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Abstract

Increased failure rates due to metallic wear particle-associated adverse local tissue reactions (ALTR) is a significant clinical problem in
resurfacing and total hip arthroplasty. Retrieved periprosthetic tissue of 53 cases with corrosion/conventional metallic wear particles from
285 revision operations for ALTR was selected for nano-analyses. Three major classes of hip implants associated with ALTR, metal-on-
metal hip resurfacing arthroplasty (MoM HRA) and large head total hip replacement (MoM LHTHA) and non-metal-on-metal dual modular
neck total hip replacement (Non-MoM DMNTHA) were included. The size, shape, distribution, element composition, and crystal structure of
the metal particles were analyzed by conventional histological examination and electron microscopy with analytic tools of 2D X-ray energy
dispersive spectrometry and X-ray diffraction. Distinct differences in size, shape, and element composition of the metallic particles were
detected in each implant class which correlate with the histological features of severity of ALTR and variability in implant performance.
© 2016 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Total hip arthroplasty (THA) has been the most successful
operation to relieve pain and restore mobility from osteoarthritis
for over four decades; however, implant wear-related complica-
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non-metal-on-metal hip dual modular neck total hip arthroplasty; SDD,
silicon drift detector; SEM, scanning electron microscopy; TEM, transmis-
sion electron microscopy; XRD, x-ray diffraction spectrometry.
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tions remain a concerning cause of early failure. In the past
decade, a new generation of metal-on-metal (MoM) bearing
surface hip implants was developed with the rationale of
reducing the complications due to polyethylene wear and hip
dislocation.'* The most common implant designs utilizing this
bearing surface were the MoM hip resurfacing arthroplasty
(MoM HRA), designed with the rationale of preserving more
femoral bone and providing a greater range of motion than
conventional THA,>® and the large head (>36 mm diameter)
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metal-on-metal total hip arthroplasty (MoM LHTHA) with the
rationale of reducing the rate of hip dislocation. The use of larger
metallic heads in the MoM LHTHA implant class lead to the use
of an additional metal-on-metal interface between the head and
neck taper surfaces, which in the majority of implants was a
cobalt chromium (CoCr) metallic adapter sleeve. A class of
non-MoM THA implants utilizing a metal-on-metal interface at
the neck male taper-stem junction, predominantly a CoCr dual
modular neck (Non-MoM DMNTHA), was also introduced with
the rationale of providing customization of neck length, offset,
and version.”

It has been reported that more than 1 million MoM hip
implants, either THA or HRA, have been implanted worldwide
with large heads used in the majority of cases.'’ Data provided
by the National Joint Registry for England, Wales and Northern
Ireland (NJR) from April 1 to December 31, 2013, show that
10.9% of all hips implanted over this period were MOMLHTHA
and MoM HRA with a peak period between 2005 and 2009. In
the United States, data from the Nationwide Inpatient Service
showed that 38,754 implants (34.6%) were of MoM bearing
surface out of a total of 112,095 implants used for primary hip
arthroplasty from October 1, 2005, to December 31, 2006,
excluding MoM HRA.'"-'?

The unintended consequence of this generation of implants
was the occurrence of severe inflammatory reactions of the
periprosthetic soft tissues. In particular, increased rates of early
reactions were reported across a diverse spectrum of implant
configurations due to increased risk of corrosion and wear. """
These failures can result in extensive tissue necrosis, injury to
abductor muscles and tendons, aseptic loosening/osteolysis,
increased revision complications, and significant patient
morbidity. '>'#-2°

Data from the NJR and the NJRR reported increased revision
rates for MoM hip implants due to wear-related complications. '
The impact on public health and on the health care costs are
already considerable and will grow substantially in the next
decade, considering the large number of patients implanted and
the follow-up needed for lifespan of the implant and also after
implant revision to monitor for adverse long-term effects.*

The histopathological characterization of the periprosthetic
adverse reactions has evolved from the original description of
aseptic lymphocytic vasculitis associated lesion (ALVAL),
characterized by a pseudo-capsular and neo-synovial mass
(pseudotumor) containing a macrophagic infiltrate filled with
cytoplasmic inclusions of wear products of uncertain composi-
tion admixed with a dense perivascular lymphocytic infiltrate
and a variable amount of soft tissue necrosis** to a more complex
picture defined as adverse local tissue reaction (ALTR) or
adverse reaction to metallic debris (ARMD), exhibiting a variety
of histological patterns.>* ¢

The lymphocytic component associated with the presence of a
layer of soft tissue necrosis of variable thickness is characteristic
of this type of reaction, and has been attributed to a
hypersensitivity type IV reaction to wear debris produced at
the MoM interfaces.?”*® However, metal hypersensitivity is
unlikely to explain many of these cases, as the occurrence of
ALTR is much higher than its incidence in the general
population. The association of corrosion products with the

adverse reaction has been well documented in analyses of
retrieved implants'*?%*° and histological characterization
studies?* 2?1733, however, only a few reports have been
published on the composition of wear particles generated at the
MoM surfaces.*'**® The importance of wear particle shape,
chemistry, surface properties, and retention has been
emphasized®’ and more comprehensive studies have been
advocated by the European Union ad hoc scientific committee.®

