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Abstract

We report on the accuracy, measured with 3D Computed Tomography (CT) post-
operatively, in positioning custom three-dimensional (3D) printed titanium

components in patients with large acetabular defects.

Twenty patients (13 Females and 7 Males) received custom-made acetabular implants
between 2016 and 2018; mean age was 66 years (S.D = 11.6) and their mean BMI
was 28 (S.D = 6.1). The median time to follow up was 25.5 months, range 12-40

months.

We describe a comparison method that uses the 3D models of CT-generated pre-
operative plans and the post-operative CT scans to quantify the discrepancy between
planned and achieved component position. Our primary outcome measures were the
3D CT measured difference between planned and achieved component position in six
degrees of freedom: Centre of Rotation (CoR), component rotation, Inclination (INC)
& Version (VER) of the cup. Our secondary outcome measures were: Oxford hip

score, walking status and complication rate.

All components (100%) were positioned within 20mm of planned CoR (in the three
planes). Eighteen (95%) components were not rotated by more than 10° compared to
plan. Eleven (58%) components were positioned within 5° of planned cup angle
(inclination and version). To date one complication has occurred, a periprosthetic

fracture.

This is the largest study in which post-operative 3D-CT measurements and clinical

outcomes of custom-made acetabular components have been assessed. Accurate pre-
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op planning and the adoption of custom 3D printed implants shows promising results

in complex hip revision surgery.

Keywords: Paprosky acetabular defects; Revision Hip Surgery; Computed
Tomography; Custom 3D Printed Implants; Image Analysis for component Orientation.

Introduction

The economic burden of revision total hip arthroplasty (THA) has increased over the
last decade 2. According to the UK National Joint Registry, a total of 8,589 revision
procedures were performed in 2017 alone ®). The increasing number of primaries
being performed in younger patients, combined with an aging population, may
explain the growing incidence of revision surgeries, as more patients outlive or wear

out their components ®,

Revision THA can be challenging even for the most experienced surgeon ®). The
revision surgeon has to manage bone stock loss, which increases with each
subsequent procedure. Inaccurate classification of periacetabular bony defects results
in difficult acetabular fixation intraoperatively ®. The Paprosky classification system
for periacetabular defects is widely recognised and provides a basis for implant
selection ®. Paprosky 3B defects are the most severe and are characterized by
supporting bone loss greater than 60% and significant superior-medial migration of
the hip centre of rotation (CoR) 8. Traditionally antiprotrusio cages, spanning the
ischium and ilium, have been the preferred devices used for the management of
massive acetabular defects . However, their use is associated with high (29%) rates

of failure 19),
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Advances in thin slice metal artefact reduction Computed Tomography (CT), image
analysis and reconstruction, have allowed for computerised modelling of these
defects. Additive manufacturing has enabled the accurate production of bespoke
titanium implants with integral porosity providing a fairly new tool to manage
massive acetabular defects in revision hip surgery & ° 14 Given the novelty of this
technology, there is paucity of data reporting on the accuracy of executing the

surgical plan, in other words, measurement of post-operative component orientation

(12).

We aimed to better understand the accuracy in positioning custom-made acetabular
component at revision THA in patients with massive acetabular defects. Our primary
objective was to assess accuracy in delivering the surgical plan. Our secondary

objective was to evaluate clinical and radiological outcomes.

Methods

2.1 Study Design and Outcome Measures

Between 2016 and 2018, twenty consecutive patients (13 Females and 7 Males) were
a candidate for receiving a custom 3D printed acetabular cups, Lima ProMade™
(Lima Corporate, San Daniele del Friuli, Italy). All cases had radiographic evidence

(CT/plain radiograph) of massive Paprosky type acetabular defects.

The level of evidence for this paper is Il. Patient details were anonymised throughout
the study. Approval was granted by the Institutional Review Board (Reg. Number

SE16.021).
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We report a comparison method that uses the 3D models of a CT-generated pre-
operative plan and a post-operative CT to obtain the discrepancy in six degrees of
freedom, Figure 1. Component design and pre-operative planning was undertaken
with close collaboration between surgeons and engineers. Continued follow up
(median 25.5 months, range 12-40) was performed to monitor clinical outcome.
Oxford Hip scores (OHS) ¥, post-operative walking status and complications were

recorded. Study design is showed in Figure 2.

