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Summary
Introduction: The use of dual mobility cups is an effective method to prevent dislocations.
However, the specific design of these implants can raise the suspicion of increased wear and
subsequent periprosthetic osteolysis.
Hypothesis: Using radiostereometric analysis (RSA), migration of the femoral head inside the
cup of a dual mobility implant can be defined to apprehend polyethylene wear rate.
Study objectives: The study aimed to establish the precision of RSA measurement of femoral
head migration in the cup of a dual mobility implant, and its intra- and interobserver variability.
Material and methods: A total hip prosthesis phantom was implanted and placed under
weight loading conditions in a simulator. Model-based RSA measurement of implant penetration
involved specially machined polyethylene liners with increasing concentric wear (no wear, then
0.25, 0.5 and 0.75 mm). Three examiners, blinded to the level of wear, analyzed (10 times) the
radiostereometric films of the four liners. There was one experienced, one trained, and one
inexperienced examiner. Statistical analysis measured the accuracy, precision, and intra- and
interobserver variability by calculating Root Mean Square Error (RMSE), Concordance Correlation
Coefficient (CCC), Intra Class correlation Coefficient (ICC), and Bland-Altman plots.
Results: Our protocol, that used a simple geometric model rather than the manufacturer’s CAD
files, showed precision of 0.072 mm and accuracy of 0.034 mm, comparable with machining

tolerances with low variability. Correlation between wear measurement and true value was
excellent with a CCC of 0.9772. Intraobserver reproducibility was very good with an ICC of
0.9856, 0.9883 and 0.9842, respectively for examiners 1, 2 and 3. Interobserver reproducibility
was excellent with a CCC of 0.9818 between examiners 2 and 1, and 0.9713 between examiners
3 and 1.
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Discussion: Quantification of wear is indispensable for the surveillance of dual mobility
implants. This in vitro study validates our measurement method. Our results, and compari-
son with other studies using different measurement technologies (RSA, standard radiographs,
Martell method) make model-based RSA the reference method for measuring the wear of total
hip prostheses in vivo.
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ntroduction

he use of dual mobility cups is effective in avoiding dislo-
ations, as indicated in recent publications [1—6]. However,
heir specific design increases the surface subjected to fric-
ion and can raise the suspicion of increased wear and
eriprosthetic osteolysis. In total hip arthroplasty (THA),
he usual wear rate with metal-polyethylene friction torque
s between 0.1 and 0.2 mm/year [7]. Dumbleton et al. [8]
emonstrated that osteolysis rates correlated with wear
ates and size of debris, and also that osteolysis was rarely
bserved when wear was less than 0.1 mm/year. To date,
here have been few in vivo evaluations of dual mobil-
ty cup wear [4,9]. On standard anteroposterior views, the
emoral head is the most often invisible because of the metal
ack, which makes measurement difficult. Radiostereomet-
ic analysis (RSA), developed by Selvik in the early 1970s
10], enables precise measurement of femoral head pene-
ration in the acetabular component (representing bedding,
ear and creep) [11,12]. This is currently a reference
ethod for quantification of THA wear [13]. This study

imed to establish the precision of radiostereometric mea-
urement of femoral head migration in the implant dual
obility cup, and intra- and interobserver variability.

aterials and methods

xperimental model

dual mobility THA phantom implanted in synthetic bone
SawbonesTM, Pacific Research Laboratories, USA) was built
or this study (Fig. 1). A replica of the pelvis in which the
up corresponding to the mobile part of the assembly was
mpacted, and a replica of a left femur in which the femoral
omponent was implanted. The Novae ETM (Serf, Décines,
rance) metal back acetabular component in stainless steel
X18M25W), dual-coated with alumina (Al2O3) and hydroxya-
atite (CA10(PO4)6(OH)2), 57 mm in diameter, was positioned
n 45◦ abduction and 15◦ anteversion, to reproduce the usual
mplantation in vivo. This was a dual mobility cup with two
oncentric articulations. The external surface of the metal-
ic cup had an equatorial zone with macrostructure in relief,
nd a slightly flattened polar zone (of 0.5 mm) to free con-
traints leading to expulsion (Fig. 2). Four different mobile
olyethylene liners (PE-UHMW) were used. All had an exte-
ior diameter of 50.6 (± 0.1) mm. The femoral component

as a size 11-3 Dédicace TM stem (Stryker, Pusignan, France),
ssociated with a modular V40TM head 22.2 mm in diameter
ith a standard neck in stainless steel alloy (OrthinoxTM,
usignan, France).
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pective diagnostic study.
rights reserved.

