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A B S T R A C T   

Breast phantoms are a fundamental asset both in routine quality assurance programs and for comparing scanner 
performance in 2D and 3D x-ray breast imaging. They also play an essential role in the optimization of imaging 
systems and for testing new technologies before their introduction in the clinical practice. The ideal phantom 
must reflect and mimic the organ anatomy and pathologies, including details such as simulated tumor masses or 
microcalcifications. They can also be designed to evaluate a particular technical specification of the detector or of 
the imaging setup, such as noise or spatial resolution. 

The introduction of digital breast tomosynthesis (DBT) and computed tomography dedicated to the breast 
(BCT) in the clinical practice allowed to acquire 3D breast images with relatively high contrast and spatial 
resolution. The introduction of these innovative technologies encouraged the development of new phantoms for 
quality assurance and systems comparisons; on the other hand, 3D images of the breasts acquired with DBT and 
BCT apparatuses along with innovative and low-cost additive manufacturing technologies have been the basis for 
the development of a new class of digital and physical anthropomorphic breast phantoms. In these cases, the 
realism has been demonstrated to be fundamental in overtaking the limits of conventional phantoms used in 
digital mammography (DM) quality assurance programs. 

This work aims at reviewing the conventional phantoms adopted for testing and optimizing DM, DBT and BCT 
systems and to furnish a critical insight in emerging physical and digital breast phantoms. The limitations of 
conventional phantoms will be outlined, also regarding the needs of comparing apparatuses which adopt a 
compressed breast geometry to modern BCT ones, with pendant uncompressed breast geometry.   

1. Introduction 

The introduction in the clinical practice of the digital breast tomo
synthesis – DBT – (Niklason et al., 1997; Sechopoulos, 2013a; 2013b) 
and of the dedicated breast CT – BCT – (Sarno et al., 2015) for breast 
cancer detection and diagnosis requires new classes of breast phantoms 
for the systems testing, evaluations and developments. These brand-new 
phantoms must serve in the evaluations of the imaging performance and 
dose levels of the scanners, for the design and the optimization of the 
apparatuses and as a support in the regulatory submissions, replacing 
the randomized clinical trials on patient populations (Glick and 

Ikejimba, 2018). In DBT, multiple acquired projections of the com
pressed breast over a limited angular range allow the reconstruction of 
pseudo-3D image volumes as slices parallel to the detector plane. This 
reduces the tissue overlapping of the projection images characterizing 
conventional 2D mammography – DM – that may hinder the cancer 
diagnosis. However, moving from 2D to pseudo-3D DBT imaging may 
compromise the use of some phantoms routinely adopted in 2D appa
ratus testing. Hence, these are devised for 2D technologies and are not 
meant to take into account for the impact of the reduction of tissue su
perimposition in a structured background (Strudley et al., 2015; Van
coillie et al., 2021). Although conventional phantoms - composed by 
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homogeneous material background and embodying details for image 
quality testing - are still recommended for quality assurance (QA) tests 
in DBT (EUREF, 2018; ACR, 2018), they may not be adequate for 
comparing 2D and 3D imaging systems and they can also be not 
adequate for comparisons between different 3D systems, where the third 
dimension of the reconstructed images may be considered the most 
important addendum of the technology. In BCT, 3D breast volume is 
reconstructed from projections acquired over 360◦ scan angle. In this 
modality, the imaged breast freely hangs from a hole on the support, 
which bears the patient in prone position and the firm organ compres
sion of DM and DBT is not applied. As a result of the fully 3D imaging 
technique, the anatomical noise due to the breast tissue parenchyma is 
further reduced in BCT (Chen et al., 2013). This uncompressed geometry 
requires phantoms capable of evaluating the advantageous reduction of 
the anatomical noise and its impact on lesion detectability also in 
comparison to DM and DBT. In addition, the use of the tomographic 
technique and reconstruction algorithms in both DBT and BCT can be 
sources of artifacts absent in 2D DM (Geiser et al., 2018), which need to 
be evaluated with appropriate phantoms in quality assurance protocols 
(Strudley et al., 2015; EUREF2018). 

Along with the needs of devising new classes of phantoms, the 3D 
images of the breasts acquired with DBT and BCT apparatuses permitted 
an insight in the in-vivo anatomical structure of the organ and a 
refinement of the breast models (Boone et al., 2017). Hence, 3D images 
acquired with dedicated CT scanners can reach spatial resolution of few 
hundreds of micrometers, permitting to delineate and outline fine breast 
details and 3D tissue distribution (Huang et al., 2008, 2011; Sarno et al., 
2015, 2016a; Gazi et al., 2015; Kuttig et al., 2015; Longo., 2019; Caballo 
et al., 2018a). This has already shown its impact in x-ray breast imaging 
dosimetry where the conventional assumption of the skin tissue (Huang 
et al., 2008; Sarno et al., 2016b, 2019, 2021a; Massera and Tomal, 2018) 
and homogenous glandular tissue distribution (Sechopoulos et al., 2012; 
Hernandez et al., 2015; Sarno et al., 2018a, 2018b, 2022) have been 
confuted towards a redefinition of the dosimetric paradigms in the x-ray 
breast imaging (AAPM TG282). 

The availability of sophisticated digital breast phantoms is a funda
mental asset in the development of platform for virtual clinical trials 
(VCT) (Bakic et al., 2002a, 2002b, 2003, 2018; Badal et al., 2018, 2021; 
Sharma et al., 2019; di Franco et al., 2019; Sarno et al., 2020; Barufaldi 
et al., 2021, 2022; Mettivier et al., 2022a; Marshall and Bosmans, 2022). 
VCT are in-silico reproductions of clinical trials on patient populations 
with a computed model of the imaging chain and digital patients 
replacing the human ones. In this context, the digital breast phantom 
must reproduce as fair as possible the breast anatomy and silhouette or, 
similarly, must permit the computation of images with realistic features. 
The advantages of this innovative approach for medical device evalua
tions reside in the reduction of time, costs and patient risks, also toward 
an acceleration of processes for approval and regulatory (Badano, 2021). 
In addition to be an irreplaceable part of VCT platforms, sophisticated 
digital breast phantoms may also play an important role in 
manufacturing innovative physical breast phantoms. In particular, with 
the advent of additive technologies in the medical physics field, digital 
breast models may furnish the appropriate design for devising physical 
breast phantom with anthropomorphic features (Bliznakova, 2020). 

In the background of the refinement of breast models offered by 
innovative imaging technologies and the introduction of additive 
manufacturing for devising new classes of breast phantoms with realistic 
features, this work aims to review the state-of-the-art and furnishing a 
horizon scanning of emerging physical and digital phantoms adopted for 
investigations in 2D and 3D x-ray breast imaging. The first part of the 
review will be dedicated to the description of the currently adopted 
phantoms, with particular focus on those proposed in worldwide QA 
protocols. Emerging phantoms and state-of-the-art phantoms will be 
described in the light of new challenges due to the introduction of DBT 
and BCT in the clinical practice and the needs related to the comparison 
of these new imaging technologies to the conventional 2D DM. New 

phantoms design and materials will be described, with these aiming 
both at introducing anatomical complexity to the conventional homo
geneous phantoms and at extending the usability of employed materials 
to broader photon energy ranges, which can reach up to 80 keV in BCT 
(Sarno et al., 2015). In particular, this review will describe the 
advancement in 3D printed breast phantoms, a promising class of 
phantoms featuring the virtue of the great possibility of customization. 
Proposed breast models and phantoms will be presented in the light of 
criticisms related to the limitations of the different proposals and look
ing at potentials they can offer both in VCT and in new challenges 
related to the evaluation of image quality of 3D x-ray breast imaging 
apparatuses. With the selection of the appropriate materials for breast 
phantom being a fundamental aspect in the manufacturing chain, the 
final part of the review will furnish an overview on the used evaluations 
approaches proposed in the field. 

2. Conventional breast phantoms 

2.1. Dose assessment in international QA protocols 

In order to evaluate the Average Glandular Dose (AGD) (Dance and 
Sechopoulos, 2016) in routine QA tests in DM and DBT, polymethyl 
methacrylate (PMMA) slabs are commonly adopted as breast phantom 
(IPEM, 2005; EUREF, 2006, 2018; NHS, 2009, 2015; IAEA, 2011; 
EFOMP, 2015). The PMMA blocks are firstly exposed in AEC mode in 
order to verify system technique factors (tube voltage, mAs and ano
de/filter combination) selected by the unit for the equivalent com
pressed breasts, then, on the basis of such parameters, the AGD is 
estimated on the basis of the measurements of incident air kerma on the 
breast surface. Since PMMA is denser than breast tissues, different 
PMMA thicknesses have been scaled to identify certain equivalent 
compressed breast thicknesses (Dance et al., 2000). As example, Table 1 
shows equivalence between PMMA thickness and breasts as adopted in 
the EUREF (2006) protocol along with limiting AGD levels. 

