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Abstract. Periacetabular osteotomy (PAO) is an effective approach for
surgical treatment of hip dysplasia in young adults. However, achiev-
ing an optimal acetabular reorientation during PAO is the most critical
and challenging step. Routinely, the correct positioning of the acetab-
ular fragment largely depends on the surgeons experience and is done
under fluoroscopy to provide the surgeon with continuous live x-ray
guidance. To address these challenges, we developed a computer assisted
system. Our system starts with a fully automatic detection of the acetab-
ular rim, which allows for quantifying the acetabular 3D morphology
with parameters such as acetabular orientation, femoral head Extrusion
Index (EI), Lateral Center Edge (LCE) angle, total and regional femoral
head coverage (FHC) ratio for computer assisted diagnosis, planning
and simulation of PAO. Intra-operative navigation is used to implement
the pre-operative plan. Two validation studies were conducted on four
sawbone models to evaluate the efficacy of the system intra-operatively
and post-operatively. By comparing the pre-operatively planned situ-
ation with the intra-operatively achieved situation, average errors of
0.6◦ ± 0.3◦, 0.3◦ ± 0.2◦ and 1.1◦ ± 1.1◦ were found respectively along
three motion directions (Flexion/Extension, Abduction/Adduction and
External Rotation/Internal Rotation). In addition, by comparing the
pre-operatively planned situation with the post-operative results, aver-
age errors of 0.9◦ ± 0.3◦ and 0.9◦ ± 0.7◦ were found for inclination and
anteversion, respectively.

1 Introduction

Developmental dysplasia of the hip joint is a prearthrotic deformity resulting in
osteoarthritis at a very young age. Periacetabular Osteotomy (PAO) is an effec-
tive approach for surgical treatment of painful dysplasia of the hip in younger
patients [1]. The aim of PAO is to increase acetabular coverage of the femoral
head and to reduce contact pressures by realigning the hip joint [2,3]. However,
insufficient reorientation leads to continued instability while excessive reorienta-
tion correction would result in femoroacetabular impingment (FAI) [4,5]. There-
fore, a main important factor for clinical outcome and long-term success of PAO
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is to achieve an optimal acetabular reorientation [6]. The application of computer
assisted planning and navigation in PAO opens such an opportunity by showing
its potential to improve surgical outcomes in PAO. Before the PAO-specific nav-
igation system was introduced, some commercially available navigation systems
were modified and adapted for PAO clinical trials. Abraham et al. [7] presented
an experimental cadaver study in order to investigate the utility of pre-operative
3D osteotomy planning and intra-operative acetabular repositioning in the nav-
igated PAO surgery. Hsieh et al. [8] assessed the efficacy of the navigated PAO
procedure in 36 clinical cases using a modified version of commercially available
navigation program for THA (VectorVision, BrainLab Inc., Westchester, IL).
Seminal work has been done by Langlotz et al. [9], who developed the first gen-
eration of CT-based customized navigation system for PAO and applied it to 14
clinical cases. However, this system only focuses on navigated osteotomy proce-
dure while reorientation procedure is lack of standard morphological parameters
feedback. More recently, Murphy et al. [10] developed a computer assisted Bio-
mechanical Guidance System (BGS) for performing PAO. The system combines
geometric and biomechanical feedback with intra-operative tracking to guide the
surgeon through the PAO procedure. In this paper, we developed and validated
a novel computer assisted diagnosis, planning, simulation and navigation system
for PAO. It is hypothesized that the pre-operative plan done with our system
can be achieved by the navigated PAO procedure with a reasonable accuracy.

2 Materials and Methods

2.1 System Workflow

The computer assisted diagnosis, planning, simulation and navigation system for
PAO consists of three modules as shown in Fig. 1.

– Model generation module. 3D surface models of the femur and the pelvis
are generated by fully automatic segmentation of the pre-operatively acquired
CT data [11].

– Computer assisted diagnosis, planning and simulation module. The
aim of this module is first to quantify the 3D hip joint morphology for a com-
puter assisted diagnosis of hip dysplasia, and then to plan and simulate the
reorientation procedure using the surface models generated from the model
generation module. It starts with a fully automatic detection of the acetab-
ular rim, which allows for computing important information quantifying the
acetabular morphology such as femoral head coverage (FHC), femoral head
extrusion index (EI), lateral centre edge (LCE) angle, version and inclination.
This module then provides a graphical user interface allowing the surgeon to
conduct a virtual osteotomy and to further reorient the acetabular fragment
until an optimal realignment is achieved.

