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The intra-fractional cone beam computed tomography can provide real-time anatomical information 
while saving treatment time, leading to important breakthroughs in image-guided radiation therapy. 
However, MV-level photon scattering during the image acquisition will disrupt the image quality. We 
obtained intra-fractional cone beam computed tomography images of a standard phantom using 
different sizes of MV-beam and imaging conditions such as imaging time, tube current and tube 
voltage. We analyzed the uniformity index, noise power spectrum, low contrast visibility and spatial 
resolution of the images to investigate the effect of MV-level photon scattering on the image quality of 
intra-fractional cone beam computed tomography. It was found that these parameters of the images 
varied regularly with the size of the MV-beam, which can help us to predict in advance whether the 
quality of the images meets the clinical requirements based on the radiation treatment plan to decide 
whether to use intra-fractional cone beam computed tomography. The research also shows that the 
different imaging conditions can improve or deteriorate the image parameter, which can also help us 
choose reasonable imaging conditions to obtain better image quality according to the clinical situation.
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Image-guided radiation therapy is acknowledged to be a major advancement in radiation therapy that has 
improved precision and accuracy in positioning. This development leads to increased tumor control probability 
and decreased normal tissue complication probability. As the cornerstone technology of image-guide radiation 
therapy (IGRT), cone-beam computer tomography (CBCT) is widely used to assess organ motion and dose 
administration in thoracic and abdominal tumors, particularly in techniques such as volumetric modulated arc 
therapy and adaptive radiotherapy1–4.

In addition to reducing the overall treatment time, intra-fractional CBCT can provide real-time anatomical 
information during the treatment5,6. Nevertheless, few studies have focused on how MV-level photon scattering 
can compromise the quality of intra-fractional CBCT images. W Luo et al. highlighted that the MV-level photon 
scattering significantly diminished the target visibility in the kV image, which could be enhanced by modifying 
the imaging parameters7. Georgia Friend et al. investigated the effect of MV filed size on intra-fractional CBCT 
images, noting a decline in image quality with increasing field size8. Kim et al. also found that the contrast-to-
noise ratio dropped from 6.3 to 2.6 because of the MV-level photon scattering and the intra-fractional CBCT 
image quality was also affected by the tube current and monitor units of the treatment plan9. Yoganathan et al. 
discovered that the accuracy of Hounsfield Units (HU), Contrast-to-Noise Ratio (CNR) and Signal-to-Noise 
Ratio (SNU) were affected by MV-level scattering, and this effect became more pronounced with larger beam 
sizes and lower photon energy10. Williams et al. demonstrated the contrast detail decreased with MV-beam, 
resulting in increased image noise and a noticeable loss of bony anatomy detail11. To improve the image quality of 
intra-fractional CBCT, M. van Herk et al. proposed a correction method based on alternating pulse sequences12. 
Ouyang et al. installed a constantly moving physical attenuator made of equal-spaced strips of lead between the 
CBCT source and the patient to improve image quality based on constraint optimization13. Despite ongoing 
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interest in MV-level photon scattering since the advent of intra-fractional CBCT, a comprehensive analysis of 
the image quality using a standard test phantom remains absent.

This paper aims to analyze how MV-level photon scattering affects the image quality of the intra-fractional 
CBCT. The research investigates the effects across different MV-beam field sizes and imaging conditions of intra-
fractional CBCT using the Catphan phantom. Based on the results of this study, clinicians can make informed 
decisions about whether to use intra-fractional CBCT and select the most appropriate imaging preset parameters 
for achieving the best image quality.

Results
Uniformity
The experiment results indicated that UI remained approximately 14% when the length of the square beam fields 
ranged from 1 cm to 5 cm. It increased linearly (slope = 0.51) from 14.44 to 22.27% as the length of the square 
MV-beam increased from 5 cm to 20 cm. For the reference CBCT with no MV-beam, maintained a UI of 0.84%, 
as shown in Fig. 1a. In Fig. 1b, with changes in the imaging time, UI remained constantly around 8% with the 10 
cm×10 cm MV-beam and increased slightly but little overall change with no MV-beam. When the tube current 
increased from 10 mA to 80 mA, UI increased linearly (slope = 0.101) from 9.44 to 15.77% with the 10 cm×10 
cm MV-beam and had a similar linear (slope = 0.105) increase with no MV-beam, as displayed in Fig. 1c. An 
increase in tube voltage from 70 kV to 140 kV resulted in an exponential decrease in UI from 20.1% to almost 
zero with the 10 cm×10 cm MV-beam, UI without MV-beam decreased between tube voltage of 70 kV and 90 
kV and then remained almost constant, as shown in Fig. 1d.

