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ABSTRACT

Background: This study aimed to test the possibility of using Magnetic Resonance
(MR) images to create anthropomorphic breast phantoms for X-ray imaging and to
compare the performance of fused deposition modeling (FDM) and 2D inkjet printing
with radiopaque inks. Materials and Methods: Two physical phantoms were produced
using either an inkjet printer on paper or an FDM technique, both based on clinical MR
data. The paper phantom was printed with 1.2 g of Kl dissolved in 20 ml of water. For
the FDM phantom, the extrusion rate was adjusted according to clinical Hounsfield
unit (HU) values. These phantoms underwent imaging using a clinical computed
tomography (CT) device at two energy spectra, and their CT images were assessed in
terms of HUs, histogram distributions, spectral and subjective analyses, as well as cost.
Results: The objective CT analysis of the phantoms revealed that HU values and
B-values, indicating the anatomical complexity of the breast parenchyma, were in line
with those expected, with an advantage for the FDM-based phantom. In both cases,
the B-values were close to those for clinical breast images acquired with high-
resolution CT scanners. Subjective evaluation, however, indicated a need for refining
the realism of the phantoms, particularly in terms of preserving the fine details.
Conclusion: Breast MR Images offer the possibility of constructing breast phantoms.
However, the method fails to replicate fine details in phantom CT images. Addressing
this challenge requires improvement in segmentation processes and manufacturing
accuracy.

resonance imaging (MRI) examination has the
potential to enrich the available cohort of breast

Physical breast phantoms are needed for the
development of X-ray equipment, for dose
assessments, for evaluation of image quality, and for
quality assurance programs. Ideally, such phantoms
should reflect the physical characteristics of the
breast. First, the constituent materials have to
present the same X-ray attenuation properties as the
breast tissues; and secondly, the phantoms used
should reflect the anatomical features of the real
organs, such as silhouette, 3D distribution of
constituent tissues, and variability (1.2). The required
anatomical realism may be derived from clinical
images with relatively high spatial resolution
acquired with dedicated Breast Computed
Tomography (BCT) scanners 3). However, this
approach is limited by the worldwide scarcity of clini-
cal breast images acquired from BCT scanners (4-6).
Conversely, exploiting images acquired by magnetic

models in terms of both dimensional and anatomical
variability. The use of an MRI-based approach to
make anthropomorphic breast phantoms has been
demonstrated by others to be a valid approach for
applications dedicated to microwave imaging
diagnosis and biomechanical finite element models
(7-9), The creation of physical anthropomorphic breast
phantoms for use in X-ray breast imaging
investigations needs proper manufacturing
technology, suitable materials, and validation of the
results, as well as an assessment of time and costs.
Various techniques are used for the manufacture of
physical breast phantoms, including the mixing of
different solid or liquid materials, 3D printing, and 2D
inkjet printing (1.210), These are steadily improving, in
terms of resolution, speed, and suitability of
materials, hence allowing the creation of physical
anthropomorphic phantoms that ensure radiological
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equivalence to real human breast tissues.

3D printing technologies have facilitated the
design and manufacture of physical breast phantoms,
characterized by the realistic representation of
internal organ structure. Among the preferred 3D
printing techniques are the fused deposition
modeling method (FDM) (1-15), stereolithography
(SLA) (1617), polymer jetting (1819, and inkjet printing
(20-23), Of these, the FDM and 2D inkjet printing
techniques have been shown to have the lowest cost
(1.15,22,2425), Both techniques are capable of producing
physical models based on either computational
breast models or patient images from medical scans
or mammography examinations. This study was
designed to evaluate the phantoms generated from
MRI images, and was intended both to test the
feasibility of this approach and to compare the two
manufacturing methods. The novelty of the paper lies
in the use of magnetic resonance (MR) breast images,
which are more widely accessible than images
acquired via BCT scanners and are of relatively high
resolution (). The goal was to explore the possibility
of creating an extensive collection of phantoms that
accurately represent the large variability in breast
anatomy. Additionally, we aimed to assess the
potential of inkjet-printed breast phantoms in 3D
imaging, an area that, until now, has been primarily
confined to 2D imaging. For this purpose, phantoms
based on the same digital breast model were
produced both by FDM and 2D inkjet methods. The
assessment consisted of measurement of the CT
numbers (in Hounsfield Unit, HU) from CT images of
the manufactured phantoms, and evaluation of both
histogram distributions and replicated anatomical
noise background. In addition, subjective analysis
was carried out by an experienced radiologist.

