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Aims

Acetabular edge-loading was a cause of increased wear rates in metal-on-metal hip arthro-
plasties, ultimately contributing to their failure. Although such wear patterns have been reg-
ularly reported in retrieval analyses, this study aimed to determine their in vivo location and
investigate their relationship with acetabular component positioning.

Methods

3D CT imaging was combined with a recently validated method of mapping bearing surface
wear in retrieved hip implants. The asymmetrical stabilizing fins of Birmingham hip replace-
ments (BHRs) allowed the co-registration of their acetabular wear maps and their computa-
tional models, segmented from CT scans. The in vivo location of edge-wear was measured
within a standardized coordinate system, defined using the anterior pelvic plane.

Results

Edge-wear was found predominantly along the superior acetabular edge in all cases, while
its median location was 8° (interquartile range (IQR) -59° to 25°) within the anterosuperior
quadrant. The deepest point of these scars had a median location of 16° (IQR -58° to 26°),
which was statistically comparable to their centres (p = 0.496). Edge-wear was in closer prox-
imity to the superior apex of the cups with greater angles of acetabular inclination, while a
greater degree of anteversion influenced a more anteriorly centred scar.

Conclusion

The anterosuperior location of edge-wear was comparable to the degradation patterns ob-
served in acetabular cartilage, supporting previous findings that hip joint forces are directed
anteriorly during a greater portion of walking gait. The further application of this novel
method could improve the current definition of optimal and safe acetabular component po-
sitioning.
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nantly centred about an anterosuperior A novel approach to locating the in
position in vivo, consistent with anteriorly vivo location of acetabular edge-wear is
directed hip joint forces and previously introduced.

reported cartilage degradation patterns.
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The application of a newly validated method of quan-
tifying and mapping material loss from the bearing
surface of hip arthroplasties.

This study was limited by its small sample size, which
restricted the statistical evaluation of observed trends.

Introduction

Since mechanical wear debris was identified as a contrib-
utor to hip arthroplasty failure, the tribological perfor-
mance of these implants has been extensively analyzed.
Nowhere has such material loss had a greater impact than
on patients with metal-on-metal (MOM) hips. The release
of cobalt and chromium particles was found to cause
inflammation and necrosis in periprosthetic tissue,’?
while the extent of its systemic effects remains unknown.
Retrieval studies have been able to accurately quantify the
volume of material loss from these implants, facilitating
the identification of surgeon, implant, and patient (SIP)
factors that contributed to their failure.>*

The precisely polished bearing surfaces of hip arthro-
plasties are designed to facilitate low friction articulation.
Under optimal conditions, load is transferred through
the centre of both acetabular components and femoral
head components during function.® Certain SIP factors,
however, are thought to cause this contact patch to move
towards the interior edge of the acetabular component.5”
This is often referred to as edge-loading and can lead to
elevated levels of material loss.

Although wear is regularly identified at the edge of
acetabular cups during retrieval analysis,® its location
in vivo has yet to be accurately determined. A previous
study has demonstrated the feasibility of such measure-
ments; however, their findings were absent of any clear
trends.? It has been hypothesized that acetabular compo-
nent malpositioning increases the prevalence of edge-
wear, particularly with excessive angles of inclination.
Under these circumstances, the contact patch is thought
to be in closer proximity to the acetabular edge. Never-
theless, along with the impact of anteversion, this is
largely debated due to the contrasting findings of both
clinical and retrieval studies.

Consequently, the overarching aim of this study was
to determine the in vivo location of acetabular edge-wear,
by combining pre-revision 3D CT images with retrieval
analysis. This could provide a better understanding of the
tribological performance of these bearings and the load
distribution during function. This research also intended
to identify whether acetabular component positioning
influences the location of edge-wear.

Methods

Materials. The MOM Birmingham Hip Replacement (BHR;
Smith & Nephew, UK) was considered the most appropri-
ate implant for this research, due to the asymmetric stabi-
lizing fins found at the backside of its cobalt-chromium-
molybdenum (CoCrMo) acetabular component. As these
design features would be visible in pre-revision 3D CT

scans, the orientation of the implant could be defined
within the patient. In total, 102 retrieved BHRs were re-
vised by two of the authors (JS and AH). Prior to revision
surgery, a full-pelvis 3D CT scan was performed in 21
of these cases as part of their routine clinical follow-up,
making them potentially eligible for this study (Figure 1).

These hips were revised due to an adverse reaction to
metal debris (ARMD; n =9), unexplained pain (n =9), and
component loosening (n = 3), after a mean time of 89.1
months (15 to 177). Their mean cup size was 53.7 mm
outer diameter (48 to 62), while their nominal diametrical
clearance and arc of coverage angle were 200 pm and
158° to 166°, respectively.'® They were explanted from 14
females and seven males, who had a mean age of 56.7
years at implantation (35.4 to 73.8).

A further inclusion criterion of this study was the iden-
tification of a clearly defined primary edge-wear scar on
their acetabular bearing surface, which would be deter-
mined through tribological metrology.

