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ABSTRACT

Aseptic loosening and osteolysis continue to be a short- to mid-term problem for total ankle replace-
ment (TAR) devices. The production of wear particles may contribute to poor performance, but their
characteristics are not well understood. This study aimed to determine the chemical composition, size
and morphology of wear particles surrounding failed TARs. A recently developed wear particle isolation
method capable of isolating both high- and low-density materials was applied to 20 retrieved peripros-
thetic tissue samples from 15 failed TARs of three different brands. Isolated particles were imaged using
ultra-high-resolution imaging and characterised manually to determine their chemical composition, size,
and morphology. Six different materials were identified, which included: UHMWPE, calcium phosphate
(CaP), cobalt chromium alloy (CoCr), commercially pure titanium, titanium alloy and stainless steel. Eigh-
teen of the 20 samples contained three or more different wear particle material types. In addition to
sub-micron UHMWPE particles, which were present in all samples, elongated micron-sized shards of CaP
and flakes of CoCr were commonly isolated from tissues surrounding AES TARs. The mixed particles iden-
tified in this study demonstrate the existence of a complex periprosthetic environment surrounding TAR
devices. The presence of such particles suggests that early failure of devices may be due in part to the
multifaceted biological cascade that ensues after particle release. This study could be used to support
the validation of clinically-relevant wear simulator testing, pre-clinical assessment of fixation wear and
biological response studies to improve the performance of next generation ankle replacement devices.

Statement of significance

Total ankle replacement devices do not perform as well as total hip and knee replacements, which is
in part due to the relatively poor scientific understanding of how they fail. The excessive production of
certain types of wear debris is known to contribute to joint replacement failure. This is the first study
to successfully isolate and characterise high- and low-density wear particles from tissues collected from
patients with a failed total ankle replacement. This article includes the chemical composition and charac-
teristics of the wear debris generated by ankle devices, all of which may affect their performance. This re-
search provides clinically relevant reference values and images to support the development of pre-clinical
testing for future total ankle replacement designs.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

Total ankle replacement (TAR) surgery has been developing
since the 1970s, but despite improvements in biomaterial wear re-
sistance [1,2] and the understanding of ankle anatomy [3], TAR
performance remains highly variable [4]. Aseptic loosening and os-
teolysis continue to be an early to mid-term problem for TAR [5,6],
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with the prevalence of osteolysis being as high as 60% at 10 years
[7]. This issue, often reported without an established root cause,
has led to the early discontinuation of several TAR products with
less than 10 years of clinical follow-up [8,9].

The production of wear debris is well understood to be an
unwanted by-product of implantable orthopaedic devices. Device
designers are challenged with reducing wear as far as possible.
Once implanted, devices can wear at any surface throughout
the lifetime of the device via a range of mechanisms [10,11].
In general, wear tends to occur at four interfaces: (1) between
the two primary bearing surfaces, (2) between a bearing surface
wearing against as non-bearing surface, (3) between the primary
bearing surfaces articulating interposed third-body particles, and
(4) between two non-bearing surfaces articulating with each other
[12]. Wear also occurs in the absence of interfacing surfaces via
biological degradation and corrosion [13]. Wear at the primary
bearing surface is expected by engineers, minimised by design
and subsequently confirmed in the pre-clinical testing phase of
device development. As a result, in vitro studies have repeatedly
shown relatively low primary bearing wear rates for TAR [14-
16] leading to the belief that this wear mode is not a significant
factor affecting short-term TAR performance [17]. A more con-
sistent concern is wear debris produced by other wear modes,
often at the bone-implant interface. Standardised, internationally
recognised pre-clinical testing protocols for TAR are only available
for optimally positioned components simulated using an idealised
walking gait cycle without interposed third-body contaminants
[18]. Without knowing their origin, quantity or characteristics,
wear particles are viewed by some authors as a catalyst for TAR
failure, rather than the cause [19], although other authors disagree
[20]. Other prominent hypotheses for generalisable TAR failure
exist and include: device malalignment [21], fixation coating
delamination [22-24], interfacial fluid pressure with micromo-
tion [25] and the presence of unnoticed pre-existing cysts [26].
Replicating TAR failure and the environment in which other wear
modes occur is a significant challenge for engineers.

Ultra-high molecular weight polyethylene (UHMWPE) from the
bearing insert [19, 27-33] and metals from the substrate and
fixation surfaces [19,22,28,32,34], are commonly found in the
periprosthetic tissues surrounding TAR. Methodological limitations
associated with standard histological analysis prevented precise
characterisation of particles in some studies [20,22]. Low resolu-
tion imaging and the presence of tissue obscuring the particles
can impede a detailed characterisation. For example, Koivu, et al.
[22] reported finding small, sharp particles of foreign materials
within histiocytes but no further information about the particles
was determined. Several sensitive and high-resolution wear parti-
cle isolation methods exist (see ISO 17853) [35]. These methods
can be used to measure particle chemical composition, size, vol-
ume and shape, all of which are important to determine the po-
tential of particles to cause a biological response (e.g. inflamma-
tion, toxicity etc) [36]. A limitation of these techniques, however, is
that they can only characterise one material type to the submicron
scale. One such method was used by Kobayashi, et al. [37] in the
first and only study to isolate and characterise UHMWPE wear par-
ticles from tissue surrounding TARs. Synovial fluid aspirate samples
were analysed. The isolated UHMWPE wear particles were similar
in size but different in morphology to those of total knee replace-
ment (TKR) controls; a discrepancy attributed to differences in the
biomechanical environments [37]. Kobayashi, et al. [37] focused
solely on isolating UHMWPE, but even if other materials were of
interest, the conventional methods published in ISO 17853 would
not be useful, as they are not designed to isolate multiple material
types.