MATERIALS AND METHODS

The physical breast phantoms, named Paper
phantom and FDM phantom, were developed using
the patient’'s MR segmented images, available in an
open-access database published on Zenodo.org (26).
The FDM phantom was fabricated based on a 3D
printing technology that associates HU with a
corresponding filament extrusion rate in order to
tune the local density of the printed material (29,
while the Paper phantom was fabricated using 2D
inkjet technology based on the association of the CT
number with the ink-iodine mixture quantity (that is,
greyscale values). The manufactured physical
phantoms were imaged in a clinical CT scanner and
evaluated in terms of reproduced CT numbers and
anatomical noise. The study overview is shown in
figure 1.

Phantoms
Patient data and computational phantoms
The MR images used for the creation of the

anthropomorphic phantoms were acquired with a GE
Signa HDxt MRI scanner (GE Healthcare, USA) em-
ploying a T1-weighted Axial multi-phase VIBRANT (3
-phase) sequence, incorporating contrast-enhanced
administration and fat suppression (figure 2). The
voxel size was 0.7 mm x 0.7 mm x 0.8 mm (25). The
original patient data were segmented into adipose,
glandular, skin, and tumor tissues, each assigned a
specific HU value in the resulting segmented digital
breast phantom: -152 (adipose), 42 (glandular tissue)
and 108 (skin) and 64 (tumor).

Mo
Variable
filament

extrusion rate

s N N
Breast iRl ) FDM printing
image Image processing I Inkjet printing

(

\
PN S
Radiological Ink
assessment preparation
J S

Figure 1. A diagram of the experimental investigation. FDM
and Paper phantoms were both created from patient MR
images. The original patient data were segmented into the
different breast tissues, to which specific HU values were
assigned. Phantoms were then printed by 2D inkjet and FDM
techniques, and scanned at a clinical CT unit. The results were
evaluated quantitatively and qualitatively.
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Figure 2. Two MR images with observed skin, neoplastic,
glandular, and adipose tissues. These images are part of the
dataset used for the creation of the computational model (26)
that was utilized for the physical FDM and Paper phantoms.

FDM-based phantoms

The FDM phantom, shown in figure 3a, was
developed in our previous studies (25). A crucial step
in its development was the calibration procedure,
necessary to establish the correct extrusion speed to
achieve the desired HUs in the final images. For this
purpose, we printed several groups of cubes, with
dimensions 20 mm x 20 mm x 20 mm, using different
filament extrusion rates. The cubes were imaged at a
clinical CT unit and the retrieved HU were correlated
with the filament extrusion rates.

The FDM phantom was fabricated by extruding a
constant amount of filament per voxel and employing
a perimetric pattern to replicate irregularly shaped
entities, corresponding to glandular and tumor
tissues. Glandular, adipose, and skin tissues were
printed using three constant filament extrusion rates
correlated with three HU values derived from the
calibration processes. The FDM phantom was made
with an FDM printer MT2-B (Multoo, China), which
has printing dimensions 500mmx500mmx600mm
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and PLA filament from Formfutura (Holland) with a
density of 1.24 g cm3 and 1.75 mm diameter. The
thickness of the printed layer was 0.25 mm and
therefore each MR image was replicated by printing
three identical layers.

Paper-based phantoms

The inkjet printing method uses an inkjet printer
with a specially prepared iodine-based ink, which can
be “seen” in a CT scanner. Each slice from the
segmented MRI volume was binarized; the voxels
that corresponded to adipose tissue were set to 255,
and the glandular and skin values were transformed
to 0. The iodine-based ink mixture consisted of 1.2 g
KI dissolved in 20 ml of water. To this mixture, 1 ml
of standard ink was added in order to visualize the
printed structures on the paper, since the KI solution
is transparent. The mixture was injected into the
empty printer cartridge of an HP Officejet 5510
printer. The amount of ink was calculated by using
the NIST database (27) and the relationship between
CT numbers and X-ray attenuation coefficients (28),

The printed Paper phantom was based on 30
consecutive slices from the segmented image set, and
each slice in printed form was on eight sheets of plain
A4 office paper: thus the printed phantom consisted
of a total of 240 sheets with a thickness of 24 mm.
The skin and glandular tissues were printed with
100% ink infill. The phantom that was produced is
shown in figure 3b. Polymethyl methacrylate (PMMA)
sheets, each with a thickness of 5 mm, were used as
the upper and lower surfaces to secure the phantom
and eliminate air.

