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Abstract: Lung cancer screening would benefit from low-dose CT protocols optimized by means
of a highly accurate three-dimensional radiation-equivalent thoracic phantom. However, whether
three-dimensional (3D)-printed chest phantoms have been used for this purpose is unclear, as is their
current scope of application. This systematic review aims to explore the range of applications of
3D-printed thoracic phantoms, along with the techniques, materials, and anatomical structures they
replicate. Relevant articles were identified using a systematic search strategy across PubMed and
Scopus databases, based on pre-determined selection criteria. In total, 20 articles were eligible and
critically analysed, all consisting of phantom experiments. Findings reveal that a diverse range of
thoracic organs have been 3D-printed, predominantly via fused-deposition modelling incorporating
polylactic acid, however, often representing discreet or limited structures. A comprehensive radiation-
equivalent chest phantom that mimics the full gamut of thoracic structures is warranted. Most
studies are still in their preliminary testing stages, primarily assessing the feasibility of creating
morphologically accurate thoracic structures with radiation equivalence. Few studies have progressed
to explore their applications. Notably, most investigations into applications have concentrated on dose

reduction and CT protocol optimisation for cardiac purposes, rather than pulmonary applications,
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updates despite the inclusion of lung cancer nodules in some phantoms.
Citation: Silberstein, J.; Sun, Z.

Advances and Applications of Keywords: three-dimensional printing; additive manufacturing; fused-deposition modelling;

Three-Dimensional-Printed thorax; patient-derived phantom; tissue equivalence; radiation attenuation equivalence; lung cancer;

Patient-Specific Chest Phantoms in lung nodule
Radiology: A Systematic Review.
Appl. Sci. 2024, 14, 5467. https://

doi.org/10.3390/app14135467

1. Introduction
Academic Editor: Thomas Lindner

Three-dimensional (3D) printing is an emerging technology that has found application
Received: 15 May 2024 in a diverse array of medical arenas [1]. Three-dimensional printing involves the successive
Revised: 20 June 2024 layering or curing of printing materials according to a digital blueprint, to rapidly form
Accepted: 21 June 2024 an intricate three-dimensional prototype [2]. Its ability to accurately replicate anatomical
Fublished: 24 June 2024 detail has allowed it to serve as guidance for surgical planning and complement medical
education and comprehension, benefiting doctors, healthcare professionals, students, and
patients alike [1,3]. Additionally, 3D printing is invaluably used for the fabricating and
sizing of prosthetics in the maxillofacial and orthopaedic fields [4].
Customised, patient-specific models are increasingly utilised through harnessing
This article is an open access article  SD-printing technology in radiology [1]. Medical imaging datasets including computed
distributed under the terms and  tomography (CT), magnetic resonance imaging (MRI), and ultrasound (US) images are
conditions of the Creative Commons ~ converted to 3D standard tessellation language (STL) files from which the prototype
Attribution (CC BY) license (https:// 1S derived [5]. Three-dimensional printed anthropomorphic phantoms have garnered
creativecommons.org/licenses /by / attention as a cost-effective, more realistic alternative to commercial phantoms used in the
40/). medical imaging field [6].
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Commercial phantoms such as the anthropomorphic Alderson Rando phantom
and ATOM [7] have been criticised for their generalised non-personalised nature, limited
access, and high costs associated with the large machining facilities required to create
them [6]. Other commercial phantoms include simple shaped slabs made of acrylic
or ceramic materials, offering limited accuracy, and representing an expensive solution [8].
Conversely, 3D-printed phantoms, being patient-derived and precisely deposited, can
accurately mimic the true morphology and radiation-attenuating properties of humans.
A dedicated selection of materials that have similar effective atomic numbers and mass
densities to human tissues can enhance radiation attenuation equivalence, improving
the accuracy of these phantoms [9]. Thus, researchers, radiologists, radiographers,
and patients can better trust and rely on the accuracy of these phantoms in dosimetry,
quality assurance studies, and evaluating scanning protocols. Moreover, the widespread
availability of 3D printers and printing materials [10] has facilitated greater access and
faster creation of phantom models at lower costs to effectively serve the medical
imaging community.

Three-dimensional printed phantoms, including of the head, thorax, breast, lung, heart,
thyroid, vessels, pelvis, liver, spine and abdomen, have been created and investigated as
viable options for dosimetry and quality assurance purposes in medical imaging and
radiation therapy applications [6,11-17]. Others have been manufactured for optimising
medical imaging protocols such as via a coronary artery model for optimising low-dose
CT coronary angiography protocols [18], a breast phantom for evaluating MRI protocols
and quality assurance [19], a femur phantom for evaluation of noise reduction algorithms
to enable low-dose CT protocols for fracture detection [20], as well as a phantom for
optimising low-dose CT examinations to detect pelvic tumours [21].

Commercial phantoms are primarily utilized to optimize low-dose CT (LDCT) pro-
tocols for lung cancer screening [22,23]. However, these phantoms are not truly anthro-
pomorphic with regard to the condition/lesion to be identified, as is the case with 3D-
printed phantoms, which are directly derived from patient data [16]. Furthermore, despite
the multinational guidelines and evidence of the benefit of LDCT for early detection of
lung nodules and, thus, improved survival rates, many countries are hesitant to intro-
duce and engage with national lung cancer screening programs due to the increased
risk associated with higher levels of ionising radiation compared to conventional chest
X-rays [24]. With rapid advancements in CT and the evolution of advanced technolo-
gies, evaluating lower dose protocols is timely [25,26]. Using 3D-printed chest phan-
toms as an alternative to commercial phantoms may offer superior evaluation of low-
dose CT protocols for lung cancer screening. However, the development of 3D-printed
lung phantoms specifically for this purpose appears to be an area of research that is
currently unexplored.

Thus, the aim of this systematic review is to address the question: Are 3D-printed
chest phantoms currently addressed in the literature? What are the current applications of
3D-printed chest phantoms and their methods of manufacture?

2. Methodology
2.1. Search Strategy
A comprehensive literature search was conducted following the Preferred Reporting

for Systematic Reviews and Meta-Analysis Guidelines [27]. Two main databases, PubMed
and Scopus were searched using the search strategy presented in Table 1.
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Table 1. Search strategy used to identify eligible studies for inclusion in the review.

Search Strategy 1 AND Search Strategy 2 AND Search Strategy 3
3D printing OR 3D printed OR
3D-printed OR 3D-printing OR
3-D-printed OR 3-dimensional
Printing OR Three-dimensional
pr%nt%ng OR three—d%mens%onal phantom OR simulation OR
printing OR three-dimensional Model
(8D) printing OR OR Patient-repli
. . . atient-replica
three-dimensional (3-D) printer lung OR pulmonary OR construction
OR 3D printable OR 3D printer OR OR chest OR thorax OR OR desien
Additively Manufactured OR bronchial OR respiratory OR OR fabric.';gtion
Additively manufacturing OR alveoli OR Patient-specific
fused deposition modelling OR OR alveolar OR lungs OR pleura OR replica
FDM OR thoracic OR re 15: ation
OR Selective laser sintering OR re IrDo duction
OR SLS OR MultiJet printing Olfmoul 4
OR Poly]Jet Printing OR
Resin-based Vat
photopolymerization OR vat
polymerisation OR Vat
polymerization OR VPP

Search strategy 1 was used to identify studies discussing 3D printing, while search strategy 2 focused on lungs or
thoracic regions. Search strategy 3 ensured comprehensive coverage of the literature related to phantom studies.

2.2. Inclusion and Exclusion Criteria

Reports were included if they were original, full-text peer-reviewed articles, written in
English, and published in the last six years exploring the use of 3D-printed anthropomor-
phic phantoms of chest anatomy in CT medical imaging. The six-year time constraint was
applied to enable the recency of the acquired articles, especially pertinent considering the
rapid progress of 3D-printing technology within the last decade [28]. Articles were further
excluded if they were exclusively examining phantom models for radiotherapy application
with no mention of medical imaging or radiology, if they were based on modalities other
than CT, or represented phantoms that were not true-to-size replicas of human anatomy.
Furthermore, phantoms that were for surgical guidance were excluded as they most likely
do not represent true tissue radiodensities for medical imaging purposes. Grey literature
such as conference papers, letters to editors, books, practice guidelines as well as pre-prints
and case reports were additionally excluded.

