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Abstract

In vitro studies have shown that human osteoclasts can corrode stainless steel and titanium
leading to the production of metal ions responsible for inflammatory reactions. Moreover,
traces of cellular activities on metal orthopaedic explants have recently been reported as
Inflammatory Cell-Induced (ICI1) corrosion being the result of the cells sealing on the metal
surfaces and releasing Reactive Oxygen Species (ROS) through Fenton-like reactions. The
extent and clinical relevance of this phenomenon has yet to be understood. We analysed a
cohort of 100 CoCr alloy hips collected at our retrieval centre; we performed macroscopic and
microscopic screening and used statistical analysis to correlate our findings with implant and
clinical variables. We found that 59% of our implants had evidence of surface damage
consistent with what has previously been described as cell-induced corrosion. There was a
significant association between the patterns and aseptic loosening for the ASR modular (r=-
0.488, p=0.016) and the Durom modular (r=0.454, p=0.026). This is the largest implant
retrieval study to examine the phenomena of so-called ICI corrosion and is the first to
investigate its clinical relevance. We recommend further work to determine the role of cells in

the damage patterns observed.
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Introduction

Cobalt Chromium (CoCr) alloys are the most commonly used materials in orthopaedics, due
to their favourable mechanical and tribological properties (1). However, there are concerns
about their corrosion and subsequent release of both soluble and particulate implant debris in
vivo that leads to inflammatory/immune responses (2-6).

To date, studies in vitro have demonstrated that human osteoclast precursors can attach, grow
and differentiate towards mature osteoclasts on titanium and stainless steel and corrode the
surface, leading to the formation of metal ions that may cause immune and/or inflammatory
reaction (7, 8). Monocytes differentiated into osteoclasts have been added stainless steel discs
and shown to cause resorption pits (8). Moreover, evidence of direct Inflammatory Cell-
induced Corrosion (ICI) on CoCr implants has been demonstrated by a retrieval study
conducted by Gilbert et al. (9) in which the morphology of the corrosion patterns, size as well
as the presence of cellular remnants attached to the surface corresponded to the actual features
of attaching inflammatory cells.

The cellular attack itself seems to be a new in vitro recognised phenomenon and it may
represent a specific mechanism of metal corrosion occurring in vivo contributing to the rise of
metal ions levels as well as implant failure. This may suggest a mechanism of failure reported
as unexplained pain in well-positioned implants thought to be the result of adverse tissue
reactions (10), or osteolysis with consequent aseptic loosening of the implants associated with
excessive immune reaction to metal particles released into the body. In this respect, it has been
shown that CoCr particles can trigger the release of pro inflammatory cytokines by monocytes
as well as macrophages, eliciting osteoclastogenesis and resorption activity (2).

The extent and clinical relevance of cell-induced corrosion is not clear. We aimed to better
understand the clinical relevance of this phenomenon. Our objectives were 1) to determine the

extent of ICI corrosion patterns observed in a large cohort of retrieved hip implants, 2) to give



a 3-dimensional characterisation to the corroded regions, 3) to correlate our findings with

clinical data and 4) to predict which patients are more likely to be affected.

Materials and Methods

This was a retrieval study involving 100 failed hip implants received at our centre with metal-
on-metal (MOM) bearings. We selected Durom (Zimmer, Winterthur, Switzerland) modular
heads [n=25], Durom resurfacing [n=25] as well as ASR (DePuy Orthopaedics, Leeds, UK)
modular heads [n=25] and ASR resurfacing [n=25] for inspection, so that we included both
metallurgical features for Co-Cr alloys: wrought and cast. For each implant, we also collected
clinical information inclusive of gender, age, reason for revision, cobalt and chromium blood
levels and time of implantation. Retrievals were obtained from 61 female and 39 male patients
with a median age of 57 (23-79) years; the median time to revision was 37 (15-129) months.
The median concentration of cobalt in the whole blood was 6.59 (0.5-163) ppb whereas for
chromium it was 3.54 (0.2-119) ppb. The most prevalent reasons for revision were unexplained
pain (n=55), aseptic loosening (n=24), infection (n=6), ALVAL (n=5), periprosthetic fracture
(n=3), pseudotumors (n=2), one case of malalignment and for 4 explants the reason was not
reported.