The outcome measures were: 1) Planned vs achieved CoR (in three planes), 2)
Component rotation, 3) Planned vs. achieved inclination and version cup angles (in
relation to the anterior pelvic plane); 4) OHS, walking status and dislocation rate were

also recorded.

2.3 Pre-Operative Planning

The patients underwent metal artefact reduction sequencing CT scanning of their
whole pelvis. The manufacturer of the implants used commercially available software
(Mimics 19.0, Materialise, Belgium) to segment and generate a virtual 3D
reconstruction of the patient’s bony pelvis. Data from CT scans was used for accurate
assessment of the centre of rotation of the failed hip.

Designing the custom titanium implant involved the following key steps: 1) filling the
defect with porous titanium, 2) assuring fixation with structural titanium and screw
holes and 3) determining the optimal location of centre of rotation.

Once approved, the ProMade™ implants were produced using EBM additive
manufacturing with regions of trabecular titanium to promote osteointegration 617,

Alongside the titanium implant, plastic models of the patient’s pelvis, the custom
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implant and the drill guides are manufactured using 3D printing and sterilised for
intraoperative use.

Close collaboration between surgeon and engineer aided the final design. All Pre-
operative plans were saved as (STereoLithography STL) files and were used to
produce 3D printed plastic models. The 3D printed models allowed the surgeon to:
appreciate the patient’s unique pelvic defect, trial implant positioning and explain the

nature of the proposed operation to patients, Figure 3.

2.4 Intra-Operative Procedure

All surgeries were conducted by one senior orthopaedic surgeon who was sometimes
accompanied by another senior orthopaedic surgeon or senior vascular surgeon. The
key steps in surgery were: an extensile posterior approach, involvement of a vascular
surgeon was required in 20% of the cases; reaming of non-viable bone as per plan,
trial with 3D printed plastic implant model and fixation of 3D printed titanium

implant with screws and patient specific drill guides.

2.5 Post-operative Analysis

Image Registration

Post-operatively, all patients received a low dose CT scan. Data from the CT scan was
saved as a Digital Imaging and Communications in Medicine (DICOM) file. A
relative comparison between planned and achieved component orientation and
positions was carried out using Simpleware™ ScanlIP (Version 2018.12; Synopsys,

Inc., Mountain View, USA).

To generate 3D models of the patients’ post-operative anatomy, each patient’s
DICOM series was imported into ScanlP. Following importation into the 3D
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software, a threshold-based extraction method was performed to select two meshes:
one of the pelvis and the other of the implanted 3D printed component 8. Each mesh

was subsequently saved as an STL file.

The STL files of the: Pre-operative plan, Post-operative pelvis and Post-operative
component were all imported into a single ScanlP file for each patient. Using ScanlP
the Post-operative component and pelvis were paired, so that their relative
positions/orientations remained constant. Landmark registration was used to align the
post-operative pelvis and pre-operative plan. The landmark registration works by
rigidly translating the two objects to find positions in which all corresponding

landmarks selected, are as close as possible.

Landmarks used for alignment were those of the anterior pelvic plane (Left and Right
Anterior Superior Iliac Spines (ASIS) and Left and Right pubic tubercles), the Right
and left Posterior Superior Iliac Spines (PSIS) and provided these were not obscured
by metal artefact the ischial spines. Alignment was subsequently checked using a one-
sided Hausdorff distance between the post-operative pelvis and Pre-operative plan

within MeshLab (Pisa, Italy) 9,

Planned Vs Achieved CoR

The co-registered (planned and post-operative) STL files were opened within ScanlP.
The local co-ordinate system was defined so that: the X-axis corresponded to a line
passing between the left and right ASIS (Medial-Lateral (ML) axis); the Y axis
corresponded to a line passing between the midpoint of a line between the left and
right pubic tubercle and the midpoint of a line passing between the left and right ASIS

(Inferior-Superior (IS) axis).
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This resulted in the Z axis being the Anterior-Posterior (AP) axis, assuming 0 degrees
of pelvic tilt. A sphere matching technique was used to determine the centre of
rotation of the components 819 The co-ordinates of the centre of rotation for the
planned and achieved centre rotation were recorded and compared in all axes. The
limit for translation of CoR, beyond which components were labelled malpositioned,

was 10mm in any plane.