2.3. Article Selection and Quality Assessment

After both databases were searched, duplicates were removed. The remaining articles
were screened via title and excluded if the title did not explicitly indicate the study was
examining phantoms or models that represent chest anatomy. Abstracts were subsequently
screened, and articles were removed if they did not indicate CT as the modality of ap-
plication. Full-text articles were then screened, and articles were removed if they did
not mention medical imaging or radiology. An additional four articles were identified as
eligible from the reference lists of the included studies. This led to a total of 20 articles
that were included in the review (Figure 1). Quality of each article was assessed using the
Crowe Critical Appraisal Tool (CCAT) v1.4, which has been validated as a comprehensive
and reliable tool for evaluating a diverse range of research designs [29].
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Figure 1. PRISMA diagram showing search strategy to identify eligible studies.

2.4. Data Extraction and Synthesis

Studies were summarised according to their purpose and applications for printing
the 3D thoracic phantoms, organs fabricated, number of pulmonary nodules, 3D-printing
method, printers, materials used, relevant findings, and country where the studies were
conducted (Table 2). Additionally, radiation attenuations were recorded for the different
materials and according to thoracic structure produced (Table 3, Figure 2).
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Table 2. Key characteristics and findings of eligible studies in the review.

3DPM/Modelling
. Country of Segmentation 3D-Printing . . 1. ey e
Article Year Study Purpose Origin Organs Software/Printer Materials Lesions Key Findings and Limitations
Costs and Time
A low-cost radiation equivalent,
commercial phantom derived with
filling materials having similar CT
FDM attenuation value to those of the real
Low-cost cardiac . 3D Shce'r ABS patient’s 1mages..Aorta, fat, anod
hantom for https:/ /www.slicer.org/, Contrast (aorta) muscle had HU differences of 8%,
[30] 2018 phan . Australia Heart accessed on 1 May 2017 . 0 —3%, and 5% relative to patient,
optimising cardiac Qil (fat) . .
CT protocols Creatbot DM Plus Jelly (muscle) respectively, representing a
P ’ USD 70 y maximum error up to 27 HU. The
12.1h phantom lacks haemodynamic flow
and was not developed from real
patients’” images. Testing scanning
protocols were not investigated.
Pulmonary arter SLS
y artery AnalyzeDirect V 12.0 Geometrically accurate, optimised
phantom with AnalvzeDi Inc. L s for PE d . ith d
simulated Pulmonary trunk (AnalyzeDirect, Inc., Lexana, 2 pulmonary protocols tor etection with dose
[31] 2019 . Australia . KS, USA) Elastoplastic . reduction by up to 80%, lacked HU
embolism for and arteries . emboli . .
.. Printer N/P equivalence test, static rather than
optimising CTPA . .
Costs N/P dynamic representing blood flow.
protocols. Time N/P
Comprehensive thoracic model, not
Feasibility of radiation and geometrically equivalent.
low-cost thoracic Bone, fat, muscle, lung, vessels, and
phantom for CT FDM lesions had HU differences of —69%,
reproducibility Lung, Fat, Muscle, inPrint, Materialise NV, . 7983 o 7.1772 o, =7 /[.” —319%, a1.1d
assessments. . PLA at varied —75% relative to the patient, respectively.
[32] 2023 USA Bones, vessels, Leuven Ultimaker 55 L 1 . .
Proposed nodules EUR 270 (AUD 450) infills Representing a maximum HU error of
application for CT up to 505 HU. Although PLA is a
. 3 days . .
quality assurance widely popular material, there was a
and dose lack of systematic assessment of recent
optimisation. materials with mixed metallic

additives for better HU replication.
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Table 2. Cont.

3DPM/Modelling
. Country of Segmentation 3D-Printing . 1. s
Article Year Study Purpose Origin Organs Software/Printer Materials Lesions Key Findings and Limitations
Costs and Time
Homogenous and heterogeneous
tumours created with varied infills
between central and peripheral
FDM aspects. Good radiation equivalence,
Low-cost Materialize Mimics Research achieving average attenuations
patient-specific 23.0 (Materialize, Leuven, ~ PLA, ASA, PETG, 12 between —100 and 100 HU,
lung tumour . - . (6 different consistent with the 17 patient
[33] 2023 Austria Lung tumours Belgium) Nylon at varied .
phantoms for Original Prusa i3 MK3S infills. samples of samples. Adequate geometrical
imaging algorithm Costs N /P 2 tumours) agreement of 97% for the 6 lesion
validation. Time N/P samples and 78% for the smaller
6 lesion samples. Smaller lesions
were less geometrically accurate due
to spatial resolution limitations of the
printer.
s Radiation equivalence of
Fg;ﬂzﬁt/yegf heterogeneous bone was achieved
skeletal thorax (—482 to 968 HU) with a single print
phantom with FDM material, facilitating a simple
realistic Materialize Mimics Research Offa kirglc;(;lorl Il:);gf/esi 71?(; d;gsre_nchi Y
heterogeneous . 21.0 software (Materialize, StoneFill PLA at 2o o I e
- . Ribs, vertebral . L for the cancellous bone of the dorsal
[34] 2022 cortical and Austria . Leuven, Belgium) varied infills and 0
column, soft tissue . : . vertebral column, vertebral body,
spongy bone Original Prusa i3 MK3S perimeters. . . .
attenuation. Costs N/P ribs, and soft tissue, respectively,
. representing a maximum error up to
a Plricégfiiendfor Time N/P 30 HU by varying infill. Cortical
Val:lJir():lation of CT bone matched patient attenuations
procedures (230910 HU) by varying number of

perimeters.
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Table 2. Cont.
3DPM/Modelling
Article Year Study Purpose C(glggi};l()f Organs Sifet%vn;i(re;?:;z::er 311\)/1-;1:2:;5% Lesions Key Findings and Limitations
Costs and Time
Feasibility of Bone meal powder,
CT-derived (ip oxy ar}d Reproduced average HU accurately.
skeletal thorax po ypll' oPy etne Dorsal vertebral column, vertebral
phantom with PolyJet in':?lteadgiil’:(l)arf d bodies and ribs had a 1.6%, —8.8%,
morphological Materialize Mimics USL 21.0, \;ero ure whi%ce and —3% HU difference between
and radiological Materialize, Leuven, Fd flexibl that of the patient, respectively, with
accuracy. . Ribs, vertebral Belgium). monlic, Texibie a maximum HU error of 19 HU.
[35] 2020 P q Austria 1 C 3 Obiet500 Agilus30 Clear 0 Lacked het b
ropose column onnex je (FLX935) for acked heterogeneous bone
applications Costs: N/P encapsulating the composition, unable to achieve
include exposure 120 h printing, >12 days Zkele talg above 705 HU, 85% geometrical
optimisation, production inteeument overlap—physical discrepancy
medical education, SUgP70 6B ' between structures due to printing in
skills practice, and supportin separate parts.
surgical guidance. pporting
material
HUs varied from patient, with lower
Feasibility of lung and higher bone/soft tissue
creating a thorax values. HU differences between
phantom based on Binder Jetting and SLS patient and phantom were 124 %,
a patient with Ribs, vertebral Materialize Mimics Gypsum (bone) 49%, —26%, and —28.6% for soft
lurI:g cancer for column, scapulae, (18.0.0.524, Materialise, Nylon (tumours, tissue, bone, lung structures and
[36] 2018 X-ray quality The soft tissue, lung Leuven, Belgium) lung structures), 3 lesions, respectively, giving an HU
analysis. Proposed Netherlands  surface, airways, Zcorp 650 and EOS Silicon Dragon error up to 221 HU. Accurate
for protocol lung blood vessels, GmbH Skin (cast for soft geometrical comparison to patient
optimisation and nodules USD 3500 tissue).
software Time N/P
validation.

image with mean differences < 1 mm
for all tissues. Multiple printed parts
assembled, posed challenge to
accuracy of spatial relationships.

Lacked aerated lung density.
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Table 2. Cont.

