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Optimization of Exposure Factors on Image Quality in Computed Radiography
(CR) of a Thorax Phantom at a Military Hospital Using the aRTist Simulation
Program. Thorax radiography presents particular challenges for exposure
optimization due to the wide dynamic range between low-density lungs and
dense mediastinal structures, requiring careful balance of technical parameters.
This study aims to optimize exposure parameters affecting image quality in
thoracic Computed Radiography (CR) procedures by utilizing a simulation-based
approach, supporting advancements in medical imaging and radiation safety. The
research employed the aRTist simulation software to model a CR system and a
3D anthropomorphic thorax phantom representing the anatomy of an adult Asian
male. Five commonly used clinical exposure factor variations were simulated: 55
kV / 10 mAs, 65 kV / 8 mAs, 75 kV / 4 mAs, 85 kV / 2 mAs, and 95 kV / 1 mAs.
Image quality was quantitatively assessed using Signal-to-Noise Ratio (SNR) and

Contrast-to-Noise Ratio (CNR) calculated across five key Regions of Interest
(ROIs) on posteroanterior (PA) thorax images. The results indicate a consistent
trend: increasing tube voltage (kV) improves SNR but reduces CNR. Conversely,
increasing milliampere-seconds (mAs) linearly improves both SNR and CNR up
to an optimal point. The combination of 65 kV and 8 mAs yielded the most
balanced image quality, achieving SNR (25.2) and CNR (3.30) values within IAEA-
recommended optimal ranges (SNR 25-28, CNR 2-5), while maintaining low
radiation exposure principles. Higher kV settings (85-95 kV) produced high SNR
but significantly reduced CNR, compromising diagnostic contrast. The aRTist
simulation program is proven effective for technically and educationally
determining optimal exposure parameters for thoracic CR imaging. The 65 kV /
8 mAs combination offers the best balance between image clarity, contrast, and
dose efficiency. This simulation-based methodology supports the ALARA (As Low
As Reasonably Achievable) principle and enhances clinical decision-making for
safe, efficient, and evidence-based radiology practices, particularly in hospital
settings.
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INTRODUCTION

Thorax (chest) radiography is one of the most frequently performed diagnostic examinations
in military hospitals and healthcare facilities worldwide. This examination is essential for evaluating
the lungs, heart, great vessels, ribs, and other critical structures within the thoracic cavity, thereby
significantly supporting the diagnosis of various respiratory and cardiovascular diseases [1].
However, thorax radiography presents particular challenges for exposure optimization due to the
wide dynamic range between low-density lungs (0.20-0.30 g/cm?) and dense mediastinal structures
(heart ~1.05 g/cm?, bones 1.80-2.00 g/cm?) [2]. This substantial variation in tissue density requires
careful selection of exposure parameters to simultaneously visualize both radiolucent lung fields and
dense mediastinal structures without compromising diagnostic information.

Advances in computer technology have driven the use of digital simulations in radiology. One
notable software tool for radiographic imaging simulation is aRTist (Analytical Radiographic Testing
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Inspection Simulation Tools). With aRTist, researchers can create a virtual thorax phantom and
simulate X-ray images according to desired exposure parameters [3]. The main advantages of aRTist
are accelerating the experimental process, reducing research costs, and facilitating the analysis of
how changes in tube voltage and tube current affect image quality [4].

This study employs Computed Radiography (CR) as the imaging system model. CR is a digital
radiography technique widely used across various healthcare facilities in Indonesia. This system
utilizes a storage phosphor plate and digital readout, enabling contrast adjustment and quantitative
image quality analysis [5]. Simulating CR with aRTist was chosen to investigate the influence of
varying exposure parameters on thorax radiographic image quality.

Previous studies have investigated the relationship between exposure parameters and image
quality in radiographic imaging. Moore et al. [6] examined optimum X-ray beam tube voltage and
filtration for chest radiography with computed radiography, finding that higher kV settings reduced
patient dose but decreased contrast resolution. Sandborg et al. [7] compared clinical and physical
measures of image quality in chest and pelvis computed radiography at different tube voltages,
demonstrating that image quality metrics varied significantly with exposure parameters. Ambarsari
etal. [8] analyzed image optimization in thorax CR examinations in Indonesia, though their study was
limited to clinical dose measurements without systematic simulation-based parameter evaluation.
Despite these contributions, research specifically utilizing aRTist simulations to systematically
evaluate the combined effects of kV and mAs variations on CR thorax image quality in the Indonesian
context remains limited. This gap is particularly relevant for military hospital settings, where
equipment specifications and patient demographics may differ from international study populations.