A method to isolate and characterise mixed-material particle
populations from individual tissue samples has recently been de-
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veloped and validated by the authors of this article [38]. Given the
perceived relevance of both bearing wear and other wear modes
to the failure of TAR, this modified method was applied to tissue
samples retrieved from failed TARs. The aim of this study was to
identify which materials comprise the wear particle burden sur-
rounding failed TARs and to determine their characteristics. The
results were then compared to previously published literature, in-
cluding the results from a study using the same isolation method
for failed total hip replacements (THRs) and TKRs [38].

2. Materials and methods

Ethical approval was obtained from the UK Health Research Au-
thority (ref: 09/H1307/60). Twenty periprosthetic tissue samples
were retrieved during revision TAR surgery from 15 patients, all of
whom had consented to participate in the study. Anatomical loca-
tion was not specified precisely, but the majority of tissue samples
were taken from inside and surrounding osteolytic lesions. The av-
erage patient age at implantation was 63 years (range: 49 to 71)
and the average implantation time was 99 months (range: 4 to
168). All patients were male and osteolysis was the only reason
for revision recorded (Table 1).

Of the 20 tissue samples, 17 samples were retrieved from sur-
rounding 13 Ankle Evolutive System (AES) TARs (Transysteme, FR),
2 samples were from one Rebalance TAR (Zimmer Biomet, UK) and
one sample was taken from one Buechel Pappas TAR (Endotec, US).
One of the AES TARs was an initial design iteration (referred to as
1st generation throughout this article) characterised by its remov-
able stem and single layered hydroxyapatite (HA) fixation coating.
The other 12 AES TARs were the final design iteration (referred to
as 2nd generation devices), which featured a monobloc stem with
dual coated titanium-HA fixation surfaces. The Rebalance TAR fea-
tured a dual layered fixation surface composed of a titanium al-
loy coating with a ‘Bone Master’ HA top layer. The substrate for
AES and Rebalance designs are cobalt chromium alloy. The Buechel
Pappas TAR featured a ceramic titanium nitride coating on a tita-
nium alloy substrate. All bearing inserts were composed of con-
ventional UHMWPE except for the Rebalance TAR, which featured
a vitamin E UHMWPE variant.

2.1. Wear particle isolation method

Tissue samples were stored in formaldehyde (10% v/v) for
at least seven days followed by long-term storage in ethanol
(70% v/v) at room temperature. Prior to processing, the samples
were inspected visually (Fig. 1). In general, the tissue samples were
mostly beige in colour and speckled with metallic debris. Two
samples featured slivers of bone with large sections of delaminated
fixation surface attached (Fig. 1i). Bone cannot be digested effec-
tively without destroying other particle types (e.g., hydroxyapatite)
therefore, these samples were not processed.

A modified method capable of isolating UHMWPE and high-
density wear particles from the same periprosthetic tissue sam-
ple was used. The details of this method are explained in Stratton-
Powell, et al. [38]. Only two procedural changes were made. Tissue
sample quantity was reduced from 1 g to 0.8 g to increase the ef-
fectiveness of the enzymatic digestion. Also, additional care was
taken when processing the tissue to reduce contamination from
the stainless-steel instruments. In brief, the method featured four
key steps: digestion, separation, isolation, and cleansing. The 0.8 g
tissue samples were randomly selected and dissected into 1 mm3
pieces. The tissue was then processed by enzymatic digestion us-
ing a 1 mg.ml~! papain mix followed by a 1 mg.ml~! proteinase
K mix over four days. Low (<1.0 g.cm~3) and high density (>2.0
g.cm~3) materials from the tissue digest were separated using ul-
tracentrifugation, which was followed by two separate processes.
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Fig. 1. Examples of tissue samples as received during the retrieval process. Sample (i) was primarily bone and was not processed. Black arrows identify delaminated fixation

surface. Blue arrows identify dark coloured debris embedded within the sample.

Fig. 2. Photographs of examples of visible wear particle populations from different tissue samples (A-G). A, the periprosthetic tissue sample from a BP TAR which had
undergone metal-on-metal contact in-vivo (tissue is assumed to be heavily laden with metal particles, hence dark colouration). A(i), tissue sample before and after dissecting.
A(ii), wear particles in suspension following cleaning step. A(iii), wear particles following cleaning and centrifugation to allow pellet formation. B-D, visually light off-white
particles after isolation. E-G, visually dark metallic particles after isolation. A-G are samples from seven different TARs. Images A(iii) and B-G are photographs of the bottom

of the test tube after the final centrifugation step.