The new EUREF (2018) QA protocol has extended the use of PMMA 
slabs to the case of DBT, uphold the PMMA as a proper test object and 
provided the same procedure followed for 2D mammography for AGD 
estimates based on Dance et al. (2010). The same methodology is shared 
by international and national agencies and services, such as IAEA (2011) 
and NHS (2015). 

Although the use of a universal test object simplifies the dose 
assessment procedure, it presents some limitations with the automatic 
selection of tube voltage, target or filter, based on the object thickness 
that may be slightly different from that for real compressed breasts. 
Hence, limits due to the use of PMMA slabs phantoms can be ascribed to 
its constant thickness and homogeneous composition which may pre
vent the replication of the AEC system operation of the case of exposition 
of heterogeneous breasts (Fedon et al., 2019). First, the phantom 
thickness could be corrected by adding layers of low absorbing materials 
to the PMMA (e.g. polyethylene - PE) to match the desired equivalent 
breast thickness, or by using spacers which create an air gap between the 

Table 1 
PMMA thickness and thickness and glandularity of the equivalent breast as re
ported in EUREF (2006) along with limiting AGD values.  

Thickness of 
PMMA 
(mm) 

Thickness of 
equivalent 
breast (mm) 

Glandularity of 
the equivalent 
breast (%) 

Maximum AGD to the 
equivalent breast (mGy) 

Acceptable 
level 

Achievable 
level 

20 21 97 <1.0 <0.6 
30 32 67 <1.5 <1.0 
40 45 41 <2.0 <1.6 
45 53 29 <2.5 <2.0 
50 60 20 <3.0 <2.4 
60 75 9 <4.5 <3.6 
70 90 4 <6.5 <5.1  
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PMMA block and the upper compression paddle (EUREF, 2018). A 
comparison between both methods has been published by Bouwman 
et al. (2015) who also suggest the use of PMMA+PE test object instead of 
the alone PMMA, since spacers might affect the sensor of AEC and 
consequently conduct to erroneous AGD estimations. In their compari
son, Bouwman et al. (2015) concluded that “phantom AGD values may not 
always be representative of mean AGDs within a population… This is because 
of differences in the AEC response to the distributions of (simulated) breast 
tissue in phantoms and real breasts.” 

The American College of Radiology (ACR) proposes the use of a 
breast phantoms accredited in accordance with the FDA Mammography 
Quality Standards Act (MQSA) and to be adopted both for AGD estimates 
and for image quality evaluations. The ACR phantom has been designed 
with the intent of covering most of the detector area and it is composed 
by a PMMA border and a wax insert containing simulated masses, 
microcalcifications and fibers. It is meant to mimic a 50% glandular 
breast with a compressed thickness of 42 mm and its use for AGD esti
mates is similar to that described for PMMA block, since it is used to 
select the technique factors for incident air kerma measurements. 

2.2. Image quality evaluation in international QA protocols 

Image quality evaluations represent a fundamental part of the QA 
process since imaging performance and optimization must be pursued 
during the x-ray machine clinical lifetime. Validated phantoms, in
strumentations and methodologies should be used to represent the 
clinical tasks involved in x-ray breast imaging. Quantitative parameters 
should be verified during the time and the use of dedicated phantoms 
with inserts of low and high contrast supports these tasks. 

PMMA breast phantoms with several thicknesses are also proposed 
for simple image quality evaluations, such as that of the image signal-to- 
noise ratio (SNR) and contrast-to-noise ratio (CNR). In this last case, an 
Al sheet is placed on the phantom as contrasting detail (EUREF, 2006; 
NHS, 2009). However, in order to determine the threshold contrast 
visibility, several protocols require to assess the visibility of circular 
discs with a diameter ranging between 0.1 mm and 2.0 mm, placed on a 
background with an attenuation thickness equivalent to 50 mm of 
PMMA (EUREF, 2006; NHS, 2009). This may be performed by 
employing the CDMAM phantom (EUREF, 2006), made of several 
PMMA slabs and an insert which contains gold discs with variable 
diameter and thickness (contrast). Via an observer study - performed by 
experienced observers or automatized analysis - the minimal contrast 
visibility is determined. Fig. 1 shows a mammogram of a CDMAM 
phantom and the related contrast-detailed curve computed via an 
automatic analysis software. 

The TORMAM phantom (NHS, 2009, 2015; EUREF, 2018) is sug
gested as a possible alternative to CDMAM. Specific details such as fibers 
and calcifications are also embedded in an anatomically realistic back
ground. A similar phantom, the TORMAX is also suggested by NHS 
(2009) as a valid substitute to the CDMAM. However, QA protocols tests 
employing either CDMAM or TORMAM phantoms are designed for DM 
and may present some limitation when used in DBT, also preserving “an 
important role in stability assessment and quantifying some aspects of 
image quality” (EUREF, 2018). 

As already mentioned in the previous section, ACR (2018) proposes 
the use of the accredited ACR phantom also for image quality evaluation 
both in DM and DBT. The ACR (2018) protocol provides a scoring 
method that exploits the embedded details in order to quantify the 
visibility of the simulated lesions. In addition, inclusions are used for the 
evaluation of image SRN and CNR as well as the image spatial resolu
tion, distortions and artifacts. 

As regard to the BCT, there is still no availability of any 

internationally recognized QA protocol, and it is worth to quote the 
phantom proposed in the user’s manual1 of the Koning BCT scanner 
produced by Koning Health (www.koninghealth.com, GE – USA). The 
Koning BCT received the CE mark in 2012 and FDA approval for use in 
diagnostic examinations in conjunction with 2-view mammography in 
2017. The proposed phantom mimics the pendulant breast as an acrylic 
cylindrical container with diameter of 13 cm and height of 10 cm. It 
contains water and two cylindrical inserts. One insert is made of BR12 
materials (White et al., 1977) simulating the attenuation coefficient of 
the 50% glandular tissue and embodies 6 clusters of microcalcifications 
whose diameters range between 165 μm and 375 μm. The second insert 
contains a BR12 region with spherical masses whose reconstructed voxel 
values are supposed to differ by the BR12 background of about 30 HU. 
The diameter of the masses ranges between 2.5 mm and 10.5 mm and 
their presence aims at evaluating the low-contrast visibility of in
sertions. Outside the BR12 region, there are four cylindrical details with 
diameter of 12 mm made of different materials for the evaluation of the 
CT-number linearity (adipose, breast, muscle, and 200 mg/cc hy
droxyapatite H). In addition, a tungsten wire with diameter of 50 μm is 
present for the evaluation of the system modulation transfer function 
(MTF). 

2.3. Comprehensive breast phantoms for evaluation of image quality and 
lesion detectability 

Although it is not specifically requested in QA international pro
tocols, medical physicists commonly use comprehensive breast phan
toms in routine evaluations (Tomal and Costa, 2017). These are selected 
for specific needs and aspects that may result in a specific context not 
considered in routine protocols, as well as for economic reasons or based 
on the phantom availability. Most of the available commercial phantoms 
include simulated lesions such as microcalcification clusters, spherical 
masses or fibers. In addition, they can also contain inclusions for the 
evaluation of the system’s spatial resolution (i.e. edge, bar pattern, etc) 
or contrast. The Gammex DBT breast phantom (Gammex Inc., WI, USA) 
is an example. It is a layered composite phantom and each of the 
constituting layers is meant for specific assessments, such as the evalu
ation of the MTF, the CNR, artifacts, geometrical distortions or a grad
uate scale for verifying the chest-wall x-ray field coverage. 

A second example is the CIRS (CIRS Inc., VA, USA) phantom model 
011A (Fig. 2). It has an anthropomorphic shape and the background 
material presents the attenuation characteristics of 50% glandular 
breast tissue. The inclusions embedded in the CIRS mod. 011A phantom 
comprise simulated masses and calcification clusters, nylon fibers, a low 
contrast step-wedge and 2 bar patterns. Similarly, the breast equivalent 
CIRS 014A layered phantom (Sarno et al., 2016a) permits the evaluation 
of image quality and lesion visibility for different breast thicknesses in 
DM or the CIRS 022 breast phantom which embodies details simulating 
different contrast medium concentrations for image quality evaluation 
in contrast enhancement digital mammography (Klausz et al., 2018). 

The customized phantom used at the Radboud UMC (Brombal et al., 
2019) for mimicking the pendulant breasts in a BCT scanner geometry 
was produced by CIRS Inc (Fig. 3). The modular layer phantom pre
sented a semi-ellipsoidal truncated shape with maximum diameter at the 
chest-wall of 164 cm and it is made of a 100% adipose equivalent ma
terial. It embodies spheres of epoxy resin simulating low contrast 
masses, CaCO3 microcalcifications clusters and fibers with different 
sizes. In addition, it contains a slab that can allocate circular chips made 
of different materials. 

It is also worth to mention the Quart mam/digi EPQC DM and DBT 
phantom (de las Heras et al., 2013) which has the unique feature of 
embedding the Landolt Ring Structures proposed as substitute of the 

1 https://www.accessdata.fda.gov/cdrh_docs/pdf13/P130025c.pdf, accessed 
on 06/01/2022. 
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gold discs of the CDMAM phantom (de las Heras et al., 2013). The Quart 
phantom is proposed both for DM and DBT apparatuses QA tests and it is 
constituted by three semicircular PMMA slabs embodying different test 
objects such as contrast step wedges, MTF test object, low contrast 
stripes, references for missing tissue estimates and slots for dosimeters. 