Volumetric wear measurements of BHR acetabular cups. A
Micura coordinate measuring machine (Carl Zeiss Ltd,
UK) was used to capture the geometry of the acetabu-
lar bearing surface of each retrieved BHR implant in the
form of a point cloud. The adopted scanning strategy
was optimized for each component size, conforming
to the guidelines of both International Organization for
Standardization (ISO) and ASTM standards."'? The first
arc of each scan was consistently aligned to the same sta-
bilizing fin, which was confirmed by further data points
recorded at the apex of this fin. A previously validated,
automated software solution was used to analyze the ac-
quired point clouds,”™ quantifying the volume of mate-
rial loss from each BHR acetabular component. 3D wear
maps were also generated, allowing the identification of
a primary edge-wear scar. The limits, centre, and deepest
point of this wear scar were then determined from these
maps.

Measurement of acetabular component position. A be-
spoke software solution (Robin’s 3D; Robin Richards, UK)
was adopted to measure the position of each BHR ace-
tabular component, which automatically generated high-
resolution 3D computational pelvis and implant models
from the CT scans. The anterior pelvic plane (APP) was
used to form a standardized coordinate system with-
in each patient, defined using both anterosuperior iliac
spines and the anterior surface of the pubic symphysis
(Figure 2). This allowed angles of inclination and antever-
sion to be subsequently measured.

Co-registration of acetabular wear maps to CAD mod-
els. A 3D CAD model of each acetabular BHR compo-
nent was produced using SolidWorks (Dassault Systémes
SolidWorks Corporation, USA), which was informed by
dimensional CMM measurements. The previously gen-
erated wear maps could be co-registered to these CAD
models, as their orientation had been established rel-
ative to the stabilizing fins. A projection of each wear
map was manipulated on the articulating surface of their
CAD model to achieve this alignment. The location of the
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Fig. 1

A schematic diagram of the study design. This includes the adoption of an exclusion criteria and the steps followed to determine the in vivo location of
acetabular edge-wear in Birmingham Hip Replacements (BHRs). MOM, metal-on-metal.

A schematic diagram demonstrating the definition of the anterior pelvic plane (APP) and the measurement of anatomical acetabular cup inclination (Al) and
anteversion (AA). The APP forms the coronal plane, from which the sagittal and transverse planes can be defined. The acetabular axis intersects the centre of

the cup and is perpendicular to the cup rim plane.

primary edge-wear scar was marked by extruding its ex-
panse from the rim of the model (Figure 3).

Co-registration of CAD models to 3D CT images. First, a
pre-revision, full pelvis CT scan of each patient was im-
ported into Synopsys Simpleware ScanlIP (Synopsys,
USA) as an anonymized stack of Digital Imaging and
Communications in Medicine (DICOM) images. These
were compiled to form a 3D image composed of voxels,
each with their own grayscale intensity. Material density
dictated X-ray attenuation during CT imaging and con-
sequently the grayscale values of these voxels, allowing

computational models of the patient’s pelvis (bone) and
BHR hip implant (CoCrMo) to be segmented from oth-
er materials (Figure 3). This was achieved using a semi-
automated process called ‘thresholding’, which involved
defining a range of grayscale values representative of
each material. A grayscale range of approximately 130 to
1,200 was used to isolate bone from each image stack,
while the BHR implants were segmented using a range
of grayscale values often above 1,800. The authors’ dis-
cretion was required as the grayscale varied in magni-
tude, based on scanning parameters. Computational
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Fig. 3

A schematic diagram depicting the process of locating acetabular edge-wear in vivo. 1) A macroscopic image of a retrieved Birmingham acetabular
component (backside), where its stabilizing fins have been circled. 2) A single slice of a pelvic CT scan, which includes a cobalt-chromium-molybdenum
(CoCrMo) Birmingham hip replacement (BHR) metal implant. 3) A wear map co-registered to a BHR (52 mm) computer-aided design (CAD) model. 4)
Computational models of the pelvis and BHR implant, segmented from a 3D CT scan. 5) A BHR implant CAD model and wear map, co-registered to the
computational model of the actual implant within the pelvis. 6) A perpendicular view of the acetabular cup and its measurement axis, where the Cup-APP
(CAPP) plane defines the 0° and 180° positions. Anterior and posterior locations of edge-wear were defined by positive and negative angles, respectively.
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Computational models of a pelvis and Birmingham hip replacement (BHR) implant, generated within Simpleware ScanlP. The "For Review Only" standardized
reference system defined to measure the in vivo location of edge-wear is illustrated (Cup-APP (CAPP)), which is parallel to the anterior pelvic plane (APP) and

intersects the centre of the cup opening.

