MEDICAL
SCIENCE

L4

MONITOR

Received: 2016.12.07
Accepted: 2016.12.12
Published: 2016.12.26

Authors’ Contribution: ABCDEF
Study Design A ABCDEF
Data Collection B
Statistical Analysis C BCDE
Data Interpretation D BCDE
Manuscript Preparation E BCD
Literature Search F
Funds Collection G BCD
ABCDEFG
ABCDEFG
BCD

Corresponding Authors:
Source of support:

T T N T

LAB/IN VITRO RESEARCH

e-ISSN 1643-3750
© Med Sci Monit, 2016; 22: 5124-5130
DOI: 10.12659/MSM.902724

Theoretical Implications of Periacetabular
Osteotomy in Various Dysplastic Acetabular
Cartilage Defects as Determined by Finite
Element Analysis

Meng Xu
Wenrui Qu
Yanbing Wang
Lei Zhong

Zhe Zhu

Wei Li

Xin Zhao
Jincheng Wang
Yu Sun

1 Department of Orthopedics, The Second Hospital of Jilin University, Changchun,
Jilin, P.R. Chin

2 Department of Pediatrics, The First Hospital of Jilin University, Changchun, Jilin,
P.R. China

Jincheng Wang, e-mail: jinchengwang2015@gmail.com, Xin Zhao, e-mail: zhaoxin429@hotmail.com
Departmental sources

Background:

Material/Methods:

Results:

Conclusions:

MeSH Keywords:

Full-text PDF:

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Different extents and locations of acetabular cartilage defect have been supposed to be a major cause of un-
desirable outcomes of periacetabular osteotomy (PAO) in patients with developmental dysplasia of the hip
(DDH). This study aimed to verify whether different locations of cartilage deficiency affect the biomechanical
environment in a three-dimensional model utilizing finite element analysis (FEA).

We developed 3 DDH models — DDH-1 (normal shape), DDH-2 (superior defect), and DDH-3 (anterosuperior
defect) — by deforming from a normal hip model. We also developed 3 PAO models — PAO-1, PAO-2, and PAO-
3 —through rotating osteotomized fragments.

The maximum von Mises stress in the normal hip was 13.06 MPa. In the DDH-1 model, the maximum value on
the load-bearing area decreased from 15.49 MPa pre-PAO to 14.28 MPa post-PAO, while stresses in the DDH-
2 and DDH-3 models were higher than in the DDH-1 model, both pre-PAO and post-PAO (30.46 MPa to 26.04
MPa for DDH-2; 33.89 MPa to 27.48 MPa for DDH-3).

This study shows that, both pre- and post-PAO, different types of cartilage deficiency affect the biomechanical
environment. Furthermore, in dysplastic hips, obtaining accurate three-dimensional information about the ac-
etabular cartilage can contribute substantially to PAO decision making.
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Background
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Material and Methods

Developmental dysplasia of the hip (DDH) is a major cause of
osteoarthrosis in adolescent and adult patients [1,2]. Currently,
periacetabular osteotomy (PAO), a widely employed surgical
treatment for DDH, is performed to provide ideal acetabu-
lar coverage of the femoral head [3]. However, it is estimated
that the 10-year success rate of PAO is 87%, and the 20-year
rate is 61% [4], which are suboptimal results, considering the
young age at which many patients undergo the PAO procedure.
Current thinking holds that several factors may potentially re-
sult in undesirable outcomes of PAO [4,5], such as patient age,
grade of osteoarthritis, and skill and experience of the surgeon.

Recently, variability in the extent of acetabular cartilage de-
velopment has received increasing research interest and has
been investigated as a major cause [6]. Steppacher et al. [7]
found that patients with acetabular dysplasia had a clearly de-
creased lunate surface size, decreased outer acetabular rim,
and increased acetabular fossa. Van Bosse et al. [8] conclud-
ed that dysplastic cartilages were related to global deficien-
cy, not deficiency in just a single dimension. Moreover, Hiroshi
Ito et al. [9] categorized acetabular morphologic deficiencies as
anterior deficiency, posterior deficiency, and lateral deficiency
through three-dimensional (3D) computed tomography (CT).
Based on these views, we retrospectively analyzed the imaging
data of patients with poor post-PAO outcomes. Interestingly,
we found obviously irregular defects on the outer edge of the
acetabular lunate in these patients, especially in the superior
and anterosuperior regions (Figure 1). With decreased size of
the lunate surface, it is understandable that the weight-bear-
ing area of the femoral head could not be completely covered
by the articular cartilage, even though the PAO can provide
sufficient acetabular coverage.

