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Abstract

Objective. Digital tomosynthesis (DT) bridges the gap between planar x-rays and computed
tomography, offering rapid, low-dose 3D imaging. A mobile chest DT device could transform
procedures such as nasogastric tube placement and early cancer detection. Adaptix Ltd. has
developed 3D imaging systems using cold-cathode x-ray emitter arrays on flat panel source (FPS)
units for veterinary and orthopaedic applications. Designing a chest DT device using multiple FPSs
presents new challenges, requiring simulations that can efficiently explore the large design space and
rapidly identify optimal configurations. Approach. We developed SCIMITAR, a geometry-based
simulation framework that models x-ray radiation coverage in chest DT systems. It evaluates design
viability and performance using irradiation uniformity metrics and integrates a genetic algorithm to
optimise key system parameters. SCIMITAR further facilitates the evaluation of collimator designs,
FPS arrangements, engineering constraints, and dynamic adaptation to different patient volumes.
Main results. Square collimators generally outperformed circular designs due to better alignment
with the cuboid target volume. Across FPS configurations, optimisation consistently yielded
maximum source-to-image distances, minimal emitter spacing, and x-ray cone angles near 30°. A
four-panel cross arrangement achieved highest uniformity. Imposing engineering constraints such as
increased emitter spacing led to approximately linear reductions in uniformity. Introducing vertical
offsets to central panels yielded modest gains, though still underperformed compared to
configurations without central panels. Dynamic cone angle adjustment enabled device adaptation to
different patient sizes, with the four-panel cross consistently delivering the best results. Significance.
SCIMITAR efficiently optimises chest DT designs under various constraints and assumptions. This
work identifies promising configurations, highlights design trade-offs, and demonstrates adaptability
across patient sizes. As understanding of system requirements evolve, SCIMITAR’s adaptability will
enable it to remain a valuable tool in guiding the development of clinically effective, low-dose, mobile
3D imaging devices.

1. Introduction clinical need against the risks associated with radia-
tion exposure (Armao and Smith 2014). The imaging
modalities commonly under consideration are planar
2D x-rays and 3D computed tomography (CT) scans.
The former are often preferred due to their wider

availability, lower radiation dose, and their ability to

When selecting the appropriate modality of medical
imaging based on ionising radiation, clinicians and
radiologists follow the ‘as low as reasonably achiev-
able’ principle (ALARA), which balances apparent
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be brought to the bedside. Improvements have been
made in developing CT protocols that reduce radia-
tion dosage from previous levels which were between
100 and 1,000 times greater than that received during
a chest radiograph (Semelka ef al 2007, Vonder et al
2021), however clinicians must consider the com-
pounding effect of repeat measurements (Sodickson
et al 2009), which particularly impacts paediatric
patients, who are found to have an elevated lifetime
cancer risk following early in life CT scans (Brenner
etal 2001, Brenner and Hall 2007).

While such dosage and practicality considerations
often lead to the clinical preference for planar x-rays
for routine procedures, this approach presents other
limitations. Placement of a nasogastric tube is a rou-
tine procedure, however misplacement in the lungs
can be fatal (Andresen et al 2016). Confirmation of
correct placement commonly occurs via planar x-ray
radiography (Metheny et al 2019), however mis-
interpretation is a common cause of nasogastric tube
incidents (Healthcare Safety Investigation Branch
2020). Although 3D imaging from CT scans would
mitigate these errors, its routine is impractical due to
the high radiation dose, cost, and lack of mobility. A
low-dose and mobile 3D imaging device could offer a
safe and reliable alternative to planar x-rays, improv-
ing patient outcomes without compromising
practicality.

Planar x-rays are also preferred to CT in cases
where symptoms are not severe or persistent. A com-
parison of planar chest radiography (CXR) and CT
found that CXR correctly identified lung nodules in
only 28% of cases later confirmed by CT (Vikgren
et al 2008). As lung nodules are often an early indi-
cator of lung cancer, such diagnostic limitations likely
contribute to the high mortality rate of lung cancer in
the UK. Between 2017 and 2019, lung cancer was the
leading cause of cancer-related deaths in the UK
despite being less common than prostate and breast
cancer in males and females, respectively (Cancer
Research UK 2025a). Late-stage diagnosis is a leading
factor, with 43.1% of diagnoses being Stage IV (Can-
cer Research UK 2025b). Only 10% of people survive
beyond 10 years after diagnosis, despite 79% of cases
being preventable (Cancer Research UK 2025a).
Given the limitations of CXR in early lung cancer
detection, there is a pressing need for alternative ima-
ging techniques that provide higher accuracy without
significantly increasing radiation dose.

Digital tomosynthesis (DT) is a promising tech-
nology that bridges the gap between planar x-rays and
CT, offering rapid, low-dose imaging while retaining
3D capabilities. While CT acquires projections from a
full 360-degree rotation around the patient, DT uti-
lises a smaller number of projections in a narrower
angular range about the patient. As a result, DT offers
a lower radiation exposure and faster total scan time
compared to CT. While DT’s depth resolution is
lower than CT, studies suggest that DT’s image quality
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is sufficient for many clinical applications. DT is most
commonly used for breast imaging, multiple meta-
analyses have found that incorporating digital breast
tomosynthesis (DBT) alongside 2D mammography
improves patient outcomes (e.g. Yun et al 2017, Mar-
inovich et al 2018, Alabousi et al 2021). As a result,
DBT has become utilised as standard in some North
American and European clinical settings (Sardanelli
et al 2017, Boroumand et al 2018, Alsheik et al 2019).
DT has also shown promising results for lung ima-
ging, for example Vikgren et al (2008) found that DT
demonstrated an accuracy of 92% in detecting lung
nodules later confirmed by CT, while Choo et al
(2016) found that DT offers a marked improvement
over standard x-rays in the detection of airway lesions.

DT devices typically generate x-rays via a conven-
tional x-ray tube that moves linearly through multiple
firing positions to acquire the required projections for
3D reconstruction (e.g. Machida et al 2010, Johnsson
et al 2014, Gange et al 2024). However, this approach
introduces engineering and software challenges,
including machine vibrations, uncertainty in source
positioning after movement, and motion-induced
blur, all of which can degrade image resolution
(Zheng et al 2019). Additionally, patients are required
to hold their breath for the scan duration, which can
further impact image quality and even limit accessi-
bility for certain individuals (Gay et al 1994). An alter-
native approach is to use multiple fixed-position x-ray
sources that are sequentially fired in a rapid sequence.
This has become viable in recent years with the advent
of ‘cold-cathode’ x-ray sources, which are more com-
pact than traditional x-ray tubes and can be arranged
asalinear array or on a flat panel source (FPS) (Bowen
etal 2023). Studies have shown thata 2D grid arrange-
ment of emitters on an FPS, rather than the conven-
tional linear distribution (Gunnell et al 2019, Inscoe
et al 2024, Billingsley et al 2025), can improve image
quality (Acciavatti et al 2019, Wells et al 2020). Addi-
tionally, this setup enables a reduced source-to-image
distance, lowering power requirements and overall
system cost (Phillips eral 2019).

Adaptix Ltd." develops DT devices for 3D imaging
in the veterinary, orthopaedic, non-destructive test-
ing, and dentistry sectors. These devices utilise an FPS
containing an array of cold-cathode x-ray emitters
embedded on a silicon wafer. The emitters are arran-
ged in a 2D grid, providing sufficient coverage of
source locations for 3D imaging. Building on this,
there is now an effort to develop a low-dose, mobile
chest DT device that could enable bedside and off-site
imaging, reduce CT load, and support public health
screening campaigns (e.g. Ferrari et al 2018). The lar-
ger volume of the human chest compared to existing
applications necessitates research into multiple FPS
configurations to ensure full coverage, given that
from an engineering perspective a single, large FPS

4 / .
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would be impractical (Primidis et al 2022). Using
Monte Carlo simulations, Primidis et al (2021) found
that such an array can achieve radiation doses com-
parable to existing clinical DT systems, supporting its
feasibility for widespread use.