3DPM/Modelling
. Country of Segmentation 3D-Printing . .1 s
Article Year Study Purpose Origin Organs Software/Printer Materials Lesions Key Findings and Limitations
Costs and Time
Shape and HUs varied from
patients. Lower lung (air
representation, lack of parenchyma)
];vlﬁLgrzgzrelﬁ.e r(r; Prcl)\;g i\/I[-ID and higher vessels, bone, and soft
vessels, used for Lune vessels 3000 Visijet EX200 tlzsilflfee ietf;l:;tfloz%;ol://lailiegg U
CT image quality The M ! 3D Slicer (vessels), PMMA o o Y
[37] 2019 soft-tissue, . . 0 271.88%, and 352.38% compared to
assessment and Netherlands vertebral column https:/ /www.slicer.org/, (soft tissue), Teflon the patient for vessels. un
validating accessed on 1 May 2018 (vertebra) . ©p . s ung
reconstruction $few hundred mterstl’tlumi soft tissue, and vertebra,
. respectively, giving an error up to
methods. Time N/P 99 HU. MultiJet printing is expensive,
despite allowing high level of detail
and smooth surfaces.
Lung parenchyma of ABS
Patient-specific (=705 £ 108 HU) and TPU phantoms
chest phantoms (—630 £+ 62 HU) were within range
with lesions. FDM of patient attenuations (—600 to
Proposed for Materialize Mimics (Inc., —900 HU). Solid nodules differed
validating . Leuven, Belgium) between patients by 31% and 86% for
[38] 2020 quantitative CT South Korea I:i%&;lu?iilgﬁs’ DP200, Shindoh Co and (di ffAe ES;EiI:l[fjills) N/P ABS and TPU phantoms, respectively,
software, Y Ultimaker 3 with an error up to 85 HU. Added
calibrating CT Cost N/P artificial lesions. Bone was ignored
intensity (quality Time N/P due to higher HU requirements.
assurance), Tissue texture was unnatural due to
education. laminae from successively

layering material.
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Table 2. Cont.

3DPM/Modelling
Segmentation 3D-Printing .1 R
Study Purpose Organs Software/Printer Materials Key Findings and Limitations
Costs and Time
Patient-specific Flexible TPU Comprehensive thoracic model, HU
chest phantom (heart) was within range of normal values
with lesions of hvdro hillic for all structures except bone
realistic HU yarop (200 HU instead of >1000 HU) as the
FDM PLA + contrast
proposed for . . ) contrast was not well absorbed.
A Materialize Mimics (Inc., (bone), Cast: . .
validating Lung lobes, . ) o Attenuation differences between
tative CT lesi . b Louvain, Belgium) Silicone . doh P le f
quantitative South Korea esions, spine, rips, Stratasys Fortus 900MC and (FlexFoam-T! patient and phantom for muscle, fat,
software, CT heart, muscle, . . . skin, and solid nodules were 0%,
. . : Ultimaker S5 Series, Lesions), o aro o .
intensity skin, fat —39% 36%, and 19%, respectively.

. . Cost N/P Gel wax (fat), . . .
calibration, Time N /P Ecoflex0020 Accurate dimensions within
educational - 0.2 £ 0.18 mm. Lesions fabricated

silicone (muscle),
purposes and 1 and randomly placed, rather than
. Silicon Dragon . 1o
patient (Skin) based on real patient data. Axial slice
communication. rather than entire torso.
Reproduce an Commercial phantom derived rather
axiP:a 1 slice of a than based on real patients. Similar
commercial thorax HU achieved to commercial
hantom phantom, except bone was 160 HU
rI?) osed fé)r FDM lower, and lung 110 HU higher. All
P o E)imisin 3D Slicer PLA (infill: 95% tissues in range of human norms.
rI; dia tiong https:/ /www.slicer.org/, muscle, 30% lung), Does not differentiate between
exposures for Lune. Muscle accessed on 1 May 2023 Granite-PLA muscle and fat layers. Slight
s efé ific patient Breast%i/ssue bo,n o industrial MEX printer (3ntr (bone), PETG geometrical differences:
}rjou S t}})m t are and car til; o A2 V4; 3ntr, Oleggio, (Cartilage), ABS post-polymerisation shrinkage of
io ¢ alz:le uatel & Italy-multi-material) (breast adipose), ABS and lengthening due to
re reser?te d by EUR 39 (AUD 64—exclude = PMMA (glandular segmentation errors. Multi-material
g)mmercial y printer) breast) printer allowing 3 different materials
hantoms 58 h to be printed in one step is expensive
( repnant women and not widely available. Phantom
P ogv erweight ! fails to distinguish between cortical
e & bone, cancellous bone, and bone
individuals).

marrow.
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Table 2. Cont.

3DPM/Modelling
Country of Segmentation 3D-Printing o1 R
Study Purpose Origin Organs Software/Printer Materials Key Findings and Limitations
Costs and Time
Very similar HU to patient with an
Patient-derived error of 100-200 HU for soft tissue
low-cost FDM and bone, respectively. Strong linear
paediatric torso Lung, Soft tissue, 3D Slicer . correlation between infill density and
. PLA (soft tissues
phantom from heart, oesophagus,  https://slic3r.org/ accessed and others) CT number. Automated process
only 2 materials, USA ribs, clavicles, on 1 May 2019 . printed in one build without the
. . . . PLA-Fe (bones) at .
for CT imaging scapula, vertebral =~ Ultimaker 3 (dual extrusion) different infills need for post-processing and
assessment and column USD 160 backfilling. Only a 10 cm axial
dosimetry 1 week/~120 h cross-section was reproduced. Does
purposes. not differentiate between muscle, fat,
and skin soft tissue layers.
Coronary artery model demonstrated
. - FDM . accurate radiation equivalence,
Patient-specific . . Platinum curved 1 aro .
. Invesalius 3 (Invesalius, . within 15% of patient HUs. Protocols
3D-printed . silicone rubber . . o
. Brazil) with ASiR-V above 60% were
coronary artery Denmark Coronary arteries . . . (Ecoflex 00-35) + . . .
Dimension Elite - non-diagnostic. Embedded in an
model for CTPA Visipaque contrast . .
optimisation EUR 43 + velatine + NaCl expensive commercial phantom and
P ) 7h & with a porcine heart, not true to

patient.
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Table 2. Cont.
3DPM/Modelling
. Country of Segmentation 3D-Printing . .1 s
Article Year Study Purpose Origin Organs Software/Printer Materials Lesions Key Findings and Limitations
Costs and Time
PBP produced a significantly wider
HU range compared to VID method
and more closely resembled patient
HU’s, however, with longer printing
Propose a new times. Morphologically more similar
method of by visual inspection. Converts CT
o FDM . . . .
3D-printing N/A image directly into printer
[42] 2018 patient Chesjr using Malta N/P T-Rex 2 (Formbot) PLA instructions jco cont'rol extru§1on rate
PBP variation of Cost N /P per voxel, without intermediate step
filament extrusion - of segmentation. Phantom
) Time N/P . . . .
amount per unit dimensions and tissues included are
distance. undescribed. High enough bone
attenuation was not achieved.
Different scanners and parameters
used for patients and phantoms may
explain different HUs.
Converts CT image directly into
PixelPrint method printer instructions to contrql the
- printhead speed per voxel, without
to print COVID-19 . .
the intermediate step of
lung phantoms by . biecti diologi
modifying segmentation. Subjective radiologist
rinthead speed FDM assessment determined that there
pwith constlzmt ! N/A were non-clinically significant
[43] 2023 filament extrusion USA N/P Lulzbot TAZ 6 PLA differences (mean score difference:
Cost N/P 0.03-0.29) between real patient and
rate. Proposed for . S . .
S Time N/P phantom slices in terms of diagnostic
validation of

algorithms and
protocol
optimisation.

confidence, image contrast and
image noise (p < 0.0005, effect
size = 0.03-0.31), as well as
resolution (p > 0.05) on a scoring
scale of 1-5.
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Table 2. Cont.

3DPM/Modelling
Article Year Study Purpose C(glggi};l()f Organs Sifet%vn;i(re;?:;z::er 311\)/1-;1:2:;5% Lesions Key Findings and Limitations
Costs and Time
Evaluation of
PixelPrint method
to print COVID-19 Phantom attenuations were achieved
lung phantoms of by different volumes of filament per
different severity FDM voxel. Mean HU differences between
with accurate Lung N/A patient and phantom for lung
[44] 2022 Beometry fexture, USA (parenchyma and Lulzbot TAZ 6 PLA 0 parenchyma and vessels were within
and attenuation 15 HU. Geometrically equivalent
. vessels). Cost N/P e . .
profiles. Proposed within printer resolution error.
for protocol Strong radiomics correlation of
optimisation, CT contrast and texture between patient
research and and phantom images (r >0.95).
ground-truths for
radiomics.
Determined that the fast non-local
means filter is better than iterative
reconstruction at reducing image
noise whilst preserving contrast and
Compare the sharpness for better lung nodule
detection SLA detection. Printed the irregular shape
sensitivity of TeraRecon 3D program (USA) of the nodules extracted from real
[45] 2023 paediatric 11.mg South Korea Lung Nodules RS pro-800 PLA 3 patient data, however, lacked fprmal
nodules using Cost N/P morphological and geometrical
different image Time N /P analysis. Nodules did not reflect the
reconstruction various attenuations of the patients’
methods. nodules (—37 to 665 HU), however,

were within range (145-185 HU).
Lacked vessels and parenchyma.
Embedded into an expensive
commercial phantom.
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Table 2. Cont.

