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Abstract

This article reviews certain practical aspects of retrieval analysis for motion preserving spinal implants and periprosthetic tissues as an
essential component of the overall revision strategy for these implants. At our institution, we established an international repository for
motion-preserving spine implants in 2004. Our repository is currently open to all spine surgeons, and is intended to be inclusive of all
cervical and lumbar implant designs such as artificial discs and posterior dynamic stabilization devices. Although a wide range of alternative
materials is being investigated for nonfusion spine implants, many of the examples in this review are drawn from our existing repository
of metal-on-polyethylene, metal-on-metal lumbar total disc replacements (TDRs), and polyurethane-based dynamic motion preservation
devices. These devices are already approved or nearing approval for use in the United States, and hence are the most clinically relevant at
the present time. This article summarizes the current literature on the retrieval analysis of these implants and concludes with recommen-
dations for the development of new test methods that are based on the current state of knowledge of in vivo wear and damage mechanisms.
Furthermore, the relevance and need to evaluate the surrounding tissue to obtain a complete understanding of the biological reaction to
implant component corrosion and wear is reviewed.
© 2009 SAS - The International Society for the Advancement of Spine Surgery. Published by Elsevier Inc. All rights reserved.
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Motion preserving spinal implants have recently emerged
as a new technology for the treatment of a range of degener-
ative disorders in the cervical and lumbar spine. In contrast
with the historical paradigm for spinal implants, which was
predicated upon static, load sharing fusion devices, motion
preserving designs must not only share load but also restore
motion to a diseased functional spinal unit. As a field, motion-
preservation treatment of the spine remains in its infancy, and
consequently, has the opportunity to benefit tremendously
from the widespread practice of retrieval analysis.

Indeed, before clinical use of new motion preserving
designs in humans, it is essential that the implants be ex-
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haustively tested in the laboratory. However, because many
motion-preservation designs and their biomaterials are
novel, and without clinical precedent, it may be challenging
for bioengineers to develop test methods that accurately
predict their in vivo performance. Furthermore, prior to
initiating a clinical trial, it is often impossible to anticipate
the complete spectrum of clinical failure modes for a par-
ticular implant system, especially when no clinical experi-
ence is available to guide engineering judgment. Clinical
failure of implant procedures may involve a variety of
patient-, surgeon-, and implant-related factors. However,
certain unusual clinical failure modes occur as a result of a
unique combination of patient-, surgeon-, and implant-re-
lated factors, and, because of their rarity, may escape de-
tection in a clinical trial. For this reason, the Food and Drug
Administration (FDA) is keenly interested in the detailed
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analysis of explanted implants, as evidenced by the inquiry
and recommendations of 3 FDA panels for cervical and
lumbar artificial discs between 2004 and 2007. In the 2007
FDA panel meeting for the Bryan cervical disc, one of the
conditions for approval was that the manufacturer conduct a
10-year postmarket retrieval analysis of the device (http://
www.fda.gov/cdrh/meetings/071707-summary.html). Thus,
retrieval analysis is not only considered an absolutely es-
sential companion activity for prospective, randomized clin-
ical trials, but also for the post-market surveillance of new
spinal implant designs.

So what, then, is retrieval analysis? Retrieval analysis is
the study of explanted devices and tissues for the purposes
of understanding the implant in vivo performance. The
implants and tissues are typically obtained during revision
surgery, and are often helpful when attempting to determine
the reasons underlying the failure of a particular surgical
procedure. To gain an understanding of clinical failure
modes of a particular device and its biomaterials, a detailed
analysis of revision retrievals is absolutely essential. How-
ever, the extrapolation of such findings to patients who are
not revised (ie, with well-functioning implants), can be
problematic. For this reason, it may be desirable to study
autopsy-retrieved implants and surrounding tissues. On the
other hand, for motion-preserving spine implants with an
elective patient population ranging in age from 18 to 60, it
is simply not practical to expect a significant number of
autopsy retrievals during an investigator’s professional ca-
reer.

Given the strong regulatory and societal implications,
retrieval analysis is not merely an academic endeavor. Re-
trieval analysis is performed by clinicians, engineers, and
biologists. There are great advantages from their collabora-
tion as a team, which allows for the relevant patient-, sur-
geon-, and implant-related factors to be considered in as
broad a context as possible. When properly performed by
experienced investigators, retrieval analysis can provide a
definitive source of information on implant and biomaterial-
related failure modes, biocompatibility, and their impact on
the overall longevity of the surgical procedure. When com-
pared against the findings of experimental or numerical
studies, the results of retrieval analysis can help validate
preclinical testing and computer-based methods that are
essential when evaluating new designs. Taken one step
further, when the aggregate results of retrieval analysis are
integrated into the implant design process, the technique can
provide feedback or motivation for adjusting implant de-
signs or the selection of alternative biomaterials. As ex-
plained in a recent NIH consensus statement:' “Technology
progresses by facing its failures and learning from its suc-
cesses. The goal of device research and development is to
improve patient care through improvement of implants. A
fundamental objective is to understand successful implants
and assess failures through retrieval analysis.”

In addition to the scientific motivation, there are also
strong educational and ethical reasons for participating in

retrieval analysis. When involving researchers, engineers,
and clinicians in the early stages of their careers, retrieval
analysis has a major educational component. Arguably, cli-
nicians who are actively implanting motion preserving de-
vices have an ethical responsibility to contribute to retrieval
analysis to provide their patients with the best care possible.
The removal of an implant, especially a lumbar artificial
disc, potentially involves a heroic surgery by the physician.
More importantly, it exposes the patient to increased risk of
serious and potentially life-threatening complications. Thus,
the clinician has a responsibility to ensure that implanted
and explanted devices and tissues are properly analyzed and
the results disseminated to stake holders. To be sure, there
are many scientific, educational, and ethical reasons why
implant designers, surgeons, researchers, and bioengineers
are motivated to participate in retrieval analyses. These
reasons have been touched upon in previous review articles
and book chapters. It is a testament to the varied and
compelling motivations for retrieval analysis that it contin-
ues to play an important role in the evolution of implant
technology.

In this review, we summarize the literature on retrieval
analysis of motion-preserving implants and conclude with
recommendations for the development of new test methods
that are based on the current state of knowledge in spine
wear mechanisms. In addition, we provide support for cou-
pling these analyses with the evaluation of periprosthetic
tissues to determine the biological responses to the various
implant designs. At our institution, we established an inter-
national repository for motion preserving spine implants in
2004. Our repository is currently open to all spine surgeons,
and is intended to be inclusive of all cervical and lumbar
implant designs, such as artificial discs, and posterior dy-
namic stabilization devices. Many of the examples in this
chapter will be drawn from our existing repository of metal-
on-polyethylene, metal-on-metal lumbar TDRs, and poly-
urethane-based dynamic motion preservation devices.

Practical aspects of retrieval analysis
Retrieval program

A retrieval program may be organized as the collection
and analysis of implants from a single institution or from a
multi-institutional study, or the program may be established
independently as a more generalized retrieval repository.
When a retrieval program is established as part of a clinical
study, institutional review board (IRB) approval, or the
equivalent, should be obtained along with the informed
consent of each patient to participate when appropriate. A
clinical study-type design is preferred when detailed clinical
information, including protected health information, is be-
ing collected and analyzed as part of the study. Details on
the design and establishment of a retrieval or repository
program have been outlined previously.”

To ensure adequate receipt and processing of the re-
trieved implants, standard precautions are to be used when
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handling the explanted components until they have com-
pleted a cleaning protocol. This may include keeping the
implant components in appropriate chemicals to preserve
adhering tissue, provided that the preservative does not
degrade the component itself. At our center, implants fab-
ricated from Ti alloy, CoCr alloy, and polyethylene are
ultrasonically cleaned in soap and deionized water, rinsed,
and sterilized using a 10% Clorox bleach solution. We omit
the bleach solution for cleaning stainless steel implants, as
there is the potential for corrosive attack with these alloys.
Likewise, a mild cleanser is used for implant components
comprised of polymers that may be vulnerable to chemical
changes from the bleach solution. Furthermore, staff mem-
bers affiliated with the retrieval program at our institution
have completed the appropriate training in biohazard safety.
Additional guidance for handling of retrieved implants and
tissues may be found in ASTM Standard F561.°

The actual analysis of retrieved implants and tissues may
involve a broad range of test methods, which are compre-
hensively described in ASTM Standard F561. This manual
provides guidance for analysis of all implant components,
including metallic, polymeric, and ceramic materials. Al-
though a detailed summary of this standard falls outside the
scope of this chapter, in subsequent sections we highlight
specific test methods that have been particularly helpful in
the characterization of retrieved metal-on-polyethylene and
metal-on-metal disc replacements.

Wear and damage assessment

Because wear and damage of retrieved total disc replace-
ments can occur at length scales that are not visible with the
naked eye, microscopy may be necessary to identify damage
modes. An optical stereomicroscope, with 10—40 times
magnification, is typically sufficient to identify worn re-
gions of retrieved implants, but it is frequently helpful to
analyze the wear surfaces using scanning electron micros-
copy, which can achieve magnifications of 5,000 times or
greater. In addition to optical and scanning electron micros-
copy, MicroCT and white light interferometry are methods
that have proven particularly useful in our previous analyses
of wear in retrieved total disc replacement components.>*>
These novel wear assessment methods for disc replacements
are highlighted in this section.

MicroCT analysis

We have used a MicroCT to nondestructively detect
surface and internal voids and cracks within retrieved poly-
ethylene total disc replacement components* and polyure-
thane spine motion preserving implants.®’” Depending upon
their thickness, CoCr alloy components produce substantial
artifacts in the MicroCT. The radiographic wire marker in
the Charité (DePuy Spine, Raynham, MA) design, for ex-
ample, also produces artifacts in the MicroCT that compli-
cate interpretation of geometry at the rim. Consequently, we

have found it helpful to remove the wire marker prior to
MicroCT analysis of rim wear in that design. The wire
marker artifact does not extend into the central core of the
implant; therefore, if the scope of the analysis is restricted to
dome wear, removal of the wire marker may not be neces-
sary. For polymer components that do not incorporate wire
markers (eg, the Prodisc [Synthes, West Chester, PA) or
Dynesys (Zimmer Spine, Minneapolis, MN]), microCT ar-
tifacts are not an issue.

