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Abstract
Background: Cone-beam computed tomography (CBCT) systems acquire vol-
umetric data more efficiently than fan-beam or multislice CT, particularly when
the anatomy of interest resides within the axial field-of -view of the detector
and data can be acquired in one rotation. For such systems, scattered radia-
tion remains a source of image quality degradation leading to increased noise,
image artifacts, and CT number inaccuracies.
Purpose: Recent advances in metal additive manufacturing allow the produc-
tion of highly focused antiscatter grids (2D-ASGs) that can be used to reduce
scatter intensity, while preserving primary radiation transmission. We present
the first implementation of a large-area, 2D-ASG for flat-panel CBCT, including
grid-line artifact removal and related improvements in image quality.
Methods: A 245 × 194 × 10 mm 2D-ASG was manufactured from chrome–
cobalt alloy using laser powder-bed fusion (LPBF) (AM-400; Renishaw plc,
New Mills Wotton-under-Edge, UK). The 2D-ASG had a square profile with
a pitch of 9.09 lines/cm and 10:1 grid-ratio. The nominal 0.1 mm grid septa
were focused to a 732 mm x-ray source to optimize primary x-ray transmission
and reduce grid-line shadowing at the detector. Powder-bed fusion ensured the
structural stability of the ASG with no need for additional interseptal support.
The 2D-ASG was coupled to a 0.139-mm element pitch flat-panel detector (DRX
3543, Carestream Health) and proper alignment was confirmed by consistent
grid-line shadow thickness across the whole detector array. A 154-mm diame-
ter CBCT image-quality-assurance phantom was imaged using a rotary stage
and a ceiling-mounted, x-ray unit (Proteus XR/a, GE Medical Systems, 80kVp,
0.5mAs). Grid-line artifacts were removed using a combination of exposure-
dependent gain correction and spatial-frequency, Fourier filtering. Projections
were reconstructed using a Parker-weighted, FDK algorithm and voxels were
spatially averaged to 357 × 357 × 595 µm to improve the signal-to-noise char-
acteristics of the CBCT reconstruction.Finally, in order to compare image quality
with and without scatter, the phantom was scanned again under the same CBCT
conditions but with no 2D-ASG. No additional antiscatter (i.e., air-gap, bowtie fil-
tration) strategies were used to evaluate the effects in image quality caused by
the 2D-ASG alone.
Results: The large-area, 2D-ASG prototype was successfully designed and
manufactured using LPBF. CBCT image-quality improvements using the 2D-
ASG included: an overall 14.5% CNR increase across the volume; up to 48.8%
CNR increase for low-contrast inserts inside the contrast plate of the QA phan-
tom;and a 65% reduction of cupping artifact in axial profiles of water-filled cross
sections of the phantom. Advanced image processing strategies to remove grid
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line artifacts did not affect the spatial resolution or geometric accuracy of the
system.
Conclusions: LPBF can be used to manufacture highly efficient, 2D-focused
ASGs that can be easily coupled to clinical, flat-panel detectors. The implemen-
tation of ASGs in CBCT leads to reduced scatter-related artifacts, improved
CT number accuracy, and enhanced CNR with no increased equivalent dose
to the patient. Further improvements to image quality might be achieved with a
combination of scatter-correction algorithms and iterative-reconstruction strate-
gies. Finally, clinical applications where other scatter removal strategies are
unfeasible might now achieve superior soft-tissue visualization and quantitative
capabilities.

KEYWORDS
additive manufacturing, antiscatter grid, computer tomography, cone-beam CT, laser melting,
parametric modeling, scatter, selective, 3D printing

1 INTRODUCTION

Cone-beam computed tomography (CBCT) emerged
during the late 1990s as a volumetric, high-resolution,
low-dose, imaging tool, ideally suited for guided radi-
ation therapy, cranial angiography, and maxillofacial
radiology.1–3 Currently,CBCT is increasingly supplanting
traditional CT modalities in many clinical applications,
such as respiratory or cardiac imaging. Compared to
traditional CT, CBCT maintains and improves spatial
resolution while reducing costs, scanning times, and
patient dose.4–7 However, the large field-of -view of
CBCT geometries leads to increased detected scatter
fraction (i.e., 0.05–0.15, for fan-beam and spiral CT, vs.
0.4–2.0 for CBCT), which degrades image quality, espe-
cially in high scatter-to-primary (SPR) scenarios.8–11

Scatter contamination of the projection images results in
tomographic reconstructions with reduced contrast-to-
noise ratio (CNR), worsened CT number inaccuracies,
and increased shading artifacts.12–16 Clinically, scatter-
induced image artifacts and nonlinearities translate into
limited soft-tissue visualization,17,18 reduced efficacy
of image-guided interventions,19,20 incompatibility with
quantitative analysis,14,21 and can lead to an inaccurate
diagnosis or misdiagnosis.22,23

Therefore, it is essential to include scatter-
ameliorating strategies into CBCT system design,
without increasing patient dose. In general, scatter-
reduction strategies can be divided into two approaches:
(1) hardware techniques to reject scatter and (2) soft-
ware techniques to correct scatter.21,24,25 In practice,
hardware techniques do not completely suppress the
scatter reaching the detector and, similarly, no software
methods correct artifacts perfectly. For these reasons,
an optimal scatter correction is likely to combine both
hardware and software approaches.26 Hardware meth-
ods such as the air-gap technique, bowtie filters, or
antiscatter grids reduce the number of scattered x-rays
reaching the detector.27 Software methods derive or esti-

mate the scatter field using models based on physical,
empirical, or consistency criteria to correct the acquired
projection data.28 The major drawbacks of software-
based methods are related to their computational
intensity, which might prevent real-time applications.
Additionally, they often require a priori knowledge of
the material and density distributions of the object—
requiring additional radiation dose.27–29 Model-based
scatter correction methods, software-based methods,
which do not require additional dose, have recently
shown to provide improvements in CT number accuracy
and scatter-related artifact reduction.27,28 Nonetheless,
these methods may not reach the levels of scatter
correction required for quantitative applications.30 In
contrast, hardware methods do not require a priori
knowledge about the object, but cannot always be
implemented due to space restrictions (e.g., air gap) or
require additional radiation dose to account for primary
x-ray intensity loss (e.g., traditional antiscatter grids with
interseptal spacers).24,27,29,31,32 Furthermore, failure to
correct artifacts introduced by a grid can compromise
the potential improvements in image quality.33,34 How-
ever, a new generation of metal, 3D-printed, antiscatter
grids, which are the focus of this manuscript, offer a
promising solution for hardware-based scatter rejection
in CBCT.24,35

