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Abstract
Objective. Newer cone-beam computed tomography (CBCT) imaging systems offer reconstruction
algorithms includingmetal artifact reduction (MAR) and extendedfield-of-view (eFoV) techniques to
improve image quality. In this study a newCBCT imager, the newVarianHyperSight CBCT, is
compared to fan-beamCT and twoCBCT imagers installed in a ring-gantry andC-arm linear
accelerator, respectively.Approach. The image quality was assessed forHyperSight CBCTwhich uses
newhardware, including a large-size flat panel detector, and improved image reconstruction
algorithms. The decrease ofmetal artifacts was quantified (structural similarity indexmeasure (SSIM)
and root-mean-squared error (RMSE))when applyingMAR reconstruction and iterative reconstruc-
tion for a dental and spine region using a head-and-neck phantom. The geometry andCTnumber
accuracy of the eFoV reconstructionwas evaluated outside the standardfield-of-view (sFoV) on a
large 3D-printed chest phantom. Phantom size dependency of CTnumbers was evaluated on three
cylindrical phantoms of increasing diameter. Signal-to-noise and contrast-to-noise were quantified
on an abdominal phantom.Main results. In phantomswith streak artifacts,MAR showed comparable
results forHyperSight CBCT andCT,withMAR increasing the SSIM (0.97–0.99) and decreasing the
RMSE (62–55HU) compared to iterative reconstructionwithoutMAR. In addition,HyperSight
CBCT showed better geometrical accuracy in the eFoV thanCT (JaccardConformity Index increase of
0.02–0.03). However, the CTnumber accuracy outside the sFoVwas lower than forCT. The
maximumCTnumber variation between different phantom sizes was lower for theHyperSight CBCT
imager (∼100HU) compared to the two other CBCT imagers (∼200HU), but not fully comparable to
CT (∼50HU). Significance. This study demonstrated the imaging performance of the newHyperSight
CBCT imager and the potential of applying this CBCT system inmore advanced scenarios by
comparing the quality against fan-beamCT.

1. Introduction

One of the important developments in radiotherapy is the integration of kV x-ray imaging panels into
radiotherapy treatmentmachines to enable image-guided radiotherapy (IGRT) and online adaptive
radiotherapy. Imaging panels in cone-beam computed tomography (CBCT)have significantly enhanced
treatment accuracy by enabling accurate positioning and setup aswell as improving the overall effectiveness of
the treatment (Jaffray et al 2002,Hofmaier et al 2017, Cai et al 2019). Despite its benefits for IGRT, currently in
most situations on-boardCBCT is not suitable for plan adaptation due to limited field-of-view (FoV) and
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suboptimal image quality for delineation (e.g. caused by photon scatter) compared to fan-beam computed
tomography (CT) (Jin et al 2010, Lim et al 2022).

Commonly, CBCT reconstruction is performed using afiltered back projectionwith the Feldkamp–Davis–
Kress (FDK) algorithm (Lim et al 2022). However, thismethod has been shown to handle image noise and
artifacts insufficiently, which could lead to larger variations in CTnumbers compared toCT images (Hatton et al
2009, Lim et al 2022). A study showed this is dependent on theCBCT imaging system, with some imagers having
performances closer toCT (De Smet et al 2016). Recently, iterative reconstruction (IR) algorithms have been
developed for CBCT imagers to improve the image quality.Multiple studies have evaluated IR compared to FDK
reconstruction and demonstrated better CTnumber accuracy, higher contrast-to-noise (CNR), and reduction
in image noise (Cai et al 2019, Gardner et al 2019, Jarema andAland 2019, Lim et al 2022,Henke et al 2023).
However, less is known about theCBCTquality inmore challenging scenarios, such asmetal implants, data
outside the standard FoV (sFoV) and visualization of patient anatomy outside the standard reconstruction
diameter of the CBCT acquisition. InmostmodernCT scanners, this is accounted for by integratedmetal
artifact reduction (MAR) (Puvanasunthararajah et al 2021) and extended FoV (eFoV)methods (Cheung et al
2019, Fonseca et al 2021).

Recently, developments inCBCT imagers (HyperSight imager, VarianMedical Systems, a Siemens
Healthineers Company) allowed to improve CBCT acquisition and image quality. The imager includes
increasedflat panel dimensions and improvements in image processing algorithms. This imager offers eFoV (up
to 70 cm), CBCTMAR, and decreased acquisition time (5.9 s) to counteract the effect of patientmotion. The
implementation of such new imagers and the added features could enhance the radiotherapyworkflow, also for
on-line and off-line adaptive radiotherapyworkflows.However, a thorough assessment of the image quality of
these advanced features is crucial before integrating theworkflows into clinical practice.

Therefore, this study aimed to assess the image quality of theHyperSight imager in terms ofMAR, eFoV,
phantom size dependency of CTnumbers, signal-to-noise (SNR) andCNR, using commercially available and
in-house phantoms. The results were compared to standardCT, andCBCTof a previous version of the ring-
gantry imager and aC-arm linear accelerator (linac), to enable an extensive evaluation of the available imagers
and the added value ofHyperSight CBCT.

