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a b s t r a c t

Squeaking of hip replacements with ceramic-on-ceramic bearings has put the use of this material into

question despite its superior wear behavior. Squeaking has been related to implant design. The purpose

of this study was to determine the influence of particular acetabular cup and femoral stem designs on

the incidence of squeaking and its characteristics.

The dynamic behavior of the stem, head and stem assembled with head was investigated

by determining their eigenfrequencies using experimental and numerical modal analysis. Four different

stem and three different cup designs were investigated. Operational system vibrations resulting

in audible squeaking were reproduced in a hip simulator and related to the respective compo-

nent eigenfrequencies. The applied joint load and bearing clearance were varied in the clinically

relevant range.

Stems with lower eigenfrequencies were related to lower squeaking frequencies and increased

acoustic pressure (loudness), and therefore to a higher susceptibility to squeaking. Higher load

increased the squeaking frequency, while the acoustic pressure remained unchanged. No influence of

the clearance or the cup design was found.

Stem design was found to have an important influence on squeaking characteristics and its

incidence, confirming and explaining similar clinical observations. Cup design itself was found to have

no major influence on the dynamic behavior of the system but plays an important indirect role in

influencing the magnitude of friction: Squeaking only occurs if the friction in the joint articulation is

sufficient to excite vibrations to audible magnitudes. If friction is low, no squeaking occurs with any of

the designs investigated.

& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Squeaking of ceramic-on-ceramic total hip replacements (THR)
has become a frequently discussed phenomenon (Keurentjes
et al., 2008; Mai et al., 2010; Restrepo et al., 2010a; Walter
et al., 2007, 2008; Mai et al., 2010; Chevillotte et al., 2010; Weiss
et al., 2010). Squeaking occurs due to vibrations of the hip joint
components in the audible range (Sariali et al., 2010; Weiss et al.,
2010). These are excited by friction acting in the joint articulation
between the ceramic ball head and the ceramic cup inlay (Weiss
et al., 2010). Observed squeaking noises have a frequency in the
range of 0.4–7.5 kHz (Walter et al., 2008). In order to reach
sufficient amplitudes to be audible, a high friction situation in
the joint articulation is required. This can occur due to stripe wear
of the ceramics, edge loading (Taylor et al., 2007), increased

bearing clearance (Brockett et al., 2008) and metal transfer
(Chevillotte et al., 2010). However, these friction increasing
problems do not explain why certain prostheses systems reveal
clinically a higher squeaking incidence than others, even though
their ceramic bearing components, and therefore their tribological
properties, are nearly identical (Mai et al., 2010; Restrepo et al.,
2010b). A THR is a system of elastic components with correspond-
ing potential for vibrations that are elastically assembled (Fig. 1).
Each component, when isolated from the system, has its specific
eigenfrequencies, in which it can freely vibrate, hence describing
its dynamic behavior. Eigenfrequencies can be determined by
modal analysis. In the assembled state in the patient, these
eigenfrequencies are detuned due to the interaction between
the components and due to boundary conditions such as joint
loading and ingrowth situation. These detuned eigenfrequencies
determine whether components can perform vibrations in the
squeaking frequency range (Magnus et al., 2008). If the lowest
eigenfrequency of a component is located clearly above the
observed frequency range, the eigenfrequency of the respective
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component is not important for the vibration frequency of the
system and it can be treated as a rigid body that still detunes the
system due to its mass or stiffening effect.

If the lowest eigenfrequency of a component is close to the
observed frequency range it has to be treated as an elastic body,
which is the case for the bone stock around the THR components
(Wirtz et al., 2000). The bone detunes and dampens the system,
even so its eigenfrequencies are – due to its low Young’s modulus
– too low to be decisive for the squeaking in the observed range.

The hypothesis of this study is that the femoral stem is the
decisive oscillator of the THR system, causing audible vibrations.
This is due to its beam-like shape facilitating bending vibrations
in a relatively low frequency range. The acetabular cup has high
first eigenfrequencies above 16 kHz, depending on the particular
design making an active contribution to audible vibrations in the
frequency range of squeaking unlikely (Hothan et al., 2010).

The purpose of this study was to determine the influence of
particular femoral stem and acetabular cup designs on the suscept-
ibility and characteristics of squeaking in order to test the hyp-
othesis that the stem is the decisive oscillator in the system.
Additionally the influence of joint load and bearing clearance was
investigated.

2. Materials and methods

This study was conducted in two parts. In the first part, eigenfrequencies of

several femoral stem designs were determined using experimental and numerical

modal analysis. Stems and ball heads were analyzed separately and assembled.

The eigenfrequencies of the acetabular components have been determined in a

previous study (Hothan et al., 2010). In the second part, squeaking was reproduced

in a hip simulator using the same components. The operational system vibrations

were determined and related to the respective component eigenfrequencies.

