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Ultra-high molecular weight polyethylene (UHMWPE) wear particles are the major cause of
total joint replacement (TJR) failures because the wear particles, released from TJR’s, cause
bone loosening. To simplify the study of the relationship between numbers of particles at
various locations around TJR’s and extent of bone loosening at these locations, the authors
of this work tried to develop a new method for easy and fast determination of number of
wear particles. The method, called LSC (Light Scattering with Calibration spheres), is based
on light scattering of a suspension of wear particles and calibration spheres, and yields

relative numbers of particles. A modified LSC method, called LSCm, requires one
additional experiment, a gravimetric analysis of a mixture of all studied samples, to
determine absolute numbers of wear particles. LSC and LSCm methods are easy and fast,
which make them suitable for processing and comparing high number of samples.
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1. Introduction

Ultra-high molecular weight polyethylene (UHMWPE)
has been widely used as a bearing material in total
joint replacements (TJR) for more than three decades.
In spite of this fact, the bearing is still viewed as
replacement’s weakest point, and therefore its life-
limiting factor. As generally accepted, this is due to
UHMWPE wear particles originating in articulation
of a bearing with associated metal or ceramic com-
ponents [1-6]. Some of the wear particles are ab-
sorbed by macrophages, which launches a complex
inflammatory process leading to the loss of the bone
tissue in surroundings of the implant and, conse-
quently, to its loosening. The mentioned process is
usually classified in the literature as polyethylene dis-
ease and pathological tissue formed as osteoaggresive
granuloma.

According to the available literature, there is almost
no information on the relationship between the num-
ber of particles in particular locations in the surround-
ings of TJR and the extent of the bone loosening in
those locations. The systematic study of the topology
of UHMWPE wear particles around the TJR would help
to clarify the process of osteolysis and, as a result, it
might contribute to general improvement in the field
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of arthroplasty. Such a study would require determin-
ing the number of wear particles from many locations
around the TJR (Fig. 1) of at least tens of patients.
Thus, besides the precise and verified techniques of
the sampling of granuloma tissue and particle isola-
tion, a fast and reliable method of determining the num-
ber of UHMWPE wear particles in hundreds of sam-
ples is needed. In the literature, several techniques for
quantitative analysis of UHMWPE wear particles have
been described. Margevicius et al. [7] and Maloney
et al. [8] used electric resistance particle-size analyzer.
This device determines the number and size of particles
suspended in an electrolyte by monitoring the electric
current between two electrodes immersed in the elec-
trolyte on either side of a small aperture through which
a suspension of particles is forced to flow. However,
the lower limit of detection lies quite high, allowing
calculation of only the particles with equivalent diam-
eter higher than 0.58 pum, while the biologically ac-
tive particles can be smaller than 0.2 pum. Tipper et
al. [9] described the method based on weighting the
wear particles and estimating their number from image
analysis of micrographs of the particles on the filter.
On one hand, the method is assumed to catch all parti-
cles and to be precise; on the other hand, it necessitates
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Figure 1 Zones (locations) around total hip replacement, from which
the tissue samples were taken. The numbering of locations is similar to
that used by Gruen [16] and De Lee [17]. Location “X” corresponds
to periprosthetic tissue around the neck of femoral component, location
“0”, which is not shown in the figure, denotes unspecified location far
away from TJR.

laborious and time-consuming quantitative isolation of
the wear particles and requires weighable amount of
particles. Scott et al. [10] estimated the number of par-
ticles directly, from the scanning electron micrographs
of particles on filter membrane. This technique skips
the determination of the particle weight at the cost of
accuracy. The most common technique for in vivo stud-
ies of wear is radiographic method [11], in which the
overall wear is determined from the differences be-
tween the initial and final RTG images. Precision of
this method is rather limited and, moreover, it yields
just one overall number characterizing the total wear.
Weight loss method is widely used in the orthopedic de-
vice analysis [12]. It uses weight differences to describe
polymeric material lost through wear. The weight loss
method provides just one overall number as the pre-
vious technique and is unusable for in vivo studies as
it relies on weighing the whole polymeric part of the
joint.

As none of the above mentioned techniques was
found fast and/or precise enough, the authors of this
work tried to develop a new method for determination
of the number of UHMWPE wear particles. The new
method is denoted as LSC (Light Scattering with Cali-
bration) and is based on the scattering of light by a dis-
persion of wear particles and calibration spheres. The
LSC method is quite fast because it requires just a sim-
ple isolation technique for wear particles. The method
is also relatively straightforward as its key step is a rou-
tine LS experiment. These features make it suitable for
processing high numbers of samples. The description
of LSC method and the first results are given in this
work. The application of the LSC method for system-
atic study of the topology of UHMWPE wear particles
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around TJR will be described elsewhere [13]. In the
course of work the authors found that a similar method
is used in cytometry [14]. Moreover, some recent par-
ticle counters, whose principle is light scattering, are
able to determine the numbers of wear particles directly
[15].

2. Experimental

2.1. Sampling

Seventy-three samples of periprosthetic granulomatous
membranes were harvested in 18 patients who under-
went TJR revision surgery for aseptic loosening. Tis-
sue samples were retrieved from 3 acetabular (zones
8,9, 10) and 7 femoral locations (zones 1 to 7) ac-
cording to the topographic scheme that was based on
radiological zoning of periprostethic osteolysis as de-
scribed by DeLee [16] and Gruen [17]. We slightly
modified this scheme by adding zone “X” that corre-
sponds with the periprosthetic tissue located around
the neck of the femoral component and zone “0”
that denotes a sample taken from unspecified location
far away from TJR (Fig. 1). Retrieved samples were
stored in special containers under standard conditions
(dark and dry place, 3-5 °C) prior to further process-
ing. Maximum time before processing was 72 h. In
the following text, the samples are denoted as X/Y,
where X is the patient number and Y is the location
number.