2.Material andmethods

2.1. Imagers
Image acquisitionswere performedwith aHyperSight CBCT imager, integrated in aHalcyon ring-gantry
treatmentmachine (v4.0, VarianMedical Systems). This bore-enclosedCBCT imager included a largeflat panel
detector (86× 43 cm2; panel in center position), that featured a cesium iodine scintillator (Robar et al 2023). The
detector used an anti-scatter gridwith a 15:1 aspect ratio and 44 lamellae/cm, and allowed a pixel-size of
0.28 mmand image readout up to 70 frames per second. Data acquisitionwith this panel occurred in full-fan
mode and enabled a scan reconstruction diameter of 53.8 cm, aswell as advanced software for CBCT IR. The
software incorporated advanced subject scatter corrections using the Acuros® based scattermodel (Maslowski
et al 2018) and object scatter removal through implementation ofMonte-Carlo based hardware scatter
correction. In addition, it usesMAR and eFoV techniques (up to 70 cmdiameter) to enhance image quality. The
imager had a specificCBCT for Planningmode (CBCTpmode) intended for acquisition of images which could
be used for radiotherapy treatment planning. CBCTp allowed for acquisition of a topogram andmore flexibility
to vary the imaging parameters, and thereby to design target group specific imaging protocols. Additionally, it
can scanwith higher dose levels and enabledMAR and eFoV reconstruction to increase the image quality. In this
study, the CBCTpmodewas used for all HyperSight image acquisitions.

The performance of theHyperSight imager was compared to aCT scanner (SOMATOMDefinitionDrive,
SiemensHealthineers, Forchheim,Germany), and twoCBCT imaging systems.OneCBCT systemwas of an
earliermodel ring-gantry linac (Ethos v3.1; VarianMedical Systems) that was not equippedwith theHyperSight
imager, and this will be referred to as Regular CBCT. This term is chosen as it has the ‘standard’ functions of the
systemwithout the inclusion of theHyperSight imager, but this does notmean it is the regularly used scanner in
every clinic. The secondCBCT system in the comparisonwas aCBCT imaging systemof aC-arm linac
(TrueBeam v2.7; VarianMedical Systems), whichwill be called TrueBeamCBCT throughout the study. The
imager of the Regular CBCTused the same anti-scatter grid as theHyperSight CBCT, but this CBCThad a
smaller panel detector size (43× 43 cm2), it had no possibility for CBCTpmode, and it lacked features such as
MAR and eFoV.Whereas, theHyperSight CBCT always applied a full-fan acquisitionwith one fixed bowtie filter
for both smaller and larger diameter anatomies, the Regular CBCT always applied a half-fan configuration, again
using only onefixed bowtiefilter intended for all anatomies. The TrueBeamCBCT imager (40× 30 cm2, pixel
size of 0.388 mm) contained an anti-scatter grid of 10:1 aspect ratio with 60 lamellae/cm and different bowtie
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filters for half- and full-fan acquisitions. Additionally, the TrueBeamCBCTdid not containMAR and eFoV and
it only offered FDK reconstruction in the currentmachine in our clinic. Figure 1 in the demonstrates the
differences in design and software inmore detail.

2.2. Phantoms
For the evaluations performed in this study, four phantomswere used: three anthropomorphic phantoms (head,
chest and abdomen) and cylindrical phantoms of varying size (see figure 2). The anthropomorphic phantoms
include a head phantom (ProtonTherapyDosimetryHead,model 731-HN,CIRS, SunNuclear, Norfolk, VA,
USA) to evaluate theMAR reconstruction (figure 2(A)), an in-house 3D-printed chest phantom (Fonseca et al
2021), with dimensions of 27× 9× 56 cm (height× length×width) to evaluate the eFoV (figure 2(B)), and an
anthropomorphic abdomen phantom (TripleModality 3DAbdominal Phantom,model 057A, CIRS, Sun
Nuclear, Norfolk, VA,USA) to quantify noise and image quality (figure 2(C)). Three cylindrical phantoms of
varying sizes (20 cm, 30 cm and 40 cm; figure 2(D)), representing typical head and abdomen sizes, were applied
to assess the CTnumber difference between various sizes.More details about the phantom can be found in the
SupplementaryMaterial.

2.3. Image acquisitions
The scan parameters for the acquisitions of the different phantoms and each scanner can be found in tables 1–4;
for each scanner, the clinical protocols were used. TheHyperSight CBCT acquisitionswere performedwith a
tube voltage of 125 kVp and a scan duration of 5.9 s or 60 s (with longer scan time only if higher dose levels for

Figure 1. Schematic representation of the four evaluated scanners in this study, CT,HyperSight CBCT, Regular CBCT andTrueBeam
CBCTwith their corresponding specifications.

Figure 2.The four different phantoms used in this study to evaluate the performance of theHyperSight CBCT imager. (A)CIRS
Proton TherapyDosimetryHead phantomwith ametal spine implant (not visible) and ametal tooth implant (red arrow), used to
assess themetal artifact reduction feature. Size: 18× 22× 27 cm. (B) In-house 3D-printed chest phantom, used to evaluate the
extended field-of-view. Size: 27× 9× 56 cm. (C)CIRSTripleModality 3DAbdominal Phantom, used to calculate the image quality in
terms of noise, SNR andCNR. Size: 26× 12.5× 19 cm. (D)Three high-density polyethylene (HDPE) phantoms (20, 30, and 40 cm in
diameter); these had a hole in the center of the phantoms for insertion of tissue-equivalent inserts to analyze theCTnumber
dependency on phantom size.
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Table 1. Scan parameters for the CT andCBCT acquisitions for the assessment of themetal artifact reduction (MAR). Not all parameter
settings were available on all CBCT imagers, whereby some settings differ between the individual imagers. The phantom scanned for the
evaluation is listedwith some informationwhy it is relevant. A slice thickness of 1 mmwas not possible in the regular CBCT and truebeam
CBCT, and for these twoCBCT systems,MARwas not available (n/a).