To date, research in Indonesia utilizing aRTist to simulate thorax CR images and specifically
evaluate exposure factors remains very limited. This gap indicates a clear need and opportunity for
in-depth research, while simultaneously strengthening the quality of radiological services in
Indonesia. Therefore, this study is essential to determine the extent to which aRTist can realistically
simulate thorax CR images under clinically relevant conditions. The primary focus of this research is
to quantitatively evaluate the influence of varying tube voltage (kV) and current-time product (mAs)
on the image quality of thorax CR simulations, with the objective of identifying optimal exposure
parameter combinations that balance diagnostic quality with radiation safety principles.

The simulations in this study were performed using a phantom—an artificial object that
mimics the radiation absorption characteristics of human tissue. Using a thorax phantom allows
various tube voltage and current settings to be tested repeatedly without involving actual patients
[9]. This approach is safer and facilitates experimentation to identify the optimal exposure factor
settings for clinical needs [10].

The image quality of aRTist simulation results will be evaluated using Signal-to-Noise Ratio
(SNR) and Contrast-to-Noise Ratio (CNR), which are common parameters in radiographic image
assessment [11]. Through this approach, it is expected that data will be obtained to determine the
optimal exposure parameters, thereby improving thorax CR image quality while ensuring patient
radiation exposure remains low in accordance with radiation safety principles [12].

Radiographic image quality is strongly influenced by exposure parameters, particularly tube
voltage (kV) and current-time product (mAs), which affect contrast, sharpness, and noise levels [13].
If exposure factors are too low, the image appears blurry with excessive noise, making anatomical
details difficult to identify. Conversely, if exposure factors are too high, the image becomes
excessively dark and patient radiation exposure increases. Therefore, exposure factors must be
optimized to maintain good image quality while keeping patient radiation exposure as low as
reasonably achievable, following the ALARA (As Low As Reasonably Achievable) principle [14].

Overall, this research is expected to provide significant contributions, both academically and
practically. Beyond enriching the literature in radiology and medical physics, the results may serve
as a technical guideline for radiographers and medical physicists in determining optimal exposure
parameters. Furthermore, the findings can serve as a valid reference for improving the quality of
radiology services, particularly in military hospital settings. Through a safe, efficient, and evidence-
based simulation approach, this study supports the development of new standards in the application
of digital technology to promote excellent, professional, and patient safety-oriented healthcare
services.
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MATERIALS & METHODS

Study Design

This study employed a quantitative descriptive approach using simulation methods to
evaluate the image quality of thorax radiography in posteroanterior (PA) projection using a
Computed Radiography (CR) system. Simulations were performed using aRTist (Analytical
Radiographic Testing Inspection Simulation Tools) software, which enables virtual modeling of
radiographic imaging processes [15]. A three-dimensional (3D) thorax phantom representing the
chest anatomy of an adult Asian male (approximately 30 years old, average body size) was imported
into aRTist in Standard Triangle Language (STL) format to mimic real clinical conditions.
Radiography simulations were conducted in PA projection, following standard thorax examination
techniques [16].

Phantom Thorax Modeling

The thorax phantom was designed by the author using 3D modeling techniques within the
aRTist program. The phantom comprised four main anatomical components: skin, bones (ribs and
thoracic vertebrae), lungs, and heart. Each component was assigned a material with density values
approximating real human tissues based on published reference data from anthropomorphic
phantom studies [17].

Table 1 presents the organ density ranges and the corresponding materials used in the
phantom, along with their respective densities. Notably, nylon was selected for both lungs and heart
despite substantial density differences in human tissues (lungs 0.20-0.30 g/cm? vs. heart 1.05-1.06
g/cm?®). This material selection represents a limitation of the current phantom design, as the nylon
density range (0.45-0.95 g/cm?®) does not precisely match either tissue type. However, the primary
value of this study lies in the relative comparison between exposure settings rather than absolute
SNR/CNR values, and this limitation is acknowledged in the Limitations section.

