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Background and purpose: Robust scatter mitigation by 2D anti-scatter grids (2D-ASG) in proton therapy cone beam
computed tomography (CBCT) may improve target visualization and computed tomography (CT) number fi-
delity, allowing online dose verifications and plan adaptations. However, grid artifact-free implementation of 2D-
ASG depends on the CBCT system characteristics. Thus, we investigated the feasibility of 2D-ASG implementation
in a proton therapy gantry-mounted CBCT system and evaluated its impact on image quality.

Materials and methods: A prototype 2D-ASG and a grid support platform were developed for a proton therapy
CBCT system with a 340 cm source to imager distance. The effect of gantry flex on 2D-ASG’s wall shadows and
scan-to-scan reproducibility of 2D-ASG’s wall shadows were evaluated. Experiments were conducted to assess
2D-ASG’s wall shadow suppression and the effect of 2D-ASG on image quality.

Results: While maximum displacement in 2D-ASG wall shadows was 103 pm during gantry rotation, the drift from
baseline over 3 months was 8 ym and 1 pym in the transverse and axial directions. 2D-ASG shadows were suc-
cessfully suppressed in CBCT images. With 2D-ASG, maximum Hounsfield Unit (HU) nonuniformity decreased
from 134 to 45 HU, contrast-to-noise ratio (CNR) increased by a factor of 2.5, and HU errors were reduced from
34 % to 5 %.

Conclusions: Proton therapy gantry flex was highly reproducible and did not noticeably affect 2D-ASG wall
shadow suppression in CBCT images, supporting its feasibility in proton therapy CBCT system. Improved CT
accuracy and artifact reduction with 2D-ASG could enhance CBCT-based proton therapy dose calculations.

1. Introduction

Besides accurate target localization, a potential role of cone beam
computed tomography (CBCT) in image-guided proton therapy (IGPT) is
dose delivery verification and treatment plan adaptations during treat-
ment delivery sessions. Inter-fraction changes in the patient’s body
habitus and organ positions may alter the proton range, leading to
suboptimal dosimetric coverage of targets and compromising normal
tissue sparing. Such variations in the proton range and its associated
dosimetric impact can be quantified by recalculating the dose using
CBCT images. When needed, plans can be modified using CBCT images,
rather than planning computed tomography (CT), to deliver the planned
dose to targets. Therefore, enhanced CBCT image quality could trans-
form CBCT’s utility in IGPT, potentially improving treatment outcomes.

* Corresponding authors.

However, CBCT-based proton therapy dose adaptations require high
HU accuracy. Insufficient HU accuracy in CBCT often creates a barrier to
CBCT-based proton therapy dose calculations. To address this problem,
previous works investigated deformable planning CT — CBCT registra-
tion methods [1-5]. Such approaches improved dose calculation accu-
racy but require highly accurate and reliable deformable registration
methods. Another approach is software-based scatter correction [6-10]
to improve HU accuracy and dose calculations [11-13]. Hardware based
scatter mitigation were also investigated, such as bow tie filters [14,15],
beam stops, primary modulators [16-18], air gaps [19], and radio-
graphic 1D anti-scatter grid (ASG) [20,21].

The 2D-ASG is another approach for scatter rejection, which provides
a factor of 3 to 6 lower scatter to primary ratio than 1D-ASGs. Average
primary transmission of a 2D-ASG can reach above 80 % when
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compared to 70 % primary transmission by 1D-ASGs [22,23]. In addi-
tion, the 2D-ASG enables implementation of the Grid-based Scatter
Sampling (GSS) method, which corrects the remaining scatter that is not
rejected by the 2D-ASG [24,25]. Prior studies have shown that the 2D-
ASG and the GSS approach yields substantially improved image qual-
ity compared to 1D-ASGs in CBCT [26-30].