2.1. Modal analysis

Eigenfrequencies of eight contemporary uncemented femoral stem designs

were determined using experimental modal analysis. Measurements were per-

formed with the stem alone and assembled with the ball head. The stems were

suspended super-critically by soft elastic bands tied to fine wire loops glued onto

the stem’s surface to allow free oscillations. The stems were excited using the

roving hammer method. Six excitation points along the lateral surface of the stem

and six along the anterior side were defined. The stems were excited at each point

using a high frequency impulse hammer equipped with a force transducer

(086D80, PCB, Depew, NY, USA). The transient response of the stem was detected

using a laser vibrometer measuring the surface velocity by analyzing the Doppler

shift of the reflected wave (OFV-505 sensor head, OFV-5000 controller, Polytec,

Waldbronn, Germany). The sampling point was focused on one of the excitation

points. Data were collected at a sampling rate of 44.1 kHz using a data acquisition

card (DAQ2, Roga Instruments, Waldalgesheim, Germany) and software (Dewesoft

6.6.1, Dewetron, Wernau, Germany). Each stem design was excited five times at

each excitation point.

Frequency response functions (FRFs) were calculated from the raw velocity

data (Matlab R2007a, Mathworks, Natick, MA, USA). Data were digitally filtered

using a 5th order Butterworth high pass filter with a cut-off frequency of 100 Hz. A

rectangular window was used for the impaction data; an exponential window was

applied to the data of the structural response. FRFs were calculated for each

excitation point and averaged over the five trials. Eigenmodes were identified,

defined as peaks of the FRF amplitude and simultaneous 1801 phase shifts.

Four of the eight stems were chosen for further investigation: one with low,

two with medium and one with high first eigenfrequency (Table 1, Fig. 2).

Experimental analysis with the same parameters was repeated for the

assembled condition. The ceramic ball heads were press-fitted onto the stems

using a device for defined assembly forces (Conifix, Eska, Luebeck, Germany). Pilot

measurements showed that the impaction device provided a reproducible peak

impaction force of 1.1970.26 kN (mean7standard deviation; 208C05 force

sensor, PCB, Depew, NY, USA).

The eigenfrequencies of the alumina ball heads (Biolox Forte, Ceramtec,

Plochingen, Germany, nominal diameter 32 mm) could not be experimentally

measured due to their high Young’s modulus and compact geometry. They were

determined using finite element analysis. A 3D model was established (ProEngi-

neer Wildfire 3, PTC, Needham, MA, USA) and meshed using tetrahedral elements

Fig. 1. Schematic illustration of a dynamic total hip replacement system with

ceramic ball and inlay, metal stem and cup, as well the surrounding bone stock.

The directions of the joint load and friction are indicated. The springs indicate the

elastic assembly of the components.

Table 1
First eigenfrequencies for the investigated stem and cup designs with and without a ceramic head (diameter 32 mm), respectively, inlay (bearing diameter 32 mm; Hothan

et al., 2010). No standard deviation is indicated since it did not exceed the resolution of the applied Fast Fourier Transformation (�22 Hz).

No. Manufacturer Type and size/outer diameter (OD) Material First eigenfrequency

stem/cup alone (kHz)

First eigenfrequency with

ceramic head/inlay (kHz)

S1 Stryker, Kalamazoo, MI, USA Accolade, Size 4 TMZF b-titanium 1.6 1.5
S2 Plus, Rotkreuz, Switzerland SL, Size 6 Ti–6Al–4V 2.2 1.9
S3 Eska, Luebeck, Germany G1, Size 4R CoCrMo 2.3 2.1
S4 Stryker, Kalamazoo, MI, USA Osteonics Omnifit, Size 4 Ti–6Al–4V 3.2 2.1
C1 Finsbury, Leatherhead, UK Delta Motion, pre-assembled OD: 42 mm Biolox Delta, Ceramtec n/a 18.8
C2 Stryker, Kalamazoo, MI, USA Trident PSL, Metalbacked ceramic inlay OD: 52 mm Biolox Forte, Ceramtec 4.4 18.8
C3 Mathys, Bettlach, Switzerland Selexys, Standard ceramic inlay OD: 48 mm Ceramys ATZ Mathys 7.7 16.1

S1 S2 S3 S4

C3C2C1

Fig. 2. Investigated stem (S1–S4) and cup designs (C1–C3); for details see Table 1.
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(Hypermesh, Hyperworks, Altair, Troy, MI, USA; 9271 elements, 2 mm element

size, determined in a convergence analysis). The geometrical data for a ball head

with a 12/14 taper design (taper of stems S2, S3 and S4) were also used for the V40

taper design (taper of stem S1), which – from an eigenfrequency point of view – is

very similar in its geometry. Numerical modal analysis was performed to estimate

the eigenfrequencies (Abaqus 6.9, Simulia, Providence, RI, USA).

Eigenfrequencies of ten contemporary acetabular cup systems have been

determined experimentally in a previous study. Eigenfrequencies were found

orders of magnitude above the clinically observed squeaking frequencies (Hothan

et al., 2010). For this study, three acetabular cups with the lowest eigenfrequen-

cies were chosen for testing, providing a higher probability to contribute to system

vibrations (Table 2).

