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Abstract: Edge-wear in acetabular cups is known to be correlated with greater volumes of material 

loss; the location of this wear pattern in vivo is less understood. Statistical shape modelling (SSM) 

may provide further insight into this. This study aimed to identify the most common locations of 

wear in vivo, by combining CT imaging, retrieval analysis and SMM. Shape variance was described 

in 20 retrieved metal-on-metal acetabular surfaces. These were revised after a mean of 90 months, 

from 13 female and seven male patients. They were positioned with a mean inclination and ante-

version of 53° and 30°, respectively. Their orientation, in vivo, was established using their stabilising 

fins, visible in pre-revision CT imaging. The impact of wear volume, positioning, time, gender and 

size on the in vivo location of wear was investigated. These surfaces had a mean wear volume of 

49.63 mm3. The mean acetabular surface displayed superior edge-wear centred 7° within the pos-

terosuperior quadrant, while more of the volumetric wear occurred in the anterosuperior quadrant. 

Components with higher inclination had greater superior edge-wear scars, while a relationship was 

observed between greater anteversion angles and more posterosuperior edge-wear. This SSM 

method can further our understanding of hip implant function, informing future design and may 

help to refine the safe zone for implant positioning. 
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1. Introduction 

Mechanical wear at the bearing surface of hip replacements can influence their clini-

cal performance, resulting in impaired function and the release of harmful debris. Follow-

ing the large-scale failure of metal-on-metal (MOM) hips, numerous retrieval studies have 

used standardised methodologies to investigate the extent of wear on these surfaces [1–

6]. The resulting bearing wear volumes and maps informed the clinical use of blood metal 

ion levels as an indicator of failing hips, as well as identifying an association between 

wear at the edge of the acetabular cup and high volumes of wear debris [7]. 

Although MOM implants are scarcely used at present, their analysis provides an in-

valuable insight into the mechanics of hip replacements. Whilst it is known that acetabular 

edge wear occurs in vivo, its orientation within the acetabular cavity is less understood. 

A recent study combined retrieval metrology with postoperative 3D computed tomogra-

phy (CT) to locate acetabular edge-wear in vivo [8]. This ability to orientate acetabular 

wear maps within the patient provides a unique opportunity to investigate the relation-

ship between the location of wear and different surgeon, implant and patient (SIP) factors; 

however, a more encompassing approach is required to fully understand the most prom-

inent locations of acetabular wear.  
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Statistical shape models (SSM) are used to describe the shape and pose of a popula-

tion of related geometries. They can be particularly useful in analysing anatomical fea-

tures, allowing the mean shape and shape variance within a cohort to be visualised [9]. In 

orthopaedics, SSM has been implemented to describe populations of pelvises, in order to 

classify large acetabular defects and reconstruct their original centre of rotation, informing 

the placement and design of restorative implants [10–13]. Its application to the surfaces of 

retrieved acetabular hip components would allow wear patterns across their entire sur-

face, from a wide cohort of patients, to be visualised collectively in single map. 

The overarching aim of this study was to identify the most common in vivo wear 

patterns present in the acetabular component of hip replacements, using a novel method 

of combining CT imaging and retrieval analysis techniques to generate a statistical shape 

model.  

2. Materials and Methods 

The acetabular component of twenty retrieved MOM Birmingham hip replacements 

(BHR, Smith and Nephew, London, UK) were included in this study, which were com-

posed of a cobalt-chrome-molybdenum alloy (CoCrMo). This implant design was specif-

ically selected due to the asymmetric stabilising fins found on its backside surface. These 

implants were selected from a larger population of 102 BHRs, based on the inclusion cri-

teria that pre-revision 3D CT images were available, capturing the pelvic bone and the 

implant prior to removal (Figure 1). 

 

Figure 1. Study design and workflow, accompanied by the backside surface of a Birmingham ace-

tabular component and its asymmetrical stabilising fins (circled in red). 

