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Background: The management of massive acetabular defects at the time of revision hip surgery is challenging. Severe
pelvic bone loss and the heterogeneity and quality of the remaining bone stock can compromise the fixation and
mechanical stability of the implant.

Methods: We reviewed a database of consecutive patients who had undergone acetabular reconstruction with the use
of a custom 3D-printed implant with a dual-mobility bearing for the treatment of Paprosky type-3B defects between 2016
and 2019. Functional and radiological outcomes were assessed.

Results: A total of 26 patients (17 women and 9 men) with a minimum follow-up of 36 months (median, 53 months;
range, 36 to 77 months) were identified. The median age at surgery was 69 years (range, 49 to 90 years), and 4 patients
had pelvic discontinuity. The cumulative implant survivorship was 100%. The median Oxford Hip Score improved signif-
icantly from 8 (range, 2 to 21) preoperatively to 32 (range, 14 to 47) postoperatively (p = 0.0001). One patient had a
transient sciatic nerve palsy, 1 hip dislocated 6 months postoperatively and was managed nonoperatively, and 1 infection
recurred. No patient had a fracture. Radiographic evaluation showed bone ingrowth at the bone-implant interface in 24
patients (92%) at 212 months of follow-up and showed no evidence of implant loosening or migration at the latest follow-
up (3 to 6 years).

Conclusions: Excellent functional improvement, implant survivorship, and osseointegration were recorded in the patient
cohort. Accurate preoperative planning and the adoption of custom 3D-printed implants showed promising results in
complex revision hip surgery.

Level of Evidence: Therapeutic Level IV. See Instructions for Authors for a complete description of levels of evidence.

as a successful surgical intervention that is associated

with high quality-adjusted life years (QALYs), with 1 sys-
tematic review indicating that that approximately 75% of hip
replacements last 15 to 20 years'. Despite the success of this
procedure, a number of hip arthroplasties eventually require
revision, and, once the initial implant has failed, subsequent
revisions are even less successful*”.

The most common causes of failure are aseptic loosening,
instability, and periprosthetic joint infection, each of which can
lead to mild or advanced acetabular bone loss™. Patterns of
bone loss vary depending on the clinical history. Classification
systems have been designed to define the extent of the re-
maining bone””. The Paprosky system is an established method

P rimary total hip arthroplasty (THA) is widely recognized

that is widely used for the classification of defects according to
the presence or absence of intact acetabular walls and the ability
of the anterior and posterior columns to support an implant.
The Paprosky classification ranges from type 1 (minimal bone
loss) to type 3, with type 3B (>60% bone loss with substantial
superomedial migration of the hip center) being the most
severe™'*"!. The successful management of complex acetabular
defects and pelvic discontinuities requires accurate surgical
planning, specific operative techniques, and highly specialized
implant design and tools®. There is no consensus regarding the
best option for the reconstruction of Paprosky type-3B defects.

In the past, antiprotrusio cages have been the preferred
choice for the management of type-3B defects'’; however,
their use has been associated with high failure rates". The
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severity of bone loss and the quality of the remaining bone
greatly affect the stability of the components used for revision
THA". The first re-revision rates of the acetabular compo-
nent have ranged from 20% to 36% at 10 years following the
initial revision'"°.

The purpose of the present study was to assess the early
clinical results, at a minimum of 36 months, associated with the
use of custom-made 3D-printed acetabular cups for the treat-
ment of type-3B defects. Our primary objective was the assess-
ment of functional outcomes. Our secondary objective was the
assessment of radiographic outcomes.

Materials and Methods
his was a single-center study. We retrospectively reviewed
our database to identify all consecutive patients who had
undergone acetabular reconstruction with a custom-made 3D-
printed titanium implant for the management of a Paprosky
type-3B defect, with or without pelvic discontinuity, between
2016 and 2019.

The inclusion criteria were (1) a failed acetabular implant
following either a primary THA or 1 or multiple previous revi-
sions and (2) a Paprosky type-3B defect with or without dis-
continuity. The patients in the present study had been referred to
the Royal National Orthopaedic Hospital NHS (National Health
Service) Trust in London, United Kingdom, for the treatment of a
defect that had been classified as “un-reconstructible” by other
hospitals and/or surgeons. Patients who did not undergo ace-
tabular reconstruction because they were unfit for a major surgical
procedure were excluded.

