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traditional design methods that rely on fixed, homogeneous unit cell, the
Voronoi diagram enables to create imitation of trabecular structure (ITS).

The proposed approach was conducted for six patients. The entire contour
of the customised prosthesis matched well with the residual bone. The
porosity and pore size of the ITS were evaluated. The distribution of the
pore size ranged from 500 to 1400 um. Porosity calculations indicated the
average porosity was 63.13 £ 0.30%. Cubic ITS samples were fabricated for
micrograph and mechanical analysis. Scanning electron microscopy images
of the ITS samples exhibited rough surface morphology without obvious
defects. The Young’s modulus and compressive strength were 1.68 + 0.05 GPa
and 174 £ 8 MPa, respectively. Post-operative X-rays confirmed proper
matching of the customised prostheses with the bone defect. Tomosynthesis-
Shimadzu metal artifact reduction technology images indicated close contact
between the implant and host bone, alongside favourable bone density and
absence of resorption or osteolysis around the implant. At the last follow-up,
the average Musculoskeletal Tumour Society score was 23.2 (range, 21-26).
By leveraging additive manufacturing and Voronoi diagram algorithm,
customised implants tailored to individual patient anatomy can be
fabricated, offering wide distribution of the pore size, reasonable mechanical
properties, favourable osseointegration, and satisfactory function.

Introduction

The pelvis is a common site for primary
and metastatic bone tumours.'? With the
development of neoadjuvant chemotherapy as
well as the advances in imaging technology and
surgical techniques, limb salvage surgery has
become the preferred treatment modality for
most patients with pelvic tumours.* Nevertheless,
tumour resection and pelvic reconstruction
remain  challenging, especially regarding
choosing an appropriate reconstruction method.

Traditionally, orthopaedic surgeons have relied
on standard off-the-shelf implants, such as saddle
prosthesis,> ¢ ice cream cone prosthesis,” ® and
modular hemipelvic prosthesis.”!'" While these
approaches have yielded favourable outcomes in
many cases, they often fall short in reconstructing
the intact pelvic ring or transferring the
biomechanical load.”? Moreover, mismatch in
elastic modulus and limited osseointegration are
the main concerns for the durable fixation of
these dense implants.'

www.biomat-trans.com



Voronoi-based biomimetic hemipelvic prosthesis design

In recent years, the integration of additive manufacturing
(AM) technology (also known as three-dimensional (3D)
printing) with biomedical engineering has resulted in
groundbreaking advances in orthopaedics.' It is possible to
fabricate customised implants tailored to the patient-specific
anatomical.”®'® Therefore, 3D-printed customised hemipelvic
prosthesis is hypothesised as an appealing instrument
for pelvic defect reconstruction.” ' ' The anatomically
conforming shape and reasonable biomechanical load
conduction are believed to help patients obtain favourable
clinical outcomes.” In addition, AM technologies enable the
fabrication of porous Ti-6Al-4V scaffolds with interconnected
network, such as electron beam melting (EBM) and selective
lase melting. The introduction of porous structures has
drastically reduced the elastic modulus of the implant.?* !
Meanwhile, the porous structures provide spaces for bone
ingrowth, which could improve the osseointegration of
the implant.”” Following these unique features, 3D-printed
customised hemipelvic prosthesis with porous structures
has become a current popular method for pelvic defect
reconstruction.

The pore characteristics of Ti-6Al-4V scaffold have a
significant influence on bone ingrowth because of the effects
on cell adhesion and nutrient transport.” ** Therefore,
porous structure design is one of the focuses of scientists.
Several types of porous structure with good mechanical
performance have been developed, such as cubic, diamond,
face-centred cubic, body-centred cubic, and triply periodic
minimal surfaces.” * Due to their high controllability
and certain osteointegration ability, these homogeneous
porous structures are also the mainstream choice in clinical
application to create porous implants. However, the fixed
pore size and shape are quite different from the composition
of natural trabecular tissue, which is a highly irregular
porous structure.” Recently, further studies have proposed
that ideal bone tissue engineering scaffolds should simulate
the natural bone porous structure.?®* The Voronoi diagram,
a promising computational technique, has gained attention

Biomaterials Translational

due to its ability to create biomimetic structures that closely
mimic the natural architecture of bone.””** Unlike traditional
porous designs that typically employ regular, homogeneous
pore sizes, the Voronoi diagram enables to create imitation
of trabecular structure (ITS). This biomimetic approach has
the potential to provide more effective osseointegration and
reduce the risk of implant loosening over time. Nevertheless,
the study on the biomimetic design and clinical application
of customised implants using this technique remains limited.
The feasibility and clinical efficacy of this approach is
unclear.

