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ABSTRACT
Retrieval analysis has emerged as one of the most direct and informative ways to
analyze mechanisms of orthopaedic device failure. With a rising projected demand for
revision joint arthroplasty, 268,200 revision total knee replacements (TKR) and 96,700
revision total hip replacements (THR) in 2030, metal interfaces in joint replacements are
currently under intense scientific focus as the interactions among mechanical and
electrochemical processes continue to challenge the orthopaedic device industry. The
objective of these studies was to use implant retrieval and in in vitro analyses to
determine the effects of material and mechanical properties on wear and corrosion, and to
quantify the biological consequences of the degradation products.
A combination of non-destructive and destructive characterization techniques
were developed to characterize the wear and corrosion on retrieved joint replacements.
Surface degradation modes including abrasive two-body wear, adhesive two-body wear,
third body abrasion, local surface fracture, fretting corrosion, and crevice corrosion were
identified on articulating and non-articulating metal components. The key predictors of
the type and extent of surface degradation were material hardness, fracture toughness,
and implant design. The clinical outcomes and reasons for revision varied for the implant
retrieval sets studied, though a positive correlation was found between the extent of
surface corrosion and incidence of metallosis, and a negative correlation was found
between extent of surface corrosion and inter-component stability.
In vitro testing was undertaken to identify additional electrochemical degradation
mechanisms that were mechanically induced, as well as the possible effects on bone
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remodeling. The ability of titanium orthopaedic alloys to resist corrosion is derived from
the passivation behavior, in which an oxide film serves as a kinetic barrier to the
thermodynamically favorable electrochemical process. The introduction of stress at
physiologically-relevant levels was found to elevate the active and passive corrosion rates
and inhibit the passivation process to a degree. Osteoblasts exposed to titanium ions,
released during corrosion, had reduced viability, proliferation, and alkaline phosphatase
production at 10 ppm concentrations. At lower concentrations of 0.1 ppm, osteoblasts had
reduced osteocalcin production, suggesting mineralization and bone remodeling may be
affected even at the low end of the clinically relevant range.
Through these studies, several advances were made in the characterization of
wear and corrosion, and how these processes affect clinical outcomes of failed joint
replacements. The results from these post-market surveillance and retrieval analysis
findings suggest that mechanical and electrochemical interactions do have a significant
effect on otherwise wear-resistant and corrosion-resistant orthopaedic metals. The in vitro
investigations find that physiologically-relevant stresses affect corrosion behavior and
that physiologically-relevant metal ion concentrations may affect bone mineralization on
a cellular level.
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PREFACE

Broad Objective and Specific Aims
Retrieval analysis has emerged as one of the most direct and informative ways to
analyze mechanisms of orthopaedic device failure. Metal-metal interfaces in orthopaedic
devices are currently under intense scientific focus as the interactions among the
mechanical and electrochemical processes continue to challenge device manufacturers
and surgeons. These interfaces are exposed to highly variable in vivo mechanical stresses
and corrosive conditions, resulting in release of degradation products (metal particulate
and metal ions) that are difficult to assess on a systemic level. The in vivo mechanical
and electrochemical degradation of orthopaedic devices results in poor joint
biomechanics and release of particulate and ionic metal into the joint space. Clinical
records of these consequences are well documented, but the large variations of failure in
the prosthetic components and the broad range of effects on adjacent tissue merit further
investigation.
The broad objective of this dissertation is to advance the current understanding of
the mechanical and electrochemical surface destruction that affects metal joint prosthesis
components by determining the effects of material properties and mechanical state on
wear and corrosion, and by quantifying the biological consequences of degradation
products on an ionic/cellular level. With a basis in retrieval analysis, materials and
surface science, corrosion testing, and cell biology, the following aims are addressed:
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Aim 1. Develop methods for characterizing corrosion and other degradation
events that are applicable to explanted joint prostheses. It was hypothesized that the
analysis of metal surfaces of an explanted joint prosthesis could be adequately
characterized by a combination of non-destructive techniques and used to determine the
mechanism and extent of mechanical and electrochemical failure.
Aim 2. Characterize corrosion occurring under unknown (in vivo) and known (in
vitro) stress states. It was hypothesized that surfaces under tension would exhibit higher
corrosion rates and differences in passivation behavior than unstressed surfaces.
Aim 3. Isolate the effects of metal ions, a direct consequence of corrosion, on
biological activity on a cellular level. It was hypothesized that at some clinically relevant
concentration, Ti4+ exposure would have a substantial effect on the ability of osteoblasts
to proliferate, mineralize, and remain viable.

List of Studies
Five studies were undertaken to address the three specific aims (Figure P.1):

Chapter 2, titled “Damage from Unintentional Metal-Metal Articulation of
CoCrMo, TiAlV, and Oxidized Zirconium Knee Replacements Following Polyethylene
Insert Failure” addressed Aim 1 by defining and evaluating the damage modes affecting
unintentional metal-metal bearing surfaces in cases of in vivo polyethylene wear-through.

	
  

xviii	
  

Chapter 3, titled “Polyvinyl Siloxane Molds for Nondestructive Surface Feature
Metrology of Failed Joint Prostheses” addressed Aim 1 by developing and validating a
non-destructive method to indirectly assess bore taper surfaces for damage measurement.
Chapter 4, titled “Influence of Design on Fretting and Crevice Corrosion in
Retrieved Revision Knee Prostheses with Modular Stem Extensions” addressed Aim 1 by
expanding upon photogrammetric and profilometric methods for measuring the extent of
modular hip taper damage to include modular knee tapers in revision systems.
Additionally, this study addressed Aim 2 by analyzing a set of explanted modular knee
revision prostheses with stem extensions exposed to a broad range of applied in vivo
stress, and also addressed Aim 3 by defining a range of clinical pathologies associated
with implant corrosion.
Chapter 5, titled “Corrosion Behavior of Ti-6Al-4V Orthopaedic Alloy under
Static Elastic and Plastic Tensile Stress” addresses Aim 2 by assessing the in vitro effects
of static tensile stress on the corrosion and passivation behavior of the titanium alloy
commonly used in orthopaedic devices.
Chapter 6, titled “Decreased Viability, Proliferation, and Mineralization of
Murine Osteoblasts in Clinically Relevant Doses of Protein-Stabilized Titanium Ions”
addresses Aim 3 by determining the concentration-dependent effects of Ti4+ ions on
osteoblast viability and mineralization.
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Mechanically- and Electrochemically- Induced Damage at
Metal Interfaces of Joint Replacements and the Biological
Consequences

Aim 1
(Retrieval analysis and
characterization)
Chapter 2 (retrieval)
Chapter 3 (retrieval)
Chapter 4 (retrieval)

Aim 2
(Effects of stress states)

Aim 3
(Effects on biological
activity)

Chapter 4 (retrieval)
Chapter 5 (in vitro)

Chapter 4 (retrieval)
Chapter 6 (in vitro)

Figure P.1. Organization of chapters and specific aims addressed in dissertation.
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CHAPTER ONE
INTRODUCTION
Clinical Significance of Hip and Knee Prosthesis Failure
The number and prevalence of primary hip and knee replacements has increased
in the United States continuously since 1990 [1], mostly in response to osteoarthritis or
other degenerative joint diseases, and the number is expected to increase to 572,000
primary total hip arthroplasties (THA) and 3.48 million primary total knee arthroplasties
(TKA) in the year 2030 [2]. While a majority of joint replacements function successfully
beyond 10-15 years, revision arthroplasty can be indicated for a number of reasons, due
to poor recovery of the patient or due to failure of the implant itself. THA revisions are
projected to grow to 96,700 and TKA revisions are projected to grow to 268,200 in the
year 2030 [2]. Of the THA revisions, the most common causes are aseptic loosening
(55.2%), dislocation (11.8%), infection and septic loosening (7.5%), and periprosthetic
fractures (6%) [3]. Of the TKA revisions, the most common causes are aseptic loosening
(29.8%), infection and septic loosening (14.8%), pain (9.5%), and wear (8.2%) [3]. From
a bioengineering point of view, if the longevity of joint prostheses can be improved, the
demand for revision arthroplasty due to aseptic loosening, dislocation, fracture, pain, and
wear can be reduced.
Aseptic loosening is the device failure consequence associated with osteolysis, in
which extensive peri-prosthetic bone resorption occurs [4]. In general, wear particles
activate macrophages in a foreign body reaction, which in turn activate osteoclasts to
initiate bone resorption [4]. Several observations have been made on the correlations
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between prosthesis loosening and the amount of bone cement and polyethylene wear
debris [5-9]. When metal-on-metal hip replacements were introduced in an effort to
reduce the total volumetric wear, compared to metal-on-polyethylene, the effects of metal
wear particles were considered. CoCrMo [10] and TiAlV [11,12] wear particles have now
also been implicated in the causes of osteolysis. While osteolysis is primarily attributed to
cytokine release of macrophages and overactive osteoclasts, impairment of osteoblast
function, mechanical stress, and increased joint fluid pressure can also contribute to bone
resorption [13,14]. While dissolved metals (in ionic, not particulate state) do not result in
macrophage reactions, studies have shown there is a demonstrated effect on osteoblast
function [15]. Thus, both wear and corrosion processes can lead to osteolytic deviceassociated pathologies.
Instability and wear, as reasons for revision or spacer exchange, result in
functional deterioration of some or all prosthesis components. The predictors for
instability are primarily in the design and positioning of the prosthesis and not the patient
factors [16], and recurrent dislocations are common [17]. Several factors can contribute
to polyethylene wear and thinning such as component design [18], cement or cementless
fixation [19], degree of polyethylene cross-linking [20], metal counterbearing [21], and
polyethylene manufacturing techniques [22].
Pain associated with THA/TKA, as an indication for revision, can be due to
numerous underlying pathologies. One such cause of pain, which can represent
individually in the absence of osteolysis or sepsis, is adverse local tissue reactions
(ALTR). These can be in the form of aseptic lymphocyte-dominated vasculitis-associated
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lesions (ALVAL) or pseudotumors [23], or pain can present as metal allergy. ALTR can
be characterized as a gray discoloration of the soft tissues of the joint, though pain is
often the first symptom [24].
History of Joint Prosthesis Metals
The first successful joint replacement devices consisted of austenitic stainless
steel, in the Charnley prosthesis era (late 1950s) [25]. The stainless steel most widely
used in clinical applications is 316L that contains 17-20wt% Cr, which is essential for its
corrosion-resistant Cr2O3 passive film [26]. While stainless steel has been phased out for
permanent joint replacements due to the introduction of metal alloys with superior
mechanical and corrosion properties, it is still widely used in temporary orthopaedic
trauma devices such as fracture plates, screws, and nails [26]. The benefits of 316L stem
from its low manufacturing cost and availability, while its wear resistance is generally
poor [26].
To address the need for better wear resistance in articulating joint prostheses,
CoCrMo was introduced in hip prostheses in the late 1960’s [27] and early 1970’s [28].
The cobalt-based alloys have superior mechanical properties (hardness, fatigue strength)
for the bearing application, and combine with improved corrosion resistance even in
chloride environments [26]. One major drawback to an all-CoCrMo prosthesis is that the
high elastic modulus (220-230 GPa) is an order of magnitude larger than cortical bone
[26], resulting in stress shielding and possible bone resorption [29].
Titanium and its alloys were added to the list orthopaedic materials due to the
lower elastic modulus (~110 GPa) and decreased stress shielding, excellent corrosion
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resistance, and low density [26]. Titanium alloys were then found to have
osseointegrative properties [30], resulting in widespread use in dental and orthopaedic
applications. With osseointegrative properties, the risks of loosening are decreased and
bone cement is not necessary for fixation [26]. While titanium and its alloys have
excellent corrosion resistance, its wear resistance is very poor due to low shear resistance
[26]. Unalloyed titanium with a single-phase alpha microstructure is used most
commonly in dental implants, while Ti-6Al-4V has a two-phase alpha-beta
microstructure and is used most commonly in orthopaedic applications due to its
improved mechanical properties [26]. A major drawback to titanium and its alloys are the
high cost and difficulty in thermomechanical processing [26].
To address the wear concerns associated with metal (CoCrMo) articulating
surfaces without using ceramics, surface-hardened metals have been introduced to the
market. Titanium nitride has been developed for this process, by using physical vapor
deposition to create the ceramic titanium nitride exterior on a titanium alloy substrate
[31]. While in vitro results were promising [32], clinical reports have shown that
delaminated surface debris can result in adhesive wear in vivo [33]. To incorporate the
same concept of a hard ceramic exterior layer on a metal substrate, but to reduce the
possibility for delamination, oxidized zirconium was developed for orthopaedic articular
surfaces. Oxidized zirconium is not coated; rather the surface of the zirconium alloy is
transformed to a low-friction oxide by thermally driven oxygen diffusion [31]. While
delamination has not occurred during in vitro wear tests against polyethylene, and
polyethylene wear rates are decreased, retrieval studies have demonstrated a few cases of
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ZrO2 removal [34]. Other surface composite metals are currently in development,
including diamond-like carbon films for coatings and various carbon fiber composites
[31].
Articulating Wear of Joint Prostheses
Wear in joint prostheses is a mechanical phenomenon caused by cyclic loading.
The bearing surfaces and circumstances in which two components wear together define
four wear modes that cover the broad range of mechanical surface destruction that can
occur in vivo [35]:
Mode 1 wear refers to the generation of wear debris that occurs with motion
between two bearing surfaces as intended by the manufacturers. The debris generated this
can be in the form of polyethylene particles from metal-on-PE or ceramic-on-PE systems,
metal particles from metal-on-metal systems (hip prostheses), ceramic particles from
ceramic-on-ceramic systems, or debris generating from bearing surface coatings.
Mode 2 wear refers to a primary bearing surface rubbing against another
component in a manner not intended by the manufacturer. This mode of wear most
commonly occurs after excessive Mode 1 wear. Some examples of Mode 2 wear include
a femoral head articulating with the metal acetabular cup after polyethylene liner
destruction, or femoral condyles articulating with metal tibial baseplates after
polyethylene insert wear-through.
Mode 3 wear refers to two primary bearing surfaces articulating with interposed
third body particles in abrasive wear. The third body particles can originate from
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elsewhere (bone particles, bone cement particles) or from the bearing surfaces themselves
during Mode 1 wear.
Mode 4 wear refers to two non-bearing surfaces rubbing together unintentionally.
Examples of Mode 4 wear include backside wear of polyethylene liners and inserts in
hips and knees, fretting at modular taper connections, and fretting between metal
components and screws.
Corrosion of Joint Prostheses
The major implant alloys in use today are those with the most corrosion
resistance, though this corrosion resistance can come from a number of factors. Noble
alloys, such as gold, silver, and platinum are corrosion resistant because of negligible
driving forces for corrosion [36]. Alloys based on stainless steel, cobalt-chrome, titanium,
zirconium, and niobium all maintain their corrosion resistance by their passive behavior,
wherein a metal-oxide thin film spontaneously forms on the surface in most biological
environments. While the thermodynamic driving forces for oxidative corrosion of these
alloys are high (ΔG << 0), the passive film acts as a kinetic barrier to corrosion [37]. As
long as these passive films are not disrupted, the highly energetic oxidation reactions of
the metal are suppressed. Because of this, excessive degradation from general corrosion
is rare, and any observed corrosion tends to be highly localized in regions where the
passive film is not protective.
While the active-passive metals already have high thermodynamic driving forces
to oxidize in vivo, the incorporation of multiple metals in a prosthesis design leads to the
concern of galvanic corrosion. When two dissimilar metals are in contact in an
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electrolyte, such as physiological fluids, the electrical potential difference between them
results in a targeted corrosive attack on the active metal (anode) and corrosion protection
of the more noble metal (cathode). While thermodynamically, it is not ideal to include
dissimilar metals in a prosthesis design, mechanically it may be advantageous to do so,
and if the passive films are not disrupted, the system is also protected against galvanic
corrosion [37].
One such mechanism that interferes with the ability to passivate is crevice
corrosion. Crevice environments can be formed between adjacent metal surfaces such as
modular taper surfaces and screw threads, in surface imperfections such as cracks and
machine lines, and in regions where the physiological fluid is relatively stagnant. The
local environment in the crevice isolates a small volume of stagnant fluid, excludes
oxygen, attracts chloride ions, and leads to rapid local metal dissolution [38]. In vitro
studies have shown that a crevice environment in orthopaedic metals results in localized
corrosion [39] and several retrieval studies have confirmed this mechanism [40-42].
Another mechanism that results in disruption of any spontaneously forming
passive film is fretting corrosion. Fretting corrosion occurs in active-passive alloys when
surface asperities mechanically damage or remove the passive film as a result of linear
micromotions. These fretting micromotions are most commonly due to cyclic loading at a
two-component junction which does not withstand relative motion. Several retrieval
studies have observed fretting corrosion at modular interfaces of orthopaedic implants
[43-47], often in conjunction with other forms of localized corrosion [48]. In vitro testing
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of modular junctions regularly incorporates fretting micromotions when measuring
electrochemical reactions or surface damage [49-52].
In addition to fretting and crevice corrosion, several cases of other types of
localized corrosion can affect metal surfaces in orthopaedic devices. Hydrogen
embrittlement, caused by precipitatation of brittle metal hydrides, has been found to
affect Ti-6Al-4V modular hip taper interfaces when fretting occurs [53]. Stress corrosion
cracking [54] and fatigue corrosion cracks [55] have also been observed in orthopaedic
implant retrievals. The effects of stress (in the absence of any cracking) have been
indicated as a possible cause for localized corrosion in retrieval studies [56]. Finally,
microstructural features such as grain boundaries have been found to be the targeted sites
of corrosion [54,57].
Summary
Several mechanical and electrochemical processes are responsible, often
synergistically, for the damage experienced in vivo by metal orthopaedic implants. Postmarket implant retrieval studies can be helpful in determining risk factors for
corrosion/wear damage and for determining the cause of implant failure. Coupled with
clinical data, these reports can determine how often implant-related pathologies such as
osteolysis and metallosis are associated with metal surface degradation. In vitro testing
protocols that incorporate more of the adverse circumstances that are experienced in vivo,
including stress, cyclic biomechanics, fretting, and crevice environments, may be useful
for future pre-market implant testing.
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CHAPTER TWO
DAMAGE FROM UNINTENTIONAL METAL-METAL ARTICULATION OF
COCRMO, TIALV, AND OXIDIZED ZIRCONIUM KNEE REPLACEMENTS
FOLLOWING POLYETHYLENE INSERT FAILURE

Introduction
While knee joint replacement is a highly successful surgical procedure, prosthesis
wear is a major limitation contributing to decreased longevity [1,2]. Four common wear
modes affecting joint prostheses have been noted [3], with Mode I and Mode II wear
most relevant to this study. The most common is Mode I wear at the articular bearing
surfaces due to the normal cyclic loading of the knee prosthesis. During progressive knee
replacement failure, unintended contact between prosthesis components not intended to
articulate (Mode II wear) can produce catastrophic prosthesis damage. Knee prostheses
originally intended to articulate only between metal and polyethylene components may
eventually articulate between two metal components if the polyethylene insert fails due to
wear-through.
Material selection is a key consideration for predicting the longevity and wear
performance of knee prostheses. Metal components (i.e. femoral component, tibial tray,
and metal-backed patella) are traditionally fabricated from surgical cobalt-chrome
(CoCrMo) or titanium alloys (TiAlV) [4]. In addition to their biocompatibility, these
materials have the strength and fracture toughness necessary to withstand the high load
magnitudes that the knee endures during activities of daily living and elastic moduli that
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have proven compatible for sustained fixation with human bone [4,5]. The opposing
bearing surfaces (i.e. tibial insert and patellar button) are fabricated from ultra high
molecular

weight

polyethylene

(UHMWPE),

making

use

of

this

polymer’s

biocompatibility and low modulus to act as a cushion similar to cartilage [4,6]. The wear
performance of these metal-UHMWPE bearing couples has demonstrated that CoCrMo
may be advantageous over TiAlV as a femoral bearing component due to greater
resistance to surface roughening and lower subsequent polyethylene wear [7-9]. In
general, polyethylene wear is linked to higher surface roughness in the counterface
material, and the ideal metal has a low roughness both in its pristine, as-manufactured
state and after in vivo cyclic third body wear [10-13].
Surface-modified metals were introduced to the market in an effort to make use of
the scratch-resistant properties of ceramic without compromising the fracture toughness
of the bulk metallic structure [14]. One such material is oxidized zirconium (OxZr) which
consists of a bulk ZrNb alloy substrate and a 5 µm surface-hardened layer of ceramic
monoclinic zirconia, achieved by diffusing oxygen into the OxZr surface at an elevated
temperature [15]. Unlike coatings that can delaminate under applied mechanical stresses,
OxZr has proven resistant to delamination and fracture due to excellent adhesion through
the diffusion gradient of oxygen into the metal substrate [15]. This composite material
achieves excellent scratch-resistance due to the hardness of the OxZr surface [16] and
high fatigue strength due to the fracture toughness of the ZrNb metal alloy substrate [17].
Bearing couples of OxZr and UHMWPE generate less polyethylene debris than bearing
couples of other surgical metal alloys [18-20].
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It is generally accepted that the type of material (metal, ceramic, polymer, or
surface-modified) and the associated mechanical properties influence the way bearing
surfaces wear. Literature values of mechanical properties of the surface and substrate of
OxZr are compared with those of conventional orthopaedic metals in Table 2.1. Mode II
wear between any combination of these materials in a knee system is expected to have
some degree of abrasive wear due to hard particles. In contrast, Mode II wear between
any combination of similar or dissimilar metals in the absence of surface modification is
expected to result in some degree of adhesive wear, depending on the material properties
and surface condition [21]. Since knee replacement mechanics necessitate metal-onpolyethylene systems, the wear consequences from these conventional and surfacemodified metals directly articulating in the context of a knee replacement have not been
documented as of yet.
Material

Rockwell Hardness A

OxZr surface (monoclinic ZrO2)
OxZr substrate (Zr-2.5Nb)
Ti-6Al-4V
Co-28Cr-6Mo

35-40
10-15
15-20
18-25

Fracture Toughness KIc (MPam1/2)
2.6
15-75
54-91
75

Table 2.1. Mechanical properties of materials in this study from literature [16,17,22-26]
The purpose of this study is to determine the material failure events that occur in
vivo

when

orthopaedic

implant

metals

(conventional

and

surface-modified)

unintentionally articulate due to worn-through polyethylene. Visual, topographic and
chemical surface analysis techniques are applied to explanted knee replacements that
experienced such failure (Figure 2.1) in order to characterize damage modes and compare
different material combinations. It is hypothesized that lower hardness or lower fracture
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toughness in mixed-material pairs play a critical role in the type of damage occurring on
bearing surfaces exposed to Mode II wear in vivo.

