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ABSTRACT - The size and shape of the acetabulum and of the femoral head influence the injury tolerance of the hip joint. The
aim of this study is to quantify changes in acetabular cup geometry that occur with age, gender, height, and weight. Anonymized
computed tomography (CT) scans of 1,150 individuals 16+ years of age, both with and without hip trauma, were used to describe
the acetabular rim with 100 equally spaced points. Bilateral measurements were taken on uninjured patients, while only the
uninjured side was valuated in those with hip trauma. Multinomial logistic regression found that after controlling for age, height,
weight, and gender, each 1 degree decrease in acetabular anteversion angle (AAA) corresponded to an 8 percent increase in
fracture likelihood (p<0.001). Age, weight, and gender were found to influence anteversion angle significantly, with each 10
years in age increasing AAA by 1.07 degrees, each 10kg of weight decreasing AAA by 0.45 degrees, and being female resulting
in 1.42 degrees greater AAA than males. Height was not found to relate significantly to AAA after other anthropometric factors
were controlled for. Height, age, and weight, however, correlated with femoral head radius, thus establishing a relationship with
acetabular rim size independent of rim shape. A parametric model of the 3D acetabular rim landmark points is reported, allowing
for the creation of individualized acetabular geometry for any given age, gender, height, and weight. A custom-built tool to
produce such geometry programmatically is also provided.
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INTRODUCTION Posterior wall acetabular fractures in MVCs occur
from posterior loading through the femoral head with
the femur constrained during forward excursion of
the pelvis. These mechanisms have been tested
through cadaveric loading experiments, (Rupp, 2002;
Salzar, 2006) and fracture risk curves have been
developed (Rupp, 2010). One shortfall however is
that such studies are limited to the cadaveric
specimens available and suitable for testing —
primarily elderly males — which may not be
representative of the MVC population.

We earlier reported that the proportion of hip injuries
among all injuries to the knee/thigh/hip complex in
frontal crashes has increased in modern vehicles
(Wang, 2004; Sochor, 2003; Chong, 2007). This is of
significant concern as hip injuries are clinically more
severe and more difficult to treat than injuries to
either the knee or the thigh. Pelvic fractures,
particularly those involving disruption of the hip joint
(acetabulum), often result in significant rehabilitation
costs and long-term disability (NHTSA, 2005). Hip
injuries frequently cause a lifelong impaired gait and
account for the majority of life years lost due to
motor vehicle crash knee-thigh-hip (MVC KTH)
injuries (Pfeifer, 2011) .

Field data analyses indicate that the distribution of
injuries within the hip joint may depend on individual
factors. For example, Wang et al. (2004) showed that
males are more likely to receive posterior wall
fractures than females, with analysis of CT scans
from MVC occupants showing a bias towards
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gender dissimilarity in injury pattern is the
presentation of the acetabular cup (acetabular
anteversion), with males having more laterally facing
acetabula than females.

Finite element analysis is a tool well suited to model
the effects of the geometric variation seen in the
population, provided accurate description of such
variation is available. Current human finite element
(FE) models can incorporate modifications in
geometry and material properties in order to model
the changes from anthropometric factors such as age
or gender (e.g., Kimpara, 2005; Ito, 2009; El-Jawahri,
2010). Gross pelvic changes between genders are
well documented and have been used to modify
general pelvis size and shape using FE mesh
morphing techniques (e.g., Li, 2007; Besnault, 1998).
However, such general shape descriptions of the
pelvis provide limited resolution around the
acetabular wall. If indeed acetabular fracture
likelihood is influenced by local shape changes,
currently available geometry morphology data may
not capture these local factors. Finite element
modeling that incorporates finer resolution in the
geometric shape changes of the relevant anatomical
structures between the different MVC populations
may elucidate important fracture risk indicators.

This study was undertaken to characterize the
anatomic differences that affect hip injury tolerance
and to do it on a smaller length scale with a larger
sample population than has been attempted in the
past. Its central hypotheses are that individual
anatomic variations influence the degree of
acetabular engagement of the femoral head, that these
variations are at least partially related to gender, and
that they have consequences for both the pattern of
and tolerance to injury.

