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Abstract. Femoroacetabular impingement (FAI) before or after Peri-
acetabular Osteotomy (PAO) is surprisingly frequent and surgeons need
to be aware of the risk preoperatively and be able to avoid it intra-
operatively. In this paper we present a novel computer assisted plan-
ning and navigation system for PAO with impingement analysis and
range of motion (ROM) optimization. Our system starts with a fully
automatic detection of the acetabular rim, which allows for quantify-
ing the acetabular morphology with parameters such as acetabular ver-
sion, inclination and femoral head coverage ratio for a computer as-
sisted diagnosis and planning. The planned situation was optimized with
impingement simulation by balancing acetabuar coverage with ROM.
Intra-operatively navigation was conducted until the optimized planning
situation was achieved. Our experimental results demonstrated: 1) The
fully automated acetabular rim detection was validated with accuracy
1.1 ± 0.7mm; 2) The optimized PAO planning improved ROM signifi-
cantly compared to that without ROM optimization; 3) By comparing
the pre-operatively planned situation and the intra-operatively achieved
situation, sub-degree accuracy was achieved for all directions.

Keywords: Periacetabular osteotomy, surgical planning, range of
motion, hip impingement analysis.

1 Introduction

Periacetabular osteotomy (PAO) is an effective approach for surgical treatment
of hip dysplasia in young patients. The aim of PAO is to increase acetabular
coverage of the femoral head and to reduce contact pressures by realigning the
hip joint [1].

It was reported that the most challenging aspect of PAO surgery is to deter-
mine the amount of necessary acetabular rotation, and to achieve the optimal
alignment intra-operatively [2]. Rodriguez et al. [3] presented an experimental
cadaver study for performance of PAOs. They examined how accurately a preop-
eratively planned angular and rotational acetabular reorientation could be real-
ized. Transfer of this knowledge to the clinical setting has never been performed.
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Fig. 1. Schematic view of our computer assisted planning and navigation of PAO with
ROM optimization. A. the input surface models and the two local coordinate systems.
The pelvic reference is the anterior pelvic plane (APP) defined by both anterior superior
iliac spines (ASIS) and the mid-point of the pubic tubercles (T). The femoral axis runs
through the hip center (H) and the knee center (K) with the inter-condylar line (C)
lying parallel to the APP; B. Computer assisted PAO planning with ROM optimization;
C. the pre-operative planning output; D. Intra-operative PAO navigation.

Jäger et al. [4] presented a study treating patients with a triple osteotomy, using
a CT based navigation application. There was however no statistical evaluation
of accuracy of acetabular reorientation. Langlotz et al. [5] reported on a first
CT-based navigation application for PAO. This pioneer application offered vi-
sualization of the periacetabular cutting planes and assisted the surgeon during
reorientation of the acetabulum and was applied to 14 clinical cases. However
the application did not allow for pre-operative planning of the procedure and
the surgeon could not refer to standard parameters defining acetabular orienta-
tion. Armand et al. [6] developed a computer-assisted Biomechanical Guidance
System (BGS) for performing PAO. The system combines geometric and biome-
chanical feedback with intra-operative tracking to guide the surgeon through the
PAO procedure.

However, Femoroacetabular impingement (FAI) before or after PAO surgery
is surprisingly frequent and surgeons need to be aware of the risk and be able
to avoid it [7]. Current computer-assisted planning and navigation is limited to
PAO only and does not consider aspects of impingement. In this paper, for the
first time we present a novel computer assisted planning and navigation system
for PAO with range of motion (ROM) optimization. Details about our system
are described below.
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Fig. 2. Pipeline of fully automated acetabular rim detection

2 Materials and Methods

2.1 Workflow

The workflow of the developed system is shown in Fig. 1. It works in two stages:
pre-operative planning stage and intra-operative navigation stage. The input to
the pre-operative planning stage is 3D surface models of pelvis and femur gen-
erated from pre-operatively acquired CT data using a commercially available
segmentation program (AMIRA, Visage Imaging, San Diego, USA). Two differ-
ent local coordinate systems are then established using anatomical landmarks
extracted from the CT data (see Fig. 1). One is defined for the pelvis on the ante-
rior pelvic plane (APP) using the bilateral anterior superior iliac spines (ASISs)
and the bilateral pubic tubercles [8], and the other is defined for the femur ac-
cording to Murphy et al. [9] using the posterior condyles, the knee center and
the femoral head center. After local coordinate systems are established, a fully
automatic detection of the acetabular rim is conducted. The detected acetab-
ular rims allow for automatically quantifying the acetabular morphology with
parameters such as version, inclination and acetabular coverage. After that, vir-
tual acetabular fragment reorientation simulation with hip impingement analysis
is performed until an optimal ROM is obtained. The results from the planning
stage are then passed to the intra-operative navigation stage where a visual feed-
back is provided during the acetabular fragment reorientation procedure in order
to achieve the planned situation.