Process 1 was used for isolating low density materials, this used
a chloroform:methanol mix (2:1) and low speed centrifugation to
extract wear particles. Process 2 allowed for isolating high density
wear particles using sodium polytungstate density-gradient ultra-
centrifugation to separate wear particles from the proteinaceous
tissue debris. Processes 1 and 2 were modifications of two pre-
viously published methods [39,40]. All particle types were washed
in their respective processes using centrifugation with ultra-pure
water. At this stage, high-density wear particles were often visi-
ble at the bottom of the centrifuge tube (Fig. 2). A large volume
of metallic wear debris was isolated from the BP TAR tissue sam-
ple (Fig. 2A). Visual analysis of the explant suggested the bearing
insert had dislocated causing metal-on-metal contact between the
tibial and talar bearing surfaces. For all other samples, the wear
debris appeared cream/off-white, black or a combination of the
two (Fig. 2B-G). Isolated particles were finally extracted by vacuum
filtration onto filter membranes with 15 nm pores (GE Whatman,
UK) and coated with carbon to a thickness of 5 nm for characteri-
sation.

2.2. Particle characterisation

All filter membranes were imaged using a Hitachi SU8230 high
resolution cold-field emission scanning electron microscope (CFE-
SEM) with Oxford Instruments Aztec Energy EDX system with
80mm X-Max SDD detector was used at between 50- and 200,000~
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times magnification. Low density particles were imaged at 2 KV
acceleration voltage. A photo diode backscattered electron detec-
tor was used at 15 KV acceleration voltage to highlight the pres-
ence of high-density materials [41]. Particle chemical composition
was identified using energy-dispersive X-ray (EDX) spectroscopy
and particle morphology was described qualitatively in accordance
with ASTM F1877-16 [42]. Quantitative particle characteristics in-
cluding major diameter (Dmax), aspect ratio and roundness were
measured manually using Image]J [43].

2.3. Statistical methods

Non-parametric descriptive statistics were reported for wear
particle size (e.g., median size, interquartile range) and parametric
descriptive statistics were reported for morphological characteris-
tics (e.g., mean aspect ratio with standard deviation). The propor-
tion of wear particles in the submicron (<1 pum), 1 to 10 pm and
>10 pm size ranges were also recorded. Inferential statistical anal-
yses were not undertaken as this research was exploratory and not
driven by a quantitative hypothesis. Data analysis was performed
using SPSS Statistics Version 22 (IBM Corp, USA).

3. Results
High- and low-density wear particles were isolated and char-

acterised from at least one tissue sample for each of the 15 re-
vised TARs. Six different materials were identified in particles col-
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Table 1

Demographic and device material information associated with the analysed total ankle replacement tissue samples.

Device Materials

Implant Time

(mo.)

Reason for
Revision

Diagnosis Age (yrs.)

Sex

Side

Device Samples (n)

TAR

Insert Talar

Tibial
CoCr

Fixation

CoCr

UHMWPE

CaP

145
91

S
S
S
S
S
S
S
S
S

UHMWPE CoCr

CoCr

UHMWPE CoCr

CoCr

UHMWPE CoCr

CoCr

UHMWPE CoCr

CoCr

UHMWPE CoCr

CoCr

UHMWPE CoCr

CoCr

UHMWPE CoCr

CoCr

UHMWPE CoCr

CoCr

UHMWPE CoCr

CoCr

UHMWPE CoCr

CoCr

UHMWPE CoCr

CoCr

UHMWPE CoCr

CoCr

114
101
87

NK

109

120
97

Osteo
Osteo
Osteo
Osteo
Osteo
Osteo
Osteo
Osteo
Osteo

NK

55
69
54
70
68
66

OA

PTOA
OA
OA
OA
OA

NK

NK

71

OA
OA

NK

49

PTOA
OA

NK

Osteolysis
Osteolysis
Osteolysis

NK*

NK

70

60
66
66

PTOA
OA
NK

Ti Alloy
CoCr

Ti Alloy UHMWPE

CoCr

TiN/Ti Alloy

168
NK

UHMWPET

Ti Alloy/CaP

Osteolysis

NK

NK

Left

1
1

1st Gen)
2nd Gen)

Left

Right
Left

2nd Gen) 3
2nd Gen)
2nd Gen)
2nd Gen)

1
1
1

Right
Left

Right
Right
Left

2nd Gen) 2
2nd Gen)
2nd Gen)
2nd Gen)
2nd Gen)

1
1
1
1

Right

Right
Left

2nd Gen) 2
2nd Gen)

