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In histopathologic SLIM diagnostic (synovial-like interface membrane, SLIM) apart from diagnosing periprosthetic
infection particle identification has an important role to play. The differences in particle pathogenesis and variability of materials
in endoprosthetics explain the particle heterogeneity that hampers the diagnostic identification of particles. For this reason, a
histopathological particle algorithm has been developed. With minimal methodical complexity this histopathological particle
algorithm offers a guide to prosthesis material-particle identification. Light microscopic-morphological as well as enzyme-
histochemical characteristics and polarization-optical proporties have set and particles are defined by size (microparticles,
macroparticles and supra- macroparticles) and definitely characterized in accordance with a dichotomous principle. Based on
these criteria, identification and validation of the particles was carried out in 120 joint endoprosthesis pathological cases. A
histopathological particle score (HPS) is proposed that summarizes the most important information for the orthopedist, material
scientist and histopathologist concerning particle identification in the SLIM.

Key words: synovial-like interface membrane (SLIM), particle algorithm, prosthesis dysfunction, wear particles, adverse
reactions, toxic reaction.

NATONOI A, BbISBAHHAA MMIMJIAHTATOM: AIFOPUTM OMNPELOEJIEHNA
HACTUL, NPU TNCTOMATOJIOTMHECKOM MCCNEJOBAHUN
CNHOBUWAJIbHO-NMOAOBHOW OKOJIOMNMPOTE3SHOM MEMBPAHbI (SLIM)

B. Kpenn, I1. Tomac, M. Tomcen, C. Ycbek, JI. loii6ep, @. Borruap, B. Piotep, @. Xond,
C. MwoJuiep, M.T. Kpykewmeiiep, T. Tepke, /1. Kenpodd, A. Tumann, M. Xybep

BaskHyio poJib 1Ipy TMCTOIATOJIOIMYECKOM MCCAeA0BaHKN CHHOBMAIbHO-I0A100HON OKosIonporesHoi memOparbl (SLIM),
Hapsi/ly € IMarHOCTUKOW OKOJIONPOTE3HON NH(MEKINH, UTPAeT NAeHTU(DUKAIUS YacTUIl. Pazinuns B maToreHese 4acTUIl U pasHo-
obpas3uu MaTepUaJIoB JIJIsl SHIOIPOTE3UPOBAHUS OOBSICHSIIOT TY F€TEPOrEHHOCTD, KOTOPAsi 3aTPYAHSIET JUArHOCTHYECKYIO U/IeH-
tudukanmio yactuil. [1o a1oii npuynne GbiT pazpaboTaH rUCTONATOJOIMYECKHUIA aJITOPUTM IMATHOCTUKY YaCTUIL, KOTOPbIii 1pU
MUHUMAJIbHBIX METOAOJOTMIECKUX CJOKHOCTSAX 00eCIeunBaeT AeHTU(UKAIINIO YACTUI] MaTeprasia mporesa. [[poctbie MUKpO-
CKOIMYECKU-MOP(MOTIOrnyeckre 1 aH3MM-THCTOXUMUYECKIEe XapaKTePUCTUKH, & TAKIKE MTOJISIPU3AIMOHHO-ONITHYECKNE CBOWCTBA
MO3BOJISTIOT OTIPE/IETUTL pa3Mep YacTrll (MUKPOYACTHIIbI, MAKPOYACTHUIIBI U CYIIeP-MaKPOYaCTUIbl) U XapaKTepu30BaTh UX 110
JIUXOTOMUYECKOMY TIpuHIMIy. Ha oCHOBaHUU 3TUX KPUTEPUEB ObLIN BBITIOJHEHbI WACHTU(UKAIUS 1 aTTecTanus yactuil B 120
CJIydasgx MaToJIOTHYECKOI Peakuy Ha aHA0npoTe3 cycrasa. IIpeoxkena rucronaronornyeckad mkana yactuil (HPS), kotopas
CYMMUPYeT BaKHEHIITY10 nHMOPMAIIO /I OPTOIIE/IOB, MATEPHAJIOBEIOB 1 IMCTONATOIOT0B, KACAIONLYIOCS MIeHTH(DUKAIIY Ya-
crui; MmetogoMm SLIM.