Although all these phantoms allow the evaluation of image quality 

and dose levels of the x-ray breast imaging systems - in particular with 
respect to reference values - and to comply with QA worldwide pro
tocols, they all lack in reproducing the real breast parenchyma. This 
limits their use for absolute evaluation of the scanner capabilities, in 
particular where DBT and BCT systems are involved. Hence, the main 
advantage of these technologies resides in the reduction of the tissue 

Fig. 1. a) Mammogram of CDMAM phantom Artinis type 3.4 acquired via a Hologic Selenia Dimension apparatus at 28 kV and b) the computed contrast-detail curve 
(Karssemeijer and Thijssen, 1996) 
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overlapping present in conventional DM with a hypothetical enhance
ment of lesions detectability, hidden by anatomical noise in 2D projec
tive mammograms. As already done for the TORMAM phantom (sect. 
2.1), BR3D CIRS phantom model 020 and, optionally, DBT QA CIRS 
phantom mod 021 includes heterogeneous slabs meant to reproduce the 
3D structure of the breast parenchyma (Glick and Ikejimba, 2018; 
Bliznakova, 2020) as a heterogeneous mixture of glandular-like and 
adipose-like materials. The β value - i.e. the absolute value of the slope of 
the image noise power spectrum (NPS) in log-log scale in an appropriate 
frequency range as quantification of the anatomical noise, Chen et al. 
(2012) - in mammograms and DBT slices of BR3D CIRS phantom 
(Cockmartin et al., 2013), resulted in line with the expected value of 3 
assessed for the case of clinical images (Chen et al., 2012). This value 
was also reflected in the slope of the NPS of BR3D CIRS phantom images 
in Ikejimba et al. (2014). However, these phantoms do not reproduce the 
silhouetted of the real breast nor the 3D tissue variation over the organs. 

A further issue in the use of conventional phantoms is related to the 

comparison of image quality in compressed geometry - proper of DM and 
DBT - to BCT, where the breast does not experience any compression. In 
this context, a phantom that may be adapted to the configuration under 
exam may be useful. In order to overtake this problem, Vollmar et al. 
(2009) proposed to use a cubic insert to be allocated either in the un
compressed pendant breast phantoms modeled as a 10 cm diameter and 
10 cm height cylinder or in a phantom whose shape depicts that of 4.5 
cm thick compressed breast undergoing DM or DBT. Both phantoms 
were made of BR12 material and adipose equivalent extensions were 
projected in case of need of larger models. The insert, supposed as a 4 
cm × 4 cm × 4 cm cube, contained the necessary details for image 
quality evaluations, such as simulated tumors, fibers or calcifications, 
and it is opportunely allocated in the breast-shaped phantoms. 

3. 3D breast imaging: new evidence for phantom innovations 

3.1. Anthropomorphic digital breast phantoms 

Anthropomorphic breast phantoms are physical (real) or digital 
(computational) and represent key tools for the evaluation of many as
pects of the scanners, being useful for optimization or assessment of 
imaging systems, clinical commissioning or preclinical trials (Pokrajac 
et al., 2012; Abbey et al., 2019; Bliznakova, 2020). These phantoms 
provide a more realistic representation of complex breast anatomy in 
terms of its outer shape, the inner distribution of different tissues and the 
mammary parenchymal, modelling of pathologies and also simulate the 
physical properties of breast tissues (Bliznakova, 2020). The detailed 
representation of anatomical structures makes the anthropomorphic 
breast phantoms particularly useful for several tasks (e.g. detectability 
of lesions, image processing and reconstructions) (Bakic et al., 2002a, 
2003; Bliznakova, 2020), being advantageous compared to the con
ventional phantoms with homogeneous background (Lau et al., 2012; 
Mettivier et al., 2017). 

Recently, several computed models for generating anthropomorphic 
digital (in-silico) breast phantoms were developed and they have shown 
to be a practical alternative for testing new breast imaging modalities 
(Bliznakova, 2020). The possibility of knowing the ground truth and to 
explore a large variation of anatomical parameters of such breast 
phantoms offers innumerous advantages for quantitative evaluations, 
preclinical testing and optimization of parameters. The emerging VCT, 
which is an economical and flexible tool for evaluating diagnostic tasks 
in breast imaging systems, have been promoted by the evolution of 
digital breast phantom modeling and 3D breast imaging techniques, 
coupled with the simultaneous increase of computational power 
(Badano, 2021; di Franco et al., 2020; Elangovan et al., 2017; Mettivier 
et al., 2020; Sarno et al., 2021b; Sharma et al., 2019). 

Anthropomorphic digital breast phantoms can be generated based on 
two approaches: i) generation from patient data and ii) generation 
relying on mathematical data (Bliznakova, 2020; Mahr et al., 2012). In 
the former approach (Fig. 4), a voxelized breast phantom is derived 
directly from clinical breast images, which are segmented with the 
purpose to identify the content of each voxel (Li et al., 2009; Erickson 
et al., 2016; Hsu et al., 2013; Elangovan et al., 2017; Garcia et al., 2020; 
Sarno et al., 2021b; Caballo et al., 2022). These patient-derived phan
toms present the real silhouette and tissue distribution of the breast, 
although they are limited to the contrast, spatial resolution and voxel 
sizes of the classified images and to the segmentation methods. An 
additional limitation is the small cohort of available 3D images of the 
breast, mainly acquired via BCT scanners. In order to increase the 
number of the available cases, Sturgeon et al. (2017) proposed for 
example the use of a method based on Principal Component Analysis 
(PCA) for enlarging the patient-derived digital breast phantoms; the 600 
generated virtual phantoms showed the same variability of the original 
dataset in terms of density and anatomical noise. 

As regard to in-silico dosimetric studies, Fedon et al. (2018) showed 
that voxel sizes of the patient derived digital breast phantoms – usually 

Fig. 2. Photo of the CIRS mod. 011A breast phantom and a slice from the 
reconstructed DBT images (Fujifilm DBT scanner, 24.8 mAs, 29 kV). It is 
constituted of a material mimicking the 50% glandular breast tissue and com
prises several types of details: red circles outline visible hemispheric masses 
whose attenuation coefficient reflects those of 75% glandular breast; yellow 
circles outline visible microcalcification clusters; step wedge a-e is constituted 
of various 10 mm thick chips simulating attenuation coefficients of breast tis
sues whose glandular content goes from 100% (a) to 0% (e). Green rectangle 
outlines various nylon fibers and bar patterns are visible in the high-right 
corner of the slice (www.cirsinc.com). 
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in the order of the voxel size of the original breast images whose edges 
range between 0.2 and 0.4 mm – is not a major issue. Hence, increasing 
the voxel sizes up to having an edge of few millimeters, resulted in 
having just a little influence on the computed dose via Monte Carlo 
simulations also with related benefits in terms of reduction of the 
computation time (Fedon et al., 2018). Patient-derived digital phantoms 
have been largely used for dosimetric assessments and studies (Secho
poulos et al., 2012; Hernandez et al., 2015; Sarno et al., 2017, 2018a, 
2018b, 2022; Tucciariello et al., 2021), these outlining the limits of 
conventional homogeneous breast models and inspiring new paradigms 
for AGD calculations (Caballo et al., 2022). 

The very high spatial resolution of DM and DBT systems - up to 
several times better than that of BCT scanners whose images are used for 
deriving 3D breast phantoms - may question the use of this patient- 
derived class of phantoms for in-silico reproduction of the imaging 
chain. The work of Caballo et al. (2018b) coped with this issue and 
relying on a supervised machine learning algorithm trained on 
high-resolution 3D breast images, made an attempt for reducing the 
voxel size of digital breast phantoms derived from a clinical BCT 
scanner. 

Since the patient-derived digital breast phantoms are mainly derived 
from images of the uncompressed breast acquired with BCT scanners, 
the classified digital models need to be manipulated in order to reach the 

shape and silhouette of the compressed organ undergoing simulated DM 
or DBT. The software presented in Zyganitidis et al. (2007) – that is 
based on the knowledge of the elastic properties of the involved mate
rials and the final compression thickness – was successful adopted in 
Sechopoulos et al. (2012) and in Sarno et al. (2021b) (an output example 
is shown in Fig. 4b) demonstrating that the modification of the glandular 
tissue percentage during the compression is contained. Similar results 
were obtained in Garcia et al. (2020), who adopted the open-source 
software NiftySim (v.2.3.1; University College London, UK) for 
computing the compression of the organ digital model. 

