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Abstract Evaluation of medical devices retrieved after in
vivo service provides unique evidence related to the
physiological environment in which the biomaterials per-
formed. This study implements a training procedure for
evaluating polyethylene bearings of joint prostheses
obtained after pre-clinical tests or explanted after in vivo
function. A total of 161 damage regions on 45 bearings
were evaluated by four observers. An illustrated Damage
Mode Atlas was developed as a reference guide, inclusive
of both photographs and concise written descriptions of 16
specific damage modes that are typical for polyethylene
bearings. Utilizing the Damage Mode Atlas to train new
researchers improved the damage pattern analysis, includ-
ing more accurate identification of damage modes and
improved inter-rater reliability. This Damage Mode Atlas
is a useful supplementary tool for conducting Stage II non-
destructive analysis of explanted polyethylene bearings
used for joint replacement, in accordance with international
guidelines for evaluating explanted medical devices.

1 Introduction
Wear of the metal-polyethylene bearing couple in joint

replacements continues to drive changes in bearing mate-
rials, designs and manufacturing processes [1-3]. Different
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articular wear mechanisms correspond to visibly different
damage patterns on retrieved polyethylene bearings [4—14]
and varied clinical outcomes [15-22]. During in vitro
functional simulations of joint prostheses, damage patterns
reflect the performance of the bearing couple under the
applied kinematics and loading conditions [23-31].
Therefore, analysis of damage patterns on bearing couples
used in joint prostheses has proven complementary to both
post-marketing surveillance and pre-clinical assessments.

Damage patterns on worn polyethylene bearings can be
characterized using visual recognition of specific damage
modes [4, 13, 32, 33]. The distinguishing features of dif-
ferent damage modes typically are visible at low magnifi-
cation using optical microscopy. However, uniform
descriptions and reference illustrations of actual damage
modes can be difficult to gather from the scientific litera-
ture and terminology for describing the distinguishing
features is inconsistent, often varying with analysis meth-
ods [14, 29]. This lack of standardized reference materials
for identifying specific damage modes on polyethylene
bearings makes it difficult to train new observers and
assure repeatable assessment of the damage patterns.

The purpose of this study was to implement a training
procedure for identifying damage modes, as is necessary
for completing damage pattern analysis on polyethylene
bearings from joint prostheses. The first objective was to
create an illustrated reference guide of damage modes
(Damage Mode Atlas) that are typically visualized on
polyethylene bearings. The second objective was to use the
Damage Mode Atlas for training new researchers, deter-
mining the intra-observer accuracy and inter-observer
reproducibility for damage mode identification. It was
hypothesized that training with the Damage Mode Atlas
would improve the accuracy and reproducibility for visu-
ally identifying damage modes on explanted polyethylene
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bearings compared to training based on written descrip-
tions alone.

2 Methods

Polyethylene bearings were explanted during revision
arthroplasty at one institution (Rizzoli Orthopaedic Insti-
tute, Bologna, Italy) and cataloged in a Register of
Orthopaedic Prosthetic Explants. The bearings were
cleaned by submersion in an enzymatic detergent (Dialz-
ima H) solution (0.5% v/v) for 12 h to remove organic
debris, sterilized by submersion in formalin (4% v/v) for
24 h and then allowed to air dry. One researcher (MKH)
experienced in evaluating damage on polyethylene bear-
ings assessed the bearing surfaces using visual identifica-
tion techniques [4-6, 23] and an optical microscope (SMZ-
2T, Nikon Corp., Tokyo, Japan) allowing visualization
under reflected and transmitted light conditions. The
microscope was fitted with lenses providing magnification
x 10 to x 126, an auxiliary flexible illuminator (model GKL
315, Gossen Photo and Light Measurement GmbH, Niirn-
berg, Germany), and a ring illuminator (model MA964/TF,
Meiji Techno Co. Ltd., Saitama, Japan). A group of 45
bearings from knee prostheses were selected for inclusion
in this study based on visual evidence of 16 specific
damage modes. These modes are recognized as typically
occurring on polyethylene bearings with low to moderate
conformity (e.g. knee or shoulder prostheses) and are
readily observed with optical microscopy [4-6, 13, 23, 33].

