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Polyethylene acetabular wear in hip prostheses
Computer-simulated quantification of error caused by changes in pelvic 
orientation and direction of wear
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Background and purpose   Polyethylene is commonly 
employed for bearings in acetabular cups used in hip 
replacements. Assessment of in vivo wear is important 
for evaluation and monitoring of wear in individual 
patients, as well as in different implant designs. Polyeth-
ylene wear is quantified by comparisons of radiographic 
measurements made on sequential pelvic radiographs. 
Variations in pelvic orientation and variation in direc-
tion of wear may cause underestimation of polyethylene 
wear measurements. The purpose of this study was to 
quantify these effects on 2-dimensional measurements 
of polyethylene wear.

Methods   A computer program designed to simulate 
radiographs was employed to generate virtual radio-
graphs of a virtual pelvis with a total hip replacement. 
Effects caused by variation in pelvic spatial orientation 
and variations in wear direction on wear measurements 
were analyzed separately. A Monte Carlo computa-
tional algorithm was employed to describe the combined 
effects of these two factors. 

Results   Variation in pelvic orientation induced a 
mean underestimation of wear of 0.4% (0–2.6). Varia-
tion in direction of wear introduced a mean underesti-
mation of 8.5% (0–42). A mean underestimation of wear 
of 9% (0–99) was found when varying both pelvic orien-
tation and direction of wear simultaneously.

Interpretation   Errors caused by variations in pelvic 
orientation and wear direction are likely to be small 
compared to other sources of error when performing 
polyethylene wear measurements in acetabular compo-
nents. 

■

Polyethylene is commonly used as a bearing in 
acetabular components in hip replacements. Poly-
ethylene wear particles induce osteolysis, which 
contributes to failure of total hip replacements 
(Maloney et al. 1993, Dowd et al. 2000, Barrack 
et al. 2002, Orishimo et al. 2004). Hopefully, new 
generations of “hard-on-hard” combinations may 
reduce wear-related problems (Shetty and Villar 
2006); however, polyethylene is still commonly 
used and exact determination of polyethylene wear 
is therefore important (Martell and Berdia 1997). 
Measurements of polyethylene wear in acetabular 
components in situ are mainly obtained by com-
parisons of radiographic measurements from pairs 
of sequential radiographs, the duo-radiographic 
method (Charnley and Halley 1975). Typically, 
measurements made on early postoperative radio-
graphs are compared with radiographs from the 
latest follow-up. Wear is described as displace-
ment of the prosthetic femoral head relative to 
the acetabular component, in terms of angles and 
distances. The main direction of wear in respect to 
to the radiographic film plane influences the mea-
surements of wear distance. When radiographs are 
obtained with the main wear direction oblique to 
the plane of the film, the projection of the wear 
length is foreshortened. 

By radiography, 3-dimensional objects are trans-
formed into 2-dimensional pictures. The spatial ori-
entation of the object is one among several factors 
affecting picture formation (Katz 1979, Siebenrock 
et al. 2003, Tannast et al. 2005). Consequently, 
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both pelvic orientation and wear direction in the 
acetabular cup contribute to radiographic underes-
timation of the wear distance measured. 

We quantified the effects caused by variations 
in pelvic orientation and acetabular wear direction 
on 2-dimensional radiographic polyethylene wear 
measurements of acetabular cup bearings.

Material and methods

Acetabular wear can be measured radiographi-
cally by 2-dimensional and 3-dimensional tech-
niques (AP radiographs only, and AP and lateral 
radiographs, respectively) (Devane et al. 1995). 3-
dimensional techniques give a higher wear rate in 
5% of the hips analyzed (Sychterz et al. 1999). 2-
dimensional techniques are generally considered to 
have sufficient accuracy for routine clinical assess-
ment of wear (Hui et al. 2003).

Foss et al. (2007c) quantified pelvic rotational 
differences between sequential radiographs in clin-
ical material by use of a new method named the 
rotation ratios method (RRM). The RRM describes 
altered pelvic orientation between pairs of sequen-
tial standard AP pelvic radiographs obtained from 
the same pelvis (Foss et al. 2007a, b, c). Two ratios 
are calculated, based on marking of 5 reference 
points on standard pelvic AP radiographs. Pelvic 
rotations around two axes can then be described 
based on the differences between these two ratios 
on the two radiographs analyzed using a set of for-
mulae. 