2.2. Hip simulator testing

System squeaking characteristics were determined for a variety of component

combinations. Each of the four stems assembled with a ceramic head was tested in

combination with cup C2 (Fig. 2), for which squeaking occurrences have been

reported (Keurentjes et al., 2008). Each of the three cup designs was tested with

the stem with the lowest eigenfrequency (S1).

Squeaking is excited by transformation of kinetic energy in the bearing due to

friction. Since friction is influenced by the bearing clearance, it was maintained

within a narrow range of 60–75 mm for all combinations during testing.

The influence of bearing clearance was investigated in test series comparing a

diametral clearance of 30 mm to one of 60 mm for one particular stem (S1) and cup

combination (C2). Clearances were determined from measurements of the head and

cup inlay surfaces with a coordinate measuring machine (BHN-305, Mitutoyo,

Kawasaki, Japan; TP200 probe, Renishaw, Gloucestershire, UK; mean accuracy 2.2 mm).

A purpose built hip simulator was used to reproduce squeaking in vitro

(Fig. 3). The cup was mounted at the centroid of a gimbal with two orthogonal

axes, allowing cup inclination and flexion–extension angles to be changed relative

to the joint load vector via servo-hydraulic rotation actuators mounted on each

axis. Stems were potted in a polyacetal tube using a methylmethacrylate-based

potting plastic (Technovit 4004, Heraeus, Hanau, Germany) and mounted on the

axial actuator of a servo-hydraulic testing machine applying the joint force (Mini

Bionix, MTS, Eden Prairie, MN, USA). Each stem was mounted with its long axis at

a physiological angle of 101 to the load axis. Forces in the transverse plane were

minimized by mounting the gimbal with the potted cup on a low friction cross

table. All six load and moment components were recorded using a 6-degree-of-

freedom load cell (SN30031, Huppert, Herrenberg, Germany), mounted between

the actuator and the retainer with the femoral stem. A free field microphone was

used to record sound data at a distance of 130 mm from the joint (378B02, PCB,

Depew, NY, USA).

The cup inclination was fixed at 451 and the flexion–extension angle was

cycled sinusoidally between 7271 at a frequency of 1 Hz. No lubrication fluid was

used in order to provide maximum friction coupling, to represent a potential

clinical worst case (Chevillotte et al., 2010). Constant axial load was applied

increasing stepwise from 200 to 1800 N, in steps of 400 N, with 50 movement

cycles in each load level. Each test series was repeated five times.

The recorded sound was transferred into frequency domain using a Fast

Fourier Transformation. Each load level was analyzed separately. Frequencies

were analyzed at the neutral position of the movement cycle (01 flexion–

extension) in which squeaking generally occurred in this experimental setup. To

eliminate ambient noise from the analysis, squeaking was defined as a dominant

frequency with an acoustic pressure greater than 0.5 Pa and an appearance during

at least 5 cycles per load level. Squeaking was distinguished from other joint

noises (such as groaning or clicking) by limiting the tonal character, given by the

ratio of the intensity of the dominant frequency to the intensity of the second

dominant frequency, to at least 2:1. The median of the squeaking frequency for

each load level was calculated, minimizing the influence of sporadic noise peaks.

The acoustic pressure magnitude was calculated from the raw sound data to avoid

falsifications due to the Fast Fourier Transformation.

Two-way analyses of variance (ANOVA) with Games–Howell post hoc tests of

the squeaking frequency and the acoustic pressure magnitude were performed

comparing the different component designs (cup or stem) and load levels. Two-

way ANOVA was also used to explore the influence of bearing clearance (low,

high) and axial load on the squeaking frequency. Normal distribution of the data

was checked using the Kolmogorov–Smirnov test (SPSS 15.0, IBM, Armonk, NY,

USA). The correlation between prosthesis eigenfrequencies and squeaking fre-

quencies, as well as between acoustic pressure and squeaking frequencies, was

analyzed using linear regression each controlling for the axial load. The type I

error probability for all tests was set to a¼0.05.

3. Results

3.1. Modal analysis

The eigenfrequencies of all tested stems were in the squeaking
frequency range between 1.6 and 3.2 kHz (Table 1). The influence
of assembling the ceramic head to the stem varied with stem
design. The ball head lowered the eigenfrequencies of smaller and
lightweight stems (S4) more than the eigenfrequencies of heavier
stems (S3). The eigenfrequency range for the assembled stems
was smaller and lower (1.5–2.1 kHz; Table 1). The first eigenfre-
quency of the ceramic ball head was calculated to be 77 kHz.

The cup shells had eigenfrequencies in the audible range (4.4–
7.7 kHz). Assembling the shell with the ceramic inlay increased
the eigenfrequency of the acetabular prosthesis (16.1–18.8 kHz)
due to its stiffening effect (Table 1; Hothan et al., 2010).

3.2. Hip simulator testing

No influence of cup design on the squeaking frequency was
found (p¼0.300; observed power: 0.245; Table 2).