At our institution, polymer components of spine motion
preserving implants are scanned at 18-um voxel resolution
using a commercial microCT scanner (uwCT80, Scanco,
Switzerland).* The 3-dimensional reconstructions of the
component and 2-dimensional sections taken through the
component are evaluated for the presence of surface,
through-thickness, and internal cracks. We have previously
observed the trajectory of cracks in polymer components of
spine motion preserving implants, including the Dynesys.®’
Using optical microscopy, we have also characterized per-
manent deformation and wear patterns of polymer compo-
nents from spine motion preserving devices. Using these
methods we have been able to distinguish these forms of
surface and sub-surface damage from iatrogenic damage
that occurs during implant removal.

Because of attenuation artifacts encountered with metal-
lic components, as discussed previously, microCT is only
useful for polymeric components. To measure the macro-
scopic surface geometry of metallic components, coordinate
measurement machines (CMM), laser profilometers, and
optical profilometers are among the tools employed by the
research community. To measure microscopic changes in
the implant surface, white light interferometry may be used.
As discussed below, interferometry is applicable to both
metallic and polymeric components for disc replacement.

White light interferometry

At our institution we utilize white light interferometry
(WLIR) to characterize the microscopic surface morphol-
ogy of retrieved disc arthroplasty components. WLIR is
capable of detecting surface height changes that are on the
nanometer-length scale by measuring the interference of
white light reflected off the component within a specified
field of view, as compared with the light from a reference
beam. We have successfully analyzed the wear surfaces of
polyethylene and CoCr alloy total disc replacements at our
institution using a NewView 5000 equipped with advanced
texture analysis software (Zygo, Middlefield, CT).> We
sample 5-10 square regions (typically 0.54 x 0.72 mm) of a
component to obtain representative surface topography of
the retrieved implant in both worn and unworn locations.

Figure 1 illustrates the surface topography obtained from
the unworn and worn surface regions of a retrieved poly-
ethylene disc replacement component. The unworn polyeth-
ylene surface is dominated by machining marks that are on
the order of several microns in amplitude (Fig. 1, left).
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Fig. 1. White light interferometry images of an unworn (left) and worn (right) polyethylene implant surface.

Initially, microscopic evidence of adhesive/abrasive wear is
detected by the erosion and removal of machining marks,
along with the presence of fine scratches (Fig. 1, right).

The surface topography of a retrieved CoCr alloy disc
replacement is shown in Figure 2. The unworn CoCr surface
is usually relatively flat and featureless, aside from micro-
scopic scratches generated during the final polishing stage
of the manufacturing process (Fig. 2, left). In a region of
wear, the CoCr surface has evidence of localized, micro-
scopic scratches with a characteristic length scale that is
larger than the residual features from polishing (Fig. 2,
right).

As demonstrated in Figures 1 and 2, surface character-
ization using white light interferometry provides useful in-
formation about the wear mechanisms in total disc replace-
ments. Furthermore, by quantitatively analyzing the surface
data, the roughness and waviness can be quantified and
compared with as-manufactured components, thereby pro-
viding insight into the magnitude of surface changes that
occur in vivo.*'° Ultimately, quantitative measurements of
implant surfaces are used to validate in vitro and computa-
tional models that seek to simulate in vivo wear processes.

Wear and damage mechanisms

As discussed in the previous section, retrieved compo-
nents from spine motion preserving devices —whether met-
al-on-polyethylene or metal-on-metal—should be evaluated
both macroscopically and microscopically for the presence

+5.00000

Hm

-5.00000
539

of damage modes typically observed in large joint arthro-
plasty components (eg, burnishing, abrasion, scratching,
pitting, plastic deformation, fracture, fatigue damage, and
embedded debris). An exhaustive and detailed description
of wear and wear mechanisms is beyond the scope of this
paper, as it is already contained in entire books dedicated to
this subject.'! Furthermore, a generic guide for the analysis
of retrieved components is summarized in the Appendices
for ASTM Standard F 561.° Consequently, this section is
intended to provide the reader with a concise summary of
the most relevant wear and fatigue damage modes that may
be encountered when inspecting retrieved spine motion pre-
serving implant components.

Abrasion and scratching

Abrasive wear, evidenced by scratching, is common to
both metallic and polymeric components for total disc
replacement. Abrasion may occur macroscopically and
be apparent to the naked eye, or it may only be apparent
when viewed using microscopy. Abrasive wear occurs
when microscopic surface irregularities (also referred to
as “asperities”) in an implant scratch the surface of the
opposing counterface. In the case of metal-on-polyethyl-
ene, the asperities on the metallic implant produce
scratches in the softer polymeric implant. In the case of
CoCr alloy metal-on-metal implants, abrasive wear is
produced by locally stiffer asperities, such as carbides,
plowing through the relatively softer cobalt alloy matrix.
Abrasive wear can also occur when softer polymeric

Fig. 2. White light interferometry images of an unworn (left) and worn (right) metal-on-metal implant surface.
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Fig. 3. Abrasive wear observed on polymeric components from retrieved Dynesys systems, implanted 1.1 (left) and 1 (right) years.

components of the implant contact surrounding bony
structures (Fig. 3).

During retrieval analysis, the pattern of scratches on
an implant, whether macroscopic or microscopic, provide
clues to the kinematics (motion) of the surfaces while
they were contact in vivo. The microscopic multidirec-
tional scratches and crisscrossing wear paths at the dome
of a retrieved polyethylene TDR (Fig. 4) are consistent
with the type of microscopic abrasive wear mechanisms
previously observed in retrieved hip replacement compo-
nents.'?'? By matching comparable regions of damage
on 2 opposing bearing surfaces, it is further possible to
infer the orientation of the components while they were
in contact.

Burnishing

Typically encountered with polyethylene disc compo-
nents, burnishing gives the polymer surface a polished,
glossy appearance (Fig. 5). At a microscopic length scale,
burnishing is associated with an adhesive wear mechanism,
whereby the polyethylene surface wear occurs by adhesion
to the metallic counterface. Highly magnified images of a
burnished wear zone from a retrieved total disc replacement
are shown in Figure 5, and as noted also show evidence of
scratching which denotes the presence of abrasion. For this
reason, the dominant wear mechanism in metal-on-polyeth-
ylene articulations is considered to be a combination of
adhesion and abrasion, as seen in total joint replace-
ments.'>!?

Regions of burnishing on polyethylene retrievals may be
appreciated with the naked eye under the proper lighting
conditions. In contrast, the bearing surfaces of retrieved

Fig. 4. Microscopic, multidirectional scratches and crisscrossing wear
paths at the dome of a retrieved polyethylene total disc replacement that
was implanted 6.2 years.

Fig. 5. Burnishing observed on the dome of the polyethylene component of
a retrieved total disc replacement.
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Fig. 6. Polycarbonate urethane component of a retrieved Dynesys system
that was implanted for 1 year, demonstrating evidence of permanent bend-
ing along the length in response to off-axis compressive loading.

metallic components are typically highly polished after re-
moval from the body. Therefore, burnishing on a metal-on-
metal disc replacement that occurred in vivo is very difficult
to discern without the aid of scanning electron microscopy.

Surface deformation

Surface deformation, sometimes referred to plastic de-
formation or creep, corresponds to permanent changes in the
shape or geometry of a total disc replacement without the
loss of material. Although surface deformation is not con-
sidered a wear mechanism, it could represent an undesirable
damage mode. When permanent changes in the geometry of
a device compromise its in vivo function or kinematics,
surface deformation is considered a failure mode for the
implant.

In spine motion preserving devices, macroscopic surface
deformation has been observed in components that undergo
compression in vivo. Polycarbonate urethane spacers used
in the Dynesys system undergo deformation due to cold
flow of the material, the compressive load applied during
the surgery and subsequent loading in vivo, which results in
permanent bending of the implant and indentations from the
supporting polyaxial screws (Figs. 6 and 7, respectively).
Additional deformation of soft polymer components may
occur from interaction with other components from the
implant; eg, the cord component that passes through the
center of the polyurethane spacer in the Dynesys system
(Fig. 7).

Fatigue wear and fracture

Fatigue wear and fracture, especially of the rim, are a
concern with polyethylene TDRs. David et al.'* have re-
ported a case in which the entire rim of a disc replacement
fractured from the central body of the core after 9.5 years in
vivo. This case of rim failure was attributed to severe
oxidation degradation following gamma sterilization in air.

The severity and clinical manifestation of fatigue-related
rim damage in the Charité design varies widely, ranging

Fig. 7. Indentations observed in the spacer component from a retrieved
Dynesys system that was implanted for 1.9 years. Black arrows denote
deformation from the cord, while white arrows indicate deformation from
the supporting pedicle screw.

from full-thickness rim fracture (Fig. 8) to more benign
radial crack formation (Fig. 9). In our retrieval studies of the
Charité, radial cracks have been observed in 19 out 38
implants examined thus far.'> Similarly, transverse cracks
have been observed in 14 out of 38 retrieved implants.'> In
most cases, fatigue fracture is related to impingement by the
metallic endplates. Fractures have also been observed in
polymer components of posterior devices such as the Dyne-
sys (Fig. 10).

The etiology and incidence of fatigue wear and fracture

Fig. 8. Fatigue-related full-thickness rim fracture observed in a retrieved
Charité implant that was implanted for 16.1 years.
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Fig. 9. Fatigue-related radial rim cracking observed in a retrieved Charité
prosthesis that was implanted for 5.3 years.

in TDR remains unclear, as it may require many years for
progressive fracture mechanisms in a particular design to
result in clinical symptoms. It is further unknown what role
gamma sterilization in air, or in a low oxygen environment,
has on the fracture mechanisms in disc replacement. These
research topics are currently under investigation at our in-
stitution.