post-processing tools were used sparingly to remove
metal artifacts from the models, without impacting ana-
tomical dimensions. An automated registration function
was used to co-register the BHR CAD model to the actu-
al acetabular component segmented from the CT scan
(Figure 3). Manual input was required to refine the result-
ing fit, which involved selecting landmarks such as the
rim and stabilizing fins to inform the alignment.
Measurement of the in vivo location of edge-wear. The
in vivo location of acetabular edge-wear was deter-
mined within the Simpleware ScanlP software. As with
the measurements of component positioning, the APP
was used as a standardized reference between patients.
A plane termed the Cup-APP (CAPP) was defined, which
was parallel to the APP and intersected the centre of the
BHR cup opening (Figure 4). The two points at which the
CAPP intersected the acetabular component rim were
used to define the 0° and 180° limits of the measurement
system, as seen in Figure 3. Vertical and horizontal axes
were formed from these points, within the acetabular rim
plane, dividing the articulating surface into four quad-
rants. As a result of its relationship to the APP, 0° was
considered representative of the vertical standing pelvic
position.'*> Component position was then neutralized,
achieving a perpendicular view of the acetabular compo-
nent rim, with the vertical axis positioned appropriately.
The angle between both limits of the edge-wear scar were
measured, with respect to the vertical axis. As both right-
and left-sided implants were included in this study, the
anterior and posterior halves of the acetabular rim were
represented by positive and negative angles, respectively
(Figure 3).

To visualize the in vivo location of wear with respect
to the pelvic anatomy, the implant and its hemipelvis
were exported from Simpleware ScanlP. This was re-im-
ported into SolidWorks, where the original CAD model
and co-registered wear map could be re-aligned to the
stabilizing fins (Figure 3).

Statistical analysis. All steps associated with the present-
ed method of locating acetabular edge-wear in each
implant were repeated by a single observer (SB), with
the intention of evaluating measurement repeatabili-
ty. Bland—Altman plots were generated to compare the
outcome of these analyses, obtaining the mean error
between measurements, in addition to upper and lower
95% limits of agreement. The locations of the centre and
deepest points of the edge-wear scars were compared
using a Wilcoxon paired t-test, while a Mann—-Whitney U
test was performed to compare the wear rates of edge
worn and non-edge worn BHR implants.

Results
A median wear rate of 0.41 mm?/year (interquartile
range (IQR) 0.11 to 5.65) was measured from the 21
BHR acetabular components. Nine of these implants had
an identifiable primary edge-wear scar, which shared a
common crescent shape and were bound by the articu-
lating surface edge throughout their expanse (Figure 5).
In accordance with the inclusion criteria, the remaining
12 cups were excluded from the study due to their evenly
distributed wear patterns and would not undergo further
analysis.

The edge-worn implants had been positioned with
a median value of inclination and anteversion of 60°
(IQR 53° to 67°) and 39° (IQR 19° to 48°), respectively.
According to Lewinnek’s safe zone,'® these were collec-
tively malpositioned, with all nine implants falling outside
this zone. Edge-worn BHR acetabular components were
found to have a significantly greater (p = 0.007, Mann—
Whitney U test) median bearing surface wear rate of 4.52
mm?3/year (IQR 1.16 to 19.28), compared to the non-
edge-worn components that had a median wear rate of
0.14 mm?3/year (IQR 0.04 to 0.50).

The centre of these edge-wear scars had a median in
vivo location of 8° (IQR -59° to 25°; Figure 6). Comparing
both repetitions of this analysis, the Bland—Altman plot
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Fig. 5

A macroscopic image and wear map of the bearing surface of a Birmingham hip replacement (BHR) acetabular component. The edge-wear scar is highlighted

in both representations of the implant.

Centre of Edge-wear Scar

Deepest Point of Edge-wear Scar

Fig. 6

The in vivo location of the centre (red) and deepest point (orange) of each acetabular edge-wear scar.

displayed in Figure 7 found that these measurements
had a mean error of 0.1° (standard deviation (SD) 3.2°),
and upper and lower 95% limits of agreement of 6.2°
and -6.3°, respectively. The deepest point of wear had a
median in vivo location of 16° (IQR -58° to 26°), which
was found to be statistically comparable to their centres
(p = 0.496, Wilcoxon paired t-test). Both sets of measure-
ments suggest that edge-wear was most prevalent in
the superior anterior quadrant of the BHR acetabular
components. Disregarding wear coverage extending
towards the pole, the distribution of edge-wear was most

prevalent on the superior edge of the acetabular bearing
surface, despite the median breadth of edge-wear being
154° (IQR 111° to 164°).

Through observations alone, higher volumetric wear
rates were associated with more anteriorly centred edge-
wear scars. With respect to acetabular component posi-
tion, edge-wear scar centres were found to tend towards
the apex of the cup when positioned with larger angles
of inclination, while a greater degree of anteversion was
found to result in the anterior migration of edge-wear
(Figure 8).
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Fig. 7

A Bland—Altman plot comparing the repeated measurements of the in vivo location of each acetabular edge-wear scar centre, performed by a single observer.
The mean error is presented, in addition to the upper (ULA) and lower (LLA) 95% limits of agreement.

Inclination
Anteversion

Fig. 8

The relationship between the in vivo location of acetabular edge-wear
and acetabular component positioning, which is represented by angles of
inclination (blue) and anteversion (green).