All twenty BHR implants were revised by two of the authors, following a mean time 

in vivo of 90 months (SD = 47), from 13 female and 7 male patients. Revision surgery was 

undertaken due to either an adverse reaction to metal debris (ARMD) (n = 9), unexplained 

pain (n = 8) or aseptic loosening (n = 3). The median size (external diameter) of their ace-

tabular cups was 54 mm, ranging from 48 mm to 62 mm. 

The in vivo position of each BHR was calculated through a bespoke software solution 

(Robin’s 3D; Robin Richards, London, UK), which used the anterior pelvic plane (APP) as 

a standardised coordinate system and reported values of anatomical inclination and an-

teversion. 
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2.1. Geometric Analysis of the Acetabular Cups 

The articulating surface geometry of each retrieved cup was captured in the form of 

a point cloud, using a coordinate measuring machine (CMM, Carl Zeiss Ltd., Rugby, UK). 

Its 3 mm ruby stylus was instructed to capture up to 140,000 data points across their sur-

faces, along meridians of longitude that emanated at their poles and terminated within 1 

mm of their edge [14,15]. The adopted scanning strategy utilised a point pitch (0.1 mm) to 

optimise the triangulation accuracy of the final surfaces. In each case, the span of both 

stabilising fin pairs was also captured through additional points recorded at the rim. 

The volume of material loss from each acetabular surface was calculated using a pre-

viously validated, automated software solution [16,17]. The data points collected at the 

cup rim were excluded from this analysis. The centre coordinates and radius of the un-

worn sphere calculated for each component were also recorded for later use. 

2.2. Registration of Articular Surfaces to CT Images  

Pre-revision CT images of the BHR implants, in vivo, were imported as Digital Im-

aging and Communications in Medicine (DICOM) files into Simpleware™ (Synopsys, 

Inc., Mountain View, CA, USA). Within this software, both implant and pelvic bone mod-

els were generated through a semi-automated segmentation process of thresholding. Min-

imal postprocessing was applied to reduce the presence of metal artifacts, while retaining 

geometrical accuracy. In order to isolate the acetabular cup from the BHR implant model, 

a sphere was best-fit to the femoral head component and subtracted through a Boolean 

operation. A plane was then best-fit to the cup rim to remove the relatively inferior portion 

of the BHR model, including the remanence of the femoral peg. Open surface representa-

tions of the acetabular cups, generated from the CMM data, were imported through Sim-

plewareTM as Stereolithography (STL) files and registered to the isolated cup model, using 

a semi-automated function to align their stabilising fins (Figure 2). Once registered, the 

acetabular cup surfaces and bone models were mirrored and scaled with respect to a 52 

mm, left sided BHR implant. 

 

Figure 2. (1) An acetabular surface (purple) registered to the 3D model of its acetabular cup (grey), 

segmented form its 3D CT images. (2) All 20 acetabular surfaces registered using the CAPP axis, 

maintaining their in vivo orientation. (3) The CAPP axis (red) used to divide the acetabular surface 

into four quadrants. 

2.3. Registration of the BHR surfaces using the Anterior Pelvic Plane 

In order to align all 20 acetabular surfaces, while maintaining their in vivo orienta-

tion, a standardised coordinate system was defined using a plane parallel to the anterior 

pelvic plane (APP) that intersected the centre of the cup surface (Figure 3). As in a study 

by Bergiers et al. [8], this plane was termed the Cup-APP (CAPP) and was representative 

of the vertical standing position due to its relationship to the APP. The CAPP and its nor-

mal plane at the cup centre formed the vertical and horizontal axis of a new coordinate 

system in the cup rim plane, with the cup vector defining the final axes. These would also 

become the measurement axes from which the in vivo location of the primary wear scar 

would be determined, splitting the acetabular surface into four quadrants (anterosupe-

rior, anteroinferior, posterosuperior and posteroinferior; Figure 2).  
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Figure 3. The CAPP axis was defined using a plane parallel to the APP (left image), which inter-

sected the centre of the sphere formed by the acetabular surface (right image). 