In this work, a 2D-ASG approach was investigated to mitigate scat-
tered radiation in the context of proton gantry-mounted CBCT systems.
The design of the 2D-ASG for the proton therapy CBCT aims to meet
three goals: robust scatter suppression, high primary transmission, and
suppression of 2D-ASG’s footprint or wall shadows. Primary and scatter
transmission performance mainly depends on 2D-ASG’s physical char-
acteristics, system geometry, and properties of the imaged object [23].
Meanwhile, the suppression of 2D-ASG’s wall shadows depends on one
more major factor: the gantry flex characteristics of the CBCT system
[31]. Gantry flex refers to the change in X-ray focal spot and detector
positions with respect to each other during the rotation of a CBCT gantry
due to the effects of gravity and the design properties of the gantry.
When a 2D-ASG is installed on the flat panel detector (FPD), its grid
walls cast a shadow, or footprint, on the FPD’s pixels. The gantry flex
may change the characteristics of the 2D-ASG’s wall shadows due to the
relative shift in the focal spot position. If such changes in grid wall
shadows are not accounted for, 2D-ASG may introduce image artifacts
and make 2D-ASG implementation infeasible.

Thus, in this work, the implementation feasibility of 2D-ASG in a
proton therapy gantry-mounted CBCT system was investigated for the
first time. Specifically, the effect of gantry flex on the 2D-ASG’s wall
shadows, the reproducibility of wall shadows over time, and the efficacy
of wall shadow suppression were investigated. Finally, the effect of
scatter mitigation by the 2D-ASG on the CBCT image quality metrics was
studied.

2. Materials and methods
2.1. 2D-ASG implementation in proton gantry CBCT system

A 2D-ASG prototype was developed for a gantry-mounted CBCT
system (Proteus Plus, IBA, Belgium) at the University of Florida Health
Proton Therapy Institute. The CBCT system had a 340 cm source-to-
imager distance (SID), where the X-ray source is mounted on the
gantry frame, and the FPD is mounted on a retractable electro-
mechanical arm. The 2D-ASG was developed and additively manufac-
tured from tungsten. The prototype consists of two grid modules. Each
module has a width of 2.7 cm and a length of 20 cm. They were merged
to form a 40 cm long 2D-ASG. Selection of 2D-ASG’s properties were
based on the experience gained in prior studies. The prototype has a grid
ratio of 11 and a septal thickness of 0.1 mm. Higher grid ratios accen-
tuate the effect of gantry flex on the grid wall shadows. A grid pitch of
1.6 mm was chosen to correct residual scatter by using the Grid-based
Scatter Sampling method. The FPD in the CBCT system has a pixel of
0.296 and 0.444 mm in 2 x 2 and 3 x 3 binning modes and the active
area is 426 x 426 mm?. A 1.6 mm 2D-ASG grid pitch ensures effective
residual scatter correction in both binning modes. Selecting a larger grid
pitch increases grid height for a given grid ratio, amplifying the effects of
gantry flex on grid shadows for only small gains in primary transmission
[31].

In addition, a new 2D-ASG mounting platform was developed to
install the 2D-ASG onto the FPD. Because the FPD is not designed to
implement the 2D-ASG, the new platform allowed retrofitting the 2D-
ASG to the existing FPD hardware and electro-mechanical arm
without altering the clinical configuration of the CBCT system, finite
element analysis (FEA) was conducted to optimize the mounting plat-
form’s design to keep it light and, at the same time, minimize distortions
due to gravity during gantry rotation.

Primary transmission and 2D-ASG wall shadows of the 2D-ASG as-
sembly were characterized experimentally. For the optimal alignment of

Physics and Imaging in Radiation Oncology 33 (2025) 100730

the 2D-ASG septa towards the source, 2D-ASG positioning was adjusted
to maximize the primary transmission. Subsequently, changes in grid
wall shadows as a function of gantry angle were evaluated by employing
the Oversampled Signal Profile (OSP) method in flood CBCT scans ac-
quired without a phantom [31]. Detector pixels undersample the high-
gradient signal profile in grid wall shadows due to their relatively
large pitch. Hence, the OSP method synthesizes an oversampled signal
profile of a grid wall shadow by combining the signal profiles from
multiple grid wall shadows, as illustrated in Fig. 2. After the generation
of OSPs, a Gaussian curve was fitted to each OSP in each projection.
Amplitude, width (two times the standard deviation of the Gaussian fit),
and minimum position were extracted from each OSP. The change in
shape and position of OSPs were then characterized as a function of
gantry angle. Grid wall shadow characterization was done twice, with a
three-month gap between the two experiments to assess the changes in
2D-ASG wall shadow characteristics over time. Grid wall shadow char-
acteristics were calculated at different locations across the 2D-ASG for
vertical and horizontal grid wall shadows.