The main difficulty in understanding the mechanisms of
adverse reactions to the particulate wear of metal-on-metal
interfaces is that the wear products are at the nanometer scale and
cannot be properly assessed with conventional examination by
light microscopy. The application of techniques used in materials
science, in particular analytical electron microscopy for material
characterization, has been successful in providing remarkable
information regarding materials within cells and extracellular
matrix, such as the structure and composition of human
cardiovascular tissue particulate calcification®” and we used it
for this analysis.

We tested two hypotheses: (1) Different classes of hip
implants generate wear debris of different physical and chemical
characteristics, which can affect either the quantitative and/or the
qualitative aspects of the inflammatory response observed in the
ALTR; (2) The characteristics of wear debris are consistent in all
tested samples of each implant class.

Methods

Three hip implant classes were selected: 1. MoM HRA; 2.
MoM LHTHA with CoCr metallic adapter sleeve; 3. Non-MoM
DMNTHA with CoCr DMN. The configurations of the three
implant classes and the different sources of metallic particulate
wear are provided in Figure 1.

A combination of techniques was used for particle identifi-
cation and analysis.

Histological analysis of revision tissues

Periprosthetic tissues were collected at surgery from June
2011 to December 2014 for a total of 285 cases which underwent
revision surgery for adverse local tissue reaction (ALTR) at a
single institution. All patients provided informed, written
consent regarding participation in this study. Ethical committee
approval was obtained prior to this study (Institutional Review
Board, Hospital for Special Surgery, Protocol Number 26085).
Out of the 285 collected cases in the study time period for which
routine histological examination was performed and previously
reported,*’ 53 cases provided viable macrophagic infiltrate with
particle content suitable for electron microscopy analysis.

The implant group composition and manufacturer were as
follows: 12 MoM HRA (Birmingham Hip Resurfacing, Smith
and Nephew, London, UK); 18 MoM LHTHA (femoral head
>36 mm diameter) with metallic CoCrMo sleeve adapter (15
Birmingham Hip Replacement, Smith and Nephew, London,
UK; 3 ASR Hip Replacement, Depuy/Synthes, Warsaw, IN) and
23 non-MoM DMNTHA with CoCr dual modular neck (22
Rejuvenate, Stryker, Kalamazoo, MI and 1 ABGII, Stryker,
Kalamazoo, MI).
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Figure 1. Three common classes of hip implants associated with ALTR.A, Metal-on-metal hip resurfacing arthroplasty (MoM HRA). Metallic particles are
produced at the bearing surface by sliding tribocorrosion (1) and edge loading (2). B, Metal-on-metal large head total hip arthroplasty (MoM LHTHA). Metal
particles are produced at the bearing surface by sliding tribocorrosion (1) and edge loading (2), and at the metallic stem and metallic adapter sleeve interface by
fretting and crevice corrosion and possibly abrasion (3). C, Non-MoM bearing surface (metal-on-polyethylene or ceramic-on-polyethylene) THA with Co/Cr/
Mo metallic dual modular neck (Non-MoM DMNTHA), where metallic particles are produced by fretting and crevice corrosion at the neck/stem interface (4).

The tissue was collected fresh from several areas around the
implant with MRI guidance when available and placed
immediately on ice.

Paraffin embedding and sectioning

Collected tissues were fixed in 10% neutral buffered formalin
after frozen section examination, extensively sampled at
macroscopic examination, processed, paraffin-embedded, and
cut at 5 um for H-E staining. Histological analysis was
performed according to a previously reported protocol.?
Sections were examined with a Zeiss Axioskop 40 microscope
and images captured digitally using a ProgRes camera (Jenoptik,
Germany).

Resin embedding and sectioning

Fresh periprosthetic tissue was examined macroscopically
and a frozen section of the most viable sample was performed in
each case for cell analysis with presence of macrophages with
particle content. When suitable, a thin tissue slice adjacent to the
one selected for frozen section was immediately fixed in 2.5%
glutaraldehyde for 24 hours and after trimming with preservation
of tissue orientation transferred to sodium cacodylate buffer 0.1
M, pH 7.4 at 4 °C. Samples of 1 mm thickness were post-fixed in
2% uranyl acetate, fully dehydrated through graded propan-2-ol
(15 minutes each in 50%, 70%, 90%, 2 x 100%), infiltrated with
LR White acrylic resin (30 minutes each in 50% LR White in
propan-2-ol, 4 x LR White) and polymerized at 50 °C for 24
hours. Osmium post-fixation and uranium and lead staining of
sections were omitted to maximize contrast between wear
particles and the tissue background.