We investigated the presence of specific patterns described by Gilbert et al. (9). Discoloured
or light frosted areas macro and microscopically visible that appeared to consist of streaks of
pits, haziness or crater-like features at higher magnifications and/or scanning electron
microscopy. We noticed presence of cellular remnants on the implant surfaces and iron
accumulation in correspondence of areas of corrosion.

The components were studied according to a published method (11) dividing them into polar

and equatorial regions (Figure 1).



Moreover, a photogrammetric method to measure the area of damage was implemented using
an imaging system (EOS 5D Mark Il camera, Canon, Tokyo, Japan) and public-domain
software for image analysis (ImageJ 1.4.3.67, Broken Symmetry Software). Image calibration

was achieved by positioning a reference scale in the field of view.

Implant preparation

In order to eliminate the possibility that the patterns were due to biological remnants on the
surface, three cleaning methods reported in the literature were tested on some of the implants
with no changes as a result. In detail, the devices were: 1) soaked in 10% solution of Decon 90
in an ultrasonic cleaning bath for 30 minutes, subsequently rinsed in distilled water and left to
dry in air for 1 hour (12, 13); 2) cleaned in repeated ultrasonic baths of acetone, methanol,
distilled water, and again acetone (14); 3) soaked in a 5 mol/l and 10 mol/l sodium hydroxide

for 48 hours, then rinsed in deionised water and allowed to dry (15, 16).

Visual assessment

Initial examination included macroscopic and microscopic analysis of both cups and heads with
the aid of a Leica M50 (Leica Microsystems, Germany) stereomicroscope and a Keyence
VHX-700F series (Keyence Co., Japan) digital microscope to assess and record the presence

and localisation of patterns on the surfaces with magnification ranging from 5x up to 1000x.

Scanning Electron Microscopy and Energy Dispersive X-ray Spectrometry

A Scanning Electron Microscope SEM (Jeol JSM5500, Tokyo, Japan) was used to perform
detailed microscopic analysis of specific areas of interest highlighted from the initial visual
inspection. Second Electron Imaging (SEI) ranging from low (4-5) to high (10-15) kV and high

kV (10-15) Backscattered imaging (BEC) were used. Low kV imaging of non-conducting



material does not penetrate cell membranes and can reveal biological materials. High energy
electron beams SEI gives topographic information of the alloy itself, while high voltage BEC
provides both topographic and compositional information of the metal surface. Energy
dispersive X-ray spectrometry (EDS) was performed for different regions on the component to

assess the elemental composition and organic biocorrosion products on the implant surface.

Optical Profilometry
We used a 3D optical microscope (Bruker, ContourGT inMotion, Massachusetts, USA) to
identify features of corrosive damage. Generated area topography maps with a Gaussian

regression filter showed both the depth of pits and deposition of material in pm.

Statistical Analysis

The significance of any univariable associations between the presence of ICI corrosion as well
as area of damage and key implant and clinical variables were assessed using simple linear
regression models. All statistical analysis was performed using Stata/IC version 12.1
(StataCorp, College Station, TX, USA) and throughout a p value <0.05 was considered

significant.

Results

Our screening revealed that 59% of implants (60% ASR modular, 44% ASR resurfacing, 68%
Durom modular, 64% Durom resurfacing) had evidence of corrosion patterns described by
Gilbert et al. (9), all of them localised in the equatorial zones of the components, thus away
from the contact regions. Haziness pits and streaks were visible on the polished regions
[Figure2 (A) and Figure 6 (A)] of the heads as well as on internal edges of cups [Figure 4 (A)],

on the machining marks of acetabular rims [(Figure5 (A)] and head rims [(Figure 3 (A)]. Higher



magnification images showed crater-like spots surrounded by a frosted pattern of a ruffled
topography [Figure 5-6 (B-C)] or circular rings attributed to moving cells [Figure 4 (B-C)].

Machining lines were damaged by ICI corrosion in the same way as polished areas (Figure 3).