Figure 3. Phantom ed in the shtuciy: (a) FDM phahfom, (b)
Paper phantom. The digital source of these phantoms was the
same.

Experimental work and evaluation

CT images of the phantoms were acquired at the
“St. Marina” University Hospital of Varna (Bulgaria)
using a Siemens Somatom Force CT scanner
(Siemens, Germany) and an abdomen standard
protocol at 70 kV and 120 kV. The 70 kV was the
lowest possible X-ray energy and was within the
range of the tube voltages used in a dedicated breast
CT scanner (29). The reconstructed slice thickness was
0.5 mm, the convolution Kernel was Br40d and the
coronal pixel size was 0.45 mm x 0.45 mm. Images
were first examined visually, followed by an objective
evaluation using Image] (https://imagej.nih.gov/ij/).

Subjective evaluation comprised visual
observation of the images and a comparison of the
contrast and shape of the tissue-mimicking structures
in the images. Objective evaluation included
comparison of CT numbers from slices of clinical 3D
breast images, literature data, and calculation of
histogram distributions and of the  parameter as an
indication of the anatomical noise 9. For evaluation
of the CT numbers, regions of interest of size 20
pixels x20 pixels were defined automatically with the
radiomics platform of Marinov et al (1. An example
of one of the slices is shown in figure 4.
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Figure 4. Defining the HU histogram and other features by
means of a radiomics software program (31),

For spectral analysis, the [ parameter, which
quantitatively describes the anatomical complexity or
anatomical noise of the texture related to the healthy
tissues in the breast images (30.32), was evaluated. This
parameter was used to evaluate how appropriately
the phantoms mimicked the tissue background in
organ images. The [ parameter usually presents
values close to 3 in breast images acquired via digital
mammography and breast tomosynthesis, reducing
to 2 for CT images, in which the anatomical noise is
less pronounced (303233, In order to evaluate 8 for CT
images of the manufactured breast phantoms, the
average 2D NPS (Noise Power Spectrum) was
evaluated in 1000 ROIs (Regions of Interest), each
comprising 128 x 128 pixels. Various ROIs were
randomly selected in the CT images of the scanned
physical phantoms with a reconstructed pixel pitch of
0.912 mm and processed as suggested by Chen et al.
(30, The 1D Noise Power Spectrum (NPS) was
computed as the radial profile of the 2D NPS curve.
The 8 parameter was evaluated as the absolute value
of the linear fit curve slope of the 1D NPS curve in an
appropriate frequency range comprised between
0.04 mm and 0.40 mm-. This range was tuned in
order to maximize linear model suitability.

RESULTS

Printed physical phantoms and CT images
CT images of the two physical phantoms, scanned
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in the clinical CT scanner, are shown in figure 5.

Figure 5. Selected sllces from the CT scans of: (a) Paper
phantom and (b) FDM phantom. The windowing display
settings are marked on the corresponding images, acquired at
70 kV.

Figure 6 depicts the histogram distributions of the
selected CT scans for the Paper phantom (figures 6a
and 6b) and the FDM phantom (figures 6c and 6d) at
70 kV (figures 6a and 6¢) and 120 kV (figures 6b and
6d). The largest peaks correspond to the adipose
tissue. Average HU values obtained from selected
ROIs in the CT images are reported in table 1. In this
table, measured CT numbers from literature are also
reported, derived both from CT images of equivalent
materials and from breast tissues. Specifically, the HU
values assessed at 70 kV (with an average energy of
41 keV) for the FDM phantom closely aligned with
the CT numbers documented by Geeraert (34 for
tissue-equivalent materials evaluated within the
range of 40 - 54 keV for corresponding tissues. This
agreement was weaker for the Paper phantom, for
which HU values were lower for both adipose and
glandular tissues. This may have been due to the
presence of trapped air between the paper sheets.
While this presents minimal impact on 2D projection
images (2022), in 3D images of the Paper phantom,
external pressure applied to the stacked sheets could
alter the air content and subsequently influence the
final HU values. A dedicated study is needed to
evaluate this aspect.
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Figure 6. Normalized histogram distributions of a selected