3DPM/Modelling
Article Year Study Purpose C(glggi};l()f Organs Sifet%vn;i(re;?:;z::er 311\)/1-;1:2:;5% Lesions Key Findings and Limitations
Costs and Time
Feasibility of
using low-density Phantom slices achieved good
paper and inkjet Pearson correlation of attenuations
printing to compared to patient slices
anr:umti ils}elaiid Inkjet Printing (E jS%(S):i_OZ(g)%)HIGI)nv% Parin%}il}’f:la
al;dglﬁj\ ens)d}:ﬂez ITK-SNAP (ITKSNAPorg. Kimtech Science re—chate near air E?:lselisia’lcie;3 ’
& Lung parenchyma accessed on 1 May 2021) Wipes with o
[46] 2022 as ground truths USA &P y y p 1 <—1000 HU due to limitations of
f(?r radiomics and nodules HP Deskjet 6940 potassium iodide aper substrate. Radiomic
' Cost N/P solution papet i .
Proposed for Time N /P comparisons showed a median
application of CT absolute difference of 6.1% and good
protocol morphological consensus with
optimisation and shaped features demonstrating
software <25% difference.
validation.
A patient-specific aortic dissection
3D-printed model with a TEVAR
PolyJet p
Aortic dissection 3D Slicer (version 49.0 stent was developed, having similar
phantom with el and adloilpreperic
[47] 2021 . .. Switzerland Aorta 26 July 2021; MA, USA) jet. ! 0 o ) .
situ for optimising Printer: N/P Agilus, 20% enabled by reducing kVp from
routine follow-up Cost N /P 120 to 80, whilst maintaining
CTA protocols. Time N /P diagnostic image quality. Lacked

haemodynamic flow and realistic
surrounding tissue environment.
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Table 2. Cont.

3DPM/Modelling
. Country of Segmentation 3D-Printing . .. s s
Articl Yo Study P .l O . . L Key Find d Limitat
rticle ear udy Purpose Origin rgans Software/Printer Materials esions ey Findings and Limitations
Costs and Time
A patient-specific chest phantom
ABS (skin shell), consisting of a 3D-printed skin and
Molted M3 fat shell with filling materials, similar
Method: N/P wax + CaCO3 + MgO in morphology and radiation
Development of a Mimics Research 17.0 image (Fat), attenuation properties to the real CT.
cost-effective Skin, fat, muscle, analysis software ABS-Bismuth HU differences of 25%, 30%, 20%,
48] 2019 personalised chest China lung, lesion, ribs, (Materialize, Belgium) (bones), water, 1 and 35% between patient and
phantom, scapula, sternal Printer: N/P, photosensitive agarose, phantom for fat, muscle, bone, and
proposed for dose angle printer NaCl + pearl tumour, respectively. This represents
optimisation. Cost: N/P powder (Muscle a 20 HU difference for fat, muscle,
Time: N/P and lesions), and lesion and a 55 HU difference on
foamed silica gel average for bone. Lacked
(lung). geometrical analysis as well as HU
analysis for lung tissue and skin.
Abbreviations 3DPM: three-dimensional-printing method, PE: Phantom Experiment, N/P: Not provided, 3DP: three-dimensional printing, CT: Computed Tomography, CTPA: CT
Pulmonary Angiography, FDM: Fused-Deposition Modelling, SLS: Selective Laser Sintering, MJM: Multi-Jet Modelling, PLA: Polylactic acid, ABS: acrylonitrile butadiene styrene, TPU:
thermoplastic polyurethane, MEX: Material Extrusion, PETG: Polyethylene terephthalate glycol, PMMA: polymethyl methacrylate, PLA-FE: magnetic iron PLA (composite of iron
powder and PLA), PBP: pixel by pixel, N/A: not applicable, PE: Pulmonary embolism, SLA: Stereolithography or Stereo lithography appearance, TEVAR: Thoracic endovascular aortic
repair, ASA: acrylonitrile styrene acrylate, ASiR-V: adaptive statistical iterative reconstruction-V.
Table 3. Hounsfield Units (HU) achieved for different thoracic tissues.
Article Scanner Parameters Skin Fat Muscle Ség;{‘ls::; Vessels Bone Lung Parenchyma Lung Nodules Airways Heart Breast
Alexion,
Toshiba Medical .
[30] L?gs%Ts Co 122%1:"1{ . 92(1‘1HU Jelly 25.9 HU Contrast 3543 HU
» owara,
Japan)
Siemens
Somatom Force
AT MW A s s
Erlangen,
Germ;;ny)
DS?M?TOIXS ASA (100%) 155 HU, 30 HU (97%), PLA:
(331 es‘]':n:‘e’:s g 120 kVp, —75 HU (82% infill), 10 HU (91% Infill),
C 200 mAs

Healthineers,
Germany

Nylon: 54 HU (100%), —75 HU (94%),
PETG: 227 (100%), 47 (85%)
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Table 3. Cont.

Article Scanner Parameters Skin Fat Muscle Scf;};‘ls::; Vessels Bone Lung Parenchyma Lung Nodules Airways Heart Breast
SOMATOM
Definiion A5, v StoneFill PLA
[34] Healthineers 315 m/F’ - - - - - (30-100% Infill) = —482 - - - - -
o nears: s to 968 HU
Erlangen
Germany
SOMATOM
Definition AS, Bone meal powder,
1351 Siemens 120 kVp, _ _ ~ ~ B epoxy, _ _ _ ~ ~
; Healthineers. 315 mAs polypropylene =
Erlangen 42-705 HU
Germany
Silicone Dragon
. GE Discovery B . . Skin o o Nylon = ~779 to —229 . B
[36] CT59 120 kVp 168 t0 95 HU Nylon = —632 to 50 HU (. = —130 HU) (1 = —512 HU)
(1 = —43 HU)
7 Aoshiba 120 kVp, i i i PMMA Visijet Ex200 Teflon Air . . . .
> quitio 119 £ 10 HU 104 £ 22 HU 119 £ 8 HU —985 + 18 HU
Genesis Exposure
dual-source CT .
Py 90% Infill:
. SOMATOM 50% infill: ABS —705 + 108 HU,
B8 Definition Flash, ~ 120KVP - - - - - - TPU — 630 + 62 HU ABS 68 £ 16 HU - - -
Siemens TPU 15 + 18 HU
dual-source CT o s -
3] SOMATOM 120KV Sﬂéﬁ‘:}f}f};’“ Gel wax Exi‘éll‘e‘;‘azoo . i P?X‘f‘;};:ﬁfst Silicone FlexFoam-iT! 17 FlexFoam-iT! V:~909 +18 HU, B Flexible TPU .
: Definition Flash, P 165 -+ 29 HU —160 + 21 HU 111 + 23 HU 200 + 24 HU —651 & 16 HU FlexFoam-iT! 23FR: —683 + 23 HU N/A
Siemens
GE Bright .
N ABS (adipose)
. P)
Lol Spegfe'cgiec“:ral 12%?) l:&" i i PLA (95% Infill): i 7 mﬂfggg‘i’g{lﬂ]ﬁem PLA (30%) . . i 30+ 10 HU
Boston, MA, 08s 35 £ 25 HU 700 + 50 HU —690 £ 80 HU PMMA (glandular)
95 + 15 HU
USA
Siemens 120 kVp, . . . PLA (94%) i PLA-Fe (50%) N PN . . N i
B BiographmCT 250 mAs 31 + 79 HU 1180 1107 HU PLA (46%) —417 + 434 HU PLA, 94 + 46 HU
GE Revolution
(18] GE Healthcare 100 kVp, ~ ~ ~ ~ Ecoflex, contrast, R ~ ~ ~ ~ ~
Waukesha, WI, 50-570 mA 318 &+ 4 HU
USA
2] Phillips, 120 kVp, . . PLA . PLA PLA PLA . . . .
Brilliance 64 339 mA 32 HU 139 HU 153 HU —570 HU
(4] GE é{.ewl“ﬁo“’ Not men- . B . B PLA i PLA . . ) )
iemens tioned ~3.9 4+ 186 HU ~771 4+ 34 HU
Sensation-64
SOMATOM
5] Definition AS, 80 and _ B B ~ ~ ~ _ PLA ~ ~ ~
; Siemens 100 kVp 145-185 HU