SEM Analysis

SEM analysis confirmed the presence of the unique features derived from different cellular
species and/or activities (Figure 7). Figure 8 shows low voltage SEI (A), high voltage SEI (B)
and high voltage BEC (C) images detailing biological material (bright spot in A) in the
corroded region and the metal surface of the alloy underneath the biological residue (B, C).
EDS analysis revealed the presence of iron in correspondence of corroded regions (Figure 9),

Iron was only detectable in proximity of the corrosion patterns.

Optical Profilometry

Crater-like features revealed under microscopic (both optical and scanning electron) analysis
were seen under the optical profilometer (Figure 10-11). Pits or excavations surrounded by
round depositions were common findings with depositions appearing to be of bigger area. This
may be due to the white-light measurements reflecting off biological remnants within the
corroded regions. Another plausible reason is the electrodeposition of metal (much like the iron
streaks) that could include Co and Cr ions due to the complex redox interactions between ROS
and CoCr in the presence of active cell attack; thus, metal dissolves (oxidizes) and deposits
(reduces) within the surface-cell space. It may also be due to oxidation processes generating
larger oxide deposits in the presence of oxygen and/ or at different pH. Scaled maps gave

information about depth of pits that ranged from 0.5 to 3um [Figure 11)].



Statistical Analysis

We did not find any significant associations between the presence of ICI corrosion and time to
revision, taper corrosion score, gender, head size, age or metal ion levels for all four implant
types, Table 1. We found that there was a significant association between ICI corrosion and
aseptic loosening for the ASR modular (r=-0.488, p=0.016) and the Durom modular (r=0.454,
p=0.026) hips. There was no significant association between ICI corrosion and unexplained
pain for any of the four implant types.

Furthermore, we did not find significant association between the area of corrosion damage and
the implants failure due to aseptic loosening (n = 24) and unexplained pain (n = 55). The
median corrosion area for loose implants was 8.4 mm? (2.4 — 21.6), and for non-loose implants
was 8.7 mm2 (2.8 — 34.0), p=0.8312. The median corrosion area for implants failed due to
unexplained pain was 9.9 mm? (2.8 — 34.0), for those failed for other reasons was 7.8 mm? (2.4

~27.8), p=0.3714.

Discussion

Our findings support previously reported observations (9), about evidence of possible cell
induced corrosion. To further show evidence, we eliminated possible bias associated with
biological deposition on the metal alloys of the explants and characterised the features. We did
not find any significant associations between the unique features of corrosion and the implant
design or metallurgy meaning that the phenomenon might be widely present. Moreover, we
analysed the correlation between its presence and the reasons for revision, time to revision,
Goldberg score (for modular heads), gender, head size, Co level, Cr level and age; we found a

link between the ICI patterns and aseptic loosening of modular head hip implants.



Despite technological advancements in providing biocompatible metal alloys for orthopaedic
implants, their susceptibility to undergo corrosion releasing ions and particles in vivo remains
a concern (17). The release of cobalt and chromium from the bearing surfaces and taper
junctions can induce inflammatory reactions mediated by resident and recruited cells (6, 18)
leading to implant failure (19, 20).

The nanoparticles generated in metal-on-metal prosthesis can dissolve into local fluid,
penetrate cells, remain around the joint or enter the systemic circulation being responsible for
evoking adverse physiological effects including metal sensitivity and cytotoxicity (21, 22). The
presence of wear particles from Co-Cr alloys into the periprosthetic tissue elicits the activity
of immune cells which release inflammatory cytokines such as interleukin IL-1a/1p, IL-6 and
tumor necrosis factor TNF-o leading to an increased osteolytic activity (2, 22). Several studies
have reported the effects of metal exposure on the host environment concluding that the toxicity
depends on particle size, shape and concentration (22, 23). The wear volume generated by
metal-on-metal articulations is 40-100 times lower than those produced by metal-on-
polyethylene bearings, with this not being indicative of poorer biological impact (24). In fact,
despite the difference in volume, the particles range in size from 51 to 116 nm (25),
significantly smaller than polyethylene particles and therefore the number of particles exceeds
that produced in metal-on-polyethylene articulations (25).