KiioueBble ciioBa: CHHOBHAILHO-TTOI00Hast mHTEepdeiic-membpana (SLIM), aaropuT™ 4acTuil, AucHYHKIMS TPOTe3a, M3HOC
YACTHII, TOOOUYHBIE PEAKIIUH, TOKCHIECKNE PEAKITHH.
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Introduction

Since endoprosthesis pathologies are moving
more into the diagnostic histopathology, diagnostic
criteria and algorithm especially for particle
identification gain in importance. Pathologists,
material scientists and orthopedic surgeons find
themselves confronted with the problem of particle
heterogeneity and that increasing numbers of
implantations during arthroplasty interventions
are being accompanied by a rising number of
implant failures due to complications. Extraneous
materials and/or corrosion phenomena of implant
materials are being discussed as the cause of
immunopathological /inflammatory reactions and
toxicity reactions. The term “adverse reaction to
metal debris” (ARMD) is used to clarify the range
of undesirable clinical outcomes especially due to
metal ion and particle exposure. Corrosion products
of cobalt-chromium-molybdenum alloys, metal
wear particles and metal ions can, depending on
their concentrations, trigger a toxic, immunological
or inflammatoric reaction [12, 18, 24, 31, 50, 51,
52]. A sufficient clarification of endoprosthesis
pathologies in the interdisciplinary context requires
biomechanical, clinical [3], microbiological [33, 38],
allergological and radiological/imaging findings
[7] a macroscopic assessment of the explants and
especially a histopathological diagnosis based on
defined diagnostic criteria with high reproducibility.
From the histopathologist a definite morphological
diagnosis with clarification of the pathogenesis is
expected, the orthopedic surgeon expects guidance
and support where complex diagnostic and
therapeutic problems are concerned, for instance
when implant material allergy or a toxicity reaction
on implant material are clinically suspected.

The objective

The histopathological particle algorithm after
Krenn is based on these considerations allowing a
definite histopathological particle characterization
in the SLIM (“synovial-like interface membrane”,
SLIM) and is designed to lead to a better
interpretation of implant-tissue interaction, in order
to facilitate a more comprehensive understanding
of particle induced endoprosthesis pathologies.
Consequently, the differential diagnosis and the
identification of particulate, crystalline and non-
crystalline components is crucial [7, 28, 30, 35, 41,
42, 43]. This applies in particular to the differential
diagnostics of the neosynovial/periprosthetic
membrane SLIM in which particle identification and
characterization is required. This is because particle-
induced reactions in the SLIM may constitute a
fundamental cause of implant failure [2, 8, 16, 50, 53,
59,60]. The differences inimplant materials and their
wear particles, the diversity of particle origin [2, 3, 6,

8, 14, 50, 53, 59] and the high degree of variability of
the immune and inflammatory response explain the
morphological heterogeneity of wear particles in the
synovial membrane/SLIM that, in turn, hampers
definitive particle identification. For these reasons,
a histopathological particle algorithm (Diagram 1)
has been developed that, with minimal methodical
complexity, facilitates particle identification in the
synovial membrane/SLIM and especially allows
the demarcation between non-prosthesis material
particles and prosthesis material particles.

This histopathological particle algorithm
had been published as a proposal focusing on the
differential diagnosis to endogenous particles, in
the context of implant material allergies and in a
validated form based on 105 joint pathology cases
[28, 29, 30]. In this study the number of cases is
enlarged and particle types which have not been
shown before are demonstrated in this paper.
Additionally a new definition of particle-size is
proposed: microparticles, macroparticles and
supra-macroparticles.

Material and methods

The majority of particle types have been defined
and had been shown microscopically and are based
mainly on particle criteria described in animal
models and from biomechanical experiments [7, 8,
9, 19, 20, 22, 23, 24, 32, 34, 35, 36, 60] But, as the
latter were detected and validated in 120 defined
synovitis/SLIM cases and thus also validated and
new particle characteristics have been described and
recognised, they are shown in the results section.

Patients and methods

Morphological and  enzyme-histochemistrical
particle  criteria  for the algorithm. The
histopathologic particle algorithm is based on the
light microscopic and histochemical characteristics
for particleidentification described in the literature
[7,8,9, 19, 20, 22, 23, 24, 32, 34, 35, 36, 60]. Three
basic criteria were defined: light microscopic-
morphological characteristics (size, shape, color,
dissolved out), polarization-optical properties,
enzyme-histochemical characteristics in oil red O
staining [20] and the Prussian blue reaction. The
particles are characterized in accordance with
a dichotomous principle, based on the staining
characteristics in the Prussian blue reaction, in
oil red O staining, the size and the polarization-
optical characteristics. This has been illustrated
graphically in the form of a flow chart (Diagram 1).
The SLIM diagnostic and particle characterization
including identification of corrosion products
was carried out by two experienced pathologists
specialising in orthopedic pathology (M. Huber and
V. Krenn).