On the other hand, digital breast phantoms derived from mathe
matical models simulate the elements of the breast based on anatomical 
assumptions, representing the external breast shape, mammary ducts, 
Cooper’s ligaments, vessels, skin and breast lesions (Bakic et al., 2002a, 
2003, 2011; Bliznakova, 2020; Bliznakova et al., 2003, 2010; Graff, 
2016; Ikejimba et al., 2017a; Lau et al., 2012; Pokrajac et al., 2012; 
Zyganitidis et al., 2007). The mathematical modelling allows to produce 
an unlimited number of breast phantoms covering a wide spectrum of 
breast anatomical characteristics. Voxel size of breast models based on 
mathematical data are not limited as in the case of those derived from 
clinical images, but can be opportunely tuned. 

One of the first 3D anthropomorphic digital breast phantom was 
developed by Bakic et al., 2002a, 2003 – UPenn digital breast model – 

Fig. 3. a) Photo and b) a schematic of the BCT CIRS phantom at the Radboud UMC (The Netherlands). c) A coronal slice from the reconstructed CT image of the 
phantoms outlining the embedded inclusions. Reproduced from Brombal et al. (2019) under the Creative Commons Attribution 4.0 International License (http://cre 
ativecommons.org/licenses/by/4.0/). 

Fig. 4. Patient derived a) uncompressed and b) compressed digital breast phantoms from the dataset described in Sarno et al. (2018b) and available on zenodo.org 
(https://doi.org/10.5281/zenodo.4515360 and https://doi.org/10.5281/zenodo.4529852). 
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being based on a realistic distribution of large and medium anatomical 
structures. The large-scale structures were built based on two ellipsoidal 
regions, predominantly compose by adipose tissue or fibro-glandular 
tissues. The medium scale elements were modeled as adipose compart
ments and breast ductal network, which were mathematically modeled 
by realistically distributed elements: shells, blobs and the ductal tree. 
The pattern of ducts was modeled by a random binary tree model, 
representing probabilities of branching at different levels of a tree 
structure, being compared to ducts from galactogram images. The 
compressed breast model for 2D images was generated based on a breast 
deformation model and tissue elasticity parameters. A more realistic 
representation of adipose compartments and Cooper’s ligament was 
achieved using a seeded region-growing algorithm (Bakic et al., 2011). 
The variations in breast anatomy (i.e., different size, glandularity, and 
adipose compartment distributions) were implemented through modi
fication of the model. Further developments proposed a new algorithm 
for computer simulation of breast anatomy that allowed to generate high 
resolution anthropomorphic breast phantoms with voxel size in the 
range of 25–1000 μm3 (Pokrajac et al., 2012), combining large- and 
small-scale features (Lau et al., 2012). The UPenn anthropomorphic 
breast phantoms - improved over the years - have been extensively used 
for simulation of 2D and 3D breast imaging techniques in VCT (Abbey 
et al., 2019; Bakic et al., 2018a; Barufaldi et al., 2018, 2020, 2021; 
Borges et al., 2019; Maidment et al., 2018; Vimieiro et al., 2019). 
Finally, this mathematical model was also used as basis for construction 
of physical anthropomorphic breast model (Carton et al., 2011, see 
following sect. 3.2.1). 

Bliznakova et al. (2003) also described a 3D digital breast phantom 
for x-ray breast imaging simulations that allowed the generation of 
realistic 3D uncompressed breast models. Such models were based on 
complex aggregates of a breast external shape, ductal lobular system, 
Cooper’s ligaments, pectoralis muscle, 3D mammographic background 
texture and breast abnormalities. The computer modelling of the breast 
adopted a combination of 3D geometrical primitives to represent the 
many parts of the breast anatomy: the breast shape was modeled by an 
elongated semi-ellipsoid and a semi-hyperboloid; network of cylinders, 
probabilistically arranged, simulates the duct system; cone-shaped ob
ject models the pectoralis muscle; ellipsoid shells at randomly sampled 
positions simulate the Cooper’s ligament; spheres and ellipsoids to 

simulate regular shaped abnormalities; voxel matrices aim at simulating 
the 3D mammographic background texture or irregularly shaped ab
normalities in computed images. Further studies improved the meth
odologies and permitted the development of the BreastSimulator 
software platform (Fig. 5) (Bliznakova et al., 2010, 2012), which 
allowed the inclusion of lymph nodes, blood vessels and the skin, all of 
them modeled by primitive geometrical and absent in the previous 
version (Bliznakova et al., 2003). This platform permitted the custom
ization and the generation of the digital breast phantoms, allowing the 
user to input the multiplicity and dimensions of the primitives consti
tuting the desired breast model (Bliznakova et al., 2010, 2012). An 
additional module of the BreastSimulator platform implemented the 
compression algorithm described in Zyganitidis et al. (2007) aiming at 
producing breast phantoms to be used for in-silico DM and DBT com
putations and a dedicated part of the software analytically computes 
x-ray breast projections. In addition, a new algorithm for 3D mammo
graphic texture generation was modeled based on the concept of the 
fractional Brownian motion model, aiming to represent breast structures 
that are not explicitly modeled (Bliznakova et al., 2010). Finally, all 
geometrical primitives are transformed to voxel values of the final breast 
matrix. The resulting breast models permitted a fair reproduction of the 
parenchyma structure and anatomical noise in simulated breast images 
(Mettivier et al., 2017). The software application BreastSimulator have 
been extensively used to generate realistic breast models to evaluate 
new imaging techniques (Malliori et al., 2014; Mettivier et al., 2016) 
and also as computational prototypes for manufacturing anthropomor
phic physical breast models (Feradov et al., 2019). 

A new anthropomorphic digital breast phantom model was devel
oped by Graff (2016) by generating random voxelized breast models 
with voxels of arbitrary sizes, aiming at representing the anatomic 
variability observed in women population. Such breast models include 
different tissues: skin, nipple, lactiferous duct, terminal duct lobular 
unit, inter-lobular glandular tissue, fat, Cooper’s ligaments, chest mus
cle, arteries and veins. The shape of the breast surface is created from a 
base quadric, following a series of deformations and then a voxelized 
skin layer, a nipple and a pectoralis muscle are added. The initial 
glandular compartments in the interior of the surface are generated 
using a random Voronoi technique. The ductal tree structure is grown 
using a random branching algorithm from the nipple into each 

Fig. 5. Screenshot of the BreastSimulator software interface. It permits to input the desired model characteristics and to visualize the created digital breast phantoms. 
The picture was kindly provided by prof. K. Bliznakova from the Medical University of Varna (Bulgaria). 
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compartment. Random fat lobules are included within the inner regions, 
where the lobules number and size are adjusted to create phantoms with 
specific glandular content. The same approach is used to include the 
Cooper’s ligaments. A vascular tree grown from the chest muscle is 
generated. Breast phantoms with different characteristics (volume, 
glandular content, duct radius, etc.) can be generated based on two 
approaches: randomly sampled from a population-based distribution or 
chosen by the user by selecting a specific set of model parameters. 
Compression of breast models is simulated by using a neo-Hookean 
elasticity model implemented via finite element techniques using the 
FeBio software package (www.febio.org). This digital breast phantom 
model has been extensively used for several applications in breast im
aging and VCT (Badano et al., 2017, 2018; Sharma et al., 2019) and as 
input for producing physical breast models (Ikejimba et al., 2017a, 
2017b, see following section). 

The detailed breast model DeBRa focused on modelling both com
pressed and uncompressed breasts (Ma et al., 2009), creating a 
high-resolution, organ-specific hybrid phantom for general-purpose 
Monte Carlo studies. The mathematical breast model based on geo
metric structures mimicking the breast shape and the anatomic struc
tures included several parts such the lactiferous duct system, the Cooper 
ligaments and the pectoral muscle. Mahr et al. (2012) built a framework 
for the construction of realistic 3D virtual breast phantoms based on a 
stochastic model derived entirely from mathematical equations based on 
statistical observations of the tissues of the breast. The outer breast 
boundary was defined by fitting geometrical functions, such as ellipsoid 
and series of second-degree polynomials. The specific structures of the 
breast subcutaneous fat layer and fibroglandular regions, sub
cutaneous–fibrous surface, intraglandular fat, Cooper’s ligaments, lob
ules and duct structures were modeled by a random distribution of 
geometrical shapes. 

Finally, anthropomorphic breast phantoms that include breast ab
normalities have been of eminent interest for implementing VCT. In this 
context, several works have described the developing of mathematical 
models of clinical breast lesions (Bakic et al., 2018b; Bliznakova et al., 
2019; Dukov et al., 2019a), while a database which summarizes the 
main examples of these models was published in the last years (Bliz
nakova et al., 2019). 

3.2. Anthropomorphic physical breast phantoms 

3.2.1. 3D printed breast phantoms 
In recent years, additive manufacturing and 3D printing technology 

have been introduced as innovative approaches for devising phantoms 
for medical physics applications as well as for investigations in x-ray 
breast imaging (Bliznakova, 2020). 

