Allocation of nonbirefringent wear debris: Darkfield
illumination associated with PIXE microanalysis
reveals cobalt deposition in mineralized bone matrix

adjacent to CoCr implants
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Abstract: Abrasive joint replacement material that accu-
mulates in the tissue induces reciprocal effects between
prosthesis material and organism. Since the limitations of
brightfield and polarized light microscopy for foreign
body analysis are well known, a method was applied that
ensures the detailed histological assessment of nonbirefrin-
gent particles in periprosthetic soft and hard tissue.
Cemented and cementless interface regions of five selected
autopsy hip implant cases (2 X Endo-Modell Mark III,
LINK, 1 X St. Georg Mark II, LINK, Germany; 2 X Spon-
giosa Metal II, ESKA, Germany) were viewed under dark-
field illumination and subsequently analyzed with proton-
induced X-ray emission (PIXE). Eight autopsy cases
without implants served as controls. Using darkfield illu-
mination technique, metallic particles became visible as
luminous points under the microscope. The majority of
particles in the samples from the cemented cases were
degradation products of radiopaque bone cement. There

was minimal evidence of metallic alloy particles in the soft
tissues. However, a considerable quantity of heavy metal
cobalt (Co) was found in the periprosthetic mineralized
bone tissue, which was not observed in the controls. The
periprosthetic concentration of cobalt ranged from 38 to
413 ppm. The findings demonstrate a correlation between
cobalt concentration, time since implantation, and distance
from the implant. Darkfield microscopy associated with
PIXE enables a detailed histological assessment of metal
particles in the tissue. In an effort to optimize biome-
chanics, implant design and implantation techniques, the
contamination of soft and hard tissue with heavy metal
degradation products deserves similar attention in terms
of alloy assortment. © 2008 Wiley Periodicals, Inc.
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INTRODUCTION

Formation, transport, and accumulation of degra-
dation products are inevitable phenomena after im-
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plantation of prosthetic materials in the human orga-
nism. Joint replacements are known to contaminate
periarticular tissue and the reticuloendothelial sys-
tem, with particulate debris and products of ionic
corrosion that are not biologically inert. More than
two million joint replacements are implanted world-
wide every year. Implant loosening and the increas-
ing modularity of many different prosthetic systems
result in higher rates of wear debris."” The enlarge-
ment of implant surfaces by means of surface struc-
turing for cementless fixation may be a further factor
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leading to increased release and corrosion of metallic
elements.’ Joint replacement in a growing number
of younger patients means prolonged exposure of
the entire organism to these materials and a corre-
spondingly widespread dissemination of wear de-
bris.

It is an established fact that wear particles trigger
foreign body reactions in the surrounding soft tissue,
leading to osteolysis and implant loosening.'*'?
However, already loosened implants show an
increased wear rate regardless of the type of anchor-
age (cemented or noncemented.’*'* Polyethylene
(PE) wear can easily be detected in polarized light,
whereas other wear particles, particularly those from
metal alloys, are often missed by histological exami-
nation."'® The large numbers of wear particles with
a diameter of less than 0.5 pm can only be detected
using complex techniques on samples and/or
defined areas because of the physical limitations of
brightfield and polarized light microscopy.'”* Com-
mon atom absorption spectrometry methods (AAS,
ICP-MS, ICP-OES) used for periprosthetic wear de-
bris analysis demand sample destruction. Thus, a
systematic histological assessment of debris accumu-
lation with differentiation between soft and hard tis-
sue is impossible, because bone marrow, soft tissue,
and mineralized areas become dissolved and ashed
together.'” Hence, we modified existing preparation
procedures and applied a darkfield illumination
technique to judge where metal degradation prod-
ucts affect tissue reactions and cause detrimental
alterations in periprosthetic bone tissue. Darkfield
microscopy is a specialized illumination technique
that is characterized by an indirect illumination to
increase contrast in specimens that are not imaged
well under normal brightfield illumination. Direct
light is blocked by an opaque stop in the condenser,
whereas light passing through the specimen from
oblique angles at all azimuths is diffracted, refracted,
and reflected into the objective to form a bright
image of the specimen superimposed onto a dark
background. The histological allocation of the
implant material was verified with proton induced
X-ray emission (PIXE) elemental analysis. PIXE was
first used in the 1970s for forensic purposes.?’ It has
also been used to characterize the implant interface
and to demonstrate particulate metals in the peri-
prosthetic environment.*' >

MATERIALS AND METHODS

Experimental subjects

Our group of investigators continuously prepares histo-
logical sections from joint implants from cadavers for sci-
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entific purposes. Five cases without hip replacement revi-
sion were selected from this material to investigate the
effect of metal degradation products on tissue reactions in
the interface regions. Betts et al. suggested that monitoring
of debris generation, earlier in the loosening process, may
be of great value for studying loosening mechanisms.**
The prosthesis anchorage was examined using a simple
measuring device that measures relative motion greater
than 2 um, under a defined tensile load (100 N), in differ-
ent directions between implant and bone. Anterior—poste-
rior (AP) X-rays were taken of the implants to evaluate the
periprosthetic bone status.