The specific aims of this study are to: (1)
Demonstrate the significance of acetabular geometry
on acetabular fracture; (2) Investigate the relationship
between anthropometric measures such as gender,
age, height, and weight with specific measures of
acetabular geometry; (3) Develop a parametric
predictive model for acetabular rim geometry based
on gender, age, weight, and height through
multivariate linear regression. As a consequence of
aim (3), we hope to provide a data source from which
to morph FE models of the acetabulum to specific

population groups in order to investigate their
responses to pelvic loading seen in MV Cs.

METHODS

Standard medical pelvis computed tomography (CT)
scans were used to take detailed measurements of
human acetabular geometry from two populations.
The first population was crash-injured patients
studied at the University of Michigan’s International
Center for Automotive Medicine (ICAM) from 2000
to 2010. The second came from -consecutively
admitted University of Michigan trauma department
patients between 2006 and 2010. All populations
were limited to those 16 years or over who underwent
a standard trauma protocol CT scan including the
pelvis at the time of admission.

Of the population of crash-injured ICAM patients,
any "driver" and "front seat passenger" occupants
receiving pelvic fractures through any aspect of the
left or right acetabulum were characterized as
fractured. All planar (non roll-over) crash directions
were included. Acetabular fractures to any non-MVC
patients were accounted for (see geometry
normalization, below); however these individuals
were not included in the fractured group.

Base geometry extraction

For every scan, the location and size of each left and
right femoral head was specified as a sphere having a
centroid coordinate and nominal sphere radius. These
were determined automatically using a best-fit sphere
algorithm adapted from Cao, et al. (2006) using the
standard Hough transform (SHT). Firstly, an SHT is
calculated for each CT slice to identify the centers of
planar circles in those images with radius between
10mm and 25mm. The two most prominent clusters
of circle origins indicated approximate centers of the
left and right femoral heads. From these central
locations, a radial gradient filter was applied to the
scan images to accentuate the outer cortical edges of
the femoral heads (light areas, Figure 2b). A second
SHT is then performed on these 2D filtered images to
identify candidate planar circles of the femoral head.
A best-fit sphere centroid coordinate and radius was
then fitted to these planar circles as illustrated in
Figure 2c.

Figure 1: Axial slices through femoral head showing intersections with acetabular rim (dots). Slices move

from inferior aspect (left) to superior aspect (right).
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Figure 2: (a) Original CT axial slice (b) Radial-
gradient filtered axial slice to accentuate outer
cortical bone (c) Fitted sphere to planar circles

Next, a novel protocol was developed to extract
acetabulum surface and rim pixels using a spherical
coordinate system centered at one femoral head.
Using this system, point samples of the scan pixels
were taken at locations between 1.0 and 1.3 femoral
head radii from the femoral head center using 3-
dimensional tri-linear interpolation. This produced a
spherically morphed volume with slices similar to
that shown in Figure 3. Thresholding of the volume
and its radial gradient (with 200 Hounsfield Unit and
positive radial gradient thresholds), followed by edge
and corner detection, identified any points lying on
the acetabular rim as shown in Figure 3.

FH center

1.0 FH radii

1.3 FH radii

Figure 3: Radial slice from spherical volume. Top
of image aligns with femoral head (FH) center.
1.0, and 1.3 FH radii are indicated by dotted lines.
Arrows indicate intersection of image slice with
the acetabular rim.

Extracted rim points of all scans were visually
verified (Figure 1, Figure AlFigure Al:) on the left
and right sides by operators blinded to patient data,
with operators identifying cases where the automatic
extraction process was unsuccessful. Examples of
such cases include patients with excessive adduction
whereby pieces of the femoral neck were recognized
as acetabular rim, or patients with bone spurs
recognized as acetabular rim (Figure Ald). In such
cases, replacement of the acetabular rim was done
using in-house MATLAB (The Math Works, Natick,
MA) software whereby the operator would scroll
through the axial images similar to Figure 1, placing
rim points at the intersection of each slice and the
acetabular rim.