Antiscatter grids are mechanical devices that are
placed directly in front of the x-ray detector to cap-
ture scattered photons while preserving primary x-
rays.24,35–38 Traditionally, these grids have been manu-
factured using a one-dimensional array of thin (approx-
imately 15–46 µm) lead septa supported by aluminum
or fiber spacers.39,40 As previously mentioned, the
interseptal support material has the disadvantage of
attenuating primary x-rays that might subject the patient
to a higher radiation dose to maintain image quality.27,41

Even using sophisticated fabrication methods like the
ones described by Lehmann et al.42 and Goldenberg
et al.,43 this limitation cannot be overcome. Recent
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advancements in additive manufacturing (AM) and laser,
powder-bed fusion (LPBF) allow the fabrication of novel,
two-dimensional focused grids (2D-ASGs) that do not
require interseptal support.24,33,35 This 3D structures
are built by selective melting of metal powder, deposited
in layers, using a high-energy, power-density laser.44–46

2D-ASGs provide improved scatter-removal character-
istics over 1D-ASGs, and increase primary transmission
up to as much as 70% of the incident x-ray beam.24

These novel grids achieve this additional transmission
by focusing the grid septa toward the x-ray source focal
spot and inherently eliminate geometrical distortion of
the grid shadow across the detector.24,38,39

2D-ASGs prototypes have been shown to improve
image contrast and reduce scatter-related artifacts for
CBCT systems.24,35 However, uncertainties persist with
regard to the impact that grid septa might have on the
projection data.For instance,detector elements covered
by grid septa receive a reduced count of x-ray photons
(i.e., x-ray fluence), leading to grid-line artifacts (GLAs).
Furthermore, signal leaking from the surrounding, non-
affected elements causes exposure-dependent gain
variations. The combination of both effects—reduced
fluence and signal leakage—renders conventional pixel-
to-pixel variation correction methods ineffective.47,48 In
such a case, the CBCT reconstruction can be affected
by severe ring artifacts that impair radiological interpre-
tation and analysis.33,47 Another limitation of recently
investigated 2D-ASG prototypes relates to their cover-
age area of the detector. Although the 3D printing of
focused, antiscatter grids for scatter rejection is avail-
able as a commercial service,49 to our knowledge, there
is no report in the literature for the design and eval-
uation of a highly focused antiscatter grid covering a
significant area of a flat-panel detector in a full-beam
CBCT geometry. The largest 2D-ASG prototype man-
ufactured commercially and described in the literature
for a half -beam CBCT geometry is limited to a grid
of size 20 × 3 cm.33 Furthermore, it remains unclear
how residual stresses, which are characteristic of LPBF,
might affect the fabrication of large-area grids (e.g.,build
failure due to object-substrate delamination) or during
subsequent clinical use (e.g., geometric distortion or
crack formation).44,50

We present the complete process of design, manu-
facturing, and implementation of a large area, 24.5 ×

19.4 cm, focused 2D-ASG, and evaluate its quantitative
effects in CBCT image quality. We first developed an
open-source, parametric modeling module to generate
a focused-grid,computer-aided design (CAD).Based on
this CAD model, we optimized the 3D printing param-
eters of a commercially available laser powder-bed
fusion system to achieve geometric stability and thin
septa in the grid.Using clinically available equipment,we
acquired CBCT data of a quality assurance phantom,
and assess image quality with and without the antis-
catter device. Finally, we describe the image processing

techniques required to successfully correct GLAs and
describe the improvements in CBCT image CNR, CT
number accuracy, and shading artifacts. Our results
show that two-dimensional, focused, 3D-printed, metal
grids provide an effective solution for scatter rejection in
large-area CBCT.

2 METHODS

2.1 2D antiscatter grid parametric
modeling

The computational power required to create and manip-
ulate CAD files is directly related to the number
of vertices of the 3D model.51 Large-area 2D-ASGs
require many unique cells, because each cell is ori-
ented at a unique angle along a ray between the focal
spot of the x-ray source and each point on the detec-
tor. This unique angular orientation makes it impossible
to simply replicate a single septal cell as a unit cell. A
minimum of 12 vertices is required to define each sep-
tal cell of the 2D-ASG. Our large-area grid has 219 ×

172 septal cells, requiring close to half a million vertices
in the CAD file. Conventional CAD modeling packages
and methods typically require at least an order of mag-
nitude more than the minimum number of vertices to
define the geometry sufficiently for Boolean operations.
Even if the fourfold symmetry of this grid were exploited
to reduce the number of vertices, this number remains
computationally unwieldy.52 Additionally, this division of
the geometry into quadrants requires the extra step of
geometric transformations and stitching them together
into a final assembly. Figure 1 shows a diagram of the
basic geometry and features of the novel grid design.

Changing any geometric parameter of the grid will
require recalculation and regeneration of a completely
new drawing of the CAD model. Redrawing of the
grid may be necessary to accommodate changes
in x-ray detector dimensions, detector element pitch,
and source-to-detector distance of the CBCT system,
among other design constraints.To circumvent the com-
putational power and modeling time challenges inherent
in using conventional 3D modeling packages,52 we
have designed and implemented a parametric modeling
node-tree technique.This was achieved using a Python-
based solution in the open-source software (Blender
2.8). The node-tree required seven user-defined param-
eters (Table 1) to generate an optimized stereolitho-
graphic file (STL) compatible with a commercial LPBF
printing interface (QuantAM, Renishaw).

Despite the advantages of the parametric tool being
able to generate grids with any combination of param-
eters, limitations of the design are mandated by the AM
process, described below. For instance, the size of the
grid frame cannot exceed the limits of the build plate of
the LPBF machine. Fine-tuning of the laser scan time is
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3D LARGE-AREA ANTI-SCATTER GRID FOR CBCT 243

F IGURE 1 Close-up of 2D-ASG septal cell. (a) Grid height, (b)
element size, (c) septal thickness, and (d) inclination angle to match
CBCT geometry

TABLE 1 2D-ASG design parameters

Parametric modeling
inputs

2D-ASG design
parameters

Frame length 245 mm

Frame width 194 mm

Cell aperture size 1 mm

Septal thickness 0.1 mm

Frame height 10 mm

Build-plate clearance 1 mm

Focal spot distance 732 mm

required for various combinations of powder particles
and laser spot size to attain mechanically stable thin
septa.53 In our implementation, particle size and scan-
ning time,limited septal thickness to ∼100 µm,and frame
size to 250 × 200 mm (Figure 2). Prior to 3D printing,
mounting flanges and a label were added to the grid
frame to aid with installation and identification of the
device.

