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Abstract: Background: Despite the development of iterative reconstruction (IR) in diagnostic imaging,
CBCT are generally reconstructed with filtered back projection (FBP) in radiotherapy. Varian medical
systems, recently released with their latest Halcyon® V2.0 accelerator, a new IR algorithm for CBCT
reconstruction. Purpose: To assess the image quality of radiotherapy CBCT images reconstructed
with FBP and an IR algorithm. Methods: Three CBCT acquisition modes (head, thorax and pelvis
large) available on a Halcyon® were assessed. Five acquisitions were performed for all modes on an
image quality phantom and reconstructed with FBP and IR. Task-based image quality assessment was
performed with noise power spectrum (NPS), task-based transfer function (TTF) and detectability
index (d’). To illustrate the image quality obtained with both reconstruction types, CBCT acquisitions
were made on 6 patients. Results: The noise magnitude and the spatial frequency of the NPS peak
was lower with IR than with FBP for all modes. For all low and high-contrast inserts, the values for
TTF at 50% were higher with IR than with FBP. For all inserts and all modes, the contrast values were
similar with FBP and IR. For all low and high-contrast simulated lesions, d’ values were higher with
IR than with FBP for all modes. These results were also found on the 6 patients where the images
were less noisy but smoother with IR-CBCT. Conclusions: Using the IR algorithm for CBCT images
in radiotherapy improve image quality and thus could increase the accuracy of online registration
and limit positioning errors during processing.

Keywords: Cone Beam CT; iterative reconstruction; image quality; task-based image quality
assessment; radiotherapy

1. Introduction

Radiotherapy has been a constantly-evolving field since its establishment at the begin-
ning of the 20th century. Initially, control imaging was only available with a high energy
megavoltage (MV) beam [1]. It was only in the 2000s that the first kilovoltage (kV) imagers
appeared. Since then, kV imaging has become an integral part of routine radiation therapy.
Indeed, cone beam computed tomography (CBCT) kV- is performed weekly or even daily
depending on the sites treated, as it allows the online registration of the patient in all three
spatial dimensions, according to the images of the day [2].

Conventionally, kV-CBCT is reconstructed by filtered back projection (FBP). However,
this method induces a high level of noise and known artefacts [3]. Varian medical systems,
with their latest software versions and their Halcyon® V2.0 accelerator, offer “iCBCT”: cone
beam computed tomography obtained with iterative reconstruction (IR). Eleven acquisition
modes are available, with two possible reconstructions.
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IR already exists in diagnostic imaging (computed tomography (CT), nuclear medicine).
It is based on a different approach from that of FBP, working with successive approxima-
tions leading to the closest solution to the real object. With each iteration, a new slice is
estimated. However, the properties of these new algorithms make the spatial resolution
dependent on contrast and dose, and change both the noise magnitude and the image
texture [4–6]. These properties require the use of appropriate metrics to evaluate image
quality [4,5,7–9].

First, there is the analysis of the Noise Power Spectrum (NPS), whose shape, deter-
mined by the spatial frequency of the NPS peak and/or the average spatial frequency of
the NPS curve, qualifies the noise texture. Second, the spatial resolution is assessed by the
Modulation Transfer Function (MTF), which describes the contrast recovery of the system
according to spatial frequency. MTF is only applicable for shifting invariant linear imaging
system due to its equation. In the case of the IR algorithm, the imaging system is nonlinear,
which means that the contrast of the object and the level of background noise can affect
the resolution of the system. This has now become more “task specific” and is called the
Task-based Transfer Function (TTF). Third, the detectability index is calculated from TTF
and NPS measurements, combined with a description of the imaging task. This metric is a
model observer i.e., it is specific to a clinical situation. There are several observer models in
the literature [4,10,11] whose properties vary according to their complexity and ability to
predict imaging performance in agreement with human observers. The detectability index
quantifies the detection performance of the analysis model.

Numerous studies have shown that IR can improve the quality of conventional CT
images by reducing the image noise and improving the contrast-to-noise ratio [5–7,12–17].
Using this type of reconstruction algorithm for CBCT images in radiotherapy could reduce
the image noise and improve the technologists’ confidence in online registration of the
patient with the CBCT vs reference planning CT.

In this context, the purpose of this study was to assess the image quality of iCBCT,
compared to conventional CBCT using these new metrics. By this means, we were able to
study the complex image quality properties of IR which might invalidate predictions based
on classical metrics [4,5,8,9].

