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Abstract

Digital tomosynthesis (DT) allows 3D imaging by using
a ~30° range of projections instead of a full circle as in
computed tomography (CT). Patient doses can be ~10
times lower than CT and similar to 2D radiography but di-
agnostic ability is significantly better than 2D radiography
and can approach that of CT. Moreover, cold-cathode field
emission technology allows the integration of 10s of X-ray
sources into source arrays that are smaller and lighter than
conventional X-ray tubes. The distributed source positions
avoid the need for source movements and Adaptix Ltd has
demonstrated stationary 3D imaging with this technology
in dentistry, orthopaedics, veterinary medicine and non-de-
structive testing. In this work we present Monte Carlo sim-
ulations of an upgrade to the Adaptix technology to speci-
fications suited for chest DT and we show computer aided
designs for a system with various populations of these
source arrays. We conclude that stationary arrays of cold-
cathode X-ray sources could replace movable X-ray tubes
for 3D imaging and different arrangements of many such
arrays could be used to tailor the X-ray fields to different
patient size and diagnostic objective.

INTRODUCTION

Adaptix Ltd have demonstrated veterinary and human
cadaver extremity digital tomosynthesis (DT) with the de-
vices shown in Fig. 1. Both are small and light enough to
be carried by hand and have been operated safely in clinics
and exhibitions globally. Demonstrated applications also
include dental DT with human cadavers and non-destruc-
tive testing of electronics and composites [1].

Adaptix DT systems use a compact flat panel source
(FPS) with a square array of emission positions. The FPS
comprises electron field emitters etched on a silicon wafer
in square arrays as shown in Fig. 2. In this design, all elec-
tron emitters turn on simultaneously with a 60-70 kV po-
tential, but an electron beam steering module ensures only
one electron beam at a time enters its respective collimator
aperture to reach the X-ray target. The rest are absorbed in
the bulk of the collimator. The FPS is coupled to a flat panel
detector (FPD) to create the full DT system and both FPS
and FPD remain stationary.
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Figure 1: Adaptix (a) veterinary and (b) extremity DT sys-
tems. Reproduced with permission from Adaptix Ltd.
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Figure 2: Schematics of the Adaptix FPS. Reproduced with
permission from Adaptix Ltd.

DT uses a limited (~30°) angular range of projections in-
stead of half-, full- or multi-circle scans used in computed
tomography (CT) [2]. DT is a 3D X-ray imaging modality
with a cost and dose comparable to 2D radiography but
with image quality that can approach that of CT and litera-
ture suggests DT could be an alternative to both modalities
on specific occasions [3-5].

The most requested X-ray exam is for the chest. In 2020-
21 in England, 2D chest and 3D chest or abdomen X-ray
imaging amounted to 80% (7.3 million) of all imaging
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activity with tests suitable for diagnosing cancer [6]. But
moving a sick patient to a radiology room can be risky.
Also available mobile CT scanners use heavy X-ray tubes
and batteries, making them nearly one-ton machines, diffi-
cult to store and transport [7-9]. Their size and price and
the cost of CT scans can also be prohibitive for smaller
clinics, in less developed areas or with smaller patient
throughput. Moreover, CT dose can be prohibitive on fol-
low-up or recurring scans.

But as mentioned before, DT is cheaper, gives ~10 times
less dose than CT and could be a CT alternative on some
occasions. Also, chest DT systems commonly operate at
120 kV, but 90 kV can produce similar image quality at a
fixed effective dose (ED) [10] and even fixed emitted pho-
ton flux [11]. So, upgrading Adaptix’ portable FPS DT sys-
tems to 90 kV could bring cheaper, lower dose chest 3D X-
ray imaging to smaller clinics and more patients’ bedside.

In this work, we present Monte Carlo (MC) simulations
of this upgrade, and we introduce Ipioni, our software for
computer-aided designs (CAD) of multi-FPS DT systems
necessary for covering the larger volume of the chest.

SINGLE FPS UPGRADE

Upgrading from 60-70 kV to 90 and 120 kV started with
choosing an appropriate X-ray target thickness and accel-
erating voltage. FLUKA [12] MC simulations with a single
monochromatic electron pencil beam of various energies
incident perpendicularly on an infinitely wide, 20 pm thick
X-ray target of undisclosed material revealed the combina-
tions of accelerating voltage and target thickness with high
photon yield as shown in Fig. 3. 3-6 um were chosen as a
reasonable target thickness range for 90 kV and 120 kV.
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Figure 3: Simulated forward facing photon density versus
X-ray target depth and electron accelerating potential.

With these specifications, the FLUKA simulation was
repeated but now including the FPS filtration, namely the
anode and the printed-circuit board from Fig. 2. The scored
energy spectra shown in Fig. 4 reveal that 120 kV beams
are 1.7-2.0 times as efficient as 90 kV beams which reach
a plateau within this range of target thickness.

