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1 | INTRODUCTION

Total hip arthroplasty (THA) is among the most commonly performed
surgical procedures, with 182 surgeries performed per 100 000
population in 2019, according to OECD reports, rising 22% since

| Alexander Meynen? |

Lennart Schey? | Jun Wu® |

Abstract

Effective treatment of large acetabular defects remains among the most
challenging aspects of revision total hip arthroplasty (THA), due to the deficiency
of healthy bone stock and degradation of the support columns. Generic
uncemented components, which are favored in primary THA, are often unsuitable
in revision cases, where the bone-implant contact may be insufficient for fixation,
without significant reaming of the limited residual bone. This study presents a
computational design strategy for automatically generating patient-specific
implants that simultaneously maximize the bone-implant contact area, and
minimize bone reaming while ensuring insertability. These components can be
manufactured using the same additive manufacturing methods as porous
components and may reduce cost and operating-time, compared to existing
patient-specific systems. This study compares the performance of implants
generated via the proposed method to optimally fitted hemispherical implants, in
terms of the achievable bone-implant contact surface, and the volume of reamed
bone. Computer-simulated results based on the reconstruction of a set of 15
severe pelvic defects (Paprosky 2A-3B) suggest that the patient-specific compo-
nents increase bone-implant contact by 63% (median: 63%; SD: 44%; 95% ClI:
52.3%-74.0%; RMSD: 42%), and reduce the volume of reamed bone stock by 97%
(median: 98%; SD: 4%; 95% Cl: 95.9%-97.4%; RMSD: 3.7%).

KEYWORDS
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2009. This increase is expected to foreshadow a substantial rise in
revision THA in the coming decades.? Revision procedures present
significant challenges due to the loss of healthy bone stock and
degradation of the load-bearing structures.® Acetabular reconstruction,

in particular, requires careful preoperative planning and may involve
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a variety of approaches, depending on the nature and severity of the
defect.*

In many revision cases, standard hemispherical components (with
or without joint centroid offset) may not provide adequate bone-
implant contact for biological fixation, without significant reaming of
the remaining bone stock.® In these cases, surgeons have generally
been limited to cemented options.* More recently, specialized
products, such as the trabecular metal reconstruction system (TMARS)
offer improved implant stability by introducing metal augments
in bone-deficient areas and cementing them to the acetabular cup
intra-operatively.®

Augments effectively extend the surface of the component to
better match the defect morphology. They are, in a sense, built-in-
place patient-specific implants. The use of porous metal augments
has revolutionized the treatment of severe acetabular defects over
the last two decades, with midterm reports showing excellent
survivability.”® Nonetheless, their use remains labor-intensive and
is limited in its ability to accurately match the defect geometry, due to
the finite set of augment shapes and sizes available, and the nature of
the surgical procedure.’

Patient-specific acetabular components, on the other hand, are
designed to precisely match bone morphology. This approach offers
the potential for preoperative in silico structural analysis, as well as
improved implant stability and reduced bone reaming. However, the
typical approach is resource-intensive and involves manual design
and analysis by expert engineers, surgeons, and technicians, thus
limiting its widespread adoption. Moreover, existing patient-specific
systems, such as the custom triflange acetabular component (CTAC),
fixate the implant at multiple sites on the outer surface of the pelvis,
requiring a larger operating window and creating additional chal-
lenges in terms of positioning and stabilization.'® This compromise is
generally preferred when alternative generic or patient-specific
systems would result in insufficient remaining bone stock to support
the transmitted loads.

Recently, we have proposed an algorithm that can automati-
cally generate shape-matching components while guaranteeing
their insertability.2* When applied to the design of patient-specific
acetabular cups, this approach enables an automated design
workflow based on CT scan defect reconstructions, that can
maximize bone-implant interface contact while minimizing the
volume of bone to be reamed.

The aim of this study, therefore, is to apply the above-
mentioned algorithm to automatically generate implants for a
representative sample of pelvic defects and to quantify the potential
performance improvement with respect to traditional hemispherical
components, in terms of bone-implant contact surface and reaming
volume.

The remainder of this paper is organized as follows: Section 2
reviews the design algorithm and relevant performance metrics.
Section 3 presents numerical results and analysis. Finally, Section 4
concludes with a discussion on the limitations of the proposed
method and a qualitative comparison to other patient-specific

systems.