16 2014 -3 (73)

TPABMATOJNIOI'MNA U OPTOINEIDINA

poccunm



OPUT'VHAJIBHHE CTATBHU

Particle Algorithm

version 5

Macroparticles/ | Abrasion particles PBR -

Non-abrasion particles

Supra-Macroparticles

Particles of bleeding residues , PBR +++
Hemosiderin/iron granuloma < 1ym — > 0.5mm

Polyethylene (PE) macro-particular = 0,1mm, POL +++
Polymethyl methacrylate (PMMA) =~ 0,1 — 2 mm
Ceramic particles — implant fracture = 0,1 mm POL+/-

Microparticles

Gandy Gamna body 0.5 -2mm

Endogenous crystals

Silicone-particle~ 0,5-2mm POL +/-
Carbon fibers = 0,1mm POL —
Hydroxylapatite = 0,1mm POL +/-

|

Micro-particular PE < 1 pm (oil red +++) |

POL -/+

Calcium pyrophosphate dihydrate POL +++, = 0,7um
Urate < 50 ym -> 3 mm, nativ: POL ++

Chalk like-deposits

Calcium phosphate < 1uym -> 0,5 mm
Calcium Carbonate (Lime): POL = 1mm
Bone trabula fragment: POL 2 1mm

Corrosion particles
Precipitates: Oxide, Chloride, Phosphate
yellowish to greenish, 0,5 pm - 0,5 mm
Sources of corrosion:
Cobalt, Molybdenum, Chromium, PBR-
Ferrous metal particle: Iron,Steel alloy: PBR++

|

Non-ferrous metal particle (black / intensely blackish = 1 um)
Titanium

Cobalt

Nickel

Chromium
Molybdenum
Tantalum
Zirconium
Niobium

Barium sulfate
Zirconium dioxide

Non-ferrous metals and metal alloys

X-ray contrast media
(additives to PMMA)

Ceramic 0.2um — > 1um brownish/grey/light
¢ Aluminum oxide

* Zirconium oxide

* Yttrium oxide

+ Niobium oxid

DIAGRAM 1:
Histopathological particle algorithm (version 5 after Krenn)
The particles in the SLIM are characterized in conventionally stained HE paraffin sections with the use of 1) polarization-optical
analysis (POL), 2) Prussian blue reaction (PBR) and/or 3) oil red O staining

Definition of particle. The term particle in

this histopathological context defines light-
microscopically small anorganic/organic granula
like structures with intra- or extracellular

localisation detected in the SLIM.

Prosthesis material particles, non-prosthesis
particles and third body wear particles. Prosthesis
material particles include materials from the
prosthesis itself, material from periprosthetic
compartment (f.e. Hydroxylapatite, PMMA) and
in cases of endoprothesis revision materials from
the former prosthesis (third body wear).

Non-prosthesis particles (endogenous particles)
are organic and understood to mean particles which
have been produced endogenously in the synovial
membrane, cartilage und bone mostly due to metabolic
dsyfunctions: Calcium pyrophosphate, urate crystals,
haemosiderin deposits as the consequences of
hemorrhage, calcifications and by fragmented joint
tissues (cartilage and bone fragments).

Definition of particle size

Microparticles, macroparticles and  supra-
macroparticles. The particle sizes were determined
in this analysis using computer-aided interactive
morphometric  analysis (Leica DM 2005,
microsystems framework 2007). The majority of
particle size measurements are based on animal
testing data [32]. For reasons of histopathological
practicality, it is proposed to distinguish between
1) microparticles (phaghocytosed in macrophages,
< 5 pm) 2) macroparticles (phaghocytosed in
multinucleated giant cells and/or in extracellular
localisation, > 5 pym to 1 mm) and 3) supra-
macroparticles being defined as particles
exclusively in extracellular localisation with more
I mm up to several mm.

Morphological definition and validation of particle
morphology in the SLIM. To provide a representative
view of the most important particles, a total of 120

TPABMATOJNIOI'MA M OPTOINEIOINA

poccunm

2014 -3 (73) 17



OPUT'VHAJIBHHE CTATBHU

endoprosthesis pathological cases were analyzed.
These cases included the clinical data, the type
of endoprosthesis and the composition of the
endoprosthesis material. In order to guarantee good
clarity of the morphology the different particles
were shown to the same scale of the particles in the
synovial membrane/SLIM. The microscopic view
(Figs.2ato 6)isshown under the same magnification
and, in most cases, under the same conditions (HE
staining, simple transmitted light analysis, POL
analysis and oil red O staining).