2.2 Fully Automated Acetabular Rim Detection

The acquisition of actebular rim is the prerequisite for quantifying hip joint
morphology. We developed an improved algorithm of the rim detection method
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Fig. 3. Computing hip morphological parameters. (A) Acetabular Inclination; (B) Ac-
etabular Anteversion; (C) Lateral Center Edge Angle (LCE); (D) Extrusion Index (EI);
(E) Acetabular Coverage (AC).

originally introduced by Puls et al. [10]. In our method, the automated rim
detection is achieved with the help of an acetabular projection plane, as shown
in Fig. 2, which is initially constructed as a plane passing the femoral head center
with a standard inclination of 45o and anteversion of 20o with respect to the local
coordinate system of the APP. After that, following procedures are iteratively
executed until convergence to automatically extract all acetabular rim points.

– Step 1: All vertices of the polygon mesh of pelvic model satisfying the fol-
lowing two criteria are projected onto the projection plane:

• The distance between the vertices and the femoral head center are less
than a predefined radius (in all our experiments, we set it to 7cm).

• Normal vectors are oriented in the direction of the femoral head center.

These criteria guarantee that only intra-articular vertices or some extra-
articular vertices having a similar curvature as the acetabulum are projected.

– Step 2: A depth image is constructed out of the Euclidean distances between
the vertices and the projection plane. A cascade of image processing pipeline
is then developed to remove the extra-articular projection points and to find
the 2D projections of the potential acetabular rim points, which are defined
as the edges extracted from the 2D processed depth image (See Fig. 2).

– Step 3: 3D positions of these potential acetabular rim points are obtained
by finding the corresponding 3D vertices of these 2D projections.

– Step 4: The projection plane is redefined via a least-squares fitting of all the
potential acetabular rim points that we find so far.

The whole process is repeated until the normal vectors of two consecutively
computed projection planes converge (angle difference � 1.0o). The labeled ver-
tices from the last iteration are defined as the resultant acetabular rim points.

2.3 Quantifying Hip Morphology

Accurate assessment of acetabular morphology and its relationship to the femoral
head is essential for PAO planning. After acetabular rim points are extracted,
least-squares fitting is used to fit a plane to these points. The fitted plane then
allows for computing acetabular inclination (Fig. 3(A)) and anteversion (Fig.
3(B)) [11]. Additional hip morphological parameters such as the 3D Lateral
Center Edge (LCE) angle (Fig. 3(C)), the 3D Extrusion Index (EI)(Fig. 3(D)),
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Fig. 4. ROM result visualization. (A): Visualization with Motion Box. The green areas
represent impingement-free hip motions, whereas the brown areas refer to hip motions
provoking impingement; (B): Visualization with Motion Sphere. The femur is rep-
resented by a cylinder. Orange areas on the surface of the sphere visualize femoral
positions causing impingement. Green areas display impingement-free motion steps.

and the 3D Acetabular Coverage (AC)(Fig. 3(E)) are computed as well. LCE
is depicted as an angle formed by a line parallel to the longitudinal pelvic axis
and by the line connecting the center of the femoral head with the lateral edge
of the acetabulum according to Wiberg [12]. EI is defined as the percentage
of uncovered femoral head in comparison to the total horizontal head diameter
according to Murphy et al. [13]. AC 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.

2.4 PAO Planning with Range of Motion (ROM) Simulation

The aim of ROM simulation is to enable the surgeon to accurately detect im-
pingement areas and analyze the patients hip ROM after virtual reorientation
procedure [14]. In the developed system, impingement analysis consists of three
consecutive steps: the definition of the hip ROM to be analyzed, the impingement
detection for the whole defined ROM, and the visualization of the computed re-
sults. In the first step, the hip ROM to be analyzed has to be defined by determin-
ing the maximal extension/flexion, adduction/abduction, and internal/external
rotation. Based on these values, a motion path is computed including all pos-
sible combinations of motion parameters within the predefined motion ranges.
In a subsequent impingement detection step, the hip joint is brought in every
position of the motion path and possible impingement areas are detected with
the help of the collision detection algorithm introduced by Gottschalk et al. [15].

After the detection of collisions, the analysis of the hip ROM is visualized with
two different 3D graphs. A so-called Motion Box visualizes the results of the im-
pingement analysis of the whole ROM (see Fig. 4(A)). This graph clearly presents
the patient specific impingement-free motion of a hip joint as well as hip mo-
tions causing bony impingement in a graphical overview whose axes are defined
as follows: the x-axis represents flexion and extension, the y-axis adduction and
abduction, and z-axis displays internal and external rotation [16]. It means each
position in the Motion Box represents a motion position with specific tri-axial
combination. However, the analysis of this graph is rather challenging due to its
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Table 1. Mean distance(mm) and standard deviation(STD:mm) between the rim
points extracted with the present method and the interactive manual picking method