Healthineers.
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Table 3. Cont.
. . Soft Tissue .
Article Scanner Parameters Skin Fat Muscle Combined Vessels Bone Lung Parenchyma Lung Nodules Airways Heart Breast
Siemens 120 kVp, Kimtech Science . . .
B0 Somatom Force 200 mAs - - - - - - Wipes + KI —830 to 200 HU Kimtech Science Wipes + KIN/A - - -
. Siemens 120 kVp -
[47] Somatom Force 150 mAs - - - Visijet CE-NT 90.6 HU - - - - - -
Molted M3 Water, NaCl,
48] Phillips, 120 kVp, ABS CO CeO MWSX’ Agarose, pearl ~ R ABS + Bismuth Foamed silica gel Water, NaCl, Agarose, pearl powder _ _ B
Brilliance 256 260 mAs N/A o0 seHU powder, 120-300 HU N/A 17-49 HU

20-60 HU

Abbreviations—HU: Hounsfield Units, u: mean, PLA: Polylactic Acid, TPU: thermoplastic polyurethane, ABS: Acrylonitrile Butadiene Styrene, PMMA: Poly(methyl methacrylate, N/A:
not assessed, KI: Potassium Iodide, CaCOj: Calcium Carbonate, MgO: Magnesium Oxide, NaCl: Sodium Chloride, PETG: Polyethylene terephthalate glycol.
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PLA-Fe 50% Infill (Mille ot al, 2020)
Gypsum (Hazelaar et al, 2018)
StoneFill FLA 100% Infill (Hatamikia =t al, 2022)
Bone meal, epoxy, polypropolene (Hatamilda etal, 2020
Cranite FLA (Kunert st al, 2003)
Ulirawist-370 Contrast (Abdullah = al, 2018)
Ecoflex + Visipague 320 contrast { Merup ot al. 2002
ABS +Bimuth (Zhang etal., 2019}
PETG 100%: Infill (Hatamilda =t al, 2020)
Hydrophilic FLA+ Ultravist 370 contrast [35]
PLA (Shim et al, 2023)
Silicome Dragon Skin Fx Pro (Hong etal, 2023
ASA 100% Infill (Hong etal, 2020}
PLA(FEF) (Okkalidis, 2018)
PLA(FBF) (Ckkalidis, 2018)
Silicone EcoFlex200 (Hong etal, 2025)
Visijet EX200 (Hernandez-Giron e d., 2019)
PAMMA (Funertetal, 20235)
PLA100% Infill (Milke etal,, 2020}
Visijet (Wu et al, 2021)
ABS 90% Infll (Hongetal, 2020)
Water, NaCl, Agaroca, Fear Fowder (Zhang etal, 2019}
MNylom 100% Infll {Hatamilda stal, 2000%
PETG 85% Infill (Hatamdlda etal, 2020)
PLA95% Infill (Kunert etal, 2023}
FLA(FBF) (Okkalidis, 2018)
PLA 4% Indll (Mille & &, 2020)
ASA 97% Infll (Fatamikia e ., 2020)
Telly {Abdullah etal, 2018}
Water, NaCl, Agarose, Pead Powder [49]
TPU30% Infll (Fong et al, 2020)
PLAS1%infl (Hatamilda etal, 2020}
PLA(FEF) (Shapira & &, 2023
ARS 100% Infll (Kunert et al, 2023)
Silicone Dragon Skin (Hazdaar e dl., 2018)
Nylon 94% Infill (Hatamikia etal, 2020)
PLAB2% Infill (Hatamikia stal, 2020)
Ol { Abdullah etal, 2018)
Malted M3 Wax, CaCO8, MgO (Zhang etal, 2015)
FLAL100%: Infill {Cavaliere stal, 2003)
Gel Wax (Hong et al, 2023)
PLAT0 Infill (Cavaliers etal, 2023)
PLAAZS% Infll (Cavaler ef a, 2023
PLA 46% Infill (Cavaliers ot al, 2023)
PLAEE% Infll (Cavaliars ot al, 2023)
Ston<Fill FLA 20% Infill (Aldesari 2t al, 2015)
Nylon (Hazelaar etal, 2018)
FLA(FBF) (Okkalidis, 2018)
TFU50% Infll (Hong et al, 2020)
Nylon (Hazelaar stal, 2018)
Silicone FlexFoam-iT! 17 (Hong etal, 2003)
PLA40% Infill (Cavaliere et al, 2023)
Silicone FlexFoam-T! 23FR (Hong et al, 2023)
PLA30% Infill (Kunert etal, 2023)
ABS 0% Infll {Hong etal, 2000)
FLA(FEF) (Shapira etal, 2022)
Nylon {Hazelaar etal, 2018)
imfech Sdence Wipes + potassium iodide (Wang etal, 2027)
Silicone FlexFoam-T! V (Honget &, 2023)
PLA 10% Infill (Cavaliers ot al, 2023)

Materials

500 1000 1500

g

-1000

Hounsfield Units (HU)

Figure 2. Range of materials with radiation attenuations (HU) representing different thoracic struc-
tures [18,31-42,44,45,47-49].

3. Results

Five hundred and thirty-two studies were initially retrieved and after review, twenty
studies met the selection criteria for inclusion in the analysis as demonstrated in Figure 1.
Table 2 lists the study characteristics of these 20 studies from year of publication to study
design and key findings.

3.1. Three-Dimensional-Printing Thoracic Organs

Articles were found to print different thoracic structures, such as lungs [32,36—41,44,46,48],
nodules [32,33,36,38,39,45,46,48], vessels [18,30,32,36,37,39,41,42,44,47], heart [39,41], air-
ways [36], breast [40], muscles [30,32,39,40,42,48], skin [39], fat [30,32,39,48], and bones of
the thorax [32,34-37,39-42,48]. Lungs were the most common thoracic organ printed, with
11 articles (55%) modelling them.
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3.2. Three-Dimensional-Printing Methods

Fused-deposition modelling (FDM) was the most widely applied printing method
for developing 3D-printed thoracic phantoms reported in the literature [18,30,32-34,38—44]
(Figure 3).

3D PRINTING METHODS

mFDM mSLS mPolylet Inkjet mMultiJet mSLA mBinder Jetting

Figure 3. Three-dimensional-printing methods for creating chest phantoms. Note: Poly]Jet differs
from MultiJet by having more than one printhead, enabling multiple materials in a single print.
SLA—stereolithography, FDM—Fused-Deposition Modelling, SLS—Selective Laser Sintering. Binder
Jetting involves the jetting of a liquid adhesive onto a bed of ceramic or gypsum powder [49].

The range of materials utilised for 3D-printed thoracic models and their corresponding
radiation attenuations are illustrated in Figure 2. Fifty percent of the studies employed poly-
lactic acid (PLA), making it the most common printing material used [32-34,39-42,44,45].
Studies incorporated high-density additives to materials in order to replicate bone struc-
tures, including PLA with iron, StoneFill PLA, granite-PLA, ABS with added Bismuth,
contrast, and bone meal powder added to polypropylene and epoxy resin. These achieved
Hounsfield units ranging between —482 and 1180 HU [32,34-37,39-42,48] (Figure 2,
Table 3). Lower-density tissues such as fat and lung parenchyma were produced with low
infill ratios of polymer materials, intrinsically low-density materials including TPU, Nylon,
and silicone foam as well as low-density paper [32,46,48]. Radiation densities ranged
from —160 to —60 HU for fat, —469 to 111 HU for muscle, and —933 to —417 HU for lung
parenchyma [32,36,38—42,44,46] (Table 3, Figure 2).

3.3. Purposes of 3D-Printed Chest Phantoms

Seven out of the twenty studies investigated and assessed the application of 3D-printed
chest phantoms for specific purposes. This included optimising CT pulmonary angiography
protocols [18,31] and optimising CT angiography (CTA) post thoracic endovascular aortic
repair (TEVAR) [47]. Four out of these seven studies utilised the 3D-printed thoracic replicas
for quality assurance purposes, encompassing CT reproducibility assessments [32], X-ray
image quality analysis [36], validating segmentation, and image registration algorithms [33],
as well as comparing image reconstruction algorithms to enhance the detection sensitivity
of paediatric lung nodules [45].