This study introduces a novel biomimetically designed
hemipelvic prosthesis with ITS by leveraging patient-specific
anatomical data and the Voronoi diagram algorithm. Through
a series of clinical cases, the feasibility and clinical efficacy of
the proposed approach in reconstructing pelvic defects and
enhancing patient outcomes were evaluated.

Methods

Subjects

This is a retrospective study after approval by the Ethics
Committee of West China Hospital, Sichuan University,
and it was performed in accordance with the Declaration of
Helsinki as revised in 2008. The patients signed the informed
consent form before surgery. Six patients who received this
biomimetically designed hemipelvic prosthesis for pelvic
reconstruction were identified between January 2022 and
January 2023. All the patients met the following inclusion
criteria: (1) definite pathological diagnosis of primary benign
or malignant bone tumour, or solitary metastatic lesion; (2)
good response to systemic treatment; and (3) consent for using
a 3D-printed customised implant. The exclusion criteria were
(1) life expectancy less than 6 months and (2) lesions involving
important neurovascular structures. The patient’s demographic
and clinical characteristics are presented in Table 1. Each
patient underwent comprehensive imaging assessments of the
pelvis, including X-rays, 3D computed tomography (CT), and
magnetic resonance imaging.

Table 1. Demographics, clinical characteristics, and follow-up outcomes of six patients

Case Sex Age Diagnosis Enneking Operation Blood Follow-up MSTS Complication Oncological
(year) zone time (minute) loss(mL) (month) score status

1 M 55 Chondrosarcoma II+IIT 330 300 24 25 - NED

2 F 48 Metastasis 1I 358 700 22 25 - AWD

3 F 53 Metastasis T+1I+111 195 400 23 24 - AWD

4 M 67 Chondrosarcoma [+II+I1I 295 1500 18 22 - NED

5 M 45 Haemangioma [+I1+111 316 3000 20 23 DWH NED

6 F 61 Metastasis I+11+1V 314 5000 15 20 - AWD

Note: MSTS score was obtained at the last follow-up. AWD: alive with disease; DWH: delayed wound healing; F: female; M: male;
MSTS: Musculoskeletal Tumour Society; NED: no evidence of disease.

1 Orthopaedic Research Institute and Department of Orthopaedics, West China Hospital, Sichuan University, Chengdu, Sichuan Province, China; 2 Model
Worker and Craftsman Talent Innovation Workshop of Sichuan Province, Chengdu, Sichuan Province, China; 3 Tiangi Additive Manufacturing Co., Ltd,
Chengdu, Sichuan Province, China; 4 Department of Orthopaedic Surgery, Sarcoma Biology Laboratory, Sylvester Comprehensive Cancer Centre, and The

University of Miami Miller School of Medicine, Miami, FL, USA.
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Custom prosthesis design and morphological assessment
The hemipelvic prosthesis was designed individually for each
patient according to patient-specific anatomical data. Firstly,
the CT data (DICOM format) were collected and imported
into Mimics software (version 21.0, Materialise, Leuven,
Belgium) for segmenting the pelvic 3D model (Figure 1A).
Then, the osteotomy planes with safe margin were determined
based on the combined evaluation of CT and magnetic
resonance imaging (Figure 1B). Subsequently, simulating
osteotomy was performed based on the 3D model (Figure 1C).
Meanwhile, the guiding plate for bone-cutting was designed,
with its internal surface fitting the cortical bone (Figure 1D).
To formulate the preliminary shape of the prosthesis, the 3D
model of the contralateral unaffected hemipelvis was mirrored.
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Then, the prosthesis model was modified by smoothing and
incorporating specific components, such as screw holes, side-
plate, and suture holes (Figure 1E).

