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Abstract. Abnormal mechanical loading is a main external 
factor affecting the development of osteoarthritis (OA). 
Excessive posterior pelvic inclination may decrease the 
loading area of the acetabulum, increasing mechanical stress 
to the articular surface and resulting in hip OA. However, 
exactly how much posterior pelvic inclination produces an 
excessive load on the articular surface remains unknown. The 
present study investigated the mechanical stress of 27 hips in 
19 women [unilateral (right or left) hip joints of 11 women and 
bilateral (right and left) hip joints of 8 women were analyzed] 
with or without acetabular dysplasia by finite element analysis. 
Patient‑specific finite element models were constructed from 
computed tomography data obtained in the supine position. 
The posterior pelvic inclination in the models was changed 
from 0 to 30 degrees in five‑degree increments. The asso‑
ciation between equivalent stress in the hip joint and the 
pelvic inclination or acetabular dysplasia was analyzed. The 
equivalent stress for the femoral head in the original position 
was 0.97 MPa (0.91‑1.01) in normal hip joints and 1.18 MPa 
(1.00‑1.28) in hips with acetabular dysplasia (P=0.023). The 
equivalent stress significantly increased at >25 degrees of 
posterior inclination. In normal hips, when the pelvic posterior 
inclination was increased by 25 and 30 degrees, the equivalent 
stress was 1.21 (1.11‑1.35) and 1.24 (1.20‑1.47) MPa, respec‑
tively (P=0.029 and 0.010, respectively). The mechanical 
stress of normal hip joints serially increased as the posterior 

pelvic inclination increased, reaching a level almost equivalent 
to that of hip joints with acetabular dysplasia at 25 degrees of 
posterior inclination. On the whole, the present study demon‑
strates that posterior pelvic inclination may be a mechanical 
factor affecting the development of OA in patients without 
acetabular dysplasia, particularly when the posterior inclina‑
tion exceeds 25 degrees. 

Introduction

Abnormal mechanical loading is a main external factor 
affecting the development of osteoarthritis (OA). Physiological 
loading plays a critical role in the maintenance of the carti‑
lage matrix. However, excessive loading causes an imbalance 
between the degradation and synthesis of matrix macromol‑
ecules, thus resulting in OA (1,2). Obesity and a heavy physical 
workload influence the occurrence of hip OA (3,4). Acetabular 
dysplasia is an anatomical factor that increases the mechanical 
stress on the articular surface of the hip joint (5,6). However, 
the incidence of OA with concurrent acetabular dysplasia is 
lower in patients of an advanced age (7,8). 

Age‑related spinal degenerative change commonly results 
in spinal kyphosis in older individuals. Patients with spinal 
kyphosis develop posterior pelvic inclination to compensate 
for their sagittal spinal imbalance (9‑11). Excessive posterior 
pelvic inclination may uncover the anterior acetabulum (12). 
The decrease in the loading area of the femoral head presum‑
ably increases mechanical stress to the articular surface, 
resulting in OA. To date, only a limited number of studies have 
described such a mechanism in the etiology of hip OA (13,14). 
Kitamura et al (15) recently analyzed the equivalent stress of 
the acetabular surface at three pelvic tilt positions relative to the 
functional pelvic plane (10° anterior tilt, no tilt, and 10° posterior 
tilt). They demonstrated that the mean contact area was smaller 
and that the mean maximum contact pressure and median 
maximum equivalent stress were larger in anteriorly than 
posteriorly tilted pelvises. However, exactly how much posterior 
pelvic inclination produces an excessive load on the articular 
surface and is a risk factor for OA onset remains unknown.

The present study was thus performed to determine the 
amount of posterior pelvic inclination required to reproduce 
the loading condition of the dysplastic hip joints using finite 
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element (FE) analysis. To this end, the mechanical stress of the 
articular surface of the hip was analyzed while posterior pelvic 
inclination was serially increased in five‑degree increments. In 
addition, the mechanical stress was compared between normal 
hips and hips with acetabular dysplasia with or without poste‑
rior pelvic inclination.

