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Featured Application 

Improvements in mammography systems image quality, by using spectroscopic information to 
optimize X-ray tube imaging spectrum and implement energy-based image contrast optimization 
algorithms. 

Abstract 

X-ray imaging of dense breasts and breast implants often suffers from reduced lesion visibility due 
to strong attenuation, while conventional rhodium (Rh) K-edge filtering typically suppresses high-
energy photons. This study presents a Monte Carlo-based simulation and optimization framework 
for spectroscopic mammography using a voxelated Cadmium Telluride (CdTe) sensor, enabling 
quantitative evaluation of energy-dependent image quality. The system accurately simulates sensor 
fluorescence and inter-voxel energy redistribution, enabling direct comparability with real-world 
performance. Energy-resolved simulations in the 10-50 keV range were used to compute 
spectroscopic contrast-to-noise ratio (CNR) curves and identify optimal spectral regions and filter 
configurations. Replacing the standard Rh filter with aluminum (Al) filtration increased CNR by 
more than 23% with only a ~5% increase in entrance surface dose (ESD), significantly improving the 
visibility of hydroxyapatite microcalcifications, even behind dense tissue or implants. The shown 
work demonstrates practical guidelines and analysis for energy-resolved imaging optimizations 
obtained from simulations. The results imply that spectroscopic photon-counting detectors and 
methods can enhance dense-breast mammography image quality while maintaining low patient 
dose. 

Keywords: Monte Carlo; mammography; spectroscopic X-ray imaging; photon-counting detector; 
Cadmium Telluride; implants; spectrum optimization; contrast-to-noise ratio 
 

1. Introduction 

The goal of mammography is the early detection of breast cancer precursors by screening for 
microscopic calcifications (named here as specks) composed of Calcium Hydroxyapatite (HA) [1,2]. 
X-ray mammography has demonstrated strong clinical performance for identifying early-stage breast 
cancer over the past decades [3]. However, the high X-ray absorption due to heterogeneously 
distributed dense tissue morphologies, or the presence of breast implants, limits image quality and 
reduces lesion visibility, leading to decreased detection sensitivity. This ultimately leads to both false 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 February 2026 doi:10.20944/preprints202602.1549.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1549.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 17 

 

positives and false negatives in diagnosis, and limits the diagnostic performance for women with 
breast implants [4] or with highly dense breasts [5]. 

Imaging of dense breasts remain particularly challenging despite technological achievements. 
This limitation is clinically relevant because women with dense breasts have an elevated cancer risk, 
and more than 50% of women under 50 years old exhibit high mammographic density [6–9]. 
Increased attenuation reduces contrast between lesions and surrounding tissues, often requiring 
higher radiation exposure to maintain image quality. Alternative modalities, such as digital breast 
tomosynthesis, MRI, ultrasound, and molecular breast imaging, have been proposed; however, these 
approaches involve higher costs, longer acquisition times, or limited accessibility [10]. Consequently, 
ultrasound is often used as an adjunct to mammography to improve detection rates [11,12]. 

Breast augmentation surgery has also become increasingly common. It is estimated that 35 
million women worldwide have breast implants [13], and recent reports indicate a continued growth 
in cosmetic breast procedures [14]. Implants significantly attenuate X-rays due to their high silicon 
content, obscuring between 22% and 83% of the glandular tissue. Although specialized displacement 
techniques exist to improve visualization [15], these procedures are technically challenging, increase 
radiation exposure, and may elevate the risk of implant damage [16]. As a result, screening 
mammography may miss a substantially higher proportion of cancers in women with implants 
compared to women without augmentation [17]. 

Given the large population of patients with dense or augmented breasts, optimizing 
mammographic imaging for these conditions is of practical importance. Simply increasing the dose 
is not desirable due to radiation risk. Therefore, alternative detector technologies and spectrum 
optimization strategies are required to enhance contrast while maintaining low dose. 

From a technological perspective, conventional mammography systems employ charge-
integrating flat-panel detectors and K-edge filtering to tailor the emitted spectrum to detector 
characteristics. However, the high-energy spectral tail can degrade image quality in charge-
integrating systems because higher-energy photons contribute disproportionately to the collected 
charge, reducing dynamic range and lesion contrast. Photon-counting detectors (PCDs) mitigate this 
challenge by assigning equal weight to each detected photon, independent of energy. When 
combined with high-efficiency sensor materials, PCDs can exploit higher-energy photons to improve 
visibility through dense tissue and implants [18]. Spectroscopic photon-counting detectors (SPCDs), 
such as Timepix3 [19], additionally measure photon energy, enabling energy-resolved imaging and 
spectral optimization. 

Previous studies have demonstrated that CdTe-based photon-counting detectors can improve 
image quality and potentially reduce radiation dose in mammography [20–23].  Earlier 
implementations using strip detectors and scanning geometries also indicated dose reductions [24], 
while simulation studies suggested further improvements through energy-resolved imaging and 
material decomposition [25]. These results highlight the potential of energy-resolved photon-
counting technology for enhancing mammographic performance and have motivated ongoing 
industrial development of next-generation systems [26–29]. 

