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 Abstract 

 
The purpose of IMAGEOMICS deliverable D2 – “Initial specifications of system design parameters 

by means of simulation models dedicated for XFCT applications in breast cancer imaging.” of the 

PIANOFORTE-IMAGEOMICS project is to report the preliminary findings and provide a 

description of system design and operating parameters as initial specifications determined through 

simulation studies and literature for guiding further development of X-ray fluorescence imaging 

dedicated for breast imaging. The preliminary findings reported in this deliverable are primarily 

simulation-/literature-based and, therefore, are subject to revision and corrections during the course 

of the project upon further investigations.   
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1. Aim of the document 

1.1 Introduction 

The deliverable D2 of the PIANOFORTE-IMAGEOMICS research project (full title: “Optimizing 

Benefit/Risk Ratio in Breast Cancer Diagnosis and Radiotherapy: Identifying Molecular, Cellular and 

Imaging Signatures of Breast Cancer Heterogeneity to Improve Personalized Therapeutic Strategies for 

Synergistic Treatment Combinations”) reports the preliminary findings, describing the initial system design 

and imaging parameters of the X-ray fluorescence computed tomography (XFCT) imaging technique 

dedicated for breast cancer. This deliverable has been constructed within the framework of WP2 of the 

PIANOFORTE-IMAGEOMICS project led by Otto-von-Guericke University of Magdeburg, Germany 

(OvGU). The reported system design and imaging parameters are investigated by means of numerical 

methods, Monte-Carlo simulations, as well as literature study.  

The findings and specifications as described herein will help guide further development and research work 

on the application of X-ray fluorescence computed tomography (XFCT) in breast cancer imaging. The 

information provided refers to the current developmental status with regard to the parameters critical to the 

imaging concept. These findings and parameter descriptions are subject to revision and corrections 

throughout the course of the project as further investigations are conducted.    

1.2 Objectives 

The deliverable D2 of the PIANOFORTE-IMAGEOMICS project reports the preliminary findings and 

initial specifications of the system design. The primary objective of this document is multifold: 

- Describe the initial system design parameters. 

- Describe the identified imaging parameters for XFCT application in breast cancer imaging in order 

to be tested for further investigations. 

- Describe the identified anthropomorphic breast phantom design parameters and material properties 

necessary to test the feasibility of XFCT for breast size cases, with the phantom’s radiological 

material characteristics compatible with XFCT.    

1.3 Scope of this deliverable  

The scope of this deliverable covers the WP2 implementation within the PIANOFORTE-IMAGEOMICS 

project and is synergistic with the WP1 tasks of the PIANOFORTE-IMMPRINT research project. The 

initial descriptions and preliminary findings are to be considered in the context of ongoing research and are 

subject to revision upon further analysis and investigations.  
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2. General information 

2.1 The IMAGEOMICS project 

The PIANOFORTE-IMAGEOMICS research project seeks to improve benefit/risk ratio of breast cancer 

(BC) patients by identifying patients with a predicted favourable response to combined radiotherapy (RT) 

and immunotherapy, and to develop new imaging modality with increased diagnostic potential and reduced 

ionizing radiation exposure. There are still high levels of disparities in diagnosis, prognosis, and treatment 

outcomes of BC patients, largely attributed to the disease’s heterogeneity. These heterogeneities are 

associated with variations in morphological, molecular, and immunological characteristics, both within and 

between tumours, as well as across patients. Increasing the benefit of diagnostic applications implies that 

more efficient procedures are offered to patients, which improve therapy decision. Optimising benefit/risk 

ratio in radiotherapy (RT) of cancer patients implies implementing treatment protocols that maximise 

tumour control while reducing therapy-related toxicities. The PIANOFORTE-IMAGEOMICS project aims 

to develop new and disease-optimised imaging tools for future diagnostic and therapeutic applications in 

BC. For this, the project specifically focuses on the development of X-ray Fluorescence (XRF) Computed 

Tomography (XFCT) utilizing functionalized metallic nanoparticles (NPs) as contrast agents as a potential 

imaging modality. Within the PIANOFORTE-IMAGEOMICS project, developments in new molecular 

imaging methods are aimed at future applications in clinical environments for better characterisation of BC 

patients, including their radiation sensitivity, while minimising treatment-related toxicity and ionising 

radiation-induced health side effects.  

Through innovations in ionising-radiation-based medical applications combating cancer, the 

PIANOFORTE-IMAGEOMICS project aligns with the specific objectives of the PIANOFORTE 

partnership. It also synergises with the PIANOFORTE-IMMPRINT research project funded under the 

PIANOFORTE Open Call 2023.  

