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Abstract
Background: Percutaneous image-guided cementoplasty is a medical proce-
dure for strengthening bones structurally altered by disease, such as osteolytic
metastasis.This procedure involves injecting biocompatible liquid bone cement,
through one or more trocars into the damaged bone. Within a few minutes
the bone cement hardens and restores the rigidity of the bony structure. The
introduction of this technique in the case of large cancellous bones, such as
the pelvis, raises some practical issues such as: how to manage the flow of
cement with variable viscosity over time and how to inject a large amount
of cement under fluoroscopy to effectively restore the patient’s ability to bear
weight?
Purpose: As a means of training for young practitioners to ensure max-
imal filling of a metastatic bone area, we have designed and man-
ufactured a pelvic phantom capable of replicating cement diffusion in
healthy and metastatic bone under fluoroscopic and computed tomography
guidance.
Methods: The preliminary stage of the study consisted of an analysis of
various lattice structures, with the objective of reproducing the haptic feed-
back experienced during the needle insertion and diffusion of cement within
the trabecular bone. Cementoplasty tests were conducted by an experienced
radiologist under fluoroscopy and CT guidance to evaluate the performance
of the lattice structure. The initial analysis provided the groundwork for the
design of the phantom pelvis, which was then evaluated against a patient
case. The phantom was divided into two distinct components: a disposable
section with lattice structure, intended for the injection of cement, and a
reusable part representing the pelvic bones. Two additive manufacturing meth-
ods were selected for the production of the phantom: Stereolithography (SLA)
for the lattice structure and Fused Deposition Modeling (FDM) for the pelvic
bones. The disposable component was composed of different lattice struc-
tures, selected to best match the anatomic conditions of both healthy and
diseased areas visible on the patient images. Subsequently, the performance
of the phantom was validated against patient images through a cementoplasty
test.
Results: A total of 12 distinct lattice structures were subjected to three tests of
cementoplasty. Stochastic lattices with 500 microns beam thickness and den-
sities varying from 15% to 5% demonstrated the most effective replication of
the needle haptic feedback, as well as the diffusion of the cement into healthy
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2 SIEFFERT ET AL.

and osteolytic cancellous bone. These structures were then implanted in the
phantom and validated against one patient case.
Conclusions: A methodology to design and manufacture a phantom dedicated
to cementoplasty from patient images is proposed. Initially, a series of lattice
structures, exhibiting diverse structure types, thicknesses, and densities, were
evaluated to assess their capacity to accurately reproduce the haptic feedback
of the needle and the diffusion of cement in the trabecular bone.Subsequent to
the outcomes of these investigations, several structures were selected for the
development of a phantom capable of accurately replicating a cementoplasty
procedure under fluoroscopy and CT guidance. This phantom will enable the
training of future practitioners on the procedure of cementoplasty in the pelvis.

KEYWORDS
cementoplasty, interventional radiology, phantoms

1 INTRODUCTION

1.1 Cementoplasty of the pelvic bone

Percutaneous cementoplasty is a percutaneous image-
guided intervention, which consists of injecting an
acrylic bone cement into the bone through a dedicated
bone trocar under fluoroscopic and 3D imaging. This
minimally invasive technique has proven to be effec-
tive and safe to alleviate the pain related to some
osteoporotic fractures or bone metastases.1–3 Initially
developed for the spine, cementoplasty is increasingly
being performed in extra-spinal anatomical sites in can-
cer patients, notably the pelvis that is the second most
frequent site of bone metastases after the spine.4 In
addition to pain palliation, cementoplasty can be used
to stabilize impending/pathological fractures, either as a
stand-alone technique or in combination with screws5,6

depending on the size and localization of the target
tumor within the pelvic bone. In such case, the goal
of the intervention is to enable the patient to weight
bear rapidly without the need for an invasive open
surgical procedure.

Preclinical studies indicate that load transfer can be
restored, provided that the osteolytic areas in the pelvic
bone are filled completely with bone cement. Such opti-
mal filling is however hardly achieved in the clinical
practice in which the filling rates range between 30%
and 60%.7,8 The number of bone trocar(s) as well as
its (their) positioning, and the flow rate of cement injec-
tion may influence the diffusion of the auto-polymerizing
PMMA cement thereby leading to variable volumes
and occurrence of cement leakages for a given sit-
uation. The formation of trainees is therefore key to
ensure maximal filling of a pelvic osteolytic area as this
may translate to a better and more long-lasting clinical
result. In this perspective, the development of dedicated
pelvic bone models mimicking pathological situations is
of interest.