The present work investigates the feasibility of X-ray spectrum optimization using a CdTe 
spectroscopic photon-counting detector to increase mammographic contrast while maintaining 
patient dose. The study simulates and confirms radiation-matter interactions in its influence on 
imaging quality, and experimentally verifies simulation results in a challenging implant imaging 
scenario. Detailed Monte Carlo simulations of a standard mammographic setup were performed in 
the 10-50 keV range using clinically relevant spectra with aluminum (Al) and rhodium (Rh) filtration. 
Image quality was assessed using energy-resolved CNR calculations. Dense breast phantoms 
containing microcalcifications ranging from 49.5 µm to 445.5 µm were designed for imaging, 
emulating designs of accreditation phantoms such as CIRS015 [30]. Finally, preliminary experimental 
results with modified spectra are presented to evaluate the benefit of preserving the high-energy 
spectral tail. The objective is to demonstrate that imaging tasks exploiting the energy-dependent 
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nature of all aspects of X-ray imaging, can improve visibility of high-density structures while 
maintaining low radiation dose. 

2. Materials and Methods 

2.1. Contrast-to-Noise Ratio (CNR) - Definition and Analytical Model 

The CNR was selected as the figure of merit for image quality evaluation, as it incorporates both 
HA contrast, governed by material attenuation properties, and the statistical noise associated with 
background photon detection. A reduction in CNR directly corresponds to a decreased speck 
visibility. CNR is defined in terms of the normalized contrast (𝐶𝐶), and the coefficient of variation (𝐶𝐶𝑣𝑣): 

𝐶𝐶𝐶𝐶𝐶𝐶 =
𝐶𝐶
𝐶𝐶𝑣𝑣
  with  𝐶𝐶 =

𝐼𝐼‾𝐵𝐵 − 𝐼𝐼‾𝑆𝑆
𝐼𝐼‾𝐵𝐵

, 𝐶𝐶𝑣𝑣 =
𝜎𝜎𝐵𝐵
𝐼𝐼‾𝐵𝐵

 (1) 

where 𝐼𝐼‾𝑆𝑆 and 𝐼𝐼‾𝐵𝐵 are the mean pixel intensities in the signal and background regions, respectively, 
and 𝜎𝜎𝐵𝐵 is the standard deviation of background pixel intensities. 

An analytical model for CNR was constructed as a theoretical reference for validating Monte 
Carlo results. The model expresses 𝐼𝐼‾𝑆𝑆  and 𝜎𝜎𝐵𝐵  using the Beer-Lambert Law [31], and assumes 
Poisson statistics for photon detection with an ideal noiseless detector. For an intensity, measured in 
incident number of photons 𝐼𝐼0 over the sample entrance surface, the expected number of photons 
detectable behind the sample’s background region is: 

𝐼𝐼𝐵̅𝐵 = 𝐼𝐼0 ∙ 𝑒𝑒−𝜇𝜇𝐵𝐵∙𝑡𝑡𝐵𝐵 (2) 

where 𝑡𝑡𝐵𝐵 is the breast tissue thickness and 𝜇𝜇𝐵𝐵 is the corresponding linear attenuation coefficient. 
For a region containing an HA inclusion of thickness 𝑡𝑡𝐻𝐻𝐻𝐻  and attenuation coefficient 𝜇𝜇𝐻𝐻𝐻𝐻 , the 
expected number of detectable photons in the signal region becomes: 

𝐼𝐼‾𝑆𝑆 = 𝐼𝐼0 ⋅ 𝑒𝑒−𝜇𝜇𝐵𝐵⋅𝑡𝑡𝐵𝐵 ⋅ 𝑒𝑒−(𝜇𝜇𝐻𝐻𝐻𝐻−𝜇𝜇𝐵𝐵)⋅𝑡𝑡𝐻𝐻𝐻𝐻 (3) 

Assuming Poisson-limited noise, 𝜎𝜎𝐵𝐵 = �𝐼𝐼𝐵𝐵 and 𝐶𝐶𝑣𝑣 = 1
�𝐼𝐼𝐵𝐵

. Combining these expressions leads to 

an energy-dependent CNR in the monoenergetic limit:  

𝐶𝐶𝐶𝐶𝐶𝐶(𝐸𝐸) = �𝐼𝐼0(𝐸𝐸) ⋅ �𝑒𝑒−
𝜇𝜇𝐵𝐵(𝐸𝐸)⋅𝑡𝑡𝐵𝐵

2 � �1 − 𝑒𝑒−(𝜇𝜇𝐻𝐻𝐻𝐻(𝐸𝐸)−𝜇𝜇𝐵𝐵(𝐸𝐸))⋅𝑡𝑡𝐻𝐻𝐻𝐻� (4) 

Here "spectroscopic" means that the CNR is a function of the incident photon energy, and 
detection (and imaging) can be deconstructed into energy bins that discretize the detected continuous 
polychromatic spectrum. Material attenuation coefficients were computed using homogeneous 
compound mixing based on mass-attenuation coefficients and densities from the NIST X-ray 
attenuation database [32].  

The model does not include readout electronics and assumes that quantum noise dominates, 
which is a reasonable approximation for photon counting detectors that operate with energy 
thresholds that substantially suppress electronic noise [22]. In addition, flat-field corrections 
compensate for fixed-pattern and structural gain variations between pixels [35], so quantum (Poisson) 
noise becomes the dominant noise source. Accordingly, the mathematical model assumes 𝜎𝜎2 ≈ 𝐼𝐼 for 
the background counts. 

When applied to a pixelated detection system, the final value of CNR as defined in Equation (4) 
will be proportional to the ratio of areas between sample and background, as each region detects only 
a fraction of the total amount of photons 𝐼𝐼0 . This consideration also becomes important when 
estimating the minimum required number of simulated photons to achieve high-quality results. 