An illustrated Damage Mode Atlas (Figs. 1, 2, 3,
Tables 1,2)was created by integrating both photographs and
written descriptions of the 16 specific damage modes. There
were ten modes consistent with adhesive/abrasive or fatigue
mechanisms that can occur with cyclic loading of polyeth-
ylene bearings [4-9, 11-15, 23-25, 32, 33, 35, 36], three
modes characteristic of damage on the non-articular (back-
side) surface of modular bearings [5, 9, 34-36], and three
modes characteristic of common artifacts originating during
surgery or manufacturing. Representative regions charac-
teristic of the 16 specific damage modes were identified
visually and photographed using a high resolution digital
imaging system (D80 camera and AF-S MicroNikkor lens,
Nikon Corp., Tokyo, Japan) with controlled illumination and
uniform magnification (Figs. 1, 2). The images were origi-
nally captured as black and white 24 bit JPEG format con-
taining 3872 x 2592 pixels per image. Image resolution was
controlled using a standard photogrammetric reference scale
(ABFO No. 2) [37] and averaged 400 pixels/mm when
acquired through the optical microscope and 80 pixels/mm
when acquired as a macro photo.

The written descriptions of each damage mode included
their appearance under reflected light illumination,
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recognized mechanisms that potentially contribute to the
damage modes and five distinguishing features that can be
readily observed at low magnifications. The visual
appearance and typical damage mechanisms (Tables 1, 2)
are consistent with distinct features elaborated in previous
studies using low magnification identification of damage
morphology [4-6, 8, 9, 11-15, 23-25, 32-36]. The features
included relative size, variations in color, texture and
reflectivity, and typical locations in which the damage mode
appears on the bearing surfaces. Relative size was charac-
terized as macro (i.e. visible to the unaided eye) or micro
(i.e. best visualized using microscopy). Variations in color
were characterized as absent (i.e. uniform color) or present
(i.e. change in polyethylene color or opacity). Variations in
texture were assessed relative to the original bearing surface
and were characterized as smooth (i.e. visibly less textured)
or rough (i.e. visibly more textured). Variations in reflec-
tivity were determined by the behavior of the incidence
light beam under the microscope and were characterized as
low or high. Finally, locations in which the damage modes
typically occur were characterized as articular (i.e. the
surfaces that are intended to endure articulation with the
opposing metal counter-bearing), rim (i.e. bearing periph-
ery), non-articular (i.e. surfaces that are not intended for
articulation with the opposing metal counter-bearing), and
backside (i.e. the non-articular surfaces of modular bearings
that are mated with metal baseplates).

The ability of inexperienced researchers to recognize
and correctly identify the damage modes on the polyeth-
ylene bearings was evaluated after two training sessions. In
the first session (Written Training), observers were pro-
vided written descriptions of the damage modes (Table 1),
as would be available from a detailed literature search, and
a brief (20 min) verbal explanation to clarify the modes’
definitions and specific word meanings. In the second
session (Atlas Training), observers were provided the
Damage Mode Atlas (Tables 1, 2; Figs. 1, 2, 3) and a brief
(20 min) verbal explanation of the characteristic visual
features of each mode. Four observers trained in ortho-
paedic biomechanics, but without experience in the anal-
ysis of explanted polyethylene bearings, underwent Written
Training and Atlas Training approximately 1 month apart.
After each training session, each observer used the optical
microscope to individually inspect a total of 161 marked
regions on the selected bearings, identifying and recording
the damage modes for each region. The experienced
observer previously outlined these 161 regions using a fine-
point (0.4 mm) marking pen and identified the associated
damage modes, taking care not to include any of the
regions used to create the Damage Mode Atlas. These
marked regions were selected to represent the typical fre-
quency distribution of damage modes reported for ex-
planted polyethylene bearings with flat (infinite radius) to
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Fig. 1 Damage Mode Atlas
images acquired through the
microscope depicting damage
modes consistent with adhesive/
abrasive or fatigue mechanisms,
including (a) non-articular
deformation; (b) burnishing;
(c) striations; (d) scratches:

(e) abrasion; (f) pits;

(g) embedded debris;

(h) subsurface cracking;

(i) delamination; (j) fracture.
The scale below each image is
calibrated in 1 mm intervals
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Fig. 2 Damage Mode Atlas
images acquired through the
microscope depicting modes
characteristic of the non-
articular (backside) surface of
modular bearings (n = 3, left
column), including (a) backside
deformation within a field of
stippling; (b) dimpling;

(c) stippling; or common
artifacts originating during
surgery or manufacturing

(n = 3, right column), including
(d) processing artifacts;

(e) visually indistinct; (f) tool
damage. The scale below each
image is calibrated in 1 mm
intervals

moderately curved (40-80 mm radius) articular surfaces
[4-6, 23]. Throughout the training sessions and subsequent
inspections, the four observers were blind to the damage
mode identification completed by the experienced obser-
ver. The selected bearings were evaluated in the same order
for all observers, with the various damage modes randomly
distributed among the marked regions.

The effectiveness of the Written Training and Atlas
Training was assessed statistically. Metrics for each train-
ing session included the number of damage modes identi-
fied correctly by each observer and the length of time
required to complete the evaluation of all marked regions.
The marked regions were considered correctly identified if
the damage mode recorded by the observer matched the
damage mode previously recorded by the experienced
observer. Changes in accuracy for each observer were
evaluated by comparing the proportions of correctly iden-
tified regions in the two matched pair sessions (Written
Training and Atlas Training) (McNemar’s test). The inter-
rater reliability, or agreement between the different
observers, was evaluated using an intraclass correlation
coefficient (Fleiss’ «).
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3 Results

Implementing the Damage Mode Atlas into the training
resulted in more accurate identification of the damage modes
compared to written descriptions alone (Table 3). The
number of regions with the damage mode correctly identified
was consistent among the four observers (Fig. 4). Each
observer had significantly greater proportions of correctly
identified damage modes in the Atlas Training session
compared to the Written Training session, increasing from
75 £+ 1% (range, 75-76%) after the Written Training session
t0 92 + 2% (range, 89-94%) after the Atlas Training session
(McNemar’s Test, P < 0.001). There was substantial
improvement in the inter-rater reliability when the Damage
Mode Atlas was used. All four observers correctly identified
79/161 (49%) regions after the Written Training session
(k = 0.65) and 134/161 (83%) regions after the Atlas
Training session (x = 0.89). There was correct identifica-
tion by at least three observers in 114/161 (71%) regions and
146/161 (91%) regions after the Written Training and Atlas
Training sessions, respectively. The average length of time
required to complete the inspection was reduced by 45%,
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Fig. 3 Damage Mode Atlas
images acquired as gross
photographs depicting modes in
which the relative size can be
characterized as macro (i.e.
visible to the unaided eye),
including (a) non-articular
deformation; (b) burnishing and
abrasion; (c) scratches:

g
F

(d) abrasion; (e) embedded il iy i

debris; (f) subsurface cracking
and surface delamination;

(g) fracture; (h) backside
deformation; (i) stippling; and
(j) processing artifacts
combined with tool damage and
visually indistinct regions. The
scale below each image is
calibrated in 1 mm intervals
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Table 1 Descriptions of distinct features characteristic for each damage mode, including the visual appearance under optical microscopy and
typical mechanisms potentially contributing to the damage

Damage
modes

Visual appearance

Typical mechanisms

References

Non-articular
deformation

Burnishing

Striations

Scratches

Abrasion

Pits

Embedded
debris

Subsurface
cracking

Delamination

Fracture

Backside
deformation

Dimpling

Stippling

Processing
artifacts (no
damage)

Visually
indistinct

Tool damage

Visualized as a permanent change in shape not
associated with condylar articulation

Visualized as smooth, highly polished regions
that are highly reflective of incident light

Visualized as highly oriented, longitudinal or
dispersed, smooth peaks and troughs

Visualized as thin lines in irregular or ordered
directions

Visualized as rough, tufted regions with limited
directionality

Visualized as depressions with rough surfaces
and a typical diameter in the range of <l mm
up to 2 mm or greater