slice from a-b) Paper phantom and c-d) FDM phantom. The

physical phantoms were scanned at 70 kV (a-c) and 120 kV
(b-d). Bin counts were set to 64.

Table 1. Comparison of measured HUs with data from the

literature.
Glandular, Adipose,
average HU | average HU
70 KV Paper phantom 39+4 -88+ 11
FDM phantom 57+19 -129+10
120 kv Paper phantom -78+6 -188 + 12
FDM phantom 45+ 19 -131+15
40 keV’ 57 -144
54 keV" 42 -111
80 kv 44 -138
120 kv 40 -100

*data taken from ref ®¥ **data taken from ref @ ***data taken

from ref %)

Evaluation of § parameter

Figure 7 shows the 1D NPS curves from the
phantom images shown in figure 5. They are
represented on a log-log scale and the linear fit is
shown in red.

1074 '
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Figure 7. Noise Power Spectrum (NPS) on a log-log scale
evaluated over the anatomical background from 3D images
represented in figure 5. Red lines represent the linear fit
curves whose slopes furnish the B values. Data are shown for
120kV. Since the B value describes the anatomical complexity
of the organ in the acquired image, it shows negligible
dependence on the beam energy 3],

The  parameter was evaluated as 2.54 * 0.10 for
the FDM- based phantom and 1.95 * 0.06 for the
paper-based phantom. For 3D images of the breast, it
is expected to have a value close to 2.

Radiological assessment and printing and
cost-effective parameters

An assessment of the phantom images that were
obtained was performed subjectively by an
experienced radiologist certified in general radiology
and with more than 3 years of experience in breast
imaging. In the original breast MR image, the
radiologist was able to distinguish the following
anatomical structures: 1) connective tissue consisting
of mammary glands and ducts, small vessels, lymph
vessels, and nerves, 2) adipose tissue consisting of
fatty structures, 3) greater vessels (arteries and/or
veins) in the periphery of the breast and 4) skin
(again soft tissue component). Normal connective
tissue was more visible, and was therefore considered
to be more significant than glands. Pathological
structures, including the neoplasm, were seen, but
were not taken into account for the phantom
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manufacturing process and they are included inside
the phantom as part of the fibroglandular tissue,
since they show the same density.

Connective tissue, vessels, and skin showed as
hyperintense or brighter in MR images, while adipose
tissue exhibits hypointensity or appears darker
due to distinct attenuation patterns (figure 2).
Conversely, in CT images, connective tissue, vessels,
and skin display hyperdensity or brightness, while
adipose tissue assumes hypodensity or appears
darker. When comparing the MR image and the CT
phantom image, a very good overlap between the two
imaging techniques was observed, with minimal loss
of information (in the CT image) about subtle details.
The disparity was negligible for the chosen breast
model (ACR breast composition A, featuring a readily
visible tumor). However, it may present challenges in
other scenarios not addressed in this paper (e.g., ACR
breast composition C, with a non-visible tumor).

The original breast composition is primarily
composed of fatty tissue; thus, interpreting MR and
CT images posed fewer challenges. In this setting the
contrast of the internal breast structures was
enhanced and the interpretation was more
comprehensive. The four criteria used by the
radiologist to assess both MR and CT images were:
description of the anatomical structures; tissue
contrast; comparison between original MR images
and CT images of the physical phantoms and
radiological realism of the phantoms. The evaluation
is summarized as follows: (1) Anatomical structures:
Based on the anatomy of the normal breast and the
individual anatomical features of the scanned breast,

three breast tissues are distinguishable - adipose and
glandular tissues, and skin. While fine details may not
be distinct, the differentiation between glandular and
adipose tissue is evident due to heightened image
contrast; (2) Tissue contrast: The image contrast is
very good for each image as well as between the
different slices. The distinction between glandular
and adipose tissues, although not capturing fine
details, is discernible due to pronounced image
contrast; (3) Image comparison: Despite the different
scanning techniques employed, MR and phantom
images exhibit strong correspondence (in terms of
represented tissues); (4) Radiological realism:
achieving a total realistic representation remains
elusive. Improved training for segmentation and
interpretation processes will require additional
clinical and imaging data.