Table 1. Organ densities and defined materials for thorax phantom components

Organ Organ density (g/cm3) Material Material density (g/cm3)
Ribs 1.80 - 2.00 Gypsum 1.57
Lungs 0.20-0.30 Nylon 0.45-0.95
Heart 1.05-1.06 Nylon 0.45-0.95
Skin/Soft Tissue 1.00-1.10 Silicone 1.08

Gypsum (p = 1.57 g/cm®) was used to mimic bone structures. Nylon (p = 0.45-0.95 g/cm?®) was
selected for lungs and heart due to its density range approximating pulmonary and cardiac tissue,
though this simplification is acknowledged as a limitation. Silicone (p = 1.08 g/cm?®) was used for soft
tissues (skin, muscle, fat, mediastinum) because its density closely matches water and human soft
tissue [18].

The 3D model was designed using the Sketchfab platform, exported in STL format, and
aligned within aRTist using the "Setup" and "Material" features. Figure 1 shows the visualization of
the 3D thorax phantom model within aRTist, including both external (soft tissue envelope) and
internal structures (rib cage, lungs, and heart). This alignment ensured accurate spatial positioning
of anatomical structures before X-ray exposure simulation.

Journal of Health Engineering and Precision Medicine | 47



Journal of Health Engineering and Precision Medicine
Suciawati et al. Optimizing exposure parameters for thorax

Figure 1. Visualization of the thorax phantom model consisting of skin, bone, lungs, and heart (left:
external soft tissue envelope; right: internal anatomical structures)

Computed Radiography (CR) System Simulation

The CR system simulated in aRTist was based on specifications of X-ray equipment commonly
used in Indonesian hospitals, as summarized in Table 2. The Imaging Plate dimensions (43 cm x 35
cm) were used to set the digital detector's Field of View (FOV) in aRTist under "Detector Settings".
The stationary bucky configuration was represented by fixing the phantom and detector positions
during exposure. An anti-scatter grid was not included in the aRTist simulation, as the software's
default configuration for this study did not incorporate grid modeling. This represents a limitation of
the simulation approach, as scatter radiation significantly affects image quality, particularly for
larger body parts like the thorax. The Focus-to-Film Distance (FFD) was set to 150 c¢m, aligning with
standard thorax radiography protocols [19].

Table 2. Specifications of the simulated Computed Radiography (CR) system

No Specification Detail
1 X-ray Tube Brand Philips Optimus
2 CR Imaging Plate Brand Agfa DX-G
3 Type Bucky Diagnost (Stationary)
4 Maximum Current (mA) 400 mA
5 Maximum Voltage (kV) 150 kv
6 Imaging Plate Size 43 cm x 35 cm

Figure 2 illustrates the simulation configuration within aRTist, showing the X-ray tube positioned
behind the thorax phantom (PA projection), directing the beam toward the detector. The yellow lines
represent the X-ray beam path from source to detector. The right panel displays the "Transformation
of source" feature, where the Reference Position and Position on the Y-axis were set to 1500 mm,
establishing the Focus-to-Film Distance (FFD) at 150 cm.
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Figure 2. Simulation setup of Computed Radiography (CR) exposure in the aRTist program,
showing the X-ray source, thorax phantom, detector, and beam path (yellow lines) in
posteroanterior (PA) projection

Exposure Parameters

Five exposure factor variations commonly used in clinical radiology departments were
tested. These combinations represent standard settings for thorax examinations, balancing image
quality and radiation dose. Table 3 lists the five sample exposure parameter sets. It is important to
note that in these five exposure samples, both kV and mAs vary simultaneously, making it impossible
to isolate the independent effect of kV from the effect of mAs. This is a methodological limitation that
is addressed in the Limitations section.

Table 3. Exposure factor variations for thorax phantom simulation

Current-Time

Sample Tube Voltage (kV) Product (mAs) Tube Current (mA) Exposure Time (s)
1 55 10 200 0.05
2 65 8 200 0.04
3 75 4 200 0.02
4 85 2 200 0.01
5 95 1 200 0.005

Each exposure combination was simulated under identical geometric conditions (FFD = 150 cm, PA
projection, stationary phantom and detector). The X-ray tube current was fixed at 200 mA, with
exposure time adjusted to achieve the desired mAs values.

