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Abstract

Background Wear of polyethylene tibial inserts can
decrease the longevity of total knee arthroplasty. Wear is
currently assessed using laboratory methods that may not
permit backside wear measurements or do not quantify
surface deviation.

Questions/purposes We developed and validated a tech-
nique to quantify polyethylene wear in tibial inserts using
microcomputed tomography (micro-CT), a nondestructive
high-resolution imaging technique that provides detailed
images of surface geometry in addition to volumetric
measurements.

Methods Six unworn and six wear-simulated polyethyl-
ene tibial inserts were evaluated. Each insert was scanned
three times using micro-CT at a resolution of 50 pum. The
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insert surface was reconstructed for each scan and the
insert volume was calculated. Gravimetric analysis was
performed for all inserts, and the micro-CT and gravimetric
volumes were compared to determine accuracy. We cre-
ated three-dimensional surface deviation maps.

Results Micro-CT generated high-quality three-dimen-
sional renderings of the insert surface geometry. Between-
scan precision was 0.07%; we observed no difference
between micro-CT and gravimetric volume measurements.
Conclusions Micro-CT can provide precise and accurate
volumetric measurements in addition to quantifiable three-
dimensional surface deviation maps for the entire insert
surface. The technique has the potential to evaluate wear in
wear simulator trials and retrieval studies.

Clinical Relevance This micro-CT technique combines
the benefits of volumetric and surface scanning methods to
quantify wear across all surfaces of polyethylene compo-
nents with a single tool. When applied in wear simulator
and retrieval studies, these measurements can be used to
evaluate and predict the wear properties of the components.

Introduction

Damage assessment is key for studying polyethylene
(PE) wear in TKA [11]. Methods currently used include
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gravimetric analysis, scanning electron microscopy, stere-
omicroscopy, and coordinate measuring machines (CMM)
[4, 5, 12-14, 18]. Although these techniques have enabled
valuable insights into PE wear, limitations remain. While
gravimetric measures are considered the gold standard for
wear assessment [2], CMM requires additional gravimetric
measurements to quantify backside wear [14], a major
contributor to PE wear in TKA [5, 10]. CMM measure-
ments (obtained by probing equally spaced discrete points
within a grid) provide excellent depth sensitivity but assess
the surface at resolutions of only 500 to 750 um [13, 14].
Other techniques such as scanning electron microscopy and
stereomicroscopy characterize surface wear through visual
inspection but do not provide quantitative data [13].

Microcomputed tomography (micro-CT) allows tissues,
objects, and small animals to be scanned at resolutions of
10 to 100 pm [1, 16]. Recently, micro-CT was validated
for use in the volumetric measurement of wear in retrieved
PE acetabular liners from THA by Bowden et al. [3].
Limitations of that technique included low spatial resolu-
tion and limiting assumptions regarding the surface shape
of the liners. Additionally, the manual technique used for
registration of the acetabular liner images led to consequent
uncertainty in the repeatability of the results. Should these
limitations be overcome, micro-CT as a noncontact, non-
destructive imaging technique could potentially quantify
both volumetric PE wear and three-dimensional surface
deviation.

To determine the suitability of micro-CT for wear
analysis of tibial inserts from a wear simulator study we
determined (1) the accuracy of micro-CT volume mea-
surements against gravimetric analysis; (2) the precision of
the micro-CT volume measurements; and (3) the feasibility
of constructing quantifiable three-dimensional surface
deviation maps using the micro-CT-derived insert surface
geometry.

Materials and Methods

As a pilot study, the number of included inserts was limited
to a sample of convenience. Six worn and six unworn
inserts that were available from a previous wear simulator
trial undertaken at our institution were selected. Both worn
and unworn inserts were included to ensure that the wear
damage scars would be visualized by micro-CT, and to
allow the creation of a surface deviation map. To assess the
first objective (accuracy), the difference between the vol-
umes determined by micro-CT and gold standard
gravimetric analysis was determined. To assess the second
objective (precision), the variability in the calculated vol-
umes from multiple scans of the same insert was
calculated. To assess the third objective (feasibility of
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deviation map creation), the surface geometry of a worn
insert was coaligned with an unworn reference geometry,
and the calculated deviations were compared with those
observed visually.

All 12 inserts were the Anatomic Modular Knee
(DePuy, Warsaw, IN). The six worn inserts underwent 5.5
million cycles at a frequency of 1 Hz in a six-station knee
simulator (Model KS3-6-1000; AMTI, Watertown, MA)
with applied load and motion. All were the cruciate-
retaining model of 10 mm thickness and were sterilized
using gas plasma, causing no crosslinking. The physio-
logical load, flexion-extension motion, and AP translation
waveforms used in the wear simulation were taken from
the recommended ISO-14243-3 kinematics [8].

