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Abstract

In revision total hip arthroplasty, achieving robust fixation is difficult and implant
movement may occur over time. Bone may also rearrange around the implant as a
result of mechanical loading, making the measurement of migration challenging.
The study aimed to quantify changes in bone shape and implant position 1 year
following acetabular reconstruction using custom three-dimensional-printed
cups. This observational retrospective cohort study involved 23 patients with
Paprosky type IlIB defects. Postop computed tomography scans taken within
1 week of surgery and at 1-year postsurgery were co-registered and analyzed.
Three co-registration strategies were implemented including bone-to-bone
and implant-to-implant. (1) Co-registration of the ipsilateral innominate bone
(diseased anatomy) was used to measure changes in implant position. (2) Co-
registration of the implant was carried out to quantify changes in the ipsilateral
innominate bone shape. (3) Co-registration of the contralateral innominate bone
(nondiseased anatomy) was performed to measure changes in the ipsilateral
innominate bone shape and implant position. The median centroid distances
(interquartile range [IQR]) were 2.3 mm (IQR: 3.7-1.7 mm) for changes in implant
position, 2.4 mm (IQR: 3.6-1.6 mm) for changes in ipsilateral innominate bone
shape, and 3.7 mm (IQR: 4.6-3.5mm) for changes in ipsilateral innominate
bone shape and implant position. Following acetabular reconstruction, implant
movements and periprosthetic bone remodeling are physiological and of a similar
extent. Surgeons and engineers should consider this when performing implant

monitoring in these patients.
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1 | INTRODUCTION

Despite the advances in the design and additive manufacturing of
custom implants, achieving robust fixation is challenging and revision
rates remain high.'? The change in the bone's mechanical environ-
ment can lead to implant migration and/or bone remodeling.
However, determining whether the bone is reorganizing, the implant
is moving, or simply fitting onto the bone is challenging due to the
irregular shape of the implant and the continuous fitting process.
Therefore, controlled monitoring of these implants is essential for
assessing their performance.

Radiostereometric analysis (RSA)® is currently the gold standard
for measuring early implant migration.*® This technique presents
several limitations as it relies on the use of fiducial markers, its two-
dimensional (2D) nature, the need for specialized experts and
equipment and does not provide information on the bone anatomy.®
Computed tomography (CT)-based analysis has emerged as a
promising approach for three-dimensional (3D) implant motion
measurement and survival prediction.” 1° While bone density
changes have been studied using dual-energy X-ray absorptiometry

to assess bone-implant interactions,*%*?

changes in bone morphol-
ogy are also important factors to consider.

The aim of the study was to quantify changes in bone shape and
implant position following acetabular reconstruction with custom
3D-printed cups. We employed image registration of 3D models
generated from CT scans taken at two timepoints: during the first-
week and 1-year postsurgery. The outcome measure was the
centroid distance between (1) the implants and (2) the ipsilateral

hemipelvises at the two timepoints.

2 | METHODS
2.1 | Study design and outcome measures

This single-center retrospective study used the immediate and
1-year postoperative CT scans of patients with Paprosky type IlIB
defects,'® with or without discontinuity,14 who received a
3D-printed custom acetabular implant by a single manufacturer
(ProMade, Lima Corporate).

The CT scans were rendered using specialized software
(Simpleware ScanlP Medial, Version 2022.12; Synopsys Inc.) to
produce 3D reconstructions of the patients' pelvis and implant at
the two imaging timepoints. Bone-to-bone registration of the
ipsilateral innominate bone was used to assess the change in
implant position. Implant-to-implant registration was carried out
to understand changes in the ipsilateral innominate bone. Bone-
to-bone registration of the contralateral innominate bone was
used to quantify changes in implant position and ipsilateral
innominate bone shape. The study design is shown in Figure 1.

The outcome measure was the centroid distance between (1)
the implants and (2) the ipsilateral hemipelvises at the two
timepoints.

Post-op and 1-year follow-up scans of
23 patients with acetabular defects
Paprosky

Materials type IlIB or above treated with
custom-made implants.
\ 4
1. Ipsilateral innominate bone co-
registration
Methods 9

3. Implant co-registration
4. Contralateral innominate bone co-
registration

Outcome Measure
Centroid distance

\ 4

Statistical Analysis Friedman test

FIGURE 1 Study design.