2.2 2D-ASG manufacturing

The parameters used to design our large-area grid are
defined in Table 1. Additionally, the 2D-ASG had a grid-
ratio of 10:1, a pitch of 0.909 lp/mm, and a rectangular
array of 219 × 172 square elements.Grid ratio is defined
as the ratio of the height of the grid septa to the distance
between them. The 2D-ASG was manufactured using
a commercially available LPBF 3D printer (AM-400;
Renishaw plc, New Mills Wotton-0-under-Edge, UK) in

F IGURE 2 QuantAM 3D printing interface preview of grid
placement in the (250 × 250 mm) build plate. Red arrow shows
build-plate securing clearance holes, which limited grid size in one
dimension.

277 layers, each 40 µm in thickness, using cobalt–
chrome metal-alloy powder (60–65% Co, 25–35% Cr,
and 3–7% Mo) 15–45 µm in diameter. The cobalt–
chrome alloy was used due to its widespread usage in
the LPBF industry and sufficiently high x-ray attenuation
at relatively low energies (i.e.,30 cm−1 at 42.4 keV).54–56

Although tungsten has been commonly reported as the
material of choice for 2D-ASG manufacturing,33,35,38

our goal was to evaluate the performance of a large-
area 2D-ASG prototype using a readily available alloy.
In the additive-manufacturing facility at our institution
(ADEISS), cobalt–chrome is routinely used for the pro-
duction of customized medical parts. Furthermore, due
to the high melting point and high thermal conductivity
of tungsten, the LPBF process for that material requires
higher energy output,54,57 which makes tungsten 2D-
ASGs less accessible and more expensive.45 Finally,our
cobalt–chrome 2D-ASG was designed to be used for
clinical cases where energies up to 80 kVp are used
(e.g., for peripheral cone-beam CT scanning); we do not
anticipate cobalt–chrome to perform better than other
metals (e.g., tungsten or lead) when higher energies are
required.

Prior to building the full-size 2D-ASG, several smaller
prototypes were manufactured to optimize the LPBF
printing parameters. Thin septa were achieved using a
“single-path” strategy (Figure 3b) where the ytterbium-
fiber laser, operating at 100 W, employed a longer-
than-usual (60 µs) dwell time and traversed each cell
septa a minimum number of passes to achieve the
desired thickness.Despite using a 70-µm diameter laser
focal spot size, this scanning strategy produced nominal
100 µm walls due to expansion of the melting pool and
the adhesion of surrounding powder, the latter of which
is the main cause of surface roughness in LPBF.58 To
maintain the desired septal thickness and still ensure
structurally stable septa, the distance between two
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244 3D LARGE-AREA ANTI-SCATTER GRID FOR CBCT

F IGURE 3 QuantAM laser scanning strategy preview for the top layer of the large-area, focused, 2D-ASG. (a) Laser scanning pattern
starting at the top-left corner of the grid’s frame. (b) Close-up of grid septa being consolidated with a single laser path, white arrows show the
progression of laser position across the grid.

consecutive points when the laser was on was set to
60 µm.The laser scanning pattern across the grid frame
was determined automatically by QuantAM software.
The pattern had a radial configuration starting at the
top-left corner of the grid frame (Figure 3a).

Rapid, repeated, heating, and cooling cycles, which
are characteristic of LPBF, are responsible for high
residual stress build-up in the 3D-printed part.50,59 The
laser scanning pattern and the inherent heat-dissipating
nature of the grid geometry helped minimize thermal
stress during printing. After LPBF was completed, the
operator removed the nonconsolidated powder, and the
grid was heat-treated in an argon-atmosphere oven to
relieve any residual stresses. The oven set tempera-
tures,450◦C and 750◦C,were ramped up gradually over
60 min. Each temperature was maintained for 45 min
with no cooling time between cycles. The oven temper-
ature was reduced gradually at the end of the cycle
allowing the part to cool down naturally.

Wired electrical discharge machining (wire-EDM) was
used to carefully detach the large area, focused, 2D-
ASG from the build plate.The designed grid ratio of 10:1
was maintained thanks to the included 1-mm build-plate
clearance (Table 1). The 2D-ASG exhibited strength
and stability without additional interseptal supports, and
sustained no damage during regular manipulation.

2.3 Verification of grid septa
dimensions

The 2D-ASG was inspected for dimensional accu-
racy and build quality using an image-based technique
employing a measuring microscope (STM6, Olympus).
The grid was placed on the bed of the measuring micro-
scope and oriented perpendicular to the microscope
image plane by maximizing observed pixel intensity.This
was repeated over five different locations—center and

peripheral edges—across the face of the 2D-ASG. The
grid septa were oriented orthogonal to the image matrix
of the microscope to facilitate pixel counting. Regions
of interest (ROIs) circumscribing the septal wall and a
small region outside the wall, and excluding the septal
intersections were selected and cropped.Each ROI was
thresholded at the full-width-half -max (FWHM) of the
intensity values to create binary images. The number
of pixels across each line of the binary images, per-
pendicular to the septal wall, was counted and mean
and standard deviation values were calculated. This
technique ensures that the width of the septal wall is
accurately and precisely assessed over its entire length
and in all sections of the grid unit.

2.4 CBCT experimental setup

Cone-beam systems have, generally speaking, two dif-
ferent architectures. Stationary-object systems require
the x-ray source and detector to be mounted on a gantry
that is rotated around the object. With a stationary-
source system, the object rotates in the path of the
x-ray beam—often employed for small, bench-top sys-
tems.Our stationary-source design (Figure 4) consisted
of a ceiling-mounted x-ray source (Proteus XR/a, GE
Medical Systems) placed 732 mm away from a com-
mercially available 383.5 × 459.5 × 14.7 mm, flat-panel
detector with 139 µm element pitch (DRX 3543, Care-
stream Health). A computer-controlled, precision stage
(Model PSR300, Intellidrives) was used to obtain 215
projections at one-degree angular increments for each
Parker-weighted CBCT reconstruction in this study.
Alignment of the detector was achieved by minimizing
the width of the shadows cast by the septa of the grid on
the detector.When the detector was properly aligned,the
width of the septa shadows appeared both minimized
and uniform across the face of the 2D-ASG.
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3D LARGE-AREA ANTI-SCATTER GRID FOR CBCT 245

F IGURE 4 Custom, stationary-source, CBCT experimental
setup. Ceiling-mounted x-ray unit, precision rotary stage, 2D-ASG,
and flat-panel digital detector

F IGURE 5 (305 × 154 mm) modular QA phantom used to
evaluate CBCT image quality characteristics. The different sections
and plates are arranged from left-to-right in the image.