There have been no reports of fracture of a metal-on-
metal disc replacement component in the literature. Simi-
larly, implant fracture has not been a clinical concern for
contemporary metal-on-metal bearing surfaces in hip pros-
theses.

Embedded debris

Embedded debris is an unusual but noteworthy damage
mode for disc replacements. We have observed embedded
debris in which a fractured radiographic wire marker be-
came trapped between the rim and a metallic endplate (Fig.
11). The clinical significance of this wear mode is unknown

Fig. 10. Optical microscopy and SEM analysis of a fatigue-fractured spacer
from a retrieved Dynesys system that was implanted for 1.1 years.

Fig. 11. Third-body damage caused by a fractured radiographic wire
marker in a 12.7 year implanted component, which depicts rim damage in
the polyethylene core.

at the present time. In large total joints, embedded debris is
a potential roughening mechanism for the metallic compo-
nent, which can result in accelerated wear. Such a mecha-
nism was not apparent in the retrieval shown in Figure 11,
which appeared to be relatively stationary and resulted in
only a faintly perceptible indentation of the metallic end-
plate. As a result, additional retrievals are necessary to
better understand the incidence and clinical significance (if
any) of embedded debris in total disc replacements. Al-
though metallic surfaces are also theoretically susceptible to
embedded debris, including third-body scratching by the
radiopacifiers contained in bone cement for total joint ap-
plications, there are no reports yet in the literature of third-
body wear being observed in metal-on-metal disc replace-
ments.

Chemical changes in vivo

Although characterization of wear and damage mecha-
nisms is perhaps one of the most fruitful goals of retrieval
analysis, it is also equally important to investigate whether
the biological environment has resulted in any long-term
chemical changes to the implant material, whether it be
composed of polymer, metal, or ceramic. With polyethylene
components, in vivo oxidation may be a potential long-term
damage mechanism for artificial discs*; however, in vivo
chemical changes to implants may be incidental and unre-
lated to clinical performance. For example, for polyethylene
acetabular components, severe rim oxidation has been
shown to occur after 10 years in vivo'®: but the clinical
relevance is unclear because these implants do not normally
articulate at the rim. With polyethylene TDR components,
rim failure has been observed to occur in vivo, but it is
unclear if oxidation is the driving mechanism in all of these
cases or whether impingement alone may be sufficient to
generate the types of fractures that have been documented to
occur clinically.> In polycarbonate urethane components,
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Fig. 12. Biofilm observed in CoCr alloy, metal-on-metal total disc
replacement.

surface chemical changes associated with polyurethane deg-
radation have been observed; these changes were only as-
sociated with implants that have been implanted for rela-
tively long periods of time and primarily in regions where
the implant was exposed to biological fluid.”'” Tromms-
dorff et al. reported that chemical changes in retrieved
Dynesys polycarbonate urethane spacers were negligible at
100 wm below the surface.'® The clinical relevance of these
surface chemical changes remains unknown.

In vivo changes in chemistry may also occur with me-
tallic components. In metal-on-metal hip implants fabri-
cated from CoCr alloys, tribochemical deposits have been
observed on the surface of retrieved implants.'” These car-
bon and oxygen rich surface layers, which have a smoky or
hazy appearance, are attributed to joint fluids which become
fused to the bearing surface. The biofilms are thought to
have a beneficial effect, by providing a solid lubricant for
the articulating surface. We have observed comparable bio-
films on retrieved CoCr alloy, metal-on-metal disc replace-
ment components (Fig. 12), suggesting that a similar mech-
anism may be occurring.

A wide range of well-established techniques has been
developed to assess chemical changes in polyethylene and
metallic components for spine motion preserving implants;
a comprehensive list is provided by ASTM F561. With
polyethylene components, the preferred methods include
characterization of crystalline content using differential
scanning calorimetry, measurement of oxidation using Fou-
rier transform infrared spectroscopy (FTIR), and measure-
ment of mechanical properties using the small punch test
(ASTM F 2183). In previous case studies of polyethylene
disc replacements, both FTIR and the small punch test have
been successfully employed.*'*

For metallic components, electron dispersive x-ray spec-
troscopy (EDS), in combination with scanning electron mi-
croscopy (SEM), is useful for characterizing the chemistry
of the alloys and biological surface layers. As previously

alluded to, we have successfully employed EDS to analyze
biofilms on the surface of retrieved metal-on-metal implants
fabricated from CoCr alloys.”® These EDS analyses have
enabled us to confirm that carbon- and oxygen-rich tribo-
chemical reactions can occur on both the concave and con-
vex sides of metal-on-metal articulations in the spine. Fur-
ther studies with an additional number of retrieved implants
are necessary to determine the incidence of biofilms on
CoCr alloy implants, as well as for disc replacements pro-
duced from stainless steel or metallo-ceramic alloy compos-
1tes.

Analysis of retrieved tissues and particles

Extensive research on total joint replacements has re-
vealed that the generation of polymeric and metallic wear
debris from implant components are found in tissue sur-
rounding hip and knee implants.>'>® These submicron and
micron-sized wear particles stimulate what is referred to as
a foreign body reaction.?' This reaction involves the acti-
vation of cells within the tissue, such as fibroblasts, and the
infiltration of inflammatory cells, predominantly phago-
cytes. The phagocytic cells found within the tissue are
generally macrophages and multinucleated giant cells.?'
Phagocytosis of the foreign material by fibroblasts and mac-
rophages leads to cellular activation and the release of
pro-inflammatory cytokines, including interleukin-1 (IL-1),
interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-«).
These cellular mediators act in a paracrine and autocrine
fashion to activate fibroblasts and inflammatory cells in the
tissue. As a result of this response, a foreign body granula-
tion tissue develops. This tissue tends to be fibrotic, but can
undergo additional changes including apoptosis, necrosis
and heterotopic ossification.”’ * An infiltration of lympho-
cytes and plasma cells has also been observed in some
tissues.”! All of these histopathologic changes in response
to wear debris can lead to tissue dysfunction, osteolysis, and
implant loosening, and may contribute to the development
of pain.** In the following sections of this review, we
summarize the recent literature on the histological assess-
ment of periprosthetic tissues and wear particles from mo-
tion preserving implants in the spine.

Histological assessment

Because nonfusion spinal implants have articulating
components, there is the risk of wear particle generation
from the bearing surface, which could lead to inflammatory
reactions that have been well documented in the large joint
orthopedic literature.>* Even if the motion preserving im-
plant does not include a bearing surface, surface fatigue,
unanticipated impingement with adjacent bone, metal ion
release, and leachable constituent extraction are all potential
mechanisms for stimulating an adverse biological response.
For example, the Acroflex was a one-piece artificial disc
design that, over several generations of design spanning the
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Fig. 13. Retrieved Acroflex.

1970s-1990s, included various formulations of silicone and
vulcanized rubber. For each iteration of these experimental
polymeric biomaterials, surface fatigue and in vivo degra-
dation resulted in the generation of particulate debris that
stimulated focal osteolysis, loosening, and ultimately im-
plant failure (Fig. 13). In vitro testing was unable to identify
the risk of an adverse tissue response to the biomaterials
used in the device, and it was not until the implants were
used clinically (in several iteratations) that this became
apparent. This experience underscores the importance of
developing an improved understanding of periprosthetic tis-
sue response to wear and debris particles in the spine com-
munity.

Both spinal instrumentation for fusions, as well as mo-
tion preserving implants, are now well recognized to gen-
erate metallic and polymeric wear particles.>>” The long-
term consequences of such particle generation, both in the
posterior soft tissues of the spine as well as in the intradiscal
space, remain poorly understood. Generally, an adverse
cellular response to wear debris results in the infiltration,
maturation, and activation of monocytes in periprosthetic
tissue. However, the available information about the host
response to contemporary polymeric and metallic artificial
disc replacements indicates that, at least in the short term,
inflammation in the surrounding tissue is limited in reports
of animal models and human explants.*”~*° For metal-on-
metal disc prostheses, the localized biological response to
metal debris does not typically result in a significant infil-
tration of monocytes nor a metal sensitivity/allergic reac-
tion.*! The immunohistologic response to large numbers of
metallic particles is an occasional macrophage and giant cell
formation.*> However, the detection of increased cobalt and
chromium ions in the serum of patients receiving metal-on-
metal TDRs suggests that a systemic response may occur.*?
The concern with metallic debris is the long-term biological
effects, including harmful effects on immunity, reproduc-
tion, the kidneys, developmental toxicity, the nervous sys-
tem, and carcinogenesis.**~*

For fusion implants, a study of the inflammatory re-
sponse and osteolysis within the interior of retrieved tita-
nium mesh cages showed particulate debris and macrophage
infiltration in some cases, but there was never any evidence

of osteolysis.*® So, despite the presence of wear debris, the
inflammatory response appeared to be greatly reduced when
compared to hip or knee replacements. This was not true in
another study examining unspecified regions around spinal
fusion devices, where the incidence of osteolysis resulting
from an inflammatory reaction to titanium and stainless
steel wear debris was observed in 11 of 12 patients.*

From our own studies, we have observed early tissue
responses after a lumbosacral disc replacement with a Pro-
Disc-L implant, which was removed 14 months after im-
plantation.* Micro-computed tomography of the tissue
showed the presence of third-body debris, which consisted
of bone fragments and metal. Histological analysis of the
tissue showed several regions of increased fibroblast num-
bers and vascularization. Other areas of the tissue showed
evidence of cell degeneration, and several fields contained
fibrocartilage. No inflammatory cells were observed in areas
where PE wear debris was found, although the amount wear
debris was limited.

In contrast, in a study of retrieved tissue from 4 patients
who had undergone revision surgery 6.5-12.8 years after
receiving Charité TDRs, we observed many inflammatory
cells, which consisted of macrophages and giant cells,
within the fibrotic tissue.*®*’ The presence of giant cells
was associated with ingested PE particles. Additionally, the
inflammatory cytokines TNF-alpha and IL-6 were detected
in macrophages and giant cells within the tissue. One patient
showed signs of osteolysis of the sacrum.*’ These findings
point to the complexity of the wear debris interactions in the
spine over time, and of the clinically relevant wear debris
required to stimulate inflammatory cell infiltration.