Light microscopy examination

0.35 um thick sections were stained with 0.1% toluidine blue
in borax buffer. Sections were examined with an Olympus BX51
research light microscope (Olympus Optical Co Ltd., London,

U.K.) and images captured with a Zeiss Axiocam digital camera
and Axiovision software (Carl Zeiss Vision GmbH, Hallbergmoos,
Germany).

Scanning electron microscopy (SEM), backscatter scanning
electron microscopy (BSEM), and BSEM-energy-dispersive X-
Ray spectroscopy (EDS) element mapping examination

For SEM examination, 0.5mu thick sections were collected
onto 5 x 5 mm silicon wafers (Elektron Technology, Essex,
UK). The sections were analyzed by SEM (Hitachi S4800,
Hitachi Europe Ltd., Berkshire, UK) with backscatter electron
imaging and EDS (Oxford Instruments, Oxfordshire, UK).

Transmission electron microscopy (TEM), TEM-EDS element
mapping, and X-Ray diffraction spectrometry (XRD) examination

For TEM examination, 100 nm thick sections were collected
onto 150 mesh formvar/carbon-coated gold grids and coated
with a few nanometer layer of evaporated carbon to eliminate
charging.

For metal particle morphology, the samples were observed by
TEM (Hitachi A-7650 tomographic transmission EM, Hitachi
Europe Ltd., Berkshire, UK) using 100 kV. Images were collected
using an AMT 2k62k CCD camera (Advanced Microscopy
Technologies, Bury St. Edmunds, Suffolk, UK).

TEM-EDS mapping was carried out using a probe approx-
imately 10 nm in diameter and with the sample tilted 15° towards
the detector in a FEI Tecnai F20 200 kV FEGTEM (FEI
Company, Oregon, USA) fitted with an Oxford Instruments
80 mm? EDX Silicon Drift Detector (SDD) and running INCA
software.

Statistical analysis

All histological variables were compared across the three
implant classes. Continuous variables were assessed using
one-way ANOVA and the Kruskall-Wallis test was used for
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Table 1
Demographic data from the three implant classes (mean + SE).
Implant class MoM HRA MoM LHTHA Non-MoM DMNTHA
Cases 12 18 23
Gender Male 6 11 12
Female 6 7 11
Age 56.83 £ 2.41 62.40 + 0.88 62.87 +2.00
Implant time (months) 51.58 + 7.80* 59.85 + 1.52% 30.88 £ 2.51*
Symptom duration (months) 16.91 + 5.54 12.78 £ 1.11 9.95 £3.17
Head size (mm) 44.67 £ 1.76 43.68 £0.76 30.17 £ 0.81
Blood metal Ions (ppb) Co 36.00 + 13.58 (n = 10) 28.00 + 10.92 (n = 10) 9.48 £ 1.35 (n = 18)
Cr 41.40 £ 16.20 (n = 10) 17.00 + 6.58 (n = 10) 1.69 + 0.34 (n = 18)

MoM LHTHA (p < 0.001) groups.

* The Non-MoM DMNTHA group had shorter implant time than the MoM HRA (p < 0.001) and the MoM LHTHA (p < 0.001) groups.

Table 2

Significant differences in histological findings from 53 cases and 285 cases from the three implant classes and correlation with particle analysis®.

Histological finding MoM HRA MoM LHTHA Non-MoM DMNTHA
Soft tissue necrosis N=53 NA NA NA
N =285 1* 32% 53%
Macrophage distribution (% Grade 1, Grade 2, N =53 0, 8, 92%* 0, 33, 67** 13,9, 78**
Grade 3) N =285 0, 5, 95%** 1, 34, 65%* 7,51, 42%*
Lymphocyte distribution (% Grade 0, Grade 1, N =53 27, 18, 27, 28" 5,15, 45,35" 0, 0, 30, 70"
Grade 2, Grade 3 + 4) N =285 39, 25, 18, 18" 11, 25,31, 33" 6,7,29, 58"
Histological pattern (% 0, 1, 2, 3) N =53 27,63, 8,0 10, 45, 30, 10 0, 43, 35, 22
N =285 41,48, 11,0 11,62,22,5 6, 46, 32, 16
Particle analysis
Size Nano- <10 nm; 10-800 nm <10 nm; 10-2250 nm <10; rare; 10-400 nm
Micro- Not present 1-30 um 1-30 pm
Shape Morphology Circular, irregular, Circular, irregular, small and Circular nanoparticles and large
small needle-like large needle-like agglomerations
Feret ratio (6 1.799% £ 0.046 2.079" +0.119 1.642% + 0.040
cases/group)
Composition Cr > > Co, Mo, P, O Cr > Co, Mo, Ti, V,P,ONon Cr, Co, Mo, Ti, V, P, O

co-localized Co-localized

All values for soft tissue necrosis, cell distributions, and histological patterns are expressed as percentage of cases with each morphologic feature. Histological
patterns are: 0 = macrophagic only, 1 = mixed macrophagic and lymphocytic, 2 = mixed macrophagic and lymphocytic with germinal centers/eosinophils, 3 =
granulomatous). Values in bold are from the current series of 53 cases, the others from the full cohort of 285 cases previously reported.*’

@ From reference *°, modified.

