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Abstract

Accurately determining the spatial relationship between the pelvis and acetabulum is challenging tdtile to t
inherently complex three-dimensional (3D) anatomy. A standardized 3D pelvic coordinate $6@&)rafd the precise
assessment of acetabular orientation would enable the relationship to be determined. We présesased method to
establish a reliable PCS and develop software for semi-automatic measurement of acetabulparspatitdrs. Vertices
on the acetabular rim were manually extracted as an eigenpoint set after 3D models weedl impdite softwareA
reliable PCS consisting of the anterior pelvic plane, midsagittal pelvic plane, and transveiselpaly was then
computed by iteration on mesh data. A spatial circle was fitted as a succinct desofiptieracetabular rim. Finally, a
series of mutual spatial parameters between the pelvis and acetabulum were determined satitadlytancliuding the
center of rotation, radius, and acetabular orientation. Pelvic models were reconstructed based @ittigh-cesnputed
tomography images. Inter- and intra-rater correlations for measurements of mutuapspatredters were almost perfect,
showing our method affords very reproducible measurements. The approach will thus be usealyZorgaanatomic

data and has potential applications for preoperative planning in individuals receiving total hip arthroplasty.

Key wor ds: surface-based, acetabulum, pelvic coordinate system, total hip arthroplasty, computer assisted
surgery

1. Introduction

Total hip arthroplasty (THA) is considered to be a successful treatment for patients with end-stage hip osteoarthritis
[1]. Diseases and surgical procedures of the hip are inherently three-dimensional (3D), occurring in and around the
proximal femur and the acetabulum. With the advent of cementless implants, the orientation of the femoral component
must be consistent with the geometry of the femoral medullary cavity. Correct implantation of the acetalpaiaeicbim
THA is critical with respect to long-term survival as well as short-term complications [2].

Lewinnek et al. [3] proposed a safe zone for the placement of the acetabular component basedogitaladi
analysis of the dislocation rates among 300 THAs. They recommended two related two-dimensjopatgRieters for

defining the safe zone, including an inclination of 40° (standard deviation [SD] 10°) and an anteversion of 15° (SD 10°)
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relative to the anterior pelvic plane (APP). This so-called safe zone is widely applied tathguipkacement of the
acetabular component, although the ranges for the inclination and anteversion remain unknown. The natii@n @fent
the acetabulum or the transverse acetabular ligament [4] have also been used as guides, adtbrysatigtomes.
However, the complex 3D geometry of the anatomic landmarks makes the determination and des€riibin
orientations difficult [5, 6], especially when the mutual relationship of the acetabulum and peteissidered. These
complex anatomic structures do not allow for accurate measurement of their 3D orientatawhsrbéise 2D images
provided by radiography or traditional axial tomograpfnsl3]. In addition to the orientation [14, 15] of the acetabulum,
other mutual spatial parameters, such as the center of rotation, remain unknown, despite their importance for successful f
joint reconstruction and the restoration of hip biomechanics [16]. Knowledge of these parantietdse tvenefit further
biomechanical and anatomical research.

To further clarify the spatial relationship between the acetabulum and pelvis, and especially the acetabular orientatior
a reliable pelvic coordinate system (PCS) is required [15, 17-21]. A reliable PCSiografisthe APP, midsagittal pelvic
plane (MSP), and transverse pelvic plane (TPP) is very important for the succégsfoeéat of the acetabular component.
The APP, a plane defined by the bilateral anterior superior iliac spines (ASIS) and the midpoint between the bilateral pubi
tubercles, has the potential to be used to establish a reliable PCS. However, manual sélihetse anatomic landmarks
does not reliably define the APP. A saoébased approach has been propasd@d2, 23] to overcome this drawback. By
manually selecting both ASISs and pubic tubercles on partly homologous surface patches, the APP @ilybe rel
computed by an iterative algorithm. The MSP and TPP can also be computed as the mirror plane astloduamtid
ASIS regions by using an iterative closest point (ICP) algorithm. We hypothesize thabk ireCS can be established
from the APP, MSP, and TPP. Semi-automatically selected points on the osseous hégacefabulum have been used
to generate a best-fit circle for describing acetabular orientation [24]. Here we dasoobel method to measure the 3D
acetabular orientation and center of rotation relative to the new PCS. The proposed method vipsisedetat study
acetabular orientation statistics within a cohort of Chinese subjects [25]. In the presébtittmmtiwe describe in detai

the technical aspects of the method, and investigate the intra- and inter-observer consistency &.its result
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2. Methods