Figure 2.1: Metal femoral component, polyethylene fixed-bearing insert, and metal tibial
baseplate in explanted knee replacements: explanted set which experienced only Mode I
polyethylene wear (left) and explanted set which experienced Mode II metal-metal wear
through worn polyethylene (right).
Materials and Methods
Databases inclusive of 399 explanted knee prostheses archived in two established,
institutional review board approved implant retrieval programs were queried to identify
explants meeting the following inclusion criteria: i) consist of a metal-backed tibial
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component design with a modular fixed-bearing polyethylene tibial insert; ii) exhibit
complete wear-through of the tibial polyethylene insert and Mode II wear resulting in
unintended articulation between the metal femoral component and tibial baseplate; and
iii) availability of all major prosthesis components for analysis, including the femoral
component, tibial baseplate, tibial polyethylene insert. This search yielded 26 explanted
knee prostheses designed to replace only one condylar surface (unicondylar knee
replacement, or UKR) or both condylar surfaces (total knee replacement, or TKR) of the
knee. The femoral components and tibial baseplates of these prostheses were fabricated
from various materials such that each prosthesis had one of four common material pairs:
CoCrMo femoral components and CoCrMo tibial baseplates; CoCrMo femoral
components and TiAlV tibial baseplates; TiAlV femoral components and TiAlV
baseplates; and OxZr femoral components and TiAlV baseplates. Seven of these
prostheses were selected for further analysis, making sure to select at least one for each of
the material pairs (Table 2.2). Patient demographics, as documented in the explant
databases, were typical for knee joint replacement patients, including duration of function
ranging from 5 to 19 years (Table 2.3).
Explant
TKR1
TKR2
TKR3
TKR4
UKR1
UKR2
UKR3

Femoral
Component
TiAlV
CoCrMo
CoCrMo
OxZr
CoCrMo
CoCrMo
CoCrMo

Tibial
Baseplate
TiAlV
TiAlV
TiAlV
TiAlV
TiAlV
CoCrMo
CoCrMo

Manufacturer

Fixation (Femoral/Tibial)

InterMedics
InterMedics
Richards
Smith & Nephew
Johnson & Johnson
Link
Link

Cementless/Cementless
Cementless/Cementless
Cemented/Cemented
Cementless/Cemented
Cemented/Cemented
Cemented/Cemented
Cemented/Cemented

Table 2.2. Material combination of the explanted knee prostheses included for analysis
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Explant

Age at Retrieval
(yrs)

Time in situ
(mos.)

Weight (kg)

Reason for
Revision

TKR1
TKR2

72.0
Unavailable

Unavailable
Unavailable

Unavailable
Unavailable

Metallosis
Unavailable

TKR3

84.9

228.0

82

PE wear,
loosening

TKR4

Unavailable

81.0

Unavailable

Aseptic loosening

UKR1

64.0

108.0

Unavailable

PE wear,
metallosis

UKR2

76.5

105.6

92

Aseptic loosening

UKR3

70.6

67.7

82

Aseptic loosening

Average

73.6

118.1

85.3

SD

7.7

63.7

5.8

Table 2.3. Patient demographics of explanted knee prostheses in present study
Following protocols established at both explant labs, all components were fixed in
formalin, cleaned using a mild detergent, sonicated and rinsed in water and ethanol, and
air-dried. A curved planar coordinate system was established to define equal numbers of
zones on the bearing surfaces of the femoral components for each TKR (194 zones) and
each UKR (40 zones) in order to adequately characterize surface roughness (Figure 2.2).
Forty zones were marked for each condyle (40 zones per UKR, 80 condylar zones per
TKR), distributed in eight rows and five columns to establish sufficient coverage [27,28].
A trapezoidal grid of 114 zones was established for the patellofemoral region of each
TKR, consisting of 10 rows of 6-16 zones each following the same inter-zone spacing
used for the condyles. Grid spacing for all seven explants were in the range of 8-10 mm
anterior-posteriorly and 3-6 mm medial-laterally. Coordinate system spacing was
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established for each femoral component from measurements between reference features
(implant-bone fixation surfaces, pegs, rims) common to all explants in this cohort.

Figure 2.2: Curved planar point grid based on a component-based coordinate system
establishing 194 zones for explanted knee replacements: 114 zones for anterior
patellofemoral region and 40 zones per condyle.
Optical microscopy (K400P Stereomicroscope, Motic Inc., Xiamen, China) and
scanning electron microscopy (Hitachi S-3400N SEM, Tokyo, Japan), were used to
visualize the damage across each femoral component’s articular surface at 120X
magnification. The prominent surface damage mode covering the most surface area of
each zone was identified by 3 experienced observers based on the illustrative damage
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atlas [28] to reach a consensus and distinguish between two-body abrasion, third-body
abrasion, adhesive wear – material transfer, adhesive wear – material removal, dulling,
pitting, and tool damage. The frequency (% of knee retrievals affected) and surface
coverage (% of zones affected) were determined for each damage mode after omitting
zones affected by intraoperative tool damage. In addition to analyses on the entire
femoral surface, the regions on the tibial baseplates that were exposed to contact with the
femoral component due to local polyethylene wear-through also were examined with
SEM.
Non-contact profilometry (NPFlex Light Interferometer, Bruker Corp., Tucson,
AZ) was used to determine surface roughness measurements of the entire articular
surface. A quantitative comparison of the roughness associated with Mode II metal-metal
wear was possible using historical data on pristine un-worn (control) CoCrMo, TiAlV,
and OxZr implants from Shida et al., 2013 [29] and explants with intentional metal-PE
articulation only. Raw profilometry scans taken at 20X magnification of a 300 x 237.6
µm area were processed by a commercially available software using a geometric
curvature and tilt filter and Gaussian regression filter to subtract effects from the
explants’ native form and waviness to isolate roughness, consistent with ISO 4287 and
ISO 11562. The parameters selected for analysis (Ra, Rz) were chosen due to their
relevance to previous studies of metal surfaces in joint replacement [10,11,18,28-33]. In
zones which exhibited adhesive wear, the 10-point average maximum height statistic, Rz,
was used to describe the height of material transfer or removal. Shape (skewness Ssk,
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kurtosis Sku) and bearing curve (Rpk, Rk, Rvk) parameters were also considered as potential
quantitative descriptors of damage modes.
Energy dispersive x-ray spectroscopy (EDX, Oxford Instruments INCA electron
dispersive spectroscope, Abingdon, Oxfordshire) was performed on femoral and tibial
explants for elemental analysis of wear marks and surface features. EDX scans at
energies of 0-20 kV were performed to confirm transferred material deposits (or other
potential regions of interest) on surfaces of explants with mixed-material combinations,
such as CoCrMo/TiAlV and OxZr/TiAlV.
Results
Gross Explant Analysis
Nearly all femoral components and tibial baseplates exhibited damage easily
observed by the unaided eye. The articular surfaces of the CoCrMo and TiAlV femoral
components displayed macroscopic wear scratches and dulling (Figure 2.3). Based on
visual comparison with unworn femoral components available in the lab, gross
dimensional change and other geometric discontinuities were noted on the explanted
TiAlV and OxZr (Figure 2.3) prostheses, consistent with material removal on the order of
several mm below the original surface. These gross geometrical changes only were
observed on the condylar zones that articulated with the tibial baseplate located under the
worn-through polyethylene insert. Of the tibial baseplates (Figure 2.4), macroscopic
roughening was also present in regions exposed by polyethylene wear-through across all
explanted TKR and UKR in this study. Gross geometrical changes (large-scale material
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loss) were present only in TiAlV baseplates which were in contact with TiAlV or
CoCrMo femoral components (Figure 2.4).

Figure 2.3: Gross photographs of articular surfaces of femoral components: TKR1TiAlV (on TiAlV); TKR2, TKR3, UKR1- CoCrMo (on TiAlV); UKR2, UKR3- CoCrMo
(on CoCrMo); and TKR4- OxZr (on TiAlV).
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Figure 2.4: Gross photographs of proximal surface of tibial baseplates; arrows indicate
wear-through regions: TKR1- (TiAlV on) TiAlV; TKR2, TKR3, UKR1- (CoCrMo on)
TiAlV; UKR2, UKR3- (CoCrMo on) CoCrMo; and TKR4- (OxZr on) TiAlV.
Microscopy and Damage Mode Characterization
Microscopic characterization of the explants’ articular surfaces revealed different
distributions of damage mode prevalence for different Mode II wear material
combinations. Representative micrographs of predominant damage modes, evaluated
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visually using optical microscope and SEM micrographs at each zone, are displayed in
Figure 2.5. Two-body abrasion was characterized by dense, linear wear marks covering a
majority of the surface; third-body abrasion was characterized by irregular, thin (< 2 µm)
scratches in various directions. Adhesive wear – material transfer was characterized by
material pile-up on top of the original surface; adhesive wear – material removal was
characterized by broad linear wear marks, often accounting for gross dimensional change.
Less common damage modes included dulling (adhesive wear in which wear scars are
added to the surface and valleys are filled during adhesion with the counterbearing),
pitting, surface fracture, and tool damage. Zone coverage of each damage mode varied
with material combination (Figure 2.6). Damage due to dulling was only present in the
TiAlV-TiAlV combination. Dimensional change from removal of material affected all
explanted femoral components except for the CoCrMo-CoCrMo explants. Material
transfer and pile-up due to adhesive wear was observed in CoCrMo-TiAlV and CoCrMoCoCrMo combinations. Failed knee explants with CoCrMo-CoCrMo or OxZr-TiAlV
were the only specimens with a significant zone coverage displaying no damage.
In all four TKR explants, only one of the two condyles contacted the metal tibial
baseplate in the polyethylene wear-through region. Therefore, the gross dimensional
change and surface coverage of adhesive damage was considerably higher for the wearthrough condyle (Figure 2.7). The surface coverages of the adhesive metal wear (material
transfer, dimensional change) are significantly lower (p=0.0309, Wilcoxon signed-rank
test) for the condyles that did not articulate with the wear-through region.
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Figure 2.5: Representative SEM micrographs of each damage mode
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Figure 2.6: Surface coverage of femoral component bearing surface by damage mode.
Damage from adhesive wear (material removal and material transfer) in red and orange.
More benign modes of damage in gray (patterned).
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Figure 2.7: Surface coverage of adhesive damage to TKR explants; comparison between
condyles that experienced polyethylene wear-through (WT) and those that did not (nonWT).
EDX spectroscopic analysis of the material transfer zones on the surface of
mixed-material combinations (TKR2/TKR3/UKR1 CoCrMo-TiAlV, and TKR4 OxZrTiAlV) revealed that TiAlV transferred to CoCrMo and the ZrNb substrate transferred to
TiAlV. In all three knee explant sets composed of a CoCrMo femoral component
articulating with a TiAlV tibial baseplate, EDX spectroscopy showed no trace of Co, Cr,
or Mo elements present on the TiAlV baseplate in the region of wear-through. However,
in all these three cases, Ti, Al, and V were confirmed to be present in pileup regions on
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the CoCrMo femoral components (Figure 2.8). The explant with OxZr exhibited an intact
oxide (ceramic zirconia) layer for most of the articular surface, with no traces of Ti, Al,
or V elements. In zones with gross dimensional change, where the ceramic layer
fractured and was removed to expose the ZrNb substrate, again no traces of Ti, Al, or V
elements were present. Upon using spectroscopy techniques on this explant set’s
baseplate at the region of wear-through, Zr was detected in the pileup region (Figure 2.9).

Figure 2.8: EDX scan of material transfer regions on CoCrMo components after in vivo
articulation with TiAlV tibial components
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Figure 2.9: EDX scan of material transfer region on TiAlV baseplate after in vivo
articulation with exposed ZrNb substrate on femoral component
Interferometry and Roughness Measurements
Roughness values for each explant’s entire articular surface varied noticeably
between different material combinations (Table 2.4), though large variations within each
material combination reflect the broad variety of damage modes affecting different zones.
Mean roughness values also varied substantially when grouped by zones exhibiting each
type of damage mode (Figure 2.10), suggesting that the damage mode by itself is not a
strong indicator for the extent of roughening. In zones where the mode of damage
included a gross dimensional change, roughness measurements themselves were not
indicative of the severity of damage at that zone or the amount of dimensional
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destruction. No correlation was found between available patient factors and roughening:
Spearman’s ρ = -0.34, 0.28, and 0.14 for weight, age at retrieval, and time in vivo
respectively.
Bearing Couple Materials

Ra (nm)

Rz (nm)

CoCrMo - CoCrMo
CoCrMo - TiAlV
TiAlV - TiAlV
OxZr - TiAlV

50 ± 39 (15-217)
138 ± 138 (22-924)
161 ± 141 (30-617)
246 ± 492 (30-2676)

917 ± 680 (159-4062)
2467 ± 2029 (354-14440)
2389 ± 1368 (333-6488)
3003 ± 4332 (528-23995)

Table 2.4. Surface roughness for 4 material combinations of explanted knee
replacements: mean ± SD (range)

Figure 2.10: Mean Ra values across all zones on all femoral implant retrievals, by damage
mode
When considering one mode of damage common to all the material couples in this
study, material removal and transfer due to adhesive wear, the average maximum height
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of the adhesively worn regions was found to vary between material combinations (Figure
2.11). Adhesive metal-metal wear resulted in significant roughening compared to control
pristine surfaces, for all material combinations. Adhesive metal-metal wear in the OxZrTiAlV system resulted in rougher surfaces with a higher magnitude of material removal
than all other material combinations.

Figure 2.11: Average Rz values for zones with adhesive wear – material removal or
transfer (red), by material combination. *Historical data from Shida et al., 2013 [29]
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Bearing ratio curve parameters (Rpk, Rk, Rvk) of the damaged surfaces had little
value to this study in comparisons across material combinations; these parameters had
large standard deviations of 40-100% of the mean values, and interpretation of the results
vary since adhesive wear resulted in material transfer in some metal combinations and
material removal in others. Skewness and kurtosis measurements did not add value as a
quantitative descriptor of damage mode, since large standard deviations arise from a
variation in number and size of abrasion marks, adhesively transferred material pile-up,
and other characteristic surface features. As such, microscopic visual examination
remained the preferred method of damage characterization.
Discussion
Failure cascades with varying material combinations
Abrasive wear between articulating metal surfaces and third body debris (abrasion
and scratching) was present on surfaces of all material combinations with polyethylene
wear-through, but most “severe” damage (based off of roughness values and zone
coverage of gross dimensional changes) was caused by adhesive Mode II wear processes
that lead to material removal and transfer. While these roughness values do not quantify
the volumetric loss or size/morphology of the debris particles, it is known that a higher
roughness of the articular surface corresponds to higher in vivo wear rates [34-36]. All
similar (CoCrMo-CoCrMo and TiAlV-TiAlV) and dissimilar (CoCrMo-TiAlV and
ZrNb(substrate)-TiAlV) metal combinations experienced adhesive wear in vivo, while
the one case of ceramic oxide-metal pairing (OxZr surface-TiAlV) did not result in
adhesive wear between these surfaces. The lack of adhesive wear between the ceramic

	
  

33	
  

zirconia surface and the Ti alloy is plausible due to the high bond strength of the Zr and
O atoms (ΔHf298 = 760 kJ/mol [37]) compared to any metallic bond that may form
between Zr and Ti (both column IV-B elements with bond energy 77.90-101.05 kJ/mol
[37]).
The failure cascades of the mixed-metal combinations were consistent with the
known mechanism of adhesive wear. Adhesive wear occurs when high shear forces
during articulation lead to mechanical destruction of the passive film (<10 nm) of these
corrosion-resistant materials and the exposure of the bulk metal, coupled with new bond
formation between the surface asperities. In the case of the mixed-metal combinations,
the softer material was found to transfer to the harder material during adhesive wear.
Since hardness is an indirect measure of bond strength [21], it follows that bonds formed
during mixed-metal adhesion would be stronger than the bonds between like atoms in the
softer material. Continued shearing after these mixed-atom bonds form then results in the
separation of cleavage planes in the softer material, completing the transfer of softer
metal debris to the harder metal.
Surface analyses of the TKR4 explant demonstrate that if the polyethylene insert
wears through during in vivo surface, fracture occurs first at the surface of the OxZr
component, and then wear processes continue beneath. The malaligned contact stresses
and non-conforming round-on-flat design of this unintentional OxZr-TiAlV articulation
lead to local surface fracture due to the ceramic’s inherently low fracture toughness
(Table 2.1). Once the integrity of the ceramic surface layer was degraded, the ZrNb
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metallic substrate underneath was removed in large quantities during adhesive wear due
to its low relative hardness (Table 2.1) compared to the TiAlV baseplate.
The failure cascade of the oxidized zirconium femoral component (in explant
“TKR4”) differed from in vitro wear simulator a deformable material (polyethylene), no
in vitro two-body wear tests have been performed on oxidized zirconium on another
metal using known knee physiological loading conditions. In a third body wear study by
Ries et al., the oxidized zirconium surface resisted wear and roughening from abrasive
debris with a marked improvement over CoCrMo [20]. Previous work on the wear
behavior of pure ceramic zirconia against titanium demonstrated abrasive wear and no
adhesion between these surfaces [40], while the present study indicates that zirconia as a
thin surface layer cannot survive direct articulation with a non-conforming titanium
component in knees.
A few prior case studies have demonstrated a similar failure cascade with this
material couple, though the circumstances of unintentional OxZr-TiAlV interaction vary.
One case of severe surface ZrO2 fracture and subsequent gouging of the Zr alloy occurred
in a total hip implant after in vivo dislocation [41]. In another hip explant study, some
regions on an OxZr femoral head displayed ceramic fracture and exposure of metal
substrate 48 hours after the index surgery, suggesting that the ceramic layer has the
ability to fracture during surgery [42]. Recently, more cases of localized surface fracture
of oxidized zirconium femoral components have been reported [43]. While this surface
hardened material is advantageous during normal articulation with polyethylene, these
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studies and the present work indicate new risks for in vivo situations where iatrogenic
damage, dislocation, or polyethylene wear-through/fracture occur.
Limitations
While the characteristics of unintended metal-metal wear in these four material
combinations are addressed in this explant analysis, various in vivo parameters- such as
wear rate, wear particle size and morphology, and length of in vivo service after
polyethylene failure and before revision surgery- were unavailable for comparison.
Without an accompanying study of the released wear particles themselves, local
histological reactions, and some estimate of wear rate, it is not conclusive which material
combinations result in the most severe clinical implications. The surface roughening
observed is a function of material properties, third body debris, loading conditions, and
number of unintentional metal-metal wear cycles. While the explant analysis does not
allow for incorporation of these in vivo variables, it provides an understanding of how the
surfaces were initially disrupted and how the wear processes further degraded these
materials. It should be noted that a recommendation on the material selection of knee
prosthesis components should not be based solely on the consequences of polyethylene
wear-through, since this is an uncommon event affecting less than 10% of failed knee
prostheses.
Conclusions
The reality of Mode II metal-metal wear during in vivo polyethylene failure of
knee replacements has not been observed in laboratory in vitro wear testing. This present
explant study consists of 7 sets of knee replacements in which the polyethylene failure by
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wear-through and fracture resulted in high shear stresses and metal-metal wear. The
major findings are:
i.

The material properties of the components unintentionally articulating affect
the types of damage endured as well as the severity of surface roughening
during in vivo function.

ii.