A dedicated laboratory micro-CT scanner was used for
this study (eXplore Vision 120; GE Healthcare, London,
Ontario, Canada). Each insert was scanned three times and
was removed and repositioned in the scanner bed between
each scan to determine the precision of the scanner. The
inserts were placed in the bed inside a radiotranslucent
polystyrene foam holder at a double-oblique angle of
approximately 10° backward vertically and 3° laterally
(Fig. 1). In preliminary work we determined the inserts were
susceptible to artifact when positioned coplanar to the
transverse CT reconstruction plane; this small angulation
eliminated the problem. Inserts were scanned at 50 pm res-
olution over 1200 views in 0.3° increments with 10 frames
averaged per view. The xray tube voltage was set to 90 kVp
with a current of 40 mA. Scan times were approximately 95
minutes. For each scan, the region including the insert was
reconstructed at the full 50-um isotropic resolution.

The reconstructed scan images of the inserts were ana-
lyzed with dedicated three-dimensional micro-CT analysis
software (MicroView v2.2; GE Healthcare). A region-
growing algorithm was then applied to the area of the insert.
The insert geometry was converted to a temporary region of
interest (ROI), and everything outside of the ROI was set to
a background value of —1000 Hounsfield units (HU). A new
ROI encompassing the entire volume was then selected, and
isosurface rendering was performed with a threshold of
—664 HU using the highest possible quality and without
decimation. The threshold of —664 HU was selected based
on examination of the intensity histograms from a selection
of the reconstructed scans as described by Otsu et al. [15]
for which the autothreshold level ranged from approxi-
mately —674 to —648 HU. This threshold may vary
depending on the type and manufacturer of the polyethyl-
ene. The three-dimensional rendered insert volume (mm3)
was recorded, and the surface was visually inspected for
quality. The unworn surface was inspected for consistency
and for the presence of the manufacturer’s markings
(Fig. 2), while the worn surface was also inspected for the
presence of damage scars from the wear testing (Fig. 3).
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Fig. 1A-B (A) Photograph of
inserts held in foam on the bed
of the scanner and (B) a rendered
image of the insert in the bed at a
double-oblique angle of approx-
imately 10° backward vertically
and 3° laterally. The foam that
held the inserts is radiotranslu-
cent and does not appear in the
reconstructed scan images.

Fig. 2A-B  Three-dimensional
rendered volume images of an
unworn tibial insert scanned with
microcomputed tomography,
including the (A) bearing surface
and (B) backside. Note the “#3”
and “10MM” embossed by the
manufacturer in (A) (arrows).

Fig. 3A-B (A) Rendered vol-
ume images of a worn tibial
insert scanned with microcom-
puted tomography. (B) Worn
areas are clearly visible on the
bearing  surfaces in  both
(A) (marked with arrows) and (B).

Gravimetric analysis was performed for all inserts with
each insert weighed three times on a high-precision scale
(AX205; Mettler-Toledo GmbH, Greifensee, Switzerland).
The scale was certified accurate to 0.1 mg and was cali-
brated before use. The gravimetric mass was converted to
volume for each insert by dividing the mass in grams by the
known density of the insert (0.935 mg/mm?>).

To determine the feasibility of creating surface devia-
tion maps from the micro-CT images, the surface volumes
of one unworn and one worn insert were imported into
Geomagic Qualify (Geomagic Inc, Research Triangle Park,
NC). Qualify is a commercial software package that allows
quantitative comparisons between three-dimensional

models. The unworn insert was set as the reference object
with the worn insert as the test object. An iterative best-fit
alignment was performed using the standard Qualify co-
alignment method, in which 300 random points on the test
object (worn insert) were aligned and realigned to the
reference object (unworn insert). A second best-fit align-
ment using 1500 random points was then performed using
fine adjustments only. Finally, a three-dimensional com-
parison was then performed to determine the deviation
between the two coaligned insert surfaces.

Mean insert volume across the three scans of each insert
was calculated along with SD. These values were also cal-
culated using the volumes determined through gravimetric

@ Springer



110  Teeter et al.

Clinical Orthopaedics and Related Research®

analysis. The volume data were first examined for normal
distribution using the Kolmogorov-Smirnov test. To deter-
mine the accuracy of the micro-CT technique we calculated
the absolute and percent differences between the micro-CT
and gravimetric volumes for the worn and unworn
groups and compared volumes for the two methods using
paired t tests. The between-scan coefficient of variation
(COV) was used as a measure of scanner precision (second
objective). The COV was determined for each insert by
dividing the SD by the mean volume.