The ITS was created through the Voronoi diagram algorithm.
Firstly, the porous part and solid architecture were strategically
engineered in the hemipelvic prosthesis model to optimise
mechanical strength and enhance osseointegration (Figure
1F). Subsequently, the separated models were imported into
3-Matic software (version 15.0, Materialise). The function
block of the “Voronoi Based Lattice” was utilised for porous
structure creation (Figure 1G). Then, the “target pore radius”
and “thickness” were meticulously adjusted to obtain the
desired pore size. Finally, the processed models were saved as
a print file.

Figure 1. Workflow of designing the customised hemipelvic prosthesis with ITS. (A-G) Segmentation of the pelvis 3D
model (A), determination of the osteotomy planes (B), simulation of the tumour resection (C), design of the guiding plate
for bone-cutting (D), prosthesis model by mirroring the contralateral unaffected hemipelvis, followed by modifications
(E), distribution of the porous part and solid architecture within the prosthesis model (F), creation of the ITS through
the Voronoi diagram (G). 3D: three-dimensional; ITS: imitation of trabecular structure.

After the final design was completed, the overall contour of the
customised prosthesis was evaluated at the anteroposterior,
inlet, and outlet views using the 3-Matic software. Then,
the volume of the customised prosthesis was measured using
the software, which is based on the enclosed geometry of the
3D model. The porosity was calculated using the following
equation:

Porosity (%) = (V,— V,)/ V, x 100% (1)

where V and V, present apparent total volume and porous
structure volume, respectively. The pore size was evaluated by
the “pore sphere” in the unit cell of the lattice structure, which
takes the centroid of the Voronoi unit cell as the sphere centre
and the shortest distance to each beam as the radius.

Preparation of printing powder and characterisation of
the porous structure

The EBM process (ARCAM Q10plus, Arcam AB, Mélndal,
Sweden) was selected for this study due to its ability to

produce high density metal parts with excellent mechanical
properties,® which are essential for load-bearing implants
like the hemipelvic prosthesis. Before printing, Ti-6Al-4V
alloy powder (Chunli Co., Ltd., Beijing, China) suitable for
EBM process was prepared. The powder was analysed using
scanning electron microscopy (SEM) coupled with energy
dispersive spectroscopy (Zeiss Sigma 360, Carl Zeiss AG,
Oberkochen, Germany). The SEM provided detailed imaging of
the powder’s surface morphology, while the energy dispersive
spectroscopy was used to perform elemental analysis. The
particle size was determined using a laser scattering particle
size analyzer (Mastersizer, Malvern Panalytical Malvern, UK).
In detail, 500 mg of the alloy powder was prepared for the
analysis, in accordance with the instrument’s specifications.
The measurement was carried out using deionised water as the
dispersant in a wet testing setup.

Cubic ITS samples of 10 x 10 x 10 mm?® were fabricated.
The micrograph was examined through SEM (Zeiss) and
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micro-CT scanner (VivaCT40, Scanco Medical, Briittisellen,
Switzerland). The compressive experiment was conducted
using a computer-controlled electronic universal testing
machine (CMT6103, MTS, Eden Prairie, MN, USA). The
loading rate was set at 0.1 mm/min. The strain (€) was
calculated based on the displacement of the testing machine
according to the following the formula:

(%) =L/L,x 100 (2)

where: L is the displacement (the change in length of the
sample during compression), L is the original length of the
sample before compression (10 mm).

Fabrication of the customised prosthesis and clinical
application

All prostheses were manufactured by Chunli Co. After
fabrication, the prostheses underwent processing, polishing,
and cleaning to ensure they met the required specifications.
Additionally, trial models and guiding plates for bone-cutting
were fabricated using nylon powder, and resin pelvis models
were prepared to help surgical planning and ensure accurate
implant placement in surgery.