Of the five hip replacements (CrCoMo/PE = chromium
cobalt molybdenum/PE), three were cemented (2 X Endo-
Modell Mark III, LINK, Hamburg, Germany; 1 X St. Georg
Mark 1II, LINK, Hamburg, Germany) and two nonce-
mented (2 X Spongiosa Metal II, ESKA, Liibeck, Germany).
The survival period of the joint replacements varied
between 2 and 21 years. All implant-bearers were female
(mean age, 75 years). Eight bone biopsies of the iliac crest
from eight nonimplant bearers (5 male, 3 female; mean
age, 51 years) served as a control group. Hence, the effects
of preparation artefacts (band saw blade, microtome knife,
etc.) and natural metallic trace elements on darkfield illu-
mination microscopy and microanalysis were taken into
account.

Preparation of the histological specimens

All specimens were fixed in buffered formalin (4%). The
autopsy and control specimens were prepared and
handled as in earlier investigations of femoral compo-
nents.”> %" Hence, the proximal femur and the correspond-
ing acetabular region with hip replacements were removed
together, keeping the capsule intact. The pelvic tissues
were then separated from the femur by a circular incision
through the center of the capsule, thus preserving the tran-
sition from the capsule to the bone interface.

To investigate the quantity and dissemination of degra-
dation products, sections of tissue, ~4-mm thick, were
taken from the lateral, medial, posterior, and anterior
regions of the capsule-bone transition area (femur and ace-
tabulum). Cemented PE cups (n = 3) were carefully sepa-
rated from the bone cement. In addition, four or five hori-
zontal sections and a corresponding number of longitudi-
nal segments were taken from the stem region (Fig. 1). The
tissue was processed to ultrathin ground tissue specimens,
15-20-pm thick, using a standard technique as described
earlier.”>? Glass slides were used instead of plastic, as the
optical properties of glass are more suitable for the type of
investigation we intended to carry out.

Microscopic darkfield illumination
and PIXE microanalysis

The birefringent PE particles in the ground tissue speci-
mens were examined by light-microscopic polarization
technique. Nonbirefringent particles, detected under dark-
field illumination, were predominantly located in the inter-
face and capsule region and their distribution was
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Figure 1.

Gross macroscopy: Exemplary preparation of
bone tissue in the region of hip replacements, (a) longitu-
dinal segments, (b) horizontal sections, and (c) acetabulum.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

recorded. With this type of illumination, very little
enlargement is necessary to make wear particles smaller
than 0.5 um visible as luminous points under the micro-
scope (Fig. 2). Sections with high particle density in the
medial capsule area/Gruen Zone 7*° were selected for con-
trol identification with elemental analysis [Fig. 3(a)]. High
particle density means that a rectangular area of 1.6 mm X
0.8 mm per specimen with a maximum number of visible
particles in the soft tissue was chosen [Fig. 3(b,c)]. As the
ground tissue specimens were not suitable for the PIXE-
technique because of their thickness, new tissue samples
had to be taken from the corresponding regions of the
remaining material available from the five cases. These
were embedded in polymethymethacrylate (PMMA) and
then processed to histological undecalcified slices. A 5-um
thick section was stained. A parallel section was re-exam-
ined under darkfield and the measurement area marked.
This section was then left unstained and fixed with disper-
sion binder on a slide for microanalysis. The windows of
the sample carrier were coated with a 2-um polycarbonate
foil. Measurement of the elemental composition was car-
ried out using PIXE, with a 2-MeV proton microprobe at
the Institute for Experimental Physics at the University of
Hamburg.”
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First, the proton beam scanned the chosen rectangular
areas of 1.6 mm X 0.8 mm to obtain a general view. Then
two detailed readings per area with a field size of 200 um
X 400 pm were analyzed at varying distances to the
implant, that is, central and peripheral to the implant [Fig.
3(b,c)]. The probe is sensitive enough to detect extremely
small quantities (from 20 ppm), even of lighter elements.
The lateral resolution of the PIXE microprobe varies
between 1 and 3 pm. The nondestructive analysis of these
sections using the PIXE probe enables the direct identifica-
tion of the metal degradation allocation as seen in the
darkfield microscopy.

