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Background and purpose  Polyethylene wear is an
important cause of aseptic loosening in hip arthroplasty.
Detection of significant wear usually happens late on,
since available diagnostic techniques are either not
sensitive enough or too complicated and expensive for
routine use. This study evaluates a new approach for
measurement of linear wear of metal-backed acetabu-
lar cups using CT as the intended clinically feasible
method.

Material and methods 8 retrieved uncemented metal-
backed acetabular cups were scanned twice ex vivo
using CT. The linear penetration depth of the femoral
head into the cup was measured in the CT volumes using
dedicated software. Landmark points were placed on
the CT images of cup and head, and also on a reference
plane in order to calculate the wear vector magnitude
and angle to one of the axes. A coordinate-measuring
machine was used to test the accuracy of the proposed
CT method. For this purpose, the head diameters were
also measured by both methods.

Results Accuracy of the CT method for linear wear
measurements was 0.6 mm and wear vector angle was
27°. No systematic difference was found between CT
scans.

Interpretation This study on explanted acetabular
cups shows that CT is capable of reliable measurement
of linear wear in acetabular cups at a clinically relevant
level of accuracy. It was also possible to use the method
for assessment of direction of wear.

Loosening in hip replacement may be triggered
by wear particles from the acetabular component
(Mohanty 1996, Revell et al. 1997). Today, it is dif-
ficult to measure small amounts of significant wear
in vivo without using an invasive method such as
radiostereometric analysis (RSA) (Schewelov et al.
2004). Several wear measurement techniques have
been developed, ranging from single radiographic
techniques to 3-dimensional (3D-) reconstructions.
The methods used today are, however, difficult to
use in clinical practice. For example, the common
method of using anterior-posterior (AP) radio-
graphs for monitoring wear is difficult in clinical
routine since the position and orientation of the
wear tract must be guessed and the accuracy tends
to be less than under laboratory conditions (Clarke
et al. 1976). Reliable methods of wear measure-
ment for the clinical situation are essential in order
to predict failure, and they would also improve
the power of clinical studies of new implants and
detection of clinically significant wear differences
at an earlier stage.

For visual assessment in both 2D and 3D, cur-
rent multislice CT offers accurate spatial volume
resolution without significant distortion. Metal
artifacts, historically contraindicating CT exami-
nations in the presence of implants, are now sup-
pressed by software algorithms provided by the
CT manufacturers. We have shown that 3D-CT
can be used for evaluation of acetabular cup posi-
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Figure 1. Acetabular cup, polyethylene liner, a titanium
shell (52-58 mm outer diameter), and a femoral head (28
mm).

tion and migration (Olivecrona et al. 2002, 2003c,
2004). A study with retrievals showed that CT can
be used for measurement of the 3D penetration of
the femoral head into the cup at a level of accuracy
of 1 mm (Olivecrona et al. 2005). Theoretically, it
should be possible to integrate the principle of a
coordinate measurement machine into the software
for analysis of the CT data. The idea relies on plac-
ing several landmarks on the 3D-CT surfaces of the
head and cup. Spheres are then fitted to these data
points and from that, the penetration of the femoral
head into the acetabular cup is calculated.

We have now evaluated this 3D-CT method for
measurement of the magnitude of linear wear at a
clinically relevant level and compared our findings
to the results of the previous study (Olivecrona et
al. 2005). In addition, we have investigated the pos-
sibility of measuring the direction of linear wear.

Material and methods
Implants and CT examination

We used the same implants, CT examinations,
and coordinate-measuring machine (CMM) data
as in our previous publication (Olivecrona et al.
2005). Eight explanted acetabular cups (Romanus
acetabular cup; Biomet, Warsaw, IN) and match-
ing femoral heads were used (Figure 1). Two
examinations of each implant were done using a
CT scanner (LightSpeed QX/I; General Electric
Medical Systems, Milwaukee, WI). Volumes were
acquired with 1.25 mm collimation and a pitch of 3

(0.75 mm/rotation), at 40 mA, 120 kV. Slices were
reconstructed with 1.25 mm increments. To mimic
different patient positions, the position of the
implant in the CT scanner was altered between the
scans. External pliers were used to seat the femoral
head in the cup.