Patients and methods

Patients. Patients treated for coxalgia at Kagoshima 
University Medical Hospital from January, 2011 to December, 
2016 were retrospectively evaluated. The criteria for enroll‑
ment in the present study were as follows: A hip joint space 
of >2.0  mm, no radiographic evidence of formation of 
osteophytes or cysts or severe sclerotic change, deformity of 
the femoral head to eliminate secondary changes in osteo‑
arthritic progression, and no previous operation on the hip 
joint. The present study finally included 27 hips of 19 women 
[unilateral (right or left) hip joints of 11 women and bilateral 
(right and left) hip joints of 8 women were analyzed]. All 
data were retrospectively collected from medical records 
(Table  I). The research protocol of the present study was 
approved by the Institutional Ethics Committee on Clinical 
Research of Kagoshima University, and the study was 
performed in compliance with the Declaration of Helsinki. 
Patient consent was waived by the committee as this study 
was a retrospective observational study.

Radiographic measurements. The Sharp's angle of the hip and 
pelvic inclination were measured on frontal X‑ray images of 
the bilateral hip joints. A Sharp's angle of ≥45 degrees was 
defined as acetabular dysplasia in the present study. The 
pelvic inclination was calculated based on measurements from 
anteroposterior pelvic radiographs according to a previous 
report (16). In summary, the pelvic inclination was calculated 
using the following equation: A=‑69.0° x L/T + 61.6° in women, 
where L/T is the longitudinal/transverse axis length ratio of 
the pelvic cavity on the anteroposterior pelvic radiograph. The 
equation was produced by comparing the pelvic inclination 
with the L/T ratio using Japanese pelvic bones. According 
to an original study using anteroposterior pelvic radiographs 
of normal hip joints, the standard pelvic inclination was 
19.97±5.93° in women (16).

FE analysis. Femoral and pelvic models were created based 
on computed tomography (CT) scans with a slice thickness of 
3 mm. CT imaging was performed in the supine position. This 
position was defined as the original position.

FE models of the femur and pelvis were generated from 
the CT data using Mechanical Finder version 9.0 software 
(Research Centre for Computational Mechanics Inc.). This 
software constructs FE models demonstrating the shape of 
the individual bone and the distribution of its density; it also 
implements the FE method for solving linear algebraic equa‑
tions using the displacement method (17). FE mesh models 
were produced using ANSYS ICEM CFD version  18.0 
(ANSYS Inc.) with this software. FE models of the femur 
were produced using the methods described in the study by 
Bessho et al (17) and their methods were applied to the pelvis. 
Image processing was performed using Mechanical Finder 

version 10.0 (Research Centre for Computational Mechanics 
Inc., Tokyo, Japan).

Subsequently, three‑dimensional FE models were 
constructed for each patient (Fig. 1). A mesh size of <2 mm 
could not be solved due to the limited capacity of the computer 
used. A total of five models of different mesh sizes were 
created to perform the mesh sensitivity test: 2.0 to 4.0 mm, 
2.5 to 5.0  mm, 3.0 to 6.0  mm, 3.5 to 7.0  mm and 4.0 to 
8.0 mm. The mesh convergence test used in the present study 
calculated the equivalent stress. The percentage change of the 
equivalent stress between the 2.0‑ to 4.0‑mm model and the 
2.5‑ to 5.0‑mm model was 0.70%. The percentage changes 
between the 2.0‑ to 4.0‑mm and 3.0‑ to 6.0‑mm models, 2.0‑ 
to 4.0‑mm and 3.5‑ to 7.0‑mm models, and 2.0‑ to 4.0‑mm 
and 4.0‑ to 8.0‑mm models were 1.13, 3.70 and 5.02%, respec‑
tively. Therefore, the 2.0‑ to 4.0‑mm mesh size was used. 
These models had 2.0‑ to 4.0‑mm tetrahedral elements for the 
inner cortical and cancellous bone and three‑nodal point shell 
elements with a thickness of 0.4 mm for the outer cortical bone. 
Articular cartilage was modeled as a homogeneous isotropic 
material  (18). The articular cartilage of the femoral head 
was presumed to be spherical and to have a mean thickness 
of 2.0 mm (19). The models of articular cartilage had 0.5‑ to 
1.0‑mm tetrahedral elements. FE models of the pelvis were 
constructed with ~300,000 elements, and those of the femur 
were constructed with ~130,000 elements. The elastic modulus 
of the cortical and cancellous bone was determined from CT 
density values using the equations proposed in the study by 
Keyak et al (20) (Table II). Poisson's ratio of the cortical and 
cancellous bone was 0.40 (20,21). Articular cartilage had an 
elastic modulus of 10.35 MPa and a Poisson's ratio of 0.40 (18). 
The models presumed completely bonded interfaces between 
cartilage and bone, while the coefficient of friction between 
cartilages was presumed to be 0 (Fig. 1). The applied loading 
condition was based on the study by Ike et al (18). A load of 
1,600 N was applied vertically to the sacral spine. The models 
were presumed to represent the patient standing on one leg. 
Pauwels (22) previously reported that the contact force of the 
femoral head was three times the body weight when standing 
on one leg. The mean body weight of Japanese women was 
~53 kg in 2015. Therefore, the load was defined as 1,600 N. Of 
note, two boundary conditions were used in the present study: 
The distal parts of the femoral shafts were fully restrained, 
and the median line of the pelvis was fully restrained except 
for Z‑axial displacement (Fig. 2). In each model, three‑dimen‑
sional FE models were also constructed by changing the 
pelvic inclination from the original position to +30 degrees in 
five‑degree increments.