Tomosynthesis with the proposed device involves
sequential acquisition of projection images from a
fixed 2D array of x-ray emitters. Unlike conventional
systems that rely on a mechanically swept single
source or a linear stationary array, this design uses a
stationary two-dimensional emitter configuration.
Each source is activated in turn, eliminating mechan-
ical delays and enabling faster image acquisition. Tra-
ditional systems can require up to 10seconds to
complete a sweep across tens of source positions
(Quaia et al 2013). By removing the need for physical
movement, the proposed system aims to reduce total
acquisition time or use it more efficiently. Each emit-
ter operates via cold cathode emission, with electrons
accelerated to 90-120 keV striking a metal target to
produce x-rays (Primidis et al 2021). The entire
device, including the detector, is being designed to fit
within a 1 m® volume, which constrains the angular
span that the source array can cover. The equivalent
gantry angle shall depend on the final optimised
design.

Constructing a chest DT device using multiple
FPSs presents a complex engineering challenge due to
the numerous factors affecting performance and clin-
ical viability. The fundamental challenge is to max-
imise imaging quality while minimising patient dose
and stray radiation. Key considerations include indi-
vidual x-ray emitter properties, emitter distribution
on each FPS wafer, panel position and orientation,
and patient size. These aspects cannot be optimised in
isolation. For example increasing the angular spread
of x-ray emission may improve coverage, but beyond
a certain threshold it leads to excessive stray radiation.
Likewise increasing the distance between the device
and the patient may enhance irradiation uniformity
within the target volume, but it may also raise the
power requirements prohibitively. A deeper under-
standing of these trade-offs is essential for effective
chest DT design. To address these challenges, various
simulations have been developed to address different
aspects of the design process (Primidis 2022a). In
particular, there is a need for efficient simulation and
optimisation frameworks that can rapidly evaluate
design solutions based on imaging performance,
radiation safety, and engineering constraints.

This work introduces SCIMITAR, a geometry-
based simulation designed to model x-ray radiation
coverage for a given FPS arrangement. Based on speci-
fied design criteria, SCIMITAR first determines whe-
ther a design is physically viable and accords with
radiation safety protocols, ensuring that the highest
percentage of dose is used for imaging and enabling
adherence to the ALARA principle. SCIMITAR evalu-
ates the design’s performance in terms of irradiation
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uniformity throughout a given patient volume.
Unlike previous approaches, SCIMITAR integrates
genetic algorithms for design optimisation, enabling
the rapid and efficient evaluation of chest DT system
configurations. Optimal configurations generated by
SCIMITAR can serve as a foundation for more detailed
Monte Carlo simulations and experimental valida-
tion. Additionally, SCIMITAR offers greater flexibility
than previous methods, allowing newly identified
engineering constraints or desirable design features to
be incorporated as input parameter bounds, new
optimisation metrics, or acceptance criteria.

This article is structured as follows: section 2
describes SCIMITAR and the numerical methods
employed in this work; section 3 presents key findings
and insights into the design of a chest DT system;
section 4 discusses these findings in a wider context;
section 5 summarises the work; and the Electronic
Supplementary Materials (ESM) presents extra meth-
odology and results, discussed in the main body of
the work.

2.Methodology

This section introduces and describes the SCIMITAR
simulation, a geometry-based simulation designed to
model x-ray radiation coverage for a given flat panel
source (FPS) arrangement. Section 2.1 details SCIMI-
TAR’s construction, in particular its input parameters
and output evaluation metrics, while section 2.2
describes the optimisation procedure. Sections 1 to 4
of the ESM provide a more thorough description of
SCIMITAR’s design and optimisation. A publicly avail-
able version of the SCIMITAR software is available on
GitHub (Hill et al 2025).

2.1. SCIMITAR simulation
We introduce the ‘Simulating Complete Irradiation
Maps and Improving Tomosynthesis in x-ray Radio-
graphy’ (SCIMITAR) project, a geometric simulation
that models the construction of a chest digital
tomosynthesis (DT) device. This simulation builds on
the Ipioni simulation (Primidis et al 2022) by incor-
porating greater flexibility in system design and
genetic algorithm-based optimisation. Figure 1 dis-
plays a visualisation of SCIMITAR in operation, as well
as diagrams depicting some of the key input para-
meters. SCIMITAR is constructed using the Visualisa-
tion Toolkit (VTK Schroeder et al 2006), an open-
source software system utilised for 3D modelling in
the context of computer graphics, scientific research,
and many other sectors. VIK has been widely used to
support medical research, including in the context of
prostheses (Cutti et al 2024), quantitative imaging
(Fedorov et al 2012), and practitioner training
(Wheeler et al 2018).

SCIMITAR creates a 3D environment that incorpo-
rates sources of x-ray radiation, a detector and a
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Figure 1. Upper panel: a representation of SCIMITAR created in VTK and visualised in Blender. SCIMITAR comprises panels, x-ray
emitters, and a detector. As an output, irradiation maps describing the number of emitters irradiating a given detector pixel is
exported. This map forms the basis of further analysis determining the performance of the inputs. The patient is shown for artistic
purposes and is not here included in the analysis. Lower panel: SCIMITAR takes as inputs five key parameters: emitter pitch (pem),
panel pitch (ppan), panel angle (04n), cone angle (Ocone), and source-to-image distance (SID). Another key input is the panel
arrangement, which is selected to be a subset of a 3 x 3 square grid of panels. In the centre diagram a ‘P’ arrangement is displayed,

with green shading indicating panel inclusion.

patient volume. Irradiation maps are computed as the
intersection of the x-rays and the detector, and form
the basis for further analysis. X-rays emanate from
individual emitters which are themselves embedded
on a series of flat panel sources (FPSs), per the basic
design of the chest DT device under development. In
SCIMITAR a single FPS is modeled as a cylindrical
monolith of diameter 21 cm and thickness 5 cm, with
a 100 cm” wafer embedded on the underside. The
emitters are etched onto the wafer, arrangedina 4 x 4
square grid. X-rays in SCIMITAR are treated as a cone

of uniform intensity propagating from emitters at an
angle perpendicular to the face of their host FPS. We
note that what we term here ‘X-rays’ are in fact simple
geometric objects, unaffected by absorption, attenua-
tion, or any other physics associated with real x-rays.
SCIMITAR is designed to rapidly assess the viability of a
large number of possible design configurations of a
chest DT device, the learnings of which will then
inform more realistic simulations and experimental
campaigns. The x-ray cones in this work are modelled
with either circular or square cross-sections to mimic
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possible choices of collimator shape. The cones are
described by an opening angle (f_,.) and a cone reso-
lution (Ne), which is the number of vertices describ-
ing the cross-section of the cone. For circular cones
Ocone determines the diameter of the cross-section,
while for square cones 0,,,. determines the distance
between corners of the cross-section.