Recently, FEA has been employed in the study of hip joint me-
chanical behavior and pre-clinical testing of DDH [6,10-13].
Zhao et al. [11] generated a series of FEA models of dysplastic
hips created through deforming the acetabular rim of a nor-
mal hip to investigate the effects of PAO. Zou et al. [6] devel-
oped a 3D FEA of PAO generated from CT scans of 5 DDH hips
to analyze contact area, pressure, and von Mises stress in the
femoral and acetabular cartilages. However, there is no pub-
lished research related to the variability of the abnormal shape
among real dysplastic acetabula. Therefore, we developed FE
simulation of DDH models with theoretical anterosuperior de-
fect (ASD) and superior defect (SD) of the acetabular lunate
surface generated from imaging of normal hips, based on our
previous work [11], to verify whether different configurations
of cartilage deficiency affect the biomechanical environment
pre- and post-PAO. This work may enable surgeons to pro-
vide patients with personalized preoperative planning of PAOQ.

Three DDH models (ASD, SD, and normal shape) were devel-
oped from the model created in previous work [11]. The 3 mod-
els had the same CE angles, but differently shaped acetabular
cartilage defects. Based on those DDH models, 3 PAO models
were developed individually. Mimics 14.1 (Materialise, Leuven,
Belgium) and MSC.Marc/Mentat2005r3 (MSC Software, Santa
Ana, CA, USA) were used for the development and analysis of
these models. The patients involved in this study all provid-
ed informed consent and this study was approved by our in-
stitutional review board.

Normal and DDH FE models

Briefly, the normal model (Figure 2) was generated from a
24-year-old male (with informed consent) without clinical or
radiological abnormalities. The presupposed target center-edge
(CE) angle and anterior center-edge (ACE) angle in this model
were both 25 degrees. The average thickness of the cartilage
layer was determined to be 2 mm [14]. The articular surface
was considered as a nonlinear, frictionless, 3D contact prob-
lem. The area of acetabular cartilage, excluding the fossa, was
2070.1 mm?2 The main linear elastic and isotropic material prop-
erties of cortical bone, trabecular bone, cartilage, and acetab-
ular labrum are shown in Table 1 [11,15,16]. Approximately,
600 000 tetrahedral elements and 120 000 nodes were used.

The 3 DDH models with decreased coverage of acetabular
cartilage were generated by deforming the acetabular rim to-
ward the posteromedial direction of the normal hip model.
The presupposed target CE angle and ACE angle were both
10 degrees. Compared to the normal hip, the DDH-1 model
had the same acetabular cartilage shape but less contact area
(1585.4 mm?). The shape of the acetabular cartilage of the 2
other models — DDH-2 and DDH-3 — were trimmed to the su-
perior defect and anterosuperior defect, respectively. However,
the 3 models had similar acetabular cartilage area through
adding certain elements in the acetabular fossae. The area of
acetabular cartilage in the superior defect model (DDH-2) was
1523.23 mm? and in the anterosuperior defect model (DDH-3)
it was 1492.67 mm? (Figure 1).

Post-PAO model

First, PAO were implemented in clinical settings by rotating the
acetabular bone fragment around the femoral head antero-
laterally until the target CE and VCA angles were 25 degrees.
Then, the osteotomized fragments were re-meshed. Thus, the
DDH-1, DDH-2, and DDH-3 models were rotated by 15 de-
grees in the anterolateral direction to create PAO-1, PAO-2,
and PAO-3, respectively.
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Figure 1. Normal shape and different defect regions of the acetabular cartilage. Steppacher et al. [7] found that acetabular dysplasia
was associated with a clearly decreased size of the lunate surface, decreased outer acetabular rim, and increased acetabular
fossa. (A, B) Show a normally shaped acetabular cartilage (lunate surface) of a 24-year-old male, which we used as the
normal FEA model [11]; (C, D) Show a superior defect of the lunate surface of a 16-year-old female DDH patient; (E, F) show
an anterosuperior defect of the lunate surface of a 21-year-old female DDH patient. At about 1 year after PAO, both patients
evidenced poor clinical outcomes.