2.2. Isolation of UHMWPE wear particles
2.2.1. Isolation |

The key method of this work was light scattering from
the suspensions containing UHMWPE particles. The
suspensions for LS were prepared by digestion of sam-
ples with nitric acid. HNO5 digestion was used because
of its simplicity and easy application to relatively large
amounts of granuloma. Fresh samples of granuloma
(0.2-6.5 g) were freeze-dried and UHMWPE particles
were isolated from the freeze-dried samples of granu-
loma essentially as described by Margevicius et al. [7].
However, much larger samples were used for isolation
to obtain more reliable results. All samples were hy-
drolyzed with appropriate amount of HNOs; Typically
10 ml of concentrated HNOj3 pre-filtered with 0.4 um
filter (Synpor) was used for 0.3 g of freeze-dried sam-
ple. After 24 h of incubation of the sample in HNO;
at laboratory temperature the suspension was mixed
with a minishaker for 2 min and again incubated for
24 h at laboratory temperature. The solution was then
centrifuged at 16 400 g for 20 min. Most of the so-
lution between the floating and sedimenting particles
was carefully aspirated and discarded. The residue was
washed twice with 5 ml of concentrated HNO3 and once
with 5 ml of pre-filtered distilled water (0.4 pm filter,
Synpor) under the same conditions of centrifugation
and aspiration of the solution between sedimenting and
floating particles. The final residue was suspended in
8 ml of pre-filtered distilled water; pH was adjusted to
7.5-8.0 with 2 mol/l NaOH and diluted to 10 ml with



pre-filtered distilled water. Then the samples were kept
at —16°C.

2.2.2. Isolation Il

Several samples were analyzed by other methods than
light scattering to verify the results. If the methods re-
quired removal of soluble impurities, such as nitrate
salts from the HNOj digestion, the dialysis was em-
ployed. The samples were prepared as described in
Section 2.2.1 and dialyzed against 3 x 101 of distilled
water for 72 h at 4 °C. Regular dialysis tubings (Sigma)
for protein dialysis were used.

2.2.3. Isolation Il

Isolation III is a quantitative isolation of UHMWPE
particles. The LSC method gives relative numbers
of UHMWPE particles. If the absolute numbers of
UHMWPE particles are needed, combining all sam-
ples, carrying out isolation III and some additional
calculations are necessary. Quantitative isolation of
UHMWPE particles was performed as follows: the rests
of the samples that were used for light scattering were
all combined and centrifuged at 16 400 g for 20 min.
The supernatant was collected and filtered with a 5-um
filter (Sartorius). The pore size of 5 um was selected
because it had been proved that the number of bigger
particles is negligible [7-10, 18, 19]. The filtrate was
ultracentrifuged at 250 000 g and the supernatant fil-
tered with a pre-weighed and pre-washed ultrafiltration
membrane PM 30 (Amicon). The residue on the mem-
brane was washed three times with ultrafiltered distilled
water. The membrane was then dried and weighed. The
weight difference was compared with that of control
membranes. The resulting total weight of the particles
was used as an absolute value enabling quantitative in-
terpretation of light scattering results as described in
Section 3.3.

2.3. Light microscopy

Light microscope (Zetopan Pol, Reichert) equipped
with polarizers, heating stage FP52/FP5 (Mettler) and
digital camera (Cohu) was used to identifty UHMWPE
particles in the samples. A sample, prepared as de-
scribed in Section 2.2.2, was observed in both trans-
mission and polarized light while the temperature
was increased (2°C/min). At low temperatures, the
UHMWPE particles appear bright in polarized light
because the UHMWPE is a semicrystalline polymer
exhibiting birefringence [20]. At UHMWPE melting
temperature (7, ~ 110-140 °C [20]), crystallinity and
birefringence are vanishing and the UHMWPE parti-
cles turn black.

2.4. Infrared microscopy

Infrared (IR) spectra were measured with Fourier trans-
form infrared (FTIR) spectrometer (Magna-IR 760,
Nicolet E.S.P.) equipped with infrared microscope us-
ing attenuated total reflection (ATR) single reflection
method (ZnSe crystal, 675-4000 cm™~! region, 4 cm™!
resolution, 256 scans, triangular apodization). Samples

prepared as described in Section 2.2.1 and Section 2.2.2
were used for the IR analysis.

2.5. Differential scanning calorimetry

DSC measurements were made on Perkin Elmer DSC
Pyris 1. The temperature and power scales of the
calorimeter were calibrated using indium and sapphire
as standards. The measurement was carried in helium
atmosphere with liquid nitrogen as coolant. Heating
and cooling rates 20 K/min were used. Approx. 10 mg
of the sample (prepared by the technique described in
Section 2.2.1) was placed into sealed pan and used for
the measurement in the standard DSC mode.

2.6. Elastic light scattering

The suspensions of UHMWPE particles were analyzed
using Coulter LS 230. The instrument uses either Fraun-
hofer or Mie theory [21-23] to predict volume distri-
bution of the particles in suspension from scattering of
laser light. LS 230 measures particles from 0.04 um
to 2000 wm. At the beginning of the measurement,
the analyzed particles are added to 150 ml of circu-
lating medium until a suitable concentration of the
particles is achieved, which is indicated by the con-
trolling software. As for the samples, the suspension
of UHMWPE particles, prepared as described in Sec-
tion 2.2.1, was added to the circulating liquid, until
the minimum suitable concentration was achieved and
the first set of scattering data was collected. In the next
step, a weighed amount of glass calibration spheres was
added to the circulating medium so that the maximum
suitable concentration was not exceeded and second
scattering data set was collected. From the two sets of
the data it is possible to extract information about the
number of the measured particles as described below in
Sections 3.2 and 3.3. The scattering was measured for
90 s to ensure sufficient signal. The circulating medium
was water with added non-identified surfactant (Sim-
ple Green, USA) to prevent agglomeration. The optical
model was: neq(sample) = 1.55, njmag(sample) = 0.1
and nyey(medium) = 1.33, where 7,y is the real part of
refractive index, 7im,g is the imaginary parts of refrac-
tive index, sample is UHMWPE and medium is water.
Mie theory was used to calculate volume distributions
because the usage of simplified Fraunhofer theory for
particles smaller than 10 ym is not recommended. PIDS
(Polarization Intensity Differential Scattering) assem-
bly of Coulter LS 230 was used to obtain information
about the particles smaller than 0.4 um. The PIDS as-
sembly uses beams of light with three different wave-
lengths polarized both vertically and horizontally and
measures the differences in scattered intensities among
these beams. As a result, it enhances resolution and
provides size information for particles from 0.04 um
to 0.4 pum.