All the patients underwent surgical treatment in the
Department of Orthopaedics, West China Hospital. Under
general anesthesia, patients were placed in a lateral position
or floating position. Following the separation of surrounding
tissues, osteotomy was performed with the assistance of
guiding plate for bone-cutting. Subsequently, the accuracy
of excision was verified using a nylon trial prosthesis. Upon
satisfactory placement, the authentic hemipelvic prosthesis
was meticulously inserted into the prepared bone defect,
followed by the insertion of screws to secure the prosthesis
firmly in position. The constrained acetabular pad was then
affixed within the acetabular cup of the prosthesis, and the
proximal femoral prosthesis was implanted accordingly.
Remaining muscles were sutured to the corresponding parts
of the prosthesis through designed suture holes. Subsequently,
the incision was sutured in layers, and a drainage tube was
inserted to facilitate drainage. Surgical information, including
operation duration and estimated blood loss, was diligently
recorded for comprehensive assessment of surgical outcomes.

Follow-up and outcome assessment

Patients received monthly follow-up visits for the initial 3
months post-surgery, followed by appointments every 3
months thereafter. At each follow-up visit, a comprehensive
assessment conducted, including radiological and
functional evaluations. Specifically, X-rays were employed to
monitor the placement, stability, and alignment of the implant.
Tomosynthesis-Shimadzu metal artifact reduction technology
was utilised to assess the interface between the implant with ITS
and the host bone. Functional outcomes were evaluated using
the Musculoskeletal Tumour Society 93 score.*? Additionally,
any complications arising during the follow-up period were
diligently documented for comprehensive monitoring.

‘was

Statistical analysis
Statistical analyses were conducted utilising SPSS statistics

Biomater Transl. 2024, 5(3), 314-324
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software (version 22; IBM Corp., Armonk, NY, USA).
Descriptive statistics were used to summarise the patient
demographics, clinical characteristics, and follow-up outcomes.
These continuous variables are expressed as mean * standard
deviation (SD).

Results

Morphological analysis of the prosthesis

Figure 2A shows 3D models of the reconstructed pelvis at
the anteroposterior, inlet, and outlet views. It was observed
that the entire contour of the prosthesis matched well with
the remaining bone. The superior ramus of the pubis was
retained to reconstruct the pelvic ring. The ischial ramus was
reconstructed for patients with partial preservation of the
ischial ramus. Additionally, the prosthesis shape was modified
by reducing the ilium wing and eliminating the posterior iliac
spines when the majority of the ilium was invaded.

Figure 2B shows the prosthesis models with delicate-defined
solid architecture and porous structure. The weight-bearing
arch, superior ramus of the pubis, iliac border, plate, and nail
track were designed as solid architecture to assure sufficient
strength. With regard to the interface between prosthesis
and bone, ITS was adopted in the prosthesis to facilitate bone
ingrowth. Additionally, the non-weight-bearing area of the
prosthesis used the ITS to reduce weight. In particular, “large
pore size” (L)-ITS was used in the detached part of the gluteus
medius muscle to facilitate muscle attachment, as shown
in the green area of the prosthesis models in cases 3-6. As
illustrated in magnified 3D models, the ITS simulated the
irregular geometry of human bone tissue. The pore size of the
Voronoi unit cell was assessed through “pore spheres” analysis
(Additional Figure 1). Figure 2C presents the distribution
of the pore size of ITS, ranging from 500 to 1400 pm. The
average pore size and porosity of are presented in Figure 2D,
and E. Additionally, the distribution of the pore size among
the L-ITS is provided in Additional Figure 2, ranging
from 500 to 1900 pm. Table 2 summarises the detailed pore
characteristics of six prosthesis models. The average pore
size was 917 £ 2.0 um and 1260 + 17 pum for ITS and L-ITS,
respectively. Porosity calculations indicated the average
porosity was 63.13 £ 0.30% and 64.27 + 0.25% for ITS and
L-ITS, respectively.

Powder characterisation and porous structure

The performance of the powder is crucial in ensuring
the success of the AM process and the quality of the final
prosthesis. As illustrated in Figure 3A, the majority of the
Ti-6Al-4V powder exhibited a spherical or near-spherical
shape, which is favourable for flowability and packing. The
chemical composition of the Ti-6Al-4V powder, as presented
in Figure 3B, and C, includes relatively low concentrations
of impurities such as carbon, iron, oxygen, nitrogen, and
hydrogen, which are essential for maintaining the desired
mechanical properties of the fabricated prosthesis. Figure
3D shows the particle size distribution, with a dso (median
particle size) value of 58.8 um, indicating the median particle
size of the powder. This particle size is within the optimum
range for EBM processes.
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Figure 2. (A) Three-dimensional models of the reconstructed pelvis at the anteroposterior, inlet and outlet views. (B)
The prosthesis models with delicate-defined solid architecture and porous structure. (C) The distribution of the pore
size ranging from 500 to 1400 pm. (D, E) The average pore size (D) and the porosity (E).