In this study, we present a unique algorithm to analyze various parameters related to thiuagetad a3D
software implementation of the same. The processing and image rendering tools of the software ave Hased
open-source libraries Insight Toolkit (ITK) and Visualization Toolkit (VTK). Surface models are neaded from
computed tomography (CT) data volumes through the threshold and region-growing segmentation nmeil3i Siscer

4.2 (Surgical Planning LaboratoryBrigham and Wmen’s Hospital, Harvard Medical School, United States,

http://wwwe.slicer.orgf. After reconstruction, 3D models of the acetabulum are imported into our software. By manually

selecting somanatomic landmarks on the model, the software can automatically calculate acetabular spatétngaram
The entire acetabular rim, less the notch, is required to determine the actu@&id®ion of the acetabulum’s aperture.

To achieve this, 8D PCS needs to be established before acetabular measurements.

2.1 Standar dized pelvic coor dinate system

Four initial markers are manually located on the anatomical landmarks to begin the anaydis Gpheres with

centers at each initial marker are used to clip points on the surface model. The spherical implicit furfoti@tipping is

F = 0P% - R?, (1)

where P € Uypyis is @ point on the surface model R is the radius of the sphere, which should be large enough to

pelvis;
cover the landmark; anep is the distance betweeP and the sphere centéd . Thus, four clipped point sets are used

in the APP and MSP computations.
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Fig. 1. Clipping landmark point sets on the pelvic surface. itial markers (yellow) are manually defined at positions near thenaric.

Point sets (red) are clipped using a spherical implicit function (gre@nresee equation )L

2.1.1 Anterior pelvic plane

The APP can be considered as a tangent plane containing the ASISs and the pubic tubercleal AR initinsists
of the initial ASIS marker bilaterally and the midpoint between the markers on the lefghangdubic tubercles. At each
step of the iteration, points in the clipped point set are sorted by their displacemerd teléier APP determined by the
current markers. The most anterior point becomes the next marker, and the APP is recomp@ed (iiglgorithm will

converge on a solution after several iterations. The general computation process can be described by the following steps:
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e i o2

Fig. 2. Schematic diagram of the APP iteration. Automaticallyckeng the most anterior point on the landmarks (red), markers are modified
from M° to M?(yellow — blue —» green) within a few steps. The corresponding normal vector éRRechanges from, to n,.

1.

4,

5.

Manually locate initial markersM® (i is left ASIS, right ASIS, left pubic tubercle, or right pubic tubercle).

For markers M/, compute the midpointM ¥, between pubic tubercles and create a plam®* with normal

k
mid *

vector n“ defined by bilateralM }, and M

Select vertices near the markers using the spherical function {padihjs outside of the sphere are removed)
Traverse every point and computeithdistance to the plane\PP* (n* is the positive direction).

If the points with maximal distance téPP* are not the same as markevg' , go to step 2; else go to step 5.

Output the last planeAPP* and normal vectom* to be the optimal APP solution.

2.1.2 Midsagittal plane

The MSP is computed as the mirror plane associated with approximately symmetricalestrirctine pelvis. An

initial estimate of the MSP passing through the midpoint between ASISs with a normal {&6i6f in the world

coordinate system is used to mirror the original shape (Fig. 3
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Initial Mirror
Transform
Original Shape 1 Initial Mirror Shape
l Copy ICP Registration 1
Original Shape 2 ICP Shape
Plane Fitting
Midpoints MSP
110
111 Fig. 3. MSP computation pipeline.
112 Then, the initial mirror shape is registered with the original shape using the ¢ORthah. After iterative

113 computation, the optimal registration transform is
114 Topt = TicpTim» (2)
115 where T, is the initial mirror transform andl . is the rigid ICP transform. HoweveF['Opt is actually an affine

116 transform rather than the optimal mirror transform of the pelvis. Based ondiedfrsurface points listed in the data,

117 each midpoint between the original position and the position after transTg,qm's calculated to form a midpoint set.
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Because these points are all considered to be on the optimal mirror plane, a fitted leaspmea(Esy. 4) should be the

MSP solution at the end of the computation.

Fig. 4. MSP computation process. The initial mirrored shape (yeldotrgnsformed to maximally fit the original shape (white) after ICP
registration. The midpoints (green) between corresponding points ami¢firgal shape and registered shape (purple) are used to fit a
least-squares MSP (red). Visualization of the optimal mirrored pelvis (indftgy MSP modification indicates a good result.