The clinical material consisted of 262 standard 
supine pelvic radiographs in 46 patients with total 
hip replacement (THR). A minimum of 3 radio-
graphs (mean 5.7 (3-10)) for each of the patients 
were analyzed. The 97.5 percentiles of rotational 
differences between pairs of radiographs were 3.4 
degrees of rotation around the vertical axes and 9.7 
degrees of rotation around the transversal axes. As 
a consequence, the cutoff points of pelvic orienta-
tions selected in the present study were based on 
these results by including pelvic movements inside 
± 3.4 degrees of vertical rotation and ± 9.7 degrees 
of transversal rotation.

A computer program was designed for simula-
tion of radiographs, representing a virtual radio-
graphic laboratory in which all relevant variables 

can be defined mathematically (Foss et al. 2007b). 
Virtual rigid-point objects are defined in a 3-axial 
(x, y, and z) orthogonal coordinate system. The 
x-axis is transversal, the y-axis is anteroposterior, 
and the z-axis is longitudinal. The virtual object’s 
spatial orientation, the radiographic focusing, the 
focus-film distance, and the object-film distance 
are defined separately and virtual radiographs are 
made. A virtual pelvis with a THR was “mounted” 
into this radiographic laboratory (Figure 1). The 
virtual pelvis was based on 3-dimensional mea-
surements from a pelvic model as described previ-
ously (Foss et al. 2007a). Pelvic rotations around 
the x-axis were termed transversal rotations and 
those around the z-axis were termed vertical rota-
tions. Acetabular wear directions were altered in 
the coronal plane (the x-z plane) and the sagittal 
plane (the y-z plane). The center of the acetabular 
component was chosen as the acetabular reference 
point, as used in computer-aided measuring pro-
grams (Sychterz et al. 1997, Martell and Berdia 
1997) and displacements of the caput center were 
related to the center of the acetabular cup. The dis-
tance between the center of the femoral head and 

Figure 1. Virtual pelvic radiographs were made using com-
puter simulation. The virtual pelvis was represented by 5 
points: the most caudal part of the two teardrops, the most 
distal part of the two sacro-iliac joints, and the midpoint of 
the most cranial part of the pelvic symphysis. The virtual 
total hip replacement was represented by the center of the 
acetabular cup (marked with a cross-hair) and the center 
of the femoral head (marked with a circle). The projected 
distance between these two represents both polyethylene 
wear and the projected wear direction. Virtual pelvic rota-
tions were performed around the x- and the z-axes, and 
wear directions were altered in the coronal plane and the 
sagittal plane. The effects on the virtual wear measure-
ments were then quantified. 
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the center of the acetabular cup was set to be 1.0 
mm, representing virtual polyethylene wear. Yama-
guchi et al. (1999b) have reported the main direc-
tion of polyethylene wear in vivo to be mean 8.1 
(SD 24) degrees laterally in the coronal plane and 
4.1 (SD 24) degrees anteriorly in the sagittal plane. 
As a consequence, the direction of virtual wear in 
the present study was initially directed 8.1 degrees 
laterally and 4.1 degrees anteriorly, and the effects 
of varying the direction of wear inside the ± 2 SD 
intervals were examined. 

The pelvic start orientation was 5 degrees of 
reclination, defined as the angle between the plane 
through the anterior pubic tubercles and the ante-
rior superior iliac spines (McKibbin plane) and the 
coronal plane. This orientation represents an aver-
age pelvic tilt in adults in supine position (Anda 
et al. 1990). Focus-to-film distance was set to 
118 cm. The central beam was simulated as being 
directed perpendicular to the virtual radiographic 
film and focused on the cranial midpoint of the 
pubic symphysis, as commonly used in radio-
graphic evaluation of the hip. First, the direction 
of wear was kept constant (8.1 degrees lateral and 
4.1 degrees anterior) while virtual pelvic rotations 
were made in order to investigate the effects caused 
by pelvic rotations alone. The virtual pelvis was 
simulated as being rotated in series with incremen-
tal steps of 2.0 degrees from –30 to +30 degrees 
around the vertical axis with incremental steps 
of 2.0 degrees around the transversal axes inside 
the –30-degree to +30-degree interval. By making 
a virtual radiograph in each position, 961 virtual 
images were produced. The virtual projections of 
the distance between the center of the femoral head 
and the center of the acetabular cup were quanti-
fied on each virtual radiograph.