2.4. Statistical Shape Modelling 

The aligned acetabular surfaces were clipped at the cup-rim transition and capped to 

form closed surfaces. Each of these surfaces was discretised to form dense point sets that 

were mapped to a reference geometry, defined as the unworn sphere of the acetabular 

surface to which all other surfaces were scaled. Within SimplewareTM a principal compo-

nent analysis (PCA) was performed to generate a shape model that could be morphed 

from the mean acetabular surface geometry through the identified modes of variation 

(principal components). These modes were eigenvectors that describe the shape variance 

within the population, and were ranked based on the degree of variance in their direction. 

Surface deviation maps were generated to compare the mean acetabular surface 

model with the reference unworn sphere, which would present the location of wear (wear 

map). A deviation above 5 microns from the unworn sphere was considered wear, as any 

deviation below was within manufacturing tolerances [18]; the minimum measurable 

wear volume was 0.14 mm3. The same approach was adopted to investigate the dominant 

modes of variance within this population of acetabular surfaces. Using an orthogonal 

view of the acetabular cup rim, the angular range of the primary wear scar was measured 

with respect to the vertical CAPP axis, allowing its centre to be defined. Anteriorly centred 

wear scars were represented by positive angles, while posteriorly centred scars were rep-

resented by negative angles.  

A leave-one-out study was performed to evaluate the contribution of each acetabular 

surface to the statistical shape model. In turn, each surface was excluded from the PCA, 

and the centre of the primary wear scar was measured in each mean model. 

2.5. Impact of Surgeon, Implant and Patient Factors 

In order to investigate the influence of volumetric material loss, inclination, antever-

sion, component size, gender and time to revision on the in vivo location of acetabular 

wear, further PCA’s were performed. These were conducted on a subset of the population, 

where the 20 acetabular surfaces were divided into two opposing groups for comparison. 

For example, to investigate the relationship between volumetric material loss and the in 

vivo location of wear, the surfaces were divided into high and low wearing implants 

based on whether they presented more than 2 mm3 of material loss. The influence of com-

ponent positioning was investigated by dividing the surfaces into well- and mal-posi-

tioned groups, based on Lewinnek’s safe zone [19]. The sampling criteria for all variables 

in this investigation can be seen in Table 1. The mean wear map and the angular location 

of the primary wear scar were compared for both subgroups. 
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Table 1. Criteria used to subdivide the population of BHR acetabular surfaces for comparison. The 

total sample size including in the final model was 19, following the exclusion of the outlier high 

wearing example. 

Variable Group 1 Group 2 

Volume of Material Loss <2 mm3 (n = 9) ≥2 mm3 (n = 10) 

Inclination 30° ≤ x ≤ 50° (n = 10) Any other Angle (n = 9) 

Anteversion 5° ≤ x ≤ 25° (n = 7) Any other Angle (n = 12) 

Head Size ≤52 mm (n = 10) >52 mm (n = 9) 

Gender F (n = 12) M (n = 7) 

Time to Revision <80 months (n = 9) ≥80 months (n = 10) 

In order to validate the surface deviation maps generated in SimplewareTM ScanIP, 

the same approach was adopted to assess the wear volume of each acetabular surface, in 

order to compare with the measurements performed by the previously validated soft-

ware. A Bland–Altman analysis was undertaking reporting the mean error (SD) between 

the two volumes. 

3. Results 

The acetabular cups in this study had a mean volumetric material loss of 49.63 mm3 

(standard deviation; SD = 141.2). These were positioned with mean inclination and ante-

version angles of 53° (SD = 11) and 30° (SD = 17), respectively. Four cups were collectively 

well-positioned according to Lewinnek’s safe zone; nine had an inclination angle within 

Lewinnek’s criteria, while seven implants had a conforming degree of anteversion.  

The mean surface of all twenty acetabular surfaces generated during the first PCA 

can be seen in Figure 4, which is presented as a surface deviation map. The centre of its 

primary wear scar was located 5° into the anterosuperior quadrant. 

