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Abstract

Fixed-gantry radiation therapy has been proposed as a low-cost alternative to the conventional
rotating-gantry radiation therapy, that may help meetthe rising global treatment demand. Fixed-
gantry systems require gravitational motion compensated reconstruction algorithms to produce
cone-beam CT (CBCT) images of sufficient quality for image guidance. The aim of this work was to
adapt and investigate five CBCT reconstruction algorithms for fixed-gantry cone-beam CT images.

The five algorithms investigated were Feldkamp-Davis-Kress (FDK), prior image constrained
compressed sensing (PICCS), gravitational motion'.compensated FDK (GMCFDK), motion
compensated PICCS (MCPICCS) (a novel.CBCT reconstruction algorithm) and simultaneous motion
estimation and iterative reconstruction (SMEIR). Fixed-gantry and rotating-gantry CBCT scans were
acquired of 3 rabbits, with the rotating-gantry scans used as a reference. Projections were sorted
into rotation bins, based on the anQb ofirotation of the rabbit during image acquisition. The
algorithms were compared usingthe structural similarity index measure root-mean-square error,
and reconstruction time.

Evaluation of the reconstructed volumes showed that, when compared with the reference rotating-
gantry volume, the conventional FDK algorithm did not accurately reconstruct fixed-gantry CBCT
scans. Whilst the PICCS reconstruction algorithm reduced some motion artefacts, the motion
estimation reconstructionnmethods (GMCFDK, MCPICCS and SMEIR) were able to greatly reduce the
effect of motion artefacts on the reconstructed volumes. This finding was verified quantitatively,
with GMCEDK, MCPICCS and SMEIR reconstructions having RMSE 17-19% lower and SSIM 1% higher
than a conventional FDK. However, all motion compensated fixed-gantry CBCT reconstructions had a
56-61% higher RMSE and 1.5% lower SSIM than FDK reconstructions of conventional rotating-gantry
CBCT scans.

The results show that motion compensation is required to reduce motion artefacts for fixed-gantry
CBCT reconstructions. This paper further demonstrates the feasibility of fixed-gantry CBCT scans,
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and the ability of CBCT reconstruction algorithms to compensate for motion due to horizontal
rotation.

1. Introduction

There is a rising global demand for radiation therapy systems, with an additional 13000 devices
needed by 2035, requiring $96.8 billion of investment (Atun et al., 2015). The unmet need is high in
low- and middle-income countries and also in rural areas in high income countriesisuch as‘Australia,
USA and Canada (Atun et al., 2015). Fixed-beam radiation therapy devices are potentially a low-cost
and compact alternative to conventional radiation therapy devices (Eslick and Keall, 2015).:In
conventional radiation therapy devices, the gantry of the linear accelerator (linac), which weighs
several tonnes, is rotated around the patient to precise angles to ensure accurate radiation dose
distribution. However, in a fixed-gantry radiation therapy setup, the gantry is kept stationary and the
patient is rotated. By rotating the patient instead of the gantry, there is aseduction in'device costs
and complexity, which could reduce the frequency in which maintenance is needed. Additionally,
since the treatment beam is fixed, the shielding requirements for thesbunker containing the linac are
reduced, leading to a smaller room footprint further decreasing the cost (Eslick'and Keall, 2015).
Hence fixed-beam radiation therapy systems may help meet theglobal demand for radiation
therapy.

Although vertical patient rotation, with a patient sitting orstanding, may be more comfortable for
some patients, horizontal patient rotation has several advantages over vertical patient rotation.
First, for radiation therapy the treatment plans are developed on,pre-treatment CT scans of the
patient lying down. This means treatment plans would'have to be adapted to match the changed
anatomy of a patient standing up or sitting down. Yang et al.'reported significant changes in lung
volume between participants sitting upright and'lying dewn (Yang et al., 2014). Second, for some
cancer patients it may be difficult to remain stationary during treatment whilst in a standing or a
sitting position. Third, for a fixed-gantry horizontaliretation design, the treatment beam can be
directed towards the ground, reducing shielding.requirements for the treatment bunker, reducing
costs. Previous studies have shown that radiotherapy patients will tolerate horizontal rotation
(Whelan et al., 2018; Buckley et al.,2022). Currently, a clinical trial is underway to evaluate patient
experiences while using a previously developed prototype patient rotation system (Liu et al., 2019),
with preliminary results suggesting patients tolerate rotation (Debrot et al., 2020).

Outside of low-cost radiation therapy devices, fixed-beam radiation therapy setups also have other
applications including proton therapy{Devicienti et al., 2010) and MRI-linacs (Buckley, Dong and
Liney, 2020) where there are challenges in rotating the gantry around the patient. This means that
developments in fixed-beam radiation therapy could also be applicable to other fields.

