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Abstract

An anthropomorphic patient-derived 3D-printed breast phantom (4.8 cm compressed
thickness, 12.2% volumetric breast density) was evaluated for image-quality assessment
in contrast-enhanced mammography (CEM). It comprises four 1.2 cm plates printed via
fused filament fabrication (PLA/ABS). Five replicates of one of the plates (target) contain-
ing a glandular-tissue surrogate and four cavities for iodinated disks with same iodine
area density per plate (0.2-0.5-0.75-1.0-1.5 mg/cm?) were fabricated. As a reference, a
homogeneous PET-G phantom was printed. CEM images (low-energy (LE), high-energy
(HE), and DES) were acquired in three different systems. Iodine signal linearity (mean
pixel value, signal difference, signal-difference-to-noise ratio (SANR)) and background
cancellation (residual signals, texture cancellation coefficient (TCC), parameter  from
noise power spectrum (1D-NPS)) were estimated. Evaluation across the three systems
demonstrated the phantom provides appropriate measurements of iodine signal linearity
(R? > 0.986, based on mean values across the four inserts) and background cancellation
(TCC:0.04-0.11). Fitting 1D-NPS = af B within 0.25-1.0 mm ! yielded B values ~ 3.1-4.0,
compatible with the literature, for patient LE and HE images, whereas DES reduced
to ~1.1. In the homogeneous phantom, § remained invariant between LE and DES images
(8 = 0.6). The local glandular ratio at each position of the iodinated disks enabled evaluating
the impact of background on iodine signal.

Keywords: contrast-enhanced mammography; dual-energy subtraction; anthropomorphic
breast phantom; 3D printing; noise power spectrum; image quality

1. Introduction

Contrast-enhanced mammography (CEM) has emerged as a dual-energy breast imag-
ing modality that combines the spatial resolution of full-field digital mammography with
functional maps of tumor-induced neovasculature through iodinated contrast uptake [1,2].
This dual capability markedly enhances lesion conspicuity and diagnostic sensitivity, par-
ticularly within radiographically dense breasts, where structural overlap frequently masks
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underlying malignancies in conventional screening [1,2]. CEM relies on acquiring a low-
energy (LE) projection below the iodine K-edge at 33.2 keV by applying 20 to 30 kVp,
followed immediately by a high-energy (HE) projection using 45 to 49 kVp. Subsequent
vendor-specific dual-energy subtraction (DES) algorithms combine these images to sup-
press anatomical background signals and highlight regions of iodine accumulation [3-11].

As clinical adoption of CEM expands globally, rigorous image quality evaluation
and quantitative benchmarks of DES algorithms across different commercial manu-
facturers have become essential. Prior evaluations demonstrate that commercial sys-
tems vary substantially in iodine signal response, parenchyma texture subtraction
performance [3,4,6-8], and average glandular dose (MGD) [5-8]. However, most existing
technical comparisons rely on phantoms composed of uniform tissue-equivalent slabs,
such as the CIRS phantom (Model 022, Sun Nuclear, Melbourne, FL, USA) with inserts
doped with iodine [4,6-9] or polymethyl methacrylate (PMMA) uniform plates [7,10,11]
to determine the MGD. While useful for basic calibration, homogeneous media com-
pletely lack anatomical structures, leading to a severe underestimation of the effects of
structural noise and its degrading impact on detail visibility [11-13] Currently, there ex-
ist structured-background phantoms—such as the CIRS Model 020 BR3D [3,4], featuring
swirled glandular and adipose patterns, and the L1 phantom, with PMMA spheres emersed
in water [14]. However, it should be noted that these structured-background phantoms
were not originally designed or optimized to evaluate the performance of contrast-enhanced
mammography (CEM).

To bridge this methodological gap, digital anthropomorphic breast phantoms derived
from dedicated breast computed tomography (bCT) datasets have been introduced, provid-
ing realistic three-dimensional distributions of glandular, adipose, and skin tissues [15-19].
Finite-element mechanical models have been applied to simulate the compression of the
breast during mammographic exams [20]. Multi-material 3D printing enables a practical
pathway for fabricating these anthropomorphic breast phantoms [21,22]. Fused Filament
Fabrication (FFF) is one of the most widely used printing technologies, primarily due to its
low cost and the broad availability of printing materials [23,24]. In addition, this technology
allows the printing of different materials in the same print. Its main disadvantage relies on
the appearance of image artifacts caused by the linear deposition of the material, which is
highly dependent on the infill pattern selection [25].

To be representative of the breast, the phantom printing materials must exhibit X-ray
attenuation properties that closely approximate those of breast tissues for clinical spectra
used in CEM acquisitions [26-28]. In addition, these phantoms must include iodinated
inserts to determine the iodine signal on DES images. The most suitable technology to
produce these inserts is Stereolithography (SLA), in which a resin doped with iodine is
used, following a validated methodology [29].

DES images depict iodine signal with an intensity expected to be proportional to
iodine concentration, regardless of the surrounding tissue composition. Assessing DES
performance in complex anthropomorphic backgrounds is essential to determine how
realistic anatomical noise influences the iodine signal. This evaluation should verify:
(a) the iodine signal response across different local glandular ratios for clinically relevant
iodine area densities (0.2-1.5 mg/cm?) using the Mean Pixel Value (MPV), Signal Difference
(S), and Signal-Difference-to-Noise Ratio (SANR); and (b) the effectiveness of background
cancellation, ensuring that non-iodinated tissue structures within the complex background
do not generate subtraction artifacts or spurious enhancement [3,6]. Furthermore, anatomi-
cal texture suppression can be rigorously parameterized through one-dimensional Noise
Power Spectrum (1D-NPS) formalisms. Whereas conventional breast X-ray images are
dominated by structurally correlated parenchymal noise (8 ~ 3—4) [30-33], DES algorithms
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suppresses tissue architecture, driving f down (8 — 0) toward a residual noise baseline.
Correlated anatomical patterns are removed, and spectral power is governed primarily by
quantum noise and low-frequency system-level scatter or shading artifacts [11,33].

The aim of this work is the design, fabrication and evaluation of a 3D-printed patient-
derived anthropomorphic breast phantom employed for the assessment of the performance
of dual-energy subtraction algorithms. Resin-based inserts doped with iodine area density
ranging from 0.2 to 1.5 mg/cm? and non-iodinated inserts mimicking glandular tissue
(gland-like) are included into the anthropomorphic breast phantom. The suitability of
the phantom for quantitative image quality assessment is evaluated based on the results
achieved across three different vendor CEM systems. To this end, iodine signal response
and texture background cancellation efficiency (Texture Cancelation Coefficient (TCC)
and 1D-NPS) were compared against commercial reference phantoms and the published
literature data.

2. Materials and Methods
2.1. Anthropomorphic Breast Phantom Design

A digital uncompressed breast phantom derived from a patient-based breast-CT
volume was selected from a library of computational models [15]. This phantom has the
realistic shape of a breast and an inner distribution of glandular and adipose tissues that
reproduces a structured breast background. This computational model had a total volume
of 463.4 cm?, with bounding box dimensions of 12.2 cm X 7.0 cm X 12.3 cm, where the
latter corresponds to the uncompressed breast thickness. Voxels were isotropic, with a
side length of 0.273 mm, and classified as glandular tissue, adipose tissue or skin. The
volumetric breast density, defined as the quotient of glandular tissue voxels to the total
number of voxels, was calculated, yielding a value of 12.1%.

Following the assignment of tissue-specific elastic properties to the voxels, breast
compression in the craniocaudal direction was simulated using a validated finite-element
mechanical algorithm according to the framework established by Pacheco et al. [20]. This
compression algorithm accurately reproduced the physical positioning of the breast be-
tween the support table and the compression paddle, yielding a compressed breast thick-
ness of 4.8 cm, as shown in Figure 1a. The maximum projected area on the breast support
table (xy-plane in Figure 1a) was 16.7 cm x 8.9 cm.

The volumetric breast density was recalculated after the compression, and a value of
12.2% was obtained, which indicates that the overall proportion of glandular tissue was
strictly maintained during the volumetric deformation. Additionally, the local glandular
ratio map was generated by calculating the fraction of glandular voxels relative to the total
number of voxels along the z-axis at each (x, y) position (Figure 1b).