Planned Vs Achieved Component rotation

The co-ordinate system used to measure the CoR was utilised to determine
component rotation. Using this co-ordinate system: inclination is rotation about the Z
axis, version is rotation about the Y axis and component rotation is rotation about the
X axis. Zero degrees of rotation was defined as the point at which a line, from the
component CoR to the point on the component most distal to the CoR, isina Y plane
parallel to the APP. Degrees of rotation were then measured clockwise from this
position. The limit for component rotation, beyond which components were labelled

malpositioned, was 10° of rotation 0,

Planned Vs. Achieved Inclination and Version Cup Angles

Planned and achieved inclination (INC) and version (VER) angles were calculated
within the ScanlP software. The co-ordinates of ten points around the acetabular
components’ rim were used to define the cup plane. The orientation of the cup plane
was then compared to the Anterior Pelvic Plane (APP); a standard frame of reference
defined using the co-ordinates of the right and left anterior superior iliac spines

(ASIS) and one pubic tubercle, Figure 4.
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This process was performed for the planned and implanted component of each case.
The limit for cup angle, beyond which components were labelled malpositioned, was

5° from planned position.

Clinical outcome

Follow up of patients was performed by senior authors to monitor for complications.
Post-operative walking status and oxford hip scores * were recorded during latest

follow up (12 to 40 months).

Statistical analysis

Statistical analysis was performed using SPSS (IBM Corp. Released 2012. IBM SPSS
Statistics for Windows, Version 24.0. Armonk, NY: IBM Corp.). All data, apart from
follow up length, was determined to be parametric using Qauntile-Quantile plots. One
outlier (Case 3) was removed from statistical analysis. Pearson’s test was used to
determine correlations between CT measurement data (difference in CoR, component
rotation, cup INC and VER) and BMI, defect volume, the presence of discontinuity

and two-stage procedure. The threshold for statistical significance was 0.05.

Results

Patients’ characteristics are shown in Table 1. Models of the pre-operative pelvic
defect are illustrated in Figure 5. Mean age was 66 years (S.D = 11.6) and their mean
BMI was 28 (S.D = 6.1). Median follow up during this study was 25.5 months (IQR

17-33).
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3.1 Radiographic outcome

All components (100%) were positioned within 20mm of planned CoR (in the three
planes). Eighteen (95%) components were not rotated by more than 10° compared to
plan. Eleven (58%) components were positioned within 5° of planned cup angle
(inclination and version), Table 2. To date one complication has occurred (Case 3), a
periprosthetic fracture. Calculation of postoperative component positioning was based
upon the CT obtained post fracture. As the post-operative CT did not represent

intraoperative component positioning, this case was removed from data analysis.

The mean difference, between planned and achieved, CoR was -0.1 mm (95% CI -8.7,
8.6) in the: AP plane, -1.4mm (95% CI -7.6, 4.8) in the IS plane and 0.1 mm (95% ClI

-9.4 9.5) in the LM plane.

The mean deviation of component rotation from planned was 2.2° (-6.4, 10.8).

Planned INC had a mean of 40.3° (95% CI 29.2, 51.5) and 40.5° (95% CI 26.6, 54.4)
post-operatively; the difference between the planned and post-operative INC was 0.2°
(95% CI -10.2 t0 10.7). The mean planned VER was 14.2° (95% CI -3.5, 31.9), VER
post-operatively was 17.0° (95% CI -0.7, 33.3) with a mean difference between

planned and post-operative VER of 2.8° (95% CI -10.5, 16.1).

3D models of the difference between planned and achieved implant orientation are

shown in figure 6 (case 20) and figure 7 (whole cohort).