Wear particle assessment

The biological response to PE wear debris is mediated by
a variety of specific particle characteristics, including wear
volume, size, and shape. Studies have shown that exposure
to PE wear debris within a specific size range results in
enhanced macrophage activation in vitro.’>>" In particular,
submicron debris has been implicated as a potentially im-
portant contributor to the onset of osteolysis in failed total
hip and knee replacements.>>>>> Others have also shown
the importance of wear volume as a major contributor to the
onset of osteolysis.>*> One in vitro study revealed a pos-
itive correlation between elevated PE particle volume and
the subsequent production of tumor necrosis factor (TNF-
a), IL-6, and IL-13 cytokine release.”* A separate evalua-
tion of clinical data showed that patients revised for oste-
olysis consistently had PE particle quantities on the order of
10 billion particles per gram weight of tissue, suggesting the
existence of a threshold for the onset of osteolysis.”*>’

Specific wear morphologies can also instigate a pro-
nounced biological response in periprosthetic tissue.?’ To
investigate the effect of particle shape, Yang et al.”® injected
globular and elongated PE debris into air pouches on the
backs of mice.” Particles with large aspect ratios were
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Fig. 14. TDR tissue sections stained with hematoxylin and eosin and
imaged with brightfield (left) and polarized light (right) microscopy. The
polarized image is of tissue retrieved at the time of revision surgery (9.2 yr)
from a patient who received a pre-1998 Charité TDR implant. The PE
debris is white and the score is 3 (range, 0-3). Scale interval represents
0.01 mm.

shown to activate higher levels of TNF-« and IL-1f3 relative
to globular particles with similar surface area. Similar find-
ings have been reported by others.??>” These findings col-
lectively support the dependence of a biological response to
PE wear as a function of particle size, quantity, and shape.

In addition to PE wear debris, metal wear debris is found
within the periprosthetic tissue of total hip joint replace-
ments.*"387%¢ Larger particles are taken up by phagocyto-
sis. Nanoparticles of metal debris and metal ions can be
generated by wear and surface corrosion.*® Nanoparticles
are taken up by endocytosis or pinocytosis rather than
phagocytosis, which may change the cellular responses to
this type of wear debris. Metal ions of cobalt, titanium, and
chromium have all been detected in solution during corro-
sion of metal alloys.** These metals exist predominantly as
metal oxides and hydroxides. In addition, metal phosphates
may also form in non-synovial environments of spinal tis-
sue. The biological response to metal ions can result in
cellular toxicity, and an allergic reaction to metal ions has
been observed in some patients after total knee or hip
replacement.>'

Interestingly, for total disc replacements the in vivo wear
rates appear to be less than in vitro simulated wear.>®%” As
such, the generation of wear particles is minimized, al-
though it accumulates over time in the surrounding tissue.?

In a more recent study, we collected periprosthetic tissue
from patients who had received new and old generation
Charité TDRs. Prior to 1997, the Charité discs were steril-
ized in air, after which a first-generation, air-impermeable,
polymeric barrier package (gamma sterilized) was used. The
purpose of our study was to compare in the context of
sterilization method PE wear particle volume in peripros-
thetic tissues taken at the time of revision surgery.®®¢
Periprosthetic tissue samples were collected from patients; 4
pre-1998 (implantation time 6.5-16.2 years) and 4 post-
1998 (implantation time 2.2—8.1 years).

Tissue particle load was scored in 5 images from 0 (none
visible) to 3 (elevated load, N = 100), and the 5 scores
summed. Tissue PE particle volume for pre-1998 TDRs
(Fig. 14) was significantly greater than post-1998 TDRs
(Figs. 15 and 16) (Student 7 test, P < .001). Tissue samples

Fig. 15. TDR tissue sections stained with hematoxylin and eosin and
imaged with brightfield (left) and polarized light (right) microscopy. The
polarized image is of tissue retrieved at the time of revision surgery (2.2 yr)
from a patient who received a post-1998 Charité TDR implant. The PE
debris is white and the score is 1 (range, 0-3). Scale interval represents
0.01 mm.

were also collected from 4 pre-1998 uncemented total hip
arthroplasty (THA) implants (average implantation time:
14.2 years; range, 9.6—18.9) that were revised for wear-
mediated osteolysis and aseptic loosening. PE particle load
for pre-1998 TDR implants was comparable to pre-1998
THA implants, suggesting similar component wear. This
study is the first to demonstrate a particle load comparison
between periprosthetic tissues from TDR with different ster-
ilization methods and THA historical implant cohorts. How-
ever, the relative long-term effects of the post-1998 are
unknown, and await the availability of retrieved compo-
nents and tissues.

Review of the literature on retrieval analysis

At present, the literature regarding retrieval analysis of
motion preserving implants includes conference abstracts,
individual case studies,*'**7* but relatively few published
journal articles with larger series.>'>’? In this section, focus
is put on studies that have included the analysis of a re-
trieval collection to seek commonalities in implant perfor-
mance. Journal articles, as well as recent studies from con-
ference proceedings, are included in this review of retrieval
analyses for motion preserving implants. Because the con-
ference proceedings may not be readily available to all

Fig. 16. TDR tissue sections stained with hematoxylin and eosin and
imaged with brightfield (left) and polarized light (right) microscopy. The
polarized image is of tissue retrieved at the time of revision surgery (2.2 yr)
from the same patient (Fig. 15) who received a post-1998 Charité TDR
implant. The PE debris is white and the score is 2 (range, 0-3). Scale
interval represents 0.01 mm.
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readers, details have also been provided about the findings
from conference abstracts.

Cervical spine TDRs

The first published study in the field of artificial disc
retrieval analysis was by Anderson et al. who examined
short-term, retrieved cervical disc replacements of 2 de-
signs: the Bryan and the Prestige (Medtronic, Memphis,
TN).”® The Bryan artificial disc is a I1-piece design consist-
ing of 2 titanium alloy shells articulating against a mobile
polyurethane core. The endplates are connected by a poly-
urethane sheath. The Prestige design consists of 2 stainless
steel endplates that articulate with a ball-in-trough mecha-
nism. Both the Bryan and Prestige designs are fully de-
scribed in a recent book chapter.”' In the clinical study, the
6 Bryan retrievals were implanted on average 11.8 months
(range, 4—16), and the 2 Prestige retrievals were implanted
from 18 and 39 months.”® Few details about the retrieval
methodology are included in this study; but it appears that
microscopic characterization and the case of the Bryan disc,
FTIR and GPC, were also performed. No significant
changes in the FTIR or GPC results were detected relative
to unimplanted controls, but this is hardly surprising given
the generally short-term nature of the explants and the small
sample size. As the first retrieval study of its kind in the field
of disc arthroplasty, the work of Anderson and coworkers
highlighted the importance of explant analysis for members
of the spine surgeon community. However, because of the
relatively small numbers of retrievals and brief in vivo
exposure, no conclusions can be drawn about generality of
their findings.

Jensen reported the bone ingrowth into the titanium
shells of Bryan retrievals from 2 patients who were revised
after 8 and 10 months of implantation.”> New bone growth
was observed into the porous coating of all 4 retrieved
endplates. The mean bone ingrowth, quantified by histo-
logic sectioning, was 30.1% (12% SD), which compared
favorably with bone ingrowth reported in the literature for
hip and knee replacements.

Recently, a retrieval study was presented at the 2007
Spine Arthroplasty Society in which the wear patterns in the
core and sheath of the Bryan artificial disc were character-
ized.”* A secondary goal was to evaluate whether formalin
storage could adversely affect the explants. Researchers
tested the hypothesis that height loss of the core would
increase with implantation time. Height loss was measured
in the cores of 17 Bryan cervical TDRs that were retrieved
from 14 patients (5 male, 7 female, 2 unknown) after 1.6
years in situ (0.3—6.1 years). Implants were revised between
2003 and 2006 due to unresolved or recurring neck pain or
radiculopathy (n = 15) and for infection or trauma (n = 1
each). Fight explants were stored in formalin for 1.4-3.3
years. Virgin, never-implanted sheaths and cores served as
controls. Scanning electron microscopy and white light in-
terferometry were performed to identify wear mecha-

nism(s). The nominal height loss of the explanted cores
(mean = SD) was 0.22 = 0.09 mm (range, 0.04 to 0.35).
Although localized, microscopic evidence of adhesive and
abrasive wear (confirmed by SEM and interferometry) was
observed, researchers attributed the majority of initial
height loss to creep as opposed to material removal because
the initial glossy surface finish of the cores was generally
well preserved, even after 6.1 years in vivo. The sheaths
typically showed evidence of folding or permanent defor-
mation in regions where the core made repeated contact. No
correlation was observed between core height loss and im-
plantation time (p = 0.4, P = .18). No significant height
difference was observed attributable to formalin storage.
However, macroscopic changes in the explant surface, in-
cluding cracking, occurred after 3 years of formalin storage;
these findings were not present at the time of explanation.
Researchers observed minimal wear and nominal changes in
core height (~0.2 mm) in this large series of PU cervical
disc explants. However, marked surface changes were noted
after exposure of explants to formalin and revising surgeons
were cautioned to preserve PU explants in a formalin-free
environment.

The short-term in vivo wear performance of stainless
steel Prestige cervical total disc replacements (TDRs) has
been characterized and compared with simulator results in
two recent conference abstracts.”*’> In a preliminary study,
the early wear tests by Anderson et al.”’ were shown to
produce similar wear mechanisms as retrievals; however, in
the more recent study, the abrasion was more severe than
what was observed in vivo.”* Because available Prestige
retrievals were implanted short-term, researchers conducted
a second study to characterize the short-term wear response
within the first 1.0 million cycles.””