To facilitate the 3D-printing workflow, skin voxels were reclassified as glandular
voxels, thereby yielding a simplified two-component digital phantom. Furthermore, the
computational volume was sectioned into four individual plates, each with a thickness of
1.2 cm (Figure 1c). Two rectangular blocks, with four alignment guide holes each, were
integrated into the model’s chest wall to attach the phantom plates with screws, ensuring
their alignment. Finally, each plate’s glandular and adipose sub volumes were converted
into boundary surface meshes and STL files using a 3D Slicer v5.10.0 [34], as input for the
3D printing software (Bambu Studio v2.7.1.62). The plate #2 (Figure 1c), named as the
target plate, was designed to incorporate four cylindrical blind cavities (denoted as 1;-14),
each featuring a depth of 0.8 mm and a radius of 8.0 mm (see Figure 1d). Complementary
cylindrical inserts with matching dimensions were designed to fit precisely into these
cavities. The gland-like insert (denoted as G) was printed as an integral part of the plate,
rather than as a separate insert, to prevent boundary artifacts on the images. The local
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glandular ratio map was employed to strategically select the positions of the iodinated
inserts (blue regions of interest (ROIs)) in Figure 1d) exhibiting local glandular ratios of
8.0%, 13.3%, 33.8%, and 44.9% for positions Iy, Iy, I3, and 14, respectively.

Figure 1. (a) Volumetric rendering and (b) map of the local glandular ratio in the craniocaudal
projection, defined as the quotient of the number of glandular tissue voxels to the total number
of voxels along the z-axis at each (x, y) location; (c) four-plate configuration of the compressed
computational breast model; (d) binary layout (grey: adipose tissue, white: glandular and skin
voxels) of the top surface of the target plate. Blue circular regions correspond to the blind cavities
(radius = 8.0 mm, depth = 0.8 mm) for incorporating the iodinated inserts at positions (I;—I4), and the
red circular region indicates the single gland-like insert (G) location.

Finally, a homogeneous breast phantom was digitally modeled to be used as a refer-
ence, with identical external boundary dimensions and four-plate modular configuration
as the anthropomorphic phantom. Plate #2 was similarly modified as a target plate to
accommodate the four iodinated inserts and the one gland-like insert in the same spatial
coordinates described above.

2.2. 3D-Printing and Phantom Production

The computational designs were physically fabricated utilizing a combination of two
distinct 3D-printing modalities: fused filament fabrication (FFF) and stereolithography
(SLA). This section outlines the specific material formulations, printing parameters, and
chemical doping protocols implemented to produce the modular anthropomorphic and
homogeneous phantoms, alongside their corresponding iodinated and gland-like inserts.

2.2.1. Production of the Anthropomorphic Phantom

Fused filament fabrication (FFF) was utilized due to its capability for multimaterial
deposition within a single print cycle. Based on a previous work [27], a navy blue polylactic
acid (PLA) and a white acrylonitrile butadiene styrene (ABS), both procured from Bambu
Lab (Shenzhen Tuozhu Technology Co., Ltd., Shenzhen, China), were selected as surrogates
for the glandular/skin and adipose tissue, respectively. The selection was based on their
effective X-ray attenuation coefficients (jp), which exhibited relative differences less than
5% [26] compared to the 5 values of glandular (BR 100/0) and adipose (BR 0/100) CIRS
reference materials (Sun Nuclear, Mirion Medical Co., Melbourne, FL,, USA). The relative
differences were for thicknesses ranging from 0.5 cm to 5.5 cm and for clinical spectra
used in digital mammography (DM) and digital breast tomosynthesis (DBT). The p,4 of
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these materials was obtained in this work for the spectra used in LE and HE acquisitions
following the same validated methodology [26,27]. In this case, the relative differences
were below 3% and 5% for PLA-CIRS glandular and ABS-CIRS adipose tissue, respectively
(see Appendix A, Figure Ala and Figure Alb, for the LE and HE spectra, respectively).

Printing was performed on a Bambu Lab H2D printer equipped with an inde-
pendent dual extruder system. The optimized printing parameters are summarized
in Table 1. More detailed specifications regarding the 3D-printing process, material com-
patibility workarounds, thermal management, and infill pathing strategies are provided in
Appendix B. Following the printing process, all external phantom plate surfaces were
polished to eliminate minor superficial artifacts. Each phantom plate was 3D-printed three
times, except for the target plate, which was printed five times to accommodate each of
the iodinated inserts with each of the five iodine area densities employed in this study.
The reproducibility of the phantom fabrication was evaluated by printing three phantom
copies and by acquiring three DM “for processing” images with AEC activated [25]. Inter-
copy mAs differences selected by the AEC remained below 2.0%, which is lower than the
intra-copy variation observed between different exposures of a single copy (up to 3.0%).
Furthermore, the inter-copy Structural Similarity Index Measure (SSIM) (mean 0.973, range
0.966-0.979) differed by less than 1.7% from the intra-copy SSIM values (=20.99). These
results demonstrate high reproducibility in AEC response and structural fidelity.

Table 1. Printing parameters selected in Bambu Studio to print the phantom plates.

Printing Parameters

Nozzle size 0.2 mm
Layer height 0.13 mm (0.14 mm initial layer)
Line width 0.23 mm
Top and bottom layers None
Wall lines None
Infill pattern Zig-Zag (45° /135°), shifting 1° every two layers
Infill percentage 99% (maximum allowed)
Printing speed 100 mm/s
Flow ratio 1.05 (PLA); 1.03 (ABS)
Nozzle temperature 220 °C (PLA); 270 °C (ABS)
Build plate temperature 100 °C

2.2.2. Production of the Homogenous Phantom

The homogeneous reference phantom was designed with the same external geom-
etry as the anthropomorphic phantom. It also consisted of four plates, with the target
plate located at the same position as in the anthropomorphic phantom. The selected
printing material was Polyethylene Terephthalate Glycol in translucent blue (PET-G, eSun,
Shenzhen, China). For DM and DBT spectra, X-ray effective attenuation coefficients of
PET-G translucent blue match those of Polymethyl Methacrylate (PMMA) [26,27], which is
the standard material widely utilized for quality control phantoms in breast X-ray imag-
ing. The pgg values of PET-G were determined in this work for both LE and HE spectra,
showing relative differences, with respect to PMMA, lower than 2% (see Appendix A,
Figure Ala and Figure Alb, respectively).

The printing parameters were identical to those collected in Table 1 for PLA, except
for the nozzle temperature (set to 255 °C) and the enclosure conditions. The printer’s top
cover and front printing chamber doors were kept completely open.
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2.2.3. Preparation of the Gland-like and Iodinated Inserts

To avoid boundary artifacts in the dual-energy-subtracted (DES) images, the gland-
like insert was printed with PLA at the same time and integrated in the target plate.
The iodinated inserts were fabricated to match the four cylindrical blind cavities of the
target plate (Figure 1d). These inserts were produced using a consumer-grade masked
stereolithography (MSLA) printer (Elegoo Mars 4 Ultra, Elegoo Inc., Shenzhen, China).
Iodinated contrast agent (Iomeron 400, Bracco Imaging S.p.A., Milan, Italy) was introduced
into the photopolymer resin [29] to obtain nominal iodine area densities of 0.2, 0.5, 0.75, 1.0,
and 1.5 mg/cm?, following reference values reported in the literature [35]. After printing,
the inserts were washed in isopropanol, UV-cured, and polished to a final thickness of
0.800 4 0.003 mm. Prior to insertion into the corresponding cavities, a small amount
of uncured resin was deposited to eliminate air micro-gaps at the insert-cavity interface,
thereby preventing boundary artifacts in the images. At each target plate, the four inserts
had the same iodine area density.

To evaluate the reproducibility of the preparation and 3D-printing of the iodinated
inserts, five independent replicas were produced for each nominal iodine area density
(0.2-1.5 mg/cm?). Three CEM acquisitions were performed for the replicas arranged in a
matrix layout and positioned on top of a 4.5 cm PMMA stack, using the same exposure
parameters as those employed for the phantom. The three DES images were averaged, and
mean pixel values (MPVs) were measured using 7.0 mm diameter circular ROIs centered
on each replica. The coefficient of variation was calculated as the average and standard
deviation of MPVs across the five replicas. For 0.2 mg/ cm?, it was 0.9%, while it ranged
from 0.4% to 0.6% for the rest of the iodine area densities, indicating a good reproducibility
of the iodine concentrations. The average MPV was plotted against the nominal iodine area
density, and linear regression was performed to evaluate the linearity of the iodine signal
with the iodine area density, yielding a coefficient of determination (R?) of 0.992.

2.3. Image Acquisition

Three different clinical mammography systems capable of performing CEM were
used: Hologic 3Dimensions (Hologic, Bedford, MA, USA), Siemens Mammomat B.brilliant
(Siemens Healthineers, Forchheim, Germany) and GE Senographe Pristina (GE Healthcare,
Chicago, IL, USA). Their technical specifications are summarized in Table 2.