Visualized as particles that differ in color and/or
texture relative to the surrounding polyethylene
surface, consistent with third-body particles of
bone, cement fragments or metal

Visualized as cracks and/or discoloration located
inferior to the articular plane without surface
discontinuity (rupture)

Visualized as thin layers of polyethylene
material separated from the surface, with the
remaining exposed material typically
appearing textured and/or grossly pitted

Visualized as complete cracks or wear-through
of the polyethylene bearing, typically resulting
in exposure of the metal baseplate or
discontinuity of the bearing rim

Visualized as permanent changes in shape
typically observed around protrusions or screw
holes existing on the metal baseplate

Visualized as uniform, nearly circular
indentations approximately 100 pm in
diameter that lack directionality

Visualized as unidirectional scratches
approximately 1 mm or greater in length

Visualized as highly ordered and repeating
patterns consisting of linear scratches (machine
marks), uniform dimpled texture (molding), or
a highly glossy surface (compression molding)

Visualized as a disruption to machine marks or
the original manufactured surface, but no clear
damage mode can be distinguished
microscopically

Visualized as symmetric pattern with sharply
distinct edges, or severe singular scratches or
cuts that are incongruous with the surrounding
damage modes

Compressive or shear load due to contact of the
metal counter-bearing in non-articular regions

Rolling contact of the metal counter-bearing

High friction rolling and sliding contact of the
metal counter-bearing

Sliding contact of the metal counter-bearing

Sliding contact with bone or third-body cement
debris or rough metal

Material fatigue or fracture, or impressions from
third body debris associated with component
loosening

Third-body particles typically associated with
component loosening or fracture

Fatigue, high sub-surface stress

Fatigue, high contact stress

Fatigue, high contact stress

Compressive load deforming the polyethylene
bearing against features on the metal baseplate

Compressive load deforming the polyethylene
bearing against the textured metal baseplate

Motion in the shear plane between the
polyethylene bearing and metal baseplate

Contact with tools and molds during
manufacturing

Infrequent contact with smooth articular surface
of the metal counter-bearing

Grasping bearing with serrated surgical clamp,
prying with chisel to disengage modular
bearing, or contact with sharp saw or scalpel

[4,5,7,9, 12, 13,
23, 24, 33]

[4-6, 8, 11, 13, 14,
23, 24, 32, 33,
35, 36]

[4-6, 11, 23, 24]

[4-6, 13, 14, 23,
24, 32, 33, 35]

[4-6, 13, 14, 23,
24, 32, 33, 35]

[4-6, 13, 23, 24,
32, 33, 36]

[5, 6, 13, 14, 23,

24, 33]

[6, 15, 25]

[4-6, 8, 13, 15,
23-25, 32, 33]

(6, 8, 13, 23, 24]

[5, 34, 36]

(5, 9]

[35]

[9, 12]

[23, 24]

(33]
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Table 2 Five distinguishing features (descriptions in text) for each damage mode

Damage modes Scale Typical location Color change Texture Reflectivity
Non-articular deformation Macro Non-articular Absent Smooth High
Burnishing Macro/micro Articular Absent Smooth High
Striations Micro Articular Absent Rough High
Scratches Macro/micro Articular/rim/non-articular Absent Rough Low
Abrasion Macro Articular/rim/non-articular Present (opaque) Rough Low

Pits Micro Articular Absent Rough Low
Embedded debris Macro/micro Articular/backside Present Rough Low/high
Subsurface cracking Macro Articular/rim/non-articular Present (opaque) Smooth Low/high
Delamination Macro Articular/rim/non-articular Absent/present Rough Low
Fracture Macro Articular/rim/non-articular Absent Rough Low
Backside deformation Macro Backside Absent None Low
Dimpling Micro Backside Absent Rough High
Stippling Macro Backside Absent Rough Low
Processing artifacts (no damage) Macro/micro Articular/rim/non-articular Absent Rough/smooth® Low/high
Visually indistinct Macro Articular Absent None High
Tool damage Macro Rim/non-articular Absent Rough Low

