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Custom designed and 3D-printed
titanium pelvic implants for acetabular
reconstruction after tumour resection
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Alfred Chua* and Paul Stalley?

Abstract

Background: Reconstructive procedure following resection of large pelvic tumours around the hip joint remains a
complex challenge.

Methods: This study presents a retrospective case series of patients presenting with benign or malignant pelvic tumour
for which an internal hemipelvectomy including the hip joint and subsequent reconstruction with a custom designed
3-dimensional printed titanium pelvic implant (3DPPI) has been performed between August 2013 and January 2018.
Results: 15 consecutive patients with a median age of 33.9years (IQR 26.4-72.2) and a median BMI of 20.7 kg/m? (IQR
19.0-33.3) were reviewed after median follow-up of 33.8 months (IQR 24.0-78.1). The majority of patients presented
with a malignant tumour as their principal diagnosis (n= 13, 86.7%). The median surgical time was 5.5 hours (IQR 4.5-8.5)
and median peri-operative blood loss was 5000 ml (IQR 2000—-10000). The median MSTS score at follow-up was 63.3%
(IQR 51.7-86.7%). The median NRS in rest was 0.0 (IQR 0.0-5.0), the median NRS during activity was 2.0 (IQR 0.5-7.0)
and the median HOOS-PS was 76.6% (IQR 67.9-91.0). 4 patients had implant-specific complications (n=4, 26.6%); |
hip dislocation (Henderson type la), 3 structural complications (type 3a), | deep infection (type 4a) and | local tumour
recurrence (type 5b). At follow-up, 4 out of |5 implants were classified as a failure, resulting in an implant survival rate
of 73.3%.

Conclusions: Acceptable peri-operative outcomes, functional results, complication rates and short-term implant survival
can be achieved in a cohort of complex patients undergoing 3DPPI reconstruction after hemipelvectomy including the
acetabulum.
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method has been widely debated.>* Endoprosthetic recon-
struction options include saddle endoprosthesis,*> pedestal

Introduction

Reconstructive procedures following resection of large
pelvic tumours, especially around the hip joint, remain a

difficult and complex challenge. For primary bone tumour,
and also increasingly for solitary metastatic pelvic tumour,
clinicians are constantly trying to improve reconstruction
techniques. The most important aims focus on longevity of
the reconstruction and improving functional outcomes,
without conceding tumour resection margins.

Pelvic resections can be categorised using the Enneking
classification (Figure 1).! Endoprosthetic reconstruction is
the preferred technique for pelvic resections including the
acetabulum (P2), although the most optimal reconstructive
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Figure |. Enneking’s classification of pelvic resections (I); P1-
ilium; P2-peri-acetabulum; P3-pubis; and P4-sacrum.

cup endoprosthesis,®® modular endoprosthesis®'? and
custom-made implants.”>'® Bio-logical reconstruction
techniques include extra-corporeal irradiation and re-
implantation (ECI),'*? resection hip arthroplasty?*?* or
iliofemoral arthrodesis.? The risks of mechanical and non-
mechanical complications associated with all these tech-
niques are high. Saddle endoprosthesis relay heavily on
remaining iliac bone (P1) and due to associated high risk
of complications and poor long-term functional outcomes,*
this technique has been superseded by other endopros-
thetic solutions. Pedestal/ice-cream cone endoprosthesis
rely on remaining posterior iliac bone for fixation. The dif-
ficulties and limits of pedestal stem positioning in the
remaining posterior pelvis may lead to altered hip centre of
rotation, and high incidences of hip dislocation have been
reported.® Modular pelvic implants have the downside that
due to the non-custom fit, fixation to the remaining pelvis
can be limited and high rates of short-term aseptic loosen-
ing have been reported.® Finally, early generations of
patient specific custom-made endoprosthesis were associ-
ated with high incidences of implant aseptic loosening,
likely attributed to limited implant fixation options and
the lack of long term osseointegration.'*