2.7. X-ray diffraction

Diffraction patterns were obtained with four-circle
diffractometer Nonius KappaCCD (Nonius; Mo K,
radiation, A =0.71 /OX, two-dimensional CCD detector
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with diameter 9.1 cm). The powder-like diffraction pat-
terns were obtained by a single rotation scan. The ex-
perimentally obtained powder diffraction patterns were
compared with those theoretically calculated. The cal-
culation was performed with program LAZY PUL-
VERIX [24]. The crystallographic data for the calcula-
tion were taken from ICSD [25].

2.8. Quasi-elastic light scattering

The quasi-elastic light scattering (QELS) instrument
employed an ALV5000/E correlator. The light source
was a HeNe laser Hewlett-Packard 125A with wave-
length 632 nm. Temperature was controlled (£0.1 °C)
with a Lakeshore 330 temperature controller. The cor-
relator was operated in the crosscorelation mode, which
ensures that all artifacts due to after-pulsing and other
imperfections do not affect the correlation function in
the early time regime. The measured intensity cor-
relation functions g>(¢) were analyzed using nonlin-
ear inverse Laplace transformation to obtain the dis-
tributions of relaxation times A(t) using the equation
g%(t) — 1 =a[f TA(r)exp(—t/T)dT]?, where « is an
instrumental parameter. The obtained relaxation times
T were converted into diffusion coefficients D using the
standard relation D = (t¢*)~! and hydrodynamic radii
Ry were calculated from D using the Stokes-Einstein
relation D = (kT)/(67nRy), where k is the Boltzman
constant, T is the absolute temperature and 7 is the vis-
cosity of the solvent. The samples for QELS measure-
ments were filtered through a 0.8 um Millipore filter
into dedusted light scattering cells and thermostatted at
25°C.

2.9. Scanning electron microscopy

A drop of suspension of UHMWPE particles prepared
as described in Section 2.2.2 (isolation IT) was placed
on a smooth surface of mica and left to evaporate at
room temperature. The mica with the dry particles was
covered with a thin platinum film to avoid charging
during the electron-microscope observation. The sam-
ples were observed with scanning electron microscope
(SEM) Jeol JSM 6400 using secondary electrons.

2.10. Energy dispersive X-ray analysis

A drop of suspension of UHMWPE particles prepared
as described in Section 2.2.2 (isolation II) was placed
on a carbon block (cylinder, 5 mm in diameter, 3 mm
high) and left to evaporate at room temperature. Then
the samples were covered with a thin carbon film to
avoid charging in the electron microscope. The energy
dispersive X-ray analysis (EDAX) was performed us-
ing JEOL SUPERPROBE 733 scanning electron mi-
croscope equipped with JXA 733 X-ray analyzer and
KEVEX A EDX spectrometer.

3. Results

3.1. Isolation and preliminary
characterization of UHMWPE particles

The first part of this study comprised: (1) sampling, (2)

extraction of UHMWPE particles from the samples and
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(3) preliminary characterization of the extracted parti-
cles. The sampling and the extraction of the UHMWPE
particles have been described in the experimental sec-
tion above. As for the characterization of extracted
particles, four methods were used: polarized-light mi-
croscopy, FTIR microscopy, DSC and XRD. The goal
was to prove that the samples do contain UHMWPE
particles, to find possible impurities and to modify ex-
traction procedure if the amount of impurities was too
high.

Visual inspection of the samples indicated that some
samples contain insoluble impurities. The impurities
did not float but were located at the bottom of the
flasks, which implies that their density was higher than
1 g/cm?. The polarized-light microscopy showed that
samples contained the particles that were birefringent
up to approx. 120 °C, which corresponds to the melt-
ing temperature of PE [20]. The observed UHMWPE
particles ranged from 1 to 20 pum in size and were
mostly flat and round in shape. The submicron parti-
cles could not be observed because of the limited res-
olution of the optical microscope. In addition, there
were also some non-birefringent particles in the sam-
ples. They might have been impurities of organic ori-
gin; hence the extraction procedure was modified so
that their number was minimized. In FTIR microscopy
spectra of the samples (Fig. 2), typical polyethylene
bands were detected: C—H stretching at 2016 cm ™! and
2846 cm™~!, CH, bending at 1471 cm~!and 1462 cm™!
and CH, rocking at 729 cm™! and 718 cm™'. Dif-
ferential scanning calorimetry (DSC) measurements
were employed to prove that samples after the HNO3
digestion do contain UHMWPE and do not contain
PMMA, which is used as cement in total joint replace-
ments. On DSC curve, a big peak corresponding to
UHMWPE, several small peaks corresponding prob-
ably to some impurities but no peak of PMMA were
observed. The XRD was used to analyze an unusu-
ally big particle (diameter approx. 0.5 mm), which
was found in one of the samples. The particle was
fixed to a thin glass fiber with epoxy glue, the fiber
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Figure 2 Infrared spectra of pure polyethylene taken from catalog and

infrared spectra of UHMWPE wear particles suspension after isolation
II (Chapter 2.2.2).



was fastened to the goniometer head and a diffrac-
tion pattern was recorded with a four-circle diffrac-
tometer. The diffraction pattern was found to be almost
identical with the calculated powder diffraction pattern
of hydroxylapatite Ca;o(PO4)s(OH),. Moreover, in the
FTIR spectrum of the particle bands corresponding to
PO, were observed. This suggests that the particle was
a fragment of bone as the hydroxylapatite is an im-
portant component of the human bones. This assump-
tion was further confirmed by EDAX as discussed in
Section 3.4.

