UNIVERSITYOF
BIRMINGHAM

iversit}/]ofBirmin am
esearch at Birmingham

Wear in metal-on-metal total disc arthroplasty
Moghadas, Parshia; Mahomed, Aziza; Hukins, David W |; Shepherd, Duncan E T

DOI:
10.1177/0954411912471768

License:
None: All rights reserved

Document Version _
Peer reviewed version

Citation for published version (Harvard):

Moghadas, P, Mahomed, A, Hukins, DWL & Shepherd, DET 2013, 'Wear in metal-on-metal total disc
arthroplasty', Institution of Mechanical Engineers. Proceedings. Part H: Journal of Engineering in Medicine, vol.
227, no. 4, pp. 356-61. https://doi.org/10.1177/0954411912471768

Link to publication on Research at Birmingham portal

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 20. Apr. 2024


https://doi.org/10.1177/0954411912471768
https://doi.org/10.1177/0954411912471768
https://birmingham.elsevierpure.com/en/publications/438e833f-07cd-4ab3-941e-cd808715a77d

Wear in metal-on-metal total disc arthroplasty

P Moghadas, A Mahomed, DWL Hukins, DET Shepherd

School of Mechanical Engineering, University of Birmingham, Edgbaston, Birmingham, B15

2TT, UK

Author generated final version. Published as:
Moghadas P, Mahomed A, Hukins DWL & Shepherd DET (2013). Wear in metal-on-metal

total disc arthroplasty. Journal of Engineering in Medicine. 227: 356—361.



Abstract

The wear of a model metal-on-metal ball-and-socket total disc arthroplasty was measured in
a simulator. The ball had a radius of 10 mm and there was a radial clearance between ball
and socket of 0.015 mm. The model was subjected to simultaneous flexion-extension, lateral
bending, axial rotation (frequency 1 Hz) and compression (frequency 2 Hz, maximum load 2
kN). Throughout the tests, the models were immersed in calf serum diluted to a
concentration of 15 g protein per litre, at a controlled temperature of 37°C. Tests were
performed on three models. At regular intervals (0, 0.5, 1, 2, 3, 4 and 5 million cycles), mass
and surface roughness were determined; mass measurements were converted into the
volume lost as a result of wear. All measurements were repeated six times. Wear occurred
in two stages. In the first stage (duration about 1 million cycles) there was a linear wear rate
of 2.01 + 0.04 mm? per million cycles; in the second stage there was a linear wear rate of
0.76 + 0.02 mm? per million cycles. Surface roughness increased linearly in the first million

cycles and then continued to increase linearly but more slowly.
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Introduction

This paper is concerned with wear in Total Disc Arthroplasty (TDA) in which the prosthesis
consists of a metal ball articulating within a metal socket. The conventional surgical
treatment for severe intervertebral disc degeneration associated with chronic back pain is
spinal fusion in which the flexible disc is replaced by a rigid bone graft .* However, TDA has
recently been introduced to replace the disc while retaining motion at the treated levels .>**
There are many designs of TDA in use or being developed; some of them are flexible
elastomeric devices intended to mimic the natural disc but the most common are ball-and-
socket joints .° Several of these designs are metal-on-metal devices of the kind investigated
here; others involve a polymer ball articulating within a metal socket, although laboratory
studies indicate that a metal ball in a polymer socket produces lower frictional torques .°
Studies on Total Hip Arthroplasty (THA) indicate that the wear rate of metal-on-metal bearing
surfaces is less than metal-on-polymer surfaces .”*? There have been two published studies

of wear in metal-on-metal TDA.**2

Recently a study of friction in a metal-on-metal TDA model was published.** In this study the
effect on ball radius on frictional torque was investigated for a constant radial clearance
between ball and socket of 0.015 mm which is the clearance in the Maverick™ (Medtronic,
Minneapolis, MN, USA) TDA.* Experience from THA suggests that reducing frictional torque
is expected to reduce loosening of the TDA from its attachment to the vertebral bodies.™ In
addition, a reduced frictional torque might be expected to lead to less wear. However, there
is no simple relationship between frictional torque and wear. The purpose of this study is to
measure wear for the same TDA model that was used for previous frictional torque
measurements. In this wear study a ball of radius 10 mm was investigated since it has been