The Drucker‑Prager yield criterion was used. The mean 
equivalent stress in the subchondral bone was used. The mean 
equivalent stress in the part of the femoral head covered by the 
acetabular roof was measured.

Statistical analysis. Age, Sharp's angle of the hip and pelvic 
inclination values are expressed as the mean  ±  standard 
deviation. The equivalent stress is expressed as the median 
and interquartile range. The Kolmogorov‑Smirnov and 
Shapiro‑Wilk tests were used to evaluate the data. The equiva‑
lent stress did not follow a normal distribution; therefore, the 
Mann‑Whitney U test was used to compare the equivalent 
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stress of the femoral head between normal hip joints and 
hips affected by acetabular dysplasia. A value of P<0.05 was 
considered to indicate a statistically significant difference. 
The equivalent stress measured for each pelvic inclination 
was compared. The Kruskal‑Wallis test was used to compare 
the equivalent stress among the different pelvic inclinations. 
If the difference was significant, the Bonferroni correction 
was used. All statistical analyses were performed using EZR 
version 1.35 (Saitama Medical Center, Jichi Medical University, 
Saitama, Japan), which is a graphical user interface for R (The 
R Foundation for Statistical Computing). More precisely, it is 
a modified version of R commander designed to add statistical 
functions frequently used in biostatistics (23).

Results

FE analysis was used to compare normal hips with hips affected 
by acetabular dysplasia, changing the pelvic inclination from 
the original position to 30 degrees. The equivalent stress for the 

femoral head at the original position was 0.97 MPa (0.91‑1.01) 
in normal hip joints and 1.18 MPa (1.00‑1.28) in hips affected 
by acetabular dysplasia (P=0.023; Fig. 3). 

The distribution and volume of the equivalent stress 
to the femoral head at the original position and with 30 
degrees of posterior inclination is presented in Fig. 3. In hips 
with acetabular dysplasia, the equivalent stress one‑sidedly 
increased at the anterior portion of the femoral head compared 
with the normal hip (Fig. 4A and C). In both normal hips 
and hips with acetabular dysplasia, the equivalent stress was 
markedly increased at 30 degrees of posterior inclination 
(Fig. 4B and D). 

The equivalent stress of the femoral heads under various 
conditions in which the pelvic inclination was changed from 
the original position to 30 degrees in 5‑degree increments 
is shown in Table  III. In both normal hips and hips with 
acetabular dysplasia, the equivalent stress increased in a step‑
wise manner. In the normal hips, when the pelvic posterior 
inclination was increased by 25 and 30 degrees, the equivalent 

Table I. Baseline characteristics of the patients in the present study.

	 Normal	 Acetabular dysplasia
	 (n=16 hips)	 (n=11 hips)	 P‑value

Age, years	 59.0±19.7	 46.0±13.5	 0.98
Sharp's angle of the hip	 39.3±3.3	 47.6±2.1	 <0.001a

Pelvic inclination	 22.4±5.7	 19.6±5.0	 0.20

Data are presented as the mean ± standard deviation. aSharp's angle of normal hips was significantly smaller than that of hips with acetabular 
dysplasia.