To simulate polyethylene liner wear, specially manu-
actured liners were used, with different concentric wear
f the small articulation. Ordered directly from the man-
facturer (Serf, Décines, France), and processed to the
ame tolerances as standard liners, these four liners mea-
ured either 0 mm, 0.5 mm, 1 mm, or 1.5 mm more than
he internal diameter of a standard liner of 22.4 mm. Con-
erning the measurements, these corresponded to femoral
ead penetration of 0 mm, 0.25 mm, 0.5 mm and 0.75 mm,
espectively. The four liners all had an external diameter
f 50.6 (± 0.1) mm; thickness of the polyethylene was thus
4.01 mm, 13.76 mm, 13.51 mm and 13.26 mm, respectively.
he entire assembly bore a load of 200 N to simulate standing
osition.

rotocol for repetition of radiostereometric films

series of radiostereometric films were performed: one
eries corresponded to films of the four different implants
with 0 mm, 0.5 mm, 1 mm and 1.5 mm wear). Seven dif-
erent series were performed, on different days, each time
nder different conditions of model positioning in relation
o the calibration cage. The RSA setup (placement of X-
ay beam tubes and the calibration cage) was new for each
eries. All the series were analyzed 10 times by each exam-
ner. The results represented migration of the center of the
emoral head compared with the center of the cup. As rec-
mmended in previous studies [20], migration was expressed
n millimeters (mm), as for global migration (corresponding
o Maximum Total Point Motion [MTPM] in English-language
rticles), equivalent to the sum of migrations:

lobal migration =
√

(xi × xi) + (yi × yi) + (zi × zi).

Three examiners reviewed the images: an experienced
xaminer (Ex 1) specially trained in MBRSA technology at
he Leiden University in the Netherlands; a trained examiner
Ex 2), and an inexperienced examiner (Ex 3). All performed
ndependent and non-consecutive measurements; they were
linded to the level of wear.

adiostereometric measurements

he model was placed in the center of the RSA assembly that
onsisted of two synchronized X-ray tubes, placed at approx-
mately 1.5 m from the digital films. The assembly comprised
tube integrated in the examination room (Siemens Iconos

200), and a mobile device (Siemens Mobilett XP). Each
-ray beam was directed towards a different film with an
ngle of approximately 20◦ compared to the perpendicu-
ar [14]. A carbon calibration cage was positioned between
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Figure 1 Experimental model with all components in place. A: the upper part is removed to replace the polyethylene liner. B:
model under weight loading (200 N).
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Statistical analysis

The aim of this study was to establish the precision of
radiostereometric measurement of femoral head migra-
Figure 2 Diagram of the Novae E® metal back cup; spherical su
position.

the phantom and the films. This calibration cage enabled
definition of the three dimensional space with its coordi-
nates, for calculation of focus points. In this study, the
x, y and z-axes corresponded to the mediolateral, cranio-
caudal and anteroposterior directions, respectively. All the
images were processed on the radiology unit workstation, to
adjust their properties and thus obtain proper visualization
of the femoral head; they were then transmitted via the
intrahospital network to the Center for Research in Clinical
Orthopedics in Caen, France.

All the images were processed using contour detection
software (MBRSA v3.2, Medisspecial, The Netherlands), val-
idated by Garling et al. [15]. This technique is based on
the capacity to minimize the difference between the vir-
tual projection of a 3D surface model of an implant and
the actual projection of the implant on the radiographs.
The actual contours of the implant on the radiographs
were detected using Canny’s algorithm [16]. The 3D model
was projected on the planar image and the virtual pro-
jected contour was calculated [14]. The actual contour
and the virtual contour were defined as a chain of beads.
The difference between the two contours was defined as
the mean distance between the beads in the two chains
[17]. To minimize these differences, the first positioning
of the implant was performed manually by the operator.
Secondarily, a computerized algorithm was used (Itera-
tive Inverse Perspective Matching [IIPM]). This algorithm is

based on studies by Wunsch [18] and Besl [19]. To final-
ize contour optimization, we used the Valstar algorithm,
improved by Kaptein et al. [17]. This procedure was per-
formed for the two components: femoral head and cup
(Fig. 3).
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e in red. A: strict profile view. B: anterior view in ‘‘anatomical’’