2.2. Mammography X-Ray Spectra 

Four theoretical spectra were calculated and used for the main simulation in this study (Figure 
1). These input spectra cover relevant energy ranges for mammography imaging, and were recreated 
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using the tool SpekPy [33,34] A tungsten (W) anode X-ray source was taken as the reference, and two 
different tube voltage and filter settings were then applied: 

• Standard mammography spectrum (𝑊𝑊28𝑘𝑘
𝑅𝑅ℎ ): 28 kVp tube voltage, 50 µm Rh filter; 

• Filter-modified spectrum (𝑊𝑊28𝑘𝑘
𝐴𝐴𝐴𝐴 ): with 1 mm Al filter instead; 

• Voltage-modified spectrum (𝑊𝑊50𝑘𝑘
𝑅𝑅ℎ ): 50 kVp tube voltage instead; 

• Filter-Voltage-modified spectrum (𝑊𝑊50𝑘𝑘
𝐴𝐴𝐴𝐴 ): 50 kVp tube voltage, 1 mm Al filter. 

 

Figure 1. Numerically-generated normalized input spectra for four distinct cases, used in combination with the 
main mammography Monte Carlo simulation, to calculate image quality for HA speck detection. Spectra 
generated with the tool SpekPy [33,34]. 

All input spectra were normalized to their maximum value. Supplementary Monte-Carlo 
simulations were executed for validation of the SpekPy spectra, with virtually identical results. These 
simulations can be found in Appendix B. 

2.3. Mammography Simulations and Analysis 

All simulations were performed using GATE (Geant4 Application for Tomographic Emission), 
a Monte Carlo framework designed to simulate physical processes in medical imaging modalities, 
including X-ray imaging, PET, and CT [36,37]. GATE provides a command interpreter that enables 
straightforward system configuration through manual command entry or batch scripts that define 
the simulation geometry and execution sequence. The standard emstandard_opt4 electromagnetic 
physics list was used for all simulations. No charge transport or carrier collection was modeled, and 
all results are based only on the physics of radiation-matter interactions and their respective energy 
depositions on a voxel-based sensor matrix. For a detailed profile of the simulation stack, please refer 
to Appendix A. 

Figure 2 shows the simulation setup schematic in three sections: the imaging geometry, the X-
ray source definition, and the sample geometry and segmentation scheme. 
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Figure 2. Simulated imaging setup schematic. (a) Imaging geometry, replicating the Selenia Dimensions 
AWS5000 mammography system [38]. (b) Divergent point source geometry. (c) Phantom with cubic specks 
(gray), showing segmentation for calculations (blue: signal / red: background). A 2-voxel margin in all borders 
was ignored from all calculations. 

2.3.1. Imaging Geometry 

The simulated imaging configuration was replicated from the geometrical parameters used in 
the Selenia Dimensions AWS5000 digital mammography system [38]. The detector was modeled as a 
sensor voxel array with dimensions based on the physical characteristics of the SPCD Timepix3: a 1 
mm thick CdTe semiconductor array with 55 µm pixel pitch. Each simulated voxel corresponds to 
one detector pixel. This sensor thickness is sufficient to achieve close to total photon absorption 
efficiency at mammographic X-ray energies [23]. It also matches the sensor thickness used in previous 
experimental studies by this research group [20]. 

To optimize simulation time, a small 61×61 voxel matrix was defined, enough to confirm the 
feasibility of the proposed methods and the underlying working principles. The center of the 
detector’s front surface was located at the position (0,0,70) cm, as shown in Figure 2a. 

2.3.2. X-Ray Source 

The geometry of the source is shown in Figure 2b. For ease of analysis, the X-ray source was 
modeled as an ideal divergent cone-beam point source with uniform intensity, allowing the 
decoupling of all source-related effects from the detected intensity, such as penumbra [39]. It was 
located at the world origin, with opening angle θ = 0.39∘  and radius R = 2.382 mm , enough to 
cover the entire detector area and optimize simulation time by avoiding computations for wide-angle 
photons not reaching the detector. 

2.3.3. Phantom 

Breast density depends on the proportion of fibroglandular to adipose tissue, with denser breasts 
having a higher fibroglandular-to-adipose tissue ratio. The Breast Imaging Reporting and Data 
System (BI-RADS) [40,41] is a widely used framework that reduces variability in diagnostic imaging 
reports among radiologists. Breast composition is classified in four categories based on visual 
assessment of fibroglandular content: A, almost entirely fatty breasts; B, scattered areas of 
fibroglandular density; C, heterogeneously dense breasts, which may obscure small masses; and D, 
extremely dense breasts, while foregoing quantitative classification. Previous editions classified 
images based on fibroglandular content percentages, respectively from A to D categories as: 0% <
25%; 25% < 50%; 50% < 75%; 75% < 100%. 
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To simulate a dense breast, a block measuring 3.5 mm × 3.5 mm × 5 cm was defined, composed 
of 85% fibroglandular tissue and 15% adipose tissue (BI-RADS category D, 4th Edition). Its center was 
positioned at (0, 0, 63) cm, resulting in a geometric magnification of 𝑀𝑀 = 𝑑𝑑𝛾𝛾𝛾𝛾/𝑑𝑑𝛾𝛾𝛾𝛾 = 1.111. The 5 cm 
thickness was selected based on values reported in mammographic studies of dense breasts [42]. 
Length and width were chosen to be large enough for the projected image to completely cover the 
detector area. 

The phantom contains 13 cubic HA specks embedded in the center of the tissue block to emulate 
malignant lesions within the breast. They were arranged laterally in a spaced checkerboard pattern 
(Figure 2c), with sufficient separation to observe each speck’s edge behavior. This number of specks 
showed a good compromise between achieving sufficient statistical sampling of the attenuation 
signal and maintaining a reasonably fast simulation time. 