2 | METHODS

2.1 | Data set of acetabular defects

A specific sample of 15 acetabular defects was selected from a data
set of 90 3D models reconstructed from patient data by Meynen
et al.*? The study, which was approved by the ethical committee of
the university hospital Leuven (S61746), used unilateral CT scans of
revision THA patients, after excision, and before reimplantation. The
sample set used in this study was selected from the data set based on
the results of a statistical shape model analysis,*® accounting for 73%
of the total shape variance. For each of the first five shape modes
identified, three real defects were selected from the data set; one for

each of the mean and mean * one standard deviation.

2.2 | Automated design of patient-specific cups

Patient-specific acetabular components were computationally gener-
ated using an algorithm presented in Garner et al.'! The design
strategy aims to optimize the outer geometry of the component to
best match the morphology of the acetabular defect, while ensuring
that the optimized structure is insertable through rigid body motion,

that is, without damaging the surrounding bony tissue.

2.2.1 | Interface matching and insertability

An implant with surface geometry perfectly complementary to the
acetabulum would produce ideal bone-implant contact. However,
such an implant would not necessarily be insertable. The design
strategy proposed in Garner et al.'! addresses this issue by
identifying the areas that inhibit insertion along a certain path, as
shown in Figure 1.

Specifically, the algorithm simulates the implant in its inserted
configuration, and assesses the surface translations induced by
a small extractive movement along a specific path. Generally
speaking, if the translation is into the interface at any point, then
local interference is detected, and the implant is deemed uninsertable
along this insertion/extraction path.

Constrained by this insertability requirement, the algorithm
iteratively modifies the implant geometry and the insertion path to
find an insertable design, while minimizing changes to the implant's
shape. Mathematically, we formulate an optimization problem in
which the interface geometry, described by p, is modified to
minimize a shape change function Fs, while respecting an insert-

ability constraint:
1 n
minimize F; = = |d(b;, So)| s.t. rp(p, 8) > rh. (p, 6),
p(p,6) n;3
where d(b;, So) is the closest distance from a point b; on the evolving

body surface to a point cloud describing the original geometry
So. (p, 8) describes the insertion direction in terms of translation and
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FIGURE 1 A body-cavity system before and after a small body
movement in the direction shown by the arrow. Clearance and
interference are displayed in green and red, respectively. Local
cavity surface normals are shown in yellow. Sample body surface
vertices in areas with interference are displaced in the negative
normal direction, while body surface vertices in areas with
clearance are displaced in the positive normal direction.

rotation vectors p and 6, and rf,;, is a minimum local normal
displacement defined by the local tangential displacement r! and

curvature kp:

K’z(rf,(p, 9))2
K2- (rL(p, 8))2

0, otherwise.

, k>0,

We refer to Broekhuis et al.1° for a detailed explanation of the

optimization problem and solution strategy.

2.2.2 | Anatomical restoration

The anatomical features surrounding the acetabulum, such as the
acetabular margin and supraacetabular groove, are obtained from a
statistical shape model reconstruction of the healthy pelvis.*® This is
achieved by superimposing the defect and reconstruction geometry
and extracting the volumetric difference. The reconstructed healthy
pelvis also provides the optimal center of rotation for the artificial
joint. Note that this could equally be achieved from contra-lateral
imaging, if available.

The reconstructed acetabular surface is then replaced by a
hemisphere component, so as to provide support for a standard
36 mm polyethylene or ceramic liner (Figure 2). At this stage,
additional features, such as friction or bone ingrowth-enhancing
features, and liner-retaining lips or grooves may be added. Holes for
locking screws can be included as needed, and strategically placed to
target healthy bone, based on CT data. Note that the increased
surface contact and the irregular interface geometry likely decrease

Research®

Posterior view

Medial view

Lateral view
Anterior view

FIGURE 2 An automatically generated acetabular component
corresponding to the acetabular defect shown in Figure 3. The
acetabulum-side surface is optimized to fit the defect geometry,
while the outer geometry is designed to ensure accurate positioning

of the synthetic joint.
e

Anterior view

|
—d

9

Medial view

FIGURE 3 Left: A sample pelvis with acetabular surface
highlighted. Right: The extracted acetabulum with insertion-inhibiting
areas highlighted for the insertion direction shown.

the load bearing on fasteners, though this aspect is beyond the scope
of this work.