Main advantages are related to the production variable costs lower 
than prices of conventional phantoms as well as to the unique possibility 
of producing physical models of the organs starting from any arbitrary 
digital model. Such an arbitrariness allows to overtake the characteris
tics of conventional breast phantoms which present the main limitations 
in the homogeneous or quasi-homogeneous background (Varallo et al., 
2022), and silhouette which largely differs to that of the real breasts. 
Main concerns related to the use of 3D printing technologies are the 
limited availability of the materials - these required to present the same 
physical characteristics (i.e. cross section for the energy range of interest 
of the x-ray system) of the breast tissues – and the scarce possibility of 
combining them in multi-material phantoms for reproducing the 
different tissues (Kiarashi et al., 2015; Ikejimba et al., 2016a; Sikaria 
et al., 2016; Zhao et al., 2017; Glick and Ikejimba, 2018; di Franco et al., 
2019; Rossman et al., 2019; Schopphoven et al., 2019; Georgiev et al., 
2020; Dukov et al., 2022; Varallo et al., 2022). 

While 3D printing indicates general processes for manufacturing 
objects from digital files, there are several 3D printing technologies with 
different features that have been explored for phantom manufacturing in 
x-ray breast imaging field. Stereolithography (SLA) allows to 

manufacture phantoms by means of a UV light source, which selectively 
cures photopolymer resins; similarly, Selective Laser Sintering (SLS) 
permits to sinter powder materials. Both SLA and SLS were proposed for 
breast phantoms manufacturing (Bliznakova, 2016; Ivanov et al., 2018; 
Mainprize et al., 2018, 2020; Esposito et al., 2019; Bliznakova et al., 
2020; Malliori et al., 2020). Main features of these two 3D printing 
techniques may be found in the capabilities of reproducing details with 
fine resolution in the manufactured objects in the order of tens of mi
crometers; however, the printing process accepts one material at time, 
compromising the possibility of devising breast phantoms that embody 
more than one substitute tissue. This disadvantage confines the use of 
the SLA and SLS processes to the production of simple phantoms mainly 
used as container (Bliznakova, 2016; Bliznakova et al., 2020) or simu
lated lesions and inclusions (Dukov et al., 2019b, 2020). The fine 
structure of the duct tree for example can be easily printed via SLA 
technology, as well as specific compartments of the phantoms such as 
adipose compartments (Dukov et al., 2020). Cockmartin et al. (2017) 
used SLA technology for the manufacturing of both spiculated and 
non-spiculated breast lesions from digital models derived from clinical 
images (Shaheen et al., 2014). The printed lesions were embodied in a 
customized phantom with a PMMA enveloped and filled with water and 
PMMA spheres meant to replicate the anatomical noise present in breast 
clinical images (Gang et al., 2010; Cockmartin et al., 2015). 

In order to make SLS phantoms to mimic the real breast anatomy, 
including the complexity of the breast parenchyma, Mainprize et al. 
(2018, 2020) developed a phantom replicating the sole adipose com
partments of the breast manufactured by curing polyamide-12 material, 
this found suitable as substitute for adipose tissue. Afterwards, in order 
to include also a substitute of fibro-glandular tissues, a low-viscosity 
resin was poured in order to fill-up the empty spaces and oven cured. 
Several vacuum cycles at 0.1 kPa permitted to reduce the air trapped in 
the phantom and the inclusion in the resin of zinc-oxide nanoparticles 
permitted to tune the attenuation properties of the materials. Mea
surements of the attenuation coefficients of samples of the 3D printed 
polyamide-12 and of the cured zinc-oxide doped resin were used to 
validate them as substitute of the adipose and glandular breast tissues, 
respectively (Mainprize et al., 2020). Images of the phantom on clinical 
DM/DBT apparatuses showed that this approach permitted to obtain 
images close to those simulated via the 3D digital breast model at the 
basis of the manufacturing process (Mainprize et al., 2020). A similar 
process was also followed by Malliori et al. (2020), who used SLA 3D 
printing technique for manufacturing molds mimicking the skin enve
lope and the fibroglandular parenchyma; afterwards the empty spaces 
were filled with paraffin to simulate the adipose background. The 
absence of the vacuum process in this case made air bubbles visible in 
tomographic images of the breast phantoms, these come up from the 
paraffin infilling processes. 

Fused deposition modelling 3D printing technology (FDM, also 
known as fused filament fabrication – FFF) allows the manufacturing of 
3D phantoms starting from thermoplastic materials that are melted 
while passing through a heated extruder nozzle and are deposited layer- 
by-layer on a heated platform. In comparison to SLA and SLS technol
ogies, FDM creates objects with lower definition in the order of hundreds 
of micrometers. This may determine the presence of patterns related to 
the printing processes stratification which are visible in the high- 
resolution images of the phantom acquired with mammographic scan
ners (Clark et al., 2016; Varallo et al., 2022). These defects may be 
mitigated using suitable printing patterns (Dukov et al., 2022). The use 
of single-extruder FDM printers presents the same limitation of the SLS 
and SLA technologies related to the manufacturing of phantoms con
taining more than one material. Hence, this technology has been pro
posed for the manufacturing of single inclusions, for the organ 
container/skin or for phantoms assembled from multiple pieces (He 
et al., 2019; Dukov et al., 2019b; Maillori et., al 2020; Germann et al., 
2021). Fig. 6 shows a breast phantom developed at the Medical Uni
versity of Varna (Dukov et al., 2019b) whose skin envelope and tumor 

A. Sarno et al.                                                                                                                                                                                                                                   

http://www.febio.org


Radiation Physics and Chemistry 204 (2023) 110715

9

have been developed by means of FDM technology; the complete 
phantom assembly comprises also adipose compartments made of epoxy 
resins and 3D printed via SLA technology as well as duct trees, manu
factured via SLA technology in Fig. 6a and via FDM printer in Fig. 6b. 

Malliori et al. (2020) have also replicated their approach for the 
production of multi-material breast phantoms by employing SLA tech
nique to the FDM case. They produced breast molds made of ABS, 
Hybrid, Nylon, PET-G and PLS for mimicking the breast envelope and 
the fibroglandular parenchyma. The printing settings included 100% 
infill factor, 0.1 mm layer resolution and linear pattern; also in this case 
the inner portion of the mold was filled with paraffin for simulating the 
adipose compartments. However, in the case of FDM phantoms, in spite 
of the use of 100% infill factor, printing patterns and hollow areas are 
evident in the 2D projection images of the phantoms, making this 
technique less suitable than SLA, where no patterns were evident. 

The use of FDM 3D printers equipped with more than one extruder 
permits to create breast phantoms made of more than one material 
reproducing patient derived and anatomical realistic digital breast 
models (di Franco et al., 2019; Varallo et al., 2022). With the attenuation 
coefficients of the breast tissues being characterized in three mainly 
components usually identified as representing the skin, adipose and 
glandular tissues (Caballo et al., 2018a; Sarno et al., 2021b), it would be 
necessary printing at least three different materials at time. It may be 
obtained by devising the inner portion of the organ comprising the ad
ipose and the glandular compartments as a single embedded block and a 
removable external envelope as skin substitute (di Franco et al., 2019; 
Varallo et al., 2022). As alternative, it can be considered that the skin 

layer is an outer thin layer of 1.45 mm on average (Huang et al., 2008; 
Shi et al., 2013) and may have scarce influence on the phantom images 
or that its attenuation is close to that of the glandular tissue (Ivanov 
et al., 2018). On the bases of this assumption, the use of a two-extruder 
FDM printer will be sufficient for the production of embedded breast 
phantoms with both glandular tissue and skin reproduced with the same 
material (Varallo et al., 2022). This permits to have the skin layer 
attached at the inner bulk reducing the interface gape due to the sepa
rate layers (Varallo et al., 2022). Fig. 7 reports a picture of the breast 
phantoms produced with a two-extruder FDM printer at the University 
of Naples (Italy) whose skin and glandular regions were reproduced with 
the same material. These phantoms were manufactured starting from 
digital breast phantoms derived from clinical breast images acquired via 
dedicated BCT scanner; as first step (see also sect. 3.1), clinical images of 
the uncompressed breast were segmented and each voxel classified as 
containing adipose tissue, glandular tissue or skin (Sarno et al., 2021b). 
The output from this classification process constituted the design at the 
basis of the manufacturing of uncompressed physical breast phantoms 
for BCT testing and evaluations (di Franco et al., 2019). A computed 
compression allowed to generate digital breast phantoms for the same 
“digital patient” constituting the design of the compressed version of the 
3D printed physical breast phantom (Varallo et al., 2022). The main 
advantage of this approach is represented by the possibility of having 
both compressed and uncompressed versions of the modeled organ, 
aiming at comparing also scanners using different breast geometries 
such as DM and DBT to BCT. In addition, the digital model derived from 
clinical data helps in reproducing real tissue distribution and the organ 
silhouette in the devised physical phantoms. Clark et al. (2016) rose 
concerns related to the use of FDM for manufacturing mammographic 
phantoms both for the presence of the patterns due to the stratification 
of the printing processes and for the found low definition of the final 
phantoms, which resulted unable to reproduce fine details of the breast 
anatomy also at the light of the high resolution of the DM apparatuses. 
However, the study of Clark et al. (2016) considered just one FDM 
printer type and a particular digital model and new technologies may 
have moderated these aspects. Tests conducted on DM and DBT clinical 
systems demonstrated that phantoms produced via FDM phantoms 
permitted to have anatomical noise in the produced images close to that 
present in clinical images on patient population (Varallo et al., 2022). 
However, also Varallo et al. (2022) pointed out the presence of artifacts 
in the produced images that may be ascribed to the printing patterns. In 
addition, also compatibility of different materials should be tested, 
hence, the different physical and mechanical properties of these may 
determine imperfections at the interfaces forming empty spaces in be
tween (Varallo et al., 2022). 