2.2 | Data preparation

CT scanning of the pelvis was carried out for all patients during the
first-week and 1-year postsurgery. Digital Imaging and Communica-
tions in Medicine files were imported into Simpleware ScanlP
Medical (Version 2022.12; Synopsys Inc.) where intensity-based
thresholding and region-splitting tools were implemented to create

3D reconstructions of the pelvises and implants.
2.3 | Radiological analysis
Preoperative pelvic radiographs were analyzed according to the

DeLee-Charnley classification® for location and extent of peripros-

thetic osteolysis.
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CT images were evaluated by orthopedic surgeons and engineers
with expertise in implant imaging to classify the data set between
cases with and without pelvic discontinuity.

Bone-to-bone registration of the ipsilateral innominate side
allowed to assess changes in implant position. Global rigid registra-
tion of the ilium, ischium, and pubis were implemented.® A sphere
matching technique was used to compute the center of rotation
(CoR) of the 3D-printed custom-made acetabular components.t”:18
The CoR displacement at the two timepoints was reported in three
planes: X (mediolateral ML), Y (inferior-superior IS), and Z (ante-
roposterior AP), relative to the anterior pelvic plane (APP).* Positive
values corresponded to medial, superior, and anterior deviations. A
diagram illustrating the above steps is shown in Figure 2.

To validate the results and investigate whether the ground around
the implant was shifting, the metallic components were used as
fiducials. Implant-to-implant registration of the 3D-printed custom-
made component allowed us to assess the changes in bone shape.'®
Three points were identified as the main anatomical landmarks on all
ipsilateral innominate bones: anterior superior iliac spine, posterior

superior iliac spine, and pubic tubercle; Figure 3. A plane was fitted

FIGURE 3 Three main anatomical landmarks of the innominate
bone used for the analysis: anterior superior iliac spine (ASIS),
posterior superior iliac spine (PSIS), and pubic tubercle (PT).
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onto the three landmarks of the ipsilateral innominate bone of each
pelvis. The distance between the postoperative and 1-year follow-up
ipsilateral hemipelvises' planes was calculated with respect to the
APP.? The relative movement of the ipsilateral hemipelvises over time
was assessed. A visual representation of the workflow is illustrated in
Figure 4.

In functional assessment, bone-to-bone registration of the
contralateral innominate side was used to investigate changes in
both implant position and ipsilateral innominate bone shape in
relation to the other side. Global rigid registration of the contralateral
innominate bone was implemented.’® Whenever the contralateral
side presented with an implant, the acetabulum was excluded from
the registration and only ischium, ilium, and pubis were co-registered.
The sphere matching technique previously described was used to
compute the CoR of the acetabular components.!”'® The CoR
displacement at the two timepoints was then calculated. A diagram
illustrating the above steps is shown in Figure 5.

The Jaccard index, or intersection over union (loU), was used to
evaluate the global rigid registration described in the section above.
This metric is defined as the area of overlap between two objects
divided by the area of union. loU values range from O to 1, where 1
corresponds to a perfect overlap between the objects. If the loU is
0.5, the object detection is classified as true positive.?® To measure
similarities between the datasets, the loU between (1) ipsilateral
innominate bones, (2) implants, and (3) contralateral innominate
bones at the two timepoints was calculated.

For completeness, AP radiographs were also visually inspected
and the deviation in cup positioning was assessed preoperatively,
during the first-week postsurgery and at 1-year follow-up.

2.4 | Statistical analysis

Statistical analysis was performed using GraphPad Prism (version 9.1;
GraphPad Software).
A D'Agostino normality test was implemented to check if the

population was normally distributed. As the data set resulted to be

FIGURE 2 (A) Immediate postoperative pelvis and cup. (B) 1-year follow-up pelvis and cup. (C) Change in implant position at 1-year follow-up

after bone-to-bone registration of the ipsilateral innominate bone.
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FIGURE 4 (A) Immediate postoperative pelvis and cup. (B) 1-year follow-up pelvis and cup. (C) Change in ipsilateral innominate bone shape

at 1-year follow-up after implant-to-implant registration.