At the 2008 meeting of the Orthopedic Research Society,
researchers presented the results of 3 Prestige ST cervical
TDRs that were wear tested in accordance with ISO/FDIS
18192.7° To evaluate the short-term in vitro wear behavior
of the Prestige ST the simulator was stopped after 0.05, 0.1,
0.2,0.3,0.4, 0.5 and 1.0 million cycles and interval analyses
performed. These analyses consisted of photogrammtery
and surface interferometry. The in vitro results from each
interval analysis were compared to a Prestige ST retrieval
collection analyzed from 9 patients (2 female and 7 male).
The artificial discs were either Prestige I (n = 2); Prestige 11
(n = 2); or Prestige ST (n = 5) and were all of a stainless
steel ball and trough design. The components had a range of
implantation times from 0.7 to 3.3 years. Each component
was previously characterized using the same methods as
were used for in vitro interval analyses.

After 0.1 million cycles, the Prestige components exhib-
ited a faint wear scar, produced by abrasive wear.”> This
wear mechanism was consistent with short-term explants.
The average surface roughness of the worn regions for both
the retrievals and in vitro tested components was measured
to be 0.12 = 0.08 wm and 0.16 = 0.07 wm. The results of
this Prestige retrieval study suggest that the ISO/FDIS
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18192 standard test method replicates the in vivo wear
patterns in TDRs after less than 1 million cycles of testing.
This is in light of previous wear test methods that have
shown other in vitro methods with up to 20 million cycles,
which generated much more severe abrasive scratches than
seen in vivo.””’* The data also suggested that the same
mechanism of abrasive wear is occurring at the bearing
surface of both the retrievals and in vitro-tested compo-
nents, although the greater worn surface area in the wear-
tested components may indicate that the ranges of motion
are more extensive than those experienced by TDRs in vivo.

Lumbar spine TDRs

Fixation, wear, and in vivo degradation are key func-
tional aspects of lumbar TDRs that have been evaluated in
recent retrieval studies. Most of the retrieval research pub-
lished to date for lumbar TDRs has been related to the
historical Charité, manufactured by Link between 1989 and
2004 (this device is currently produced by DePuy Spine). A
few retrieval studies have been published related to the
ProDisc-L. Much less published retrieval data are currently
available for metal-on-metal lumbar discs as compared with
metal-on-polyethylene.

With regard to fixation, bone on-growth surfaces for
TDRs have been tested in primate studies; but the fate of the
bone-implant interface of lumbar TDRs in human patients
has not yet been reported in the literature. Bone on-growth
could theoretically complicate revision. In an abstract pre-
sented at the 2006 Spine Arthroplasty Meeting,’® research-
ers investigated the failure modes, bone-implant interface,
and extent of remaining CaP coating in retrieved Charité
TDRs with textured endplates. Eight textured endplates
from 4 explanted TDRs were studied following 3—6 years in
vivo. In each case, the coated endplates were revised in
straightforward fashion by an osteotomy adjacent to the
implant. None of the endplates had evidence of residual
CaP, and 1 endplate had adherent bone visible (< 10% of
the surface area) on optical microscopy. The bone on-
growth to the textured surfaces was judged to provide im-
proved resistance of the prosthesis to shear forces, which
can result in migration when the teeth are not securely
engaged in this design. Based on their findings, the authors
advocated the use of textured, coated endplates over smooth
endplates for total disc arthroplasty. Bone on-growth has
also been visually observed on the titanium-plasma spray
coating of retrieved ProDisc endplates.*”-”’

Analysis of wear and surface damage in long-term im-
planted Charité total disc replacements has been reported in
a series of journal publications.>>'> In the latest update of
this multi-institutional series, 38 Charité components were
retrieved with up to 16 years of implantation.'> The com-
ponents were revised for intractable pain and/or facet de-
generation. Components were analyzed using optical mi-
croscopy and MicroCT. Forty-three percent (15/35) of
components analyzed using MicroCT displayed 1-sided
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Fig. 17. A significant correlation was observed between implantation time
and (A) penetration (Spearman’s Rho = 0.42, p = 0.003) and (B) pene-
tration rate (Spearman’s Rho = —0.53, p = 0.0001) in retrieved Charité
implants. (Adapted with permission.'®)

wear patterns.'” Significant correlations were observed be-
tween implantation time and penetration and penetration
rate (Fig. 17). The dome of the components typically ex-
hibited burnishing, which was consistent with the multidi-
rectional wear observed in hip replacements, whereas the
rim frequently showed evidence of radial and transverse
cracking (19/38 and 14/38 retrievals, respectively), often
produced by impingement. The rim damage modes of plas-
tic deformation, delamination, and cracking were similar to
those associated with knee components. The published
Charité retrieval literature provide crucial long-term in vivo
wear data for validation of spine wear simulators, as well as
for in vitro biomechanical testing.

Evidence of dome burnishing, as well as rim impinge-
ment, has also been noted in a recent conference poster
summarizing a collection of 5 short-term ProDisc-L pros-
theses, implanted up to 2.2 years.”” The bearing surface of
the ProDisc-L. showed burnishing (3/5 implants) mild
scratching, and pitting (3/5 implants). Impingement was
noted in 3/5 components and associated with burnishing and
plastic deformation. The authors of the ProDisc retrieval
study remarked that, “a potentially worrisome finding is the
evidence of impingement. Whether caused by patients
achieving a larger range of motion that the implant is de-
signed to accommodate or by component positioning that
allows impingement at even smaller range of motion, im-

Downloaded from https://www.ijssurgery.com/ by guest on May 9, 2025


https://www.ijssurgery.com/

S.M. Kurtz et al. / SAS Journal 3 (2009) 161-177 173

pingement can be problematic.”’” A detailed example of a
TDR retrieval study for the ProDisc-L, displaying mild
anterior impingement, has recently been reported as a case
study by Choma et al.*’

Although rim impingement has been observed in re-
trieved TDRs of different designs, the clinical consequences
of chronic rim impingement remain poorly understood. In a
study presented at the 2008 Spine Arthroplasty Society
meeting,”® a retrieval collection of polyethylene mobile
bearing TDRs was analyzed to determine whether rim im-
pingement adversely affected dome penetration. 28/40
(70%) of retrieved cores, implanted for 2-16 years (7.9
years average), were classified as exhibiting chronic rim
impingement based on observations of plastic deformation,
burnishing, and/or fracture of the rim. Dome penetration
was comparable in chronically impinged cores (average:
0.3, range, 0.1-0.9 mm) as compared with nonimpinging
cores (average: 0.3; range, 0.1-0.5 mm). Rim penetration
was significantly greater in chronically impinged cores (P <
.05). Using linear regression, the dome penetration rate for
cores with negligible impingement (0.036 mm/year, 95%
CI: 0.012 to 0.061 mm/year) appeared slightly higher than
in cores with chronic impingement (0.021 mm/year, 95%
CI: 0.005 to 0.038 mm/year); however, the difference was
not significant. Thus, the results of this study did not support
the hypothesis that chronic rim impingement would be as-
sociated with greater dome penetration. However, the find-
ings would suggest that dome wear and impingement are
effectively decoupled phenomena, and may be studied in-
dependently of each other.

In addition to impingement, rim damage observed in
polyethylene TDR retrievals has also been associated with
postirradiation oxidation.” Analysis of explanted Charité
cores using Fourier transform infrared spectroscopy has
shown that the exposed rim experiences severe oxidation
after 10 or more years.”” These findings appear consistent
for TDRs that were gamma irradiated in air, as well as in
first-generation polymeric barrier packaging.”” However,
the central dome appears to somewhat protected from in
vivo oxidation due to contact with the metallic endplates.
No correlation was observed between wear of the central
dome and oxidation.”” These observations are similar to the
in vivo oxidation patterns noted in artificial hips, which
exhibit rim embrittlement after 10 years in vivo, but show
reduced oxidation at the bearing surface where the femoral
head contacts the polyethylene.®*® Unlike in hip replace-
ment, the rim of a TDR core may be intended to support
chronic loading for the lifetime of the patient. The findings
of in vivo oxidation in gamma sterilized polyethylene TDR
components provide additional motivation for developing in
vitro mechanical tests that incorporate accelerated aging, or
some other oxidative challenge, to simulate changes in the
bearing materials that may occur with long-term in vivo
exposure.

A recent study presented at the 2008 Spineweek meeting
was conducted to better correlate long-term clinical wear

Fig. 18. Charité components tested using ISO wear testing protocols
incorporating coupled motions exhibited regional burnishing and wear at a
rate of 0.124 mm/Mcycles.

rates of the Charité with simulator wear rates.®' It was
hypothesized that the wear mechanisms of the retrievals
would be more accurately simulated by ISO protocols with
coupled motion, as compared with ASTM-type protocols
that resulted in linear motion. Researchers analyzed dome
wear rate and surface morphology of 41 Charité (SBIII)
explants from 35 patients (71% female). The cores were
implanted for 7.5 years (range, 1.8—16.3). Twelve Charité
wear-tested cores and 6 controls were also examined. Six
cores were tested according to an ASTM-type protocol for
10 million cyclesgz; 3 additional cores were unloaded and
soaked. Six cores were tested according to the ISO protocol
for 2 million cycles with 3 loaded and soaked controls. All
of the cores in this study were produced by the same
manufacturer (Link, Germany). The explanted cores typi-
cally exhibited burnishing or evidence of adhesive/abrasive
dome wear, consistent with multidirectional motion. The
wear rate of the explants, obtained by correlation of dome
height with implantation time, was 0.023 mm/year. The
ASTM-tested cores exhibited unidirectional abrasive wear
at a rate of 0.007 mm/Mcycles. The ISO-tested cores ex-
hibited regional burnishing and wear at a rate of 0.124
mm/Mcycles (Fig. 18). Thus, the ISO protocol generated
wear surface morphology that was closer to the retrievals
than the ASTM-type protocol, and 1 million cycles of the
ISO protocol corresponded, on average, to about 5.6 years
of clinical wear. The findings from this study further suggest
that the ISO protocol provides a useful starting point for
clinical validation of spine wear simulations incorporating
lumbar polyethylene TDRs.

