis that coverage in the standing position would correlate with coverage
measured during gait was confirmed for total coverage when correlated with coverage
during standing over the entire gait cycle, and for most of the gait cycle when correlations
were performed on a regional basis. The correlation observed in the inferior region over the
gait cycle tended to be lower than other regions. This finding may be due to structural
variations in the shape of the acetabular fossa across subjects, as the inferior region faces the
acetabular fossa during most of the gait cycle. However, it is important to note that the
regions which play an important role in weight bearing (i.e. anterior, superior, and posterior)
were significantly correlated during the stance phase, and that the total coverage was very
strongly correlated.

The advantage of using CT, DF, and MBT for this study was that in-vivo 3-D femoral head
coverage was measured in both standing and during gait. However, there were some
limitations. First, the contact area between the femoral head and the acetabulum may vary
with the inclusion of cartilage and labrum anatomies. However, our primary purpose was to
quantify femoral head coverage based on the bony anatomy;, as it is the bony structures of
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the acetabulum and femur that are examined in a clinical setting to diagnose and treat
structural hip disease. Second, this study only included asymptomatic subjects as our goal
was to gain a baseline understanding of coverage for future comparisons to patients. As
explained above, it is possible that patients with structural hip disease have more or less
pronounced differences in coverage between standing and during gait. Third, we only
analyzed coverage during standing and gait; activities that require larger range of motion at
the hip may demonstrate larger changes in coverage from the reference standing position.
Fourth, we did not measure coverage in the supine position because we had used traction
during the CT scan, which caused the femur to be displaced inferiorly, and induced changes
in pelvic obliquity and tilt as a result. As such, we felt that calculating coverage in the supine
position as based on the CT images would bias the results because subjects had varying
amounts of inferior displacement and pelvis tilt and obliquity as a result of traction. Finally,
subjects were exposed to ionizing radiation. The estimated maximum amount received was
10.72mSv, which amounts to 21% of the annual exposure limit for a radiation worker
(Fiorentino et al., 2017).

In conclusion, our findings indicate that 3-D head coverage analysis based on a standing
position can be applied cautiously to express the coverage during gait. Future work will
expand the current study to include patients with structural hip deformities. Nevertheless, the
results reported herein for normal controls provide valuable baseline data which can be used
in the evaluation of pathological patients in the future.
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A

Figure 1.
Three-dimensional surface models of the lunate surface and the femoral head used to

calculate coverage. (A) Surface models of the pelvis (superior) and the femur (inferior) were
generated from computed tomography images. (B) The lunate surface (dark gray) was semi-
automatically selected from the pelvis surface model using 2" principle curvature and
manual selection. (C) The femoral head (light gray) was automatically selected from the
femur model using 15t principle curvature.
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Figure2.
A femoral coordinate system was defined and used to classify the femoral head into four

regions. (A) The femoral head center (green circle), knee center (black circle), and neck axis
(red line) were defined from the surface model of the femur. The neck axis was used to
define the central vector separating the four regions. (B) The anterior axis (blue arrow) was
set as a vector orthogonal to the neck axis and the vector through the centers of the knee and
the femoral head (gray dotted line). (C) Using these axes, the nodes of the femoral head
were sorted into four regions around the neck axis in 90° increments. Ant, anterior; sup,
superior; post, posterior; inf, inferior.
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Figure 3.

Mean percent femoral head coverage during gait over the time-normalized gait cycle for the
four regions and overall. Percent head coverage presented as mean (solid line) + standard
deviation (shaded area). Short vertical black lines represent the time point when the percent
coverage was equivalent to the standing position. Ant, anterior; sup, superior; post, posterior;
inf, inferior.
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Figure 4.
Correlation between 3-D coverage in the standing position and dynamic 3-D coverage over

the time-normalized gait cycle. The black dotted line indicates the minimum significant
correlation coefficient (r = 0.605). Ant, anterior; inf, inferior; post, posterior; sup, superior.
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Area and Percent Coverage of Each Femoral Head Region in the Standing Position and During Gait

Region Mean area (mm?) Mean percent M ean percent Difference of mean percent Correlation in mean percent
(Percent of thetotal coveragein cover age coveragein standing and cover age between standing
area) standing (%) during gait during gait (%) p-value and gait

(%)

Anterior 1270.2 £ 840.3 244+22 29.7+3.7 -53+23 r=0.820
(27.4%) p <0.001 p =0.002

Inferior 932.0 +£146.2 10.6 £3.7 9.5+3.0 11+21 r=0.823
(20.1%) p =0.107 p =0.002

Posterior | 1203.1+217.8 51.4+6.0 48.8+5.6 26+25 r=0.910
(25.9%) p = 0.006 p <0.001

Superior | 1232.2 +258.9 53.1+6.2 512+7.1 19+21 r=0.961
(26.6%) p =0.015 p<0.001

Total 4637.5 +840.3 36.2+29 36.2+3.0 -0.1+05 r=0.989
(100%) p=0.705 p <0.001

Mean area and percent coverage are expressed relative to the area of the femoral head and of each region of the head.
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