shown previously to give a low frictional torque.**

Materials and methods

TDA models



Experiments were performed on a generic ball-and-socket model of TDA manufactured from
Co-27Cr-5.5M0-0.6C by Westley Engineering Ltd. (Birmingham, UK). The ball had a radius
of 10 mm and the clearance between ball and socket was 0.015 mm (Figure 1). The models
were machined from bar and polished to give an average surface roughness of 49 + 12 nm
for the balls and 48 + 23 nm for the sockets; these surface roughness values are
comparable to those measured for the Maverick™ TDA of 50.0 + 0.6 nm (see section 2.4 for
details). Further details on the design of the model TDA, its manufacture and the surface
roughness measurements have been published previously.'* Before any wear or surface
roughness measurements were made, before and during testing, the models were washed
with Virkon disinfectant (Antec International, Sudbury, UK; 10 mg powder per litre of tap
water), ultrasonically cleaned in propan-2-ol and washed in acetone. All samples were dried
and wiped over with low lint clean-room wipes and kept in plastic boxes in room temperature

for 48 hours, prior to any measurement.

Lubrication

Throughout the tests the models were immersed in calf serum (SeraLab, West Sussex, UK),
diluted with de-ionised water to a concentration of 15 g protein per litre, at a controlled
temperature of 37°C. The protein concentration was less than the value (30 g/litre)
recommended in the standard for TDA wear testing (BS ISO 18192-1, 2008). The lower
concentration complied with the Standard Operating Protocol for Spine Wear Simulator
Studies (SPOO01.6, Institute for Medical and Biological Engineering, University of Leeds, UK)
to enable the results to be compared with their results for metal-on-polymer TDAs. The effect
of reducing the protein concentration is to reduce the viscosity and, hence, the lubricity of the
lubricant;*® thus reducing the protein content provides a harsher wear environment and
consequently a harsher wear environment and consequently a more stringent test of the
performance of the TDA. There is an argument for attempting to mimic the lubricity of

interstitial fluid, since it is generally considered to be the lubricant for ball-and-socket



TDAs.'™ However, the exact nature and composition of the fluid lubricating a TDA is not
known.'® Further details on the choice of lubricant, its relationship to interstitial fluid and its
effects on mechanical tests are given elsewhere.'® Sodium azide (Sigma-Aldrich, Gillingham.
Dorset, UK) was added (0.3 g/litre) to the diluted calf serum to minimise bacterial

contamination.

The viscosity of the lubricant was measured using an AR-G2 cone-on-plate rheometer (TA
Instruments, Crawley, West Sussex, UK) at a 0.5% constant strain at 37°C. The result (1.2 +
0.3 mPa.s) was slightly less than the value (1.4 £ 0.4 mPa.s; Moghadas et al., 2012b) for the

more concentrated serum recommended in the TDA wear testing standard.

Wear testing

Wear tests were performed using a Bose SDWS-1 Spine Simulator (Bose Corporation,
Minnesota, USA) fitted with a uniaxial load cell that was calibrated every 12 months by the
manufacturer. The models were rigidly fixed to the simulator by the method described
previously.* Tests were performed on three TDA models, which is a similar number used in
some previous wear tests?>?*, The fluid bath was topped up with diluted calf serum every
day. Every 250 thousand testing cycles (i.e. about every 3 days) the test was stopped and
the lubricant replaced. Firstly, the lubricant was drained and the fluid bath was washed with
household detergent. Then a solution of Virkon disinfectant was added to the bath and left
for 2 hours to remove the bio-film. Finally the bath was washed once with tap water and

twice with distilled water before being replenished with lubricant.