1.2 Pelvic phantoms

Educational phantoms are used to improve the under-
standing and the realization of a procedure by young
physicians before they come to the real clinical prac-
tice. Often produced from polymer material, phan-
toms enable easier and more repeatable clinical9 or
mechanical testing. The recent advances in three-
dimensional (3D) printing technology have enabled the
production of new phantoms generated from patient
data,10–15 capable of reproducing a range of patholog-
ical conditions10–13,15,16 and providing realistic haptic
feedback.10,13,17

Pre-clinical training and testing of injection of acrylic
cement into bone represent a specific challenge in
which bone models may be of help. Human cadaveric
specimens are perfect anatomical models but with-
out the possibility to easily simulate and reproduce
a pathological situation. Other limitations of cadav-
eric models include their limited availability18–20 and
the need to perform the intervention in a dedicated
anatomical department, which conditions differ from an
interventional suite18–20 (different room temperatures,
low-quality x-ray C-arms). Because of cost and mostly
ethical concerns, animals should no longer be used
for teaching purposes. Moreover, even large animals
like pigs do not represent valuable anatomical mod-
els. It also does not offer the possibility to replicate a
pathological situation.

Currently available bone phantoms may be inter-
esting for anatomical purposes but do not represent
realistic models for cementoplasty. They are generally
made of foam, which is not adapted to the diffusion
of bone cement, even when they are filled with open
foam cells. Given these limitations, hands-on training
of young practitioners to cementoplasty, biomechanical
evaluation and preclinical testing of various constructs
(cement injection combined or not with screw insertion
for example) are limited with current models (Table 1).
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SIEFFERT ET AL. 3

TABLE 1 Characteristics of commercial and research pelvis and spine phantoms.

Brand or
reference

Anatomical
site Pathology target

Manufacturing
process

Cementoplasty
compatibility

Sawbones L5 Vertebra None Foaming Yes

Pelvis None No

Femoral head Osteoporotic,
screw insertion

Yes

3D

Scientific

Pelvis None Foaming No

Creaplast Pelvis None Foaming No

Stefan
et al.10

Spine Osteoporotic,
trocar insertion

Fused deposition
modeling (FDM)

Not specified

Burkhard
et al.19

Spine Osteoporotic,
screw insertion

MultiJet printing Not specified

Bohl et al.32 Spine None, screw
insertion

FDM and silicon
moulding

Not specified

Li et al.33 Spine Spondylosis, facet
joint injections

PolyJet, ceramic
printing and
gelatin moulding

Not specified

F IGURE 1 Pelvis phantom splitting approach.

The objective of this work is to present our develop-
ment of a dedicated pelvic bone phantom for cemento-
plasty with three prerequisites: realistic haptic feedback
during needle insertion, reproduction of cement dif-
fusion under fluoroscopy and CT-scan in cancellous
and pathological bones, and a lower cost compared to
current models.

2 MATERIAL AND METHODS

The material and methods section is structured as fol-
lows: Section 2.1 provides an overview of the phantom
design. Section 2.2 assesses the capacity of various
lattice structures to replicate a cementoplasty proce-
dure. In the final Section 2.3, the phantom pelvis is
evaluated through a comparative analysis with a patient
case. To conduct this analysis, the structures identified
in Section 2.2 as having the most promising results
were employed in the design of the phantom. For the
study, the data from the CT-scan of one patient were
retrospectively selected and extracted from the PACS
of the institution. The patient gave informed consent for
the procedure and the use of his data during the pre-

interventional consultation. Given the very small sample
of patient and the retrospective analysis of imaging data
only,no further institutional board approval was required
by the institution.

2.1 Phantom design overview

The phantom design was generated by reconstructing
CT scan images of a patient with a metastasis in the
hip joint region. The pelvic girdle, including the sacrum
and two hip bones, was segmented using 3DSlicer21

(version 5.2.2) to generate a surface mesh in stere-
olithography (SLA) format. The mesh was then cleaned
and solidified using Creo22 (version 8.0.4.0) to obtain 3D
volumes. Since bone metastases are typically localized
in limited areas of the pelvis, the phantom was divided
into two parts: a reusable component representing the
healthy region of the pelvis and a disposable compo-
nent representing the diseased region (Figure 1). In
order to reproduce the intraosseous path employed fort
the insertion of cementoplasty needles into the pelvis,
a series of conical openings have been added to the
reusable component of the phantom. These holes allow
a needle access to the insert along an intraosseous
access with a variable angle of ±5◦.