Figure 5 illustrates the attenuation of these spectra in al-
uminium (Al) simulated in FLUKA confirming that half-
value layer is larger than the regulatory minima of 3.2 mm
and 4.3 mm for 90 kV and 120 kV respectively [13,14].
100 kV and 71 kV data are shown for completeness.
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Figure 4: Simulated (a) energy spectra and (b) photon yield
with different FPS designs. Adapted from [11] CC BY 3.0.
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Figure 5: Single beam attenuation in Al of photon beams
from different FPS designs.

Due to the higher photon yield and robustness of thicker
targets, the spectra with 6 um target were used to simulate
end-to-end DT procedures with the two voltages. Shown in
Fig. 6(a-b) is a 5x5, 2 cm pitch FPS array, the ICRP 145
adult male reference phantom [15] and a 43x43 cm? plane
80 cm away from the array, scoring photon fluence, acting
as a FPD [16]. This geometry had an angular range of 8°.

The 25 sources were considered identical, so they were
simulated in Geant4 [17] using the same model. X-ray
beam shape and size were based on an existing Geant4
model of the 60 kV FPS [18] and energy spectra were those
from Fig. 4a. We used Geant4 instead of FLUKA at this
stage because it offered an easier way to load the phantom.

In Fig. 7, reconstructed 3D planes [19] with the two FPSs
are similar within £10%; this agrees with literature on the
similar image quality with 90 and 120 kV chest DT [10].
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(a)

Figure 6: Irradiation geometry for chest DT using (a-b) a
single flat panel source array and (c) multiple ones as de-
signed by Ipioni. Reproduced from [11] CC BY 3.0.
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Figure 7: (a-c) Tomosynthesis slices at different depths us-
ing the 120 kV FPS, (d-f) same slices with the 90 kV FPS,
(g-1) relative percentage difference between 120 kV and 90
kV. Reproduced from [11] CC BY 3.0.

ED was 0.113 mSv with 90 kV and 0.131 mSv with
120 kV [11] so there is clinical benefit in reducing the volt-
age. These values are also close to the 0.12 mSv of a clini-
cally available chest DT system [20]. But this ED was cal-
culated with 2.5 billion photons per X-ray source, initially
chosen to reduce statistical error in dosimetry and images.
With photon yield from Fig. 4b, 1 mm collimator aperture
and 100 pA per emitter suggested by Adaptix, each emitter
needs 4.2 s and 2.1 s to produce that many photons with
90 kV and 120 kV respectively. Specifications are closer
to 100 ms to reduce total scan time to <10 s so photon flux
must be reduced to 1/42 for 90 kV and 1/21 for 120 kV.
This increases the current projection image noise (~3%) by
a factor of ~\42=6.5 for 90 kV and ~V21=4.6 for 120 kV
and 9 FPSs would lead to 9/42=21% and ~9/21=42% ED
respectively. So, multi-FPS 3D DT can be delivered with-
out excess ED and without excess image noise.

MULTI-FPS CAD

Ipioni is a Python CAD tool we developed for designing
multi-FPS DT systems. It takes minimal input such as pre-
ferred number of FPSs and emitter array shape, FPD, pa-
tient and FPS dimensions, and any range of X-ray cone
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angle, emitter pitch, source-to-image distance (SID) and
panel angle in which to search for geometrically feasible
designs. This feasibility includes clearance between FPSs
and FPD and no overlaps between FPSs, patient and FPD
since this is unphysical. Among the feasible designs, Ipioni
identifies those that have optimum geometries so they can
be studied with detailed MC simulations and experiments
and eventually be built. Optimum geometries have mini-
mum size and stray (outside the detector) radiation and
maximum beam overlap, angular range and FPD coverage.

Ipioni designs DT systems with up to 9 FPSs, it exports
data to be built with 3D CAD software as shown in Fig. 8
and Fig. 6¢ and plots X-ray beam profiles on the FPD and
in the patient as shown in Fig. 9. Notice how all designs
have no stray radiation and head and neck are spared in Fig.
6¢. So, Ipioni provides a wealth of clinical and geometrical
information about these complex devices, helping inform
and accelerate their design and optimisation at an early
stage, improving R&D efficiency and driving down costs.

Figure 8: Multi-FPS DT systems designed by Ipioni and
drawn in FreeCAD [21]. white boxes: FPSs, purple cones:
X-ray beams, transparent box: phantom, blue box: FPD.
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Figure 9: X-ray field plots by Ipioni.

CONCLUSION

FPSs allow 3D X-ray imaging of the human chest with
similar image quality at 90 kV and 120 kV and lower ED
at 90 kV. ED is low enough to allow multi-FPS systems
which can better irradiate the patient and we have devel-
oped the necessary tools to automate the design of such
multi-component systems quickly and efficiently.
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