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Abstract Wear simulation is an essential pre-clinical

method to predict the mid- and long-term clinical wear

behavior of newly introduced devices for total disc arthro-

plasty. The main requirement of a suitable method for spinal

wear simulation has to be the ability to distinguish between

design concepts and allow for a direct comparison of predi-

cate devices. The objective of our study was to investigate

the influence of loading and kinematic patterns based on two

different protocols for spinal wear simulation (ISO/FDIS

18192-1 (2006) and ASTM F2423-05). In vitro wear simu-

lation was performed with six activ� L lumbar artificial disc

devices (Aesculap Tuttlingen, Germany). The applied

kinematic pattern of movement was multidirectional for ISO

(elliptic track) and unidirectional with a curvilinear shape

for ASTM. Testing was done for 10 million cycles in the

ISO loading mode and afterwards with the same specimens

for 5 million cycles according to the ASTM protocol with a

customized six-station servohydraulic spinal wear simulator

(EndoLab Thansau, Germany). Gravimetrical and geomet-

rical wear assessment, a slide track analysis correlated to an

optical surface characterization, and an estimation of par-

ticle size and morphology were performed. The gravimetric

wear rate for the first 10 million cycles was ISOinitial =

2.7 ± 0.3 mg/million cycles. During the ASTM test period

(10–15 million cycles) a gravimetric wear rate of

0.14 ± 0.06 mg/million cycles was estimated. The wear

rates between the ISO and ASTM driven simulations differ

substantially (approximately 20-fold) and statistical analy-

sis demonstrates a significant difference (p \ 0.001)

between the test groups. The main explanation of diver-

gency between ISO and ASTM driven wear simulations is

the multidirectional pattern of movement described in the

ISO document resulting in a cross-shear stress on the

polyethylene material. Due to previous retrieval observa-

tions, it seems to be very unlikely that a lumbar artificial disc

is loaded with a linear wear path.Testing according to

ASTM F2423-05 with pure unidirectional motion does not

reflect the kinematics of TDA patients‘ daily activities.

Based on our findings it seems to be more reliable to predict

the clinical wear behavior of an artificial disc replacement

using the ISO/FDIS 18192-1 method.
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Introduction

The aim of total disc arthroplasty (TDA) is to restore the

function of the intervertebral disc, provide long-term pain
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relief and avoid adjacent segment disease [8]. Based on the

short and midterm clinical observations total disc arthro-

plasty may be a viable option to lumbar fusion in patients

with symptomatic disc degeneration [5, 19, 27–29, 42, 50].

The outcome of total disc arthroplasty depends to a sig-

nificant extent on the pre-operative degree of painful

disintegration of the intervertebral disc and the facet joints

and after TDA on the long-term properties of the artificial

disc device in mostly young and active patients [4, 25, 26,

49].

The intervertebral disc is a complex anatomic and

functional structure, which makes the development of an

efficient artificial disc a challenge [28, 43]. Today the joint

articulation of most of the clinically introduced TDA

devices is based on the materials combination CoCr29Mo6

for the highly polished metallic endplates and ultra high

molecular weight polyethylene (UHMWPE) for the inter-

mediate gliding inlay [17].

From total joint replacements it is known that the gene-

ration of polyethylene particles caused by wear activates a

biological cascade reaction in the periprosthetic tissue [20,

40]. Initiated by the phagocytosis of the particles a release

of inflammatory cytokines takes place which changes the

metabolism of the periprosthetic tissue [18, 31]. A possible

effect is the shift of the equilibrium for bone formation and

bone resorption which leads to osteolysis, the formation of

fibrous tissue and consequently aseptic loosening of the

implant components [2, 7, 15, 20, 37].

In comparison to hip and knee replacements, few if any,

long term clinical outcome, retrieval studies or in vitro

wear simulator analyses exist for TDA prostheses. Fur-

thermore, little is known about the possible adverse effects

of wear particles on inflammation, osteolysis, and potential

impairment of neurological structures [9, 10, 13, 35, 44].

Based on the complexity of the anatomical structures and

the nearly unknown loading and environmental conditions

[28, 48] little knowledge exists about the biotribological

behavior of TDA devices and the release of polyethylene

wear debris in the human lumbar spine [3, 18, 22, 23, 30,

36, 41].