Patient data

In SLIM cases, the particles were characterized /
validated as part of the histopathological diagnostic
process. Tissue from a total of 120 cases, 75 of them
women and 45 men, was analyzed. The average age
was 66. In 50 cases, the synovial membrane/SLIM
was from hip endoprostheses and in 66 cases from
knee endoprostheses. In four cases, the SLIM was
from an ankle joint endoprosthesis and in one case
from a shoulder endoprosthesis. Average prosthesis
life was 7.2 years. The material composition and
the implantation mode of the endoprostheses
were known in all cases. The material composition
covered the complete material spectrum (metal,
plastic and ceramics). Bacterial infections were
ruled out by histopathology and microbiology.

Prussian blue reaction, HE staining,
oil red O staining

The Prussian blue reaction and HE staining were
carried out fully automatically using the Leica ST 4040
staining module. The nuclear staining was undertaken
with Harris hematoxylin (Harris hematoxylin,
Surgipath, Richmond, Illinois, USA). The background
staining was performed using eosin (eosin Y, Sigma-
Aldrich, St. Louis, Missouri, USA). Oil red O staining
carried out exclusively non-automated in line with the
published staining protocol [20].

Results

Bone cement, polymethyl methacrylate
(PMMA)

Histopathologic particle morphology: Bone
cement is a polymer (polymethyl methacrylate,
PMMA). In the conventional histological tissue
preparation, PMMA particlesare mostly chemically
dissolved out of the SLIM. The non dissolved
out particles are pale, gray-colored rectangular.
Therefore in the HE section remains a light gray-
colored internal structure in an apparently empty,
mostly rectangular to polycyclical, vacuole-
like cavity [43]. This vacuole-like cavity is
surrounded by macrophages, histiocytic cells and
multinucleated giant cells (Fig. 2b).

Zirconium oxide/ barium sulfate particles
as bone cement (PMMA) additives

Histopathologic particle morphology: They
are visible mainly in the vacuoles of the PMMA
(PMMA, which has been partially dissolved out) as
grey to intensely black, aciniform to mullbery like
[43] and in part coarse microparticulate deposits
(Fig. 2b, 3f) . A light microscopic differentiation of
barium sulfate and zirconium oxide is not possible.
The addition of zirconium oxide or barium sulfate
serves as an X-ray marker.

Polyethylene (PE) particles

PE microparticles, PE macroparticles and PE
supra-macroparticles.  Histopathologic  particle
morphology: Depending on the particle size, a new
light microscopic categorisation of PE particle
is proposed: PE microparticles (< 5 pm), PE
macroparticles (> 5 um up to 1 mm) and supra-PE-
macroparticles (> 1mm up to several mm) with an
exclusive extracellular localisation. The supra-PE-
macroparticles are shown in this paper for the very
first time (Fig. 2a). This finding requires further
research. An exclusive extracellular localization is
plausible since due to the large size, an intracellular
localization even in histocytic multinucleated giant
cells is not possible. Depending on the mechanical
prosthesis loading (e.g. misalignment of the implant)
they are elongated and clasp-shaped and conspicuous
under light microscopy [43]. What are noticeable are
the polarization-optically birefringent, clasp-shaped
PE macroparticles in multinucleated giant cells of
the foreign body type (Fig. 2a). In HE staining PE
microparticles are inconspicuous and can be detected
in the macrophages due to a granular, slightly
basophilic, cytoplasmic reactivity (Fig. 3a).

Enzyme histochemical particle characteristics:
Oil red O staining [20, 43] with an intense
orange-red colour permits the clear detection
of intracytoplasmic usually unsusceptible PE
microparticles (Fig. 3b).

Metal particles (non ferrous metal particles)

Histopathologic particle morphology: The
intrinsic color is gray to intensely black (Figs. 3c,
3d). Metal particles exhibit no, or only minimal,
peripheral birefringence. The shape of the metal
particles varies in the SLIM from round to
polygonal and sharp-edged.

Enzyme histochemical particle characteristics:
Since they are non ferrous metals the Prussian blue
reaction is negative. Non-ferrous metals and their
alloys are used predominantly in endoprosthetics,
while ferrous metals (e.g. steel) are used more rarely.
The most important non-ferrous metals include
titanium, tantalum, aluminum, vanadium, cobalt,
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molybdenum, chromium, niobium and nickel in
varying combinations and alloys. Metal particles
are very small if they are not present in the SLIM
in aggregated form, and have an average diameter
of approximately 0.05 pm to 3.9 um [32]. Due to
their small diameter, metal particles can penetrate
into the superficial and deep compartments of the
SLIM as well as into the peri-implant tissue and
thus be capable of detection. In rare cases, metal
particles can also be detected in the regional lymph
nodes [3].