The phantom was positioned on the breast support table in the same way as a patient
breast. The phantom plates were assembled and secured with four screws to prevent
misalignment or relative motion between plates. The compressor plate was in contact with
the top surface of the phantom, applying a compression force of 75 N, yielding a readout
thickness of 5.0 cm (compared to the 4.8 cm thickness of the phantom). Given the stiffness
of the phantom material, this 0.2 cm variation is entirely attributed to the slight tilting of
the compression paddle that typically occurs under standard applied compression force
in clinical practice. Image acquisitions were performed using each vendor’s default, the
proprietary Automatic Exposure Control (AEC) mode, to simulate realistic operating con-
ditions, rather than under matched-dose constraints. Three consecutive CEM acquisitions
were performed with the AEC activated. Four images were stored per exposure: LE “for
processing” and “for presentation”, HE (only HE “for processing” was generated), and
dual-energy subtraction (DES). For each CEM acquisition, technical parameters such as
anode/filter combination, kVp, mAs, and MGD were extracted from the DICOM headers
of LE and HE images.
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Table 2. Technical specifications of the systems used in this work. W: tungsten, Mo: molybde-
num, Rh: rhodium, a-Se: amorphous selenium, Csl: cesium iodide, Ag: silver, Al: aluminum, Ti:
titanium, Cu: copper, AEC: Automatic Exposure Control, AOP-STD: Automatic Optimization of
Parameters—Standard, LE: low energy, HE: high energy.

Hologic Siemens GE
3Dimensions Mammomat B.brilliant Senographe Pristina
Anode W W Mo/Rh
Detector type Photoconductor-based Photoconductor-based Scintillator-based
(a-Se) (a-Se) (CsI)
Pixel pitch 70 um 85 um 100 pm
Filters LE: Rh/Ag (50 pm) LE: Al (1 mm) LE: Mo/Ag (30/25 um)
HE: Cu (300 um) HE: Ti (1 mm) HE: Cu (250 um)
. Dose level: 100% (default),
AEC mode AutoFilter 80%; 89%: 112%; 125% AOP-STD
Software version I-View 2.0 CEM_A SenoBright HD 8.4.21

2.4. Image Analysis and ROI Selection

Three different features were evaluated on the DES images: (i) linearity of the iodine
signal with iodine area density, (ii) elimination of the gland-like signal and (iii) cancellation
of the structured background. As illustrated in Figure 2, a set of twenty-six compound ROIs
(circular ROI with a 7.0 mm diameter and concentric annular ROI with an inner radius
of 10.5 mm and outer radius of 11.6 mm, both with identical area) was employed. Four
ROIs were placed at the iodinated inserts (blue ROIs in Figure 2), one ROI at the gland-like
insert (red ROI in Figure 2), and twenty-one at different locations across the structured
background (yellow ROIs in Figure 2). The mean pixel value (MPV) of the circular ROIs
and both the MPV and standard deviation of the annular ROIs were measured.

B lodinated disks
B Gland-like disk
Background

Figure 2. Set of circular and concentric annular ROIs with identical area, positioned at the iod-
inated (blue) and gland-like (red) inserts and at different positions across the structured breast
background (yellow).

Next, three metrics were considered: the MPV of the circular ROIs, the signal difference
(S), defined as the difference between the MPVs of circular and annular ROIs, and the
signal-difference-to-noise-ratio (SANR), defined as the ratio of S to standard deviation of
the annular ROL

2.5. Linearity of lodine Signal with lodine Area Density and Elimination of Gland-like Signal

The average values for MVP, S and SANR for each insert were obtained based on the
three consecutive DES images. Their uncertainties were determined as half the absolute
range between the maximum and minimum values across the three images. Since the four
iodinated inserts (I, I, I3 and 14) had the same iodine area densities for each target plate,
their measured metrics values were averaged per plate. The uncertainties of those means

https://doi.org/10.3390/technologies14090555


https://doi.org/10.3390/technologies14090555

Technologies 2026, 14, 555

8 of 28

were obtained for each plate as the square root of the sum of squared uncertainties of the
four inserts divided by the number of inserts.

Weighted linear regression analyses were performed to evaluate the linearity of MPV,
S, and SANR as a function of the iodine area density using the previously calculated
uncertainties as weight factors. Slopes and intercepts as well as their associated stan-
dard errors, representing 10 uncertainties and coefficients of determination (R?), were
reported. For the gland-like insert, an iodine area density of 0 mg/cm? was assumed. For
S and SANR, the linear regression models were constrained to pass through the origin
(zero intercept).

Finally, to analyze the relationship between SANR values and the local glandular ratio,
a weighted linear regression analysis was applied, considering the SANR values obtained
for each target plate at each position (I3, Iy, I, I4) and their corresponding uncertainties. A
two-way Analysis of Variance (ANOVA) was performed independently for each system
(Hologic, Siemens, GE) and metric (MPV, S, and SANR) to evaluate the effect and interaction
of two factors: iodine area density and local glandular ratio. Analyses were performed
separately for two iodine area density ranges: low-to-intermediate densities (Subset 1:
0.2, 0.5, and 0.75 mg/ cm?) and intermediate-to-high densities (Subset 2: 0.75, 1.0, and
1.5 mg/cm?), utilizing 36 data points per subset, system, and metric (3 iodine area densities
x 4 local glandular ratios x 3 repetitions). The threshold for statistical significance was
set to & = 0.05. The proportion of total variance explained by each factor was quantified
using 17p2.

To evaluate inter-system performance, Tukey’s Honest Significant Difference (HSD)
post hoc test was applied for pairwise comparisons among systems (GE vs. Siemens, GE vs.
Hologic, and Siemens vs. Hologic) for each metric.

2.6. Structured Background Cancellation

The efficiency of the algorithms to suppress the structured background was evaluated
through both subjective and objective analyses. Subjectively, a visual qualitative assessment
of the presence of artifacts in the DES images was performed by comparing with the LE

“for presentation” images. Objectively, breast texture cancellation was quantified through

the MPV, S, and SANR values of the twenty-one ROIs located at the structured background
for all phantom configurations and systems. In addition, the texture cancellation coefficient
(TCC) was computed, defined as the ratio of S values of the gland-like insert and of the
iodinated insert with an iodine area density of 0.5 mg/cm? [3]. TCC values were obtained
for the four iodinated inserts of the phantom and for all systems.

To further quantify background texture suppression, the noise power spectra (NPS) [30-33]
were determined across LE “for processing” and “for presentation”, HE, and DES images of
both the anthropomorphic and homogenous phantom. The target plate was used. A total
of 1000 square ROIs of 256-pixel side lengths were positioned at randomized locations of
the phantom image, all included in a central region to avoid the phantom edges. Each ROI
was subtracted by its mean pixel value and subsequently multiplied by a two-dimensional
Tukey window to minimize edge artifacts. A two-dimensional Fast Fourier Transform was
applied to obtain the two-dimensional NPS (2D-NPS) of each ROL The 2D-NPS for the
1000 ROIs were averaged, and a radial averaging was applied to obtain the 1D-NPS as a
function of the spatial frequency f. The 1D-NPS profiles were compared across all image
types and systems to assess their spatial frequency distributions.

The 1D-NPS was linearly fitted on a log-log scale using the power-law relation
log(1D-NPS) = log(a) — B log(f), to derive the anatomical structure parameter  and the
noise amplitude parameter « for each image type and system. The linear regression
fit was strictly constrained within the spatial frequency band between 0.25 mm~! and
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0.80 mm ™!, corresponding to the anatomically dominated spatial frequency range for
which the 1D-NPS of the LE “for processing” images exhibited the maximum linearity
according to the literature [33].

To isolate system-level contributions—such as low-frequency X-ray scatter shading
and gain-field non-uniformities— to the 1D-NPS profiles, the parameters  and log(a) were
additionally computed for the homogeneous breast phantom (for the Hologic system).
Within this analytical framework, the B values obtained from the homogeneous phantom
serve as the baseline system benchmark against which the anthropomorphic phantom is
compared, to quantitatively evaluate background texture suppression.

3. Results
3.1. The Printed Anthropomorphic Phantom

The distribution of the PLA and ABS materials is evident in the 3D-printed plates
shown in Figure 3a. The target plate (#2 plate) with the iodinated inserts located at I;-14
positions and the gland-like insert is displayed in Figure 3b. The 3D printing of each
plate required an average time of 18 h, with no observable delamination or boundary gaps
between the tissue-surrogate materials.

m #4 plate

#3 plate
#2 plate (target plate)

#1 plate

(a)

Figure 3. (a) The 3D-printed plates of the anthropomorphic phantom, including the #2 plate with
inserts (target plate); (b) target plate with iodinated (I;-I4) and gland-like insert (G).

3.2. Exposure Parameters and Mean Glandular Dose

Table 3 summarizes the exposure factors selected by the AEC of each system, the mean
glandular dose for the LE (MGDyg) and HE (MGDyg) images, the total dose obtained by
summing LE and HE doses (MGDcgpy) and the ratio of MGDyg/MGDcgy across the five
phantom configurations (five target plates).

Table 3. Exposure factors selected by the automatic exposure control (AEC) for low-energy (LE) and
high-energy (HE) images across all the systems, for all the targets plates of the anthropomorphic
breast phantom. For the acquisition with Siemens, the AEC mode was at 100% dose level (default).
The mAs and MGD ranges are from the different target plate exposures.