2.2 The IMAGEOMICS objectives and work packages  

The PIANOFORTE-IMAGEOMICS project has the following main objectives: 

• Development of imaging system, methods, designs, and components to achieve and realise 

prototype XFCT imaging aimed at future in vivo imaging and characterisation of BC disease.  

• Dedicated characterisation of BC and its markers to identify suitable targets for XFCT imaging by 

facilitating nanoparticle (NP) design.  

• Providing recommendations for enhancing efficiency and accuracy through modifications in 

nanoparticle functionalisation. 

To fulfil these main objectives, the PIANOFORTE-IMAGEOMICS project consists of five Work Packages 

(WPs): 

• WP1: Investigating the effect of radiotherapy on the phenotype, gene expression signatures, and 

secretory profile of BC cell lines in vitro. (Lead: NNK) 

• WP2: Investigating the impact of RT on the interaction between BC cells, immune cells and other 

components of the tumor stroma using in vitro and in vivo-mimicking approaches. (Lead: OvGU) 

• WP3: Screening for molecular signatures of RT application and immune system activation in 

human BC samples. (Lead: UniPV) 
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• WP4: Clinical applicability and long-term follow-up studies of patients – proof of concept. (Lead: 

ISGlobal) 

• WP5: Coordination, dissemination and E&T strategy, data management plan. (Lead: NNK) 
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3. System design parameters 

3.1 System design  

The initial specification of the system design is outlined. The assembly of the system, consisting of a 

combination of a microfocus X-ray source and an Amptek CdTe detector, is shown in Figure 1. The imaging 

geometry is configured so that the X-ray source and detector are stationary while the object sample is 

rotatable and translated vertically and horizontally, allowing the tomographic imaging. The microfocus tube 

(XWT-225-XC) used in the proposed setup enables a collimated pencil-beam scan. An overview of the 

system components and parameters is provided in Table 1. 

Table 1: Description of components and parameters of the proposed XFCT system.  

Category Components Description 

X-ray Tubes X-ray tube for XFCT  
For X-ray fluorescence computed tomography (XFCT), a 

microfocus tube (XWT-225-XC, X-RAY WorX GmbH, 

Garbsen, Germany) have been considered for the investigations. 

XFCT X-ray 

Beam 

X-ray pencil-beam 

collimator system 

A collimator system (see Figure 2), composed of multi-leaf 

molybdenum pinhole disks with varying diameters, is utilised to 

shape the emitted beam from the X-ray tube into a fine pencil 

beam for XFCT imaging optimised for breast-scale applications. 

The beam full-width at half maximum for the in vivo imaging 

scenario is estimated through Monte Carlo (MC) simulations to 

be about 0.5-0.8 mm at the system isocenter. 

Beam alignment 

stage 

A multi-axis roll, pitch, yaw, and translation stage is set up in 

order to house the collimator system, allowing beam positioning 

and angular alignment with respect to the sample stage’s (rotary-

translation stage) reference coordinate system (see Figure 1).  

A laser-based non-contact distance sensor, working on 

comparative phase-shift measurements with respect to a 

reference signal, is used as a monitoring device for measuring 

the mechanical alignment of the exit-beam window. This device 

is mounted on a freely moving 6-axis robotic arm (KUKA KR 

60 HA) to enable alignment and positioning of the XFCT 

relative to the sample stage’s reference coordinate system.  

X-ray beam filtration 

system  

An X-ray beam filtration system is installed at the entrance of 

the pencil-beam collimator in order to harden the beam emitted 

from the X-ray tube, allowing a quasi-monoenergetic profile of 

the exit beam. The filter parameters are described in the section 

“Imaging parameters”.  
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Scan 

Geometry 

and Image 

Acquisition 

Scanning in XFCT 

For XFCT imaging, a combination of the rotational and 

translation stages, forming a Cartesian gantry, is utilised for 

raster scanning of the sample in a pulse-stepping-pulse mode. In 

this case, the X-ray source and the energy-sensitive detector 

remain stationary. The detector system, for the initial XFCT 

investigation, consists of a 1 mm thick cadmium telluride 

(CdTe) sensor (X123, Amptek Inc., Bedford, MA, USA) with a 

25 mm2 active area. The choice of this detector system for the 

initial investigations within WP2 is based on our previous 

simulation-based feasibility study, in which we have evaluated 

its suitability for X-ray fluorescence imaging, as well as 

sensitivity to variations in detector-specific effects and 

geometric components [1].  

At the current stage, we are incorporating motion 

microcontrollers of the rotary and translation drives to reach an 

optimal synchronisation between horizontal, vertical, and 

rotational movements, along with the source pulse sequencing.  

