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Characterization of the Running-in Period in
Total Hip Resurfacing Arthroplasty: An in Vivo

and in Vitro Metal Ion Analysis
By Christian Heisel, MD, PhD, Nikolaus Streich, MD, Michael Krachler, PhD,

Eike Jakubowitz, MSc, and J. Philippe Kretzer, MSc

Background: Metal-on-metal total hip resurfacing arthroplasty is increasingly being performed in young and active
patients. Preclinical in vitro testing of implants is usually performed with use of hip simulators, and the serum metal ion
concentration is determined for the purpose of monitoring the patients. The goal of this study was to characterize the
early running-in period in vivo and in vitro by characterizing metal ion levels.

Methods: A well-functioning total hip resurfacing prosthesis was implanted in fifteen consecutive patients, and the
serum metal ion concentrations in these patients were then determined preoperatively and at intervals during the first
postoperative year (at one, six, twelve, twenty-four, and fifty-two weeks). The number of walking cycles was measured
with use of a computerized accelerometer in order to compare walking cycles to hip simulator cycles. In vitro, five
similar components were investigated for 3 million cycles with use of a hip simulator. Serum samples were obtained at
different time points, and wear was measured by quantifying wear particles and ions in the samples. All patient and
simulation serum samples were analyzed with use of inductively coupled plasma-mass spectrometry. One simulator
implant was investigated with use of scanning electron microscopy.

Results: The serum chromium and cobalt levels of the patients continuously increased during the first six months and
showed an insignificant decrease thereafter. The molybdenum concentration was unchanged compared with preop-
erative values. In contrast, the simulator measurements showed a different wear pattern with a high-wear running-in
period and a low-wear steady-state phase. The running-in period was delayed by 300,000 cycles and lasted up to
1 million cycles. Scanning electron microscopic analysis showed a carbon-rich protein film predominantly in the early
phases of simulation. Scratches were detected originating from pits filled with aluminum oxide and silicon oxide and
from pulled-out carbides that were causing third-body wear.

Conclusions: The simulator study allowed an exact characterization of the running-in period and showed a delayed
onset of running-in wear. In contrast, the clinical data showed a slow increase in measured ion concentrations. These
different wear patterns are probably due to the effects of distribution, accumulation, and excretion of particles and ions
in vivo.

Level of Evidence: Therapeutic Level IV. See Instructions to Authors for a complete description of levels of evidence.

M
etal-on-metal articulations have been in clinical use
for more than fifty years. High failure rates of his-
torical designs occurred because of metallurgy and

imprecise manufacturing technology1,2. Modern metal-on-
metal components have been in use since the late 1980s and
have been associated with good clinical success3,4. Current total
hip resurfacing implants are made of two articulating metal

components. Friction between bearing surfaces leads to the
release of metal particles into the body. The biological inter-
actions caused by the released metal ions are still a cause for
concern, and much research is being performed in this area5,6.

Metal-on-metal bearings generally show relatively low sur-
face wear compared with conventional metal-on-polyethylene
total hip replacements and are commonly used in modern joint
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arthroplasty, especially in total hip resurfacing1,7. The total
wear volume in metal-on-metal bearings is much smaller than
that in metal-on-polyethylene bearings, but, because metal
particles are much smaller than polyethylene particles, the
number of particles produced by metal-on-metal bearings can
be higher8. The surface-to-volume ratio and total surface area
of metal-on-metal particles may be higher than those of metal-
on-polyethylene particles, and the ions released from these
particles may have both local and systemic effects.

In order to study wear resistance in metal-on-metal
bearings, tribological experiments have been performed with
use of wear simulators. Nearly all previously conducted sim-
ulator tests have described a characteristic wear pattern that is
initially marked by a running-in period, after which the wear
pattern decreases to a lower-wear steady-state phase during
the course of the simulation. Because wear is highest during
the running-in phase, it is imperative to precisely describe this
wear period. However, little is known about the duration of
the running-in period. Most studies have indicated a duration
of approximately 500,0009,10 to 1 million cycles11-13. The reasons
for this range with metal-on-metal bearings may be the in-
accuracy of the gravimetric method of measurement and the
large measurement intervals. For example, in numerous re-
ports, high weight fluctuations have been observed, in part
accompanied by increases in weight10,12,14. In other simulator
studies, no wear was detected15,16.

The goals of this study were to perform in vivo and
in vitro investigations of the running-in period with use of
high-resolution inductively coupled plasma-mass spectrom-
etry. This method is currently used in an attempt to more

accurately analyze blood samples of patients with metal-
on-metal joints and was adopted for wear analysis in a hip
simulator. The use of the same measurement technique allows
a comparison of the in vivo and in vitro results.