System Hologic Siemens GE
Image type LE HE LE HE LE HE
Anode/filter W/Ag W/Cu W/Al W/Ti Rh/Ag Rh/Cu
kvp 29 49 26 49 34 49
mAs 120-126 46-49 143-158 63-65 31-32 103-104
MGD (mGy) 1.56-1.79 0.39-0.43 1.65-1.89 0.56-0.58 1.30-1.32 0.67-0.68
MGDcpym (mGy) 1.97-2.22 2.21-2.47 1.97-2.00
MGDy g /MGDcgm 0.79-0.81 0.75-0.77 0.65-0.66

As expected, for each system, the same target/filter combination and kVp were
selected independently of the target plate included in the phantom. However, a variability
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is observed for the mAs value, which is the lowest one for both LE and HE images from
GE system. The mAs variation could be attributed to the different attenuation of the
inserts (different iodine area density) included in the target plates. The highest MGDcgm
from DICOM headers was for the Siemens system, whereas equal values are provided by
Hologic and GE. As expected, the LE component represented the primary contribution
to the MGDcgpy for all evaluated systems, with the MGDy g /MGDcpym ratio reaching its
minimum on the GE system and its maximum on the Hologic system.

3.3. Visual Assessment of Low-Energy and Recombined Images

Figure 4 shows LE “for presentation” and DES images of the anthropomorphic breast
phantom acquired with the three systems. The inserts in the target plate correspond to
the maximum iodine area density of 1.5 mg/cm?. LE images (first row in Figure 4) clearly
showed the structured breast background and some of the iodinated inserts, while in DES
images (second row in Figure 4), the parenchyma structure was substantially removed.
Furthermore, the residual signal of the gland-like insert (indicated by white arrows in
Figure 4d—f) was barely visible, and only the signal corresponding to the iodinated inserts
was enhanced (see Figure 4g-i). Air artifacts at the edges of the iodinated inserts due to the
3D-printing process were scarcely visible in the images (see Figure 4g—i). Parallel artifacts
around the skin edge were observed due to the stacking of the individual phantom plates;
these were less visible in the case of GE. For Hologic, a reduction in intensity around the
iodinated inserts was clearly seen in the DES image (Figure 4d).

(8) (h) (i)

Figure 4. Low-energy “for presentation” images (a—c) and dual-energy subtracted (DES) images
(d—f) of the anthropomorphic phantom with the target plate containing the inserts with the highest
iodine area density (1.5 mg/ cm?) for the Hologic (a,d), Siemens (b,e), and GE (c,f) systems. All the
images are presented with the LUT defined at each system. White arrows indicate the position of
the gland-like insert. The zoomed-in region of DES images corresponds to the upper-left insert (red
square in DES images) for the Hologic (g), Siemens (h) and GE (i) systems.

DES images revealed clear differences in noise texture between the systems. Hologic
and Siemens DES images exhibited noise with a larger “graininess” (Figure 4d,e) than the
GE images (Figure 4f), with Hologic showing the most granular and blurred appearance.
Furthermore, the “breast-in-breast” or “rim” artifact manifested as a curvilinear “halo”
parallel to the breast periphery in the DES images of Hologic and Siemens, but not for those
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of GE. Finally, a slight gradient between the central region of the breast and the curved
breast edge was observed in the DES images of Siemens (see Figure 4e). The exact positions
of the iodinated and glandular-like inserts, along with the vendor-specific artifacts, can be
examined at a larger scale and in greater detail in Appendix C (Figures A2-A4).

3.4. Linearity of the lodine Signal with Iodine Area Density

For each system, Figure 5 shows the plots of the average values of the three metrics
(MPV, S, and SANR) measured in the DES images for each target plate (blue ROIs in
Figure 2) versus the iodine area density. Across all systems and metrics, the dependence on
iodine area density was well described by a linear regression model (R? > 0.986).

Hologic Siemens GE
slope = 37.2 + 2.1 slope = 186.5 = 9.9 slope = 39.2 + 1.8
intercept = 2076.4 = 1.7 2400 intercept = 2052.5 = 8.2 intercept = 2005.4 = 1.5 %
2140 Rz = 0.987 [ R2 = 0.989 __{ 2060 Rz = 0.991 ’,/'
> /‘%/ 2200 - ¥ P
= 2100+ /{ 1 FT' { l ] 20204 | .-
" 2000+ -]
A0 e f I S
2060 T T ~ 1800+ T T ~ 1980 -+ T T T
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
lodine area density (mg/cm?) lodine area density (mg/cm?) lodine area density (mg/cm?)
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R2 = 0.990 A 2504 Rz = 0.988 s R2 = 0.994
60 o e 7 60 s
] & & ] ¥
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HEEm Hologic Hl Siemens m GE B Background

Figure 5. Mean pixel value (MPV), signal difference (S) and signal-difference-to-noise ratio (SANR)
versus iodine area density for the three systems (columns). Markers represent the average of the
metric values across the four ROIs at each target plate and of the gland-like insert. Dashed lines
show the linear fits of metric values and nominal iodine area density. Grey markers correspond to
the average values across the twenty-one background ROIs. Error bars represent 10 uncertainties.
The shaded bands indicate the spread of metric values across the target plates; the upper and
lower boundaries of each band are constructed by connecting the maximum and minimum values,

respectively, for each iodine area density.

The slope and intercept of the fits (dashed lines) are included at each graph, together
with the respective uncertainties from the fits and R? values. Linear fits for S and SANR
were constrained to be zero at the origin. The shaded bands of Figure 5 (blue, green,
red) are bound by the minimum and maximum values across the four positions of the
inserts with each iodine area density. The largest error bar was at 1.5 mg/cm? for Hologic,
whereas for Siemens and GE the highest error bars were for intermediate concentrations

(0.5-0.75 mg/cm?).
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The slopes of the MPV- and S-versus-iodine area density were higher for Siemens than
for Hologic and GE, indicating a steeper increase in iodine signal and signal difference
relative to the background. Conversely, the slope of SANR for Hologic was approximately
60% higher than for Siemens and GE, reflecting a greater SANR growth with increasing
iodine area density values.

To evaluate the dependence of SANR on the local glandular ratio, SANR values were
plotted against iodine area density across insert positions (I1-14), each characterized by a
distinct local glandular ratio (Figure 6a,b). A linear regression model with zero intercept
yielded R? values greater than 0.93 across all positions and systems. The results reproduce
those obtained from average values, with Hologic demonstrating both the highest SANR
values and slopes across all four positions. Conversely, Siemens and GE exhibited similar
SANR values and slopes, with a maximum relative difference in slopes of 10% at position
I5. Hologic yielded its maximum slope and SANR values at position I,, whereas Siemens
and GE exhibited their minimum values.

Position Glandular ratio (%)

I 8.0
I 13.3
Is 33.8
L4 449
Position I, Position |, Position I3 Position 1,
| Hologic: 3.9 = 0.1 | Hologic: 5.0 = 0.5 [:] Hologic: 4.3 + 0.2 | Hologic: 4.9 = 0.2
8" siemens: 3.2 + 0.2 [ Siemens: 2.2 £+ 0.2 [ Siemens: 3.3 = 0.2 [ Siemens: 2.9 =+ 0.1
[ GE: 3.1+ 0.1 [ GE: 2.2 + 0.2 P GE: 2.9 + 0.1 a [ GE: 2.8 + 0.2 //ﬁ
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Figure 6. (a) Printed target plate with the iodinated inserts positions (Iy, I, I3, I4) corresponding to

Glandular ratio (%)

different glandular ratios; (b) SANR vs. iodine area density plots for each iodinated insert position
and system. The dashed lines correspond to the linear regression models forced through the origin,
and the slopes and uncertainties are displayed for each position and system; (c) SANR vs. glandular
ratio across systems and iodine area densities. The shaded bands span the range of SANR values
obtained across the three independent DES image acquisitions. The horizontal error bars correspond
to the standard deviation of the glandular ratio measured on the digital phantom.

In Figure 6c, the SANR values are plotted versus the local glandular ratio across iodine
area densities and systems. The graphs show a weak dependence of the SANR on the local
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glandular ratio compared to the dominant effect of iodine area density. When excluding the
values obtained for position I, (13.3% glandular ratio), system-dependent trends emerged:
Hologic displayed an increasing trend in SANR with increasing glandular ratio across most
iodine densities, whereas Siemens and GE exhibited a slightly decreasing or nearly constant
trend. The SANR values measured at position I, do not exhibit a consistent trend across the
evaluated systems. For the Hologic system, this position yields the highest SDNR value,
whereas Siemens and GE show a reduction in SANR at the same location. In Figure 6¢, the
shaded horizontal bands represent the full range of SANR values obtained across image
repetitions for each concentration and system. A clear vertical separation between bands
was observed for the higher iodine area densities (>1.00 mg/ sz), while lower densities
(<0.75 mg/cm?) exhibited band overlapping across all systems.