      



WP9 – D9.15 (IMAGEOMICS D2) 

 
 

 
Page 8 of 27-2 

 

 

Figure 1: System assembly design for X-ray fluorescence computed tomography (XFCT). The detailed 

view (A) shows the proposed arrangement with a rotatable sample stage for tomographic scan of the test 

object.  
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3.2 X-ray tube and beam elements  

X-ray WorX XWT-225-XC microfocus tube 

A microfocus bremsstrahlung tube is considered for the proposed imaging approach. The microfocus X-

ray tube consists of exchangeable reflection-type and transmission-head tungsten target anodes. For our 

investigations, the reflection-type static target configuration is used that allows a nominal tube voltage of 

225 kV, 300 W nominal anode input power, and a maximum of 3 mA beam current [2]. 

Tube Collimator for pencil-beam XFCT imaging 

The opening beam from the X-ray tube is shaped for fine beam XFCT breast imaging with an in-house 

designed collimator system, as shown in Figure 2. The utilisation of a pencil-beam collimator is required 

for generating a narrow, well-defined beam for high spatial-resolution XFCT imaging in a specific, local 

region of interest (ROI). To facilitate scanning, the sample stage is rotationally and translationally 

repositioned relative to the pencil-beam in order to enable a raster signal acquisition over either a local area 

of evaluation or the full-field breast volume. The overall housing material of the collimator is composed of 

stainless steel. The collimator is composed of a modular array (multi-leaf) of variable-diameter (reducing 

in diameter up to 300 µm at the exit window) molybdenum pinhole apertures held inside the collimator bus, 

made up of stainless steel. A choice of 300 µm diameter apertures is made for initial assessments and could 

Figure 2: X-ray beam collimator system for pencil-beam fluorescence imaging with a series of reducing 

diameter (D) molybdenum (Mo) pinhole apertures (1mm thickness disks) up to the collimator output 

(exit) window, encapsulated within external steel-housing assembly. 
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be optimised to smaller apertures depending on the requirement of imaging, i.e., in vivo mimicking scans 

or in vitro sample imaging. Our previous studies and literature suggest a target size (defined as the diameter 

of a uniform spherical volume containing nanoparticle contrast agents) dependence on spatial resolution 

and detection sensitivity in X-ray fluorescence imaging [1] [3]. The beam diameter selection, therefore, 

requires consideration of the target sensitivity and resolution needed for a given application. Increasing the 

beam diameter up to a given limit (relative to the target size) may enhance imaging sensitivity; however, 

beyond this limit, sensitivity may degrade due to the excessive Compton scattering of photons within the 

beam volume interacting with background materials. The collimator bus is attached to the base entrance 

plate, which is mounted on the multi-axis alignment stage.  

 

Pre and post-collimation shielding  

To align with the radiation protection measures required in our lab, both pre and post-collimation shielding 

are utilized in the proposed set up. The shielding consists of a series of lead (5-8 mm thickness) and steel 

(12-15 thickness mm) plates arranged one after the other in a compact form and attached to the collimator 

alignment stage from both the source side (pre-collimation) and the object side (post-collimation), see 

Figure 1. The plates have a 5 mm diameter aperture, exceeding the collimator exit pinhole, see Figure 2. 

The primary purpose of such shielding is to block off escape radiation in all direction other than the intended 

beam, resulting in a lower occupational exposure. With this, the primary beam is confined and collimated 

before reaching the object.    
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4. Imaging parameters 

4.1 X-ray source parameters for X-ray fluorescence imaging 

The specifications corresponding to the X-ray beam characteristics and source parameters for in vitro and 

in vivo breast-scale X-ray fluorescence computed tomography are described in this section. The beam 

characteristics are investigated using Monte Carlo (MC) simulations based on the Geant4 framework. The 

two X-ray tube modes, i.e., XWT-225-XC operated at 150 kV and 200 kV, were modelled in Geant4 [1].  

Figure 3 shows the dependence of photon beam resolution, in full width at half maximum (FWHM), as a 

function of the exposure distance downstream of the collimator exit window. The beam properties, in this 

case, are compared across beam qualities of 150kV with a 3mm tin (Sn) filter and 200kV with a 4mm tin 

(Sn) filter. The in-house developed X-ray collimator system yields a beam resolution (FWHM) of 

approximately 300-320 µm at the exit window for the investigated beam qualities. The beam FWHM 

widens relatively slowly up to a distance of 50 mm downstream of the collimator window, followed by an 

approximate linear broadening with a divergence (full angle) Θ ≈ 0.23°. The results indicate an X-ray beam 

resolution in the range of 500-800 µm at the object/sample isocenter for XFCT imaging. For small-scale 

samples, e.g., for an in vitro imaging scenario, the beam resolution can be enhanced in the proposed system 

by repositioning the exit window closer to the sample isocenter. Additionally, the designed collimator 

system – comprising a modular array of variable-diameter molybdenum pinhole apertures – allows a 

tunable beam resolution. Specifically, increasing the number of 300 µm apertures within the collimator 

Figure 3: X-ray pencil-beam resolution (full width at half maximum -FWHM) as a function of distance 

from collimator exit window. The energy dependence (150-200kV @ 3-4 mm tin filtration) of the beam 

resolution is evaluated with an estimated beam divergence (full angle Θ) of approx. 0.23°.   
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system can increase the beam resolution, however, at the expense of reduced photon flux from collimation 

losses.  

