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Previous studies have speculated that modular taper design may have an effect on the corrosion
and material loss at the taper surfaces. We present a novel method to measure taper angle for
retrieved head taper and stem trunnions using a roundness machine (Talyrond 585, Taylor
Hobson, UK). We also investigated the relationship between taper angle clearance and visual
fretting-corrosion score at the taper-trunnion junction using a matched cohort study of 50 ceramic
and 50 metal head-stem pairs. In this study, no correlation was observed between the taper angle
clearance and the visual fretting-corrosion scores in either the ceramic or the metal cohorts.

Introduction

Release of metallic wear and corrosion products from the modular connections of total hip
arthroplasties (THA) has recently emerged as a clinical concern [1-4]. Investigations of
taper corrosion have shown that a combination of mechanical, electrochemical, geometrical,
material and chemical conditions at the taper junctions affect taper corrosion [5-7]. Previous
studies have highlighted several factors, such as lower neck flexural rigidity, increased
modularity, external environment during assembly, and impaction forces may be associated
with fretting and corrosion damage [8-13]. Previous research has also suggested that
ceramic femoral heads mitigate taper fretting-corrosion between the head taper and the stem
trunnion [14,15].

Modular junction design, including angular mismatch and conicity [9], has been
hypothesized as an additional factor that may minimize the generation of corrosion products
[16,17]. However, little is known about the effect of head taper and stem trunnion angles
and their potential effect on taper damage [18-20]. The contact mechanics of the taper-
trunnion junction may be influenced in part by the angular mismatch between the head and
the trunnion, as well as other variables of the head-neck interface [20]. Two previous
explant studies, neither of which actually measured taper angle clearance in their retrieved
components, have speculated that angular clearance may contribute to material loss at the
taper-trunnion junction [21,22].

The overall goal of the present study was to investigate the hypothesized relationship
between taper angle clearance and fretting-corrosion damage in stems mated with ceramic
and metal heads. Building on our previously assembled cohorts of ceramic head and metal
head retrievals [14], we asked (1) whether a novel methodology for characterizing the taper
angle clearance in retrieved heads and stem pairs would be sufficiently repeatable and
reproducible to accurately measure the explanted components; (2) if there was a difference
in clearance angle and contact location between the ceramic and metal cohorts; (3) did taper
angle clearance help explain the variability in the extent and severity of taper damage in the
ceramic and metal cohorts; and (4) was there evidence of wear/corrosion in taper regions
identified with material loss?

Materials and Methods

Study Design, Cohort Selection, and Clinical Information

Components were selected from the retrieval collections of two academic engineering-based
programs working in collaboration with 12 clinical revision centers around the United States
as part of a 12-year ongoing institutional review board approved revision and retrieval
program. In our previous study [14], an a priori power analysis revealed that a total sample
size of 100 would be adequate to detect a difference in visual fretting-corrosion score of 1
on a scale of 1-4 between the ceramic and metal cohorts. For the current study, we
continued our previous study by measuring the taper angle clearance in the same matched
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cohorts of 50 ceramic and 50 metal head-stem pairs because it allowed us to isolate and
investigate taper angle clearance for the present study.

Taper and Trunnion Angle Measurements

In this study, we define the taper angle as twice the measured half angle of the geometric
cone forming the head taper or stem trunnion. Taper angle clearance is the difference
between the head taper angle and trunnion angle:

Taper angle clearance = Taper angle of head — trunnion angle of stem

Positive clearance, which will result in proximal contact between the head and trunnion,
occurs when the taper angle is greater than the trunnion angle. Negative clearance, on the
other hand, will result in distal contact (Figure 1).

The head and trunnion taper angles were measured using a roundness machine (Talyrond
585, Taylor Hobson, UK), equipped with a diamond or ruby stylus. The component was
mounted in a custom fixture on the Talyrond rotating stage and the angular position was
referenced against a landmark (e.g. laser etched markings) on the component. The
component was centered and leveled using measurements in the as-manufactured regions
(Figure 2) to align the axis of symmetry of the machine with the axis of rotation of the
component. The as-manufactured surfaces were identified by visual inspection of the taper
surface and 4 axial profiles, measured at 90° intervals around the taper. After centering and
leveling, an axial profile was measured over the top edge of the taper to establish a height
datum. A series of 5 to 7 circumferential profiles were measured in the identified as-
manufactured region(s) of the taper surface, typically spaced at a vertical distance of 1 — 3
mm. The number and spacing of the profiles depended on the length of the taper and the
location and size of the as-manufactured regions. The head tapers were measured using a
diamond stylus with a tip radius of 5 um. Due to the presence of microgrooves and
sometimes extensive iatrogenic damage, a 4-mm diameter ruby stylus was used to measure
the surface of all trunnions to prevent damage to the diamond tip and provide mechanical
filtering of the microgrooves. Each roundness profile was analyzed using Ultra software
[Taylor Hobson, UK] and a least-squares (LS) circle was fitted. The LS fit was improved by
excluding regions of asymmetric wear or point defects. For consistency, it was required that
after exclusions, at least 55% of the profile was used in the fit and the deviation of the points
in each remaining profile was less than 10 um. A second skilled operator identified the as-
manufactured regions for each component and cross-checked for agreement of the selected
vertical height location and exclusions applied on each roundness profile. The radius and
height of each LS circle was compiled in a spreadsheet and the linear slope of the radius of
the 5-7 profiles was used to calculate the taper angle (Figure 3). Repeatability
measurements for taper angle were performed using both the diamond and ruby styli on a
reference taper ring gauge. The diamond stylus is used for taper angle measurements
because of higher resolution and the 4 mm ruby stylus is used for trunnion angle
measurements to prevent damage to the diamond stylus from the as manufacture grooves on
some of the trunnions.