The speck side length 𝑡𝑡𝑐𝑐 was defined such that the projected shadows aligned with the voxels’ 
entrance surface, avoiding intensity drops caused by partial voxel coverage. 𝑡𝑡𝑐𝑐 = 346.5  µm was 
selected, projecting a shadow of 385 µm (7 voxels). This speck size is in the mid-range of those found 
in accreditation phantoms such as the CIRS011A [43] and CIRS015 [30], represents a small feature 
size, and should be readily detectable by mammography systems.  

Materials were defined using the same compound homogeneous material mixing method [32] 
employed in the analytical CNR(E) model. GATE handles the calculations internally, requiring the 
user to only specify the constituent elements and their weight fractions. Both adipose and glandular 
tissues were defined as indicated in Table 1. 

Table 1. Material definitions for achieving a material with composition 85%/15% glandular-to-adipose ratio 
breast tissue in simulation. 

Material Adipose tissue Glandular tissue 
Density [𝑔𝑔 𝑐𝑐𝑐𝑐3⁄ ] 0.92 1.02 

Element Weight Fraction 
Hydrogen 0.120 0.106 

Carbon 0.640 0.332 
Nitrogen 0.008 0.030 
Oxygen 0.229 0.527 
Sodium 0 0.001 
Sulfur 0 0.002 

Chlorine 0 0.001 
Phosphor 0.002 0.001 
Calcium 0.001 0 

2.3.4. Simulation Statistics 

According to the Rose criterion, developed to evaluate the detectability of a signal in a noisy 
image, a CNR of 5 allows a signal to be detected with less than one part-per-million uncertainty 
[44,45]. To this end, Equation (4) can be inverted to calculate the number of detected photons required 
to achieve a target CNR at a specific energy for a defined set of materials and morphology: 

𝐼𝐼0 min(𝐸𝐸) =
𝐶𝐶𝐶𝐶𝑅𝑅2 ⋅ �𝑒𝑒𝜇𝜇𝐵𝐵(𝐸𝐸)⋅𝑡𝑡𝐵𝐵�

(1 − 𝑒𝑒−(𝜇𝜇𝐻𝐻𝐻𝐻(𝐸𝐸)−𝜇𝜇𝐵𝐵(𝐸𝐸))⋅𝑡𝑡𝐻𝐻𝐻𝐻)2
 (5) 

Using Equation (5), the minimum photon intensity required to satisfy the Rose criterion can be 
estimated, using 15 keV as guide for a photon-starved low-energy bin, yielding 𝐼𝐼0 min(15 keV) =
3.7 × 104 photons/voxel. For the defined detector (3721 voxels), the minimum number of photons 
required is 1.4 × 108. Thus, 1010 emitted photons were simulated per energy bin to ensure high-
statistics results with negligible quantum noise. 

Equal simulation statistics were applied to flat-field calibration images. Flat-field calibration is a 
well-known, easily implemented, and standard procedure used in X-ray imaging with digital 
detectors [35]. It is applied in the standard manner: 𝑀𝑀FFC = 𝑀𝑀RAW ⊘𝑀𝑀FF. The ⊘ operator denotes 
Hadamard (matrix element-wise) division. It can be mathematically proven that the final expression 
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for Equation (4) remains invariant under a flat-field correction, provided the correction images have 
high statistics. 

In physical detectors, flat-field images map variations in detector electronics between pixels and 
sensor defects, appearing as image inhomogeneities and visual artifacts. Although the simulated 
detector contains no defects, this standard procedure was retained for completeness of X-ray imaging 
procedures, allowing methodological comparisons with experimental X-ray imaging pipelines. 

2.3.5. Spectroscopic Analysis 

The main polychromatic X-ray mammography simulation results were derived from a set of 
individual high-statistics mono-energetic simulations, performed at discrete energies 𝐸𝐸𝑖𝑖 , over the 
range 𝐸𝐸min = 10 keV to 𝐸𝐸max = 50 keV in 0.5 keV increments, resulting in a batch of 81 spectral flat-
field-corrected images 𝐼𝐼𝐼𝐼FFC(𝐸𝐸𝑖𝑖). The polychromatic mammography spectra were then introduced 
post-simulation by weighting the intensity of each mono-energetic image with the corresponding 
spectrum’s mono-energetic intensity at each energy step, 𝑊𝑊𝑘𝑘𝑘𝑘𝑘𝑘

filter(𝐸𝐸𝑖𝑖). The final polychromatic images 
were obtained by summing all weighted mono-energetic images, forming the integrated-spectrum 
image 𝐼𝐼𝐼𝐼𝑘𝑘𝑘𝑘𝑘𝑘filter (Equation (6)), which correspond to the type of images recorded with a simple PCD 
without spectroscopic information: 

𝐼𝐼𝐼𝐼𝑘𝑘𝑘𝑘𝑘𝑘filter = � 𝑊𝑊𝑘𝑘𝑘𝑘𝑘𝑘
filter(𝐸𝐸𝑖𝑖) ∙ 𝐼𝐼𝐼𝐼FFC(𝐸𝐸𝑖𝑖)

81

𝑖𝑖=1
 (6) 

The CNR values for the simulated IS images were calculated by applying Equation (1), with 
signal and background voxel regions as depicted in Figure 2c, namely 𝐶𝐶𝐶𝐶𝐶𝐶(𝐸𝐸𝑖𝑖) = 𝐶𝐶(𝐸𝐸𝑖𝑖) 𝐶𝐶𝑣𝑣(𝐸𝐸𝑖𝑖)⁄ . 
Spectroscopic CNR plots were generated both, analytically and from the mono-energetic simulation 
results. The analytical results were obtained by applying Equation 4, using the mammography 
spectra, the material thickness, and NIST attenuation data. All curves were normalized to allow for a 
direct shape comparison, revealing energy ranges of importance. 