Three-dimensional printing is an appropriate pro-
cess for the fabrication of complex structures, such as
patient-specific anatomical models. One of the most
well-known processes is fused deposition modeling
(FDM) in which a thermoplastic filament is layered
through an extrusion nozzle. This technology allows
the printing of a wide range of materials at a low
cost,23 and is particularly suited for large-volume parts.
Consequently, this process has been selected for the

 24734209, 0, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/m
p.17560 by C

ochrane France, W
iley O

nline L
ibrary on [09/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 SIEFFERT ET AL.

TABLE 2 Types of investigated lattice structures.

Type TPMS Truss

Name Giroid Diamond Primitive Arranged Stochastic

3D Shape

Abbreviation: TPMS, triply periodic minimal surface.

production of the reusable component in polylactic acid
(PLA) on a Prusa MK3.

2.2 Disposable insert representing the
diseased area

Although CT scans provide an accurate representation
of the boundaries of the patient’s bones, they lack the
requisite precision to capture the internal bony structure
in sufficient detail. It is therefore necessary to design
a specific bone model that is capable of accurately
replicating cement diffusion in bones, particularly in the
context of metastasis. For the treatment of these oste-
olytic lesions with cementoplasty, the objective of the
practitioner is to inject the maximum amount of cement
into the affected area (while preventing leakage) and
secure the cement within the healthy bone.2,24 Conse-
quently, the insert must represent both the diseased and
healthy bone in order to reflect the complete cemento-
plasty procedure, including the interdigitation between
the cement and the healthy bone.

At the macromolecular scale, bone is composed of
two principal structures: the cortical bone (outer shell)
and the cancellous bone (spongy structure). Lattice
structures are particularly well-suited for the reproduc-
tion of this architecture. In comparison to foams, they
offer the advantage of providing control over both global
and local morphology of the structure. Such control
simplifies the production of anatomical geometries and
allows localized adaptation to different patients and
pathologies. The most commonly reported lattice struc-
tures used for bone tissue engineering in the medical
field are detailed in Table 2. Giroid, diamond and prim-
itive triply periodic minimal surface (TPMS) structures
have been extensively employed as bone tissue for
implants or prostheses25,26 and more recently, for sur-
gical phantoms.19 The investigation of truss structures,
and more recently stochastic truss, as potential bone
substitutes for orthopedic applications appears to be a
growing area of interest.26–28 Stochastic truss, in par-
ticular, exhibits a structure that closely mimics that of
cancellous bone,26,28 thus offering a promising option
for our application.

F IGURE 2 TPMS lattice generated from a minimal surface,
which separates the elementary cell in two volumes A and B. TPMS,
triply periodic minimal surface.

F IGURE 3 (a) Delaunay triangulation algorithm in 2D with cell
size parametrization. (b) Lattice generated with the Delaunay
triangulation. (c) Voronoi diagram algorithm in 2D with cell size
parametrization. (d) Lattice generated with Voronoi diagram.

Lattice structures are typically composed of an ele-
mentary cell, which is then repeated periodically in
space to generate the complete structure. The elemen-
tary cell of TPMS lattices is generated from a surface
defined by a function in space.This surface is then thick-
ened in order to separate the elementary cell into two
disjoint volumes, as illustrated in Figure 2. The elemen-
tary cell of the second type of lattices considered in
Table 2 – the truss type – is an assembly of beams
in space. The spatial distribution of the beams can be
designed using a stochastic approach. In this case, the
size of the cell is determined, and an algorithm gener-
ates the lattices from a cloud of points in space. Two
generation algorithms are considered and illustrated in
Figure 3: (i) the Delaunay triangulation creates triangles
from a cloud of points such as the circumscribed circle
of a triangle does not contain any other point; (ii) the
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SIEFFERT ET AL. 5

Voronoi diagram can be obtained from Delaunay’s tri-
angulation.The vertices are generated by the centers of
the circumscribed circles of the triangles and the edges
by the medians of the triangles. Creo computer-aided
design (CAD) software has the ability to generate TPMS
or truss lattice structures with two distinct methods. For
TPMS lattice, the user defines the wall thickness and
dimensions of the elementary cells. For truss lattice, the
user defines the beam diameter and dimensions of the
elementary cell.

As previously stated, one of the objective is to mimic
osteolytic metastases. This pathology alter the struc-
ture of bones and consequently the flow of orthopedic
cement. Osteolytic metastases lead to modifications
in the trabecular bone structure: trabeculas become
thinner,29 the bone network loses connectivity29 and
the volume of bone over the total volume (BV/TV)
decreases30 resulting in a porosity increase of the
cancellous bone.