Repeatability Study

A repeatability study was conducted to characterize the uncertainty in the taper and trunnion
angle measurements. Repeatability of angle measurements using the Talyrond for as
manufactured surfaces was validated with a study conducted using a precision tapered ring
gauge. Twenty-five angle measurements were performed on different days, and using both
the diamond and ruby stylus.
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Surface Topography Characterization

Results

The regions with material loss were identified by the axial Talyrond profiles and visual
inspection. Twenty-four female metal taper surfaces showed evidence of material loss and
thirteen were inspected using scanning electron microscopy (SEM, JEOL JSM-5600) and an
optical microscope (KH-8700, HIROX) for evidence of fretting-corrosion mechanisms (up
to 320x). The thirteen representative components selected for imaging had the most severe
cases of corrosion. Representative Talyrond profiles showing material removal can be seen
in Figure 4. Backscatter electron composition (BEC) images are used to inspect surfaces
during SEM imaging because the intensity of the backscattered electron signal is related to
the atomic number of the entities being imaged. Using BEC allowed differentiation between
the accumulated biological and corrosion deposits and the electrochemical/mechanical
topography changes on the metal surfaces being imaged.

The standard deviation of the repeatability study was 13.3 seconds. By contrast, a previous
explant study [18] has measured the range of head taper angles in retrieved implants and
reported a variation of 0.23 degrees (13.8 minutes). Two stems had extensive iatrogenic
damage, preventing accurate trunnion angle measurements and thus, 2 head-stem pairs had
to be removed from the study.

Taper angle measurements for ceramic and metal heads resulted in no overlap between the
taper and trunnion angles in the ceramic cohort, while there was overlap in the metal cohort
(Figure 5). Hence, calculation of taper angle clearance revealed a difference between the
ceramic and metal cohorts. The ceramic cohort had exclusively positive taper angle
clearance, geometrically indicating proximal contact (Figure 1). The metal taper cohort had
both positive (n=35) (proximal) and negative (n=15) (distal) taper angle clearance (Figure
6). Proximal contact in the ceramic cohort was further verified visually by evidence of metal
transfer at the proximal end of the head taper (Figure 7). For metal head-stem pairs, it was
possible to confirm proximal or distal contact by inspecting the surface topography of
measured profiles when there was observable material loss, as determined by a skilled
operator who could identify deviations in topography in profiles. Profiles of metal heads
showed one of the following wear conditions: a pristine surface with no detectable material
loss (n= 32), region with material loss indicating proximal contact (n = 3), distal contact (h =
9), or proximal and distal contact simultaneously (n = 6) (Figure 4).

There was no significant correlation observed between taper angle clearance and visual
fretting-corrosion scores for trunnions in the ceramic cohort (p = —-0.17), trunnions in the
metal cohort (p = 0.24) nor the femoral head tapers in the metal cohort (p = —0.05) (Figure
8). Additionally, visual fretting-corrosion scores in the metal cohort were similar between
components with distal contact (negative taper angle clearance) and components with
proximal contact (positive taper angle clearance) (p = 0.43 and 0.56 for taper and trunnion
scores, respectively; Wilcoxon Test).

SEM imaging for metal female tapers with evidence of material loss proximally, distally, or
both on measured profiles showed features which are consistent with the findings reported in
other studies which identified mechanically assisted corrosion (Figures 9-10) [23,24]. SEM
also evidenced that electrochemical material loss (pitting) preferentially evolved in regions
that showed evidence of fretting (scratches in the scale 5-40 um) or had larger scratches
(50-500 um) (Figure 10). We hypothesize that these larger scratches may have been caused
when the head was impacted onto the trunnion during the primary surgery or during
removal. Local changes in the surface topography were observed in heads mated with both
“microgrooved” and “smooth” trunnions (Figure 11-12). The measured profiles and SEM
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images of the head taper (Figures 12 and 13) both showed changes in surface topography
(the amplitude and wavelength of circumferential grooves) consistent with the microgrooves
found on the trunnions — suggesting that “imprinting” had occurred.