At the moment two different testing protocols (ISO/

FDIS 18192-1 (2006) and ASTM F2423-05) are described

for spinal wear simulation. Since uniform and comparable

testing conditions are the goal for standardized pre-clinical

testing, the existence of two different testing standards

makes a direct comparison impossible.

Objectives

The objective of our study was to investigate the influence

of required loading and kinematic patterns of two different

protocols (ISO and ASTM documents), on the in vitro wear

behavior of TDA prostheses.

Materials and methods

A comparative wear simulation was performed with activ�

L lumbar artificial discs (Aesculap AG Tuttlingen, Ger-

many). The activ� L design consists of a convex shaped

mobile inlay made out of UHMWPE which articulates with

an inferior and superior metallic endplate in the form of a

spherical joint (Fig. 1). The radii of the inferior and

superior bearings are 50 and 14 mm, respectively.

The mobile polyethylene inlay is able to move in the

anterior posterior direction relative to the inferior endplate

to avoid in clinical use facet joint degeneration due to

overloading. The UHMWPE core was machined from

GUR 1020 with a surface roughness of less than 1 lm (Ra

value), packaged under nitrogen atmosphere and sterilized

by electron beam (b-irradiation 25–40 kGy). The endplates

of the disc were made from CoCr29Mo6 alloy with highly

polished bearing surfaces and interfaces foreseen for bone

ingrowth with a pure titanium porous coating and an

additive thin layer of dicalcium phosphate dehydrate

(Plasmapore� lCaP Aesculap, Tuttlingen). For the wear

test the intermediate disc size M was used in the implant

configuration with inferior and superior endplate and a

lordotic angle of 0 and 6�, respectively. The nominal total

Fig. 1 Total disc arthroplasty

device for the lumbar spine

(activ� L), with inferior and

superior endplate made from

CoCr29Mo6 alloy with a pure

titanium coating and a thin layer

of calcium phosphate at the

vertebral interfaces and an inlay

made out of UHMWPE with a

ball in socket joint and

additional mobility in the A/P

direction
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height of the two endplates in combination with the poly-

ethylene inlay was 14 mm.

The in vitro wear simulation was performed in a direct

comparison of two different test methods according to ISO/

FDIS 18192-1:2006 and ASTM F 2423-05. For the ISO

protocol the applied kinematic pattern is based on a dis-

placement of 6� in flexion and 3� in extension. Left and

right lateral bending is simulated 108� out of phase to

flexion/extension with a movement of ±2� and bilateral

axial rotation is given 180� out of phase in respect to lateral

bending with an amplitude of ±2�. The corresponding axial

force is applied in a double peak loading mode with

2,000 N in full flexion, 600 N in neutral position and

1,300 N for full extension1 (Fig. 2). In contrast to the

applied load profile all movements are realized in a sinu-

soidal waveform.

According to the ASTM document flexion/extension

(amplitude ±7.5�) is coupled in phase with axial rotation

(±3�) and an axial loading mode of 1,850 N for flexion and

900 N for extension is applied (Table 1). All displacements

and forces are based on a sinusoidal waveform (Fig. 2).

For the ISO and ASTM accomplished tests the loads and

displacements were realized with a frequency of 1 Hz. In

reference position the specimen had an inclination of 10� in

the sagittal plane due to the anatomical situation in the

lower lumbar spine resulting in additional anterior-poste-

rior shear loading on the polyethylene inlay.

For the superior articulation a slide track analysis was

undertaken based on a previously described method by

Saikko and Calonius [38, 39] for the characterization of hip

wear simulators. For the estimation of the wear path the
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Fig. 2 Load and displacement parameters for the wear test according to ISO/FDIS 18192-1 (2006) and ASTM F2423-05 (dotted lines)

Table 1 Comparison of the applied load and displacement parameters for wear simulation according to ISO/FDIS 18192-1 (2006) and ASTM F

2423-05

Parameter Flexion/

extension

Lateral

Bending

Axial

rotation

Loading Coupling

ISO/FDIS 18192–1 6�/3� ±2� ±2� Flexion: 2,000 N, neutral: 600 N,

extension: 1,300 N

All motions out of phase

ASTM F 2423-05 ±7.5� – ±3� Flexion: 1,850 N, extension: 900 N Fe/Ext and AR in phase

1 In the current final version of the ISO 18192-1:2008(E) the second

peak for full extension has been changed to 2,000 N.
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resultant track drawn by the point of its application was

considered, so that the sliding increment is integrated over

one motion cycle. Due to these calculations and conse-

quently during wear simulation the applied kinematic

pattern of movement was multidirectional for ISO/FDIS

18192-1 (elliptic track) and unidirectional with a curvi-

linear shape for ASTM F 2423-05 (Fig. 3).