Consent was obtained from each patient in accordance
with local ethical guidelines. Operative treatment and follow-
up evaluations were performed by the senior author (A.H.).

The outcome measures were (1) implant survivorship, (2)
preoperative and postoperative Oxford Hip Score (OHS), (3)
complications (i.e., dislocation, neurovascular injury, infection,
iatrogenic fracture), (4) radiographic evidence of implant loos-
ening, and (5) radiographic evidence of migration.
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Surgical Planning and Procedure

Acetabular revisions were performed with the use of a ProMade
implant (LimaCorporate) with a dual-mobility bearing. Preop-
eratively, the patients underwent computed tomography (CT)
scanning of the pelvis. The data were used by the implant
manufacturer, which provides a dedicated engineering design
service for the accurate assessment of the center of rotation of the
failed hip, the study of the morphology of the remaining host
bone, the design of the implant, and the strategy for implanta-
tion. Designing the custom implant involved filling the defect
with porous titanium, ensuring fixation with structural titanium
and screw holes, and determining the optimal location of the
center of rotation. The surgeon reviewed all surgical plans prior
to final approval and provided feedback to further tune the design,
especially with regard to the feasibility of component insertion
and the number and position of screws. Once approved, the
custom implants were produced using electron-beam additive
manufacturing with regions of trabecular titanium to promote
osseointegration”’. Three-dimensional printing enables the pro-
duction of prosthetic components that feature complex shapes
and porous structures without compromising the mechanical
properties. The rationale for the use of 3D-printed implants rather
than conventional implants is to promote and enhance bone
ingrowth and biological implant fixation'. The surgeon used 3D-
printed anatomical models to evaluate the size and position of the
defect, to assist with surgical exposure, and to guide surgical
orientation for bone preparation.

The surgical procedure was performed via a posterior ap-
proach by 1 senior orthopaedic surgeon who was occasionally
accompanied by a vascular surgeon, depending on the proximity of
the failed implant to the neurovascular structures (Fig. 1). Following
the removal of the acetabular component, the osseous acetabulum
was exposed and areas of nonviable bone were removed. Fixation of
the 3D-printed titanium implant was achieved with both press-fit
and screw fixation using patient-specific drill guides.

The femoral stem was retained if it was well fixed. In
cases of infection, a 2-stage procedure was adopted. The hip

Fig. 1

Fig. 1-A Anteroposterior radiograph showing collapse of the acetabular bone around the cup, with intrapelvic cup migration. Fig. 1-B Three-dimensional
reconstruction of CT angiography delineating the intrapelvic vasculature in relation to the acetabular component and screws. Fig. 1-C Postoperative

radiograph, made at the time of the latest follow-up (4 years after surgery), showing stability of the implant.
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TABLE | Characteristics of the Cohort

No. of patients 26
Age (yr)
Mean 69
Median 69
Range 49-90
Sex (no. of patients)
Female 17 (65%)
Male 9 (35%)
Body mass index (kg/m?)
Mean 28
Median 26
Range 22-42
Side (no. of patients)
Right 17 (65%)
Left 9 (35%)
Pelvic discontinuity (no. of patients) 4 (15%)
Contralateral hip replacement* 13 (50%)
(no. of patients)
Clinical follow-up (mo)
Mean 55
Median 53
Range 36-77
*In all 26 patients, only 1 of the 2 hips was treated with a custom
3D-printed implant. Contralateral hip replacements were conven-
tional replacements for which a custom implant was not utilized.

joint was accessed via a posterior approach, often utilizing the
existing scar. Dissection through the gluteal muscles was depen-
dent on the type of exposure required.

Clinical Outcome Assessment

Implant survivorship was calculated with use of the Kaplan-
Meier method, with all-cause re-revision as the end point. Failure
was defined as revision or replacement of the index implant for
any reason.

The operating surgeon closely monitored the patient for
early complications. Patient-reported outcomes were measured
with the OHS". The OHS ranges from 0 to 48 points, with 48
representing the best possible outcome. Functional outcomes were
assessed by comparing preoperative and postoperative scores.