3.2 Clinical outcome

Duration of post-operative follow up and post-operative walking status are shown in
Table 3. Mean oxford hip score at latest follow up was 32.4 (S.D 10.4). Two patients
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had an oxford hip score less than 20 (Cases 1 and 9), case 1 is reporting contralateral

hip symptoms.

Case 3 had a peri-operative complication, a comminuted fracture of the iliac crest and
failure of fixation inferiorly. The component was considered stable and no fracture
was suspected intraoperatively. In addition, no fracture was apparent on immediate
postoperative imaging (plain radiographs). Early ambulation occurred
postoperatively, during which the patient suspected that the component had migrated.

Subsequent imaging (CT and plain radiograph) revealed the fracture.

No dislocations have occurred to date.

3.3 Statistical correlation

No significant correlation (p>0.05) was found between CT measurement data
(difference in CoR, component rotation, cup INC and VER) and BMI, defect volume,

the presence of discontinuity or two-stage procedure.

Discussion

We have presented our method to assess plan compliance immediately post-
operatively in patients with massive acetabular defects. We report on the accuracy,
measured with 3D-CT post-operatively, in positioning custom 3D-printed titanium
components and detail our technique to assess plan compliance in six degrees of

freedom, Figure 6.

All components (100%) were positioned within 10mm of planned CoR (in the three
planes). Eighteen (95%) components were not rotated by more than 10° compared to

plan. Eleven (58%) components were positioned within 5° of planned cup angle
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(inclination and version). To date one complication has occurred (Case 3), a

periprosthetic fracture.

In Case 3, a comminuted fracture of the iliac crest occurred. Reports of periprosthetic
fractures in the treatment of massive acetabular defects are expected © 12, The poor
bone quality combined with the massive osteolytic defects found explains the risk of

periprosthetic fractures, in this patient group 229,

Traditionally the positioning of the acetabular component in hip arthroplasty has been
defined in terms of inclination and version angles . These terms describe the
orientation of the acetabular axis ?® and assuming that the component is symmetrical
about this axis, they provide a full account of component placement, when combined
with the centre of rotation (CoR). However, 3D printed triflange components are not
normally symmetrical about the acetabular axis; as such, positioning must be

described in all six degrees of freedom, Figure 1.

Within the literature there is no clear consensus on the accuracy with which the
planned CoR can be achieved, when using custom made components to treat severe
Paprosky defects. A limit of 10mm of translation in any plane was selected for the
CoR; beyond this the component was deemed to be malpositioned. These limits were
determined on the basis of consensus between the authors and the severity of bone
defects, Figure 5. Our results indicate that >95% of custom-made components would

be placed within these limits.

CT data is one potential source of translational error when placing custom made
components in patients with massive acetabular defects. Difficulty following the pre-

operative plan, and press fitting the custom component, arose when intraoperative
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defect topography differed from that seen on CT. Errors in CT most often occur due
to: metal artefact (both from contralateral components and the component to be
revised) and poor selection of CT acquisition parameters (high slice thickness, high

pitch, low voltage or milliamps) %30,

In an effort to reduce metal artefact five cases were performed as a two-step
procedure. During which imaging was obtained after metal work was removed. We
found no difference in accuracy between cases performed as one or two-stage
procedures. However, we appreciate the limited number of two stage procedures

included.

Component rotation is not usually measured during the post-operative assessment of
component placement @32 In tri-flanged components it affects the position of screw
holes and consequently can affect fixation. The clinical significance of small degrees
of component rotation is unknown and is likely to depend upon component design and
patient anatomy. To date the component with >10° of component rotation remains

stable.

Lewinnek, Lewis (33) proposed safe zones for anteversion and inclination of 15° +
10° and 40° + 10° respectively. Outside of which components were believed to be of

increased risk of dislocation.