Left

1

AES
AES
AES
AES
AES
AES
AES
AES
AES
AES
AES
AES
AES

10

11

12
13
14
15

Left

Beuchel Pappas 1

Rebalance

Left

Notes: TAR, Total Ankle Replacement; AES, Ankle Evolutive System; Gen, Generation; OA, Osteoarthritis; PTOA, Post-traumatic Osteoarthritis; f, Vitamin E variant; NK, Not known; mo., Months; yrs., Years; *, Metal-on-metal

contacting components evident from explant. CaP, Calcium Phosphate; CPTi, Commercially pure titanium; TiN, Titanium Nitride; Ti, Titanium; CoCr, Cobalt Chromium Alloy; UHMWPE, Ultra-high Molecular Weight Polyethylene.
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lected including: UHMWPE, calcium phosphate, cobalt chromium
alloy, commercially pure titanium, titanium alloy and stainless
steel (Fig. 3). All tissue samples except one contained more than
one material type. At least four different particle materials were
isolated from tissue surrounding all 12 AES (2nd Generation) de-
vices. Each isolated material corresponded to the materials of the
device it was proximal to, except for two AES (2nd Generation)
samples in which nine particles of stainless steel were identified
for one, and 13 titanium alloy particles were identified for the
other (Table 2).

UHMWPE was the only low-density material detected via pro-
cess 1 and was the most abundant material identified across all
samples. UHMWPE particles were much smaller than high-density
particles when compared in aggregate for all samples (Fig. 4). For
example, 72% (+ 20 SD) of isolated UHMWPE particles were in the
submicron size range, whereas only 28% (4 17 SD) of high-density
particles were submicron in size. Most high-density materials were
in the 1 to 10 pm range (61% + 19 SD) and both UHMWPE and
high-density particles had a similar proportion of particles in the
>10um size range, 10% (£ 12 SD) and 7% (& 9 SD), respectively.

For all wear particles combined, the median Dy x was 0.84 pm
(IQR = 0.14 - 2.45). The median Dpax for all low density
(i.e., UHMWPE) and all high-density wear particles was 0.15 pm
(IQR = 0.06 - 0.69), and 1.67 um (IQR = 0.91 - 3.43), respectively
(Full details in Table 3).

Each material tended to have distinct morphological character-
istics which were clearly identified visually. EDX analysis was used
for material verification and to rule out contaminants throughout
the study. Up to 403 UHMWPE particles (mean = 176; min = 56)
were characterised per sample and flakes, fibrils, spheroids, and
granules were identified (Fig. 5). The largest individual wear par-
ticle across all samples was comprised of UHMWPE, which had a
major diameter of 630 pm. This particle was fibrillar with a twisted
morphology (Fig. 5a).

Calcium phosphate particles were isolated from all AES TARs
(n = 13) and were stratified into two particle morphologies,
urchin-like particles (Fig. 6a-c) and shard lathe-like particles
(Fig. 6d-f). Both particle types had a crystalline morphology.
Shards of CaP were generally micron-sized and appear to have
broken off from the larger CaP urchin-like particles, which were
typically >10um. The CaP shards had the highest aspect ratio
(3.70 + 1.89 SD) of all the measured particle types (Fig. 7).

The most frequent metal particles isolated from the AES (2nd
Generation) devices were cobalt chromium alloy (n = 432) and
commercially pure titanium (n = 236). Cobalt chromium alloy
particles presented with flake and stacked sheet morphologies
(Fig. 6g-i). These particles were elongated and similar in size to
CaP shards (Table 3). Commercially pure titanium particles were
typically large granular, irregular shapes with rough or flattened
edges (Fig. 6j-1). The commercially pure titanium particles were
exclusively found in the AES (2" Generation) samples. The largest
high density wear particle was comprised of commercially pure ti-
tanium, measuring 102.89 pym in diameter.

Micron-sized irregular flakes of titanium alloy were the most
common particle-type isolated from the BP and Rebalance TAR
samples (Fig. 6m-o0). Spheroidal titanium nitride coated beads
from the BP TAR fixation surface were identified but not in suffi-
cient numbers to characterise quantitatively (Fig. 6m, o). Flake-like
cobalt chromium alloy particles (n = 47), similar in morphology
to those surrounding the AES TARs, were also identified in the Re-
balance TAR samples. The hydroxyapatite coating on the Rebalance
TAR was not detected.

For four patients, multiple samples were retrieved during the
revision surgery from different locations surrounding the TAR de-
vice. While the isolated particles were generally the same chemical
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Fig. 3. Examples of energy dispersive X-ray analysis traces for particles isolated from tissue taken at TAR revision showing calcium phosphate (a), cobalt chromium alloy (b),

commercially pure titanium (c) and titanium alloy (d).

Table 2

Number and type of isolated wear particles with a comparison between the isolated particle materials and the known explant materials.