 

Table 2: Imaging parameters and beam characteristics for X-ray fluorescence imaging using X-RAY WorX 

XWT-225-XC X-ray tube. 

PARAMETER 

VALUE @ BEAM QUALITY 

150kV / 

3mm Sn 

200kV / 

4mm Sn 

Primary beam filter 3mm Tin 4mm Tin 

Tube voltage [kV] 150 200 

Tube max power [W] 300 300 

Tube current [mA] 2 1.5 

Radiant flux pre collimation [photons s-1 mrad-2)] 3e+9 1.3e+10 

Differential photon flux (pencil-beam) incident at 

isocenter [photons keV-1 s-1] 
3.4e+10 1.2e+11 

Photon flux (pencil-beam) post collimation 

[photons s-1 mrad-2] 
1.7e+9 7.4e+9 

Photon flux (pencil-beam) incident at the sample 

isocenter [photons s-1 mm-2] 
1.2e+10 5.6e+10 

Photon flux from emission (scattering + XRF) 

[ph/s/sr] 
~107 ~108 

Figure 4: Differential photon flux (in units of photons keV-1 sec-1) of the incident pencil-beam at the 

isocenter using X-RAY WorX XWT-225-XC X-ray tube. 
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Energy bandwidth (full width at 10% of the 

maximum, i.e., Δ𝐸10%) to the peak energy (𝐸𝑝𝑒𝑎𝑘) 

ratio: Δ𝐸10%/𝐸𝑝𝑒𝑎𝑘 [%] 

50 64 

 

Table 2 provides the specifications corresponding to the source and imaging parameters, as well as beam 

characteristics for fluorescence imaging using the X-ray microfocus tube XWT-225-XC.  

4.2 Ground sensitivity of X-ray fluorescence under in vivo imaging conditions 

We investigated and determined, under in vivo mimicking conditions by means of Monte Carlo simulations, 

potential candidate nanoparticle contrast agents that could be tested for breast cancer heterogeneity 

characterisation in a single scan using X-ray fluorescence imaging. For this, gold (Au), gadolinium (Gd), 

and Hafnium (Hf) are identified as suitable candidates as multiplexed contrast probes for testing 

heterogeneity characterisation. The Monte Carlo simulation code developed for this work makes use of 

patient-derived computational breast models based on published clinical breast computed tomography 

(BCT) datasets [4]. These models consist of compressed versions of segmented tissues derived from 

uncompressed datasets, with voxels classified into four categories: adipose, glandular, skin, and air. This 

classification is used in our simulations to model distinct material properties and densities corresponding 

to breast tissue types (adipose, glandular, and skin). An exemplary image of the X-ray fluorescence 

simulation on the Geant4 Monte Carlo toolkit is shown in Figure 5. 

 

Figure 5:  Exemplary image of X-ray fluorescence simulation on Geant4 Monte Carlo toolkit. 

Figure 6 shows the ground sensitivity for X-ray fluorescence imaging corresponding to XRF emission from 

L-shell gold (Au-Lβ), K-shell Gadolinium (Gd-Kα), K-shell Hafnium (Hf-Kα), and K-shell Gold (Au-Kα). 

The in vivo mimicking simulations make use of varying concentrations of Au, Hf, and Gd ranging from 

0.5–0.005 Wt. %. The XRF imaging configuration, here, uses the Microfocus X-ray tube (X-RAY WorX), 

operated at 150 kVp with 3 mm Sn filtration, and Mo initial leaf collimator. For our initial investigations, 

1 mm-thick Cadmium Telluride (CdTe) sensor with a 25 mm2 active area (Amptek X123 detectors) is used 

for XRF photon detection. A significance (Z) threshold of 𝑍=3 (corresponding to a false positive probability 
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of 𝑝=0.135%) is defined as the sensitivity threshold, which is used to determine the sensitivity (i.e., 

minimum detectable concentration in Wt. %). 

Figure 7 shows an exemplary X-ray fluorescence (XRF) spectrum corresponding to 0.1 wt. % multiplexed 

contrast dose under in vivo breast scanning conditions. The quantitative contribution from various 

background noise sources (single and multiple Compton scattering events, Rayleigh scattering, among other 

components within the imaging geometry) is illustrated in this figure with distinct colour representations.  