2.3 | Reference cup selection
In this study, standard hemispherical components were used as
a performance benchmark. While hemispherical components may
not always represent the best option in revision cases, alternative
approaches using generic components introduce too many additional
variables for a direct performance comparison.

To ensure optimal sizing and placement of the spherical
component, an automated selection and implantation strategy was
designed. First, the centroid of the defect was identified as the
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Location Sizing

FIGURE 4 Selection of the reference hemispherical cup. The joint
centroid is located by projecting rays onto the acetabulum (red lines).
The cup radius is obtained as the minimum radius which results in a
contact surface of 50% with respect to the area of the hemisphere.
The contact and noncontact surfaces are shown in green and red,
respectively. The white region along the central segment is a
discontinuity created by the associated reaming process.

spatial coordinates that minimize the radial distance variance of
rays projected onto the acetabulum, as shown in Figure 4 (left).
The component radius was then chosen to provide a contact of
50%, with respect to the surface area of the component (Figure 4,
right). In many cases, achieving the desired contact ratio created
or enlarged an already existing central segment discontinuity. In
cases of extreme bone deficiency, 50% contact was not always
possible. In these cases, the maximum achievable contact ratio was

used instead.

2.4 | Performance analysis

Performance was quantified based on two metrics: bone-implant
interface contact and volumetric bone loss. Infection or inflammation-
related failure, and instability-related issues are the most common
diagnoses associated with implant failure.*"1¢ While neither can be
directly accounted for at the time of implantation, both are thought to

be related to initial interface contact and/or volumetric bone loss.817:18

2.4.1 | Bone-implant interface contact

Interface contact was quantified in terms of the contact surface area
(within 50 um) and the fractional contact area relative to the surface
area of the acetabulum before resection. The total area with
gap larger than 1 mm, for which no bone ingrowth is expected,*’
was also measured. Figure 5 shows the contact and no-ingrowth
regions for the patient-specific and reference hemispherical implants,
corresponding to the defect in Figure 4. The relative improvement in

terms of interface contact A® is defined as

Arel = AE i -1
Azef

Reference

Patient-specific

FIGURE 5 Bone-implant interface contact for the reference
hemispherical component (left) and patient-specific optimized
component (right). Contact regions and no-ingrowth regions are
shown in green and red, respectively. Regions with interface gap
smaller than 50 um are shown in yellow.

where Afand AP are the bone-implant contact area for the
reference hemispherical and patient-specific designs. In Figure 5, the
minor interface gaps correspond to small pitting along the acetabular
surface, which are too small for the design algorithm or additive
manufacturing process to capture. The only exception is the larger
cavity on the posterior-inferior surface, which could not be filled

without sacrificing insertability, as highlighted in Figure 3.

2.4.2 | Volumetric bone loss

The total bone loss resulting from the required reaming was
evaluated by simulating the resection process and measuring the
total change in bone volume through high-resolution voxelization
(1 million voxels). Figure 6 shows the resection depth together with
original and reamed pelvis geometry, corresponding to the defect
shown in Figure 3.

The relative reduction in bone loss V., is defined as

ref _ \/P.s.
Vrel ( loss Vloss) 1
loss = ref -4
Vloss
ref

where V& and V{5 are the volume of bone resected for the
reference and patient-specific components, respectively.

2.4.3 | Statistical analysis

In this study, the objective was to determine if the proposed patient-
specific implants offer a meaningful performance improvement
compared to generic hemispherical components. To that end, the
bone-implant interface contact ratio and volumetric bone loss metrics
were measured for each of the reference and patient-specific
designs. Results were collated as matched pairs for each of the
15 sample defects. Statistical significance was reported for paired
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FIGURE 6 Resection depth (left) and the resected surface (right)
for the reference hemispherical (top) and patient-specific optimized
(bottom) components, for the defect shown in Figure 3.

sampled t tests with one-tailed H, hypothesis. To assess the strength
of the performance improvement, Cohen's d effect size was also
reported. In addition, performance improvements were compared

based on the Paprosky defect classification of the sampled defects.