In SCIMITAR, the detector is modelled as a regular
43 x 43 cm” square grid with a pixel density of .
Irradiation maps are generated not only at the detec-
tor surface but also at a series of parallel planes posi-
tioned above it. Each irradiation map maintains the
same resolution as the detector. To compute the irra-
diation map at a given height h, we define a plane at h
parallel to the detector. We export irradiation maps
up to a height of 28 cm above the detector. The inter-
section of this plane with each x-ray cone is then
determined, producing a set of 2D intersection
regions. Each intersection consists of n;, triangular
elements whose vertices are defined by the cone’s geo-
metry, including its orientation relative to the plane.
These intersection regions are then mapped onto the
square grid by determining which pixels fall within
the triangular areas, forming the final irradiation
map. Further details of SCIMITAR’s design, including
numerical convergence tests of resolution, justifica-
tion of the measured irradiation volumes, and checks
for physical realism and stray radiation safety are
detailed in sections 1 and 2 of the ESM.

2.1.1. Simulation inputs and outputs

Several components of SCIMITAR are tested in this
work in the context of designing an optimal chest DT
device. These inputs are varied during optimisation,
while other remain fixed. These key input parameters
are: panel pitch (ppan), measured as the distance
between the centres of adjacent panels; panel angle
(Opan), the angle of inclination for each panel with
respect to the detector’; emitter pitch (pen,), measured
as the distance between the centres of adjacent
emitters on a panel; and the source-to-detector
distance (SID): defined as the normal distance
between the detector surface and the base of the
central panel. We also test various base panel arrange-
ments. Starting from a symmetric 3 x 3 square grid
of panels, we selectively ‘turn-off’ individual panels to
create a given panel arrangement. We consider four
panel arrangements in this work: a five-panel diagonal
cross (DC), a five-panel ‘plus-sign’ configuration
(PC), and two four-panel arrangements with the
central panel removed (D and P). In our nomencla-
ture, the arrangement in figure 1 is ‘P’.

The primary output of SCIMITAR are irradiation
maps, as visualised in figure 1. These are constructed
by determining whether a given x-ray cone is irradiat-
ing a given pixel. For the four- and five-panel

> The rotation axes for each panel are described by Primidis
(2022a), their table 6.3.
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arrangements there are 64 and 80 total emitters,
respectively. The maximum pixel values for each of
these cases are therefore 64 and 80. SCIMITAR by
default exports 29 irradiation maps, one at the detec-
tor surface (h = 0 cm) and 28 linearly spaced between
h=0.5and 27.5 cm. Example irradiation maps can be
seen throughout this work. We expect radiation cov-
erage throughout the patient volume and a high level
of detector illumination to be correlated with DT
image quality.

Asin Primidis (2022b), the performance of a given
simulation run is assessed using output metrics. In
this work, we focus on the quality of x-ray illumina-
tion across the detector surface and within an approx-
imate patient volume by analysing outputted
irradiation maps. This is motivated by the aim to con-
struct a device that provides consistent image quality
while minimising radiation dose. At this stage, we
assume that uniform image quality is associated with
many emitters delivering well-distributed irradiation
throughout the target volume. However, we acknowl-
edge that angular coverage and gaps between source
positions also directly impact image quality, and that
engineering constraints will ultimately shape the final
system configuration. The design space for a sta-
tionary chest DT system with a 2D array of emitters
embedded on separate panels is large, and the precise
influence of emitter distribution on image quality is
not yet established in this context. We therefore elect
not to impose a priori constraints in this regard. The
current version of SCIMITAR represents a first step in
an iterative design pipeline, where promising geome-
tries are rapidly generated and subsequently evaluated
through more computationally intensive simulations.
These evaluations will inform the ongoing refinement
of optimisation criteria. The explicit incorporation of
angular span, emitter distribution, and dose-weighted
coverage into the optimisation process, alongside
improved image quality metrics, will be a focus of
future work.

We define the 2D overlap quality metric as

Npix
ZpP:IIP

Qp=—"—"—
Npix NemNpan

x 100, (1)

where I, is the number of emitters irradiating a given
pixel, Ny is the total number of pixels on the detector
surface, N, is the number of emitters per panel, and
Npan is the number of panels in the arrangement. The
optimal case, Q,p = 100, would see every emitter
irradiating every pixel. This metric can be computed
for the detector surface (Q£<") or at an arbitrary height
X for which an irradiation map has been
exported (Q5).

We further introduce the 3D overlap quality
metric, which describes the extent to which a volume
above the detector surface is irradiated. This is com-
puted by calculating Q,p at a series of heights above
the detector surface. These heights start at 0.5 cm and
are separated by 1 cm. Formally, the metric is defined
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as
EN,IW NP:iXI g
Qsp = —I=122=P 00, )
NpixNemNpaanay.

where Ni,y, is the number of layers above the detector
surface. Again, the ideal case would see Qsp = 100,
with every emitter irradiating every ‘pixel’ at each
layer.

The default 43 x 43 x 28 cm® volume considered
in this work in practice would be appropriate for lar-
ger adults, however imaging smaller patients by irra-
diating such a volume would be excessive and
potentially harmful. We therefore also consider smal-
ler volumes to represent different patient physiologies
and assess how a device optimised for a larger irradia-
tion volume may be adapted by a user to suit a smaller
patient. We refer to Kleinman et al (2010), who report
on paediatric chest dimensions as measured by a CT
scanner as a function of age. Based on these results, in
this work we consider secondary volumes of
32 x 32 x 23 cm® and 23 x 23 x 18 cm’ to represent
20 and 10 year olds, respectively. We note that Klein-
man et al (2010) find that different chest measures do
not increase at the same rate with age (their figures 4
and 5), and as such their ratios are not fixed. It is
therefore important to test a chest DT device’s ability
to adapt to not only scaled volumes, but volumes with
different height/width ratios.

2.2. Optimisation of SCIMITAR

In this work we aim to evaluate the performance of a
given chest DT device design based on its ability to
uniformly irradiate a patient throughout their
volume, i.e. by maximising the Q;p metric. However,
calculating this for our default 43 x 43 x 28 cm’
volume is computationally time consuming and
therefore impractical for the many thousands of
simulation runs required to optimise SCIMITAR. A
‘full-run’ (i.e. computing both Qfll%t and Qsp) requires
calculating 29 irradiation layers at a spatial resolution
of4cm ™2, taking between 7 and 12 seconds®, depend-
ing on the number and shape of the emitters (square

or circular). In contrast, computing only Q¢ and

mid involves just two irradiation layers, reducing the
runtime by an order of magnitude (0.7 to 1.1 seconds
in our tests). It is therefore appropriate to consider a
suitable proxy for Qsp that can return approximately
the same findings at a lower computational cost.

We find that szDid, Qup, computed at a height
midway through the default volume, demonstrates
strong correlation with Qsp, returning a Spearman’s
rank correlation coefficient of p ~ 1. This is relevant
for the purposes of optimising SCIMITAR, as it indi-
cates that comparing and ranking runs with QM4 is
functionally equivalent to doing so with Q;p. Optim-

isation therefore proceeds with Q¢ as the target

® Measured ona single core of an Apple M1 chip.
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metric, while Q;p is computed with full-runs to valid-
ate the performance of promising candidates, and
Q5 remains important for sanity checks, as only atte-
nuated radiation reaching the detector contributes to
image reconstruction. Further details on the correla-
tion between the output metrics are shown in
section 3 of the ESM.

2.2.1. Genetic algorithms

We optimise the design of a chest DT device in
SCIMITAR by incorporating a single-objective genetic
algorithm (GA, e.g. Goldberg 1989, Katoch et al
2021), which acts to maximise Q¢ by identifying
optimal values for a set of input parameters: SID, ppan,
BOpans Pem and Ocone. While gradient descent methods
would suffice for this single-objective optimisation,
we employ a GA anticipating future SCIMITAR itera-
tions involving multi-objective challenges, such as
maximizing gantry angle for improved z-resolution
while minimising emitter spacing to reduce image
artifacts, problems for which GAs are well-established
solutions (e.g. Deb et al 2002). The allowed ranges for
these parameters in optimisation are specified in table
1 of the ESM, with the first column representing the
default arrangement. The use of a GA enables the
quick identification of promising design modalities
within the large input parameter space, as can be seen
in the efficiency contrast between section 3.1 and
subsequent sections.