Because of its longer clinical history, more retrieval
research has been published to date with metal-on-polyeth-
ylene lumbar discs than with metal-on-metal. At present,
detailed results are available regarding the retrieval analysis
of a single lumbar metal-on-metal total disc replacement.®®
This implant was removed after 12 months in situ at L5-S1
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from a 43-year-old female patient due to nerve root im-
pingement. In general, the components exhibited highly
polished surfaces, similar to those observed on explanted
metal-on-metal hip implants. The primary wear mechanism
was microabrasion, which was evident by microscopic
scratching of the articulating surfaces. Focal microplasticity
was also observed at the apex of the dome and the anterior/
posterior vertices of the cupped component, suggesting that
the primary motion in these locations was flexion/extension.
Surface deposits, manifested as a smoky or hazy discolor-
ation, were observed on both components, consistent with
organic films previously observed in well-functioning
metal-on-metal hip joints. The surface features of the Mav-
erick retrieval were compared with wear-tested components
in a study by Paré et al.** The surface topography of uni-
directional tested components was found to be more se-
verely abraded than the components that were tested under
combined flexion-extension, lateral bending, and axial tor-
sion. Although only a single retrieval was available for
comparison at the time of the study, the retrieval results
were more closely comparable to the wear test results with
combined motion.

Dynamic motion preservation studies

Dynamic stabilization devices are nonfusion devices de-
signed to stabilize the motion segment in lieu of fusion.
Retrieval analysis for the Dynesys system has been re-
ported. The system consists of fixed pedicle screws, poly-
carbonate urethane (PCU) spacers that resist extension and
compressive loads, and poly(ethylene-terephthalate) (PET)
cords that resist flexion and tensile loading. Trommsdorff et
al. have examined the biostability of retrieved spacer and
cord components.'3:5%-86

In a retrieval study of 12 cords retrieved from 10 differ-
ent patients (implanted 2-5.5 years), changes in surface
chemistry were evaluated using attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR).*®
Molecular weight distribution was evaluated using gel-per-
meation-chromatography (GPC). The retrieved cords were
cleaned using an enzyme solution to remove biological
residue. The authors reported that the ATR-FTIR spectra
obtained at different positions along the retrieved cords
showed no signs of significant hydrolysis. Molecular weight
analysis conducted on 2 retrieved cords (3.3 and 5.5 years)
did not show evidence of a significant change in molecular
weight distribution. The authors concluded that the Dynesys
PET cords demonstrated good biostability up to 5.5 years.

In a case study by Trommsdorff et al.,*® a system that
had been implanted for 5.5 years was retrieved from a L.3-4
in a 56-year-old patient who had an abscess in proximity to
the left spacer, which was presumably caused by infection.
The contralateral component was not infected. Both spacers
were retrieved and their chemical structure was compared to
a control component using ATR-FTIR. SEM was also used
to evaluate regions on the spacer surfaces. Compared to the

control spacer, the left spacer that was adjacent to the
abscess showed changes in the IR-peaks that could be at-
tributed to hydrolysis of the soft and hard segments of the
PCU. On the right spacer, there was no remarkable chemical
degradation. No change in the chemical structure was ob-
served in either spacer at a depth of 100 microns or in the
bulk material. SEM demonstrated microcracks on the left
spacer, while the right spacer was described as “perfectly
smooth.” The authors concluded that the functionality of the
implant was not impaired because the degradation was lim-
ited to the surface layer (<2.5% of the wall thickness).

In a larger study of 50 retrieved Dynesys systems with
implantation times ranging from a few months to up to 5.5
years, the investigators conducted optical microscopy,
SEM, ATR-FTIR, and GPC analyses of the PCU spacers.'®
The PET cords were also inspected using optical micros-
copy. The PET cords demonstrated minor damage to the
outermost layers in the regions of fixation, but were intact
elsewhere. The PCU spacers typically demonstrated minor
deformation due to cold flow of the material. Regions of
wear were observed, which the authors concluded to have
been from articulation of the spacer with the facet joint. No
changes in molecular weight distribution were observed in
3.3- and 5.1-year retrievals. At the surfaces of the PCU
spacers, small changes in chemistry were observed, which
the authors attributed to the absorption of biofluids and
minor hydrolytic changes of the material. At a depth of 100
microns below the surface, no change in the chemistry of
the PCU was found. The authors concluded that the PET
cords and PCU spacers were biostable over an implantation
time of up to 5.5 years.

In a more recent abstract by Trommsdorff et al. summa-
rizing the findings of 64 retrieved Dynesys systems, the
results related to the PCU spacers were similar.” The sys-
tems were implanted for up to 7 years. The authors also
report the incidence of screw loosening (20% of retrievals)
and screw breakage (16% of retrievals). The screw break-
ages occurred at approximately 1/3 of the screw length from
the tip of the screw and apparently due to fatigue fracture.
The authors reported that this rate was in the same range or
lower than that of other comparable designs.

Tanuzzi et al.>”®® have reported similar results from their
collection of retrieved Dynesys systems, which consisted of
44 spacers from 10 patients implanted 1.8 years (range,
0.7—-4.2). The systems were primarily revised for persistent
pain (9/10 patients) and screw loosening (7/10 patients),
with one patient experiencing complications due to implant
migration. Optical microscopy was conducted to evaluate
spacer deformation and wear. ATR-FTIR was utilized to
evaluate changes in surface chemistry compared to two
control components. Similar to the results of Trommsdorff
et al., the researchers observed a focal region of abrasive
wear along the length of 27/44 spacers, which was likely
due to impingement with surrounding bony structures. One
spacer exhibited short surface cracks that extended from the
center of the spacer to the outer surface. The authors also
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observed changes in chemical structure on the surfaces of
the spacers, although evidence of material degradation was
observed in 2/44 spacers and only in regions where the
spacer would be in contact with biological fluid. The find-
ings were determined to be incidental, as the components
from the short-term retrieval study were revised for reasons
unrelated to wear, surface damage, or biostability.

The findings from 2 separate groups of researchers dem-
onstrate that components from Dynesys systems may un-
dergo deformation, wear, and changes to surface chemistry.
These findings are from relatively short-term retrievals (up
to 5.5 years). Thus, the long-term effects of these phenom-
ena are unknown at this time and require further investiga-
tion as spinal implants composed of similar materials and/or
design continue to be developed and utilized.

Recommendations for future testing and research

Based on the body of retrieval evidence for Charité discs,
wear simulators of the lumbar spine should be tuned to
produce a similar extent of cross-shear, as observed in hip
replacements. This evidence suggests that the option for
unidirectional wear testing currently offered in the recently
approved ASTM Standards for wear testing of TDRs are not
appropriate for the lumbar spine. In hip and knee simulator
tests, 1 million cycles correspond to about 1 year in vivo;
little is known about the number of duty cycles cervical disc
replacements experience in vivo. However, recent compar-
isons between lumbar and cervical devices and simulator
studies employing protocols detailed in ISO standards pro-
vide support for short-term intervals to be assessed when
conducting a wear test. Based on simulator testing and
retrieval analyses, we begin to see similar wear patterns (in
the case of the Prestige cervical disc) as early as 100,000 to
200,000 cycles of wear testing using the ISO protocol. In
the case of the Charité TDR, analysis of the penetration
rates also suggests that 100,000 to 200,000 cycles corre-
spond, on average, to 1 year in vivo. It may be that the
similarity in design and material explains the consist results,
thus validation testing with a greater number of designs and
bearing materials is necessary. Current data support the
hypothesis that wear mechanisms within the first million
cycles of testing in a simulator may be clinically relevant,
and thus provide important benchmarks for the validation of
standard wear testing protocols for TDRs.

Because of the prevalence of impingement seen in the
Charité retrievals, the authors recommend that impingement
fatigue tests be developed to evaluate the performance of
total disc replacements. In the Charité, impingement can
occur during regular flexion or extension activities and has
been shown with in vitro cadaveric tests.®® Impingement
can also occur due to subsidence, subluxation, or migration
of the endplates. Because resistance to chronic impingement
damage is desirable, fatigue test methods should be devel-
oped to reproduce the rim fracture modes observed in the
Charité retrievals presented in this study. Once validated,

the protocol could be used to screen implant materials for
fatigue resistance under clinically relevant loading condi-
tions. Additionally, given the potential for component oxi-
dation, it would be useful to precondition test specimens
using accelerated aging prior to rim fatigue tests.

The recommendations for standardized wear testing and
periprosthetic tissue analysis in this paper are based on
long-term wear findings of retrieved components of a single
lumbar total disc design and short-term findings from other
designs. These include evaluations in wear simulators, re-
trieval analysis of motion preserving spinal implants, and
assessment of wear debris and biological response in
periprosthetic tissue. It remains to be seen how generalized
these findings are to other lumbar total disc replacement
designs, particularly those with newer material couples, as
well as to cervical spine designs.

Acknowledgments

Institutional support has been received from NIH ROl
AR 47904, Medtronic, and DePuy Spine. Special thanks to
Lauren Ciccarelli, Ryan Siskey, Marta Villarraga, Expo-
nent, Inc., and Dan MacDonald, Ryan Baxter, Priyanka
Shah, Alexis Cohen, and Hina Patel, Drexel University, for
their assistance with the spine implant retrieval programs
over the years.

References

1. NIH Consensus Statement: Improving medical performance through
retrieval information: Challenges and opportunities. National Institutes
of Health Technology Assessment Conference, 2000.

2. Kurtz SM, van Ooij A, Ross ERS, et al. Polyethylene wear and rim
fracture in total disc arthroplasty. Spine J 2007;7(1):12-21.

3. ASTM F561-05: Standard practice for retrieval and analysis of med-
ical devices, and associated tissues and fluids. West Conshohocken,
PA: American Society for Testing and Materials, 2005.

4. Kurtz SM, Peloza J, Siskey R, Villarraga ML. Analysis of a retrieved
polyethylene total disc replacement component. Spine J 2005;5(3):
344-50.