Metal corrosion: metal corrosion
microparticles and macroparticles

Histopathologic particle morphology:
Solid corrosion products of cobalt-chromium-
molybdenum alloys consist, for example, of
chromium orthophosphate [23]. Depending on
the metal, corrosion products can be detected as
oxides, chlorides or phosphates. The colour is highly
variable ranging from yellowish to greenish in as
well as bluish-purple (Fig. 4a). Corrosion products
(corrosion particles) are variable in size (< 1 um to
500 pm). Chromium orthophosphate macroparticles
are demarcated from foreign body giant cells.
Corrosion particles are found not only in the
immediate vicinity of the metal wear but can also be
detected in granulomas (Fig. 4b). Microparticles can
be detected intracytoplasmically in mononucleated
macrophages, occasionally mixed with metal wear
particles [23]. Only steel corrosion products exhibit
positive reactivity in the Prussian blue reaction.
Metal corrosion can be generally defined as the
destructive attack of a metal through interaction
with its tissue-environment. In hip endoprostheses,
modular prosthesis taper connections (e.g. neck-
head or neck-stem connection) and metal-on-
metal bearing couples constitute a fundamental
source of corrosion/fretting. The frequency and
clinical relevance of the corrosion problem have
not been sufficiently investigated. During corrosion
processes in connection with metal implants, alloy
components are released that can be detected in the
joint, in the peri-implant tissue and in bodily fluids
and here involve the risk of undesirable local tissue
reactions and premature implant failure as well as
systemic side effects [14, 18, 34, 40, 56, 57]. Allergic
reactions to metallic implant materials are described
[50, 51, 52]. Corrosion products may encourage
third body wear and lead to premature implant
failure [23]. Corrosion products in the SLIM
may be the expression of the reduced resistance
of the endoprosthesis material or a mechanical
overloading. There is a correlation with the design,
positioning and loading of the endoprostheses.

Metal ions

Histopathologic particle morphology: Because
of their small size, metalions elude histopathological
detection. Metal ions can only be detected using
physical methods [31]. Weak cytoplasmic Prussian
blue reactivity in the macrophages in the SLIM
often in the vicinity of metal particle deposits may
possibly be a cellular mode of reaction to a large
metal ion load (personal observation of V. Krenn).
In hip endoprosthetics, increased metal ion values
(chromium, cobalt) have been detected in the blood
serum and whole blood of patients with metal-on-
metal bearing couples, these have been associated
with persistent pains, local tissue reactions and
premature implant failure [10, 19, 21].

Ceramic: microparticles and macroparticles

Histopathologic particle morphology: Particle
size is variable. Ceramic particles occur in the
size range of 20—100 nm up to 3.9 um [32]. In
the rare case of prosthesis fracture of a ceramic
component, macroparticles of a size of up to a
few mm are detectable in the SLIM (Fig. 2c).
A definitive detection is carried out using high-
resolution scanning electron microscopy (e.g.
FEG-SEM) or transmission electron microscopy
(TEM). Microparticles exhibit a weak to very
weak polarization-optical birefringence, are
variable in color, mostly yellowish-brownish
or gray-brown to blackish (Fig. 3e). Especially
where they appear gray-black in color, the
color and the diameter of the particles hamper
the histopathological demarcation of metal
particles. Here physical techniques, for example
energy dispersive X-ray (EDX) and/or Fourier
transform infrared microspectroscopy (FTIR),
are indicated for definitive particle identification
[31]. In hip endoprosthetics, ceramic is used in
ceramic-on-polyethylene or ceramic-on-ceramic
bearing couples. In most cases, ceramic implants
consist of aluminum oxide ceramic (ALO,),
zirconium oxide ceramic (ZrO,) or mixed oxide
ceramic containing other components such as
yttrium oxide (Y,0,), strontium oxide (SrO) or
chromium oxide [35]. A pathogenic reaction to
ceramic particlesisunlikely. In casereports, where
there are adverse reactions to metal components
of hip implants, a significant improvement in the
symptoms and falling metal ion levels following
revisions using metal-free materials (ceramics,
highly cross-linked polyethylene, polyethylene)
are described in the area of bearing couples [1,
12, 13, 14, 18, 21, 25, 26, 27, 37, 39, 45, 46, 47,
57, 58].
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ILLUSTRATIONS:

For simplifying the aspect of histological particle identification, all illustrations are shown in identical magnification and under
following conditions: HE staining in simple transmitted light analysis, POL analysis and oil red O staining.

~

L o SN
Fig. 2a. Polyethylene (PE) supra-macroparticles in POL

analysis: Particles are morphologically characterized as white

to yellow, bright, clasp-shaped, polarization-optically strong

birefringen particles in extracellular localisation with a size of
more than Imm. In this case a supra-macroparticle
(about 3 mm in lenght) in a SLIM of type I is shown.