The testing conditions followed the standard for TDA wear testing. % Simultaneous,
sinusoidal flexion/extension, lateral bending and axial rotation were performed, under
angular displacement control at a frequency of 1 Hz. At the same time a sinusoidal axial
compression, between a minimum load of 0.6 kN and maximum load of 2 kN, at a frequency

of 2 Hz was applied; limits for the angular displacements are given in Table 1. BS ISO



18192-1?*suggests that the test should be performed for 10 million cycles of angular motion.
However, it has been shown that the wear rate during THA tests is constant after the first
few million cycles .??* This result and the results obtained in the TDA tests (see below)
enabled the tests to be terminated after 5 million cycles. Models were cleaned (section 2.1)

and measured at intervals corresponding to 0.5, 1, 2, 3, 4 and 5 million cycles.

Wear measurement

The ball and socket were weighed separately with a precision of 0.2 mg using a laboratory
balance (Model GA200D, Ohaus, Norfolk, UK). The total mass loss of each disc arthroplasty
was determined from the mass loss of the ball added to the mass loss of the socket. The
total volume loss of each disc arthroplasty was then determined by dividing the mass loss by
the density of cobalt-chrome alloy*® of 8.29 mg.mm™.. Each measurement was repeated six

times for each of the three samples.

Surface roughness measurements

Surface roughnesses of the ball and socket were measured by a contact method using a
stylus profiler (Talysurf 120L, Taylor Hobson Ltd., Leicester, UK), equipped with a diamond-
tip stylus. The measurements were made at the centre of the balls and sockets. An area of
3 mm x 3 mm was selected at the centre of the ball or socket and then six measurements
(2.25 mm x 1.25 mm each- see section 2.4) were performed within that area.; 164 lines of

measurement were used to construct a surface profile.

Results were analysed using TalyMap Universal 3.1.8 software (Taylor Hobson Ltd.,
Leicester, UK). Since the surface roughness was in the range 0.02-1 um and the stylus had
a radius of 2 um, a profile filter with a cut-off wavelength of 0.25 mm was used to separate
roughness from waviness .?°> The average roughness, R,, of each area was determined by
the software. Each determination was repeated six times. Since results were closely similar,

average R, values for balls and sockets were determined.



Determination of wear rates

Graphs of mass loss and R, plotted against the number of wear cycles appeared to consist
of two linear segments. To test this hypothesis it was necessary to reject the null hypothesis
that the points could represented by a single straight line. The hypothesis was tested using
the F-test . One and two lines were fitted to the data points and
F=(Q:1+Q2)(N—-4)/(2Q2)

was calculated where Q, is the sum of the squared deviations for a single line and Q, is that
for two lines; N is the number of data points. If the calculated F-value exceeds the F, y_,
value at p = 0.05, the null hypothesis can be rejected .?” Here N = 7 so the null hypothsis
can be neglected at the p < 0.05 level when F > 9.55, according to the form of the F-
distribution.?® Whenever this condition was met, wear was represented by two regression
lines and a wear rate calculated from the slope of each. For each line segment, the linear
correlation coefficient, R, and the probability, p, that this value of R could have arisen by

chance, were calculated.®

Results

Figure 2 shows that volume was lost in two stages in the wear process. The initial stage
lasted for about 1 million cycles and corresponded to a mean volume loss of 2.01 + 0.04
mm? per million cycles (16.6 = 0.3 mg per million cycles).. In the next stage, volume was lost
more slowly at a rate of 0.76 + 0.02 mm?® per million cycles (6.3 + 0.2 mg per million cycles)..
In both stages the volume loss increases linearly with the number of wear cycles, i.e. with

the duration of the test.

Figure 3 shows a slight but significant (p < 0.05) increase in surface roughness during the
wear process that occurred in two stages. The first stage lasted for about 1 million cycles

and corresponded to the steeper increase in roughness. In both stages, the increase in



surface roughness increased linearly with the number of wear cycles. Figure 4 shows the

surface topography for an untested surface and after 1 million cycles.

Discussion

The observation of a two-stage wear process is consistent with previous results on TDA and
THA. Paré et al."*observed an initial wear period lasting about 0.5 million cycles in a
laboratory test of the metal-on-metal A-Mav™ lumbar TDA (Medtronic. Memphis, TN, USA),
followed by a second stage in which the rate of wear was reduced. In a study of metal-on-

|.2refer

metal THAs, the initial wear rate reduced after about 1 million cycles .° Vassiliou et a
to an initial “running —in” period, in their study of metal-on-metal THA, although they do not
analyse their results to distinguish different wear stages; they refer to wear rates becoming
“progressively lower” with “run-in” periods of about 2 million cycles. Inspection of their results

suggests a qualitatively similar dependence of wear on the number of test cycles but with a

longer “run-in” period.

Wear rates are also comparable to those reported previously for TDA and THA. In their

|13

study of metal-on-metal TDA, Paré et al.”*reported a lower initial wear rate (0.6 + 0.1 mm?

per million cycles) than that reported here (2.01 + 0.04 mm? per million cycles). Studies of

"9and so

metal-on-metal THA report wear rates in the range 0.2-6.3 mm?® per million cycles
are consistent with the wear rates reported here. Goldsmith et al.’describe a wear process
with an initial rate of 0.5 mm? per million cycles followed by a slower wear rate of 0.4 mm?

per million cycles.

Itis likely that changes in wear rate are linked to the same changes in surface topography
that give rise to the changes in surface roughness shown in Figure 2. The change in surface
roughness is linear for the first 1 million cycles and then continues to be linear but at a
slower rate. This is exactly the same pattern of behaviour observed for wear rates. The

higher wear rate during the initial “running-in” period for TDA and THA is conventionally



attributed to loss of surface asperities.*?**%*2?* This has been referred to as a “self-polishing”
mechanism .2>*° However, our results show a slow, but significant, increase in surface
roughness throughout the wear process. Thus the surfaces were not polished smooth. It
appears likely that asperities are lost in the initial wear stage so that later stages must
involve cutting grooves into the articulating surfaces. This interpretation is consistent with the

appearance of wear scars on the surfaces of explanted metal-on-metal TDAs .*3

The wear is expected with metal-on-metal disc arthroplasty as it has been suggested
analytically that they will operate with a boundary lubrication regime*’ and shown
experimentally that they operate with a boundary or mixed lubrication regime'*. Therefore,

there will be contact between the bearing surfaces.

The disc arthroplasty market is very immature compared with the hip and knee joint
replacement market. The 1SO standard for testing disc arthroplasty was only first published
in 2008%, with some minor revision in 2011, after the work for this study was started.
Therefore, this study has undertaken wear tests in line with the current thinking. As itis a
fairly new technology there is no joint registry for it and there are very few published clinical
studies and retrieval studies on metal-on-metal disc arthroplasty. A few studies have raised
the possibility of issues with metal wear debris from disc arthroplasty®*®, but it is too early to
determine if the problems may be of the scale seen with some designs of metal-on-metal hip

arthroplasty®*®.

Conclusions

Wear of a metal-on-metal model TDA, with a ball radius 10 mm and radial clearance
between ball and socket of 0.015 mm, occurred in two stages. In the first stage there was a
linear wear rate of 2.01 + 0.04 mm? per million cycles; in second stage there was a linear

wear rate of was 0.76 + 0.02 mm? per million cycles.



Conflict of interest statement

The authors had no conflicts of interest.

Funding

This work was supported by the Engineering and Physical Sciences Research Council [grant
number EP/F014562/1]. The AR-G2 rheometer (TA Instruments, West Sussex, UK) used in
this research was obtained, through Birmingham Science City: Innovative Uses for
Advanced Materials in the Modern World (West Midlands Centre for Advanced Materials
Project 2), with support from Advantage West Midlands (AWM) and part funded by the

European Regional Development Fund (ERDF).



References

10.

11.

Gamradt SC, Wang JC. Lumbar disc arthroplasty. Spine Journal 2005; 5: 95-103.
Frelinghuysen P, Huang RC, Girardi FP, Cammisa FP. Lumbar total disc replacement
part 1: rationale, biomechanics and implant types. Orthop Clin N Am 2005; 36: 293-299.
Hall RM, Brown TD, Fisher J, Ingham E, Mendoza SA, Mayer HM. Introduction to lumbar
total disc replacement: factors that affect tribological performance. P | Mech Eng J 2006;
220: 775-786.

Lee JL, Billi F, Sangiorgio SN, McGarry W, Krueger DJ, Miller PT, McKellop H,
Ebramzadeh, E. Wear of an experimental metal-on-metal artificial disc for the lumbar
spine. Spine 2008; 33: 597-606.

Kurtz SM. Total disc arthroplasty. In: Kurtz SM and Edidin AA (eds) Spine Technology
Handbook. Amsterdam: Elsevier Academic Press, 2006, pp. 313-351.

Moghadas P, Shepherd DET, Hukins DWL, Mahomed A. Polymer-on-metal or metal-on-
polymer total disc arthroplasty: does it make a difference? Spine 37: 1834-1838.
Affatato S, Spinelli M, Zavalloni M, Leardini W, Viceconti M. Predictive role of the lambda
ratio in the evaluation of metal-on-metal total hip replacement. P | Mech Eng H 2008;
222: 617-628.

Dowson D, Jin ZM,. Metal-on-metal hip joint tribology. P | Mech Eng H 2006; 220: 107-
118.

Goldsmith AA, Dowson D, Isaac GH, Lancaster JG. A comparative joint simulator study
of the wear of metal-on-metal and alternative material combinations in hip replacements.
P 1 Mech Eng H 2000; 214: 39-47.

Scholes SC, Green SM, Unsworth A. The wear of metal-on-metal hip prostheses
measured in a hip simulator. P | Mech Eng H 2001; 215: 525-530.

Scholes SC, Unsworth A. The tribology of metal-on-metal total hip replacements. P |

Mech Eng H 2006; 220: 183-194.



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Vassiliou K, Elfick APD, Scholes SC, Unsworth A. The effect of “running-in” on the
tribology and surface morphology of metal-on-metal Birmingham hip resurfacing device
in simulator studies. P | Mech Eng H 2006; 220: 269-277.

Paré PE, Chan FW, Powell ML. Wear characteristics of the A-MAV™ anterior motion
replacement using a spine wear simulator. Wear 2007; 263: 1055-1059.

Mohadas P, Mahomed A, Hukins DWL, Shepherd DET. Friction in metal-on-metal disc
arthroplasty: effect of ball radius. J Biomech 2012; 45: 504-509.

Simon SR, Rose RM, Radin EL. “Stiction-friction” of total hip prostheses and its
relationship to loosening. J Bone Joint Surg Am 1975; 57: 226-230.

Scholes SC, Unsworth A. The effects of proteins on the friction and lubrication of artificial
joints P | Mech Eng H 2006; 220: 687-693.

Shaheen, A., Shepherd, DET, 2007. Lubrication regimes in lumbar total disc
arthroplasty. P | Mech Eng H 221, 621-627.

Yao H, Gu WY. Physical signals and solute transport in human intervertebral disc during
compressive stress relaxation: 3D finite element analysis. Biorheology 2006; 43: 323-
335.

Moghadas P, Mahomed A, Hukins DWL, Shepherd DET. Effect of lubricants on friction in
laboratory tests of total disc arthroplasty. Med Eng Phys Submitted.

Scholes SC, Green SM, Unsworth A. The wear of metal-on-metal total hip prostheses
measured in a hip simulator. P | Mech Eng H 2001; 215: 523-530.

Tipper JL, Firkins PJ, Besong AA, Barbour PSM, Nevelos J, Stone, MH, Ingham E,
Fisher J. Characterisation of wear debris from UHMWPE on zirconia ceramic, metal-on-
metal and alumina ceramic-on-ceramic hip prostheses generated in a physiological
anatomical hip joint simulator. Wear 2001; 250: 120-128.