3 | RESULTS

Analysis of the 15 defect cases sampled suggest significant improve-
ment in terms of both metrics. With respect to interface contact, a
mean improvement of 63% was observed, compared to the reference
hemispherical implants (median: 63%; SD: 44%; 95% Cl: 52.3%-74.0%;
RMSD: 42%). In terms of bone loss, a mean reduction of 97% was
observed (median: 98%; SD: 4%; 95% Cl: 95.9%-97.4%; RMSD: 3.7%).
Paired sample t tests with one-tailed H; hypothesis suggest
strong statistical significance, with p=0.00002, and p=0.001,
respectively. In addition, the effect sizes were d =2.04 and d =0.92.
This suggests that meaningful improvement in terms of both metrics
can be expected when using the proposed design strategy compared
to hemispherical cups for similar defect types (2A-C, 3A-B). Results
for each defect sampled are presented in Figures 7-8 and Table 1.

3.1 | Impact of defect type

To assess the impact of the defect type on the results, the sample
defects were divided into type 2 and type 3 subgroups, and p-values

Research®

were computed for a t test with two-tailed H,. The resulting p values
were 0.14 and 0.82, with respect to the contact area and bone
loss metrics, respectively. This suggests no statistical significance in
support of the hypothesis that the defect type has an impact on the
mean performance improvement of the proposed method, compared
to the benchmark hemispherical cups. Nonetheless, the structural
impact of the bone loss due to reaming may be more significant for
type 3 defects, as the load bearing capacity is almost certainly lower,
both pre- and postoperatively. It should also be noted that subtypes
(A/B/C) may affect the performance too, though not enough data is
available for analysis.

4 | DISCUSSION

The primary aim of this study was to apply the proposed
computational algorithm to the design of patient-specific acetabular
cups for use in THA and to compare their performance to standard
hemispherical components in silico. A statistical analysis based on
the proposed interface contact and bone loss performance metrics
suggests that the patient-specific designs perform significantly better
than their generic counterparts. This fairly predictable result makes
a strong case for the use of patient-specific components as an
alternative to generic components.

Beyond the performance metrics evaluated in this study, patient-
specific implants offer several additional advantages. Studies suggest
that patient-specific implants can contribute to lowering overall
costs, surgical time, and patient recovery time.?°?2 In terms of
material and overhead costs, patient-specific implants eliminate the
need for maintaining a large inventory of acetabular components in
various sizes and shapes.?! Nevertheless, this comes at the expense
of additional pressure on manufacturers in terms of data collection,
design resources, production capacity, lead time, and logistics.

Another potential clinical advantage is operating time reduction.
Patient-specific cups are designed based on the patient's specific
anatomy, which allows for a more precise and efficient surgical
procedure. Studies investigating the impact of patient-specific
implants and tooling for knee arthroplasty show a clear reduction
in operative time owing to the elimination of iterative intraoperative
adjustments.2>2! This observation likely also applies to acetabular
components, where the labor-intensive task of fitting and cementing
porous metal augments also contributes to operative time.

In addition to these benefits, the irregular geometry of patient-
specific implants, such as the ones shown in this study naturally
stabilizes the component in the target position through a poke-yoke
effect. This reduces reliance on adjunct screws, and ensures accurate
positioning of the component, as well as the joint's center of rotation.

Many of the aforementioned advantages are not unique to the
proposed patient-specific implant design strategy. A qualitative
comparison with commercially available solutions is, therefore,
warranted. In recent vyears, several product lines have been
introduced to address the shortcomings of generic acetabular cups,
each with its own benefits and drawbacks. Existing products largely
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FIGURE 7 Results of the performance analysis for defects 1-8, shown in the left column. For each metric, the reference and patient-specific
component performance are shown side-by-side.
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fall into two categories: patient-adapted and patient-specific
solutions.