Secondly, the pelvic orientation was kept con-
stant (in its start orientation) while the direction of 
wear was varied inside the ± 2 SD intervals found 
by Yamaguchi et al. (1999c). The wear direction 
was altered in incremental steps of 2.0 degrees 
inside the –41-degree to +57-degree interval in the 
coronal plane and –44-degree to +52-degree inter-
val in the sagittal plane, with 2,450 virtual radio-
graphs made.

A Monte Carlo method was employed to further 
describe the effects of variations in pelvic orienta-
tion and direction of wear. 4 normally distributed 

data series were generated (Labview; National 
Instruments, Austin, TX) based on the clinical data 
for pelvic rotation and wear direction presented 
earlier. Pelvic orientations were defined within 
±  9.7 degree intervals around the transversal axis 
and within ± 3.4 degree intervals around the verti-
cal axis. Wear direction in the coronal plane (inside 
the 41-degree to +57-degree intervals) and in the 
sagittal plane (inside the –44-degree to +52-degree 
intervals) were also defined. Data from these 4 
series were used as input data into the Monte Carlo 
algorithm representing pelvic orientation related to 
the transversal and vertical axes and wear direc-
tions (related to the coronal and sagittal planes). 

One Monte Carlo analysis was first performed, 
including 100,000 pelvic orientations, while the 
wear direction was kept constant (8.1 degrees lat-
erally and 4.1 degrees anteriorly). A second analy-
sis was performed, including 100,000 of wear 
directions, while keeping the pelvic orientation 
constant (5 degrees of reclination). A third analysis 
was finally performed, in which the 100,000 pelvic 
orientations and the 100,000 wear directions were 
varied simultaneously. 

Results

The correlation between virtual pelvic rotations 
and the percentage of underestimation of polyeth-
ylene wear is presented in Figure 2. This 3-dimen-
sional graph describes the effects seen within 
the ranges of virtual pelvic rotations that were 
initially selected. The yellow, lower part of the 
graph describes the effects found when the ranges 
of rotation were limited to those found clinically. 
Simultaneous rotations around the two axes may 
enhance, or to some extent eliminate, the effects 
on underestimation of wear. A maximum of 2.6% 
underestimation of wear within pelvic rotational 
ranges was found clinically. Only a mean of 0.4% 
wear underestimation was found when the direc-
tion of wear was kept constant and only the pelvic 
orientation was varied. 

The percentages of wear underestimation related 
to direction of wear are presented in Figure 3. A 
maximum of 42% and a mean of 8.5% underesti-
mation of wear were found when varying the wear 
direction only. Variation in direction of wear in the 
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sagittal plane had a large influence on underestima-
tion of wear, resulting in oblique angles between 
the direction of wear and the radiographic film 
plane. In contrast, variations in the coronal plane 
had only a small effect on underestimation of wear 
since the parallelism between the direction of wear 
and the film plane remains constant. 

A mean of 8.9% (0–99) wear underestimation 
was found when varying both pelvic orientation 
and wear direction simultaneously (2.5 percentile: 
0.6; 97.5 percentile: 44.1). 

Discussion

In vivo measurements of polyethylene wear in 
acetabular components are mainly based on com-
parisons of measurements from sequential pelvic 
radiographs. Polyethylene is radiolucent, which 
makes direct radiographic measurement diffi-
cult. Consequently, an indirect approach is used 
whereby the migration of the femoral prosthetic 
head relative to the acetabular component is quan-
tified. Several assumptions must be made in such a 
procedure, which can introduce potential sources 
of error.

The prosthetic head must be in contact (fully 
reduced) with the polyethylene inside the acetabu-
lar component when radiographs are taken. This 
may not be so when compression forces through 
the hip joint are small, e.g. radiography of patients 
in supine position. Several studies have investi-
gated the influence of compression forces on poly-
ethylene measurements (Smith et al. 1999, Martell 
et al. 2000, Moore et al. 2000, Bragdon et al. 2006, 
von Schewelov et al. 2006). Radiographs obtained 
in both supine and erect position, and also radio-
graphs obtained in supine position with and without 
a small leg raise, were compared. The results were 
not conclusive. Small differences were found that 
were of little clinical importance, but there was a 
statistically significant difference of 0.5 mm linear 
wear. The prosthetic head may not be fully reduced 
shortly after hip replacement; consequently, one 
should avoid using radiographs taken immediately 
postoperatively as baseline in wear measurements 
(Martell et al. 2000). 