Discrepancies between the
isolated particle materials and

TAR Device Total UHMWPE Calcium Phosphate CoCr CPTi Ti Alloy SS the known explant materials
Shards Bulk

1 AES (1st Gen) 571 190 328 21 32 0 0 0 All materials identified

2 AES (2nd Gen) 322 56 96 127 16 27 0 0 All materials identified

3a AES (2nd Gen) 321 195 122 0 2 2 0 0 All materials identified

3b 316 155 70 13 70 8 0 0

3c 318 76 144 51 12 35 0 0

4 AES (2nd Gen) 132 71 21 19 7 14 0 0 All materials identified

5 AES (2nd Gen) 153 138 1 0 2 12 0 0 All materials identified

6 AES (2nd Gen) 442 403 5 0 29 5 0 0 All materials identified

7a AES (2nd Gen) 169 169 0 0 0 0 0 0 All materials identified

7b 361 334 3 0 10 14 0 0

8 AES (2nd Gen) 354 78 181 56 18 21 0 0 All materials identified

9 AES (2nd Gen) 309 163 104 9 12 21 0 0 All materials identified

10 AES (2nd Gen) 495 199 106 47 134 9 0 0 All materials identified

11 AES (2nd Gen) 669 150 418 52 36 0 13 0 Unknown origin of Ti Alloy

12a AES (2nd Gen) 386 263 107 2 0 14 0 0 All materials identified

12b 348 222 32 19 29 46 0 0

13 AES (2nd Gen) 282 209 0 1 55 8 0 9 Unknown origin of SS

14 Beuchel Pappas 385 126 0 0 0 0 259 0 All materials identified

15a Rebalance 329 154 0 0 35 0 140 0 No 'Bone Master’ HA Identified

15b 258 171 0 0 12 0 75 0

Total 6920 3522 1738 417 511 236 487 9

Notes: Gen, Generation; CaP, Calcium Phosphate; CPTi, Commercially pure titanium; TiN, Titanium Nitride; Ti, Titanium; SS, Stainless Steel; CoCr, Cobalt Chromium

Alloy; UHMWPE, Ultra-high Molecular Weight Polyethylene.

composition between samples from the same ankle, the number of
particles and their distributions were nonhomogeneous (Fig. 8).

4. Discussion
In this study, a modified particle isolation method was success-

fully applied to characterise both high- and low-density wear par-
ticles from the same TAR tissue sample. Samples from each ankle
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were found to contain a mixture of wear particle types. UHMWPE
particles were isolated from all TAR samples, which is consistent
with the intended wear profile of UHMWZPE/CoCr bearings. A novel
outcome, however, was that the UHMWPE particles were consis-
tently collocated within the tissue samples with metal and cal-
cium phosphate particles, all of which were characterised for the
first time using this modified particle isolation method. The mixed
particles identified in this study demonstrate the existence of a
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Fig. 4. Size distributions of wear particles isolated from periprosthetic tissue surrounding total ankle replacements (TAR). AES, Ankle Evolutive System; BP, Buechel Pappas;
*, The two Rebalance samples are shown; Dpax, Maximum diameter. IQR, Interquartile range.

complex periprosthetic environment surrounding TAR devices. The
presence of such particles suggests that early failure of devices
may be due in part to the multifaceted biological cascade that en-
sues after particle release.

UHMWPE particles produced by THR and TKRs are typi-
cally in the submicron size range (~0.1-0.8 pm) [39,44-49], but
nanometre-sized granules [38,39,41] and millimetre-sized fibrils
are not uncommon [50,51]. The UHMWPE particles produced by
TAR appear to be consistent with those produced by THR and TKR.
The authors of this study have previously used the same method
to isolate and characterise UHMWPE and high-density wear parti-

415

cles from tissue surrounding failed THRs and TKRs [38]. The size
and shape of UHMWPE particles were comparable between TAR,
THR and TKR with about 72% of particles being in the submicron
size range. The primary differences between TAR, THR and TKR
was the larger size and more elongated morphology of the high-
density wear particles produced by TAR. For cemented THRs and
TKRs, the high-density materials were primarily bone cement and
their additives (BaSO4 and ZrO,) in the form of small spheroidal
particles. Whereas, in this current study, sharp needle-like particles
such as calcium phosphate and irregular-shaped titanium alloy par-
ticles were evident. The different particle types produced by TAR
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Table 3
Characteristics of particles isolated from total ankle replacements.
Particle Type Particle Count Dmax (pm) Aspect Ratio Roundness
Median (Q1, Q3) (Mean =+ SD) (Mean + SD)
All Particles 6909 0.84 (0.14, 2.45) 2.23 £ 1.50 0.58 + 0.23
Max/Min 630.20 / 0.02 15.04 / 1.00 1.00 / 0.07
All UHMWPE 3512 0.15 (0.06, 0.69) 1.61 £ 0.75 0.69 + 0.17
Max/Min 630.20 / 0.02 13.76 | 1.00 1.00 / 0.07
All High Density 3397 1.67 (0.91, 3.43) 2.87 £ 1.78 0.46 + 0.22
Max/Min 102.89 / 0.09 15.04 / 1.00 1.00 / 0.07
All CaP 2155 1.50 (0.80, 3.12) 328 £1.91 0.41 + 0.21
Max/Min 81.33 / 0.09 15.04 [ 1.02 0.98 / 0.07
CaP Shards 1738 1.21 (0.70, 2.02) 3.70 + 1.89 0.34 +£ 0.17
Max/Min 16.19 / 0.09 15.04 [ 1.04 0.96 / 0.07
CaP Urchins 417 11.58 (5.05, 21.52) 1.56 + 0.42 0.68 + 0.14
Max/Min 81.33 / 0.44 3.83/1.02 0.98 / 0.26
CoCr 510 1.26 (0.84, 1.97) 235+ 1.16 0.51 +£ 0.19
Max/Min 18.72 [ 0.26 9.41 [ 1.03 0.97 / 0.11
CP. Titanium 236 2.57 (1.33, 5.61) 1.58 + 0.40 0.66 + 0.14
Max/Min 102.89 / 0.36 3.54 [ 1.02 0.98 / 0.28
Titanium Alloy 487 3.04 (1.85, 5.38) 2.25 +1.49 0.58 + 0.23
Max/Min 48.14 / 0.29 8.36 [ 1.00 1.00 / 0.12
Stainless Steel 9 0.89 (0.23, 1.59) 1.62 + 0.61 0.67 + 0.18
Max/Min 1.87 / 0.19 3.10 / 1.09 0.92 /032