From our investigations, as can also be seen in Figure 7, the XRF emission from L-shell gold (Au-Lβ), K-

shell Gadolinium (Gd-Kα), K-shell Hafnium (Hf-Kα), and K-shell Gold (Au-Kα) lines are identified as the 

suitable signals of interest for simultaneous, multiplexed detection of elemental probes (Au, Gd, and Hf in 

this case) in a single scan. 

Figure 8 shows the ground sensitivity for X-ray fluorescence imaging corresponding to XRF emission from 

Au-Lβ, Gd-Kα, Hf-Kα, and Au-Kα for the case of the Microfocus X-ray tube operating at 200 kV and 4mm 

Sn filter. The concentrations of Au, Hf, and Gd range from 0.5–0.005 Wt. %. Figure 9 shows the exemplary 

XRF spectrum corresponding to the 200 kVp case with 0.1 wt. % multiplexed contrast dose under in vivo 

breast scanning conditions.  

 

 

Figure 6: X-ray fluorescence ground sensitivity (Microfocus X-ray tube 150 kVp X-RAY WorX, 3mm Sn 

filter, Cadmium Telluride Amptek X123 detector) at in vivo breast scanning conditions with L-shell gold 

(Au-Lβ), K-shell Gadolinium (Gd-Kα), K-shell Hafnium (Hf-Kα) 
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Figure 7: Exemplary X-ray fluorescence spectrum (Microfocus X-ray tube 150 kVp X-RAY WorX, 3mm Sn 

filter, Cadmium Telluride Amptek X123 detector, 0.1 wt. % contrast dose) at in vivo breast scanning 

conditions. 

 

 

Figure 8: X-ray fluorescence ground sensitivity (Microfocus X-ray tube 200 kVp X-RAY WorX, 4mm Sn 

filter, Cadmium Telluride Amptek X123 detector) at in vivo breast scanning conditions. 
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Figure 9:  Exemplary X-ray fluorescence spectrum (Microfocus X-ray tube 200 kVp X-RAY WorX, 4mm 

Sn filter, Cadmium Telluride Amptek X123 detector, 0.1 wt. % contrast dose) at in vivo breast scanning 

conditions. 

Table 3 summarises the X-ray fluorescence imaging parameters and sensitivity limits (in Wt.% 

concentration determined at a significance limit of 3) corresponding to the investigated X-ray tube voltages, 

i.e., XWT-225-XC X-RAY WorX operated at 150kVp and 200kVp and different beam filtration 

configurations. The sensitivity limits for the gadolinium, hafnium, and gold contrast agents differ, primarily 

driven by the background noise within the signal region from single-scattered Compton interactions and 

much less from multiple-scatter events. As expected, with a higher kV configuration, i.e. 200 kV, K-shell 

XRF sensitivity for hafnium and gold deteriorates, while L-shell remains approximately the same. With the 

X-ray tube operated at 150kV, gold K-shell XRF performs better than the L-shell case.  For the 

corresponding sensitivity limits, Table 3 also shows the absorbed dose, which is in the order of a few µGy 

per raster scanning position of the beam (with 1010 photons per scan position) in the different tissue types 

(Adipose, Glandular, and Skin), as well as the full-breast dose. These contrast agents are correspondingly 

identified as candidates for multiplexed imaging in order to test suitability for heterogeneity 

characterisation. 
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Table 3: X-ray fluorescence imaging parameters and sensitivity limits corresponding to different beam 

qualities (X-RAY WorX 150kVp vs. 200kVp), nanoparticle contrast agents, and absorbed full-body/organ 

dose in breast with 1010 photons per raster scan position. * Accumulation of contrast in 5mm spherical 

target in breast. 

kVp / 

Filtration 

Contrast 

agent 

Absorbed Dose (µGy) Sensitivity 

–  Conc. 

(Wt.%) 

Sensitivity 

score 

(significance 

Z) 

Contrast 

in 

breast* 

(ng/ml) 

Mass 

in 

Target 

(µg) 

Avg. Mass 

per breast 

Weight*(µ

g/kg) 
Full-

Breast 
Adipose 

Glandu

lar 
Skin 

150 / Tin 

(Sn) 

3mm 

Gold 

(Au) L-

Shell 
<10 2.4 1.6 7.2 <0.5 3 <523.4 <400 <550 

Gadolini

um (Gd) 

K-Shell 
<10 2.4 1.6 7.2 <0.005 3 <4.5 <3.5 <4.6 

Hafnium 

(Hf) K-

Shell 
<10 2.4 1.6 7.2 <0.01 3 <8.9 <7 <9.3 

Gold 

(Au) K-

Shell 
<10 2.4 1.6 7.2 <0.05 3 <45 <35 <50 

200 / Tin 

(Sn) 