* Processing artifacts on the original surface serve as the reference control for texture

Table 3 The number of regions with the damage mode correctly identified after the Written Training and Atlas Training sessions

Damage modes

Count (% total)

Pre-training
(% correct)

Post-training
(% correct)

Processing artifacts (no damage)

Visually indistinct

Tool damage
Burnishing

Striations

Scratches

Abrasion

Pits

Embedded debris
Subsurface delamination
Delamination

Fractures

Non-articular deformation
Backside deformation
Dimpling

Stippling

6 (4%)
4 (2%)
6 (4%)
22 (14%)
22 (14%)
25 (16%)
16 (10%)
21 (13%)
4 (2%)
6 (4%)
9 (6%)
5 (3%)
5 (3%)
32%)
4 2%)
3 2%)

96
31
71
89
75
58
63
93
25
79
72
80
95
75
94
83

92
31
92
100
98
83
91
96
63
100
92
100
100
100
94
100

Damage modes are grouped with those characteristic of common artifacts, those consistent with the adhesive/abrasive or fatigue mechanisms,
and those characteristic of non-articular (backside) surface damage

from 157 £ 27 (129-188) minutes for Written Training to
87 £ 13 (range, 74-102) minutes for Atlas Training.

4 Discussion

Evaluation of medical devices retrieved after in vivo service
provides unique evidence related to the physiological

environment in which the biomaterials are expected to
perform. In this study, a Damage Mode Atlas was devel-

oped as a reference guide of damage modes typically
visualized on polyethylene bearings and was implemented
as part of a training procedure for evaluating bearings
after pre-clinical tests or after in vivo function. Utilizing

the Damage Mode Atlas to train new researchers improved
the damage pattern analysis, including more accurate
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Fig. 4 Proportion of correctly identified damage modes for each
observer after Written Training and Atlas Training

identification of damage modes and improved inter-rater
reliability compared to written descriptions alone. Interna-
tional guidelines for standardized procurement and quanti-
tative analysis of explanted devices are provided through
ISO 12891 and ASTM F561, which generally describe three
stages of progressively destructive analysis. This Damage
Mode Atlas supplements stage II non-destructive analysis
of explanted joint replacement bearings.

This study was motivated by a recognized absence of
standardized reference materials for identifying specific
damage modes and training researchers to complete dam-
age pattern analysis of polyethylene bearings. Training
researchers in such analysis necessarily requires the intro-
duction of new vocabulary and unfamiliar technical con-
cepts, and failure to use well-defined terminology can
inhibit comprehension of detailed information and increase
the risk of measurement errors. Moreover, not all
researchers share a common language, which can further
inhibit understanding of descriptions provided predomi-
nantly in English. Studies have shown that learning new
words and concepts is strengthened when images are used
with text to convey the meaning, helping to enhance
memory and decrease task complexity [38]. Therefore,
images were included in the Damage Mode Atlas to
enhance comprehension during training and provide con-
text to the visual appearance and typical damage mecha-
nisms described for each damage mode (Table 1). The
standardized terminology used to characterize five distin-
guishing features for each damage mode served to focus
the observers on key distinctions between the modes
(Table 2).

The Damage Mode Atlas was developed to guide
objective assessments of prosthesis bearings manufactured
from polyethylene. It was intended to provide reference
images of damage modes that are readily visualized using
common optical microscopy equipment widely available
in a hospital-based setting. More complex imaging
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instrumentation (e.g. scanning electron microscope) was
purposefully avoided since it is rarely available for routine
screening of explants, does not allow efficient imaging of a
large number of prostheses, and often requires specialized
specimen preparation techniques which add to the cost
burden for completing analysis. Similarly, a grading scale
of damage severity was not included in the distinguishing
features due to its recognized subjectivity [8] and the
availability of more quantitative metrics (e.g. damage area,
linear deformation) for assessing relative severity [4-6, 23,
39-41]. The Damage Mode Atlas is a considerably flexible
tool, providing the possibility of adding more detailed
images of the damage modes or additional damage cate-
gories specific to other biomaterials or prostheses with
diverse geometry (e.g. acetabular cups or cervical disks).
Moreover, it could be supplemented with clarification of
additional damage mechanisms gained through other
assessment techniques, as the typical damage mechanisms
provided (Table 1) are not intended to represent the full
spectrum of possible mechanisms that can generate damage
in vivo.