* The MoM HRA group had significantly lower percentage of cases with soft tissue necrosis than the MoM LHTHA (p = 0.009) and Non-MoM DMNTHA

(p = 0.007) groups.

** The MoM HRA group had significantly higher percentage of cases with grade 3 macrophagic infiltrate than the MoM LHTHA (p = 0.40; p = 0.007) and

Non-MoM DMNTHA (p = 0.40; p = 0.007) groups.

" The Non-MoM DMNTHA group had significantly higher percentage of cases with high grade lymphocytic distribution than the MoM HRA (p = 0.01;

p = 0.007) and the MoM LHTHA (p = 0.01; p = 0.007).

# The Non-MoM DMNTHA group had significantly more circular nanoparticles compared with MoM LHTHA (p = 0.01) and MoM HRA (p = 0.03).

non-parametric data. Caterogical data was compared using the
chi-square test. Histological patterns amongst the different
implant classes were compared using the Fischer’s exact test.
Bonferroni correction was used for pairwise comparisons of
histological data adjusted for multiple comparisons.

Results

Our hypotheses were tested by in depth analysis of
periprosthetic hip joint tissues retrieved at implant revision
from 53 patients with confirmed histological evidence of ALTR.
Demographic data and blood levels of cobalt (Co) and chromium

(Cr) are provided in Table 1; wear particle characteristics with
histological correlation are shown in Table 2.

Differences in quantitative and qualitative analysis of wear
particles were observed in H-E stained sections (Figure 2, 4, C
and E). The histological findings were confirmed by examination
of toluidine blue-stained semi-thin resin sections, which
provided more detailed morphological definition of the wear
particles (Figure 2, B, D and F). Macrophages present in the
retrieved tissues from MoM-HRA (Figure 2, A and B) and
MoM-LHTHA (Figure 2, C and D) groups were filled with
phagosomes containing minute particles, previously described as
wear-related cytoplasmic inclusions.”> The MoM-LHTHA
group showed also irregular particles presumably resulting
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Figure 2. Microphotographs of histological sections (A, C, E) and semi-thin sections (B, D, F) from the three classes of hip arthroplasty. A, MoM HRA group:
fine globular greenish particle aggregates (short arrows) fill the macrophages (Md). B, The wear metal particles (short arrows) are more evident. C, MoM
LHTHA group: fine globular and irregular greenish particle aggregates (short arrows) fill the macrophages (M) and a large greenish particulate aggregate
present in another section is shown in inset C1 (short thick arrow). D, The variability in size of the particle aggregates (short arrows) in the macrophages (M) is
evident with predominant globular and occasional irregular shape. E, Non-MoM DMNTHA group: aggregates of corrosion particles (short thick arrow) in the
foreign body multinucleated giant cell (FBGC) and macrophages (Md) and a large greenish-reddish-black particulate aggregate present in another section is
shown in inset E1 (short thick arrow). F, The breakdown of a large particulate aggregate is more evident with engulfment of larger fragments in the FBGCs (thick
white arrows) and of smaller fragments in the macrophages (M) with interspersed numerous mast cells (MC), positive for CD117 as shown in inset F1.

from the fragmentation of larger particles and/or larger particle
aggregates (Figure 2, C, inset). In the non-MoM DMNTHA
group, macrophages contained only scattered, irregular nano-
size particle aggregates (Figure 2, E and F) also presumably
derived from the fragmentation of larger aggregates (Figure 2, E,
inset). Toluidine blue staining allowed the identification of mast
cells detected by metachromasia of the cytoplasmic granules
which were numerous in the THA cases and especially in some
tissue samples of the Non-MoM DMNTHA group (Figure 2, F),
positive for CD117 (Figure 2 F, inset).

Nanoscale morphological analysis was performed by electron
microscopy examination. The unstained ultrathin sections were
examined by TEM and the unstained semi-thin sections were
examined by BSEM (Figure 3). All wear nanoparticles were

electron dense with variable intensity by TEM and the majority
of the particles from all implants were at the nanometer scale,
with a small proportion of particle aggregates at the micrometer
scale. The particles were stored in the phagosome complex
(Figure 3, B and D1I), which is consistent with findings from a
previous study.>® Particle aggregates ranging in size from 1 to 20
pum were also detected in multinucleated foreign body giant cells
(Figure 3, D2 and F). Free-form wear particles were observed in
stromal tissue or in exfoliated, superficial necrotic cellular
debris.