From the clinical perspective, the ASISs and pubic tubercles could provide a relialdaaefbecause they are
easily accessible when the patient is in the lateral position. However, from the graphicaitipersiaing the entire
pelvis into account would provide a benefit, such as a more accurate estimate.

2.1.3Theorigin of the PCS and transver se plane

Because the APP and MSP are computed without a perpendicularity constraint, it is necassalify one of
them to guarantee perpendicularity. We recommend modifying the MSP rather than the APP because the MSP has a higr
clinical significance. The normal vectors associated with the MSP and the APP provide tlaiamiefitwo coordinate

axes, and the orientation of the third coordinate axis is determined by a cross-product computation as
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Nrpp = Nysp X Nypp, 3)
where nypp, nysp, and nypp are the normal vectors of the APP, MSP, and TPP, respectively. A guaranteed
perpendicular MSP normat;,sp, is then computed from

Nysp = Napp X Nrpp. (4)

To compute the pelvic origiro,

PCS?

one of the markers on the APP is projected onto the MSP and then projected onto the

TPP.

2.2 Acetabular anatomy

2.2.1 Acetabular openingcircle

A recently published method introduced the use of a three-point circle as an initiatesif the acetabular rim [24]
However, the rim is usually not precisely circular. Our proposed method takes this into deicstirt.series of nodes are
manually located along the curved osseous ridge, and a cubic interpolation is used to build afatbp(iFig. 5). Then,
surface points near the rim path are selected using a Boolean combination of spherical impimitsfufioe clipping
function that takes the minimum value of all implicit functions is

F=min(F,F,...F) (5)
where F, is a single spherical implicit function, as shown in (1), with its center atna @oithe rim path and is the

number of rim points.
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Fig. 5. Acetabular opening circle and axis determination. With abonb@@s (black dots) manually located on the osseous ridge, a B-spline
path (green) is built as the rim path using cubic interpolation. Points (rébg earface model and near the rim path are collected to fit a
least-squares spatial circle (blue grid). The center of rotation (purple sphetteparormal axis of the opening plane (purple line) are
computed.

These points on the rim represent many important anatomic parameters of the acetabulum, snthtespshape,
and size. Spatial circle fitting is a convenient approach used to analyze the rim pointaieHese,a least-squares spatial
circle, which is actually the intersection between a sphere and a plane that are separatefinfiftgdthe anatomic
parameters of the acetabulum, such as those listed above (orientationarsthajze) can be easily computed from the
acetabular opening circle in the PCS.

2.2.2 Acetabular orientation in PCS

Standard measures of anteversion and inclination of the acetabular axis have been introduced [@seltteeasis
vector n, representing the acetabular orientation calculated by the plane fitting is in the image data coordinate system an
the acetabular parameter calculation must be based on the standardized PCS, describing the orientatioalnfltime acet
in 3D space. For the illustration of the PCS, please refer to Fig. 3. in [25].

To determine these measures in the PCS, the acetabular axis should be transformed in advance as

_ [Musp nypp Nrpp
Mr = 1 s

(6)

M, = [1 Olpcs] 4%4

n, = MM, M;'n,

where M, and M, are the rotation and translation matrices about the PCS, respectiyelg; the transformed direction
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vector of the acetabular axis; and is an identity matrix. With the normalized vectaf (x,y,z), the acetabular

orientation parameters are computed as

{tan(OA) =y/z

tan(Ol ) = |x|/ y>+27°

{tan( RA) = —y/NZ % e
tan(RI) =-|X/z

{tan(AA) =-y/K|

tan( Al ) = —W/z

where OA is operative anteversion; Ol is operative inclination; RA is radiographic amayeR| is radiographic
inclination; AA is anatomical anteversion; Al is anatomical inclination. (As showrgi6.l-red represents anterversion

and blue is inclination. The green arrow represents the acetabular axis.)
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Anteversion Inclination

Operation

| Radiographic

Anatomical

Fig. 6. Definition of the acetabular version

3. Experiment and evaluation

A 3D software package calléthcetabulometer”, was developed to execute the algorithm described aboektp
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176 render the results of acetabular orientation. After importing the model, our proposeglis@Ematic system can quickly
177  calculate the orientation.