The Damage Mode Atlas proved useful for training
damage pattern analysis, but also demonstrated potential
limitations for obtaining uniform data if adequate training
is not achieved among different research groups studying
polyethylene bearings. While the damage modes were
correctly identified in 92% of the regions after the Atlas
Training session, correct identification of all damage
modes did not occur and accuracy was considerably lower
for some specific damage modes (Table 3). Recognition of
visually indistinct damage proved problematic and
approximately one-third of the regions with this mode were
incorrectly identified after Atlas training. However, the
overall impact of this error is relatively low since visually
indistinct damage occurs very infrequently on explanted
prostheses and is more specific to bearings subjected to in
vitro joint wear simulations [23, 24]. Difficulties recog-
nizing embedded cement debris were also evident, typi-
cally resulting in the observers labeling the damage as pits
or delamination, both of which were common to the
embedded debris site on the specific bearings included.
Considering reasons for revision that could generate third-
body particles, such as loosening, or evidence of third-body
wear on other explanted components submitted with a
given polyethylene bearing (i.e. metal bearing with a
scratched counter-face) can be helpful. Scratches were
sometimes misidentified as abrasion or tool damage, which
implies that the distinct mechanisms contributing to those
latter two damage modes were not fully considered by the
observers.

A limitation of this study involves the nature of training
procedures. Improvements noted after Atlas Training (less
time, better accuracy and reliability) could be due, in part,
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to the experience each observer gained during the initial
Written Training session. For this reason, training sessions
were staged approximately 1 month apart in an effort to
distinguish skills gained during Written Training from
those gained during Atlas Training. The metric of evalua-
tion time showed that most of the observers required pro-
gressively less time to complete the evaluations within a
given session, and this affect was largely uniform for both
training sessions. This suggests increased comfort in using
the optical microscope and increased confidence in recog-
nizing and identifying the different damage modes. In
contrast, accuracy did not necessarily improve over the
course of a given training session. During the Atlas
Training session, accuracy in evaluating the final 81
regions was only 1-4% higher for three observers and was
2% lower for one observer compared to the initial 80
regions. Therefore, once an observer is trained to use the
Damage Mode Atlas for studies involving explanted
polyethylene bearings, accurate identification of damage
modes can be achieved over the full study duration.

The terminology and images included in this Damage
Mode Atlas are representative of common, existing
descriptions of wear modes. The modes described (Table 1)
were based on observations from 11 different research lab-
oratories that were compiled from 19 different studies pub-
lished in peer-reviewed scientific literature. These cited
references are not meant to be exhaustive, nor representative
of a formalized process for attaining consensus agreement
among multiple research groups. Rather, widespread utili-
zation of visual damage analysis suggests that this Damage
Mode Atlas can serve as a practical template for recognizing
damage features consistent with those elaborated in previous
studies. In the absence of an international standard for
naming and identifying the appearance of specific damage
modes, this Damage Mode Atlas provides uniform descrip-
tions and reference illustrations that are useful for consistent
training of researchers.

It is recognized that the damage patterns characterized
in this study are inclusive of mechanisms contributing to
the liberation of material (i.e. wear), as well as mechanisms
producing changes in the bearing surface without loss of
material (i.e. creep deformation), consistent with previous
studies [4, 13, 33]. The Damage Mode Atlas complements
quantitative damage pattern analysis by aiding accurate
identification of many localized regions of different dam-
age modes on a given bearing surface [4-6, 11, 29]. As
such, it is useful for verifying joint wear simulations and
analytical models, and understanding the biomechanical
function and debris-generating potential of prostheses
under physiological conditions [4-6, 18, 23, 25-31].
Therefore, it is recommended that evaluation of polyeth-
ylene bearings from joint prostheses include training in
damage pattern analysis facilitated by the use of the

Damage Mode Atlas to complement both pre-clinical
assessments and post-marketing surveillance.
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