The database was reviewed for the number and type
of complications, including dislocation, neurovascular injury,
infection, and iatrogenic fracture. Patients undergoing ace-
tabular reconstruction are at risk for dislocation because of
repeated hip operations and limited abductor function.
To minimize the risk of dislocation, a dual-mobility bearing,
featuring an ultra-high molecular weight polyethylene (UHMWPE)
liner and a ceramic head, was used in all cases; a face-changing liner
was adopted in a subset of patients. To reduce the risk of neuro-
vascular injury, a CT angiogram was performed preoperatively. If the
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failed implant component or a pseudotumor was adjacent to
the iliac blood vessels, then a cardiovascular surgeon as-
sisted the main surgeon with intraoperatively isolating the
anatomical structures. Patients with infection were treated
with a 2-stage procedure.

Radiographic Outcome Assessment
Radiographs and CT images were evaluated immediately
after the operation, at 6 months, and annually thereafter.
The imaging studies were reviewed for signs of radiolucency,
implant stability, and congruency.

A radiolucent line was defined as a dark line of demar-
cation between the acetabular component and the cancellous
bone™. The areas of bone ingrowth (i.e., struts or “spot welds”) are
recognized on radiographs and CT images by the presence of
trabecular bone that extends to the metal component surface™”.

Radiographs and triplanar CT reconstructions were
evaluated for component integrity, evidence of new bone
formation at the bone-implant interface, and migration.
These evaluations were performed by an orthopaedic sur-
geon and an engineer with expertise in implant imaging. In
some cases, the CT images were rendered to produce 3D
reconstructions of the patient’s osseous pelvis for relative
comparison of images taken at different time points. Bone-to-bone
CT registration allowed for the assessment of implant movement
over time (Simpleware ScanIP Medical, version 2021.6; Synopsys).

Acetabular migration (>5 mm) was assessed according to
the criteria described by Massin et al.”. Loosening was deter-
mined according to the Kosashvili modification of the criteria
described by Gill et al.***. The implant was considered to be
loose if at least 1 of 3 radiographic findings was detected: (1)
horizontal or vertical migration of >5 mm, (2) a complete and
progressive radiolucent line medially and superiorly or around the
screws, and/or (3) broken components such as flanges or screws.

Statistical Analysis

Statistical analysis was performed with use of GraphPad Prism
(version 9.4; GraphPad Software). Graphs were produced with the
same software for MacOS. Univariate analysis was achieved with
use of the Wilcoxon test. The level of significance was set at p < 0.05.

Source of Funding
This work did not receive grants from funding agencies in the
public, commercial, or nonprofit sectors.

Results

wenty-six patients with a minimum follow-up of 36 months

were identified. Of those, 17 (65%) were women. The
median age at surgery was 69 years (range, 49 to 90 years). Four
patients (15%) had pelvic discontinuity. The median follow-up
was 53 months (range, 36 to 77 months). All patients had a
Paprosky type-3B defect. Pelvic discontinuity was detected pre-
operatively with use of radiography and was confirmed intra-
operatively by the senior author following the removal of the failed
acetabular component. All revisions were performed because of
cup loosening. Seven patients (27%) had an infection and were
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Kaplan-Meier survival curve for the custom-made 3D-printed titanium implants, with revision for any cause as the end point.

treated with a 2-stage revision. The infectious organisms included
both gram-positive and gram-negative bacteria such as Staphylo-
coccus, Streptococcus, and Pseudomonas. In 4 patients (15%), the
vascular surgeon accompanied the main surgeon intraoperatively.
The femoral stem was retained in 16 patients (62%).
Characteristics of the study cohort are summarized in Table I.

Clinical Outcomes

With clinical failure resulting from any cause as the end point, the
overall Kaplan-Meier survival rate for the custom implant was
100%, with 25 hips remaining at risk. One patient died 38 months
after hip surgery for reasons unrelated to the hip (Fig. 2).

The median OHS improved from 8 (IQR [interquartile
range], 4.5 to 13.5; overall range, 2 to 21) preoperatively to 32
(IQR, 28.5 to 37; overall range, 14 to 47) postoperatively. The
difference was significant (p = 0.0001) (Fig. 3). The OHS
improved significantly for patients with extremely severe dis-
ability preoperatively (Fig. 4).