In contrast, the majority of studies (60%) solely investigated the feasibility of 3D print-
ing for creating radiation-attenuating equivalent thoracic phantoms, without analysing
them for direct application [30,34,35,37-41,43,44,46,48]. Despite not directly assessing
these applications, studies suggested the utility of their 3D-printed thoracic phantoms for
optimising CT protocols to reduce dose [30,32,35,36,41,43,44,46,48], evaluating protocols
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for under-represented groups including infants and pregnant woman [40], quality assur-
ance [32,37-39,41], validating CT software and procedures [34,36-39,43,46], and serving as
ground truths for radiomics [43,46] and CT research [44], as well as supporting anatomy

education, surgical guidance, and patient comprehension [35,38,39].

3.4. Quality of Studies

All 20 eligible studies were phantom experiments of varying quality, ranging from
poor (49%) to excellent (86%) quality as assessed by the Crowe Quality Assessment Tool
(Figure 4) [29]. Most studies (n = 13) rated good (60-79%) [18,30,32-35,37-40,42,46,48],
followed by excellent (80-100%, n = 5) [31,36,41,43,47], with only one rating poor [44] and

one as moderate [45] (Table 4).

Description of item

[ Present; ® Absent; B Not applicable]

Preamble
Text 1. Sufficient detail others could reproduce O Preamble
2. Clear/concise writing O, table(s) O, diagram(s) 4, figure(s) O score
Title 1. Includes study aims 1 and design O
Abstract 1. Key information 0
2.

Balanced O and informative O

Introduction

Sample size

Sample size 0, how chosen 0, and why O
Suitability of sample size O

Sampling protocol

Target/actual/sample population(s): description 1 and suitability 1
Participants/cases/groups: inclusion O and exclusion O criteria
Recruitment of participants/cases/groups O

N N e et 2

Background 1. Summary of current knowledge O Introduction
2. Specific problem(s) addressed U and reason(s) for addressing U score
Objective 1. Primary objective(s), hypothesis(es), or aim(s) U
2. Secondary question(s) O
Design
Research design 1. Research design(s) chosen O and why O Design
2. Suitability of research design(s) O score
Intervention, 1. Intervennon(s)/treatment(s)/exposure(s) chosen O and why O
2. Precise details of the intervention(s) (Q for each group O
Treatment, EXposure 3. Intervention(s)/treatment(s)/exposure(s) valid 1 and rehable a
Outcome, Output' 1. O s)/output(s)/predictol ire(s) chosen 0 and why O
: 2. Clearly define /output(s)/p edictor(s, T )a
Predlctor, Measure 3. Outcome(s)/output(s)/predictor(s)/measure(s) valid O and reliable O
Bias, etc 1. Potential bias 0, confounding variables 0, effect modifiers 0, interactions O
2. Sequence generation U, group allocation 0, group balance 0, and by whom O
3. Equivalent treatment of participants/cases/groups O
Sampling
Sampling method Sampling method(s) chosen 0 and why O Sampling
Suitability of sampling method O score

Data collection

Collection method

Collection method(s) chosen O and why O
Suitability of collection method(s) O

Collection protocol

Include date(s) O, location(s) O, setting(s) 0, personnel 0, materials O, processes 0
Method(s) to ensure/enhance quality of measurement/instrumentation O
Manage non-participation O, withdrawal O, incomplete/lost data O

DN AN

Data collection
score

Ethical matters

Consideration of alternative explanations for observed results O
Account for bias O, confounding/effect modifiers/interactions/imprecision O

Generalisation

Consideration of overall practlcal usefulness of the study O
Description of ger (external validity) of the study O

Concluding remarks

Highlight study’s particular strengths O
Suggest steps that may improve future results (e.g. limitations) O

A N I B ST

Suggest further studies O

Participant ethics 1. Informed consent 0, equity O Ethical matters
2. Privacy O, cc onymity O score
Researcher ethics 1. Ethical approval 4, funding O, conflict(s) of interest O
2. Subjectivities O, relationship(s) with participants/cases 1
Results
Analysis, Integration, 1. A.Ll. method(s) for primary outcome(s)/output(s)/predictor(s) chosen U and why O Results
: 2. Addmonal A LI meihods (e g. subgmup analyS|s) chosen O and why O score
Interpretation method 3. ly Vinterpretation method(s) O
Essential analysis 1. Flow of pammpantslcases/groups through each  stage of research O
2. Demographic and other char i of participar groups 1
3. Analyse raw data 0, response rate U, non-participation/wi /lost data O
Outcome, Output' 1. Summary of results O and precision O for each outcome/s
" . 2. C ation of \arms O, ui d results O, prol
Predictor analy5|s 3. Description of outlying data (e.g. diverse cases, adverse effects, minor themes) O
Discussion
Interpretation Interpretation of results in the context of current evidence U and objectives O Discussion
Draw inferences consistent with the strength of the data O score

Figure 4. Critical Appraisal tool used to determine the quality of studies [29]. Reprinted with
permission from Crowe et al. [29]. Note: one assessor rated the quality of studies according to this
appraisal tool. Sampling section was removed due to the nature of the study designs being single

phantom experiments.
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Table 4. Quality assessment scores according to the Crowe Critical Appraisal Tool (CCAT) v1.4.

Article Preliminaries Introduction Design Co:?:ct:ion Etl;ic;é?;:ilticts Results Discussion Total
[30] 4 4 5 2 4 4 3 %g 4/023
[31] 4 5 4 3 5 4 4 %89 3/0?5
[32] 4 5 4 3 5 3 3 %777(0/30 ?
[33] 4 5 3 3 5 2 5 %777/(%
[34] 5 5 3 3 5 2 3 %764/055
[35] 5 5 3 2 5 4 3 %777/0/30 ?
[36] 5 5 4 3 5 3 5 ?5(3) 6/0:23
[37] 5 5 4 4 2 2 5 %777/0?5
(3] 5 2 4 4 4 2 3 o
[39] 5 4 4 2 5 2 4 %;’ 4/(%
[40] 4 5 4 3 4 3 4 %777/035
[41] 4 5 4 4 5 3 4 %33//3 ?
[18] 4 5 3 3 4 2 4 %751/ 02?
[42] 3 4 3 3 4 2 4 %2 6/"?3
[43] 4 5 3 5 4 3 5 %89 3/0/30 ?
[44] 3 2 2 3 4 2 1 219/0;:?
[45] 4 4 3 2 2 2 3 %E?;"Z?
[46] 5 4 2 3 2 2 4 %23/ 0/30 ?
[47] 5 5 3 4 5 3 5 :())5(3) 6/(’2?
[48] 5 5 4 2 5 2 3 %764/035

Articles were scored using a scale from 0 to 5, with 0 indicating unacceptable, 1-2 indicating poor, 3 indicating
moderate, 4 good, and 5 excellent according to the criteria described by Crowe, Sheppard, and Campbell [29]. The
scores were summed, giving a total quality indicator ranging from 0 to 20%, which was considered inadequate,
20-50%: poor; 50-60%: moderate; 60-80%: good; and 80-100%: excellent quality.
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4. Discussion

Analysis of the 20 studies included in this review demonstrates several key findings.
Firstly, 3D-printed phantoms can produce similar morphology and attenuations to human
thoracic tissues, on the premise that dedicated material and printing parameters are selected.
This offers a promising avenue for precise, cost-effective alternatives to commercially avail-
able anthropomorphic phantoms. However, this review reveals that the field of 3D-printed
thoracic phantoms is in its infancy, with most studies still focused on testing the feasibility
of this approach through material experimentation to correlate with tissue-radiodensities,
aiming to create radiation-equivalent phantoms [30,34,35,37—41,43,44,46,48]. A few studies
have progressed to application stages, having validated radiation equivalence [18,45,47,50],
and possible applications include using phantoms for quality assurance of medical imaging
equipment, optimising imaging protocols, radiomics, and software validation, as well as
complimenting anatomy education and as practice tools for surgical guidance. Addition-
ally, most studies are single phantom experiments, warranting a broader research base
and larger sample size of thoracic phantoms with similar designs tested on a range of
patients. Furthermore, phantom results need to be verified against real patients before
clinical implementation can be confidently pursued.