The improvements in rapid prototyping and 3-dimen-
sional metal printing technology have enabled custom
designed 3-dimensional printed titanium pelvic implants

(3DPPI) to become clinically available over the last dec-
ade. The evidence on 3DPPI in the setting of pelvic tumour
resections including the P2 area is still limited to case
reports and small case series.!31718.26-29

The aim of this study was to evaluate the clinical and
functional performance of 3DPPI for pelvic reconstruction
including the P2 region since its introduction at our institu-
tion in 2013. The main outcomes evaluated were the clini-
cal and functional results, implant specific complications
and implant survival. We have also included a brief
description on the specifics of the 3DPPI design, manufac-
turing process and surgical technique.

Patients(/materials) and methods

This study was designed in accordance with the STROBE
(STrengthening the Reporting of OBservational studies in
Epidemiology) statement guidelines.>® The Human
Research Ethics Committee of the Royal Prince Alfred
Hospital, Sydney, Australia (HREC Number LNR/17/
RPAH/423) approved the study. We conducted a retrospec-
tive cohort study of all consecutive patients undergoing
acetabular reconstruction with a 3DPPI between January
2013 and January 2018 in our tertiary oncological clinic in
Sydney, Australia. Patients who had undergone hemipel-
vectomy including the P2 acetabular area for benign or
malignant (primary or metastatic) tumours were included.
Patients in which a 3DPPI was used for revision total hip
arthroplasty (THA) or other indications were excluded.
During the studied period, no other types of acetabular
endoprosthetic tumour implants (e.g. pedestal cups) were
used. The magnitude of bone destruction, patient progno-
sis and expected morbidity were used to assess if patients
with metastatic disease were indicated for hemipelvec-
tomy and 3DPPI reconstruction.

Data were retrieved from patient hospital medical
records. Functional outcome scores obtained included the
Musculoskeletal Tumour Society score (MSTS), the
Numeric Rating Scale (NRS) for pain in rest and activity
and the Hip disability and Osteoarthritis Outcome Score-
Physical Function Short Form (HOOS-PS). Implant specific
complications were categorised using the Henderson tumour
prosthesis complication classification.?! Survival of the
prosthesis was defined using revision of the 3DPPI for any
reason (e.g. complete revision, unplanned revision of a
failed portion, fixation of a periprosthetic fracture, soft-tis-
sue reconstruction to restore joint stability, endoprosthetic
removal without revision, and amputation) as the endpoint.

In the studied period, a total of 24 patients underwent
3DPPI for reconstruction for pelvic defects including the
P2 area. 9 patients were excluded: 8 for total hip arthro-
plasty revision indication and 1 for chronic congenital hip
dislocation. The final analysis included 15 patients (9
males, 6 females) with a median age of 33.9years (inter-
quartile range [IQR] 26.4-72.2) and a median body mass
index (BMI) of 20.7 kg/m? (IQR 19.0-33.3) (Table 1). The
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median follow-up period was 33.8months (IQR 24.0—
78.1), with no patients lost to follow-up.

The main indication for surgery in our cohort was malig-
nancy (n =13, 86.7%), where 8 patients had a primary bone
malignancy (3 chondrosarcoma, 3 osteosarcoma and 2
Ewing sarcoma) and 5 patients had a pelvic metastatic
lesion (3 renal cell, 1 breast and 1 testicular carcinoma).
There were 2 benign lesions (1 neurofibroma and 1 giant
cell tumour of bone) (Table 1). In these 2 patients, the extent
of bone destruction and management of the benign lesions
was comparable to a P2 hemipelvectomy, and reconstruc-
tion could not be managed with regular or modified total hip
arthroplasty techniques, hence the choice for 3DPPI recon-
struction. Clear resection margins were achieved in 12 of
the 13 malignant cases (92%) and in both benign patients. A
total of 5 patients died of disease; 2 patients with metastatic
disease from bone primary whilst 3 patients died due to
known distant primary carcinoma (2 renal-cell and 1 breast
carcinoma). 1 patient (breast carcinoma metastasis) was
known to have lung metastasis at time of surgery (Table 1).