– Intra-operative navigation module. Based on an optical tracking tech-
nique, this module aims for providing intra-operative visual feedback dur-
ing acetabular fragment osteotomy and reorientation until the pre-operatively
planned orientation is achieved.
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Fig. 1. Schematic view of our computer assisted planning and navigation system for
PAO.

2.2 Computer Assisted Diagnosis of Hip Dysplasia

Accurate assessment of acetabular morphology and its relationship to the femoral
head is essential for diagnosis of hip dysplasia and PAO planning. After pelvic
and femoral surface models are input to our system, the pelvic local coordinate
systems is established using anatomical landmarks extracted from the CT data
which is defined on the anterior pelvic plane (APP) using the bilateral ante-
rior superior iliac spines (ASISs) and the bilateral pubic tubercles [12]. After
local coordinate system is established, a fully automatic detection of the acetab-
ular rim is conducted [11] (see Fig. 2(A)). As soon as acetabular rim points
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are extracted, least-squares fitting is used to fit a plane to these points (see
Fig. 2(B)). The normal of the fitted plane is defined as the orientation of acetab-
ulum nCT . The fitted plane then allows for computing acetabular inclination
and anteversion [13] (see Fig. 2(C) and (D)). Additional hip morphological para-
meters such as the 3D LCE angle, the 3D femoral head EI, the FHC, the anterior
coverage of femoral head (AC) and posterior coverage of femoral head (PC) are
computed as well (see Fig. 2(E)–(I)). LCE is depicted as an angle formed by a
line parallel to the longitudinal pelvic axis defined on the APP and by the line
connecting the center of the femoral head with the lateral edge of the acetab-
ulum according to Wiberg [14]. Femoral head EI is defined as the percentage
of uncovered femoral head in comparison to the total horizontal head diameter
according to Murphy et al. [15]. FHC is defined to be a ratio between the area of
the upper femoral head surface covered by the acetabulum and the area of the
complete upper femoral head surface from the weight-bearing point of view [16].
The 3D measurements of FHC used in this system is adapted from the method
reported in [18]. The difference is that the method [17] that we used now is
based on native geometry of the femoral head. In contrast, the work reported in
[18] assumed that the femoral head is ideally spherical [18]. In normal hips the
assumption is valid since the femoral head is spherical or nearly so. However,
in dysplastic hips, the femoral head may be elliptical or deformed [19]. Thus
the method [17] used in this system is more accurate than the method that was
introduced in [18]. For more details, we refer to [17].

Fig. 2. Computing 3D morphological parameters of the hip joint. (A) Fully auto-
matic acetabular rim detection; (B) Least-squares fitting plane of acetabular rim and
the orientation of acetabulum; (C) Acetabular Inclination; (D) Acetabular Antever-
sion; (E) Lateral Center Edge Angle (LCE); (F) Femoral Head Extrusion Index (EI);
(G) Femoral Head Coverage (FHC); (H) Anterior Coverage of Femoral Head (AC);
(I) Posterior Coverage of Femoral Head (PC).

2.3 Computer Assisted Planning and Simulation of PAO Treatment

An in silico PAO procedure is conducted with our system as follows. First, since
the actual osteotomies do not need to be planned as an exact trajectory, a sphere
is used to simulate osteotomy operation. More specifically, the center of femoral
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Fig. 3. In silico PAO surgical procedure in our PAO planning system. (A) Virtual
osteotomy operation is done with a sphere, whose radius and position can be interac-
tively adjusted; (B) Virtual reorientation operation is done by interactively adjusting
anteversion and inclination angle of the acetabulum fragment. The hip morphological
parameters (inclination, anteversion, LCE, EI, FHC, AC and PC) are then computed
based on the reoriented acetabulum fragment and showed at the bottom of the screen.