(CB)CT imagers CT HyperSight CBCT Regular CBCT TrueBeamCBCT

Image quality withmetal artifacts

Phantom CIRS proton therapy dosimetry head phantom (figure 2(A))
Includesmetal spine implant and a removable toothwith a tungsten dental filling

Field-of-view [mm] 281 281 492 465

Slice thickness [mm] 1 1 2 3

Pixel size [mm] 0.68 0.55 0.96 0.91

CTDIvol [mGy] 40 41 32 32

MARapplied Yes Yes n/a n/a

Table 2. Scan parameters for the CT andCBCT acquisitions for the assessment of the extended field-of-view (eFoV). eFoVwas not available
in the Regular CBCT andTrueBeamCBCT, these systemswere therefore not included in this evaluation.

(CB)CT imagers CT HyperSight CBCT Regular CBCT TrueBeamCBCT

Extended field-of-view

Phantom 3D-printed chest phantom (figure 2(B))
The phantom size (56 cmwidth) is larger than the standard field-of-view (50 cmCT, 53.8 cmHyperSight CBCT)

Field-of-view [mm] 700 700 Not included/available

Slice thickness [mm] 1 1

Pixel spacing [mm] 1.37 1.37

CDTIvol [mGy] 20 12

Note themaximumFoV size of 700 mmFoVwas chosen to fit the phantom evenwith increasing the table height.

Table 3. Scan parameters for the CT andCBCT acquisitions for the assessment of the phantom size dependency of CTnumbers. Not all
parameter settings were available on all CBCT imagers, whereby some settings differ between the individual imagers. a slice thickness of
3 mmwas not possible in the regular CBCT.

(CB)CT imagers CT HyperSight CBCT Regular CBCT TrueBeamCBCT

Phantom size dependency of CT numbers

Phantom High-density polyethylene (HDPE) phantoms (figure 2(D))
The phantoms had different diameters (20, 30 and 40 cm), and each phantomfits tissue-equivalent rods in the iso-

center

Field-of-view [mm] 500 500 492 465

Slice thickness [mm] 3 3 2 3

Pixel spacing [mm] 0.97 0.97 0.96 0.91

CDTIvol [mGy] 1.5/4.5/16 20/26/52 18/18 18/18/18

NoteOnly the 20 cm and 30 cmdiameter phantomswere evaluated for the Regular CBCT. The dose levels for all imagers were chosen to

limit the noise in the acquisition based on imager specific possibility.

Table 4. Scan parameters for the CT andCBCT acquisitions for the assessment of the image noise. Not all parameter settings were available
on all CBCT imagers, whereby some settings differ between the individual imagers. A slice thickness of 1 mmwas not possible in the regular
CBCT and truebeamCBCT.

(CB)CT imagers CT HyperSight CBCT Regular CBCT TrueBeamCBCT

Noise, signal-to-noise and contrast-to-noise

Phantom Triplemodality 3D abdominal phantom (figure 2(C))
This phantom represents the abdomenwith bone and various soft tissue-equivalent organs

Field-of-view [mm] 500 500 492 465

Slice thickness [mm] 1 1 2 3

Pixel spacing [mm] 0.97 0.97 0.96 0.91

CDTIvol [mGy] 20 19 21 20
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reduced noise levels were needed, i.e. for the largest cylindrical phantom). For the chest phantom (which had a
length of 9 cm), the beamwas collimated in the scan direction to only cover the phantom to limit scatter.

TheCT scanswere acquired at 120 kVp, a pitch of 0.9, and collimationwidth of 64× 0.6 mm. For the
Regular CBCT andTrueBeamCBCT imagers, the scan parameters could not be chosen as freely as for the
HyperSight CBCT and theCT and no collimation in the scan direction could be performed. The Regular CBCT
had a scan time of 30 s and a tube voltage of 125 kVp, while the TrueBeamCBCThad a scan time of 60 s and tube
voltage of 100 kVp (used for the scanning of the head phantom) and 125 kVp (used for the other phantoms).

2.4. Image quality evaluations
2.4.1.Metal artifact reduction
The anthropomorphic phantomused to evaluateMAR reconstruction contained tissue-equivalent tissues, but
most importantly a removable toothwhere either a tooth implant containing tungsten (tooth T) or a standard
tooth not containingmetal (tooth S) can be inserted. Furthermore, the phantom contains a non-replaceable
titanium spine prosthesis.

Themetal artefacts caused by the tungsten tooth and the titanium spine prosthesis were evaluated separately,
denoted dental evaluation and spine prosthesis evaluation (figure S1A in supplementarymaterial). In the dental
evaluation, two phantom setupswere used, onewith tooth S inserted (setup 1) and onewith tooth T inserted
(setup 2). These two setupswere scannedwith theCT andHyperSight CBCT, and two different reconstructions,
normal IR and iterativeMAR. TheRegular CBCT andTrueBeamCBCT imagers used in this study did not
include anyMAR features, and therefore only IR or FDK reconstructionwas used, respectively. The scan of setup
1 reconstructedwith IRwas used as reference image, as this setup did not containmetal artifacts in the dental
region (for TrueBeamCBCT, the FDK reconstruction of setup 1was seen as the reference). This was compared
to the scan of setup 2 reconstructedwithMAR (HyperSight CBCT andCT) andwithoutMAR (all (CB)CT
imagers) by evaluating a square region-of-interest (ROI) of 9 cm3 including 3 axial slices. TheROIwas placed in
the soft tissue adjacent to the tooth implant (figure S1B in supplementarymaterial). For the spine prosthesis
evaluation, the analysis was performed based on a square ROI (3 sagittal slices) of 18 cm3 around themetal
prosthesis containing both soft tissue and bone (figure S1B in supplementarymaterial). Because the spine
prosthesis could not be removed only setup 1was used, andMAR reconstruction in setup 1was used as reference
and compared to IR reconstructionwithoutMAR (HyperSight CBCT andCT).