Design and manufacturing process

The custom-made implant was designed in close collabo-
ration with the surgeon and manufactured by OSSIS
Limited (Christchurch, New Zealand), using data from
computed tomography (CT) scan of individual patient pel-
vis in 0.625—1.25 mm slices. Image segmentation and sub-
traction analysis was used to create a three-dimensional
model of the relevant anatomy (Figure 2(a)). Tumour
resection and osteotomy sites were specified by the sur-
geon (Figure 2(b)). Contralateral centre of hip rotation
(Figure 2(c)), bone anatomy and force transference were
taken into consideration during the design process (Figure
2(d)). The implant was designed to close the pelvic ring,
with fixation points to the remaining bone on at least 1
superior (ilium of sacrum) and 1 or 2 inferior flanges
(ramus inferior, ramus superior or contralateral pubis).
Porous surfaces at bony interfaces were added (Figure
2(e)). The pores had an average size of 658 um, averaging
a porosity of 73%. Multiple 5.0- and 7.3-mm titanium
alloy locking screw holes were incorporated in the flanges
with pre-planned lengths and trajectories according to CT
bone quality, expected implant loading and surgical
approach (Figure 2(f)). The final implant was 3D printed
by additive manufacturing process with electron beam
melting (EBM) using Ti6Al4V alloy powder (Figure 3). In
addition, a plastic stereolithography printed trial implant,
pelvic bone model and patient specific cutting guides were
provided for intra-operative use. The time required for
design and manufacture was approximately 2—6 weeks.

Surgical technique

All the operations were performed by 1 of 2 senior authors
of this paper (RB/PS). The procedures were carried out via

a modified iliofemoral approach with or without anterior
superior iliac spine osteotomy for abductor release. Patient
specific cutting guides were used to facilitate osteotomies
(Figure 4). The plastic trial implant was used to approxi-
mate implant positioning. The 3DPPI was secured to the
remaining bone by locking screws, using drilling guides
that provided all the pre-determined screw trajectories.
The femoral side was reconstructed with a cemented femo-
ral stem or a proximal femoral replacement (Exeter or
Global Modular Replacement System, Stryker, Mahwabh,
NJ, USA). On the acetabular side, a semi-constrained pol-
yethylene Snap-Fit cup (Bioimpianti, Milan, Italy) was
cemented into the 3DPPI acetabular dome with antibiotic
(gentamycin) loaded polymethylmethacrylate cement. The
anterior superior iliac spine osteotomy was re-attached
with 4.5mm large fragment screws. Wounds were closed
over suction drains. All the patients were admitted to the
intensive care unit. They received 6weeks thrombo-
prophylaxis (low molecular weight heparin) and antibiot-
ics in accordance with our institutional protocol. Patients
remained on bed rest until muscle control was regained.
Rehabilitation followed under physiotherapist supervision
and guidance. Figure 5 shows a postoperative x-ray of 4
patients treated with a 3DPPI.

Statistical analysis

Statistical Package for the Social Science (SPSS) soft-
ware version 23.0 (SPSS Inc., Chicago, IL, USA) was
used to perform the statistical analysis. Nominal data was
analysed as total number per group with percentages of
the total. Numeric data was calculated using the median
and its variability presented as the interquartile range

(IQR).

Results

Clinical and functional outcomes

The median surgical time was 5.5 hours (IQR 4.5-8.5) and
median estimated blood loss was 5000ml (IQR 2000—
10000). The median length of stay in hospital was 16.0 days
(IQR 16.0-73.0). Patients remained bed rest for a median
8.5days (IQR 7.0-21.0) and commenced full weight-bear-
ing after a median of 6.0 weeks (IQR 6.0-26.0). Functional
scores were obtained at the last alive time of follow-up.
The median MSTS score was 63.3% (IQR 51.7-86.7%),
the median NRS rest was 0.0 (IQR 0.0-5.0), the median
NRS activity was 2.0 (IQR 0.5-7.0) and the median
HOOS-PS (where 100% represents no limitations) was
76.6% (IQR 67.9-91.0%) (Table 1).