2. Materials and Methods

2.1. CBCT Acquisitions on the Halcyon® Imaging System

Halcyon® V2.0 is a fast O-ring linear accelerator with a single energy 6 MV flattening
filter-free beam and a digital megavoltage imager in the beam path for portal dosimetry
and MV imaging. For kV imaging, there is another system, composed of a kV source with
a permanent half bow-tie filter. The panel is a gadolinium oxysulfide scintillator (Gd2O2S)
measuring 43 cm × 43 cm which has 1280 × 1280 pixel resolution with a frame rate of
30 images per second. The latter can only provide CBCT acquisition in clinical mode, with
a scan range of 245 mm and a scan diameter of 491 mm.

Eleven CBCT acquisition modes are available depending on the anatomical location
(pelvis, breast. . . ) or patient type (adults and pediatrics), with certain parameters defined
by default.

2.2. Acquisition and Reconstruction Parameters

Acquisitions were performed on the Catphan 504 phantom (The Phantom Laboratory)
positioned in the air at the head of the table, for three CBCT acquisition modes (Head,
Thorax and Pelvis Large). For each CBCT mode used, five acquisitions were performed
with the predefined tube voltage, tube current, exposure time, volume CT dose index
(CTDIvol) and field of view (FOV) (Table 1).
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Table 1. Acquisition parameters used for each CBCT acquisition mode.

kV mA Focal Spot (mm) Exposure Time (s) CTDIvol (mGy) FOV (mm)

Head 100 30 1 4.63 3.7 281.60
Thorax 125 35 1 8.59 6.0 492.37

Pelvis large 140 90 1 16.18 38.4 492.37

Footnotes: CTDIvol, volume CT dose index measured on the 32-cm diameter reference dosimetric phantom; FOV,
field of view.

All images were reconstructed with a default slice thickness of 1.991 mm, a matrix size
of 512 × 512 pixels using the FBP and IR algorithms available on the Halcyon® V2.0.

2.3. Data Analysis

The reconstructed images were analyzed using iQMetrix-CT software [18], with which
a task-based image quality assessment can be made by computing the TTF, the NPS and
the detectability index. The methodology used by this software is well-known [18] and has
been cited in several publications [19–22].

2.3.1. Task-Based Transfer Function

The TTF was computed in the CTP404 module of the phantom using four cylindrical
inserts to assess the spatial resolution according to low (Delrin and LDPE) and high (air
and Teflon) contrast conditions. A circular ROI was positioned on each insert (Figure 1A)
and the circular-edge technique was used to measure the edge spread function (ESF) [8].
The ESF was obtained by calculating the radius of each pixel from the central pixel of the
insert. The line spread function (LSF) was obtained by derivation from the ESF. The TTF
was then computed from the LSF normalized Fourier transformation. To minimize the
image-noise effect, the TTF was computed from 40 consecutive axial slices (8 slices for each
of the 5 acquisitions).

Diagnostics 2022, 12, x FOR PEER REVIEW 3 of 10 
 

 

Table 1. Acquisition parameters used for each CBCT acquisition mode. 

  kV mA Focal Spot (mm) Exposure Time (s) CTDIvol (mGy) FOV (mm) 

Head 100 30 1 4.63 3.7 281.60 

Thorax 125 35 1 8.59 6.0 492.37 

Pelvis large 140 90 1 16.18 38.4 492.37 

Footnotes: CTDIvol, volume CT dose index measured on the 32-cm diameter reference dosimetric 

phantom; FOV, field of view. 

All images were reconstructed with a default slice thickness of 1.991 mm, a matrix 

size of 512 × 512 pixels using the FBP and IR algorithms available on the Halcyon® V2.0. 

2.3. Data Analysis 

The reconstructed images were analyzed using iQMetrix-CT software [18], with 

which a task-based image quality assessment can be made by computing the TTF, the NPS 

and the detectability index. The methodology used by this software is well-known [18] 

and has been cited in several publications [19–22]. 

2.3.1. Task-Based Transfer Function  

The TTF was computed in the CTP404 module of the phantom using four cylindrical 

inserts to assess the spatial resolution according to low (Delrin and LDPE) and high (air 

and Teflon) contrast conditions. A circular ROI was positioned on each insert (Figure 1A) 

and the circular-edge technique was used to measure the edge spread function (ESF) [8]. 

The ESF was obtained by calculating the radius of each pixel from the central pixel of the 

insert. The line spread function (LSF) was obtained by derivation from the ESF. The TTF 

was then computed from the LSF normalized Fourier transformation. To minimize the 

image-noise effect, the TTF was computed from 40 consecutive axial slices (8 slices for 

each of the 5 acquisitions). 