Moreover, it has been showed that the risk of revision surgeries is positively linked with the
levels of Co and Cr in the blood (26). Specificity on Cobalt and Chromium release seems to be
in existence, with Co being more reactive and soluble, thus more important in the inflammatory
process that Cr (26, 27). In detail, it has been found that, whereas high chromium
concentrations induce cell death by apoptosis, high cobalt concentrations produce cell necrosis
with consequent strong inflammatory reaction of the surrounding tissue (27). Therefore, the

amount of particles/ions that accumulates around the implant is responsible for the creation of



a chronic inflammation leading to a decreased level of oxygen, also called hypoxia. Another
factor that contributes to the hypoxia around a corroding implant is the associated reduction
reactions occurring elsewhere on the implant due to a negative shift in potential of the whole
implant, these reduction reactions may locally deplete the concentration of solution-dissolved
oxygen and affect cell behaviour in the periprosthetic environment (28). It has been shown that
a reduced oxygen tension can elicit the formation and/or activation of the monocyte-
macrophage lineage cells. In particular, it stimulates osteoclastogenesis and its activity together
with both increasing the size of osteoclasts and the area of resorption pits compared to non-
hypoxic conditions. This is also linked with the fact that hypoxic tissues become acidified thus
worsening the resorptive activity of osteoclasts known to be dependent on the pH. These cells,
as well as macrophages, neutrophils and chondrocytes, in particular conditions, can switch their
metabolism being able to rely on glycolysis to survive (29). In addition, it has been studied that
hypoxia also exerts an effect on osteoblasts by limiting their proliferation and maturation,
therefore enhancing bone resorption (30).

Innate and adaptive responses to wear and corrosion products comprise a variety of cells.
Phagocytic cells involved in inflammatory processes include macrophages, osteoclasts, and
giant cells whereas immune cells involved are mainly lymphocytes, neutrophils and plasma
cells (6). Osteoclasts are mono or multinucleated cells deriving from marrow-derived
mononuclear precursors that circulate in the monocyte fraction activated in the presence of
macrophage-colony stimulating factor (M-CSF) and the receptor activator of NF-xB ligand
(RANK-L) expressed by osteoblasts and stromal cells (7, 8, 31). They are highly-specialised
bone-resorbing cells characterised by a basal ruffled border that creates a seal around the site
of attack forming an acidic environment (pH value around 4.5) by activation of proton pumps
present in the membrane of the ruffled border (7, 32). The hypothesis that cells seal on the

surface alloy and can directly create an acidic and concentrated ROS environment so as to
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destabilise the passivation layer and make the metal prone to dissolve is a new concept. The
caused damage may not be quantitatively substantial compared to the corrosion mechanisms
occurring at the modular junctions but may elicit a reaction just as comparable such as to lead
to implant failure. In the ruffled border of phagocytic cells, Fenton reactions take place.
Reactive Oxygen Species are the principal mediators in the defence against bacteria or foreign
bodies as well as in bone remodelling (33). ROS like hydrogen peroxide H>O> and superoxide
O, are essential to life, being involved in many different biological functions. When
overproduced, they become highly harmful, causing oxidative stress through the oxidation of
biomolecules leading to locally severe inflammatory processes (34). It has been demonstrated
that hydrogen peroxide increases the corrosion susceptibility of CoCr alloys (9). In this way,
the metal is more prone to be corroded due to the destabilised passivation layer and due to the
presence of metal ions on the surface leading to additional exposure for corrosion (7); the
release of metal ions further worsens the production of free radicals (33).

Iron is a fundamental component of phagocytic cells and it is known to exacerbate
inflammation in the presence of ROS. Via the Fenton reaction, the O2 can mobilise Fe from
intracellular storage ferritin, this Fe can then form toxic species like hydroxyl radical OH" and
hydrogen peroxide (34) thus perpetuating the inflammatory cascade.