Discussion

The combination of pre-revision 3D CT images and
retrieval analysis allowed edge-wear to be located along
the superior bearing surface edge of all BHR acetabular
components that demonstrated this wear pattern. The
centre and deepest points of these wear scars were found
to be more prevalent in the anterosuperior quadrant of

these cups, suggesting that load was most frequently
transferred through this region of their bearing surfaces.
Edge-wear was also found to span a large portion of
the superior acetabular edge, which could be attributed
to the range of hip motion, from flexion to extension,
during day-to-day activity. It must be acknowledged that
this study selectively analyzed edge-worn hips and not
all BHRs presented this wear pattern. The novel approach
adopted in this study benefited from a newly validated
method of quantifying and mapping bearing surface
wear, allowing the boundary of each scar to be clearly
defined. An evaluation of its repeatability determined that
edge-wear could be located within mean error of 0.1°
(SD 3.2°), while the maximum measurement error (6.3°)
would not alter the acetabular quadrant within which it
was located.

Although edge-wear is commonly identified on the
acetabular bearing surface of retrieved MOM hip arthro-
plasties, the location at which it occurs in vivo had not
been previously identified. Multiple SIP factors are under-
stood to reduce the proximity between the contact patch
of these bearings and the acetabular rim, which can
include small clearances, small arc of coverage angles,
and high inclination angles (Figure 9). Although all three
of these contributors to edge-loading are thought to
cause superior acetabular edge-wear in hip arthroplas-
ties, this has not been previously confirmed by retrieval
findings. While this may be a logical assumption consid-
ering the hip joint biomechanics, what has been more
difficult to deduce is the anteroposterior (AP) distribution
of edge-wear from a sagittal perspective of the pelvis.

In agreement with the findings of the present study,
musculoskeletal modelling has previously demonstrated
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Fig. 9

A schematic diagram depicting the influence of clearance, arc of coverage angle, and acetabular inclination on the location of the bearing contact patch

location.

that hip joint forces are directed anteriorly during a
greater portion of walking gait, accounting for nearly
40% of the stance phase."'® This is the predominant
weight-bearing stage of the average walking cycle, which
terminates when maximum extension is achieved and
the toe push-off is performed. Contrastingly, instances
of posteriorly directed hip joint force have only been
detected during the heel-strike.”" Lewis et al*® found
that the amount of anteriorly directed hip joint force was
also positively correlated with the degree of extension
performed during the walking gait cycle.?’ This would
suggest that the majority of individuals included in this
study were using the allowable range of motion of their
hip implants.

Comparable to the in vivo location of edge-wear,
acetabular cartilage degradation is also found to be most
severe at the anterosuperior portion of native hip joints.
These patterns have been observed during interoper-
ative and MRI assessments of osteoarthritic joints,?-2
and more recently confirmed using delayed gadolinium-
enhanced MRI (dGEMRIC),>* which quantitatively
measures contrast agent penetration into the cartilage
tissue.?® Again consistent with the present investigation,
the presence of cartilage damage is also found to span
across the superior portion of the acetabulum, including
posterior regions. Research into cartilage degradation
patterns have primarily assessed diseased joints;3"3?
nevertheless, similar patterns have been observed in
asymptomatic individuals.®* Acetabular cartilage not
only allows smooth hip movement, but also performs as
a ‘shock-absorber’ that facilitates a more even distribu-
tion of forces. This property of cartilaginous connective
tissue must be acknowledged when making such anal-
ogies with CoCrMo acetabular cups, as it certainly influ-
ences the resulting degradation patterns. Moreover, the

progression of OA is more complex than mere ‘wear and
tear’ of cartilage alone, but is rather a disease of the entire
joint that can be triggered at a cellular level.?>3

Evidence acquired through instrumented hip implants
further supports the results of this study. Such devices rely
on embedded sensors to provide in vivo force data.?*3¢
Hodge et al*’ found that the maximum pressure applied
to the acetabulum during the stance phase of gait was
located in an anterosuperior position, comparable to the
median location of edge-wear scar centres measured in
this study (8°; IQR -59° to 25°). Furthermore, the loca-
tion of this maximum pressure was found to move to the
posterior aspect of the acetabulum when rising from a
chair.?

Subluxation may further explain these instances of
posterosuperior edge-wear, as it has been previously
associated with increased stresses at the surface of bear-
ings and irregular wear patterns.?® This refers to the brief
dislocation and recoupling of the femoral head and
acetabular components of hip implants.>** Subluxation
is particularly prevalent in hip arthroplasties such as the
BHR, as it has a large nominal clearance (200 um) relative
to other MOM bearings.*® Through finite element anal-
ysis, Elkins et al*' reported the vulnerability of the poste-
rior acetabular component rim to head egress, resulting
in greater applied stresses at this region. This can occur
during flexion and the impingement of the femoral neck
on the opposing acetabular edge (Figure 10). As the
three examples of posteriorly centred edge-wear were
relatively low-wearing, subluxation scars may have domi-
nated their wear profiles.

This study builds upon our previous investigation
into the in vivo location of acetabular wear.® In contrast
to the present research, this previous study reported a
considerable amount of variability in its findings. Both
superior and inferior regions of wear were observed,
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Fig. 10

A schematic diagram representing posterior edge contact, caused by instances of anterior impingement. Edge-wear can occur at the egress site, as the

femoral head is levered out of the acetabular cup.

which opposed the theory of a superiorly located contact
patch during edge-loading. As this study was not solely
focused on edge-wear, such results may be understand-
able due to the more evenly distributed wear patterns
found in low-wearing acetabular components.®3® This
can make identifying primary wear scars more difficult, as
isolated instances of edge-wear can appear more promi-
nent in these cases. Such wear patterns can be caused by
impingement due to extreme gait or movement, as well
as subluxation or even severe three-body abrasion. The
possibility that similar areas of damage were located in
the previous study may explain its identification of inferi-
orly positioned edge-wear.’