Cone-beam computed tomography (CBCT) is routinely used in radiation therapy to assist in verifying
the tumour position and te'account for interfraction tumour positional changes. For a fixed-beam
linac, the attached'cone-beamiimaging source and detector would also remain stationary while the
patient is rotated (Feain et al., 2017; Liu et al., 2019). However, previous studies have shown that
horizontal rotation of patients can lead to anatomical deformation (Whelan et al., 2017; Buckley et
al., 2019). Similar anatomic deformation has also been shown in single organ and animal studies,
where the anatomical deformation caused by horizontal rotation led to artefacts in the fixed-gantry
CBCT reconstruction (Feain et al., 2016; Barber et al., 2018).

Shieh et al. developed an algorithm for compensating for gravity induced motion for fixed-beam
CBCT'scans which was tested on anaesthetised rabbits (Shieh et al., 2018). However, this algorithm
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compensated for only the rigid motion, and not for any complex deformable motion. It has been
shown previously that for both humans (Whelan et al., 2017) and rabbits (Barber et al., 2018; Shieh
et al., 2018), the non-rigid deformation makes up a significant component of the gravity-induced
motion caused by horizontal rotation. Additionally, the authors reported that for one of the rabbits,
the reconstruction of the volume using their motion compensation algorithm had significant.motion
blur, caused by the large motion that occurred during rotation. Since only one motion compensation
algorithm has been tested, alternative motion compensation algorithms may be able to improve the
reconstruction quality.

Reconstruction algorithms have been developed for conventional rotating-gantry CBCT scans,which
use a priori model-based algorithms for compensating for motion (Rit et al., 2009) and may use
Principal Component Analysis (PCA) to adapt for current motion (Staub et al.;2011; Zhanget al.,
2013; Harris et al., 2017). Although these algorithms have proved successful using a prior 4DCT to
compensate for respiratory motion, currently there is no such surrogate for theQmplex gravity-
induced motion during horizontal patient rotation from which an a priori medel can be created. This
means it may be more difficult to accurately create an a priori model describing the complex gravity-
induced motion caused by horizontal rotation. Because of this, the algorithms described in this
paper are data-driven reconstruction algorithms, where the deformation is/estimated from the data
from the acquired projections.

The goal of this research is to adapt reconstruction algorithms from rotating-gantry CBCT scans to
fixed-gantry CBCT scans, and to investigate how well thése algorithms reconstruct fixed-gantry CBCT
scans. A novel reconstruction algorithm (MCPICCS) is also introduiced. This paper is the first to
analyse the reconstruction quality of different reconstruction algorithms that are adapted from the
rotating-gantry (stationary patient) to the fixed-gantry (rotating patient) context. This study is an
important step towards being able to image rotating patients, which will meet the needs of a
number of emerging treatment optionsasiwell as paving the way for future imaging systems that
were previously considered infeasible.

2. Method

This study used fixed-gantry and rotating-gantry rotational projection images of anaesthetised
rabbits, which have been previously.acquired (Barber et al., 2018; Shieh et al., 2018) . The different
fixed-gantry CBCT reconstruction alEbrithms are compared with the conventional rotating-gantry
CBCT scans to determine which algorithms successfully compensate for horizontal rotational motion
during fixed-gantry CBCT.Scans. For clarity, the term ‘fixed-gantry CBCT’ will be used in this paper to
refer to fixed-gantry CBCT scans involving only horizontal rotation of the object being imaged. A
flowchart showing the design of this study is shown in Figure 1.
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were positioned such that the thoracic and abdominal regions were in the field of view. The rotation
centre of the cradle holding the rabbits was aligned to the imaging isocentre.

For each rabbit, conventional (rotating-gantry) CBCT scans and fixed-gantry (rotating-rabbit) €BCT
scans were acquired, with the conventional CBCT scans acting as reference volumes. For the
conventional CBCT scans, the gantry rotation speed was 6° s~1, with an angular range of 200°, and
an imaging frequency 15 Hz such that for each conventional CBCT scan 490 projections were
acquired. A series of conventional CBCT scans were acquired for each rabbit, with‘the first scan being
acquired with the rabbit at 0°, and then with each subsequent scan the cradle was rotated about the
horizontal axis by 45° (rotation angles 0°, 45°, 90°, 135°... to 315°). This process was repeated,so that
there were 16 conventional CBCT scans to act as reference volumes for different angles of rotation.

For the fixed-gantry CBCT scans, the x-ray source was fixed such that the imaging beam was vertical.
The cradle holding the rabbit was rotated at 3° s~ to an angular range of 360%with an imaging
frequency of 15 Hz, so that 1800 projections were acquired for each fixed-gantry scan. The cradle
rotation angle was recorded and was used as the projection angle tocreate the projection geometry
necessary to reconstruct the volumes.

The relatively high number of projections for the fixed-gantry and conventional CBCT scans was due
to the exploratory nature of the study, given that it is not knewn how many projections would be
needed for accurate fixed-gantry CBCT reconstructions, and what the quality of the initial
reconstructions would be. Additionally, this high number-of projections would ensure that any
artefacts in the reconstructions would be due to the motion of thewabbit, rather than from sparse
sampling or quantum noise.

3. Reconstruction Algorithms

In this section, the reconstruction algorithms that are used to reconstruct the fixed-gantry CBCT
scans of the rotating rabbits are described, as well'as the algorithm used to create the reference
volume from the conventional rotating-gantry CBCT scan.