The GA generates an initial population (P;) of 500
candidate solutions using Latin hypercube sampling
(LHS) to ensure better parameter space coverage than
random sampling. Each chromosome is evaluated
based on its Q¢ value, with candidates failing physi-
cal realism checks discarded. The top 50% of valid
chromosomes are retained and serve as parents for
creating an equal number of children through tourna-
ment selection, which selects the best from random
groups of three. Offspring inherit three genes from
one parent and two from the other, with 50% under-
going single-gene mutation. This process repeats for
30 generations, with the highest-performing final
candidate selected as the optimised design. The
ALARA principle is maintained by maximisation of
irradiation uniformity throughout the patient volume
while ensuring that radiation safety standards are
maintained for any chest DT device design.

3. Results

In this section we present the results of experiments in
chest DT device design with SCIMITAR. In section 3.1
we compare the performance of square and circular
collimators broadly. In section 3.2 we present GA
optimisation for various design constraints and intro-
duce potential improvements with novel device
design. Finally, section 3.3 details a method of device
adaptation to different patient sizes.
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Table 1. Feature importance for inputs of SCIMITAR in setting the
value of the target, Q9. A linear regression methodology is
employed. 30,000 feature and target pairings are obtained via

pseudo-random LHS for square and circular x-ray cones.

Feature Square Cones  Circular Cones

Coneangle (Ocone) 0.530 0.479

Source-to-detector dis- 0.432 0.472
tance (SID)

Panel pitch (ppan) 0.032 0.030

Panel angle (0p.,) 0.004 0.008

Emitter pitch (pen,) 0.002 0.010

3.1. Square and circular collimation of x-rays

The x-ray beams in SCIMITAR are modelled with
either square or circular cross sections, reflecting
popular collimator shapes in radiography. To deter-
mine which is generally more effective for a chest DT
system irradiating cuboid volume, we employ a brute-
force approach. In this, we use LHS to generate a
population of 30,000 pseudo-random input para-
meter sets for each collimator-type. We present here
the results of our analysis with respect to a ‘P’
arrangement of panels as an illustrative example, and
further comment on the other panel arrangements in
the text. Each design is then simulated in SCIMITAR,
and the resulting distribution of Q4 values is shown
in figure 2.

Of the 30,000 inputs each generated for the square
and circular collimators, only 7,563 and 4,246, respec-
tively, passed the checks for physical realism and
acceptable levels of stray radiation. High values of

mid are somewhat rare in this brute force approach,
with 125 square collimator configurations returning

mid 40, reducing to only 13 for circular collima-
tors. Moreover, only 10 of the square collimator
designs result in szDid > 50, while no circular colli-
mator designs do.

We assess the relative importance of the varied
inputs relative in determining QM by employing a
linear regression-based methodology, the results of
which are displayed in table 1. For both collimator
types, source-to-image distance SID and cone angle
0cone €merge as the most significant parameters, while
in both cases panel angle 0,,,, and the emitter pitch
Pem are the least significant. Similar trends are found
when determining feature importance via XGBoost
and random forest-based methodologies.

Having found that in general square collimators
return higher values of Q¢ than do circular collima-
tors, we further compare their performance by identi-
fying each regime’s best performer. For these two
configurations we re-run SCIMITAR to compute full
irradiation maps and evaluate Qsp. Figure 3 displays
irradiation maps for these cases at three key heights:
the top of the volume of interest; the midpoint where

ZmDid is calculated; and at the detector surface. The
input parameters and key metrics of these best perfor-

mers are indicated on the panels.

ADHilletal

For both collimator types, irradiation uniformity
improves as one draws closer to the detector surface,
with only a central region of ~10 x 10cm? irradiated
by all 64 emitters at the top of the volume compared
with an area of ~30 x 30cm” at the bottom. This indi-
cates that chest DT systems comprised of x-ray sour-
ces clustered in separate FPSs will yield the highest
image quality directly beneath the device centre, and
in general improve closer to the detector surface.
However, image quality will also be influenced by the
angular distribution of sources relative to the voxel of
interest and the detector. For both optimal designs for
the two collimator types, we find that both exhibit
near-maximal SID and near-minimal p.,,. The values
of O.one in both cases ensure that the detector surface
is maximally irradiated by a high number of over-
lapping beams, while ensuring a tolerable level of stray
radiation.

From figures 2 and 3, it is evident that square
cones offer superior irradiation uniformity, which is
perhaps to be expected given that both the detector is
square and our volume of interested is cuboid. We
repeat this analysis for the D, DC and PC panel
arrangements, each time generating a new set of
30,000 LHS-selected input parameters. We obtain
comparable results to the P arrangement, however for
the D and DC arrangements that circular collimation
is slightly more competitive. While for the P arrange-
ment the difference in QM4 between the best-per-
forming square and circular collimator designs is
13.0, for PC, D and DC it is 13.8, 6.0, and 4.6, respec-
tively. The relative importance of each input para-
meter in determining Q¢ is largely the same for each
panel arrangement, with the exception being that SID
is the most significant parameter for a D panel
arrangement with circular collimation.

Given the superiority of square collimators for
each panel arrangement, we elect to focus exclusively
on square collimators in subsequent optimisations of
panel and emitter arrangements. We note, however,
that in some clinical applications a rectangular, cir-
cular or custom irradiation field may be preferred.
The flexibility of SCIMITAR allows for these scenarios,
which will be the focus of further study if based on
experimental, simulation, or medical guidance.

Finally note the inefficiency of this brute force
approach, in which over two-thirds of the 30,000
simulations fail our checks for physical realism and
acceptable stray radiation. Further, only a small subset
produce high Q%4 values. This justifies the transition
to GA-based optimisation in our subsequent analyses
of possible chest DT design.

3.2. Genetic algorithm optimisation

In figure 4 we display the results of our GA run as outlined
in section 3.2. We compare four main panel arrangement
configurations: P (blue), PC (orange), D (green), and DC
(red). For each of these configurations, we run the GA
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Figure 2. Distribution of Q314 values for pseudo-randomly generated simulation inputs. 30,000 sets of inputs each are considered
for square and circular collimators. A larger proportion of the square collimator simulation runs pass checks for physical realism and
stray radiation. Further, the largest Q24 values are associated with square collimators.
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Figure 3. Irradiation maps of the top-performing chest DT device configurations simulated by SCIMITAR from 30,000 pseudo-
random LHS-generated input parameter sets. Columns display irradiation at decreasing heights as one moves from the left to the
right panels. The top row corresponds to the best performing square-cone arrangement, while the bottom corresponds to the best
performing circular-cone arrangement. The corresponding input parameters and key metrics for these arrangements are indicated
on theleft and centre panels. The green boxes indicate the 43 x43 cm? region in the x-y plane within which the output metrics are
computed. Radiation falling outside these bounds can be considered stray radiation, however the stray radiation criterion outlined in
section 2 of the ESM is currently only computed at height z= 0.0cm, i.e. the detector surface. The number of emitters irradiating a
given pixel area are indicated by the colour, with white areas receiving no radiation. By the metrics employed in this work, which
assess irradiation uniformity in a cuboid volume and on square surfaces, square cones are clearly preferred.
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Figure 4. Optimisation of SCIMITAR via a genetic algorithm (GA) as described in section 3.2. The GA is run for four different panel
configurations: P (blue; solid), PC (orange; dashed), D (green; dash-dot), and DC (red; dotted). We display the Q2mDid value of the best
performing individual parameter set of a given generation. In each case, the GA operates quickly to improve Q¢ from the value of
the best performer of the pseudo-randomly chosen first generation. The parameters of the best performing set of the 30th generation

for each panel configuration are displayed on the panel.

with parameter bounds as detailed in section 2.1.1. We
find the best performing input parameter set to be a P
arrangement with SID = 97.6 cm, per, = 1.0cm, ppan =
22.9 cm, Oopne = 31.0° and Oon. = 12.5°, resulting in

mid — 64.3. The remaining rankings of the panel
configurations are PC, D, and DC with Q4 values of
63.5, 60.0, and 58.4, respectively. The parameter inputs
of the other configurations are detailed on the figure.