Coordinate measurements

A coordinate-measuring machine (CMM) was
used as a reference method. The inside of the liners
were examined with a CMM using 8,000 evenly
distributed digitizing points. Points on the collar of
the PE liner and on the surfaces of the hexagonal
locking device were used as reference planes for
calculation of the wear vector angle. The deforma-
tion of the PE cup is a combination of wear and
creep, whereas creep can be up to 0.14 mm over a
10-year period (Isaac et al. 1996). In this study we
defined wear as a combination of wear and creep.
The maximum depth of linear wear was calculated
by fitting a theoretical sphere to the unworn region,
and the maximum radial distance between the data
points on the surface of this sphere and the worn
region was calculated. About 200 points on 6 of
the heads were used to calculate the head diam-
eters (as 2 of the heads were missing at the time of
CMM measurements). We defined the wear vector
as the vector originating from the center of the
unworn cup to the most worn point on the inner
surface of the cup. The angle between this wear
vector and the normal axis of the acetabular cup
opening plane was calculated for determination of
the direction of wear (Figure 2). The basic linear
algebra formula for an angle between two vectors
(u and v) was used:

uevy
cosO =

M

CT image analysis

Image analysis of the CT volumes was performed
using a validated 3D volume fusion tool (Magu-
ire et al. 1991, Noz et al. 2001, Gorniak et al.
2003). In the CT volumes, the center of the pros-
thetic femoral head and the center point of the cup
were determined along with the orientation of the
normal axis to the surface of the cup opening. 200
evenly distributed coordinate points corresponding
to the outer surface of the metal shell of the cup
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Figure 2. This figure from a CMM measurement shows the
wear vector as an arrow and its angle to the normal axis of
the acetabular cup opening.

and the femoral head were designated respectively
using a 3D point mode on 3D isosurfaces (Figure
3). Secondly, 20 coordinate points on the face of
the cup opening were designated using the same
approach. The time used for each image analysis
was restricted to 20 min. Using locally developed
software and linear algebraic solutions, these point
sets were used to fit spheres to the cup and the
femoral head, and to compute the orientation of
the normal axis to the plane of the cup opening.
The algorithms used for this have been reported
previously (Olivecrona et al. 2003a, b). To filter
out metal artifacts, the calculations for fitting the
spheres were done in two iterations: first, a prelim-
inary sphere was fitted to each point set, and sec-
ondly all landmark points with a distance of more

than 0.5 mm (i.e. approximately 1 SD) from the
surface of the sphere were eliminated, and a final
sphere was fitted. We defined the wear vector as
being the vector originating from the center of the
cup to the center of the head. The angle between
this wear vector and the normal axis was calculated
using the above equation.

Statistics and evaluation of errors

Data were tested for normality using Bland-Altman
plots, graphical evaluation with line of equality,
and calculation of skewedness and kurtosis (Bland
and Altman 1986). Confidence intervals were cal-
culated using t-distribution. Accuracy, repeatabil-
ity, and bias of the CT method were calculated at
the 95% confidence level using the ISO definitions
(ISO 3534: 3.11 and 3.14) (ISO 1998). Precision
is defined as the closeness of agreement between
independent test results obtained under stipulated
conditions. For repeatability, as a way of express-
ing precision, we used ISO standards where the
method under evaluation is the combined errors of
acquisition of data with a CT unit and image post-
processing (ISO 3534: 3.14) (ISO 1998). Accuracy
is defined as the closeness of agreement of a test
result and the accepted reference value (according
to CMM in this study). The term accuracy when
applied to a set of test results refers to a combina-
tion of systematic errors (bias) and random errors
(ISO 3534: 3.11) (ISO 1998).

Even though the spatial resolution of the CT
scanner had previously been proven to be correct,
we tested the method for systematic errors by com-
puting an interval estimate of the bias (the mean

Figure 3. Landmarks on CT images of cup (left) and head (central), and landmarks and normal vector of horizontal refer-
ence plane (right) for determination of the wear vector angle. The normal axis is marked as a line in the right panel.
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Figure 4. Difference against mean for CT and CMM mea-
surements of linear wear (A) and of wear vector angle (B).
(Notice that two of the points coincide in each case). Dif-
ference against mean for CT and CMM measurements of
head diameter (C).

error and the 95% confidence interval (CI) for the
mean). Accuracy and repeatability were calcu-
lated at the 95% CI as described by Ranstam et al.
(2000).