Testing was done for 10 million cycles according to

ISO/FDIS 18192–1:2006 (ISOinitial) and afterwards with

the same specimen for 5 million cycles following the

ASTM F 2423-05 protocol (ASTM) with a customized 6

station servo-hydraulic spinal wear simulator (EndoLab

Mechanical Engineering GmbH, Thansau, Germany).

Finally the identical disc components were tested again for

2 million cycles according to the ISO protocol (ISOfinal) to

investigate if the wear behavior of the disc replacements

has changed due to the sequential testing procedure. All

polyethylene inlays were soaked prior to simulation in

serum based test medium for 30 days to allow for saturated

fluid absorption. Six disc assemblies (specimens A1–A3

and B1–B3) were fixed with epoxy resin and mounted in

the wear test stations and two references (specimens A0

and B0) were loaded axially only for loaded soak controls.

Testing was performed at 37� in a lubricant of newborn calf

serum from a single source lot (Biochrom AG Berlin,

Germany) diluted with deionized water to install a defined

protein content of 30 g/l. The lubricant was pH-stabilized

by ethylene diamine tetraacetic acid (EDTA) and ampho-

tericine was added for fungal decay preservation. The test

chambers were sealed with an elastic membrane to avoid

contamination of the lubricant during the test.

At each measurement interval (0.5 million cycles)

cleaning was performed following a procedure described in

ISO 14242-2:2002 (E) for wear assessment of hip joint

articulations. The wear of the polyethylene inlays was

estimated gravimetrically with an analytical balance (Met-

tler-Toledo Type AG 204 Balingen, Germany) to a

precision of 0.1 mg under consideration of the air buoyancy

and the bearing surfaces were inspected with a stereo

microscope (Wilde M3Z Herrenbrugg, Switzerland). The

mean and standard deviation of the gravimetrically mea-

sured weight loss was calculated. To adjust the effect of

fluid absorption the loaded soak controls were used to

estimate the linear association between cycle count (time)

and mass change. A geometrical assessment of plastic

deformation (creep) and wear was performed after 10 mil-

lion cycles (ISOinitial) with a three-dimensional measuring

machine (UMM850, Zeiss Oberkochen, Germany) in a

tactile measuring mode (points per scan 3,500). The geo-

metrical changes were displayed vertically to the

transversal plane of the polyethylene inlay with a pseudo-

color mode, whereas the colors were spread between

red = 0.0 mm and dark blue = -0.3 mm for the superior

surface of the polyethylene inlay and red = 0.0 mm and

dark blue = -0.1 mm for the inferior surface, respectively.

The lubricant was replaced at each station after each

inspection interval and stored for wear particle isolation and

analysis following a procedure described by Affatato et al.

[1] and Niedzwiecki et al. [34]. The particles were digested

in 37% hydrochloric acid, diluted in methyl alcohol and

filtered through a cascade of polycarbonate filters with a

pore size of 0.1, 1.0 and 10 lm, beginning with the largest
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Fig. 3 Pattern of movement of the superior bearing of the polyethylene inlay relative to the superior endplate in a planar view perpendicular to

the pole of the sphere (generated by simulator data acquisition) according to ISO/FDIS 18192-1 (left) and ASTM F 2423-05 (right)
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filter size. Subsequently a SEM micrograph analysis was

performed with at least five images per filter pore size for

the software assisted particle count (size and morphology)

at each measurement point to obtain a representative par-

ticle size distribution. The serum of the six tested specimens

(A1–A3, B1–B3) and the loaded references (A0,B0) was

analyzed for size and shape of the wear particles every 0.5

million cycles up to 3 million cycles and after 5, 7.5, and 10

million cycles (ISOinitial). For a direct comparison the serum

of the six tested specimens and the loaded references was

also analyzed after wear simulation according to ASTM

F2423-05 at 12.5 million cycles (2.5 Mio cycles in ASTM

wear mode). The mean particle diameter was used to

describe the size of the particles and the roundness was used

to describe the shape of the particles.

Finally a statistical analysis was performed to verify the

Gaussian distribution (Kolmogorov–Smirnov-test) and to

discriminate the wear rates between the groups ISOinitial,

ASTM and ISOfinal (paired Student‘s t test).