CT data of a water-filled, quality assurance phantom
(Figure 5) was acquired, with and without the grid, at
80 kVp and 0.5 mAs to evaluate the performance of
the 2D-ASG.No other scatter-rejecting techniques were
implemented to assess the effects of 2D-ASG alone.
The 2D-ASG was placed directly in front of the detector
using a custom 3D-printed clip, and primary transmis-
sion was evaluated using a primary transmission map,24

T(x, y), using:

T(x, y) =
Igrid

Ino−grid
, (1)

where Igrid is the pixel intensity value with no grid present
and Ino-grid the mean intensity of the same pixel with
the 2D-ASG in place. To evaluate the geometric sta-
bility of the CBCT system, high-contrast, radio-opaque,
1 mm beads were attached to the QA phantom and a CT
data set was acquired. As the phantom was rotated, the
beads were expected to trace a sinusoidal path allowing
the detection of geometric deviations. The mean devia-

F IGURE 6 3D rendering of the design of the 2D, 3D-printed,
low-contrast phantom

tion of beads from a best-fit sinusoid for each projection
image was used to correct the phantom data prior to
CBCT reconstruction.60

2.5 2D low-contrast visualization

In plain 2D projections, scatter significantly reduces
low-contrast object visualization.11,24 We evaluated the
effectiveness of the 2D-ASG to mitigate the reduction in
CNR by acquiring 2D-projection radiographs of a plastic,
3D-printed, low-contrast phantom (Figure 6). The phan-
tom was radiographed with and without the 2D-ASG
and in the presence of a 15-cm water bath acting as
a scatter source. The low-contrast phantom consisted
of 25 cylindrical holes of various diameters and depths.
Contrast-to-noise was calculated using the following.

CNR =
|C−B|

1
2

(𝜎C+𝜎B)
, (2)

where C is the signal value of the low-contrast object
and B the signal value of the object background,σC and
σB, are their respective standard deviations.24

2.6 Grid-line artifact corrections
and CBCT reconstruction

A limitation of the application of antiscatter grids in dig-
ital radiography is the reduced x-ray fluence at detector
elements obscured by grid septa. This reduced fluence
results in a reduced detected signal creating grid-line
artifacts (GLAs) in the image.27,33 In theory, if the area
of the element obscured by the grid septa is small, then
flat-field corrections should be able to reduce or remove
these artifacts from the image. Conversely, if the area
of the element covered by the grid is too large, this cor-
rection is unfeasible due to the low signal-to-noise ratio.
For two-dimensional grids, this phenomenon can be
further exacerbated in areas where the grid septa inter-
sect. In our implementation, the detector elements were
139 × 139 µm,and the nominal grid-septa thickness was
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246 3D LARGE-AREA ANTI-SCATTER GRID FOR CBCT

100 µm. It is important to note that the detected sig-
nal intensity did not drop below 30% of the incident
x-ray fluence in any of the detector elements; this is
to be expected because the nominal septal thickness
was designed to be less than the detector element size.
Below, we describe a two-step method for GLA cor-
rection using a modified, exposure-dependent, flat-field
correction48 and a customized spatial frequency Fourier
filter.

Flat-field correction is regularly used to account
for pixel-to-pixel variations (i.e., fixed-pattern noise) in
digital x-ray detectors. This strategy is able to success-
fully correct intensity variations for pixels unaffected
by grid septa. However, it is ineffective for pixels that
are partially obscured by grid septa due to exposure-
dependent gain variations in these affected pixels. We
have previously described the necessity to character-
ize exposure-dependent, pixel-to-pixel, gain variations
by performing flat-field corrections at various exposure
levels.61 This correction was achieved using an adapted
approach from Altunbas et al.48 where we used six expo-
sure levels (E)—achieved using copper filtration of the
x-ray beam (0, 0.5, 1, 1.5, 2, and 2.5 mm thicknesses) to
generate exposure-dependent (E) gain correction map,
G(x, y, E), for each exposure level that was calculated
using the following:

G(x, y, E) =
Ifno−grid (x,y,E)

Ifgrid (x,y, E)
, (3)

where Ifno−grid(x, y, E) is the intensity value measured in
analog to digital units (ADUs) of a flat-field image with
no-ASG, and Ifgrid(x, y, E) is the measured flat-field cor-
rected pixel ADU with ASG. Data were organized using
a multidimensional array (3072 × 2560 × 6), and pixel
specific gain-factors were analyzed. Figure 7 shows
the exposure-dependent variations in gain factors for a
subset of pixels: representing pixels unaffected by grid
artifacts, affected by grid septa, and affected by grid
intersections.

Gain factors for pixels unaffected by grid artifacts
remained at unity (i.e., standard deviations < 0.05),
whereas pixels affected by grid artifacts were well
described by a power function, (ADU) = a × ADUb

+ c.
For such cases, curve coefficients (a, b, and c) were cal-
culated (MATLAB, The MathWorks, Natick) and stored
in a lookup table to reduce the computational burden of
the correction. Projection images were corrected using
this pixel-specific, exposure-dependent, gain correction.

In spite of the careful characterization of the gain
response of detector elements obscured by the grid,
faint grid-line artifacts remained visible in the projec-
tion data. However, the periodic nature of the grid-line
artifacts allows implementation of a customized, fast-
Fourier transform (FFT), notch filter to further reduce
grid-line artifacts.62 Only gridlines were affected by the

F IGURE 7 Exposure-dependent gain-factor variations for three,
example, detector elements illustrating the effect of varying the
degree of grid septa shadow. Septa represents pixels affected by a
lower degree of shadowing and septa intersection represents pixels
affected by a greater degree of shadowing. Power series curve fits
are shown in solid lines.

F IGURE 8 FFT images of an open acquisition with the 2D
antiscatter grid in place. (a) FFT power spectrum. (b) Thresholded
and manually segmented binary mask of FFT notch filter use to
remove grid-line artifacts from projection images in frequency space

FFT filter because no other structures presented the
same spatial frequency in the projection image data.
Figure 8a shows the Fourier power spectrum of an open
image with the grid in place. A binary mask was cre-
ated using a combination of thresholding and manual
segmentation of the power spectrum. This binary mask
shown in Figure 8b was used to remove the selected
frequencies of each projection image in frequency
space.