Geometry normalization

Each acetabular rim point cloud was reduced to a
closed loop of 100 interpolated rim coordinates
sampled at 3.6 degree increments around an axis
pointing from the femoral head center directly out of
the acetabular cup. This axis was defined by rotating
the lateral body axis 17.3 degrees around the superior
axis, then -36 degrees around the anterior axis. These
rotational constants were determined from the
orientation of an average best-fit plane to points from
all acetabular rim geometries. A transformation from
scan-coordinates sc to acetabular-coordinates ac is
represented by Equation (1), and from ac back to sc
in Equation (2), using the definition for R in Equation
(3) as follows:
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gac —RT JZ’sc )
ac SC
1 1
xSC xac
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R= 0 1 0 01,
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As illustrated in Figure 4, any given point can either
be represented as a scan-based [Xgc Vo Zsc)
(lateral/anterior/superior)  coordinate  from the
femoral head center, an acetabular cup based
[*ac Yac Zac] coordinates, or acetabular cup based
spherical [0 ¢ p] coordinate. The azimuth (0) gives
the angle around the acetabular rim. The angle (¢)
gives the elevation from the acetabular plane, and p
gives the distance from the femoral head center.

In order to represent each individual with a single
geometry, all right-sided geometries were mirrored,
and each individual was given the average between
his or her left-right geometry. Similarly, an
individual’s femoral head radius was given as the
average of the left and right femoral heads. When a
patient received unilateral acetabular or femoral head
injuries, or if unilateral prosthesis hardware was
present, only the uninjured side was used. When a
patient’s unilateral injury included dislocation of the
femoral head from the acetabular socket, that femoral
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head location was replaced manually by a point at the
center of the acetabular socket. This was done to
retain realistic lateral axes directions for patients with
hip dislocations. Patients with bilateral acetabular
injuries or prostheses were excluded from the study.

Geometry shape factors

For each individual’s geometry, a plane of best fit
was calculated to represent the nominal acetabular
plane. In order to avoid the out-of-plane influence
from the non-articular acetabular notch, those points
in the notch region as indicated in Figure 5 were
excluded from the best-fit plane calculation. The
notch region limits (18 to 120 degrees) were chosen
to cover the peaks in @ and p seen at the notch region
in Figure 5b. The angle between the normal of this
fitted plane and the scan lateral axis gives the
acetabular anteversion angle (AAA), as illustrated in
Figure 6. Similarly, the angle between this plane and
the inferior-to-superior axis gives the acetabular
abduction angle (AADbA).

Statistical Analyses

Fracture Risk. Of the population of crash-injured
patients studied at ICAM, 91 occupants with
unilateral acetabular fractures were identified as
having left-or right-sided fractures.

Initial univariate comparisons were made between
the geometric shape factors (anteversion and
abduction angles) of males and female, injured and
uninjured, as well as injured/uninjured males and
females separately. Subsequently, a multivariate
logistic regression to the presence of fracture was
performed using predictors of age, gender, height,
weight, and acetabular anteversion angle (AAA).

Geometric Parametric Model. Generalized linear
regression was used to predict 3-dimensional
acetabular rim geometry from parameters of gender,
age, height, and weight. To do this, a separate
regression model was created for each of the 100
points around the acetabular rim. Spherical
coordinates ¢ and p were used to isolate the shape
changes in the acetabulum at each of the 100 given
values of 0.

Figure 4: Acetabular rim points in (a) Scan
coordinate system and (b) Acetabular plane
coordinate system with spherical coordinates 0
(rotation around x,.) and ¢ (angular distance
from [x,. Y,] acetabular plane) for a given rim
location (yellow dot). Note the arrow directions of
YVses Yacs and x,., which are each shown reversed
for figure clarity
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Figure 5: (a) Acetabular rim points at resampled
locations around the acetabular axis (showing just
12 of 100 total 0 and p locations for figure clarity)
(b) Average ¢ and p across all individuals as a
function of rim location 0. Dotted lines with
arrows on (a) and (b) indicate approximate notch,
anterior, and posterior rim regions
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Figure 6: (a) Fitted plane to non-notch regions of
the acetabular rim, with plane normal direction
vector. (b) Acetabular anteversion angle (AAA)
and abduction angle (AAbA), derived from plane
normal vector angles between lateral and superior
scan directions, respectively

RESULTS

1,150 individual geometries were measured (749
male, 401 female) from pelvis CT scans. Gender and
age at the time of scan were known for all patients.
Weight was known for 1,078 patients and height was
known for 835. The distributions of known scan age,
height, and weight are shown in Figure 7. Of the
crash-injured occupants, 91 individuals (47 male, 44
female) received unilateral acetabular fractures. A
comparison of the injured and uninjured populations
is given in Table 1.