From these results, it appears consistent across all
panel arrangements that an optimised chest DT sys-
tem design as represented in SCIMITAR will exhibit a
maximised SID, a minimised p.,, and that the value
of O one will be such that a typical x-ray will maximally
fill the detector area given the SID and the panel loca-
tions. We note that the irradiation areas created by
centre, edge and corner panels will be different for
fixed Opan and Ocone. These will be square, trapezoidal
and kite-shaped, respectively. As such, the optimal
O cone 1s such that the irradiation areas of all the panel
types are well contained in the target area while ensur-
ing strong beam overlap in the target volume. Corner
panels appear to require smaller 0, values to strike
this balance.

The maximising of the SID can be understood as
allowing the system to approach the idealised design
of perfectly parallel beams normal to the detector. The
minimising of p., can be seen as a means by which

mid can be increased in a manner independent from
the response of the other input parameters, as by
bringing the origin of x-ray beams of a given panel as
close together as possible, the overlap within the

patient volume will naturally increase. This appears to

be the case in spite of the apparently modest boost to
mid given the low significance of pep, in determining
mid as seen in table 1.

Our findings indicate that P-based panel arrange-
ments perform better than those D-based, and that P
and D arrangements outperform PC and DC, respec-
tively. This indicates that for a given arrangement
removing the central panel results in an improved
performance. While some variation due to initial
population randomness exists, the final rank ordering
of the panel configurations appears as early as the
eight generation. Furthermore, we find that in run-
ning repeats of this experiment with different LHS-
sampled initial conditions that the rank ordering pre-
sented here occurs three out of five times, and that the
P-configuration each time achieves the highest Q.
Together, these results support the conclusion that
the GA effectively samples the input parameter space
for each panel arrangement, albeit with a mild sensi-
tivity to initialisation.

The better performance of P-based configurations
may be due to their enabling the edges of the x-ray
cones to trace the edge of the detector perfectly, as can
be seen in the top row of figure 3. This is in contrast to
the irradiation maps displayed in section 3.2.2, which
are part of a separate analysis but display the perfor-
mance of a typical DC panel arrangement. Here there
are clear gaps in coverage at the detector edge, albeit
small and likely outside of the practical imaging
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Figure 5. The optimisation of SCIMITAR when one fixes the SID to be a certain value. We employ the same GA as employed in figure 4
with the imposition of a fixed SID value. Again, different panel configurations are indicated by colour and are as depicted via icons.

mid

The larger panel on the left displays the optimised values of Q;° after 30 generations of the GA. The smaller panels on the right
display the values of the other, unfixed input parameters for SCIMITAR as a function of the imposed fixed SID. They can be
understood as displaying how the other parameters adjust to compensate for the change in SID. The y-axis bounds of the smaller
panels are fixed to reflect the lower and upper limits of the various inputs in the GA, for example the emitter pitch (p.m) is bounded
between 1.0 and 2.3 cm in the GA. We find that reducing the SID results in a mostly linear reduction in szD‘d, and that the rank
ordering of panel arrangement performance at each SID is mostly the same as in figure 4.

region a radiologist may wish to have imaging
capabilities.

The improved performance with no central panels
may appear counter intuitive, as one may expect that
having a central panel directly normal to the detector
would be the best way of ensuring uniform radiation.
However, it appears that removing the central panel
allows the outer panels to come further in and
increase the mutual overlap of their x-ray cones. This
can be seen in the reduction of the p,,, parameter in
figure 4 when comparing DC with D and PC with P.

Despite these findings, it should be noted that the
difference between the best and worst performing
panel arrangements is only on the order of 9%. This
indicates some flexibility in determining optimal
panel arrangement when considering other engineer-
ing constraints, as will be discussed in the proceeding
section, or in imaging quality. Understanding the
connection between image quality and beam overlap,
among other factors, will be the topic of future work.

3.2.1. Imposition of engineering constraints

In the preceding section we demonstrated that
maximal SID appears a consistent factor in optimis-
ing the design of the chest DT system. However, in the
development of a practical device it may be desirable
to fix or limit the SID below a certain height due to
power constraints. This follows as increasing SID
reduces the radiation intensity at the detector due to
beam divergence. To maintain the same radiation flux

at the detector as SID increases, more power is
required to generate a higher initial x-ray output,
either by increasing photon quantity or energy. This
can lead to increased heat dissipation, increasing
operating costs, and increased wear on the x-ray
source. It is important then to investigate how redu-
cing the SID would impact the overall irradiation uni-
formity throughout the patient volume, and therefore
the likely imaging quality.

In figure 5 we run GAs for each of the four panel
arrangements while fixing the SID in turn to values of
60 cm, 70 cm, 80 cm, 90 cm, and 100 cm. We display
how the optimised Q< value changes for each con-
figuration as a function of SID. We also display how
the optimised values of the other unfixed parameters
change to compensate for the forced reduction of SID.
We find that reducing the SID reduces QM4 in a
mostly linear fashion. The rank ordering of the var-
ious panel arrangements found in section 3.2 remains
broadly consistent across fixed SID values, however at
the lowest SID value (60 cm) the separation in perfor-
mance between the P- and D-based configurations
has increased, i.e. if one were forced to impose
SID = 60 cm, there would be an even stronger argu-
ment for selecting a P-based arrangement.

Considering the response of the unfixed para-
meters to SID reduction, we find that 0, reliably
increases with reduced SID for all panel configura-
tions. This appears to be a result of simple geometry.
For a given isosceles triangle, if one reduces the height
while keeping the length of the base the same the
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Figure 6. The optimisation of SCIMITAR when one fixes the emitter pitch to be a certain value. The computation of the results and the
meaning of the various panels of the figure are the same as in figure 5. We find that increasing the emitter pitch generallyleadstoa

reduction in Q.

vertex angle must increase. Therefore an increase in
0cone compensates for reduced beam spread at lower
SID by maintaining full detector coverage. We do not
find evidence of a meaningful, predictable trend in the
response of p,,, to changing SID, however there is a
modest increase in 0, as SID decreases. Finally, pen,
appears decoupled from SID in that it is always mini-
mised to ~1 cm.

Next, we examine the impact of restricting pep,.
This is firstly a practical consideration due to potential
engineering limitations on emitters spacing. There is
also the probable impact of emitter spacing on the
quality of eventual image reconstruction, either in
that maximising emitter spacing will provide a wider
angular distribution of viewpoints and therefore
improved image quality, or in that tight clusters of
emitters may lead to undesirable image artifacts.