These setupswere compared quantitatively by the structural similarity indexmeasure (SSIM) (Wang et al
2003, 2004) given by equation (1):

= a b g* *l x y c x y s x ySSIM , , , 1( ) ( ) ( ) ( )

with l x y,( ) is the luminance, c x y,( ) is the contrast and s x y,( ) is the structure, see the SupplementaryMaterial
for a detailed description (Wang et al 2004). The SSIMprovides an indication of the image quality, by comparing
the reference image (metal free image) and the analyzed image for distortions, resulting in a similarity value
(perfect similarity= 1, with small variations demonstrating clinical importance (Joemai andGeleijns 2017)).
The SSIMvalue is given at pixel-level, and themean± standard deviation (SD)was quantified for the volumetric
ROI. A schematic of the evaluation process and the placement of the evaluated ROIs are shown infigure S1 in the
supplementarymaterial.

Additionally, the Root-mean-squared error (RMSE)was quantified by calculating the difference inCT
numbers (given inHounsfield unit (HU))within the ROI volume between the two setups, as given in
equation (2):

=
å -x y

N
RMSE , 2i

N
i i

2( )
( )

where x y,i i and N are the pixel value in image x, pixel value in image y, and the number of pixels, respectively.

2.4.2. Extended field-of-view (eFoV)
The commercially available phantoms in our clinic (dimension< 50 cm) allfittedwithin the sFoVof the
HyperSight CBCT (53.8 cm) andCT scanner (50 cm), therefore the evaluation of the eFoVwas carried out on an
in-house 3D-printed chest phantom (Fonseca et al 2021), with dimensions of 27× 9× 56 cm
(height× length×width) that included several holes for the insertion of cylindrical tissue-equivalent inserts of
theGammexAdvanced ElectronDensity phantom (Model 1472; SunNuclear,Middleton,WI, USA).

The Regular CBCT andTrueBeamCBCT imagers used in this study did not have a reconstruction option
including eFoV, therefore this assessment only included acquisitions performedwith theHyperSight CBCT and
CT imagers. The evaluationwas divided into an assessment of theCTnumber accuracy and the geometrical
accuracy (Fonseca et al 2021). For the geometrical accuracy, images were acquired by increasing the table height
by 2 cm increments (five times) to vary the volume of the phantom in the eFoV (outside the standard FoV). The
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accuracywas evaluated after rigid registration of the images acquiredwith the varying table heights to a reference
image. The reference imagewas acquired from a different CT imager (SiemensGo.Open ProCT scanner), as this
scanner has a larger standard FoVof 60 cmwhich fully covers the chest phantomwhen placed at the isocenter.
The acquisition settingswere kept the same as for the other systems. Binarymaskswere created from all images
(threshold at−600HU,manual visualization), with voxel values of 1 inside the phantomand 0 outside (it was
visually ensured that this thresholding excluded theCT/treatment table from themask). The Jaccard
Conformity Index (dividing the intersect of two regions by the union of these regions; see equation S6 in the
supplementarymaterial) (Real andVargas 1996)was used to quantitatively evaluate the overlap between the
regions inside the phantom in the evaluated and reference image. A JaccardConformity Index of 1 indicates a
perfectmatch between the regions. The computation excluded the sFoV region and focused solely on the
phantomareas within the eFoV region (Fonseca et al 2021).

TheCTnumber accuracy assessment was performed by placing the tissue-equivalent inserts in three
positions: (1) isocenter of the phantom (table height: 0 cmmoved from isocenter), (2) at the top left corner of the
phantom (table height: 0 cmmoved), and (3) at the top left corner of the phantomwith the table height increased
by 13 cm forHyperSight CBCT and by 10 cm forCTdue to bore restrictions (see figure 3). TheCTnumber
accuracywas defined as the difference between themeanCTnumber for the insert placed in the isocenter and
placed close to the edge (position 1 versus 2) and placed outside the sFoV (position 1 versus 3) (Fonseca et al
2021).

2.4.3. Phantom size dependency of CT numbers
Three cylindrical phantoms (figure 2(D)) ofHDPEwere used to evaluate the accuracy and the dependency of the
CTnumbers for various body sizes. Tissue-equivalent inserts of theGammex phantomwere inserted in the
cylindrical hole at the center of theHDPEphantoms. The tissue-equivalent inserts had a diameter of 28 mmand
included high-equivalency (HE) adipose tissue,HE solid water,HE Liver, HE Inner Bone, CaCO3 30%,CaCO3

50%, andHECortical Bone.
The dose levels for the (CB)CT imagers were chosen to keep the noise levels similar for the three phantom

sizes (not fully possible due to restrictions on dose levels). Increasing the dose above local clinical practice (as
used in clinical protocols)wouldmostly affect the SD and less themean. Themean and SDof theCTnumbers
were extracted in a central ROI (diameter= 15.6 mm, number of slices= 9, slice thickness= 3 mm) in the seven
tissue-equivalent inserts for all (CB)CT imagers. Due to time constraints, for the Regular CBCT, only a selection
of phantom sizes (20 cm and 30 cm) and inserts (HEadipose tissue,HE solidwater, HE Liver,HE Inner Bone,
HECortical Bone)were used. The phantom size dependency of CTnumbers was visualized by plotting the
differences between themeanCTnumber for the 20 cmphantom (used as reference) and the 30 cmor 40 cm
phantom for each insert.