Results

The volumes determined from micro-CT were accurate
compared to the volume measurements from the gravi-
metric analysis. The mean volume of the six unworn inserts
was measured by micro-CT as 20,588 + 70 mm® and by
gravimetric analysis as 20,579 &+ 63 mm® (Fig. 4A). The
mean difference between the two measurement techniques
was 9.2 mm’ for an unworn group accuracy of 0.04%. We
observed no differences (p = 0.24) between the gravi-
metric and micro-CT volumes. The mean volume of the six
worn inserts was measured by micro-CT as 20,491 +
99 mm® and by gravimetric analysis as 20,484 + 100 mm®
(Fig. 4B). The mean difference between the two mea-
surements for the worn inserts was 6.2 mm® for a worn

Fig. 4A-B Mean volume of the

group accuracy of 0.03%. Again, no substantial differences
(p = 0.13) were found between the two.

The micro-CT measurements were precise with low
COV. The mean volume SD between scans was 15.2 mm®
for the unworn inserts with a range of 2.0 to 22.4 mm®. The
mean between-scan COV for these inserts was 0.07% and
ranged from 0.01% to 0.11%. For the worn inserts, the
mean volume SD between scans was 13.8 mm® with a
range of 2.6 to 28.8 mm>. The mean worn insert between-
scan COV was also 0.07% with a range of 0.01% to 0.14%.
Therefore, the overall scanner precision was 0.07%.

A surface deviation map for one of the worn inserts was
readily obtained from the highly detailed three-dimensional
renderings of the insert surfaces. All geometric features of
the inserts, including the articular and backside surfaces,
were reproduced. The small lettering embossed by the
manufacturer to label the size and thickness of the insert
was clearly visible in the reconstructed surfaces (Fig. 2A)
as were labels engraved during the wear simulator study (to
track where each insert was placed within the simulator
itself). The three-dimensional comparison revealed a
maximum negative deviation of 0.696 mm (Fig. 5). Focal
regions of deviations were observed on the articular sur-
face, where the negative deviations ranged from 0.075 mm
to the maximum negative deviation of 0.696 mm
(Fig. 5A). Backside deviations were also observed with
negative deviations of 0.075 to 0.345 mm (Fig. 5B).

. ) 20800 - I Gravimetric 20800 - W Gravimetric
six unworn inserts (UA through 20700 4 1 Micro-CT 20700 I Micro-CT
UF) as measured by (A) gravi- - —
metric analysis and microcom- E 20600 1 E 20600
puted tomography (micro-CT) @ 20500 - o 205004
and (B) mean volume of the six § 20400 § 20400 -
worn inserts (WA through WF) ;’ 20300 - E 20300 -
as measured by gravimetric anal- § 20200 - § 20200 -
ysis and micro-CT. Bars are SD. = 0100 = ,0100-

20000 - 20000 -
A Unworn Inserts B Worn Inserts

Fig. SA-B  Surface deviation
map for one of the six worn
inserts versus an unworn insert
for the (A) bearing surfaces and
(B) backside. Measured devia-
tions are in millimeters.
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Regions of wear on the worn inserts were visible in both
the micro-CT-rendered images (Fig. 3A) and surface
deviation maps (Fig. 5). The regions corresponded well
with wear on the actual insert (as observed through visual
inspection).

Discussion

Numerous techniques have been developed to assess PE
wear in TKA during simulator trials and retrieval studies
[4, 5, 12—-14, 18], but these are associated with certain
limitations. Recently, the use of micro-CT imaging has
become widespread [1, 16], including for wear assessment
in retrieved PE liners [3, 19]. We sought to validate the use
of micro-CT for PE wear assessment in tibial inserts. Our
specific objectives were to determine (1) the accuracy of
micro-CT volume measurements against gravimetric
analysis; (2) the precision of the micro-CT volume mea-
surements; and (3) the feasibility of constructing
quantifiable three-dimensional surface deviation maps
using the micro-CT-derived insert surface geometry.

We acknowledge certain limitations of our study. First,
examining the same group of inserts before and after a
wear simulator trial could potentially have enhanced the
validation of the micro-CT technique. However, the pri-
mary aim of this study was to determine the precision and
accuracy of PE tibial insert volumetric measurements by
micro-CT, not to directly measure the actual wear volume
that occurred during wear simulation. Posttest tibial inserts
have been used to validate the CMM technique in the lit-
erature [2]. Likewise, the three-dimensional deviation map
in this study was constructed to determine the feasibility of
its construction rather than obtain highly accurate wear
measurements. For actual wear analysis using the three-
dimensional deviation map, the worn insert should be
compared with its preworn self, rather than a different
unworn insert, to minimize any potential errors resulting
from manufacturing variability of the inserts. Second, we
assumed the true insert volumes were the volumes obtained
through gravimetric analysis. The accuracy of this
assumption is limited by the calibration of the scale and the
density used to convert the insert mass to volume; however,
gravimetric analysis is widely recognized for its superior
precision and accuracy [2]. Third, micro-CT parameters
such as voxel spacing must be calibrated and assessed for
accuracy. In the case of this study, we observed excellent
agreement between the gravimetric and micro-CT volumes,
suggesting that the 50-um voxel spacing used here was
appropriate. Our voxel spacing was three times greater than
a micro-CT study of retrieved acetabular liners by Bowden
et al. [3]. If a consistent discrepancy was apparent between
the two volumes, then the system can be recalibrated to