A comparison of CT images of Paper and FDM
breast phantoms is summarized in table 2 regarding
the four criteria mentioned above. The radiologist's
final report concluded in favor of the FDM phantom,
with an overall better image quality and enhanced
tissue contrast.

Printing time, cost, and assessment of the
phantom realism are summarized in table 2. The
printing time indicates only the printing hours and
does not include the time needed for image pro-
cessing, ink preparation, and 3D printer adjustments.
The costs for the printed phantoms include only the
used materials. Costs do not include the operator’s
time costs, nor the initial investments for the print-
ers.

Table 2. Comparison of CT images of Paper and FDM breast phantoms with respect to anatomical structures, tissue contrast, image
comparison, and realistic representation of the models. The manufacturing time and cost of the phantoms are summarized in the
last two columns.

Phantom Anatomy Tissue contrast Imag-e Realism . Tl-me for Cost,
comparison printing, hours | EUR
. e A realistic representation of the CT-scanned
Paper iny glajmds anc! Sharp tissue Not satisfying phantom in comparison to an MRI is not 4(30) 2(10)
skin, no fine details contrast enough -
achievable.
. A realistic representation of the CT scanned
. Tissue contrast . . - ]
All- glands, adipose, Stronger phantom in comparison to MRl is achieva-
FDM . . .’| as sharp as the oy . 120 30
skin, no fine details . correspondence| ble, but still missing small details. Overall
CT slice . . .
the CT image is of better quality.

*Calculated data for the whole breast volume.

DISCUSSION

Lately, both fused deposition modeling and inkjet
printing with radiopaque inks have been intensively
used for the creation of physical phantoms for testing
X-ray equipment. Specifically, in the field of X-ray
breast imaging, anthropomorphic physical breast
phantoms find applications for quality control of ra-
diological systems, as well as for testing and optimi-
zation of advanced breast imaging techniques (1.10),
The limited availability of high-resolution 3D breast
images acquired via dedicated CT scanners led us to
investigate the possibility of using MR breast images
for model preparation.

Until now, inkjet-printed phantoms have
primarily been used for assessing image quality in 2D
digital mammography and  digital breast
tomosynthesis (1820.223637), [n this study, for the first
time, we investigated the possibility of extending
such a technique to the 3D case by employing a 2D
inkjet printer with an office plain paper sheet. This is
an advantage compared to the use of the more
expensive iohexol and the relatively thicker
parchment paper (8. A visual comparison of the
selected CT slices from the scanned physical
phantoms shows that both phantoms provided a
contrast between the adipose and glandular tissues.

HU histograms of CT images of the manufactured
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phantoms reveal that both techniques, the FDM with
tunable extrude speed and the inkjet printer with
office paper, can reproduce adipose, glandular, and
skin values, as the areas corresponding to these
structures are visible. Among the two phantoms
compared, the FDM phantom demonstrates a highly
comparable HU distribution and trend to the
corresponding adipose and glandular tissues 3439, A
disadvantage of the FDM printing process is the
longer time needed for manufacturing the
anthropomorphic breast phantom and the necessity
to restart from the beginning of the complete
printing process if there is an error while printing.
Another limitation is the need for a calibration
phantom and calibration procedure, and this should
be applied for each energy. The radiologists noted
the visible pattern, which may eventually be removed
by changing the method for FDM printing (0.41) or by
applying filtering in the frequency domain.