Table 2. Details of the customised hemipelvic prosthesis models

Case Imitation of trabecular structure

Large pore size-imitation of trabecular structure

Distribution Average Unit cell strut Porosity  Distribution Average Unit cell strut Porosity
of the pore size pore size thickness (%) of the poresize poresize thickness (%)
(pm) (pm) (pm) (pm) (pm) (pm)

1 502-1397 917 400 63.29 - - - -

2 508-1395 914 400 62.89 - - - -

3 501-1398 919 400 63.19 505-1893 1256 600 63.93

4 500-1381 916 400 62.65 509-1897 1285 600 64.54

5 502-1391 918 400 63.43 501-1898 1248 600 64.32

6 503-1390 919 400 63.31 500-1894 1251 600 64.28

The SEM images revealed that both ITS and L-ITS samples
exhibit a highly porous architecture that closely mimics the
trabecular bone structure (Figure 4A and B). The pores
within these samples are interconnected by disordered struts.
The surface morphology of the samples exhibited a rough and
irregular texture due to partially melted particles, typical of
EBM processes. However, the L-ITS samples demonstrated
larger pore sizes, which were strategically designed to facilitate
muscle attachment in specific regions of the prosthesis. Micro-
CT scans further confirmed the porous network’s distribution
and the absence of significant defects such as cracks or
unmelted holes (Figure 4C and D). The differences in pore

size and porosity between the two samples are evident in these
images. Notably, the as-fabricated strut thickness was slightly
larger than the intended design, which is attributed to the heat
conduction effect that occurs near the electron beam path
during the EBM process. The mechanical properties of porous
structures were evaluated through the compression test. Figure
4E and F show the stress-strain curves of the as-fabricated
ITS and L-ITS samples, respectively. The elastic modulus of
the ITS samples was measured to be 1.68 + 0.05 GPa. The
compressive strength of the ITS samples was determined to be
174 £ 8 MPa. The L-ITS samples presented elastic modulus of
1.38 + 0.14 GPa and had compressive strength of 115 + 4 MPa.

www.biomat-trans.com
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Figure 3. The characterisation of the Ti-6Al1-4V powder utilised in this work. (A) Morphology; (B, C) chemical
composition; (D) particle size distribution.
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Figure 4. (A, B) SEM images of the cubic ITS and L-ITS samples. (C, D) Micro-CT scans of the cubic ITS and L-ITS
samples. (E, F) The stress-strain curves of the as-fabricated ITS and L-ITS samples. ITS: imitation of trabecular structure;
L-ITS: large pore size imitation of trabecular structure; Micro-CT: micro-computed tomography; SEM: scanning
electron microscopy.
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Clinical application and follow-up outcome

Figure 5A displays the prostheses successfully printed
by EBM. As depicted, the prostheses were intact without
obvious defects. Pre-operatively, surgeons further verified
whether the fabricated prosthesis was fitting correctly
with the pelvis model. All six patients underwent tumour
resection and received prosthesis implantation successfully

Min, L.; Ty, C,; et al.

(Figure 5B, and C). The average duration of the operation
was 301 minutes (range: 195-358 minutes), with an
average blood loss of 1816 mL (range: 300-5000 mL).
Intra-operatively, the interface of customised hemipelvic
prostheses matched the osteotomy planes. Post-operative

pathological examination showed negative surgical margins
in all specimens.

Figure 5. (A) The photographs of prostheses fabricated by EBM. (B, C) Intraoperative photographs of tumour resection
and prosthesis implantation. EBM: electron beam melting; ITS: Imitation of trabecular structure; L-ITS: large pore size

imitation of trabecular structure.