Combinations of metal backings and polyeth-
ylene inserts are often selected in cementless 
acetabular components. Wear on the back-side 

Figure 2. The correlation between the orientation of the vir-
tual pelvis and the degree of underestimation of wear. The 
ranges of pelvic orientation were initially selected arbitrarily 
to be larger than those found in clinical settings. The yellow 
area represents variations in pelvic orientation found in 
clinical material, and a maximum of 2.6% of underestima-
tion of wear was found. 

Figure 3. A maximum of 42% underestimation of wear was 
found when the wear directions were altered in the coro-
nal plane (lateral-medial) and the sagittal plane (anterior-
posterior) within ranges found clinically. The yellow cross-
hair marks the most common direction of wear described 
by Yamaguchi et al. (date) (8.1 degrees laterally and 4.1 
degrees anteriorly). Variations in direction of wear in the 
coronal plane hade little effect on wear measurements 
since the parallelism between the direction of wear and the 
film plane remains unaltered.
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of the polyethylene insert may occur (back-side 
wear), together with wear of the articular surface 
(Yamaguchi et al. 1999a, Wasielewski et al. 2005). 
Such additional wear remains undetected by tech-
niques of wear measurement that are currently 
available. An investigation into the effect of radio-
graphic quality has shown that suboptimal radio-
graphs reduce the accuracy of wear measurements 
(Sychterz et al. 2001). 

The effect of the radiographic focusing on poly-
ethylene wear measurements has been investigated 
(Collier et al. 2003). Radiographs of a phantom 
with zero wear were obtained with different focus-
ing along the cephalo-caudal axis. Both 2-dimen-
sional and 3-dimensional wear analyses were per-
formed and the polyethylene wear measurements 
were expected to be zero. In some cases, a false 
impression of wear was detected—exceeding the 
amount of wear expected to be present 5 years after 
the implantation.

Investigations of retrieved acetabular cups 
have demonstrated multiple directions of wear in 
approximately 30% of the cups (Akisue et al. 1999, 
Yamaguchi et al. 1999b). The volumetric wear will 
thus be underestimated by radiographic measure-
ments, assuming a single direction of wear only. 

Wear can be described in terms of linear wear and 
volumetric wear. 2-dimensional analysis mainly 
describes linear wear (the distance of motion of the 
femoral head relative to the acetabular cup). Sev-
eral conversion formulae can be used to calculate 
the volumetric wear based on linear measurements 
(Kabo et al. 1993, Charnley et al. 1969, Derbyshire 
1998). They all include assumption of a certain 
amount of cylindrical wear but some also include 
other factors based on different complexities of the 
polyethylene liner geometry and direction of wear. 
The percentage of underestimation of wear caused 
by variations in pelvic orientation and direction of 
wear will be approximately the same in both linear 
and volumetric wear rates, as long as most of the 
wear zone lies within the cylindrical part of the 
polyethylene liner. 

We used a virtual 1.0-mm wear vector during 
the simulation, but the rate of underestimation of 
wear will be unaffected by the magnitude of wear 
as long the results are presented as percentages.

Initially, we performed simulations of pelvic 
radiographs within a large arbitrary range of pelvic 

orientations to demonstrate the principle of the 
effect on wear measurements. Changes in pelvic 
orientation found clinically were relatively small, 
however, resulting in only small effects on wear 
measurements. One shortcoming of our study 
is the limited amount of data available related to 
variations in pelvic orientation and wear direction 
found clinically. To our knowledge, only one pub-
lication has described pelvic rotations found clini-
cally (Foss et al. 2007c), and one other described 
the direction of wear in respect of pelvises (but not 
regarding acetabular cups only) (Yamaguchi et al. 
1999b). The principles we describe are valid even 
if the ranges of pelvic movement or wear direction 
would be different from those we employed.

In conclusion, the underestimation of wear 
induced by variations in pelvic orientation and in 
main wear direction appears to be small compared 
to other sources of error when performing poly-
ethylene wear measurements in acetabular compo-
nents using 2-dimensional techniques on standard 
pelvic radiographs.
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