Interestingly, the acetabular position of the BHRs included
in this study appeared to influence the in vivo location of
their edge-wear. Implants with a greater degree of inclination
were more likely to have an edge-wear scar centred about
the superior apex of the cup. Their angle of anteversion

seemed to dictate the AP location of edge-wear, as the scars
were found to be centred more anteriorly in implants with
increased anteversion. Although a greater sample of implants
would be required to confirm these observations, they do
conform with the hypothesis that the cup-head contact
patch moves superiorly towards the acetabular edge as the
inclination increases from the optimal range.*? Similarly, they
are consistent with the previously discussed contribution of
subluxation, as increased anteversion can lead to a reduced
probability of anterior impingement and posterior edge
contact.”!

The exception to these theories was the greatly anteverted
BHR implant that had a wear scar centred at -90° (posterior).
This may be explained, however, by posterior impingement
of the femoral neck on the cup rim during extension.*#4 The
prominence of the resulting scar would be understandable
considering that this was the lowest wearing BHR to display
a clear primary edge-wear scar. Human walking gait is also
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known to vary considerably between individuals and can be
further affected by hip disease,**¢ further contributing to
such irregular wear patterns.

A clear relationship between the performance of MOM
hip arthroplasties and their inclination angles has not always
been reflected in clinical and retrieval findings.#—*° There
is even less evidence to confirm the impact of anteversion
on either wear performance or clinical outcomes.®** The
optimal degree of anteversion of an implant is considered the
point at which the cup-head contact patch is located centrally
about the posterior-anterior axis of the sagittal plane.” If the
in vivo location of wear is considered representative of this
contact patch, the findings of this study would suggest that
this optimal position would be achieved through approxi-
mately 20° of anteversion. Although consistent with the safe
zone suggested by Lewinnek et al,'® this guide is known to
have limitations, such as its disregard of functional position
during daily activities.>>*' Its vertical position during function
has also been debated, with a few degrees of error being
proposed in a percentage of the population.™

Accurately positioning the acetabular component of hip
arthroplasties is challenging, especially considering that the
range of optimal angles remains unclear.**52 Implant design
can also dictate the surgical margin for error before edge-
loading can become an issue. MOM hip arthroplasties were
ultimately limited by the fact that even small amounts of
metal debris had an adverse effect on periprosthetic tissue,**
reducing the size of this optimal positioning window. The
navigation systems and robotic interventions now used to
enhance surgical accuracy may have improved the clinical
outcome observed in these MOM hips; however, it is unlikely
that failure would have been avoided due to the multitude of
other contributing factors. The native position of the acetab-
ulum can also be influential, raising the question of whether
hip implants should replicate the natural joint or augment its
mechanics to achieve optimal conditions for reduced wear
and improved performance.

It must be acknowledged that the primary limitation of
this study was its small sample size, restricting the determi-
nation of statistical significance in the observed trends. This
can be attributed to the scarcity of appropriate pre-revision
CT imaging and the low prevalence of edge-wear in BHR
implants. Nevertheless, the specific design of the BHR was
crucial to this investigation, enabling the definition of their in
vivo orientation. Although the strict inclusion criteria adopted
in this study essentially excluded well-positioned implants, it
avoided any uncertainty regarding the dominant wear scar.
Gait analysis would complement future investigations of the
in vivo location of edge-wear and inform the interpretation
of their findings, in addition to the measurement of femoral
positioning, activity levels, body mass, and pelvic tilt.

In conclusion, acetabular edge-wear was found to be
predominantly centred about an anterosuperior location in
vivo, in agreement with previous reports of hip joint forces
being directed anteriorly during a greater portion of walking
gait. As edge-wear was consistently located at the superior
acetabular edge, it also supports the contribution of clear-
ance, arc of coverage angle, and inclination to instances

of edge-loading in MOM hip arthroplasties as previously
theorized. For the first time, retrieval evidence was found to
suggest the influence of acetabular anteversion on the AP
location of the bearing contact patch and on edge-wear.
Further adoption of this novel method could provide an
insight into the distribution of load through hip arthroplas-
ties and improve the current definition of the optimal and
safe zones for acetabular component positioning.

Twitter
Follow S. Bergiers @seanbergiers
Follow H. Hothi @harryhothi

References

1. Mahendra G, Pandit H, Kliskey K, Murray D, Gill HS, Athanasou N. Necrotic
and inflammatory changes in metal-on-metal resurfacing hip arthroplasties. Acta
Orthop. 2009;80(6):653-659.

2. Haddad FS, Thakrar RR, Hart AJ, et al. Metal-on-metal bearings: the evidence so
far. J Bone Joint Surg Br. 2011,93-B:572-579.