TTF values at 50% (TTF50%, mm−1) were used to quantify the changes in spatial reso-

lution. The contrast value between each insert and the phantom background computed 

during the TTF calculation process by the iQMetrix-CT software were also studied. 

 

Figure 1. (A) Regions of Interests (ROIs) placed on the Delrin, LDPE, Teflon and air inserts to com-

pute the Task-based Transfer Function. (B) The four ROIs used to calculate the Noise Power Spec-

trum. 

2.3.2. Noise Power Spectrum 

The NPS is equal to the Fast Fourier transform of the image of a uniform object, meas-

ured in three dimensions of space and is computed as follows: 

Figure 1. (A) Regions of Interests (ROIs) placed on the Delrin, LDPE, Teflon and air inserts to compute
the Task-based Transfer Function. (B) The four ROIs used to calculate the Noise Power Spectrum.

TTF values at 50% (TTF50%, mm−1) were used to quantify the changes in spatial
resolution. The contrast value between each insert and the phantom background computed
during the TTF calculation process by the iQMetrix-CT software were also studied.
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2.3.2. Noise Power Spectrum

The NPS is equal to the Fast Fourier transform of the image of a uniform object,
measured in three dimensions of space and is computed as follows:

NPS2D
(

fx, fy
)
=

∆x∆y

LxLy

1
NROI

NROI

∑
i=1
|FFT2D{ROIi(x, y)− FITi(x, y)}|2 (1)

where ∆x and ∆y are the pixel size in the x- and y-directions (mm), respectively; FFT is
the Fast Fourier Transform; Lx and Ly are the lengths of the ROIs in pixels in the x- and
y-directions; NROI is the number of ROIs; ROIi(x, y) is the pixel values for the ith ROI at
the position (x, y) and FITi(x, y) is a 2nd order polynomial fit of ROIi(x, y).

The square root of the area under the NPS curve was used to quantify the noise
magnitude. To quantify the changes in noise texture, the spatial frequency of the NPS
peak(s) (fpeak, mm−1) was measured.

The NPS was computed on the uniform section of module CTP486 in 85 consecutive
axial slices (17 slices for each of the 5 acquisitions) by placing four square ROIs of 46 × 46
pixels for pelvis and thorax modes and 82 × 82 pixels for head mode (Figure 1B).

2.3.3. Detectability Index

A non-prewhitening observer model with eye filter (d′NPWE) was used to calculate the
detectability index (d′) for four clinical tasks as follows [9]:

d′2NPWE =

[s
|W(u, v)|2.TTF(u, v)2.E(u, v)2dudv

]
2

s
|W(u, v)|2.TTF(u, v)2.NPS(u, v).E(u, v)4dudv

(2)

where u and v are the spatial frequencies in the x- and y-directions, E the eye filter that
models the human visual system sensitivity to different spatial frequencies, and W(u,v) the
task function defined as:

W = |F{h1(x, y)− h2(x, y)}| (3)

where F the Fourier transform, h1(x, y) and h2(x, y) corresponding to the object present
and the object absent hypotheses, respectively [12]. The eye filter was modeled according
to the visual response function [23].

In accordance with the contrast of lesions found in clinical routine, four task functions
of 10-mm diameter with contrasts like the contrast of the four inserts used. These four task
functions simulated the clinical low and high contrast lesions treated in radiotherapy.

Interpretation conditions for the d’ calculation were a viewing distance of 500 mm, a
zoom factor of 1.5 and a 0.2 mm pixel pitch display.

2.4. Patients

To illustrate the image quality obtained with both reconstruction types, CBCT acquisi-
tions were made on 6 patients: 3 for head and neck treatment and 3 for prostate treatment.
For the 6 patients, acquisitions were performed two days running during treatment: the
first day using FBP and the second day using IR. The same windowing and matching were
used to compare CBCT images.

This retrospective study was approved by the local institutional review board (Inter-
face Recherche Bioethique Institutional Review Board, number 22.12.02). The requirement
for written informed consent was waived. According to the current regulation, a letter
of non-opposition was sent to all patients to inform them of the study and ensure that
they did not object to the use of their anonymized data for research studies. No patients
informed us of their opposition to their inclusion in the study.
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3. Results
3.1. Noise Power Spectrum

Values of noise magnitude and noise texture for all CBCT modes and both recon-
struction types are depicted in Table 2. For all CBCT modes, the noise magnitude was
lower with IR than with FBP. The noise magnitude was reduced by −35% for head mode,
−19% for thorax mode and −25% for pelvis large mode. For both reconstruction types, the
highest noise magnitude values were found for head mode and the lowest values for pelvis
large mode.