Hm Male Frequency
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Figure 7: Male and female normalized frequency
distributions of age, height, and weight

Table 1: Average age, height, weight comparison
between injured and non-injured populations

Variable Male Male Female Female
(units) Fx. No Fx. Fx. No Fx.
Age (years) 40 41 43 45
Height (m)  1.80 1.79 1.65 1.63
Weight (kg) 97 89 79 73

Acetabular anteversion angles and abduction angles
were calculated for all patients, and are shown as
frequency distributions in Figure 8. The average
AAA for all males and females was 16.19+6.55
degrees and 18.84+7.68, respectively. Univariate t-
tests of AAA between males and females, and
fractured and non-fractured populations for each
gender were performed, with box-plots of AAA from
these populations given in Figure 9. All p-values
showed significance at p<0.001, with fractured
populations having lower anteversion angles than
non-fractured populations. Equivalent tests using
acetabular abduction showed no significance at the
p=0.05 level.
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one degree decrease in AAA. Regression results are
summarized in Table 2.

Table 2: Logistic regression results of age, gender,
height, weight and acetabular anteversion angle
(AAA) to the presence of fracture
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Figure 8: Male and female fractured vs. non-
fractured frequency distributions of acetabular
anteversion and abduction angles
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Figure 9: Box-plots of acetabular anteversion
angle (AAA) for male, female, fractured and non-
fractured populations. Boxes indicate median and
25" 75™ percentiles, whiskers indicate data ranges.
Univariate t-test p-values between adjacent
populations are shown between boxes.

In order to assess the contribution of AAA to the
likelihood of acetabular fracture, a multivariate
logistic regression was performed to the presence of
fracture [0 1], using the predictor variables of age,
gender, height, weight, and AAA. Of these
predictors, AAA had the lowest p-value (p<0.001),
giving a fracture odds ratio increase of 8% for each

Factor Coeff. Odd Ratio p-value
(units) (%)

Age (yrs) 0.0015 1.0015 0.824
Sex (M=0) 0.9120 2.4893 0.008
Ht. (m) 0.5875 1.7988 0.727
Wt. (kg) 0.0104 1.0105 0.047
AAA (deg) -0.0825 0.9208 <0.001

To assess the ability to predict acetabular angle by
anthropometric parameters, a linear regression to
AAA from parameters of gender, age, height, and
weight was performed. This regression indicated
predictive significance of age and weight (p<0.001),
near-significance of gender (p=0.09) and no
significance of height (p=0.74). Removing the height
parameter from the regression allowed the inclusion
of a greater number of observations (1,087), and
increased the significance of all other parameters
(p<0.001). This regression gives a multivariate model
for anteversion angle (AAA, degrees) based on age
(years), gender (SEX, M=0/F=1), and weight (WT,
kg), as follows:

AAA = 16.06 + 0.107AGE + 1.43SEX )
— 0.047WT

The relationship between an individual’s age, gender,
and weight with the resulting acetabular rim shape
was solved using a generalized linear model for ¢ and
p at each rim geometry point. Full model coefficients
are provided in Table Al in the appendix, giving 100
values of ¢ and p as functions of age, gender, and
weight. p has been normalized by femoral head
radius. A graphical depiction of the model
coefficients is provided in Figure 10 which shows, at
any given acetabular rim location 0, the changes in ¢
and p that come about from each 10 year increase in
age, 25kg increase in weight, or female-to-male
difference. Triplets of [0, ¢, p] can be converted to
scan-coordinates using (3) followed by a spherical-
to-Cartesian transformation and then scaled by
femoral head size.

Scaling by femoral head size can either be applied
directly from a known value or obtained
parametrically from anthropometric = measures.
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Despite gender being associated with femoral head
radius in univariate tests, after accounting for height,
weight, and age, neither gender nor its interaction
with other variables remains significant. Therefore a
multivariate model for femoral head radius (FHR,
mm) was created based on height (HT, m, p<0.001),
weight (WT, kg, p=0.016) and age (years, p<0.001),
as follows:

FHR = —2.505 + 14.097HT + 0.005WT 5
+ 0.025AGE ®)

The complete set of coefficients in Table Al
(Appendix) is available online for download through
http://automotivemedicine.org/research/patterns.shtml.
Furthermore, a custom-built MATLAB program is
available from the link above, which provides both a
command-line and graphical user interface to display
and return Cartesian acetabular geometry
parametrically from any given age, gender, height,
and weight. Example parametric geometry created
from two individuals (25yrs, 75kg male and 75yrs,
55kg female) is illustrated in Figure 11.