 

Figure 4. The mean acetabular surface generated through a PCA of the entire population (n = 20). 

This is presented as deviation map of their comparison with the as-manufactured reference surface, 

where the dark blue regions are considered unworn (mm). 

The leave-on-out study conducted to assess the output from this first PCA found that 

a single acetabular surface significantly influenced the centre of the mean wear scar (Fig-

ure 5). The outlying surface was the highest wearing example in the population, surpas-

sing its nearest neighbour by over 500 mm3. As a result, this acetabular surface was ex-

cluded from further analyses and the two groups were defined as detailed in Table 1. 
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Figure 5. Box and Whiskers plot presenting the location of the primary wear scar centre, measured 

after each iteration of the leave-one-out study. The median is presented along with the range (min-

max) and interquartile range. The black dot represents the single outlier.  

Once the outlying acetabular surface was excluded, their mean geometry was regen-

erated through another PCA (Figure 6). The variance in shape within this population of 

acetabular surfaces could be described by 17 principal components. The centre of the pri-

mary wear scar was located 7° into the posterosuperior quadrant. Nevertheless, 5.73 mm3 

of this material loss came from the anterosuperior quadrant, while 5.08 mm3 was in the 

posteroinferior quadrant. A further leave-one-out study was conducted to evaluate the 

influence of the remaining acetabular surface, which highlighted the weight carried by 

the highly worn examples in the population, as expected, and further exclusions was not 

deemed necessary. 
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Figure 6. Presenting (1) the mean acetabular surface generated through a PCA of the population (n 

= 19), following the exclusion of a single surface. This is presented as deviation map of their com-

parison with the as-manufactured reference surface, where the dark blue regions are considered 

unworn. Its orientation within the pelvis is also presented (2), along with a 3D representation of the 

wear map (3). 

The first three principal components were found to represent 89% of the variance 

within this population of acetabular surfaces, with 99% of the variance being described by 

the first 11 principal components. The change in geometry from −3SD to +3SD of the first 

three principal components is presented in Figure 7, as surface deviation maps. The first 

and most dominant mode of variance reflects an increase in linear depth at the primary 

wear scar. The concentration of wear to a smaller span of the acetabular edge is shown to 

be congruent with this trend, as well as a more anterior location. The second mode of 

variance presents the relationship between the location of the wear scar and its coverage 

towards the centre of the acetabular surface. A more posteriorly centred scar was found 

to be associated with greater areas of wear towards the acetabular centre. The third mode 

of variance appeared to describe the degree of pinching along the horizontal axis toward 

the one limit of the mode’s distribution, while pinching along vertical axis is represented 

by the opposing limit of the mode’s distribution. However, it was noted that the trend of 

increased pinching along the vertical axis was dampened somewhat by the presence of 

the primary wear scar. 
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Figure 7. The change in geometry from −3SD to +3SD of the first 3 principal components (modes) 

calculated from this population of acetabular surfaces, presented as deviation maps of their com-

parison with the as-manufactured reference surface (mm). 

Impact of Surgeon, Implant and Patient Factors 

After dividing the population of acetabular surfaces into contrasting groups of volu-

metric wear, gender, position, time to revision and size, the mean geometry of each group 

was compared with respect to the location of their primary wear scar. The BHR acetabular 

surfaces that presented a wear volume in excess of 2 mm3 had a primary wear scar that 

centred about a position of 11°, while the low wearing examples had a mean wear scar 

centre of −15° (Figure 8). The implants that had remained in vivo for more than 80 months 

had a mean wear scar centre of −59°, while those that were revised prior to this time point 

had a mean wear scar centre of 1° (Figure 8). 

 

Figure 8. The mean surfaces generated following the subdivision of the acetabular surface, based 

on their (1) volumetric were and (2) time to revision. This is presented as deviation maps of their 

comparison with the as-manufactured reference surface (mm). 
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The primary wear scar centre of components that were positioned with an inclination 

angle within and outside Lewinnek’s safe zone was −8° and −7°, respectively (Figure 9). 