To conclude, the methods used for the preliminary
characterization of the extracted wear debris showed
that the samples contained mostly the UHMWPE par-
ticles and, in some cases, also small amount of impuri-
ties. Soluble impurities, such as nitrates and unidenti-
fied organic compounds, were unimportant, as they are
unobservable by light scattering, which was used for
quantitative analysis of wear debris. Insoluble organic
impurities were observed in a few samples. XRD study
suggested that at least some of them were small parts
of bones. The insoluble impurities could have been a
source of error, although their number was probably
quite small as documented by IR spectra (Fig. 2). Fur-
ther improvement of the extraction procedure would be
helpful in this case.

3.2. Determination of relative numbers
of UHMWPE particles

In the second and key part of this work, relative num-
bers of UHMWPE wear particles were determined by
means of elastic light scattering (LS, Section 2.6). In
principle, a standard LS experiment yields only the in-
formation on size distribution, the information on the
numbers of particles is lost. That is why the authors of
this work developed, tested and used a slightly modified
LS method called LSC, which consists in measurement
of LS of the suspension of both wear particles and a
known amount of calibration spheres. The principle of
the LSC method is shown in Fig. 3. At the very be-
ginning, the samples are digested with nitric acid as
described in Section 2.2.1. After this procedure, each
sample is a suspension of UHMWPE particles of vol-
ume V,j. Each sample contains wear particles coming
from a dry tissue of a known weight mjssye.

In the first step of LSC method, a part of each sample
(volume Vipeasured Of the total volume V) is taken, LS
of the suspension of wear particles is measured and the
volume distribution curves (Fig. 3(a)) are obtained. The
volume distributions curves show, primarily, peaks cor-
responding to particles withd > 10 um (d = equivalent
diameter of the particle) although it is well known from
the literature [7-10, 18, 19] that most of the UHMWPE
wear particles have size less than 1 pwm. This is caused
by the fact that that volume is proportional to d°> and
so the small particles are almost negligible as far as the
volume is concerned. Nevertheless, the volume distri-
butions can easily be converted to number distributions
by dividing each point of the volume distribution curve
by d>. After the conversion, the situation is just the re-
verse: the peaks corresponding to low numbers of big
particles are negligible and peaks corresponding to high

numbers of small particles dominate the distribution
curves (ref. [26], Fig. 3(e)).

In the second step of the LSC method, glass calibra-
tion spheres (of known weight mpheres) are added to
each sample, LS of the mixed suspension is measured
and somewhat changed volume distributions (Fig. 3(b))
result. The calibration spheres must have different size
than the studied particles. In this study, the glass cali-
bration spheres had diameter approx. 500 pm, which
accords with the peak at 541 pum observed for each
sample (Fig. 3(b)). As a known amount of calibration
spheres has been added, a piece of quantitative infor-
mation has been introduced in LS experiment, which
can be employed in determining the relative numbers
of wear particles as described below.

The first two steps of the LSC method are experimen-
tal while all the next steps include only calculations.!In
the third step it is necessary to perform several numeri-
cal corrections, such as background correction, correc-
tions for equal values of Vi1, Vineasureds Mspheres> Mtissue
and scaling. For future discussions it is convenient to
divide volume distribution curves into two regions: (a)
UHMWPE wear particles region ranging from the be-
ginning of the curve at 0.04 um to 300 um and (b)
glass calibration spheres region from 300 um to the
end of the curve at 2000 pum, with a peak at 514 pum.
The background correction is applied in the calibration
spheres region. The correction is necessary because it
may happen that some UHMWPE particles interfere
in the calibration spheres region and form undesirable
background, which has to be subtracted in a usual way.
The correction may be schematically written as:

Vo = V%-background_due_to UHMWPE particles,
(L

where V,, are points of the volume distribution curve
in calibration spheres region corrected for the back-
ground and V% are corresponding points on volume
distribution curve. Equation 1 means: for each point of
the distribution curve in the calibration spheres region
subtract the background due to UHMWPE particles
(Fig. 3(c)). The correction for mgpperes 1S also applied
in the calibration spheres region. The values of mgpheres
for each sample may be different and the purpose of
the correction is to relate all curves to the unit mass
of calibration spheres. That is why the points on the
volume distribution curve in the calibration spheres
region have to be divided by the value of mgpheres:

Vom = Vb/mspheres, ()

where Vi, are points of volume distribution curve in the
calibration spheres region after background correction
and correction for Mgpheres. Equation 2 means: divide
each point of V}, curve in the calibration spheres re-
gion by the value of mpheres. The correction for Vi

1As the LSC method introduced in this work is new, there is no com-
mercial program for automating the calculations. However, a self-
calculating Microsoft Excel workbook with explanatory comments is
available on request.
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Figure 3 Determination of relative numbers of UHMWPE wear particles. All figures contain four LS volume distributions, corresponding to four sets
of wear particles isolated from four different locations of patient 17. The locations (cf. Fig. 1) are: 1 (dotted line), 8 (dot-and-dashed line), 9 (dashed
line) and 10 (full line). The figures illustrate the steps of LSC method: (a) volume distribution of suspensions of wear particles, (b) changed volume
distribution of suspensions of wear particles after adding calibration spheres, (c) volume distributions after background correction in calibration
spheres region, (d) volume distributions after all other corrections and normalizations, (e) number distribution curves giving relative numbers of
particles and (f) final result—relative numbers of wear particles (with diameters ranging from 0.04 to 5 um) in various locations for patient 17.

and Vpeasured 1S applied in the wear particles region.
The goal of the correction is to simulate a situation as
if LS from all wear particles in the sample has been
measured. As it can be drawn from elementary con-
siderations, the correction can be schematically written
as:

Ve = V% x (Vall/ Vmeasured)’ (3)

where V. are points of volume distribution curve in
the UHMWPE particles region corrected for V; and
Vineasured> and V% are corresponding points on vol-
ume distribution curve. Equation 3 mean: multiply each
point of V% curve in the wear particles region with the
value of (Va1/ Vineasured)- The correction for mysgye 18
applied in the particles region. As the values of msgye
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for each sample may be different, it is necessary to re-
late the number of UHMWPE particles to unit weight
of dry tissue using the formula:

Ven = Vo/ Myissues 4

where V, are points on volume distribution curve af-
ter corrections for Vyy, Vineasured and miggye, 1.€. points
representing normalized volume distribution curve, re-
lated to unit weight of dry tissue. The last correction is
applied in the calibration spheres region and consists in
scaling all volume distribution curves so that they could
be compared with one another directly. In this study the
calibration spheres are almost monodisperse, having a
sharp peak at 514 um and so the scaling is performed
by simple dividing all values of the distribution curve



in the calibration spheres region by the value found at
514 pm:

Voms = Vom/ Vom-value_at_514_um, (5)

where Vyps are points on the volume distribution curve
after background correction, correction for m gpperes and
scaling, i.e. points representing scaled volume distribu-
tion curve, related to unit weight of added calibration
spheres (Fig. 3(d)). The volume distribution curve after
all corrections is obtained by combining the corrected
distribution curve in the wear particles region and the
corrected distribution curve in the calibration spheres
region, which can be symbolically expressed as:

Vcnbms = Vcn ) mes’ (6)

where Vippms are the points in the volume distribution
curve after all corrections and symbol U means union
of the two curves, which results in the final corrected
volume distribution curves as shown in Fig. 3(d).

The fourth and last step of the LSC method is trans-
formation of volume distributions to number distribu-
tions and calculation of relative numbers of wear par-
ticles from the distributions. The conversion of vol-
ume distribution curves to number distribution curves is
achieved by dividing each point of the volume distribu-
tion curve by the value of the third power of equivalent
diameter at that point, according to the formula:

Nenbms = Venbms /d3 P (7)

where Ncpbms are points of the number distribution
curve after all corrections and d> the third power of
equivalent diameters. The number distribution curves
are shown in Fig. 3(e). The curves on Fig. 3(e) have sev-
eral characteristic features: (i) the peaks at high values
of d, which dominated the volume distribution curves,
vanished because big particles had large volume but
their number was small. (ii) The area under curve (AuC)
yields the relative number of wear particles, i.e. if, for
example, the AuC for sample A were twice higher than
the AuC for sample B then the sample A would con-
tain twice higher number of wear particles. (iii) Nev-
ertheless, the AuC does not yield absolute numbers of
the particles. This is caused by the fact that the height
and position of the peaks depend on selected optical
model, which is defined by means of refractive indices
of the studied particles and the medium. The optical
model used in this study was suitable for UHMWPE
(Mreal = 1.55, nimag = 0.1; Section 2.6) but not for cal-
ibration spheres, whose optical characteristics are dif-
ferent (nea A~ 1.5 but njmae =0), and so the absolute
numbers of glass calibration spheres must be wrong
and, as a result, the absolute numbers of UHMWPE
wear particles must be wrong as well. Moreover, it is
known from the literature [27] that determination of size
distributions by LS may be imprecise if the scattering
particles are small in comparison with the wavelength
A of the scattered light. Thus, it should be assumed that
the LS signal represented by Nycps curve corresponding
to very small wear particles might be imprecise, which

can be expressed as:
Nabs(d) = Const x Ncnbms(d)a (8)

where Ngps(d) is the absolute number of wear particles
with size d, Const is a constant and Ncypms(d) is the
point of Ncppms curve at value d. As the value of Const
is not known, the absolute numbers of wear particles
cannot be calculated. Provided that the wear particles
and calibration spheres had exactly the same refractive
indexes, if the wear particles were significantly bigger
than the wavelength of scattered light, and if the volume
of the particles would be equal to d> without any other
constants, the Const would be equal to 1. With decreas-
ing size d of the particles the value of Const starts to
change, especially if d approaches A. This implies that
Equation 8 would hold exactly only if the wear parti-
cles were monodisperse because Const is probably a
function of d rather than a constant. However, the size
distributions of UHMWPE wear particles are similar to
each other and relatively narrow, which means that (i)
Equation 8 can be regarded as a reasonable approxima-
tion, (ii) the value of Const is approximately the same
for each sample because all samples contain more-or-
less identical particles from the point of view of their
size and refractive indexes, and (iii) it is possible to give
up the determination of absolute numbers of wear par-
ticles and determine relative numbers of wear particles
of size d using simple relation:

Nrel(d) = Ncnbms(d), (9)

where N (d) is a relative number of wear particles
with size d. The AuC, which yields relative number of
particles, is routinely calculated as:

max

Nea = ) Nea(d), (10)

d=min

where N, is the relative number of wear particles with
d ranging from min to max. In this study, the values
min = 0.04 um and max =5 um were used. The value
of min corresponds to the lower detection limit of the
LS instrument and the value of max was selected to cor-
respond with the filter pore size for the reasons given in
Sections 2.2.3 and 3.3. The results are summarized in
Fig. 3(f), which shows relative numbers of particles at
different locations around TJR for patient 17. Vertical
axis scale was relative as discussed in the previous para-
graph and so it was re-scaled to the maximum value of
1000. Fig. 3(f) confirms the assumption of the authors
that the distribution of wear particles around TJR’s is
quite irregular. Fig. 3 shows, for sake of simplicity, re-
sults for just one patient and only four locations. How-
ever, it should be emphasized here that LSC method is
suitable especially for comparison of higher numbers
of locations and patients because of its simplicity and
quickness.
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3.3. Determination of absolute numbers
of UHMWPE particles

The information about relative numbers of wear parti-
cles should be sufficient in most cases. In this work, for
instance, topology of UHMWPE wear particles around
the TIR’s was studied. In such a case, the informa-
tion about the absolute numbers of wear particles is not
needed: the differences among the amounts of wear par-
ticles from various locations and/or patients are exactly
the same on both relative and absolute scale. However,
the absolute numbers of UHMWPE particles are acces-
sible as well, on condition that one more experiment is
carried out and the calculations are modified slightly.
The modified LSC method, which yields absolute num-
bers of particles, is denoted LSCm in the following text.
Generally speaking, the modification consists in deter-
mination of Const from Equation 8, which enables di-
rect calculation of absolute numbers of wear particles.