Figure 2. FEA model of a normal hip. A 2-mm average thickness was assumed for the articular cartilage layer of the femoral head and
acetabulum. CE angle and VCA angle are both 25 degrees. (A) Frontal view: the load was applied on the center of the sacral
mount. W — body weight. Shaded areas were fixed in all directions. (B) Back view: mounts were placed over the attachment
of the middle gluteal muscle.
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Table 1. Element types and material properties of the normal model.
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Materials Element type Number of element  Young’s modulus (E: MPa) Poisson’s ratio (v)

Cortical bone Solid 288613 17 000 0.3
© Trabecularbone sold 26288 10 02
© Aticular cartilage sold 21839 15 o4
© Acetabular labrum solid 3 15 oa
""" Pubic symphyss ~ sod 1 oa
© saoiliac sold 1 oa
""" Mot sMd e 03
© Aticularsuface  Comtac Frictionless
Boundary and loading conditions Discussion

The boundary and loading conditions were based on single-
leg stance [6,17,18]. Vertically, a load of 620 N (body weight
of 74 kg) was placed on the center of the superior aspect of
the sacral mount. The simulated abductor force of the middle
gluteal muscle was defined as 460 N [19] (Figure 2). The sacral
mount was fixed on the transverse plane, and the distal femur
was fixed in all directions. For nonlinear analysis, force control
was used as the numerical procedure. The Newton-Raphson
method was applied as an iterative method, applying the load
in 20 steps by an incremental loading method.

Results

Stress distribution on the acetabular cortical bone (Figures 3, 4).

In the normal hip, the von Mises stress showed a uniform dis-
tribution pattern, mainly distributed in dispersed fashion on
the superior region of the lunate surface, and mostly concen-
trated on the intermediate region. The maximum value was
13.06 MPa. However, the von Mises stress in the 3 DDH mod-
els concentrated intensively on the edge of the acetabulum,
which was higher than in the normal model. The maximum
value of von Mises stress on the load-bearing area of the ac-
etabulum decreased from 15.49 MPa pre-PAO to 14.28 MPa
post-PAO in the DDH-1 model. The maximum value in DDH-2
fell from 30.46 MPa pre-PAO to 26.04 MPa post-PAO. The max-
imum value in DDH-3 decreased from 33.89 MPa pre-PAO to
27.48 MPa post-PAO. Although the 3 models were adjusted to
the same angle, the stress on the anterosuperior edge of the
acetabulum in DDH-1 became dispersed after surgery, while
the stress in the DDH-2 and DDH-3 models remained concen-
trated on this region.

Severe acetabular dysplasia has been proven to be prone to
progression to hip osteoarthritis [2,20,21]. In DDH patients, the
shallow acetabulum may cause increased stress on the carti-
lage matrix [22-24]. PAO is widely applied in patients with DDH
because the acetabular osteotomy fragment is rotated in the
anterolateral direction to cover the femoral head load-bearing
area through the preserved articular cartilage. Generally, PAO
can decrease the maximum stress on the load-bearing area and,
subsequently, improve the biomechanical environment of the
hip joint [11]. However, PAO can result in unsatisfactory out-
comes [25]. There are several potential factors that can lead to
undesirable outcomes of PAO in patients with DDH [5,25,26].
Acetabular cartilage insufficiency of varying extents appears
to be a major cause [6]. Hiroshi Ito et al. [9] demonstrated dif-
ferent defects of acetabular cartilage.