head is taken as the center of the sphere whose radius and position can be
interactively adjusted along lateral/medial, caudal/cranial, and dorsal/ventral
directions, respectively, in order to approximate actual osteotomy operation (see
Fig. 3(A)). After that, the in silico PAO procedure is conducted by interactively
changing the inclination and the anteversion of the acetabulum fragment (see
Fig. 3(B)). During the acetabulum fragment reorientation, 3D LCE angle, EI,
FHC, AC and PC are computed in real time based on the reoriented acetabulum
fragment and showed at the bottom of the screen (see Fig. 3(B)). Once the
morphological parameters of normal hip are achieved (inclination: 45◦±4◦, [37◦–
54◦] [22]; anteversion: 17◦ ± 8◦, [1◦–31◦] [22]; LCE > 25◦ [23]; FHC: 73% ±
4%, [66 %–81 %] [22]), the planned morphological parameters are stored and
subsequently transferred to the navigation module as explained in details in the
following section.

2.4 Intra-operative Surgical Navigation

Navigated PAO surgical intervention is described as follow: Before the acetabular
fragment is osteotomized, the pelvis is attached with a dynamic reference base
(DRB) in order to register the surgical anatomy to the pelvis surface model gen-
erated from a pre-operatively acquired CT data (see Fig. 4(A) and (B)). After
that, CT-patient registration based on a Restricted Surface Matching (RSM)
algorithm [24] is conducted, which is basically divided into two successive steps:
a paired point matching followed by a surface matching (see Fig. 4(B)). More
specifically, the paired point matching is regarded as an alignment process of
pairs of anatomical landmarks. In a pre-operative stage, 4 anatomical landmarks
(bilateral ASISs and the bilateral pubic tubercles) are determined on the pelvic
model segmented from CT data. In an intra-operative stage, the correspond-
ing landmarks on the patient are digitized using a tracked probe. The digitized
points are defined in the coordinate system of the DRB, which is rigidly fixed
onto the pelvis. Then the surface matching computes the registration transfor-
mation based on 20–30 scattered points around the accessible surgical site that
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is matched onto a surface of a pelvic model (see Fig. 4(B)). After registration,
the osteotomes are calibrated using a multi-tools calibration unit in order to
determine the size and orientation of the blade plane (see Fig. 4(C)). The tip
of the osteotome is shown in relation to the virtual bone model, axial, sagittal
and coronal views of the actual CT dataset. The cutting trajectory is visual-
ized in real time by prolongation of the blade plane of the osteotome. Thus the
osteotomies can be performed in a controlled manner and complications such
as intraarticular penetration and accidental transection of the posterior column
can be avoided [2] (see Fig. 4(D)). After the acetabular fragment is mobilized
from the pelvis, another DRB is anchored to the acetabulum area for intra-
operative tracking, thereby the acetabular reorientation can be supported by
the navigation module. The navigation system can provide interactive measure-
ments of acetabular morphological parameters and image-guidance information,
which instantaneously updates the virtual display, current position and orienta-
tion parameters of the acetabulum and the planned situation (inclination and
anteversion angles) derived from the pre-operative planning module. The surgeon
repositions the acetabulum by controlling its inclination and anteversion angle
in order to determine whether the current position achieves the pre-operatively
planned position or further adjustment is required (see Fig. 4(E)). After success-
ful repositioning, preliminary K-wire fixation and finally definitive screw fixa-
tion is conducted [20]. In this sawbone validation study, a 3D articulated arm
(FISSO R©, 3D Articulated Gaging Arms, Switzerland) is employed to anchor the
fragment for navigation accuracy evaluation (see Fig. 4(A)).

2.5 Study Design

In order to validate this newly developed planning and navigation system for
PAO, two validation studies were designed and conducted on 4 sawbone mod-
els. The purpose of the first study is to evaluate the intra-operative accuracy
and reliability of navigation system. The second study is designed to evaluate
whether the acetabulum repositioning based on navigated PAO procedure can
achieve the pre-operative planned situation by comparing the measured acetab-
ular orientation parameters between pre-operative and post-operative CT data.

In the first study, pre-operative planning was conducted with the PAO plan-
ning module. Subsequently the intra-operative navigation module was used to
track acetabular and pelvic fragments, supporting and guiding the surgeon
to adjust the inclination and anteversion angles of acetabulaum interactively.
Acetabular reorientation measured by the inclination and anterversion angles can
be planned pre-operatively and subsequently realized intra-operatively without
significant difference. In order to assess the error difference between the pre-
operatively planned and the intra-operatively achieved acetabular orientation,
we compared the decomposed rotation components derived from the acetabular
fragment reorientation between the planned and intra-operative situations.