The first two steps of the LSCm method are identi-
cal with the first two steps of the LSC method: a sus-
pension of UHMWPE particles without and with cal-
ibration spheres is measured for each sample. In fact
there is no need to repeat the experiments and so the
diffraction data from the LSC method are used for the
LSCm method as well. The third step of the LSCm
method, which includes calculations, is slightly differ-
ent: background correction (Equation 1), correction for
Mpheres (Equation 2), correction for Vi and Vipeasured
(Equation 3) and scaling (Equation 5) are performed
in the same way as in the LSC method, but the cor-
rection for myjsse (Equation 4) has to be omitted at this
stage. The final result of the third step is Vs curve, i.e.
the volume distribution curve, which differs from the
Venbms distribution curve (Equation 6) only in the fact
that it is not normalized for the unit weight of m jsye.

The fourth step of the LSCm method is experimental.
The additional experiment that has to be carried out is
one gravimetric analysis for all studied samples. All the
suspensions of wear particles that remained after LSC
measurements are combined in one flask. All particles
smaller than 5 um are extracted, purified, dried and
weighed as described in Section 2.2.3. In the end, total
mass mZﬁp is obtained, which gives the mass of all wear
particles without those that have been taken for LSC
measurements.

In the fifth step, a constant transforming relative num-
bers of the particles to absolute numbers of the particles
is determined using the value of mZﬁp . Atfirst, arelation
for relative volume of wear particles is introduced by:

Vrel(d) = Vcbms(d)a (11)

where Vi (d) is the relative volume of wear particles
of size d, which is equal to the corresponding point
Vebms(d) on distribution curveVepms. In other words:
the V.pms curve gives the relative volumes of wear par-
ticles. Equation 11 is an analogy of Equation 9 and
differs in two aspects only: (i) it concerns volumes, not
numbers and (ii) the volumes were not normalized per
unit weight of dry tissue. At second, the relative mass of
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particles smaller than 5 wmin each sample is calculated:

max

me =Y Viald) x p, (12)

d=min

where p is the density of UHMWPE and the other pa-
rameters have already been defined above. The summa-
tion runs from 0.04 to 5 wm as in Equation 10 and so
mye) provides the relative mass of the particles with d <
5 pm. As soon as the values of m, for each sample are
available, the following expression is easily derived for

exp.
may -

N
Vineasured. i
mZﬁP = x Z |:mre1,i % (1 _ medsured,1>:|’ (13)
P Val,i

where x is an unknown constant and N is the num-
ber of the samples. The values of M, Vineasured and
Van have already been defined above; the subscript i
at those values means that they relate to i-th sam-
ple. As all the values of m;,", Myl i, Vineasured,i and
Vani are known, the constant x can be calculated from
Equation 11 directly. Knowing the constant x, it is pos-
sible to calculate the mass mglﬁs, which yields the num-
ber of all particles smaller than 5 m, including those
used for the LSC method, in all samples according to
the formula:

N
abs rel
my =X E Mpeli = X X My, (14)
i=1

where mfl’ll is the sum of all relative masses m, of all
particles smaller than 5 um in all samples. Now let us
assume that just one sample was used for gravimetric
analysis, i.e. for the fourth step of the LSCm method.
This may have been caused, for example, by the fact that
all samples but one were completely used up, i.e. all the
volumes Vieasured,i in Equation 13 were equal to Vyy i
except for just one sample i. In such case, Equation 13
would have still held and the constant x would have
remained unchanged. It follows from the above and
analogous considerations that:

Maps,i = X X Meel i, (15)

where mgps ; is the absolute mass of the wear particles
smaller than 5 pum in the i-th sample and i ; is the
relative mass of the wear particles smaller than 5 um
in the i-th sample. Equation 15 shows that x is the con-
stant, which transforms relative units to absolute ones.
Thus the constant x from Equations 13—15 can be used
as a replacement of Const from Equation 8 because the
two constants do the same thing: they change relative
scale to absolute scale.

In the sixth and last step of the LSCm method, con-
stant x is used to determine absolute numbers of wear
particles. This step includes only calculations that are
applied in the region between the constants min and
max as defined in Equations 10 and 12. At first, rela-

tive mass distribution curves mé‘f}ms are calculated using
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Figure 4 Determination of absolute numbers of UHMWPE wear particles: (a) number distribution curves giving absolute numbers of particles and
(b) final result—absolute numbers of wear particles (with diameters ranging from 0.04 to 5 um) in various locations for patient 17.

Equation 16 and converted to absolute mass distribution

abs : : .
curves ma> o using Equation 17:

rel

M yms = Ycbms X P, (16)
abs rel
M pms = Mepmg X X- (17)

Distribution curve m&i™ can be recalculated to N3
distribution curve yielding absolute numbers of wear
particles, on condition that the wear particles are
spheres with diameter d. This quite reasonable approxi-
mation as d is defined as a diameter of equivalent sphere

in LS. The N2 curve is given by:

cbms
6mabs
abs __ cbms
Nioms = —n,o 5 (18)

Distribution curve N, é‘fﬁms normalized per unit weight
of dry tissue is obtained by dividing each point of N2

cbms
by miissue:

Nabs — Nabs

cnbms cbms /m tissue»

19)

abs

each point of the N - curve gives the absolute num-
ber of wear particles of given diameter d, normalized
per unit weight of dry tissue (Fig. 4(a)). The normal-
ization has to be performed here, after the gravimetric
analysis (the fourth step of the LSCm method) and fol-
lowing calculations of constant x (the fifth step of the
LSCm method), because non-normalized amounts of
wear particles are dealt with during the fourth step. The
absolute numbers of wear particles Ny,s, with equiva-
lent diameters d ranging from min to max, normal-
ized per unit weight of dry tissue, are determined from