While newer surface-hardened materials have demonstrated advantages in
their behavior with polyethylene and 3rd body abrasion, the low fracture
toughness of the ceramic surface and poor hardness of the metal substrate can
lead to catastrophic material loss in certain failure cases such as polyethylene
wear-through.

iii.

Among the four unintentional material couplings investigated, the CoCrMoCoCrMo pairing suffered the least dimensional change (material loss) and
roughening from adhesive wear after polyethylene failure occurred.
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CHAPTER THREE
POLYVINYL SILOXANE MOLDS FOR NONDESTRUCTIVE SURFACE FEATURE
METROLOGY OF FAILED JOINT PROSTHESES

Introduction
Failure Analysis of Surgical Prostheses Used in Joint Replacement
Many joint prosthesis designs incorporate modular junctions consisting of bore
and cone tapers in order to provide interchangeability of different device components
(Figure 3.1). While modularity provides for numerous surgical advantages [1,2], the
metal taper surfaces of modular junctions can exhibit damage from fretting and corrosion
(Figure 3.2) due to severe local mechanical and electrochemical kinetics [3-5]. Surface
profilometry analysis (e.g. white light interferometry or atomic force microscopy) is
useful for quantifying such damage on taper surfaces of explanted joint prostheses [6,7].
However, the bore taper surface is particularly difficult to assess microscopically without
destructive sectioning, which can obscure surface features or result in sectioning artifacts.
While non-destructive out-of-round metrology can provide 2-D profilometric data
perpendicular to the taper axis [8], it does not provide 3-D scans of isolated areas on the
bore taper surface. The purpose of this study is to identify and validate an indirect method
of measuring the 3-D surface topography of bore taper surfaces for use in analysis of
failed joint prostheses after they have been removed (explanted) from patients.
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Figure 3.1: Schematic of modular hip joint prosthesis

Figure 3.2: Corroded metal tapers from a failed modular knee prosthesis: taper surfaces

	
  

43	
  

Polyvinyl Siloxane Impressions
Polyvinyl siloxane (PVS) impression materials have been successfully used for
non-destructive assessments and detail reproduction in the forensic and dental fields [9],
but their application to failure analysis of joint prostheses has not been validated.
Compared to other commercially available dental impression materials, PVS has a
superior combination of mechanical properties, including elastic recovery, tear strength,
and stability over time [10]. The dental industry requires that elastomeric impression
materials be capable of reproducing features at least as small as 0.020 mm in width [11],
though reproduction of even finer features has been reported [12]. This study aims to
compare medium and light viscosity PVS impression materials using several
profilometric parameters relevant to failure analysis of modular interfaces of explanted
joint prostheses: average roughness, peak-to-valley height, spatial distance between
surface asperities, and shape (skewness and kurtosis).
Methods
Light and medium viscosity PVS (416C & 416A, Doje’s Forensic Supplies,
Ocoee, FL, United States) were used to make 10 impression molds each of three various
textured surfaces commonly encountered during failure analysis of explanted joint
prostheses. These surfaces included a manufacturer-roughened tibial baseplate, a smooth
femoral head, and a bore taper from an explanted modular knee prosthesis, representing
Grossly Rough, Grossly Smooth, and Machined surfaces, respectively. Polymethyl
hydrogen siloxane and polydimethyl siloxane were dispensed from a dual cartridge
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applicator through a mixing tip [10] and applied starting at the inner base of the bore
tapers (Figure 3.3a). Application of the impression material onto the Grossly Rough and
Smooth surfaces was performed similarly, with the mixing tip making contact with the
prosthesis surface. The bore tapers were slightly over-filled with the polymer mixture
before gently pressing a plastic grated anchor (e.g. tissue processing cassettes, VWR
International) onto the end and topping off with additional PVS to provide a stable base
(Figure 3.3b). The polymerization reaction was complete within 60 seconds of
application [9], and the PVS mold was gently pulled away from the bore taper manually
by the anchor (Figure 3.3c).

Figure 3.3: Application (a,b) of two-part polyvinyl siloxane (PVS) to bore taper of a
modular knee prosthesis and subsequent removal (c).
Prosthesis surfaces and PVS molds were visually assessed using optical
microscopy at 120X final magnification (K400P Stereomicroscope, Motic Inc., Xiamen,
China) to locate regions of interest and confirm that there were no micro-cracks or metalPVS removal artifacts. The actual prosthesis surfaces (Grossly Rough, Smooth, and
Machined) and the PVS mold surfaces were evaluated using a non-contact profilometer
(NPFlex Light Interferometer, Bruker Corporation, Tuscon, AZ, United States) to acquire
10 topographic scans within a defined 3 mm x 3 mm region for each prosthesis or PVS
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surface. White light interferometry was chosen as a suitable profilometric technique due
to the necessity of non-contact methods for elastomeric polymer materials [13], as well as
the optical suitability of white light over single-wavelength laser for polymer materials
with various colorants [13,14]. Form (tilt and curvature) and waviness (Gaussian
regression subtraction) filters were applied on the raw profilometric scans using Vision64
software (Bruker Corporation) to isolate the roughness parameters based on ISO 4287
and ISO 11562 guidelines [15,16].
Profilometric parameters of interest were chosen based on applicability to surface
failure analysis of explanted joint replacements and prevalence in similar studies of the
suitability of elastomeric impression materials [14,17,18]. Average roughness Sa and root
mean square roughness Sq, common profilometric descriptors for explant analysis, were
recorded for all prosthesis surfaces and the corresponding regions on the PVS mold
surfaces. Additional parameters – spatial periodicity Sm (practical for measuring distance
between surface asperities), mean peak-to-valley height Sz, skewness Ssk, and kurtosis
Sku – were recorded for the Machined surfaces (Fig. 3.4). Acquired data was evaluated
using statistical software (Minitab v10.0, Minitab Inc., State College, PA) to assess
normalcy and repeatability. The distribution of average roughness measurements
acquired from the PVS molds were assessed for normalcy and then repeatability of
texture reproduction (n = 10, for each type of original surface) using the intra-class
correlation coefficient ICC (Eqn. 1) [19], where an ICC of 0 refers to 0% of the variation
between measurements explained by differences in PVS molds taken in the same region.
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Measurements on the original surfaces and PVS molds were compared for surface
reproduction accuracy using two-tailed independent t-tests.
Eqn. 1: ICC = τ2 / (τ2 + σ2) ,
where τ2 is the mean squares (variability) between the average of 10 repeated PVS
impressions, and σ2 is the “measurement error” or mean squares (variability) within the
10 measurements taken of a single PVS impression.

Figure 3.4: Profilometric parameters applicable to joint prosthesis failure analysis: Mean
peak-to-valley height Sz is defined as the arithmetic mean of 5 greatest peak-to-valley
heights Sz(i) for a given profilometric scan. Mean spatial periodicity Sm is defined as the
arithmetic mean of the spatial distance Sm(i) between two points at the height of the
mean plane with at least one peak and one valley (having an amplitude surpassing the
threshold peak height value) between them. Shape parameters Ssk and Sku refer to the
shape of the height distribution function as it compares to a Gaussian distribution
centered on the mean plane height.
Results and Discussion
Light viscosity PVS molds achieved a high degree of conformity to the Grossly
Rough, Grossly Smooth, and Machined surfaces, while medium viscosity PVS was
unable to achieve sufficient detail reproduction to merit further consideration for this
application involving explanted joint prostheses. Upon separation of the PVS molds from
the bore taper surface, no tearing, cracks, or striations were visually evident for either
light or medium viscosity PVS, confirming full elastic recovery. The intra-class
correlation coefficient for light viscosity PVS molds, based on Sa were 0.082, 0.073, and
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0.045, and the coefficients for medium viscosity PVS molds were 0.066, 0.036, and 0.019
for Grossly Rough, Grossly Smooth, and Machined surfaces respectively. Therefore, less
than 10% of the variation in profilometric measurements is due to variability between the
prosthesis surfaces and PVS mold surfaces and the PVS impression technique has
satisfactory repeatability. Conversely, over 90% of any variation in profilometric
measurements is due to variability among multiple measurements taken on a single
surface, reflecting broadly distributed surface features within a given region of interest on
these specimens (Figure 3.5).

Figure 3.5: Profilometric scans of Grossly Smooth surface and the two types of PVS
impression molds. Red peaks in light viscosity PVS mold (denoted by arrows)
correspond to blue depressions (scratches) in the original surface. Medium viscosity PVS
was unable to capture finer surface textures from the original surface and resulted in
impression artifacts (denoted by arrows).
While the repeatability of both light and medium viscosity PVS impression
protocols was excellent, the reproducibility of surface features by medium viscosity was
poor. Medium viscosity PVS molds had a significantly higher roughness (p = 5.107 e-9)
than the actual Smooth (Sa < 40 nm) prosthesis surfaces and significantly lower
roughness (p = 7.923 e-6) than the actual Grossly Rough (Sa > 600 nm) prosthesis
surfaces (Figure 3.6). Light viscosity PVS molds had roughness values statistically
similar to the original prosthesis surfaces in regions with varying magnitudes of
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roughness (Sa ranging from 20 nm to above 600 nm). In contrast, medium viscosity PVS
created impression artifacts (Figure 3.5) and was unable to adequately replicate the
smoothest surfaces and roughest surfaces included in this assessment; therefore it was
excluded from further analysis.

Figure 3.6: Average roughness values for Grossly Rough, Smooth, and Machined
surfaces molded using light viscosity PVS and medium viscosity PVS compared to the
actual prosthesis surfaces. * Indicates significantly different (p < 0.001) from the
roughness of the actual prosthesis surfaces
Spatial periodicity and peak-to-valley height on the Machined surfaces were
reproduced using the light viscosity PVS, confirming accurate detail reproduction that
conformed to the original bore taper surfaces (Figure 3.7). Values for average roughness,
spatial periodicity, peak-to-valley height, and kurtosis were all statistically similar (Table
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3.1), and values for skewness were complimentary, consistent with successful
reproduction of finer shape details of sharp peaks and broad valleys, as a negative with
broad peaks and sharp valleys. Light viscosity PVS molds are suitable for surface failure
analysis with micro-scale features as fine as 2.6 µm in size based on the successful
reproduction of machine line height and corrosion pits (Figure 3.7).
Parameter

Meaning

1

Sa

Average roughness

1

Sq

Root mean square roughness

1

Sz

Mean maximum peak-to-valley height

1

Mean spatial periodicity
Skewness; 0 indicates Gaussian height distribution,
positive values indicate sharp peaks and broad
valleys, negative values indicate broad peaks and
sharp valleys
1
Sku
Kurtosis; 3 indicates mesokurtic (normal height
3.17 ± 0.27
distribution), > 3 indicates leptokurtic (narrow peak
in height distribution), < 3 indicates platykurtic
(broad peak in height distribution)
1
H0: S(original) = S(light visc. PVS); Ha: S(original) ≠ S(light visc. PVS)
2
H0: S(original) = -S(light visc. PVS); Ha: S(original) ≠ -S(light visc. PVS)
2

Sm
Ssk

Original
Machined
Surface
0.471 ± 0.041
µm
0.593 ± 0.044
µm
2.636 ± 0.428
µm
54.1 ± 1.1 µm
0.26 ± 0.17

Light Viscosity
PVS Mold
0.468 ± 0.069
µm
0.597 ± 0.079
µm
2.732 ± 0.415
µm
54.9 ± 0.8 µm
-0.22 ± 0.10

3.38 ± 0.33

Table 3.1. Comparison of profilometric parameters of the original Machined surface and
the light viscosity PVS molds. No statistically significant differences noted between
original surface and PVS molds.
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Figure 3.7: Conformity of light viscosity PVS to original Machined bore surface: broad
valleys in original bore surface correspond to broad peaks in PVS mold. Pits in original
surface are reproduced as sharp peaks in PVS mold.
This procedure provides a rapid, repeatable method for nondestructive, indirect
analysis of bore taper surfaces of explanted joint prostheses with modular junctions and
enables measurement and characterization of damage artifacts. Fretting scars, often
several microns wide and up to 50 µm long, could be accurately captured by a light
viscosity PVS mold. Corrosion pits, often 2-10 µm in width and depth, could also be
accurately reproduced. Lateral spacing or size measurement of damage artifacts could be
measured as well, since the geometry is accurately reproduced without any plastic
deformation or tearing upon removal of the PVS mold. Exposing the inaccessible
surfaces of the bore taper by destructive sectioning the modular taper can take 20-30
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minutes with a precision saw and results in loss of material, while this impression
protocol can be completed in under 60 seconds. Analysis of a large sample cohort of
explanted joint prostheses with modular junctions may benefit from this high-throughput
method for capturing and measuring surface profiles. While medium viscosity PVS is
unsuitable for this application, light viscosity PVS provides accurate reproduction of
surface textures having details as fine as 0.5 to 3 microns, suggesting the importance of
mixture rheology prior to polymerization.
Conclusions
The ability to replicate features at the sub-micron scale validates the use of PVS
impressions for non-contact profilometric measurements as an alternative to destructive
analysis. The excellent detail reproduction and near-100% elastic recovery resulted in a
fast, repeatable method for producing defect-free negatives of bore taper surfaces for
indirect analysis of explanted joint prostheses. Light viscosity PVS negatives had
consistently similar roughness values to the broad variety of original explant surfaces,
while medium viscosity PVS added impression artifacts to very smooth surfaces and did
not reproduce all fine asperities on very rough surfaces. The rheological properties of the
light viscosity mixture prior to polymerization allow excellent detail reproduction of
features as small as 0.5-3 µm, confirming prior studies on detail reproduction of fine lines
[12] and making it suitable for analysis of microscopic details on surfaces. This method
adds another option to current failure analysis protocols applied to explanted joint
prostheses and promotes rapid, accurate characterization of bore taper surfaces of
modular joint prostheses after in vivo function.
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CHAPTER FOUR
INFLUENCE OF DESIGN ON FRETTING CORROSION IN RETRIEVED REVISION
KNEE PROSTHESES WITH MODULAR STEM EXTENSIONS

Introduction
Modern joint prostheses commonly incorporate modular junctions in the design to
provide intraoperative flexibility and a manageable inventory of components needed to
address various bone defects [1-3]. Modularity increases the surgeon’s options related to
component size and materials [4-6] during primary arthroplasty [7], as well as during
revision arthroplasty [8]. Contemporary hip prostheses usually have at least one modular
taper junction, while knee prostheses only incorporate modular taper junctions when stem
extensions are necessary, often in complicated revision procedures [1,9]. It is likely that
concerns associated with modularity are better documented for hip prostheses [10] due to
the higher prevalence of modular junctions in total hip prostheses.
While the benefits of modularity are well established for joint prostheses, there
are lingering concerns about localized corrosion at taper junctions. Galvanic corrosion in
modular junctions is thought to play a role in taper junctions when other forms of
corrosion are also involved [11-13], though in other cases this may not be a major factor
that leads to surface degradation [14,15]. The geometries of taper junctions themselves
lead to crevice environments where chloride ions are attracted and reach sufficiently high
concentrations to result in accelerated localized corrosion [16]. This type of damage has
been observed in several retrieval studies of modular hip prosthesis tapers [17,18]. In
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addition to corrosion, release of metal debris due to wear and fretting specifically affects
modular taper surfaces [19]. Bore and cone tapers mate and ideally form a lock that
resists relative movement between the components until disassembly during revision
surgery [20,21]. However, evidence of displacements less than 100 µm parallel to the
taper axis have been noted on modular taper surfaces after in vitro [22-24] and in vivo
[25,26] cyclic loading. This micromotion results in mechanical disruption of the taper
surfaces [19,27], and the thermodynamic corrosion reaction is able to occur freely in
areas where the passive film is disrupted [26,28]. The high prevalence of fretting
corrosion in modular joint prostheses at the time of revision surgery persists in recent
reports [29, 30]. Finally, taper junctions are subject to a variety of compressive and
tensile stresses during in vivo function, and it is possible that the stresses themselves or
the resulting strained material leads to localized corrosion [31,32].
Clinical consequences from corrosion at modular junctions may include elevated
serum levels of metal ions and systemic metal allergy, aseptic local tissue reactions,
instability at the taper interface, and metallosis [33]. While a few case reports [34,35]
have linked the corrosion observed on retrievals with the in vivo consequences, most
large-scale retrieval studies with corrosion results [26,30,36,37] have found that a broad
range of clinical outcomes exist. The most common reasons for revision include
excessive pain, infection, loosening, and polyethylene wear, which are inspecific to the
type or location of implant degradation, and beg the question: how often do corroded
modular tapers result in metal-related pathologies? A recent review article on the clinical
consequences of taper corrosion suggests that the clinical risks of modularity need to be
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better understood and there is a need to define realistic monitoring protocols [38].
Another review found that only 68/162 studies reported clinical consequences attributed
to modular junction failure, with the only reports on adverse local tissue reactions
associated with taper corrosion published in 2010 or later [39]. Retrieval studies coupled
with histology reports could identify the design effects and patient factors on corrosion,
as well as the effects of taper degradation on the surrounding tissues.
The objective of this retrospective single-center study was to document the
amount and distribution of surface corrosion that was observed on a set of retrieved knee
prostheses with modular stem extensions, and to determine any associations between
corroded modular tapers and metal-related pathologies. The amount of surface corrosion
was compared across different knee prosthesis designs, disassembly forces, anatomic
location, alloy couplings, patient demographics, and clinical records. Since the effects of
these variables were found to be significant in prior studies on corrosion or fretting
micromotions in modular hip prostheses [10,13,18,19], it was hypothesized that some or
all of these variables may be correlated with the amount of corrosion observed in modular
knee prostheses. It was also hypothesized that the amount of surface corrosion would
affect histological observations.
Materials and Methods
Implant Retrieval and Archiving
Out of 316 retrieved knee prosthesis components collected consecutively after
revision knee arthroplasty by the surgeon co-authors (JL, SK) between 2011-2014, 60
femoral or tibial components included a modular stem extension. Retrieved prostheses
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were archived in an IRB-approved explant registry. Thirty-eight prosthesis components
met the following inclusion criteria: (1) Prosthesis was explanted by the same surgical
team at the same clinical center; (2) Component belonged to a total knee prosthesis with
modular stem extensions on the femoral and tibial components; (3) TKR design was
either the RT Plus (Plus Orthopaedics) or NexGen RH (Zimmer) design (Table 4.1), as
necessitated by the need for at least 3 prostheses of a single design for statistical reasons;
(4) All metal components were available for analysis, including stems, set-screws,
through-bolts, sleeves, tibial baseplates, femoral articulating components, and
augmentation blocks. Finally, 27 components were randomly selected for analysis, of
which 26 were successfully disassembled.
The patient clinical history and histology reports for each retrieved prosthesis was
abstracted from available medical records and summarized (Table 4.2). The included
TKR were explanted from 15 patients (10 female and 5 male) after an average duration of
3.95 ± 2.71 (range, 0.1 to 11.2) years in vivo. Average patient age and BMI at the time
of revision was 74.05 ± 5.53 (range, 66.83 to 88.64) years and 30.14 ± 4.69 (range, 19.81
to 37.18), respectively. All patients had endured one or more prior knee arthroplasty
procedures, except one who received a TKR with stem extensions as a primary surgery
due to posttraumatic osteoarthritis.
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Manufacturer
information
Mechanical
locking of
taper

Manufacturer
Brand
Conical or threaded
Machine line depth on
bore b
Machine line depth on
cone b
Set screws
Through-bolt
Stem extension assembly
instructions

Experimental
design

Design A
Plus Orthopaedics a
RT Plus Modular Knee
Conical
2.0 ± 0.2 µm

Design B
Zimmer
NexGen RH Modular Knee
Conical
1.3 ± 0.1 µm

3.1 ± 0.4 µm

1.9 ± 0.3 µm

1
No
Tibial or femoral
component placed on
assembly block.
Automatic hammer
placed on stem, and is
used to impact the stem
three times. Set screw is
tightened with
screwdriver. [40]
9
8
17

2, on femoral components only
On tibial components only
Stem extension manually
inserted to achieve “snug” fit.
While stem extension is
protected, a two-pound mallet
is used to strike it solidly one
time. Set screws or throughbolt are tightened with
screwdriver. [41]

Femoral components
Tibial components
n (total)
a
Acquired by Smith & Nephew in 2007
b
Measured from non-corroded regions on retrievals

6
4
10

Table 4.1. Taper design features of TKR with modular stem extensions
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Prosthesis
number

Patient
number

Sex/Age
at
retrieval

BMI

Design

Component

Bore
taper
material

Cone
taper
material

A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
A11
A12
A13
A14
A15
A16
A17
B1
B2
B3
B4
B5
B6
B7
B8
B9
B10

1
1
2
2
3
3
4
4
5
5
6
6
7
8
8
9
9
10
10
11
11
12
12
13
13
14
15

F/68.5
F/68.5
M/74.2
M/74.2
F/75.1
F/75.1
M/71.6
M/71.6
F/85.1
F/85.1
F/76.9
F/76.9
F/69.0
M/69.8
M/69.8
F/74.5
F/74.5
F/74.8
F/74.8
M/69.9
M/69.9
M/66.8
M/66.8
F/75.5
F/75.5
F/88.6
F/77.1