Theaverage follow-up period was 20.3 months, ranging from 15
to 24 months, with no patients of lost follow-up. Post-operative
pelvic X-rays confirmed proper matching of the customised
hemipelvic prostheses with the bone defect (Figure 6). To
quantitatively assess the accuracy of the prosthesis placement,
the hip centre of rotation was evaluated by comparing its
position vertically and horizontally with the contralateral
normal acetabulum. The discrepancy between the prosthetic
centre of rotation and the contralateral hip joint was measured.
The mean discrepancy of the centre of rotation was 5.1 £ 1.4
mm horizontally and 4.2 + 0.7 mm vertically, respectively.
This small discrepancy indicates a precise alignment of the
prosthesis. Tomosynthesis-Shimadzu metal artifact reduction
technology images indicated close contact between the implant
and host bone, alongside favourable bone density and absence
of resorption or osteolysis around the implant. Improved hip
function on the prosthetic side was evident, with high patient
satisfaction during follow-up assessments. At the last follow-
up, the average Musculoskeletal Tumour Society score was
23.2 (range, 20-25). Notably, delayed wound healing occurred
in one patient, healing after debridement. No patients of local
recurrence or tumour metastasis were observed, and there
were no prosthesis-related complications, such as aseptic
loosening or structural failure.

Discussion

Pelvic reconstruction following tumour resection presents
a significant challenge in orthopaedic surgery because of the
complex anatomy and biomechanical demands of the pelvis.
Traditional off-the-shelf implants often fail to adequately
restore the pelvic ring’s integrity although widely used.'
Additionally, issues such as elastic modulus mismatch and
limited osseointegration compromise the long-term fixation."
This manuscript introduces a novel approach utilising
biomimetic design principle and the Voronoi diagram
algorithm to develop hemipelvic prostheses with ITS. The
study conducted reconstructions for six individuals with pelvic
tumours using this type of customised prosthesis. The results
demonstrate promising feasibility and efficacy of the proposed
approach in pelvic defect reconstruction.

The customised hemipelvic prostheses can be tailored to each
individual’sunique anatomy through leveraging AM technology
and patient-specific anatomical data. Morphological analysis
results in this work revealed that the designed prostheses
closely matched the remaining bone. According to Wong et
al. study, this biomimetic contour of the prosthesis ensures
optimal fit and better biomechanical load distribution, crucial
for successful pelvic defect reconstruction.® Furthermore,

www.biomat-trans.com
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Post-operative radiology
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Figure 6. Post-operative pelvic X-rays confirmed proper matching of the customised prostheses with the bone defect.
Tomosynthesis-Shimadzu metal artifact reduction technology images of typical 2 patients two months after surgery
indicated close contact between the implant and host bone, alongside favourable bone density and absence of resorption

or osteolysis around the implant.

porous structures are often incorporated into the prostheses
to address elastic modulus mismatch and enhance
osseointegration.* ** One of the innovations of this study is
the use of the Voronoi diagram algorithm to design the porous
structure. Unlike traditional porous structures, which often
feature fixed pore sizes and shapes, this algorithm allows for
the creation of irregular porous structures.**** Magnifying 3D
models illustrated that the created porous structure was closely
mimic the natural trabecular architecture of bone tissue. To the
best of our knowledge, this is the first study about developing
customised hemipelvic prosthesis with such ITS.

It is well known that pore size plays a significant role in
osseointegration. However, previous studies have reported
very heterogeneous pore size for bone tissue engineering,
varying from 20 to 1500 pm.*>* It is generally acknowledged
that large pore size is favourable for vascularisation, and
greater than 500 pm was recommended.*' In the past few years,
the pore size of porous Ti-6Al-4V used in clinical application

Biomater Transl. 2024, 5(3), 314-324

or research has increased to 500-1500 um.*? In this work, ITS
was designed to have a larger pore size (average of 917 pum)
than desired due to the consideration of further decrease of
pores size in EBM-fabricated implants. According to “pore
spheres” analysis, the wide distribution of the pore size was
observed, ranging from 500 to 1400 pm. It is worth noting
that in addition to ITS, L-ITS was also designed in the upper
area of the prosthesis iliac in cases 3-6. These areas correspond
to the detached part of the gluteus medius muscle, and the
muscle loss could result in the patient with Trendelenburg gait
due to inadequate hip abductor movement.* It was reported
that large porous would lead to better soft-tissue ingrowth.*
Therefore, L-ITS with an average pore size of 1260 pm was set
to facilitate muscle attachment.