Of primary importance is also the selection of the materials used as 
tissue substitutes. Several authors have evaluated samples made of 
several materials via SLA, SLS and FDM printers in terms of attenuation 
coefficients in photon energy ranges usually adopted in 2D and 3D x-ray 
breast imaging (Ivanov et al., 2018; Santos et al., 2019a; Esposito et al., 
2019; Villani et al., 2020; Savi et al., 2021; Mettivier et al., 2022b). The 
selected materials in the various works were evaluated in terms of 
attenuation properties and benchmarked versus material usually adop
ted in the phantom manufacturing – such as PMMA or PE – and versus 

Fig. 6. Modular breast phantoms 3D printed at the Medical University of Varna 
(Bulgaria). The envelopes and the simulated tumors are manufactured with 
FDM technology and adipose compartments are developed via SLA technology. 
The duct tree is developed by means of FDM in a) and SLA in b). © 2019 IEEE. 
Reprinted, with permission, from Dukov et al. (2019b) An approach for printing 
tissue-mimicking abnormalities dedicated to applications in breast imaging. In 
2019 IEEE XXVIII International Scientific Conference Electronics (ET) (pp. 
1–4), IEEE. 

Fig. 7. Examples of compressed anthropomorphic breast phantoms for DM and DMT apparatus testing manufactured with two-extruder FDM technology at the 
University of Naples (Italy). In these examples, skin and glandular tissue regions were printed with the same material (PLA in a, b and c and PET in d). Adipose 
regions were reproduced with blue ABS. These images were reproduced from Varallo et al. (2022) with the permission of the publisher. 
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attenuation coefficients of the tissues. However, these studies were 
performed for specific printers and printing protocols and no universal 
validations are acknowledged. Suitability of materials as breast tissues 
substitute presented also a considerable dependence on the adopted 
photon energy (Ivanov et al., 2018; Mettivier et al., 2022b). 

A promising approach for printing breast phantoms by means of FDM 
3D printing technology and one material relies on the use of a variable 
filament extrusion rate for tuning the density of the printed sample or 
region (Okkalidis, 2018; Daskalov et al., 2019; Dukov et al., 2022). This 
approach is meant to overcome the limitation on the number of mate
rials that can be printed at the same time in FDM as well as to avoid 
problems related to the compatibility of different printing materials. 
Differently from the conventional printing protocols used with FDM 
technology, based on a constant rate of the extruded material over the 
printing session, this innovative approach modifies online the amount of 
extruded filament per unit time on the basis of the local value of the 
digital model of the phantom (the breast) producing a variability of the 
local material density. As second difference from the conventional 
printing procedure is that the input 3D digital model is the DICOM 3D 
image whose voxels are expressed in Hounsfield Units (HU), which are 
directly translated to extrusion rate, avoiding a digital segmented model 
as for example adopted in other works (di Franco et al., 2019; Varallo 
et al., 2022). Since the local changes of the object density are meant to 
produce related local changes in radiodensity of the phantoms, a cali
bration procedure is performed a priori. This calibration has the main 
scope of relating the HU to the extrusion rate of the FDM printer for the 
selected material (Dukov et al., 2022). 

In a comparative study to evaluate the most appropriate 3D printing 
technology for breast phantoms manufacturing, Clark et al. (2016) 
evidenced that Polyjet overcomes the FDM and SLA technologies in 
terms of definition of the printed structures due to the high resolution of 
the DM apparatuses. Polyjet printers build the object layer-by-layer by 
jetting photopolymer on a tray simultaneously cured by a UV light. 
However, its advantages come along with an increasing of the cost of 
both the printer purchasing and the production of a single phantom 
(Chen et al., 2021). Hence, the cost of Polyjet printer apparatus can 
reach values more than ⁓100 times of that of SLA or FDM compact 
printers (Chen et al., 2021). Similarly, also the cost sustained for the 
manufacturing of single model via Polyjet printers can reach values up 
to ⁓10 times higher than that sustained for SLA; this factor resulted in 
the order 100 times when Polyjet is compared to FDM (Chen et al., 
2021). The high definition of Polyjet 3D printers was exploited for the 
production of phantoms aiming at producing realistic anatomical noise 
on the acquired mammograms even with one single material (Badal 
et al., 2018; Schopphoven et al., 2019; Boita et al., 2021). These phan
toms were produced from clinical mammograms whose pixel values 
were converted into the amount of printing materials with known 
attenuation coefficient to be put on the x-ray beam path in order to 
produce a similar signal at the detector plane (Badal et al., 2018). 
Therefore, from each pixel value was defined the height of a column 
material focused towards the x-ray focal spot to be included in the built 
phantom. This approach limits the use of the produced phantoms to the 
acquisition protocol adopted for the original mammogram (i.e. the same 
magnification) and it lacks of utility in DBT and BCT 3D imaging with 
the absence of the replication of the 3D tissue distribution (Badal et al., 
2018). Carton et al. (2011) used the Polyjet 3D printer for 
manufacturing breast phantoms from digital breast models developed at 
UPenn (Bakic et al., 2002a; 2002b, 2003). They devised a layered 
phantom replicating the simulated fibroglandular tissue with a material 
with attenuation properties close to that of 50% glandular breast tissue. 
Adipose compartments were filled with epoxide-based resin by means of 
a manual process meant to reduce the presence of air pockets. 

Exploiting the PolyJet 3D printing technology, Kiarashi et al. (2015) 
manufactured breast phantoms starting from digital breast models 
directly derived from clinical images acquired via a BCT scanner at UC 
Davis (USA). They outlined two main limitations on the proposed 

approach: i) the effective spatial resolution permitted by the used 3D 
printer was larger compared to that of DM and DBT apparatuses and ii) 
the investigated materials covered a contrast range narrower than that 
presented by the contrast between adipose and glandular breast tissues. 
In order to improve the definition of the printed objects, the used printer 
was manually modified to bypass software control limitations (Sikaria 
et al., 2016). On the other hand, the selected materials reproduced the 
attenuation coefficients of breast tissues ranging between 36% and 64% 
glandular tissues, and alternative solutions to the Doublet phantom 
manufactured via two materials printed simultaneously (Kiarashi et al., 
2015; Ikejimba et al., 2016a) were investigated. Hence, the low atten
uation material aimed at reproducing the adipose tissue in the phantoms 
was substituted with a more appropriate one (Kiarashi et al., 2015). 
However, this infill process demonstrated to cause air bubbles, which 
are visible in the radiographic images. The photopolymer producing the 
highest attenuation coefficient for the printed sample, close to that of 
64% was successfully doped with zinc in order to increase the attenua
tion coefficient to that of 100% glandular tissue (Zhao et al., 2017). In 
addition, the possibility of adding test details within the anthropomor
phic breast phantoms was the most promising application (Zhao et al., 
2017; Rossman et al., 2019), this meant to overtake the conventional 
breast phantoms, with details embedded in homogeneous or 
quasi-homogenous background (Fig. 8). 

With the intent of a summarized comparison, Table 2 reports the 
main characteristics of the 3D printing technologies here quoted (FDM, 
SLA, SLS and Polyjet). Due to the large variability of the 3D printer 
characteristics among different models and producers, information 
related to the costs are reported in a relative scale. 

3.2.2. Inkjet printed breast phantoms 
Developing physical x-ray breast phantoms by utilizing office inkjet 

printers is emerging as an easily available and low-cost manufacturing 
method. The overall scheme of the method involves the usage of off the 
shelf or inexpensive commercially available inkjet printers, refillable 
cartridges, paper suitable for printing with the chosen printer and 
custom-made radiopaque ink. Having obtained the necessary equipment 
and consumables, the breast phantoms are then fabricated in a slice-by- 
slice manner, followed by an assembly of the printed sheets to form the 
3D object. Most phantoms of this type are limited to mimick adipose and 
glandular tissues, with few cases where additional objects (lesion, 
microcalcifications, etc.) are included. 

A research group from FDA (Ikejimba et al., 2017a) used a desktop 
inkjet printer Epson Workforce 630, with a cost of about US$60.00 and 
refillable cartridges with a cost of around US$4.00 each. Further, for 
other studies the same group exploited a similar printer type, namely 
Epson WF-3620 and once more, refillable cartridges (Ikejimba et al., 
2019, 2021). Likewise, for the manufacturing of their physical 
mammography phantom, Manzano-Hernández et al. (2019) used an 
inexpensive commercially available inkjet printer Epson Stylus CX5900. 
For printing the phantom, they used one printing cartridge similarly to 
Georgiev et al. (2021, 2022), who made use of off the shelf low cost 
inkjet printer HP Officejet 5510. 