The centre of the primary wear scar of the components that were positioned with an an-

teversion angle within and outside Lewinnek’s safe zone was 1° and −17°, respectively 

(Figure 9). 

 

Figure 9. The mean surfaces generated following the subdivision of the acetabular surface, based 

on their (1) inclination and (2) anteversion angles. This is presented as deviation maps of their com-

parison with the as-manufactured reference surface (mm). 

Female patients had a mean primary wear scar centre of 1°, while male patients had 

mean wear scar centre of −56° (Figure 10). The implants that were sized 52 mm and below 

had a mean wear scar that was centred about a 0° angle, while the larger sizes had a wear 

scar centre of −50° (Figure 10). 
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Figure 10. The mean surfaces generated following the subdivision of the acetabular surface, based 

on their (1) gender and (2) component size. This is presented as deviation maps of their comparison 

with the as-manufactured reference surface (mm). 

Informed by the centre and radius of the implant’s unworn spheres calculated by the 

previously validated software, Simpleware Scan IP was able to replicate the material loss 

measurements presented above within a mean error of −0.60 mm3 (SD = 6.98).  

4. Discussion 

This is the first study to apply statistical shape modelling to the analysis of retrieved 

orthopaedic implants. SSM was adopted to visualise and interpret shape variance within 

a population of retrieved resurfacing hips (BHR), with the objective of identifying the in 

vivo location of acetabular wear. 

As the first to implement this methodology in this context, a practical and translata-

ble approach had to be taken towards data interpretation. The mean model generated 

from the acetabular surfaces (n = 19) of these BHR hips were compared to an unworn (as-

manufactured) reference surface, which was recreated using a previously validated and 

automated software solution [17]. The resulting surface deviation maps permitted the 

mean in vivo location of acetabular wear to be successfully identified. The primary wear 

scar found on this mean surface was located at the superior acetabular edge, where the 

articulating surface meets the rim of the implant, with virtually no other signs of surface 
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damage. Its centre was measured 7° within the posterosuperior quadrant in vivo; how-

ever, the distribution of volumetric wear was subtly skewed towards the anteroposterior 

quadrant. 

Such wear patterns are referred to as edge-wear, and are commonly found in acetab-

ular cups during retrieval analysis [1,20–22]. This wear pattern has been correlated with 

elevated volumes of material loss, which may explain its prominence in the mean surface 

generated from the present population [5,23,24]. Deeper regions of wear outweighed sub-

tler wear patterns, obscuring them in the mean deviation map. Many SIP factors have 

been associated with causing the bearing contact patch to approach the rim. These include 

a reduced diametrical clearance (difference in diameter between the cup and head com-

ponents), a small arc of coverage angle (degree of coverage provided by the cup over the 

head) and a greater degree of inclination [3,25]. Although the mechanism behind edge-

wear is widely understood, prior to the study performed by Bergiers at al [8], the assump-

tion that edge-wear would develop at the superior acetabular edge (in vivo) had not been 

confirmed. Furthermore, no other method has allowed the investigation of the anterior-

posterior distribution of edge-wear. 

The subtly posterior location of the primary wear scar centre, measured from the 

mean acetabular model, was in contrast to the more anteriorly located edge-wear scars 

found in Bergiers et al.’s study [8]. This is likely due to the differences in approach, as the 

method adopted in the present study allowed the additional inclusion of non-edge worn 

implants, and its mean surface output was influenced by linear wear depth. Nevertheless, 

in agreement with their study [8], the distribution of volumetric wear in the mean model 

was skewed towards the anterosuperior quadrant. This observation is consistent with pre-

viously recorded hip joint forces that were directed anteriorly during a greater portion of 

walking gait [26,27], while posteriorly directed hip joint forces were only recorded during 

the heel-strike portion of the gait cycle [28]. This is supported by degradation patterns 

observed in acetabular cartilage, through both interoperative and MRI assessments [29–

32]. Furthermore, these studies found at least some degree of degradation across a large 

portion of the superior cartilage structure, consistent with the mean acetabular wear iden-

tified in the present investigation. Several studies using instrumented implants with em-

bedded force sensors have also identified greater amounts of pressure in these anterosu-

perior locations [33–35]. 