:", =10 year age increase
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‘% == == 25kg weight increase
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Figure 10: Magnitude of regression model changes
in spherical out-of-plane rotation (Phi) and
distance from femoral head center (Rho) with
given adjustments to age, gender, and weight

lnfito—Sup

Posterior wall

Anterior wall

0.5

0
Med-to-Lat

Ant-to-Post

1 4

Figure 11: Comparison geometry of young male
(25yrs, 75kg, solid line) to elderly female (75yrs,
55kg, dotted line) acetabular rim geometry

DISCUSSION

The use of CT scans is increasingly common in
research and they have been used extensively in this
study. The resolution of images used here range from
0.625mm to 2.5mm in slice thickness, and 0.3mm to
0.85mm in axial resolution. For the extraction of rim
point locations, however, resampling of this voxel
space was performed as described in the methods
section above using tri-linear interpolation.
Consequently, the geometric point locations of the
acetabular rim are not constrained to the original CT
volume pixel grid.

While a large and varied adult population of
individuals has been included in this study, the
parametric model produced is only valid for
predicting geometry of individuals falling within the
age, height and weight distributions given in Figure
7. This model is not aimed at predicting pediatric
morphology.

Measurements of AAA presented in the current study
are based on full 3-dimensional geometry of the
acetabular rim. Clinical reports of anteversion angle
are commonly based on a single axial slice near the
center of the femoral head. In order to compare the
current population to reported corridors, an
equivalent measurement of planar AAA was taken
using only two of 100 acetabular rim points nearest
the axial level of the femoral head center. This
scheme is equivalent to basing AAA measures on
only the central panel of Figure 1. Comparison of this
planar AAA measure against reported values from
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100 individuals in Stem, et al. (2006) is provided in
Figure 12. Current results have been separated into
equivalent age and gender groups and match reported
corridors well. It is thought that this study’s
marginally lower results for planar AAA are due to a
lower mean age of this study’s individuals within
each comparison group. The 3-dimensional AAA and
planar AAA values are highly correlated, with a
Pearson's linear correlation coefficient of 0.94. The
choice to use AAA based on full 3-dimensional
geometry rather than two planar points for this
study’s statistical analyses was made because the
intent of the study is to provide data useful to drive 3-
dimensional model geometry.

When determining the importance of AAA on
fracture risk, logistic regression was performed using
AAA and anthropometric factors. The potential co-
linearity between AAA and age, for example, is a
valid concern, with a Pearson's linear correlation
coefficient between the predictors of 0.303. To
investigate this, comparative logistic regressions
were performed with the inclusion/exclusion of
AAA. Including AAA in the model gives a likelihood
ratio test statistic of 22.8, which follows Chi-square
with 1 degree of freedom, indicating a better fitting
model as presented in the results, Table 2 (p<0.01).
Since AAA is only a summary characteristic of
acetabular shape, future efforts at functional
statistical models of shape incorporating the presence
of fracture may help highlight other factors of
acetabular shape that influence fracture likelihood.

Bl Current study [7] Stemetal.
40 f .
& 307 |
< 20 I ' i :
< 40 ®
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§ 107 48e
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M F M F All
Age <=70 yrs Age > 70 yrs

Figure 12: Comparison of mid-femoral head
planar acetabular anteversion angle between Stem
(2006) and the current study. Dotted lines indicate
data ranges, boxes indicate data mean = 1 SD.
Data counts are indicated next to each lower
range

While AAA has been associated with both gender
and fracture occurrence, results here indicate that the
geometric variation seen is not adequately modeled

by a simple rotation of the acetabular cup to match
anteversion angle. Instead, Figure 10 shows that as
anthropometric factors change (particularly age and
gender), the posterior wall portion of the acetabular
rim experiences a larger magnitude in shape change
than other rim areas. An example of this localized
difference is shown in Figure 11 which compares the
acetabular rim geometry of a young male and elderly
female.

Morphologic differences in spherical coordinate p
(the rim distance from the femoral head center,
normalized by femoral head size) are also illustrated
in Figure 10. These show changes primarily driven
by gender, with males having over 2% greater
distance to most parts of the rim, independent of their
larger femoral head size.