Each implant was represented by a rudimentary geo-
etric model: the cup corresponded to a sphere 57 mm in
iameter, while the femoral head corresponded to a sphere
2.2 mm in diameter. During manual detection of the cup
ontours, the non-spheric parts of the implant were not
aken into account (pole and equatorial zone with protrusion
nd relief).
igure 3 Contour detection. Box: exponential representa-
ion of the difference between virtual and effective projections
blue lines).
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Table 1 Mean RMSE according to wear studied.

Wear n Mean RMSE Difference
(S if p < 0.05)

A(0.25 mm) 210 0.0314 A < B (S)
A < C (NS)
B > C (S)

0.0391
0.0320
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tively 0.039 mm, CI 95% [0.035—0.044], 0.036, CI 95%
[0.033—0.040], and 0.038, CI 95% [0.033—0.044]. The RMSE
intra differences between observers were however not sig-
nificant (Table 2). ICC between the measurements and
true values was calculated for the three examiners. It was
B (0.5 mm) 210
C(0.75 mm) 210

S: significant; NS: non significant; RMSE: Root Mean Square Error.

ion in the dual mobility implant cup, and its intra-
nd interobserver variability. Many publications use these
erms but with different meanings [21,22]. In this study,
he following definitions were used: precision of the
easurement method is defined as the closeness of

greement between repeated independent test results (pre-
ision = ± 1.96 × standard deviation); accuracy is defined as
he closeness of a measurement to the true value; the dif-
erence between the result obtained and the true value
orresponds to the bias. The Root Mean Square Error (RMSE)
orresponds to accuracy.

Statistical analysis was performed using Medcalc®,
ersion 10.4 (Medcalc Software, Mariakerke, Belgium) soft-
are. Mean error for measurements was calculated as the
ifference in measurement compared with the true value.
ccuracy of the protocol was evaluated using RMSE. These
esults have been presented as histograms of frequency dis-
ributions. Concordance correlation coefficient (CCC) was
sed, as well as regression graphs, to analyze correlations
etween the various results. CCC evaluated the tendency
or pairs of observers to be situated on a straight line at
5◦ passing through the origin [23]. Interobserver repro-
ucibility was also assessed using Bland-Altman plots. In this
ype of analysis, the difference between two observers is
lotted according to the evolution of the parameter stud-
ed [24]. To study intraobserver reproducibility, the first
nterpretation for each series served as the reference for
ther interpretations of the same series. Intra Class Corre-
ation Coefficient (ICC) was calculated for each examiner to
stimate intraobserver agreement [25]. Likewise, RMSE dif-
erences (calculated to study intraobserver reproducibility)
etween the various examiners were analyzed to evalu-
te possible disparities that could indicate a steep learning
urve. In all cases, a difference was considered significant
f p < 0.05.

esults

recision and accuracy

ean error for all measurements (n = 630), for all examin-
rs, was 0.023 mm, CI 95% [0.019—0.026]. Among the 630
easurements, the highest value for measurement error
as 0.16 mm. Precision was 0.072 mm. To assess the accu-

acy of our measurement protocol, Root Mean Square Error

RMSE) for all measurements compared with the true values
as 0.034 mm, CI 95% [0.032—0.036] (Fig. 4). Study of RMSE
ccording to wear (i.e. depending on the various liners),
ound accuracy was significantly less when wear was 0.5 mm
Table 1). However, measurement of wear was strongly cor-

F
b

igure 4 Distribution of error values for all measurements
n = 630).

elated with true value, whatever the liner studied, with a
CC of 0.9772 (Fig. 5).

ntraobserver reproducibility

MSE was calculated for each examiner (called RMSE
ntra). For examiners 1, 2 and 3, RMSE intra was respec-
igure 5 Regression line showing excellent correlation
etween wear measurements and true values.
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Table 2 Comparison of RMSE intra [CI 95%], depending on
examiner.