24.4
24.4
26.4
26.4
31.1
31.1
33.7
33.7
19.8
19.8
31.2
31.2
33.3
29.9
29.9
33.5
33.5
37.2
37.2
34.6
34.6
28.4
28.4
35.7
35.7
30.4
25.3

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
B
B
B
B
B
B
B
B
B
B

Femoral
Tibial
Femoral
Tibial
Femoral
Tibial
Femoral
Tibial
Femoral
Tibial
Femoral
Tibial
Femoral
Femoral
Tibial
Femoral
Tibial
Femoral
Tibial
Femoral
Tibial
Femoral
Tibial
Femoral
Tibial
Femoral
Femoral

TiAlV
TiAlV
CoCrMo
CoCrMo
TiAlV
TiAlV
TiAlV
TiAlV
CoCrMo
TiAlV
CoCrMo
CoCrMo
TiAlV
TiAlV
TiAlV
TiAlV
TiAlV
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo

CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
CoCrMo
TiAlV
TiAlV
TiAlV
TiAlV
TiAlV
TiAlV
TiAlV
TiAlV
TiAlV
TiAlV

Number
of prior
knee
surgeries
4
4
8
8
2
2
9
9
3
3
0
0
7
6
6
3	
  
3	
  
3
3
5
5
4
4
3
3
2
2

Time
in
vivo
(years)
1.5
1.5
1.0
1.0
4.8
4.8
0.1
0.1
2.9
2.9
1.9
1.9
3.8
7.7
7.7
3.6
3.6
6.6
6.6
5
5
6.4
6.4
2.5
2.5
6.3
11.2

Table 4.2. Summary of knee prostheses and patient demographics
Upon removal during revision surgery, the explanted components were assigned a
unique identifying number and handled according to standard protocols for implant
retrieval. Each TKR was fixed in formalin for >48 hours, rinsed in tap water, air dried,
packaged in absorbent cloth, and then sealed in labeled plastic bags and shipped to the
lab. Upon receipt, each component was cleaned and disinfected by sonication and rinsing
in a mild detergent (Liquinox, Alconox Inc., White Plains, NY), deionized water, and
ethyl alcohol. Each knee prosthesis, including either a tibial baseplate, tibial stem
extension, and screws/augments, or a femoral condylar replacement, femoral stem, and
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screws/augments, was disassembled as recommended by ISO 7206-10/ASTM F2009
[42,43] using a servohydraulic test system (Instron, Norwood, MA) for a previous study
[44] wherein peak disassembly forces were compared against patient demographics and
design parameters. After disassembly, exposed taper surfaces were cleaned and
disinfected by the same sonication protocol.
Assessment of Surface Corrosion Area
Surface damage was evaluated on the cone tapers using a photogrammetric
measurement method adapted from Harman et al [27] and on the bore tapers using visual
criteria with 40-point profilometric scans to determine the total taper junction surface
area with visual evidence of gross corrosion, hereafter referred to as “surface corrosion
area”. Surface corrosion areas were defined on high-resolution photos and 3D profile
scans as areas with macroscopic features consistent with corrosion. These features were
characterized by a white frosted appearance, discoloration, burnishing, or corrosion
products that obscured three or more consecutive machine lines. The profilometric
imaging protocol was developed as an additional indirect method of measuring the
surface corrosion area, and validated against the photogrammetric method.
The photogrammetric method was used to manually determine the surface
corrosion area of the cone tapers, expressed as a percentage of the total taper junction
surface. High-resolution calibrated photographs from each of the four anatomic sideviews of the cone taper (anterior, posterior, medial, lateral) were acquired using a digital
camera (D60 with MicroNikkor lens, Nikon, Melville, NY) (Figure 4.1a). Open-source
software (ImageJ, NIH) was used to calibrate the image, measure diameters and taper
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junction length, and to manually segment the boundaries of the 90° quadrant at six- 15°
increments, assuming a conical taper geometry (Figure 4.1b). Three users were trained to
visually identify surface corrosion regions using low magnification optical microscopy
and manually digitize the regions for measurement, and the intra- and inter- user accuracy
was recorded based on the user training described in Harman et al [27]. Measured regions
in each 15° segment (Figure 4.1c) were corrected to account for the projection of the
conical three-dimensional geometry to a two-dimensional photograph.
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Figure 4.1. High-resolution photograph of cone taper (a) with 15° radial increment grid
overlay of a 90° anterior quadrant (b) and manual user selection of surface corrosion
areas within each 15° region (c).
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The profilometric method for determining surface corrosion area on bore tapers
consisted of three-dimensional scans acquired at 40 points uniformly distributed on each
taper junction surface with a white light interferometer (NPFlex Optical Interferometer,
Bruker, Billerica, MA) using a 10X super-long working distance objective lens. Five
equidistant points were scanned on each of the four main (anterior, medial, posterior,
lateral) and four intermediate (anterior-medial, posterior-medial, anterior-lateral,
posterior-lateral) anatomic views (Figure 4.2). Each point was described as “grossly
corroded” or “not grossly corroded”, based on the criteria for gross corrosion features
described above that measured 50 µm or larger (Figure 4.3). Points with no gross
corrosion had a machined surface with no microscopically discernable defects, had
mechanically flattened peaks, or had microscopic defects below 50 µm in size. The
surface corrosion areas of the bore tapers was calculated as a percentage out of the 40
profiled points.

Figure 4.2. Schematic of 40-point profilometric scans on cone tapers (left) and PVS
molds (right) of bore taper surfaces
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Figure 4.3. Representative three-dimensional profiles of taper regions that were not
grossly corroded (a,b) and grossly corroded (c,d). Grossly corroded regions had evidence
of macroscopic pits (c), build-up of corrosion products (d), or at least three consecutive
machine lines obscured by corrosive damage (d). Regions that were considered to not
have gross corrosion had undamaged machine lines with no build-up of corrosion
products (a) or had microscopic pits under 50 um (b).
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Since the bore taper surfaces were not directly accessible using optical
profilometric methods, the surface corrosion areas were evaluated on high resolution
polyvinyl siloxane (PVS) molds of the otherwise inaccessible bore taper surface. Lightviscosity PVS (Doje’s Forensic Supplies, Ocoee, FL) was applied using a dual-cartridge
applicator with a mixing tip at the base of each bore taper, and anchored at the base with
a plastic grate as described by Panigrahi et al [45]. PVS molds were marked for anatomic
location and removed manually after 60 seconds. While the PVS molds did not replicate
any discoloration on the original bore taper surfaces, the corroded topography was
preserved [45] (Figure 4.4).

Figure 4.4. Light viscosity PVS molds were used to reproduce inaccessible bore taper
surfaces of explanted modular TKRs. A bore taper surface with no gross corrosion is
pictured in the top row; bore taper surface with gross corrosion is pictured in the bottom
row. Red rectangles indicate corresponding regions on bore tapers and PVS molds.
Colored profile legends are in µm.

	
  

66	
  

Damage Mode Characterization
In addition to surveying each taper surface to measure the surface corrosion area,
the mode(s) of corrosion evident on each taper surface were determined based on the
gross visual localization of corrosion products and microscopic evidence of fretting.
Crevice corrosion was characterized by a ring of corrosion products, likely titanium or
chromium oxides, at the edge of the taper junction (Figure 4.5a). Fretting corrosion was
characterized by regions of discoloration and irregular regions of oxide build-up across
the taper junction length, often in the same areas with fretting asperity wear marks 25100 µm perpendicular to circumferential machine lines (Figure 4.5b). If evidence of both
types of corrosion was present, this was noted.

Figure 4.5. Evidence representative of crevice (a) and fretting (b) corrosion on modular
tapers of knee prostheses. Crevice corrosion was characterized by a white or discolored
frosted ring at the base of the taper junction. Fretting corrosion was characterized by
large burnished or discolored regions with fretting scars (horizontal in example
micrograph) perpendicular to the circumferential machine lines (vertical in example
micrograph). Micrograph scalebars are 100 µm.
Representative sections of bore and cone tapers on Design A and B prostheses
were taken normal to the taper axis. Tapers were mounted in a conductive embedding
medium (Technovit 7200, Kulzer, Hanau, Germany), sectioned with a diamond blade
precision saw (Isomet 5000, Buehler, Lake Bluff, IL), and polished sequentially with SiC
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grit paper and colloidal diamond paste on polishing cloths. Interfaces (between the metal
and any oxide products) and surfaces (metal without corrosion oxide buildup) were
examined for any evidence of corrosion cracks or pits with a scanning electron
microscope (S3400, Hitachi, Tokyo, Japan).
Data Analysis
The effects of categorical and numerical variables on the surface corrosion area
were determined using several non-parametric statistical tests (MiniTab 15, Minitab Inc.,
State College, PA). A preliminary validation of the statistical similarity between the
photogrammetric and profilometric imaging methods was established with a pairedsample Wilcoxon test on the surface corrosion area measured on cone tapers. The effect
of taper design (A or B), patient’s sex (M or F), metal combination (similar or mixed) of
Design A tapers, component (femoral or tibial), crevice corrosion evidence (no or yes),
and fretting corrosion evidence (no or yes) on the surface corrosion area were determined
individually with Mann-Whitney ranked-sum tests. Paired-sample Wilcoxon tests were
performed on the surface corrosion area on bore and cone of the same component,
surface corrosion area on medial and lateral quadrants of each cone taper, surface
corrosion area on anterior and posterior quadrants of each cone taper, and surface
corrosion area on the femoral and tibial modular tapers on the same TKR. Spearman’s
Rho correlations were determined between time in vivo and surface corrosion area,
between patient’s BMI and surface corrosion area, between patient’s age at retrieval and
surface corrosion area, between number of previous surgeries and surface corrosion area,
and between disassembly force and surface corrosion area. Chi squared tests were used to
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assess dependence or independence of categorical results (design, evidence of crevice
corrosion, evidence of fretting corrosion, absence/presence of metallosis).
Results
The criteria distinguishing regions with and without gross corrosion resulted in
similar measurements for both photogrammetric and profilometric imaging techniques.
The 40-point profilometric imaging method of approximating the surface corrosion area
was found to be statistically similar to the photogrammetric method (p = .570). Since
PVS molds are able to replicate macroscopic and microscopic surface features applicable
to corrosion analysis of tapers [32], and since the method of measuring the gross
corrosion on the taper junction area does not affect the results, comparison of
photogrammetric measurements on cone tapers and approximation based on indirect
profilometric analysis of bore tapers was deemed valid. Inter- and intra- user
measurement accuracy in an acceptable range (± 4.45% and ± 1.34%, respectively).
In general, the disassembled cone tapers displayed a notable variety in surface
corrosion area and visual localization of corrosion (Figure 4.6). The differences in surface
corrosion area from taper design (A or B), fretting corrosion (no/yes), and anatomic
location (anterior/posterior) were found to be significant at p < 0.05 (Table 4.3). Metal
combination (similar/mixed), component (femoral/tibial, overall and paired), crevice
corrosion (no/yes), and patient’s sex (male/female) did not have significant differences
among surface corrosion areas (Table 4.4). Correlations were determined to be negative
for disassembly force and surface corrosion area (Table 4.3, Figure 4.7), and statistically
insignificant for time in vivo and surface corrosion area, number of previous surgeries
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and surface corrosion area, age at retrieval and surface corrosion area, BMI and surface
corrosion area, and time in vivo and surface corrosion area (Table 4.4). Patients who had
evidence of metallosis in the histology reports had significantly higher surface corrosion
areas on their prosthesis tapers than those who did not have any evidence of metallosis.

Figure 4.6: Gross photos of Design A and Design B cone tapers with varying percentage
and distribution of surface corrosion area.
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Comparison
Design A vs. Design B *
No Fretting Corrosion vs.
Fretting Corrosion *
Design and Fretting
Corrosion **
Anterior vs. Posterior
(paired) *
Design and Metallosis **

Statistical Test
n
Design Factors
Mann-Whitney
17, 9
Mann-Whitney

15, 11

Result

p value

MedianA = 7.50%
MedianB = 67.47%
MedianNoFC = 5.46%
MedianFC = 68.16%
Dependent

0.0047

Chi Square
26
Independence
Paired-Sample
26
MedianAnt-Post = -1.864%
Wilcoxon
Clinical Outcomes
Chi Square
25
Dependent
Independence
Chi Square
25
Dependent
Independence
Mann-Whitney
10, 15
MedianNoMetallosis = 4.63%
MedianMetallosis = 29.36%
Spearman’s Rho
25
ρ = -0.601
Correlation

Fretting Corrosion and
Metallosis **
No Metallosis vs.
Metallosis *
Disassembly Force vs.
Surface Corrosion Area
***
* Difference in medians is statistically significant at p < 0.05
**	
  Variables are statistically dependent at p < 0.05
*** Correlation of ranks is statistically significant at p < 0.05

0.0001
0.000015
0.016
0.00510
0.000858
0.0284
0.001

Table 4.3: Significant factors affecting surface corrosion area and clinical outcomes
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Comparison
Similar vs. Mixed Metals
(Design A only)
Femoral Components vs.
Tibial Components
No Crevice Corrosion vs.
Crevice Corrosion
Design and Crevice
Corrosion
Bore vs. Cone (paired)
Medial vs. Lateral (paired)
Femoral vs. Tibial (on
same component, paired)
Male Patients vs. Female
Patients
Age at Retrieval vs.
Surface Corrosion Area
Patient BMI vs. Surface
Corrosion Area
Time In Vivo vs. Surface
Corrosion Area – Design A
Time In Vivo vs. Surface
Corrosion Area – Design B
Number of Previous
Surgeries vs. Surface
Corrosion Area
Crevice Corrosion and
Metallosis

Statistical Test
n
Design Factors
Mann-Whitney
5, 12
Mann-Whitney

15, 11

Mann-Whitney

7, 19

Result

p value

MedianSimilar = 5.46%
MedianMixed = 11.25%
MedianFemoral = 15.00%
MedianTibial = 16.92%
MedianNoCC = 15.00%
MedianCC = 17.35%
Independent

0.6353

Chi Square
26
Independence
Paired-Sample
26
MedianBore-Cone = 4.377%
Wilcoxon
Paired-Sample
26
MedianMed-Lat = -0.9445%
Wilcoxon
Paired-Sample
11
MedianFem-Tib = 13.10%
Wilcoxon
Patient Factors
Mann-Whitney
10, 17
MedianMale = 30.26%
MedianFemale = 12.27%
Spearman’s Rho
26
ρ = -0.111
Correlation
Spearman’s Rho
26
ρ = 0.216
Correlation
Spearman’s Rho
17
ρ = 0.307
Correlation
Spearman’s Rho
9
ρ = 0.131
Correlation
Spearman’s Rho
26
ρ = 0.093
Correlation
Clinical Outcomes
Chi Square
25
Independence

Independent

0.8762
0.5249
0.592
0.134
0.163
0.230

0.1472
0.589
0.289
0.231
0.736
0.651

0.702

Table 4.4: Other factors considered with statistically insignificant differences
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Figure 4.7: Scatterplot of modular taper disassembly force and surface corrosion area:
negative correlation of ranked values indicates that taper junctions with a higher surface
corrosion area disassembled under lower loads.
Regions with obscured machine lines due to buildup of corrosion products were
examined further to determine the extent of surface corrosion. While the mean peak-tovalley height of these regions was 4.3 ± 1.4 µm, imaging of the taper cross sections
demonstrated that pits below the corrosion oxide surface were over 10 µm deep (Figure
4.8).
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Figure 4.8: Scanning electron microscope image of Design B taper with cross-section
taken perpendicular to taper axis. Corrosion pits 0-20 µm deep were present beneath
accumulated corrosion products in fretting corrosion regions.
Discussion
Effects of Design and Modes of Corrosion
The design of the modular knee prostheses was found to be one of the most
significant factors (p = 0.0047) that influenced the surface corrosion area. Since the two
models of TKR in this study differed in manufacturer, overall prosthesis design, taper
geometry, machining specifications, assembly method, and use of set screws and
through-bolts, it is likely that some or all of these factors affect the amount of surface
corrosion that occurs in a relatively short amount of time. The first multi-center retrieval
study on modular TKR corrosion found that the taper geometry (threaded or conical) had
a very significant (p < 0.001) effect on the degree of corrosion measured by a semi-
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quantitative grading scale [30]. The present study adds that within the category of conical
taper designs, other design factors also contribute significantly to the surface corrosion
area. It is of particular interest that several components and surgical tools associated with
the Design B in the present study were recalled by the United States FDA in 2013 and
2014; the reasons cited include a loose connection between the tibial baseplate and tibial
stem extension, as well as the potential for the through-bolt threads being “out of
specification” [46,47]. In addition to the tibial components included in the FDA recalls,
results from this study suggest that femoral component taper junctions are also
susceptible to fretting corrosion.
Due to the strong dependence of the fretting corrosion variable (no or yes) on the
design variable (A or B) and the significantly higher median value for surface corrosion
area on tapers that experienced fretting corrosion, it is likely that the surface corrosion
area’s dependence on design is based on Design B’s higher susceptibility to fretting
corrosion. Several design-based factors may contribute to micromotion during in vivo
service that lead to fretting corrosion. Prior work has demonstrated that the assembly
force and technique has a direct effect on the Morse taper strength of hip tapers [48,49],
and the two designs in the present study incorporate different assembly techniques
according to the manufacturers [40,41]. Mixed reports on modular hip tapers suggest that
conical taper angle may [50] or may not [51] have a significant effect on the amount of
fretting or corrosion observed. Prior in vitro work on taper contact area and taper surface
roughness suggests these factors may also contribute to the prevalence of passive film
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disruption and corrosion [52]. Fretting micromotion in these areas may have initiated
pitting corrosion behavior that altered the taper junction interface.
The number of modular tapers with a surface corrosion area greater than 10%
(15/26, 57.7%) in the present study was fewer than the reports from the only large-scale
modular TKR retrieval study, in which 184/198 (92.9%) of modular tapers had greater
than 10% surface corrosion (Goldberg score 2-4) [30,53]. The number of modular tapers
with observed fretting corrosion (11/26, 42.3%) or with surface corrosion areas greater
than 50% (8/26, 30.8%) was more similar to the reports from the previous study, in which
36/108 (33.3%) of conical tapers had over 50% surface corrosion (Goldberg score 4)
[30,53]. It should be noted that the previous study incorporated a semi-quantitative
grading scale to promote rapid comparisons among a larger total sample size, assuming
that the mechanism of any damage observed was both fretting and crevice corrosion [30].
Additionally, that study incorporated modular TKR from at least 6 manufacturers and
designs, while the present study only included retrieved prostheses from 2 designs. Since
design is such a significant factor that affects fretting corrosion, it is not surprising that
reports vary among different retrieval archives.
Effects of Patient Factors and Anatomical Location
Patient age at revision, BMI, sex, and the in vivo duration did not have a
significant effect on the surface corrosion areas in this study. Prior work on modular knee
retrievals also found that patient weight, patient age, and implantation time did not
correlate

with

semi-quantitative

corrosion

scores

[30].