Original magnification 350 x. HE staining, POL analysis

277 AL

Fig. 2b. Polymethyl methacrylate, PMMA macroparticles:
Particles are morphologically characterized as mainly empty
(chemically dissolved out) oval to polycyclical, vacuole-like

cavities in cytoplasms of multinucleated giant cells. The bone
cement additives, barium sulfate and/or zirconium oxide
(X-ray contrast media), may be directly visible in the form of
black, partly grouped microparticulate deposits mainly in the
peripheral sections of the vacuoles (3f). Original magnification
350 x, HE staining

Fig. 2¢. Ceramic macroparticles: Partices are morphologically
characterized as dark gray-colored, rectangularly configured,
extracellularly localized macroparticles. Original magnification
350 x, HE staining (case of prosthesis ceramic fracture)

Fig. 3a. Polyethylene microparticles in HE staining, simple
transmitted light analysis. Particles are morphologically
characterized as microparticles localised in cytoplasm
of macrophages exhibiting an inconspicuous aspect with
homogeneous cytoplasmic reactivity with a slightly granular
basophil/eosinophil aspect. Original magnification 350 x,
HE staining

20
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Fig. 3b. Polyethylene microparticles in oil red O staining:
Particles are morphologically characterized in oil red
O staining as intensive orange-red particles located in

macrophages and histiocytic cells. Original magnification

Fig. 3c. Titanium microparticles: Particles are morphologically
characterized as intensely black, round to polygonal, partly
isolated mostly aggregated, particles in intracytoplasmic
and/or extracytoplasmic localisation. Original magnification

350 x, oil red O staining 350 x, HE staining

!
Lol &

Fig. 3e. Ceramic microparticles: Particles are morphologically
characterized as brownish to blackish, round to polygonal or
rectangular intracytoplasmic particles. Mixed in fragments of

bone trabecular. Original magnification 350 x, HE staining.

Fig. 3d. Cobalt-molybdenum-chromium microparticles:
Particles are morphologically characterized as gray-black,
round to polygonal, sharp-edged, mostly intracytoplasmic
microparticles. Original magnification 350 x, HE staining
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Fig. 3f. Barium sulfate and/or zirconium oxide microparticles:

Particles are morphologically characterized as grey to intensely black, aciniform-aggregates. Microparticulate
deposits are mostly in dissolved out PMMA vacuoles or attached to PMMA remnants. Barium sulfate
and/or zirconium oxide are bone cement additives a discrimination between Barium sulfate and zirconium oxide
is not possible by light microscopy. Original magnification 350 x, HE staining
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Fig. 4a. Corrosion particles: Chromium orthophosphate
macroparticles: Particles are morphologically characterized
as rectangular yellowish-green deposits mainly in extracellular
localization. Original magnification 350 x, HE staining

Fig. 5a. Silicone particles: Particles are morphologically
characterized as pale, slight yellow to white particles with
round to oval morphology partly located in polycyclical,
vacuole-like cavities resembling dissolved out Silicone.
Original magnification 350 x, HE staining

Fig. 4b. Corrosion particles: Chromium orthophosphate
microparticles and macroparticles in type I SLIM located
in respectively near to a necrosis. Original magnification 350 x,
HE staining

\(\15 L2 L g 3 \-.\’:-“ s TR
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Fig. 5b. Hydroxylapatite (HA) particles: Particles are
morphologically characterized as grey to darke macroparticles
partially dissolved out and characterized
by non-polarization-optically birefringent property.
Original magnification 350 x, HE staining

Fig. 6. A histopathological definite cases of an inflammatory pseudotumor
(SLIM Type I with predominating necrosis) in a dysfunctional metal-on-metal bearing couple
(cobalt-chromium-molybdenum alloy) exhibiting focal necrotic tissue with reactive lymphocytosis
(germinal center like structure). Original magnification 350 x, HE staining
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Silicone particles

Histopathologic particle morphology: These
macroparticles (up to 1 mm) are pale, slight
yellow to white in colour with round to oval
morphology and may be located in polycyclical,
vacuole-like cavities resembling dissolved out
Silicone-fragments (Fig. 5a). Silicone particles
exhibit polarization-optically non- to variable
-birefringent property. In so-called silicone
synovitis [48], intrasynovial or intracapsular,
polycyclical, partly rectangular macroparticles are
constantly detected.

Hydroxylapatite (HA)

Histopathologic particle morphology: These
micro- to macroparticles are light to dark, grey
to black in color (Fig. 5b) partially dissolved out
and characterized by a non- polarization-optically
birefringent property. Hydroxylapatite is a bone-
like calcium phosphate compound. The HA
coating facilitates the rapid osseointegration of the
endoprosthesis. Hydroxylapatite is fully replaced
by the periprosthetic bone formation and can only
be detected by hard grinding techniques [23] or in
very early phases following implantation (Fig. 5b).