4.1. Quality of Studies

The quality of studies was found to be predominantly good, scoring in the 60-79%
quantile of the Crowe Quality Assessment bracket. However, most studies scored poorly
in their results section, averaging 2/5, demanding further research with stronger method-
ological rigour. Studies tended to lack statistical analysis to corroborate their findings. For
example, most studies claimed radiation equivalence of their phantoms to patients; how-
ever, they did not conduct any tests to confirm equivalence [18,30,32-36,38-42,44,45,48].
Studies were additionally biased by evaluating their phantom attenuations using different
CT scanners and protocols to their patient counterparts [34,36,37,39,42,45-47]. Controlling
these parameters is paramount as HU values are influenced by different scanners and
different voltages [51]. X-ray attenuation not only depends on the physical density and
effective atomic number of the material but also on the energy of the X-ray photons [52].
Materials with a low effective atomic number, such as adipose tissue, exhibit increased
Hounsfield Units (HU) with higher energy photons. Conversely, materials with a higher
effective atomic number, such as bone and calcium, exhibit lower HU with higher energy
photons due to the greater ease with which the X-ray beam penetrates them, diminish-
ing photoelectric absorption [48,51,52]. Appreciably, sourcing the exact scanner poses a
practical challenge, given the diverse brands and types available.

Studies were also limited by not detailing phantom costs and printing times. Only six
studies reported costs, ranging from AUD 64-5500 [18,30,32,37,40,41] and seven studies
reported manufacturing time, ranging from 7 h to 12 days [18,30,32,35,40,41,44]. Future
studies should prioritise transparency by thoroughly documenting their research method-
ologies, allowing for replication and validation. Although there is limited transparency
regarding costs, the reported expenses are notably more affordable than commercial an-
thropomorphic phantoms, which can reach exorbitant prices upwards of AUD 40,000 [53].
This, coupled with the growing accessibility of 3D printers and printing materials to the
general public, makes 3D-printed phantoms an attractive option [8].

4.2. Three-Dimensional-Printing Methods and Materials

Most studies printed thoracic models using FDM, involving the additive layering of
melted thermoplastics extruded through a heated nozzle onto a printing bed [11]. The
popularity of FDM technology can be attributed to the wide availability of commercially
available thermoplastic printing materials [8] as well as the growing body of evidence
investigating different additives and composite materials in attempts to broaden the profile
of radiodensities they can mimic [10,54,55]. Furthermore, FDM printers are cheaper and
more widely available compared to other printing technologies [28,56].
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Studies in this review utilised FDM through three primary methodologies: 1. adjusting
infill ratios to tailor radiodensities for specific tissue types [32-34,38-41], 2. Modifying
the volume of extruded filament and adjusting extrusion rates per voxel [42-44], and
3. crafting skin and external organ shells to encase filler materials of dedicated densi-
ties [18,30]. Manipulating the infill ratio is advantageous because it allows for the use of
fewer material types. Some studies opt for a single material, simplifying the process and
reducing costs [32,34,41]. However, this challenged the achievement of radiation equiva-
lence, requiring higher atomic additives for better HU replication [32]. The pixel-by-pixel
method introduces a unique approach to 3D printing by removing the requirement to
segment DICOM images [42,44]. Instead, CT intensities are directly translated into G-code
representing printer instructions of varying extrusion volumes or speeds, allowing for
heterogenous densities, with a wider range of attenuations [42—44]. Regardless, printing
times were longer for the pixel-by-pixel method, and the G-code is proprietary, with one
study demonstrating poor methodological quality [44]. This was due to the absence of
statistical analysis, lack of detailed information including costs and scanning parameters,
measurement bias involving a single assessor, and concluding statements that extended be-
yond the scope of the study (Table 4). However, the direct conversion from DICOM image
to printer instructions likely improves spatial resolution, due to avoiding the subjective
contouring and inaccuracies of manual thresholding during segmentation and associated
partial volume effects [57,58].

FDM was critiqued by the literature for causing spatial mismatches between patient
and phantom replicas because of post-polymerisation shrinkage and small build platforms
requiring assembly of printed parts [35,36,40]. This is an already established drawback
of FDM polymer materials, whereby warping and cracking of the material accrues after
cooling, leading to rough surface finishes [8]. Potential oozing of heated remnant material
from the nozzle onto the printed surface can exacerbate geometrical errors [42]. Moreover,
FDM applies thicker layers of printed material, resulting in a z-axis resolution typically
ranging between 0.1 and 0.5 mm [49], which can produce stair-step deformities [38,59].
Consequently, FDM printers exhibit lower resolution compared to other printing methods,
such as Material Jetting (Multi/Poly]Jet), stereolithography (SLA), and Selective Laser
Sintering (SLS), which offer comparative resolutions in the range of 0.02 mm and create
smoother finishes [49,60]. FDM prints are also limited by shell artifacts, whereby sudden
transitions in attenuation at the rim of the printed parts limit the realism of homogenous
tissue backgrounds. Furthermore, an infill percentage below 40% results in visible and
unrealistic print patterns on CT [22].

Material Jetting uses an inkjet head to successively eject droplets of photopolymers
that are selectively cured using ultraviolet light to build a 3D construct. SLA selectively
cures a vat of photocurable resin [8], while SLS employs a laser to selectively fuse regions
of a powder bed [59]. Finer spatial resolutions may explain why studies utilised these
methods predominantly for printing small nodules [36,45,46] and underlay the challenges
Hatamikia et al. [33] faced in replicating accurate geometries of smaller lung nodules when
employing FDM printing methods. Nonetheless, studies that utilised material jetting and
SLS suffered from longer printing times, expensive resources, and laborious modelling
steps due to requiring supporting materials with subsequent removal [35-37]. The limited
selection of photopolymers available additionally constrains the range of radiodensities
achievable with these methods [2]. The advantages and disadvantages of a selection of
materials investigated in this review are presented in Table 5.
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Table 5. Comparison of 3D-printing materials presented in this review.

Material (Printing Method)

Advantages

Disadvantages

PLA (FDM) Low melting point [59] Brittle [59]
Simple print process [32] Rough surface finish [59]
Non-toxic and biocompatible [59] Surface texture is unnatural due to
Rigid and strong [60] laminae or stair-step appearance [43]
Wide variety of colours [59] Low heat resistance—can warp and
Inexpensive and highly available [59]  melt under sun exposure [61]
Suitable for soft tissue and muscle Prone to oozing effect [61]
replication as exhibits radiodensities =~ FDM requires removal of supporting
between 32 and 185 HU at 100% material for overhanging parts [62]
infill [40,42,45]

ABS (FDM) Relatively low attenuations, making it ~ Prone to shrinkage and warping
suitable as a surrogate for adipose during cooling after the print [40]
tissue [40] Requires removal of supporting
Tough, and impact resistant, makes material for overhanging parts [62]
for robust moulds to encase filler Toxic [28]
materials [39] Affected by humidity [28]

TPU (FDM and SLS) Flexible polymer [63] TPU used with FDM printers is not

Low radiodensities of around

—200 HU, suitable for representing
subsolid, minimally attenuating
lesions [38]

Higher resolution enabled with SLS
as compared to FDM printing [63]

functionally strong as compared to
SLS [63]

Nylon/Polyamide 12 (SLS)

High-detail resolution and strength.
Suitable for small structures requiring
low radiodensities (~—700 to

—130 HU) [36]

Does not require supporting material
due to free powder acting as the
supporting material [36]

Free unsintered powder may remain
trapped in parts of the model [36]
High-cost printers [36]

Prone to thermal distortion [36]
Rough and grainy surface finish [36]

PETG (FDM)

Suitable for cartilage tissue,
exhibiting ~170 £ 20 HU [40]

Simple to print, flexible and

strong [60]

Glossy and smooth surface finish [60]
Negligible warping [60]

Water resistant [60]

Easily scratched and absorbs
moisture [59]

Can produce thin hairs on the surface
due to stringing (oozing material) [60]

Vero PureWhite (PolyJet)

Rigid radiopaque photopolymer [64]
Fine resolution and accuracy [64]
Durable [64]

Suitable for moulds encapsulating
materials [35]

Brittle [64]

Filaments doped with high-density
additives—StoneFill PLA, PLA with iron,
granite-PLA, ABS with added Bismuth (FDM),
Bone meal powder amalgamate (casting)

Higher atomic numbers and densities
enabled to better replicate
radiodensities of cortical bone, which
is not achievable with base polymer
materials [10].