Products like Zimmer Biomet's Trabecular Metal Acetabular
Revision System (TMARS) allow surgeons to create patient-adapted
solutions from a set of standard components, such as cups,
buttresses, shims, and cages.® These systems offer better structural
support than generic cups but are limited in terms of their ability to
accurately match defect morphology by the finite number of available
configurations. In severe cases, where statistical models fail to
accurately capture pelvic defects, such an approach will likely have
limited success. Moreover, the associated surgical technique, which
involves the sequential assembly of an algorithmically defined set
of components, is blind to the quality of the contact between the
implant and the host bone surface. In fact, due to the nature of
the assembly process, intra-operative component stability is likely the
result of point contact, rather than area contact. Point contact is
inherently less stable than area contact as it produces stress
concentrations, and does not provide ideal conditions for long-term
stability or bone ingrowth. Furthermore, augments are cemented to
the central cup, making them susceptible to loosening through
cyclical tensile and shear loading. Studies have observed augment
loosening, and have associated contact between loose and stable
augments with progressive metal debris shedding.?® Others have also
associated TMARS with significantly higher bone loss due to reaming
than other custom implants.?*

Existing patient-specific solutions, designed from scans of the
patient's specific bone morphology, are typically reserved for severe
cases in which the remaining bone stock is deemed insufficient for
generic implants or TMARS. While the proposed system is intended
as an alternative to TMARS, the enhanced bone preservation may
enable its use even in cases where the patient would not have
been a candidate for TMARS, due to an anticipated insufficiency
of supporting bone stock post-reaming. Patient-specific solutions
offered to TMARS candidates, such as Materialise's aMace, extend
the outer surface of the cup to rest on the medial portion of the
acetabulum, apparently through linear projection. Since details on
the design process have not been published, a specific comparison
with the proposed methodology is impossible at this time.

The proposed approach stands out for its ability to provide the
benefits of other patient-specific or patient-adapted solutions,
without the high design and procedural costs. As an alternative to
TMARS, this approach would likely lead to better implant stability
with less bone loss, while eliminating the need for intraoperative
adjustments and cementing of the modular assembly.

Despite these advantages, the proposed method is limited by the
quality of the input data, as well as the accuracy of the production
method and operative technique. In particular, the reliability of the
geometric bone reconstruction from CT data is limited by the
accuracy and precision of the scanner, and can be affected by metal
artifacts,?® among other factors.?® Additionally, the sclerotic or
necrotic cancellous bone may be misidentified as healthy, resulting in
an inaccurate reconstruction. The latter issue would potentially
decrease the effective interface contact area, but would not hinder
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insertability. Metal artifacts, however, may result in an uninsertable
design, if not properly accounted for. This could potentially be
addressed by incorporating computational artifact reduction
techniques.?”"2? As a last resort, improper fit or contact could be
addressed intra-operatively by using a (robot-assisted) vision system
to inspect the cavity and perform additional minor bone resection if
indicated.

A limitation of this study was that defect reconstructions were
used as ground truth, without consideration for the possibility of
inaccuracy introduced from the CT or surface reconstruction. Though
the consequences may be mitigated intra-operatively, this limits the
generalizability of the results presented herein.

This study also introduced an automatic sizing and placement
strategy for the reference hemispherical cups which may not perfectly
correspond with current practices. In particular, the algorithm favored
larger cups for improved contact area, at the expense of bone loss. A
surgeon may, instead, opt for a more conservative approach using a
smaller diameter cup. This may, however, decrease the achievable
interface contact.

In some samples such as Figure 7e, the large discontinuity on the
acetabular fossa limits the achievable contact area and the structural
integrity of the bone-implant system. Such cases may be better suited
to more comprehensive treatments, such as CTACT or cup-cage
reconstruction. Nonetheless, standard hemispherical components
were used as a reference, for consistency.

This study also did not include a quantitative comparison
between the proposed design strategy and existing patient-specific
component systems, such as TMARS and CTAC. The complexity of
these systems and the impact of uncontrolled factors, such as surgical
expertise, would require a larger study, and would likely need to be
performed in vivo.

The placement of fasteners, such as locking screws, was also
omitted in the analysis. This aspect was ignored as the process is
largely similar to standard hemispherical cups. However, the proposed
approach provides more flexibility since screws may be positioned to
target healthy bone stock. Standard line-of-sight algorithms®° can be
employed to ensure that holes are placed in reachable positions.

Finally, this study did not include a structural analysis of the
stress conditions in the bone-implant system. Though not thought to
be part of the standard design process for other patient-specific
implants, stress conditions in the peri-prosthetic bone play an
important role in long-term implant stability and bone health.

Despite these limitations, this study makes a strong case for
the proposed patient-specific design strategy. In addition to the
demonstrated performance improvements in terms of interface
contact and bone preservation, the automated design strategy
promises to be significantly less resource-intensive than existing
patient-specific options.
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