Materials and Methods
Patients

Fifteen consecutive patients with a well-functioning metal-
on-metal total hip resurfacing prosthesis were prospectively

enrolled into this study after approval by the institutional re-
view board at our university. All participants had normal renal
function as determined by measurement of serum creatinine
levels and creatinine clearance. Eight women and seven men
with a mean age of fifty-one years (range, thirty-one to sixty-
one years) and a mean body mass index of 28 (range, 24 to 35)
participated. The preoperative diagnoses were primary osteo-
arthritis in thirteen hips and osteonecrosis in two hips. Thirteen
hips were classified as having Charnley class-A disease, and two
hips were classified as having Charnley class-B disease17.

All patients had a unilateral total hip resurfacing system
implanted with use of articular surface replacement compo-
nents (ASR; DePuy, Warsaw, Indiana). All operations were
performed through a posterior approach and with the patient
placed in the lateral decubitus position. The mean size of the
acetabular component was 54 mm (range, 46 to 62 mm), and
the mean corresponding cemented femoral component was
48 mm in diameter. Implants made of a high carbon-content
cobalt-chromium-molybdenum casting alloy with a non-heat-
treated femoral component and a heat-treated acetabular com-
ponent were used.

Fig. 1

The median patient chromium (Cr) and cobalt (Co) concentrations (n = 15).
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Clinical Study Protocol
Blood samples were taken preoperatively and at one, six, twelve,
twenty-four, and fifty-two weeks postoperatively. The sampling
protocol was described previously and patient data were in-
cluded in the study if at least five of the six blood samples were
obtained18. At the time of the one-year follow-up, patient activ-
ity was assessed with use of a computerized, two-dimensional
accelerometer worn at the ankle for a mean of twelve days
(range, ten to fourteen days) in order to calculate the number of
walking cycles per year. During clinical evaluation, the Harris
hip score19, range of motion, and Devane activity score20 were
documented. Pelvic radiographs were obtained postoperatively
at six weeks and at six and twelve months.

Simulator Study
Five similar total hip resurfacing implants (ASR; DePuy) with a
nominal diameter of 47 mm were tested in a hip simulator. The
single-station hip joint simulator (858 Mini Bionix II system;
MTS Systems, Eden Prairie, Minnesota) was altered to run
completely free of metal ions, especially with regard to cobalt,
chromium, and molybdenum. Wear was measured by identi-
fying the particles and trace elements that were released into the
serum test media. The simulation was performed to a total of
3 million cycles. The serum protein concentration was 30 g/L.
Serum samples were obtained every 100,000 cycles. After
500,000 cycles, the sampling interval was increased to 500,000
cycles, with serum changed every 500,000 cycles.

Linear regression was performed to identify the running-
in and steady-state wear phases. The implants were kept within
the simulator for the whole simulation to avoid any negative
influence of the demounting and remounting procedure on
the wear behavior, such as material transfer from the implant
fixation or destruction of surface layers. After each serum ex-
change, the implant chamber was flushed with ultra-pure water
to remove any serum and wear residua. One of the implants was
removed from the simulator every 500,000 cycles for the pur-
pose of investigating the worn contact area with use of a scan-
ning electron microscope (Type 440; Carl Zeiss, Cambridge,
United Kingdom). The elemental composition of the implants
and surface layers in different areas was analyzed with use of
energy dispersive x-ray analysis (Link-ISIS; Oxford Instru-
ments, Oxfordshire, United Kingdom). Wear data of this im-
plant were not included in the analysis.

Trace Metal Analysis
The concentrations of the main elements of the implants
(cobalt, chromium, and molybdenum) were analyzed with use
of high-resolution inductively coupled plasma-mass spec-
trometry (Element2; Thermo Fisher Scientific, Bremen, Ger-
many). In order to detect not only the ions but also the metal
particles in the serum, the samples were first digested with
high-purity nitric acid (HNO3) and hydrogen peroxide (H2O2)
in Teflon containers under clean-room conditions in a mi-
crowave high-pressure autoclave (UltraClave II; Milestone,

Fig. 2

Median cumulative wear progression in the hip simulator. The measured median element percentage in the samples

corresponds to the element ratio of cobalt-chromium-molybdenum alloy. Co = cobalt, Cr = chromium, and Mo = molybdenum.
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Bergamo, Italy). The solutions were diluted with ultra-pure
water and examined with the high-resolution inductively
coupled plasma-mass spectrometry system, which was oper-
ated under clean-room conditions. The detection limits were
0.03 mg/L for cobalt, 0.01 mg/L for chromium, and 0.02 mg/L
for molybdenum.