Image Quality Assessment

Image quality was quantitatively evaluated using two parameters: Signal-to-Noise Ratio
(SNR) and Contrast-to-Noise Ratio (CNR), following IAEA standards for radiographic image
assessment [20]. Five clinically relevant Regions of Interest (ROIs) were selected for analysis on each
PA thorax image:
1. Lung - low-density (radiolucent) area ideal for measuring baseline signal and noise

2. Heart silhouette - high-contrast structure against the lung, suitable for CNR analysis
3. Diaphragm - important muscular structure routinely assessed on thorax images
4

Thoracic vertebral column - dense bone structure for contrast comparison against
surrounding soft tissue

5. Costophrenic angle - anatomical transition zone between lung and diaphragm, often the first
site for detecting pleural effusion
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Each ROI was defined with uniform size (50 x 50 mm for larger structures, 20 x 20 mm for smaller
areas) and placed in artifact-free regions to ensure measurement accuracy. Mean signal intensity (1),
background intensity (I,), and standard deviation (o) were calculated for each ROI using Isee!
software and Microsoft Excel.

SNR was calculated using equation (1):

~

2 (1)

SNR = —
o

where I; is the mean signal intensity of the object and o is the standard deviation representing noise.

CNR was calculated using equation (2):

Iy —1
CNR = STb (2)
where [ is the mean signal intensity of the object, Iy is the mean background intensity, and o is the
standard deviation of the background.

Data Analysis

The SNR and CNR values from five ROIs for each exposure sample were averaged. The results
were compared across the five exposure parameter combinations to determine the optimal
settings—defined as those producing SNR within the ideal range (25-28) and CNR within 2-5,
according to IAEA guidance [21]. The relationship between exposure parameters (kV and mAs) and
image quality metrics (SNR and CNR) was analyzed descriptively using graphical plots generated in
Microsoft Excel.

RESULTS AND DISCUSSION

Simulation Results of Thorax CR Imaging

Five exposure parameter combinations were simulated using the aRTist program, producing
thorax radiographs in PA projection. Figures 3-7 present the resulting CR images for each sample.
Each figures illustrates the placement of the five Regions of Interest (ROIs) on a representative PA
thorax image. The ROIs were positioned as follows: Lung - mid-zone of the right lung field, avoiding
vascular markings; Heart - central cardiac silhouette; Diaphragm - right hemidiaphragm dome;
Thoracic vertebral column - mid-thoracic spine region; and Costophrenic angle - right costophrenic
sulcus.

Figure 3. Sample 1 (55 kV, 10 mAs) - underexposed image with high contrast but low signal
stability
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Figure 4. Sample 2 (65 kV, 8 mAs) - optimal image quality with balanced brightness and contrast

Figure 5. Sample 3 (75 kV, 4 mAs) - optimal image quality with reduced noise and adequate
contrast

Figure 6. Sample 4 (85 kV, 2 mAs) - acceptable image quality with high brightness but reduced
contrast
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Figure 7. Sample 5 (95 kV, 1 mAs) - acceptable image quality with very low contrast despite high
signal strength

Quantitative Image Quality Assessment
Table 4 presents the averaged SNR and CNR values calculated from five ROIs (lung, heart,

diaphragm, thoracic vertebrae, and costophrenic angle) for each exposure combination.

Table 4. Image quality assessment results (mean SNR and CNR)

Sample Exposure Factors SNR CNR I(T:Sg;t?cl;iil:)tz
1 55kV, 10 mAs 22.4 5.36 Underexposure
2 65 kV, 8 mAs 25.2 3.30 Optimal
3 75KkV, 4 mAs 28.1 2.99 Optimal
4 85 kV, 2 mAs 31.2 2.86 Acceptable
5 95kV, 1 mAs 32.3 2.81 Acceptable

Note: According to IAEA standards, optimal SNR ranges from 25-28 and optimal CNR ranges from 2-
5[22].

Sample 1 (55 kV, 10 mAs) produced an SNR of 22.4, which is below the IAEA recommended
minimum of 25, indicating that the captured signal still contained relatively high noise that could
obscure anatomical details [23]. However, the CNR value of 5.36 exceeded the upper limit of the
optimal range, demonstrating a very sharp intensity difference between tissues. This phenomenon
is characteristic of low tube voltage, where lower-energy X-ray photons are preferentially absorbed
by soft tissues, producing high radiographic contrast [24]. Nevertheless, the overall image appeared
dark and less informative, classifying it as underexposure.