Complications and implant survival

4 patients had implant specific complications (n=4,
26.6%). These comprised of 1 hip dislocation (Henderson
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Figure 2. 3D computer renders for the design of a 3DPPI for a patient with a left sided pelvic chondrosarcoma: (a) frontal view
of the left hemi-pelvis, with the chondrosarcoma highlighted [red], (b) frontal view of pelvis with the planned P2-3 resection
highlighted [red], including a part of the contralateral os pubis, (c) frontal view of the pelvis with the planned centre of hip rotation
for the 3DPPI, based on the contralateral side, (d) lateral view of the completed 3DPPI design including suture holes for soft tissue
reattachment (arrows), () medial view of the 3DPI design, indicating the porous surface areas highlighted [blue], and (f) frontal
view of the pelvis with the 3DPPI in place and locking head screw locations and trajectories highlighted in green.

Images used with permission of OSSIS Limited, Christchurch, New Zealand, all rights reserved.

Figure 3. A 3DPPI used for acetabular reconstruction after resection of a P2 metastatic breast carcinoma lesion.

type la), 3 structural complications (type 3a), 1 deep infec-
tion (type 4a) and 1 local tumour recurrence (type 5b).
There were no incidences of aseptic loosening (type 2)
recorded. The hip dislocation occurred 8 weeks after sur-
gery and was managed with open reduction following

debridement of peri-articular ossifications. There was no
further dislocation in this patient at 34 months follow-up. 1
patient presented with symptomatic loosening of 2 supe-
rior ramus flange locking screws, without any radiological
evidence of implant loosening, 6 months after surgery and
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(a)

Figure 4. 3D computer renders of two patients, including the planned resection highlighted in red and the plastic 3D printed
patient specific cutting guides highlighted in orange: (a) lateral view of a pelvis of a patient treated for chondrosarcoma and (b)
lateral view of a pelvis of a patient treated for metastatic breast carcinoma.

Images used with permission of OSSIS Limited, Christchurch, New Zealand, all rights reserved.

Figure 5. Four post-operative antero-posterior x-rays of a pelvis showing the implantation of a 3DPPI for (a) P1-2-3 resection for
metastatic breast carcinoma, (b) P2-3 resection for chondrosarcoma, (c) P1-2 resection for metastatic testicular carcinoma, and (d)
PI-2 resection for recurrent Ewing sarcoma.
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Figure 6. Kaplan-Meier plot of the 3DPPI survival analysis.

was managed with replacement of the loose screws. The
same patient was diagnosed with a chronic low-grade
infection, 34 months after implantation. Radiographic evi-
dence of osteolysis around the pubic flange screws, with-
out clear loss of fixation/migration of the implant at the
ilium was observed. Surgically obtained cultures were
positive and management at last follow-up consisted of
suppressive antibiotics with implant retainment. 1 patient
presented with a symptomatic prominent pubic ramus
flange, which resolved after surgical trimming of this
flange. The same patient also suffered from S1 radiculopa-
thy, which was related to a screw compromising the S1
neuroforamen, with exchange to a shorter screw providing
immediate relief of symptoms. 1 patient treated for chon-
drosarcoma was diagnosed with periprosthetic tumour
recurrence 5 months after surgery, resulting in a hindquar-
ter amputation. This patient deceased 12 months later from
metastatic disease. 4 out of 15 implants were classified as
an implant failure, resulting in an implant survival rate of
73.3% (Figure 6).