BS ISO 18192-1,. Implants for surgery — Wear of total intervertebral spinal disc
prostheses. Part 1: Loading and displacement parameters for wear testing and

corresponding wear conditions for test. London: British Standards Institution, 2008.



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Nechtow,W, Hinter M, Bushelow M, Kaddick C. IVD replacement mechanical
performance depends strongly on input parameters. Transactions of the 52™ Annual
Meeting of the Orthopaedic Research Society, Chicago IL., 2006

Vicars R, Hyde PJ, Brown TD, Tipper JL, Ingram E, Fisher J, Hall RM. The effect of
anterior-posterior shear load on the wear of ProDisc-L TDR. Euro Spine J 2010; 19:
1356-1362.

BS ISO 4287. Geometric product specifications (GPS). Surface texture: profile method.
Terms, definitions and surface texture parameters. London: British Standards Institution,
1997.

Bevington PR. Data reduction and error analysis in the physical sciences. New York:
McGraw Hill, 1969.

Klein JA, Hukins DWL. Relocation of the bending axis during flexion-extension of lumbar
intervertebral discs and its implications for prolapsed. Spine 1983; 8: 659-664.

Bland M. An introduction to medical statistics. 2" edition. Oxford: Oxford University
Press, 1995.

McKellop H, Park SH, Chiesa R, Doorn P, Lu B, Normand P, Grigoris P, Amstutz H. In
vivo wear of three types of metal on metal hip prostheses during two decades of use.
Clin Orthop Relat R 1996; 329: S128-S140.

Rieker C, Konrad R, Schoun R. In vitro comparison of two hard-hard articulations for
total hip replacements. P | Mech Eng H 2001; 215: 153-160.

Bisseling P, Zeilstra, DJ, Hol AM, van Susante JLC. Metal ion levels in patients with a
lumbar metal-on-metal total disc replacement should we be concerned? J Bone Joint
Surg Am 2011; 7: 949-954.

Guyer RD, Shellock J, MacLennan B, Hanscom D, Knight RQ, McCombe P, Jacobs JJ,
Urban RM, Bradford D, Ohnmeiss DD. Early failure of metal-on-metal artificial disc
prostheses associated with lymphocytic reaction diagnosis and treatment experience in

four cases. Spine 2011; 36: E492 E497.



33. Zeh A, Becker C, Planert M, Lattke P, Wohlrab D. Time-dependent release of cobalt and
chromium ions into the serum following implantation of the metal-on-metal Maverick type
artificial lumbar disc. Arch Orthop Traum Su 2009; 129: 741-746.

34. Langton DJ, Jameson SS, Joyce TJ, Gandhi JN, Sidaginamale R, Mereddy P, Lord J,
Nargol AVF.. Accelerating failure rate of the ASR total hip replacement. J Bone Joint
Surg Br 2011, 93: 1011-1016.

35. Underwood R, Matthies A, Cann P, Skinner JA, Hart AJ.. A comparison of explanted
Articular Surface Replacement and Birmingham Hip Resurfacing components. J Bone

Joint Surg Br 2011, 93: 1169-1177.



Table 1. Ranges for angular displacements in TDA wear tests

Flexion/extension
Lateral bending

Axial rotation

Minimum Maximum

-3° 6°
-2° 2°
-2° 2°




Figures

Fig. 1. The generic ball (left) and socket (right) model with 10 mm ball radius

Volume loss (mma)
W
|

No. of cycles (million)
Fig. 2. Mean volume loss for the three disc arthroplasty plotted against the number of wear
cycles. Error bars represent standard deviations. A regression line is plotted to represent

initial (R* = 0.99, p < 0.001) and second (R* = 0.99, p < 0.001) stages of wear.
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Fig. 3. Mean surface roughness (ball and socket) plotted against number of wear cycles.
Error bars represent standard deviations. A regression line is plotted to represent initial (R* =

0.98, p < 0.05) and second (R? = 0.94, p < 0.05) stages of roughening.
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Fig 4. The 3D Taylor Hobson Form Talysurf-120L surface roughness measurement images

of a ball sample a) untested; b) after 1 million cycles.