5. Kurtz S, Siskey R, Ciccarelli L, van Ooij A, Peloza J, Villarraga M.
Retrieval analysis of total disc replacements: Implications for stan-
dardized wear testing. J ASTM Int 2006;3(6):1-12.

6. lanuzzi A, Kurtz S, Van Ooij A, et al. In vivo deformation, surface
damage, and biostability of polycarbonate-urethane spacers from re-
trieved Dynesys systems. Spine Arthroplasty Society, Miami, FL,
2008.

7. Ianuzzi A, Kurtz S, Kane W, et al. In vivo deformation, surface
damage, and biostability of retrieved dynesys systems. Spine 2009 (In
press).

8. Kurtz SM, Muhlstein CL, Edidin AA. Surface morphology and wear
mechanisms of four clinically relevant biomaterials after hip simulator
testing. J Biomed Mater Res 2000;52(3):447-59.

9. Kurtz S, Turner J, Herr M, Edidin A, Rimnac C. Assessment of surface
roughness and waviness using white light interferometry for short-term
implanted, highly crosslinked acetabular components. In: Kurtz S,
Gsell R, Martell J (eds). Highly crosslinked and thermally treated
ultra-high molecular weight polyethylene for joint replacements,
ASTM STP 1445. West Conshohocken, PA: ASTM International,
2004.

Downloaded from https://www.ijssurgery.com/ by guest on May 9, 2025


https://www.ijssurgery.com/

176

10.

11.

12.

14.

15.

17.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

S.M. Kurtz et al. / SAS Journal 3 (2009) 161-177

Kurtz SM, Turner JL, Herr M, Edidin AA. Deconvolution of surface
topology for quantification of initial wear in highly cross-linked ace-
tabular components for THA. J Biomed Mater Res 2002;63(5):492—
500.

Bhushan B. Principles and applications of tribology. New York: John
Wiley & Sons, Inc.; 1999.

McKellop HA, Campbell P, Park SH, et al. The origin of submicron
polyethylene wear debris in total hip arthroplasty. Clin Orthopaed
Relat Res 1995;311:3-20.

. Wang A, Essner A, Polineni VK, Stark C, Dumbleton JH. Lubrication

and wear of ultra-high molecular weight polyethylene in total joint
replacements. Tribology International 1998;31(1-3):17-33.

David T. Revision of a Charite artificial disc 9.5 years in vivo to a new
Charite artificial disc: case report and explant analysis. Eur Spine J
2005;14(5):507-11.

Kurtz SM, Patwardhan A, MacDonald D, et al. What is the correlation
of in vivo wear and damage patterns with in vitro TDR motion
response? Spine 2008;33(5):481-9.

. Kurtz SM, Rimnac CM, Hozack WIJ, et al. In vivo degradation of

polyethylene liners after gamma sterilization in air. J Bone Joint Surg
2005;87(4):815-23.

Tanuzzi A, Kurtz SM, van Ooij A, et al. In vivo deformation, surface
damage, and biostability of retrieved Dynesys components for poste-
rior dynamic stabilization. Philadelphia Spine Research Symposium.
Philadelphia, PA, 2007.

. Trommsdorff U, Zurbrugg D, Abt NA, Schneider W, Rieder V. Anal-

ysis of retrieved components of a dynamic stabilization system for the
spine. 68th Annual Meeting of the German Society for Surgery. Berlin,
Germany, 2004.

. Buscher R, Tager G, Dudzinski W, Gleising B, Wimmer MA, Fischer

A. Subsurface microstructure of metal-on-metal hip joints and its
relationship to wear particle generation. J Biomed Mat Res 2005;72(1):
206-14.

Kurtz SM, McCombe P, Ciccarelli L, Villarraga ML, Chan FW. In
vivo wear mechanisms of a retrieved metal-on-metal total disc replace-
ment. 12th International Meeting on Advanced Spine Techniques
(IMAST), Banff, Alberta, Canada, July 7-9, 2005.

Looney RJ, Schwarz EM, Boyd A, O’Keefe RJ. Periprosthetic oste-
olysis: an immunologist’s update. Curr Opin Rheumatol 2006;18(1):
80-7.

Shanbhag AS, Kaufman AM, Hayata K, Rubash HE. Assessing oste-
olysis with use of high-throughput protein chips. J Bone Joint Surg
2007;89(5):1081-9.

Ramage SC, Urban NH, Jiranek WA, Maiti A, Beckman MJ. Expres-
sion of RANKL in osteolytic membranes: association with fibroblastic
cell markers. J Bone Joint Surg 2007;89(4):841-8.

Purdue PE, Koulouvaris P, Potter HG, Nestor BJ, Sculco TP. The
cellular and molecular biology of periprosthetic osteolysis. Clin Or-
thopaed Relat Res 2007;454:251-61.

Ingham E, Fisher J. The role of macrophages in osteolysis of total joint
replacement. Biomaterials 2005;26(11):1271-86.

Abu-Amer Y, Darwech I, Clohisy JC. Aseptic loosening of total joint
replacements: mechanisms underlying osteolysis and potential thera-
pies. Arthritis Res Ther 2007;9(Suppl 1):S6.

Drees P, Eckardt A, Gay RE, Gay S, Huber LC. Mechanisms of
disease: Molecular insights into aseptic loosening of orthopedic im-
plants. Nature Clin Practice 2007;3(3):165-71.

Koreny T, Tunyogi-Csapo M, Gal I, Vermes C, Jacobs JJ, Glant TT.
The role of fibroblasts and fibroblast-derived factors in periprosthetic
osteolysis. Arthritis Rheum 2006;54(10):3221-32.

Yang S, Ren W, Park Y, et al. Diverse cellular and apoptotic responses
to variant shapes of UHMWPE particles in a murine model of inflam-
mation. Biomaterials 2002;23:3535-43.

Leung C, Casey AT, Goffin J, et al. Clinical significance of heterotopic
ossification in cervical disc replacement: a prospective multicenter
clinical trial. Neurosurgery 2005;57(4):759—-63; discussion 63.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

McAfee PC, Cunningham BW, Devine J, Williams E, Yu-Yahiro J.
Classification of heterotopic ossification (HO) in artificial disk replace-
ment. J Spinal Disord Tech 2003;16(4):384-9.

Mehren C, Suchomel P, Grochulla F, et al. Heterotopic ossification in
total cervical artificial disc replacement. Spine 2006;31(24):2802-6.
Tortolani PJ, Cunningham BW, Eng M, McAfee PC, Holsapple GA,
Adams KA. Prevalence of heterotopic ossification following total disc
replacement. A prospective, randomized study of two hundred and
seventy-six patients. J Bone Joint Surg 2007;89(1):82-8.

Huang RC, Girardi FP, Cammisa FP Jr, Lim MR, Tropiano P, Marnay
T. Correlation between range of motion and outcome after lumbar total
disc replacement: 8.6-year follow-up. Spine 2005;30(12):1407-11.

. Hallab NJ, Cunningham BW, Jacobs JJ. Spinal implant debris-induced

osteolysis. Spine 2003;28(20):S125-38.

Hallab N, Link HD, McAfee PC. Biomaterial optimization in total disc
arthroplasty. Spine 2003;28(20):S139-52.

Anderson PA, Rouleau JP. Intervertebral disc arthroplasty. Spine
2004;29(23):2779-86.

Anderson PA, Rouleau JP, Bryan VE, Carlson CS. Wear analysis of
the Bryan Cervical Disc prosthesis. Spine 2003;28(20):S186-94.
Cunningham BW. Basic scientific considerations in total disc arthro-
plasty. Spine J 2004;4(6 Suppl):219S-30S.

Chang BS, Brown PR, Sieber A, Valdevit A, Tateno K, Kostuik JP.
Evaluation of the biological response of wear debris. Spine J 2004;4(6
Suppl):239S-44S.

Learmonth ID, Gheduzzi S, Vail TP. Clinical experience with metal-
on-metal total joint replacements: indications and results. Proc Inst
Mech Eng 2006;220(2):229-37.

Anderson PA, Kurtz SM, Toth JM. Explant analysis of total disc
replacement. Sem Spine Surg 2006;18(2):1-12.

Zeh A, Planert M, Siegert G, Lattke P, Held A, Hein W. Release of
cobalt and chromium ions into the serum following implantation of the
metal-on-metal Maverick-type artificial lumbar disc (Medtronic Sofa-
mor Danek). Spine 2007;32(3):348-52.

Keegan GM, Learmonth ID, Case CP. Orthopaedic metals and their
potential toxicity in the arthroplasty patient: A review of current
knowledge and future strategies. J Bone Joint Surg Br 2007;89(5):
567-73.

Senaran H, Atilla P, Kaymaz F, Acaroglu E, Surat A. Ultrastructural
analysis of metallic debris and tissue reaction around spinal implants
in patients with late operative site pain. Spine 2004;29(15):1618-23;
discussion 23.

Togawa D, Bauer TW, Lieberman IH, Lowery GL, Takikawa S.
Histology of tissues within retrieved human titanium mesh cages.
Spine 2003;28(3):246-53; discussion 54.

Choma TJ, Miranda J, Siskey R, Baxter RM, Steinbeck MJ, Kurtz SM.
Retrieval analysis of a ProDisc-L total disc replacement. J Spinal
Disord Tech 2009;22(4):290—-6.

Kurtz SM, de Bruin T, Cleutjens J, van Ooij A, Punt I, van Rhijn L.
Polyethylene wear and periprosthetic inflammation in total disc arthro-
plasty. 22nd Annual Meeting of the North American Spine Society,
Austin, Texas. 2007.

van Ooij A, Kurtz SM, Stessels F, Noten H, van Rhijn L. Polyethylene
wear debris and long-term clinical failure of the Charite disc prosthe-
sis: a study of 4 patients. Spine 2007;32(2):223-9.