A similar relationship was observed between a greater degree of linear wear and a 

more anteriorly centred wear scar. This was evident within the two most dominant modes 

of variation, identified from the PCA analysis of the BHR acetabular surfaces. As the linear 

wear increased within the primary scar, its location was found to translate anteriorly. 

More anteriorly located wear scars were also concentrated to a narrower area, while pos-

teriorly centred scars had a greater span towards the centre of the acetabular cup. This 

movement of wear patterns towards the acetabular centre could be associate with more 

optimal positioning, where the force vector would run through the centre of both the cup 

and head components [36]. This would result in a more central contact patch and reduced 

linear wear. The ability to assess the span of wear towards the pole in this manner could 

not be achieved using the approach adopted by Bergiers et al. [8], as it was restricted to 

wear found at the acetabular edge. 

The population of acetabular surfaces included in this study was divided into con-

trasting subgroups based on their volumetric wear, time to revision, acetabular compo-

nent positioning, gender and component size. This was conducted to isolate the influence 

of these SIP factors on the in vivo location acetabular wear. As expected, surfaces that 

exhibited volumes of material loss in excess of 2 mm3 had a more prominent edge-wear 

scar with greater linear depth. Consistent with the wear scar observed on the mean sur-

face, its centre was located in the posterosuperior quadrant. This subgroup of implants 

was comparable to the population of implants assessed by Bergiers et al. [8], which again 

highlights the impact of greater linear wear on the mean acetabular surface. This may 

explain why the mean surface of low wearing components displayed edge-wear scars, 
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despite the expectation for them to present more central and evenly distributed wear (un-

less damaged by rare cases of impingement) [8]. Another contributor to this trend may 

have been the contrast between edge-wear scars and other wear patterns, muting their 

depiction in the surface deviation maps. 

The literature suggests that acetabular component positioning contributes to edge-

loading and subsequently edge wear, particularly acetabular inclination. This is sup-

ported by the findings of this study, as BHRs positioned with greater inclination beyond 

Lewinnek’s safe zone had a larger and deeper primary wear scar located at the superior 

edge of the acetabular cup [19]. Greater inclination decreases the distance between the 

cup-head contact patch and the rim, especially in an implant such as the BHR, as it has a 

relatively large clearance (compared to other bearing designs) that increases the size of its 

bearing contact patch.  

The fact that the implants were within or outside this safe zone with respect to incli-

nation, however, did not influence the anterior-posterior location of their wear scars, be-

ing centred about an angle of 8° and 7° into the posterosuperior quadrant, respectively. 

Contrastingly, the BHR implants that been positioned with an anteversion within Lew-

innek’s safe zone were centred about the vertical CAPP axis (1°), which is considered rep-

resentative of the vertical standing pelvic position. All but one of the acetabular cups that 

were outside this safe zone, had an anteversion greater than 25°. These surfaces had a 

mean wear scar located deep within the posterosuperior quadrant (−17°), which suggests 

a relationship between greater anteversion and more posteriorly located scars. As a larger 

proportion of the acetabular surfaces included in this study were positioned with high 

anteversion, it may also explain the more posteriorly positioned wear scar found on the 

mean surface generated from the entire population. Components with an anteversion 

within Lewinnek’s safe zone had a lager and deeper edge-wear scar. This was likely due 

to the influence of inclination on the development of wear on these cups, as the reader 

must be reminded that only four implants from this cohort were collectively well posi-

tioned, considering both inclination and anteversion.  