In this study, the morphology of the patterns are consistent with previous in vitro findings in
which phagocytic cells attached the metal surface and created lacunar resorption sites on
stainless steel and titanium alloys (7, 8); in addition, the patterns are consistent with other
studies where the osteoclasts were cultured on dentin, calcium phosphate (35) and cortical bone
(31). Presence of migratory cells [Figure 4(B-C)] that form streaks of corrosion (Figure 2-3-6)
can be indicative of cell motion following specific tribological or chemotactic stimuli as wear

particles from the bearing surfaces or from head-stem junction.
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The results show no difference in the percentage of presence between cast and wrought
microstructures in accordance with Gilbert’s findings. In addition, there is evidence of
correlation between the implants revised due to aseptic loosening and presence of cellular
corrosion in the case of modular heads hips. Iron is also in accordance with the presence of
phagocytic cells on the metal surfaces due to Fenton-like reaction taking place.

All these mechanisms are linked with the pathophysiological process of bone homeostasis
leading to unpaired resorption, immune reactivity and severe inflammatory reactions and may
partially explain the phenomenon of aseptic loosening and implant failure (20). However, we
have yet to identify clinical predictors for this in vivo mechanism despite the analysis of clinical
data for 100 cases with the majority failed for unexplained pain. Additional work is required
to identify the precise role of cellular attack in the corrosion damage patterns observed and

furthermore the cell types involved are unclear.
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Figure Legends

Figure 1: Schematic diagram showing the method used to localise corrosion damage on the
components. a) Cup bearing surface considered in terms of 8 zones: 4 zones in the polar (P)
regions and 4 zones in the equatorial (E) regions; b) head bearing surface considered in terms
of 8 zones: 4 zones in the polar (P) regions and 4 zones in the equatorial (E) regions. (Taken

from Hothi et al., 2014).

Figure 2: Low magnification DOM images of: (A) ASR modular (B) ASR resurfacing, (C)
Durom modular and (D) Durom resurfacing heads showing location and type of damage
(arrows). Streaks and haziness are identifiable on the polished surface of the components
mainly at the level of the equator in the non-contact region. Streaks suggestive of cell motility

presumably attracted by tribological stimuli or wear ions/particulate from the bearing surfaces.

Figure 3: DOM images at different magnifications of a streak of corrosion on the rim of a
CoCr head in proximity of the modular taper bore. In image (C) it is possible to distinguish the

damage caused by the corrosion on the machining lines.

Figure 4: Images showing streaks of corrosion on the internal surface and on the edge of the
acetabular cup (A and B). In (C) a particular pattern of image (B) has been magnified (arrows)
showing a crater like shape surrounded by concentric rings of about 100 pm in diameter. Size

of patterns on our collections ranged between 10 to 200 pum.
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Figure 5: Series of images showing damage on the rim of a metal acetabular component

(arrow). 4 (B) and (C) show haziness and discoloured areas at higher magnifications.

Figure 6: Micrograph showing isolated crater-like patterns on a CoCr head [Figure 1 (C)].
Frosted patterns of ruffled topography surrounding circular spots were common findings in our

studied collection.

Figure 7: SEI secondary mode images of the modular head in Figure 6 showing different
patterns occurring on the same component, presumably due to different cell types and/or
activities. Detail of the strike of corrosion (A, B) surrounded by undamaged surface. Image
(C, D) show isolated spots of corrosion of a larger diameter. (E) and (F) document the

topography of ruffled borders typical of inflammatory cells.

Figure 8: Low voltage SEI (A), high voltage SEI (B) and high voltage BEC (C) images

detailing biological material (bright spot in A) in the corroded region and the metal surface of

the alloy underneath the biological residue (B, C).

Figure 9: EDS reveals presence of Fe presumably deriving from Feanton-like reactions

involving reactive oxygen species.

Figure 10: Surface maps of a region that appeared hazy showed in Figure 1B, crater-like

patterns revealed under a 3D optical microscope.
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Figure 11: Particular point (blue area) on the map evaluated per depth. The graphs on the right
show a depth of about 1 um (red arrows). Central corrosion damage (blue spots), with edge

deposition (around 1um, Y profile), visible on both big and small crater-like patterns.
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