3. Bergiers S, Hothi HS, Henckel J, Eskelinen A, Skinner J, Hart A. Wear
performance of retrieved metal-on-metal pinnacle hip arthroplasties implanted before
and after 2007. Bone Joint Res. 2018;7(11):595-600.

4. Bergiers S, Hothi H, Henckel J, Eskelinen A, Skinner J, Hart A. Does
diametrical clearance influence the wear of Pinnacle hip implants? Bone Joint Res.
2020;9(8):515-523.

5. Fisher J. Bioengineering reasons for the failure of metal-on-metal hip prostheses: an
engineer's perspective. J Bone Joint Surg Br. 2011;93-B(8):1001-1004.

6. Underwood RJ, Zografos A, Sayles RS, Hart A, Cann P. Edge loading in
metal-on-metal hips: low clearance is a new risk factor. Proc Inst Mech Eng H.
2012,226(3):217-226.

7. Underwood R, Matthies A, Cann P, Skinner JA, Hart AJ. A comparison
of explanted Articular Surface Replacement and Birmingham Hip Resurfacing
components. J Bone Joint Surg Br. 2011;93-B(9):1169-1177.

8. Park SH, Lu Z, Hastings RS, Campbell PA, Ebramzadeh E. Five hundred fifty-five
retrieved metal-on-metal hip replacements of a single design show a wide range
of wear, surface features, and histopathologic reactions. Clin Orthop Relat Res.
2018;476(2):261-278.

9. Govind G, Henckel J, Hothi H, Sabah S, Skinner J, Hart A. Method for the
location of primary wear scars from retrieved metal on metal hip replacements. BMC
Musculoskelet Disord. 2015;16:173.

10. Langton DJ, Sprowson AP, Joyce TJ, et al. Blood metal ion concentrations
after hip resurfacing arthroplasty: a comparative study of articular surface
replacement and Birmingham Hip Resurfacing arthroplasties. J Bone Joint Surg Br.
2009;91-B(10):1287-1295.

11. No authors listed. ASTM F2979-20: Standard Guide for Characterization of Wear
from the Articulating Surfaces in Retrieved Metal-on-Metal and other Hard-on-Hard
Hip Prostheses. ASTM International. 2020. https://www.astm.org/Standards/F2979.
htm (date last accessed 26 August 2021).

12. No authors listed. ISO 14242-2:2016: Implants for surgery — Wear of total hip-
joint prostheses — Part 2: Methods of measurement. International Organization for
Standardization (ISO). 2016. https://www.iso.org/standard/70668.html (date last
accessed 26 August 2021).

13. Bergiers S, Hothi H, Richards R, Dall'Ava L, Henckel J, Hart A. Quantifying
material loss from the bearing surfaces of retrieved hip replacements: Method
validation. Tribology International. 2020;142:105975.

14. Barbier 0, Skalli W, Mainard L, Mainard D, Computer Assisted Orthopedic
Surgery-France (CAOS-France). The reliability of the anterior pelvic plane for
computer navigated acetabular component placement during total hip arthroplasty:
prospective study with the EOS imaging system. Orthop Traumatol Surg Res.
2014;100(6 Suppl):S287-S291.

15. Taki N, Mitsugi N, Mochida Y, Akamatsu Y, Saito T. Change in pelvic tilt angle 2
to 4 years after total hip arthroplasty. J Arthroplasty. 2012;27(6):940-944.

16. Lewinnek GE, Lewis JL, Tarr R, Compere CL, Zimmerman JR. Dislocations after
total hip-replacement arthroplasties. J Bone Joint Surg Am. 1978;60-A(2):217-220.

17. Lewis CL, Sahrmann SA, Moran DW. Effect of hip angle on anterior hip joint force
during gait. Gait Posture. 2008;32:603-607.

BONE & JOINT RESEARCH


https://www.astm.org/Standards/F2979.htm
https://www.astm.org/Standards/F2979.htm
https://www.iso.org/standard/70668.html

18.

19.

20.

21.

22.

23.

24.

25.

26.

21.

28.

29.

30.

3

-

32.

33.

34.

35.

36.

37.

38.

39.

40.

a.

Py

42.

THE IN VIVO LOCATION OF EDGE-WEAR IN HIP REPLACEMENTS

Correa TA, Crossley KM, Kim HJ, Pandy MG. Contributions of individual muscles
to hip joint contact force in normal walking. J Biomech. 2010;43(8):1618-1622.
Uddin MS, Zhang LC. Predicting the wear of hard-on-hard hip joint prostheses.
Wear. 2013;301:192—200.

Lewis CL, Sahrmann SA, Moran DW. Anterior hip joint force increases with
hip extension, decreased gluteal force, or decreased iliopsoas force. J Biomech.
2007;40(16):3725-3731.

Assassi L, Magnenat-Thalmann N. Assessment of cartilage contact pressure
and loading in the hip joint during split posture. Int J Comput Assist Radiol Surg.
2016;11(5):745-756.

Tannast M, Goricki D, Beck M, Murphy SB, Siebenrock KA. Hip damage
occurs at the zone of femoroacetabular impingement. Clin Orthop Relat Res.
2008;466(2):273-280.