One

benefit

of

the

photogrammetric method over semi-quantitative grading scales was the ability to
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compare trends in the localization of corrosion. In this study, the paired differences in
surface corrosion area between the anterior quadrant and the posterior quadrant were
significant, while no significant differences were observed between the medial and lateral
quadrants or between the femoral and tibial components. This finding is consistent with
altered stresses on the stems due to anterior-posterior flexing of the femur bone during
normal activities along with the possible contribution of tensile stresses to increased
corrosion [32]. It is important, however, to note that the median difference in surface
corrosion area was only 1.9% and this difference may not be clinically significant.
Surface Corrosion Area and Clinical Implications
The biological response to the modular TKR taper corrosion, was assessed using
histological evaluation of metal debris. Since the revision reasons aren’t always a
comprehensive list of all the aspects of prosthesis failure, the absence or presence of
metallosis observed in histological imaging was a more valuable indicator. Prosthesis
components adjacent to tissues with metallosis had significantly larger surface corrosion
areas (29.36%) than those components adjacent to tissues without metallosis (4.63%).
The incidence of metallosis was independent from observations of crevice corrosion,
though metallosis was strongly dependent (p = 0.0009) on observations of fretting
corrosion. This is unsurprising, since the presence of fretting corrosion is associated with
higher surface corrosion areas.
In addition to a significant correlation with biological response, the mechanical
stability of the taper junction also varied inversely with surface corrosion area. Mixed
conclusions from prior studies suggest that corroded taper surfaces can either be
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associated with difficult disassembly (very high disassembly forces) [54], or with taper
instability (spontaneous disassembly) [29]. This study found that lower disassembly
forces were associated with high surface corrosion areas (ρ = -0.601, p = 0.001). Due to
the limitations of a retrieval study, it is unable to determine with certainty which event
(taper corrosion or mechanical instability) caused the other. However, due to the fretting
evidence associated with high surface corrosion areas, it seems likely that mechanical
instability led to fretting, which led to high surface corrosion areas.
Limitations
While this study addressed the limitations of applying a semi-quantitative grading
scale to a large (~200) sample size of modular knee prostheses [30], other limitations
inherent to retrieval studies applied to these findings. The retrieved knee components in
this study were explanted during revision surgery for instability, osteolysis, and infection.
Thus, the incidence of fretting/crevice corrosion and the surface corrosion areas reported
are not indicative of all knee prostheses of these two designs; they are only representative
of clinically failed devices. In the cases where metallosis was observed in the histological
reports, it cannot be ruled out that the metal originated from surfaces other than the taper
junction. Since modular stem TKRs are usually indicated for patients with poor bone
stock following a failed primary arthroplasty or for patients with excessive trauma and
bone fracture, it is possible that the high surface corrosion areas are due in part to the
physiological changes that come with a severely compromised joint. While these results
may not be representative of the performance of these modular TKR designs in healthier
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bone, they bring attention to the consequences of metal release in the patient group
already suffering from poorest joint health and function.
Conclusion
Surface corrosion areas on bore and cone taper surfaces can be characterized and
measured using photogrammetric and profilometric techniques. Taper design had a
significant effect on the surface corrosion area and the presence of fretting corrosion,
while anatomical locations and patient factors had little effect. Higher surface corrosion
areas were associated with mechanically unstable taper junctions and incidence of
metallosis. This study demonstrates that certain design features are associated with
fretting corrosion, and that high surface corrosion areas are associated with poor clinical
outcomes.
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CHAPTER FIVE
CORROSION BEHAVIOR OF TI-6AL-4V ORTHOPAEDIC ALLOY UNDER
STATIC ELASTIC AND PLASTIC TENSILE STRESS
Introduction
Surfaces of Ti-6Al-4V orthopaedic devices experience a range of stress
magnitudes in vivo. Off-axis loading on hip and knee prostheses can results in
compressive stresses on the medial side and tensile stresses on the lateral side. Finite
element analyses on typical (70 kg and 800 N body weight) patients with total hip
replacements (THR) suggest that Ti-6Al-4V stems experience maximum tensile stresses
of 145.6 MPa – 2460 MPa, depending on stem design, modularity, and loading
conditions (standing, walking, or stair-climbing) [1,2]. Finite element analyses on total
knee replacements (TKR) with stem extensions suggest that Ti-6Al-4V stems experience
tensile stresses of up to 527 MPa [3]. Bone screws and fracture fixation devices operate
under constant tensile loads (~80 N per screw) for optimum fracture healing [4]. While
these device designs are optimized to withstand mechanical failure to fracture or fatigue,
the effects of stress on corrosion are not necessarily incorporated in the implant design
process.
Several mechanisms of localized corrosion have been documented for orthopaedic
metals, though the effects of tensile stress on corrosion behavior are rarely considered.
Several studies have documented the corrosive effects of crevice conditions [5,6], fretting
[5,7-9], fatigue [10], hydrogen embrittlement [11], and other mechanically-assisted forms
of corrosion [12,13]. However, a recent retrieval study suggests that high-stress regions
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on THR prostheses experience more localized corrosion, even in the absence of any
corrosion cracks [14]. Since tensile stress has a demonstrated effect on the corrosion rate
and passivation behavior of several steels [15-18] and NiTi alloys [19], it follows that
similar effects may occur with titanium alloys. One previous study has considered the
corrosion behavior of Ti-6Al-4V and Co-Cr-Mo under large stresses that induced plastic
deformation (>100% yield stress) [20]. Since the majority of tensile stresses associated
with typical physiological loading are in the elastic regime (<100% yield stress), it is
necessary to discern if corrosion behavior varies for a physiologically relevant range of
elastic tensile stress.
The purpose of this study was to compare the corrosion rate and passivation
behavior of Ti-6Al-4V under five different tensile stress magnitudes ranging from 26%
yield stress – 118% yield stress, to that of the zero stress control. Several well-established
electrochemical tests were used to determine this corrosion behavior, including linear
polarization resistance, electrochemical impedance spectroscopy, and cyclic polarization.
It was hypothesized that higher tensile stresses would correlate with higher corrosion
rates during active and passive corrosion. Differences in the range of passivation and
breakdown potentials were also expected.
Methods
Specimen Preparation
Sheets of Ti-6Al-4V alloy (Titanium Metals Corporation, Toronto, OH) were
acquired and machined into thin strips 152.4 mm x 25.4 mm x 0.38 mm. Machine
tolerances were within 0.01 mm. The material was tested for compliance to ASTM
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F1472-08 / ISO 5832-3 [21,22] standards at the source facility. Based on ASTM E8
tensile tests [23] on four samples, the yield stress was 837 ± 26 MPa, the ultimate tensile
stress was 1039 ± 32 MPa, and the modulus was 114.2 ± 1.9 GPa. The chemical analysis
from sample sheets in the lot are provided in Table 5.1. Each Ti-6Al-4V specimen was
mechanically polished to a mirror finish (Ra < 25 nm), confirmed by white light
interferometry (NPFlex 3D Profilometer, Bruker, Billerica, MA).
Mean
SD

Ti
Balance

Al
6.20
0.06

V
4.05
.01

O
.20
.01

Fe
.18
.01

C
.02
.00

N
.01
.00

Y
undetectable

Table 5.1: Chemical analysis of Ti-6Al-4V alloy sheet, by weight %.
Two-point loading conditions were established based on ISO 7539-2 [24]
recommendations. Plastic holders (Figure 5.1) with varying lengths (H) were used to
achieve different levels of tensile stress at the apex. Displacements corresponding to
different levels of applied stresses were calculated based on simple Euler buckling, such
that the apexes of the bent strips experienced 0% σy (ZSC control), 26% σy, 52% σy, 78%
σy, 103% σy, and 118% σy (Table 5.2). It should be recognized that, since the strips
experiencing > 100% σy were cold-worked, residual stresses could be important and
affect the values in Table 5.2. The Ti-6Al-4V buckled strips were coated with insulating
epoxy resin except for a small area (25.4 mm x 25.4 mm) on the tensile side of the apex,
effectively isolating the region with the highest tensile stress magnitude (Figure 5.1).
Electrical connectivity was achieved by connecting a copper wire to each Ti-6Al-4V strip
before epoxy coating. The epoxy coating was added in multiple steps such that edges of
each strip would not be susceptible to crevice corrosion. Each tensile stress condition was
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prepared in triplicate. Optical microscopy (K-400P Stereomicroscope, Motic Inc., Hong
Kong) was used to examine the exposed Ti-6Al-4V material under tension for any cracks.

Figure 5.1: Schematic (top) and photograph (bottom) of tensile stress setup. Tensile
elastic stress at the apex is given by L = (ktE/σ) sin-1(Hσ/ktE).
H, Holder length
(mm)

Displacement
(mm)

Maximum Tensile
Stress σmax (MPa)

Load Applied by
Holder (N)

No holder
144
135
126
114
103

0
8
17
26
38
49

0
217
433
649
864
985

N/A
3.979
7.953
11.930
15.843
18.045

Percentage of
Yield Stress σmax/
σy (%)
0
25.9
51.7
77.5
103.2
117.7

Table 5.2: Summary of displacements and plastic holder lengths at different levels of
applied stresses.
Electrochemical Tests
A three-electrode system was used to determine the corrosion behavior of the Ti6Al-4V surfaces under tension. The bent strips served as the working electrode, a
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saturated calomel electrode was used as the reference electrode, and a graphite rod was
used as a counter electrode for each test. Phosphate buffered saline 1X was used as the
electrolyte at pH 7.4 ± 0.1, and the electrochemical cell was contained in separate plastic
containers with pH monitoring at regular intervals. Electrochemical tests were completed
after open circuit potentials (EOC) stabilized, usually after 3-7 days of immersion. An
Interface1000 potentiostat (Gamry Instruments, Warminster, PA) was used to apply
potentials and measure current. Open circuit potentials (Ecorr) and polarization resistance
were monitored over 21 days of immersion during preliminary testing. A conservative
time-to-stabilization of 7 days after immersion was chosen for the electrochemical
testing, though values often stabilized as early as 3 days after immersion (Figure 5.2)

Rp (k-ohms)

1600
1400

0% yield stress

1200

26% yield stress

1000

52% yield stress

800
600

78% yield stress

400

103% yield stress

200

118% yield stress

0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Days Immersed

Figure 5.2: Linear polarization resistance monitoring over 21 days immersion in PBS
demonstrates that the system stabilized after 3-7 days. All reported electrochemical
testing was conducted at the Day 7 time point.
The potentiodynamic linear polarization resistance (LPR) method was used to
measure the active rate of corrosion (current density icorr). Linear potential sweeps of ± 10
mV vs. EOC were applied at a scan rate of 0.125 mV/s, and the polarization resistance Rp
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was measured using the Stern-Geary relation (Eqn. 1) [25]. From this equation, the icorr
could be calculated based on the Stern-Geary constant B.
Rp = B / icorr = [ΔE / Δi ]ΔE!0

(Eqn. 1)

Electrochemical impedance spectroscopy (EIS) tests were used to study the
corrosion rate, passivation/depassivation behavior, and corrosion resistance of the passive
film under different loading conditions [26]. This technique measures the system’s
impedance when a small-amplitude AC potential is applied at a range of frequencies from
105 to 10-2 Hz. Bode plots display the impedance magnitude |Z| and the phase shift as a
function of frequency, and Nyquist plots display the imaginary impedance component Z’’
against the real impedance component Z’ at each AC frequency. These plots are used to
help determine an equivalent circuit (EC) model to fit the electrochemical system. From
the equivalent circuit fitting, the polarization resistance Rp and therefore the corrosion
rate icorr can be determined using Eqn. 1.
Potentiodynamic cyclic polarization (CP) tests were used to study the active
corrosion rate icorr, the passive corrosion rate ipass, the breakdown potential EBD at which
the passive film does not protect against corrosion, and the Tafel constants [28]. Tafel
extrapolation at the corrosion potential Ecorr was used to determine the anodic and
cathodic Tafel constants βa and βc. Stern-Geary constants were calculated from these
values (Eqn. 2) for each Ti-6Al-4V specimen, and used for icorr calculations in the LPR
and EIS tests. Cyclic polarization swept anodically from -250 mV vs. EOC to 2.0 V vs.
EOC, exceeding the minimum range recommended in ASTM F2129-08 [28] to include
several potentiodynamic curve features based on suitable ranges cited in prior studies on
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Ti-6Al-4V [29], and back cathodically down to the EOC. The scan rate for all CP tests was
0.166 mV/s, based on recommendations in ASTM F2129-08 [28].
B = (βa * βc) / 2.3(βa + βc)

(Eqn. 2)

Since multiple methods were used to determine the corrosion rate icorr,
measurements are reported individually for each method and as a method-averaged
corrosion rate. Mean and standard deviations are reported, and a one-way ANOVA was
performed to determine the effects from tensile stress, with Tukey’s HSD post-hoc
testing.
Corrosion Morphology and Metallurgical Assessment
Due to the range of potentials chosen for the CP tests, the Ti-6Al-4V specimens
experience a build-up of the passive layer, a breakdown of the passive layer and localized
corrosion, and possible repassivation during the reverse scan. A microscopic analysis was
undertaken to determine the morphological changes that occur on the surface during the
passive layer breakdown. The corroded surface was visualized with scanning electron
microscopy (S3400-N, Hitachi, Tokyo, Japan) and the 3D profile was quantified using a
white light interferometer (NPFlex 3D profilometer, Bruker, Billerica, MA). Features
such as newly formed crevices (cracks) and pits were reported. NIH ImageJ was used to
measure the anode(pit)/cathode(non-pitted regions) ratio based on lower magnification
profilometric scans.
Results
Corrosion rate
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The effect of tensile stress on active corrosion rate icorr, averaged from the 3
methods (LPR, EIS, CP) was significant, and the post-hoc comparison of individual
groups found that an applied tensile stress of 26%, 52%, 78%, 103%, and 118% σy
induced a significant change in the active corrosion rate. Mean corrosion rates are
summarized in Figure 5.3, with notable increases (100-400% increase from 0% σy) in the
mean values at higher tensile stresses. No significant differences were noted in a Tukey’s
HSD test of the 52% and the 78% σy groups, or between the 103% and 117% groups. The
passive corrosion rate ipass was measured from the forward-scan cyclic polarization plots
at E = +500 mV vs. SCE, which is both within the passive range of the potentiodynamic
curves of all specimens (Figure 5.4), and within the range of physiologically relevant
potentials [28]. The passive corrosion rate is higher at all tensile stress conditions, than at
0% σy.
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Figure 5.3: (top) Active and (bottom) passive corrosion rates by method and tensile stress
magnitude
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Figure 5.4: Representative cyclic polarization scans at each tensile stress condition.
Passivation and repassivation behavior was affected by tensile stress.
The results from Tafel extrapolation at the corrosion potential, including Ecorr, βa,
and βc are included in Table 5.3. Generally, the corrosion potentials Ecorr did not vary
substantially among different tensile stress magnitudes, or between the forward and
reverse cyclic polarization scan. Upon fitting EIS results to an equivalent circuit, it was
determined that a Randles circuit (Eqn. 3) best modeled the system (Figure 5.5), based on
chi-squared tests of a complex nonlinear least-squares fitting procedure and the general
shape of the Nyquist/Bode plots (Figure 5.6a-b). The CPE models the Ti-6Al-4V – PBS
interface as a non-ideal or “leaky” capacitor, since the surface is not infinitely smooth.
Fitted Randles circuit values are also included in Table 5.3. The Nyquist plots illustrate
the lower polarization resistance at all tensile stress magnitudes compared to the zero
stress control, and the Bode plots illustrate a lower absolute impedance at the lowest
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frequency for Ti-6Al-4V at higher magnitudes of elastic stress, indicating more corrosion
at these tensile stress conditions.
Parameters from cyclic polarization
Ecorr (V) βa
βc
vs. SCE (V/decade) (V/decade)

Parameters from electrochemical impedance spectra
Rs (Ω) Q (S/sn)
n
Rp (Ω)
χ2

-0.221 ±
.010

.541 ± .052

.094 ± .014

11.02
± 2.96

26

-0.235 ±
.014

.492 ± .043

.105 ± .018

9.37 ±
3.23

52

-0.241 ±
.021

.352 ± .050

.130 ± .021

10.26
± 1.19

78

-0.249 ±
.014

.331 ± .047

.137 ± .016

9.80 ±
2.98

103

-0.253 ±
.019

.340 ± .044

.100 ± .007

12.01
± 3.04

118

-0.247 ±
.020

.447 ± .049

.091 ± .012

10.16
± 2.85

Stress
magnitude
(% σy)
0 (ZSC)

1.52 E-4
± 0.39 E4
1.62 E-4
± 0.23 E4
1.79 E-4
± 0.42 E4
2.16 E-4
± 0.51 E4
1.53 E-4
± 0.38 E4
1.53 E-4
± 0.27

0.925 ±
0.026
0.873 ±
0.072
0.898 ±
0.002
0.867 ±
0.006
0.909 ±
0.015
0.861 ±
0.020

13.41
E5 ±
0.60 E5
7.92 E5
± 3.01
E5
2.66 E5
± 1.63
E5
1.71 E5
± 0.28
E5
6.23 E5
± 0.43
E5
3.35 E5
± 0.06
E5

0.053 ±
0.012
0.022 ±
0.026
0.002 ±
0.000
0.002 ±
0.000
0.012 ±
0.006
0.028 ±
0.012

Table 5.3: Parameters obtained from CP (Tafel extrapolation) and EIS (equivalent circuit
fitting) to calculate corrosion rates from three methods (LPR, CP, EIS).
Z(system) = Z(Rs) + [Z(Rp)-1 + Z(CPE)-1]-1 = Rs + (1/Rp + Q(iω)n)-1

(Eqn. 3)

Figure 5.5: Schematic of Randles circuit. Rs indicates solution resistance of electrolyte
(PBS); Rp indicates polarization resistance, from which icorr is calculated; CPE indicates
the non-ideal capacitive behavior of the metal-solution interface, where n = 1 describes
an ideal capacitor.
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Figure 5.6: Nyquist (top) and Bode absolute impedance (bottom) plots. Nyquist plots
follow the shape of a depressed semicircle arc, indicative of a Randles circuit with CPE.
Arcs with smaller radii in Nyquist plots indicate that elastic tensile stresses have lower
polarization resistances and higher corrosion rates. Lower absolute impedance values at
the low-frequency end of the Bode plots indicate that elastic tensile stresses have more
corrosion.
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Passivation behavior
The passivation and repassivation behavior across the cyclic polarization range
varied from the zero stress control and different levels of tensile stress (Figure 5.4). At
0% σy, the passive layer grew steadily to resist an increase in the corrosion rate with an
increasing anodic overpotential, until the EBD. Under all other elastic and plastic stress
conditions, the passivation on the forward scan grew at a slower pace and was less
effective at resisting corrosion; this effect was most pronounced in the elastic regimes at
52% σy (ipass = 211 µA/cm2) and 78% σy (ipass = 631 µA/cm2) (Figure 5.4). The hysteresis
in the reverse scans of the CP curves was used to determine repassivation behavior. The
positive hysteresis in the control and 26% σy condition indicates that the localized
corrosion that occurs at EBD continues even when the overpotential is decreased,
suggesting that repassivation is weak or nonexistent. In contrast, there is a negative
hysteresis in the 52% σy and 78% σy stress conditions, suggesting that the localized
corrosion in these specimens allowed for rapid repassivation of the corroded surfaces. In
the range of plastic deformation at 103% σy and 118% σy, hysteresis is negligible and
repassivation occurs at a similar level as the passivation on the forward scan. Breakdown
potentials EBD were in the 1.25 – 1.7 V vs. SCE range for all Ti-6Al-4V strips, indicating
a similarly low susceptibility to corrosion in the range of physiological potentials.
Surface Morphology after Cyclic Polarization
Microscopic examination and profilometric measurements indicated that the
localized corrosion attack at breakdown potentials EBD was in the form of corrosion pits,
and not stress corrosion cracks (Figure 5.7). These pits were not localized at regions with
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geometrical surface defects (i.e. polishing inhomogeneities), as shown in Figures 5.7-5.8.
Pits were of a similar depth across all corroded samples, though the localization and
anode/cathode ratio (ratio of areas with localized corrosion and areas without localized
corrosion) varied (Figure 5.8). Corrosion pit measurements are detailed in Table 5.4.