The differences in the characteristics of the wear particles
from the three classes of hip implants were evident when
examined at the nanometer scale (Figure 3). In MoM HRA group
they were mainly less than 50 nm in size, circular or irregular and
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TEM

BSEM

Figure 3. Micrographs of typical wear particles in unstained ultrathin sections examined by TEM (A—F) and unstained semi-thin sections examined by BSEM
(G-I) from the three classes of hip arthroplasty. A, MoM HRA group: a large majority of low electron density circular and cloudy nanoparticles (thin long
arrows) and a small number of electron density needle-like particles (thick short arrow) are present. The majority of particles are less than 50 nm in size, shown in
a macrophage in inset B (Nu, nucleus). C, MoM LHTHA group: combination of two types of wear particles, small circular around 50 nm in size of low electron
density (thin long arrows) and larger of variable shape and size of high electron density (thick short arrow), in this case up to 1.9 um (thick short arrow in bold).
Nano-size particles in macrophages in inset D1 (Nu, nucleus) and micron-size particles in a giant cell (white stars) in inset D2. E, Non-MoM DMNTHA group:
aggregates of high electron density nanoparticles (white stars) ranging from 10 to 150 in macrophages in inset F (Nu, nucleus). G, MoM HRA group: cloudy
nanoparticles (thin long arrows) and high electron density needle-like particles (thick short arrows) as seen in A and inset B. H, MoM LHTHA group: cloudy
nanoparticles (thin long arrows), irregular particles (thin short arrows) and highly electron dense needle-shaped wear particles (thick short arrow) as seen in C
and inset D. I, Non-MoM DMNTHA group: large amount of agglomeration of circular nanoparticles (black stars) as seen in E and inset F (white stars).

of low electron density. A large percentage of these particles
were amorphous and smaller than 10 nm and were present in the
phagosomes (Figure 3, 4 and G) admixed with a small number
of larger, high electron density needle-like particles (Figure 3, 4
and G).

The wear particles in the MoM-LHTHA group exhibited
greater variability in size than those described in the MoM HRA
group: circular or irregular low electron density particles at the
size below 100 nm (Figure 3, C and H) were admixed to
numerous larger irregular and needle-like high electron density
particles (Figure 3, C and H) ranging from 100 nanometers to a
few micrometers in some cases.

The wear particles in the non-MoM DMNTHA group showed
distinct differences in comparison to the MoM-HRA and

MoM-LHTHA wear products. They were an agglomeration of
circular high electron density particles sized between 10 and 100
nm (Figure 3, £ and /) with only occasional particles less than 10
nm in size, embedded in a matrix of intermediate electron
density, higher than the background tissue but lower than the
wear particles (Figure 3, £ and ).

Measurements of particle sizes by BSEM are not as accurate
as those produced by TEM (Figure 3, G, H and 7). However, the
morphological profiles of the wear particles of the three
configurations by BSEM were consistent with the TEM findings.

Six samples of each implant class were selected for
quantification of the number, size and shape of the particles
using Image] software. The total number was to some extent
difficult to determine with accuracy since the particles sized
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Figure 4. Morphometric analysis of nanoparticles of six samples from the three classes of hip arthroplasty (particles with at least one Feret diameter larger than 10
nm). A, The diagram of the measurement of Feret diameters and their definition; B—D shows the range of particle sizes (B, Feret max and C, Feret Min) and

shapes (Feret ratio) distribution of the three classes of hip implants.

between 1 and 10 nm can be subject to the quantum confinement
effect. Therefore the size of the particles was defined in terms of
Feret diameters; only particles that had at least one Feret
diameter larger than 10 nm were included in this analysis. The
shape of the particles released from the three classes of hip
implants was defined by the Feret ratio as shown in Figure 4. The
comparison of the Feret diameters and ratio of the three implant
classes is shown in Figure 4, A-C. The range of particle size was
measured as Feret max (Figure 4, D), Feret min (Figure 4, E),
and as Feret ratio for shape distribution (Figure 4, F). The Feret
ratio is close to 1 for circular or square particles and its increase
corresponds to a progressive elongation of the particles up to a
needle-like shape.

The average values for Feret min, Feret max, and Feret ratio
for each group are provided in Table 2. The average Feret max of
the MoM HRA and the MoM LHTHA groups were significantly
lower than those in the Non-MoM DMNTHA group (p < 0.001).
The average Feret min in the MoM HRA and the MoM LHTHA
groups were lower than those in the Non-MoM DMNTHA group
(p <0.001). The average Feret ratio of the Non-MoM
DMNTHA group was significantly lower than those from the
MoM LHTHA (p =0.001) and the MoM HRA (p =0.03) groups.

The results of the element analysis of the wear particles on
three samples for each implant class are shown in Figure 5.