Figure 3.Visualization of the insert position for theCTnumber accuracy evaluation of the extended field-of-view (eFoV). It shows the
two different table heights with the standard FoV (sFoV)markedwith a red circle and indicates fromwhich insert positions themean
and standard deviation of theCTnumberswere calculated: (1) insert in the isocenter, (2) insert in the top left corner but still inside the
sFoV, or (3) the insert in the top left corner (3) but in the eFoV.
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2.4.4. Image noise, SNR andCNR
TheCT image noise (defined as the SD), SNR andCNRwere evaluated using an abdomen phantom (figure 2(C))
that containedmultiple tissues such as kidney, liver and bone.

For the image acquisition for all (CB)CT imagers, the phantomwas placed at the isocenter. TheCT image
quality parameters were evaluated in the kidney, liver and spine. Atfirst, consistency throughout the imagewas
evaluated in identical soft tissue by extracting themeanCTnumber and SD in three cylindrical ROIs, with a
volume of 6.8 cm3 (9 slices), placed next to each other (figure 8, orange circles). Additionally, a line profile was
extracted in the horizontal direction that crossed these three ROIs (figure 8). Secondly, the SNR andCNRwere
extracted as:

=
+

SNR
mean ROI

SD ref SD ROI
3

2 2( )
( )

=
-

+
CNR

mean ROI mean ref

SD ref SD ROI
. 4

2 2( )
( )

HeremeanROI andmean ref are themeanCTnumber of the investigated ROI (kidney, liver, or spine) and the
reference ROI (soft tissue), respectively, while SDROI and SD ref are the SDof theCTnumbers in these ROIs
(see figure S4 in SupplementaryMaterial for the placement). Both the SNR and equations (equations (3) and (4))
are normalized regarding the noise by combining the SDof a soft tissue reference ROI and the evaluated ROI.

3. Results

3.1.Metal artifact reduction
Figure 4 visualizes axial images for all the imagers with their possible reconstruction algorithms. For the dental
evaluation, an individual reference image that did not containmetal artifacts (setup 1; tooth S inserted)was
acquired for each individual (CB)CT imager and compared to an imagewithmetal artifacts (setup 2; tooth T
inserted) that was reconstructedwith andwithoutMAR reconstruction. The SSIMquantification demonstrated
an increase in similarity between setup 1 and setup 2when utilizing the iterativeMAR reconstruction algorithms
available for theCT andHyperSight CBCT imagers compared to reconstructionwithoutMAR. The increase in

Figure 4Visualization of an axial slice containingmetal artifacts arising from toothT (red arrow) and spine implant (blue arrow) after
reconstructionwith iterative reconstruction (IR) for (a)CT, (b)HyperSight CBCT, and (c)Regular CBCT. In addition, it showsmetal
artifact reduction (MAR) reconstruction for (d)CT and (e)HyperSight CBCT, and FDK reconstruction for (f)TrueBeamCBCT. A
more detailed version of the artifacts around the dental implant and spine implant can be found infigure S2 in the supplementary
material. Awindow level setting of [−700, 1000]was used for all images.
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SSIM, calculated in the dental ROI (Figure S1B), is seen by the highermean value and lower SD for theMAR
reconstruction (figure 5(a)). It improved themean SSIM in the ROI from0.96 to 0.99 forHyperSight CBCT and
from0.96 to 0.98 for CT (table S1 in supplementarymaterial) compared to IRwithoutMAR. In addition, using
MARdecreased theRMSEby 7HU (from62 to 55HU) and 18HU (from110 to 92HU) forHyperSight CBCT
andCT, respectively. For the Regular CBCT andTrueBeamCBCT,which had noMAR reconstruction, the
SSIMwas 0.96 for both imagers, and the RMSEwas 133HUand 86HU, respectively.

The head phantom contained in addition a spine prosthesis (figure 4; blue arrow). The spine evaluation
contained a comparison between theMAR reconstruction and the IRwithoutMAR, as the spinewas not
replaceable and thus an artifact free reference imagewas not possible. The SSIM in the titanium spine prosthesis
ROI (see figure S1B in the supplementarymaterial)was 0.95± 0.03 (figure 5(b)) forHyperSight CBCT andwas
lower than the SSIMof 0.98± 0.02 seen for theCT imager. The RMSECTnumber difference between aMAR
reconstruction and IR reconstructionwas alsoworse forHyperSight CBCT (147HU) compared toCT (66HU)
in the specifiedROI.

3.2. Extendedfield-of-view
Figure 6(A) shows qualitatively the body contour differences in volume by purple (increase in volume compared
to reference) or green (decrease in volume compared to reference) color in the eFoVbetween the ground truth
(Go.Open Pro, full phantom inside sFoV) and the image of theCTorHyperSight CBCT,with some part of the
phantom in the eFoV. The differences were shown for different phantom volumes outside the sFoV (when
increasing the table height, a larger volume of the phantomwas in the eFoV) andwere quantifiedwith the
JaccardConformity Index (calculated separately for the left and right side of the phantom that falls outside the
sFoV;figure 6(B)). The overlap accuracy differed per table height (phantom volume outside sFoV) and showed a
JaccardConformity Index range from0.80 to 0.96. The evaluated volumes for CTwere higher, due to a smaller
sFoV (50 cm forCT and 53.8 cm forHyperSight CBCT). Figure 6(B) shows thatHyperSight CBCT in general
had a higher JaccardConformity Index thanCT for similar phantom volumes outside the sFoV. Both imagers
demonstrated an overestimation of the volume compared to the reference (figure 6(A), purple region).