4mm 

 

 

 

 
 

 

 

 

 

 

 

 

 

Gold 

(Au) L-

Shell 
10 2.8 1.8 8.8 <0.1 3 <90 <70 <96 

Gadolini

um (Gd) 

K-Shell 
10 2.8 1.8 8.8 >0.01 3 >9 >7 >9.6 

Hafnium 

(Hf) K-

Shell 
10 2.8 1.8 8.8 >0.01 3 >9 >7 >9.6 

Gold 

(Au) K-

Shell 
10 2.8 1.8 8.8 <0.05 3 <45 <35 <47 

4.3 Ground sensitivity of the X-ray fluorescence under in vitro imaging conditions 

Candidate nanoparticle contrast agents are also investigated under in vitro imaging conditions that could be 

tested for their usability for breast cancer heterogeneity characterisation using X-ray fluorescence imaging. 

Again, for this, gold (Au), gadolinium (Gd), and Hafnium (Hf) are investigated for their suitability as 

contrast probes for multiplexed imaging. Table 4 summarises the X-ray fluorescence imaging parameters 

and the ground sensitivity in Wt.% concentration, also determined at a significance limit of 3. Here, the 

operation mode  of 150kVp with 3 mm Sn is investigated. In vitro imaging configuration, as can be 

expected, demonstrates a notable sensitivity increase when compared to the in vivo case, showing an 

approximate order of magnitude increase.   
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Table 4: X-ray fluorescence imaging parameters and sensitivity limits corresponding to different beam 

qualities (X-RAY WorX 150kVp) and nanoparticle contrast agents under in vitro imaging conditions with 

1010 photons per raster scan position. 

kVp / 

Filtration 
Contrast agent 

Sensitivity – Concentration 

(Wt.%) 

Sensitivity score 

(significance Z) 

150 / Tin (Sn) 

3mm 

Gold (Au) L-Shell 0.01 3 

Gadolinium (Gd) K-Shell 0.0005 3 

Hafnium (Hf) K-Shell <0.005 3 

Gold (Au) K-Shell 0.01 3 

 

Figure 10 shows the ground sensitivity for X-ray fluorescence imaging under in vitro conditions with the 

Microfocus X-ray tube (XWT-225-XC, X-RAY WorX) operated at 150 kVp; with 3mm Sn filter. Figure 

11 shows the exemplary XRF spectra corresponding to 150 kVp (XWT-225-XC) case with 0.05 wt. % 

contrast dose.  

 

 

Figure 10: X-ray fluorescence ground sensitivity (Microfocus X-ray tube 150 kVp X-RAY WorX, 3mm Sn 

filter, Cadmium Telluride Amptek X123 detector) under in vitro imaging conditions. 
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Figure 11: Exemplary X-ray fluorescence spectrum (Microfocus X-ray tube 150 kVp X-RAY WorX, 3mm 

Sn filter, Cadmium Telluride Amptek X123 detector, 0.05 wt.% contrast dose) under in vitro imaging 

conditions. 
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5. Imaging Sample and Phantom Parameters 
5.1 Breast phantom design parameters and radiological material properties   

For the development of an XFCT system dedicated for breast imaging, the radiological characteristics and 

design parameters of anthropomorphic breast phantoms are also identified. Anthropomorphic breast 

phantoms are an important component in the development, quality control, and performance assessment of 

medical imaging systems dedicated to breast imaging [5] [6]. They have been a valuable tool in the 

development, verification, and optimisation of new breast imaging modalities before introducing them in 

clinical practice [5] [6]. In this section, the imaging phantom’s radiological material characteristics, 

anatomical, geometric, and structural requirements are identified by means of literature study. For the 

design and construction of such a phantom, primarily, attenuation properties of 3D printing material, trade-

offs between material equivalence, and design complexity requirements are identified.     

Optimal breast phantoms for imaging system characterisation, optimisation, and verification should reflect 

the properties of human breast tissue with realistic anatomical structures and geometries. Further, they 

should mimic the biological and radiological properties of real breast tissue, including tissue composition 

(typically glandular, adipose, and skin), tissue distribution, and tissue-radiation interaction. For X-ray 

fluorescence imaging, principally, a reasonable tissue background pattern in the size scale of a human breast 

is required. However, unlike transmission X-ray imaging, the requirements of realistic breast anatomical 

details and local inhomogeneity can be somewhat relaxed [7]. This is because fluorescence photons are 

detected across various angles, and variations in photon transmission paths within the object have detector 

size (sensor area) dependence, resulting in attenuation effects from localised tissue differences being 

averaged across the measurement field in the case of relatively large solid angle detectors. This factor would 

become more relevant when integrating the pnCCD detectors being developed within WP4 of the 

IMMPRINT project. As both the incident photon beam and fluorescence photons require attenuation 

correction, the phantom’s material composition is required to mimic breast tissue properties; however, for 

the reasons mentioned above, considerations regarding local inhomogeneity and density fluctuations can 

be simplified in XFCT breast phantom design. For XFCT, the primary evaluation criterion for the selection 

of phantom material is the attenuation length or linear attenuation coefficient μ, in the energy range of 

breast imaging.   