Figure 2a shows that the lines connecting CT values along the horizontal and vertical diameter were similar. 
The curvature of these lines intensified with larger beam fields, indicating a more pronounced cupping artifact. 
As Fig. 2b showed, minimal changes in these curves of the cupping artifact were observed for different imaging 
times with the 10 cm×10 cm MV-beam. Without the MV-beam, the lines connecting CT values became more 
flexural with longer imaging time. In Fig. 2c, the curvature of the curves increased with higher tube currents, 
both with and without the MV-beam. The higher tube voltage weakened the cupping artifact and even eliminated 
it with 130 kV and 140 kV with the 10 cm×10 cm MV-beam. The connecting lines remained flatter without MV-
beam as shown in Fig. 2d. Figure 2b, c indicated that longer imaging time and higher tube current resulted in 
greater edge hardening.

To analyze the pattern of the cupping artifact with different beam fields, nonlinear curve-fitting using Eq. (1) 
on the CT value connecting lines could be employed. All datasets were fitted successfully, and the fitting results 

Fig. 1.  The uniformity index of different side lengths of the square beam field (a); imaging times (b); tube 
current (c), tube voltages (d).
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Fig. 2.  (a) The CT value of the small circle measured along the horizontal diameter (left: left to right) and the 
vertical diameter (right: top to bottom) under different side lengths of square beam fields; the CT value of the 
small circle measured along the horizontal diameter (left: left to right) with and without the MV-beam with 
different imaging times (b), tube currents (c), tube voltages (d); (e) fitting results of the CT value connection 
lines along horizontal diameter for different side lengths of square beam fields by Eq. (1); (f) the fitting results 
of the four parameters of Eq. (1).
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for y0, p and A were shown in Fig. 2e, whereas the fitted results for xc consistently hovered around zero. Only 
the horizontal cupping artifacts were fitted, because the horizontal and vertical curves exhibited similarity.

	 y = y0 + A|x − xc|p� (1)

Figure 2e showed that with an increased beam field, the coefficients of Eq. (1) y0 and p changed linearly and 
could be fitted by y = a + bx, whereas A changed exponentially and could be fitted by y = axb. The fitting 
results were presented in Fig. 2f.

Noise power spectrum
For better comparison, we normalized both iNPS and NSD to the minimum value observed in each group’s 
experiment. NPS for all four groups exhibited a peak at the same spatial frequency between 0.05 and 0.1 mm−1. 
With an increased MV-beam field, the intensity of NPS increased, and the normalized iNPS also increased but 
the normalized NSD showed minimal variation, as shown in Fig. 3a.

In Fig. 3b, c, d, the intensity of NPS with 10 cm×10 cm MV-beam decreased significantly with an increase in 
the imaging time, tube current, and tube voltage, leading to a corresponding decrease in the normalized iNPS. 
As a reference, i.e. without the MV-beam, the intensity of NPS only had a slight decrease, which can also be seen 
in the changes in iNPS. The normalized NSD without MV-beam is subject to changes in imaging conditions 
differently than it is subject to changes in MV-beam field size. As the imaging time increased, with and without 
the MV-beam, the NSD decreased initially and then remained almost constant after 16 ms. For the increased 
tube current, the NSD with the 10 cm×10 cm MV-beam decreased and remained constant after 25 mA, but the 
NSD first declined and then increased when there was no MV-beam. Higher tube voltage significantly decreased 
the NSD significantly with the 10 cm×10 cm MV-beam and had little impact for the no MV-beam scenario.

Low contrast visibility
In Fig. 4a, LCV of the reference CBCT with no MV-beam was 0.69%. With a small MV-beam field, LCV 
remained approximately 1% and initiated a linear increase (slope = 0.17) from 1.12 to 3.46% as the length of the 
square beam field extended from 5 cm to 20 cm. In Fig. 4b, as the imaging time increased from 10 ms to 40 ms, 
LCV decreased linearly (slope=−0.08) from 3.82 to 1.55% with 10 cm×10 cm MV-beam and decreased slightly 
linearly (slope=−0.01) without MV-beam. With 10 cm×10 cm MV-beam LCV underwent an exponential 
decrease from 7.29 to 1.42% with an increased tube current from 10 mA to 80 mA, and stayed nearly the same 
without MV-beam, as shown in Fig. 4c. Furthermore, with 10 cm×10 cm MV-beam, LCV decreased linearly 
(slope=−0.22) from 13.24 to 2.28% with an increased tube voltage from 70 kV to 120 kV and remained almost 
constant when the tube voltage exceeded 120 kV, meanwhile LCV decreased slightly linearly without the MV-
beam, as illustrated in Fig. 4d.

The Spatial resolution
In Fig. 5a, it was evident that the spatial resolution decreased as the 6MV-beam field increased. With the 10 
cm×10 cm MV-beam, longer imaging time and higher tube current and tube voltage improved the spatial 
resolution, as shown in Fig. 5b, c, d and the improvement from each increase in ms, mA, and kV were slight. 
In the absence of the MV-beam, the impact on spatial resolution at different imaging times was negligible, but 
higher tube current and tube voltage could also improve the spatial resolution.

Discussion
To the best of our knowledge, this study is the most detailed investigation to date of intra-fractional CBCT 
image quality. Instead of the simulation model, which can only be used to subjectively evaluate image quality, 
it delved into the effect of MV-level photon scattering on kV-level CBCT using a standard phantom for CT 
image analysis. The study meticulously examined the uniformity, artifact, NPS, LCV, and spatial resolution of 
the intra-fractional CBCT image using MV-beam fields of different sizes. Additionally, we analyzed the effects 
of different CBCT imaging conditions, such as imaging time, tube current, and tube voltage, on image quality 
while maintaining a fixed-size MV-beam. The results of this study hold the potential to anticipate image quality 
and guide the selection of optimal imaging parameters for obtaining higher-quality images.

With the 6MV photon scattering, all aspects of the intra-fractional CBCT image performance degrade with 
the increased beam field, in line with the prior studies7–9,14. Even with a beam as small as 1 cm×1 cm, UI becomes 
significantly higher than in the reference CBCT without MV-beam. The linear increase in UI with the MV-beam 
field indicates that the deterioration can be predicted, corresponding to the predictable cupping artifacts, the 
main reason for the uniformity disruption. This insight hints that inverse processing of the image based on the 
predicted cupping artifacts might improve uniformity.

The intensity of NPS and iNPS also increase with an increased MV-beam field size, indicating that more 
scattering from a larger MV-beam field generates more noise in the image. The work by W Luo and Kim noted 
that an increase in MV-beam field size can lower the contrast-to-noise ratio, which is consistent with the 
conclusion about image noise with the larger MV-beam field size7,9 On the other hand, NSD shows minimal 
variation with a larger beam field, suggesting that NSD may not be an ideal representation of the noise level.

LCV increases as the MV-beam field size increases, which is consistent with the findings in Friend’s paper8,. 
However, LCV remains within the specification (≤ 3%) until the MV-beam field size exceeds 18 cm×18 cm. This 
means that LCV of the intra-fractional CBCT image satisfies the requirements in most instances with 25 ms, 
40 mA and 120 kV, the imaging conditions of the first group experiment listed in Table 1. On the other hand, 
MTF, representing the spatial resolution, noticeably worsens with an increased MV-beam field size. According 
to Eq. (6), the main factors influencing the MTF include the standard deviations of the uniform region of the 
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Fig. 3.  The noise power spectrum (NPS), the normalized integrated noise power spectrum (iNPS) and the 
normalized noise standard deviation (NSD) with the different side lengths of the square beam fields (a), 
imaging times (b), tube currents (c), tube voltages (d).
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phantom, the aluminum slice, and the rectangular area that encompasses each line pair. A larger MV-beam 
field introducing more scattering increased the standard deviation for the materials, which resulting in more 
severe degradation of the intra-fractional CBCT image quality for anatomical sites with high-density materials 
like bones. This may also explain the higher failure rate for registration of the intra-fractional CBCT for the 
anatomical tumor in Friend’s paper8.

With a longer imaging time, although there is a slight increase in UI and the cupping artifacts in the absence 
of MV-beam, the effect is negligible compared to the effect of MV-beam on UI and the cupping artifacts. Thus, UI 
and the cupping artifacts remain essentially unchanged with longer imaging time when the MV-beam is present. 
Without the MV-beam, longer imaging time can slightly optimize LCV and noise but has a slight improvement 
on spatial resolution. However, with the MV-beam, longer imaging time can improve noise, LCV and spatial 
resolution, providing less improvement for NSD than for NPS and LCV. Caution is necessary as longer imaging 
time with a high dose rate may lead to more scattering. Given the limited research focus on the effect of imaging 
time, future research could delve into this aspect in greater detail.

For the tube current, it is notable that without the MV-beam, a higher tube current elevates UI linearly, with 
the slope of this increase being almost equal to that in the presence of an MV-beam. This indicates that the 
change in the tube current does not affect the uniformity destruction due to the MV-level scattering, and that 
the increase in the tube current itself leads to a deterioration of the uniformity. Without the MV-beam, higher 
tube current slightly reduces NPS while decreasing and then increasing the NSD, but the overall change in noise 
is not particularly large. In the presence of MV-beam, a higher tube current is very beneficial for NPS, NSD, LCV 
and spatial resolution. It is noteworthy that a higher tube current can improve the image quality in terms of noise 
and LCV, aligning with the literature by Kim9. However, the negative effect on UI should also be considered.

The experiments show that increasing the tube voltage is the most effective way to improve the image quality 
of the intra-fractional CBCT. Unlike the slight improvement seen without the MV-beam, a higher tube voltage 
significantly enhances image quality in the presence of an MV-beam. With increased tube voltage, the cupping 
artifacts are mitigated and even eliminated when the tube voltage reaches 130 kV and 140 kV, bringing UI very 
close to that of the reference CBCT. This indicated that the hardening of the kV rays by MV-level scattering 
no longer produced the cupping artifacts at 130 kV and 140 kV, leading to a notable improvement in image 
uniformity. In future studies, we can investigate whether the hardening of 130 kV and 140 kV rays due to the 
MV-level scattering of higher MV-beam will lead to the appearance of the cupping artifacts. NPS, NSD, LCV, 
and spatial resolution all exhibit improvement for the intra-fractional CBCT. Further research is necessary to 
establish the correlation between the energy of the MV-beam and the tube voltage eliminating the cupping 
artifacts.

Fig. 4.  Low contrast visibility under different side lengths of the square beam fields (a), imaging times (b), 
tube currents (c), tube voltages (d).
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Fig. 5.  Modulation Transfer Function (MTF) under different side lengths of the square beam fields (a), 
imaging times (b), tube currents (c), tube voltages (d).
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It is important to keep in mind that constantly increasing the imaging time, tube current, and tube voltage 
does not necessarily lead to improved image quality. In reality, it may even be detrimental to the image quality 
and increase the heat generated by the CBCT tube. Therefore, selecting suitable imaging conditions should 
consider the anatomical structure and clinical requirements. According to the experimental results of this study, 
higher tube voltage can significantly improve all parameters of the image quality. Increasing tube current and 
lengthening the imaging time are completely ineffective when uniformity is important, but for improving LCV 
and noise, especially NPS, both can be very effective. For better spatial resolution, longer imaging time, higher 
tube current and voltage are available as a good option. Although our investigation had similar results to the 
existing literature7–11, we still need to conduct studies on more accelerators to enhance the applicability of the 
findings in this study.

This study aims to investigate the effects of different MV-beam field sizes, imaging time, tube current, and 
tube voltage of CBCT on the image quality of intra-fractional CBCT. The utilization of a standard phantom can 
enhance the quantification of the effects, a critical aspect currently absent in the research area of intra-fractional 
CBCT images. The study has unveiled the patterns in the effects of beam field size and imaging conditions on 
image quality, providing valuable support for clinicians to predict image quality and select the most reasonable 
imaging conditions for the intra-fractional CBCT.

Methods
Phantoms and image acquisition
In this study, our experimental framework was based on the published report of AAPM15, Bissonnette et al.’s 
paper16, and Elekta’s XVI test manual. Our focus was on critical factors such as uniformity, noise power spectrum 
(NPS), low contrast visibility (LCV), and spatial resolution. The experimentation was conducted using the Elekta 
Infinity accelerator, featuring the Agility collimator and intra-fractional CBCT functionality.

To ensure meticulous image analysis, we utilized the Catphan phantom (The Phantom Laboratory, 
Greenwich, NY, Fig. 6f). The phantom comprises multiple modules designed for diverse parameter evaluations. 
For uniformity and noise measurements, we employed Module CTP 486 which is made of water-equivalent 
uniform material. We used Module CTP 515, including eight cylindrical rods made of different materials, to 
measure LCV. The spatial resolution test involved Module CTP 528, incorporating 21 aluminum line pairs with 
varying thicknesses. Evaluating the specific parameters of CBCT objectively is the main reason we chose the 
Catphan phantom.

We used ImageJ17, a program developed by the National Institutes of Health, to analyze the image data and 
OriginPro (Version 2021, OriginLab Corporation, Northampton, MA, USA.). for mathematical processing.