The stem design did influence the squeaking frequencies
(po0.001; observed power: 40.999) (Fig. 4). Significant differ-
ences were found between stems S1 and S3 (p¼0.001), as well as
between S2 and S3 (p¼0.012). S1 exhibited the lowest eigenfre-
quency alone and assembled with the ball head (Table 1). The
eigenfrequency of the assembled stem was found to be a good
predictor for the squeaking frequency, indicating that the stem
design has a major influence on the system vibration character-
istics (po0.001, r2

¼0.689).
The acoustic pressure (loudness) of the squeaks was signifi-

cantly affected by stem design (p¼0.001; observed power: 0.981).

Table 2
Squeaking frequencies of the different cup designs (mean, 95% confidence

interval). No significant differences were found (p¼0.300).

No. Squeaking

frequency (Hz)
95% confidence interval

Lower boundary (Hz) Upper boundary (Hz)

C1 3159 2760 3559

C2 3410 3053 3767

C3 3534 3252 3816

x-y-Table

Rotational Actuators

Prosthesis

Microphone

6 DOF Load Cell

Rotational and Axial Actuator Mz

Mx

My

Fz

Fig. 3. Hip simulator setup used for the experimental analyses of the assembled

systems. It consists of two gimbal-mounted rotational actuators to control cup

inclination as well as joint flexion–extension, mounted in a servo-hydraulic

testing machine for the application of the joint load. The low friction x–y-cross

table prevents shear force on the bearing couple. The six degrees of freedom load

cell allows collecting all acting moments and loads; the calibrated microphone

records the emitted sound.
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The differences between stem designs were similar to the differ-
ences for the squeaking frequencies (S1 vs. S3: po0.001; S2 vs.
S3: p¼0.042). The difference between S3 and S4 showed a strong
trend (p¼0.051). The direction of the influence of stem design
was the opposite for squeaking frequency and loudness: stems
with low eigenfrequencies squeaked louder than those with high
eigenfrequencies. The highest acoustic pressure was found for the
stem with the lowest squeaking frequency (S1) and vice versa
(S3; Fig. 5), yielding a significant correlation between squeaking
frequency and acoustic pressure (p¼0.049, r2

¼0.144).
No influence of the bearing clearance on the squeaking

frequency was found (p¼0.920, observed power: 0.051; Table 3).
A significant influence of the axial load on the squeaking

frequency was observed with a higher axial load resulting in a
higher squeaking frequency (po0.001, observed power: 40.999,
Table 4). However, the acoustic pressure was not affected by the
applied load (p¼0.606, observed power: 0.189).

4. Discussion

The numerical modal analysis of the ceramic ball heads
revealed eigenfrequencies more than four times the maximum

audible frequency. The heads can consequently not account for
the observed squeaking and can safely be considered as rigid
bodies that influence the eigenfrequencies of the femoral pros-
thesis only due to its mass. In the assembled situation, all
investigated stems had their lowest eigenfrequency in the
squeaking frequency range observed in vivo and are such likely
to contribute to system vibrations.

The eigengefrequencies of the assembled cup shells were far
above the observed squeaking frequency range. This makes a
contribution of cup eigenmodes on the system vibrations unlikely,
which is confirmed by clinical data (Mai et al., 2010). In the patient,
however, rigid body modes of the cups might be excited due to the
elastic bone suspension. These rigid body modes would solely be
affected by the mass of the cup and the surrounding bone proper-
ties, which are mainly patient-specific but not cup-specific. The
cup design still plays an important role for the clinically observed
squeaking phenomenon since it serves as a friction partner during
load application. Friction rising factors such as metal transfer or
stripe wear are influenced by cup design, especially if cups are
improperly positioned. However, a consideration of the specific
dynamic behavior of cups is not required when choosing a design
with the objective of minimizing the susceptibility of squeaking.

The stem design was shown to have a strong influence on the
squeaking characteristic. The eigenfrequency of the assembled
stems was an important factor for the observed squeaking
frequency. A lower squeaking frequency was associated with a
higher acoustic pressure, which can be explained by the amount
of energy required to arise vibrations of audible amplitudes.

This also explains the reported higher in vivo squeaking
incidences of certain stem designs with low eigenfrequencies in
the literature (Restrepo et al., 2010b). Surgeons should be aware
of the increased squeaking risk of these stem designs and care-
fully balance the advantages possibly featured by these implants.
The role of the anchoring bone stock has not been addressed in
this study directly. It could detune the dynamic behavior of the
prosthesis system. This is, however, not dominantly a prosthesis
design but rather a patient specific factor.

An increased load did not affect the acoustic pressure of the
emitted squeaking but the squeaking frequency. The increased
induced energy due to higher joint load counteracts the effect that
higher frequencies generally lead to lower acoustic pressure. In the
in vivo situation a higher joint load increases the susceptibility of
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Fig. 4. Squeaking frequencies of the different stem designs (mean, 95% confidence

interval). Significant differences were found between S1 and S3 (p¼0.001) as well

as S2 and S3 (p¼0.012).
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Fig. 5. Acoustic pressure of squeaking for the different stem designs (mean, 95%

confidence interval). Significant differences were found between S1 and S3

(po0.001) as well as S2 and S3 (p¼0.042).

Table 3
Squeaking frequencies for the two bearing clearances investigated (mean, 95%

confidence interval). One prosthesis design combination was tested (S1 with C2).