The two sets of 215 projection images for each vol-
ume, with and without the 2D-ASG, respectively, were
used to reconstruct CBCT volumes using a Parker-
weighted FDK algorithm. The full-resolution volumes
(119 × 119 × 119 µm) were spatially averaged to
357 × 357 × 595 µm, which is a clinically relevant voxel
size,63 to improve the signal-to-noise characteristics of
the data. All CBCT-reconstructed volumes were scaled
to consistent Hounsfield units (HUs) and all figures
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3D LARGE-AREA ANTI-SCATTER GRID FOR CBCT 247

F IGURE 9 Large-area, focused, 2D-ASG after manufacturing and postprocessing. (a) Close-up of grid septa using the measuring
microscope (nominal septal width was 101 µm). (b) Picture of the 2D-ASG after heat treatment still attached to the LBPF build plate

depicting comparisons between volumes are displayed
using the same window and level values.

2.7 CBCT data analysis

Quality assurance (QA) phantoms are an effective
tool to accurately and precisely evaluate the per-
formance of clinical CT systems qualitatively and
quantitatively.64,65 The phantom used in this study con-
sisted of eight separated modular sections designed
to assess the following aspects of CBCT image qual-
ity: spatial resolution, geometric accuracy, uniformity,
noise, artifact characterization, CNR, and linearity. The
technical details of the QA phantom can be found
in Figure S1 in the Supporting Information for this
manuscript.

Spatial resolution and geometric accuracy, evaluated
by Sections 1, 2, 4, and 5 of the QA phantom, were used
to determine overall image quality differences between
the two CBCT reconstructions—with and without 2D-
ASG. Spatial resolution was qualitatively assessed by
calculating the modulation transfer function (MTF) using
the two, slanted edges located in Sections 1 and 4.64

Qualitatively,spatial resolution was also evaluated using
the nine bar patterns (0.4–2.0 lp.mm−1) of Section 5.
Geometric accuracy of the system was measured using
the embedded array of five 0.8 mm diameter steel
beads (Section 2). Beads were arranged in a rectangu-
lar, 40×40 mm2, pattern with one bead located exactly
at the centroid.

Other sections of the phantom (3, 6, 7, and 8) were
used to quantify improvements in image quality related
to scatter rejection. The linearity plate of the QA phan-
tom, which consists of 1.73 × 3.93 cm vials filled with
various concentrations of iodine (15, 7.5, 3.75, 1.875,
0.9375, and 0 mg⋅mL−1), was used to evaluate improve-
ments in low-contrast visualization.CNR was calculated
for each concentration of iodine using the same method-
ology described in the 2D low-contrast visualization
section of this manuscript.

Shading artifacts (i.e., cupping and streaking) were
evaluated using the water-filled uniformity and artifact
characterization sections of the phantom, respectively.
Cupping was quantitatively measured using the unifor-
mity index (UI) within cylindrical ROI in Section 3 near
the central reconstruction slice:

UI =
Iperiphery−Icenter

Icenter
, (4)

where Iperiphery and Icenter are the mean intensities of
ROIs located correspondingly.Qualitatively,cupping was
visualized using radial signal profiles across the diam-
eter of the uniformity section of the phantom. Finally,
qualitative improvements in streak-artifact intensity were
assessed by using the leaded-plastic inserts located in
Section 6.

3 RESULTS

3.1 Parametric modeling

The Python-based node-tree parametric modeling tool
was successfully created. The interface included a pre-
view of the CAD design that updated every time a
parameter was modified. The design of the 2D-ASG
CAD file took less than 6 min following input of all the
parameters.

3.2 2D-ASG postmanufacturing
evaluation

Images of the 245 × 194 × 10 mm 2D-ASG after
heat-treatment and before wire-EDM are shown in
Figure 9, demonstrating mechanical stability and appro-
priate grid septa thickness (101 ± 16 µm). After
wire-EDM, consistent grid height allowed the 2D-ASG
to lay flat against the x-ray detector, which made grid-
detector coupling straightforward to achieve.Mechanical
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248 3D LARGE-AREA ANTI-SCATTER GRID FOR CBCT

F IGURE 10 Grid-septa shadow consistency across the 2D-ASG (a–e) close-up images of gain maps at various regions of the grid upper
left, center, upper right, lower left, and lower right, respectively. (F) Line profiles across five grid septa at each location showing consistency of
grid-septa shadow thickness. The line profiles, for each region, were placed approximately in the same relative location marked by the
red-dotted line in (b).

stability facilitated routine handling of the device as
well as consistent grid shadows across the detector.
Figure 10 shows close-up gain maps in different regions
of the detector.

An average transmission of 78% was achieved,which
is consistent with the nominal 101 µm,septa (Figure 9a).
Since each 139 × 139 µm detector element might be
covered by varying amounts of 2D-ASG septa, primary
transmission is better depicted using a cumulative his-
togram of the transmission map (Figure 11). Detector
elements located underneath grid–septa intersections
received the lowest amount of primary transmission,
∼30 %, whereas elements located in open grid chan-

nels received the largest amount of transmission,
∼97%.

3.3 2D low-contrast visualization

Low-contrast object conspicuity (i.e., improved detection
of small, low-contrast objects) is improved by a decrease
in image noise. Figure 12a,b shows a side-by-side
comparison of the 3D-printed, low-contrast phantom
imaged without and with the 2D-ASG as described pre-
viously. CNR values, as a function of phantom’s hole
diameter and thickness, were improved for all cases.
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3D LARGE-AREA ANTI-SCATTER GRID FOR CBCT 249

F IGURE 11 Cumulative histogram of the transmission map for
a flood-field image of the large-area, focused, 2D-ASG. More than
half (57%) of the detector elements exhibit transmission that is
below the average value for the grid (78%).

Proportionally larger improvements were observed as
the hole diameter decreased (Figure 12c,d).

3.4 Evaluation of grid-line artifact
correction

3.4.1 In 2D projection images

Grid lines appear as vertical and horizontal lines
with reduced x-ray fluence in raw 2D-projections

F IGURE 12 Low-contrast object conspicuity: 2D radiographs of the low-contrast phantom acquired with a 15 cm water bath and (a) without
ASG, versus (b) with 2D-ASG. (c and d) show improvements in CNR across the 5 and 3 mm holes marked by the dotted box in (b). Images are
shown using identical window and level settings.