In the following, all related coordinate systems are first defined before the
details about how to compute decomposed rotation components will be presented.
Pre-operatively all related coordinate systems are defined (Fig. 5) on the virtual
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Fig. 4. Intra-operative PAO surgical navigation. (A) Setup of the navigated PAO
surgery where two dynamic reference bases (DRBs) with reflective spheres are attached
to both the iliac crest and the acetabular fragment; (B) The areas of the pelvis acquired
with the tracked probe to perform the RSM registration; (C) Osteotome calibration
where the green part represents the blade plane of the osteotome and the yellow part
represents the prolongation of the blade plane; (D) Screenshot of CT-based osteotomy
guidance where the tip of the osteotome is displayed on axial, sagittal and coronal
views of the CT dataset, and a cutting trajectory is displayed on the bony model; (E)
Screenshot of navigated reorientation procedure. (Color figure online)

3D model with Ref CT representing the pre-operative CT data coordinate sys-
tem of the surface model. (Ref APP )Pre represents the local coordinate system
established on the APP, which is defined manually by choosing four landmarks
(left and right anterior superior iliac spine [ASIS] and left and right pubic tuber-
cle). Using the acetabular rim points extracted in the Ref CT , acetabular version
and inclination can be calculated in relation to (Ref APP )Pre. Intra-operatively,
the Ref P represents the intra-operative pelvic coordinate system defined on the
pelvic DRB, while Ref A represents the intra-operative acetabulum coordinate
system defined on acetabular DRB (Fig. 5(A)). The intra-operative APP coordi-
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Fig. 5. Precise estimation of acetabular position. (A) Estimation of orientation of
acetabulum in the native position before fragment reorientation; (B) Estimation of
orientation of acetabulum during fragment reorientation.

nate system is defined by intra-operative paired-point matching [21] of the above-
named landmarks and is represented by (Ref APP )Intra. Following the defini-
tion of all related coordinate systems, details about how to compute decomposed
rotation components are described below.

– Step 1: In order to register Ref CT to Ref P the DRBs are fixated and a
RSM algorithm [24] is performed before the osteotomies and the acetabular
fragment tracking. The transformation (TAPP

P )Intra between the Ref P and
the (Ref APP )Intra can be calculated by Eq. (1).

(
TAPP
P

)
Intra

=
(
TAPP
CT

)
Pre

· TCT
P (1)

where TCT
P is the rigid transformation between the Ref P and the Ref CT

derived from paired-point matching; (TAPP
CT )Pre is the transformation between

the Ref CT and the (Ref APP )Pre.

– Step 2: Before the fragment is moved, a snapshot of the neutral positional
relationship between Ref A and the Ref P is recorded (Fig. 5(A)). At this
moment, the orientation of the acetabulum (nAPP )0Intra with respect to the
(Ref APP )Intra can be estimated by the following equation (Fig. 5):

(nAPP )0Intra =
(
TAPP
P

)
Intra

·(nP )0 =
(
TAPP
P

)
Intra

·(TP
A

)
0
·(TA

P

)
0
·TP

CT ·nCT

(2)
where nCT denotes the orientation of acetabulum measured in the Ref CT
pre-operatively. Equation (2) indicates that one can first compute the
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orientation of acetabulum (nP )0 with respect to the Ref P and then trans-
form it to the (Ref APP )Intra through a transformation train.

– Step 3: Fragment mobility is measured by the navigation system, which
records the instantaneous positional relationship (TP

A )t between the Ref A
and the Ref P . The neutral positional relationship (TP

A )0 obtained from
Step 2 is used to calculate the orientation of acetabulum (nP )t with respect
to the Ref P during motion. The instantaneous orientation of acetabulum
(nAPP )tIntra with respect to the (Ref APP )Intra can be calculated by the
following equation (Fig. 5(B)):

(nAPP )tIntra =
(
TAPP
P

)
Intra

·(nP )t =
(
TAPP
P

)
Intra

·(TP
A

)
t
·(TA

P

)
0
·TP

CT ·nCT

(3)
Equation (3) indicates that one can first compute the instantaneous orientation
of acetabulum (nP )t with respect to the Ref P and then transform it to the
(Ref APP )Intra through a transformation train.