Analogous to respiratory 4DCT (Ford etal., 2003; Vedam et al., 2003) and 4DCBCT (Sonke et al.,
2005) algorithms that sort projections into bins via the respiratory phase or displacement, the
acquired fixed-gantry projections were sorted into bins based on the angular rotation of the object
with respect to the beam. Using the}rojection binning strategy described by Shieh et al. (Shieh et
al., 2018), the 8 bins were centred at 0°,45°,90°,..., 315° with width 90° so that projections belonged
to multiple rotation bins,i.e. the 45° bin contains projections acquired between 0° and 90°. This
projection binning strategy is.demonstrated in Figure 3. The projection bins created were used for all
fixed-gantry reconstructionralgorithms described in this paper, except for the conventional FDK. For
these fixed-gantrysreconstruction algorithms, the strategy of binning projections by rotation angle
was the most significant.step in adapting the algorithms from reconstructing rotating-gantry CBCT
images to fixed-gantry CBCThimages. Since projections were binned by rotation angle and not
respiratory phase, respiration-related motion compensation was not applied in the application of
the reconstructionalgorithms.
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Figure 3 — A description of how the projections are sorted into differentirotation bins. An example is
shown where the projection acquired at 3° of rotation is sorted into both the.0° and 45° rotation bin,
and where the 182° projection is sorted into both the 180%and 225° rotation bin.

For each fixed-gantry reconstruction algorithm, a volume was generated for each rotation bin
(rotation angles 0°, 45°, 90°, 135°... to 315°) which was an estimation of the volume at different
angles of rotation. For example, the reconstruction for;the 90° rot%tion bin is an estimation of what
the rabbit looked like when rotated 90°. These volumes will then'be compared to the corresponding
reference conventional CBCT scans.

In conventional respiratory motion compensation algorithms (Bergner et al., 2009; Shieh et al., 2019;
Dillon et al., 2020) and cardiac motion compensation algorithms (Mory et al., 2014), most of the
motion occurs in one region of interest. This.meansian efficient approach to computing motion in
this region of interest is to assume that no motion occurs outside the region of interest. However,
gravity-induced motion caused by rotation will affect the patient’s whole body, and hence the whole
volume. This means that any motion"masking approach would not be appropriate as it would not
make the computation any more efficient.

All reconstruction algorithmswere mplemented using the RTK toolbox (Rit et al., 2014), and all
registration steps were completed using the Elastix library (Klein et al., 2010). For each
reconstructed volumethe voxel size was 0.25x0.25x0.25 mm? with dimensions 500x500x500.
Reconstruction was performed on a desktop workstation with 64 GB of RAM, 32 3.1 GHz CPU cores
and 2 Nvidia GPU cards with.combined 3712 CUDA cores and 16 GB VRAM. The different
reconstruction algorithms that were tested on the fixed-gantry CBCT scans were Feldkamp-Davis-
Kress (FDK), priorimage constrained compressed sensing (PICCS), gravitational motion compensated
FDK (GMCFDK), motion compensated PICCS (MCPICCS) and simultaneous motion estimation and
iterative reconstruction' (SMEIR), which will be described below, and is summarised in Figure 4.

3.1f Algofithm overview
A concise mathematical summary of the algorithms used is shown in Table 1. The notation used in
Table 1 is asfollows: X is a (vectorized) 3D volume of attenuation coefficients, A is the forward
projection matrix and AT the back projection matrix. Volume subscripts denote the reconstruction
methodand 6,- denotes a restriction to a specific rotation bin e.g. Xppg e _, = Xppk,o is the FDK
reconstruction of just the data acquired at gantry angles —45° < 0 < 45°. F is the filter matrix (e.g.
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ramp, Hann) and p are the (vectorized) projections. ngy is the total number of angular binsi.e. 1 <
r < ng.InPICCS, A > 0and 0 < a < 1 are regularization parameters. We use TV (X) to denote the
total variation of X as

TV(X) = Z\/lX(i,j,k) —X({—1,j,0)?+ X0, k) — XU, j—1,k)|?+ ..

i,j,k

€

where X (i, ], k) is voxel i, j, k of X i.e. the sum of differences between neighbouring voxels. In
GMCFDK, we define Wy _, as the warping X 9. = Wy _o(Xg, o) estimated using deformableimage

registration (DIR), and Ry, as the rigid registration of projections. In SMEIR, superscript [ denotes the

I’th iteration.