No significant differences were found (p¼0.920).

Clearance

(mm)

Squeaking

frequency (Hz)

95% confidence interval

Lower boundary (Hz) Upper boundary (Hz)

30 3491 2951 4031

60 3531 3071 3991

Table 4
Squeaking frequencies for different axial loads (mean, 95% confidence interval).

The frequency increased significantly with the axial load (po0.001).

Axial load

(N)

Squeaking

frequency (Hz)

95% confidence interval

Lower boundary (Hz) Upper boundary (Hz)

200 3138 2915 3361

600 3706 3455 3958

1000 3922 3671 4175

1400 4218 4006 4431

1800 4381 4103 4658
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squeaking (Walter et al., 2007). This finding is not supported by
this study. However, the higher joint load could have an effect on
the lubrication condition in the joint, which was not investigated in
this study. Damping effects of the anchoring bone stock have also
not been addressed in this study. Damping is frequency-specific
and could have an effect on vibrations in certain frequency bands.

The bearing clearance did not play a role for the squeaking
characteristics, indicating that the dynamic system behavior is
not directly affected by the changed contact conditions. This
finding cannot directly be transferred to the clinical situation, in
which clearance affects the lubrication and hence the friction in
the bearing articulation (Brockett et al., 2007; Mabuchi et al.,
2004). Interruption of fluid film lubrication is related to higher
friction, which is the basic requirement for the excitation of
vibrations (Brockett et al., 2008; Weiss et al., 2010). This is similar
to the situation with respect to cup design, which does not play a
direct role for the dynamics of the system, but an indirect one
since the design and positioning of the cup (as well as the stem)
can affect the risk of metal transfer and subluxation. Subluxation
leads to edge loading, changed lubrication and contact conditions
also resulting in increased friction (Walter et al., 2004).

It has to be emphasized that the differences between stem
designs become only relevant, if clinically the friction in the joint
reaches the critical level, which is required to transfer enough
energy to the stem to excite vibrations in an audible magnitude
(Weiss et al., 2010). If friction is low, no squeaking occurs with
any of the designs investigated.

The susceptibility to clinically exhibit squeaking differs between
implant designs (Restrepo et al., 2010b; Keurentjes et al., 2008).
This study shows a direct influence of stem design for the worst
case situation of a dry joint articulation with high friction. If this
condition can be prevented clinically by minimizing all friction
rising factors (such as edge loading and situations promoting metal
transfer or stripe wear), squeaking noises will again regress to a
negligible phenomenon.
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Background and purpose   The reproducibility of results and 
potential confounders in sample-based studies is important to 
consider in the assessment of studies. Comprehensive arthroplasty 
registers could serve as a reference dataset for comparative analy-
ses. We analyzed an implant that is frequently used worldwide, 
the Oxford unicompartmental knee replacement, in order to iden-
tify potential confounders inherent in the datasets and to evaluate 
the outcome achieved with this implant.

Methods   We performed a structured literature review of 
the data published on the revision rate of the Oxford medial 
unicompartmental arthroplasty. Both clinical follow-up studies 
and worldwide registry data were included. Confidence intervals 
were calculated to determine the statistical significance of differ-
ences.

Results   A substantial proportion of the published data (52–
68% depending on the method of calculation) is derived from 
studies involving participation of the institution that developed 
the implant. The results published by this group show a statis-
tically significant deviation from the reference datasets from 
registers or independent studies. Data from the developing hos-
pital show mean revision rates that are 4 times lower than those 
based on worldwide register data, and 3 times lower than the ones 
quoted in independent studies. On average, the data published in 
independent studies are reproducible in registry data.

Interpretation   A conventional meta-analysis of clinical studies 
is substantially affected by the influence of the developing hospi-
tal, and is therefore subject to bias. For assessment of the outcome 
of implants, registry data are superior and, in terms of reference 
data for the detection of potential bias factors in the literature, 
could make an essential contribution to meta-analyses.

 

Two main data sources are available for the assessment of the 
outcome of arthroplasty: sample-based clinical studies and 

national arthroplasty registries. Compared to clinical follow-
up studies, registry data feature several essential differences 
(Graves 2010). 

Clinical studies are mainly conducted in specialized centers 
that are not representative of the average orthopedic center 
in all aspects, for example, regarding the number of patients 
treated and, as a consequence, the training of staff and their 
personal expertise. Study design or patient selection may 
introduce further bias factors. Even publication bias can have 
a potentially relevant effect on the data published.

National arthroplasty registers, by contrast, include all sur-
geries performed in a country and can thus avoid or consider-
ably reduce these bias factors. On the other hand, data from 
registries reflect the circumstances under which they were 
collected, such as surgical procedures or the respective public 
health system, and can thus have an impact on the outcome. 
Also, the evaluation procedures applied, such as designation 
of implant variants to cohorts, could possibly lead to misinter-
pretations (Labek et al. 2008).

The expectation that published results can be reproduced in 
their own practice is essential for the readers of scientific lit-
erature. This is equally true for the assessment of implants and 
decisions by health authorities, since published scientific find-
ings are considered in a variety of decision-making processes. 
In general one should take into consideration that results 
presented in scientific literature would not be expected to be 
deterministic, but subject to random and sampling errors that 
can be calculated and described using confidence intervals.