Figure 5.7: Representative SEM micrographs of corrosion pits on corroded Ti-6Al-4V
strips at different levels of applied stress. Pits arranged in clusters, with individual pit size
ranging from < 1 µm – 5 µm.
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Figure 5.8: Representative profilometric scans of corroded Ti-6Al-4V strips at 0% 118% σy. Clusters of pits arranged in equi-stress bands perpendicular to the direction of
tension, indicating a possible inhomogenous distribution of stress. All scans 150 µm x
150 µm.
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Tensile stress (% σy)

Pit depth (µm)

0 (Control)
26
52
78
103
118

1.94 ± 0.38
2.09 ± 0.41
2.11 ± 0.29
2.28 ± 0.37
2.15 ± 0.32
2.13 ± 0.26

Area of localized
corrosion (%)
8.8 ± 1.7
11.2 ± 2.2
17.5 ± 0.9
18.3 ± 1.1
13.4 ± 0.6
13.6 ± 1.3

Anode/cathode ratio
0.096
0.126
0.212
0.223
0.155
0.157

Table 5.4: Pit depth, areal percentage of localized corrosion, and anode/cathode ratio of
corroded Ti-6Al-4V strips after cyclic polarization scan
Discussion
A characterization of the corrosion behavior of Ti-6Al-4V biomedical implant
alloy is necessary over the full range of expected physiological loading to understand
how it performs in vivo. The reasoning behind the selection of this alloy for biomedical
applications is its passive behavior over a broad range of overpotentials before a
breakdown of the passive film occurs. Changes in the active corrosion rate, passivation
behavior over a range of potentials, breakdown potentials, and repassivation behavior at
different levels of tensile stress affect the in vivo performance of Ti-6Al-4V implants.
Mean values of active corrosion rates (where the cathodic and anodic reaction are
at an equilibrium) increased at all tensile stress conditions compared to the zero stress
control. While the corrosion current densities increased noticeably as stress was applied,
all values fell within the same order of magnitude and were several orders of magnitude
lower than the passive and breakdown current densities. This metric of corrosion rate
suggests that Ti-6Al-4V has the best corrosion resistance at its open circuit potential
when all stresses are removed, but it should be noted that a range of potentials are
experienced in vivo. Corrosion current densities were similar across the three methods
(LPR, EIS, CP) for each Ti-6Al-4V strip and for each test condition, confirming that the
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equivalent circuit fitting in this study was appropriate and that the cyclic polarization
scan rate and Tafel extrapolation were appropriate.
The passivation and repassivation behavior of different stress conditions varied
among different tensile stress conditions, and these differences carry important
implications for implant metals. ASTM F2129 recommendations state that potentials
under +0.8 are within the physiological range [28], and the cyclic polarization plots
(Figure 5.4) indicate that the passivation kinetics are negatively affected by elastic and
plastic tensile stress. Even in the absence of cyclic loading or cyclic surface fretting, the
passivation is less successful under tensile stress. In this study, the passive corrosion rates
at +0.5V vs. SCE were often several orders of magnitude higher for Ti-6Al-4V strips
under elastic stress than for the zero stress control. These elastic stresses are within the
range of those experienced by Ti-6Al-4V implants under regular use, and should be
incorporated in future corrosion testing of titanium alloy implants. Repassivation for 0%
σy and all tensile stress conditions was poor (i > 10,000 nA/cm2) in comparison to the 0%
σy ipass at 316 ± 235 nA/cm2, indicating that repassivation after a pit or crevice is formed
is poor and corrosion can continue at a high rate even when the potential is dropped. This
is confirmed by the numerous studies finding fretting, crevice and pitting corrosion to be
major causes of implant failure [5-9]. The pit geometries observed in this study suggest
that stresses in the elastic range may be associated with a more unstable system that
causes localized corrosion to affect a greater percentage of the exposed area.
Interestingly, all electrochemical tests agreed that the active and passive corrosion
rates peaked at high elastic stresses (52% σy and 78% σy). Corrosion rates for Ti-6Al-4V
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in the plastic regime (103% σy and 118% σy) were higher than the 0% σy corrosion rates,
but not as elevated as for the elastic stresses. Tensile stresses in the plastic range altered
the microstructure, which may have reduced the surface energy and played a role in the
improved passivation over the elastically stressed Ti-6Al-4V strips. While, to the best of
the authors’ knowledge, no work on Ti-6Al-4V has investigated this phenomenon, plastic
deformation of pipeline steels has been shown to decrease corrosion rates; the effects
from residual stresses and non-uniform dislocations in the material were speculated to be
a cause [30]. It is possible that similar microstructural effects on corrosion behavior were
observed in the present study. Furthermore, the anode/cathode ratio was lower for the
plastic tensile stress (103% σy and 118% σy) conditions than for the elastic tensile stress
(52% σy and 78% σy) conditions; the higher corrosion rates at the elastic stress conditions
may be due in part to a greater percentage of the total area affected by localized
corrosion.
Conclusions
The elastic and plastic tensile stresses that affect Ti-6Al-4V implants in vivo are
primarily studied for biomechanical considerations, but this study demonstrates that they
may have electrochemical consequences as well. The differences in passivation behavior
result in corrosion rates several orders of magnitude higher even in the elastic range.
Since stresses can be reduced but not eliminated during the design process of titanium
alloy implants, the increased corrosion rates under stress should be taken into account
during pre-market testing. The range of stress states of a given orthopaedic implant
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should be reported since subtle differences can result in varying corrosion and passivation
behavior.
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CHAPTER SIX
DECREASED VIABILITY, PROLIFERATION, AND MINERALIZATION OF
MURINE OSTEOBLASTS IN CLINICALLY RELEVANT DOSES OF PROTEINSTABILIZED TITANIUM IONS

Introduction
Titanium and its alloys are widely used for many orthopaedic and dental
applications, such as joint prostheses, fracture fixation devices, spinal fixation and cages,
and dental implants [1]. While bulk titanium, in the form of an undamaged implant, has
excellent biocompatibility and promotes osseointegration [2], particulate and ionic
titanium released from in vivo wear [3] and corrosion [4] have led to some concern.
During corrosion, the most common oxidative state of released titanium is in the form of
Ti4+ ions [5]. The osteolytic impact of titanium wear particles on bone cells at the
implant-bone interface has been well characterized using standard histological sections
[6], but definitive effects of Ti4+ ions on osteogenic cells have not been well examined.
The ongoing remodeling of bone depends on the balance of osteoblasts and osteoclasts,
and their viability and function. It is plausible that titanium ions could disrupt the
viability, proliferation, and mineralization function of osteoblasts at a certain threshold
concentration.
The barriers to determining the effects of titanium ions on osteogenic cells stem
from the insoluble nature of Ti4+ ions at the range of physiological pH [7]. Buffering
culture media to a sufficiently acidic pH to preserve Ti4+ in its soluble form can prevent
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oxidation to the TiO2 phase, but results in cytotoxicity from the low pH [8]. Simply
adding titanium ion stock solution to culture media buffered to pH 7.4 results in rapid
precipitation of TiO2, which effectively decreases the concentration of Ti4+ ions in
solution. Prior in vitro work assessing the impact of metal ions on bone cells either
intentionally omits study of titanium ions despite their clinical significance due to this
insolubility [9], or reports that effects may be due in part to titanium oxide precipitates
[10].
The in vivo cellular uptake mechanism for titanium ions occurs largely through
serum protein complexing. The persistent levels of high titanium concentration in the
serum after arthroplasty indicate interaction with serum chelators in vivo, as opposed to
inert precipitated TiO2 particles [11]. Both serum transferrin (~35 µM [12]) and albumin
(~0.7 mM [13]) can bind and transport Ti4+ [14]. The transferrin protein, found in
abundance in human and animal serum, has a primary function of Fe3+ transport [15], but
is only 30-40% saturated during normal conditions. While several other metals are known
to bind to transferrin when present, Ti4+ is one of the only metals known to bind more
tightly than Fe3+ [16], due in part to the higher acidity (OH- binding log K1 is 14.33 for
Ti4+ [17], 11.21 for Fe3+ [18]). Ti4+-transferrin complexes have demonstrated stability in
the pH range 5.5-9.0 [19]. Similar to the iron uptake pathway, a transferrin-Ti4+ complex
can enter cells through transferrin receptor-mediated endocytosis [20]. Transferrin
receptors are found in most cell types, including osteoblast-like cells [21], and albumin
has demonstrated transport of its ligands, including metal complexes, to several cell types
[13,22].
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The first objective of the present study was to mimic in vivo osteoblast uptake of
solubilized Ti4+, incorporating protein receptor-mediated endocytosis of stable Ti4+ at
physiological pH, for in vitro cell culture studies. By using stable protein-metal
complexes, this study develops a protocol for determining the effects of Ti4+ released
during corrosion, without effects from precipitated TiO2 particles. The absence of
precipitation is compared against prior methods. The second objective was to determine
the concentration-dependent effects of protein-bound titanium ions on osteoblasts. It was
hypothesized that increasing concentrations of titanium ions would have negative effects
on viability, proliferation, and mineralization. It was anticipated that these effects would
be more pronounced than those previously reported [10,23-26], when TiO2 precipitation
occurred in cell media. A range of clinically relevant concentrations from 0-10 ppm was
considered, representative of concentrations applicable to patients with no joint
replacements, well-functioning joint replacements, and poorly-functioning joint
replacements.
Methods
Cell Culture
Murine osteoblast cells (NIH-7F2) were acquired from the ATCC. A “base
media”, consisting of 84% α-MEM (Mediatech Inc., Manassas, VA), 15% fetal bovine
serum (FBS) (Thermo Fisher Scientific, Waltham, MA), and 1% antibiotic-antimycotic
100X (Thermo Fisher Scientific, Waltham, MA), was used for thawing, subculturing, and
seeding low-passage (P3-P8) cultures in polystyrene T75 flasks (Sigma Aldrich, St.
Louis, MO), polystyrene 24-well plates (Sigma Aldrich, St. Louis, MO), polystyrene 96-
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well plates (Sigma Aldrich, St. Louis, MO), and glass bottom dishes (World Precision
Instruments Inc., Sarasota, FL). Glass surfaces were coated with gelatin (Sigma Aldrich,
St. Louis, MO) to promote adhesion. All cultures were incubated in a humidified 5% CO2
atmosphere at 37 °C. Once confluence was reached, the cells were detached with trypsinEDTA 0.25% (Sigma Aldrich, St. Louis, MO), neutralized with an equal volume of base
media, centrifuged at 1000 RPM for 5 minutes to isolate pelleted cells, and seeded in new
culture flasks or plates. Prior to seeding desired cell densities, cells were counted with a
Scepter automated cell counter (EMD Millipore, Darmstadt, Germany).
Modified Titanium-Rich Media Preparation
Final Ti4+ concentrations in the experimental media were selected to include a
range of clinically relevant ion dosages: 0 ppm (control), 0.01 ppm, 0.1 ppm, 1.0 ppm,
and 10.0 ppm. At 0 ppm, conditions mimic levels in serum of healthy patients do not
have any metal implants (2.87 E-3 ppm [9]). At 0.01 ppm, conditions mimic levels in the
synovial fluid of healthy patients who do not have any metal implants (0.013 ppm [27]).
Effects from titanium concentrations of 0.1 ppm and 1 ppm are comparable with
conditions adjacent to a well-functioning titanium joint replacement (synovial fluid 0.556
ppm, joint capsule 1.540 ppm [27]). The 10 ppm experimental condition is comparable to
failing total joint replacements (joint capsule 19.173 ppm [27]). Atomic absorption
spectroscopy standards of titanium(IV) chloride (Sigma Aldrich, St. Louis, MO) were
purchased as a source of Ti4+ ions .
Complete cell media with titanium ions added by the methods described by Taira
et al. [25], hereafter referred to as “conventionally prepared titanium-rich media”, was
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prepared for comparative purposes. This standard Ti media did have TiO2 precipitates
when buffered to pH 7.4. A new protocol was developed to prevent the precipitation of
TiO2 in the experimental cell media, while maintaining physiological pH, and hereafter
this is referred to as “modified titanium-rich media”. As a common constituent of most
complete cell culture media, FBS was used as a source of 1.2-1.8 mg transferrin per mL
[28] and 170-340 mg albumin per mL. To ensure Ti4+-protein binding and avoid TiO2
precipitation in the complete cell media, FBS was added directly to an equal volume of
1000 ppm Ti4+ stock solution prior to addition of any other media components. The
mixture was vortexed and stored in the incubator for 24 hours, and finally the α-MEM,
additional FBS, and antibiotic-antimycotic solutions were added. Final modified
titanium-rich media constituents included 83% α-MEM, 15% FBS, 1% antibioticantimycotic, 0-1% Ti4+ stock solution, and 1-0% deionized distilled water. Optical
microscopy (Zeiss optical microscope, Jena, Germany) and absorbance spectrometry
(Epoch Microplate Spectrophotometer, Biotek, Winooski, VT) at 500 nm were used to
monitor the presence or absence of precipitation in conventionally prepared titanium-rich
media and modified titanium-rich media after 14 days in refrigeration (4 °C), room
temperature (21 °C), and incubation (37 °C) environments. Once the modified titaniumrich media was confirmed to have no detectable precipitation, it was used solely for the
following assays.
Viability Assay and Fluorescence Imaging
Viability assays were conducted to determine the ratio of live and dead cells at
two time points. Cells were seeded in opaque 96-well plates at an original seeding density
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of 5 X 103 cells/well with the base media. After 24 hours, cells were visually checked for
attachment and base media was replaced with the modified titanium-rich media. The
modified titanium-rich media was then replenished every 48 hours until 3 days or 7 days.
The live/dead ratio was evaluated by intracellular esterase activity and membrane
integrity using a LIVE/DEAD viability/cytotoxicity kit (Life Technologies, Carlsbad,
CA) was used. Cells were washed with PBS and stained with 2 µM calcein and 4 µM
EthD-1 by the manufacturer’s protocol. Percentages of live and dead cells were
calculated from a ratio of fluorescence readings at 530 nm and 645 nm with a
spectrophotometer microplate reader, after subtracting effects from background
fluorescence and determining min/max readings for cultures of all live and all dead cells.
Live/dead imaging was performed on cells seeded on gelatin-coated glass bottom culture
dishes with a spinning disc confocal microscope (Olympus, Center Valley, PA) with 20X
objective lens after staining at the 3-day and 7-day time points.
Proliferation/Metabolic Activity Assay
Proliferation assays were conducted to determine the change in number of
metabolically active cells over time. Cells were seeded in clear 96-well plates at an
original seeing density of 5 X 103 cells/well with the base media. After 24 hours, cells
were checked for attachment and base media was replaced with the modified titaniumrich media. The modified titanium-rich media was then replenished every 48 hours until
1, 3, 5, or 7 days. An MTS compound, 3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (CellTiter 96 AQueous One
Solution Cell Proliferation Assay, Promega Corp., Madison, WI), was applied directly to
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96-well plate cultures at the desired time points to measure bioreduction to a formazan
product over 2 hours, measuring the amount of metabolically active cells. Cell counts
were interpolated from a comparison of absorbance values at 490 nm of the samples to
those of to a standard curve prepared from known cell counts in wells seeded just prior to
addition of MTS.
Alkaline Phosphatase Activity
Enzyme-specific activity of alkaline phosphatase (ALP) was measured as an early
indicator of matrix mineralization, specific to osteoblast activity. Cells were seeded in 96well plates at an original seeding density of 5 X 103 cells/well with the base media. After
24 hours, cells were checked for attachment and base media was replaced with the
modified titanium-rich media, after which it was replenished every 48 hours until 7 days.
Cell lysates were prepared via mammalian protein extraction reagent (M-PER, Thermo
Scientific, Waltham, MA). A bicinchoninic acid (BCA) assay (Pierce Biotechnology,
Waltham, MA) involving the reduction of Cu2+ to Cu1+ by protein was conducted to
colorimetrically quantify the total protein. Total protein concentrations were extrapolated
from absorbance data at 562 nm compared with a standard curve constructed from bovine
serum albumin dilutions from 2000 µg/mL to 25 µg/mL. ALP activity was measured
using the hydrolysis reaction of p-nitrophenyl phosphate (p-NPP, Thermo Scientific,
Waltham, MA) to p-nitrophenol (p-NP), where the activity is directly proportional to the
molecules converted. ALP activity was extrapolated from absorbance data at 405 nm
compared with a standard curve constructed from stock p-NP (Sigma Aldrich, St. Louis,
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MO) at known concentrations of 25 µg/mL to 200 µg/mL. ALP specific activity was
calculated as a ratio of ALP activity per minute over total protein.
Intracellular Osteocalcin Immunocytochemistry
As a late-term indicator of mineralization, intracellular murine Gla-osteocalcin
was visualized across experimental titanium concentrations with a standard
immunocytochemistry procedure. Cells were seeded on gelatin-coated glass bottom
culture dishes with base media at a low seeding density of 103 cells/dish, to ensure that
confluence was not reached prior to the later time points. After 24 hours, cells were
checked for attachment and base media was replaced with the modified titanium-rich
media. The modified titanium-rich media was then replenished every 48 hours until 3, 7,
10, and 14 days. At these time points, cells were rinsed in PBS and fixed with 4%
formaldehyde solution (Sigma Aldrich, Waltham, MA) for 20 minutes at room
temperature. The cells were then washed with calcium- and magnesium-free PBS, and
then blocked with 3% donkey serum (Sigma Aldrich, Waltham, MA) and 0.1% Triton
X100 (Sigma Aldrich, Waltham, MA) for 15 minutes at room temperature. A primary
polyclonal rabbit antibody against osteocalcin (Santa Cruz Biotechnology, Santa Cruz,
CA) was diluted to manufacturer recommendations (2 µg/mL) and added to culture
dishes for 24 hours at 4 °C. Cells were then rinsed with PBS and a CF750-conjugated
donkey anti-rabbit secondary antibody (Sigma Aldrich, Waltham, MA), diluted to
manufacturer’s recommendations (10 µg/mL in PBS), was added for 2 hours in the dark
at room temperature. Finally, the cells were exposed to 300 nM DAPI (Sigma Aldrich,
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Waltham, MA) for 5 minutes at room temperature for DNA counterstaining. Cells were
kept hydrated in PBS and imaged with an inverted confocal microscope.
Data Analysis
Independent experiments, each performed on an individual subculture, were
repeated 3-6 times. Differences between mean values of ALP activity and total protein
were analyzed with a one-way ANOVA (variable: Ti4+ concentration), and differences in
precipitation, viability, and proliferation were analyzed with a two-way ANOVA
(variables: Ti4+ concentration, time). Post-hoc comparisons (Tukey’s HSD) between
groups were made when appropriate. Reported values are mean ± standard deviation, and
differences were considered statistically significant (denoted by *) from the control when
p < 0.05.
Results
Titanium Ion Stabilization with Serum Proteins
The modified titanium-rich media in this study did not result in any detectable
titanium precipitate in any of the different ion concentrations over 14 days, while
conventionally prepared titanium-rich media did form detectable precipitates at higher
concentrations. Absorbance data from conventionally prepared titanium-rich media
varied with different concentrations of added Ti4+ ions; in contrast it remained similar
across concentrations in the modified titanium-rich media (Figure 6.1). Microscopic
evidence of insoluble titanium precipitates was present immediately upon mixing, as well
as in media with elevated absorbance levels at 14 days (Figure 6.1).
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Figure 6.1: Precipitation observed at higher titanium ion concentrations when
conventionally preparing titanium-rich media.
Viability and Proliferation
Osteoblasts had similar viability (Figure 6.2) and proliferation (Figure 6.3)
behavior over 7 days in control (0 ppm Ti4+) and experimental concentrations from 0.01
ppm to 1.0 ppm Ti4+. At exposure levels of 10 ppm Ti4+, significantly fewer of the
original seeded osteoblasts were viable on Day 3, and this fraction decreased further by
Day 7 (Figure 6.2). The true live/dead ratio is substantially lower at 10 ppm than the
fluorescence imaging and spectroscopy indicate, since floating (dead) cells were removed
with the media prior to calcein and EthD-1 staining. Osteoblasts proliferated freely when
continually exposed to 0-1 ppm Ti4+, roughly tripling in total cell count between day 1
and day 7, while osteoblasts exposed to 10 ppm Ti4+ did not appear to proliferate (Figure
6.3). Morphologically, osteoblasts exposed to 0-1 ppm Ti4+ displayed similar size and
shape in 2-D culture, both on polystyrene and gelatin-coated glass-bottom plates (Figure
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6.4). In contrast, osteoblasts exposed to 10 ppm Ti4+ displayed an altered morphology as
early as 1 day after exposure, with continued deterioration as cells lost viability over time
(Figure 6.4).

Figure 6.2: Similar viability of adhered 7F2 osteoblasts from 0-1 ppm Ti4+ and decreased
viability at 10 ppm Ti4+: based on (top) spectrophotometer readings and (bottom)
fluorescence imaging; green fluorescence indicates live cells, red fluorescence indicates
dead or dying cells, scale bars are 40 µm.
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Figure 6.3: Osteoblast proliferation over 7 days in the absence or presence of titanium
ions in growth media. Effects from time (p = 0.0017) and titanium concentration (p =
0.0007) were both significant. Post-hoc comparisons demonstrated that the number of
metabolically active cells was significantly different (*) from the control when exposed
to 10 ppm Ti4+, at each time point.

Figure 6.4: Optical micrographs of osteoblasts exposed to 0-10 ppm Ti4+ in solution.
Similar morphology of osteoblasts exposed to 0-1 ppm Ti4+; altered morphology of
osteoblasts exposed to 10 ppm Ti4+. Scalebars are 25 µm.
Alkaline Phosphatase Activity and Matrix Maturation
ALP production remained stable for the 0.01-1 ppm Ti4+ experimental conditions,
compared to controls, and then dropped substantially at 10 ppm (Figure 6.5). The total
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protein assay indicated that lower concentrations of Ti4+ lead to decreased protein
production, while osteoblasts still experienced the greatest decrease at 10 ppm. The ALP
specific activity, calculated as a ratio of p-NP conversion over time to total protein,
therefore increased from 0 to 1 ppm Ti4+, while decreasing at 10 ppm Ti4+.