bring the volumes into agreement (using isotropic scaling
factors) and still retain the value of the micro-CT-derived
surface geometry.

Micro-CT was accurate with no difference in volumetric
measurements versus gravimetric analysis. Bowden et al.
[3] also found micro-CT volume measurements (of
retrieved acetabular liners) to be accurate against gravi-
metric analysis. We improved on their methods by
automating the volumetric rendering, removing the obser-
ver variability that has been reported as high as 53% [3].
One advantage of micro-CT over gravimetric analysis is
the generation of quantifiable three-dimensional surface
deviation maps in addition to highly accurate volumetric
measurements. Another advantage is that load-soaked
controls (used by gravimetric analysis in wear simulator
trials) may not be necessary for micro-CT. Fluid absorbed
during the trials enters the free volume within the non-
crosslinked PE and thus alters the density but not the
surface geometry [13]. Similarly, CMM is reportedly
accurate against gravimetric analysis and does not require
load-soaked controls [13]. However, CMM may not
directly quantify backside wear and has a lower surface
sampling resolution than micro-CT [13, 14].

Micro-CT was also precise with a mean between-scan
volume variation of 0.07%, or approximately 15 mm?.
Both scanner noise and repositioning of the inserts between
scans contributed to this variation. Performing the scans at
a greater resolution without repositioning would likely
increase precision, and averaging insert surfaces across
multiple scans will ensure the highest possible accuracy.
The variation is still less than the volume of wear obtained
in wear simulator studies, reported as 32 mm® and
161 mm?® over seven million cycles for highly crosslinked
PE and ultrahigh-molecular-weight PE, respectively [14].
Wear volumes in inserts retrieved from patients after years
in situ may be even higher, at 85 mm?® per year [9]. The
repeatability of micro-CT volume measurements exceeds
fluid displacement (less than 10%) [3] and may exceed the
precision of certain CMM techniques (0.8%) [7] but
remains lower than gravimetric analysis [2]. Fortunately,
the nondestructive micro-CT analysis is easily combined
with gravimetric analysis, retaining the advantages of both
techniques.

Creation of surface deviation maps is feasible using the
detailed three-dimensional renderings of the insert surface
provided by micro-CT. All of the insert features in the
reconstructed images corresponded to the actual insert
surface. Surface deviation maps have also been success-
fully constructed using CMM [2, 13]. However, micro-CT
provides surface sampling resolution 10 to 15 times greater
than tibial insert geometries obtained with CMM (50 ver-
sus 500-750 um) [13, 14]. This order of magnitude
increase in linear sampling density results in over 100
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times as many samples over the surface area of the insert
when compared with CMM. Deviation maps are the pri-
mary advantage of micro-CT, because they will allow
quantification of focal surface deviation caused by various
wear modes rather than providing a global estimate of
wear. These deviation maps have immediate application
in wear simulator and retrieval studies for all types of PE-
based joint arthroplasty [19]. Additional applications of the
geometry include reverse engineering of insert surfaces for
comparison to manufacturer’s CAD drawings or to gener-
ate CAD models and other reference geometries where
they were previously unavailable. These geometries could
also be used in finite element analysis and computer sim-
ulations of wear [6, 17]. In the longer term, it may be
possible to combine insert geometry derived from micro-
CT with patient imaging techniques such as CT or radio-
stereometric analysis to more accurately measure PE wear
in vivo. Determination of the linear precision of the micro-
CT technique and the effects of creep on the deviation
maps is required and are currently being investigated.
The micro-CT wear measurement technique described
in this study has the potential to be used for both wear
simulator and retrieval studies. Micro-CT provides highly
detailed three-dimensional surface geometry of the entire
tibial insert capable of generating quantifiable surface
deviation maps in addition to precise and accurate volu-
metric measurements. This micro-CT technique combines
the benefits of gravimetric analysis (volume measure-
ments) with CMM (localized surface assessment) to
quantify wear across all surfaces of polyethylene compo-
nents with a single tool. When applied to wear simulator
and retrieval studies, these measurements can be used to
evaluate and predict the wear properties of the components.
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