2.4. Monte Carlo Validation Tests 

In real-life detectors, energy deposited by a single incident photon may be shared between 
multiple pixels. During detection, partial energy absorption occurs at the primary interaction site, 
while secondary photons and electrons are generated through scattering processes within the sensor 
material. If the range of these particles extends beyond the primary pixel pitch, a fraction of the 
deposited energy will be recorded in neighboring pixels, and manifests in imaging as multi-pixel 
clusters of false low-energy photons, reducing contrast and blurring edges. This effect is called 
charge-sharing. The extent of charge-sharing depends on both the incident photon energy, the 
proximity to the primary interaction site to pixel boundaries, and the pixel size. 

Sensor X-ray fluorescence is a particular case of charge-sharing, relevant for high-Z sensor 
materials such as CdTe, as it preferentially absorbs photons at K-edge energies (26.7 keV for Cd, 31.8 
keV for Te). Subsequent fluorescence photon emission occurs all through the energy range between 
22 keV and 32 keV, with both 𝛼𝛼, 𝛽𝛽 and other emission lines from both materials appearing as sensor 
ionization relaxation mechanisms [46], with an expected fluorescence yield above 80% [47]. With a 
mean-free path around 100 µm in CdTe, they have a chance of traveling beyond the primary pixel 
boundary for pixels below this size. 

It is important to confirm that sensor fluorescence is properly simulated with the defined sensor 
geometry, and its potential impact on the results, in a manner analogous to charge-sharing in real 
detectors, where it has been shown to degrade spatial resolution and spectral fidelity if not properly 
accounted for [23,48]. Although no charge-transport dynamics are simulated, lateral energy 
redistribution through secondary particle generation in the sensor is expected, due to the high-aspect-
ratio detector elements, and the mean free path of Cd K fluorescence photons in CdTe. 

The first validation simulation consisted of a 5 mm thick Pb slab with a squared, 5-voxel-wide 
pinhole aperture that collimated an ideal point source, thereby limiting primary photon lateral 
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spread. The collimator was positioned a few mm away from the sensor surface. The sensor was 
voxelated and sized the same as for the main mono-energetic simulation set. Two simulations were 
performed using the unfiltered polychromatic W emission spectra at 28 kVp (𝑊𝑊28𝑘𝑘

none) and 50 kVp 
(𝑊𝑊50𝑘𝑘

none), obtained from supplementary Monte Carlo simulations (See Annex B, Figure B1). 
The second verification test was conducted using the same imaging setup as the main mono-

energetic simulation set. It was performed to investigate intense halo artifacts appearing around 
specks and detector edges. Two separate mono-energetic simulations were executed at 26 keV and 
28 keV, surrounding the Cd K-edge energy. Detected events were classified according to their 
creation vertex as either primary interactions within the initial voxel, or secondary particles escaping 
to neighboring voxels. 

2.5. Experimental Validation - Breast Implant X-Ray Imaging 

In order to experimentally test the hypothesis of this study, and the suggested results from the 
simulations, the extreme case of breast implant mammography imaging was chosen. The recorded 
sample was a CIRS015 mammography accreditation phantom [30] with a 250 cm3 silicone implant 
partially covering the region of interest (Alumina specks, diameter 540 µm). The X-ray setup was 
configured for mammography imaging at the Uniandes High Energy Physics Laboratory [20]. The 
detector used was a Medipix3RX [21], bump-bonded to a 1 mm thick CdTe sensor. This imaging 
geometry replicates that of the Selenia Dimensions AWS5000 digital mammography system [38], in 
the same fashion as the mammography simulations (Figure 2), but using a Hamamatsu µFocus 
polychromatic X-ray source. This imaging system had been previously dose-calibrated for a 𝑊𝑊28𝑘𝑘

𝑅𝑅ℎ  
spectrum, to allow for direct comparisons with commercial mammography systems. 

Three experimental images were taken, applying two different spectra. The reference image was 
taken in the Selenia system, using the 𝑊𝑊28𝑘𝑘

𝑅𝑅ℎ  spectrum, delivering a standard Entrance Surface Dose 
(ESD) of 1.5 mGy to the sample. The second image was taken in the lab, applying 5× the standard 
ESD, attempting to increase speck visibility. The third image was taken also in the lab, using the 𝑊𝑊28𝑘𝑘

𝐴𝐴𝐴𝐴  
spectrum and the same exposure time to achieve one standard ESD with the 𝑊𝑊28𝑘𝑘

𝑅𝑅ℎ spectrum. This 
allows for dose comparability between all images without incurring in the practical difficulties of 
system re-calibration. 

For the vendor system, the default clinical protocol for CC view was used, without implant 
displacement and without access to vendor-proprietary post-processing; for the lab system, only a 
flat-field correction was applied. 

3. Results 

3.1. Monte Carlo Validation Tests 

Figure 3 shows the results of the spectrum-level simulation tests. Figure 3a illustrates the 
theoretical interaction of CdTe with X-rays, its K-edges and fluorescence emission peaks, and 
includes an inset of the simulation setup. Figures 3b and 3c present the detected spectra for both 
setups, along with the corresponding intensity images. Fluorescence is confirmed, as the detected 
spectrum from the 𝑊𝑊50𝑘𝑘

none  simulation shows Cd and Te fluorescence peaks, absent in 𝑊𝑊28𝑘𝑘
none  case. 