The following subsections analyze three properties of
the lattice structures to identify the one that provides
realistic haptic feedback during needle insertion, as well
as realistic cement diffusion under fluoroscopy and CT
scan. The studied parameters include the type of lattice
structure, the lattice thickness (wall or beam diameter),
and the lattice density. To produce the lattice structures,
an alternative additive manufacturing process, called
SLA, was selected for its ability to manufacture detailed
and complex structures. SLA consists in the selective
polymerization of a photosensitive resin using UV light. It
is a mono-material process,more expensive than FDM23

and which requires post processing of the printed parts
using isopropanol bath and post-curing with UV light. All
lattice structures were printed on a SLA printer Prusa
SL1S in Prusament Tough resin.

2.2.1 Lattice type

The first studied property was the type of lattice struc-
ture. The objective of this sub-study was to identify the
type of lattice structure that most accurately replicates
the injection of cement into bone (healthy or metastatic).

Five types of lattice structure were compared: giroid,
diamond, primitive, arranged truss and stochastic truss.
A simplified model, consisting of a 30 × 30 × 30 mm
cube, was created to test each structure types. In order
to isolate the influence of the lattice type, the thickness
and the density of the structures were fixed. Based on
the capabilities of the production method, the minimum
printable thickness and cell size (which define the den-
sity of the structure) was determined. Consequently, all
samples were manufactured with a beam diameter or
wall thickness of 400 microns and a cell size of 5 mm.

Cementoplasty injection tests were performed on
each sample to assess the ability of the lattice type to
replicate the cement diffusion in bone. All tests were

conducted by an experienced interventional radiologist
using the following steps:

1. Placement of the sample in the imaging device
and insertion of a 10-gauge beveled needle (Ver-
tebroplasty Needle Optimed) into the sample under
fluoroscopy and CT guidance.

2. Preparation of the auto-polymerizing and radiopaque
PMMA cement compound (Osteopal V, Heraeus
Medical) and coupling of the manual injection device
for cementoplasty.

3. Injection of the cement into the sample under
fluoroscopic control.

In order to evaluate the ability of the structure to
reproduce the cementoplasty procedure, three criteria
have been selected. The first criterion is the volume of
cement injected, which was quantified by segmenting
the cement from the CT scans of the samples. The sec-
ond criterion is the overall diffusion pattern through the
lattice structure,evaluated by measuring the dimensions
of the cylinder circumscribing the volume of cement
along the injection axis. The final criterion is a likert
scale, which was employed for evaluating the structure
that most accurately reproduces the cement diffusion
and haptic feedback during needle insertion in bone,
based on the assessment provided by the radiologist.
Furthermore, the quality of the printed lattice struc-
tures was assessed by computing the relative weight
difference between the theoretical weight of the CAD
model and the actual weight of the printed sample. All
samples were tested three times with a 5 mL injection
target, and all injections were captured using a system
combining a CT scan and a C-arm (Alphenix, Canon
Medical Systems, 120 kVp, Bone kernel, pixel spacing
0.316 mm).

2.2.2 Lattice thickness

Subsequent to the selection of the optimal lattice struc-
ture type from the tests conducted in the previous
section (results available in Section 3.1.1), the sec-
ond investigated property was the thickness of the
lattice structures. Similarly to the preceding section,
the objective was to identify the structure that most
closely reproduces the distribution of cement and haptic
feedback during needle insertion in bone.

The same simplified cubic model was selected for
the tests.The stochastic lattice structures were selected
based on prior results of Section 2.2.1. The lattice cell
size was fixed at 5 mm, and a range of lattice strut
thicknesses, including 400, 500, 600, 700, and 800 μm,
was tested.

The same protocol and measurements outlined in pre-
vious section were followed to determine the optimal
beam thickness for the selected objectives.
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6 SIEFFERT ET AL.

2.2.3 Lattice density

Following the selection of the lattice structure type and
strut thickness, the final evaluated property was the
influence of structure density on haptic feedback during
needle insertion and reproduction of cement distribution
in the healthy and diseased bone.

The cubic model described previously was selected
and filled with stochastic lattices with a thickness of
500 μm, based on experimental results from the pre-
vious section (available in Section 3.1.2). A range
of structure densities was tested, including 5%, 10%,
and 15%. The same protocols and measurements
described in previous section were employed to deter-
mine the optimal density required to achieve the stated
objectives.

2.3 Patient-specific case

The aim of this section is to evaluate the properties
of the lattice structures selected to mimic healthy and
diseased bone, based on the results of Section 2.2, by
comparing them with a clinical case. This was achieved
by comparing the injection procedures performed on
the phantom model with those conducted on a real
patient.Furthermore, this study also aims to analyze the
costs associated to the production of the phantom, thus
enabling a comparison between the economic impact of
our solution and existing alternatives.