Figure 1. Details of finite element meshes. Linear elements were used. (A) Shell element with a thickness of 0.4 mm. (B) 2‑ to 4‑mm tetrahedral elements. 
(C) Three‑dimensional FE model and the contact model and settings. (a') Bone of the acetabular side. (b') Cartilage of the acetabular side. (c') Cartilage of the 
femoral head side. (d') Bone of the femoral head side.  
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stress was 1.21 (1.11=1.35) and 1.24 (1.20=1.47) MPa, respec‑
tively (P=0.029 and 0.010, respectively). In the hips affected 
by acetabular dysplasia, when the posterior pelvic inclination 
was increased by 30 degrees, the equivalent stress was 1.61 
(1.33‑1.85) (P=0.016; Table III).

The equivalent stress of the femoral heads in patients 
with acetabular dysplasia was 1.22‑fold greater than that 
in patients with normal hip joints. The equivalent stress 
of the normal hip joint with 25 degrees of posterior pelvic 
inclination was 1.25‑fold greater than that of the original 
position. This overloading of the normal hip joint in patients 

with posterior pelvic inclination was the same as that in 
patients with acetabular dysplasia in the original position. 
Furthermore, the equivalent stress of the hip affected by 
acetabular dysplasia with 25 degrees of posterior pelvic 
inclination was 1.55‑fold greater than that of the normal hip 
at the original position (Fig. 5).

Discussion

The present study investigated the mechanical stress of hip 
joints with or without acetabular dysplasia by FE analysis. 
The mechanical stress when the posterior pelvic inclination 
changed from 0 to 30 degrees was also investigated. 

A previous epidemiological study demonstrated that the 
population with acetabular dysplasia had a 4.3‑fold higher risk 
of developing radiographic OA of the hip than the population 
without acetabular dysplasia (6). Excessive contact stress of 
the articular surface of the hip in patients with acetabular 
dysplasia predicts the onset of OA; therefore, various osteoto‑
mies have been designed to reduce the mechanical stress and 
risk of OA development (24).

Figure 3. Equivalent stress in femoral head of normal hip or hip with acetab‑
ular dysplasia. The equivalent stress between the femoral head of the normal 
hip and the hip with acetabular dysplasia differed significantly (*P=0.023). 
The Mann‑Whitney U test was used to analyze the data. 

Figure 2. Loading and restriction conditions. A load of 1,600 N was applied 
vertically to the sacral spine (white arrow). The distal portion of the femoral 
shaft was fully restrained (white arrowheads). The median line of the pelvis 
was fully restrained except in Z‑axial displacement (black arrowheads).

Figure 4. Diagram of equivalent stress. (A) Normal hip in the original posi‑
tion. (B) Normal hip with an additional 30 degrees. (C) Hip with acetabular 
dysplasia in the original position. (D) Hip with acetabular dysplasia with an 
additional 30 degrees.

Table II. Equations used to calculate the elastic modulus of 
bone.

Bone density	 Elastic modulus

ρ=0	 0.001
0<ρ≤0.27	 33,900p2.20

0.27<ρ<0.6	 5307p + 469
0.6≤ρ	 10,200p2.01

The information in the table is derived from a previous study (20). ‘ρ’ 
represents the density of the bone; p (g/cm3)=(HU +1.4246) x0.001/1.058 
(HU >‑1)=0.0 (HU ≤‑1), where HU indicates Hounsfield units. 
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Patient‑specific FE analysis has revealed that rotational 
acetabular osteotomy reduces the mechanical stress in the hip 
joint. The equivalent stress in the femoral head has been shown 

to decrease from 3.4 MPa (1.2‑6.0) to 2.9 MPa (1.7‑4.0) (18). 
Therefore, the post‑operative equivalent stress in the femoral 
heads with acetabular dysplasia was 0.85‑fold greater than that 
in the pre‑operative hips (18).