Table 2. Noise power spectrum, task-based transfer function, contrast values and detectability index
outcomes obtained for all CBCT acquisition modes and reconstruction types.

Head CBCT
Mode

Thorax CBCT
Mode

Pelvis Large CBCT
Mode

Metrics FBP IR FBP IR FBP IR

Square Root AUC NPS2D (HU) 40.0 26.0 10.6 8.6 4.8 3.6
fpeak (mm−1) 0.29 0.20 0.02/0.22 0.02/0.13 0.02/0.22 0.02/0.13

f50 Air (mm−1) 0.41 0.44 0.29 0.32 0.29 0.32
f50 LDPE (mm−1) 0.39 0.41 0.28 0.31 0.29 0.32
f50 Delrin (mm−1) 0.40 0.42 0.32 0.36 0.33 0.36
f50 Teflon (mm−1) 0.39 0.40 0.28 0.31 0.28 0.31

d’ Air 14.7 22.5 44.9 67.2 105.2 192.0
d’ LDPE 2.5 4.0 8.0 11.6 18.5 33.4
d’ Delrin 3.4 5.3 10.5 16.7 25.1 46.7
d’ Teflon 11.8 18.1 35.2 51.5 81.6 143.4

Contrast Air (HU) −1005.6 −1004.5 −1024.0 −1023.0 −1025.0 −1024.8
Contrast LDPE (HU) −181.3 −180.8 −178.3 −178.6 −177.9 −178.0
Contrast Delrin (HU) 237.7 239.4 234.7 236.5 233.1 234.4
Contrast Teflon (HU) 808.3 812.8 786.8 792.0 776.1 781.0

Footnote: FBP: filtered back projection; IR: iterative reconstruction.

Figure 2 depicts the NPS curves obtained for all CBCT modes and both reconstruction
types. For thorax and pelvis large modes, two NPS peaks were found: one placed at low
spatial frequencies (0.02 mm−1) and the other at higher spatial frequencies (Figure 2A,B).
For head mode, one NPS peak was found for both reconstruction types (Figure 2C).
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Figure 2. Noise power spectrum (NPS) curves obtained with filtered-back projection and iterative
reconstruction for the three CBCT acquisition modes.

For all CBCT acquisition modes, the spatial frequency of the NPS peak shifted towards
lower frequency (fpeak) with IR compared to FBP. fpeak decreased from 0.29 mm−1 to
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0.20 mm−1 for head mode and from 0.22 mm−1 to 0.13 mm−1 for both other modes. For
both reconstruction types, fpeak was higher for head mode than with the two other modes.

3.2. Task-Based Transfer Function

The TTF curves obtained for all inserts according to the CBCT mode and reconstruction
type are depicted in Figure 3. For all CBCT modes, TTF curves shifted towards higher
spatial frequencies with IR compared to FBP.
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Figure 3. Task-based transfer function (TTF) curves of four inserts obtained with filtered-back
projection and iterative reconstruction for the three CBCT acquisition modes.

For all low and high-contrast inserts (Table 2), the values of the TTF at 50% (f50)
increased with IR compared with FBP by an average of 5 ± 2% for head mode, 11 ± 1% for
thorax mode and 11 ± 2% for pelvis large mode. For both reconstruction types, values of
f50 were higher with head mode than with the other two modes.

3.3. Contrast Value and Detectability Index

Contrast values and detectability indexes of the four inserts obtained for all CBCT
modes and both reconstruction types are depicted in Table 2.

For all modes and reconstruction types, the contrast values were similar for each insert.
The mean contrast values were −1018 ± 10 HU for the air insert, −179 ± 2 HU for LDPE
insert, 236 ± 2 HU for the Delrin insert and 793 ± 15 HU for the Teflon insert.

For all low and high-contrast simulated lesions, d’ values increased with IR than
FBP for all CBCT modes. d’ values were higher by 55 ± 2% on average for head mode,
50 ± 6% for thorax mode and 81 ± 4% for pelvis large mode. For both reconstruction
types, the highest d’ values were found for pelvis large mode and the lowest values for
head mode.

3.4. Patients

Figure 4 shows the images obtained with FBP and IR for 3 patients on thorax CBCT
acquisitions (Figure 4A) and in pelvis large CBCT mode (Figure 4B). For both anatomical
locations, the images were less noisy and sharper (better visual border detection for all
organs) with IR than with FBP. For the 6 patients, the technologists’ confidence in the CBCT
vs reference planning CT (CT SIM) was equivalent for both types of CBCT image and the
radiotherapist confirmed these results.
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Figure 4. Comparison of head and neck (A) and pelvis (B) reconstruction with FBP (FBP-CBCT) and
IR (iCBCT) on three patients. The series were matched on the same location and visualized with the
same windowing.