Notes: Dmax, Feret’s Diameter; SD, Standard deviation; Q, Quartile; UHMWPE, Ultra-high molecular weight polyethy-
lene; CaP, Calcium Phosphate; CoCr, Cobalt Chromium Alloy; CP, Commercially pure.

had a slightly different size distribution. Only 28% of high-density
wear particles were in the submicron range for TAR, compared to
51% for THR and 57% for TKR [38]. Although, this is unlikely to
have a meaningful impact on biological reactivity because a similar
proportion of wear particles (~90%) for all three joint types were
in the phagocytosable size range (< 10 pm). This means the ma-
jority of the wear particles were likely able to interface with the
immune system and be engulfed by immunological cells such as
macrophages. If the high incidence of osteolysis recorded for TAR
in this current study was associated with the particles produced,
then differences in particle characteristics other than particle size,
such as particle morphology or chemical composition, may have
had a greater impact on the clinical outcome.

Aspect ratio is an indicator of particle shape, which is a fac-
tor that might influence bioreactivity [36]. As a rule of thumb,
an aspect ratio of 1.0 to 2.39 suggests the particles are globu-
lar/spherical, whereas particles with an aspect ratio of between
24 and 5 are considered to have elongated/fibrillar morpholo-
gies [52,53]. The aspect ratio for high-density wear particles sur-
rounding TAR was greater (2.9 + 1.8) than those surrounding THRs
(1.6 + 0.7) and TKRs (2.0 &+ 1.3) [38]. Particles with a higher as-
pect ratio are generally considered to be more biologically reactive
[36,52], especially needle-like calcium phosphate crystals [54,55].
The evidence linking particle shape to periprosthetic osteolysis,
however, is considered to be weak [56]. The production of larger,
elongated calcium phosphate, titanium alloy and cobalt chromium
alloy wear particles may be a specific problem for TAR currently,
but further research is required to determine the repeatability of
this finding.

Kobayashi, et al. [37] are the only other research group to have
successfully isolated and characterised wear debris from TAR. They
focused on isolating UHMWPE from joint aspirates surrounding
two TAR brands, the fixed-bearing Agility TAR (n = 4) and the
mobile-bearing STAR (n = 11). All patients were asymptomatic
with TARs functioning as intended [37]. The mean particle diam-
eter (ECD) for the STAR was 0.82 + 0.11 um, which provides a use-
ful comparator because of its mobile bearing design. This average
size was approximately 5.5 times larger than the median maxi-
mum diameter presented in the current study (median = 0.15 pm).
This difference may be attributed to several factors, the most obvi-
ous being differences in isolation methodologies. The method used
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in their study was one of the first repeatable isolation methods
developed in the 1990s [46]. However, this technique lacked the
ability to capture nanoscale particles due to the use of a 0.1 pm
filter membrane. Also, the automated particle analyser used fea-
tured micron-range resolution, meaning nanoscale particles would
go unmeasured. Such limitations likely artificially increased the av-
erage particle size. Care was taken in the current study to avoid
similar limitations. A 0.015 um filter was used to minimise particle
losses and manual characterisation with ultra-high resolution was
used to characterise individual particles down to 10 nm in size.

The aspect ratio of the UHMWPE wear particles isolated by
Kobayashi, et al. [37] from mobile-bearing TARs were similar
(1.57 £ 0.05) to the TARs investigated in this current study
(1.61 £ 0.75). Notably, the variance was much broader in the cur-
rent study than for the parameters calculated by Kobayashi, et al.
[37]. This may be because each individual particle was manually
characterised; therefore, agglomerates were excluded and particles
up to 630 pum in size were included. Larger wear particles tended
to have flake/irregular forms, whereas nanometre sized particles
were typically spheroidal. Characterising the full breadth of particle
sizes likely created a broader variance for morphological parame-
ters.