Beaulé PE, Hynes K, Parker G, Kemp KA. Can the alpha angle assessment of
cam impingement predict acetabular cartilage delamination. Clin Orthop Relat Res.
2012;470(12):3361-3367.

Shibata KR, Matsuda S, Safran MR. s there a distinct pattern to the acetabular
labrum and articular cartilage damage in the non-dysplastic hip with instability? Knee
Surg Sports Traumatol Arthrosc. 2017;25(1):84-93.

Hingsammer A, Chan J, Kalish LA, Mamisch TC, Kim YJ. Is the damage of
cartilage a global or localized phenomenon in hip dysplasia, measured by dGEMRIC?
Clin Orthop Relat Res. 2013;471(1):301-307.

Zilkens C, Tiderius CJ, Krauspe R, Bittersohl B. Current knowledge and
importance of dGEMRIC techniques in diagnosis of hip joint diseases. Skeletal Radiol.
2015;44(8):1073-1083.

Mamisch TC, Kain MS, Bittersohl B, et al. Delayed gadolinium-enhanced
magnetic resonance imaging of cartilage (dGEMRIC) in Femoacetabular impingement.
J Orthop Res. 2011;29(9):1305-1311.

Bittersohl B, Steppacher S, Haamberg T, et al. Cartilage damage in
femoroacetabular impingement (FAI): preliminary results on comparison of standard
diagnostic vs delayed gadolinium-enhanced magnetic resonance imaging of cartilage
(dGEMRIC). Osteoarthritis Cartilage. 2009;17(10):1297—1306.

Palmer A, Fernquest S, Rombach I, et al. Diagnostic and prognostic
value of delayed Gadolinium Enhanced Magnetic Resonance Imaging of
Cartilage (dGEMRIC) in early osteoarthritis of the hip. Osteoarthritis Cartilage.
2017,25(9):1468-1477.

Schmaranzer F, Haefeli PC, Hanke MS, et al. How Does the dGEMRIC Index
Change After Surgical Treatment for FAI? A Prospective Controlled Study: Preliminary
Results. Clin Orthop Relat Res. 2017;475(4):1080-1099.

. Gala L, Clohisy JC, Beaulé PE. Hip dysplasia in the young adult. J Bone Joint Surg

Am. 2016;98-A(1):63-73.

Beck M, Kalhor M, Leunig M, Ganz R. Hip morphology influences the pattern of
damage to the acetabular cartilage: femoroacetabular impingement as a cause of
early osteoarthritis of the hip. J Bone Joint Surg Br. 2005;87-B(7):1012-1018.
Reichenbach S, Leunig M, Werlen S, et al. Association between cam-type
deformities and magnetic resonance imaging-detected structural hip damage: a
cross-sectional study in young men. Arthritis Rheum. 2011,63(12):4023-4030.
Aigner T, McKenna L. Molecular pathology and pathobiology of osteoarthritic
cartilage. Cell Mol Life Sci. 2002;59(1):5-18.

Davy DT, Kotzar GM, Brown RH, et al. Telemetric force measurements across the
hip after total arthroplasty. J Bone Joint Surg Am. 1988;70-A(1):45-50.

Bergmann G, Deuretzbacher G, Heller M, et al. Hip contact forces and gait
patterns from routine activities. J Biomech. 2001;34(7):859-871.

Hodge WA, Carlson KL, Fijan RS, et al. Contact pressures from an instrumented
hip endoprosthesis. J Bone Joint Surg Am. 1989;71-A(9):1378—1386.

Matthies A, Underwood R, Cann P, et al. Retrieval analysis of 240 metal-on-metal
hip components, comparing modular total hip replacement with hip resurfacing. J
Bone Joint Surg Br. 2011;93-B(3):307-314.

Kluess D, Martin H, Mittelmeier W, Schmitz KP, Bader R. Influence of femoral
head size on impingement, dislocation and stress distribution in total hip replacement.
Med Eng Phys. 2007,29(4):465-471.

Clarke MT, Lee PT, Villar RN. Dislocation after total hip replacement in relation to
metal-on-metal bearing surfaces. J Bone Joint Surg Br. 2003;85-B(5):650-654.
Elkins JM, Pedersen DR, Callaghan JJ, Brown TD. Fracture Propagation
Propensity of Ceramic Liners During Impingement-Subluxation. J Arthroplasty.
2012;27(4):520-526.

Matthies AK, Henckel J, Cro S, et al. Predicting wear and blood metal ion levels
in metal-on-metal hip resurfacing. J Orthop Res. 2014;32(1):167-174.

43

44.

45.

46.

47.

48.

49,

50.

51.

52.

53.

649

. Barrack RL, Krempec JA, Clohisy JC, et al. Accuracy of acetabular component
position in hip arthroplasty. J Bone Joint Surg Am. 2013;95-A(19):1760-1768.
Callanan MC, Jarrett B, Bragdon CR, et al. The John Charnley Award: risk factors
for cup malpositioning: quality improvement through a joint registry at a tertiary
hospital. Clin Orthop Relat Res. 2011;469(2):319-329.

Kiss RM. Effect of walking speed and severity of hip osteoarthritis on gait variability.
J Electromyogr Kinesiol. 2010;20(6):1044-1051.