TheCTnumber accuracy evaluation showed the opposite tendency, since hereHyperSight CBCThad larger
CTnumber differences thanCTwhen comparing theCTnumbers of individual tissue-equivalent inserts placed
in the isocenter (position 1, reference) and in the eFoV (position 3). However, both imagersmostly
underestimated theCTnumbers for the inserts in position 3. Themaximumdifference was found forHE
cortical bone in both imagers with differences up to 421HU (CT) and 470HU (HyperSight CBCT) as seen in
figure 6(C).

Figure 5. (a)Mean± SD of the structural similarity indexmeasure (SSIM) for the dental evaluation by quantifying it in the axial ROI
(figure S1B) on theCT (red), HyperSight CBCT (blue), Regular CBCT (green), andTrueBeamCBCT (yellow). In addition, the highest
outlier (black dot) are shown for every system. Two comparisonswere performed forCT andHyperSight CBCT, the reference image
(Ref; setup 1, tooth S inserted) reconstructedwith iterative reconstruction (IR) against setup 2 (tungsten tooth inserted)with either
metal artefact reduction (MAR) reconstruction or IR. For the Regular CBCT andTrueBeamCBCT,which did not includeMAR, only
one dental evaluationwas performed, setup 1 versus 2 bothwith IR for Regular CBCTor bothwith Feldkamp–Davis–Kress (FDK)
reconstruction for TrueBeamCBCT. (b)Mean± SDof the SSIM for the spine evaluation quantified in a sagittal ROI (Figure S1B).
Only CT andHyperSight CBCTwere included, since here the reference imagewas setup 1withMAR reconstructionwhichwas
compared to setupwith IR.Note, different ROIs were used in the dental and spine evaluation, even though the same images were used
for the two evaluations.
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Figure 6. (A) Images acquiredwithCT andHyperSight CBCTwith varying phantomvolumes in the extended field-of-view (eFoV)
compared to the reference image (acquired on the SiemensGo.Open Pro, with full phantomvolume inside the standard FoV (sFoV)).
Purple areas indicate an increase in volume compared to the reference image, while green indicates a decrease in volume compared to
the reference image. The red (CT) and blue (HyperSight CBCT) circle (partly shown) indicates the sFoV (50 cm forCT and 53.8 cm
forHyperSight CBCT). Different heights are shown between the two scanners, to ensure the volume outside the sFoVwasmore
comparable for the two systems, as the scanners have different sFoV sizes. (B) JaccardConformity Index for the right and left breast
(indicated by the yellowR and L in top left corner of (A) for various volumes of the phantom in the eFoV.C)CTnumber differences
between the inserts placed in the isocenter (pos 1) and placed in the top left corner with table height of 0 cm (pos2; solid bars) or in the
top left corner with table height at 13 cm (HyperSight CBCT) and 10 cm (CT), whereby the insert was in the eFoV (pos3; hashed bars)
formultiple tissue-equivalent phantom inserts (for insert positions, seefigure 3).Note:Due to a narrower bore for theCT, the
maximum table height increase for CTwas 10 cm,while it was 13 cm forHyperSight CBCT.However, the smaller diameter of the
sFoV forCT, larger volumes of the phantomwere in the eFoV.Abbreviations: Lung—Lung LN450, Adipose—HEadipose, SW—HE
solidwater, Liver—HE liver, InnerB—HE inner bone, CB30—CaCO3 30%,CortB—HEcortical bone.
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3.3. Phantom size dependency of CTnumbers
Themean± SDCTnumber of the tissue-equivalent inserts are shown infigure S3 in SupplementaryMaterial
for all (CB)CT imagers. The differences inCTnumbers between the 20 cmphantom and the 30 or 40 cm
phantomare shown infigure 7. A larger decrease in themeanCTnumber, especially for high-density bone
materials, was seen forHyperSight CBCT compared toCT, e.g. theCTnumber difference forHECortical bone
between the 20 and 40 cmphantomwas 138HU forCT and 413HU forHyperSight CBCT.However, the CT
number difference between the 20 cm and 30 cmphantom for Regular CBCT andTrueBeamCBCT showed
higher differences compared toHyperSight CBCT,with even a slight increase (difference>0HU) in soft tissue
CTnumber for the TrueBeamCBCTbetween the 20 cm and 40 cmphantom, for all other imagers the three soft
tissue inserts had absolute CTnumber difference below 28HU.

3.4. Image noise, SNR andCNR
Figure 8(A) shows axial images of the TripleModality 3DAbdominal Phantom containing various structures
such as liver and kidney, as well as the position of theCTnumber line profiles for all (CB)CT imagers. TheCT
number line profiles showed fewer discrepancies betweenHyperSight CBCT andCT than betweenRegular
CBCT andTrueBeamCBCT andCT (figure 8(B)).Moreover, the presence of cupping artifacts were seen in the
Regular CBCT andTrueBeamCBCT. The image quality was additionally quantified for the (CB)CT imagers by
extractingmean± SD in three cylindrical ROIs (orange circles)next to each other in the soft tissue region
(figure 8(C) and table S2 in supplementarymaterial). These results demonstrated consistency forHyperSight
CBCT (mean 26± 9HU) and for CT (mean 39± 14HU) between the three ROIswith low SDs.More variation
was seen for Regular CBCT andTrueBeamCBCT (60± 16HUand 32± 29HU, respectively); also note that for
both systems, one ROI had amuch lowermeanCTnumber compared to the two other ROIs (figure 8(C)).