The selected patient data in this study are identi-
cal to those described in Section 2.1. The patient was
diagnosed with an osteolytic metastasis and underwent
a cementoplasty procedure, consisting in the injection
of 14.8 mL of cement. A comprehensive data set was
available for the procedure, including fluoroscopic and
CT scan images acquired before, during, and after the
operation. Specific details were provided regarding the
volume of cement injected into the metastasis and the
adjacent healthy bone, in accordance with clinical prac-
tice. Additionally, images captured the initial angle and
depth of needle insertion, as well as the number of
needle withdrawals during the injection process.

2.3.1 Patient-specific phantom

The design and the production of the reusable compo-
nent of the phantom, representing the healthy part of
the bone, were described in detail in Section 2.1 (see
Figure 1).

The initial volume of the insert, representing the
diseased region of the pelvis, was reconstructed by
segmentation of the patient’s CT scan. With the prac-
titioner’s expertise, both metastatic and healthy bone
volume containing the cement were delineated. The
two aforementioned volumes were subsequently com-

F IGURE 4 (a) Computed tomography slice of the patient’s
diseased wing. (b) Different areas identified on the patient’s images
and the CAD volume of the insert. The green area indicates the
healthy trabecular bone, the orange color indicates the area with
partial osteolysis secondary to metastasis, and the red color
indicates the area with complete osteolysis by the metastasis. (c)
Front view of the 3D-printed insert. CAD, computer-aided design.

bined in order to generate the final volume of the insert.
Furthermore, a region of complete osteolysis by the
metastasis was also extracted from the patient CT scan
data. The final volume of the insert was displayed in
Figure 4 and contained a volume of 27.4 mL of healthy
cancellous bone, 53.6 mL of metastatic bone with par-
tial osteolysis, and 5.9 mL of metastatic bone with
complete osteolysis.

In accordance with the results of Section 2.2, a lattice
structure with variable properties was assigned to each
volume:

1. In the healthy cancellous bone volume: stochastic
lattices with a strut thickness of 500 μm and 15%
porosity.

2. In the bone volume with partial osteolysis sec-
ondary to metastasis: stochastic lattices with a strut
thickness of 500 μm and 10% porosity.

3. A void was created in the area with complete osteol-
ysis by the metastasis identified by the practitioner.

The insert was produced using the same method as
the other lattice structures described in Section 2.2,
namely on a Prusa SL1S SLA printer with the Prusa-
ment Tough resin.

2.3.2 Patient-specific phantom evaluation

The capacity of the phantom to reproduce the distri-
bution of cement within a metastasis was assessed
through cement injection, applying the same method-
ology delineated in Section 2.2.1. In this test, the
practitioner responsible for conducting the procedure
differed from the one who originally performed the
cementoplasty to the patient. However, data specific to
the patient, including the angle of insertion, depth of
penetration, and the number of needle withdrawals dur-
ing the original intervention, were employed to guide
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SIEFFERT ET AL. 7

F IGURE 5 Main steps of the cementoplasty procedure on a
pelvis phantom.

the practitioner’s actions during cementoplasty proce-
dure of the phantom. During the needle insertion phase
into the phantom (Figure 5) this data were employed to
enhance needle orientation and insertion. The targeted
amount of cement injected was identical to that of the
operated patient, i.e. 14.8 mL of cement.

The metrics employed to assess the performance of
the pelvic phantom are consistent with those adopted
for evaluating the lattice structures.They include a com-
parison of the circumscribed cylinder of the cement
injected into the phantom with that of the patient,as well
as an assessment of the quantity of cement injected.
The insert designed for the phantom included both
healthy and metastatic bone, necessitating the imple-
mentation of an additional measurement to compare
the cement distribution in the phantom with that of the
patient. Based on the practitioner’s expertise and the
CAD model of the insert, the cement in the patient
and the phantom were divided into two distinct parts:
the cement injected into the healthy bone and the
cement injected into the metastatic bone. The quality
of the insert was evaluated by computing the difference
between the theoretical weight from the CAD model with
the actual weight of the produced insert. Based on four
produced inserts, mean and standard deviation were
calculated.Finally, a comprehensive cost analysis of the
phantom was conducted. This analysis considered the
costs of materials, machines, and labor, while excluding
the costs associated with depreciation and development
time.

3 RESULTS

3.1 Disposable insert

The test results are summarized in the following tables:
the type of lattice structure in Table 3, the thickness in
Table 4, and the density in Table 5.