FIGURE 5 (A) Immediate postoperative pelvis and cup. (B) 1-year follow-up pelvis and cup. (C) Change in implant position and ipsilateral
innominate bone shape at 1-year follow-up after bone-to-bone registration of the contralateral innominate side.

nonnormally distributed, a nonparametric paired Friedman test was
performed to investigate the differences between the three groups.
A significance level of 0.05 was used.

2.5 | Clinical outcome

Close patient monitoring was performed by the operating surgeon to
record postoperative walking status and complications following the
surgical procedure. Suspected migration based on the radiological

|21

criteria for loosening described by Gill et al.“* was also investigated.

3 | RESULTS

Twenty-three patients with Paprosky type IlIB defects were included
in the study. The data set consisted of nine men (39%) and 14 women
(61%). Pelvic discontinuity was detected preoperatively and con-
firmed intraoperatively following the removal of the failed acetabular
component in three patients. Mean (range) follow-up was 68 months

(range: 33-92). The majority of the patients had a hip revised due to
the loosening of the implant (65%). An overall summary of the
characteristics of the patient cohort is displayed in Table 1.

3.1 | Radiological analysis

The median centroid distances (interquartile range [IQR]) were
2.3mm (IQR: 3.7-1.7 mm) for changes in implant position, 2.4 mm
(IQR: 3.6-1.6 mm) for changes in ipsilateral innominate bone shape
and 3.7 mm (IQR: 4.6-3.5 mm) for changes in ipsilateral innominate
bone shape and implant position. Figure 6 shows the changes in
implant position for all cases that did not present with pelvic
discontinuity. Figure 7 shows the changes in implant position for all
cases that did present with pelvic discontinuity. The highest change
in implant position at 1-year follow-up was reported to have a
centroid distance of 6.3 mm. The medial deviation was 1.2 mm, the
superior deviation was 4.0 mm and anterior deviation was 4.7 mm.
Tree cases describing no change, moderate change, and substantial
change in implant position are displayed in Figure 8.
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Changes in ipsilateral innominate bone shape for all cases with
no pelvic discontinuity are shown in Figure 9. Figure 10 displays
changes in ipsilateral innominate bone shape for cases with pelvic

discontinuity. The highest change in ipsilateral innominate bone

TABLE 1 Characteristics of the patient cohort.
Number of hips 23
Age (year)
Mean 68
Median 70
Range 50-83
Sex
Female 14 (61%)
Male 9 (39%)
BMI
Mean 28
Median 26
Range 22-37
Side
Right 16 (70%)
Left 7 (30%)
Hips with discontinuity 3 (13%)
Charnley classification
I and Il and IlI 20 (87%)
land Il 1 (4%)
N/A 2 (9%)
Reason for surgery
Aseptic loosening 15 (65%)
Septic loosening 6 (26%)
Infection 1 (=4%)
Hip osteoarthritis with acetabular fracture (index surgery) 1 (=4%)

Note: Primary total hip arthroplasty and infection with well-fixed cup.
Abbreviations: BMI, body mass index; N/A, not applicable.

-
o
|

scan 1 vs scan 2 (mm)

Change in centroid distance

1 2 3 4 5 6 7 8

9
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shape had a centroid distance of 5.6 mm. Medial deviation was
4.7 mm, inferior deviation was 0.2 mm, and anterior deviation was
3.0mm. Three cases describing no change, moderate change, and
substantial change in ipsilateral innominate bone shape are displayed
in Figure 11.

Figures 12 and 13 illustrate changes in both implant position and
ipsilateral innominate bone shape for cases without and with pelvic
discontinuity, respectively. The highest change in implant position
and ipsilateral innominate bone shape at 1-year follow-up was found
to have a centroid distance of 9.7 mm. The medial deviation was
5.6 mm, the superior deviation was 7.8 mm, and anterior deviation
was 1.5 mm. Figure 14 shows two cases that reported moderate and
substantial changes in implant position and ipsilateral innominate
bone shape.

The median loU (IQR) was 0.3 (IQR: 0.5-0.3) for ipsilateral
innominate bone co-registration, 0.8 (IQR: 0.9-0.8) for implant co-
registration, and 0.3 (IQR: 0.6-0.3) the contralateral innominate bone
co-registration.