One of the tasks of the EU Commission’s EUPHORIC 
(European Public Health Outcome Research and Indica-
tor Collection) project was to examine the extent to which 
published data are reproducible in an average situation. The 
objective was to identify potential bias factors and to develop 
a suitable methodology for this particular purpose. Data from 
complete and high-quality national registries were used as ref-
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erence benchmark values reflecting the outcome in average 
patient service.

The Oxford unicompartmental prosthesis has been one 
of the most frequently used implants in the field of knee 
arthroplasty worldwide for many years, particularly for the 
isolated replacement of the medial compartment. We criti-
cally analyzed the outcome of the Oxford unicompartmental 
implant and the quality of the published literature dealing with 
this implant.

Materials and methods

We conducted a web-based literature search using PubMed as 
a first step. This was followed by a manual literature search, 
and also a direct request for literature from the manufacturer 
of the implant. 

The inclusion criteria for consideration in the subsequent 
evaluation were: unambiguous identification of the implant, 
revision rate data either presented in the text or unambigu-
ously calculable from the data therein, English or German lan-
guage publications in Medline-listed, peer-reviewed journals.

23 publications were identified and analyzed in full text 
(Goodfellow et al. 1988, Carr et al. 1993, Lewold et al. 1995, 
Murray et al. 1998, Vorlat et al. 2000, 2006, Svärd and Price 
2001, Emerson and Higgins 2004, 2008, Jahromi et al. 2004, 
Lisowski et al. 2004, Rajasekhar et al. 2004, Langdown et al. 
2005, Price et al. 2005 a,b, Verdonk et al. 2005, Pandit 2006, 
Vorlat et al. 2006, Berend et al. 2007, Kort et al. 2007a, b, 
Luscombe et al. 2007, Koskinen et al. 2007, 2008). 20 of these 
publications were monocenter studies and 3 of them were 
based on multicenter evaluations (Langdown et al. 2005, Price 
et al. 2005b. Vorlat et al. 2006).

Clinical follow-up studies were compared to datasets from 
arthroplasty registers. The analysis included journal publica-
tions as well as annual registry reports that were accessible 
via http://www.efort.org/getdoc/1b923b01-41d2-4587-bac2-
7ca7a11e613e/Arthoplasty-Registers.aspx. 3 journal publi-
cations were available from arthroplasty registers in Finland 
and Sweden (Lewold et al. 1995, Koskinen et al. 2007, 2008). 
Annual reports were available from Australia (Annual Report 
2008), Sweden (Annual Report 2007), and Finland (2006 
Implant Yearbook). These allowed derivation of the values 
required for indicator calculation.

The main evaluation criterion was the indicator ‘revi-
sion rate’, a variation of which, ‘revisions per 100 observed 
component years’, was used for the comparative assessment. 
It was applied in accordance with the Australian National 
Arthroplasty Registry’s definition (Australian National Joint 
Replacement Registry Annual Report 2008).

The basic idea of this parameter is to summarize all patients’ 
individual years after surgery as ‘observed component years’, 
during which they are at risk of revision (no. of cases × aver-
age follow-up period), and to compare this value with the 

number of revisions observed in this cohort. This method of 
evaluation allows considering the number of cases and the 
follow-up period in any publication with respect to its impact 
on the average results. Larger studies and longer follow-up 
periods are given higher weight in the calculation due to the 
higher number of observed component years. This proce-
dure enables direct comparison of different studies and data 
sources expressed in one value. A value of 1 revision per 100 
observed component years corresponds to a revision rate of 
5% at 5 years or a 10% revision rate at 10 years in conven-
tional follow-up studies.

The journal publications were analyzed regarding the source 
of publication, authors, geographic region, number of cases, 
and follow-up period. Any publication indicating the Nuffield 
Orthopaedic Centre in Oxford and/or the Nuffield Department 
of Orthopaedics, Rheumatology and Musculoskeletal Sci-
ences of the University of Oxford as the contact address and/
or naming Prof. Goodfellow or Prof. Murray as authors or co-
authors was rated as a ‘publication by the development team’. 

For all data sources, all data were pooled in a standardized 
way. For each parameter, with the exception of follow-up 
times, exact values were required for inclusion in the study. If 
no specific follow-up times, but mere follow-up periods were 
given, a linear distribution of cases was assumed.

To determine statistical significance, 95% confidence inter-
vals (CIs) were calculated. Confidence intervals were cal-
culated using Circulator software version 4, an Excel-based 
program from the University of Adelaide. Further statistical 
evaluations were not performed owing to variability in the 
basic data and in the designs of the studies included.