No new episodes of infection were recorded. Infection
recurred in 1 patient who had a long history of infection,
suggesting that the infection had not been eradicated. At the
time of writing, the patient was being treated with antibiotics
and wound care and the implant remained in situ.

One patient had a transient sciatic nerve palsy with a dropfoot
deformity that resolved over time. The OHS was 30 at the time of
the latest follow-up visit, and the patient was able to walk unaided.

One hip dislocated 6 months postoperatively. The dis-
location was successfully treated with closed reduction.

No fractures occurred in the patient group.[fx1][fx2]

Radiographic Outcomes

Radiographs and tri-planar CT reconstructions were evaluated
for component integrity, evidence of new bone formation at
the bone-implant interface, and migration (Fig. 5).

Bone ingrowth at the bone-implant interface was observed
in 24 patients (92%). The ingrowth was visible at 212 months of
follow-up and was observed in areas of the acetabular wall and
roof (areas of maximum implant porosity) as well as around the
flanges. The remaining 2 patients had no obvious bone ingrowth
on either radiographs or CT scans.

No sign of implant loosening, breakage, or migration was
observed in any patient at >3 years of follow-up (Fig. 6).

Discussion
evision hip surgery becomes more challenging when fur-
ther revisions are required. Subsequent revisions often
involve the management of acetabular bone loss™, which serves
as a potential indication for the use of custom-made implants”.

Hkk
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Fig. 3
Box plots showing the median preoperative and postoperative OHS values.
The boxes represent the IQR, the horizontal lines within the boxes repre-
sent the median values, and the whiskers represent minimum and maxi-
mum values. ***P = 0.0001.
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Box plots showing the median preoperative and postoperative OHS values
for patients with a preoperative OHS of <14 and >14 (“extremely severe”
and “less severe” disability, respectively). The boxes represent the IQR,
the horizontal lines within the boxes represent the median values, and the
whiskers represent minimum and maximum values. **P = 0.002.

Custom-made 3D-printed titanium cups enable surgeons to
treat traditionally unreconstructible massive acetabular defects
and thereby restore the ability of patients to walk. Monitoring
custom-made implants is challenging because of the heteroge-
neity of implant designs, materials, manufacturers, and surgical
techniques and tools.

In the present study, we reviewed the minimum 3-year
results associated with the use of custom-made 3D-printed
ProMade implants for the treatment of massive acetabular

120 mm

Fig. 5
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defects. Our study indicates that these acetabular implants are a
good option for the treatment of such defects, with a cumu-
lative survival rate of 100%, a significant increase in the OHS
overall, and excellent osseointegration. Our intermediate-term
results are encouraging and provide a rationale for the use of
these implants.

In a previous study, we demonstrated the accuracy and
feasibility of surgical planning for patients with massive ace-
tabular defects by comparing the planned and achieved posi-
tioning and orientation of custom 3D-printed implants in 6
degrees of freedom™. In another study, we found that, while
challenging to treat, limb-length discrepancies and gait abnor-
malities in patients with large acetabular defects can be greatly
improved with the aid of an accurate surgical plan, even when
there is substantial preoperative superior migration of the failed
implant component”. Other groups also have reported positive
results in association with the use of these custom implants'*™.
Here, in what we believe to be the largest such study to date, we
have presented the minimum 3-year clinical and radiographic
results associated with the use of 3D-printed implants for the
treatment of Paprosky type-3B defects with or without pelvic
discontinuity.

Radiography is the initial imaging modality for evaluating
symptomatic hips for potential implant-related complications;
however, it can obscure or simulate disease. When optimized to
reduce metal artifacts, CT is superior to radiography for detecting,
localizing, and quantifying osteolysis around the acetabulum as well
as for measuring prosthetic component placement and migration,
and therefore it is an excellent supplement to radiography for the
evaluation of a reconstructed hip™.