Bejek Z, Pardczai R, lllyés A, Kiss RM. The influence of walking speed on gait
parameters in healthy people and in patients with osteoarthritis. Knee Surg Sports
Traumatol Arthrosc. 2006;14(7):612-622.

Bernthal NM, Celestre PC, Stavrakis Al, Ludington JC, Oakes DA. Disappointing
Short-Term Results With the DePuy ASR XL Metal-on-Metal Total Hip Arthroplasty. J
Arthroplasty. 2012;27(4):539-544.

Hailer NP, Bengtsson M, Lundberg C, Milbrink J. High metal ion levels after
use of the ASRTM device correlate with development of pseudotumors and T cell
activation. Clin Orthop Relat Res. 2014;472(3):953-961.

Fox CM, Bergin KM, Kelly GE, McCoy GF, Ryan AG, Quinlan JF. MRI Findings
Following Metal on Metal Hip Arthroplasty and Their Relationship With Metal lon
Levels and Acetabular Inclination Angles. J Arthroplasty. 2014;29(8):1647—-1652.
Dorr LD, Callaghan JJ. Death of the Lewinnek "Safe Zone.” J Arthroplasty.
2019;34(1):1-2.

Tezuka T, Heckmann ND, Bodner RJ, Dorr LD. Functional Safe Zone Is Superior
to the Lewinnek Safe Zone for Total Hip Arthroplasty: Why the Lewinnek Safe Zone Is
Not Always Predictive of Stability. J Arthroplasty. 2019;34(1):3-8.

Kalteis T, Handel M, Bithis H, Perlick L, Tingart M, Grifka J. Imageless
navigation for insertion of the acetabular component in total hip arthroplasty: is it as
accurate as CT-based navigation? J Bone Joint Surg Br. 2006;88-B(2):163—167.

Di Laura A, Quinn PD, Panagiotopoulou VC, et al. The Chemical Form of Metal
Species Released from Corroded Taper Junctions of Hip Implants: Synchrotron
Analysis of Patient Tissue. Sc/ Rep. 2017;7(1):10952.

Author information:

S. Bergiers, MEng, PhD, Research Fellow, Institute of Orthopaedics and Musculoskel-
etal Science, University College London, London, UK.

H. Hothi, BEng, MSc, PhD, Orthopaedic Engineer

A. Di Laura, BEng, MSc, PhD, Senior Research Fellow

J. Skinner, MBBS, FRCS(Eng), FRCS(Ortho), Professor of Orthopaedic Surgery

A. Hart, MA, MD, FRCS(Ortho), Professor of Orthopaedic Surgery

Institute of Orthopaedics and Musculoskeletal Science, University College London,
London, UK; Royal National Orthopaedic Hospital NHS Trust, Stanmore, UK.

J. Henckel, MBBS, MRCS, PhD, Orthopaedic Surgeon

M. Belzunce, PhD, Senior Research Fellow

Royal National Orthopaedic Hospital NHS Trust, Stanmore, UK.

Author contributions:

S. Bergiers: Conceptualization, Data curation, Formal Analysis, Investigation, Meth-
odology, Project administration, Writing — original draft, Writing — review & editing.
H. Hothi: Conceptualization, Investigation, Writing — review & editing.

J. Henckel: Conceptualization, Formal Analysis, Investigation, Project administration,
Writing — review & editing.

A. Di Laura: Methodology, Writing — review & editing.

M. Belzunce: Methodology, Writing — review & editing.

J. Skinner: Data curation, Formal Analysis, Methodology, Writing — review & editing.
A. Hart: Conceptualization, Data curation, Funding acquisition, Methodology, Su-
pervision, Writing — review & editing.

Funding statement:

No benefits in any form have been received or will be received from a commercial
party related directly or indirectly to the subject of this article.

CMJE COl statement:
The authors declare that they have no conflict of interest.

Acknowledgements:

We acknowledge the support of Dr Robin Richards with the use of Robin's 3D Soft-
ware packages (http://www.robins3d.co.uk).

Ethical review statement:

All patients provided informed consent for their implants and associated clinical data
to be investigated at our implant centre. This research was approved by London-
Riverside REC: Implant Study - 07/Q0401/25.

Open access funding

The authors report that they received open access funding for their manuscript from
University College London.

© 2021 Author(s) et al. Open Access This article is distributed under the terms of

tl

he Creative Commons Attributions (CC BY 4.0) licence (https://creativecommons.org/
icenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any

medium or format, provided the original author and source are credited.

VOL. 10, NO. 10, OCTOBER 2021


https://eur01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.robins3d.co.uk%2F&data=02%7C01%7C%7C0c203860c6ab4425131008d82d6804d7%7C1faf88fea9984c5b93c9210a11d9a5c2%7C0%7C0%7C637309272063651678&sdata=hUhv7fM8u%2FeLyMxsWPCh7am%2BKfDmiljeOD14mb6J51s%3D&reserved=0
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	﻿The in vivo location of edge-­wear in hip arthroplasties﻿﻿﻿
	Article focus
	Key messages
	Strengths and limitations
	Introduction
	Methods
	Results
	Discussion
	References
	Funding statement:
	Acknowledgements:


