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Abstract 

Quantitative evaluations in 3D images acquired via Cone-Beam Computed Tomography 
(CBCT) are limited by the scatter abundance and cone-beam artifacts. This work investi-
gates benefits in using an innovative scanning geometry in CBCT (eCT), which replaces 
each projection of the conventional scanning protocol with a series of collimated projec-
tions (Np) acquired over an oscillating trajectory, realized either with an oscillating source 
or a multi-spot array. In silico tests employed a cylindrical water phantom embodying 
inserts of four biological materials. 1 mm-thick bone slabs were sandwiched between 9 
mm water slabs to evaluate the image conspicuity. eCT improved the Hounsfield Unit 
(HU) accuracy, with a direct relation with Np. eCT with Np = 10 reduced the bias of the 
estimated HU more than two times when compared to CBCT. Increasing the Np presented 
a large impact on the image conspicuity for portions of the FOV distant from the central 
axial plane, with the signal-to-noise ratio between water and bone slabs increasing by a 
factor of 18 for Np = 10 compared to CBCT. The proposed eCT configuration is expected 
to be adopted in applications without strict demand for scanning time and projection 
number, such as dentomaxillofacial and intrasurgical imaging, imaging of the extremities, 
and image-guided radiotherapy. 

Keywords: CBCT; multi-source CBCT; quantitative imaging; innovative scanning geom-
etry; in silico proof-of-concept 
 

1. Introduction 
Cone-beam Computed Tomography (CBCT) [1] is currently widely adopted in clin-

ical applications, with use in dentomaxillo-facial and head radiology [2–4], image-guided 
radiotherapy treatments [5], musculoskeletal system imaging [6,7], angiography and in-
terventional radiology [8,9] and advanced 3D breast imaging techniques [10]. In these 
fields, it is preferred to other similar radiological techniques—such as helical multi-detec-
tor CT scanners (MDCT)—for its high effectiveness/cost ratio, versatility, and compact 
size. However, it presents two intrinsic limitations that are the root-causes of image 
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quality degradation: (1) the large amount of scatter radiation reaching the detector and (2) 
the cone-shaped x-ray beam. The high level of detected scatter radiation (1) causes low 
frequency artifacts—such as shading or cupping artifacts [11,12]—and high-frequency 
noise, which can hide small details and small contrast details, such as microcalcification 
in CT dedicated to the breast [13]. The low-frequency artifacts can be reduced by means 
of image post-processing [12]. Instead, in order to reduce the high-frequency noise related 
to the detected scatter, reduction in the field of view (FOV) or hardware technical solutions 
are needed [13,14]. On the other hand, the cone-shaped beam (2), along with the conven-
tional circular scanning geometry of the CBCT, causes signal undersampling in the axial 
direction with a related silent-cone in the Fourier transform of the reconstructed 3D im-
ages which outlines missing data [15]. The effect of this undersampling is image quality 
degradation, in particular for the portion of the FOV distant from the Source Plane (SP, 
i.e., the plane containing the source during the scan) [15]. This reduces the available FOV 
in the axial direction. 

These limitations of the image quality compromise the use of CBCT in all those ap-
plications aiming at quantitative analysis of the reconstructed 3D images [12,16–27]. In-
deed, the abundance of the scatter at the detector and the 3D-space undersampling make 
challenging the accurate evaluation of Hounsfield Units (HU) as well as the morphology 
of inclusions, in particular for the portion of the FOV distant from the SP. As an example 
of these limitations, the CBCT mounted on the gantry of a radiotherapy treatment couch, 
to verify the patient’s alignment with respect to the original MDCT treatment planning, 
cannot be used to correct the treatment planning itself [22,25], due to the scatter abun-
dance that leads to an error in HU evaluation up to 300 [19]. Similar drawbacks were also 
shown in applications related to the evaluation of mineral bone density [16,20,23] with 
inaccuracy in HU and local density evaluations, in breast cancer diagnosis [12], in the re-
peatability and reproducibility of radiomic features [21,26,27], in the detection of small 
skeletal lesions [28], in pre- and post-surgical implant evaluations [29–33], and in auto-
matic image segmentation [34]. The reduction in the FOV is a possible strategy for de-
creasing both scatter and cone-artifacts in CBCT. However, the CBCT was already unfa-
vorably reviewed by radiologists for its limited FOV in comparison to MDCT [15], and 
alternative strategies are needed. 

An innovative approach aimed at reducing the impact of the scatter and the cone 
aperture artifacts has proposed the use of a multi-source scanner [15,35–40] with scanning 
geometries that follow trajectories different from the conventional circular scan. Hence, in 
these configurations, more than one source is placed along a segment parallel to the rota-
tional axis of the scanner, either as an array of single sources [15,38] or a source with more 
than one focal spot [35–37]. This allows collecting projections from different distances 
from the conventional SP, permitting a denser sampling, in particular in the z-Fourier di-
rection, with a related reduction in the sampling silent cone [15]. 

In this work, we conducted an in silico investigation of an innovative scanning ge-
ometry (eCT), which relies on an oscillating scanning trajectory and a collimated beam, to 
reduce the FOV undersampling and the scatter radiation, respectively. The eCT configu-
ration substitutes each of the projections in conventional CBCT with a series of collimated 
projections distributed in the axial direction and acquired over an oscillating source trajectory. 
Such an oscillating source trajectory may be obtained either (i) via the oscillation of the con-
ventional source in the axial direction during the rotation or (ii) via the aforementioned use of 
an array of x-ray sources, as previously proposed in refs [15,35–38]. The former approach is 
meant to reduce the costs related to the use of multi-source scanners with conventional x-ray 
tubes [38], and to overcome the scarce availability of multi-spot x-ray sources on the market. 
On the other hand, the oscillation of a conventional single spot source may induce gantry 
deformations and image artifacts in cases of fast scanning protocols. 
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The aim of the work is to evaluate the accuracy of the HU estimates and conspicuity 
in eCT reconstructed images as a function of the position in the FOV. Investigations have 
been carried out via Monte Carlo simulations with the objective of outlining the ad-
vantages of the proposed oscillating acquisition trajectory and to parametrize the number 
of focal spots/projections per oscillation. In such a way, this study extends the work in 
refs. [35,37]—limited by the use of eight focal spots and small FOV aiming at maxillofacial 
imaging—and that in ref. [41]—where the image noise of eCT was characterized. Evalua-
tions are meant to demonstrate the advantages introduced with respect to the conven-
tional circular CBCT scanning geometry in terms of conspicuity and HU estimates, toward 
quantitative use of the scanner. 

2. Materials and Methods 
2.1. The eCT Scanning Protocol 

The eCT scanning geometry substitutes each of the projections acquired in CBCT 
with more than one collimated projection (Np). Beam collimation in the axial direction 
has the objective of reducing the amount of scatter reaching the detector, with that im-
pinging on the detector out of the primary beam being cropped during projection post-
processing. This implies a reduction in the scatter-to-primary ratio (SPR) in the beam pri-
mary footprint that may reach up to 86% when 29.9 cm axial extent at the detector surface 
is reduced to 3.1 cm [41]. These collimated projections are acquired over an oscillating 
source trajectory for compensating the axial collimation as well as with the aim of reduc-
ing cone artifacts, whose main cause in CBCT is the circular orbit of the source. Figure 1 
reports a schematic of the scanning geometry, where it can be observed that the projec-
tions are actually acquired just over a semi-period of the oscillation (Figure 1a). While in 
CBCT, the FOV includes all the portions of the reconstructed volume irradiated at least 
once per projection, in eCT, it includes all the volume irradiated at least once per oscillat-
ing period. The projections over the single period are acquired in such a way that they are 
contiguous in axial direction at the external surface of the reconstructed FOV [41]. While 
the gantry rotates in the axial plane, the image projections are sequentially acquired for 
the source position moving over an oscillating trajectory, as depicted in Figure 1a. With H 
being the maximum vertical distance between two source locations over an oscillating 
period, the y coordinate of the source position over the oscillation period yi with i going 
from 0 and (Np−1) can be calculated as: 

𝑦𝑦𝑖𝑖 =
𝐻𝐻
2
𝑐𝑐𝑐𝑐𝑐𝑐 �

𝜋𝜋 ∙ 𝑖𝑖
𝑁𝑁𝑁𝑁 − 1

� (1) 

In this reference system, y = 0 corresponds to the central rotating plane, i.e., SP in 
CBCT. As depicted in Figure 1a, the projections are acquired exclusively over one semi-
period of oscillation. Since the proposed scanning geometry substitutes each of the full-
field projections of the conventional CBCT with Np projections contiguous in the axial 
direction (Figure 1b), it does not cause undersampling of the FOV. On the other hand, 
there are some parts of the FOV that are irradiated twice per oscillation period (Figure 
1b). In these overlapping regions, there is an increment of the FOV sampling that deter-
mines a reduction in the null-cone in the 3D Fourier domain (i.e., missing signal evident 
in the Fourier domain) and a reduction in the signal coefficient of variation (i.e., reduction 
in the high-frequency noise) [41]. As an additional benefit, the proposed geometry extends 
the available FOV in the axial direction, limiting the cone truncation characterizing con-
ventional CBCT [37]. The FOV extent may be derived from geometrical consideration and 
the number of source locations in the axial direction [41]. 

https://doi.org/10.3390/app16031404


Appl. Sci. 2026, 16, 1404 4 of 15 
 

https://doi.org/10.3390/app16031404 

 

Figure 1. (a) eCT oscillating scanning geometry representation with a collimated beam that partially 
irradiates the detector. The blue dots on the oscillating path (3 per scan period in this example) 
represent the location of the x-ray source in which images are acquired. (b) Lateral view of the con-
figuration of irradiation with 3 source locations in the axial direction (top) for collimated oscillating 
sources compared to a conventional full-field irradiation with CBCT (bottom). The 3 irradiations for 
the oscillating geometry—which replace the single one in circular orbit—were flattened in a single 
coronal plane for simplification. 

2.2. The Digital Phantom 

Studies were conducted employing the digital phantoms represented in Figure 2. It 
is a voxelized cylindrical water phantom with a diameter of 16.0 cm and a length of 20.0 
cm, made of cubic voxels of 0.1 mm × 0.1 mm × 0.1 mm. It is placed in the eCT FOV with 
the cylinder axis laying on the scanner axis of rotation and the middle plane placed on the 
central axial plane of the FOV (i.e., SP in CBCT). The upper portion of the phantom in-
cludes cylindrical inserts with diameter of 0.8 cm and length of 1.0 cm placed at 5.0 cm 
from the axis of the phantom. This sets the distance between the center of the inserts and 
the phantom edge to 3.0 cm. The inserts were made of adipose tissue, bone, cartilage, and 
muscular tissue, respectively. The compositions of the considered tissues were taken from 
ICRP 110 [42], as made available by the simulation software (sect. 2.3) [43]. The four inserts 
were placed with the center at 0.5 cm from the middle plane of the phantom, as in Figure 
2a. In order to study the reproducibility of the reconstructed HU over the FOV extent, the 
inserts were also placed with the center at 2.5 cm, 4.5 cm, 6.5 cm, and 8.5 cm from the 
central plane of the phantom (Figure 2b). 

The lowest part of the phantom contains 0.1 cm-thick cylindrical slabs made of bone 
tissue with a diameter equal to that of the phantom (Figure 2b). The 9 slabs are separated 
by 0.9 cm of water and the first one is placed in correspondence with the middle plane of 
the phantom. Such slabs are meant for the evaluation of the details’ conspicuity into the 
reconstructed image as a function of the distance from the central plane in CBCT, as per-
formed with a Defrise phantom in ref. [15]. 
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Figure 2. (a) Axial and (b) coronal views of the digital phantom used in this work. It is made of 
water and includes inserts of 4 different materials, namely adipose tissue, bone, cartilage, and mus-
cular tissue, whose densities and compositions were taken from ICRP 110 [42]. The inserts were 
placed at 3 cm from the phantom edge at several distances from the middle plane of the phantom, 
which corresponded to the plane containing the source orbit in CBCT. In the lower portion of the 
phantoms, 0.1 cm-thick slabs made of bones are placed with a repetition period of 1.0 cm. 

2.3. The In Silico Platform 

The eCT acquisitions were simulated via MC-GPU v1.3, a Monte Carlo software de-
veloped at the FDA (Silver Spring, MD, USA) [43]. This software is able to simulate CBCT 
projections on Graphic Processor Units (GPUs). In this study, it was used by taking ad-
vantage of a NVIDIA V100 GPU reaching about 3.5 × 108 launched events per second. The 
software calculates the projections reporting the total energy fluence for each pixel. As 
output, it produces images due to primary photons separated from those obtained for the 
secondary (scattered) photons. In order to estimate the linear attenuation coefficient of the 
water for the HU calibration of the reconstruction, the 3D image of a water phantom was 
reconstructed from the primary projections and the attenuation coefficient estimated from 
a 50 × 50 voxel region in the central axial slice of the FOV. The simulations employed a 90 
kV x-ray spectrum generated from a tungsten anode with an added filtration of 4 mm of 
Al (1st HVL = 4.16 mm Al). The simulated detector, whose efficiency was 100%, had a size 
of 29.9 cm × 29.9 cm with a pixel pitch of 0.146 mm. A 2 × 2 binning process over the 
simulated projections was used before 3D reconstructions for reaching an effective pixel 
size of 0.292 mm. Before the binning, the simulated projections were spatially filtered with 
a Gaussian filter (std dev = 2 pixels) for avoiding aliasing due to the uncorrelated noise of 
the ideal simulated detector and for reducing the spatial resolution toward a realistic one 
[44]. The beam collimation in the axial direction was changed on the basis of Np [41] in 
order to have a FOV extent in the axial direction (y direction) of 16.0 cm. In the case of Np 
= 1 and full-field irradiation of 29.9 cm × 29.9 cm at the detector surface, simulations em-
ployed 2 × 1011 primary photons per projection. With the increase of Np, the number of 
photons per projection was reduced in order to have a constant kerma-area product (KAP) 
for the oscillating period. Investigations in this work have been performed for Np = 1 
(CBCT as reference), 3, 5, 7, and 10. 
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Three-dimensional volume reconstructions were computed via customized open 
software presented in a previous study [41] and available at ref. [45]. Reconstructions had 
a cubic voxel of 0.292 mm × 0.292 mm × 0.292 mm. In order to focus the investigation on 
the benefits due to the scanning geometry, no beam hardening correction and scatter re-
duction algorithms have been applied. 

2.4. HU Accuracy Evaluation 

The accuracy of the reconstructed HU was evaluated as the difference (ΔHU) between 
the actual HU for the insert materials and the ground truth value (HUGT) as follows: 

∆𝐻𝐻𝐻𝐻 = 𝐻𝐻𝐻𝐻 − 𝐻𝐻𝑈𝑈𝐺𝐺𝐺𝐺 (2) 

The actual HU value was evaluated in circular ROIs with a diameter of 20 voxels 
placed at the center of the considered insert. The ground truth values were evaluated from 
the reconstructions obtained for the primary projections, with ROIs placed within the in-
sert close to the middle plane. ΔHU was evaluated at various distances from the middle 
plane. The ROIs were selected by avoiding the portions of the FOV irradiated twice per 
oscillation period. 

2.5. Conspicuity Evaluation 

The image conspicuity was evaluated as the signal-to-noise ratio (SNR) between the 
bone slabs and the background water phantom (Figure 2b), as follows: 

𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏

𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏
, (3) 

where Speak is the peak value of the bone slab evaluated over an image profile along the 
axial direction, Sbkg is the average voxel value evaluated in a ROI placed in the water back-
ground close to the considered insert, and σbkg is the voxel standard deviation evaluated 
in the mentioned background ROI. The evaluations were performed in coronal slices, i.e., 
in slices perpendicular to the bone slabs. The ROIs were selected by avoiding the portions 
of the FOV irradiated twice per oscillation period. 

3. Results 
3.1. HU Accuracy 

Figure 3 reports the ΔHUs evaluated for the four material inserts contained within 
the phantom. The uncertainty was estimated propagating the uncertainty on each single 
value, evaluated as standard deviation of the voxel values. The HU ground truth was 
evaluated from the 3D reconstruction obtained from the projections involving the sole 
primary photons. These ground truth values were estimated from the insert close to the 
SP to avoid influence of the cone-artifacts. Then, the accuracy was estimated as the differ-
ence between the estimated HU in a ROI contained within the insert and the ground truth 
values. Due to the presence of the scatter radiation, the estimated HU values are always 
lower than the ground truth values, determining a negative accuracy in Figure 3. The HU 
accuracy improves (ΔHU reduces) with increased Np. For Np = 10, the estimated HU dif-
fered from the ground truth for less than 50 in absolute value for adipose, cartilage, and 
muscle inserts, with the exception of cartilage inserts further from the plane. The ΔHU 
reached about 200 HU for the bone insert (Figure 3d). On the other hand, for Np = 1 (i.e., 
CBCT), such differences ranged between about −100 HU (Figure 3b) and −800 HU (Figure 
3d). The HU accuracy for the cartilage inserts increased six times, moving from Np = 1 to 
Np = 10 at 0.5 cm from the middle plane; this ratio reduced to 2 at 6.5 cm from the middle 
plane. Furthermore, the aforementioned accuracy ratios resulted, respectively, in 7 and 2 
for both the adipose and muscle inserts, confirming a trend with the distance from the 
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middle plane. Exclusively in the case of the bone insert, it remained about 4, at any con-
sidered distance from the SP. The inserts located at the extreme border of the FOV pre-
sented a relatively higher difference from the ground truth (Figure 3a–c). 

 

Figure 3. ΔHU as a function of the distance from the middle plane SP (i.e., the plane including the 
source trajectory in Np = 1). ΔHU was evaluated as the difference between HU in the reconstructed 
image and the HU ground truth estimated from a reconstruction obtained using the sole primary 
photons for the four insert materials: (a) cartilage, (b) adipose tissue, (c) muscle, and (d) bone. 

3.2. Image Conspicuity 

Figure 4 reports ROIs of the reconstructed coronal slices passing through the scanner 
rotation axis in correspondence of the lower portion of the phantom, which includes the 
‘Defrise-like’ portions. It is noticeable that the 0.1 cm slabs of bone tissue are better delin-
eated for the highest Np. In particular, in CBCT (Np = 1), just the slab laying in the plane 
containing the source orbit is well defined, even though the cupping artifact reduces its 
visibility at the center of the slice. When moving far from the SP, the slab conspicuity 
drastically reduces, appearing split in two. With the increase of Np, the number of well-
defined slabs increases, with their maximum visibility corresponding to the axial source 
locations. Such behavior was already reported in images obtained with 6 [15] and 8 [37] 
source CBCT scanners, and here it is generalized. When moving at 5.0 cm from the rota-
tion axis (Figure 5a), the conspicuity of the slabs increased for all the investigated Np, 
preserving the higher visibility for larger Np, in particular for portions of the recon-
structed FOV far from the SP. 
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Figure 4. Coronal slices at the scanner isocenter for Np = 1 (a), 3 (b), 5 (c), 7 (d), and 10 (e). The 
selected ROIs include the lower portion of the phantom, which contains the bone slabs used for the 
image conspicuity evaluations. Red arrows indicate the vertical position of the source during the 
oscillating trajectory for the selected Np. HU windows = [−1800; 600]. 

 

Figure 5. Coronal slices at 5.0 cm from the scanner isocenter for Np = (a) 1, (b) 3, (c) 5, (d) 7, and (e) 
10. The selected ROIs include the lower portion of the phantom, which contains the bone slabs used 
for the image conspicuity evaluations. Red arrows indicate the vertical position of the source during 
the oscillating trajectory for the selected Np. HU windows = [−1800; 600]. 
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Image profiles along the rotation axis across the bone slabs are reported in Figure 6, 
for Np = 10, 5, and 1, respectively. It is evident that the slab conspicuity improves for a 
larger Np. Hence, the bone signal peak is higher for a larger Np, and the doubling effect 
reduces with respect to CBCT (Np = 1), in particular for portions of the FOV distant from 
the reconstructed middle plane. It can also be observed that the background signal is 
higher for a larger Np. This is due to the reduction in the scatter radiation reaching the 
detector, as already outlined in the discussion on the HU accuracy. Similarly, Figure 7 
reports image profiles tracked on a segment parallel to that in Figure 6, at 5.0 cm from the 
isocenter (i.e., over the coronal slices in Figure 5). In this case, the influence of the cupping 
artifact is reduced and the difference in conspicuity becomes more evident, particularly at 
larger distances from the FOV middle plane, where the peaks of the bone slabs are dras-
tically reduced in CBCT. 
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Figure 6. Image profiles along the rotation axis from coronal reconstructed images in correspond-
ence to the bone slabs (Figure 4) and Np = 1 (CBCT), 5, and 10. On the right, the dashed line tracks 
the profile over the phantom. 
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Figure 7. Image profiles in the axial direction along a segment at 5 cm from the rotation axis from coronal 
reconstructed images in correspondence to the bone slabs (Figure 5) and Np = 1 (CBCT), 5, and 10. 

The SNR evaluated between the bone slab peaks and the water background outlines 
the visibility improvement due to the increase of Np (Figure 8). Along with this, it can 
also be noticed that, with the increase of Np, the dependence of the image conspicuity on 
the position also reduces. In the case of Np = 1, at 5 cm from the rotational axis, the SNR 
has the maximum value of 79 for the slab contained in the SP. This value reduces almost 
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monotonically as the distance from the middle plane increases, down to 12 at 72 mm from 
SP (Figure 8a). In the cases of Np = 3, it can be noticed that the SNR peaks for the slabs 
positioned close to the planes containing the source during the projection acquisition, 
reaching 217 in correspondence of the middle plane and up to 401 at 6 cm. The SNR for 
Np = 3 is higher or equal than that for Np = 1 for any distance from the middle plane. The 
maximum SNR values in correspondence of the axial positions of the sources are also ev-
ident for Np = 5, reaching the value of 371. For Np = 7 and Np = 10, the distances between 
consecutive source positions over the semi-period of oscillating acquisition are further 
reduced, and the local maxima of the SNR curve as a function of the distance from the SP 
are not resolved. This determines a reduced dependence between the image conspicuity 
and the position over the FOV. The highest SNR value is obtained for Np = 10 at 4 cm from 
the middle plane, where it reaches 407. It should be noted that estimated uncertainty of 
SNR evaluations is in the order of 12%. This is obtained as the squared sum of the back-
ground standard deviation and the standard deviation of the peak estimates over consec-
utive profiles. 
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Figure 8. SNR between the water background and bone slabs from the reconstructed volume eval-
uated at 5.0 cm from the z axis for (a) Np = 1 and 3, and (b) Np = 5, 7, and 10. 

4. Discussion 
The use of an innovative configuration in CBCT, which relies on multiple-spot 

sources [15,35–37,46], has provided evidence of improved image quality, mainly limited 
by the scatter abundance and by the cone-angle artifacts in conventional configuration. 
The research group at the University of North Carolina at Chapel Hill (Chapel Hill, NC, 
USA) [35,37,39,46] investigated the use of a multi-spot source constituted of 8 focal spots 
interspaced by 1.2 cm, for a total extension of the source array of 8.4 cm, covering a FOV 
suitable for maxillofacial investigations. Such an x-ray source used cold cathodes based 
on carbon nanotube technology which allows embodying several focal spots in a single 
tube without excessive physical size. They demonstrated a considerable increase in ho-
mogeneity in the reconstructed axial slices [35], contrast-to-noise improvement up to 56% 
[37], and a slight improvement of the HU values which moved toward those evaluated in 
MDCT in an experimental phantom study [35]. Moreover, the proposed configuration 
demonstrated an improvement in accuracy in the evaluations of bone density with respect 
to conventional CBCT [46]. As also shown for three and six spots in Becker et al. [15], the 
denser sampling from the use of multi-spot sources increases the image conspicuity as the 
number of sources increases. However, Becker et al. [15] did not describe the hardware 
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configuration of the system, foreseeing future developments based on a multi-spot source 
based on conventional hot-cathode technology [47,48]. 

In this work, we have investigated, via in silico Monte Carlo studies, the impact that 
the use of an oscillating scanning trajectory—that may be obtained either via the employ-
ment of multiple spot configurations or via the use of a source oscillating in the axial di-
rection—has on the HU estimates and on the image conspicuity. In particular, we investi-
gated the impact of the number of sources, extending the previous literature works based 
on 3, 6, or 8 sources. Additionally, the use of in silico studies employing digital phantoms 
permitted us to set the ground truth (i.e., expected HU values), while in the experimental 
studies, it was taken from images acquired via multi-detector CT or nominal values [37]. 
This study used a reconstructed field-of-view of 16 cm in the axial direction, thereby mov-
ing beyond studies on maxillofacial imaging [35], which involved smaller detectors and FOV. 
While a dedicated controller in the multiple source configuration may permit generating an 
effective source trajectory that emulates that obtained with a single oscillating one, challenges 
related to the use of a single oscillating source are mainly due to the mechanical demand with 
the source oscillating between 130 and 500 times [1] during the scanning period that usually 
does not exceed 60 s. Mechanical solicitations introduced by the source oscillation can be mit-
igated by extending the scanning time and making the technology eligible for those applica-
tions with no strict demand for short scanning times and a large number of projections, such 
as imaging of the extremities, intra-surgical imaging for surgical navigation and follow-up, 
dento-maxillo facial imaging, and image-guided radiotherapy. On the other hand, the config-
uration with a single oscillating source may offer a simple solution based on conventional x-
ray tubes, since the availability of multi-spot sources is still limited and their use may unjus-
tifiably increase the cost of the apparatus. 

The substitution of each projection in CBCT with several collimated projections ac-
quired over an oscillating orbit has been shown to reduce the difference between evalu-
ated and expected HUs, thereby improving HU accuracy. In particular, we outlined a di-
rect relation between the number of projections per oscillation (Np) and the HU accuracy. 
For the cartilage, adipose, and muscular tissue inserts, the absolute differences between 
the HU ground truth and the measured values were always lower than 50, in the case of 
Np = 10. On the other hand, in CBCT (Np = 1), such a value was larger or close to 100, in 
absolute value. Cone artifacts presented a huge impact on the HU in CBCT for the furthest 
considered inserts, located at the border of the FOV. 

The oscillating trajectory presented a large impact on the image conspicuity, in par-
ticular for the portion of the reconstructed FOV distant from the central axial plane. It is 
evident that the visibility of the details—here simulated as 0.1 cm bone slabs sandwiched 
between 0.9 cm water slabs—is better in correspondence with the axial locations of the 
source. The impact of the axial position of the source on the image conspicuity is not evi-
dent for a large Np (7 and 10), where details’ visibility is constant over the axial direction. 
The improvement of the conspicuity of the bone slabs as a function of Np is made evident 
both from the reconstructed coronal slices and from the SNR analysis. In particular, from 
the coronal slices, it is possible to note the large number of sharp slabs in correspondence 
of the largest Np, whose degradation in visibility is evident by a ‘doubling effect’ of the 
slabs in coronal or sagittal slices for low Np. For Np = 10, the SNR between the slabs’ 
signal and the water background was up to 18 times higher than for Np = 1. 

Improvements in HU accuracy and in the image conspicuity over the reconstructed 
FOV allow for a reduction in the performance gap between CBCT and MDCT in terms of 
image quality and reliability of quantitative analysis. These advancements in image qual-
ity potentially make the eCT scanner eligible for a wide range of brand-new applications 
with scarce or impossible implication of CBCT, such as the following: quantitative imag-
ing for radiotherapy treatment planning [19,22]; automatic radiotherapy planning [17]; 
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detection and characterization of small skeletal lesions [28]; pre- and post-surgical evalu-
ation in dental implants [31]; bone mineral density assessments [16,46]; intraoperative and 
postoperative assessments [32,33]; spectral CBCT [36,49]; automation of image segmenta-
tion [34]; and extraction of radiomic features [23,24]. 

The absence of experimental validation of the proposed eCT configuration represents 
the main limitation of this work. In fact, the mechanical stability of the oscillation source 
may introduce artifacts in the reconstruction images and require estimation of the actual 
position of the spot over the scanning trajectory. Additionally, the study is limited to in-
vestigations on a simple geometrical phantom, without focusing on specific anatomical 
structures or clinical indications. 

5. Conclusions 
We investigated, in silico, the benefits of adopting the eCT scanning configuration as 

advancement of the conventional CBCT scanning geometry. This innovative scanning ge-
ometry relies on an oscillating trajectory with a collimated beam, substituting each of the 
projections in conventional CBCT with a series of collimated projections acquired over 
such an oscillating orbit. The eCT demonstrated to significantly increase the HU accuracy 
with respect to conventional CBCT. Such an improvement was assessed to be up to seven 
times for the muscular tissues, with a reduction at the increasing of the distance from the 
middle plane. In the case of the bone insert, such a ratio was about four for any distance 
from the central plane of the FOV. The eCT configuration also demonstrated to reduce 
artifacts due to downsampling of the FOV with a corresponding increase in the image 
conspicuity, in particular for portions of the reconstructed images distant from the central 
plane of the FOV. 
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