To evaluate image quality, CBCT imaging experiments were per-
formed with three different phantoms: Catphan 600 (Phantom Labora-
tory, NY, USA), Catphan 600 with the outer annulus with 38 cm lateral
and 30 cm anterior-posterior separation, and the pelvis phantom
(Brainlab AG, Munich, Germany). Two CBCT scans were acquired for
each phantom setup, one without and one with the 2D-ASG, and using
image acquisition parameters. 470 projections were taken on a full scan
geometry at 120 kVp and an exposure of 12.5 ms at 320 mA per pro-
jection. Computed Tomography Dose Index (CTDI) was 10.89 mGy per
scan. Residual scatter transmitted through the 2D-ASG was corrected by
adapting the Grid-based scatter sampling (GSS) method in CBCT scans
acquired with the 2D-ASG [24,32]. Combination 2D-ASG and residual
scatter correction was referred to as grid-based scatter mitigation in the
rest of the text. CBCT scans without 2D-ASG were processed in two
different ways, one without scatter correction, and the other with scatter
correction by the clinical software package; AdaptInsight 2.1 (IBA) with
scatter correction. Such scatter correction was referred to as clinical
software correction in the next sections. All images were reconstructed
by using the Feldkamp Davis Kress (FDK) algorithm of the circular cone
beam reconstruction toolkit (RTK) module, based on the open-source
Insight Toolkit (ITK 5.3.0) [33]. All CBCT images were reconstructed
with the same voxel size (0.66 x 0.66 x 2.00 mm?>).

2.2. Characterization of image quality

Suboptimal suppression of 2D-ASG’s wall shadows due to gantry flex
leads to ring artifacts in CBCT images. Because wall shadows charac-
terized in the flat field calibration data would not perfectly match the
characteristics of wall shadows in phantom CBCT scans. Hence, phan-
tom CBCT images were first visually evaluated for ring artifacts.

The HU values of the Catphan material inserts were measured in the
CBCT images without scatter mitigation, correction with the clinical
software, and with the 2D-ASG coupled with grid-based scatter correc-
tion. Measured HU values were compared to the reference values [34].
HU accuracy was evaluated by calculating HU loss, Kyy. HU nonuni-
formity was assessed by placing multiple ROIs in the uniform material
sections of phantoms. The HU nonuniformity is expressed as follows:

HUnonuniformity(i) = HU(i) — mean(HU) (€]

where HU(i) is the mean value of the i ROI and mean(HU) is the
ensemble average of mean HU values.

The contrast-to-noise ratio (CNR) was also calculated for the Delrin
of the Catphan material inserts module.

Kyy was assessed by examining the variation in HU values between
the small and large Catphan phantoms because object size affects scatter
fluence.
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ROIofHUsmall — ROIofHULarge

Ko (%) =
(%) ROIofHUsmall + 1000

x 100 ()

The Kyy was calculated for Delrin, LDPE, Polystyrene, and Teflon,
from 5 axial slices in each CBCT set.

3. Results

As shown in Fig. 1, the 2D-ASG assembly integrated with the grid
mounting platform was bolted onto the support arms on the top and
bottom sides of the FPD. The grid platform weighs 450 g, maintaining a
maximum deflection of less than 30 um during gantry rotation based on
the Finite Element analysis (Supplementary Fig. S1).

At the optimally aligned position, the cumulative primary trans-
mission histograms (PTHs) were generated (Supplementary Fig. S2). The
average primary transmission was 83 + 2 %. The percentage of the
pixels that received at least 80 % (PTgp) and 50 % (PTsp) primary
transmission was 65.9 + 0.3 % and 97.5 + 0.2 %, respectively.

Generation of the OSP was demonstrated in Fig. 2. Pixel values of five
adjacent vertical grid wall shadows were extracted using the pixel pro-
file indicated by the red line. After reordering the pixels, the OSP was
generated, and its shape was characterized by a Gaussian-based curve
fit. This process was repeated for the horizontal grid wall shadows in
each projection.