RMSE intra Difference not significant

Ex 1 0.039 [0.035 − 0.044] Ex 1 vs Ex 2: p = 0.34
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Ex 2 0.036 [0.033 − 0.040] Ex 1 vs Ex 3: p = 0.82
Ex 3 0.038 [0.033 − 0.044] Ex 2 vs Ex 3: p = 0.53

RMSE: Root Mean Square Error; Ex: examiner.

0.9856, 0.9883 and 0.9842, respectively for examiners 1, 2
and 3.

Interobserver reproducibility

Analysis of the three examiners’ results enabled evaluation
of interobserver reproducibility for our measurement proto-
col. On comparing the results of examiner 2 (trained) with
those of examiner 1 (expert), we found excellent correla-
tion with a CCC of 0.9818. The mean difference between
measurements by examiner 2 and examiner 1 was very
low: −0.0034 mm, CI 95% [−0.0088—0.0019] (Fig. 6). Like-
wise, excellent correlation was found between the results
of examiner 3 and those of examiner 1, with a CCC of
0.9713; the mean difference between measurements by
examiner 3 and those by examiner 1 was −0.0075 mm, CI 95%
[−0.01426—−0.00075]. We found less difference between
examiners 2 and 1 than between examiners 3 and 1, but this
was not significant.

Discussion

Two major questions remain unresolved concerning dual
mobility THA. The first is implant wear when subjected to
friction and compression forces; the second is periprosthetic
osteolysis caused by release of polyethylene particles due
to wear. To date, few studies have succeeded in precisely

quantifying wear in these implants, and in all cases, the
studies concerned polyethylene implants removed during
revision; until now, wear of dual mobility cups has rarely
been evaluated in vivo [4,9,26]. The aim of this study was
to establish the precision of radiostereometric measurement

p
a
d

s

Figure 6 Interobserver reproducibility. A: regression line showing
Bland-Altman plots showing dispersion of measurement differences
tal approach using RSA 613

f femoral head migration in the dual mobility implant cup,
nd its intra- and interobserver variability. The precision
nd accuracy of RSA measurements, in this experimental
rotocol, were 0.072 mm and 0.034 mm (CI 95%). Error was
lways random, as shown on the Bland-Altman plots. Corre-
ation between wear measurement and true value, whatever
he measure, was excellent with a CCC of 0.9772. Among
he 630 measurements performed under this protocol, the
ighest value for measurement error was 0.16 mm. This is
n important fact to be taken into consideration in future
linical studies. As the confidence interval for our results
as very short, this probably corresponded to an aberrant
easurement. We recommend in practice the performance

f systematic double interpretation as the best method to
void aberrant measurements.

The results for inter- and intraobserver reproducibility
ere excellent. The difference between the experienced
xaminer and the others was very small, with a very short
onfidence interval of 95%. In all cases, we found very good
orrelation between the results of the various examiners.
his was explained by the effectiveness of software assis-
ance in calibration and contour detection. Only Börlin et al.
27], in an experimental study on the precision of RSA mea-
urements of femoral implant positioning, had evaluated
nter and intraobserver reproducibility. Mean error between

examiners was 0.056 mm. However, our results are not
omparable because we studied relative migration of an
mplant compared with another, whereas Börlin et al. [27]
easured the position of one implant with two repeated
easurements.
Our aim was to be as close as possible to in vivo condi-

ions. Nevertheless, the system did not reproduce soft tissue
ttenuation, which can impair X-ray image quality, and thus
isturb detection of the tantalum cage markers and implant
ontours. Likewise, the contour of the femoral head was
lways visible, despite the metal cup 3 mm in thickness. In
veryday practice, we recommend meticulous adjustment
f the X-ray tube constants, adapted to each patient’s mor-

hology, to obtain the same images. The preparation stage
nd installation of the patient must also be precise and pro-
ucible, and performed by experienced staff.

We present results close to other RSA measurement
tudies of THA wear. Bragdon et al. [28] performed mea-

excellent correlation between examiner 2 and examiner 1. B:
between examiner 2 and examiner 1.
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Table 3 Comparison of various results published in the literature concerning the accuracy and precision of hip prosthesis wear
measurement.