Table 1 - A concise mathematical summary of the different adaptedifixed-gantry CBCT

reconstruction algorithms used in this paper. ~
Method Mathematical Summary Notes
FDK Xrpi,o, = Ap Fpo, (2) | Standard FDK
ng ng with filtered
Xrpg = ATFp = _2 Xepk.o, __Z AGpFpo, (3) | backprojection.
— =i Volumes for
each rotation
bin are equal
and
independent of
projection
rotation angle.
. 2 . .
PICCS Xpices, = m}}n{HAerX — e, |, Egzr volume is
+ 1 ((1 — )TV(X) + aTV(X - Xprior))} 4) reconstruction.
GMCFDK o 1 o 1 6 Projections are
Xcl;r;vlltcl?rIDK,o = n_z: WGj,O(XFDK,Gr) = n_Z Wej,o (Angpgr) (5) | warped for
911 =] initial
. GMCFDK.
Rg, = @H{Aerxgll\/ll%FDK,O - R(pgr)} (6) | Volumes
1 ng forward
Xemerpk,o0 = _Z We,.0 (AngRer (Per)) XemcFDK 6, projected and
o registered to
= Wo,er(XGMCFDK,O) (7 orig.inal.
projections.
MCPICCS Xo,6, = Woo(Xpiccsp,) (8) | Motion
1 ng Compensation
XMepiceso = _Z Wa,0(Xpicese,) (9) | from PICCS
Ng £~ volumes.
Motion
levrllcl‘g?écs,er = Wo,e, (XMEPices.o (10) | Compensated
volumes used
Xucricese, = min{llAX — pgll3 + TV(X)} (11) | asinitial

estimates for
total variation
reconstruction.
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SMEIR

Nng 2

Xbiiime, = mind (1> 46, W) 6,00 = pg, || +TVC0

k=1 2

1+1 _ i+l (yl+l
XsmEIR G, = Bk,GT(XSMEIR,Bk)

(12)

(13)

At each
iteration,
perform a
motion
compensated
total variation
regularised
reconstruction,
then use that
reconstruction
to estimate a
new.motion
model.

3.2

FDK

Each conventional rotating-gantry CBCT scan was reconstructed using the FDK.algorithm (Feldkamp,
Davis and Kress, 1984) and a Hann smoothing parameter of 0.7 to create thexreference volumes.
These parameters were also used to create fixed-gantry FDK reconstruction volumes. The fixed-
gantry FDK reconstructions used all acquired projections instead of the binned projections, because
the binned angular range was too small to produce meaningful fixed-gantry binned FDK
reconstruction volumes. As such we expect the fixed-gantry:FDKireconstructions to contain
significant motion blur. v
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Figure 4 - A summary of the fixed-gantry reconstruction algorithms
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3.3 PI@CS
PICCS is an image reconstruction algorithm that can use a prior image and a limited range of
projectionsito reconstruct a volume (Chen, Tang and Leng, 2008). This reconstruction algorithm
attempts to compute a volume that fits the binned projections, while being similar to the prior
volume, with a sparse image gradient (i.e. homogeneous regions with a few well-defined edges).
Given that the binned projections have an angular range of 90°, PICCS is an appropriate algorithm for
estimating the volumes for the different rotation bins, and has been previously shown to be able to
reconstruct'volumes from fixed-gantry CBCT scans with a limited angular projection range (Feain et
al., 2016; Shieh et al., 2018). For this implementation of PICCS, the prior volume was the fixed-gantry
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FDK reconstructed volume, generated from all of the projections acquired with the object rotating.
The regularisation parameters (see equation 4 in Table 1) 1 and a were set to 1 and 0.5 respectively.

3.4  Gravitational Motion Compensated FDK
Conventional 4DFDK (Sonke et al., 2005) computes respiratory phase correlated volumes by filtering
and back projecting only those projections acquired at the desired respiratory phase. The Motion
Compensated FDK (MCFDK) algorithm introduced by Rit et al. (Rit et al., 2009) produces phase
correlated volumes by filtering and back projecting all acquired projections, but along curved paths
to account for out-of-phase respiratory motion. The application of MCFDK to gravitationally induced
motion was introduced by Shieh et al. (Shieh et al., 2018), and has demonstrated the ability:to
reconstruct volumes from fixed-gantry CBCT scans. In the algorithm proposed by Shieh et al., first
the projections were binned by rotation angle and PICCS reconstructions were‘performed as
detailed above. The PICCS-reconstruction volumes were then deformably registered t6.each other to
produce deformation vector fields (DVFs) estimating the motion between.rotation bins. These
motion estimates were then used with the rotation binned projections in the MCEDK algorithm to
produce an initial GMCFDK volume. This volume was then forward projected to create simulated
projections. The measured projections were rigidly registered to the simulated.projections to
produce translated measured projections, accounting for the bulk motion‘ofithe rabbit in the cradle.
The PICCS motion estimates and rotation binned translated measured projections were used in the
MCFDK algorithm to produce final GMCFDK volumes.

3.5 Motion Compensated PICCS
The MCPICCS algorithm is a novel adaptation of previously described motion compensation
reconstruction algorithms such as the MCFDK algorithm by Riblett et al. (Riblett et al., 2018) and the
Motion Compensated McKinnon-Bates (MCMKB),algorithm by Dillon et al. (Dillon et al., 2020). These
motion compensation reconstruction algorithms have shown an ability to reconstruct motion
compensated 4D-CBCT scans, which is why this algorithmihas been chosen for this study.

