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Abstract
AIM: To determine hip joint center (HJC) location on 
hip arthroplasty population comparing predictive and 
functional approaches with radiographic measurements.

METHODS: The distance between the HJC and the 
mid-pelvis was calculated and compared between the 
three approaches. The localisation error between the 
predictive and functional approach was compared using 
the radiographic measurements as the reference. The 
operated leg was compared to the non-operated leg. 

RESULTS: A significant difference was found for the 
distance between the HJC and the mid-pelvis when 
comparing the predictive and functional method. The 
functional method leads to fewer errors. A statistical 
difference was found for the localization error between 
the predictive and functional method. The functional 
method is twice more precise.

CONCLUSION: Although being more individualized, 
the functional method improves HJC localization and 
should be used in three-dimensional gait analysis. 
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INTRODUCTION
Hip arthroplasty is a well accepted and successful pro-
cedure for patients suffering from degenerative hip joint 
disease. However, the anatomical reconstruction of  the 
hip is not always easy[1-3] and the insertion of  a hip pros-
thesis may lead to modification of  hip geometry[4-6]. Con-
sequently, these changes affect the hip joint dynamics. 
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In gait analysis, accurate location of  the hip joint center 
(HJC) is crucial for the quantification of  the musculoskele-
tal loading at the hip joint and is one of  the key point for 
the study of  post-operative rehabilitation[7]. This aspect 
is even more important in pathologic subjects, where the 
hip geometry and symmetry have been modified by the 
surgery and the pathological process. Improper HJC loca-
tion can affect hip loading, angles, moments and powers 
calculation acting at the hip joint[4-6]. 

The determination of  joint center location of  the 
lower limb is easier at the ankle and the knee than at the 
hip joint. For the ankle, the midpoint between the two 
malleolii gives a good estimate of  the joint center of  this 
articulation[8] while knee alignment devices improve sig-
nificantly the estimation of  the knee flexion-axis and the 
location of  the knee joint center[9]. Since the HJC loca-
tion is further to the skin surface and bony landmarks, no 
such assumptions can be made to locate the HJC. 

Several studies on hip arthroplasty[10-15] have relied on 
three-dimensional (3D) motion analysis programs (Cortex 
Motion analysis), Nondestructive Inspection first princi-
ple (Optotrak), Workstation (Vicon) to calculate HJC af-
ter hip arthroplasty. Since these softwares locate the HJC 
using predictive methods, a bias can be introduced by 
HJC mislocation and hence, could affect the calculation 
of  hip joint dynamics. Predictive approaches for locating 
HJC provide only an estimation of  the HJC based on 
linear regression equations of  data coming from markers 
placed on bony landmarks. For example, some models 
use the leg length, the width and depth of  the pelvis to 
locate the HJC. All models used in the predictive ap-
proach have been determined on few healthy subjects 
of  homogeneous populations. Moreover, hip symmetry 
of  the two legs is often assumed[16]. The accuracy of  
HJC calculated by this approach differs between stud-
ies. According to Bell et al[17] differences of  16 to 65 mm 
were observed between HJC calculated by the predictive 
method compared to radiographic measurements while 
Leardini et al[18] found difference of  8 to 16 mm with a 
similar study. It seems that the predictive method can be 
used for able-bodied subject but HJC location estimation 
can be compromised when applied to hip arthroplasty 
population, for which symmetry of  both legs and pelvis 
are modified. 

In recent years, the functional method, which uses the 
thigh kinematics relative to the pelvis, in its three degree 
of  freedom, to estimate 3D HJC location, has been pro-
posed[7,18-21] to improve precision of  HJC location. Several 
algorithms exist to model the HJC based on the func-
tional method, and according to Erigh et al[7] the Score 
algorithm provides the smallest estimation error on the 
HJC location. 

To our knowledge, no study has evaluated the impact 
of  the HJC estimation method on a pathologic popula-
tion. Moreover, no study has assessed the difference in 
algorithm performance between the operated and non-
operated legs. The purpose of  this study is twofold: (1) 
to compare the precision of  3D location of  the HJC 

obtained by both predictive and functional methods in 
patients with hip arthroplasty and to compare them with 
radiographic measurements; and (2) to determine if  a 
difference in HJC location exists between the operated 
and non-operated leg using the Score algorithm. Our 
hypotheses are that the functional method will be more 
accurate to estimate the HJC than the predictive method 
in hip arthroplasty patients and that the Score algorithm 
will perform as well as the operated leg than the non-
operated leg. 

MATERIALS AND METHODS
Patients and surgical procedure 
Patients from the orthopaedic clinic of  Maisonneuve-
Rosemont Hospital presenting unilateral hip osteoarthri-
tis and no other functional problems of  the lower limb 
were invited to participate in this study. Fourteen patients 
(age: 58.9 ± 9.3 years, weight: 81.0 ± 15.4 kg, height: 1.69 
± 0.09 m, body mass index: 28.2 ± 3.4 kg/m2) gave their 
written consent in accordance to the institutional research 
ethics and scientific committees. 