Results

For the six polyethylene inlays under wear simulation the

mean gravimetric wear rate of the initial test period (0–10

million cycles) was ISOinitial = 2.7 ± 0.3 mg/million

cycles (Fig. 4). During the second period (10–15 million

cycles), the simulation was performed according to the

ASTM protocol, a mean gravimetric wear rate of

0.14 ± 0.06 mg/million cycles was calculated.

For the final test period (15–17 million cycles),—again

according to the ISO protocol,—an amount of wear of

ISOfinal = 2.85 ± 0.44 mg/million cycles was estimated.

The wear rates between the ISO and ASTM performed

simulations differ substantially (approximately 20-fold) and

statistical analysis demonstrates a significant difference

between the test groups ISOinitial versus ASTM (p \ 0.001)

and ASTM versus ISOfinal (p \ 0.001) (Fig. 5).

In a direct comparison between ISOinitial and ISOfinal the

wear rates differ only by a factor of 1.1, and it is obvious

that there is a high level of repeatability and no statistical

difference of these two groups could be observed

(p = 0.563).

Due to a combination of creep and wear after 10 million

cycles (ISOinitial) a mean height loss of less than 0.28 mm

for the superior articulation and less than 0.05 mm for the

inferior articulation was detected in respect to the initial

state prior wear testing (Fig. 6). After completion of the

ASTM test period no geometrical wear assessment was

performed. But due to the very low wear rate (ASTM) no

substantial geometrical changes could be expected.

The height loss of the loaded soak controls (ISOinitial) is

up to 0.067 mm on the superior surface and 0.02 mm at the

inferior surface. The geometrical changes of the loaded

reference specimens are due to plastic deformation (creep).

Therefore, approximately 25% of the geometrical changes

of the superior surface and 40% of the inferior surface are

not related to a wear process with particle generation. The

larger geometrical changes on the posterior part of the

superior surface are due to the applied movement patterns

and the anatomical inclination of the specimens according

to the ISO/FDIS 18192-1. The slightly lateral position of

the largest change in the geometry is directly correlated to

the asymmetrical distribution of the axial force vector

during the load cycle and corresponds well to the applied

load and displacement pattern of the ISO protocol.

-10

-5

0

5

10

15

20

25

30

35

40

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

cycles [million]

wear [mg]

ISOinitial ISOfinalASTM 

A1 A2
A3 A0 (reference)
B1 B2
B3 B0 (reference)
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The slide track analysis for the superior articulation

results in a multidirectional pattern of movement with oval

shape for the ISO/FDIS 18192-1 and in a unidirectional

displacement pattern with curvilinear shape for the ASTM

F 2423-05 (Fig. 3). The calculated patterns of movement

for ISO and ASTM are consistent with the observations of

the wear traces on the polyethylene inlays (Fig. 7). A direct

influence of the different pattern of load and displacement

on the shape of the generated wear traces was detected.

The images of the superior bearing of the polyethylene

inlays illustrate apparently the close relationship of the

resulting wear traces to the applied ISO or ASTM wear

simulation protocol. All images of the optical wear surface

analysis were undertaken in a planar view perpendicular to

the pol of the sphere.

The initial test period (ISOinitial) provokes multidirec-

tional and oval shaped wear traces, whereas the second test

period according to ASTM removes the previously formed

wear traces continuously and leads to linear wear traces

(Fig. 7). After returning to the ISO test protocol (ISOfinal)

the oval shaped wear traces appear again. These charac-

teristic findings are consistent for all tested specimens. The

microscopic observations of all polyethylene inlays indi-

cate that abrasive/adhesive wear and plastic deformation

are the main wear mechanisms. There is no observation of

crack formation nor pitting or delamination on the

UHMWPE inlay bearings after 17 million wear cycles.

The different wear traces and their changes between the

first and second test period (ISOinitial and ASTM) are also

obvious on the superior metallic endplates counterpart

(Fig. 8).

The particle size distribution and the shape of the par-

ticles is uniform for all six tested specimens in every test

interval following the ISO wear simulation (ISOinitial). This

indicates a similar steady wear behavior for all six tested

specimens, which is consistent with the gravimetric wear

results. After the running-in period (up to 1.0 million

cycles) the particle size distribution demonstrates, in gen-

eral, steady state characteristics. The average value of the

mean particle diameter increases from 0.17 to 0.2 lm at the

first 1.5 million cycles of the wear test to values between

0.2 and 0.4 lm for the complete ISOinitial test duration. The

lower 95% confidence limit is located at 0.1 lm and the

upper 95% confidence limit is in a range between 0.7 and
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Fig. 5 Box-Wisker-plot for statistical analysis between the groups

ISOinitial versus ASTM and ASTM versus ISOfinal (paired Student-t
test)

Fig. 6 Height loss in vertical direction to the transverse plane of the

polyethylene inlays at the superior and inferior bearing after 10

million cycles (ISOinitial)—specimen A1–A3 under wear simulation

(left) and loaded soak control specimen A0 (right)—superior scale:

red = 0.0 mm and dark blue = -0.3 mm, inferior scale:

red = 0.0 mm and dark blue = -0.1 mm
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0.9 lm. A direct comparison of the observed frequency and

cumulative percentage of the particle size distribution

demonstrates a similar wear debris behavior between ISO

and ASTM wear simulation (Fig. 9).

For ISOinitial and ASTM the largest particles are

observed in a size range between 5 and 10 lm with a

frequency very below 2%. The smallest particles which

were detected are in a size range of approximately 0.05 lm

for all tested lubricants. The particle size distribution

resulting from the ASTM wear simulation is bimodal for

all specimens, whereas for the ISOinitial a bimodal tendency

is present. For both groups (ISOinitial and ASTM) most of

the submicron particles are smooth and granular and there

are only a few elongated particles and several larger flakes

more than 1.0 lm in diameter.

The morphology of the particles for the ISOinitial group

is mainly granular and stable with a roundness of approxi-

mately 0.5 for all tested lubricants. Most of the particles of

Fig. 7 Characteristical wear

traces on the superior bearing

surfaces of the polyethylene

inlays with multidirectional oval

shape after wear simulation

according to ISO/FDIS 18192-1

(ISOinitial, 10 million cycles) and

with curvilinear wear traces

resulting from the ASTM F

2423-05 kinematic pattern of

movement (ASTM, 15 million

cycles)

Fig. 8 Superior endplate of

specimen B1 (magnification

10:1) after 10 million cycles

(ISOinitial) with oval shaped

wear traces on the metallic

bearing surface and specimen

B2 after 15 million cycles

(ASTM) with mainly linear

wear traces on the superior

metallic bearing surface

(magnification 16:1)
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the ASTM group have a roundness above 0.5 indicating a

more spherical shape rather than a fiber structure. The

distribution of the particle roundness demonstrates a

slightly more spherical shape for the particles in submicron

size (Fig. 10).

Discussion

Wear simulation is an essential pre-clinical method to

predict the mid- and long-term clinical wear behavior of

newly introduced devices for total joint arthroplasty. In

contrast to hip and knee replacement, inadequate knowl-

edge exists about the biotribological behavior of TDA

devices. The reasons are that there is precious little clinical

long-term data available and the in vivo aspects of spinal

loading and the environmental conditions are nearly

unknown. In addition only fragmentary retrieval data exists

[13, 22, 23, 35].

In spite of these limitations, spinal wear simulator test-

ing was introduced which is based on the experiences of

hip and knee replacements, the well investigated range of

motion kinematics of the native spine and rudimentary

retrieval analysis. One of the main requirements of a

suitable method for spinal wear simulation has to be the

ability to distinguish between design optimizations arising

during the development process and to allow for a direct

comparison to predicate devices with clinical history.

Therefore, the objective of our study was to investigate

the influence of loading and kinematic patterns based on

two different protocols for spinal wear simulation (ISO/

FDIS 18192-1 (2006) and ASTM F2423-05). The applied

kinematic pattern of movement was multidirectional (ISO)

and unidirectional with a curvi-linear shape (ASTM). In a

previous study Nechtow et al. [32] analyzed the effect of

kinematics on TDA wear and found that cross-shear

loading increased significantly the wear rate compared to

curvi-linear motion. During knee wear testing Kang et al.

[21] quantified the effect and found that cross-shear

increases the apparent wear factor of polyethylene by more

than five-fold in comparison to unidirectional sliding. In

basic tribological analyses performed by Wang [47], the

experimental wear factor of polyethylene increased by an

order of magnitude as the cross-shear angle changed from 0

to 7.5�. Due to these previous findings the results of our

study are not unexpected but to our knowledge it is the first

published data with a direct comparison of the two existing

methods based on one and the same TDA design which

guarantees the elimination of design, material and manu-

facturing influences.

Anyone can argue that from the sequential testing pro-

cedure a limitation of the study can arise and a logical

approach would have been to test the ISO and ASTM

protocols separately in two independent groups of devices.

In contrast to that we decided to apply the ISO and ASTM

protocols in sequence on the same devices to avoid any

potential influence from different wear testing machines,

orientation of the cranial and caudal endplates during

embedding and manufacturing tolerances.

Our results demonstrate that the wear rates of ISOinitial

and ISOfinal are profoundly similar without detectable

running in phase. In addition to that there is obviously a

seamless transition in regard to the substantial changes in

wear rate between the ISO and ASTM protocols (10–10.5

million cycles) and also vice versa (15–15.5 million

cycles).

Following the ISO protocol in our current study the mean

gravimetric wear rate was ISOinitial = 2.7 ± 0.3 mg/million
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cycles. In comparison to previously reported results from

Nechtow et al. [32] with wear rates of 16.59 ± 0.96 mg/

million cycles for ProDisc� L and 19.35 ± 1.16 mg/million

cycles for Charité the current wear results for activ� L are 6.1

and 7.2 times lower, respectively. Nechtow et al. [32] used an

identical simulator type and applied an earlier draft version

of the ISO protocol with identical kinematic patterns but a

slightly different loading mode. Nechtow et al. [32] applied a

sinusoidal loading of 1,750 N for flexion and 150 N for

extension whereas in our study a double peak loading of

2,000 N for flexion, 600 N in neutral position and 1,300 N

for extension was used. This difference in loading does not

lead to a reasonable explanation for the observed discrep-

ancy between our study and the predicate designs. One major

source of difference may be the fact that Nechtow et al. [32]

applied the load and all motions at a different frequency. The

effect of these frequency shift on the TDA devices wear rate

is not known. Also the chosen sterilization method for the

polyethylene inlay (gamma or electron beam), the steriliza-

tion dosage and the size of the disc replacement (not specified

by Nechtow et al. [32]) could influence the wear character-

istics of the implant.

Furthermore the lubricant could be a source of high

influence on wear rates, but the used lubricant of Nechtow

et al. [32] and the one used in our testing is completely

comparable in regard to xenolog origin, protein concen-

tration and the content of EDTA. The only difference is the

laboratory praxis for prevention of micro-fungal contami-

nation were we use Amphotericine and Nechtow et al. [32]

added Patricin, but this should not noticeable effect the

wear test conditions. One main reason for these markable

discrepancies in wear behavior may be also the degree of

constraint of the different TDA designs.

Also surface roughness plays a major role under the

aspect of wear generation in artificial joint replacements.

An increased surface quality of the CoCr29Mo6 endplates

has been established based on a machine-made polishing

process, which leads to a homogeneous structure of the

articulating metallic surfaces. These substantial manufac-

turing optimizations could be an explanation for the

favorable low wear rates found in our study. This could be

also an explanation for the findings in a recent study of

Nechtow et al. [33] were they performed wear testing on

ProDisc� L under the ISO protocol and reported in good

consistency to our results wear rates of 4.64 and 5.3 mg/

million cycles. Based on our findings in comparison to the

literature it can be assumed that the ISO method is able to

distinguish between the wear behavior of different TDA

designs. By wear simulation according to ASTM F2423-05

a mean wear rate of 0.14 ± 0.06 mg/million cycles has

been estimated, which corresponds well to published wear

data from Serhan et al. [41] with 0.13 mg/million cycles

measured under similar test conditions for the Charité. For

a unidirectional loading pattern with lower amplitudes than

given in the ASTM protocol also Nechtow et al. [32]

reported wear rates of less than 0.1 mg/million cycles.

Our direct comparison of the two alternative wear simu-

lations results in a difference of the gravimetric wear amount

of approximately 20-fold between the ISO and ASTM

method. This high degree of difference between ISO and

ASTM described wear simulations (p \ 0.001) cannot be

reasonably explained by pure amplitude differences of the

given loading and displacement parameters. For example,

the calculated wear path based on the ASTM protocol is even

larger as the wear path defined in the ISO document.

The main explanation of divergency is the multidirec-

tional pattern of movement described in the ISO document

resulting in a cross-shear stress on the polyethylene mate-

rial. It has been previously demonstrated by Wang et al.

[45–47], that cross-shear, caused by multidirectional

movement patterns will be detrimental to the wear behavior

of polyethylene components. In contrast to that the unidi-

rectional linear movement pattern of the ASTM testing

method provokes an orientation of the molecular chains in

the polymer material which results in a strain hardening

effect of the polyethylene [6, 21, 46]. However, the mul-

tidirectional wear path according to ISO prevents a strain

hardening of the UHMWPE material due to continously

changes of the direction of movement and leads to a sig-

nificant higher wear rate. Therefore, a strong influence of

load and movement patterns could be determined. Our

findings are fully supported by the previous results of

Nechtow et al. [32]. After completion of the wear simu-

lation (17 million cycles) and optical analysis of the

polyethylene inlays the bearing surfaces present burnish-

ing, removal of machining marks and plastic deformation

at the superior articulation, whereas at the inferior articu-

lation machining marks are still visible. The main wear

mechanism for the polyethylene inlays of the activ� L

artificial discs are abrasive/adhesive wear and creep with-

out any signs of pitting, delamination, crack formation or

fatigue failure.

For the optical surface examination the high degree of

agreement between the theoretical movement pattern pre-

dictions, the center of geometrically measured peak wear

and the genuine wear traces is very impressive. Following

the ISO kinematics the described oval-shaped multidirec-

tional pattern of movement correspond very well to the left

wear marks at the cranial surface of the polyethylene inlay

and the superior metallic endplate. These findings are in

agreement with the analysis of Kurtz et al. [23, 24] on

retrieved Charité components. They observed evidence of

burnishing, removed machining marks and multidirectional

scratches. In contrast to that wear simulation according to

the ASTM document leads to linear wear traces on the

inlay and superior metallic endplate bearing surfaces as

106 Eur Spine J (2009) 18:98–108
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calculated, which do not harmonize with the known TDA

retrieval findings [23, 24].

In regard to the release of polyethylene wear debris after

TDA in the human lumbar spine the mean particle size

found during ISOinitial and ASTM wear simulation was

0.2–0.4 lm with a range of 0.05–10 lm. Our current

results without substantial differences in wear particle

diameter and size distribution for multidirectional (ISO)

versus unidirectional (ASTM) testing is in good agreement

with the basic description of wear mechanisms by Wang

et al. [45] that the morphology of polyethylene particles is

not significantly influenced by the amount of cross-shear.

The size distributions and morphologies of the generated

particles in TDA wear simulation (mean size range 0.1–

1 lm) are comparable to particles found in total hip and

knee replacements [16, 20]. Therefore an osteolytic

potential of the generated polyethylene wear debris has to

be considered [16, 18, 20].

A comparison to the circumstances in total hip and knee

replacement may not be directly applicable to total disc

arthroplasty due to the absence of a surrounding joint

capsule and non-synovial fluid boundary conditions.

Cunningham et al. [11, 12] investigated in a small animal

study with a high dosage deposit of UHMWPE particulates

in the spinal cord region of new zealand white rabbits

localized histiocytic reactions in the epidural tissues but

without any acute neural or systemic histopathologic

response.

The clinical outcomes of patients undergoing TDA with

Charité or ProDisc� L artificial disc with clinical long term

results [13, 14, 25, 26, 44] or well documented US IDE

trial studies [5, 50] demonstrate that aseptic loosening

following extensive osteolysis may not play the same role

in TDA as in total hip replacements. However van Ooij

et al. [35] reported one revision of a Charité prosthesis

associated with osteolysis of the underlying sacrum due to

severe wear and fracture of the polyethylene core accom-

pagnied by presence of wear debris in inflammatory fibrous

tissue layers. Since revision is a severe intervention,

longterm survival of TDA devices is crucial, underlining

the importance of spinal wear simulation studies.

Conclusion

Due to previous retrieval observations [22–24, 30, 35], it

seems to be unlikely, that a lumbar artificial disc is loaded

with a linear wear path in vivo. Thus, one can conclude that

wear testing according to ASTM F2423-05 with pure

unidirectional motion does obviously not reflect the kine-

matics of TDA patient’s daily activities, and therefore, a

strain hardening leading to enhanced wear resistance of the

polyethylene may not occur. Based on these findings it

seems to be safer to predict the clinical wear behavior of an

artificial disc replacement based on the multidirectional

ISO/FDIS 18192-1 (2006) method.
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