In the MCPICCS algorithm, similarly to the GMCFDKralgorithm described in section 3.4, all PICCS
volumes are deformably registered to the PICCS,volume from the 0° rotation bin using a B-spline
registration method to estimate DVFs describing the motion between rotation bins. Each volume is
then warped using the estimated DVFs to.be aligned with the 0° PICCS volume. A new 0° volume is
then calculated by averaging all warped volumes. The new 0° volume is then warped using the
inverse DVFs to generate volumes fonthe other rotation bins. We refer to these volumes as MCPICCS
initial volumes.

The MCPICCS initial volumes had minimal motion artefacts but were blurry. The blurry images were
likely caused by the DVFs being an inexact estimate of the motion between rotation bins phases
causing the volumesthat are deformed to match the base volume not correctly aligning. To improve
the quality of the MCPICCS volumes, the MCPICCS initial volumes were used as initial estimates for a
total variation (TV)-regularised reconstruction (equation 11), computing a volume that fitted the
binned projections with.a sparse image gradient similar to PICCS, creating the final MCPICCS
volumes.

3.6 SMEIR
The SMEIR algorithm (Wang and Gu, 2013) iteratively estimates both the anatomy and motion. At
each iteration I, phase correlated volumes are computed that, given the current motion model,
matches the/data and have sparse image gradients. In Wang and Gu, 2013 the [ = 0 iteration takes
null volumes and motion models, however we initialised with PICCS volumes to account for the
limited view angles complicating initial convergence. The computed volumes make up the iteration
I+ 1 SMEIR volumes. The volumes are then deformably registered to each other to create the
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iteration I + 1 SMEIR motion models. The registration of the initial volumes used a demons
registration algorithm, and then for the volumes in the iteration a B-Spline deformation algorithm
was used, as described in the respiratory motion SMEIR paper (Wang and Gu, 2013). The original
SMEIR paper bins the volumes by respiratory phase, while in our case we bin by rotation angle.
Additionally, the original SMEIR paper uses the SART reconstruction method, but as shown insTable 1
shows, for the fixed-gantry implementation a TV reconstruction method was used. Hence the
implementation of SMEIR used in this paper was adapted from the original SMEIR implementation to
account for the gravitational motion caused by horizontal rotation.

3.7  Image quality metrics
For each rotation bin (rotation angles 0°, 45°, 90°, 135°... to 315°), the volumes from the different
fixed-gantry reconstruction algorithms were compared with the corresponding reference volume
from the conventional CBCT scan. To compare the quality of the reconstructed volumes, the image
metrics root-mean-square error (RMSE), the structural similarity index measure {SSIM) and the
reconstruction time were used. Similarly to Sheih et al. (Shieh et al., 2018),.the RMSE and SSIM
analysis was conducted in a pre-defined region of interest, specifically the lungs< The RMSE and
SSIM values were calculated as:

1
RMSE = \/_ﬁ ”XRef _XRecon”2 (14)

(Z#Ref:uRecon + Cl)(ZURef,Recon + CZ)

SSIM =
&
(nu}z?ef + rulzzecon + CZ)(O-I%ef + O'I%econ + Cz)

(15)

where n is the number of voxels, X are the voxel values within'the lung boundaries as described in
Shieh et al. (Shieh et al., 2018), u and o are the voxel'mean and variance values respectively, the
subscript Ref refers to the reference volume and Recon refers to the reconstruction algorithm
being evaluated, and ¢; = (0.01L)? and ¢ = (0:03L)? where L is the dynamic range of the
volumes. The time taken for each reconstruction to be completed was also recorded for one rabbit
at one rotation bin and compared for the different reconstruction methods.

Although the reference conventional CBCTwolumes provide an estimation of the expected
deformation that occurs during rotation of the rabbit, because of intra-bin motion and possible
inter-rotation irreproducibility‘theréwill.bé some difference between the reference conventional
CBCT volume and a perfectly reconstructed fixed-gantry CBCT volume. Hence for each rabbit, a
minimum of two conventional CBCT scans were acquired, as described in section 2.2, with the first
scan being a reference volume, and the second volume an additional conventional CBCT volume. For
each rotation bin, the'SSIM.and'RMSE were also calculated between the reference and the
additional conventional CBCT volumes to provide an estimation as to the normal level of variability
between conventionalrotating-gantry CBCT scans. This variability will act as a benchmark to indicate
the differencefin quality between a conventional CBCT scan, and a fixed-gantry CBCT scan
reconstructed using motion compensation algorithms.

Additionally, because of the inter-rotation motion, for each SSIM and RMSE calculation the non-
reference volume/was deformably registered to the reference volume, using a B-Spline registration.
Thefregistration'was performed to ensure that any differences that would contribute to the RMSE
and SSIM values were because of the effectiveness of the reconstruction algorithm, and not because
of any differences in anatomy between rotations.
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4. Results

4.1  Visual Analysis
The results of the different fixed-gantry CBCT reconstructions for rabbit 1, 2 and 3 are shown'in
Figure 5. These figures show that for all rabbits, when compared to the reference volume
(conventional rotating-gantry CBCT), the fixed-gantry FDK did not accurately reconstruct the motion
affected projections, causing blurred, inaccurate volume reconstructions. This result hastbeen
observed in previous fixed-gantry CBCT studies (Feain et al., 2016; Shieh et al., 2018).

a)

Reference FDK PICCS GMCFDK MCPICCS SMEIR

Reference FDK PICCS GMCFDK MCPICCS SMEIR

Reference FDK N PICCS GMCFDK MCPICCS SMEIR

Figure 5=images of rabbit 1 (a), rabbit 2 (b) and rabbit 3 (c) lungs from axial (top) and coronal
(bottom) slicessfrom different reconstruction methods for the 0° rotation bin. Windowing level
[0,0.03] mm. Image reconstruction artefacts discussed in the text have been highlighted in yellow.