Two or more high-density materials were identified in the tis-
sues surrounding all revised TARs included in this study. The most
common type of high-density wear particle isolated from TAR
tissue was calcium phosphate. Calcium phosphate particles have
been identified in histological studies investigating TAR devices
[22,24,57-59] and have been suggested to originate from the hy-
droxyapatite coating [24,58], surrounding bone [57] or ossifica-
tions found within cysts [59]. Given the similarity in elemental
composition between hydroxyapatite coatings and bone, it is dif-
ficult to differentiate the origin of such wear debris solely us-
ing elemental analysis. Urchin-like particles have been suggested
to originate from hydroxyapatite coatings due to their crystalline
features [60]. The absence of a bone-like architecture has also
been used to identify particles of hydroxyapatite coating [24].
The crystalline nature of the calcium phosphate particles iso-
lated in this current study suggests they originated from the HA
fixation coating, which is consistent with the lack of calcium
phosphate particles in tissue samples from non-HA-coated TAR
devices.
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Fig. 5. Ultra-high molecular weight polyethylene wear particle types isolated from periprosthetic tissue surrounding total ankle replacements. A-B, fibrils. C-F, flakes. G-I,

granules/spheroids.

Small sharp particles of unknown chemical composition were
found previously within histiocytes in AES TAR periprosthetic tis-
sue samples [22]. In a follow-up study, high volumes of necrotic
bone fragments were subsequently identified from a similar cohort
of patients [57]. Other authors have observed unidentifiable wear
particles surrounding TARs, for example Dalat, et al. [58] identified
pale particles in the cell cytoplasm, which featured a flaky mor-
phology and were non-birefringent under polarised light. The lat-
ter characteristics suggest that the particles were not polymer par-
ticles from the bearing surface. The authors of the studies agreed
that the disintegration of the fixation surface was likely to pro-
duce such particles, but that further analysis of chemical compo-
sition was required. The fixation failure hypothesis was later sup-
ported when hydroxyapatite coatings from four different TAR de-
vices (STAR, Hintegra, Salto and Taric) were suggested to contribute
to osteolysis [24]. Elemental analysis indicated substantial calcium
deposits with no bony architecture within the tissue samples [24].
High concentrations of calcium (>0.5 g/g), suggested to have orig-
inated from the hydroxyapatite coating, were associated with a
297-fold increased risk of ballooning osteolysis [24]. A mechanis-
tic link, however, was not described, only that high concentra-
tions of calcium were likely associated with the observed osteol-
ysis. All TAR samples processed in this study were from TARs re-
vised for osteolysis. The high prevalence of calcium phosphate par-
ticles found in the tissue samples aligns with the previous findings
by Singh, et al. [24].

Cobalt chromium alloy and commercially pure titanium wear
particles were commonly identified in the AES (2nd Generation)
TAR tissue samples and have been identified previously in histolog-
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ical studies for several TAR designs [20,22,24,57-59]. Koivu, et al.
[22] reported more titanium wear particles present in their AES
TAR tissue samples compared to cobalt chromium particles at 31.3
months follow-up. Singh, et al. [24] found the opposite after mea-
suring more cobalt chromium than titanium at 74 + 33 months in
tissue samples of different TARs using mass spectrometry. Propor-
tionally, more cobalt chromium alloy particles were identified in
this current study than titanium particles, with a similar follow-up
time to Singh, et al. [24]. Cobalt chromium alloy wear particles in
TAR tissue may have originated from the bearing surfaces after fa-
tigue failure and/or third body wear. In such a case, the number
of particles produced may be expected to increase as a function
of time. Alternatively, cobalt chromium alloy could also have orig-
inated at the fixation surface after extensive abrasive wear and/or
fixation surface delamination. Fixation surface wear is not unique
to TAR, as wear debris indicative of this was identified in sev-
eral total hip and knee replacement samples using the same iso-
lation method [38]. One key difference, however, is that only 10
cobalt chromium wear particles were identified across the cohort
of 18 different hip and knee replacement devices. In this study, 511
cobalt chromium particles were measured. Wear modes other than
primary bearing wear, including third body wear, appears to be an
issue for the TAR designs included in this study.

Submicron-sized cobalt chromium alloy and titanium wear par-
ticles are suggested to contribute to the development of aseptic
loosening [61-63]. Cobalt chromium alloy particles produced by
metal-on-metal THR articulation tend to be in the nanometre size
range [64], whereas particles produced at the fixation surface tend
to be larger in size [65]. The difference in particle size is attributed
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Fig. 6. High density wear particles isolated from periprosthetic tissue surrounding total ankle replacements. a-c, Urchin-like calcium phosphate. d-f, Shard-like calcium
phosphate. g-i, Flake-like cobalt chromium alloy. j-I, Commercially pure titanium. m-o, Titanium alloy. Pink arrow, titanium nitride coated fixation beads from the Buechel

Pappas TAR.

to different mechanisms of wear, for example fretting versus abra-
sive wear [66]. Particles with a higher aspect ratio are also con-
sidered more biologically reactive [36]. In this current study, both
cobalt chromium alloy particles and calcium phosphate particles
were within the phagocytosable size-range (<10 pm) and featured
high aspect ratios. Further research is required to determine the
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implications of the identified particle characteristics on biological
reactivity.