There is also a notable increase in low-energy hits, as energy is redistributed spatially. 
The image inset in Figure 3c shows detected events in voxels located well beyond the collimator 

pinhole, on the order of seven voxels, with intensities close to 10% of the primary beam intensity, 
progressively decreasing toward zero. Notably, the image inset in Figure 3b also shows a few 
detections along the collimator edge, 2-3 voxels away, with less than 1% of the intensity measured at 
pinhole. This indicates slight activation of Cd fluorescence, caused by the small fraction of photons 
in the 𝑊𝑊28𝑘𝑘

none spectrum above 26.7 keV. 
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Figure 3. Spectrum-level simulation tests. (a) CdTe material mass-attenuation coefficient and XRF peaks, with 
inset showing the simulation geometry. Simulated detector response for two polychromatic spectra: (b) 𝑊𝑊28𝑘𝑘

none; 
(c) 𝑊𝑊50𝑘𝑘

none. 

Figure 4 shows the results of the two monochromatic simulation tests. The top and bottom rows 
correspond to the 26 keV and 28 keV monochromatic simulations, respectively. The left column 
images were generated by counting all detected hits, while the right column images exclude 
secondary interactions. The halo artifacts were completely absent in the 26 keV photon images but 
clearly appeared in the 28 keV photon images, around the specks, as well as on voxels near the sensor 
edge (Figure 4c). They disappear when secondary interactions are filtered out (Figure 4d). 

Figure 4e shows the deposited energy histogram for the 28 keV photon simulation test. 
Interactions are separated according to their creation vertex location: blue for the primary voxel, red 
for secondary voxels. The histogram exhibits primary photon energy redistribution among several 
discrete values, specifically 2 keV, 5 keV and 28 keV for the primary voxel, and below 1 keV, 23 keV, 
and 26 keV for secondary voxel deposition. 

The energy histogram in Figure 4e shows the reason for the halo artifacts and confirms sensor 
fluorescence as the cause. In approximately 42% of the cases, the primary photon deposits all its 
energy in the primary voxel. Nearly 58% of the time, a fluorescence interaction occurs and the energy 
is redistributed spatially within the sensor, through low-energy processes such as Auger electrons, 
and photoelectric effect. This is also visible as an increase in recorded hits in Figure 4c, compared to 
Figures 4a and 4b. Fluorescence photons also escape the sensor volume, as seen in the reduced hit 
counts in edge voxels in Figure 4c, closer to the number of primary hits in Figure 4d. 

 
Figure 4. Monochromatic simulation tests. (a) Image generated by 26 keV photons. (b) Image generated by 
removing secondary interactions in (a). (c) Image generated by 28 keV photons. (d) Image generated by 
removing secondary interactions in (c). (e) Deposited energy histogram for (c) and (d). 
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3.2. Mammography Simulations 

Figure 5a shows two datasets: continuous analytical spectroscopic CNR curves and simulation-
based spectroscopic CNR data points. The CNR(E) plots exhibit peaks at different energies. The 𝑊𝑊28𝑘𝑘

𝑅𝑅ℎ  
and 𝑊𝑊28𝑘𝑘

𝐴𝐴𝐴𝐴  curves peak at 22 keV and display nearly identical shapes up to the Rh K-edge energy of 
23.3 keV, beyond which the 𝑊𝑊28𝑘𝑘

𝑅𝑅ℎ  curve drops sharply due to a lack of photons. The 𝑊𝑊50𝑘𝑘
𝑅𝑅ℎ  curve 

peaks at the filter’s K-edge (23.2 keV), with a secondary peak at around 31 keV. The 𝑊𝑊50𝑘𝑘
𝐴𝐴𝐴𝐴  curve peaks 

at 24 keV and maintains a continuous shape up to the maximum photon energy of the input spectrum. 
Figure 5b shows the IS images resulting from the mammography simulations. The scale limits were 
defined by the minimum (zero) and maximum (one) intensity values across all images, thereby 
allowing direct visual comparison. The top-row images exhibit high contrast, but also show a 
fluctuating background. Conversely, the bottom-row images display lower contrast and a flatter 
background. Image 𝐼𝐼𝐼𝐼28𝑘𝑘𝐴𝐴𝐴𝐴  yields the highest CNR value, 23.11% higher than the standard 𝐼𝐼𝐼𝐼28𝑘𝑘𝑅𝑅ℎ . The 
CNR values obtained for images 𝐼𝐼𝐼𝐼50𝑘𝑘𝑅𝑅ℎ  and 𝐼𝐼𝐼𝐼50𝑘𝑘𝐴𝐴𝐴𝐴  were below the one obtained from the standard, 
being 1.60% and 4.92% lower, respectively. 

 
Figure 5. CNR(E) and imaging results from the main mono-energetic simulation set. (a) CNR(E) analytical curves 
and simulated data points. (b) IS images for the four spectra, with corresponding CNR values. 

3.3. Experimental Validation – Breast Implant Imaging 

Figure 6a shows a flat, gray region without discernible speck presence, even after adjusting the 
brightness and contrast parameters. An equivalent result was initially obtained the lab, with a 
subsequent 5× standard ESD image (Figure 6b) showing no improvements behind the implant. 

Figure 6c was acquired using the 𝑊𝑊28𝑘𝑘
𝐴𝐴𝐴𝐴  spectrum. At a dose near 1× ESD, the specks were clearly 

visible behind the implant, without the need for post-processing, beyond the standard flat-field correction. 