Hip‑spine syndrome is a widely accepted morbid association 
between lumbar spine arthrosis and hip arthrosis (25). In patients 
of an advanced age, posterior pelvic inclination commonly 
increases due to various factors, including spinal kyphosis, 
paravertebral muscle weakness and failure of the pelvic support 
mechanism (26). Posterior pelvic inclination in patients with 
decreased lumbar lordosis reduces the femoral head area covered 
by the acetabulum (12). The present study demonstrated that 
normal hip joints without acetabular dysplasia had a mechanical 
stress almost equivalent to that in hip joints with acetabular 
dysplasia when posterior pelvic inclination was increased to 25 
degrees (Fig. 5). Yoshimoto et al (27) analyzed several hip‑spine 
alignment parameters, including pelvic tilt in patients with or 
without hip dysplasia. They found that patients who had hip OA 
without acetabular dysplasia tended to have decreased lumbar 
lordosis and increased posterior pelvic tilt, which was frequently 
observed in the older patients (27). With aging, posterior pelvic 
tilt increases as lumbar spinal degeneration decreases lumbar 
lordosis, resulting in secondary hip OA (spine‑hip syndrome). 
Based on these current findings, posterior pelvic inclination of 
>25 degrees may be a risk factor for onset of OA secondary to 
pelvic malalignment, including hip‑spine (spine‑hip) syndrome. 

Table III. Equivalent stress in the femoral head in the patients in the present study.

A, Normal hip
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
			   P‑value
Pelvic inclination angle	 Median	 Interquartile range	 (vs. original position)

Original position	 0.97	 0.91‑1.01	
+5°	 1.00	 0.93‑1.05	 1.0
+10°	 1.02	 0.93‑1.10	 1.0
+15°	 1.10	 0.99‑1.16	 0.97
+20°	 1.16	 1.05‑1.24	 0.11
+25°	 1.21	 1.11‑1.35	 0.029a

+30°	 1.24	 1.20‑1.47	 0.010a

B, Acetabular dysplasia
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
			   P‑value
Pelvic inclination angle	 Median	 Interquartile range	 (vs. original position)

Original position	 1.18	 1.00‑1.28	 1.0
+5°	 1.19	 1.05‑1.31	 1.0
+10°	 1.23	 1.08‑1.37	 1.0
+15°	 1.30	 1.12‑1.40	 1.0
+20°	 1.39	 1.20‑1.48	 1.0
+25°	 1.51	 1.26‑1.67	 0.18
+30°	 1.61	 1.33‑1.85	 0.016a

The results are presented as the median with interquartile range. The unit of equivalent stress is MPa. The Kruskal‑Wallis test was used for 
multiple comparisons. If statistical significance was found, the Bonferroni correction was used. aIndicates a statistically significant difference 
vs. the original position.

Figure 5. Equivalent stress under different conditions. The equivalent stress 
of the femoral heads with acetabular dysplasia was 1.22‑fold greater than 
that of normal hip joints. The equivalent stress of the normal hip joint with 
25 degrees of posterior pelvic inclination was 1.25‑fold greater than that of 
the original position. Thus, overloading of normal hip joints with posterior 
pelvic inclination of 25 degrees was equivalent to that in hips with acetabular 
dysplasia in the original position (dashed line). 
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The present study has several limitations. First, the stress 
was analyzed for a single‑legged stance. The stress of the 
hip joint during some activities (walking, running and stair 
climbing) could not be evaluated. Second, the bone models 
were created based on the CT images of each patient, but 
with the same loading conditions. Therefore, the results of 
the present study were subject to minor differences. Finally, 
the main limitation of the present study was the lack of direct 
epidemiological data showing that posterior pelvic inclination 
is a risk factor for OA. Such an epidemiological study may 
demonstrate the actual critical degree of posterior pelvic incli‑
nation that leads to hip OA. 

In conclusion, the present study demonstrated that the 
mechanical stress of normal hip joints serially increased as 
posterior pelvic inclination increased, reaching a level almost 
equivalent to that of hip joints with acetabular dysplasia at 25 
degrees of posterior pelvic inclination. The data presented 
herein suggest that posterior pelvic inclination may be a 
mechanical factor that affects the development of OA in 
patients without acetabular dysplasia, particularly when the 
posterior pelvic inclination exceeds 25 degrees.
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