High concentration of chromium was detected in samples
from all three groups (Figure 5, 41-11). Cobalt was detected only
in high electron density particles in the MoM HRA (Figure 5,
A3, B3 and C3) and MoM LHTHA groups (Figure 5, F3), but in
all of the Non-MoM DMNTHA samples (Figure 5, G3, H3 and
13). A very low concentration of molybdenum was detected in
both MoM HRA and MoM LHTHA samples (Figure 5, A4—F4),

which was higher in the Non-MoM DMNTHA samples (Figure 5,
G4, H4 and [4). Titanium and vanadium showed variable
concentration in the MoM-LHTHA (Figure 5, D5-F5, D6-F6)
and Non-MoM DMNTHA (Figure 5, G5-15, G6—16) groups and
were not present in the MoM HRA group (Figure 5, 45-C5, A6—
C6). Iron was detected in some samples (Figure 5, C7, H7 and 17)
and did not co-localize with other metal particles. Oxygen
(Figure 5, A9-19) was associated with phosphorus in all
particles (Figure 5, A8—I8) and the concentration of phosphorus
was lower than oxygen.

Although wear particles from both MoM-LHTHA and
Non-MoM DMNTHA groups contained chromium/cobalt/mo-
lybdenum/titanium/vanadium, their distribution between these
two groups was distinctively different. In the MoM LHTHA
group, titanium/vanadium particles were separated from chro-
mium/cobalt particles, whereas in the non-MoM DMNTHA
group, titanium/vanadium particles were mixed with chromium/
cobalt/molybdenum particles. By overlay of titanium with
chromium maps (Figure 6), we observed chromium particles in
the MoM HRA group and two types of particles in the samples
from the MoM LHTHA group: (1) Highly electron dense large
needle-like particles rich in titanium with very low chromium
(Figure 6, B2 and B3 spectrum 1); (2) Particles containing both
chromium and titanium at a ratio very similar to those of the
Non-MoM DMNTHA group (Figure 6, B2 and B3 spectrum 2).
In the Non-MoM DMNTHA group, circular nanoparticles
contained chromium and titanium (Figure 6, C2 and C3).

XRD analysis showed that all three samples of the Non-MoM
DMNTHA had a crystalline structure composed of Cr,O;
whereas those from MoM-HRA and MoM-LHTHA groups
had an amorphous structure (See Fig. 7.).
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Figure 5. Micrographs of TEM EDS element mapping of three samples of each class of hip arthroplasty. Column A1-11, TEM micrographs of 9 samples selected
for element mapping. All samples contain variable amounts of Cr particles (A2-12), P (A8-18) and O (A9-19). A small number of high electron density particles in
the MoM HRA (A3-C3) and the MoM LHTHA (D3-F3) groups, and the particles in the Non-MoM DMNTHA group (G3-13) contain Co. High concentration of
Mo is present in the Non-MoM DMNTHA group (G4-14) and barely detectable in MoM HRA and MoM LHTHA groups. Ti and V co-exist in the MoM LHTHA
(D5-F5, D6-F6) and the Non-MoM DMNTHA (G5-I5, G6-16) groups but are not detectable in the MoM HRA group (A5-CS5, A6-C6). Fe is detected in some
samples (C7, H7 and 17) and does not co-localize with other metal particles. P co-exists with O but its concentration is lower than O.B-Cr, blood Cr ion
concentration; B-Co, blood Co ion concentration; Head, femoral head size; IT, implant time; SD, symptom duration. Scale bars: B1, D1, E1, G1 = 200 nm;

Al =400 nm; CI1, I1 = 700 nm; F1 = 1000 nm.

A summary of statistically significant morphologic findings
of the histological examination and correlation with the particle
analysis is provided in Table 2.

The presence of soft tissue necrosis is not applicable in the
current series because the selection process excluded necrotic
cases for EM analysis but showed an upward trend in the full
series of 285 cases with the lowest value in the MoM HRA group
(11% of cases) versus the MoM LHTHA group (32%, p =
0.009) and the Non-MoM DMNTHA group (53%, p = 0.007).*

The macrophagic infiltrate distribution in the high grade group
(grade 3), a parameter indicative of particle total burden/cell
necrosis shows a downward trend with the highest value in the
MoM HRA group (92%) versus the MoM LHTHA group (67%,
p = 0.40) and the Non-MoM DMNTHA group (78%, p = 0.40),
more evident in the series of 285 cases with 95% versus 65% (p =
0.007) and 42% (p = 0.007) of cases, respectively.*’