The specimens from the nonimplant bearer control
group were also analyzed with PIXE. The proton beam
scanned rectangular areas of 1.6 mm X 0.8 mm to obtain a
general view. Then one detailed reading per area with a
field size of 200 um X 400 um was carried out.

Statistical analysis

A single-sided paired t-test was performed to compare
the element concentrations central and peripheral to the
hip replacement. Values smaller than p < 0.05 were con-
sidered to be significant.

RESULTS

The relative motion measured between implant
and bone in the five investigated cases ranged from
3 to 8 um. Implants within this low range of motion
were considered to be firm. The AP X-rays showed
neither radiolucent lines nor osteolysis, except one
undersized area under the collar of the hip replace-
ment with a 21-year survival. Macroscopic examina-
tion of the implants had already shown that, in the
three cemented cases, gaps of varying widths (up to
500 um) were visible between the bone cement and
the proximal prosthesis stem. The gaps were mainly
located in the medial side and were filled with inter-
face tissue.

The application of brightfield, polarized light, and
darkfield microscopy on the control specimens from
the nonimplant bearers showed absence of wear
products (Fig. 2). Furthermore, microanalysis with
PIXE expressed only trace elements and constituents
of the bone matrix in these specimens. Detectable
elements were calcium (Ca), phosphorus (P), sodium
(Na), magnesium (Mg), iron (Fe), zinc (Zn), stron-
tium (Sr), and sulphur (S).

In the implant-bearer group, wear particles were
distributed inhomogenously in the tissue. Darkfield
microscopy verified by PIXE elemental analysis
revealed particle-free areas immediately next to
areas with a high particle density (Fig. 3). In dark-
field illumination, these areas predominated in the
inner medial capsule close to Gruen Zone 7 and
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Figure 2. Left column: Control specimen from nonimplant bearer. Under brightfield illumination (a), polarized light (b),
and darkfield illumination (c), no metallic particles are visible in the bone tissue. Right column: Specimen from implant-
bearer. Small wear particles in periprosthetic bone tissue, which are not visible in brightfield illumination (d) or in par-
tially polarized light (e) are prevalent in darkfield illumination (f) as luminous points in the tissue (arrows), even in low
magnification (toluidine blue). [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]

appeared like bright clouds, whereas PE particles do
not become visible with this method (Fig. 4).
However, at the interface between cup and bone
cement as well as stem and bone cement, some par-
ticles were visible in darkfield illumination. These
were predominately seen in the connective tissue
close to cement mantle defects and within cement
fractures extending to the implant surface. PIXE ele-
mental analysis showed that the majority of particles
in the capsular tissue of the cemented implants con-
sisted of the radiopaque bone cement constituent zir-
conia (zirconium dioxide). The synthetic PMMA con-
stituent of the bone cement cannot be measured. The

mean size of the eroded zirconium dioxide particles
in the capsular tissue was much smaller (0.94 *
0.61 um) than the complete zirconia particles in bone
cement (13.05 = 5.25 pum). Large quantities of zirco-
nia were also found within macrophages located at a
distance (max. 4 mm) from the capsule and interface
[Fig. 5(a—d)]. In contrast, metallic particles were
found only in a few macrophages. The measure-
ments yielded the particularly interesting finding
that, in the vicinity of implants deposits of cobalt, a
heavy metal alloy constituent of the stem/cup com-
ponent were proven to be deposited in the mineral-
ized bone tissue [Fig. 5(ce)]. The PIXE spectrum

Journal of Biomedical Materials Research Part A
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1,6 mm

Figure 3. (a) Overview: Removal of the specimen for his-
tological and elemental analysis of the femoral tissue
(Gruen Zone 7). (b) Horizontal section (undecalcified, tolui-
dine blue): Medial, a rectangular general view area for ele-
ment analysis is selected. (c) Two detailed PIXE readings,
demonstrating all elements in the measuring field, were
quantified centrally and peripherally of the implant (sur-
vival: 21 years). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

demonstrates all elements in the measuring fields
[Fig. 5(f)]. The cobalt concentrations detected in the
periprosthetic mineralized bone tissue (Gruen Zone

BUSSE ET AL.