Discussion

In this study we investigated the effect of the taper angle clearance (defined as the difference
in angle between the head taper and stem trunnion) on the visual fretting and corrosion
damage score of a cohort of ceramic and metal tapers. For both the ceramic and the metal
head cohorts, the results of this study did not support the hypothesis that taper angle
clearance is associated with fretting and corrosion damage of the head or the taper. Factors
other than taper angle clearance explain the variation in fretting and corrosion scores
between ceramic and CoCr alloy femoral heads.

We would like to highlight some limitations of this study for the reader. First, the taper
angles and tolerances reflect matched heads and stems that were designed for compatibility
by their respective manufacturer. The study did not include “mixed and matched” heads and
stems in which the head of one manufacturer is placed on the stem of another, such as may
occur during a revision surgery with limited availability of implant inventory. Second, the
stems in this study were all of a monoblock design, such that the only source of modularity
was at the head-stem interface. The results of this study, therefore, should not be generalized
to head stem designs with additional modular taper connections.

A third limitation of the study was the semi-quantitative, 4-point visual score for assessing
the severity of fretting and corrosion. The scoring method was modified from the Goldberg
method [9], which is widely used in the literature. This visual assessment does not provide
an objective measure of the volume of material lost from the taper surface. Our previous
study has shown that there was a correlation between the visual corrosion score and volume
of material loss, but it was also shown that there was a large range in the volume of material
lost from tapers with the same corrosion score [25]. These results indicated that the visual
corrosion scoring method is suitable for preliminary categorization of taper damage, but
does have some limitations. A method is being developed to quantitatively measure the
volume of material loss and will be presented in a future study.

Another limitation was the small remaining band of as-manufactured taper surface in some
femoral head tapers, typically found at the distal end of the head taper. For the current study,
the minimum height of this band was 3 mm. The uncertainty in the calculated taper angle
will increase as the total distance between the circumferential profiles used to calculate the
angle decreases. The uncertainty of using a narrow band of as manufactured surface
compared to using a wider band to calculate the taper angle can be estimated. The positional
uncertainty of the radial arm and Z-column of the Talyrond is £0.25 pm. If the taper angle
were to be calculated from two measurements, with a radial and height uncertainty of +0.25
um, the uncertainty for taper angle is £0.01° (x 36 seconds) for profiles spaced 3mm apart
and +0.0019° (£ 6.8 seconds) for profiles spaced 16 mm apart. This uncertainty is decreased
by taking a minimum of 5 circumferential profiles in the as manufactured surfaces. The R-
squared value of the data points used to calculate the head angle (Figure 3) was at least
0.9999 or better for all tapers.

This study presented an accurate and repeatable method to measure taper angle and
calculated taper angle clearance from retrieved femoral heads and stem trunnions. To the
authors’ knowledge, this is the first study to report the measurement of the taper and
trunnion angles of retrieved femoral head and stem pairs using a roundness machine.
Roundness machines are widely used in other industries, such as automotive and bearing, to
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measure the geometry of precision tapered components. The accuracy and repeatability of
our method was validated with a study conducted using a precision tapered ring gauge for
angle measurements on an as-manufactured surface using the Talyrond on different days.
For the retrieved implants in our study, repeated measurement and analysis of components
identified as outliers, showed reproducibility within the machine uncertainty range.

The results of our study showed that the ceramic cohort had exclusively proximal contact.
This is consistent with the design rationale for ceramic femoral heads, in which the angles of
the head taper and stem trunnion are specified so that contact occurs at the center of the head
where the material cross-section is largest to resist tensile hoop stresses [26]. The metal
cohort showed contact at both the distal and proximal end. The metal cohort showed contact
at both the distal and proximal end, however, the different contact patterns did not appear to
affect the visual fretting-corrosion scores at the head or the trunnion. The simultaneous
presence of proximal and distal material loss observed on some metal tapers may indicate
toggling motion [22], however, the identification of the mechanism leading to material loss
was beyond the scope of this study.

Components with visible distal, proximal and dual contact were examined using SEM to
investigate evidence of corrosion in regions of material loss. The investigated components
suggest that the imaged mechanical and electrochemical alterations to surface topography
correspond to locations of material loss observed in measured profiles. However, further
study is needed to understand the mechanism of material loss. For this study, only head taper
surfaces were imaged under the SEM and trunnions will be investigated in future work.
However, previous investigators have observed significant material loss at the head taper
and not at the trunnion [22,27] or that head tapers tended to be corroded more severely than
trunnions [9]. Analysis of the measured profiles and SEM images for some metal femoral
head tapers, showed a change in surface topography that was consistent with the topography
of the microgrooves on the trunnion (Figure 13). This apparent “imprinting” may suggest
preferential material loss from the female taper, also reported in previous studies [18,22,27].

In summary, taper angle clearance was not correlated with the visual fretting-corrosion
scores in the ceramic or metal cohort in the present study. Research is underway to better
characterize the volume of material release from explants to better understand the reasons
for reduced fretting and corrosion previously observed in the ceramic femoral head cohort.
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a) Proximal Contact b) Distal Contact
[taper anglc > trunnion angle [taper angle < trunnion angle
Clearance (taper angle — truntiion angle) > 0] Clearance (taper angle — trunnion angle) < 0]
Figure 1.

Schematic diagram showing the taper angle clearance, a) shows positive taper angle
clearance and proximal head/stem contact, b) shows negative taper angle clearance and
distal head/stem contact. These figures are only representatives of the theoretical contact at
the taper-trunnion junction. In vivo, while the overall contact area will be located proximally
or distally, the contact surfaces may not be axisymmetric and may have a contact area larger
on the superior or inferior side with only a point contact on the other side.
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Figure 2.

Figures showing the regions used for measurements in female tapers. a) Taper with visual
corrosion score of 1 (Fretting on < 10% surface and no corrosion damage) with profile
measured (white dotted lines) evenly spaced throughout taper. b) Taper with corrosion score
of 4 (Damage over majority (>50%) of mating surface with severe corrosion attack and
abundant corrosion debris) showing identified bands of as manufactured surface remaining
at the proximal and distal end of the taper, shown by arrows. The roundness measurements
were distributed within these as manufactured surfaces.

Semin Arthroplasty. Author manuscript; available in PMC 2014 December 01.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Kocagoz et al.

Column Height (Z) mm

Page 11

Figure 3.
The radius and relative height of each LS circle was compiled in a spreadsheet and the linear
slope of the 5-7 profiles were used to calculate the angle.

1
Taper Angle=2a=2 - tan™*(— E)
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Figure 4.

Examples of Talyrond traces for components with observable regions of material loss
proximally (a), distally (b) and in both proximal and distal locations (c). The red lines on the
schematic of the femoral heads represent the orientation of the profiles being measured.
These profiles provide information about the taper-trunnion junction in addition to the
clearance values observed for the metal cohort.
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Figure 5.
Taper angle measurements for the ceramic and metal head-stem pairs. There is no overlap in

the taper and trunnion angle measurements for the ceramic cohort, while there is overlap in
the metal cohort.
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Figure 6.

Taper angle clearance distribution for the ceramic and metal cohorts. The taper angle
clearance for the ceramic cohort is always greater than zero (indicating proximal contact),
while the metal cohort has clearance values that are greater and smaller than zero (indicating
a mixture of proximal and distal contact)
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Figure 7.
Metal transfer was observed on the proximal ends of the internal tapers of ceramic heads,
providing visual confirmation for clearance values greater than zero for the ceramic cohort.
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Figure 8.

Distribution of measured ceramic and metal cohorts according to a) trunnion fretting
corrosion score, and metal cohort according to b) metal head fretting corrosion score.
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Figure 9.

SEM image taken in distal portion of metal head taper showing fretting in regions with
horizontal bands of material loss. Bands of material loss most likely corresponded to regions
in contact with trunnion as manufactured grooves (370x, BEC).
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Figure 10.

A component showing pitting corrosion (marked in white circles) initiated preferentially in a
crevice formed due to fretting abrasion (5—-40um scratches), imaged midway between
proximal and distal ends on the taper (left, BEC, 1400x). A different component showing
scratches (50-500um) throughout head taper, with preferential pitting inside the scratches,
imaged midway between proximal and distal ends on the taper (right, BEC, 600x%).
Corrosion by-products (biological and electrochemical deposits) have accumulated inside
the scratches.

Semin Arthroplasty. Author manuscript; available in PMC 2014 December 01.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Kocagoz et al.

Distal

Proximal

B S ———

As mamfa&medsufgm_ .

Figure 11.

Axial profile of a metal head implanted with a trunnion with a “smooth” finish (left).
Regions corresponding to the material loss, marked A and B were imaged using the SEM
(right). Both regions of material loss on the Talyrond profile showed evidence of change to
the as manufactured surface.
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Figure 12.

Axial profile of a metal head implanted with a “microgrooved” trunnion finish (left).
Regions corresponding to the material loss, marked C and D were imaged using the SEM
(right). Both regions of material loss on the Talyrond profile showed evidence of change to
the as manufactured surface.
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Figure 13.

Schematic diagram showing the taper-trunnion interface and typical SEM image and
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measured profiles from head taper mated with microgrooved trunnion. The red dotted-lines

represent locations used for roundness profile measurements.
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