The two-way ANOVA revealed that the relative influence of iodine area density and
local glandular ratio on the metric parameters depended strongly on the iodine area density
range under investigation. In the low-to-intermediate iodine area density range (Subset
1), iodine area density was the primary factor explaining the variability in both S (59-74%,
across systems) and SANR (47-75%, across systems). In contrast, the influence of the local
glandular ratio became more pronounced for MPV, accounting for 65% of the total variance
in the GE system and 45% in the Hologic system. Furthermore, in the Siemens system,
SANR exhibited a nearly balanced sensitivity to both factors, with the local glandular ratio
explaining 49% of the variance and iodine area density explaining 47%. Conversely, in the
intermediate-to-high iodine area density range (Subset 2), iodine area density became the
overwhelmingly dominant factor across all systems (p < 0.001), accounting for 68% to 81%
of the variance in MPV, 90% to 92% in S, and 79% to 84% in SANR. In this higher range,
the local glandular ratio exerted a minor influence, accounting for only 4% to 6.0% of the
variance in S, 6% to 17% in SANR, and 16% to 27% in MPV.

Across both subsets, interaction terms (iodine area density x glandular ratio) reached
statistical significance (p < 0.05), likely owing to the high statistical power resulting from
the low residual experimental noise. However, the interaction accounted for only a small
proportion of the total variance (’7702 < 5% in most cases), reaching a maximum of 13.2%
for SANR in the Hologic system. These findings indicate that the effect of iodine area
density remains largely consistent across different background compositions. Inter-system
pairwise comparisons using Tukey’s HSD test demonstrated that MPV values exhibited
significant pairwise differences among all three commercial systems (p < 0.001). However,
specific cross-system equivalences were identified for the remaining metrics. Specifi-
cally, no statistically significant differences were observed for S between GE and Hologic
(p = 0.996 in Subset 1; p = 0.859 in Subset 2), nor for SANR between GE and Siemens
(p =0.988 in Subset 1; p = 0.933 in Subset 2).

3.5. Comparison of SANR Values Between Anthropomorphic and Homogenous Phantoms

To investigate whether the local glandular ratio was the primary factor driving these
position-dependent SANR trends, and to elucidate the source of the anomalous behavior
at position I, a comparative evaluation was conducted using the homogeneous phantom,
with target plates containing inserts of 0.5 mg/cm? and 1.5 mg/cm?. Figure 7a shows
the SANR values obtained for two iodine area densities for both the anthropomorphic
and homogeneous phantoms, plotted as a function of the local glandular ratio. For the
1.50 mg/cm? iodinated inserts, the two phantoms yielded comparable SANR values, with
relative differences of less than 9%. For the 0.50 mg/ cm? inserts, however, the homogeneous
phantom exhibited a progressive increase in SANR from 1.56 + 0.10 at position I; to
3.02 £ 0.22 at position 14, whereas the anthropomorphic phantom showed a flatter behavior,
with SANR values from 1.74 to 2.12.

https://doi.org/10.3390/technologies14090555


https://doi.org/10.3390/technologies14090555

Technologies 2026, 14, 555

14 of 28

SdANR

T
8.0 133 33.8 44.9
Glandular ratio (%)

-#~ 0.5 mg/cm? (Anthropomorphic) ~ -#li= 1.5 mg/cm? (Anthropomorphic)
=Qi- 0.5 mg/cm? (Homogeneous) =¥- 1.5 mg/cm? (Homogeneous)

(a)

Figure 7. (a) SANR values as a function of local glandular ratio for the anthropomorphic (solid lines)

and homogeneous (dashed lines) phantoms at iodine area densities of 0.50 mg/cm? (blue circles) and
1.50 mg/ cm? (red circles); DES images of the (b) anthropomorphic and (c) homogenous phantoms
for the target plate with an iodine area density of 1.50 mg/cm?, acquired with Hologic. Red arrows
indicate the “breast-in-breast” artifact. Labels I;-I4 and G indicate the position of the iodinated and
gland-like inserts, respectively.

For 1.5 mg/cm?, a pronounced SANR peak exhibited at position I, was also ob-
served in Figure 7a for both the anthropomorphic (SANR = 8.72 &£ 0.30) and homogeneous
(SANR = 8.69 £ 0.49) phantoms. Figure 7b,c shows the DES images for both phantoms.
Visual inspection of the images reveals a localized reduction in background intensity sur-
rounding the iodinated inserts, together with a “breast-in-breast” halo artifact (red arrows
in Figure 7b,c) in the periphery of both phantoms (see Section 3.3). For the position I;, the
local drop in pixel intensity around the insert and the proximity to the “breast-in-breast”
artifact both degrade background signal uniformity, producing a reduction in the SANR. In
contrast, position I, is situated away from this artifact, resulting in an artificially elevated
SANR value relative to Ij.

3.6. Assessment of the Structured Background Cancellation
3.6.1. Gland-like and Structured Background Signal Suppression

The MPV, S and SANR values for the structured background (averaged across the
twenty-one yellow ROIs in Figure 2) are plotted along the iodine area density values
across phantom configurations and systems (Figure 5). As expected, the plots exhibit a flat
behaviour for all systems. The width of bands representing the MPV, S and SANR ranges
remained constant across phantom configurations and systems; the bands of MPV and S
values were narrower for GE and Hologic than for Siemens. This is consistent with a more
pronounced intensity gradient in the residual background signal, which is visible in the
Siemens DES images (see Figure 4e). For the iodinated inserts of 0.2 mg/cm?, the values for
the different metrics were comparable to those of the background, as demonstrated by the
pronounced overlaps of the bands in Figure 5 in Siemens and GE and a slightly reduced
overlap in the Hologic system.

Table 4 summarizes the average values determined for these metrics for all the phan-
tom configurations (different target plates). Across all systems, differences < 1% were
found between the average MPV of the gland-like and background regions, while S and
SANR values were approximately twice as high in background regions compared to the
gland-like regions. The minimum SANR values for both gland-like and background regions
were observed for GE, followed by Hologic and Siemens, which showed similar values.
Furthermore, for all systems, the SANR ranges were approximately six times wider for
background regions than for gland-like regions.
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Table 4. Average MPV, S, and SANR values correspond to the gland-like and structured background
regions obtained from DES images across systems. For each system, values represent the average
across the five phantom configurations. Results are expressed as average + standard deviation
(minimum-maximum).

Hologic Siemens
Gland-like Background Gland-like Background Gland-like Background
MPV 2089 +1 2079 + 4 2049 + 19 2036 + 62 2003 +1 2002 +3
(2088-2091) (2069-2089) (2018-2078) (1882-2129) (2001-2006) (1995-2015)
S 1.30 £ 0.67 272+1.71 8.03 +4.49 13.81 £ 10.62 1.22 £ 0.60 2.50 £+ 1.62
(0.41-1.97) (0.09-7.94) (2.05-14.26) (1.13-48.53) (0.42-1.92) (0.17-9.30)
SANR 0.11 £ 0.06 0.28 £0.18 0.11 £ 0.06 0.23 £0.18 0.09 £ 0.04 0.18 £0.12
(0.04-0.16) (0.01-0.84) (0.03-0.20) (0.02-0.95) (0.03-0.13) (0.01-0.64)

3.6.2. Texture Cancellation Coefficient (TCC)

Average TCC values were computed from the four 0.5 mg/cm? iodinated inserts across
systems (see Table 5). TCC values for Siemens were approximately double those of GE and
Hologic. Notably, the latter system displayed the most uniform spatial response across
the four insert positions in the target plate (ranging from 0.03 to 0.06), whereas Siemens
presented the highest variability (0.07 to 0.19), with its minimum TCC value exceeding the
maximum observed for Hologic.

Table 5. Average values of the texture cancellation coefficients (TCCs). Values are expressed as
average =+ standard deviation (minimum-maximum).

Hologic Siemens GE
0.04 £ 0.01 0.11 £ 0.06 0.06 £+ 0.03
(0.03-0.06) (0.07-0.19) (0.03-0.11)

3.6.3. One-Dimensional Noise Power Spectrum (1D-NPS)

The 1D-NPS plots in Figure 8 show, for all systems, a monotonical decrease with
increasing spatial frequency for the LE “for processing”, LE “for presentation”, and
HE images (blue, green, and orange curves, respectively), with well-defined spectral
peaks observed at high spatial frequencies. For all systems, the observed peaks at
f~4.25 mm~! and f~2.15 mm~! correspond to the 0.23 mm nominal infill spacing of the
3D-printed phantom (f~4.35 mm~!) and the 0.46 mm back-and-forth nozzle pass step size
(f~2.17 mm~1), respectively. An additional peak at f~3.05 mm~! appeared exclusively in
the Siemens system.