StoneFil PLA—density of

1.54 g/cm? [10]

Long-term damage of the extrusion
nozzle due to abrasion from
high-density additives [8]

Bone meal amalgamate
casting—requires more than 24 h to
cure, introduces air bubble artifacts
and necessitates a sealed
compartment to prevent leaking into
neighbouring areas. These
considerations are relevant to casting
in general [35]
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Table 5. Cont.

Material (Printing Method)

Advantages

Disadvantages

VisiJet EX200 (Multi-Jet)

Very tough and durable [65]
Transparent—allows visualisation of
internal structures [66]

High resolution—enables smooth
curves or sharp edges [67]
Biocompatible [68]

May cause skin irritation [69]
Slight odour [69]

Requires supporting material for
overhanging structures [64]
Expensive printer [37]

Gypsum Powder (Binder Jetting)

Low cost and accessible [70]

High Density of 1.57 g/cm?, gives
radiodensities between 372 and
995 HU, similar to bone [10,36]

Low strength [70]
Porous [70]

PMMA (FDM)

Transparent—allows visualisation of
internal structures [71]

Strong and durable [71]

Resistance to UV and other weather
exposures [71]

Density of 1.12 g/ cm? [10]. Suitable
radiodensity for glandular tissue at
~95 HU [35]

Shrinks and warps without a heated
printing bed [71]

Harmful gasses emitted during
printing—requires good ventilation
[71]

Silicone of the FlexFoam-IT series (casting) [72]

Expandable and durable, suitable
densities for representing skin and
lung parenchyma according to
expansion factor [39]

Silicone of the FlexFoam-IT series has
short curing time of less than 2 h [34].

Pot life of only 1 min after opening
[39]

Requires a silicone-releasing agent in
order to remove the mould [39]
Requires a completely sealed mould
in order to avoid leaking into

Silicone Dragon Skin has a long
shelf-life and fast curing time
(<16 h) [36]

neighbouring areas [35]

4.3. Three-Dimensional-Printing Thoracic Organs

The current literature has mostly investigated the creation of discrete thoracic or-
gans with limited consideration of comprehensive chest phantoms. For example, Abdul-
lah et al. [30] printed a single heart, Morup et al. [18] developed 3D-printed coronary
arteries, Hong et al. [39] produced an aorta, and Aldosari et al. [31] created pulmonary
arteries. Likewise, Hatamikia et al. [34,35] solely investigated the bony thorax, without
the inclusion of other thoracic structures. Additionally, skin, subcutaneous fat, and muscle
structures tend to not be delineated into their sub-structures but rather printed as a single
soft-tissue structure with homogenous radiodensity [36,37,40,41].

Hong et al. [39] produced the most comprehensive model of all studies, incorporating
seven thoracic structures: skin, fat, muscle, bone, heart, lung, and parenchymal lesions. De-
spite achieving radiation equivalence, the radiation-attenuating properties of the heart were
not evaluated, and the phantom merely represented an axial slice rather than comprising
the entire torso. Cavaliere et al. [32] produced a comprehensive thoracic model built with
a single material (PLA); however, the phantom did not achieve radiation or geometrical
equivalence. Tissue attenuations are impacted by surrounding tissues and structures due
to beam hardening, thus limiting the application and generalisability of these single-organ
studies and phantoms with unrealistic tissue backgrounds [52]. This warrants further
studies investigating comprehensive, holistic, and more realistic thoracic models.

Thoracic phantoms described in the literature predominantly consist of lung replicas,
created using a variety of materials, including PLA (infill rates of 10%, 30%, 46%, and 100%),
ABS (50%), TPU (50%), Nylon, low-density paper, and foamed silicone gels [32,36,38-42,44].
Lung phantoms mostly achieved radiation equivalence within the norms of pulmonary
parenchyma, which ranges between —700 and —900 HU [73]. However, most of the
models did not include blood vessels and struggled to match the low radiodensity of
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aerated lung tissue (<—1000 HU [32,73]), achieving an average radiodensity of —610 HU
(—417 to —933 HU). Underlying this challenge is the requirement for 3D constructs to have
a printing scaffold and to maintain structural integrity, which limits the reduction of infill
rates and the presence of large air gaps [32]. Furthermore, minimum attenuations are
ascribed to the intrinsic properties of the base material as revealed by Wang et al.’s [46]
paper-based lung model, which was unable to replicate aerated lung densities. PLA with
10% infill produced the closest approximation to aerated lung tissue (—933 HU) [32].

Similarly, studies faced challenges in replicating the higher attenuations of bone
(>1000 HU [58]), as the raw materials used typically fall within the soft tissue density
range [32,38,51]. PLA doped with 50% iron achieved the highest attenuations, closest to
dense cortical bone [41]. The high atomic number and electron density of iron make it an
ideal additive for increasing the attenuation of PLA composite materials, primarily due to
the enhanced occurrence of the photoelectric effect [52,55]. Stone-filled filaments as well
as radiopaque substances were additionally employed; however, they achieved relatively
lower attenuations, likely due to lower densities and malabsorption of contrast [34,51].
Similarly, Ceh et al. [74] used a Bismuth-doped ABS filament in their 3D-printed nasocranial
phantom, achieving radiodensity between 1000 and 3000 HU. Thus, the incorporation of
filaments with mixed metallic and high-density additives shows promise for improving
the replication of bone-like attenuations in thoracic phantoms [32,55]. However, over time,
dense metal particles can abrade the printer nozzle, leading to imperfections in the 3D
object with different attenuations and geometries [55].

Studies that printed lung lesions included between 1 and 12 nodules, created using
pearl-powder solution, PLA, Silicone foam, Nylon, Acrylonitrile Styrene Acrylate (ASA),
Acrylonitrile Butadiene Styrene (ABS), and Polyethylene terephthalate glycol (PETG) of
varying infill percentages [32,33,36,38,39,45,46,48]. These studies achieved radiodensities
between —909 and 227 HU, representing sub-solid and solid nodules, employing printing
methods including SLA, FDM, Binder Jetting, and SLS. The selection of SLA, SLS, and
binder jetting over FDM in some studies likely aimed to achieve finer details due to their
higher printing resolution, despite the associated higher costs of these techniques [36,45].

Printed lung nodules in phantoms served multiple purposes, including feasibility
assessment for creating tissue equivalent radiodensities [38,39], validation of imaging
algorithms [28], quality analysis of X-ray images [36], and comparison of the detection
sensitivity of paediatric lung nodules using different image reconstruction methods [45].
However, no study utilised these phantoms for optimising low-dose protocols for lung
cancer screening, such as modifying kVp and mAs acquisition parameters, revealing a
potential avenue for further research. Furthermore, this review underscores that the use
of 3D-printed thoracic phantoms for optimizing low-dose protocols has predominantly
been explored in the cardiovascular field [18,28,29], indicating a need to expand such
investigations into the realm of pulmonary imaging and screening protocols.

Another limitation of these 3D-printed chest phantoms is their inability to simulate
physiological conditions such as dynamic cardiovascular systems with haemodynamic
flow, heartbeat, and lung movements during breathing. This has implications for image
quality for example by creating movement artifacts and distributing dose differently in
moving tissues [75]. Although challenging, addressing these tasks in future studies is
worthwhile. Advancements in 3D and 4D bioprinting, which aim to replicate the structural
and functional heterogeneity of tissue constructs using seeded stem cells or biomimetic
multi-materials, are possible avenues for achieving this feat [76].

5. Conclusions

In conclusion, this review highlights the rapid advancements of 3D-printed, patient-
specific thoracic phantoms in radiology and medical imaging within the past six years. A
versatile array of discrete thoracic organs has been printed, primarily via the affordable
means of fused-deposition modelling. While efforts have been made to fabricate compre-
hensive chest phantoms, there remains a notable gap in the representation of essential



Appl. Sci. 2024, 14, 5467 26 of 29

thoracic structures. While many studies have focused on demonstrating the feasibility of
3D printing for anthropomorphic and tissue-equivalent thoracic phantoms, further inves-
tigations are warranted to explore their broader applications in radiology and medical
imaging. The prevalence of cardiovascular phantoms for optimizing low-dose protocols
emphasises the need for expanding research into pulmonary applications. Specifically, the
development and utilization of comprehensive, three-dimensional printed patient-specific
models for optimizing low-dose lung cancer screening protocols represents an important
area that requires more attention and investigation. Therefore, we recommend developing
a 3D-printed chest model to optimise CT protocols for lung cancer screening.
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