(Figure 13a). Conventional gain correction tends to
overcorrect grid-line artifacts because it does not take
into account potential signal leaking from high-intensity
neighbor detector elements. Figure 13b displays poorly
corrected grid-line artifacts, where image intensity has
been overcorrected.The proposed exposure-dependent
gain correction strategy was able to reduce grid-line
artifacts by >90% in high x-ray fluence regions of the
image, and >60% in regions with low x-ray fluence
(Figure 13c,d). The improved gain correction allowed
satisfactory grid-line removal with the addition of a
customized notch-FFT-filter.

3.4.2 In CBCT reconstructions

Traditional linear-gain correction produced severe ring
artifacts (i.e., s = 894.02 HU) when compared to
the exposure-dependent gain correction (i.e., s =

85.55 HU) for homogeneous regions of the QA phan-
tom. Exposure-dependent gain correction followed by
Fourier-notch filtering improved the CT number preci-
sion by a further 31 HU. Qualitative analysis of line
pairs showed appropriate maintenance of image spatial
resolution (Figure 14).

Improvements in CT number accuracy for homo-
geneous materials were observed by analyzing HU
variations across an air-filled slanted edge chamber
inside the QA phantom. Ring artifacts caused by
GLA were significantly minimized and residual rings
were removed by Fourier filtering. Figure 15b,c, show
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250 3D LARGE-AREA ANTI-SCATTER GRID FOR CBCT

F IGURE 13 Close-up of QA phantom region in a CBCT
2D-projection image. (a) Uncorrected, raw grid-line artifacts (b) with
flat-field correction (c) with exposure-dependent gain correction, (d)
with exposure-dependent gain correction and notch-FFT-filter and
(e) line profiles (across yellow-dotted line in (a)) showing the
reduction of grid-line artifact intensity using the exposure-dependent
correction method and further notch-FFT-filter

low-HU variations, ∼50 HU, after implementation of the
proposed methods.

3.5 CBCT image quality evaluation

3.5.1 Geometric accuracy and resolution

Figure 16 shows an image of the geometric accu-
racy plate reconstructed with the 2D-ASG in place. The
distance between steel beads was 39.83 ± 0.06 mm
compared to the expected 40 ± 0.025 mm, demonstrat-
ing excellent in-plane geometric accuracy. Likewise, the
out-of -plane distance between tungsten-carbide beads

TABLE 2 Contrast plate CNR calculations with and without
2D-ASG

Bone mineral
density (mg.cm3)

CNR no
2D-ASG

CNR with
2D-ASG

1100 14.4 16.1

400 5.4 6.1

350 5.2 5.6

300 4.7 5.6

250 2.9 3.5

200 2.6 2.9

150 1.5 2.2

100 1 1.2

air 8.3 9.2

of the first spatial resolution plate of the QA phan-
tom was 14.98 ± 0.07 mm. The interbead distance was
designed to be 15 mm.

Spatial resolution was evaluated qualitatively using
the bar patterns included in one of the resolution plates
of the QA phantom. Figure 17 shows the conserva-
tion of spatial resolution with and without the 2D-ASG.
Bar patterns for 0.8 line pair/mm (lp/mm) were resolved
in both experimental scenarios. These observations
were quantitatively verified by the MTF curves calcu-
lated using the slanted-edge oriented in the x, y plane
(Figure 18). An MTF of 0.1 corresponded to 0.9 lp/mm,
which was in agreement with the resolution observed in
the bar patterns array. The slight differences between
the two MTF curves were attributed to FFT filtering
effects in the 2D-ASG scenario.

3.5.2 Low contrast and linearity

Table 2 lists the CNR values for bone-mimicking inserts
of the contrast plate of the QA phantom in CBCT
images with and without 2D-ASG. The arrangement of
the inserts and the details of the plate are shown in
Figure 19a. The 2D-ASG provided a 9.9% to 48.8%
improvement in CNR compared to no 2D-ASG, with a
14.5% average of improvement across inserts. A sub-
stantial cupping artifact is visible in the volume acquired
without 2D-ASG. This artifact is less conspicuous in the
volume acquired with the 2D-ASG.

The second row of Figure 19 shows the calculated
CT number (HU) as a function of the bone mineral den-
sity of the bone-mimicking inserts located in the contrast
plate of the QA phantom.Both volumes presented a sig-
nificant (p < 0.0001) linear correlation between signal
intensity and increasing bone density.The differences in
mean values and corresponding standard deviations for
each insert illustrate the improvements in CNR between
the two experimental scenarios.
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3D LARGE-AREA ANTI-SCATTER GRID FOR CBCT 251

F IGURE 14 Resolution plate of QA phantom reconstructed (a) using linear-gain correction, (b) using exposure-dependent gain correction,
and (c) after both exposure-dependent gain correction and Fourier-notch filtering. Standard deviations calculated in the outlined circular, yellow
ROI show improvements in image quality using the proposed GLA correction method.

F IGURE 15 CT number accuracy improvements for air-filled, slanted-edge chamber inside the QA phantom. (a) Reconstruction with
traditional gain correction (b) with exposure-dependent gain correction, and (c) using Fourier filtering. (d, e) show line profiles, marked by the
yellow dotted line in (a), across the air-filled structure.

3.5.3 Cupping

CBCT reconstructions of the resolution and uniformity
plates of the QA phantom without and with the 2D-ASG
are shown in Figures 20 and 21. Without the 2D-ASG,
HU values were overestimated and contributed to the
lower homogeneity of the reconstructions when com-
pared to the data where the 2D-ASG was employed.
With the 2D-ASG, shading and cupping artifacts were
reduced by 65% of the UI. Residual artifacts were
attributed to residual scatter and beam hardening. Mod-
eling the x-ray spectra at 80 kVp with the inherent
1 mm aluminum filtration of the x-ray unit rendered a
mean energy of 38.8 keV. The addition of 154 mm of
water provided additional filtration that increased the

mean energy of the spectrum to 48.18 keV (Figure 22a).
Figure 22b shows the decrease in transmission percent
of photons at various energies across cobalt–chrome
alloy and tungsten.