178 For evaluation experiments, the right acetabulum was chosen. High-res@iUitdata with a slice thickness of 1 mm
179 and an average in-plane (x-y) resolution of 0.8%# of 88 normal people (mean age of#437 years, 51 male and 37
180 female) receiving pelvic scans for reasons not related to orthopedic conditions were select&thengai Nine
181 People’s Hospital institution’s database.

182 It is important to evaluate the accuracy of the APP and MSP computations. TheoretiealyPR is a unique
183  solution, and practically it can be obtained after at most four iterations. Rapid converggies renly one iteration in
184 60 cases (68.5%), two iterations in 21 cases (23.9%), three iterations in 5 casesa@d7fblr iterations in 2 cases

185 (2.3%). The average number of iteratiaves 1.42+0.33,andthe maximum was 4. Due to the complex 3D morphology

186  of the pelvis, evaluation of the MSP computation should also be surface-based. The fifstce distances between the
187  mirror pelvis and the original pelvis for every vertex of the model (Fig. 7) avemagedll 88 subjects was 1.340.49

188 mm. As illustrated in Fig. 3, the ICP shape is the optimal mirror shape.

Point-to-surface
Distance (mm)

5.00

0.000261

189

190 Fig. 7. Color-coded poirt-surface distances between the mirror pelvis and the original pelvis fyneareex.
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191 This method performed well in the determination for all of the 88 subjects. The major error sourcds$ervers

192 was the randomness of the placement of the initial markers, especially for the two endpdiatsirofgath. Different

193 observers placed the endpoints at different positions on the osseous ridge or in the notch. To evalufertbesdif

194 among raters and surface models, we produced three surface models of a random patient using different threshold values
195 segmentation, mesh smoothing, and decimation in reconstruction. Taking the parameter of the radiogregisioaraf

196 acetabulum as an example, the experiment for the patient showed that values were similanodeissand raters (Table

197 1.
198 Table 1. Radiographic anteversion of acetabulum with different raters and surface models
w Yiping Wang Henghui Zhang Liao Wang SD
Model

Surface Model 1 21.09° 21.52° 20.99° 0.23°

Surface Model 2 21.06° 21.04° 20.84° 0.099°

Surface Model 3 21.21° 20.69° 21.5° 0.33°

SD 0.065° 0.34° 0.28°

199 Henghui Zhang and Liao Wang are clinical raters, while Yiping Wang is a technical rater.
200 The intra-class correlation coefficient (ICC) evaluatisra two-way analysis of variance model that accounts for

201 random effects of both different users and subjects and it has been widely adopted to asslesslityefor a group of

202  typical users [26]. In this stud¥CC scores on anteversion and inclination in the standard angular definitions (operative,

203 radiographic, and anatomic) and the radius of the acetabular rim were used to evaluate the.r@lfabdittrials were
204 independently performed by three raters (Yiping Watenghui Zhang, and Liao Wang) on all subjects. Raters started
205 with raw DICOM (Digital Imaging and Communications in Medicine) images and perfornhexpexations such as
206 thresholding, segmentation, reconstruction, and initial marker placement using the 3D sofbtiametr®- (Table 2) and
207 inter-rater (Table 3) ICC scores on these measures are high, indicating that the algoetlvery reliable and capable of

208 accomplishing repetitive measurements for mass patient data.

209 Table 2. Single measure intra-rater reliability
M Yiping Wang Henghui Zhang Liao Wang
Radius 0.9990 (0.9976 to 0.9996) 0.9893 (0.9755 t50)99 0.9984 (0.9964 to 0.9994)
(Operative%Anteversion) 0.9998 (0.9995 to 0.9999) 0.9986 (0.9968 to 0.9995) 9998 (0.9996 to 0.9999)
(operativ eci’rL clination) 0.9989 (0.9975 to 0.9996) 0.9924 (0.9826 to 0.9971) .9988B (0.9972 to 0.9995)
RA

(radiographic anteversion) 0.9998 (0.9996 to 0.9999) 0.9990 (0.9977 to 0.9996) .9998 (0.9996 to 0.9999)
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(I’adiOgI’apF;IiC inclination) 0.9981 (0.9957 to 0.9993) 0.9893 (0.9756 to 0.9959) .998Y (0.9970 to 0.9995)
(anatomi(:l:ﬁanteversion) 0.9998 (0.9996 to 0.9999) 0.9989 (0.9976 to 0.9996) .999B (0.9995 to 0.9999)
(anatomicglinclination) 0.9985 (0.9966 to 0.9994) 0.9910 (0.9794 to 0.9966) .999D (0.9976 to 0.9996)
210 The values are given as the intager ICC scores, with the 95% confidence interval in parentheses, for single measures in