In figure 6, we run GAs for each of the four panel
arrangements while fixing the p., to values between
1.1 and 2.3 cm. We find that at all p.,, values P-based
panel configurations exhibit higher Q¢ values than
to D-based, and again P is consistently the best perfor-
mer. We observe a clear trend where increasing pem,
leads to a decrease in Q¢ For the P configuration,
QZ“"‘Di‘jl is largest at pe,, = 1.1 and smallest at po,, = 2.3,
with values dropping by approximately 18.6%.

We find that the unfixed parameters do not in
general display significant changes in their optimal
values as p, varies. This is as may be expected, given
the low feature importance score of p,,, in table 1. The
parameters pp,, and SID do not display significant
deviation from their optimal values when no con-
straints are applied, while the optimal 6., exhibits a
modest decrease as p.,,, increase. This is to be expec-
ted, as at fixed O, a given panel’s irradiation area

will increase with pen, potentially resulting in an
undesirable level of stray radiation. Reduction of the
cone angle mitigates this. The parameter p,,,,, does not
demonstrate a consistent trend across panel config-
urations, which is perhaps significant. This suggests
that an optimal value has not been found in the
allowed range with our GA, or that there is a large
degree in leniency in what values p,,,, can take and still
return an acceptable Q4.

Finally, we assess the impact of jointly constrain-
ing SID (70 cm) and pey, (2.3 cm). We run GAs for
each panel arrangement, evaluating Q< and the
corresponding optimal values of the remaining para-
meters. We find a further reduction in irradiation
uniformity relative to each configuration’s perfor-
mance when only one parameter is fixed. P is again the
best performer, with [szDid, Ocone> Poan> Opan] found
to be [42.0, 37.6°, 24.7cm, 17.7°]. Next is PC
with [40.3, 36.3° 31.7 cm, 22.3°], followed by DC
with [36.9, 35.0°, 21.5 cm, 21.0°], and lastly D with
[36.0,33.7°,24.0 cm, 23.2°].

Our findings show that constraining system para-
meters directly affects radiation uniformity through-
out the patient volume, but in a largely predictable
manner. This will allow chest DT engineers to balance
imaging quality, power constraints, and system cost.
While the optimal values of other parameters change
in response to the constraints on the fixed parameter,
they are not able to effectively compensate for the

reduction in Q¢

3.2.2. Raising the central panel

We observe that a limitation of configurations
including a central panel is that it forces outer panels
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to be spread out, reducing the overlap of their x-ray
emission. It further has been the case that panel
arrangements with no central panel result in
improved performance in terms of Q4, however it
may be the case that in practical image reconstruction
it is desirable to include source positions directly
above the patient. We therefore consider a new design
that raises central panels above the plane of the outer
panels, potentially allowing those outer panels to be
brought further in and thus increasing Q9. To
achieve this, we introduce two new parameters
unique to the central panel in SCIMITAR: vertical off-
set (Zgag), and central panel cone angle O5). The
former parameter controls the height of the central
panel above the plane of the other panel, which
remains set by the SID. The latter controls the open-
ing angle of the cones of x-ray emission emanating
from the central panel. We add zy,, and 05y, as para-
meters to be optimised in our GA, with bounds of
[0 cm, 30cm] and [10°, 45°]. We increase the size of
each population in the GA to 1000 to allow for the
increased size of parameter space to be explored. We
reduce the lower limit of the explored p,,, range to
5 cm, which enables the outer panels to be placed just
outside the edges of x-ray radiation emanating from
the raised central panel. SID is fixed to 70 cm, ensur-
ing that SID + zy,, < 1 m. Designs with x-ray radia-
tion incident on the panel bodies themselves are
discarded.

We assess the effectiveness of this approach with
respect to the panel arrangements that include a cen-
tral panel: PC and DC We find that when incorporat-
ing a central panel offset, the PC panel arrangement
performs marginally better than DC, with Qi
values of 54.3 and 52.3, respectively. These can be
compared with results presented in figure 5, specifi-
cally where SID is likewise fixed to 70 cm but no cen-
tral panel alterations are included. We find that a
central panel offset results in higher QM4 not only
with respect to comparable PC and DC arrangements,
but also to P and D. The improvement in perfor-
mance for the D-based arrangements is particularly
notable, which had previously exhibited values of
QMd Jess than 48. We next assess the potential
improvement in incorporating central panel stagger
in the case where an additional restriction of
Pem = 2.3 cm is applied. In this case, we again find that
imposing a central panel offset results in an improve-
ment in performance with respect to non-offset
designs with the same SID and p., constraints. Offset
PC and DC arrangements result in QT4 values of 4.7
and 42.3, compared with non-offset P and D values of
42.0 and 40.4.

In figure 7, we display the irradiation maps of the
optimised DC panel arrangements with SID and pe,
constraints, with and without a central panel offset.
The figure includes top-down and side-on renderings
of the panel positions for both configurations. The
non-offset configuration results in a relatively poor
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performance, with Qs<' = 58.0, QM = 36.9, and
Qsp = 37.1. There are some small locations in the
patient volume with no incident radiation, albeit at
the far edges. Introducing the central panel offset
results in a modest improvement in performance,
with Q8¢ = 42,3, QMd — 63.6, and Qsp = 42.3.
While there are still regions with no irradiation in the
volume, the detector is fully irradiated. The central
panel offset, z,g, is found to be optimal at 29.5 cm,
effectively its maximum allowed value. Combined
with SID = 70 cm, this in effect recreates a preferred
device height of 1 m that has been found throughout
this work. As might be expected given their different
heights above the detector, the optimal cone angles
for the lower and central panels are different, with the
central panel preferring 65, = 29.3° and the lower
Ocone = 36.1°.

A further finding is that p,,,, has indeed decreased,
allowing the lower panels to be effectively as close
together as they can be without being irradiated by
beams from the raised central panel. For lower values
of Zyag, the outer panels would be able to be brought
even further in due to the reduced 2D extent of the
central panel’s radiation. At the extreme of zy,g being
equal to the panel thickness (5 cm) the lower panels
would only have to be further apart than the extent of
the central panel’s square wafer, upon which the emit-
ters are etched. This, however, does not seem to be the
optimal strategy in maximising Q9, as at all times
the GA converges on maximising the height of the
sources above the detector.

We note that while central panel offset results in
an improved performance with respect to arrange-
ments with SID constraints to 70 cm, this is not the
case for configurations with no SID restrictions. As
seen in figure 4, the optimised designs of each panel
arrangement result in Q¢ > 56, greater than the
highest value of our staggered designs.

3.3. Device adaptation to different patient sizes

The volume on which our previous analysis has
been based is 43 x 43 x 28cm’. While this may be
appropriate for certain patient sizes, this will be exces-
sive or potentially dangerous for smaller patient sizes.
While optimising the design for separate chest DT
devices for different patients would be possible, a
more economical solution would be to adapt the
device in real time to suit different patient needs. We
therefore explore whether variation of individual
parameters would allow for the adaptation of the
device to different desired volumes. We consider two
additional target volumes, 32 x 32 x 23cm’ and
23 x 23 x 18cm’ as described in section 2.1.1.