The methods presented here account for pelvis lateral
rotation by first adjusting the lateral scan axis to align
with a left-to-right femoral head axis. When
dislocation of one femoral head occurred, that
femoral centroid point was replaced with a manually
placed acetabular centroid location to define the left-
to-right axis. Despite this step, it is possible that a
substantially distorted pelvis with large shift of the
whole injured side may alter the lateral vector of the
uninjured side. Consideration was given to excluding
pelves with severe distortion however there was
difficulty in quantitatively defining “severe”. The
authors’ subjective selection of the ten most distorted
pelves did not produce statistically significant
differences in AAA to the remaining fractured group.

In fracture categorization, non-MVC patients with
acetabulum fractures from other forms of trauma
were excluded from the fractured pelves group. This
was chosen to highlight injuries directly relevant to
MVCs. It is possible that acetabular geometry also
plays a role in other forms of acetabular injury
however that role is not the focus of this study.

The current study does not distinguish between
specific crash directions. The effect of acetabular
geometry on injury mechanism is likely to differ
between frontal and side loading conditions. The
statistical analyses performed in this study aim only
to identify if local geometry is an important factor in
acetabular injury, rather than quantify this importance
between specific crash  orientations.  Future
examination of fracture patterns from different crash
directions may help illuminate this phenomenon.

Pelvic lordosis is not explicitly controlled for beyond
patients being scanned in a supine position. Indeed
lordotic variation is known to exist in the population,
and aligning each pelvis anterior axis — for example
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via a pubis-to-sacral-foramen axis — may influence
patient-to-patient geometry normalization (Kakaty,
2010; Tannast, 2007). We chose not to adjust
geometry this way since the model is aimed for use in
motor vehicle occupant modeling, in which we
reasoned that any inter-patient variation in pelvic
lordosis that is present in a supine position is likely
also present in a seated occupant position. Studies of
acetabular abduction angle have shown a Spearman’s
correlation of 0.378 between supine and seated
orientations (Lazennec, 2010).

In the parametric model of rim shape, local sharp
geometric details such as acetabular notch shape
become smoothed by the contributions from the large
sample size. This model is intended to be used as a
basis for the morphing of a standard pelvic geometry
to match a wide range of individuals, rather than the
source geometry of those individuals itself. Similar
methods are presented for other areas such as the rib
cage (Gayzik, 2008) with general mesh morphing
methods examined by Sigal et al. 2008.

Furthermore when used in the context of fracture
prediction, model geometry is just one of a number of
relevant factors. The current study is limited in scope
to the morphology of the acetabular rim and how it
differs throughout the population. In order to supply
modelers with more complete data to study
acetabular injury, future efforts should also be aimed
at quantification of material properties such as
strength and thickness of the acetabular bony
geometry and how these properties vary with
anthropometric factors.

CONCLUSION

Using 3-dimensional geometry extracted from CT
scan volumes of 1,150 individuals, we have
developed a representation of acetabular rim shape
based on a femoral head-centered coordinate system.

Logistic regression to the presence of fracture using
predictors that include summary shape factors show
that acetabular fracture likelihood is significantly
influenced by acetabular anteversion angle, with each
1 degree reduction in angle corresponding to an 8%
increase in fracture likelihood.

We have presented a statistically significant model of
acetabular rim size and shape as predicted by age,
gender, height and weight. Full model coefficients
and geometric transformations are provided, along
with a software program to produce acetabular
geometry parametrically from given anthropometric
inputs.

The parametric model is based on a broad population
of live human subjects and is intended as numeric
data for morphing of pelvis finite element models to
produce appropriate local acetabular geometry known
to affect fracture likelihood.
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APPENDIX

Figure Al: Rows of acetabular rim and femoral head images from 4 representative cases. Slices move from
inferior aspect (left) to superior aspect (right). Circle indicates femoral head nominal sphere. Dots indicate
intersection between slice plane and acetabular rim. (a) and (b): uninjured patient left and right (mirrored)
sides. (¢) Uninjured right side (mirrored) from patient with left acetabular fracture. (d) Patient with high hip
adduction requiring manual correction of acetabular rim points. Note the placement of the automatic
acetabular rim points falling on the femoral neck in panels 4, 5, and 6.