7) ranged from 38 to 413 ppm [Fig. 6(ab)]. It was
shown that the concentration decreases significantly
with increasing distance from the implant [Fig. 6(c)].
However, no cobalt was found in the control group,
whereas the highest Co concentrations were detected
in the case with an implantation period of over 21
years. We succeeded in analyzing the periarticular
bone hard tissue of this case in further detail. Eight
additional PIXE analyses proximal and distal of the
stem were performed [Fig. 7(a)]. The concentrations
of cobalt in the mineralized bone tissue in the proxi-
mal region of the stem were significantly higher
than in the distal region [Fig. 7(b)]. Other arthro-
plasty and fixation constituents like chromium, mo-
lybdenum, and radiopaque zirconia were not detect-
able in the mineralized bone tissue.

DISCUSSION

Darkfield microscopy was already used in 1926 to
examine spirocheta pallida in cutaneous lesions of
secondary syphilis.** Willert et al. as well as Raso
et al. applied darkfield microscopy for the investiga-
tion of silicone deposits in tissues.”"** This relatively
simple method makes the detection of nonbirefrin-
gent particles and conclusions regarding their dis-
semination feasible, similar to the detection of PE
particles under polarized light. In our investigations,
darkfield microscopy proved to be an appropriate
method for the detection of metallic wear from
implants (Fig. 2). It was evident that the quantity of
particles present in the tissue was considerably
larger than expected, after observation under bright-
field illumination with and without polarized light
(Fig. 4).

Figure 4. After an implantation period of 6 years, cement particles predominate in the capsular tissue, appearing as
bright white clouds, under darkfield illumination (a). The actual extent of particle concentration is not clear in polarized
light (b), and only isolated birefringent PE particles (arrow) are visible (toluidine blue). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

Journal of Biomedical Materials Research Part A
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Figure 5. Elemental microanalysis of a histological section (a). Using darkfield microscopy (b), nonbirefringent metal par-
ticles within macrophages are visible. PIXE microanalysis shows the elements Ca (grey), Co (purple), Zr (dark blue), Zn
(gray), and Fe (light blue) (c). The foreign material in the cells is primarily zirconia (c, d). Higher concentrations of cobalt
from the stem/cup component can be detected in the adjacent bone tissue (e), and only very small amounts of chromium
are present (toluidine blue). The PIXE spectrum demonstrates all elements in the measuring fields (f). The wolfram peak
(W) is an artefact, and it is a component of the microtome knife. Hf (hafnium) is a natural companion of Zr (zirconium).
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Using PIXE elemental analysis, we were able to
show that the particles found in the tissue around
cemented implants originated mostly from constitu-
ents of the bone cement. This corresponds to the
findings of Bos et al.*®> The size of the eroded zirco-
nia particles in the capsular tissue is substantially
lower than in the complete bone cement formation
and corresponds approximately to a size relation of
1:14. Zirconia particles can be released by abrasion
or break of the synthetic PMMA bone cement com-
ponent. Since the zirconia particles are obviously
smaller in the tissue than in the bone cement, it is

likely that the release takes place via a process of
wear debris. Furthermore, the gaps between prosthe-
sis stem and cement, observed in the proximal range
of the femur, suggest that there is relative motion
between the implant components resulting in cement
abrasion.

Degradation products of implant materials are
known to be detectable in the kidneys, liver, spleen,
and lymph nodes,'®* or to enter the serum and be
finally excreted via the urine.'®*>*® This is especially
true for chromium (Cr) and cobalt (Co). The novel
finding of this study was that we obtained unequiv-

Journal of Biomedical Materials Research Part A
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Figure 6. Comparison (a) of the investigated total hip
replacements (THR) with original diagnosis, associated
motion, service life, fixation type, tribological pairing, and
material composition: THR 1-2: ESKA, Spongiosa Metal II;
THR 3-4: LINK, Endo-Modell Mark III; THR 5: LINK, St.
Georg Mark IL. The diagram (b) shows the Co-concentra-
tions in the periprosthetic mineralized bone tissue (Gruen
Zone 7) central and peripheral of the implants. In compari-
son with the control specimen, implant bearers show a sig-
nificant deposition of cobalt in mineralized bone tissue
areas central and peripheral of the implant (c).

ocal evidence that there were larger deposits of
cobalt locally in the mineralized bone tissue sur-
rounding joint implants than elsewhere in the skele-
ton. Other authors performed animal experiments
and reported similar findings.*’ >’ However, a sepa-
rate demonstration of the mineralized and nonmin-
eralized bone tissue was not conducted in these
studies.