As examples of the practical consequence of vary-
ing SCIMITAR’s parameters, changing the SID would
involve raising or lowering the device relative to the
patient, while varying 0,,,,, and py,,, would require the
panels to be secured on adjustable mounts. To
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Figure 7. Irradiation maps of the chest DT system configurations as simulated by SCIMITAR. The designs are optimal DC panel
configurations given a constrained SID of 70 cm and pe,, 0f 2.3 cm as evaluated by a genetic algorithm. The top row corresponds to
the optimal conventional DC design, while the bottom corresponds to the optimal DC design with a central panel offset parameter
included. The inlaid images present top-down and side-on views of the system designs. The input parameters and key metrics for two
designs are indicated on the left and centre panels. Further details are as described in figure 3. Inclusion of a staggered central panel

determine which parameter is the most promising in
supporting patient size adaptation, we start with the
parameter sets of our GA-optimised solutions, such as
those in presented in figure 4, and sequentially vary
the value of one parameter only while keeping all oth-
ers fixed. As we have not explicitly computed the
strength of correlation between QM4 and Qsp, for
these different volumes, we revert here to measuring
performance via the Q% and Qsp metrics. For each
input parameter and each target volume, we identify
the parameter value that maximises Q;p. In our ana-
lyses, we find that the most promising parameter to
change while fixing all others in order to adapt the
chest DT system to different patient volumes is 6 o pe.
Figure 8 displays the results varying 0., to adapt
to different volumes, starting with parameter sets as
detailed in figure 4, named here the ‘Standard’ set. We
vary 0 one between 10° and 40° while fixing all remain-
ing parameters, and plot the 0, value which max-
imises Q' and Qsp for each panel arrangement
within a given volume. We find that one can adapt to
smaller patient volumes by decreasing 6 o For the
‘Standard’ case, P is the optimal panel arrangement
for each volume. Further, the rank ordering of the
panel arrangements remain consistent for the differ-
ent volumes. The performance of P does not deterio-
rate for smaller volumes as measured by Qi< and
Qsp, indeed there is evidence that it improves. For P,
det s found to be 80.8, 85.1 and 81.1 for the three

volumes in increasing order of size, while Qsp equals
65.8, 66.4 and 60.2 in turn. As patient volume decrea-
ses, there is an increasing spread in the performance of
the panel arrangements. While there is only a differ-
ence of 3.1 in Q;p between P and DC for the largest
volume, this increases to 18.7 for the smallest volume.

In figure 9 we display the irradiation maps one
obtains when altering .., for the optimal P panel
arrangement, i.e. the blue points in figure 8. Changing
O cone to the optimal values for each volume does not
result in a significant change in the bulk appearance of
the irradiation profile. That is, the majority of the
detector surfaces are irradiated by all the emitters,
while the maps at the tops of the volumes are cross
shaped, with only the central regions fully illumi-
nated. We note that smaller volumes experience
potentially undesirable stray radiation outside the
volume of interest above the detector. As the stray
radiation is acceptable at the detector surface itself the
arrangements do not fail the safety requirement out-
lined in section 2 of the ESM. Further work is needed
to consider the safety and device efficiency implica-
tions of radiation above the detector falling outside of
a43 x 43 cm’ area.

In section 6 of the ESM, we repeat this experiment
in varying 0o for the GA-optimised parameter sets
found when constraining SID (70cm) and pem
(2.3 cm). We find that contrary to the ‘Standard’ case,
there is a marked deterioration in performance when
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Figure 9. Irradiation maps for the adaptation of a chest DT system to different target patient volumes through variation of the cone
angle, O.opne. A P panel arrangement is employed, with the input parameter set as detailed in figure 4. The values of 0o, are such that
maximal irradiation uniformity in the target volume is achieved. Columns correspond to the different target volumes, while rows
display irradiation at the top of the target volume and at the detector surface. Each volume’s ‘top” height is different, from left to right
these are 18 cm, 23 cm, and 28 cm. The optimal 6, value and the corresponding output metric values for each volume are detailed
on the top row of figures. The green boxes represent the spatial extent of the volume of interest in the x-y plane, within which the
output metrics are computed.

adapting to smaller patient sizes by decreasing fone.  this work, for the P arrangement the value of Q5!

While the rank ordering of the various panel arrange-  decreases by 24.9 between the largest and smallest
ment is broadly the same as it has been throughout volumes. There does, however, seem to be a tighter
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clustering in the performance of the various panel
arrangements across the volumes than is seen in
figure 8. Observing the irradiation maps of the P
arrangement for this SID and p.n,-fixed case, it is
apparent that the imorradiation uniformity at the top
of the volumes is poor. Additionally, as the target
volume size decreases, the fraction of the detector area
that is well-illuminated also decreases. The viability of
the adaptation of the chest DT device via variation of
Ocone Will therefore depend on other design choices
and engineering restrictions.

4. Discussion

As evaluated by our performance metrics, our optim-
isation of a chest DT system based on multiple flat
panel sources (FPSs) reveals several consistent and
actionable insights. Across all panel arrangements and
engineering constraints, maximising the distance
between the x-ray sources and the target volume is
always desirable. Fixing the source-to-image distance
(SID) at smaller values results in a predictable quasi-
linear deterioration in irradiation uniformity. Addi-
tionally, reducing the separation between emitters as
much as possible improves irradiation uniformity,
while increasing this separation leads to degradation,
albeit to a lesser extent than decreasing SID. The
optimal x-ray cone opening angle is primarily deter-
mined by the maximum allowed SID and the dimen-
sions of the detector.

Among the panel arrangements investigated, the
P configuration (depicted in figure 1) demonstrates
superior performance in all scenarios. This advantage
is particularly pronounced when considering engi-
neering constraints on the input parameters and
when adapting the device for different patient sizes
through modifications to the x-ray cone opening
angle. Furthermore, while PC and DC designs exhibit
modest improvement when incorporating a vertically
offset central panel, they fall short of the standard P
arrangement.

Modification of the x-ray cone opening angle
(Ocone) offers a promising means to tailor the chest DT
system to different patient sizes. The predictable
change in irradiated volume with adjustments to 6,
suggests that mechanical collimation of individual
emitters could allow for patient-specific adaptation
via software rather than manual repositioning, a sig-
nificant design advantage. Fortuitously, 6oy is the
only input parameter in SCIMITAR whose modifica-
tion does not result in changes in the positioning of
source emitters. This eliminates any need for recali-
bration between uses, providing a major practical
benefit and motivating further investigation into the
FPSs with adaptive collimation.

There are further avenues of study with SCIMITAR
that could provide new insights. Considering the rela-
tionship between the input parameters when
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implementing small changes in the fixed values of emit-
ter separation (p.r,) and SID, we find that panel angle
(Opan) and 0o exhibit predictable trends in their opti-
mal values to compensate for changes in the fixed para-
meters. However, panel separation (pp,,) displays less
predictable behaviour, occasionally exhibiting large,
irregular jumps. This raises the possibility that the
genetic algorithm (GA) does not always reliably identify
the optimal value for pp.,. Modifications to the GA
structure or extended run times may alleviate this, how-
ever the observed variability also suggests a degree of
flexibility in p,,, when designing an effective chest DT
system. Additional constraints on py,n,, such as those
aimed at minimising image artifacts caused by widely
distributed sources, may therefore be introduced with-
out significantly compromising radiation uniformity.

A further point to note regarding pp.y, is that panel
arrangements without a central panel can accom-
modate values lower than 20 cm, the lower bound
used in this study, without physical collision between
panels. Should density and consistency in x-ray
source location be critical for image reconstruction,
the absence of a central panel, which allows for tighter
clustering of sources, may become more advanta-
geous than is already indicated. However, further
study is needed to quantify the trade-offs between
source positioning, image quality, and practical sys-
tem design constraints.