Four cases (17%) showed changes in implant position. Ten cases
(43%) reported changes in ipsilateral innominate bone shape.
Changes in implant position and ipsilateral innominate bone shape
were found in four cases (17%).

When examining the preoperative radiographs, 18 patients (78%)

showed a superior migration of the failed acetabular cup, three
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FIGURE 7 Changes in implant position following bone-to-bone
registration of the ipsilateral innominate bone for cases with pelvic
discontinuity.
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FIGURE 6 Changes inimplant position following bone-to-bone registration of the ipsilateral innominate bone for cases without pelvic discontinuity.
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(©)

- Immediate postoperative cup

0 1-year follow-up cup

FIGURE 8 Cases showing (A) no change, (B) moderate change, and (C) substantial change in implant position.
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FIGURE 9 Changes in ipsilateral innominate bone shape following implant-to-implant registration for cases without pelvic discontinuity.
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FIGURE 10 Changes in ipsilateral innominate bone shape
following implant-to-implant registration for cases with pelvic
discontinuity.

patients (13%) reported a medial migration of the failed implant, and
one patient presented lateral migration of the component. Only one
patient reported no major migration. The immediate postoperative
radiographs showed restoration of the hip joint center in 10 cases
(43%). A partial restoration was found in 10 other cases (43%). The
remaining three cases reported a high CoR postsurgery. This was
kept high to maximize bony fixation while accounting for low bone
stock availability, and to avoid the risk of nerve injury. The deviation
in CoR between the postoperative and the 1-year follow-up
radiographs confirmed the 3D analysis performed on CTs.

3.2 | Statistical analysis

Friedman test (o = 0.05) showed no statistical significance (p > 0.9999)
between changes in implant position and changes in ipsilateral
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(A)

(B)

(©)

Immediate postoperative pelvis

- 1-year follow-up pelvis

FIGURE 11 Cases showing (A) no change, (B) moderate change, and (C) substantial change of the ipsilateral innominate bone shape.

Change in centroid diistance

scan 1 vs scan 2 (mm)

7

8

9

10 11 12 13 14 15 16 17 18 19 20
Cases

FIGURE 12 Changes in implant position and ipsilateral innominate bone shape following bone-to-bone registration of the contralateral
innominate bone for cases without pelvic discontinuity.

Change in centroid distance
scan 1 vs scan 2 (mm)
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Cases with pelvic discontinuity

FIGURE 13 Changes in implant position and ipsilateral
innominate bone shape following bone-to-bone registration of

contralateral innominate bone for cases with pelvic discontinuity.

innominate bone shape. Statistical differences between changes in
implant position and the cumulative change as well as between
changes in ipsilateral innominate bone shape and the cumulative
change were found. The p value was 0.0012 for both comparisons.

3.3 | Clinical outcome

An improvement in walking abilities was observed in 18 patients
(78%), who required fewer mechanical aids for daily activities, while
the remaining 5 (22%) continued using the same walking aids as
before the surgery. One patient experienced a transient foot drop,
which completely resolved 6 months after the operation. Post-
operatively, two dislocations occurred but were successfully resolved
through a closed reduction procedure. One patient developed an
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(A)

Immediate postoperative cup

- 1-year follow-up cup

Immediate postoperative pelvis

- 1-year follow-up pelvis

FIGURE 14 Cases showing (A) moderate change and (B) substantial change of implant position and ipsilateral innominate bone shape.

infection after surgery which was managed with antibiotic therapy.
Two patients died for reasons unrelated to the hip 38 and 47 months
after surgery.

Based on the radiological analysis, one case reported a superior
migration of about 5mm at 1-year follow-up compared to the
immediate postoperative cup position. However, no significant
movement has been observed thereafter, and currently, the implant

remains in place.