In implant-free bone tissues, as in our control
group, cobalt concentrations are below the detection
level of the techniques employed in our study. There
are indications that the cobalt concentration is
related to the distance from the implant. So far, only
regions in the immediate vicinity of implants or at a
few millimeters distance have been investigated.
However, we were able to demonstrate that the im-
plantation of prosthetic material consisting of an
ASTM F 75 alloy (~63% Co, 26-30% Cr, 5-7% Mo,
<1% Ni, <1% Mn, <0.75% Fe) containing major
amounts of cobalt leads to an increase of cobalt con-
centrations in the periprosthetic mineralized bone
tissue. These findings are supported by the descrip-
tions of Dobbs and Minski and Michel et al., who
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have already reported transportation of cobalt in
various body tissues and organs.***!

Darkfield illumination combined with PIXE greatly
increases the possibilities for detailed histological
assessment of cobalt concentrations. The highest con-
centrations were detected in the mineralized bone
tissue close to the implant (Gruen Zone 7), especially
in the case of the implant which survived for over
21 years. The concentration indicates that the deposi-
tion of cobalt depends on time and localization. So
far, there is no evidence of comparably high concen-
trations of other alloy constituents in mineralized
bone tissue. However, Urban et al. demonstrated

proximal
n=8 -7
c P
e e
n r
t i
r p
a h
distal I e
=8 r
d
I
9 B central [ peripheral
800
* *=p<0,05
500
_ T =8D
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Figure 7. Radiograph (a) of the proximal femur after an
implantation period of 21 years (LINK, St. Georg Mark II).
The measuring fields in gray and white boxes were eval-
uated central/peripheral and proximal/distal. The Co-con-
centrations were significantly higher in the central than in
the peripheral region. In the distal periprosthetic regions,
the deposition of cobalt is significantly lower (b).
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that Cr-orthophosphate was the corrosion product
most frequently detected in periprosthetic soft tis-
sue.*” Furthermore, Willert et al. and Haynes et al.
showed in their investigations of CoCr alloys that,
during the corrosion process, more cobalt is released
than chromium.*** Siddle et al.*® reported that the
Co component in the alloy performs in a similar
way to that of the pure metal, which suggests that
the cobalt oxidizes independently of the chromium
in the alloy. It is therefore conceivable that cobalt is
deposited in the bone matrix in a similar way to
zinc.** However, if the implant particles integrated
in the bone matrix are unchanged, it should also be
possible to detect the other alloy constituent, chro-
mium. This has succeeded in only a few isolated
areas.

It is still unknown if the deposition of cobalt takes
place via linked osteocytes or osteoblasts phagocy-
tize particles, which then infiltrate bone tissue dur-
ing formation of new bone. Furthermore, it is
still uncertain whether deposition of cobalt in bone
tissue is a continuous process, whether it reaches a
“saturation point,” or whether there is a correlation
between the concentration of cobalt and certain lysis
zones in the implant bearing.”® Further investiga-
tions will be necessary to determine if a continuous
release of alloying components (heavy metals) leads
to detrimental alterations and remodeling of miner-
alized bone tissue. Pathological, for example, tumor-
inducing effects on tissue have been discussed by
several authors, but causali‘gy due to implant degra-
dation has not been proven.”'™ In this context, Lew-
old et al. investigated the overall cancer incidence of
patients after total knee replacement, but their
results do not indicate an increased incidence of can-
cer following joint replacement.”® However, prosthe-
sis failure in which the mode of failure leads to
metal-on-metal wear or is caused by metal-on-ce-
ramic wear that was not designed to occur can lead
to massive tissue metallosis.”” *° Systemic exposition
to cobalt via ingestion, dental treatment, or loose
joint replacements can increase susceptibility for
local dermatitis due to orthopedic implants or a gen-
eralized cobalt-induced dermatitis.””*"** This allergic
dermatitis has been discussed by several authors as
a consequence of a hapten cross reactivity due to the
alloy components cobalt, chromium, and nickel. In
the form of haptens they have the potential to gener-
ate protein complexes, which can trigger immune
reactions. Furthermore, Steens et al. reported chronic
cobalt poisoning after hip replacement, which may
lead to almost complete loss of sight and hearing.””

The potential carcinogenic risk from implants has
been evaluated by the International Agency for
Research on Cancer. CoCr joint replacements were
given a Group 2B classification (possibly carcino-
genic in humans).®"**> Hence, implants with metal-
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on-metal articulation as well as cobalt-containing
prostheses that are anchored without cement should
be observed closely. The current analysis leads to
the assumption that common implantation techni-
ques lead to the release of cobalt and its incorpora-
tion in the surrounding tissue.

Although PIXE elemental analysis is a very sensi-
tive method for nondestructive investigation of his-
tological sections, this highly complex technique is
not a routine procedure and therefore cannot be
applied to large series.

We thank Mrs. Claudia Kruse and Mrs. Annette Jung
for their help with the preparation of the ground tissue
specimens.
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