Each table includes the following data:

1. a photograph of the manufactured structure (row
no. 1);

2. an X-ray image captured at the end of the injection,
taken perpendicularly to the injection axis (row no. 2);

3. a scan section taken at the end of the injection, in
the plane that passes through the injection axis (row
no. 3);

4. the mean and standard deviation of the cement
volume for each sample (row no. 4);

5. the mean dimensions (height and diameter) of the
circumscribed cylinders of the injected cement (row
no. 5);

6. a likert scale for cement diffusion and needle inser-
tion, rating the structure from most realistic to least
realistic (row no. 6);

7. the mean and standard deviation of the weight differ-
ence between the CAD and the produced structure
(row no. 7).

In order to establish a comparison for the images
obtained during the tests on the lattice structures, three
patient cases are presented in Table 6. All patients
suffered from traumatic vertebral fractures and were
treated with cement injections.The cases were selected
for their concordance in the quantity of cement injected
into the cubes and the vertebrae. Furthermore, as these
patients suffered from non-pathological fractures, the
diffusion of cement in the trabecular bone was represen-
tative of that in healthy cancellous bone, thus providing
a reference for the cement distribution presented in
the results.

3.1.1 Lattice type

In the test series comparing different types of lattice
structure, the maximum quantity of injected cement
was 5.7 mL, while the minimum quantity was 1.3 mL.
Consequently, the maximum height of the cylinder was
29.6 mm, with a minimum of 11.2 mm. Similarly, the
maximum diameter of the cylinder was 41.3 mm, with
a minimum of 24.5 mm.

In the evaluation of the haptic feedback during needle
insertion, two structures were found to be of inter-
est: the diamond structure, which exhibited a higher
rigidity than healthy bone, and the stochastic struc-
ture, which exhibited a lower rigidity than healthy bone
according to the radiologist. The evaluation of cement
diffusion revealed that the stochastic lattices were of
great interest to the practitioner.The giroid and diamond
structures were also interesting from a fluoroscopic
perspective. However, it was pointed out by the practi-
tioners that all TPMS structures exhibited a too-oriented
diffusion of cement, as evidenced by the CT slices pre-
sented in the Table 3. The arranged lattice structure
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8 SIEFFERT ET AL.

TABLE 3 Cement injection results for the lattice structure type.

Giroid Diamond Primitive Stochastic truss Arranged truss

Manufactured
lattice structure

Fluoroscopy image

CT scan slice

Cement quantity (mL)

Mean 4.1 3.0 3.5 4.7 3.3

Standard deviation 2.1 2.4 3.1 0.8 0.5

Cylinder dimensions (mm)

Mean height 25.3 17.3 20.2 25.5 15.3

Mean diameter 31.5 29.5 31.7 24.9 37.4

Likert scale [0, 1, 2] 0 = Totally unrealistic 1 = Reminds of reality 2 = Totally realistic

Cement diffusion 1 1 0 2 0

Needle insertion 0 1 0 1 0

Weight difference (%)

Mean 14.6 16.7 15.2 4.5 4.5

Standard deviation 2.0 1.5 0.5 0.5 1.0

demonstrated poor cement retention, with the cement
dropping to the bottom of the cube. Lastly, the TPMS
structures revealed a higher weight difference than the
truss structures.

3.1.2 Lattice thickness

In the series of tests varying the lattice thickness, the
maximum quantity of injected cement was 7.0 mL,while
the minimum quantity was 4.1 mL. Subsequently, the
maximum height of the cylinder was 29.8 mm, with
a minimum of 12.2 mm. The maximum diameter was
33.8 mm, with a minimum of 7.7 mm.

In the assessment of cement distribution, structures
with thicknesses ranging from 400 to 700 microns were
of great interest from the practitioner’s perspective,
especially due to the cloud-like diffusion observed at
the end of the needle (visualized on the CT slices and

fluoroscopy in Table 4). The practitioner also reported
that structures with a thickness exceeding 700 microns
exhibited an excessive retention of cement on the
upper surface of the cube. In terms of haptic feed-
back, the practitioner indicated two structures that were
reproducing the haptic feedback during needle inser-
tion into healthy cancellous bone: the structures with
a thicknesses of 500 and 600 microns. In comparison,
structures with a thickness of over 600 microns were
reported to be stiffer than healthy bone, while structures
with a thickness of 400 microns was reported to be
softer than healthy bone. All stochastic lattices exhibited
a weight difference of less than 5%.