4 | DISCUSSION

In the past few years, RSA has been the gold standard for measuring
implant migration. However, RSA is limited to its reliance on fiducial
markers, its 2D nature, and the need for specialized expertise and
equipment. Additionally, RSA does not provide information on the
bone anatomy, restricting the analysis to the movement of implants
rather than the whole construct. CT analysis offers a promising 3D
alternative to measure implant motion and predict their survival and

failure mechanisms.”~*°

Brodén et al.”®

compared the use of 3D CT analysis to measure
the migration of acetabular cups to standard RSA and determined its
clinical precision using a plastic pelvic model and a cohort of patients,
respectively. Scheerlinck et al.? validated CT-based detection of
implant migration by comparing CT measurements to a mechanical
model. CT imaging proved to have accuracy and precision comparable
to that of RSA. Zampelis and Flivik!® measured the CoRs of the

postoperative and 1-year follow-up CT scans of 10 patients with

custom-made 3D-printed implants. The median migration was found
to be -0.08 mm in the AP plane, 0.14 mm in the ML plane, and
0.06 mm in the Sl plane. While there are studies investigating implant
migration, the movement of the bone in correlation with the migration
of acetabular implants for large acetabular defects has not yet been
explored. According to Wolff's law,?2 the bone adapts to the loads
under which it is placed. Bone can reorganize to respond to the loading
or stress that is applied onto it.2% Following hip replacement, the high
stiffness of the implants can result in a loss of bone density, known as
stress shielding.?* Laursen et al.!! investigated the bone mineral
density changes in different regions of interest between cementless
HA and non-HA coated cups using a dual-energy X-ray absorpti-
ometer. The same technique was used by Anderl et al.? to evaluate
the bone density changes around uncemented monoblock acetabu-
lar cups.

While the above studies focus on changes in bone mineral
density, our study explores how changes in the morphology of the
ipsilateral innominate bone can also occur. The measurement of
implant migration is affected by changes in the bony structure,
and these should, therefore, be considered when monitoring the
position of custom implants for large acetabular defects over
time. The highest change in implant position at 1-year follow-up
was reported to have a centroid distance of 6.3 mm. The highest
change in ipsilateral innominate bone shape had a centroid
distance of 5.6 mm. The highest change in implant position and
ipsilateral innominate bone shape at 1-year follow-up was found
to have a centroid distance of 9.7mm. As no statistical
significance was found between changes in implant position and
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changes in ipsilateral innominate bone shape, the two groups
were found to have a similar trend.

Ten cases (43%) reported changes in ipsilateral innominate bone
shape. Four cases (17%) showed changes in implant position.
Cumulative changes in implant position and ipsilateral innominate
bone shape were found in four cases (17%). All patients with pelvic
discontinuity fell within the four cases reporting changes in ipsilateral
innominate bone shape. An loU value < 0.5 was seen when evaluating
their ipsilateral innominate bone co-registration. This was expected
as they present with extensive bone loss and missing columns which
affect their bone mechanical stability.

Nevertheless, this study presents some limitations. First, the
periprosthetic bony change could not be confidently quantified
due to the presence of metal artefacts. As an accurate segmenta-
tion of the bony areas around the implant could not be generated
due to metal artefacts, those regions were not included in the
bone-to-bone co-registration. Second, as the co-registration was
performed using regional painting and landmark selection, corre-
spondence mismatch errors might have occurred during the
process. Finally, when co-registering the contralateral innominate
bone to assess changes in implant position and ipsilateral
innominate bone shape, we assumed no sacroiliac joint or pubic

symphysis movement.

5 | CONCLUSION

This is the first study that aimed to investigate how changes of the
bone affect the measurement of the migration of custom implants
for large acetabular defects. When performing CT implant
monitoring in patients with large acetabular defects, changes of
the ipsilateral innominate bone can occur over time. It is
challenging to accurately quantify implant migration when the
bone is remodeling. The study revealed how the reorganization of
the bone affected the implant migration results in those cases for
which the co-registration of the ipsilateral innominate bone was
poor. It was also shown how the contralateral innominate side
could be seen as a reflection of what was occurring on the
ipsilateral innominate side. By co-registering the contralateral
innominate bone, we were able to assess changes in both implant
position and ipsilateral innominate bone shape. Therefore, bone
remodeling needs to be considered to confidently report how
much implants migrate over time.

Following acetabular reconstruction, implant movements and
periprosthetic bone remodeling are physiological and appear to have
the same extent. Surgeons and engineers should consider this when

performing implant monitoring/surveillance in these patients.
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