Table 1. Repeatability, accuracy, and interval estimate
of bias at 95% confidence level for the proposed CT
method

Repeat- Accuracy Interval

ability estimate
of bias
Linear wear (mm) 0.40 0.55 -0.15+0.33
Wear vector angle to
normal axis 26° 27° —0.66 + 2.06

Head diameter (mm) 0.27 0.80 -0.53+0.25

Results

If the differences are normally distributed, 95%
of the differences will lie within the 95% limits of
agreement, i.e. the mean difference + 1.96 times the
standard deviation. Most or all of the data points
were within these limits. The plots for measure-
ment of linear wear and wear vector angle (Figure
4A and B) revealed no evidence of systematic dif-
ferences between CT and CMM. The plot for head
diameter (Figure 4C) shows a negative mean dif-
ference value that suggests an underestimation
with CT. Accuracy and repeatability, along with an
interval estimate of bias for the experiments, are
given in Table 1. No significant systematic differ-
ences were found between repeated CT scans. The
skewedness calculations showed little evidence of
asymmetry for the linear wear, angle, and head
measurements, while the kurtosis calculations
showed that the distributions were less spread out
than the normal distribution—especially for the
head diameter measurements. The landmark points
were normally distributed.

Linear wear of the 8 cups assessed with CMM
varied between 0.21 and 4.58 mm, and the standard
error of the mean difference between CT measure-
ments of linear wear and CMM was 0.11 (-0.96 to
0.64) mm (Table 2). The mean difference between
CT and CMM measurements of linear wear was
—0.15 (95% CI: -0.39 to 0.09) mm.

The wear vector angles varied between 85° and
127° (Table 3). The standard error of the mean dif-
ference between CT measurements of wear vector
angle and CMM measurements was 4.4° (-37.6°
to 26.8°). This was within the precision limit of
the CT method. The mean difference between CT
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Table 2. Results for linear wear from CT and CMM mea-
surements on acetabular cups

Cup no. Mean wear (SD) Mean wear (range)

from CMM, mm from CT, mm
1 4.2 (0.05) 4.2 (4.3-4.2)
2 3.4 (0.05) 2.9 (2.7-3.0)
3 2.7 (0.03) 3.3(3.2-3.4)
4 3.2 (0.01) 3.0 (3.0-3.0)
5 2.9 (0.05) 2.3 (2.3-2.3)
6 3.5 (0.01) 3.4 (3.4-3.5)
7 3.1 (0.05) 2.3 (2.1-2.6)
8 0.2 (0.01) 0.4 (0.3-0.5)

and CMM measurements of wear vector angle was
—0.66° (95% CI: —-10.0 to 8.7).

The heads had also become worn and the head
diameters varied between 27.48 and 27.93 mm.
Head diameter was underestimated by the CT
method and the standard error of the mean differ-
ence of CT head diameter measurements relative to
direct measurements with CMM was 0.06 (-0.85
to —0.24) mm. The mean difference of head diam-
eter was —0.53 (95% CI: —-0.40 to —0.65) mm.

The outer diameter of the cup could not be mea-
sured accurately by direct measurement since the
surfaces were irregular from coating and bone
fragments. An attempt was made to avoid the most
irregular parts, but the range was over 0.5 mm; thus,
the values could not serve as reference values.

Discussion

Our study has shown that it is possible to use CT
for wear measurements of acetabular cups. The
accuracy was 0.6 mm for wear detection. In vivo
wear rate values of conventional acetabular cups
range from 0.1 mm/year to 0.2 mm/year and total
wear at revision is about 1-3.5 mm (Kabo et al.
1993). Acetabular cups with wear rates of below
0.1 mm/year can have a 90% survivorship after 25
years, while none of the cups with wear rates above
0.2 mm/year survive that long (Sochart 1999).
This would mean that 3 years after implantation,
CT can be used to detect wear in conventional
acetabular cups. Using digitized AP radiographs
combined with dedicated computer software, the
accuracy was found to be 1.3 mm in a phantom

Table 3. Wear vector angle against normal of acetabular
cup opening plane measured with CMM and CT using
dedicated software. Values are given in degrees