The SNR andCNRdemonstrated limited differences betweenHyperSight CBCT andCT,with a slight
increase for theHyperSight CBCT images (Table S3 in SupplementaryMaterial). Additionally, noise levels
(quantified by SD)were similar forHyperSight CBCT andCT. Compared to Regular CBCT,HyperSight CBCT
demonstrated an increase in kidney SNR (4.1 (Regular CBCT) versus 6.7 (HyperSight CBCT)) andCNR (1.9

Figure 7.CTnumber size dependency forCT (red), HyperSight CBCT (blue), Regular CBCT (green), andTrueBeamCBCT (yellow).
It shows the differences inmeanCTnumbers between the 20 cm and 30 cmphantom (squares) and between the 20 cm and 40 cm
phantom (diamonds).Abbreviations:Adipose—HEadipose, SW—HE solidwater, Liver—HE liver, InnerB—HE inner bone, CB30—
CaCO3 30%,CB50—CaCO3 50%,CortB—HEcortical bone.Note: For the Regular CBCT, nomeasurements were performed for the
40 cmphantom and for theCaCO3 30%andCaCO3 50% inserts.
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versus 3.9) and lower noise levels of 7.4HU (HyperSight CBCT) compared to 19.4HU (Regular CBCT; table S3
in SupplementaryMaterial).

4.Discussion

This study assessed the novel features of theHyperSight CBCT imager by evaluating the image quality in terms of
MAR, eFoV, phantom size dependency of CTnumber, and image quality in various phantoms compared to
other commercial (CB)CT imagers. To the best of our knowledge, this is the first study of the image quality
performance for theHyperSight CBCT imager, and such evaluation is crucial before integration of these
advanced features in the clinical workflow. The study showedMAR reconstruction comparable toCT (figures 4
and 5), andHyperSight CBCThad a better geometrical accuracy in the eFoV thanCT (quantified by the Jaccard
Conformity Index), but a lowerCTnumber accuracy (figure 6). HyperSight CBCT also demonstrated
comparable CTnumber line profiles withCT,whereas a larger difference was seen betweenCT and the
predecessor CBCT imagers (figure 8).

The performance of IR has been investigated in various studies and compared to FDK reconstruction (Cai
et al 2019, Gardner et al 2019, Jarema andAland 2019, Lim et al 2022), and IR has even been demonstrated to
decreasemetal artifacts (Washio et al 2020). It has also been shown thatmegavolt imaging had preference over
kV imaging in terms of reducingmetal artifact (Harris et al 2023). However, commercialMAR reconstruction
algorithms inCBCT imagers have not been available until now. In this study, theMAR evaluationswere
performed on an anthropomorphic head phantomwhich consisted of four slabs cut in the sagittal direction
which allowed the user to remove a tooth and replace it with a tungsten version.However, the resulting air gaps
between the individual slabswere not fully reproducible, and the geometry of the phantom could differ slightly
between the different image acquisitions after replacing the tooth insert. It was chosen to use rigid registration
and not to apply other algorithms, such as deformable image registration, as such algorithms couldmodify the
structures and artifacts. Infigure 4 it is visible that theMAR algorithm in bothCT andHyperSight CBCT
smoothen the air gap between individual slabs, as theMAR algorithm expects the large differences inCT
numbers in this region to be artifacts. In addition, it was chosen to apply the clinical protocol for every scanner
individually to demonstrate the difference that would occur in a real treatment scenario. Evaluations (data not
shown) have been performed to test the differences in parameters between scanners, but this resulted inminor
changes whereby the variations between the scanners seen in this studywere not due to differences in the slice

Figure 8 (A)Axial slice images acquired on each (CB)CT imager (CT,HyperSight CBCT, Regular CBCT, TrueBeamCBCT)with an
indication of the position of theCTnumber line profile (colored lines) and the three ROIs in soft tissue (orange circles onCT).
Window level setting [−180, 220] in all four images. (B)TheCTnumber line profiles for all the imagers, encompassing liver and soft
tissue. (C)Plot of themean and SDCTnumbers for the three ROIs (orange circles) in all (CB)CT imagers.
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thickness and FoV. The quantitativeMAR evaluation (figure 5) showed comparable results forHyperSight
CBCT andCT,withMARdecreasing the streak artifacts in the image. Other studies tested in-houseMAR
algorithms based on deep learning networks for CT (Gjesteby et al 2019, Puvanasunthararajah et al 2021) and
CBCT (Liao et al 2019) for differentmetal implants, showing the same increase in image similarity after applying
aMAR algorithm. Compared to the two other clinical available CBCT imagers in this study, theHyperSight
CBCTMAR algorithm showed superior results and even the IR inHyperSight CBCT showed better agreement
with the reference image than IR inRegular CBCT and FDK inTrueBeamCBCT (figure 5).

Furthermore, the newCBCT imager enabled the use of CBCT eFoV,wheremany previous on-boardCBCT
imagers have a limited FoV size and therefore not ideal for dose calculation purposes (e.g. for large patients or
off-axis positioning of the patient) (Siewerdsen and Jaffray 2001, Jin et al 2010, Lim et al 2022). This study
focused onCTnumber and geometry accuracy in the region outside the sFoV forHyperSight CBCT andCT.
The results ofHyperSight CBCT showed good overlap (JaccardConformity Index) for geometric accuracy, and
values that were comparable to previously reported deep learning eFoVmethods for CT scanners (Fonseca et al
2021). The geometry accuracy for theHyperSight CBCTdemonstrated a higher JaccardConformity Index
(figure 6(C)) thanCT for similar phantom volumes outside the sFoV, but a lower accuracy in theCTnumbers
for the tissue-equivalent inserts located outside the sFoV. These larger differences inCTnumbers were also
found in the phantom itself (not the tissue-equivalent inserts) for theHyperSight CBCT and therefore to retrieve
the correctmask, proper thresholding (−600HU)was needed.