The BHRs revised less than 80 months after implantation were found to have a pri-

mary wear scar that spanned a greater portion of the superior acetabular edge and pre-

sented greater linear wear, compared to the implants that had remained in vivo for a 

longer duration. As greater volumes of material loss have been correlated with more se-

vere cases of ARMD in periprosthetic tissue, this may explain why these implants were 

removed sooner [37,38]. This trend was also apparent in females and smaller cup sizes, 

which are considered closely associated. These are two further patient and implant factors 

that have been previously linked with elevated levels of material loss [25,39]. This is a 

result of the relationship found between smaller implants and a reduced arc of coverage 

angle, as it decreases the distance between the head-cup contact patch and the acetabular 

rim, increasing the probability of edge-loading [2,20,39,40]. 

Improving the statistical shape model generated in the present study would rely on 

a greater sample of acetabular surfaces. This would enhance the generalisability of the 

model, extending its representation to a larger proportion of the material loss volumes 

observed during retrieval analyses. This would have a particular impact on the compari-

sons made between subgroups of acetabular surfaces in this investigation, strengthening 

the statistical power of the observed trends. Future studies that iteratively investigate the 

output of the SSM as the input sample size is increased, will help define the appropriate 

number of samples that should be incorporated into a model such as this. Nevertheless, 

scarce is the opportunity to analyse 20 retrieved hip implants of a single design, which 

were accompanied with pre-revision, full pelvis medical CT data. This study could only 

be achieved due to the metal composition and asymmetric features of this specific design, 

which was needed to topographically visualise the acetabular component and orientate it 

within the patient. Although this investigation was reliant on the x-ray attenuation of 

MOM implants, the relevance of its findings extends far beyond the historic issues ob-

served with this type of bearing design. The observed wear patterns could be generalised 
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to better understand the bearing mechanics of all hip replacements, and even the native 

hip joint.  

The statistical shape approach detailed in this article could also be further augmented 

by tying the investigated SIP characteristics (i.e., wear volume, time to revision, etc.) di-

rectly to each acetabular surface when generating the model. This would allow their con-

tribution to the variation in wear patterns to be better visualised, and should be under-

taken in future research. Additionally, the authors acknowledge the limitations of adopt-

ing Lewinnek’s safe zone to evaluate component positioning, as it does not consider such 

factors as functional positioning during regular activities [8,41,42]; however, this method 

could contribute to a more reliable definition of optimal component positioning. We also 

recognise the potential for some variability to exist during the alignment of the acetabular 

cup within the pelvis model. This originates from the challenge of appropriate removal of 

metal artefacts and the clear identification of the stabilising fins and cup rim, separate 

from scanning noise. All analysis and measurements were performed by an experienced 

examiner however future studies should investigate the impact of any such variability 

that may exist in alignment. The influence of femoral anteversion, spine mobility and 

other patient factors were not investigated in this study, and their inclusion in future re-

search would enhance our understanding of the development and location of hip implant 

wear.  

The further adoption of this method could provide a unique insight into the mechan-

ics of hip replacements, no matter what their composition. Minimising material loss at the 

bearing surface remains a challenge for implant manufacturers, as seen by the continued 

use of hip simulators and the diversity of material combinations used to form this junc-

tion. Data provided by this method could contribute to this goal, informing the design of 

future implants. It could also inform surgeons of the range of component positions that 

lead to optimal wear performance, or highlight the narrow positioning window provided 

by specific implant designs. Moreover, it is certain that statistical shape modelling will 

continue to play a role in the examination of the human anatomy, while ever becoming 

an invaluable tool in the design and conception of orthopaedic implants. 

5. Conclusions 

This is the first study to apply statistical shape modelling to the analysis of retrieved 

orthopaedic implants. Its role within the presented method provides a unique insight into 

the mechanics of hip replacements, which can inform future implant design and the study 

of pathological anatomies. This SSM approach may also help to refine the safe zone for 

implant positioning. This study demonstrated that the mean wear patterns on the acetab-

ular surface of these implants are located at their superior edge, and centred about the 

vertical standing pelvic position. The future implementation of this methodology to a 

larger population will further the current understanding of shape variance within ortho-

paedic implants retrieved from patients. 
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