Method Accuracy (mm) (RMSE) Precision (mm) (according to ASTM)

Kang (2003) [34] Simple X-ray 1.64 0.62
Ilchmann (2006) [35] EBRA 0.11a ns
Martell (1997) [36] Martell 0.033 0.48
Bragdon (2002) [28] RSA 0.065 0.067
Digas (2003) [37] RSA ns 0.1 − 0.22a

Börlin (2006) [29] RSA 0.053 0.125
This study (2010) RSA 0.034 0.072
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RMSE: Root Mean Square Error; ASTM: American Society for Testin
a Results presented by the author and calculated using a method

urements of precision and accuracy on an experimental
odel with RSA based on detection of markers. They showed

ery good results with 0.065 mm and 0.067 mm for accuracy
nd precision. Börlin et al. [29], in an experimental model
loser to ours, based on simple geometric models (hemi-
phere or sphere) found precision of 0.053 mm and accuracy
f 0.125 mm. A summary of various studies of radiographic
easurement of THA wear is presented in Table 3. However,

he results are not all comparable, because of the different
ethods used and the different prosthesis models stud-

ed. Many figures have been published on the precision and
ccuracy of RSA, but cannot be compared because of con-
iderable variety in calculation methods. To remedy these
isparities, uniformity in RSA study protocols is required
20].

The precision of a measurement depends a great deal
n the technology used. The choice of RSA method, among
he two currently available, is crucial, with advantages and
isadvantages in both cases. The contour detection method
model-based RSA) is increasingly opted for in clinical prac-
ice. In comparison with the reference RSA technique,
ased on marker detection (marker-based RSA), it has sev-
ral advantages. Marker-based RSA requires modifications in
rosthetic implants: the tantalum markers must be affixed
o the implant, or directly inserted in the implant. Several
tudies have shown the good precision of model-based RSA,
hough slightly inferior to marker-based RSA [14,17,30,31].

We decided to use simple geometric models to repre-
ent the cup and femoral head. In 1997, Valstar et al. [32]
ad already proposed the use of simple geometric models
hemisphere + a circle), but only to study the position and
rientation of the cup. They found a mean error for cup
enter positioning of 0.04 mm. Börlin et al. [29] also used a
emispheric model in their study of wear measurement in
006. In one experimental study involving contour detection
f a tibial implant in a knee prosthesis using model-based
SA, Hurschler et al. [30] showed that the reduction in the
roportion of contour detected had very little effect on mea-
urements. We thus decided to represent the cup with a
phere, which considerably simplified the models. Despite
he flattened pole of 0.5 mm and the equatorial zone with

TM
rojections of the Novae E cup, the spherical part was
ufficiently large and detectable on the RSA films to obtain
he precision expected. Using this method, we freed our-
elves from the need to use Computer Assisted Design (CAD)
r Reverse Engineered (RE) files [14,17].
erials; ns: not specified.
er than that of ASTM.

We propose a measurement protocol allowing quantifi-
ation of femoral head penetration in the cup. However,
his measurement is only an approximation of polyethy-
ene wear. In addition to wear, there are the phenomena
f bedding (early) and creep (distortion of materials under
onstant constraint). In the literature reporting radiographic
easurements of wear, creep is often described [13,33]. To
ate, no methods have been standardized for estimation of
he proportion of creep compared with true polyethylene
ear; the factors involved are so numerous and varied (cup
esign, polyethylene manufacturing quality, patient popula-
ion studied, etc.). Moreover, measurement of femoral head
enetration cannot differentiate between wear of the small
r the large articulation. Also, when studying polyethylene
ear in mobile liners in dual mobility implants, potential
ear due to contact between the femoral neck and the

etention collar of the liner (‘‘third articulation’’) must
e taken into account. This wear is not measurable using
adiographic techniques, but can be responsible for the
elease of polyethylene particles at the origin of osteoly-
is.

This study reports validation of a radiostereometric
easurement protocol of a dual mobility cup. This was pre-

equisite knowledge for implementing an in vivo study of
uch an implant compared with a fixed liner. The accuracy,
recision, reproducibility, and the low doses of radia-
ion, make model-based RSA the technique of choice for
nalysis of our arthroplasties. An international standard cur-
ently in development could become an indispensable tool
efore the marketing of or after modification of orthopedic
mplants.

onflict of interest statement

he companies SERF, Stryker Europe and Mathys contributed
o part of the cost of academic studies using RSA in an insti-
utional research account.
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