The images from the PICCS reconstruction algorithm in Figure 5 show less motion blur when
compared to the conventional FDK algorithm. The images from the PICCS algorithm also more
closely resemble the images from the reference CBCT than the conventional FDK images. These
figures,demonstrate why the PICCS reconstruction algorithm is used to generate an initial estimate
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1

2

3 for the SMEIR algorithm, as it allows for a quick approximate volume to be generated, so that initial
: DVF estimates can be calculated. However, Figure 5(a) (rabbit 1) shows that motion artefacts still

6 occur at the outer edges of the rabbit (highlighted by the yellow circles).

7 . . .

8 The images from the GMCFDK reconstruction more closely resemble the reference images from the
9 conventional CBCT than the images from the PICCS and FDK fixed-gantry reconstruction algorithms.
10 Additionally, for rabbits 1 and 2, when compared with the MCPICCS and SMEIR methods;the

n GMCFDK reconstruction allows for better definition of bronchi inside the lungs inthe axial plane

g (Figure 5(a) and (b)). For rabbit 3 (Figure 5(c)), the images from the MCPICCS and SMEIR

14 reconstruction algorithms show similar levels of detail of these smaller features to'the image.from
15 the GMCFDK reconstruction algorithm. Conversely, in rabbits 2 and 3, (Figure 5(b) and (c)) the outer
16 border of the volumes reconstructed using the GMCDFK algorithm is poorly defined, as highlighted
17 in Figure 5(c). This effect is more prominent in rabbit 3, where the magnitude of the rigid motion

12 was larger than for the other rabbits (Barber et al., 2018; Shieh et al., 2018). o

20 An example of how the MCPICCS is able to improve the quality of the.fixed-gantry CBCT

;; reconstruction is shown in Figure 6. The motion compensation component ofithe MCPICCS algorithm
23 is able to reduce motion artefacts between the PICCS and the initial MCPICCS volume. The TV step
24 increases the quality of the MCPICCS image to generate the fina. MCPICCSvolume. This example

;2 demonstrates the need for each step of the reconstruction process in.the MCPICCS algorithm.

;273 PICCS MCPICES=Initial MCPICCS
29 '

30

31

32

33

34

35

36

37

38

39

40

2; Figure 6 - An example of the MCPECS algorithm. The initial PICCS volumes (left) have the motion
43 compensation applied (middle) which produces a slightly blurry image. This quality of the MCPICCS
44 image is improved{using Total,Variation reconstruction (right) with the MCPICCS as the initial

45 volume. Windowing level [0,0.03] mm?

2? The results in Figure 5 show that the MCPICCS algorithm generated higher quality images that more
48 closely match the‘reference volume from the conventional CBCT than the standard PICCS algorithm.
49 The images from the MCPICCS reconstruction algorithm also have a relatively well-defined border,
50 although there are'still some artefacts at the border as highlighted in Figure 5 (a). These results

51 / . L . . .
55 demonstrateithe effectiveness of the motion compensation in the MCPICCS algorithm for increasing
53 the reconstructionquality.

gg Figure'5'additionally shows that the SMEIR algorithm, when compared with the reference volume
56 from the conventional CBCT, was also able to reconstruct the fixed-gantry CBCT scans accurately. For
57 rabbits.1 and 2 (Figure 5 (a) and (b)), the SMEIR algorithm was able to reconstruct a volume with

gg both a well-defined outer boundary and features inside the lungs. When reconstructing the scans

fromirabbit 3 using SMEIR, artefacts occurred in the lungs, as shown by the arrow in Figure 5 (c).
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These artefacts are boundary artefacts arising due to the repeated use of the total variation
reconstruction algorithm. This artefact is only visible for rabbit 3 because for the animal was
positioned such that the lung was on the border of the CBCT image space as shown by the arrows in
Figure 5 (c) and Figure 7.

oNOYTULT D WN =

Figure 7 - Full view of the SMEIR reconstruction of rabbit 3:showing how the lung is at the image
border. The border artefacts are indicated by yellow arrows. Windowing level [0,0.03] mm™.

4.2

Quantitative Analysis
The results for Figure 5 are only for when the volume was at 0° rotation, however the volumes were
reconstructed at multiple angles afirotation, as described in section 2.2. Figure 8 compares the
RMSE and SSIM values for the differentireconstruction algorithms for all rabbits at all rotation bins
with the conventional rotating-gantry CBCT volumes used as the reference volume. An additional
conventional rotating-gantry CBCT volume was also used to illustrate the variability in conventional
CBCT scans, and hence the ideal vaﬁbility for the fixed-gantry CBCT reconstructions.

3
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Figure'8- The RMSE (left) and the SSIM (right) values for each fixed-gantry CBCT reconstruction
method when the reconstructed volume was compared with a reference rotating-gantry CBCT
volume. An additional rotating-gantry CBCT was also included to show normal variation between
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rotating-gantry CBCT volumes. An ideal volume would have a lower RMSE value and a higher SSIM
value.

Figure 8 shows that all motion compensation reconstruction methods (GMCFDK, MCPICCS, SMEIR)
were able to increase the quality of the volume reconstruction when compared with the fixed-gantry
FDK. There was a reduction of approximately 6.4-7.2x10~3 mm™ (17-19% reduction) in the‘median
RMSE values for the GMCFDK, MCPICCS and SMEIR methods and an increase in the median SSIM
values of approximately 1%, when compared with the fixed-gantry FDK. The high SSIM valuesialso
indicate the reconstructions were of a high similarity to the volumes from the conventional CBCT
scans. These quantitative metrics mirror the observations recorded previously from Figure 5:

Figure 8 shows that the MCPICCS algorithm produces a volume with a lower RMSE value.and a
higher SSIM value than the conventional PICCS algorithm. This suggests that; as observed in Figure 5
the motion compensation and TV reconstruction steps used in the MCPICESralgorithm increase the
quality of the reconstruction. Similarly, the lower RMSE values and higher SSIM values between the
GMCFDK and conventional FDK reconstruction algorithms demonstrate the effectiveness of the
rotational motion compensation steps in the GMCFDK reconstruction algorithm.

Figure 8 shows that although the different fixed-gantry CBCT reconstruction algorithms were able to
increase the quality of the volumes (lower RMSE and higher $SIM),the median RMSE values were
approximately 1.1-1.2x103 mm™ higher (a relative increase,of approximately 56-61%) and the SSIM
values were 1.5% lower than the corresponding RMSE and:SSIM\values for the additional rotating-
gantry CBCT scan. This suggests that in this experiment for the fixed-gantry CBCT reconstruction
algorithms described in this paper, there is a quantitative difference between reconstructions from
fixed-gantry CBCT scans and the FDK reconstrictions of the retating-gantry CBCT scans.

4.3 Reconstruction Time
The time taken for each of the fixed-gantry reconstruction algorithm is shown in Table 2. These
times were for one fixed-gantry and one rotating-gantry CBCT scan for Rabbit 1. This table shows
that the fastest reconstruction times were for the EDK reconstruction algorithm of the conventional
and fixed-gantry CBCT scans. The PICCS:algorithm took longer than the FDK algorithm, however, the
algorithms with motion compensation steps,(GMCFDK, MCPICCS and SMEIR) took longer than both
the PICCS and FDK algorithms, suggesting that the motion compensation algorithms add time to the
reconstruction process. The SMEIR?fgorithm took the longest amount of time, which was probably a
result of iterative motion compensation process involved in SMEIR, instead of a single motion
compensation step uséd.in the GMCEDK and MCPICCS algorithms.

Table 2 — A comparisomof the time taken for each reconstruction algorithm to reconstruct one CBCT

scan.
Reconstructionalgorithm Reconstruction time
Conventional €BCT FDK 26.64 seconds
Fixed-gantry CBCT FDK 1.2 minutes
PICCS 41.6 mins
GMCFDK 5.8 hours
MCPICCS 2.8 hours
SMEIR 96 hours
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5. Discussion

In this research project, different motion compensation algorithms were adapted to reconstruct
fixed-gantry CBCT scans and the effectiveness of these algorithms were investigated using scans
acquired from anaesthetised rabbits. The reconstruction algorithms were compared using the'SSIM,
RMSE and reconstruction time metrics, which were compared with FDK reconstructions of
conventional rotating-gantry CBCT scans as the reference volumes. The driver of this study was that
the different motion compensation algorithms were able to increase the accuracy'of the
reconstruction of the fixed-gantry CBCT data when compared with a traditional FDK fecenstruction.
For the acquired data, this hypothesis was confirmed visually in Figure 5, as well as quantitatively in
Figure 8.

The results in this paper have demonstrated that for all fixed-gantry reconstruction algorithms the
SSIM and RMSE metrics of the reconstructed volumes were worse than the.conventional rotating-
gantry CBCT reconstructions. Since humans are larger and weigh more than rabbits, it is expected for
humans that the deformation caused by horizontal rotation will be largerthan for rabbits. Buckley et
al. (Buckley et al., 2019) showed that the magnitude of deformation of humans‘during horizontal
rotation, was larger than the measured deformation magnitude from the rabbits as reported by
Barber et al. (Barber et al., 2018). To compensate for the deformation.expected in humans, the
patient rotation system described by Liu et al. has been designed to'be more robust in limiting
motion during rotation, through the use of inflated airbags and chest straps (Liu et al., 2019).
However, significant deformation of humans is still expected:to occur during rotation. Additionally,
the number of acquired projections for humans will be reduced when compared to the number of
projections used in this paper, which may also alter the results. Future studies will investigate
whether the reconstruction methods described in this paper will be able to produce clinically usable
images from fixed-gantry CBCT scans of humans.