Green TR, Fisher J, Matthews JB, Stone MH, Ingham E. Effect of size
and dose on bone resorption activity of macrophages by in vitro
clinically relevant ultra high molecular weight polyethylene particles.
J Biomed Mater Res 2000;53(5):490-7.

Green TR, Fisher J, Stone M, Wroblewski BM, Ingham E. Polyeth-
ylene particles of a ’critical size’ are necessary for the induction of
cytokines by macrophages in vitro. Biomaterials 1998;19(24):2297—
302.

Schmalzried TP, Akizuki KH, Fedenko AN, Mirra J. The role of
access of joint fluid to bone in periarticular osteolysis. A report of four
cases. J Bone Joint Surg 1997;79(3):447-52.

Downloaded from https://www.ijssurgery.com/ by guest on May 9, 2025


https://www.ijssurgery.com/

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

S.M. Kurtz et al. / SAS Journal 3 (2009) 161-177 177

Tipper JL, Galvin AL, Williams S, et al. Isolation and characterization
of UHMWPE wear particles down to ten nanometers in size from in
vitro hip and knee joint simulators. J Biomed Mater Res A 2006;78(3):
473-80.

Kadoya Y, Revell PA, Kobayashi A, al-Saffar N, Scott G, Freeman
MA. Wear particulate species and bone loss in failed total joint
arthroplasties. Clin Orthopaed Relat Res 1997;340:118-29.
Kobayashi A, Bonfield W, Kadoya Y, et al. The size and shape of
particulate polyethylene wear debris in total joint replacements. Proc
Inst Mech Eng 1997;211(1):11-5.

Yang SY, Mayton L, Wu B, Goater JJ, Schwarz EM, Wooley PH.
Adeno-associated virus-mediated osteoprotegerin gene transfer pro-
tects against particulate polyethylene-induced osteolysis in a murine
model. Arthritis Rheum 2002;46(9):2514-23.

Ren W, Yang SY, Fang HW, Hsu S, Wooley PH. Distinct gene
expression of receptor activator of nuclear factor-kappaB and rank
ligand in the inflammatory response to variant morphologies of UH-
MWPE particles. Biomaterials 2003;24(26):4819-26.

Anissian HL, Stark A, Gustafson A, Good V, Clarke IC. Metal-on-
metal bearing in hip prosthesis generates 100-fold less wear debris
than metal-on-polyethylene. Acta Orthop Scand 1999;70(6):578—82.
Doorn PF, Campbell PA, Amstutz HC. Metal versus polyethylene
wear particles in total hip replacements. A review. Clin Orthopaed
Relat Res 1996;329(Suppl):S206-16.

Davidson JA. Characteristics of metal and ceramic total hip bearing
surfaces and their effect on long-term ultra high molecular weight
polyethylene wear. Clin Orthopaed Relat Res 1993;294:361-78.
Jazrawi LM, Kummer FJ, Di Cesare PE. Hard bearing surfaces in total
hip arthroplasty. Am J Orthop 1998;27(4):283-92.

Jazrawi LM, Kummer FJ, DiCesare PE. Alternative bearing surfaces
for total joint arthroplasty. J Am Acad Orthop Surg 1998;6(4):198—
203.

Najjar D, Iost A, Bigerelle M, Coorevits T, Girard J, Migaud H.
[Mechanisms of damage to metal-on-polyethylene articulating sur-
faces of total hip prostheses: influence of intra-articulate migration
of metallic debris]. Rev Chir Orthop Reparatrice Appar Mot 2004;
90(8):732-40.

Willert HG, Broback LG, Buchhorn GH, et al. Crevice corrosion of
cemented titanium alloy stems in total hip replacements. Clin Ortho-
paed Relat Res 1996; 333:51-75.

Willert HG, Buchhorn GH, Gobel D, et al. Wear behavior and histo-
pathology of classic cemented metal on metal hip endoprostheses. Clin
Orthopaed Relat Res 1996;329(Suppl):S160-86.

Willert HG, Semlitsch M. Tissue reactions to plastic and metallic wear
products of joint endoprostheses. Clin Orthopaed Relat Res 1996;333:
4-14.

Link HD. History, design and biomechanics of the LINK SB Charite
artificial disc. Eur Spine J 2002;11 (Suppl 2):S98-S105.

Baxter RM, Steinbeck MJ, lanuzzi A, et al. Periprosthetic polyethylene
particle load of retrieved TDR tissue: Comparison with THR tissue.
Trans 54th Orthoped Res Soc 2008;33:389.

Baxter RM, Steinbeck MJ, Ianuzzi A, et al. Polyethylene Wear Particle
load in TDR and THR using polarized light microscopy. 8th Annual
Meeting of the Spine Arthroplasty Society, Miami, Florida. 2008.
Anderson PA, Rouleau JP, Toth JM, Riew KD. A comparison of
simulator-tested and -retrieved cervical disc prostheses. Invited sub-
mission from the Joint Section Meeting on Disorders of the Spine and
Peripheral Nerves, March 2004. J Neurosurg 2004;1(2):202-10.
Kurtz SM. Total disc arthroplasty. In: Kurtz SM, Edidin AA (eds).
Spine Technology Handbook. New York: Academic Press; 2006. p.
303-70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Jensen WK, Anderson PA, Nel L, Rouleau JP. Bone ingrowth in
retrieved Bryan Cervical Disc prostheses. Spine 2005;30(22):2497—
502.

Kurtz S, Heller J, Goffin J, et al. In vivo deformation and wear of
retrieved Bryan cervical disc arthroplasties. 7th Annual Meeting of the
Spine Arthroplasty Society, Berlin, Germany, May 1-4; 2007. p. 109.
Kurtz SM, Chan FW, Pare PE, et al. Correlation of in vivo- and
simulator-retrieved metal-on-metal cervical disc replacements. 7th An-
nual Meeting of the Spine Arthroplasty Society, Berlin, Germany, May
1-4. 2007:PA-WEO8.

Siskey R, Kurtz SM, Shah P, et al. Validation of ISO-Standard wear
testing with retrieved metal-on-metal cervical disc replacements.
Trans 54th Orthoped Res Soc 2008;33:1927.

Kurtz SM, van Ooij A, Ciccarelli L, Villarraga M. Analysis of textured
endplates and bone ongrowth in retrieved Charité total disc replace-
ments. Transactions of the 2006 Spine Arthroplasty Society Meeting,
Montreal, May 9-13. 2006;6:Session A, Paper 4.

Wright T, Cottrell J. Retrieval analysis of ProDisc total disc replace-
ments. 7th Annual Meeting of the Spine Arthroplasty Society, Berlin,
Germany, May 1-4; 2007. p. 124.

Kurtz SM, Ianuzzi A, MacDonald D. Does chronic rim impingement
influence dome wear in mobile bearing TDR? Transactions of the 2008
Spine Arthroplasty Society Meeting, Miami, FL, May 6-9; 2008. Vol
8, p. 57.

Kurtz SM, MacDonald D, lanuzzi A, et al. The natural history of
polyethylene oxidation in total disc replacement. Spine 2009;34(22):
2369-717.

Kurtz SM, Hozack W1J, Purtill JJ, et al. Significance of in vivo deg-
radation for polyethylene in total hip arthroplasty. Clin Orthopaed
Relat Res 2006;453:47-57.

Kurtz SM, Ianuzzi A, Siskey R, et al. Clinical validation of spine wear
simulators with long-term TDR wear rates for a mobile bearing poly-
ethylene TDR. Transactions of the Spineweek 2008 Meeting, Geneva,
Switzerland, May 26-31; 2008. p. C10.

Serhan HA, Dooris AP, Parsons ML, Ares PJ, Gabriel SM. In vitro
wear assessment of the Charite Artificial Disc according to ASTM
recommendations. Spine 2006;31(17):1900-10.

Kurtz S, McCombe P, Ciccarelli L, Villarraga M, Chan FW. Retrieval
analysis of short-term implanted Maverick total disc arthroplasty.
Proceedings North American Spine Society. Philadelphia, PA, 2005.
Paré PE, Chan FW, Buchholz P, Kurtz SM, McCombe P. Surface
texture analysis of artificial disks wear-tested under different condi-
tions and comparison to a retrieved implant. J ASTM Int 2006;3(6):
65-72.

Trommsdorff U, Zurbrugg D, Schneider W. Biostability of poly(eth-
ylene-terephthalate) cords used in a spinal implant system. 7th World
Biomaterials Congress. Sydney, Australia, 2004.

Trommsdorff U, Zurbrugg D, Stoll TM. In-vivo degradation of poly-
carbonate-urethane with and without contact to an abscess. 7th World
Biomaterials Congress. Sydney, Australia, 2004.

Trommsdorff U, Koettig P. Analysis of retrievals of a dynamic stabi-
lization system for the spine. Eurospine. Barcelona, Spain, 2005.
Tanuzzi A, Kurtz SM, van Ooij A, et al. In vivo deformation, surface
damage, and biostability of retrieved Dynesys components for poste-
rior dynamic stabilization. Transactions of the Orthopaedic Research
Society 2008; Vol. 33.

. O’Leary P, Nicolakis M, Lorenz MA, et al. Response of Charite total

disc replacement under physiologic loads: prosthesis component mo-
tion patterns. North American Spine Society: Philadelphia; 2005. p.
758.

Downloaded from https://www.ijssurgery.com/ by guest on May 9, 2025


https://www.ijssurgery.com/

	Retrieval analysis of motion preserving spinal devices and periprosthetic tissues
	Practical aspects of retrieval analysis
	Retrieval program

	Wear and damage assessment
	MicroCT analysis
	White light interferometry
	Wear and damage mechanisms
	Abrasion and scratching
	Burnishing
	Surface deformation
	Fatigue wear and fracture
	Embedded debris
	Chemical changes in vivo

	Analysis of retrieved tissues and particles
	Histological assessment
	Wear particle assessment
	Review of the literature on retrieval analysis
	Cervical spine TDRs
	Lumbar spine TDRs
	Dynamic motion preservation studies
	Recommendations for future testing and research
	Acknowledgments
	References