Positioning acetabular components within Lewinnek’s safe zones in patients with
Paprosky type 3 defects is notoriously challenging. In Choi et al’s ¥ series of
paprosky 3B patients, freehand positioning of the acetabular component within

Lewinnek’s safe zone occurred in only 56% of patients. Within our study fourteen
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cases (74%) were positioned within Lewinnek’s proposed safe zone. These results are

comparable with previous series 1234,

It is important to note that within our study the aim of planning was not to achieve
acetabular orientation within Lewinnek’s safe zone. A meta-analysis by Seagrave,
Troelsen (35) concluded that Lewinnek’s safe zones were not clinically justified.
Instead they concluded that individualised safe zones, accounting for pelvic tilt, were
required. This is especially true in patients who have large acetabular defects 2,
However, there is currently no clear consensus on a method to calculate these

individual safe zones.

Stability was checked on the operative table and acetabular face changers were
occasionally recruited to optimise the acetetabular orientation. And with severe

muscular pathology, the lead surgeon opted for the dual mobility bearing.

We found no significant correlation between CT measurement data (difference in
CoR, component rotation, cup INC and VER) and BMI, defect volume or the
presence of discontinuity. However, interpretation is limited given the low sample
size. BMI has previously been demonstrated as a risk factor for acetabular component
malpositioning ©®). With regards to defect volume, the conscious of the authors is that
other characteristics of the defect, e.g. shape, are more likely to influence accuracy of

component positioning.

Direct comparison between studies is of limited value as there is a wide spectrum of
acetabular defects, Figure 5. Furthermore, reports of results with these components
are sparse with only a limited number of published cases detailing post-operative

positioning in six degrees of freedom. Only one other study, to the authors
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knowledge, has assessed component placement in six degrees of freedom. Baauw et
al. 2 assessed 16 patients fitted with the aMace acetabular revision system
(Mobelife, Leuven, Belgium). The type of acetabular defects present in their cohort
was of Paprosky 3, with inclusion of both type A and B. In addition, there was no
report of cases with discontinuity. The radiological results and complication rates that

the authors reported are comparable to those found in this study.

Conclusion

There is no consensus regarding the best option for reconstructing massive acetabular
defects. New custom-made components have been proposed as a solution to treat
patients with these defects. However, reports on the accuracy and clinical outcome in
the literature are sparse. Malpositioning in the medial-lateral plane is thought to be
most clinically relevant 2. In our study, the discrepancy between planned and

achieved CoR in the LM plane was greater than 10 mm in none of the cases.

We have presented our method to assess plan compliance immediately post-
operatively in patients with massive acetabular defects. Accurate pre-op planning and
the adoption of custom 3D printed implants are a viable option in the reconstruction
of massive Paprosky type acetabular defects showing promising short- and medium-

term results in complex hip revision surgery.
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Figures

Figure 1. The six degrees of freedom of a tri-flanged acetabular component. A)
Translation of the CoR can occur in a Superior-Inferior (S1), Anterior-Posterior
(AP) and Lateral-Medial (LM) direction. B) Rotation about three perpendicular

axes results in changes in Inclination, Version and Component rotation.

Figure 2: Flow chart of the study design.
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Figure 3: (A) Pre-operative AP pelvic radiograph, (B) 3D model of pelvic defect and

(C) surgical plan for case 20.

Case 20

Figure 4: Ten points (D-M) were used to create a cup plane which was correlated to

the APP (points A-C) to determine cup inclination and version angles.
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Figure 5: Anterior-posterior (top) and lateral (bottom) views of 3D models generated

from pre-operative CT scans illustrating the defect present in each case.
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Case11 Case 12 Case13 Case 14 Case15 Case16 Case 17 Case 18 Case 19 Case 20

o

Figure 6: (A) AP and (B) lateral views of pre (green) and post-operative (blue)

components and (C) post-operative EOS imaging showing restoration of leg length.
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Figure 7: 3D models of the cases, showing the planned position of the component
(Green) and the post-operative location of the component (Blue). Component position

is overlaid onto a model of the pelvis generated from the Pre-operative CT scan.
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Tables

Table 1. Patient characteristics

Case Age BMI Discontinuity Op #* Mobility Reason for revision

1 76 32 No Wheelchair Failed MoM implant, loosening + infection

2 69 30 Yes Frame Dislocated revision right THR with a
constrained liner. Periprosthetic type C
fracture, managed by open reduction internal
fixation with distal femoral locking plate