A key decision in the manufacturing of physical breast phantoms 
with inkjet printers is the choice of paper. Experimental studies showed 
that the x-ray attenuation properties of the most types of papers are 
similar to those of the breast adipose tissue (Ikejimba et al., 2016b, 
2017a; Georgiev et al., 2022). Specifically, in Ikejimba et al. (2017a, 
2019, 2021) parchment paper with roughly 70 μm thickness was used 
and studied, with Baking Parchment Paper (King Arthur, Norwich, VT) 
being chosen as the most appropriate (Ikejimba et al., 2017a). The cost 
of the paper necessary for a model is reported by the authors to be 
around US$80. Georgiev et al. (2021, 2022) opted for a plain office 
paper (80 g m− 2) with 100 μm thickness and the paper was deemed 
successful at mimicking adipose tissue. Similarly, Manzano-Hernández 
et al. (2019) used Xerox bond paper (75 g m− 2) for the recreation of the 
adipose tissue. 
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In order to replicate the attenuation properties of the glandular tis
sue, a custom ink mixture is prepared, which involves the usage of 
radiopaque substance among others. For the preparation of the glan
dular ink, Ikejimba et al. (2017a) created a mixture of regular ink 
(InkThrift) with 350 mg/mL iohexol (Omnipaque), with a price of US 

$30 for 220 ml of the regular ink and US$200 for 250 ml of the iohexol. 
Two types of mixtures in that study were reported with solutions of 33% 
and 25% iohexol by volume. The 33% solution was reported as more 
attenuating than a glandular tissue, however, with the correct signal 
difference relative to the parchment paper used as adipose tissue. 

Fig. 8. Doublet phantom manufactured via Polyjet 
3D printing technology at Duke University (USA). On 
the left two half slabs side-by-side with the test details 
visible on top; on the right the two halves assembled 
with 3.2 mm diameter titanium rods. Reproduced by 
Zhao et al. (2017), March, “Third generation 
anthropomorphic physical phantom for mammog
raphy and DBT: Incorporating voxelized 3D printing 
and uniform chest wall QC region,” In Medical Im
aging 2017): Physics of Medical Imaging (Vol. 10132, 
pp. 479–486) SPIE, with the permission of the 
publisher.   

Table 2 
Main characteristics of the quoted 3D printing technologies used for breast phantoms manufacturing.  

3D printing 
technology 

Commonly used printing layers 
(mm) 

3D printers 
costa 

Cost for manufacturing 
phantomsa 

Materials 
variability 

Possibility of producing multi-material 
phantoms 

FDM 0.100–0.400 Very cheap Very cheap Large Yes 
SLA 0.025–0.100 Cheap Moderate Moderate No 
SLS 0.100–0.120 Moderate Moderate Scarce No 
Polyjet 0.014–0.027 Expensive Very expensive Moderate Yes  

a Data summarized from printers quoted in Chen et al. (2021). 

Fig. 9. a) Physical breast phantom created from parchment paper with desktop inkjet printer and iohexol placed on the DM unit. b) Simulated mammogram of the 
virtual model used for generating the physics phantom and c) acquired DM image of the phantom. Reprinted from (Ikejimba et al., 2017a) with the permission of 
the publisher. 
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Manzano-Hernández et al. (2019) on the other hand, mixes black ink 
(DuraBrite) and Ultravist® 300 contrast medium, with a concentration 
of 24%. Whereas Georgiev et al. (2021, 2022) created a mixture of 600 
mg of potassium iodide (KI) dissolved in 1 ml of water, which was then 
mixed with standard ink in a 1:1 ratio. 

The anthropomorphic phantom created by Ikejimba et al. (2017a, 
2019, 2021) was derived from a computational breast model, generated 
through analytical modeling based in Graff (2016). The printed model is 
comprised of mimicked adipose and glandular tissues (Ikejimba et al., 
2017a); it is shown in Fig. 9, placed between the compression paddle 
and the support paddle of a DM unit. Comparison between in-silico 
computed DM image of the computational model used for the phantom 
manufacturing (Fig. 9b) and the planar image of the physical phantom 
acquired on a clinical DM system (Fig. 9c) showed qualitative similitude. 
However, fine analysis of the image of the physical phantom outlines 
some artifacts mainly due to the printing process (Ikejimba et al., 
2017a). The inclusion of tumor formations is considered in their work as 
well. The tumors are computationally generated and in the case of 
Ikejimba et al. (2017a) they were included after printing the whole 
model by reprinting the slices containing lesions. For the inclusion of 
lesions in the physical model, a mixture with higher concentration of 
iohexol was created in Ikejimba et al. (2021). Furthermore, the highest 
concentration mixture was placed in a separate color cartridge, thus 
enabling simultaneous printing of two tissue types. However, with 
higher concentrations of iohexol the authors reported an increased 
chance of clogging of the print heads; the dissolvement of KI in water 
and then mixing it with ink was the proposed approach for overcoming 
this issue. Ikejimba et al. (2021) included microcalcifications to the 
phantom as well. The authors created the microcalcifications by crush
ing tablets made from calcium hydroxyapatite - Ca₁₀(PO₄)₆(OH)₂ - and 
polyvinylpyrrolidone - (C6H9NO)n - powders and sieving the specks. 
This resulted in objects with sizes between 150 and 180 μm, which were 
then placed in pre-designed locations. This approach was an improve
ment over a previous usage of the method reported by the authors in 
Ikejimba et al. (2019) as well as in Ikejimba et al. (2017a), where 
crushed eggshells were used. The robustness of the created phantom was 
tested for a period of over 6 months (Ikejimba et al., 2019). The test 
consisted of printing four batches with 30 squares with iodine-doped ink 
on parchment paper, followed by measurements of the attenuation for 
that period. The data from the measurements were subjected to statis
tical tests and no statistical significance was found. Reproducibility was 
also tested and high consistency was reported (Ikejimba et al., 2017a). 

While Ikejimba et al. (2017a, 2019, 2021) made use of virtual breast 
models, Manzano-Hernández et al. (2019) used clinical mammography 
images, obtained from the American Association of Physics in Medicine 
(AAPM) Task Group 18 (Samei et al., 2005). The clinical images were 
processed with a calibration function before printing (Fig. 10). A 

constraint of the approach is the limited number of gray values that the 
printer can achieve, namely 256 and the structure of the used paper, 
which manifests itself as noise in the resulting x-ray images. Nonethe
less, satisfactory similarity is reported between the physical phantom 
x-ray image and the clinical x-ray image, with a Figure of Merit (FOM) of 
13% (0% is related to the maximum images similatity). Similarly to 
Ikejimba et al. (2019), no tendency of loss of contrast was observed for a 
period of one month. 

Georgiev et al. (2021, 2022) produced their model in a similar 
fashion, with one active printing cartridge. In this case, the data from 
which the physical breast model was printed is from a segmented clin
ical breast MRI image set (Dukov et al., 2022). Georgiev et al. (2022) 
considered two types of tissues: i) adipose tissue replicated by the office 
paper and ii) glandular tissue denoted by the radiopaque ink. The skin 
was printed as well, however with the same radiopaque ink created and 
used for the glandular tissue. The study explored the reproducibility of 
the phantom and the behavior of the model with different x-ray energies 
and more precisely with 40 kVp, 60 kVp and 80 kVp. The authors 
concluded that the technique is reliable and produces realistic results. 
However, a number of issues are noted, among which clogging due to 
crystallization of the KI mixture and uncertainty in the KI deposition 
during printing. 

4. Evaluation of innovative materials for breast phantoms 
manufacturing 

Independently of the manufacturing process of an anthropomorphic 
breast phantom, the choice of the materials to be used for mimicking the 
human breast anatomy must be adequate to represent the x-ray trans
mission properties. According to the expected application of the device, 
these properties and the phantom design may focus on how accurately 
the material represents the energy deposition of the radiation or the 
resulting contrast when imaged by DM, DBT or BCT systems. In the first 
case, the material may be appropriated to dose estimations and in the 
second case to lead to a realistic representation of the breast image for 
their quality evaluation. In both cases the choice of the material must 
consider attributes related to their physical-chemical properties, their 
adequacy to the prototyping process, reproducibility, spatial resolution, 
and production costs. 