One AES TAR (15t Generation), one Rebalance TAR (two samples)
and one BP TAR were analysed in addition to the 12 AES (2nd Gen-
eration) TARs. Each TAR design featured wear particles characteris-
tic of both the fixation surface and substrate materials. Although,
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Fig. 7. Particle size and aspect ratio for particle populations isolated from tissues surrounding total ankle replacements. Dy, Feret’s Diameter; UHMWPE, Ultra-high molec-
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panels.

the ‘Bone Master’ HA coating was not detected for the Rebalance
TAR in either of the two tissue samples. The titanium alloy wear
particles produced by the Rebalance TAR were twice as large as
the same particle material produced by the BP TAR. A difference in
the wear mechanisms for both TARs is likely the cause for the dif-
ference in wear particle size. The Rebalance TAR featured titanium
alloy on the fixation surface which was likely abraded by micromo-
tion at the implant-bone interface. The titanium alloy wear parti-
cles produced by the subluxed BP TAR were likely to be caused by
metal-on-metal contact between the tibial bearing surface and the
edge of the talar component following displacement of the bearing
insert.

4.1. Limitations

The AES TAR was withdrawn from the UK market in 2012 fol-
lowing a high incidence of subchondral cysts and osteolytic lesions
around both the tibial and talar components. Retrieval analysis
studies have demonstrated the presence of multiple wear modes
affecting the AES TAR [16,67], which is supported by this study
from the wear debris identified. Thirteen of the 15 patients re-
cruited for this study had AES TARs, the wear particle profile of
which may differ to devices considered to be performing accept-
ably [37], or devices performing well in idealised conditions such
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as those tested in simulator studies [68]. The AES device was a per-
formance outlier which may limit the applicability of this research,
however, the other two device brands tested in this study have not
been subject to recalls and showed a similar trend of mixed wear
particle populations in the tissues surrounding the devices after
failure.

UHMWPE was characterised by its morphology and, following
the exclusion of contaminants (e.g., silica) by EDX analysis, was as-
sumed to be the only material isolated from process 1 (low den-
sity materials). It was also challenging to distinguish hydroxyap-
atite from bone wear particles. Both particle types are composed of
calcium phosphate, therefore identification was based on morphol-
ogy alone. No particles with a bone-like morphology were identi-
fied, but this does not exclude the possibility of bone particles be-
ing present within the sample.

While the sample size of 20 tissue samples from 15 TARs was
acceptable for a particle isolation study, the use of manual char-
acterisation techniques likely caused the relatively high measure-
ment variance observed. The number of particles capable of being
measured is orders of magnitude less than for automated particle
analysers and manual approaches are labour intensive. The num-
ber of samples tested per ankle would ideally have been higher
to further investigate the differences in wear particle load be-
tween anatomical locations. Heterogeneity in particle distributions
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Fig. 8. Particle size and aspect ratio for particle populations isolated from individual tissue samples surrounding four total ankle replacements. Each row represents a
different TAR. Dmax, Feret’s Diameter; UHMWPE, Ultra-high molecular weight polyethylene; CaP, Calcium Phosphate; CoCr, Cobalt Chromium Alloy; CP Ti, Commercially pure
titanium; Ti; Titanium. Note: y-axis varies in magnitude between panels. Ankle number relates to the sample reference from Table 2.

between anatomical locations is however a known feature of re-

trieved tissue samples [G9].

5. Conclusions

This is the first study to characterise UHMWPE and high-
density wear particles from tissues surrounding failed TARs. Tis-
sue samples from each ankle were found to contain a mixture of
wear particle types. Submicron UHMWPE particles were repeatably
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identified and comingled within the tissue samples with particles
composed of two or more of the following high-density materials:
cobalt chromium alloy, calcium phosphate, titanium alloy, commer-
cially pure titanium and stainless steel. Wear particles suspected
to have originated from the fixation surface had a high aspect ra-
tio, which was notably different to wear debris isolated from sur-
rounding cemented THR and TKRs reported in a previous study us-
ing the same isolation method. The mixture of particles identified
in this study demonstrates the existence of a complex peripros-
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thetic environment surrounding TAR devices. Early failure of TAR
devices may be due in part to the multifaceted biological cascade
that ensues after particle release, particularly from the fixation sur-
face. Further research is needed to understand the total particle
burden produced by TAR devices in-vivo, particularly the volume
of wear. Additionally, broader wear particle characterisation stud-
ies are warranted during TAR design and development. The particle
images, chemical composition and size data produced in this study
can be used to support the validation of clinically-relevant wear
simulator testing, pre-clinical assessment of fixation wear and bi-
ological response studies to improve the performance of next gen-
eration ankle replacement devices.
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