Sample 2 (65 kV, 8 mAs) showed an improved SNR of 25.2, which falls within the optimal
range, while CNR decreased to 3.30, also within the ideal range of 2-5. The increase in tube voltage
enhanced X-ray penetration through tissues, reducing noise and improving signal stability, resulting
in a brighter and sharper image [25]. This combination produced a balanced image between clarity
and contrast, meeting the ALARA principle for radiation protection [26].

Sample 3 (75 kV, 4 mAs) demonstrated further SNR improvement to 28.1, with a CNR of 2.99.
Although the mAs was reduced by half compared to Sample 2, the increased kV compensated
adequately to maintain image quality. Both SNR and CNR remained within optimal diagnostic
standards, demonstrating that increasing tube voltage can offset reductions in mAs without
significantly compromising contrast or introducing excessive noise [27].

Sample 4 (85 kV, 2 mAs) produced an SNR of 31.2, exceeding the optimal range, with a CNR
of 2.86 approaching the lower acceptable limit. While noise was substantially reduced, the dominant
signal caused contrast between soft tissues (e.g., heart versus lung) to diminish noticeably. This
finding aligns with the principle that high-energy photons from elevated tube voltage reduce
differential tissue absorption, thereby decreasing visual contrast [28].
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Sample 5 (95 kV, 1 mAs) yielded the highest SNR (32.3) but the lowest CNR (2.81) among all
samples. Despite the drastic reduction in mAs, the very high tube voltage enabled sufficient photon
flux to reach the detector. However, because the high-energy photons penetrated nearly all tissues
with minimal differential absorption, contrast differences between anatomical structures became
severely blurred. Although the image appeared visually "clean," its diagnostic value was
compromised due to weak contrast [29]. This confirms that visual quality does not always reflect
diagnostic quality.

Effect of Tube Voltage (kV) on Image Quality
Figure 8 illustrates the relationship between tube voltage (kV) and SNR across the five
samples.
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Figure 8. Relationship between tube voltage (kV) and Signal-to-Noise Ratio (SNR)

As shown in Figure 8, SNR consistently increased as tube voltage rose from 55 kV to 95 kV. Higher
tube voltage produces X-ray photons with greater energy, enhancing their ability to penetrate
tissues. Consequently, the signal intensity received by the detector increases while relative noise
decreases, resulting in higher SNR values. However, a slight decrease in SNR was observed at 75 kV
compared to 65 kV. This anomaly can be attributed to the concurrent reduction in mAs at that point,
confirming that SNR is influenced by both kV and mAs, not by either factor alone [30].

Figure 9 shows the relationship between tube voltage (kV) and CNR.
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Figure 9. Relationship between tube voltage (kV) and Contrast-to-Noise Ratio (CNR)

In contrast to SNR, Figure 9 demonstrates that CNR tended to decrease as tube voltage increased.
This phenomenon can be explained by the physics of X-ray interaction: higher voltage increases
photon penetration but reduces differential attenuation between tissues of varying densities. As a
result, contrast between structures such as the lungs and heart becomes less distinct. High-voltage
X-rays have shorter wavelengths, undergo less scatter, and penetrate all tissues more uniformly,
diminishing inter-tissue intensity differences and consequently lowering CNR values [31]. This
finding aligns with the fundamental principle of radiography that moderate tube voltage is required
to preserve adequate contrast for diagnostic interpretation [32].

Effect of Current-Time Product (mAs) on Image Quality
Figure 10 presents the relationship between mAs and SNR.
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Figure 10. Relationship between current-time product (mAs) and Signal-to-Noise Ratio (SNR)

Figure 10 shows a fluctuating pattern rather than a strictly linear increase. Theoretically, increasing
mAs increases the total number of X-ray photons produced, which should enhance signal and reduce
relative noise [33]. However, the fluctuation observed here reflects the confounding effect of varying
kV across samples. Higher tube voltage can compensate for lower mAs, maintaining adequate SNR
despite reduced photon quantity. This confirms that SNR depends on the combined optimization of
both kV and mAs rather than on mAs independently [34].

Figure 11 illustrates the relationship between mAs and CNR.
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Figure 11. Relationship between current-time product (mAs) and Contrast-to-Noise Ratio (CNR)

Unlike the SNR pattern, Figure 11 shows a consistent positive trend: higher mAs produced higher
CNR values. This finding aligns with radiographic theory: increasing the number of photons (by
increasing mAs) enhances signal strength and amplifies intensity differences between tissues of
different densities, thereby improving contrast. Noise becomes relatively smaller as the dominant
signal increases the contrast-to-noise ratio [35]. Improved contrast is particularly critical in thorax
radiography, where clear differentiation between lung parenchyma, heart silhouette, diaphragm, and
vertebral column is essential for accurate diagnosis [36]. However, increasing mAs also linearly
increases patient radiation dose, so optimization must balance image quality against the ALARA
principle [37].