Ace1 Ace2 Ace3 Ace4 Ace5 Ace6 Ace7 Ace8 Ace9 Ace10

Mean 1.1 0.8 0.7 0.8 0.7 0.8 0.7 0.7 0.7 0.7

STD 0.7 0.5 0.4 0.5 0.4 0.6 0.4 0.4 0.4 0.4

Table 2. The difference between actabular morphology parameters from the computed
and manual picked acetabular rim

Inclination (o) Anteversion (o) Acetabular Coverage (%)

Error 1.04± 0.95 0.6± 0.41 1.54± 1.31

p-value 0.69 > 0.05 0.92 > 0.05 0.97 > 0.05

multiple dimensionalities and therefore requires some experience for interpreta-
tion. Therefore a so-called Motion Sphere was used to represent the impingement
results in a more intuitive manner (see Fig. 4(B)). In this graph, the femur is
represented as cylinder ending in a sphere which symbolizes the rotation center.
The result of the impingement analysis is visualized as a color-coded map on the
surface of a sphere.

2.5 Experiment Design and Results

In order to validate our comprehensive PAO planning and navigation with range
of motion optimization, three experiments were designed and conducted.

The purpose of the first experiment is to validate the accuracy and reliability
of the automated acetabular rim detection. In total 10 computer assisted PAO
procedures were performed on 5 cadavers (each cadaver has two hip joints). Three
different methods were used to extract the rim points from each acetabulum:
the automated rim detection method as presented in this paper, the method
introduced by Puls et al. [10], and an interactive manual picking method, whose
results are regarded as the ground truth. When our method was compared with
the ground truth, mean distances were less than 1mm in 9 out of 10 cases (see
Table 1), which is regarded accurate enough from a clinical point of view. When
our method was compared with the method introduced by Puls et al. [10], our
method generated much less rim points than theirs (on average 246± 29 points
with our method vs. 1216± 153 points with their method) but with an accuracy
similar to theirs. With less rim points detected, the simulation speed is improved.

For further validation purpose, we also compared hip morphological parame-
ters computed from the extracted rim points. With a paired Student t-test, no
statistically significant difference was found (see Table 2 for details).

The second experiment is designed to evaluate efficacy of two different PAO
planning strategies. In total 10 computer-assisted PAO planning was performed
on 7 real patients with acetabular dysplasia (AC: 62.4±6.5%). The first planning
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Table 3. The improved ROM ratio (%) between Plan1 (without ROM optimization)
and Plan2 (with ROM optimization)

AC (%) ROM (%) ΔROM (%) p-value

Plan 1 80.7± 5.6 71.0 ± 6.2
10.9 ± 3.1 1E-6 < 0.05

Plan 2 72.8± 5.3 81.9 ± 4.4

Table 4. The error difference (o) of decomposed motion components between pre-
operative planning and intra-operative navigation situations

Error(o)
Ext Rot/Int Rot Abd/Add Ext/Flex

0.7± 0.4 0.6 ± 0.4 0.9 ± 1.0

strategy is to reorient the acetabular fragment without taking hip impingement
into consideration. The other planning strategy is to reorient the acetabular
fragment with ROM optimization. It means that the reoriented pelvic model has
to be stored for ROM analysis. The above-described Motion Box visualizes the
results of the impingement analysis of the whole ROM consisting of impingement
and impingement-free areas. We computed the ratio of impingement-free areas
in Motion Box and investigated whether ROM improved significantly using the
planning strategy with ROM optimization (see Table 3). It was found that ROM
ratio obtained from the second planning strategy was increased by 10.9± 3.1%
when comparing to that obtained from the first planning strategy. A statistically
significant difference was found with a paired Student t-test (see Table 3 for
details where p-value for ROM ratio < 0.05).

The third experiment is designed to verify the hypothesis that the pre-operative
planned situation can be achieved intra-operatively with reasonable accuracy. In
total 8 computer assisted PAO procedures was performed on 4 cadavers, on which
pre-operative PAO planning with ROM optimization was conducted first. Subse-
quently the intra-operative navigation module was used to track acetabular and
pelvic fragments, supporting and guiding the surgeon during the osteotomies
around the acetabulum until the pre-operative plan was achieved. In order to as-
sess the difference between the pre-operatively planned situation and the intra-
operatively achieved result, we compared the decomposed rotation components
derived from the acetabular fragment reorientationbetween the planned and intra-
operative situations. The results are shown in Table 4. From this table, it can be
seen that the average errors along three motion components (External Rotation/
Internal Rotation, Abduction/Adduction and Extension/Flexion ) are 0.7◦±0.4◦,
0.6◦ ± 0.4◦ and 0.9◦ ± 1.0◦, respectively.

3 Discussions and Conclusions

In this paper, we presented a comprehensive planning and navigation system
for PAO with ROM optimization. Our experimental results demonstrated that a
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better preoperative assessment of impingement-free motion and the identification
of impingement location help surgeon to optimally plan PAO surgery.
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