3.1.3 Lattice density

In the final series of tests varying the density of lattices,
the maximum quantity of injected cement was 6.0 mL,
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SIEFFERT ET AL. 9

TABLE 4 Cement injection results for different thicknesses of stochastic lattice.

400 𝛍m 500 𝛍m 600 𝛍m 700 𝛍m 800 𝛍m

Manufactured
lattice structure

Fluoroscopy image

CT scan slice

Cement quantity (mL)

Mean 4.7 4.2 4.2 6.5 5.3

Standard deviation 0.8 0.2 0.2 0.8 0.3

Cylinder dimensions (mm)

Mean height 25.5 28.3 26.3 23.5 16.4

Mean diameter 24.9 25.9 25.0 32.2 18.7

Likert scale [0, 1, 2] 0 = Totally unrealistic 1 = Reminds of reality 2 = Totally realistic

Cement diffusion 2 2 2 2 1

Needle insertion 1 2 2 1 1

Weight difference (%)

Mean 4.5 1.0 4.0 1.6 2.5

Standard deviation 0.5 0.5 1.5 0.8 0.9

while the minimum quantity was 2.8 mL. Consequently,
the maximum height of the cylinder was 30.0 mm,with a
minimum of 21.1 mm. Likewise, the maximum diameter
was 31.4 mm, while a minimum of 22.7 mm.

In the evaluation of cement distribution, the structure
with a density of 15% offered the most accurate repre-
sentation of the cement diffusion in healthy cancellous
bone, based on the practitioner’s assessment. The clin-
ician reported that the structure with a density of 10%
and 5% could be representative of the cement diffusion
in metastatic bone, with varying degrees of osteolysis.
In terms of haptic feedback, the practitioner indicated
that the 15% density structure was able to reproduce
the haptic feedback when a needle was inserted into
healthy cancellous bone. The structure with 10% den-
sity or below were observed to be less rigid than healthy
bone.All stochastic lattices exhibited a weight difference
of less than 5%.

3.2 Patient specific case

Figure 6 presents the 3D reconstruction of volume of
cement injected in the patient and the phantom. The
comparison between the patient case and the phan-
tom regarding the diffusion and quantity of cement
in the different parts of the bone is reported in
Table 7.

The difference between the insert’s weight measured
in CAD and the actual weight of the insert in the
patient case averaged 1.3%, with a standard deviation
of 0.9%.

The total cost including material, machine and man-
power for a reusable phantom and an insert amounted
to 48 and €34 respectively. The production cost of
the entire system (pelvis with one insert) amounted
to €82. Further details on costs were presented in
appendix.
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10 SIEFFERT ET AL.

TABLE 5 Cement injection results for different density of stochastic lattice.

5% 10% 15%

Manufactured
lattice structure

Fluoroscopy image

CT scan slice

Cement quantity (mL)

Mean 3.2 4.4 6.0

Standard deviation 0.7 0.3 0.7

Cylinder dimensions (mm)

Mean height 25.9 28.2 25.6

Mean diameter 25.4 24.3 31.3

Likert scale [0, 1, 2] 0 = Totally unrealistic 1 = Reminds of reality 2 = Totally realistic

Cement diffusion 1 1 2

Needle insertion 0 1 2

Weight difference (%)

Mean 2.5 1.7 3.1

Standard deviation 0.6 0.6 1.1

4 DISCUSSION

4.1 Disposable insert

The preliminary objective of this study was to assess
the capacity of various lattice structures to replicate
the injection of orthopedic cement into bone tissue
affected by osteolytic metastases. Three parameters
were investigated: the type of lattice, the thickness of
the structures, and the density.

The results of this study revealed that stochastic
lattice structures exhibited the closest simulation of
cement diffusion within cancellous bone. These types
of lattice structures result in a cloud-like diffusion of

cement within the insert, which is similar to the diffu-
sion observed in bones. In contrast, the TPMS structures
exhibited a more directional diffusion pattern. This
behavior can be attributed to the regular, patterned
geometry of TPMS, which are generated by the thick-
ening of a set of minimal surfaces. Consequently, the
cement can only flow along distinct paths, represented
by volumes A and B in the Figure 2.

In terms of inserts quality, the weight difference was
approximately 5% for stochastic lattices and over 10%
for TPMS structures. This discrepancy is likely due to
the capacity of the structure to remove unpolymer-
ized resin during postprocessing.TPMS structures have
partially closed cells compared to stochastic lattices,
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SIEFFERT ET AL. 11

TABLE 6 Patient data with fluoroscopy and CT images of cement injection in nonpathological vertebrae.