The amplitude of OSP varied slowly as a function of gantry angle
(Fig. 3), and the maximum variation was 5.3 % of the mean amplitude
among horizontal and vertical grid walls. Likewise, the mean width of
OSP was 335 um varied a maximum of 5.6 % as a function of gantry
angle. OSP amplitudes and widths were similar in two measurements
performed three months apart. The most noticeable change was the shift
of wall shadow, or OSP, positions as a function of gantry angle.

Maximum shifts in horizontal and vertical grid wall shadows were
103 and 13 um, respectively, during a CBCT scan. However, OSP shifts as
a function of gantry angle were highly repeatable in two measurements
performed 3 months apart. At any given gantry angle, the maximum
difference between the measurements was 7.1 and 0.9 um for horizontal
and vertical grid walls, respectively. OSPs generated in different
neighborhoods across the 2D-ASG exhibited similar characteristics.

Cupping artifacts were significantly reduced with the clinical soft-
ware correction and were further reduced with the implementation of
the 2D-ASG (Fig. 4). The visibility of the structures has been improved,
and line profiles demonstrate the reduction in HU nonuniformity
(Supplementary Fig. S3). Maximum HU nonuniformity for Catphan
large was reduced from 92 HU without scatter correction to 42 HU with
the 2D-ASG (Fig. 5a). Similarly, HU nonuniformity decreased from 77 to
15 HU in Catphan small and from 134 to 45 HU in Pelvis phantom im-
ages, with scatter mitigation using the 2D-ASG (Fig. 5b, 5¢). Kyy was up

a
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to 34 + 0.4 % without scatter mitigation. It was reduced to 8.1 + 1.2 %
and 5 + 1.7 % with the clinical software correction and grid-based
scatter mitigation, respectively (Supplementary Fig. S4).

CNR improvement followed similar trends. For the Catphan large
phantom, CNR was 1.5 + 0.4, 2.2 £+ 0.2, and 3.2 + 0.5 without scatter
correction, with the clinical software correction and with the 2D- ASG,
respectively. For the small phantom, the CNR was 2.8 + 0.22, 5.8 +
0.66, 7.0 & 0.47, without scatter correction, with clinical software
correction, and grid-based scatter mitigation, respectively. The CNR was
improved by a factor of 2.5 and 2.2 for the smaller and larger objects,
respectively, with the 2D-ASG for a medium contrast object (Fig. 6). The
line profile at the bone soft tissue interface shows the edge blurring is
significantly reduced with the clinical software correction and further
reduced with the 2D-ASG (Supplementary Fig. S5).

4. Discussion

This investigation centered on two key aspects. Firstly, it aimed to
assess the reliable integration of a 2D-ASG in a large SID, proton therapy
gantry-mounted CBCT system. Secondly, it focused on studying how the
proposed system could enhance the quality of CBCT images. By
exploring these two areas, we aimed to determine both the feasibility of
incorporating 2D-ASGs into existing setups and the potential improve-
ments it could bring to CBCT imaging for IGPT.

While proton therapy gantry geometric accuracy and stability have
been studied by others, these works did not focus on the effect of gantry
stability on the 2D-ASG wall shadow properties and wall shadow sup-
pression [35-37]. Although proton gantry flex affects the shape and
position of the wall shadows, variations in wall shadow properties can
be characterized as a function of gantry angle with high accuracy. Thus,
in this work, wall shadows could be suppressed by using standard flat-
field correction approaches [38]. From a qualitative point of view, the
absence of ring artifacts in CBCT images indicates the efficacy of grid
wall shadow suppression. Another critical point is the repeatability or
temporal stability of 2D-ASG wall shadow characteristics. Changes in
2D-ASG wall shadow properties over time would lead to a mismatch in
wall shadows in a patient’s CBCT scan and calibration data, causing ring
artifacts. The similarity in wall shadow properties of the gantry in data
sets, taken 3 months apart indicates the highly repeatable nature of grid
wall shadows and gantry flex characteristics over time. These observa-
tions imply that a single calibration data set, a flood field CBCT scan, can
potentially correct the grid wall shadows in CBCT scans over extended
periods. This work indicates that implementing a 2D-ASG in an extended
SID proton therapy CBCT system is feasible. Notably, the influence of
proton gantry flex on the correction of 2D-ASG’s footprint was insig-
nificant. Relatively larger voxel size in CBCT images might have also

i
i

sresterie)