All hip replacements were performed by three ex-
perienced surgeons (ML, PAV, AR) using the posterior 
approach[22]. The biomechanics of  the operated hip was 
restored based on pre-operative template of  the normal 
contra lateral side. 

Radiographic measurements analysis 
Standardized post-operative anteroposterior radiographs 
of  the pelvis were taken. To ensure a normalized position-
ing of  the pelvis in both frontal and sagittal planes, the 
legs were positioned at 15° of  internal rotation and the 
coccyx was centered on the pubic symphysis and located 
proximally to within 20 to 40 mm of  the pubis. After be-
ing scanned (VIDAR VXR-12, Virginia, USA) radiographs 
were calibrated and analysed using Imagika software (Clini-
cal Measurement Corporation, New Jersey, USA).

The HJC location was defined as the geometrical 
center of  the femoral head modeled as a sphere. In the 
frontal plane, the perpendicular distance from the mid-
pelvis line (line from the center of  sacrum to center of  
pubic symphysis) and HJC was measured for both legs 
(Figure 1).

Biomechanical analysis
Reflective markers were placed on the left and right an-
tero and postero-superior iliac spines, lateral mid-thigh, 
medial and lateral knee condyles. Kinematics was re-
corded at 60 Hz by an 8 cameras Vicon system (Oxford 
Metrics, Oxford, UK). First, a 5 s static trial, was acquired 
where the subject received the same instruction as for the 
radiograph. They were then asked to maintain their trunk 
in an upright position and to perform three repetitions 
of  the Star Arc movement for both legs. The Star Arc 
movement, as described in Camomilla et al[23], consists in 
six movements: starting with a hip flexion, following by 
three hip abduction a hip extension and finishing by a 
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hip circumduction (Figure 2). All these movements were 
performed without pain at subject’s selected velocity and 
amplitude.

A local system of  coordinates (SoC) was defined for 
the pelvis to correspond to the radiographic plane. The 
pelvic plane of  reference was thus defined in the frontal 
plane as determined by the vertical axis and the antero-
superior iliac spines. The vertical axis was chosen as the 
vector of  reference. The SoC of  the thigh was calculated 
using the three markers placed on the mid thigh, medial 
and lateral knee condyles. The functional HJC was lo-
cated, for both the operated and non-operated leg using 
the Score algorithm[7]. Both the functional and predictive 
methods (calculated by Workstation software, Oxford 
Metrics, Oxford, UK) of  HJC locations were imported in 
the pelvis SoC in the static trial (Figure 3). 

The absolute medio-lateral coordinates of  both, the 
predictive and functional methods were used to calcu-
late the distance between the HJC and the mid-pelvis 
(HJCD) and were compared to the radiographic mea-
surements[17,18,24]. The HJCD of  the operated and non-
operated legs were also compared. Furthermore, the HJC 

location error (HJCLE) was determined (radiographic 
measurement - predictive and functional method) and 
was compared between the two methods. The HJCLE of  
the operated and non-operated legs were also compared. 
Data were processed with Matlab 7.0 (The MathWorks 
Inc., MA, USA). 

Statistical analysis
Statistical analyses were performed using SPSS 17.0 
(SPSS Inc., Illinois, USA). A two-way analysis of  variance 
(ANOVA) was used to compare the HJCD obtained by 
the three methods (predictive, functional and radiograph-
ics measurements) and to compare the results obtained 
for the operated and non-operated legs. The HJCLE was 
analyzed using a two-way ANOVA. The results were then 
further analysed, if  necessary, with Tukey post-hoc tests. 
All analyses were done with a level of  signification set at 
0.05. 

RESULTS
A significant difference was found between the HJCD 
and the predictive method compared to the functional 
method (P = 0.01) and the radiographic measurements 
(P = 0.01). No significant difference was found for the 
HJCD between the functional method compared to radio-
graphic measurements (P = 0.06). No statistical differ-
ence was found for the legs (operated vs non-operated) 
and no interaction was found (method × leg) (Figure 4). 

A statistical difference was found for the HJCLE be-
tween the predictive and functional method (P = 0.01). 
No statistical difference was found for the legs (P = 0.07). 
No interaction was found (Figure 5).