It has been shown that small degrees of component
migration can occur until satisfactory osseous ingrowth takes
place without resulting in the eventual failure of the construct™***.
The present analysis of sequential radiographs, supplemented by
cross-sectional images made >3 vears after reconstructive surgery,
showed new bone formation at the interface of the implant with
partial or total infilling of the residual defects over time. Moreover, no

100 mm

Axial CT scans, made 1 week postoperatively (Fig. 5-A) and 5 years postoperatively (Fig. 5-B), showing new bone formation at the site of the residual defect

in the medial acetabular wall. Whereas space is seen between the implant and the bone in the left image (Fig. 5-A, arrow), direct contact between the

implant and the adjacent bone is seen in the right image (Fig. 5-B, arrow).
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Figs. 6-A and 6-B Anteroposterior (Fig. 6-A) and lateral (Fig. 6-B) CT scans showing the same implantat 1 and 5 years postoperatively. The scans from 2 distinct
time points are overlaid to quantify the implant migration. The images show good alignment of the implant at both 1 year (blue) and 5 years (orange), confirming
that no migration occurred between the 2 time points. Fig. 6-C Photograph showing the appearance of the trabecular titanium. The implants are made with use

of electron beam sintering, which means that the structure is continuous. Research has shown that the pores within the material encourage osseous ingrowth.

implant migration was documented in this patient cohort, con-
firming the stability of these constructs at a follow-up of 3 to 6 years.

The survivorship of acetabular components used during
revision THA is still considered unsatisfactory'. Acetabular com-
ponent failure is the most common cause for a second revision™.
The number of revision THAs, and therefore the number of
acetabular component failures, is expected to increase in the future
as a result of an increase in the number of primary THAs** and in
the number of patients who are younger and more active™.
Multiple treatment options have been proposed, including porous
tantalum acetabular components with or without structural allo-
graft or metal augments, standard cage reconstruction, cup-cage
constructs, and custom-made implants. Cages, rings, or cup-cage
constructs with acetabular structural allografts have had unsatis-
factory results and high rates (12.5% to 37.5%) of short- and
intermediate-term mechanical failure”. The literature on custom
implants has shown that it can be difficult to achieve accurate
acetabular implant positioning”* and that high complication
rates'™ can occur, especially when pelvic discontinuity is present.
Chiarlone et al., in a systematic review of studies on the use of
custom-made acetabular implants for revision THA, concluded
that the intermediate-term clinical and radiographic outcomes
have been satisfactory overall and that such implants represent a
good option for the treatment of severe defects™. Accurate surgical
planning on a case-by-case basis is crucial*.

Goriainov et al, in a recent study, reported favorable
functional and radiographic outcomes in association with use
of the aMace (Materialise) 3D-printed triflange implant with
dual-mobility bearings for the treatment of massive acetabular
defects”. That study included 19 patients with a mean follow-up
of 53 months (range, 17 to 88 months). The authors reported
significant functional improvement and 100% implant survivor-
ship. They also noted that the application of autologous skeletal

stem cells on the backside of the implant may have enhanced bone
formation as seen on radiographs. Our findings are comparable
and provide evidence that the design, structure, and surface
topography (such as porosity, pore size, and distribution) of
ProMade custom implants are adequate for promoting the new
bone formation and implant osseointegration necessary to lead to
stable constructs over time without the use of skeletal stem cells.
We acknowledge that the present study had limitations.
First, it was a retrospective series with a relatively small number
of patients, although only the most complex acetabular revi-
sions were selected for inclusion. Second, the heterogeneity of
the morphology, bone stock, and bone quality of the acetabular
defects made evaluation difficult and these factors could
potentially affect the long-term results. However, the het-
erogeneity of the patient cohort was representative of the
clinical reality. Third, bone stock and quality are challenging
to study with use of CT imaging, with the main limitation
being the metal artifacts created by the failed metal com-
ponents during image creation. However, the segmentation
of the CT scans was performed by experienced engineers.

Conclusions

In the present study, we investigated the clinical and radio-
graphic results associated with the use of a custom 3D-printed
titanium implant with a dual-mobility bearing for the treatment
of Paprosky type-3B defects with or without pelvic discontinuity.
Our study showed good intermediate-term results after 3 to 6
years of follow-up, with an excellent implant survival rate, good
clinical outcomes, and a low complication rate. On the basis of
our findings, we believe that this type of implant is a viable
option for the treatment of severe acetabular defects with or
without pelvic discontinuity, offering substantial improvement
in terms of both symptoms and quality of life. ®
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