Study Limitations

Several limitations of this study must be acknowledged. First, the phantom material selection
represents a significant simplification of human anatomy. Nylon was used for both lungs and heart
despite substantial density differences in human tissues (lungs 0.20-0.30 g/cm? vs. heart 1.05-1.06
g/cm?®). The nylon density range (0.45-0.95 g/cm?®) does not precisely match either tissue type,
potentially affecting the absolute SNR/CNR values obtained. However, the primary value of this study
is the relative comparison between exposure settings rather than absolute SNR/CNR values.

Second, an anti-scatter grid was not included in the aRTist simulation, as the software's
default configuration for this study did not incorporate grid modeling. Scatter radiation significantly
affects image quality, especially for larger body parts like the thorax, where scatter fractions can
exceed 50% of detected signal.

Third, in the five exposure samples tested, both kV and mAs vary simultaneously, making it
impossible to isolate the independent effect of kV from the effect of mAs. This confound limits the
ability to attribute image quality changes solely to one parameter.

Fourth, the study employed a single phantom geometry representing an average adult Asian
male. Patient-specific variations in body habitus, age, and pathological conditions were not modeled.
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Fifth, the simulation results represent ideal imaging conditions without patient motion,
positioning errors, or equipment variability that may affect clinical image quality.

CONCLUSION

This study successfully demonstrated that tube voltage (kV) and current-time product (mAs)
significantly influence thorax Computed Radiography (CR) image quality, as quantitatively assessed
using Signal-to-Noise Ratio (SNR) and Contrast-to-Noise Ratio (CNR). Increasing kV consistently
improved SNR but reduced CNR, because higher-energy photons enhance tissue penetration and
reduce noise while simultaneously decreasing differential attenuation between tissues, thereby
lowering visual contrast. Conversely, increasing mAs positively affected both SNR and CNR, with a
particularly pronounced effect on contrast enhancement. Among the five exposure combinations
tested, 65 kV with 8 mAs and 75 kV with 4 mAs produced the most optimal image quality, yielding
SNR values of 25.2 and 28.1 respectively and CNR values of 3.30 and 2.99, both within the IAEA-
recommended optimal ranges (SNR 25-28, CNR 2-5). These combinations provide the best balance
between signal clarity, contrast sharpness, and patient radiation exposure, making them strongly
recommended for clinical CR thorax protocols. Furthermore, this research confirms that the aRTist
simulation program is an effective, safe, and reproducible tool for evaluating radiographic image
quality without exposing patients to direct radiation. The simulation approach fully supports the
ALARA (As Low As Reasonably Achievable) principle by enabling systematic optimization of
exposure parameters prior to clinical implementation. The methodology developed here—
combining 3D anthropomorphic phantom modeling, quantitative ROI-based image analysis, and
aRTist simulations—can be readily adapted for other anatomical regions and imaging modalities.

Key limitations of this study include the simplification of phantom materials (particularly
nylon for both lungs and heart), the absence of an anti-scatter grid in simulations, and the
simultaneous variation of kV and mAs which prevents isolation of their independent effects.
Additionally, the study did not assess scatter dose to radiographers, and the phantom represents only
average adult anatomy without accounting for patient-specific variations or pathological conditions.
For future research, it is recommended to: (1) incorporate scattered dose measurements to evaluate
occupational radiation exposure to radiographers; (2) investigate the influence of patient
positioning, grid usage (with specified grid ratio and lines per cm), X-ray filtration, and projection
angles on image quality; (3) develop more complex or patient-specific anthropomorphic phantoms
(e.g., varying body habitus, pediatric, or pathological conditions) with materials that more closely
match human tissue densities; (4) extend this simulation framework to other digital imaging systems
such as Direct Radiography (DR), mammography, or CT to establish comprehensive, evidence-based
optimization protocols across all radiological modalities; and (5) conduct clinical validation studies
to confirm that simulated optimal parameters translate to improved diagnostic quality in actual
patient examinations.
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