The lymphocytic infiltrate distribution shows an upward trend
for the high grade group (grade 3 + 4 combined) in the current
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Figure 6. Characterization of the overlaying of two major types of metal particles (Cr and Ti) by semi-quantification of TEM EDS mapping. A1-C1, TEM of
typical particles from MoM HRA, MoM LHTHA and Non-MoM DMNTHA groups. A2—C2, Cr and Ti mapping of two particles selected from A1-C1 (in
circles). A3—C3, Semi-quantitative analysis of Cr and Ti concentration (%) in two particles. A3, Both particles are composed of Cr without presence of Ti. B3,
The two particles show different composition: particle 1 is almost exclusively composed of Ti (98.04%) with minor component of Cr (1.96%) and particle 2 is
predominantly composed of Cr (81.31%) with minor component of Ti (18.69%). C3, Both particles show similar composition with predominant Cr element:
particle 1 (Cr 84.14%, Ti 15.86%) and particle 2 (Cr 83.72%, Ti 16.28%). Scale bar = 200 nm.

series with the highest value for the Non-MoM DMNTHA group
(70% of cases) versus the MoM LHTHA group (35%, p = 0.01)
and the MoM HRA group (28%, p = 0.01), and shows similar
difference in the larger series of 285 cases with 58%, 33% (p =
0.007), and 18% (p = 0.007) of cases, respectively.

The histological pattern distribution showed a downward
trend of the macrophagic pattern with the highest value in the
MoM HRA group (27%) versus the MoM LHTHA group (10%)
and the Non-MoM DMN THA group (0%) similar to the one
observed in the 285 cases series, 41% of the HRA group versus
11% of the MoM LHTHA group and 6% of the Non-MoM
DMNTHA group and an upward trend either in the mixed
macrophagic/lymphocytic group with hypersensitivity features
or in the granulomatous pattern, MoM HRA (8% and 0%), MoM
LHTHA (30% and 10%) and Non-MoM DMNTHA (35% and
22%) also evident in the series of the 285 cases, MoM HRA
(11% and 0%), MoM LHTHA (22% and 5%), and Non-MoM
DMNTHA (32% and 16%).

Discussion

Our results showed a distinctive pattern of intracellular
particulate material for each of the three classes of implant
examined which correlates with the histological analysis of the
intensity and severity of the inflammatory reaction as summa-
rized in Table 2. The higher blood levels of Co and Cr ions in the
MoM groups compared to the Non-MoM group reported in
Table 1 can be explained by the generation of a higher total
burden of metallic particles formed at the bearing surface by
tribocorrosion and especially edge loading and the longer time of
implantation.

In the MoM HRA group, the majority of the wear debris was
composed by circular, low electron dense particles smaller than
50 nm and composed of oxidized chromium without detectable
cobalt, as previously reported both in vivo®>>® and in vitro*'
simulations. These particles are generated by sliding tribocorro-
sion at the bearing surface®® and possibly can also represent
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Figure 7. XRD analysis of the crystalline structure of corrosion/conventional metallic particles shown in Figure 5. The three samples from the MoM HRA group
(A1-A3) and the MoM LHTHA group (B1-B3) show amorphous structure of the particles; the three samples from non-MoM DMNTHA (C1-C3) show

crystalline structure of the particles and the spectra were identified as Cr,Os.

secondary particles that are phagocytized after their release by
necrotic macrophages. A much smaller, variable number of
needle-shaped, highly electron dense particles composed of
oxidized chromium and cobalt were also detected, suggesting
formation by edge loading or in some cases by gross dislocation/
migration of the implant components.

In the MoM LHTHA group the amount and composition of
the wear products was more heterogeneous than in the other two
groups. In addition to a large number of low electron density
nanoparticles similar to those observed in the MoM HRA group
and generated by sliding tribocorrosion, a variable number of
larger, irregular nano or micron scale particles with a higher Feret
ratio were present and composed of chromium and cobalt with
the addition of titanium and vanadium or predominantly
titanium, indicating formation at the adapter sleeve-male neck
taper interface by mechanically assisted fretting/crevice corro-
sion and possibly by abrasion for the titanium particles, as
described in a study of a MoM LHTHA implant with metallic
adapter sleeve.*> The contribution of a second metal-on-metal
surface to the corrosive wear debris is not trivial, since it can
significantly increase the oxidative stress in the macrophages,
causing exfoliation of a larger number of predominantly necrotic
macrophages with the release of secondary particles and

subsequent modification of the lubricating tribolayer with
potential acceleration of the wear process and increased
occurrence of ALTRs as previously reported.*”