Statistics
To compare simulator data and patient data with regard to ion
concentration levels, we calculated the simulator concentra-
tions on the basis of the running-in and steady-state wear rates
and the step rate of an average patient. Because of the small
sample size of simulator data and the presence of outliers in the
patient ion concentrations, it must be assumed that data dis-
tribution is asymmetric. Therefore, such data have to be pre-
sented as median values, as previously described for patient ion
concentrations by MacDonald et al.21. To clarify differences
within ion concentrations of patients between measuring in-
tervals, the Wilcoxon signed-rank test was applied. The Pear-
son parametric correlation test was used to correlate patient
parameters and measured ion concentrations. The significance
level was fixed at a = 0.05.

Results
Clinical Study

At the time of the one-year follow-up, all joints were well
functioning and all patients were satisfied with their re-

spective result. There were no signs of component loosening or
periprosthetic osteolysis on the follow-up radiographs. The

mean cup inclination was 43� (range, 29� to 60�; standard de-
viation, ± 8.6�), and the mean angle between the femoral
component and the femoral axis was 135� (range, 117� to 146�;
standard deviation, ± 7.4�). The Harris hip score increased from
a preoperative mean value of 49 points (range, 25 to 79; standard
deviation, ± 15.7 points) to a mean of 98 points (range, 93 to
100; standard deviation, ± 2.5 points). On the average, the pa-
tients walked 2.18 million cycles per year (range, 1.01 to 3.21
million cycles per year; standard deviation, 722,000 cycles per
year).

During the first six months postoperatively, a steady
increase in the median chromium concentration was detected
(0.16, 0.38, 1.30, 1.50, and 3.00 mg/L) (Fig. 1). In contrast, a
decrease in the chromium concentration was seen at the time
of the twelve-month measurement in comparison to that seen
at the time of the six-month measurement (from 3.00 mg/L to
2.70 mg/L), but this decrease was not significant (p = 0.774).
After twelve months, the individual concentrations varied
from 0.5 to 19.8 mg/L. Two chromium values were excluded
from the analysis due to contamination. In one patient, the
preoperative value of 2.43 mg/L was 150% higher than the
measurements at the next three time points. In another pa-
tient, the postoperative value (7 mg/L) was 300% higher than
the preoperative and the six-week measurement.

The median cobalt concentration also continuously in-
creased during the first six months and had an insignificant
decrease (p = 0.581) at twelve months (0.14, 0.60, 0.95, 1.82,
3.10, and 2.45 mg/L) (Fig. 1). After twelve months, the indi-
vidual concentrations varied from 0.4 to 14.6 mg/L. The me-

Fig. 3

Comparison between clinical and simulator data (patient data dashed). Cr = chromium, and Co = cobalt.
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dian molybdenum concentration did not change significantly
between preoperative and postoperative measurements (0.90,
0.87, 0.90, 0.91, 0.90, and 0.80 mg/L). With the small number
studied, statistical evaluation did not reveal a significant cor-
relation of the twelve-month values of chromium or cobalt to
age (p = 0.23, p = 0.19, respectively), body mass index (p = 0.5,
p = 0.38), steps per year (p = 0.64, p = 0.85), cup inclination
(p = 0.99, p = 0.99), femoral implant size (p = 0.10, p = 0.07),
or any other evaluated factor.

Simulator Wear Measurement
The bearings initially showed a very low wear rate, which was
maintained up to approximately 300,000 cycles. The median
volumetric wear rate during this period was 0.04 mm3 per

million cycles. A second more intense running-in wear phase
followed, which lasted up to approximately 1 million cycles.
During this period, the wear rate increased to 1.69 mm3 per
million cycles. At 1 million cycles, a median total wear volume
of 1.42 mm3 was detected. Subsequently, the wear rate de-
creased and the steady-state wear phase began, with a median
wear rate of 0.03 mm3 per million cycles. At the end of the
simulation, the total wear volume had reached 1.47 mm3.
Figure 2 shows the median cumulative wear progression as
measured in the simulator. The detected mean element per-
centage in the samples corresponds to the element ratio in
the cobalt-chromium-molybdenum alloy (chromium: 26% to
30%, molybdenum: 4.5% to 7%, cobalt: balance; according to
ISO [International Organization for Standardization] 5832-4).

Fig. 4

Scanning electron micrograph of two blocky carbides. Scratches run through,

but do not affect, the very hard carbide structure.