N curves by summation:
max
bs
Naps = Y N3 (), (20)
d=min

which is analogous to Equation 10. The final re-
sult is shown in Fig. 4(b), which is quite similar to
Fig. 3(f). The only but very important difference be-
tween Fig. 3(e) and 3(f) on one side and Fig. 4 on the
other side consists in the fact that the latter has vertical
axis on absolute scale. Absolute numbers of wear par-

ticles given in Fig. 4(b) are around 1 x 10'°, which
accords with the values found by other authors and
methods [7, 18]. This also agrees with the following
rough estimation: during every movement of loaded
TJR about 2x10° wear particles is produced [1], the
number movements per year is estimated at 1 x 10°
[1]; multiplication of these two values equals 2 x 10'!.
Considering that the particles come just from a few
locations around TIR, the values in Fig. 4, which are
approximately one order of magnitude lower than the
estimate, look acceptable.

3.4. Verification of the results by means
of other methods

In the last part of this study, the results from LS were
verified using independent methods. The purpose was:
(i) to prove that what we have observed with LS were
UHMWPE particles and (ii) to check whether the sizes
of the particles from LS are correct. Three samples
were randomly selected from 72 samples measured
with LS [13] and three methods (SEM, QELS and
EDAX) were used to analyze each of the selected sam-
ples. SEM micrographs (Fig. 5) confirmed that the sam-
ples do contain both submicron particles and particles
with several tens of micrometers in diameter as it had
been observed in LS. QELS measurements confirmed
that samples contain submicron particles but average
QELS diameters of the particles are somewhat higher
than average LS diameters of the particles (Table I).
EDAX analysis proved that most of the particles are
UHMWPE and confirmed that a small number of the
particles might be bone fragments. Samples prepared
for EDAX were UHMWPE particles on carbon blocks.
According to EDAX analysis, most of the particles are
UHMWPE because only carbon signals were detected

TABLE I Maxima on size distribution curves of UHMWPE wear
particles as obtained by LS and QELS methods; d stands for equivalent
diameter

Sample ID d [um] (LS) d [um] (QELS)
2/10 0.07 0.25
4/8 0.34 0.45
718 0.31 0.38

The samples are denoted as X/Y where X is the patient number and Y is
the zone number.
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(d

Figure 5 SEM micrographs of UHMWPE wear particles. The micrographs show particles that were obtained by evaporating a droplet of suspension

of wear particles after isolation II (Chapter 2.2.2).

in most locations. The carbon signal came from both
carbon blocks (pure graphite) and UHMWPE (carbon
and hydrogen; hydrogen is undetectable with EDAX).
However, on a few locations also other elements were
found, above all Ca but also P, O and small amounts
of Na, Cl and S. This accorded with our assump-
tion that some samples contained a small amount of
bone fragments, whose important part is hydroxylap-
atite, Ca;o(PO4)6(OH); as had already been indicated
by XRD and IR methods (Section 3.1). No N atoms
were found, which proves that nitrates from isolation I
were removed by dialysis (isolation II, Section 2.2.2).

4. Discussion
The goal of this work was to develop an easy and fast
method enabling the determination of the numbers of
UHMWPE wear particles so that it was possible to
study the distribution of wear particles around TJR’s.
The new method, called LSC, is based on LS and yields
relative numbers of wear particles. It is worth noting
that LSC needs just a simple isolation technique for
wear particles (Section 2.2.1) and routine LS measure-
ments (Section 2.6); all other methods were used here
just to verify the results. A modification of the LSC
method, called LSCm, requires one gravimetric analy-
sis for all studied samples to yield absolute numbers of
wear particles.

Several facts suggest that the results of LSC and
LSCm methods yield correct results: (i) the LSC
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method confirmed that most of the wear particles are
below 1 pum, which is in agreement with the litera-
ture [7-10, 17-19]. (ii) the LSC method confirmed the
general and logical assumption that the distribution of
the wear particles around TJR’s is irregular. Moreover,
the highest numbers of wear particles were frequently
found at location 10 (Fig. 3). Samples from location 10
were available for 6 patients [13]. The highest number
of wear particles at location 10 was found for 5 of the
6 patients. The last of the 6 patients had the highest
numbers of wear particles at locations 7, 0 and 10. This
common feature of the samples looks reasonable be-
cause location 10 is very close to the UHMWPE cup
(Fig. 1). If the highest numbers of wear particles at lo-
cation 10 are not random, which has to be confirmed by
further studies, then this feature can be regarded as the
confirmation of reproducibility and correctness of the
method. (iii) the LSCm method yielded absolute num-
bers of wear particles that agree quite well with those
found in the previous studies [7, 18]. It is worth not-
ing that the precision of the LSCm method increases
with increasing number of samples. The crucial step
of the LSCm method is determination of constant x
(Equations 13-15) from the experimentally determined
mass of wear particles mZﬁP (Equation 13). The value
of mzﬁp is determined by gravimetric analysis, whose
weakest point is the very low mass of the wear parti-
cles. For example, in the work of McNie et al. [18] as
low values as 21 ug per one gram of wet acetabular



tissue were found in some samples. Such a low values
can make the gravimetric analysis very imprecise. The
LSCm method takes advantage of the fact that the rel-
ative amounts of wear particles are known before the
gravimetric analysis and uses a mixture of all samples
to determine absolute amounts of wear particles. The
more samples are mixed, the higher is the value of mZﬁp ,
the lower is the relative error in gravimetric analysis
and, as a result, the more precisely determined is the
constant x, from which the absolute numbers of wear
particles are determined. (iv) IR, SEM and EDAX anal-
yses confirmed that the samples used for the LSC and
LSCm methods do contain submicron particles and that
those particles are mostly UHMWPE. (v) The overall
shape of volume distribution curves (broad, gaussian-
like peaks, mostly in the region with d > 10 um) and
number distribution curves (sharp, asymmetric peaks,
mostly in the region with d <5 pum) are quite similar
to the shape of distribution curves from the work of
Elfick et al. [26], who used LS to study the size of wear
particles from joint simulators.

