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Metal wear particles: What we know, what we do not know, and why
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Abstract

The importance of wear particle characterization for orthopaedic implants has long been established in the hip and knee arthroplasty
literature. With the increasing use of motion preservation implants in the spine, the characterization of wear debris, particularly metallic
nature, is gaining importance. An accurate morphological analysis of wear particles provides for both a complete characterization of the
biocompatibility of the implant material and its wear products, and an in-depth understanding of the wear mechanisms, ion release, and
associated corrosive activity related to the wear particles. In this paper, we present an overview of the most commonly-used published
protocols for the isolation and characterization of metal wear particles, and highlight the limitations and uncertainties inherent to metal

particle analysis.
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Background

In the past decade, there has been growing acceptance of
the use of motion-preservation implants in the spine. Prior
experience with orthopaedic devices, such as hip and knee
implants, has shown that particulate wear debris can be
associated with postoperative complications such as peri-
implant osteolysis.'”” In the last 20 years, new materials
have been developed for use in total hip and knee arthro-
plasty that effectively reduce the total amount of wear
generated in situ. These materials include cross-linked poly-
ethylenes, as well as combinations of metal-on-metal and
ceramic-on-ceramic materials for articulating surfaces.

The introduction of modern metal-on-metal bearing sur-
faces for hip replacement components has resulted in re-
newed interest in the analysis of metal particles due to
concerns for the potential long-term effects of metal wear
products in vivo. Despite their increasing popularity, it is
widely recognized that modern metal-on-metal bearings for
total hips can generate extremely small sized metal parti-
cles.®~'° For a given period of usage, the total volume of
metal wear debris from a metal-on-metal articulation may
be much smaller compared to the wear volume of polyeth-
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ylene from a polyethylene-on-metal articulation.” However,
due to the smaller metal particle size, it is estimated that the
number of metal particles can be up to 100 times greater
than the number of polyethylene particles.®'*!' The small
size of metal particles vastly increases the total surface area
of the metal exposed to the aggressively corrosive body
environment, increasing the propensity to release metal
ions. Moreover, concerns have been raised regarding the
toxicity, corrosion, and ion release associated with metal
wear debris; although the long-term implications related to
carcinogenicity remain unknown to date.'*~'¢

As motion preservation gains traction as a treatment
paradigm for spinal disorders, the need for accurate char-
acterization of the wear particles generated at articulating
surfaces in the spine is growing in importance. An accurate
morphological analysis of wear particles can provide an
understanding of the specific mechanisms of wear, and also
allows for a more complete characterization of the biocom-
patibility of the implant materials employed. Previous ex-
perience in particle characterization for large joint ortho-
paedic implants has shown that these techniques are
complex and on the leading edge of scientific development.
However, we do stand to gain significantly from this body
of knowledge as it relates to particle characterization for
spinal implants. In this paper, we present an overview of the
most commonly used published protocols to isolate, display,
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and morphologically and chemically characterize metal
wear particles, and highlight the advantages and limitations
in each.

The necessity and importance of particle
characterization

In the literature, the most widely used particle character-
istic is particle size which is evaluated in different ways,
normally estimating the Feret’s diameter (the longest dis-
tance between any 2 points along the particle boundary) or
the equivalent circle diameter (the diameter of the circle that
would have the equivalent area as the particle). Shape, if
evaluated, is normally assessed qualitatively or semi-quali-
tatively. Most of the previous particle analysis work in
orthopaedic biomaterials has focused on polyethylene wear
debris. It has been suggested that small (less than 1 pm)
polyethylene particles can be phagocytosed more easily
than larger particles and that elongated particles may induce
a stronger cellular reaction than rounded particles.'”'® More
recently, the importance of metallic wear particle analysis
has gained interest in the community. As a result, it is now
recognized that particles interact differently with the bio-
logical environment depending on a multitude of particle
characteristics including size, shape, surface topography,
and chemistry.®'9724

The tribological properties of materials strongly affect
the characteristics of wear particles produced during im-
plant use. Conversely, particle characteristics can often pro-
vide information regarding not only the magnitude of wear
but also the types of underlying wear mechanisms in action.
For example, under normal conditions of use, the continu-
ous generation and removal of the protective layer of a
metal surface may produce extremely small particles in
round or oval shapes. This generally indicates mild abrasive
wear. In contrast, more severe service conditions will pro-
duce greater number of irregularly shaped and larger parti-
cles whose chemistry is closer to that of the bulk material,
indicating severe abrasion. It has been recently hypothe-
sized that microstructural changes at and below the surface
are responsible for the generation of nanometer-sized wear
debris with metal-on-metal implants.*

There has also been increasing interest in the evaluation
of biological response to particles, and, in particular, to
metal wear particles. It is important to note, therefore, that
evaluation of host bioreactivity to wear debris requires first
and foremost a full morphological and chemical character-
ization of the debris. Clearly, a well-established and vali-
dated method to characterize wear debris is necessary to
facilitate rigorous bioreactivity testing, identify the under-
lying wear mechanisms, and understand the material deg-
radation phenomena.

Laboratory wear simulations provide an accurate and
reliable prediction of an implant’s wear performance. In
addition to providing the amount of wear, it is important for
laboratory wear tests to also analyze the morphology, dis-

tribution, and chemical composition of the wear particles
generated. Furthermore, the validation of wear simulation
studies requires an accurate and direct comparison of the
particles from the wear simulator to particles extracted from
peri-implant tissues. Therefore, the isolation protocol
should ideally be designed so that it can be used for the
isolation of particles from both laboratory wear simulation
studies and from explanted tissues. Unfortunately, metal
particles obtained from tissues have already gone through
some extent of degradation in vivo, complicating such
comparisons.

In addition to wear simulations, laboratory studies of
bioreactivity also have the potential to provide vital infor-
mation in predicting clinical performance of new materials.
For such studies ideally, the same method used to isolate
and characterize particles from wear simulations should also
be used to isolate and characterize particles for prediction of
bioreactivity. This would ensure that the particles provided
for cellular bioreactivity testing have the same morphology,
size distribution, and chemical composition as those produced
during the wear process. This fundamental observation
leads to an important consequence: the isolation process
must be designed so that particles can be fully characterized
and virtually free of any contaminant or residue.

A synopsis of the information that can typically be ob-
tained from analysis of wear particles is illustrated in Fig. 1.

In recent years, numerous novel implants have been
introduced for the spine. Typically, FDA requirements for
approval of a new implant include, among others, results of
fatigue and wear testing.”® Increased recognition of the
importance of wear particle analysis has resulted in regula-
tory organizations requiring particle analysis as a routine
component of implant fatigue and wear testing, general
procedures of which are described in various ASTM and
ISO documents.>’® So far, these documents provide gen-
eral guidelines but do not outline the details of the meth-
odology required to conduct reliable and reproducible par-
ticle isolation and characterization. Specifically, an FDA
guidance document®® specifies, “You should . . . extract the
wear debris from the test solution using a filter with a pore
size that allows collection of sub-micron particles,” and that
“. .. you should characterize the wear debris.” As discussed
below, these requirements are not well-defined and over-
look the complexities of the process of particle analysis.
Substantial challenges remain towards the goal of establish-
ing a single, accurate and repeatable method for the analysis
of metal particles generated by implant wear for universal
application in the orthopaedic and spine communities.

Past accomplishments

Many different techniques and approaches have been
used over the years in order to establish a reliable and
repeatable methodology for the isolation and characteriza-
tion of metal wear particles from tissues or from lubricants
used for wear simulations.®??°~%" A thorough review of
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Fig. 1. Interrelations among wear particle characteristics, wear mechanisms and biological activity.

these methods is beyond the scope of this article. However,
in this section, we briefly summarize the most significant
past accomplishments of key investigators towards particle
isolation and analysis.

Any particle analysis protocol essentially consists of 4
parts: digestion and isolation, display and image acquisition,
morphological and chemical characterization, and statistical
analysis.

Digestion and isolation

The first step in the analysis of particles is their isolation
from serum lubricant solutions, tissues, or synovial fluid. Each
of these is characterized by the presence of different proteins,
lipids, and other constituents such as hyaluronic acid. Particles
can bind to these macromolecules or be trapped along with
other residues. In order to free the particles from any substance
that eventually might interfere with their characterization, re-
searchers have used different approaches.

Selection of each particular approach also depends on the

type of particles and type of media in which the particles are
dispersed. Particles from the wear of metal alloys are of 2
types: ceramic particles, which are oxides or carbides and
thus fairly inert, and metal alloy particles coming from the
bulk materials, thus having all the characteristics of the
metal constituents including susceptibility to corrosion and
elution processes. For example, it has been established that
the use of an aggressive alkaline solution, such as sodium
hydroxide which is typically used for the isolation of poly-
ethylene particles,’® has a detrimental effect on metal par-
ticles, affecting both their shape and chemical composi-
tion.>”*® Various (and widely different) protocols involving
the use of enzymes and detergents have been developed
with the goal of digesting the proteinaceous content of the
solution, while at the same time preserving the characteris-
tics of the particles as closely as possible.®?-74¢47

For the digestion and isolation of metal particles, various
methods have been published over the years, but 4 are
most commonly recognized (Table 1). Chronologically,

Table 1
Protocols for metal particle isolation/characterization
Size Shape Size/Shape Evaluation of sample
Authors Digestion Display Imaging analysis analysis distribution distribution
Schmiedberg Papain + pK (NaOH wash) Drop Evaporation SEM Y N N N
Doorn Papain + pK Nebulization TEM Y N N N
Catelas Papain + pK Resin Embedding TEM Y Y Y Y
Brown Papain + p-K + yeast lytic Sequential Filtration SEM Y N Y N

enzyme + Zymolyase
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Table 2

Steps involved in enzymatic protocols for metal particle isolation
STEPS Schmiedberg*® Doorn'®  Catelas'®  Brown*
Washing 6 7 9 12
Centrifugation 7 4 6 2
Dilution 2 4 3 8
Digestion 2 2 2 12
Boiling - 4 3 5
heating - - - 1
Transfer 3 -

Supernatant removal 7 4

Schmiedberg et al*® applied a double enzymatic protocol
using papain and proteinase-K followed by a final wash
with NaOH. Doorn et al® applied an enzymatic protocol to
isolate particles from tissue and used a combination of
reagents to first defat and denature the samples. Enzymatic
digestion with papain and then proteinase-K in Tris-HCI
was adopted for the digestion step. Catelas et al*” applied an
enzymatic protocol similar to the one developed by
Schmiedberg et al. Sodium dodecyl sulfate (SDS) was used
as a detergent. Digestion was performed using papain and
proteinase-K in Tris-HCL at 65°C and 55°C, respectively.
More recently, Brown et al*’ applied a multi-step protocol
involving the use of 4 different enzymes (papain, protein-
ase-K, yeast lytic enzyme, and Zymolyase) and various
other reagents including SDS, MOPS, TCEP, Tris-HCI,
HEPES buffer, Sodium Phosphate buffer, 3-mercaptoetha-
nol and Elmaclean 65 solution (Table 2).

Display and image acquisition

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) are the 2 main tools used
for imaging particles. Both instruments, if equipped with
energy-dispersive x-ray spectroscopy (EDS), can give in-
formation on the chemical composition of the particles,
discriminating those of interest from contaminants and res-
idues. Furthermore, SEM and TEM can collect other infor-
mation that can be used to better understand the wear
mechanism that created the particles. It should be noted that
SEM and TEM can provide complementary data. SEM can
be used to obtain information about the surface topography
of the particles, and TEM can be used to understand the
crystallinity and thus the phase composition of the constit-
uent alloy. Both instruments provide images containing size
and shape information.

SEM and TEM function in fundamentally different ways,
and, therefore, have different limitations with regard to
particle analysis. The TEM beam, in fact, passes through the
sample, and the image obtained is the projection of the
object in the path of the beam. Depending on the orientation
of the particle to the beam, the error associated with its
dimensions and any following estimation of its shape and
size may not be trivial. Therefore, great caution is required
in analyzing TEM images for size and shape estimations.
On the other hand, until recently, TEM provided much

greater magnifications than SEM, allowing visualization
and chemical characterization of extremely small particles.
The greatest consideration when performing TEM anal-
ysis for imaging isolated wear particles is sample prepara-
tion, which is more difficult for TEM than it is for SEM and
strongly dependent on operator skills. The quality of parti-
cle sample preparation determines in large part whether or
not the micrograph will be clear and representative of the
entire particle distribution. Vastly different methods have
been adopted during the years to prepare particles for char-
acterization either by SEM or TEM. Filtering for SEM
preparation has been the most commonly used technique,
although resin-embedding, nebulization, and drop evapora-
tion have been also employed. Similarly, Schmiedberg et
al*® evaporated 5 uL of solution onto a carbon planchet for
SEM analysis. In contrast, Doorn et al® used a nebulizer to
display the particles on a copper grid for TEM analysis.
Catelas et al’’ developed an original procedure to embed
particles in resin and then obtain slices of about 90-nm
thickness for TEM analysis. Brown et al*’ used vacuum
filtration to collect particles onto filters for SEM analysis.

Morphological and chemical characterization

All investigators who have conducted particle analysis
have provided an estimation of particle size. Some have also
included size distribution as a part of their analysis. In
contrast to determining size distributions, analysis of parti-
cle shapes typically requires subjective assessments by the
observer. For example, in determining size distribution,
Schmiedberg et al*® defined length and width as the longest
axis through the particle and the shorter line segment that
spans the length at a 90° angle. However, the shape infor-
mation was not quantified; rather, the authors observed that
“fragments appeared to be predominantly spherical in
shape, but some ovoid fragments were also observed.”
Doorn et al® reported the median size of particles regardless
of their shape; however, those authors reported most of the
particles to be round in shape.

Unlike previous authors, Catelas et al*” reported quanti-
fication of shape as well as size distributions. For size
estimation, the length, defined as the maximum dimension,
and the width, defined as the maximum orthogonal dimen-
sion, were used. For shape and morphology estimation, the
ratio of length to width was used to categorize particles into
round, oval, and needle-shaped.

More recently, Brown et al*’ evaluated a maximum di-
ameter to calculate the size distribution of particles and
generically categorized them as round or irregular shape
particles.

Statistical analysis

Statistical analysis is used to estimate characteristics of
the general population using sample observations. It follows
that microscopic images (micrographs) of each sample
should be representative of the overall sample. It may be
necessary to obtain several different micrographs of the
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same sample to determine the morphological distribution of
the whole sample.

There is currently no consensus among researchers on
the best procedure to follow to evaluate the size distribution
of particles in a sample. Schmiedberg et al*® evaluated a
total of 20 particles and, assuming a normal distribution,
reported mean and standard deviation of length and width.
By comparison, Doorn et al® reported the widest diameter of
the particle on a much larger population. A different number
of particles were characterized for each sample (from 1 to
580) and no indication about the accuracy of the distribution
was given. Catelas et al*’ reported the mean maximum
dimension (length), the mean maximum orthogonal dimen-
sion (width), and shape of an average of 300 particles
evaluated on different micrographs. In a more recent article,
up to 1300 particles from up to 10 micrographs were ana-
lyzed.* It must be acknowledged that Doorn et al analyzed
particles from tissues, explaining probably why the authors
had a different number of particles for each sample, as wear
greatly varies depending on the patients.

Discussion

The particle analysis methods discussed above have con-
tributed significantly towards our understanding of the na-
ture of particulate wear debris. However, a consensus still
does not exist as to which method should become the
standard for routine use. The absence of a universally ac-
cepted method for particle analysis and the use of different
techniques to isolate and characterize particles make it dif-
ficult to compare results from different studies. Despite the
lack of consensus, attempts have been made to establish
standards for a universally accepted method.

As discussed below, accurate analysis of wear particles is
limited by multiple problems. The lubricants used in labo-
ratory wear simulations are typically serum solutions con-
taining high concentrations of protein. Digestion of lubri-
cant protein is necessary to retrieve the debris efficiently.
However, inefficient and/or incomplete digestion of lubri-
cant proteins can lead to agglomeration or loss of particles
(Fig. 2). In particular, nanoparticles can easily bind to pro-
teins or be lost by adsorption to surfaces and/or adhesion to
nonpelleting debris. That is, particles, especially in the
nanometer size, can bind to centrifuge tubes surfaces or to
lipids and proteins or fragments of them. Furthermore, even
in the presence of complete digestion, separation of the
particles from lubricant digests can lead to particle loss
and/or particle agglomeration; thus the choice of the tech-
nique to retrieve particles from the digest lubricant can
affect the final distribution. Moreover, information on par-
ticle morphology, particle size, and particle size distribution
is as critical a component as designing and conducting the
digestion and isolation methods that are used to generate the
particle images. Because of these difficulties, the errors
associated with particle characterization can be very high.

NONE

Fig. 2. Metal wear particle and organic residue after double enzymatic
digestion.

Digestion and isolation

As indicated above, the process of digestion involves
several steps to obtain particles that are as clean as possible
by the removal of any proteinaceous content and residue.
Initially, researchers used fewer steps in their digestion
protocol; but over time, in the interest of obtaining purer and
better-separated particles, more steps were added to the
digestion protocols. All of the particle isolation protocols
discussed here have involved a large number of steps, as
shown in Table 2, and all of them involved several centrif-
ugation steps to purify and collect particles. However, there
is an optimum balance between loss of particles and puri-
fication. In fact, every purification step introduced into a
protocol can potentially lead to loss of particles or be
aggressive enough to distort their physical and chemical
characteristics.

A discussion of specific side effects of each reagent in
the published digestion protocols is beyond the scope of this
review. However, it is worth mentioning that if centrifuga-
tion is involved in isolating nanoparticles, any substance
that can affect their buoyant density can be a source of loss
of particles.

In consideration of these issues, any enzymatic digestion
protocol needs to be optimized and fine-tuned so that the
number of steps and enzymes can be reduced to a minimum.
Similarly, reagents need to be selected so that their interac-
tion with particles is minimal.

In the final analysis, the reasoning behind digestion and
isolation protocols to obtain purified particles is 2-fold: the
need to obtain particles that can be easily identified and
characterized, and the need to access contaminant-free par-
ticles that can subsequently be fed to cells in bioreactivity
tests. However, the images obtained using protocols estab-
lished so far frequently depict apparent residues and ag-
glomerates, indicating that these needs have only been par-
tially addressed.
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Fig. 3. Metal wear particles on a polycarbonate filter.

Display and image acquisition

The ultimate goal of an efficient display technique
should be clear and sharp images of well separated particles
that allow for the use of an image analysis software to
automatically or semi-automatically measure and calculate
the features associated with each single particle. Thus the
contrast between the background and the observed particle
should be as high as possible so that the error associated
with image analysis is minimized. Moreover, the back-
ground should be chosen for absence of features that could
interfere with the recognition of particles. Ideally, the back-
ground should be as smooth and as uniform as possible. If
the particles are not well separated, their chemical compo-
sition cannot be accurately identified through EDS. Conse-
quently, it may not be possible to discriminate particles of
interest from contaminants.

Most researchers have used filtration in order to separate
particles.”*’ Filtering is the easiest way of collecting parti-
cles on a support that can then be used for SEM analysis.
However, filter membranes normally present a distribution
of pores that induce agglomeration by a funnel-effect. This
effect occurs because the washing solution (and thus the
particles) is forced to follow a path that is not straight,
concentrating the wear particles around the pores (see Fig.
3). Furthermore, some of the pores can easily get clogged by
particles bigger than the pore size or by residue, thus re-
ducing the overall filtering area and increasing the possibil-
ity of further agglomeration. Lastly, the use of membranes
of specific pore size introduces an artifactual threshold in
the size of recovered particles, since most of the particles
smaller than the pore size are lost. The number of particles
lost through pores may be significant; consequently, the
resulting size distribution might not represent the actual
distribution of particles in the sample. Furthermore, display-
ing on filter membranes may be unacceptable in terms of
contrast between the background and the particles, or be-
cause the pores/features on the filter can incorrectly be
counted as particles or may be difficult to distinguish.

Although they are quite different, both nebulization and
drop evaporation may very likely lead to agglomeration of
particles. This is due to natural formation of droplets that
may hold several particles together, eventually forming ag-
glomerates once the liquid has evaporated. If the evapora-
tion is carried out at high temperature, the agglomerates can
be extremely compacted, destroying the resolution of indi-
vidual particles. Furthermore, during nebulization, it is
probable that particles of different sizes are unevenly neb-
ulized and distributed, remain trapped, or fall away from the
target.

Embedding in resin for TEM analysis has gained popu-
larity in the particle analysis community. Unfortunately,
embedding, if not done accurately, can also be a source of
particle agglomeration. Specifically, the particles are pel-
leted at a bottom of a centrifuge tube and thus initially
forced together into potential artifactual agglomerates. The
resin is then poured into the tube and allowed to cure on top
of the pellet, leaving no possibility for particle separation.
Furthermore, some of the particles can remain attached at
the bottom of the tube or be lost due to partial embedding.
Slices of 90-100 nm are then cut once the resin is cured. As
acknowledged by some authors, slices may contain particles
whose orientation could lead to erroneous evaluation of the
projected dimension obtained through TEM. Consequently,
there may be an artificial skewing of particle size, because
larger particles may not be sectioned and the resin will
simply tear around them, leaving only the smaller particles
in the successful sections. Finally, particles may be stacked
too close on top of each other within the slice to be
discriminated.

Size and morphological distribution

Analysis of wear particle size and morphological distribu-
tions has often been limited to the evaluation of few parame-
ters; eg, length and width, precluding a detailed characteriza-
tion and discrimination. This is typically compounded by the
fact that image analysis is normally performed in the presence
of significant amounts of agglomerates and, in general, using
poorly contrasted images. Consequently, the operator is forced
to select the particles manually and then extract the parameters
of interest either manually or via dedicated software, making
the entire process tedious and heavily dependent on the oper-
ator’s skills and judgment.

For estimation of size distribution, a few simple descrip-
tors are often sufficient and established in the literature. On
the other hand, description of morphology has to be done
using a much more elaborate analysis. Morphological anal-
ysis should give an accurate description of the shape and
texture of the observed object. Typically, this cannot be
extrapolated by applying simple algorithms to dimensional
measurements. The difficulty of proper morphological anal-
ysis is often underestimated by researchers in the orthopae-
dic field.

A more accurate description of particle size and shape
should involve the use of multiple parameters and morpho-
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Fig. 4. Example of particles outlined from SEM micrographs for morpho-
logical characterization.

logical descriptors calculated via image analysis software.
ASTM F1877-98 standard specifies different parameters to
evaluate the size of each particle and to further define
morphological descriptors.”® Commonly measured charac-
teristics are width (W), height (H), d,,, or length, d;, or
breadth, fiber length (FL), fiber breadth (FB), perimeter (P),
and area (A). These data can be used to calculate the 5
morphological parameters specified in the standard, ie,
equivalent circle diameter (ECD), aspect ratio (AR), elon-
gation (E), roundness (R), and form factor (FF). Figure 4
shows an example of the particle length, breadth, height and
width for different types of particles. These shapes are
outlined from SEM particle images and grouped together
for demonstration purposes. Table 3 shows the shape and
morphological descriptors obtained for each of the objects
in Figure 4.

A simple example demonstrates how each of these pa-
rameters alone is hardly sufficient to fully characterize a
given particle. In Figure 4, particles 6 and 4 have the same
height and length but are very different in shape. Most of the

particles shown have the same d,,, but very different
shapes. A combination of parameters might be useful for a
more precise separation. Orientation of the particles in 3-di-
mensional space also has an influence on the evaluation of
the size when only 1 parameter is chosen to evaluate size
distribution. The use of artificial intelligence software could
help in automatically discriminating particles of different
shapes. These difficulties indicate that the complications
associated with morphological analysis are far from resolved.

It is not clear whether, and if so how, differences in shape
and morphology as described above may affect bioreactiv-
ity. However, in the absence of characterization, it is virtu-
ally impossible to detect such clinical importance.

Statistics

Appropriate statistical analysis is crucial in describing
and comparing distributions of particle size and shape de-
scriptors. Different micrographs of the same sample should
be compared to ensure that they provide the same distribu-
tion estimates; otherwise, the previous steps in the method
should be questioned. This necessary step has not been
reported in many of the commonly cited publications on
metal particle analysis. Another critical point is to analyze
and average a large enough number of particles from dif-
ferent micrographs, after having classified them by shape.
Likewise, comparison of the results of one study to the next
among different investigators or using different methods
can only be made using proper statistical estimates of the
distributions.

It is well established (and it stands to reason) that the
distribution of particles is far from normal; however, com-
parison of particle distributions is often conducted using
analyses intended only for normal distributions. Specifi-
cally, the most common error in statistical representation of
particle distributions is the use of means, standard devia-
tions, and other parametric analysis such as ¢ tests and
analysis of variance, all of which are valid only if distribu-
tions are normal in the general population. Fortunately,
appropriate statistical methods are available for describing
and comparing any general type of distribution (eg, P and Q
plots). However, the literature on metal particle analysis has
not taken advantage of these methods so far.

Table 3

Morphological characterization of particles in Fig. 4

Object # SHAPE ECD AR E R FF
1 Fibril 0.31 1.96 48.0 0.06 0.06
2 Rod 0.37 8.33 16.6 0.09 0.17
3 Rod 0.35 5.80 11.4 0.11 0.23
4 Oval 0.84 1.97 1.7 0.48 0.73
5 Rod 0.32 7.30 134 0.09 0.20
6 Oval 0.79 1.54 3.0 0.46 0.59
7 Fibril 0.51 1.23 29.5 0.16 0.10
8 Fibril 0.28 3.61 33.6 0.06 0.09
9 Round 1.10 1.02 1.0 0.89 0.83

10 Oval 0.64 2.90 2.7 0.34 0.62
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Fig. 5. Effect of number of particles on apparent size distribution: (A) 30% of the particles visible on the micrograph are taken into account; (B) 75% of the

particles visible on the micrograph are taken into account.

The next most common source of error in statistical
representation of particles of an image is disproportionately
counting a greater fraction of large or small particles, giving
rise to bias towards that fraction compared to what is actu-
ally present in the whole sample. Figure 5 shows the d,
calculated for the same image, but counting a different
number of particles. In the first image, only 30% of the
particles are taken into consideration, while in the second
one, 75% of the particles are included in the distribution.
Clearly, including a greater fraction of the particles in this
sample results in a substantially more accurate estimate of
the peak d ..

Another potential source of error in estimation of size
distribution is the image magnification. For example, an
image at a given magnification can give a good estimate of
the bigger particles, but may not be sufficiently detailed to
allow a good estimation of the smaller particles. Several
images taken at different magnification should thus be con-
sidered. In this case, the contribution of each image to the
final distribution must be accurately taken into account.

It is important to accurately evaluate the distribution of
particles across different images. The minimum number of
particles to be analyzed to ensure statistical accuracy in
estimating the general distribution of size and morphology
is often overlooked by researchers. More often than not, the
sample simply does not contain enough particles, perhaps
due to processing time and expense.

Comparison of distribution of the particles on each single
micrograph is a strong indicator of the uniform dispersion of
particles and the accuracy of the measurement. However, so
far, the state of dispersion of isolated particles is a charac-
teristic that has not been taken into account. The relative
number of primary (single) particles in comparison to ag-
glomerates could produce useful parameters that could help
the researcher to better understand the results obtained with
a specific protocol.

Conclusion

Metal particle analysis consists of multiple, complex
processes that span several disciplines in science and tech-
nology. Each of the steps (digestion and isolation, display
and image acquisition, morphological and chemical charac-
terization, statistical analysis) requires taking advantage of
the state of the art in technology and knowledge in the
respective field. In part, due to the technical difficulties and
the many challenges involved in each step, investigators
have established significantly different techniques to ad-
dress each of the problems. Consequently, each of these
different techniques may produce entirely different results
for a given sample. Therefore, the results obtained using
different techniques cannot be compared without taking into
consideration the differences among these complex, multi-
step processes. The lack of agreement in particle isolation
and analysis methodology also poses tremendous challenges
in studies of the host biological response to particulate wear
debris. While there is a need to better characterize and
control the particle size, shape, and distribution for cell
culture or animal studies, there is no consensus in the
methods needed to accomplish this.

Today, the machinery is in place to isolate, visualize and
chemically characterize the metallic wear particles from
implants with articulating surfaces. In spite of the various
standards and guidance documents, there is currently no
consensus in the community on the methods used to gen-
erate these data. Equally important is that there is also no
consensus on the methodology for the analysis and inter-
pretation of the results. Therefore, data on wear particle
characterization must be critically assessed by the reader in
view of the limitations of each specific set of techniques
employed. In general, these data do provide valuable infor-
mation on the potential characteristics of the wear particles.
However, caution is still recommended in extrapolating
particle analysis results to a predictive statement of clinical
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host response to a particular implant design. Further re-
search must be conducted in order to develop and validate
refined techniques within these interrelated areas of wear
and biology to arrive at a reasonable set of specifications
and requirements for the design and material selection of
implants for motion preservation implants for the spine and,
more generally, for arthroplasty devices.
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