Fig. 5

Scratch originating from an alumina-filled pit (arrow).
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Comparison of Clinical Wear Data and Simulator Wear
In Figure 3, patient data and simulator metal ion concentra-
tions are plotted for cobalt and chromium on the basis of the
same measurement intervals in cycles (walking or simulator
cycles). The patients, on the average, walked 125,300 cycles
during the first six weeks, 544,500 cycles after three months,
1.09 million cycles after six months, and 2.18 million cycles
after the first year.

For the simulator, the median absolute ion concentra-
tion plot indicates that ion release was highest during the
running-in wear phase (between 300,000 and 1 million cycles).
The highest levels were found to be 5724 mg/L for cobalt and
2579 mg/L for chromium at 544,000 cycles. The ion concen-
tration then continuously decreased to 204 mg/L for cobalt and

78 mg/L for chromium at the end of the simulation after 2.18
million cycles.

In contrast, the patients’ median ion concentrations
continuously increased over the first six months (1.09 million
cycles) to 3.1 mg/L for cobalt and 3.0 mg/L for chromium.
Subsequently, the cobalt and chromium concentrations de-
creased slightly.

Scanning Electron Microscopy
The microstructure of the femoral component showed a net-
work of blocky eutectic carbides within the cobalt-rich matrix
of the cast material. These carbides have a very high hardness
and cannot be damaged structurally by scratches (Fig. 4). In the
acetabular component, the carbide content was lower com-

Fig. 6

Partially pulled-out carbide with a scratch (arrow) originating from the defect.

Fig. 7

Carbon-rich protein film on the surface (dark area, left) and scratched metal

surface (right).
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pared with that of the femoral head and the carbides were not
linked in a network. This indicates heat treatment of the ma-
terial after the casting process, which reduces the size and
amount of carbides.

In addition to commonly occurring abrasive wear scars,
micrometer-size pits were detected, indicating adhesive wear.
Abrasive wear scratches originating from some larger pits were
also found (Fig. 5). A high content of aluminum oxide and
silicon oxide in these pits suggested the presence of residua
from the polishing agent.

At the acetabular component, some of the carbides were
fully or partially pulled out of the matrix (Fig. 6). Significant
scratches originating from these areas suggest that the pulled-
out carbides caused third-body wear. The size of these pits
reached up to 80 mm. No pits were observed on the femoral
components.

A solid carbon-rich organic film, abraded in some areas
(Fig. 7), was present in the contact zone of the acetabular and
femoral implant surfaces at the beginning of the simulation.
With increasing simulation time, the organic protein film in
the contact area wore off.

Discussion

To our knowledge, this is the first study that investigates the
same total hip resurfacing implant in an experimental

and clinical setting with use of the same method. The high-
resolution inductively coupled plasma-mass spectrometry
method was adapted to measure wear particles directly in the
hip simulator. The possibility of precisely establishing the du-
ration of the different wear phases represents a major advantage
of this method in comparison with conventional methods of
wear measurement. The method allows direct measurement of
wear debris in the simulator without the need to use the less
exact gravimetric method and without dismounting the im-
plants from the simulation chamber. The calculated wear rates
in the present study are in agreement with data from other
simulator studies on similar bearings. However, the running-in
wear rates in other studies have tended to be lower and the
steady-state wear rates higher10,22. For example, according to
Morlock et al., the mean in vivo wear rate for correctly implanted
resurfacing hip implants is 2.3 mm3 per year after 1.5 years in
situ23. The results of our simulator test showed remarkably high
agreement with these data.

The phenomenon of delayed running-in wear has not
yet been reported. Since the measurement intervals used in
most simulator tests are higher than those used in this study
(mostly more than 300,000 cycles), such patterns may not have
been detected. Carbon-rich organic surface layers were found
on the gliding surfaces of the prostheses. This debris consisted
of a carbon-rich precipitate from proteins in the test medium.
The deposits presumably developed from proteins that dena-
tured as a result of the high temperatures in the contact area of
the metal-on-metal bearings24. Such precipitations are not re-
stricted to simulator tests and have also been observed on the
surface of explanted prostheses25,26. A protective protein layer
may cause a delayed running-in period. Initially, the deposits

may fulfill a protective function, minimizing immediate wear
of the joint. The structure of these deposits possibly also pro-
motes surface wettability. In some areas, the solid protein layer
is abraded or worn down. As a result of the self-polishing effect
of the alloy, the surface roughness of the exposed areas de-
creases and new deposits can no longer adhere. The protein
concentration of the test medium may have an important ef-
fect on layer formation and characteristics and deserves further
investigation.