Endogenous particles

Gout is the pathogenetically best understood
crystal arthropathy in which monosodium urate
crystals deposits develope mostly in connective
articular and extra articular tissues (17). These
cristal deposits are located under native conditions
intracellular. In HE stained sections they are
predominately chemically dissolved out and
intacytoplasmic needle shaped structures, as
remnants, embedded in a homogenous basophilic
matrix are detectable. Calcium pyrophosphate
dihydrate (CPPD) depositions are polarization-
optically  birefringent cuboid like particles
which are characteristically embedded in a dark
brownish matrix and are in HE stained sections
directly detectable (17). Basic calcium phosphate
and calcium pyrophosphate dihydrate are
characterised as blue homogenous deposits and are
not polarization-optically birefringent (17).

Discussion

Particle identification in the SLIM
by the histopathological particle algorithm

In general algorithms, as defined procedures
for solving a diagnostic or therapeutic problem.
Diagnostic algorithms are prevalent and widely
used in guideline-oriented medical science. A
histopathological particle algorithm based on

particle-defining criteria is proposed [7, 8, 9, 19,
20, 22, 23, 24, 32, 35, 36, 60] that based on routine
histopathological techniques, offers a guide to
particle identification in the SLIM. The particle
qualities described have been corroborated by the
analysis of 120 clinically defined joint pathological
cases and a light microscopic categorisation of
particle size is proposed. The particle algorithm
also makes it possible to differentiate between non-
prosthesis material particles and prosthesis material
particles. The characterization of the particles is
defined in a graduated manner (non-prosthesis
material particles, prosthesis material particles)
in accordance with a dichotomous principle based
on staining characteristics, polarization-optical
properties and particle size. This is illustrated
graphically in the flow chart (Diagram 1).

The particle algorithm is designed to assist the
non-specialist pathologist, orthopedist, orthopedist
working in an experimental capacity and materials
scientist to identify particulate material in the
SLIM with minimal methodical complexity with
standard histopathological techniques.

It is relevant to notice hat histopathological
particle identification, particularly in metallic
and ceramic materials, constitutes a guide to
identification.  Definitive, physical = material
identification, particularly of metallic and ceramic
wear particles, is only possible through the use of
physical, high-resolution procedures, for example
energy dispersive X-ray (EDX) and/or Fourier
transform infrared microspectroscopy (FTIR) [30].

Particle-associated reaction patterns
in the SLIM

Particle-induced  reactions as well as
immunological and toxic changes in the SLIM
are influenced by the particle quality (material,
size, and surface) and quantity, the type of tissue
and cells involved by the particulate material
and probably genetic factors influencing the
immunological or inflammatoric response. As
an assessment of the tissue reaction pattern
(inflammatory reaction pattern) should also
accompany the  histopathological  particle
identification for logical reasons, the most
important particle reaction patterns in the SLIM
are shown. Due to developments in materials
and designs in endoprosthetics [3, 6, 57], new
types of particles and reaction patterns [5, 11,
14, 34] are constantly arising in the SLIM. These
histopathological reaction patterns are determined
by prosthesis design, the positioning and loading of
the endoprosthesis, particle quality and quantity,
oportunities for tissue and cellular particle
permeation [23, 24, 31].
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Wear particle-induced necroses in the SLIM

Pronounced wear particle deposition of metallic
and non-metallic materials are associated with
wear-induced necroses (aseptic necroses) may be
detectable, especially in type I SLIM [7, 20, 43].
Etiologically speaking, a toxic effect in the sense
of a particle overloading of the tissue is discussed
[43]. Using oil red O staining, PE microparticles,
for example, can be shown in the necroses [20,
43]. The differentiation of wear particle-induced
granulomas from granulomas in mycobacteriosis
may require a PCR-based pathogen clarification
[28]. Solid corrosion products of cobalt-chromium-
molybdenum alloys [31] consist, for example, of
chromium orthophosphate [23]. In the literature,
corrosion phenomena in connection with metal
implants are again being described more frequently
[2, 13, 14, 21, 23, 40]. The occurrence of corrosion
products in the SLIM may also be associated with
a granulomatous inflammatory reaction [23].