Figure 6.5. ALP activity (based on hydrolysis of p-NPP to p-NP), total protein in cell
lysates (based on cuprous reduction reaction), and ALP specific activity as a percentage
of control conditions. At 0 ppm Ti4+ exposure, ALP activity was 1.464 µmols/mL, total
protein was 650.75 µg/mL, and ALP specific activity was 0.075 µmols/mg
protein/minute.
Osteocalcin Production and Matrix Mineralization
Intracellular osteocalcin in osteoblasts grown under control conditions was
apparent as early as 7-14 days after initial seeding. Similar results were seen with
osteoblasts exposed to 0 – 0.01 ppm Ti4+, while at 0.1 - 1 ppm Ti4+ the intracellular
osteocalcin production was diminished (Figure 6.6). Osteoblasts exposed to 10 ppm Ti4+
lost viability and detached within 14 days, and no nuclei or osteocalcin were stained at
the final timepoint.
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Figure 6.6: Immunofluorescence micrographs of osteoblasts grown with various
concentrations of titanium ions: DNA stained blue with DAPI and intracellular
osteocalcin stained red with fluorophore-conjugated secondary antibody.
Discussion
These studies determine the direct effects of soluble titanium ions on boneforming cells, while ensuring that the concentrations reported are not diminished due to
TiO2 precipitation. Overall, 10 ppm Ti4+ in modified titanium-rich media resulted in
greater decreases in viability, proliferation, ALP activity, and osteocalcin production than
literature reports of similar titanium concentrations in conventionally prepared titaniumrich media. These findings have clinical implications for failing total joint replacements
with titanium alloys, identifying another factor that negatively impacts osteoblasts.
Preventing TiO2 precipitation has proven challenging for studying the effects of
titanium ions in cell culture studies. Previously, the insoluble nature of Ti4+ in
physiological media has prevented its inclusion in broad studies of the effects of several
metal ions on osteoblasts, since the authors knew that a particulate precipitate would form
[9]. Despite its tendency to precipitate TiO2 particles due to thermodynamic instability at
physiological pH, several prior studies have incorporated methods that add Ti4+ ions from
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atomic absorption spectroscopy (AAS) standards directly to cell growth media without an
intermediate Ti4+-serum protein stabilizing step [10,23-26]. These authors either observed
precipitates [10], did not describe any procedure for discerning precipitation [23,24], or
did not observe precipitates due to inclusion of 0.22 µm filter sterilization of
experimental cell media in their methods [25,26]. Thus, it is likely that those studies
[10,23-26] considered the effect of TiO2 microparticles and/or Ti4+ ions at a lower
concentration than reported. The present study found that microscopic precipitation
occurred at levels as low as 0.1 ppm when directly diluting AAS Ti4+ stock solution with
PBS, α-MEM, or complete cell media.
There was a significant decrease in osteoblast proliferation at lower
concentrations of Ti4+ and at earlier time points compared to previous studies. In the
Mine et al. 2010 study, MC 3T3 osteoblast-like cells were exposed to culture media with
direct additions of 0-20 ppm Ti4+ for 24 hours [26]. At 0-9 ppm, cells did not experience
any decrease in viability, while a significant drop was noted at 20 ppm. In the present
study a significant decrease in viability was noted at 10 ppm. Saldana et al. found that
proliferation decreased significantly after 3 days of primary human osteoblast culture
with 47.9 ppm Ti4+ (conventionally prepared) [10]. Additionally, they determined that
23.9 ppm Ti4+ resulted in a significant decrease in proliferation after 7 days, while 4.8
ppm Ti4+ and below did not have a significant effect on proliferation at 3 or 7 days. The
present study had significant decreases in proliferation after 3 days when exposed to 10
ppm Ti4+. The difference in proliferation occurred at a much lower concentration using
this study’s modified titanium-rich media than the threshold concentrations using
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conventionally prepared titanium-rich media in the previous study [10]. This may be due
in part to titanium ion depletion in conventionally prepared titanium-rich media during
titanium oxide precipitation.
Decreases in protein were observed at intermediate concentrations of titanium
ions in both the present study and prior work. Decreases in ALP activity occurred at
similar threshold concentrations in the present study and prior work, but the present study
observed a more prominent decrease in ALP activity. Mine et al. reported a significant
decrease in the level of mRNA for type I collagen, a protein that marks osteoblast
differentiation, at 9 ppm of added Ti4+ [26]. While it is unknown how much of the
titanium ions remained in soluble form or complexed with serum proteins, this mRNA
decrease due to the addition of titanium ions may contribute to the decreased total protein
levels observed in the present study at Ti4+ concentrations lower than 10 ppm. Saldana et
al. reported no significant decrease in ALP production at 8.1 ppm added Ti4+, though they
did note a significant decrease in ALP production of about 25% when 14.4 ppm Ti4+ was
added [10]. While the reported threshold Ti4+ concentrations [10] are similar, the present
study suggests that a greater mean decrease of >90% ALP production and specific
activity occurs at a protein-bound Ti4+ concentration of 10 ppm. Saldana et al. also report
significant decreases in osteocalcin secretion (extracellular) when primary human
osteoblasts are exposed to 8.1 and 14.4 ppm of added Ti4+ [10]. The current study found
that intracellular osteocalcin levels were lower in osteoblast cultures exposed to 0.1 – 10
ppm, suggesting that secreted extracellular osteocalcin levels may also be lower at these
concentrations of titanium ions.
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The differences between these current results and prior work may be due to both
the absence of precipitation and the differences among cell lines. As previously
mentioned, experimental difficulties with TiO2 precipitation in other studies may have
effectively decreased the concentration of Ti4+ ions in solution and affected the results. It
is already known that the mechanical cytotoxicity of TiO2 particles is lower [29] than the
chemical cytotoxicity of protein-bound Ti4+ ions. Differences in cytotoxicity may also
have arisen due to selection of a cell line, as evidenced by the difference in Ti4+
cytotoxicity LC50 reported by Saldana et al. with primary human osteoblasts [10], Sun et
al. with rat osteosarcoma cell lines (ROS17/2.8) [30], and Yamamoto et al. with MC 3T3
cells [31]. Similarly, it cannot be discounted that ALP, osteocalcin, and other protein
production may also vary in response to titanium exposure, depending on the cell line.
Given the effects on viability, proliferation, ALP production, and osteocalcin production
from different concentrations of protein-stabilized concentrations of Ti4+ in this study, it
follows that bone remodeling may be severely impacted at concentrations of 10 ppm,
which is typical for the joint capsule of patients with a poorly-functioning titanium
prosthesis [27], and many failed joints likely experience even higher concentrations.
Mineralization may be affected at lower concentrations of 0.1 - 1 ppm, which is similar to
the average concentrations in the synovial fluid and joint capsule in patients with wellfunctioning titanium prostheses [27].
Conclusions
Increasing Ti4+ concentrations negatively impacted the viability, proliferation,
ALP production, and osteocalcin production of 7F2 murine osteoblasts. The
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concentrations reported were the dose of protein-bound titanium ions available to the
cells, as transferrin-Ti4+ binding was established prior to complete cell media preparation
at physiological pH. More prominent decreases in proliferation and ALP production were
evident at high, but clinically relevant, concentrations of titanium ions, compared to prior
findings that reported similar titanium concentrations but experienced TiO2 precipitation.
After exposure to 10 ppm Ti4+ in the absence of precipitation, viability decreased by at
least 20% and 38% after 3 and 7 days, respectively, and no proliferation occurred during
this time. At 7 days, ALP production was severely diminished (> 95%) despite a lesser
percent of cells experiencing death at that time point. Osteocalcin was severely
diminished at 0.1 – 1 ppm, suggesting that bone remodeling processes can be affected by
titanium corrosion even in well-functioning implants.
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CHAPTER SEVEN
ENGINEERING SIGNIFICANCE AND CONCLUSIONS

The objective of this dissertation was to advance the current understanding of the
mechanical and electrochemical surface destruction that affects metal joint prosthesis
components by determining the effects of material properties and mechanical state on
wear and corrosion, and by quantifying the biological consequences of degradation
products at an ionic/cellular level. This objective was accomplished by addressing three
aims related to the retrieval analysis techniques (1), effects from stress (2), and biological
consequences (3) from corrosion. Chapter 2 and 3 directly address Aim 1, Chapter 4
addresses Aims 1-3, Chapter 5 addresses Aim 2, and Chapter 6 addresses Aim 3 (Figure
P.1).
Aim 1: Develop methods for characterizing corrosion and other degradation events that
are applicable for explanted joint prostheses.
Aim 1 was accomplished by adapting, developing, and validating a combination
of characterization methods to analyze metal surfaces of explanted joint prostheses. The
characterization methods used in Chapters 2 and 4 included pre-defined multipoint grids
for measurements, optical microscopy, optical profilometry, scanning electron
microscopy, and energy dispersive x-ray spectroscopy. Chapter 3 describes an impression
technique specifically useful for inaccessible surfaces that was used in conjunction with
profilometric methods to analyze the retrievals in Chapter 4.
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The results from the polyethylene wear-through study (Chapter 2) serve as a
reminder that material properties influence the final outcome of biomedical devices, both
in expected and unexpected failure scenarios. While previously, the goals of promoting
longevity of knee replacement prostheses resulted in numerous advances in polyethylene
engineering [1], rigorous standards for polyethylene sterilization [1], and the introduction
of novel surface-modified metals [2], additional challenges have presented themselves in
terms of preventing more catastrophic wear. Major macroscopic dimensional change can
affect orthopaedic metals that unintentionally articulate [3].
The clinical concerns associated with metal-on-metal hip prostheses are
magnified when metal-metal articulation occurs, albeit unintentionally, in knee
prostheses. Metal-on-metal (MoM) hip prostheses included articulating surfaces of
CoCrMo against CoCrMo in designs with conforming radii. In contrast, total knee
prostheses material combinations can include TiAlV and oxidized zirconium in addition
to CoCrMo, in mixed and similar metal pairings. Any burden from polyethylene wear
debris already compromises the joint space [4], and the introduction of additional metal
wear debris can cause further clinical consequences. A major biomechanical difference
exists between MoM hip bearings and unintentional metal-metal articulation in knees: the
femoral condyles and the metal tibial baseplate is a round-on-flat (non-conforming radii)
configuration [5], resulting in vastly different biomechanics and higher Hertzian contact
stresses than the metal-on-metal hips [6]. In this study, the unintentional CoCrMoCoCrMo pairing in knees experienced the least adhesive wear damage and no gross
dimensional changes. Considering the biological implications of metal-on-metal hip
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prosthesis failures and the reactions to those levels of metal wear, the clinical
considerations of knee prostheses with worn through polyethylene, though uncommon,
may be even more problematic for the patient.
Metal contact can occur with or without polyethylene wear-through, and thus
several lessons can be learned from these findings. When functioning as intended,
composite materials such as surface-modified metals with ceramic exteriors may
incorporate the advantages of ceramics (improved hardness and scratch-resistance) and
the advantages of bulk metals (high fracture toughness) [7]. However, when functioning
non-ideally due to failure of other components, the disadvantages of each material class –
ceramics are brittle with low fracture toughness and metals are not hard enough to resist
wear from harder counterbearing materials and particles – cannot be ignored. Surfacemodified metals may be advantageous in bearings with polyethylene under normal
circumstances [8], but adverse events such as dislocation [9] and minor surface disruption
during the initial surgery could lead to a rapid failure cascade. While these rare events
may not necessitate avoidance of certain material combinations, this study serves as a
cautionary tale for assessing risk in the design and surface engineering of biomaterials
that may unintentionally articulate with other hard surfaces.
The preparation and validation of the PVS metrology study (Chapter 3) was an
example of applications engineering, in which a material used commonly in certain
clinical fields was applied to solve problems in orthopaedic retrieval analysis. When
faced with the task of evaluating corrosion or any type of damage at an interface, the
story is incomplete without a thorough analysis of all surfaces, and not just a
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consideration of the surfaces readily accessible to standard laboratory techniques. In
bore-cone taper junctions, the biomechanics vary greatly between components and
anatomic location, and stresses can affect corrosion behavior (Chapter 5) in addition to
mechanical surface disruption from fretting. It cannot be assumed that the patterns of
corrosion observed on easily-accessible cone tapers are statistically similar to those
present on the bore taper surfaces.
Without the availability of out-of-round metrology instruments, it is not possible
to directly measure the bore taper surfaces without resorting to destructive analysis.
Destructive sectioning to expose these surfaces can be useful for in-depth analyses, but it
is sometimes beneficial for retrieval labs to maintain retrieved prostheses in their original
form for future studies, and destructive analysis can often be prohibitively timeconsuming for studies with hundreds of retrievals. Additionally, recalled implant designs
often cannot be destructively analyzed since this would be considered “destruction of
evidence”. By adding to the library of techniques available for retrieval analysis, this
impression method and validation [10] provides a useful tool for any research lab that
measures hard-to-access surfaces.
During the validation of this study, several important lessons were learned. In
order to ensure this technique would be useful to a broad audience, several profilometric
parameters were considered. Surface defects of interest could be in the form of cracks,
raised deposits, wear or fretting scars, corrosion products, or corrosion pits – in these
cases, surface average roughness by itself is not enough information to describe the
defect [11,12]. While this parameter is often the only one cited in quality control
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standards [13], the ability to get similar means for other parameters using PVS
impressions - including average valley depth, mean peak-to-valley height, spatial
periodicity – is crucial in determining if this technique was useful for failure analysis.
Another important lesson was the need to quantify any variability between measurements
taken on different regions on a surface assumed to have “uniform” microgeometry, and
variability between measurements of PVS impressions formed from the same original
surface. By adapting the statistical measure of intra-class correlation coefficient, often
used in clinical studies where multiple users make observations [14], to compare sources
of measurement variability in this study, it was possible to truly validate this impression
protocol as a “repeatable” tool for retrieval analysis.
Chapter 4 sought to fill the gap in the literature on the performance and clinical
outcomes of modular taper junctions in knee prostheses. At the beginning of this study,
an NIH pubmed.gov search was pursued to amass any information possible on modular
taper junctions in knee prostheses. Using a search criteria of corrosion AND knee AND
(taper OR modular) only returned 11 peer-reviewed manuscripts at the time; only 4 of
these manuscripts had knee modular taper junctions as a focus of the study, and all 4 of
these were clinical case reports of single patients with no accompanying retrieval studies.
In late 2014, the first retrieval study on several hundred knee prostheses with modular
tapers was undertaken at another implant retrieval lab [15]. While this study confirmed
the Chapter 4 findings on the high prevalence of TKR modular taper corrosion, little
clinical information was available, and the only design features compared were conical
vs. threaded and measures of taper rigidity [15]. To increase the value of the RE-MED
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lab’s modular knee study (Chapter 4), previously established methods were adapted and
more descriptive methods of measuring taper damage were developed. By defining and
quantifying surface corrosion area as a percentage based on photogrammetric and
profilometric methods, numerous statistical analyses were available for use. The semiquantitative corrosion grading scale [16] used by several other studies [15,17-19] is
especially useful for a high-throughput analysis of larger sets of implant retrievals, but
the detailed characterizations undertaken in this study allowed the use of continuous
variables, the ability to distinguish among different modes of corrosion, and the
identification of other design features that may have affected corrosion.
Aim 2. Characterize corrosion occurring under unknown (in vivo) and known (in vitro)
stress states.
Aim 2 was addressed by completing the retrieval analysis of the modular TKR
taper junctions in Chapter 4 and by completing the independent in vitro study on the
corrosion behavior of Ti-6Al-4V when known ranges of tensile stress were applied
(Chapter 5).
The motivation behind the modular TKR corrosion study (Chapter 4) was the
need for more post-market assessment of the performance of modular junctions in total
knee replacements. While concerns with fretting and crevice corrosion have been
documented for modular hip prostheses consistently for over 25 years [20], until recently
very little work has covered modular knee prostheses. The reasoning for this may be due,
in part, to the lower prevalence of these junctions in knee prostheses. While hip
prostheses, by biomechanical design, need femoral stems for fixation in a primary
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arthroplasty (if hip resurfacing is not an option) [21], long stems are usually not needed
for proper fixation and stability of primary knee prostheses. When revision knee
prostheses incorporate modular stem extensions for improved stability after bone loss
[22], it becomes important to understand the corrosion and other surface degrading
processes that could affect a patient population that has already endured multiple prior
revisions. Of all the case studies, multi-center retrieval studies, histology reports, and in
vitro studies that have identified surface damage on taper junctions of modular hip
prostheses – a question remains unaddressed: how often do similar problems affect taper
junctions subject to loading conditions in the knee, and if so, does corrosion affect the
clinical outcomes?
The findings from this retrieval study suggest that, in revision knee prostheses
with stem extensions, taper corrosion is major concern and is present frequently. Modular
taper corrosion is not a phenomenon exclusive to modular hip prostheses, and cyclic
loading does not have to be as notably off-axis as it is in hip prostheses to result in
localized corrosion. While the taper design and evidence of fretting were found to be the
most significant predictors of high surface corrosion areas, patient factors that influence
biomechanics (BMI, time in vivo) were found to be insignificant. For designs that
successfully minimize fretting micromotions, the effects of a crevice environment as the
sole localized corrosion mechanism account for a very low surface corrosion area
(<10%). If taper designs that withstand bore-cone micromotions in vivo are engineered, a
minimized amount of corrosion may be achieved, since fretting is a more significant
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factor than other design considerations and since patient factors cannot be controlled
from an engineering standpoint.
Broad ranges of stresses are applicable in vivo, so the in vitro stress corrosion
study (Chapter 5) applied known elastic and plastic tensile stresses (in the physiologically
expected range) to Ti-6Al-4V to assess the corrosion behavior in response to stress. By
removing the other variables that would be encountered in vivo, such as fretting and
crevice conditions, it was possible for the first time to determine the true effects of tensile
stress on the corrosion behavior of the titanium alloy material. The study indicated that
high elastic tensile stresses increased the corrosion rates, both during active corrosion and
in the passive regime, at +0.5V. Since physiologically relevant loads can inhibit the
passivation process, to a degree, within the range of physiological electric potentials, it
becomes important to apply stress considerations when corrosion testing novel materials
for biomedical applications. A simplified static loading model was used since the effects
of stress on corrosion behavior had yet to be investigated for Ti-Al-V. With the findings
from this study and an understanding of how stress affects corrosion, it is now possible to
develop more complex loading experiments with boundary conditions for stress
amplitudes and static controls for comparison.
The higher corrosion rates noted for the elastic range (52-78% σy) than the plastic
range (103-118% σy) was somewhat unexpected, during the course of the experimental
work for Chapter 5. While it is intuitive that applying greater stresses could affect the
quality of the passive film, it was initially counter-intuitive that small amounts of plastic
deformation could improve passivation behavior over the elastic deformation condition.
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While this is not the case universally for all active-passive metals, residual stresses, grain
elongation, and the introduction of microstructural dislocations can all contribute to
passivation. One consideration that was not included in the scope of this investigation
was whether the difference in corrosion behavior stems from the stress itself (added
energy), or the resultant strain (elastic and plastic microstructural changes).
Computerized modeling of the electrochemistry, with input parameters such as free
energy, grain size, and dislocation density, may provide this answer for future
investigations. Engineers are familiar with using stress as a boundary condition for
mechanical design, and it is now important to report stresses when designing for
corrosion resistance.
Aim 3. Isolate the effect of metal ions, a direct consequence of corrosion, on biological
activity on a cellular level.
In evaluating the clinical aspect to modular TKR corrosion in Chapter 4, it
became difficult to determine if the metallosis observed in the histology reports was due
to corroded metal ions, corrosion products (metal oxides and hydroxides), or fretting
wear (metal particles). Since any particulate debris is most readily identified in stained
histological sections of the tissues, the effects on particulate metals and metal oxides have
been covered in the literature most extensively [23]. This objective behind this aim was
to determine the effects from Ti4+ (in ion form) on osteoblast viability and mineralization
(Chapter 6).
The clinical considerations for heavy taper corrosion in revision knee prostheses
(Chapter 4) may be of special concern due to the demographics of patients with revised
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TKR. While the patients in this study had several knee surgeries before the prostheses
were initially implanted, in general patients who have a revision TKR are at greater risk
for needing future revision surgeries. Bone loss from osteolysis or another deviceassociated pathology results in more difficulty achieving fixation and stability in revision
prostheses. Metallosis, pseudotumors, and metal allergy as a result of modular taper
corrosion in revision knee prostheses may result in more catastrophic outcomes for
patients who already suffer from severely compromised joint health and bone stock. This
adds more urgency for the development of new prostheses that incorporate the benefits of
modularity while minimizing the corrosion problems at taper surfaces.
Since there was a range of clinical pathologies, including osteolysis, associated
with metal release (Chapter 4), it was necessary to determine the effects of metal ions on
osteoblasts (Chapter 6). Osteoblast viability, proliferation, and mineralization are all
necessary for bone remodeling once a new implant is placed and throughout the duration
of in vivo service so that osteolysis does not occur. The results from this study found that
at concentrations of 10 ppm Ti4+, the viability decreased dramatically, along with all
other metrics observed. Since this is within the expected serum concentration range for
Ti-6Al-4V joint prostheses components that are poorly functioning [24], this implies that
particulate wear (polyethylene or metal) is not the only factor affecting osteolysis. At
lower clinically relevant concentrations (0.1 – 1 ppm Ti4+ [24]), all metrics of osteoblast
viability and proliferation were unaffected, but intracellular osteocalcin was low. These
findings bring up concerns about successful mineralization in the range of Ti4+
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concentrations associated with well-functioning joint replacements with no other
indications that a revision is necessary.
The novelty in this study (Chapter 6) was the delivery method used to make sure
that the osteoblasts were exposed to Ti4+ in its ionic state, and not a titanium precipitate.
A survey of the in vitro literature suggested that this was not feasible in typical cell
culture methods at pH 7.4, and several others had either forgone the use of Ti4+ in their
experiments [25] or reported a visually evident precipitate [26]. In order to address this
problem, an understanding of the in vivo metal ion uptake process was needed. In
learning about the protein-metal complexing that stabilizes metals in the ionic state, it
was clear that this behavior needed to be mimicked in the in vitro cell culture. In contrast
to culture media typically consisting of only 10% fetal bovine serum, a higher percentage
and proper culture media preparation was found to successfully bind ionic titanium to
proteins and avoid precipitation. While not within the original scope of this study, an
understanding of the metal-protein complexing (often implicated in biomedical research
literature with respect to cancer therapies) was crucial in proceeding forward in the in
vitro cell culture.
Since the deleterious effects on osteoblast viability and function were
concentration-dependent, this study (Chapter 6) provides further clinical justification for
ion concentration monitoring. While regular serological monitoring of an asymptomatic
implant may be cost-prohibitive, it may provide another measure for tracking implant
performance over time and may help identify patients at risk. Since large amounts of
implant surface degradation can occur before a patient is indicated for revision (as in the
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Chapter 2 and 4 studies), additional monitoring techniques may expose these risks before
the problems worsen.
General Conclusions
The overarching theme of these findings is that more comprehensive post-market
surveillance of orthopaedic devices is necessary to determine why implants fail. Both
within the US [27] and internationally [28,29], the prevailing opinion suggests that better
post-market surveillance is necessary to improve bench-top testing for future implant
designs and for risk evaluation of new devices. With a combination of clinical findings,
retrieval analyses, and bench-top testing, the analyses in this dissertation expand beyond
what is required by the ASTM/ISO standards [30,31] to assess contemporary concerns
with orthopaedic implants and metals.
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APPENDIX A
PEER REVIEW DISCUSSIONS