For the DES images (red line in Figure 8), the 1D-NPS exhibited a system-dependent
behavior at spatial frequencies greater than 1 mm~!. Marked drops at approximately

1.5 mm—! and 2.0 mm~!

were observed for the Hologic and Siemens systems, respectively,
while the GE showed a smoother monotonic decrease.

For all systems and images, the anatomical noise was quantified by performing a linear
fit of the 1D-NPS in a log-log scale as a function of frequency in the range of 0.25-1.0 mm .
This range is highlighted by the gray shaded region in Figure 8a—c and shown in greater
detail in Figure 8d—f. The values for the slope () and independent term (log(x)) resulting
from the fits are collected in Table 6. The fits (dashed lines in Figure 8d—f) demonstrated

high robustness, yielding R? values ranging from 0.922 to 0.997.
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Figure 8. One-dimensional noise power spectra (1D-NPS) across all evaluated systems and image
types. Points represent the average 1D-NPS calculated across the 1000 ROIs, while the shaded bands
indicate the full range encompassing the 1D-NPS of all ROIs. The top row (a—c) shows the 1D-NPS
for (a) Hologic, (b) Siemens, and (c) GE, where the gray shaded area indicates the interval from 0.25
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to 1.0 mm~!, which is shown in detail in the bottom row plots (d—f), with dashed lines representing
the corresponding power-law regression modeled as (1D-NPS = af P).

Table 6. Parameters $ and log(x) obtained from the fit log(1D-NPS (f) = log(x) — B log(f)) within
the frequency range (0.25-1.0 mm ™) for each system and for low-energy (LE “for processing” and
“for presentation”), high-energy (HE); and dual-energy subtracted (DES) images. Uncertainties
correspond to 1o.

LE LE
“for Processing” “for Presentation” HE DES
B log(a) B log(n) B log(n) B log(n)
Hologic 388+0.09 021+003 361+£0.07 261+002 312£017 023+0.05 1.07+0.04 0.61+0.01
Siemens 397+013 1.84+004 3.65+£0.08 254+002 321£019 220+£0.06 1.07+0.07 1.98+£0.02
GE 373+007 0474002 347+£0.08 133+003 333+£012 1.00+£0.04 1.06+0.10 0.34+£0.03

The results in Table 6 demonstrate a systematic reduction of j in the order: g (LE “for
processing”) > B (LE “for presentation”) >  (HE) >>  (DES) for all the systems. 8 values
for DES images were approximately 1.1 for all systems. These results were contrasted
with the B values obtained from the images of the homogeneous phantom (only available
for the Hologic system). As expected, due to the lack of anatomical noise, substantially
lower 8 values were observed across all imaging modes: 1.4 £ 0.3 for LE “for processing”,
1.0 £ 0.2 for HE, 0.58 £ 0.09 for LE “for presentation”, and 0.65 = 0.07 for DES. Notably, in
the absence of an anatomical background, the drastic reduction in  for DES images—which
is characteristic of the anthropomorphic phantom—does not occur. Instead, the  value for
DES remains comparable to that of LE “for presentation”.

In contrast, log(cx) revealed divergent behaviors across both image types and imaging
systems. With respect to imaging modalities, a substantial increase in log(x) was con-
sistently observed when transitioning from LE “for processing” to both HE and LE “for
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presentation” across all manufacturers. When analyzing the values for DES images, the
systems managed noise scaling differently. While Hologic and GE exhibited log(«) values of
0.61 £ 0.01 and 0.34 £ 0.03, respectively, the Siemens system showed a value of 1.98 &+ 0.02.
Consequently, the absolute noise amplitude for the recombined DES images of Siemens
was found to be approximately three times larger than that of Hologic and nearly six times
larger than that of GE.

4. Discussion

This study presents the design, fabrication, and evaluation of a patient-specific anthro-
pomorphic breast phantom developed to assess the performance of dual-energy subtraction
(DES) in contrast-enhanced mammography (CEM). To the best of our knowledge, this rep-
resents the first anthropomorphic breast phantom specifically developed for CEM image
quality evaluation.

The results highlight the potential of the proposed phantom as a robust and clini-
cally relevant tool for CEM performance assessment. Unlike conventional homogeneous
phantoms, the anthropomorphic design incorporates realistic anatomical structures that
reproduce the complexity of the breast background, enabling the investigation of how
anatomical noise influences iodine signal detectability. As a result, the phantom provides a
more realistic framework for evaluating DES image quality under conditions that closely
mimic clinical practice. Such capability may contribute to a more comprehensive charac-
terization of system performance and support the optimization of CEM acquisition and
image-processing protocols.

Simulation studies conducted by Houbrechts et al. [12] demonstrated that the mea-
sured iodine signal in DES images is intrinsically dependent on both the local glandular
ratio and spatial position within the breast, owing to variations in compressed breast
thickness, scattered radiation, and DES algorithms. These observations provide a strong
methodological basis for the characterization approach employed in this work. Accordingly,
the iodine signal was evaluated using inserts with identical iodine area densities positioned
at different locations (I;—I4) within the phantom that present distinct local glandular ratios.
Furthermore, background texture cancellation can be evaluated with the phantom across
regions with varying complexity and fat/glandular distribution. Thus, an evaluation of
the DES algorithm performance-suppressing anatomical background structures can be
performed closer to the clinical setting with patients.

Across all evaluated systems, considering all iodinated inserts, iodine-related metrics
(MPV, S, and SANR) exhibited strict linear dependence on nominal iodine area density
(R? > 0.986; see Figure 5), confirming that DES algorithms preserve signal-to-iodine area
density proportionality in realistic anthropomorphic backgrounds [3,4,8,9]. Linear fits
of signal difference (S) as a function of iodine area density yielded slopes of 179.4, 43.6,
and 39.1 for Siemens, Hologic, and GE, respectively. Notably, the results reproduced the
characteristic magnitude ordering (Siemens > Hologic ~ GE) observed by Cockmartin
etal. (slopes of 192, 37 and 38 for each system, respectively) [3] with the homogeneous CIRS
022 phantom. This also aligns with Ghetti’s reported slopes of 35 for Hologic and 32 for GE.
This supports the ability of the proposed anthropomorphic phantom to capture system-
dependent differences in DES performance. When evaluating the iodine signal linearity
via SANR, our results show a different behavior, with Hologic systematically providing
the highest SANR values, whereas Siemens and GE yielded lower SANR values. These
results agree with the comparative trends reported in the literature [3,4,7]. Furthermore,
the corresponding slopes from the SANR fits were 4.5, 2.9, and 2.8 for Hologic, Siemens
and GE, respectively. This indicates that despite Siemens exhibiting the largest values of S,
its higher image noise ultimately reduced the resulting SANR.
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The glandular local ratio (four distinct positions (I;-14)) exerted a secondary effect
in iodine signal detectability, as demonstrated in Figure 6b,c. For both GE and Siemens
systems, the fitted relationships between SANR and iodine area density exhibited similar
slopes across all positions, indicating that detectability was largely independent of local
glandular ratio. In contrast, the Hologic system demonstrated a different behavior, with
notably steeper slopes at positions I, and 14, suggesting a greater dependence on local
background characteristics. Differences between vendors became more apparent when
SdNR was plotted as a function of local glandular ratio. Excluding the results from position
I, Hologic showed a slight increase in SANR with increasing local glandular ratio, whereas
Siemens and GE exhibited nearly constant or mildly decreasing trends. These observations
indicate subtle system-dependent variations in the interaction between local background
and image processing algorithms. Overall, iodine signal detectability was predominantly
determined by iodine area density, whereas local glandular ratio had a comparatively
minor influence that varied according to the vendor-specific DES processing approach.

The ANOVA results indicated distinct patterns in the influence of iodine area density
on the metric parameters across the low- and high-iodine area density regimes in the
context of an anthropomorphic background. For low iodine area densities (Subset 1:
0.2-0.75 mg/cm?), tissue composition, quantified by the local glandular ratio, significantly
influenced MPV and SANR, explaining up to 65% and 49% of their variance, respectively,
across systems. This behavior likely reflects the greater impact of background tissue
fluctuations when the iodine signal is weak. Conversely, at higher iodine area densities
(Subset 2: 0.75-1.5 mg/cm?), iodine area density overwhelmingly dominates the measured
response, explaining 68% to 92% of total variance across metrics, effectively decoupling the
iodine signal from the local glandular ratio (which contributed under 16.8% of variance for
S and SANR). As expected, this transition aligns with the physical principles of contrast-
enhanced mammography (CEM) subtraction algorithms, which aim to isolate iodine area
density independently of the local glandular ratio. When interpreting these observations
within an anthropomorphic context, it is important to note that the statistical assessment
evaluated the mean local glandular ratio within the regions of interest rather than the
structural background inside those local regions. In addition, iodine uptake in clinical
lesions typically exhibits diffuse or non-uniform boundaries, unlike the defined inserts
analyzed here, which may introduce additional residual variability in clinical settings.