SLIM-reaction patterns in dysfunctional
metal-on-metal bearing couples

In hip endoprostheses with dysfunctional
metal-on-metal bearing couples, reduced service
lives have been described [19, 36, 39]. In the typical
pathological cases of metal-on-metal bearing often
subtotal necroses and macrophage infiltrates
(containing intracytoplasmic micro-metal
particles), pronounced lymphocytic, partially also
lymphofollicular inflammatory infiltrates have also
been detected [36]. The pathological changes are
not constant. Obviously, as already described in the
case of corrosion processes [13, 18, 23, 34], there is
a correlation with the composition of the material,
with non-physiological force transmission (e.g.
large head diameter, misalignments) and with the
degree of activity of the patient. As a result of tissue
interfoldings of the subtotally necrotic tissue,
granuloma-like structures develop, conspicuous in
dysfunctional metal-on-metal bearing couples and
corrosion phenomena, that are described clinically
as an inflammatory pseudotumor (Fig. 6) [36].
The pathogenesis of the necrotic-lymphocytic
pattern and inflammatory pseudotumor is not fully
clarified. Causally, besides direct toxicity due to
metal particles in the sense of an overloading of
the tissue with microparticles, a cell-mediated,
delayed type IV hypersensitivity reaction on
components of metal implants is discussed, in
which metal-reactive T-lymphocytes have a key
pathogenetic role [51, 52, 53]. In the literature,
patients provided with endoprosthetics who have
conspicuous symptoms and a proven implant
material allergy are recommended to switch to
ceramic or surface-treated implants (e.g. nitrides,
oxynitrides) [51], as they offer outstanding

biological conditions. In the case of adverse
reactions to components of metal implants, an
improvement in the symptoms and falling metal
ion concentrations in the blood following revision
surgery using metal-free materials (ceramics,
highly cross-linked polyethylene, polyethylene) in
hip endoprosthetics [1, 12, 13, 14, 18, 21, 25, 26,
27, 37, 39, 45, 46, 47, 57, 58], and non-sensitive
metallic materials (surface-treated implants) and
ceramics in knee endoprosthetics [3, 5, 6, 17, 44,
49, 51, 53, 55], have been described.

Histopathologic particle score (HPS)

Since in SLIM diagnostic apart from infection
diagnosis, particle identification and particle-
associated reaction patterns is crucial, a summary
assessment is advisable. The histopathologic particle
score (HPS) should summarize, in an abbreviated
form, the most relevant information for the
orthopedist/material scientist including: Dominating
prosthesis particle material (size: micro-particulate,
macro- particulate, supramacro-particulate and
material-specification), — non-prosthesis  particle
material (present, not present, and specification), the
inflammatory reaction pattern (necroses, including
guideline area data in percent), and lymphocytic
infiltrates/epitheloid cell reactions, granuloma
formation (present, not present).

Conclusions

The heterogeneity of endogenous crystalline ,
crystallinelikedeposits(f.e. Calciumpyrophosphate
dihydrate, monosodium urate crystals) and
particulate prosthesis material deposits in the
SLIM, the wide variety of endoprosthesis materials
and the diversity of material combinations and
variability of particle pathogenesis mechanisms
explain the high degree of morphological particle
heterogeneity in the SLIM. This hampers
diagnostic particle identification. Therefore a
histopathological particle algorithm (HPS) has
been developed that, with minimal methodical
complexity, offers a guide to particle identification
and a means of differentiation from non-prosthesis
material particles. What is proposed is a summary
assessment (particle score) for diagnostics that,
in an abbreviated form, summarizes the most
important information for material scientist and
the orthopedist. Based on this, a differential
diagnosis of inflammatory changes in the
synovial membrane/SLIM is possible. Due to
advancing developments in implant materials in
endoprosthetics, a web-based particle algorithm
is desirable. This web-based particle algorithm
could guarantee constant updating of the particle
identification and inflammatory reaction pattern
allowing definite particle diagnostic in the SLIM.
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In histopathologic SLIM diagnostic (synovial-like
interface membrane, SLIM) apart from diagnosing
periprosthetic  infection particle identification
has an important role to play. The differences in
particle pathogenesis and variability of materials in
endoprosthetics explain the particle heterogeneity
that hampers the diagnostic identification of particles.
For this reason, a histopathological particle algorithm
has been developed. With minimal methodical
complexity this histopathological particle algorithm
offers a guide to prosthesis material-particle
identification. Light microscopic-morphological as
well as enzyme-histochemical characteristics and
polarization-optical proporties have set and particles
are defined by size (microparticles, macroparticles and
supra- macroparticles) and definitely characterized
in accordance with a dichotomous principle. Based
on these criteria, identification and validation of the
particles was carried out in 120 joint endoprosthesis
pathological cases. A histopathological particle
score (HPS) is proposed that summarizes the most
important information for the orthopedist, material
scientist and histopathologist concerning particle
identification in the SLIM.
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