 

Figure 6. CIRS015 phantom + 250 cm3 implant images. (a) Selenia Dimensions system, 𝑊𝑊28𝑘𝑘
𝑅𝑅ℎ   spectrum, 1× 

standard ESD. (b) Uniandes X-ray imaging setup, 𝑊𝑊28𝑘𝑘
𝑅𝑅ℎ  spectrum, 5× standard ESD (specks circled in red). (c) 

Uniandes X-ray imaging setup, 𝑊𝑊28𝑘𝑘
𝐴𝐴𝐴𝐴  spectrum, 1/5 the exposure time of image (b) (specks circled in black). 
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4. Discussion 

4.1. Modified Mammography X-Ray Spectra 

By analyzing the relative intensities of the recorded spectra, the energy ranges contributing most 
significantly to image formation can be identified. As a practical guideline, high-quality images 
generally require photon counts on the order of several thousand per energy bin. Energy intervals in 
which the contrast-to-noise ratio (CNR) falls below approximately 30% of its maximum value can 
therefore be considered negligible, as only a minimal number of photons are detected in these 
regions. In all the cases presented, photon energies below 14 keV and contribute negligibly to image 
formation. 

In the case of K-edge filtered spectra, photons with energies above the filter’s K-edge can also be 
neglected, as any visual structure that could be recorded from detecting these photons is effectively 
lost. This has direct consequences for dense-breast and implant mammography, as confirmed by both 
simulated and experimental results: increased CNR on simulated dense-breast and increased 
microcalcification detectability through the implant. In both cases, the effect is driven by transmitted 
high-energy photons. Supplementary simulations confirm that the attenuation of 2 cm silicone closely 
matches that of 5 cm dense breast tissue, supporting transferability of the results (see Appendix B, 
Figure B1). 

4.2. Mammography Simulations 

As seen in Figure 5a, CNR is a spectrally resolved quantity. CNR(E) simulated results are in 
close agreement with the analytical model (Equation (4)), confirming that the simulation behaves as 
expected and serves as a reliable tool for spectral analysis in the high-statistics limit, despite a lack of 
charge-dynamics calculations. 

The residual differences are dominated by photon scattering, K-shell fluorescence emission with 
partial escape of characteristic X-rays, and inter-voxel energy redistribution caused by secondary 
particle generation and reabsorption. Although scattering has a low yield in the energy range used 
in this study, fluorescence has been shown to play an important role, and is therefore the primary 
source of the discrepancy. The halo artifacts persist in all monochromatic images above the Cd K-
edge energy. By carefully segmenting the sample and leaving edge margins, this effect was largely 
mitigated on the spectroscopic results; however, its impact on spatial resolution remains evident, as 
object edges appear blurred. 

The highest CNR value image was 𝐼𝐼𝐼𝐼28𝑘𝑘𝐴𝐴𝐴𝐴  . Although the standard 𝐼𝐼𝐼𝐼28𝑘𝑘𝑅𝑅ℎ   image exhibits the 
highest contrast, the background noise is also the highest. This is a direct consequence of removing 
the high-energy tail of the spectrum, between 23.2 keV and 28 keV. 

CNR curves show an interplay between image noise, contrast, and material attenuation. While 
for example, the standard spectrum produces images with higher contrast and also comparatively 
higher noise, 𝑊𝑊50𝑘𝑘

𝐴𝐴𝐴𝐴  spectrum yields lower contrast images due to an increased transparency of the 
HA specks at high energies, together with reduced background noise resulting from greater breast 
tissue transparency. This means that noise reduction does not translate directly to improved object 
visibility, as the CNR for 𝐼𝐼𝐼𝐼50𝑘𝑘𝐴𝐴𝐴𝐴   images was anyways lower than the standard, due to the HA 
transparency. 

4.3. Experimental Validation – Breast Implant X-Ray Imaging 

According to dose estimations obtained using SpekPy, the dose rate imparted by sources with 
the standard 𝑊𝑊28𝑘𝑘

𝑅𝑅ℎ  spectrum, and the modified 𝑊𝑊28𝑘𝑘
𝐴𝐴𝐴𝐴  spectrum differ by 5%. This is reflected in the 

corresponding spectra plots (Figures 1, B1), where the high-energy tail of the 𝑊𝑊28𝑘𝑘
𝐴𝐴𝐴𝐴   represents a 

relatively small area under the curve, while the remainder of both spectra closely overlap. 
An important consequence of this result is that changing the filtration to 1 mm Al produces 

measurable image quality gains with only a small increase in detected dose, transitioning from no 
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visibility to clear speck visibility, while also validating the simulation results and analysis, indicating 
the 𝑊𝑊28𝑘𝑘

𝐴𝐴𝐴𝐴  spectrum as the best-suited for dense-breast and implant X-ray imaging, of the four spectra 
studied. 

Figure 6b also confirms that the most important factor for visibility behind dense objects in the 
breast is the emitted spectrum, as even a fivefold increase in emitted fluence using the standard 
spectrum was insufficient to achieve speck visibility with a Medipix3RX 1 mm CdTe PCD. It should 
also be noted that, in principle, a substantial fraction of the 5% dose increase is not absorbed by the 
breast tissue or implant, owing to their low attenuation at the higher energies. 

5. Conclusions 

A Monte Carlo simulation framework for detailed spectroscopic analysis in mammography 
imaging, replicating the most relevant physical phenomena by constructing a voxelated detector 
matrix, was successfully implemented. The virtual setup simulates a standard mammography 
system, and allows the application of any energy spectrum of interest, with a flexibility that is difficult 
to achieve in a real clinical setting. 

This flexibility enabled investigating the spectroscopic nature of the CNR, and what additional 
information it can provide for image quality enhancements. These curves serve an additional 
purpose, as they can be used in combination with post-processing imaging techniques in real systems 
with spectroscopic capabilities, to further enhance object contrast and detectability without 
increasing radiation exposure. Techniques such as energy-weighting and material decomposition 
have been demonstrated to be effective analytically, in simulations, and experimentally [22,25,48–50]. 