The main physical property to be taken into account for the choice of 
any tissue-equivalent material (TEM) is the linear attenuation coeffi
cient (LAC) in the range of energies of interest of the specific application. 
In the case of TEMs for breast-like phantoms, the LAC must be as similar 
as possible to the breast tissues on the interval of about 5 keV–80 keV, if 
BCT is considered. If the phantom is planned to be used only for DM or 
DBT, this range can be limited to 40 keV. Other TEM characterization 
parameters which impact the photon interactions with a given media 

Fig. 10. Physical breast phantom created from bond paper with desktop inkjet printer and contrast medium: a) top view of a paper physical breast model and b) the 
corresponding mammography image. Reproduced from Manzano-Hernández et al., AIP Conference Proceedings 2090, 030004, (2019); used in accordance with the 
Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 
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have also been recently investigated, such as the effective atomic 
number, the energy absorption, and the build-up factor (Kadri and 
Alfuraih, 2022). Therefore, the adequacy of a material used for 
mimicking real breasts must consider these physical properties, which 
must be as close as possible to the target-tissue to be modeled. In the case 
of breast target-tissues, the standard references which provide the 
elemental composition that allows the comparative evaluations between 
TEMs and real tissues were published by ICRU (1989), White (1978), 
Hammerstein et al. (1979) and Johns and Yaffe (1987). Depending on 
the level of realism expected on the final product, the balance of glan
dular/adipose components of the breast, which impacts on its dose 
deposition and imaging aspect, must be also considered. The adequate 
match between these major components of the breast with the TEM 
attenuation properties will impact the quality of the phantom. Addi
tionally, if realistic anatomy (Fedon et al., 2021) and/or pathological 
properties are important, other specific structures must be included on 
the phantom design in order to reproduce the breast and these designs 
may be based on computational models or real x-ray images. 

Different materials have been introduced in the last years as candi
dates to representing breast tissues. In a recent review, McGarry et al. 
(2020) classified the breast phantom design considering their anatomic 
and non-anatomic properties and presented a complete list of materials 
that have been considered as TEMs for devising new breast phantoms. In 
particular, from that review paper, some innovative materials may be 
highlighted. As also detailed in the previous section, Ikejimba et al. 
(2017a) produced realistic and inexpensive anthropomorphic phantoms 
based on an analytical/voxelized model and adopting radiopaque iodine 
ink into parchment paper as materials associates to an inkjet printer. 

Cubukcu and Yucel (2016) implemented an innovative idea, mixing 
paraffin with two powder additives in order to mimic breast tissues. It is 
also worth to mention the gelatin-based with tunable x-ray attenuation 
material reported by Dahal et al. (2018) where the authors mixed gelatin 
with glycerin in order to remain the material stable and added micro
bubbles to adequate their attenuation properties. Also very innovative 
are natural polymer-based hydrogels materials studied by Prabhu et al. 
(2021) as candidate to TEMs in a broad range of applications, including 
breast imaging. 

As mentioned in sect. 3.2.1, additive manufacturing applied to the 
construction of anthropomorphic breast phantoms requires not only the 
development of innovative materials, which is a challenging task, but 
also creative combinations of regular ones. Two good examples pre
ciously mentioned are the use of paraffin associated to SLA 3D technique 
by Malliori et al. (2020) and the combination of polyamide-12 and 
low-viscosity resin by Mainprize et al. (2018, 2020). Polyjet technology 
associated to UV light curation process was also described in previous 
section. As presented, the cost limitations of this technology reinforce 
the importance on investments and research on new materials for 
application in phantom manufacturing process, as reported by Zhao 
et al. (2017) and Rossman et al. (2019). 

The validation and characterization of any new material introduced 
as a candidate to TEM is essential to assure the expected response in 
terms of their physical properties. The most popular method for char
acterizing these materials used transmission spectrometry to estimate 
the LAC of a sample of the interest material. The adoption of mono
chromatic beamlines is the most accurate way to determine these 
transmission properties, but are expensive and experimentally complex 
(Ivanov et al., 2018; Esposito et al., 2019; Mettivier et al., 2022b). 

Decades ago, similar measurements were published by Byng et al. 
(1998) using a sophisticated high-purity germanium detector couplet to 
an electronic system and a multichannel analyzer. These authors 
determined accurately the linear attenuation coefficients of several 
commercial TEM used for simulating fat and glandular breast tissues in a 
range of energies between 10 and 110 keV by employing polyenergetic 
x-ray beams produced via conventional x-ray tubes. In 2006, Heine and 
Behera (2006) used a similar method for measuring primary and 
transmitted spectra using amorphous silicon photodiodes coupled to 

TFTs and a simple breast phantom. The same approach was used by 
Ikejimba et al. (2017a) to validate their inkjet-based model. 

Recently, the use of cadmium telluride (CdTe) spectrometry tech
nologies became more popular and other TEM characterization experi
ments were presented in the literature. This kind of detector have been 
used to characterize clinical mammography x-ray spectra (Santos et al., 
2017, 2019b) and it is nowadays a gold standard in terms of x-ray 
spectrometry in the range of energies for medical imaging applications. 
Using this kind of detector, a very complete work was proposed by 
Geraldelli et al. (2013). They applied the Energy Dispersive X-ray 
technique in different materials, including an adipose-equivalent one. A 
similar technique was applied by Kabir et al. (2021) using a low energy 
germanium detector to determine several physical properties of breast 
TEMs. The previously mentioned works from Cubukcu and Yucel 
(2016), Badal et al. (2018), Mainprize et al. (2020) and Dahal et al. 
(2018) also used CdTe detectors for validating their innovative mate
rials. Santos et al. (2019a) used CdTe technique to characterize 
low-density materials for construction of 3D anthropomorphic breast 
phantoms. Additional methods for characterization and validation of 
TEMs include imaging techniques using 2D and 3D mammographic 
systems (Schopphoven et al., 2019; Dukov et al., 2019a) or CT equip
ment (Kabir et al., 2021) and the evaluation of effective atomic number 
and electron density of the materials (Thulasi et al., 2021). 

5. Conclusions 

The recent literature shows great vivacity in proposing innovative 
digital and physical breast phantoms. The driving forces conducting the 
development of new digital phantoms may be found mainly in the need 
of refining models for x-ray breast dosimetry (AAPM TG282) and in the 
improved calculation capabilities (i.e. VCT platform based on GPU ar
chitectures) which have permitted the development of simulation plat
form for conducting VCT with reasonable computation times (Badano 
et al., 2018; Badal et al., 2021; Barufaldi et al., 2018, 2021; Mettivier 
et al., 2022a). We have identified two major categories of digital breast 
phantoms: i) those generated from clinical breast images and ii) those 
obtained by means of mathematical models. Advantages of the first 
category may be found in the possibility of reproducing the real breast 
shape and tissue distribution. However, they are mainly derived from 
images acquired via BCT scanners which implies the limited available 
cohort (up to now just few thousands of 3D breast images have been 
acquired with BCT all over the world) and the limits related to the 
spatial resolution and structure definitions. This last aspect may be a 
limiting aspect, in particular as regard to the use of such phantoms for 
VCT in DM and DBT, with the scanners presenting fine spatial resolu
tions. However, innovative approaches have been proposed to artifi
cially enlarge the phantoms cohort (Sturgeon et al., 2017) and to reduce 
the voxel sizes and structure definitions in the generated phantoms 
(Caballo et al., 2018b). It is worth noting that this aspect has shown 
scarce influence on dosimetric evaluations (Fedon et al., 2018). On the 
other hand, digital breast phantoms generated from mathematical 
models permits arbitrary dimension of the voxels and unlimited di
mensions of the generated cohorts of digital patients. 

Propulsive forces in the development of new physical breast phan
toms can be found in the introduction of DBT and BCT in the clinical 
practice, along with the conventional 2D mammography. Hence, this 
implied the necessity of developing physical breast phantoms which 
permitted the evaluation of the image quality of pseudo-3D and 3D 
imaging systems, whose main advantages reside in the reduction of the 
tissue superimposition predominant in planar DM imaging. New pro
posed phantoms have then tended to include the anatomical structure 
proper of the breast parenchyma, differently from conventional breast 
phantoms adopted in QA in DM, characterized by the homogeneous 
background. In this context, 3D printing technologies – which feature 
the possibility of devising phantoms from (in principle) any digital 
model – have represented an attempting tool for several research groups 
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willing to prototype and manufacture their projects. However, SLA and 
SLS 3D printing technologies have shown their limits related to the 
possibility of using just one material at a time. This constraint was 
overtaken with the use of FDM technology either by adopting two 
extruder printers or the emerging approach which relies on the local 
variation of the extrusion rate for producing local variation of phantom 
density (Dukov et al., 2022). Additional features of the FDM technology 
are related to the large abundance of printing materials, that can be 
suitably selected for appropriately mimicking the properties of the 
breast tissues. Main concerns are related to the presence of construction 
patterns in the manufactured phantoms, that are evident in high reso
lution images acquired via DM scanners (Varallo et al., 2022). This 
defect is not present in phantoms printed via Polyjet 3D printing tech
nology, which features the possibility of reproducing fine structures 
with high spatial resolutions in manufactured objects. The other side of 
the coin are the large costs of both the printers and the printing mate
rials, as well as the limited number of materials in the case of Polyjet 3D 
printing. Hence, in most of the cases, these are not able to reproduce the 
physical properties of the breast tissues and are mixed or tuned by means 
of conventional material. 

Low-cost emerging alternative for manufacturing digital breast 
phantoms requires the use of inkjet printing on paper with the use of 
common ink also in conjunction with opportune additive materials. This 
technique permits to reproduce phantoms whose planar images present 
anatomical noise comparable to the expected one. However, further 
studies are needed for the evaluation of their use in 3D imaging. 
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