Results

20 of the 23 publications were conventional clinical follow-up 
studies (Goodfellow et al. 1988, Carr et al. 1993, Murray et al. 
1998, Vorlat et al. 2000, Svärd and Price 2001, Emerson and 
Higgins 2004, 2008, Jahromi et al. 2004, Lisowski et al. 2004, 
Rajasekhar et al. 2004, Langdown et al. 2005, Verdonk et al. 
2005, Price et al. 2005a, b, Pandit 2006, Vorlat et al. 2006, 
Berend et al. 2007, Price et al. 2005a, b, Price et al. 2005, 
2007, Kort et al. 2007a, b, Luscombe et al. 2007), 7 of which 
came from the developing hospital in Oxford (Goodfellow et 
al. 1988, Carr et al. 1993, Murray et al. 1998, Langdown et al. 
2005, Price et al. 2005a, b, Pandit 2006). 3 journal publica-
tions were based on data from national registers (Lewold et al. 
1995, Koskinen et al. 2007, 2008).

The majority of these publications were of European origin.

Length of follow-up
With an average follow-up of 10 years, the follow-up periods 
of the development team were double those referred to in the 
independent studies, where the average was 5 years. With a 
total of 1,559 patients, the cumulative number of cases in the 
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publications from the developing hospital was slightly higher 
than the number of cases from independent users’ clinics, 
comprising 1,445 patients. 52% of all cases were published by 
authors from the developing hospital. 

Studies from the inventor hospital compared to inde-
pendent studies
Of the total population presented in clinical studies (compris-
ing 3,004 cases), 155 had to undergo revision surgery. This 
corresponds to a proportion of revisions of 5.2%. With a value 
of 0.45 (CI: 0.35–0.57), the probability of reoperation accord-
ing to the ‘revisions per 100 observed component years’ indi-
cator was statistically significantly lower in the developing 
hospital than the values quoted in the independent studies, 
where the comparative value was 1.2 (CI: 0.99–1.5). The revi-
sion rate published in papers from the developing hospital was 
therefore 2.7 times lower than in independent studies, a differ-
ence that is statistically significant.

Summarizing the data, as is done in conventional meta-anal-
yses, yielded a revision probability of 0.70 (CI: 0.60–0.82) 
revisions per 100 observed component years. This outcome 
differed statistically significantly from the average value pub-
lished by the development team from Oxford, but not from 
that derived from independent publications. 3 journal publica-
tions were based on data from national registries in Sweden 
and Finland (Lewold et al. 1995, Koskinen et al. 2007, 2008) 
(Table 1).

Registry data
Analysis of the annual national arthroplasty registry reports 
of Australia, Finland, and Sweden revealed average outcomes 

ranging from 1.7 to 2.3 revisions per 100 observed component 
years, with Sweden achieving the best results. The differences 
showed a maximum factor of 1.2 though, and were not statisti-
cally significant (Table 2).

A comparison of annual reports and journal publications 
from registries showed considerably longer follow-up peri-
ods, with a smaller number of patients involved in the journal 
publications. Since journal publications are based on defined 
cohorts to examine specific topics such as long-term outcome, 
this result is not surprising. There were no statistically signifi-
cant differences in revision rate.

The average deviations between individual register-based 
studies were also very low, and they were not statistically sig-
nificant. The average value for all studies deviated from the 
average comprehensive, worldwide registry data by a factor 
of 1.2.

Registry-based studies compared to studies from the 
developing hospital
At an average of 9 years, the follow-up periods for publica-
tions based on registry datasets were similar to those for the 
developing hospital. The number of cases included in regis-
try publications was larger by a factor of 1.3, and was thus 
in a comparable range. At 1.6 (CI: 1.4–1.8) revisions per 100 
observed component years, the revision probability shown in 
this dataset exceeded that quoted in the developers’ publica-
tions by a factor of 3.6. This difference was statistically sig-
nificant.

In the comprehensive datasets of arthroplasty registries, a 
value of 2 (CI: 1.8–2.1) revisions per 100 observed compo-
nent years became apparent. Thus, the revision rate was 4.4 

Table 2. Outcome of the Oxford unicompartmental knee arthroplasty, by country 

 Follow-up Revisions/  No. of No. of Observed Revisions per  CI Factor 
 period primaries primary revision component 100 observed  difference to
  (%) cases cases years component years  the average
   
Australian Registry 3.55 6.88 8,644 595 30,720 1.9 1.8–2.1 0.97
Finnish Registry 2.72 6.23 2,361 147 6,417 2.3 2.0–2.7 1.2
Swedish Registry 5 8.5 980 83 4,900 1.7 1.4–2.1 0.86
Total/Average 3.51 6.88 11,985 825 42,037 2.0 1.8–2.1 

Sources: Australia: Annual Report 2008; Finland: Yearbook 2006; Sweden: Annual Report 2007.

Table 1. Description of basic data with respect to data source

 No. of Follow-up Revisions/ No. of No. of Observed Revisions per  CI 
 publications period primaries primary revision component 100 observed
    (%) cases cases years component years

Inventor studies 7 9.6 4.3 1,559 67 15,029 0.45 0.35–0.57
Independent clinical studies 13 5.0 6.1 1,445 88 7,205 1.22 0.99–1.50
Total clinical studies 20 7.4 5.2 3,004 155 22,234 0.70 0.60–0.82
Registry-based journal publications 3 9.0 14.5 1,951 283 17,638 1.60 1.43–1.80
Annual registry reports 3 3.5 6.9 11,985 825 42,037 1.96 1.83–2.10
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times higher than in the developers’ publications and 2.7 times 
higher than in the average of all sample-based journal publica-
tions. The differences between the datasets of clinical studies 
by implant developers and pooled data were statistically sig-
nificant, which was not, however, the case for the difference 
between inventor studies and independent studies.