Other possible causes for the delayed running-in period
are aluminum oxide and silicon oxide-filled pits and scratches
originating from these pits. These compounds are used as
polishing agents during manufacturing. Residua of these very
hard compounds may become incorporated into the surface
and could later be released during simulation, thus causing
third-body wear. This would explain the abrasive scratches
originating from these pits. It is, however, questionable whether
these particles are released exactly after 300,000 cycles.

Further explanations for the delayed running-in period
are pulled-out carbides, which also lead to third-body wear. We
found scratches originating from these carbide pits. Carbide
defects were seen mainly at the acetabular component, leading
to the hypothesis that heat treatment of the cups may nega-
tively affect carbide stability on the surface. A correlation be-
tween increased wear and heat treatment is described in the
literature27, but most reports could not show a significant in-
fluence of heat treatment on wear properties28,29. It is difficult
to characterize wear with use of scanning electron microscopy
because these images only provide a selective view of a small
area at a given point in time. The delayed running-in period
may be a combination of the described mechanisms.

The simulator study showed that the running-in period
lasted up to 1 million cycles and was followed by a very-low-
wear steady-state phase. During the running-in period, a high
wear rate was observed, which decreased after a peak ion re-
lease during the first 1 million cycles. A comparison with the
patient data showed that a different pattern of metal ion con-
centrations was seen in vivo. During the running-in period, the
patients started off with very low concentrations, which slowly
increased over time.

If ions are produced during walking and are cleared
through the kidneys, one would expect a very high initial ion
concentration with a drop at the end of the running-in period.
The pattern observed in this study suggests a different mech-
anism in vivo. Other studies investigating total hip resurfacing
with longer measurement intervals report comparable results.
Witzleb et al.30 measured a steady increase in chromium and
cobalt serum levels over three, twelve, and twenty-four months.
Although they investigated a different high-carbon component,
their results with respect to serum ion concentrations corre-
spond to the results presented in this study. Maezawa et al.31 also
found a steady increase in ion levels between six and twenty-
four months with conventional metal-on-metal articulations.
Ion levels later seemed to stabilize up to the third year. Brodner
et al.32 looked at cobalt concentrations in patients with con-
ventional 28-mm metal-on-metal articulations and reported a
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continuous increase during the first year, with the highest in-
crease at the beginning (three to six weeks).

There are, however, also contrary reports in the literature
that show a steady decrease in the ion levels after a peak at three
months33. It is difficult to compare studies due to different sam-
pling protocols (whole blood, serum, plasma) and measure-
ment methods (high-resolution inductively coupled plasma-mass
spectrometry or atomic absorption spectrophotometry). Patients
are often not comparable, different implants are used, and ion
levels may show a high interindividual variation.

Limited data are available about the causation of metal
ion concentrations measured in the blood. Patients with metal
implants have elevated metal ion levels, with metal-on-metal
bearings causing the highest elevations34,35. Both the ratio be-
tween production, excretion, distribution, and accumulation,
and the ‘‘total body load’’ are still unknown. Excretion is cer-
tainly influenced by kidney function36. In a case report, we have
shown that urinary chromium excretion was strongly corre-
lated to urine volume but independent of patient activity or
serum ion concentration37. Since an activity-related increase in
ions could not be shown in a previous study18, accumulation of
particles and slow release of ions from deposited particles
might play a key role. In a patient with total hip resurfacing, De
Haan et al. did not find elevated ion levels even after com-
pletion of a triathlon38.

The main difference between simulator studies and
in vivo measurements is the accumulation and excretion of
ions. In the simulator, the metal ions that are measured are
ions or particles produced and released by the bearing surfaces.
At a specific point in time, the serum is replaced and mea-
surement with the high-resolution inductively coupled plasma-
mass spectrometry method resumes at a level of zero. The

situation in vivo is different. The metal ion concentration
measured in the serum of patients is a function of ion pro-
duction, distribution and accumulation in the body, and ex-
cretion by the kidneys. Therefore, it is impossible to directly
compare and correlate in vivo and in vitro measurements.

The measurements presented in this study have to be
viewed with different goals in mind. Ion measurements in sim-
ulators are used to obtain more accurate and specific wear data.
Direct wear measurement is suitable to evaluate extremely low
wear rates, which are generally seen in all hard-on-hard bearing
combinations. Measurement of in vivo ion concentrations can
be used to monitor individual patients. It can help to detect
bearing problems or bearing failure and can be used to identify
loose components39. The necessity of longitudinal measure-
ment of each individual patient, combined with the high costs
of analysis, limits widespread use of this technique. Today, it
remains a research tool in orthopaedic centers for scientific
investigations. n
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