The MCPICCS algorithm described in this paperhas.a final TV reconstruction step which is used to
increase the quality of the reconstruction, asshown in Figure 6. In previous implementations of this
motion compensation algorithm (Riblett et al., 2018; Dillon et al., 2020), this step has not been
required, as the motion compensation steps have been sufficient to produce a high quality volume.
This suggests that the gravity-induced motion caused by rotating the rabbits produces motion that is
more complex than in previously implemented applications of the described motion compensation
algorithm. It is possible that the TV reconstruction step could be removed if other methods for
estimating motion can better estimate the motion between phases, such as the iterative algorithm
described in the SMEIR algorithmy(Wang and Gu, 2013) or the Robust PCA algorithm (Zhi, Kachelrie
and Mou, 2020).

Similarly, the GMCFDK algorithm described by Shieh et al. assumes the motion of the rabbits can be
approximated by rigidumotion. It was observed that a disadvantage of the GMCFDK algorithm is that
the borders ofithe reconstructed volumes are not well defined. It is thought that this is because only
the rigid motion is‘accounted for in the motion compensation steps. Hence, using more complex
deformation'models.could allow for more accurate motion compensation algorithms, and hence
more accurate volume reconstructions.

Tablé 2 showsthat the implementation of the adapted SMEIR algorithm in this paper takes several
days. The lafge implementation time is not unexpected as in previous implementations of SMEIR,
the authorsccommented on the lengthy implementation times (Wang and Gu, 2013; Huang, Zhang
and Wang, 2018). Table 2 also shows that on the same computer the GMCFDK and MCPICCS
reconstruction algorithms were faster, taking only several hours, including the PICCS reconstruction
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step. For all of the motion compensated reconstruction algorithms described in this paper, the
computation time would make it difficult to do on-the-fly reconstruction, similarly to the FDK
reconstructions and the algorithms described by Rit et al. (Rit et al., 2009).

The authors of the SMEIR algorithm were able to increase the accuracy of the reconstructions‘by
adding a biomechanical modelling element into the reconstruction algorithm (Huang, Zhang and
Wang, 2018). The biomechanical model used a physics-based model to estimate the motion of the
lung to improve the accuracy of the DVFs. The advantage of this algorithm is thatdt'can add extra
information to the reconstruction to increase the reconstruction accuracy, which is particularly
useful when there are limited projection numbers. Given that the deformation due to rotation will
vary depending on the tissue material properties and can produce complex DVFs, adding a
biomechanical modelling element to the reconstruction algorithms described(in this paper could
provide more accurate DVFs between motion phases. This could be used to increase the accuracy of

the fixed-gantry CBCT reconstruction algorithms. o

Since the rabbits that were imaged were anaesthetised, there would have been some respiratory
motion in the acquired projections that was not compensated for. This'metiontwould have caused
some motion artefacts in the lungs, particularly around the diaphragm (Low et al., 2003; Sonke et al.,
2005). Barber et al. showed that using a conventional CBCT scan,of the rabbits, the magnitude of the
respiratory motion during a conventional 4D CBCT scan did not vary with changing angles of rotation
(Barber et al., 2018). Future implementations of motion compensation-algorithms described here
could expand to gravitational and respiratory motion campensation, similar to the simultaneous
respiratory and cardiac compensation described by Sauppe'et al. (gauppe et al., 2016).

Shieh et al. noted that some of the deformation due to gravity could be hidden from the captured kV
images as the imaging direction was parallel to gravity(Shieh et al., 2018). However, in the
prototype patient rotation system developed by Liuet al. (Liu et al., 2019) the treatment beam
source would be above the patient, with the direction of the treatment beam parallel to gravity. The
kV imaging beam would instead be perpendicular to the treatment beam. It is unknown where the
optimal position of the kV imaging beam would be,such that motion artefacts in the reconstruction
are minimised, and this will need to_be investigated in future studies.

6. Conclusion N

Motion compensation algorithms developed for reconstruction of conventional rotating-gantry CBCT
scans were adapted to reconstruct volumes for fixed-gantry CBCT scans of anaesthetised rabbits.
Adapted versions of PICCS; GMCFDK, and SMEIR as well as a custom MCPICCS algorithm, were
compared against a conventional FDK reconstruction on the fixed-gantry and the conventional
rotating-gantry CBCT scans. The results showed that the GMCFDK, MCPICCS and SMEIR algorithms
were able to increaseithe quality of the fixed-gantry CBCT reconstructions, as well as reducing the
RMSE and increasing the SSIM. However, the fixed-gantry reconstruction methods had a 56-61%
higher RMSE value‘and @ 1.5%lower SSIM than a conventional FDK reconstruction of a rotating-
gantry CBCTscan. . The/motion compensation algorithms described in this paper were able to visibly
reduce motion artefacts showing that high quality reconstructions from fixed-gantry CBCT scans are
possible. This work will help the development of compact, low-cost linacs to address the rising global
demand for radiotherapy.
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