Registry-based studies compared to independent 
studies
The difference between inventor-independent studies and reg-
istry-based journal publications only amounted to a factor of 
1.3, and to a factor of 1.6 in comparison with annual reports 
of national arthroplasty registries; comparison of the cumula-
tive value of all clinical publications to the values recorded 
in national arthroplasty registry reports yielded a difference 
factor of 2.8. This higher value clearly reflects the influence of 
publications from the inventor hospital.

General considerations
When assessing the clinical relevance of the differences 
detected, one should take into account the usual deviation of 
individual hospitals or datasets from the mean. The national 
registries of Sweden and Denmark publish such data. Here, 
the best national hospitals deviated from the mean by a factor 
of 2–3 at most (Danish Hip Arthroplasty Register Annual 
Report 2006, Swedish Hip Arthroplasty Register Annual 
Report 2007; Swedish Knee Register Annual Report 2009). 
Deviations within these limits can therefore be assumed to 
be plausible and to represent differences in revision rates that 
may be caused cumulatively, e.g. due to personal skills, in-
house standards and quality assurance, or patient selection.

Discussion

The average results on the implant published by the inven-
tor team differed markedly from the outcome published in 
independent clinical studies or shown by worldwide national 
arthroplasty registry data. They also exceeded the maximum 
deviation of individual departments (due to factors such as 
personal expertise and patient selection) from the national 
mean that has been registered for hip and knee prostheses in 
countries such as Sweden and Denmark.

The cause of this divergence can only be an issue for specu-
lation. Irrespective of the reasons for these deviations, how-
ever, the average surgeon should be aware of the fact that 
the outcome published by the inventing center appears to be 
hardly reproducible in average patient care and other institu-
tions. Thus, the published results of this group are only of 
limited value for decision making by other users since they 
cannot expect to be able to reproduce such excellent results.

On average, the revision rate data of the Oxford team have 
been 2.7 times lower than the revision rates quoted in the inde-
pendent literature, and 4.4 times lower than the results from 

worldwide registry data. This means that on average, publica-
tions involving revisions from this group only match 23% of 
the revisions documented in worldwide registers, and 37% of 
the revisions published in independent studies.

Even though one third of the clinical studies (7/22) have 
originated from the inventor group, these papers account for 
one half of all cases published worldwide. Owing to the longer 
follow-up periods, the value for observed component years 
reached 65%.

While multiple mentions of the same patients in different 
studies unfortunately cannot be excluded in a literature analy-
sis, this does not affect the impact publications have on experts 
and decision-makers. As a rule, major studies covering longer 
periods of follow-up are assigned superior value.

The implant development team in Oxford has therefore been 
clearly overrepresented in the clinical literature, which—along 
with the discrepancy regarding clinical outcome—has had a 
statistically significant influence on all the published results. 
In a conventional analysis of the clinical literature, this influ-
ence therefore represents a confounder that could also affect 
assessment of the product by stakeholders.

By contrast, the independent clinical literature puts forward 
revision rates that are 1.6 times lower than the comparative 
figures in registries. These differences can, however, be plau-
sibly explained by factors such as higher surgical expertise. In 
general, studies without participation of the developers of the 
implant can be said to have good reproducibility.

The variation in results is clearly less in registries of differ-
ent countries than it is in the clinical literature. This applies to 
both annual reports and registry-based journal publications. 
Apart from the larger numbers of cases, it is probably the min-
imization of confounding factors, which basically cannot be 
excluded in sample-based studies, that accounts for this effect. 

Moreover, the impact of a single group on the results is 
automatically limited by the wider scope of data collec-
tion. For the assessment of outcome results on orthopedic 
implants, registry data are therefore superior to clinical stud-
ies. The potential influence of national circumstances can be 
quantified and narrowed by comparing data from different 
countries.

Registry data can be used as a benchmark in the assessment 
of clinical studies, particularly when it comes to evaluation of 
whether relevant bias factors could possibly have an influence 
on the outcome. Thus, registry data can provide a valuable 
contribution to the assessment of outcome data.

Regardless of the confounding factors detected in the clini-
cal literature, registry data on the Oxford unicompartmental 
knee prosthesis indicate similar performance of this implant 
in comparison with other well-performing products for 
unicompartmental knee arthroplasty.

KS, WP, and WJ reviewed the clinical literature. GL conducted the analysis 
of arthroplasty registry data, performed the statistical analyses, and wrote the 
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article. BS acted as internal reviewer to obtain a second opinion in the case of 
unclear results in publications, and he helped organize the project.

The study was performed in cooperation with the EUPHORIC project (funded 
by the EU Commission DG SANCO, Grant Agreement 2003134). Further 
information concerning the project is available at www.euphoric-project.eu.
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