4 DISCUSSION

Small-area 2D-ASGs have been previously described
as an effective means to prevent scatter-related image
quality degradation in CBCT systems.24,35–37,66 How-
ever, the extension to covering a large area of the
x-ray detector is not straightforward due to design, fabri-
cation, and implementation considerations.67 2D-ASGs
have been previously manufactured in tungsten, due
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252 3D LARGE-AREA ANTI-SCATTER GRID FOR CBCT

F IGURE 16 (a) CBCT slice of the geometric accuracy plate of
the QA phantom and (b) close-up of the area in yellow-dotted lines in
(a) showing the five steel beads in the axial plane and measured
interbead distance

F IGURE 17 Modulation transfer function (MTF) of the CBCT
reconstructions measured from the slanted-edge plate of the QA
phantom

to its higher attenuation coefficient.24,35,36 However, our
results show that large-area 2D-ASGs manufactured in
cobalt–chromium alloy are able to significantly improve
image quality for high-scatter scenarios at relatively
low diagnostic energies (i.e., 80 kVp). For example, our
cobalt–chromium 2D-ASG could then be an effective

solution for scatter reduction in peripheral cone-beam
CT scanners such as the OnSight 3D Extremity System
by Carestream Health.

The design of the large-area grid was achieved using
an open-source software utility capable of modeling
any grid geometry using a small set of user-defined
parameters. This parametric approach addresses the
shortcomings of traditional CAD systems, which can-
not perform geometric-modeling operations on designs
with more than 1000–2000 elements,52 and allows for
the fast and efficient generation of system-specific, grid
geometries. The capability to easily model 2D-ASGs
with various geometries can be beneficial when running
Monte-Carlo simulations or assessing the printability
of the design. The flat-panel detector pitch, detector-
to-source distance, and size of the 2D-ASG are the
most critical aspects to consider. The geometry of
the open channels in our parametric software utility
has been modified and successfully adapted for other
applications involving focused geometries (e.g., gamma
collimators).68

During printing, the rapid heating and cooling cycles,
characteristic of LPBF, can induce high thermal varia-
tions that promote residual stresses, warping, cracks,
and even complete print failure due to delamination
of the part from the build plate.50,59,69 These resid-
ual stresses compound as the part occupies a larger
area of the build plate. To the best of our knowledge,
the largest 2D-ASG prototypes described in the liter-
ature have not exceeded an area of 3 × 20 cm2 of
the build plate.24,33,35–37,67 Additionally, the assembling
of multiple prototypes into a larger grid presents chal-
lenges such as alignment of the assembly and thicker
septa at the interface. Our results show that fine-tuning
of the print parameters, combined with a cell-by-cell,
single-path,scanning strategy,greatly facilitated the fab-
rication of the large-area 2D-ASGs in cobalt–chrome
alloy. We believe that the success of the print was sig-
nificantly aided by the heat-dissipating nature of the
2D-ASG geometry. The geometry of the grid acted in a
similar way to the role of sacrificial supports in LPBF.
Sacrificial supports are lattice-based structures used
to raise the part from the build plate to dissipate ther-
mal stresses and to facilitate part detachment from the
build plate.70 In the case of 2D-ASGs, the print may
fail if the cell size is too large, and therefore, the dis-
tance between intersections, or contact points, does not
provide enough septal support during fabrication. This
is particularly important at the corners of the 2D-ASG
where grid septa are most tilted. It is worth mentioning
that stress relieving through heat treatment is manda-
tory to prevent uplifting or deflection of the part after
detachment from the build plate.46,50 Furthermore, the
build plate needs to be preheated in order to minimize
these effects. The detachment of the part from the build
plate must be done carefully and with high accuracy to
maintain proper septal alignment relative to the detector
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3D LARGE-AREA ANTI-SCATTER GRID FOR CBCT 253

F IGURE 18 Qualitative evaluation of spatial resolution using the resolution plate of the QA phantom. (a) CBCT reconstruction without
2D-ASG. (b) CBCT reconstruction with 2D-ASG. (c) Details of the resolution plate with interleaved Mylar and Aluminum sheets in lp/mm. (d, e)
magnified images of (a) and (b), respectively.

F IGURE 19 Evaluation of contrast and linearity using the contrast plate of the QA phantom. (a) Details of the contrast plate showing BMD
inserts at various densities. (b) CBCT reconstruction without 2D-ASG. (c) CBCT reconstruction with 2D-ASG. (d) Linearity plots for the
reconstruction without the 2D-ASG (d), and with the 2D-ASG (e) (linearity plots represent HU as a function of bone mineral density)
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254 3D LARGE-AREA ANTI-SCATTER GRID FOR CBCT

F IGURE 20 CT number accuracy evaluation using the
uniformity plate of the QA phantom (a) CBCT reconstruction of the
uniformity plate without 2D-ASG. (b) CBCT reconstruction of the
uniformity plate with 2D-ASG. (c) HU profile along the dotted line in
(a)

F IGURE 21 CT number accuracy evaluation using the
slanted-edge, MTF, resolution plate of the QA phantom (a) CBCT
reconstruction of the resolution plate without the 2D-ASG. (b) CBCT
reconstruction of the resolution plate with the 2D-ASG. (c) shows a
linear profile in HU across the phantom along the yellow dotted line
in (a).

F IGURE 22 Experimental x-ray spectral characteristics and
percent transmission through 2D-ASG septa. (a) Characterization of
the x-ray spectrum for CBCT data acquisition with an additional
154 mm of water filtration. (b) Photon percent transmission through
0.9–5 mm of cobalt–chrome septal material

face. Access to specialized machining (e.g., wire-EDM)
should be considered.

It is desirable to print grid septa as thin as possible
because it reduces the effects of GLA and maximizes
the primary transmission of the grid. Grid septal thick-
ness is determined by laser energy, scanning strategy,
powder particle size,and laser spot size.Our parameters
included a spot size that was 2–5 bigger than powder
particles.Similar to other researchers,our nominal thick-
ness limit was around 100 µm. Grid septa thickness
could theoretically be reduced with powders that have
smaller particle size and LPBF machines with smaller
focal spot. Although our results showed that a single-
path strategy was effective at producing structurally
stable septa, this may not be the case for other metals or
alloys. Xie et al.71 have shown that a double-path strat-
egy improves both wall thickness and density for similar
objects printed using tungsten. Our design matched the
primary transmission characteristics of other prototypes
in the literature; however, the pitch of our 2D-ASG made
GLA correction challenging. Increasing both grid pitch
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3D LARGE-AREA ANTI-SCATTER GRID FOR CBCT 255

and ratio may be an effective alternative for design
optimization.