In the case of the Paper phantom, an increase in
the kV resulted in a shift of the HU histogram
towards lower CT numbers. This phenomenon can be
attributed to the composition of office paper, which
includes calcium, as reported by Gong et al (2.
Moreover, the ink component of the paper contains
iodine, leading to an increased occurrence of
photoelectric events and subsequently enhanced
attenuation “3). This outcome suggests that
phantoms based on office paper, such as the one
studied, may not be suitable for comprehensive
utilization across all ranges of kV. Further, some
challenges were present during the inkjet printing
process, such as the need to continuously supervise
the whole process in order to prevent paper jams, ink
drying, or possible clogging, and to replace or refill
ink cartridges regularly. Clogging, streaks, the need
for a flush, and several printer head failures during
an inkjet print have also been reported by other
researchers (449. Another challenge was the paper
outside the printed breast structures. This paper
must be cut after the whole physical phantom is
assembled as close as possible to the external breast
contour. Alignment of paper sheets is also crucial.

The power spectrum analysis of the phantom
images suggests that the anatomical noise of the
images of the paper-based and the FDM-based
generated phantoms reflects that of clinical 3D
breast images with a 8 value of about 2 (30.32), Hence,
this parameter was shown to quantify the noise
background in the X-ray breast images, reducing
from a value of 3, evaluated in digital mammography
and digital breast tomosynthesis, down to 2 in BCT,
where the tissue superimposition and the related
anatomical noise are reduced. The evaluation of the
parameter was intended to test the degree of
reproduction of the anatomical background noise in
the developed phantoms. Limitations of this
evaluation are related to the use of a whole-body CT
scanner that produces images whose slice thickness

is almost twice that used in the BCT studies 3032), This
may yield slightly larger f values than the expected
value of 2. The Paper phantom presented the lowest 8
value (1.95 + 0.06), in line with the expected values. It
was slightly higher for the FDM case (2.54 + 0.10).

A comparison of the two printing techniques
showed that 2D inkjet printing is approximately three
times cheaper than FDM printing, taking into account
only the costs of the used consumables. Additionally,
several studies revealed that the initial investment in
printing equipment is cheaper for inkjet printing (20).
In this study, for implementing the 2D inkjet printing,
we used a general-purpose desktop inkjet printer,
which costs about 50 euros. For FDM printing, the
cheapest FDM commercially available printers for
hobbyists that are suitable for this purpose cost about
200 euros. The improvement of 3D printing
technologies allows for sufficient printing accuracy
and thus satisfactory completion of the printed object.
These types of printers allow both commercial
upgrades and custom development of hardware and
in-house software codes. This strong advantage,
together with the good quality of images produced
with FDM printers, showed that this technique could
be successfully used for the manufacture of
anthropomorphic phantoms for quality control, as
well as for personalized diagnostic imaging.

The involved radiologist reviewed the CT images
of both phantoms and affirmed that “Realistic
representation of the CT scanned phantom in compar-
ison to MRI is achievable, still missing small details”.
This shortcoming may be alleviated by improvement
of the segmentation algorithm as well as by reaching
smaller spatial resolutions in the manufacturing
processes.

Future work will be focused on the improvement
of current and production of new printing materials
suitable for use with these two technologies. The
comparison of KI and PLA as basic materials for
printing models for X-ray imaging shows that using a
100% PLA is not appropriate for use with X-rays in
the diagnostic energy range. KI is suitable for
diagnostic X-ray imaging in certain concentrations
(20-22), The concentration of KI is easy to change, while
PLA with varying densities can be produced only with
dedicated software, not commercially available (13.45),
The software for paper printing is freely available,
while the non-commercially dedicated software for
FDM printers needs proper licensing. Newly
manufactured materials, however, need to be
carefully assessed for their suitability for use with the
specific printing technologies and they have to be
evaluated for their radiological properties. Therefore,
the interdisciplinary team involved in this work is
currently focusing on evaluating new materials,
developed by our mechanical engineer, which will
further be scanned at a micro CT facility and
chemically analyzed in order to propose better
printing materials and a better methodology for
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printing anthropomorphic breast phantoms.

CONCLUSION

This study evaluated the possibility of exploiting
MR breast images for the manufacture of
uncompressed breast phantoms by using two
low-cost printing technologies. HU values and
B-values - indicating the anatomical complexity of
the breast parenchyma - are in line with those
expected, with an advantage for the FDM phantom.
However, a subjective analysis conducted by an
experienced radiologist outlined a continued
deficiency in the realism of CT images of the phan-
toms when compared to MR breast original images,
with a loss of fine details during the processes.
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