In particular, the micrograph and mechanical properties of the
ITS samples were investigated. SEM micrographs presented
the absence of significant defects in the as-fabricated ITS
samples, indicating good printability and reliability of the
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EBM process. It was observed that the introduction of IPS
significantly reduced the modulus of solid Ti-6Al-4V. The
elastic modulus (< 2 GPa) aligned closely with cancellous bone
(0.02 - 2 GPa).* Therefore, ITS interface in the customised
prosthesis not only had cancellous bone structure conducive
to bone ingrowth, but also with similar elastic modulus
avoiding stress shielding. With regard to the strength of ITS,
the compressive test showed that the ultimate strength of
174 MPa was close to cortical bone. Compared with ITS, the
elastic modulus and ultimate strength of L-ITS were further
decreased. It is reasonable that the larger pore size contributed
to the decrease of elastic modulus and strength under similar
porosity (63.13% versus 64.27%). Nevertheless, there were many
solid architectures in prosthesis to assure sufficient strength,
including weight-bearing arch, superior ramus of the pubis,
iliac border, plate, and nail track. These results support the
feasibility of this biomimetic Ti-6Al-4V hemipelvic prosthesis
in pelvic reconstruction.

The clinical application of the customised hemipelvis prostheses
in six patients with pelvic tumours yielded promising results.

Min, L.; Ty, C,; et al.

Actually, the importance of interface osseointegration in
ensuring implant stability has been frequently emphasised.**
Especially for the hemipelvic prostheses, simple screw fixation
may lead to screw breakage and loosening due to the shear
loading on account of the flat interface.”’ In the present study,
post-operative radiographic evaluations further confirmed the
accurate placement and stability of the implants. Additionally,
Tomosynthesis-Shimadzu metal artifact reduction technology
imagesrevealed close contactbetween theimplantandhostbone
interface, indicative of favourable osseointegration without
evidence of bone resorption or osteolysis. During the follow-
up period, there was no prosthesis-related complications, such
as aseptic loosening or structure failure. These results suggest
the feasibility and reliability of the customised hemipelvic
prostheses with ITS in clinical application. These findings
are further supported by the comparison with other studies
using different types of 3D-printed implants, as summarised
in Table 3.2 18335 The use of the Voronoi diagram algorithm
in our design achieved wider distribution of the pore size
compared to other designs.

Table 3. Previous studies on the application of three-dimensional-printed hemipelvic prosthesis

Study Porous type  Pore size Mean follow- Osseointegration Mechanical Patient-reported
(wm) up (month)  outcome stability outcome outcomes (MSTS score)
Wong etal.*® Regular 720 10 NA No loosening NA
Peng et al.”? Honeycomb like 400-450 33 NA No loosening 19.8
Xuetal.' Irregular 600 22 Good No loosening 22.0
Han et al.*° Regular 400 12 NA No loosening 16.0
Current study Voronoi-based 917 (500-1400) 20 Good No loosening 23.2

Note: MSTS: Musculoskeletal Tumour Society; NA: not available.

Several limitations of this study warrant acknowledgment.
Firstly, it is imperative to recognise that this study adopted a
retrospective design, devoid of a control group. Secondly, the
inclusion criteria comprising specific tumour types, alongside
variations in patient age and tumour staging at the onset of
treatment, might engender incomplete reporting in the study’s
conclusions. Thirdly, the duration of follow-up was relatively
short, compounded by the modest sample size of the present
study cohort. Given these constraints, the imperative for
larger-scale controlled investigations with prolonged follow-
up periods becomes apparent.

Byleveraging AM and Voronoi diagram algorithm, customised
hemipelvic prosthesis tailored to individual patient anatomy
can be fabricated, offering wide distribution of the pore size,
reasonable mechanical properties, favourable osseointegration,
and satisfactory function. Additionally, future research could
explore the application of this technology in other types of
bone reconstructions, such as long bone defects, spinal fusions,
and complex joint replacements.
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