In the Non-MoM DMNTHA group, only scattered and
irregular nano-size particle aggregates were identified in the
macrophages. Larger particles detected in multinucleated giant
cells were formed by agglomeration of circular corrosion
particles composed of co-localized chromium, cobalt, molybde-
num and titanium, indicating formation by mechanically assisted
fretting and crevice formation at the neck distal taper interface
with the femoral stem female taper. An additional source of
particles of uncertain clinical significance can also be the
recently described inflammatory cell induced corrosion. ***** Our
analysis is supported by the EDS examination of corroded areas
of the male neck taper in the retrieval study of the same implant
showing similar metal elements.’® ALTR associated with
corrosion at the femoral neck-body junction in a dual-taper
stem with a cobalt-chromium modular neck has been reported
previously'#*"*" with both neck and stem components
contributing to the wear, although loss of substance has been
predominantly reported from the male taper.*® In contrast to the
amorphous nature of the particles of the MoM bearing surface
groups, they showed a crystalline structure by XRD analysis, a
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finding of undetermined biological significance. Iron was
detected without co-localization in several samples of all three
classes of implants, most likely generated from blood products
observed at conventional histological examination. The obser-
vation of numerous mast cells in toluidine blue stained semi-thin
sections of several samples of the Non-MoM DMNTHA group
near deposits of wear particulate material often associated with
eosinophils is suggestive of a peculiar hypersensitivity/allergic
reaction to complex corrosion wear products of this type of
implant. The electron dense matrix surrounding large aggregates
of corrosion wear particles is indicative of a possible interaction
with proteins with strong affinity for metal elements or ions and
warrants further investigation.

The correlation of particle characteristics with statistically
significant differences in the histological findings observed in
this series of 53 cases and for comparison in the full series of 285
cases of the three groups previously reported*’ shows that the
complexity of the morphology and composition of wear particles
can be more important than the total particle burden in the
occurrence and severity of the ALTR for two main reasons: (a)
The complexity of the composition of wear particles correlates
with the histological parameters of severity of the adverse
reaction, such as soft tissue necrosis, high grade macrophagic
and lymphocytic infiltrate, and histological patterns. This
correlation indicates that the Non-MoM DMNTHA group with
the lowest total burden and the highest particle composition
complexity shows the most severe reaction compared to the two
MoM groups with less severe reaction, with the HRA group
significantly less than the LHTHA group, implicating higher
immunogenicity/toxicity of the particles generated at the cone/
taper interface; (b) The histological findings are also corrobo-
rated by the observation of a significantly shorter time of
implantation for the Non-MoM DMNTHA group compared to
the other two MoM groups, 28 months versus 48 months
(p <0.001) in the HRA group and 60 months (p < 0.001) in the
THA group.

Further analysis will be necessary to assess the importance of
nano-size particles and their composition for their effect on bone
forming cells and their progenitors, the bone marrow residing
mesenchymal stromal cells which might determine the rate of
occurrence of acetabular and/or femoral osteolysis at mid-term
and long-term implantation time,*’ a late adverse effect which
might become a leading mechanism of failure in the near
future. *°

Our particle analysis provides also useful indications for
future pre-marketing testing of the implant tribology and
toxicological analysis in vitro and or in vivo of the projected
particle wear for the prediction of the biological response as
recently reviewed’: (1) The majority of the pre-marketing
studies of orthopedic implants have focused on the wear
generated at the bearing surface, with scant o no data provided
for the metal-on-metal head—neck and/or neck-stem junctions,
missing crucial data on additional wear particles formed at these
surfaces; (2) The complexity of the morphology and the
composition of the intracellular particles in vivo is difficult to
predict by in vitro testing, usually with oversimplification of the
particle characteristics; (3) Toxicological studies have used
particles of standard size or generated by mechanical testing and

composed of one or at the most two metallic elements, where the
occurrence in vivo can be more complex with co-localization of
several metals in the same particles, as shown in our analysis of
the Non-MoM DMNTHA group which had an unexpected high
failure rate after a short time of implantation®'; (4) Intracellular
particle nano-analysis in vivo coupled with a detailed histological
examination of the periprosthetic tissue can be the first step to
confirm or disprove the pre-marketing in vitro and in vivo testing
and provide information on the interaction between wear
particles and the host immune system.>”

We acknowledge several limitations of our study: first, the
tissues were retrieved at the time of revision, which was variable
from the initial surgery, even within each implant group; second,
it was not possible to distinguish between primary wear particles
and secondary particles phagocytized after their release from
apoptotic macrophages and/or tissue necrosis; third, the
morphological and elemental analysis of the particles did not
provide information about their tridimensional structure and
possible association with specific protein component(s) which
could be a critical factor for the initiation of the immunologic
inflammatory reaction, as previously reported > .

In conclusion, the nano-analysis of in vivo intracellular wear
particles of three different classes of hip implants demonstrated
that the particle physical characteristics and metal composition
are highly consistent in each class and correlate with histological
differences in quantitative and qualitative aspects of the ALTR,
indicating that the immunogenicity and toxicity of the particles is
a leading factor in the onset and severity of the reaction. We also
showed that the analysis can provide guidance for toxicological
studies on wear particles and a better understanding of how the
wear products initiate the distinct host responses involved in the
onset and development of ALTR. We hope that this body of
information could lead to the development of effective strategies
to prevent or limit the occurrence of ALTR and the need for
revision surgery in the remaining large population at risk.
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