Several studies have investigated the widely available 3D printing (additive manufacturing) materials for 

their suitability in fabricating breast phantoms [8] [9] [10]. For the fabrication of breast background patterns 

using 3D printing techniques, in our case, considerations for different printable material candidates are 

made, where the materials mimic the attenuation properties of equivalent breast tissues (glandular, adipose, 

and skin). The scope of material candidates investigated here is limited to conventional Fused Deposition 

Modelling (FDM) and stereolithography (SLA) 3D printing technologies. Further, candidate materials are 

listed based on their suitability in the specific energy range for XFCT. Specifically, the energies of interest 

correspond to the fluorescence emission lines that form the signal in this imaging technique, relevant to the 

contrast material (i.e., gold, gadolinium, and hafnium identified in our case). Ivanov et al. [9] carried out 

an extensive experimental study to investigate the selection of inexpensive, widely available 3D printing 

materials in terms of linear attenuation coefficient μ at three photon energies: 30 keV, 45 keV, and 60 keV. 

It included seven thermoplastic polymers used in FDM (ABS, Brick, Hybrid, Nylon, PET-G, PLA, PVA) 

and ten polymer resins used in SLA (Black, Clear, Flex, Gray, NDBase, NDC + B, NDCast, NDSG, Tough, 

White) [9]. The relative difference of linear attenuation coefficients μ of the materials with respect to the 

glandular and adipose tissue was calculated, and a < 10% difference was considered a threshold for 
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suitability [9]. According to the results in [9], all studied resins, excluding brick and double silicon, showed 

similar μ to glandular tissue, while among FDM polymers, only PVA, hybrid, and PET-G showed similar 

coefficients. However, PVA imposes difficulties during printing and thus was excluded, leaving Hybrid 

and PET-G as promising candidates for glandular tissue representation. Similarly, the relative difference of 

linear attenuation coefficients for the materials with respect to the adipose tissue is considered in [9], with 

ABS material showing the closest attenuation coefficient to that of the adipose tissue. Moreover, to 

reproduce breast skin, the polymers Hybrid, PET-G, and PVA showed similar attenuation coefficients [9]. 

Although gelatine and water appear to have the closest similarity in the literature, they are not suitable for 

producing solid-based phantoms, as required for XFCT investigations. 

Multiple other studies supported the findings of Ivanov et al. [9]. Esposito et al. [11] reported that among 

six thermoplastic polymers (ABS, Hybrid, Nylon, PET-G, PLA, PVA) and six resins (Black, Clear, Flex, 

Gray, Tough, and White) tested at 30, 45, and 60 keV, ABS was most suitable to simulate adipose tissue, 

Hybrid/PLA to simulate glandular and PET-G to simulate skin. Similarly, in the work of Malliori et al. 

[10], three resin materials (Clear, Flex, Tough) and four thermoplastic polymers (ABS, Hybrid, Nylon, 

PET-G, PLA) were tested at photon energies 30 keV, 45 keV, and 60 keV. Here, all three resins, in addition 

to Hybrid, Nylon, PET-G, and PLA, were found suitable as glandular equivalence, and ABS matched the 

attenuation coefficient of adipose tissue. 

For breast phantom development based on the studied literature, we propose in Table 5Erreur ! Source du 

renvoi introuvable. some of the suitable candidate materials for our investigation. The materials that show 

the most suitability at effective energies are denoted with*. In the cases where the most suitable material is 

to be excluded due to reasons mentioned previously (e.g., water, gelatine, etc.), the second most suitable 

material is denoted with **. The final choice of phantom material for our case is not necessarily materials 

that represent the closest similarity to the linear attenuation coefficient, as other suitable materials can be 

selected depending on the level of complexity and structural details of the final phantom.  

Table 5: A summary of the proposed candidates to be used in constructing the 3D breast phantom at 

different photon energies with * marking the most suitable material at effective energies and ** marking 

the second most suitable material when the top choice is excluded. 