Finally, the inter-system post hoc analysis demonstrated cross-system equivalences
for specific metrics, notably between GE and Hologic for S, and between GE and Siemens
for SANR. However, these findings specifically reflect the calibration and performance of
the exact commercial systems evaluated in this study and cannot be broadly generalized
across all systems or software versions manufactured by these vendors.

Several artifacts were detected by visual inspection of DES images (Figure 4). A
“breast-in-breast” artifact appears as a curvilinear “halo” in the phantom periphery as
well as a localized drop in background intensity surrounding the iodinated inserts. These
findings align directly with the prior literature describing spatial subtraction artifacts
across both breast and physical phantoms and simulation models. Marshall et al. [11]
reported low-frequency intensity gradients and boundary effects in the CIRS 011 phan-
tom, while Kim et al. [4] observed comparable subtraction non-uniformities and shading
artifacts using the CIRS BR3D (Model 020) phantom. The DES images obtained with the
homogenous phantom highlighted these artifacts (Figure 7), reinforcing evidence of the
impact of artifacts on the SANR associated with the iodinated inserts at each location. This
homogeneous phantom comparison was conducted solely on the Hologic system, as its
DES images exhibited pronounced boundary effects that were not evident in DES images
from the other evaluated systems. Specifically, the “breast-in-breast” artifact degrades
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local background signal uniformity near insert I;, depressing its measured SANR. In con-
trast, insert I, is situated away from this artifact, yielding an artificially elevated SANR
value. Conversely, Siemens and GE both exhibited their minimum slopes at this position
(2.2 £ 0.2 for both systems), as this artifact is less apparent for both systems, as can be
seen in Figure 4. Additionally, a localized drop in background pixel intensity surrounding
the high-contrast iodinated inserts further contributes to these local background distor-
tions. Because this feature occurred independently of the phantom architecture, incomplete
anatomical background subtraction was definitively ruled out as the primary cause, and
geometry-dependent image features acted a secondary cause. Furthermore, the inverse
trend observed in Siemens and GE systems at position I, where minimum slopes were
recorded, highlights the influence of vendor-specific image processing and proprietary DES
algorithms. These spatial variations reflect the distinct internal processing pipelines and
operational baselines of each evaluated system rather than a universal vendor behavior.

For the iodine area density of 0.50 mg/cm?, the homogeneous phantom exhibited
a progressive, monotonic increase in SANR (from 1.56 to 3.02) as the local glandular
ratio increased. In contrast, the signal associated with the local anatomical noise in the
anthropomorphic phantom flattened this response (yielding SANR values from 1.74 to 2.12).
This discrepancy demonstrates that homogeneous phantoms systematically underestimate
lesion detectability in low-glandular regions while overestimating it in dense areas, failing
to reflect true clinical diagnostic performance.

Differences in the values of the metrics for the gland-like insert and the background
were observed in DES images. While MPV agrees within <1%, S and SANR values for
the background remain systematically higher. Figure 5 and Table 4 show that for the
background, S and SANR at the different regions span in wider ranges than the gland-like
region. Consequently, relying solely on a single insert fails to reflect how the residual tissue
signal varies across the whole phantom image. For iodinated inserts of 0.2 mg/cm?, the S
and SANR bands of the iodinated inserts overlapped substantially with the background
bands, particularly for Siemens and GE (see Figure 5). These findings confirm that adopting
0.5 mg/ cm? as the threshold iodine area density [3,4] for calculating the Texture Can-
cellation Coefficient (TCC) is fully justified. TCC values were 0.04 & 0.01 for Hologic,
0.06 £ 0.03 for GE, and 0.11 = 0.06 for Siemens (see Table 5). These values fall within the
low-TCC regime established in the literature by Cockmartin et al. (TCC < 0.10 for Hologic
and GE) [3] and Kim et al. (TCC < 0.05 for Hologic, TCC < 0.20 for GE) [4], demonstrating
that realistic anatomical texture is effectively suppressed by DES algorithms.

The analysis of one-dimensional noise power spectra (1D-NPS) demonstrated that
DES algorithms alter noise power characteristics across spatial frequencies (see Figure 8).
At frequencies above 1.0 mm~!, Hologic and Siemens DES spectra exhibited rapid roll-offs
beyond 1.5-2.0 mm !, whereas GE maintained a smooth decay, indicating vendor-specific
post-processing filters. Fitting the 1D-NPS to a power-law distribution (1ID-NPS = af )
in the anatomically dominated band (0.25-1.0 mm ™) yielded exponents of 8 ~ 3.1-4.0
for single-energy projections (LE and HE) (see Table 6), reflecting spatial correlations from
tissue structures. These values align with those reported in the literature [21,25,31-33]. For
the DES images, these values reduced to  ~ 1.06-1.07 across all vendors. This expected
reduction reproduces the findings of Hill et al. [33] and confirms that DES reduces the
component of the noise associated with a structurally correlated background, approaching
non-correlated quasi-stochastic noise (B ~ 0). In the homogeneous phantom,  values were
lower for all image types, showing compatible § values for both LE “for presentation” and
DES images (0.58 = 0.09 and 0.65 & 0.07, respectively). The fact that § does not reach zero
(B = 0, theoretical uncorrelated white noise) in the absence of a structural background is
driven by residual low-frequency system non-uniformities, including uncorrected X-ray
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scatter and DES algorithm features. Furthermore, Siemens displayed a substantially higher
noise amplitude (log(a) = 1.98) compared to Hologic (0.61) and GE (0.34), explaining why
its elevated signal gain S does not yield superior SANR (see Figure 5).

Land

Discrete spectral peaks observed across all imaging systems at f ~ 4.30 mm™
f a2 2.15 mm™! reflect periodicities inherent to in the 3D printing process, corresponding
to the 0.23 mm infill line spacing (f = 4.35 mm ') and the 0.46 mm back-and-forth nozzle
pass step size (f = 2.17 mm™!), respectively. To understand the manifestation of higher-
order spatial harmonics, the spatial sampling frequency (f; = 1/p) and Nyquist limit
(fn =fs/2) must be evaluated based on the pixel pitch (p) of each detector: Siemens operates at
p=0.085mm (f; = 11.76 mm !, fy = 5.88 mm~!), Hologic at p = 0.070 mm (f; = 14.29 mm !,
fnv=714mm™ 1), and GE at p = 0.100 mm (f; = 10.00 mm !, fyy = 5.00 mm~!). Because the
second harmonic of the infill line frequency (f = 2 x 4.35 mm~! ~ 8.70 mm~!) exceeds the
Nyquist limit across all three systems, it undergoes spatial aliasing, folding back into the
measurable spectrum at |f; — f1.

For Siemens, this aliased harmonic folds to 111.76 — 8.70| =3.06 mm !, producing the
prominent discrete peak observed at 3.05 mm ! (see Figure 8b). The high presampling Mod-
ulation Transfer Function (MTF) inherent in Siemens’ detector preserves high-frequency
spatial harmonics prior to sampling, rendering the system particularly susceptible to alias-
ing [36,37]. In contrast, Hologic’s smaller pixel pitch shifts the folded harmonic out to
559 mm~! (114.29 — 8.701), placing it near its Nyquist boundary (7.14 mm~!) and well
beyond the primary spatial frequency range of interest. For the GE system, the aliased
harmonic would theoretically fold to 1.30 mm~!; however, no discrete peak is observed.
This absence is primarily driven by GE’s indirect-conversion thallium-doped cesium iodide
(CsL:Tl) detector, where lateral optical light diffusion within the scintillator layer acts as a
physical spatial low-pass filter prior to sampling, severely suppressing the presampling
MTF at 8.70 mm~! [36,37]. However, because all identified manufacturing peaks fall
outside the designated 0.25-1.0 mm ! fitting range, they did not introduce bias into the
power-law estimation of the structural exponent j.

Total mean glandular doses (MGDcgy) obtained from DICOM headers across all
vendor systems for the 4.8 cm 3D-printed phantom aligned closely with the literature
values for phantoms of similar thickness, such as those reported by Ghetti et al. [8]
(3.2 mGy for Hologic and 2.3 mGy for GE using the CIRS model 022 phantom) and Marshall
etal. [11] (1.84 mGy for Hologic and 2.02 mGy for GE using a 5.0 cm PMMA /polyethylene
phantom). It should be noted that these comparisons are for reference purposes only, as
MGD values were taken directly from image headers under the assumption that Dance’s
methodology was used. Furthermore, as expected, MGD; g > MGDyg [5,10,11], yielding
MGDy g /MGDcgm values that closely reproduce those reported in the literature [5,8,10,11].