The following supplementary remarks were provided in the peer review process
prior to acceptance for publication:
Concerning the use of 2-dimensional roughness parameters
The commercially supplied Vision64 software for use with the NPFlex Light
Interferometer mentioned in the original Methods section extracts 2-D profile data (R
parameters) for each 3-D area examined. While S parameters (3-D) were available with
this metrology method, R parameters were favored due to their use in similar studies and
due to the industry standard’s chosen parameter for surface finish of as-manufactured
articulating prostheses (ISO 7207-2). R parameters are advantageous for comparison to
prior literature, since S parameters are not applicable for 2-D profilometers that have
been available for longer [1]. Prior work on the comparison of 2-D (R) and 3-D (S)
parameters found that mean profile height (Ra and Sa) measurements are similar for both
parameters, including both as-machined and worn surfaces (Figure A1), although
standard deviations varied [2]:

Figure A1. Comparison of 2-D and 3-D parameters in literature [2]
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The Chapter 2 preliminary results on both “average” and “height” parameters
suggest that, overall and for comparison among different material combinations, 2D (Ra,
Rp, Rv) and 3D (Sa, Sp, Sv) parameters have similar means and similar variances. The large
standard deviations are due to a broad variety of damage modes present, and not due to
the choice of parameter (Table A1).
CoCrMo-

CoCrMo-

All

CoCrMo (80

TiAlV (428

TiAlV-TiAlV

OxZr-TiAlV

(896 zones)

zones)

zones)

(194 zones)

(194 zones)

Ra

100.916507

28.34283529

116.3477825

129.3809857

136.2969788

Average

SD

123.200841

25.55735024

109.5243942

100.4286743

214.4500184

Roughness

Sa

100.722048

28.22549707

116.2799701

129.2362893

135.484157

(nm)

SD

122.610544

25.24850015

109.3548263

100.1153648

212.6133981

Rp

1260.01009

506.1279006

1629.950716

1107.978105

1743.695449

Height -

SD

1714.28793

724.6709053

1879.267862

1107.995765

2673.223605

Peaks

Sp

1257.94103

505.3733795

1630.096293

1105.650141

1732.423721

(nm)

SD

1709.43556

723.2807014

1880.332765

1106.132319

2652.471379

Height -

Rv

-1692.0119

-1116.367338

-1655.166473

-1820.140555

-2548.847287

Valleys

SD

1887.42690

821.8864635

1289.067983

1043.052925

4043.829366

(nm)

Sv

-1693.8879

-1116.808961

-1654.824884

-1822.03672

-2559.665276

SD

1894.71690

823.2413859

1288.772731

1046.313853

4064.231568

Table A1. Comparison of 2-D and 3-D parameters in the present study (Chapter 2).
Concerning a bearing ratio curve for analysis of running-in wear
Due to the very smooth historical control surfaces (Ra < 10 nm), the bearing ratio
curves suggest that the running-in wear stage for these implants would only include
removal of the top 50-70 nm of peak asperities [3,4] as indicated by the Rpk parameter
(Figure A2). Since the roughness and height parameters of the worn explanted surfaces
are all significantly greater (Figure 2.11), it is concluded that the wear observed is from
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“normal” (but failing) operation past the running-in stage. Representative bearing ratio
curves and relevant parameters of the retrieval surfaces are available below (Table A2),
but are not included in the manuscript due to the inability to correctly compare between
material combinations – interpretation of the bearing ratio curve would vary since
adhesive wear resulted in material transfer/pile-up in some combinations and material
removal in others.

Figure A2. Bearing ratio curve (Firestone-Abbott curve) parameters
Adhesive metal-

Rpk

Rk

Rvk

metal wear

(nm)

(nm)

(nm)

CoCrMo –

79 ± 53

113 ± 70

117 ±

CoCrMo
CoCrMo – TiAlV
TiAlV - TiAlV
OxZr - TiAlV

114
454 ±

513 ±

393 ±

235

304

198

209 ±

441 ±

354 ±

115

303

225

1034 ±

1566 ±

1303 ±

441

289

511

Table A2. Bearing ratio curve parameters for material combinations studied in Chapter 2
Concerning kurtosis and skewness of the worn surfaces
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The wear morphology was originally described with qualitative pictographic
descriptors. No significant differences (p >> 0.05) were found in kurtosis or skewness
parameters among different material combinations overall or within each damage mode.
Mean Sku parameters of all surfaces were above 3, indicating a bell curve distribution of
heights about the mean plane. Skewness parameters were not a valuable metric for
characterization of the type of damage due to the high variability within each damage
type – a surface zone having 2 or 100 3rd-body abrasion scratches would still be
characterized as “3rd-Body Abrasion” but would have different skews; similarly a surface
zone having one small material pile-up region or 4-5 large material pile-up regions would
still be characterized as “Adhesive Wear – Material Transfer” but the skew would vary
greatly. Therefore, kurtosis and skewness were not pertinent to this study and were
excluded from the manuscript. Values are included below in Table A3.
Zones

n

Sku

Ssk

CoCrMo-CoCrMo

80

286 ± 831

-4.09 ± 10.83

CoCrMo-TiAlV

428

14.3 ± 14.2

0.44 ± 1.38

TiAlV-TiAlV

194

10.9 ± 8.3

-0.66 ± 1.20

OxZr-TiAlV

194

18.0 ± 24.0

-0.44 ± 1.19

2-Body Abrasion

46

15.2 ± 14.3

0.11 ± 1.61

3 -Body Abrasion

76

62.6 ± 160.7

-0.62 ± 3.42

Adhesive Wear –

116

27.4 ± 84.2

-0.43 ± 2.27

42

9.1 ± 5.0

-0.71 ± 0.93

41

10.7 ± 3.9

-0.68 ± 3.87

Pitting

7

424 ± 695

-6.37 ± 12.16

None

62

261 ± 907

-0.03 ± 1.15

rd

Material Transfer
Adhesive Wear –
Material Removal
Dulling

Table A3. Skewness and kurtosis of the worn surfaces, by material combination and by
mode of damage.
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APPENDIX B
DISCUSSIONS FROM PEER INQUIRY OF PUBLISHED MANUSCRIPTS

The following supplementary remarks were provided to a peer inquiry generated
after publication of manuscript:
Concerning a more in-depth investigation of “less damaged” regions of femoral condyles
For comparison purposes, Figures B1-B3 include several optical micrographs and
profilometric figures of the surfaces on condyles that remained in contact with the
polyethylene counter surface. Figure 2.7 indicates fewer regions on the condyle that
remained in contact with polyethylene experienced adhesive wear in the form of material
removal or material transfer than on the condyle that experienced wear-through. To
expand on this, for TKR1, TKR2, TKR3, and TKR4, the distributions of damage modes
on the condyle that remained in contact with polyethylene are in Figure B4.

Figure B1. Optical micrographs from left to right: TKR1 (TiAlV), TKR2 (CoCrMo),
TKR3 (CoCrMo), TKR4 (Oxidized zirconium). Scale bars are 1000 microns.
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Figure B2. Top left: TKR1 (TiAlV). Top right: TKR2 (CoCrMo). Bottom left: TKR3
(CoCrMo). Bottom right TKR4 (Oxidized Zirconium)

Figure B3: Top left: TKR1 (TiAlV). Top right: TKR2 (CoCrMo). Bottom left: TKR3
(CoCrMo). Bottom right: TKR4 (Oxidized Zirconium)
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Figure B4. Distributions of damage modes on condyles that remained in contact with
intact polyethylene
Concerning any sub-surface “blistering” corrosion attack
No blisters of the ZrO2 layer were observed on the condyle that remained in
contact with polyethylene. On the condyle that wore through the polyethylene, a few
areas (shown in red box in Figure B5) directly adjacent to the single surface-fractured
region may have experienced sub-surface corrosion.

Figure B5. Location of potential sub-surface corrosion attack
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While the majority of the perimeter of the surface-fractured region was similar to
the micrograph in Figure 2.5, a few regions displayed damage (shown in Figure B6) that
may be characteristic of the fractured blisters previously described in Dearnley &
Aldrich-Smith, Wear, 2004. It is currently unknown if any local corrosion caused ZrO2
formation or hydride formation.

Figure B6. Region characteristic of possible blistering adjacent to surface-fractured
region.
In addition to the perimeter area, one other pitted area was observed that may be
of interest. This pitted area was located on the same condyle as the wear-through damage,
3-4 mm from the main surface-fractured region. The circular pits shown in Figures B7-
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B8 may have been caused by pitting corrosion or subsurface corrosion after the
introduction of pinpoint defects.

Figure B7. Pitted region on retrieved oxidized zirconium prosthesis (TKR4). Scalebar
1000 µm.
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Figure B8. Profilometric scan of pitted region on retrieved oxidized zirconium prosthesis
(TKR4).
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APPENDIX C
RETRIEVAL DATABASE ENTRIES AND SURFACE CORROSION AREA

The following tables were used to generate the statistical analyses included in
Chapter 4.
TKR
Component

% Surface Corrosion Cone using
photogrammetry

% Surface Corrosion Area cone using
profilometry

A1

3.312

2.5

A2

0

0

A3

3.969

5

A4

8.412

12.5

A5

0

0

A6

1.345

7.5

A7

4.81

2.5

A8

0

2.5

A9

5.913

2.5

A10

22.205

27.5

A11

11.578

10

A12

3.753

5

A13

0

0

A14

67.501

75

A15

2.284

0

A16

2.587

0

A17

2.229

5

B1

61.478

80

B3

72.564

75

B4

86.326

72.5

B5

71.312

72.5

B6

31.213

27.5

B7

59.934

65

B8

19.054

17.5

B9

80.468

85

B10

95.035

90

Table C1. Validation of photogrammetric/profilometric corrosion area measurements
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%
Surface
Corrosion
Posterior
(Cone
only)
3.404

TKR
Component

Surface
Corrosion
Area (Bore)

Surface
Corrosion
Area (Cone)

% Surface
Corrosion
Medial
(Cone only)

% Surface
Corrosion
Lateral
(Cone only)

% Surface
Corrosion
Anterior
(Cone
only)

A1

0

3.312

3.82

3.098

2.926

A2

15

0

0

0

0

0

A3

0

3.969

6.483

2.58

3.492

3.319

A4

32.5

8.412

8.703

9.903

8.617

8.787

A5

30

0

0

0

0

0

A6

32.5

1.345

2.054

3.328

0

0

A7

57.5

4.81

4.914

7.22

1.603

5.503

A8

7.5

0

0

0

0

0

A9

5

5.913

2.324

4.164

4.987

12.177

A10

12.5

22.205

26.206

22.428

13.82

26.366

A11

7.5

11.578

10.53

11.737

11.264

12.783

A12

2.5

3.753

3.618

4.3

3.346

3.75

A13

2.5

0

0

0

0

0

A14

75

67.501

63.094

81.232

60.34

65.338

A15

30

2.284

2.526

2.348

2.066

2.185

A16

5

2.587

2.358

3.024

1.942

3.025

A17

5

2.229

1.692

3.117

1.882

2.225

B1

65

61.478

62.136

56.039

63.505

64.136

B3

85

72.564

82.349

69.465

66.5

71.942

B4

65

86.326

87.582

89.998

80.852

86.874

B5

65

71.312

69.699

82.773

64.312

68.464

B6

27.5

31.213

27.617

43.915

38.066

15.255

B7

75

59.934

57.781

63.924

55.111

62.92

B8

22.5

19.054

20.449

14.298

22.566

18.903

B9

67.5

80.468

76.745

81.545

78.036

85.547

B10

92.5

95.035

94.081

98.026

95.998

92.034

Table C2. Surface corrosion areas by taper component and anatomic location
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TKR
Component

Disassembly
force (N)

Surface
Corrosion Area
(bore and cone)

Crevice
corrosion
evidence

Fretting
corrosion
evidence

Metallosis

A1

2035

1.656

yes

no

yes

A2

5557

7.5

no

no

yes

A3

1954

1.9845

yes

no

no

A4

759

20.456

yes

no

no

A5

1923

15

no

no

yes

A6

4130

16.9225

yes

no

yes

A7

1630

31.155

yes

no

no

A8

4810

3.75

no

no

no

A9

2272

5.4565

yes

no

no

A10

2112

17.3525

yes

no

no

A11

6757

9.539

yes

no

no

A12

882

3.1265

yes

no

no

A13

5461

1.25

yes

no

yes

A14

0

71.241

yes

yes

yes

A15

333

16.142

yes

yes

yes

A16

821

3.794

yes

no

no

A17

3843

3.615

no

no

no

B1

150

61.478

no

yes

No Histology
Available

B3

393

78.782

yes

yes

yes

B4

Unsuccessful
Measurement

75.663

yes

yes

yes

B5

713

68.156

yes

yes

yes

B6

0

29.3565

no

yes

yes

B7

1943

67.467

yes

yes

yes

B8

0

20.777

no

yes

yes

B9

836

1.25

yes

yes

yes

B10

150

93.768

yes

yes

yes

Table C3. Disassembly and surface corrosion area measurements; binary categorical
variables.
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APPENDIX D
ELECTROCHEMICAL TESTING PARAMETERS

The following tables include the complete testing parameters detailing the LPR,
EIS, and CP testing described in Chapter 5.
PSTAT

PSTAT

IFC1000-02057

Potentiostat

VINIT

POTEN

-1.00E-02

Initial E (V)

VFINAL

POTEN

1.00E-02

Final E (V)

SCANRATE

QUANT

1.25E-01

Scan Rate (mV/s)

SAMPLETIME

QUANT

2.00E+00

Sample Period (s)

EQDELAY

QUANT

0.00E+00

Equil. Time (s)

Figure D1. Testing parameters for potentiodynamic linear polarization resistance
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PSTAT

PSTAT

IFC1000-02057

Potentiostat

VINIT

POTEN

-2.00E-02

Initial E (V)

VFINAL

POTEN

2.00E-02

Final E (V)

SCANRATE

QUANT

1.25E-01

Scan Rate (mV/s)

SAMPLETIME

QUANT

2.00E+00

Sample Period (s)

EQDELAY

QUANT

0.00E+00

Equil. Time (s)

SEQUENCER

TOGGLE

TRUE

Run as Sequence

CTRLMODE

IQUANT

1

Control Mode

IESTAB

IQUANT

2

I/E Stability

CASPEED

IQUANT

2

Control Amp Speed

CONVENTION

IQUANT

1

Current Convention

ICHRANGE

IQUANT

2

Ich Range

ICHRANGEMODE

TOGGLE

T

Ich Auto Range

ICHOFFSETENABLE

TOGGLE

F

Ich Offset Enable

ICHOFFSET

QUANT

0

Ich Offset (V)

ICHFILTER

IQUANT

4

Ich Filter

VCHRANGE

IQUANT

2

Vch Range

VCHRANGEMODE

TOGGLE

T

Vch Auto Range

VCHOFFSETENABLE

TOGGLE

F

Vch Offset Enable

VCHOFFSET

QUANT

0

Vch Offset (V)

VCHFILTER

IQUANT

4

Vch Filter

IERANGELOWERLIMIT

IQUANT

4

I/E Range Lower Limit

IERANGEMODE

TOGGLE

T

I/E AutoRange

IERANGE

IQUANT

11

I/E Range

ACHSELECT

IQUANT

4

Ach Select

Figure D2. Testing parameters for electrochemical impedance spectroscopy
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PSTAT

PSTAT

IFC1000-02057

Potentiostat

VINIT

POTEN

-2.50E-01

Initial E (V)

VAPEX

POTEN

2.00E+00

Apex E (V)

VFINAL

POTEN

0.00E+00

Final E (V)

ILIMIT

QUANT

3.00E+03

Apex I (mA/cm^2)

SCANFWD

QUANT

1.67E-01

Forward Scan (mV/s)

SCANREV

QUANT

1.67E-01

Reverse Scan (mV/s)

SAMPLETIME

QUANT

1.00E+00

Sample Period (s)

IRCOMP

TOGGLE

F

IR Comp

EQDELAY

QUANT

0.00E+00

Equil. Time (s)

SEQUENCER

TOGGLE

TRUE

Run as Sequence

CTRLMODE

IQUANT

1

Control Mode

IESTAB

IQUANT

2

I/E Stability

CASPEED

IQUANT

2

Control Amp Speed

CONVENTION

IQUANT

1

Current Convention

ICHRANGE

IQUANT

2

Ich Range

ICHRANGEMODE

TOGGLE

T

Ich Auto Range

ICHOFFSETENABLE

TOGGLE

F

Ich Offset Enable

ICHOFFSET

QUANT

0

Ich Offset (V)

ICHFILTER

IQUANT

4

Ich Filter

VCHRANGE

IQUANT

3

Vch Range

VCHRANGEMODE

TOGGLE

T

Vch Auto Range

VCHOFFSETENABLE

TOGGLE

F

Vch Offset Enable

VCHOFFSET

QUANT

0

Vch Offset (V)

VCHFILTER

IQUANT

4

Vch Filter

IERANGELOWERLIMIT

IQUANT

4

I/E Range Lower Limit

IERANGEMODE

TOGGLE

T

I/E AutoRange

IERANGE

IQUANT

11

I/E Range

ACHSELECT

IQUANT

4

Ach Select

Figure D3. Testing parameters for potentiodynamic cyclic polarization
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APPENDIX E
PROTEIN ASSAY PROTOCOLS

BCA Protein Assay
Cell lysates were prepared from independent cultures using M-PER by collecting
the supernatant after centrifugation. Albumin stock solution was diluted to the following
concentrations in order to prepare a standard curve for each culture plate:
Standard
dilutions
1
2
3
4
5

Albumin
stock
solution (ul)
200
100
50
25
0

Water
(ul)
200
300
350
375
400

Final
conc
(ug/ml)
500
250
125
62.5
0

A562

dA562
= A562 – A562 water

Table E1. Dilutions of albumin stock solution for BCA protein assay standard curve
The working reagent was dispensed in all wells. Standard dilutions were added to
wells in duplicate and cell lysates were added to wells in triplicate. Culture plates were
stored at 37 oC for 30 minutes, and then the absorbance was read at 562 nm. A sample
standard curve is provided in Figure E1.
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1.8
y = 0.0008x + 0.0729
R² = 0.98534

1.6
1.4
1.2
dA562

1
0.8
0.6
0.4
0.2
0
-0.2

0

500

1000

1500

2000

2500

BSA Concentration (ug/mL)

Figure E1. Sample BCA total protein assay standard curve
ALP Activity and Specific Activity
Cell lysates were obtained from the same seeding and collection procedure as for
the above BCA assay. The calibration of absorbance data of the ALP assay with the
standard curve provides a way to determine the molecules of p-Nitrophenol produced
from the p-NPP ! p-NP reaction. A standard curve was prepared using the following
dilutions of p-Nitrophenol stock solution:

1
2
3
4
5

Stock p-NP
(ul)
200
100
50
25
0

Water
(ul)
180
280
330
355
380

NaOH 2M
(ul)
20
20
20
20
20

Final conc pNP (ug/ml)
200
100
50
25
0

A405

dA405 = A405 p-NP –
A405 water

Table E2. Standard dilutions of p-NP for ALP assay standard curve
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Cell lysates and M-PER blank were added to p-NPP substrate in microcentrifuge
tubes in triplicate and incubated for 30 minutes at 37 oC, at which point the reaction was
stopped with NaOH. Converted p-NP solutions from the cell lysates and blanks were
added to a 96-well plate, alongside p-NP standard dilutions. The absorbance was read at
405 nm, and the concentration of p-NP in each cell lysate was calculated from the
standard curve (Figure E2).
4
y = 0.0172x + 0.185
R² = 0.9802

3.5
dA405 (a.u.)

3
2.5
2
1.5
1
0.5
0
0

50

100

150

200

p-NP Concentration (ug/mL)

Figure E2. Sample p-NP standard curve for ALP assay
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