Table Al: Acetabular rim spherical coordinates model, left side

Phi (¢, degrees) Rho (p, FH radii)
Theta Const. Age Sex Weight Const. Age Sex Weight
1 1x10° 1x107 1x10° 1 1x10° 1x10° 1x10°

0 | 0.273046376  -5.830631194 0.71942516  -7.126388237 | 1.104982609  -1.885267076  -0.170441988 1.382893159
3.6 | 0.262766661  -5.694225957 1.262452781  -6.909559225 | 1.115342355  -1.944221104  -0.239775451 1.194035094
7.2 | 0.245332701  -4.890407395 1.841187804  -6.675907024 | 1.128470555  -1.859828933  -0.361190537 0.830407855

10.8 | 0.224295511  -3.714679726 2.099198219  -6.407739885 | 1.142062228 -2.15486574  -0.290549789 0.677958097
14.4 | 0.203713663  -2.046298976 2.043749975  -6.056019941 | 1.153882577  -2.665106258  -0.194152243 0.666833306
18 | 0.187933177  -0.061108654 1.792615072  -5.813251604 | 1.165346899  -3.403077719  -0.025805144 0.565153186
21.6 0.17714069 2.024178752 1.295679995  -5.306952534 1.17455565  -4.120578912 0.114406403 0.495099069
25.2 | 0.173756055 3.916386243 0.689636397 -4.59133311 | 1.179005492  -4.339662075 0.214765807 0.611406531
28.8 0.18079038 5.086990341 0.117039697  -3.965768342 | 1.184566058  -3.936469379 0.050444238 0.524653478
32.4 | 0.193338235 6.273025806  -0.243463738  -3.474688223 | 1.196689639  -3.544984129  -0.352108277 0.008858665
36 | 0.213897578 7.006597645  -0.343071406  -3.347820154 | 1.207991804 -3.56815986  -0.570562254  -0.144400994
39.6 | 0.238138254 7.350382934  -0.341772815  -3.294065564 | 1.218895471  -3.687886923  -0.523563348  -0.256776295
43.2 | 0.263223592 7.193885096  -0.080784257  -3.066613231 | 1.230476029  -3.872134115  -0.327946453  -0.575627033
46.8 | 0.289746874 6.931592822 0.213659768  -2.901737181 | 1.240139969  -4.228860089 0.027305162 -0.76733974
50.4 | 0.319830294 6.130527841 0.582543143  -2.897072882 1.2476043  -4.404681422 0.373850723  -0.955728225
54 | 0.348996143 5.269988473 0.88943893  -2.850126371 | 1.254909833  -4.612956186 0.72552502 -1.18787084
57.6 | 0.378394215 4.097470454 1.252559171  -2.859174214 | 1.262663592  -4.907333979 0.99447937  -1.483412618
61.2 | 0.407510326 2.618332212 1.732319332  -2.955012401 1.26766121  -5.290396009 1.350615586  -1.560021936
64.8 | 0.434494343 0.872268108 2.349356567  -3.026000822 | 1.273155575  -5.960530531 1.841711706  -1.732870642
68.4 | 0.453999324  -1.480039506 3.295765457  -2.577230694 | 1.276380827  -6.815174118 2511204091  -1.878873787
72 | 0.466620172  -4.216149983 4.593526499  -2.040365718 | 1.274749379  -7.838118073 3.439980719  -1.839480171
75.6 | 0.468453593  -6.688784183 6.173120754  -1.451242258 | 1.267357144  -8.991090916 4.574597975  -1.598190424
79.2 | 0.464305954 -9.101171671 7.693323456  -1.172237902 | 1.256797106  -10.13535284 5.691891188  -1.433047772
82.8 | 0.449585908  -11.20346331 8.972581348  -0.704821075 | 1.242401701 -10.9559967 6.666255035 -1.35468547
86.4 | 0.422653896  -12.47732244 9.657209458 0.062019202 | 1.223600514 -11.028551 7.15011134 -1.23349961
90 | 0.384940582  -12.79787875 9.859749334 1.244621663 | 1.203510792  -10.89959281 7.203227785  -1.073415741
93.6 | 0.344913494  -12.74171659 9.561259722 2.300635064 | 1.179288806  -9.953757316 6.871813444  -0.731137988
97.2 | 0.300545953  -12.02619302 9.056908605 3.44365107 | 1.156927898  -8.740321463 6.155567788  -0.457241718
100.8 0.25747937  -11.02971862 8.387224417 4.449880616 | 1.138388575  -7.404093217 5.211072771  -0.425741834
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