Discussion

There have been very few studies assessing the use of cus-
tom 3D printed pelvic implants for tumour hemipelvec-
tomy.'”1%32 In our study, we specifically aimed to evaluate

this technique for reconstruction after hemipelvectomy
including the acetabulum. To our knowledge, this study is
one of the largest 3DPPI series to date in this specific
cohort of tumour patients. We believe that, based on our
short-term outcomes and when compared to international
literature, this technique shows satisfactory clinical results,
functional outcomes, complication rates and survival.

One of the biggest advantages of this technique over
existing alternatives is the individualised nature of each
implant relative to the patient anatomy and tumour con-
figuration, allowing accurate hip reconstruction.
Compared to early generation custom pelvic implants,
3DPPI incorporate an increased number of large (lock-
ing) screws for short-term fixation, porous and/or
hydroxyapatite bone surfaces for long-term osseointe-
gration and an anatomic design to reconstruct the hip
centre of rotation. Patient specific screw, drill and oste-
otomy guides and sterile bone models for intra-operative
use are often available and are intended to improve sur-
gical ease and accuracy. Furthermore, 3DPPI have
allowed for fixation to the sacrum after complete ilium
resections (through or even medial to the sacroiliac
joint), making this a universal technique suitable for
essentially all pelvic locations (P1-P4).

The median MSTS score in our study was 63.3%. This
is comparable with studies on new generation custom
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implants, that reported mean MSTS scores ranging
between 66% and 77%.'317-18 Most of the other reconstruc-
tion endoprosthesis techniques, such as pedestal cups and
non-custom modular implants, have reported comparable
or slightly lower MSTS scores, ranging between 49% and
70%.%%:12:33-36 Older generations custom implants appeared
to produce lower scores, between 37% and 70%, which
might be related to high complication and aseptic loosen-
ing rates.'*1%374 Table 2 provides a summary of the most
important results of endoprosthetic pelvic reconstruction
techniques following hemipelvectomy including the ace-
tabulum in current literature.

Patients in our study reported good HOOS-PS scores
(median 76.6%), which is in line with our observed MSTS
scores. While the HOOS-PS has not been specifically vali-
dated for patients receiving pelvic tumour endoprosthesis,
it is commonly used to assess patient’s hip function during
daily activities. This patient-reported tool was employed to
balance the use of the MSTS, which is clinician-reported
and often found to overestimate the ability of patients.*!

In our cohort, clear oncological resection margins were
acieved in 92% of cases, which is consistent with 82-98%
clear margins reported in the literature.®!216:18:343537.39
This result demonstrates that the use of patient specific
cutting guides did not compromise surgical margins in our
cohort. It also indicates there is no evident negative effect
on radicality caused by the potential longer intervals
between diagnosis and surgery (2—6 weeks to manufacture
3DPPIs) compared to the non-custom alternatives which
are usually available within a shorter timeframe.

The use of custom-made implants in pelvic oncological
surgery has been described in reports dating back to 1997.
However, most publications were related to older genera-
tion custom implants. These implants range from hand
crafted titanium implants attached to the bone with pins
and cement, to more anatomically shaped implants with
conventional screws. Significant rates of implant specific
complications were recorded, with up to 20% dislocations,
249% aseptic loosening, 33% structural complications, 56%
infections, and 50% local recurrences.'*!'3"4 More
recently in 2020, Wang et al.'® published their series of 13
patients treated with custom 3D-printed titanium pelvic
implant after tumour resection including the acetabulum.
This newer generation implant technique incorporated pel-
vic ring reconstruction, porous surfaces and locking screws
for fixation. At a mean of 27 months follow-up, they found
15% infections, but reported no dislocations, aseptic loos-
ening, structural failures or local recurrences. Our results
were in line with these results, on a similar sized group
with a comparable follow-up period and type of implant.