4. Discussion

For the first time, our study assessed the impact of the new iterative reconstruction
(IR) algorithm available on the Halcyon® V2.0 on CBCT images in comparison with CBCT
images reconstructed with FBP. To assess the image quality of CBCT images, a task-based
image quality assessment was performed. The use of IR reduced the image noise and
improved spatial resolution and detectability, but changed the image texture by increasing
image smoothness.

The outcomes of task-based image quality assessment confirmed the results found
on conventional CT images with IR algorithms [5–7,19–22,24]. The NPS results showed
that, for the 3 CBCT acquisition modes evaluated, the noise magnitude decreased with
IR compared to FBP but the NPS curves shifted towards lower frequencies, resulting in
more pronounced image smoothing. These results were also found on the 6 patients for the
two anatomical locations where the images were less noisy but smoother with IR-CBCT.
We also found that a second peak at low spatial frequency was positioned on the NPS
curves for the thorax and wide pelvis CBCT acquisition modes. This peak was directly
related to the presence of cupping effect artefacts on the FBP and IR images. This type
of artefact is well-known [25] and corresponds to a defect in homogeneity of the CBCT
images, related to several components [26,27] such beam hardening, beam softening and
the high proportion of scattered photons on the large size detector. These artefacts were not
visible on the 6 patients’ images. Furthermore, we found that the TTF curves of the four
low- and high-contrast inserts shifted to higher spatial frequencies with IR than with FBP,
resulting in improved spatial resolution. This improvement was confirmed visually with
better image sharpness and visual border detection with IR for all organs than with FBP for
all 6 patients. Last, we found that the detectability indexes of the four simulated lesions
were better with IR than with FBP for all CBCT acquisition modes. These results are directly
related to the noise magnitude and spatial resolution outcomes. As the contrast between
the phantom’s background and the insert used to define each simulated lesion did not
vary, the d’ values increased thanks to the strong decrease in noise and the improvement
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in spatial resolution with IR. Similar results were found for conventional CT images for
different IR algorithms compared to FBP.

In clinical practice, the purpose of image-guided radiation therapy, is to improve
target-matching on daily imagery with the reference planning CT (CT SIM). In this study,
IR improved the image quality but only had a slight influence on patient care regarding
matching CBCT to CT SIM. When discussing with technologists and physician, the problem
was due to the beam-hardening artifact in the pelvic region, which was more pronounced
with IR. In some cases, IR sequences also appeared to be over-smooth and the operator
may have had difficulty delineating the borders of the structure. In this first version of
iCBCT we do not have the possibility to set up the reconstruction. By the way, the user
can simply tick or untick “iCBCT” on the imaging workstation. The possibility to play on
the strength of smoothing could be an interesting improvement in the future. Moreover,
the radiation protection safety principle of As Low As Reasonably Achievable (ALARA)
should also be applied to the imaging dose in radiotherapy, minimizing imaging doses
without compromising target matching. Indeed, the recent report by the AAPM Task Group
180 proposed recommendations to optimize imaging dosage [28]. The possibilities of dose
reduction with the IR protocol whilst maintaining constant image quality seem interesting
and should be investigated in future studies. Finally, in the future, IR could also prove to
be essential during adaptive processing where a dosimetric calculation is carried out on the
CBCT images of the day [24]. Indeed, it would be interesting to assess the impact of iCBCT
on the elastic deformation in CT simulation as well as during the volume segmentation
stage.

This study has certain limitations. Only one phantom was used for all acquisitions,
therefore its size is not consistent with all protocols, and may deviate from the reality.
Another point is that the use of detectability indices is questionable, as these are only partly
adapted to the clinical task of radiotherapy. Indeed, the lesions are not always visible on
CBCT. The aim is thus to detect the contours and not the lesions directly. In this sense, the
TTF analysis was very important in our study, since it indirectly determines the quality
of the contours. In other words, the higher the restitution of the contrast according to the
spatial resolution, the more precise the contours, which facilitates subsequent registration.

5. Conclusions

This study shows that using the new iterative reconstruction algorithm available
on the Halcyon® V2.0 enhances the image quality of CBCT images by reducing image
noise and improving the detectability and spatial resolution. These results offer interest-
ing prospects for refining patient registration before treatment and boosting operator
confidence. The improvement in detectability with IR also paves the way for reflec-
tion on the dose optimization of CBCT acquisitions. In any case, studies must be per-
formed on a larger number of patients to confirm these results and their impact on patient
registration accuracy.
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