A major limitation of SCIMITAR in its current
form is its inability to evaluate image quality for a
given chest DT design or to estimate patient radiation
dose, both crucial considerations in radiography (e.g.
Uffmann and Schaefer-Prokop 2009). For instance,
while GA-optimisation of SCIMITAR suggests that
central panels directly above the patient volume do
not yield the best performance in terms of irradiation
uniformity, practical image reconstruction may
require source positions directly above the patient.
Although unrestricted optimisation of different panel
arrangements in SCIMITAR produces only slightly
poorer irradiation uniformity in configurations with
central panels, adapting these designs to different
patient sizes appears to result in poorer performance
relative to the P arrangement. Moreover, the influ-
ence of panel distribution and orientation on radia-
tion flux incident on the patient and detector,
particularly in relation to the inverse square law, must
be further investigated. While our analysis identifies
promising configurations and quantifies the decline
in performance metrics when certain parameters are
constrained, it remains unclear how these reductions
affect image quality and whether they render specific
designs unworkable. Understanding these trade-offs
will be essential for balancing power consumption,
radiation dose, and image resolution.

Several key questions must be addressed to
improve SCIMITAR’s utility. A critical area of study is
the relationship between image quality and over-
lapping x-ray source properties, such as the required
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number of overlapping beams in a given voxel, their
angular range, and their spatial clustering. This has
been studied extensively in earlier work relating to lin-
ear tomosynthesis (e.g. Zhao and Zhao 2008). Ongo-
ing experimental and simulation work aims to clarify
these relationships in the context of devices based on a
multiple FPS design, with emitters spatially dis-
tributed over numerous dimensions. SCIMITAR and
its associated genetic algorithm are highly flexible,
allowing for the incorporation of new performance
metrics as research progresses. Future optimisations
could involve multi-objective criteria, which for
example may include rewarding configurations that
ensure a minimum number of overlapping emitters
while avoiding the continued rewarding of a increased
number of overlapping beams if the improvement in
image quality is minimal. The primary function of
SCIMITAR is to rapidly identify optimal designs within
a large parameter space based on an evolving under-
standing of chest DT system requirements. Its adapt-
ability ensures that it can readily integrate new
insights as they emerge, ultimately contributing to the
development of more effective imaging systems.

Section 7 of the ESM presents a preliminary
demonstration of SCIMITAR role within in a wider
chest DT design pipeline. We use the CTACardio
phantom from 3DSLICER (Fedorov et al 2012) in com-
bination with the Insight Toolkit (ITK) (Yoo et al
2002, McCormick et al 2014) to generate digitally
reconstructed radiographs (DRRs) from emitter posi-
tions determined via SCIMITAR optimisation. The
resulting DT reconstruction reasonably well resolves
anatomical structures in the central region of the
phantom, however the upper and lower sections are
poorly reconstructed, with projections from the five
emitter clusters appearing either overly magnified or
spatially disjointed across slices. These findings high-
light that while initial optimisation based on beam
uniformity is a reasonable starting point for geometry
selection, additional evaluation criteria are required
to ensure adequate sampling and image quality across
the full volume. Refining these criteria will be a key
focus in future development of the multi-simulation
pipeline.

5. Summary

This work introduces SCIMITAR, a geometry-based
simulation designed to model the radiation fields
produced by chest digital tomosynthesis (DT) devices.
This is motivated by developments from Adaptix Ltd.,
who have created innovative radiographic systems
based on flat panel sources (FPS), units comprising
many individual x-ray emitters based on cold cathode
technology. These FPS systems have enabled low-
dose, mobile 3D imaging in the veterinary and
orthopaedic sectors. Building on this, efforts are now
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underway to develop a multiple-FPS device for low-
dose, mobile 3D imaging of the chest.

SCIMITAR allows the rapid evaluation of possible
design configurations by simulating radiation dis-
constructing irradiation maps
throughout a specified target volume (figure 1). From

tributions and

these maps key performance metrics are computed,
which design optimisation via a single-objective
genetic algorithm. This work’s target metric is QI&d,
which acts as a proxy for the quantity and uniformity
of the radiation passing through the volume (figure S2
of the ESM), and is therefore presumed to be indica-
tive of image quality. In this study, each panel hosts 16
emitters arranged in a square grid, and four main
panel arrangements are trialled: P, PC, D, and DC PC
and DC correspond to five-panel systems arranged in
horizontal-vertical and diagonal configurations,
respectively, while P and D represent equivalent four-
panel systems with the central panel omitted.

A summary of our results is as follows:

(i) Devices with square x-ray collimation generally
outperform those with circular collimation (Figure 2),
likely due to better alignment with the square detector
area and cuboid target volume (figure 3). For both
collimator types, the uniformity of overlapping emit-
ter coverage increases closer to the detector. Across all
panel arrangements, the most significant input para-
meters affecting Qz'“ﬁd are the x-ray cone angle (6.one)
and the source-to-image distance (SID), while the
emitter pitch (pen) is the least influential (table 1).
Random sampling input parameters proves ineffi-
cient for identifying promising design configurations,
highlighting the need for systematic optimisation
methods such as genetic algorithms.

(ii) Genetic algorithm optimisation produced
consistent trends across the four panel arrangements
(figure 4). The optimal SID is consistently near the
maximum allowed (~1m), while conversely the opti-
mal pep, is at the minimum allowed (1.0 cm). The
optimal 64, is consistently close to 30°, while more
variability is seen for the panel angle (6,,,,) and panel
pitch (ppan). Horizontal-vertical cross arrangements
yield higher optimised QM9 values than diagonal
arrangements, and the four-panel arrangements out-
perform their five-panel counterparts.

(iii) Clinical and engineering considerations, such
as power requirements, may necessitate constraints
on certain design aspects. Imposing such constraints
prior optimisation systematically reduces the final
QMid | Systematically lowering the value of the SID
leads to a predictable reduction in Q,}°, with corresp-
onding increases in the optimal 0copne and 6,y values

mid
2D

(figure 5). Similarly, systematically increasing the
value of p., reduces the optimsed QZmDid (figure 6).
Only modest changes in the other parameters are
found in response, with a slight decrease in the opti-
mal ope. Joint constraints on both SID and p., are
found to have a compounded deleterious effect on
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szDid. Across all scenarios, the relationship between
constraints and QM remains approximately linear
and predictable.

(iv) Allowing the vertical offset of the central panel
in PC and DC arrangements improves the optimised

mid as this enables closer spacing in the lower
panels, thus enhancing overall radiation overlap
(figure 7). However the improvement is somewhat
modest, and the performance remains inferior to that
of the equivalent P and D arrangements, which do not
include a central panel.

(v) Dynamic adjustment of . enables the chest
DT device to adapt to different patient target volumes,
with smaller cone angles better suited to smaller
volumes (figures 8 and 9). Across all target volumes,
the P panel arrangement consistently outperforms
other configurations, particularly at smaller volumes
where the other arrangements perform significantly
worse.

This work has used SCIMITAR to identify promising
designs of a low-dose, mobile chest DT device, providing
a foundation for ongoing experimental and simulation
work. We find that possible engineering constraints on
key aspects of the design, namely the SID and emitter spa-
cing, influence radiation uniformity throughout the
patient volume in a predictable manner. This predict-
ability offers engineers a framework within which to bal-
ance competing considerations, such as image quality,
power consumption, and overall cost. An important
result is that dynamic adjustment of the x-ray cone open-
ing angle facilitates adaptation of the device to different
patient sizes, suggesting that a single device could be used
for both paediatric and adult patients. Further exper-
imental and simulation-based work is needed to validate
our findings in terms of image quality and patient radia-
tion dose.

The main utility of SCIMITAR is its ability to
rapidly identify optimal designs within a large para-
meter space given a series of imposed constraints and
assumptions. This adaptability enables it to evolve
alongside an improving understanding of system
requirements. By enabling rapid and adaptable
optimisation, SCIMITAR is well-positioned to play a
central role in the future development of clinically
effective and practically viable chest DT systems.
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