Reports on non-custom pelvic implants (e.g. pedestal
cups or modular endoprostheses) have reported higher
rates of dislocations (4-26%), aseptic loosening (0—-16%),
structural complications (5-21%), infections (14—47%)
and local recurrences (11-25%).6%12333¢ Nevertheless, it

must be noted that cohorts in these series are often larger,
and reported follow-up often longer. A systematic review
focussing on reconstructive techniques after periacetabu-
lar oncological resections by Brown etal.® in 2018 also
reported high numbers of complications for all types of
endoprosthetic techniques, demonstrating the complexity
of this patient cohort.

We acknowledge that our reported structural complica-
tion rate is relatively high, which might be a reflection of a
learning curve during the introduction of this technique.
Nevertheless, observed complications could be managed
with relatively simple surgical interventions. Ongoing
experience with this technique in our clinic and evolving
implant designs have resulted in reduced implant-specific
complications in more recent years.

Careful patient selection is paramount in utilising this
implant, and the indication for the use a 3DPPI in patients
with metastatic pelvic lesions should be reticent. Although
patient numbers are low, our data showed that complica-
tions and death within 2years after implantation occurred
more often in patients treated for a metastatic pelvic lesion.
It can be argued that, if in any means possible, only non-
operative palliative therapy (e.g. radiotherapy/systemic
therapy) could be considered as an alternative in non-cura-
tive patients, also from a cost-benefit perspective.
Nevertheless, continuous improvement in survivorship of
disseminated patients due to advancement in oncological
systemic therapies and decreasing cost of 3DPPI’s over time
might shift the balance even more towards long term solu-
tions such as 3DPPI.#?

We recognise that our study has several limitations.
Firstly, although meticulous chart reviews and complete
data accumulation has been pursued, the retrospective
design of this work poses the largest limitation. Secondly,
although our study reported on one of the largest groups of
3DPPI reconstructions for oncologic pelvic resection
including the P2 area, the cohort was still small. Thirdly,
there were no pre-operative functional scores available,
and functional scores were not obtained at similar follow-
up intervals, making it impossible to assess the early func-
tional outcome and its improvement over time. In adition,
5 patients had deceased within the study period and there-
fore we were not able to assess their functional scores.
Also , the 3DPPI technique itself has potential draw-backs.
In order to achieve the desired implant fit, accurately pro-
duced osteotomies that are identical to the pre-operative
plan are necessary. Intra-operative positioning of the
patient specific cutting guides can be difficult and guides
might not always fit, due to soft tissue interference and/or
a mismatch between bone surface and guide contours.
Understandably, extensive surgeon experience is crucial in
order to achieve good outcomes with this technically
demanding technique. Another draw-back is the relative
high implant cost compared to the non-custom counter-
parts. Finally, the design, production and thereby surgical
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availability of custom produced implants for tumour indi-
cations need to be fast, and a prolonged lead-time can be a
significant disadvantage in this patient group.

There are a several areas in this reconstructive tech-
nique that could be the focus of future research. In terms
of long-term implant survival, model based Radio
Steriometric Analysis (mRSA) can be of great value to
identify early migration patterns in order to predict long-
term implant fixation, as already demonstrated in pri-
mary total hip arthroplasty RSA studies.**** Furthermore,
the custom shape of the implant necessitates precise oste-
otomies to achieve ideal implant position and bone appo-
sition. Although the use of patient-specific cutting guides,
in our experience, was accurate and beneficial, osteot-
omy adjustments were required in some instances before
adequate implant positioning was achieved. Post-
operative assessment of osteotomies and implant posi-
tioning in relation to pre-operative plan could validate
accuracy of this technuque. Finally, studying the effect of
intra-operative navigation in order to improve osteotomy
accuracy, verify intra-operative implant positioning and
screw trajectories could be of value.

Conclusion

This study has shown that acceptable peri-operative out-
comes, complication rates, functional results and short-
term implant survival can be achieved in a cohort of
complex oncological patients undergoing 3DPPI recon-
struction after internal hemipelvectomy including the ace-
tabulum. However, longer follow-up is important to assess
long-term outcomes.
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