The simulated physics processes allowed confirmation of CdTe sensor fluorescence with 
photons above 26.72 keV generating clusters of lower-energy hits. Confirming sensor fluorescence 
explained the most notable discrepancies between the analytical and simulation results. In real 
measurements, photon clustering techniques combined with SPCDs such as Timepix3 or HEXITEC 
MHz allow recovery of the undistorted energy spectrum [50], a basic post-processing step required 
when implementing spectroscopic techniques. 

The obtained results show that simulated spectral optimization and analysis is a promising 
approach to improving image quality in X-ray dense-breast mammography. By using an Al filter 
instead of the standard Rh filter used for imaging, the CNR for HA speck detection increased by 
23.1%, which is directly attributed to the presence of high-energy photons. Simulation-informed 
spectral optimizations under laboratory conditions resulted in promising qualitative improvements 
in implant X-ray imaging. Further work is needed to determine whether the optimization of the X-
ray spectrum can enhance image quality without increasing the dose. This includes systematic 
exploration of tube potentials from 20 kVp to 50 kVp, and filtration using materials with K-edges in 
the 30-50 keV range. 

The new capabilities of SPCDs open additional possibilities for X-ray imaging optimization by 
aiding in the study of appropriate filter/spectrum combinations and post-processing algorithms that 
leverage the available spectroscopic information, potentially increasing image quality and/or 
reducing radiation dose. Furthermore, SPCDs will be crucial for continued developments and 
refinements in medical X-ray imaging, as spectroscopic information becomes increasingly available 
in clinical settings. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

CNR Contrast-to-Noise Ratio 
Rh Rhodium 
CdTe Cadmium Telluride 
Al Aluminum 
ESD Entrance Surface Dose 
HA Calcium Hydroxyapatite 
MRI Magnetic Resonance Imaging 
PCD Photon-Counting Detector 
SPCD Spectroscopic Photon-Counting Detector 
NIST National Institute of Standards and Technology (USA) 
W Tungsten 
GATE Geant4 Application for Tomographic Emission 
PET Positron Emission Tomography 
CT Computer Tomography 
BI-RADS Breast Imaging Reporting and Data System 

Appendix A. Simulation Validation Table 

The following is a list of items to be considered when carrying out studies using Monte Carlo 
methods. It is taken from the AAPM Task Group 268 report on simulation studies [51]. Specifically, 
we verified the geometry, event tallies, and physics lists by: reproducing transmission through 
reference slabs and comparing to Beer-Lambert law with NIST µ/ρ tables used elsewhere in the study; 
comparing the simulated tube spectra to analytical spectra generated using the tool SpekPy; 
confirming Cd/Te K-edge activation and escape-range-consistent halos in CdTe above 26.7/31.8 keV, 
which tie directly to the results seen in Figures 3 and 4. Items not in the table are described explicitly 
in the text. 

Table A1. ASPM TG 268 recommended checklist for verification of simulation results using Monte Carlo 
methods. 

Monte Carlo Software Used GATE. Version 9.2. Based on GEANT4, v11.0.3 

Simulation Times  

• Between 5 min and 6 hours per bin, depending on number of photons arriving at the 
detector 
• Single full execution completes in 5 days, 162 mono-energetic simulations (81 energy 
bins with corresponding flat-fields) 

Hardware 
• CPUs: Ryzen9 3950X / Ryzen9 5950X 
• RAM: 32GB / 32GB 
• Custom parallel job management on Ubuntu 20.04 

Physics and Transport emstandard_opt4 physics list 

Travel Cut-offs 

Gamma, Electrons: 
• World, 5 mm 
• Phantom, 0.25 mm 
• Sensor, 0.1 mm 

Digitizer Energy Threshold 3 keV 
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Number of primaries, all 
simulations 

1010 primary photons per energy bin. 1.62 x 1012 total photons generated 

Appendix B. Monte Carlo Mammography Spectra 

An unfiltered W Anode X-ray spectrum was obtained from a detailed GEANT4 simulation of 
the Hamamatsu µFocus X-ray source model L10101, with an energy step of 0.1 keV. The simulation 
was configured to replicate real-life properties of the X-ray tube, including the 150 µm Beryllium (Be) 
window, the 3D model of the housing, an approximation of the W anode size, and the 41° emission 
angle. For reference, an unfiltered spectrum is shown, using the X-ray tube bias voltage at 28 kVp, 
labeled 𝑊𝑊28𝑘𝑘

none. The unfiltered spectrum 𝑊𝑊50𝑘𝑘
none was also simulated (not shown). 

 

Figure B1. Transmission spectra for dense breast and breast-implant mammography imaging. The red curves 
show the simulated unfiltered spectrum 𝑊𝑊28𝑘𝑘

none. Subsequent curves were obtained from NIST tables. Dashed 
plots represent sample materials present in mammography: 85% glandular tissue breast, Silicone, and the 
combination of both. (a) 50 um Rh filtering. (b) 1 mm Al filtering. 

Subsequent photon transmission spectra were calculated using the Beer–Lambert law, combined 
with mass attenuation coefficients obtained from NIST tables [32]. To achieve a finer energy step size 
than that provided by the tabulated attenuation data, the coefficients were interpolated between 
existing points while accounting for the presence of K-edges. 

The transmission through the sample materials shows that photons below 10 keV are negligible. 
The Rh-filtered spectra have the expected K-edge jump. 5 cm of dense breast has similar attenuation 
to 2 cm of silicone above 16 keV, which makes results comparable between materials. 
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