This study has several limitations. First, the phantom represents a single compressed
breast volume with a fixed parenchymal architecture and, therefore, does not encompass
the full spectrum of breast thicknesses, densities, and tissue patterns encountered in clinical
practice. Consequently, its ability to represent the anatomical variability observed across
the broader patient population is limited. Nevertheless, the printed phantom effectively
reproduces the imaging characteristics of a heterogeneously dense breast, as demonstrated
in a previous evaluation [25] using automated breast density assessment tools. The phantom
images were classified as Volpara Density Grade 3 by the Volpara algorithm (Volpara
Imaging Software 1.5.11; Matakina, Wellington, New Zealand) and as BI-RADS Category
C (Heterogeneously Dense) by Quantra (Hologic Inc., Bedford, MA, USA). Breasts in this
category constitute one of the main target groups of denser breasts for CEM imaging [1,2].

Secondly, the design of the iodine inserts in the target plate represents another im-
portant limitation of this study. In clinical practice, breast lesions often exhibit complex
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morphologies, including irregular margins and, in some cases, radial spiculations. Further-
more, iodine uptake is typically heterogeneous rather than uniformly distributed within
a well-defined region. In contrast, the iodine inserts used in this phantom consisted of
simplified geometries with homogeneous iodine concentrations. Consequently, they do not
fully replicate the morphological and contrast-enhancement characteristics of real breast
lesions, which may limit the realism of the phantom and its ability to reproduce clinical
imaging conditions.

As a final limitation, the evaluation of image quality metrics was based on a reduced
number of repeated measurements (1 = 3) and included only one imaging system from each
vendor. Consequently, comparisons across vendors should be considered descriptive rather
than inferential, as the differences observed may largely reflect the intrinsic variability and
stochastic nature of system performance. Furthermore, all imaging systems evaluated in
this study are actively used in routine clinical practice and operate under a high patient
workload. As a result, their availability for research purposes was limited, restricting
both the number of acquisitions that could be performed and the overall extent of the
experimental evaluation.

Future work will leverage the presented 3D-printing framework to fabricate a broader
family of patient-derived phantoms, covering a wide range of compressed thicknesses and
glandular ratios. Specifically, these will focus on dense breast categories (BI-RADS C and
D) featuring different parenchymal structures. In terms of lesion insertion, morphologically
realistic targets will be added to future phantoms.

5. Conclusions

This study presented the design, fabrication, and evaluation of a patient-derived, 3D-
printed modular anthropomorphic breast phantom for the assessment of contrast-enhanced
mammography system performance. Across the three most-used systems, the phantom
provides appropriate iodine signal linearity characterization. In addition, B values obtained
from the three systems are consistently included in the range (3—4) provided in the literature
for patient images. Therefore, the background suppression efficiency of CEM algorithms
can be characterized by the patient-derived structured background of the phantom.

Furthermore, the different local glandular ratio at the locations of the iodinated inserts
provides information about the glandular ratio impact on the iodine signal. This local
variability underscores the limitations of conventional homogeneous phantoms, which
fail to capture the complex anatomical background texture and system-level subtraction
artifacts present in clinical imaging. While in this work, lesions were simulated as iodinated
disks with a single diameter, in future research, 3D-printed realistic tumors of different
morphology and size will be considered. Realistic iodinated inserts, embedded into the
glandular tissue, have the potential to provide a more clinically representative assessment
of CEM image quality and lesion detectability.
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Abbreviations

The following abbreviations are used in this manuscript:

CEM Contrast-Enhanced Mammography
LE Low-Energy

HE High-Energy

DES Dual-Energy Subtracted

DM Digital Mammography

DBT Digital Breast Tomosynthesis
breast-CT  Breast Computed Tomography
FFF Fused Filament Fabrication

SLA Stereolithography

MSLA Masked Stereolithography

STL Standard Triangle Language

ROI Region Of Interest

MPV Mean Pixel Value

SdANR Signal-difference-to-Noise Ratio
NPS Noise Power Spectrum

MGD Mean Glandular Dose

PLA Polylactic Acid

ABS Acrylonitrile Butadiene Styrene
PETG Polyethylene Terephthalate Glycol

PMMA Polymethyl Methacrylate

Appendix A

The effective attenuation coefficients i of the 3D-printed and reference materials
as a function of step thickness for low-energy (LE) and high-energy (HE) conditions are
shown in Fig. Ala and Fig. Alb, respectively. For LE conditions, a monotonic decrease in
Heff with increasing thickness was observed as expected. In contrast, in the HE acquisitions,
Hef increased with thickness up to approximately 1.5 cm, beyond which a plateau was
observed. The apparent trend at small thicknesses should be interpreted with caution, as
larger uncertainties in ¢ were found in this region. Overall, 3D-printed materials and their
corresponding reference materials yielded comparable j.4 values, with relative differences
at common thicknesses below 3%, 5% and 2% for PLA-CIRS glandular, ABS-CIRS adipose
and PETG-PMMA pairs, respectively.

It should be noted that while the phantom was experimentally evaluated across
Hologic, Siemens, and GE systems, the material attenuation equivalence was specifically
established using the Hologic system and a previous model from Siemens [26,27]. Future
work will involve dedicated material characterization tailored to the specific beam qualities
of the models from Siemens and GE used in this study.
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Figure A1. Effective X-ray attenuation coefficients (i) as a function of material thickness for 3D-
printed materials (filled markers) and reference materials (open markers) for (a) low-energy (LE) and
(b) high-energy (HE) acquisitions. Error bars indicate 10 uncertainties.

Appendix B

The dual-nozzle configuration was critical to eliminate cross-material contamination,
thus preventing nozzle occlusion from the contrasting thermal and rheological properties
of PLA and ABS printed together in the phantom. Although the proprietary filament spools
incorporated integrated radio-frequency identification (RFID) tags for automated material
recognition and pre-configured thermal profiling, the default printer firmware strictly pro-
hibited the concurrent co-printing of polymers classified as chemically incompatible (such
as PLA and ABS). To bypass this firmware restriction and allow simultaneous execution,
the physical RFID tags were removed from the spools, and the generic PLA profile was
used. The specific extrusion temperatures and optimal velocity profiles for each individual
polymer were subsequently overwritten and configured manually within the slicing engine
(Bambu Studio).

To prevent thermal delamination and warping during the 3D-printing of the plates,
a textured polyetherimide build plate combined with a specialized adhesive layer was
utilized (both from Bambu Lab), omitting the use of a raft or brim structure. Environmental
thermal management within the printing chamber was optimized by removing the top glass
enclosure panel and keeping the front chamber door partially open. A nozzle diameter of
0.2 mm was selected to maximize internal spatial resolution, constraining the printing speed
to 100 mm/s to guarantee structural fidelity. To reduce the air trapped between extruded
lines, the line width was set to 0.23 mm, i.e., larger than the nozzle size. Furthermore, all
external perimeters (wall lines) and solid horizontal boundaries (top and bottom layers)
were omitted from the printing path, rendering the entire plate volume as a continuous,
uninterrupted internal infill matrix.

This matrix was instantiated using a continuous Zig-Zag pattern featuring alternating
layer orientations (45°/135°) subjected to a successive 1° angular shift executed every two
layers. This pathing strategy successfully disrupted the periodic vertical alignment of the
extruded lines, minimizing potential grid-like infill artifacts on the images [25].

Appendix C

Low-energy and recombined phantom images for the Hologic (Figure A2), Siemens
(Figure A3), and GE (Figure A4) systems are displayed in a large-format layout. Annotations
in each image mark the precise locations of the iodinated and gland-like inserts, alongside
annotations highlighting vendor-specific artifacts.
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(b)

Figure A2. Phantom images acquired in a Hologic system: (a) low-energy “for presentation” im-
age and (b) recombined image. Blue stars indicate iodinated inserts with iodine area density of
1.5 mg/ cm?, and the red star, the gland-like insert. Green arrows point to edge artifacts
resulting from the stacking of individual plates. The orange dashed curve delineates the
“breast-in-breast” artifact.
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(b)

Figure A3. Phantom images acquired in a Siemens system: (a) low-energy “for presentation” im-
age and (b) recombined image. Blue stars indicate iodinated inserts with iodine area density of
1.5 mg/cm?, and the red star, the gland-like insert. Green arrows point to edge artifacts resulting
from the stacking of individual plates. The yellow dashed curve delineates a slight gradient between
the central region of the breast and the curved breast edge.

https:/ /doi.org/10.3390/ technologies14090555


https://doi.org/10.3390/technologies14090555

Technologies 2026, 14, 555 26 of 28

(b)

Figure A4. Phantom images acquired in a GE system: (a) low-energy “for presentation” image and

(b) recombined image. Blue stars indicate iodinated inserts with iodine area density of 1.5 mg/cm?,
and the red star, the gland-like insert. Green arrows point to edge artifacts resulting from the stacking
of individual plates.
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