Photon 

Energy 

[keV] 

Tissue-material equivalent/substitute 

Adipose Glandular Skin 

30 keV 
ABS* 

Paraffin 

Hybrid* 

PET-G 

PVA 

PLA 

Resins (NDCast**, Grey, Black, 

White, Clear, Flex, NDBase, NDC+ 

B, NDSG, Tough)  

 

Gelatin 

Hybrid 

PET-G* 

Nylon* 

PVA 

Resins (NDCast**, Grey, Black, 

White, Clear, Flex, NDBase, NDC+ 

B, NDSG, Tough) 
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45 keV ABS*  

Hybrid* 

PET-G 

PVA 

Resins (NDCast, Grey, Black, White, 

Clear, Flex**, NDBase, NDC+ B, 

NDSG, Tough) 

Clear** 

Hybrid* 

PET-G 

PVA 

Resins (NDCast, Grey, Black, White, 

Clear, Flex, NDBase, NDC+ B, 

NDSG, Tough) 

 

60 keV ABS*   

Nylon 

Hybrid* 

PET-G 

PVA 

Resins (NDCast, Grey, Black, White, 

Clear, Flex**, NDBase, NDC+ B, 

NDSG, Tough) 

Hybrid 

PET-G* 

PVA 

Resins (NDCast, Grey, Black, White, 

Clear, Flex, NDBase, NDC+ B, 

NDSG, Tough) 

 

 

Anthropomorphic breast phantoms can be produced in different shapes and sizes depending on the 

geometrical constraints of the specific application, the degree of incorporating anatomical structures, and 

the complexity of layering. They can also be produced in different sizes to simulate different patient breast 

sizes and tissue compositions (adipose to gland ratio). In the context of X-ray-based breast imaging, 

phantoms are generally used to test and evaluate the system’s ability to detect abnormalities. Therefore, a 

typical phantom design includes tissue-mimicking layers in addition to inserts where special targets such 

as microcalcification clusters, mass lesions, and contrast agents can be added. In XFCT, inserts are 

primarily required to incorporate functionalised contrast agents, nanoparticles, or micron-sized structures 

to produce the fluorescence signals. A comprehensive overview of the various phantom designs (D-shaped 

slabs, spheres, assembled) can be found in [5]. For certain investigations in our work, digital phantom 

models based on patient-derived digital phantoms [4], on which our simulation was built as well, are to be 

considered. Nevertheless, the design should take into consideration the physical constraints of the current 

setup. In our setup, the size of the anthropomorphic phantoms, which fit the geometric constraints, is 

expected to be in the range of ~5 cm. The average thickness of the 60 compressed phantoms reported in [4] 

was 61 mm, and the average glandular fraction by mass was 12.1%. Alternatively, the size scale of the ACR 

(American College of Radiology) Mammography Phantom can be considered. Since measurements of 

different concentrations of nanoparticles are required for characterisation, the phantom design is planned 

to include replaceable cavities/holes where the functional samples are to be inserted. The rest of the 

phantom can be modelled and printed as separate compartments and assembled subsequently, as also done 

in literature [8]. The size of such inserts may typically range from 0.5-5 mm and can be either in the form 

of cylindrical columns or spheres inside the phantom [1].  

In our work, the phantom development process has been initialized and first prototypes have been printed. 

Both standard and patient-derived phantoms are to be developed for the evaluation using XFCT, and both 

phantoms include inserts to incorporate the bio samples with functionalized nanoparticles. The preliminary 
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approach followed here is to print the modelled breast tissues separately and perform the assembly at the 

final stage. To print the standard phantom, PLA and ABS filaments were used as equivalents to skin and 

adipose tissues, respectively. For the patient-derived phantom, PLA was used to print skin and glandular 

tissues while ABS was used to print the adipose tissue. Results of slicing and segmentation (using 3D Slicer 

and Autodesk Fusion 360 software) and printing (using Creality K1 printer, Creality3D Technology Co., 

China.) are presented in Figures 12, 13, and 14. These results are preliminary and are subject to further 

investigations and improvements. Specifically, the possibility of utilizing a dual/multi extruder 3D printer 

is to be explored, which is expected to allow more complex designs to be considered.  

 

 

 

 

 

 

 

 

(a)                                                                       (b) 

                      

 

 

  

 

 

 

 

 

 

 

Figure 12: (a) illustration of the back view of the standard phantom in Fusion 360 with inserts 

to incorporate the bio samples (b) skin tissue of the standard phantom in Fusion 360. 

Figure 13: Left: printed skin of the standard phantom (material: PLA). Right: printed 

adipose tissue of the standard phantom (material: ABS). 
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Figure 14: Illustration of the process flow of slicing different tissues from the patient-derived model 

(BCT DICOM dataset). Upper left: adipose tissue. Upper right: glandular tissue. Lower left: skin 

tissue. Lower right: full slice of the breast model including all tissues.     
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