The choice of a 2D-ASG material with an electron
density as high as possible will maximize the scatter
rejection efficiency of the grid.However,consideration of
material properties such as strength, rigidity, brittleness,
and thermal conductivity, as well as cost and toxicity
should be taken into account.At the time of these exper-
iments, the LPBF printers that were capable of printing
a grid this large and were available at our AM facility
could routinely print only in titanium and cobalt–chrome
alloys. In our facilities, the extension to printing in other
denser metals,such as tungsten, is not trivial for a variety
of practical reasons, including cross contamination of
various metal powders, and contraventions of ISO certi-
fications. Nevertheless, in the future, we could certainly
reproduce our work in tungsten for applications where
only tungsten will suffice. In which case, it will be nec-
essary to refine printing parameters such as exposure
time, laser energy, and scanning strategy.

In our cobalt–chrome design,all photons with an angle
of incidence less than 84.28◦ degrees will begin to be fil-
tered by the grid septa based on the calculation tan(ø) =
grid-height/cell-width. Photons at the mean energy of
our spectrum travelling through a 154-mm water-filled
phantom (52.4 keV) are 50% filtered by a minimum of
0.914 mm of path length through the cobalt–chrome
septa with an angle of incidence of 83.7◦. However,
photons at the peak energy of our spectrum (80 keV)
are only 40% filtered at the same angle of incidence.
Figure 22b shows the percent transmission for 80,70,60,
50, and 40 keV photons through various path lengths in
cobalt–chrome, and 80 keV through tungsten, as well as
the modeled spectrum for our experiments. The inability
of our grid to completely remove scattered photons over
52.4 keV was a limitation; however, our results suggest
that scatter was sufficiently reduced to improve image
quality. Future work includes the printing of similar sized
2D-ASG using tungsten and a smaller 2D-ASG on a
different 3D printer with a smaller build plate (AM-125;
Renishaw plc, New Mills Wotton-under-Edge, UK), on
which tungsten has already been implemented.

Grid-line artifacts are a major concern when it comes
to the implementation of 2D-ASG.49 If septal thick-
ness is larger than the detector elements, fixed-pattern
noise correction might not be feasible, leading to severe
ring artifacts in the CBCT reconstruction. In our imple-
mentation, no detector element received less than 30%
of primary signal. Furthermore, consistent grid struc-
ture was observed across the whole 2D-ASG. This
demonstrates the accurate geometry of focused septa.
Our combination of exposure-dependent gain correc-
tion and FFT notch filtering allowed for the effective
correction of grid-line artifacts.We believe that the resid-
ual GLA after exposure-dependent gain correction were
caused by a combination of residual scatter, tempo-
ral blurring due to ghosting, and nonlinear veiling glare.

Other groups have presented alternative methods to
correct GLA, including total variation suppression and
residual scatter characterization.33,37 Our results show
that exposure-dependent gain correction outperforms
traditional flat-field corrections and might reduce the
need for alternative methods in other 2D-ASG geome-
tries, especially if the 2D-ASG has a larger pitch and
improved scatter rejection characteristics (e.g.,made up
of tungsten). Our GLA correction method will require
testing for the case of clinical CBCT systems due to the
effect of gantry flexure and potential grid misalignment
as a function of angle. In this scenario, the location of the
x-ray focal spot might change, impacting the accuracy of
the gain maps. An angle-dependent calibration may be
required to maintain optimal GLA correction. Although
the FFT notch filter was able to remove GLA in the center
of the field-of -view, some artifacts were noticeable near
the edges of the 2D-ASG frame. These artifacts were
caused by Gibbs ringing and affected the periphery of
the CBCT reconstruction. This could be a limitation in
the case of volume stitching.

Similar to other studies,24,35–37 improvements in
image quality using our 2D-ASG were particularly
noticeable in CT number accuracy and low-contrast
visualization, 65% and 48% improvement, respectively.
Although our results do not match the level of improve-
ment reported by these studies, we believe that there
are significant differences in our experimental setup that
account for these discrepancies. First, it is possible that
the residual cupping observed in our images could be
caused by residual scatter not captured by our cobalt–
chrome 2D-ASG. Second, our experiments covered a
larger area of the flat-panel detector, were conducted at
lower energies (80 vs.125 kVp),and did not include addi-
tional filtration to ameliorate the effects of beam hard-
ening. Finally, our volumes were reconstructed using a
limited number of projection images (215◦ vs. 360◦).
We plan to use iterative reconstruction methods in the
future to reduce streak artifacts that are characteristic
of Parker-weighted CBCT reconstructions.

5 CONCLUSION

We have successfully designed, manufactured, and
implemented a first large-area, 2D-ASG for flat-panel
CBCT.Traditional CAD design techniques for these com-
plicated structures are unwieldy, inefficient, and do not
lend themselves well to design revision. Our implemen-
tation of an open-source,parametric modeling approach
significantly reduces the design time, computational
burden, and greatly facilitates revisions and design
changes.

We optimized the AM process to successfully pro-
duce the required grid geometry ensuring mechanical
stability, scatter rejection, and optimal primary transmis-
sion. These optimizations included considerations for
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the energy deposition within the melt pool,as well as the
implementation of a cell-by-cell single-path scanning
strategy. Grid septa thickness and transmission charac-
teristics of the 2D-ASG were rigorously evaluated using
a metrology microscope and an automated script to
average septa thickness with subpixel resolution.

Grid line artifacts (GLAs) were corrected using both
an exposure-dependent gain correction and an FFT
notch filter. The relatively high pitch of our 2D-ASG
compared to previously reported ASG prototypes exac-
erbated the GLA-removal problem, which warrants
further investigation using iterative methods or artificial
intelligence (AI).

Significant improvements (65%) in CT number accu-
racy, as measured by the UI, were observed when
using the 2D-ASG, making these CBCT reconstructions
more suitable for quantitative imaging tasks and for
clinical scenarios that require accurate image segmen-
tation.Significant CNR improvements were observed for
low-contrast bone-mineral inserts. These improvements
in CNR could be key when diagnosing low-contrast
pathologies in clinical imaging. The use of a 2D anti-
scatter grid also separates the effect of scatter from
beam-hardening, making it potentially easier to correct
remaining beam-hardening artifacts using established
methods.72

Future work includes the implementation of the 2D-
ASG in a clinical CT system and at higher energies.
In these systems, an angle-dependent gain correction
may be required to reduce the effects of gantry flexure.
Iterative or AI-based reconstruction techniques could
also be used to improve GLA correction and the noise
characteristics of our CBCT reconstructions. We antici-
pate that, at higher energies, 2D-ASGs manufactured in
cobalt–chrome might not be as effective as those printed
in other more attenuating metals, such as tungsten.
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