211 terms of absolute agreement (an ICC of approximately 0.90 tddr.@onbach alpha can be considered almost perfect).
212

213 Table 3. Single measure inter-rater reliability
m Trial 1 Trial 2 Trial 3
Radius 0.9981 (0.9956 to 0.9993) 0.9988 (0.9757 tcHB)9 0.9985 (0.9965 to 0.9994)
OA
(operative anteversion) 0.9997 (0.9992 to 0.9999) 0.9998 (0.9990 to 0.9999) .999Y (0.9996 to 0.9999)
Ol
(operative inclination) 0.9979 (0.9952 to 0.9992) 0.9974 (0.9969 to 0.9991) .9982 (0.9978 to 0.9995)
. RA . 0.9998 (0.9995 to 0.9999) 0.9998 (0.9997 t0 0.9999)  .999B (0.9996 to 0.9999)
(radiographic anteversion)
. RIL 0.9966 (0.9921 to 0.9987) 0.9963 (0.9956 t0 0.9973)  .997¥ (0.9970 to 0.9987)
(radiographic inclination)
AA
(anatomical anteversion) 0.9997 (0.9994 to 0.9999) 0.9999 (0.9998 to 0.9999) .9998 (0.9996 to 0.9999)
Al
(anatomical inclination) 0.9973 (0.9938 to 0.9990) 0.9980 (0.9977 to 0.9985) .9978 (0.9956 to 0.9986)
214 The values are given as the inteter ICC scores, with the 95% confidence interval in parentheses, for single measures in

215 terms of absolute agreement (an ICC of approximately 0.90 tddr.@onbach alpha can be considered almost perfect).
216

217 4. Discussion and conclusion

218 We have presented a novel surface-based approach to determine key spatial parameters of the .aéetawlum
219 PCS consisting of the APP, MSP, and TPP was derived from a 3D pelvic surface model. BeedPGS, critical
220 acetabular parameters can be determined semi-automatically. High efficiency was achievedefudirehalgorithm
221  procedure while enabling highly reproducible measurements of acetabular spatial parameters, witheeloostter-
222 and intra-rater ICC scores.

223 Compared with the MSP determination using simple landmark points, the surface-based approacly metiives
224  manual error of acetabular angle measurements and greatly improves the reliability. Thatemmigue depends on the
225 number of points on the surface model and the number of iterations in the ICP algorithisistady, we chose at most
226 50 iterations as adequate and 0.001 mm as the maximum mean distance. The number of vertitgelvis eaodel was
227  about 300,000. The time consumption was less than 2 seconds after selection of the fquoimgigdr each case using a

228 standard PC, which is comparable with the study reported by Fieten et al. [22].
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229 A better description of the acetabulum should be a spatial circle. Different investipat@staken different
230 approaches to modeling acetabular orientation. Higgins et al. [24] presented a best-fit pi@serfbing the acetabular
231 orientation. Jozwiak et al. [27] presented a set of section planes parallel to the acetabular opening péareht foan
232 average trend line that joins the centers of the circles fitted by the intersection Wigrweok the point set on the
233 acetabular rim as a feature extraction and found that an acetabular circle could provide adasmiptibn, which helps
234 to determine the center of rotation. A circle with its radius, perimeter, and normal e@ctbe computed by combining
235 sphere-fitting and plane-fitting algorithms. An average pturtircle error of 3.03 millimeters was obtained in the circle
236 fitting experiments. However, the main error source is not computational, but rather the acowngleglogy of the native
237 acetabulum. A better description of every native acetabulum may be an equation of a best-fih @ircylindrical
238 coordinate system. Related woik in progress, and we believe that it is meaningful not only for pre-planning and
239 image-guidance of THA interventions, but also for patient-specific design of acetabular prostheses in the future.

240 Optimal placement of the acetabular prosthesis is critical for the success of THA. Halwevarget placement for
241 the prosthetic component is still unknown. The current measurement of the native acetabulum atheveltetmbular
242  component is not accurate or reliable without taking the pelvis into accountA@ttabulometer” establishes a reliable
243 3D PCS and measures the critical acetabular parameters based on the reported PCS. h@vsealii-automated
244  segmentation and measurement system is sufficiently fast, accurate, and reliable to beoafiieshdlysis of a large
245 sample. Our approach may have the potential to determine the optimal target for the placethenaaatabular
246  componentin THA.

247
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