– Step 4: The (nAPP )0Intra and (nAPP )tIntra can then be decomposed into
three motion components (Extension/Flexion, External Rotation/Internal
Rotation, and Abduction/Adduction) along x-, y- and z axis of the
(Ref APP )Intra.

In the second study, we evaluated post-operatively the repositioning of the
acetabular fragment and compared this with the pre-operative planned acetabu-
lar orientation parameters. Specifically, the acetabular rim points after reorien-
tation were digitized with a tracked probe and transformed to pre-operative CT
space based on the aforementioned registration transformation TP

CT . The trans-
formed acetabular rim points was then imported into the computer assisted PAO
diagnosis module to quantify acetabular orientation parameters (inclination and
anteversion) and compared them with the pre-operatively planned acetabular
orientation parameters.

Table 1. The difference (◦) of decomposed motion components between pre-operative
planning and intra-operative navigation situations.

Bones Side Flex/Ext Abd/Add Ext Rot/Int Rot

#1 Left 0.9 0.1 3.6

#1 Right 0.5 0.5 0.7

#2 Left 0.5 0.4 1.1

#2 Right 0.4 0.1 0.2

#3 Left 0.9 0.1 1.2

#3 Right 0.4 0.5 1.2

#4 Left 0.4 0 0.2

#4 Right 1.0 0.3 0.7

Mean± STD [Min, max] 0.6± 0.3 [0.4, 1.0] 0.3± 0.2 [0.0, 0.5] 1.1± 1.1 [0.2, 3.6]
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3 Results

In the first intra-operative evaluation study, the decomposed rotation compo-
nents of the acetabular fragment between the pre-operatively planned situ-
ation and the intra-operatively achieved situation were compared. According
to Table 1, 8 groups of acetabular reorientation data were obtained. It can be
seen that the average errors along three motion components (Flexion/Extension,
Abduction/Adduction and External Rotation/Internal Rotation) are 0.6◦±0.3◦,
0.3◦ ± 0.2◦ and 1.1◦ ± 1.1◦, respectively.

In the second post-operative evaluation study, the morphological parameters
of hip joint between the pre-operatively planned situation and post-operatively
repositioned situation were compared. The results are shown in Table 2. From
this table, it can be seen that the average errors of acetabular orientation parame-
ters (inclination and anteversion angles) are 0.9◦ ± 0.3◦ and 0.9◦ ± 0.7◦, respec-
tively. The results are accurate enough from a clinical point of view for PAO
surgical intervention and verify the hypothesis that the pre-operatively planned
situation can be achieved by navigated PAO procedure with reasonable accuracy.

Table 2. The error of hip joint morphological parameters (IN: Inclination; AV: Anter-
version) between pre-operative planning and post-operative evaluation.

Parameter Stage #1 #2 #3 #4 #5 #6 #7 #8 Average error

IN (◦) Pre-op 41.4 44.2 44.2 42.6 41.9 40.8 50.4 44.6 0.9 ± 0.3 [0.4, 1.2]

IN (◦) Post-op 42.6 45.3 44.6 43.8 41.1 40.0 49.3 45.3

AV (◦) Pre-op 13.2 15.1 8.1 8.6 15.3 8.5 10.2 10.3 0.9 ± 0.7 [0.0, 1.7]

AV (◦) Post-op 15.2 16.1 9.6 6.9 15.9 8.5 10.5 10.6

4 Discussions and Conclusions

In this paper, we presented a comprehensive planning, simulation and navigation
system for PAO, and evaluated system efficacy with a sawbone study. Previously,
the intra-operative accuracy of the navigation system has been also assessed in
a cadaver study in order to investigate the technical feasibility of the pararectus
surgical approach [25]. As demonstrated by the results in both sawbone and
cadaver studies, the efficacy of navigation system is validated with a reasonable
accuracy. Based on the results, we are applying ethics approval for a clinical trial
where the efficacy of our system will be further evaluated.
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23. Zou, Z., Chávez-Arreola, A., et al.: Optimization of the position of the acetabulum
in a ganz periacetabular osteotomy by finite element analysis. J. Orthop. Res.
31(3), 472–479 (2013)
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