2D Grid

b c

Fig. 1. (a) CBCT imaging setup in the IBA Proteus Plus gantry. (b) The custom 2D-ASG mounting platform that was integrated with the FPD. (c) Sketch of the 2D-ASG

prototype with mounting flanges on both sides.
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Grid-based scatter mitigation

Fig. 4. CBCT slices of the Catphan, Catphan large, and Pelvis Phantoms without and with scatter correction using the clinical software, and with the 2D-ASG based
scatter mitigation. The HU window is [-700, 300] and [-500, 500] for uncorrected and both the scatter corrected CBCT images. The ring artifact in the center of the
CBCT images as pointed by a blue arrow was due to the junction of two grid modules. The artifact shown by red arrow is due to the gantry rolling floor truncating the
field of view. This truncation was accounted by the Clinical Software, whereas it was not corrected in other images.
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Fig. 5. Effect of HU nonuniformity and HU loss in the scatter uncorrected, clinical software corrected, and 2D-ASG based scatter mitigated CBCT images. (a) Catphan
large with the annular ring, (b) Catphan small, and (c) Pelvis phantom. The box represents the upper and lower quartiles as the top and bottom edges of the box. The
whiskers or lines that extend below and above the box represent the maximum and minimum HU nonuniformity. The line across the box is the median value.

reduced artifacts caused by the 2D-ASG’s footprint.

While software-based scatter corrections also reduce HU degrada-
tion, image artifacts, and improve CNR [39,40], the 2D-ASG based
scatter mitigation approach is an alternative to enhance the quality of
CBCT images. As expected, there is a significant reduction in scatter-
induced cupping and shading artifacts. While new artifacts were intro-
duced due to the abutment of two grid modules, this issue could be
addressed by developing a monolithic 2D-ASG, eliminating grid module
abutment artifacts. HU accuracy and spatial uniformity among phan-
toms of different sizes and compositions were significantly improved by

using the 2D-ASG. While scatter fluence reduction, residual scatter
correction, and primary reduction caused an increase in noise, CNR was
enhanced by the 2D-ASG due to contrast enhancement. It is also
important to note that CBCT images generated by the clinical software
were based on the AdaptInsight 2.1 Software using an older calibration
pipeline. Our future work will employ AdaptInsight 2.2 to improve the
quality of CBCT images acquired without the 2D-ASG.

Such advancements in CBCT image quality, particularly in proton
therapy, hold significant promises for enhancing treatment precision
and dose delivery accuracy. Besides improving target localization,
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Fig. 6. (a) CNR of Delrin insert in Catphan large, (b) and Catphan small.

accurate CT numbers in CBCT images may enable the implementation of
online dose calculations by directly employing the CBCT images,
negating the need for CT number override or multi-detector row CT
acquisition in the treatment vault [41,42]. Moreover, reducing scatter-
induced artifacts and improving CNR may improve downstream auto-
mation processes in CBCT-based treatment plan adaptations, such as
artificial intelligence-based structure segmentation in daily CBCT
images.

In this study, the grid prototype was designed to have 2.7 cm width
to reduce manufacturing costs, which limits the field of view in the
cranio-caudal direction. In a clinical CBCT imaging scenario, the width
of the 2D-ASG is expected to be much larger, such that it covers the
entire area of the FPD. Another issue is the increased weight of the large-
area 2D-ASG which may adversely affect the gantry and detector arm
flex characteristics. This work indicates that the proton gantry and de-
tector arm flex by itself is not prohibitive for 2D-ASG implementation.
However, fabrication of a large width 2D-ASG, and the effect of its
weight on gantry flex and image quality remain to be investigated. Be-
sides scatter suppression, there are other preprocessing steps that impact
CBCT image quality, such as beam hardening correction, lag correction,
off-focal radiation correction, ring artifact correction. Such correction
methods will be studied in the future.
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