DISCUSSION
First, this study compared two different approaches, the 
predictive and functional methods, for estimating the 3D 
HJC location and compared them with radiographic mea-
surements. Secondly, the HJC location of  the operated 
and non-operated leg was compared in patients with hip 
arthroplasty. 
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Figure 1  The distance between the hip joint center and the mid pelvis.
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Figure 2  The Star arc movement. The Star arc movement is starting with a 
hip flexion, following by three hip abduction, a hip extension and finishing by a 
hip circumduction.
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Figure 3  A local system of coordinates was defined for the pelvis to cor-
respond to the radiographic plane.
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HJCD in the frontal plane
In the present study, the absence of  a statistical differ-
ence between the radiographic measurements and the 
HJC location calculated by the functional method found, 
supports the idea of  the feasibility of  determining HJC 
location with a smaller error in the frontal plane than 
predictive method in pathological subjects[21]. Previous 
studies have suggested that the use of  the functional 
approach to determine the HJC location was not ap-
propriate when hip motion is restricted by a pathologic 
process[24,25]. However Piazza et al[21] demonstrated that 
even with restricted range of  motion, the accuracy of  
the 3D HJC location is not reduced. Nevertheless, these 
results were obtained from healthy subjects where data 
were modified to simulate a pathologic population. In our 
study, the comparison of  HJC locations was performed 
in hip arthroplasty patients, in whom symmetry of  both 
limbs could not be assumed and hip range of  motion 
was reduced because of  the pathologic process around 
the hip joint. According to our results, the functional ap-

proach can easily be integrated in gait analysis and would 
improve the calculation accuracy in hip joint loading, 
angles, moments and powers. Moreover, the absence of  
a statistical difference between the operated and non-op-
erated leg demonstrates that the Score method performs 
adequately with pathological subjects which consolidate 
the clinical utilisation of  this algorithm. 

HJCLE in the frontal plane 
The statistical difference found for the HJCLE between 
the predictive and functional methods shows the limit 
of  the predictive method[16,17,26]. In fact, the predictive 
method is twice less accurate than the functional method 
when comparing to radiographic measurements. In order 
to restore hip biomechanics, the surgeon performs pre-
operative template during which the contra-lateral normal 
leg serves as the reference for restoring the normal hip 
joint anatomy. Despites pre-operative template, hip pa-
rameters such as femoral offset, vertical and horizontal 
centers of  rotation and leg length are not always normal-
ized[1-3]. Moreover, anthropometric tables and linear re-
gressions, used in the predictive method, do not take into 
consideration the new hip geometry and pathological 
process and therefore cannot correctly estimate the 3D 
HJC location. Previous studies have shown that errors 
in HJC location of  20 mm in the frontal plane can lead 
to underestimation of  adduction moment arm of  20%, 
force of  26% and moments of  40%. This demonstrates 
the sensitivity of  HJC location on gait analysis[27]. No 
statistical difference was found in HJCLE between the op-
erated and non-operated legs when using the predictive 
and functional methods. However, it is likely that a larger 
sample size would lead to significant statistical difference. 
These results could promote the operated leg with a dif-
ference error closer to the radiographic measurements 
independently of  the method used. This might be ex-
plained by the assumption that on the operated side, the 
hip is a ball and socket joint while on the non-operated 
side the hip might suffer from Osteoarthritis (OA) which 
affects its geometry. Moreover previous studies[28,29] have 
reported leg length discrepancy after hip arthroplasty 
which may compromise the estimation of  the 3D HJC 
location. In both cases, it provides better conditions for 
HJC calculation of  the operated leg. 

Limits
Some limitations are associated with this study. Firstly, 
even if  the used of  three markers, placed in order to de-
fine pelvis orientation, is enough to determine the loca-
tion of  the HJC[26], the used of  more than three markers 
could provide redundant information in pelvis and thigh 
kinematics and consequently reduce soft tissue artefact. 
Secondly, since radiographic measurements are always 
taken pre and post- surgery, they could be more useful to 
improve HJC location. The comparison between radio-
graphic measurements and 3D HJC location from mo-
tion analysis software would be facilitate if  superior iliac 
spine were always visible or if  two bi-planar normalized 
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Figure 4  The mean of the hip joint center and mid pelvis distance for the 
three groups, for the operated and non-operated leg.
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Figure 5  The mean of the hip joint center localisation error for the func-
tional and predictive methods, for the operated and non-operated leg.
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radiographic measurements or other 3D medical imaging 
were available. This would help in locating the HJC in 
space and it would be easier to corroborate with HJC lo-
cation given by 3D analysis software. Thirdly, because of  
the inability of  some patients, hip movements were done 
in a restricted range of  motion. 

In conclusion, this study showed a HJCD similar to 
the radiographic measurements and a smaller HJCLE 
for the functional approach. Furthermore, according to 
the HJCD and HJCLE no difference was found between 
the operated and non-operated leg. Patients undergo-
ing hip arthroplasty are a challenging population for the 
determination of  3D HJC location because their hip ge-
ometry and symmetry has been modified by the surgical 
intervention and the pathological process. In such condi-
tions, the functional method is more accurate than the 
predictive method in the frontal plane when compared 
to radiographic measurements. Although being more 
individualized, the functional method improves 3D HJC 
localisation and should be used in 3D gait analysis. 
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