Cup no. CMM (SD) (range) CT (range) CT minus

CMM
1 106 (0.8) (106-107) 94 (94-94)  —12
2 127 (1.4) (125-128) 144 (135-154) 18
3 127 (0.0) (127-127) 143 (141-145) 16
4 86 (1.5) (84-87) 57 (48-67)  —28
5 92 (8.3) (82-98) 92 (84-100) —0.2
6 91 (0.0) (91-91) 101 (99-103) 10
7 127 (0.0) (127-127) 110 (100-120) —17
8 94 (0.2) (94-94) 103 (99-107) 9

study (Schewelov et al. 2004), while in a study
resembling clinical routine, Clarke et al. (1976)
reported errors (2 SD) ranging from —1.8 to +1.2
mm for 1 mm of wear and from —4.4 to +0.8 mm
for 4 mm of wear for manual assessment of wear
when comparing two AP radiographs. Drawbacks
of all 2D methods are the risk that the wear vector
might be out of the plane of the radiograph, and the
fact that the magnitude of the error depends on the
degree of anteversion of the cup (Sychterz et al.
1997). The direction of wear in our retrieved cups
was roughly perpendicular to the normal axis of
the cup (Figure 2 and Table 3). Assuming that the
cups were implanted in a normal position, a sig-
nificant part of the wear would not be accounted
for on standard AP radiographs. Some 3D meth-
ods have therefore been developed by adding a
lateral view to the AP radiographs (Devane et al.
1997, Martell et al. 2003a). In vivo measurements
showed improved accuracy and about 10-20%
more wear was detected compared to 2D meth-
ods (Devane et al. 1997, Sochart 1999, Martell et
al. 2003a). The precision of the 3D technique is,
however, lower than for the 2D technique (Mar-
tell et al. 2003a). Also, the lateral view is often
obstructed by the prosthesis. Today, the most
accurate method is considered to be radiostereo-
metric analysis (RSA) (Kédrrholm et al. 1997). In
a phantom study the accuracy of the RSA digital
measurements was found to be 0.42 mm with a
mean measurement error of 0.01 mm (Schewelov
et al. 2004). However, such methods are normally
not available in clinical practice.

Our wear results are comparable to previously
published data for the same implants from our
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group where circles in 3 planes were used instead
of landmarks (Olivecrona et al. 2005). In that study,
there were 2 outliers arising from examiner inter-
pretation of metal artifacts. This was not an obvi-
ous problem with the present study, since those
areas can easily be avoided when selecting land-
marks and the greatest deviations from a sphere are
also removed by filtering. The idea for the future is
to generate the surface automatically or semi-auto-
matically in order to make the method more easy to
use and to minimize interpretation errors.

Our study was limited because of the small
number of subjects, and the data should thus be
interpreted with caution. Moreover, the backside
wear is not measured with CMM but with CT.

Only the angle between the normal axis of the
cup and the wear vector could be compared across
the methods because the hexagonal locking mecha-
nism between shell and liner allows for 6 positions.
In a clinical situation, this would not be a problem
because the direction of wear would be measured
either relative to the pelvis or relative to a cup coor-
dinate system.

It is possible to underestimate the wear if the
head of the femoral component is not fitted into
the most worn part of the polyethylene liner during
the CT examination. Also, even with modern soft-
ware, metal artifacts might still complicate inter-
pretation of the image. This method presumes that
the center of the femoral head coincides with the
center of the unworn acetabular cup. This might
be true for many hip prosthesis designs, but not
for all of them. Sychterz et al. (1997) found a
mean difference of 1.1 mm between the centers
from radiographs taken 3 weeks postoperatively.
It is also common that there is a diametrical clear-
ance of about 0-0.5 mm between head and cup,
even though it is not stated by the manufacturer
(Lewis et al. 2003). This would imply an initial
displacement of the head inside the polyethylene
liner. This was not accounted for in this study. The
way to address this issue is to perform a postop-
erative scan, to attain a reference value for subse-
quent scans.

In conclusion, our study on a small series of
explanted acetabular cups has shown that CT has
the potential for reliable measurements of linear
wear of acetabular cups at a clinically relevant
level of accuracy. With due development and auto-

mation, this method may aid in identification of
patients with increased risk of aseptic loosening.
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