On the other hand, there are some facts indicating that
the precision of the LSC and LSCm methods might be
limited: (i) The maxima on number distribution curves
obtained by the LSC method appear at lower d than the
corresponding maxima from QELS distribution curves
(Table I). This can be partially attributed to the in-
trinsic differences between the two methods because
LS detects equivalent sphere diameters based on static
light scattering whereas QELS detects hydrodynami-
cally equivalent spheres. Anyway, the results for sam-
ple 2/10 (Table I), for patient 17 (Fig. 3(e)) and for
several other patients [13], showing maximum num-
ber of particles with d cca 0.07 um seem too low. The
maxima of number distributions obtained in previous
studies are usually found at higher values of d, such as
0.1-0.5 um [9],0.1-0.5 um [18], 1.7 um [19] and 0.1-
0.2 um [28] although the recent study of Scott et al. [10]
suggests that numbers of particles smaller than 0.2 um
might have been underestimated in numerous studies.
It seems as if the LS measurements reported smaller
values of d, the error growing with decreasing size of
the particle. The discrepancies might have been caused
by small dimensions of the particles (Section 3.2, ref.
[28]). The correct position of the maximum on num-
ber distribution curves requires application of a cor-
rect optical model (Section 2.6). Nevertheless, in this
work several models were tested and the best results
were obtained with the model identical to that from
the analogous work of Elfick ef al. [26]. (ii) The LSC
method is based on the assumption that the addition of
a known amount of calibration spheres introduces in
the LS experiment quantitative information, which is
precise enough to determine relative numbers of wear
particles. Itis also assumed that the relation between the
LS peaks corresponding to wear particles and those cor-
responding to calibration spheres is linear, i.e. that the
AuC (area under curve) increases linearly with increas-
ing number of the particles relative to AuC correspond-
ing to calibration spheres. These two assumptions were
verified by a slightly modified LSC experiment, whose
description follows. At first, a LS volume distribution
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Figure 6 Check of linearity and precision of LSC method.

curve of a randomly selected suspension of wear parti-
cles was measured. At second, a known amount of cal-
ibration spheres (mgpheres) Was added to the suspension
and the measurement was repeated. At third, another
known amount of calibration spheres was added to the
suspension etc. In the end, AuCpyicies corresponding to
wear particles (d =0.04-300 um) and AuCgpheres COI-
responding to calibration spheres (d = 0.04-300 pm)
were determined and the ratio AuCgpheres/ AUCparticles
was plotted as a function of mgpheres (Fig. 6). The ra-
tio AuCpheres/ AUCparicles increases linearly with the
amount of calibration spheres, which means that it is
possible to obtain information about relative number
of some particles if we use another kind of particles as
a reference. However, the average deviation of exper-
imental values from the linear trend is as high as 5%
and the highest deviation is as large as 14%. As both
the LSC and LSCm methods are based on the ratios
of peaks corresponding to wear particles and calibra-
tion spheres, it is possible to estimate that the average
error of both absolute and relative numbers of wear par-
ticles is around 5% of the experimental value and the
maximum error should be lower than 14% of the exper-
imental value. (iii) LSC and LSCm methods are based
on the validity of Equation 8. However, the equation
is just an approximation as discussed in Section 3.2.
The worse the approximation holds, the more the num-
ber distribution curves are distorted. For example, if
Const in Equation 8 decreased with decreasing d, the
numbers of smaller particles would be overestimated
and the numbers of bigger particles would be overes-
timated. (iv) Several methods (IR, XRD, EDAX) indi-
cated that there are bone fragments in some samples.
However, it is reasonable to assume that the influence
of the bone fragments on the results was not crucial as
both IR and EDAX methods proved that the number of
bone fragments was quite small. Moreover, a binodal
distribution was observed in no sample, indicating that
either the number of bone fragments is negligible or
the bone fragments were of the same size as the wear
particles in all samples, which is very unlikely.

The above considerations suggest that the LSC as
LSCm methods have both advantages and disadvan-
tages. The number distribution curves may be distorted

1277



due to the limited validity of Equation 8. More precise
distribution curves might be obtained by image analy-
sis of electron micrographs [10] although light scatter-
ing techniques are preferred by some [26]. The num-
bers of wear particles may be imprecise as discussed
in the previous paragraph. More precise numbers of
particles might be obtained by gravimetric analyses on
condition that sufficient amount of samples are avail-
able [7, 19]. However, easiness and quickness of LSC
and LSCm methods is a great advantage if high num-
bers of samples have to be processed. If the main goal
is a comparison of the samples, then the limited validity
of Equation 8 does not matter so much provided that
the samples are similar because possible inaccuracies
are more-or-less the same for all samples. As for wear
particles around TJR’s, all samples are almost identical
(Fig. 3, Section 3.2), which means that all the distri-
bution curves of all samples are affected in the same
way and so the relative values should be more-or-less
correct and the comparison can be made. It is a matter
of course that LSC and LSCm methods can be applied
to any samples, which are suspensions containing par-
ticles scattering visible light. For example, application
of LSC method to samples from joint simulators would
save a great deal of experimental time because the LSC
method, unlike popular weight loss method [12], does
not require weighable amount of particles. The preci-
sion, usefulness and applicability of LSC and LSCm
methods will emerge in the course of time. More infor-
mation will appear in the near future [13].

5. Conclusion

The authors of this work tried to develop a new method
for easy and fast determination of the numbers of
UHMWPE wear particles. The new method, called
LSC, is based on the light scattering of a suspension
of wear particles and calibration spheres, and yields
relative numbers of particles. A modified LSC method,
called LSCm, requires one additional experiment, the
gravimetric analysis of a mixture of all studied sam-
ples, to determine the absolute numbers of wear parti-
cles. The precision of the LSC and LSCm method may
be somewhat lower but their easiness and quickness
make them suitable for processing and comparing high
numbers of samples.
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