3 78 26  Yes Frame Failed revision with medial migration of
socket

4 78 31 No 2 crutches  Massive acetabular defect and loose hip
replacement and high CRP with negative
aspirate

5 61 22 No Frame Loose right THR with massive acetabular
bony defect

6 63 25 No Crutches Loosening of revision hip arthroplasty

7 49 32  Yes 2 crutches  Pelvic discontinuity following revision left
THR

8 90 23 No Trolley Failure of revision right THR

9 71 30  Yes Frame Infection and pelvic discontinuity

10 50 23 No None MoM hip resurfacing with high metal ions
levels and bone and soft tissue damage

11 57 29 No None Failure of MoP hip replacement with superior
migration of the hip

12 87 23 No Wheelchair Failure of revision right THR
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13 63 48 No 3 Wheelchair Failed replacement with acetabular migration

14 56 37 No Multit 2 Crutches  Loose left long stem, loose acetabulum

15 62 26 No 2 2 Crutches  Loose R Acetabulum MoP replacement with
subluxation

16 73 27 No 3 2 Crutches  Failed MoP L hip with superior migration of

cup and stem, pelvic discontinuity.

17 53 26 No 1 2 Crutches  Severe joint degradation, Presence of massive
fractured bone protrusion below acetabulum.

18 56 26 No 1 None Hip Osteoarthritis secondary to acetabular
fracture

19 70 22 No 2 2 Crutches  Failure of revision right THR

20 70 30 No 5 Wheelchair Loosening and infection

* Op #, total number of hip replacements including one in study

T Multi, no data on total number of hip replacements available greater than 2 known

Table 2. Centre of Rotation (COR) Rotation, Inclination and Version expressed
as differences from the planned values

CoR (mm) Rotation clockwise (°)  Cup angles

Case Inc (°) Ver (°)
LM IS AP Sum

1 5 4 1 6 2 -4 12
2 3 0 3 4 7 2 5
3* 10 19 5 22 10 12 -13
4 3 2 9 10 -3 -8 3
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6 4 2 3 5 0 2 19
7 2 2 3 4 15 3 2
8 9 0 5 10 2 -5 2
9 3 2 2 4 0 4 1
10 0 2 0 2 10 -3 0
11 5 6 0 8 1 4 1
12 0 6 -2 6 1 1 5
13 9 4 4 10 0 -11 6
14 1 -4 -4 6 0 0 0
15 4 5 4 8 4 5 8
16 2 2 3 4 7 10 11
17 -3 0o -7 8 2 6 3
18 4 6 -6 9 0 -3 -2
19 10 1 5 11 1 3 -10
20 0 2 3 4 1 5 2

Discrepancies: >10mm for centre of rotation (COR), > 10° for rotation and >5° for
cup angles between planned and post-operative positions are marked in bold. AP,
anteroposterior; LM, lateromedial; SI, Superoinferior; Inc, Inclination; Ver, Version.
Sum is the distance in mm between the two COR in three-dimensions.

* Imaging for case 3 was obtained after a peri-prosthetic fracture, results therefore do
not inform on the component position achieved intraoperatively.
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Table 3. Post-operative walking status

Case F/U Month*  Walking status Complication to date
1 33 2 crutches indoor, wheelchair  Nil
outside

2 33 1 crutch Nil

3 27 Wheelchair Periprosthetic fracture, required revision
4 36 Independent Nil

5 40 Unilateral walking stick Nil

6 38 Independent Nil

7 35 Unilateral walking stick Nil

8 14 Unilateral walking stick Nil

9 17 Frame Nil

10 17 2 crutches Nil

11 25 Independent Nil

12 26 Independent Nil

13 23 2 crutches Nil

14 22 2 crutches Nil

15 23 2 crutches Nil

16 30 Unilateral walking stick Nil
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17

18

19

20

27

12

13

12

2 crutches

Independent

Unilateral walking stick

2 crutches

Nil

Nil

Nil

Nil

* F/U Month, Follow up from operation date in months
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