Given the above, the present study aimed to verify whether dif-
ferent types of acetabular cartilage deficiency affect the over-
all hip joint biomechanical environment, both pre- and post-
PAO. The normal and DDH-1 models were generated through
previous work [11]. Based on clinical work, we first developed
the DDH-2 and DDH-3 models (Figure 1). Postoperatively, the
maximum value of von Mises stress on the load-bearing area
of the acetabulum decreased from 15.49 MPa pre-PAO to 14.28
MPa post-PAO in the DDH-1 model, which was close to the
normal value (13.06 MPa). The stress concentration area also
shifted from the lateral portion pre-PAO to the medial portion
post-PAO, which showed satisfactory outcomes, as previously
reported [6,27]. The von Mises stress distribution on the ac-
etabulum in the DDH-2 model (superior defect) decreased to
some extent (the maximum value fell from 30.46 MPa pre-PAO
to 26.04 MPa post-PAO). The stress concentration area was
still distributed on the anterosuperior edge of the acetabulum,
not as ideal as in the DDH-1 model, which could cause biome-
chanical environment disorder of the hip due to high contact

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS] [Index Copernicus]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

5127




LAB/IN VITRO RESEARCH

Xu M. et al.:
Theoretical implications of periacetabular osteotomy in various dysplastic...
© Med Sci Monit, 2016; 22: 5124-5130

Anterior

0 7 14 28 35
L1 L1

vonr Mises stress (MPa)

Posterior

Figure 3. von Mises stress distributions on surface of acetabular bones in DDH models. (A) Normal; (B) DDH-1; (C) PAO-1; (D) DDH-2;

(E) PAO-2; (F) DDH-3; (G): PAO-3.
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Figure 4. Maximum value of von Mises stress on the surface of
the acetabulum in the FEA models.

stress (Figures 3, 4). Zou et al. [6] reported that the stress was
reduced by 13.4% post-PAO of a 15-degree-rotation in a pa-
tient with a CE angle of 10 degree. Moreover, the von Mises
stress on the acetabulum in the DDH-3 model (anterosupe-
rior defect) barely improved (the maximum value decreased
from 33.89 MPa pre-PAO to 27.48 MPa post-PAO). Therefore,
stress concentration might be a crucial reason for the develop-
ment of osteoarthritis in some DHH patients post-PAO [25,28].

Zou et al. [6] reported that about 25 degrees would be the op-
timal CE angle for rotational osteotomy based on FEA, which
closely approximates the study results of Armiger et al. [27]
and Steppacher et al. [4]. In our DDH-1 model with normally
shaped acetabular cartilage, the target CE angle post-PAO was
also 25 degrees. Because the DDH-2 and DDH-3 models orig-
inated from the DDH-1 model, these models had similar CE
and ACE angles, similar acetabular cartilage areas, the same
PAO surgery, and the same boundary and loading conditions.
Post-PAO, the outcome in models with different extents and
locations of acetabular cartilage defect (DDH-2 with superior
defect and DDH-3 with anterosuperior defect) was not as sat-
isfactory as in the DDH-1 model (normal shape of acetabular
cartilage). These findings showed that dysplastic hips (superior
or anterosuperior side), even treated with the “optimal 25 de-
grees,” still can cause long-term hip osteoarthritis due to the
stress concentration on the outer edge. This suggests a limi-
tation in the application of PAO for treating patients with se-
vere defect of the outer rim of dysplastic cartilage.

Acetabular reorientation is the most important and diffi-
cult step during PAO. Even with the ideal angle, the femoral
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weight-bearing area cannot be completely covered by acetab-
ular cartilage due to the decreased size of the lunate surface.
Hence, the superior and anterior coverage should be simulta-
neously guaranteed during PAO, according to the morphology
of the lunate surface in hip dysplasia. However, excessive cov-
erage might result in femoroacetabular impingement [29]. It is
essential to execute accurate preoperative design for planning
individualized osteotomy. It appears that detailed 3D informa-
tion about the acetabular weight-bearing surface, namely the
lunate surface, is crucial for preoperative assessment for PAO. So
far, the precise morphology of the lunate surface has only been
discussed in the normal hip, not in the dysplastic hip [30,31].
In the future, we plan to evaluate 3D morphology of the ace-
tabular lunate surface in patients with DDH and to make pos-
sible real optimal preoperative planning of PAO through FEA
and an intraoperative navigation system [18]. Through these
effects, optimum coverage of the weight-bearing area of the
femoral head might be achieved with cartilaginous congruen-
cy. The acetabular osteotomy bone fragments might then be
effectively reoriented to diminish contact stress per unit area,
contributing to more satisfactory postoperative prognoses.
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