The phantom size dependency of CTnumbers was evaluatedwithin the sFoVwith various tissue-equivalent
inserts in the center of threeHDPEphantoms. It was chosen to demonstrate the differences inCTnumbers
rather than in relative electron densities, to show the differences without variations due to the conversion curves.
TheCT scanswere acquired at 120 kVp, while image acquisition forHyperSight CBCTwas performed at 125
kVp. Ideally identical tube voltages and filters were preferred for comparability between theCT andHyperSight
CBCT.However, 125 kVpwas the only available setting in the current protocol of theHyperSight CBCT and as
theCTdid not offer this tube voltage, it was chosen to use 120 kVp. Therefore, different spectra were used and
slightly lowerCTnumbers could be expected for high-densitymaterials for theHyperSight CBCT images
(different filtrations can also result in further differences, but this was not investigated in this study).
Additionally, this study did not verify the photon spectra in the scanners. TheHyperSight CBCTdemonstrated
larger differences inCTnumbers between the phantom sizes thanwas seen for CT, but lower differences
compared to Regular CBCT andTrueBeamCBCT. TheCTnumber forwater in the 20 cmphantomwaswithin
tolerance (± 5HU) (Mutic et al 2003) and aCT-number-to-mass-density conversion curve could be calibrated
forHyperSight CBCT in an identical approach as for CT (Schneider et al 1996, Peters et al 2023). The differences
inCTnumbers between phantom sizes show the importance of using dedicated conversion curves for different
sizes to convert CTnumbers properly to relative electron density, as this is a fundamental parameter in dose
calculation.When the difference inCTnumbers (and thereby relative electron density) is too high and over a
certain threshold, the dose calculated for the patient can be affected (Thomas 1999, Kilby et al 2002,
Papanikolaou et al 2004). As theCTnumbers for the soft tissues werewithin± 20HUand the bone± 250HU
compared toCT, this could lead eventually toCBCT-based dose calculation differences below 1% in head
regions (Davis et al 2017) and 2% in pelvic regions (Papanikolaou et al 2004). In a recent study, HyperSight
CBCT-based dose calculation showed differences below 1%compared toCT,which could allow for adaptive
radiotherapy based directly onHyperSight CBCT images (Bogowicz et al 2024).

Furthermore, image quality was evaluated for the (CB)CT imagers by quantifying SD, SNR andCNR in the
TripleModality 3DAbdominal Phantom. It was chosen to acquire images with a clinical protocol, whichmeans
that the slice thickness between the scanners differed. A lower slice thickness in an identical systemswould
normally generatemore noise in physics terms.However, HyperSight CBCT andCTdemonstrated better results
with lower slice thickness, which could be explained by the increased detector efficiency of the newCBCTpanel.
The results showed comparable image quality for the newCBCT imager andCT,with a slight increase in SNR
andCNR forHyperSight CBCT. In a previous study, evaluating other (CB)CT imagers, the CNR forCTwas
almost 50%higher than for theCBCT imagers (Stock et al 2009). In contrast, this study showedmean± SD
quantification (Table S2 in SupplementaryMaterial) in three soft tissue ROIs that was consistent between the
HyperSight CBCT andCT (26± 9HUand 39± 14HU, respectively). Higher CTnumber variations were found
inRegular CBCT (60± 16HU) andTrueBeamCBCT (32± 29HU) due to the presence of cupping artifacts in
the images, also visible in theCTnumber line profiles (figure 8(B)). The non-uniformity or cupping in the
Regular CBCTwas in the expected range, as this systemdid not include theAcuros scatter correction, available
in theHyperSight CBCT. The larger non-uniformity visible in the TrueBeamCBCT is related to the same
limitation and the effect is expected to be larger because the imager has an anti-scatter gridwith less scatter
rejection and no IR.

Comparing theHyperSight CBCTperformance to a previous ring-gantry imager (Regular CBCT) and
C-arm imager (TrueBeamCBCT), a superior image quality and reduced noise in various body site regionswere
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demonstrated. Furthermore, this work showed for the first time the performance of hardware and software
features,MAR reconstruction and eFoV in ring-gantry CBCT acquisition, which could improve on-line and off-
line adaptive radiotherapy. These features could improve accuracy and decrease the need of correcting
structures in the daily patient anatomy and auto-contouring could bemore reliable, and this could enhance the
CBCTdose calculation process. Additionally, due to the stability of the CTnumbers, synthetic CTs or
registration of the planningCT to the daily CBCT imagewould not be needed (de Jong et al 2021, Byrne et al
2022,Nelissen et al 2023). A limiting factor of this work is that it does not include dynamic phantoms to evaluate
the rapidCBCT acquisition of 5.9 s compared to clinical routine of 60 s (C-arm linacs). To understand the
completeHyperSight CBCTperformance in a clinical workflow, image quality evaluationwith dynamic
phantoms for the rapid acquisitionswould be recommended, but the static phantoms used in this work show the
initial performance withoutmotion present.

5. Conclusion

In conclusion, this study showed an increase in image quality and noise reduction for theHyperSight CBCT
imager compared to previous CBCT imagers. In addition, it offeredMAR and eFoV features that performed
comparably toCTwhich creates possibilities for adaptive radiotherapy and an optimizedworkflow.
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