Patient case no. 1 Patient case no. 2 Patient case no. 3

Fluoroscopy image

CT scan slice

Cement quantity 4.0 mL 3.0 mL 3.5 mL

F IGURE 6 Injected bone cement for the patient and corresponding phantom.

which could explain this higher difference. Neverthe-
less, all structures demonstrate a standard deviation of
less than 2%, indicating that despite the introduction
of weight variations, these discrepancies are consistent
and reproducible.

4.2 Phantom pelvis

Based on the lattice analysis, a methodology for
designing a phantom from patient data was proposed
and evaluated.

Different structures have been assigned to the areas
of healthy and pathological bone identified on the
patient images. The structures replicate the haptic feed-
back during needle insertion and cement injection in
healthy and pathological bone. The phantom pelvis
can be used under fluoroscopic guidance (for needle
placement and injection) and computed tomography
(for needle placement). The methodology presented
in Section 2.3.1 allows for the development of other
metastasis scenarios, such as metastatic involvement
in the iliac wing or pubic rami. To our knowledge,
this is the first developed phantom for the training
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12 SIEFFERT ET AL.

TABLE 7 Comparative analysis of patient and phantom injection images.

Patient case Phantom

Fluoroscopy image

CT scan slice in healthy bone

Cement quantity in healthy
bone

3.5 mL 1.1 mL

CT scan slice in osteolytic
bone

Cement quantity in osteolytic
bone

11.3 mL 12.1 mL

Total cement quantity 14.8 mL 13.2 mL

Cylinder [height x diameter] 59.9×14.8 mm 58.2×13.2 mm

of practitioners for pelvic cementoplasty. As a result,
it is challenging to assess the economic impact of
our solution. Nevertheless, a total production cost of
€82 appears to be a competitive offer compared to
other anatomical pelvis models, such as the Sawbones
models, which are considered as the gold standard in
biomechanical testing.

We acknowledge certain limitations to the developed
phantom.The area corresponding to the trabecular bone
is confined to the insert and does not include all pelvic
bones, due to the selected design strategy. Further-
more, the phantom does not include the soft tissue
surrounding the pelvis, which affects both the pene-
tration of the needle into the bone and the flow of
cement (in the case of extraosseous leakage, for exam-
ple). Despite its capacity to reproduce cement diffusion,
the designed cancellous bone insert differs significantly
from the dimensions of real bone reported in the liter-
ature. Moreover, while trabecular bone is typically filled
with bone marrow, the insert used in this study was hol-
low.Our approach aimed to represent pathological bone
with a progressively less dense structure, which may

however not represent accurately all types of metas-
tases that exhibit various patterns of bone destruction
in the clinical practice. Finally, despite the large num-
ber of studied structures, only one expert practitioner
evaluated our data.

Our future research should aim to address these
challenges and explore new avenues to enhance the
understanding of pelvic cementoplasty. In particular, we
aim to extend the scope of the phantom by address-
ing additional challenges associated with the injection
of orthopedic cement into the pelvis.One of the primary
concerns is the occurrence of leaks,which our phantom
may simulate, especially extraosseous leaks that can
lead to complications involving nerves or joints.1,31 A fur-
ther emerging application of pelvic cementoplasty that
our phantom has the potential to address is the com-
bination of screws with orthopedic cement, a technique
used for the stabilization of impending/pathological frac-
tures. Various types of constructs have been proposed
in the preclinical and clinical literature but without stan-
dardization amongst publications.5,6 Ultimately, these
advancements will contribute to a more comprehensive
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SIEFFERT ET AL. 13

understanding of pelvic cementoplasty, particularly by
training practitioners to perform various procedure,
thereby improving the quality of bone stabilization and
patient mobility.

5 CONCLUSION

Despite the popularity of anatomical models in medi-
cal training, there is currently no pelvic bone phantom
specifically designed for practicing cement injection.The
first part of the study was dedicated to the analysis of
different lattice structures by varying three properties
(type,thickness,and density) to determine the structures
that most accurately reproduce haptic feedback during
needle insertion and cement diffusion in diseased and
healthy cancellous bone. The results of this analysis
were then applied in the design and manufacture of a
phantom dedicated to cementoplasty in the pelvic bone.
The current pelvic bone phantoms offer the following
capabilities: (i) adjusting the orientation and insertion of
needles into the pathological area, providing the haptic
feedback of needle penetration in healthy and osteolytic
metastasis; (ii) adapting the shape and dimensions of
disposable inserts dedicated to specific areas; and (iii)
reproducing, under fluoroscopic and CT scan guidance,
the diffusion of cement within healthy and diseased
cancellous bone.
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