The image acquisition process was divided into four groups, each corresponding to a different variant. The 
beam fields were set as square fields with different side lengths from 1 cm to 20 cm, and the imaging conditions 
were set as 25 ms, 40 mA and 120 kV because they are the most common imaging conditions for inter-fractional 
CBCT and are also set in the on-board presets for intra-fractional CBCT. We set different imaging times, tube 
currents and tube voltage with a 10 cm×10 cm MV-beam and no MV-beam as reference to investigate the effect 
of the imaging conditions on the intra-fractional CBCT. The imaging conditions were determined based on the 
hardware constraints of the accelerator and Elekta’s XVI test manual, with spacing non-constant and limited 

Stationary parameters for all 
experiments

MV-beam kV-CBCT

Delivery 3D ARC with 6MV kV-collimator S10

Total monitor unit (MU) 600 kV-filter F0

Dose rate (MU/min) 600 Frames 330

Gantry rotation 360° (−180°→180°, clockwise)

Gantry speed (°/s) 6°/s

The variable parameters and 
stationary parameters for the 
four groups experiments

Variable parameters Stationary parameters

MV-beam size (cm×cm)
0(reference), 1 × 1, 2 × 2, 3 × 3, 5 × 
5, 7 × 7,10 × 10, 12 × 12, 15 × 15, 17 
× 17, 20 × 20

Imaging time per frame (ms) 25

Tube current (mA) 40

Tube voltage (kV) 120

Imaging time per frame (ms) 10, 12, 16, 20, 25, 32, 40

MV-beam size (cm×cm) 10 × 10, 
0(reference)

Tube current (mA) 40

Tube voltage (kV) 120

Tube current (mA) 10, 16, 20, 25, 32, 40, 50, 64, 80

MV-beam size 10 × 10, 
0(reference)

Imaging time per frame (ms) 40

Tube voltage (kV) 120

Tube voltage (kV) 70, 80, 90, 100, 110, 120, 130, 140

MV-beam size (cm×cm) 10 × 10, 
0(reference)

Imaging time per frame (ms) 25

Tube current (mA) 40

Table 1.  MV-beam field sizes and imaging conditions of CBCT used in the experiments.
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to specific values. The frames of the intra-fractional CBCT was 330 for the 360° scanning for 1 min, which 
means the scanning speed is constantly 5.5 frames/s. The energy of the MV-beam was 6MV, which is the most 
commonly utilized energy in radiation therapy and is suitable for nearly all sites of tumor. To accurately assess 
the impact of MV-level scattering on intra-fractional CBCT image quality, we maintained a constant dose rate 
of 600MU/min, the highest dose rate available on our accelerator. This constant dose rate ensured that the intra-
fractional CBCT experienced stable MV-level scattering. The specific parameter settings are listed in Table 1.

Notably, experiments within each group, focusing on one module of the Catphan phantom were conducted 
concurrently to mitigate the effects of temperature, humidity, and air pressure on the accelerator’s output dose 
and the intra-fractional CBCT imaging. There was no correction for the scattering during the reconstruction 
and analysis of the CBCT image and the image at the isocenter was chosen to analyze the image quality.

Uniformity
Uniformity refers to the consistency of pixel values on the CBCT image when scanning a uniformly attenuated 
object. A higher uniformity index (UI) indicates a greater level of nonuniformity and thus potentially worse 
image quality. The calculation method16,18 involved taking five regions of the same size in the image of CTP486, 
encompassing one at the center and four at the periphery, as shown in Fig. 6a. UI was calculated by Eq. (2):

	 UI = 100 · (CT #max − CT #center) /CT #center � (2)

where CT #max is the maximum value of the mean CT values of the four peripheral regions and CT #center  
is the mean CT value of the central region.

The cupping artifacts are manifested as a decrease in value from the periphery toward the center of the figure 
in the reconstructed image, which is mainly due to beam hardening and scattering. Using a flat and large-area 
detector in CBCT increases sensitivity to scattering, which can cause cupping artifacts and significantly affects 
the uniformity of the intra-fractional CBCT image19. The specific manifestation of the cupping artifacts can 
be observed in Fig. 6b. The CT value of the uniform equivalent water phantom Catphan CTP486 gradually 
decreases from the periphery to the center. We measured the mean CT value of the small circle regions along the 
horizontal and vertical diameters of the phantom to assess the cupping artifact, as shown in Fig. 6b.

Noise power spectrum
NPS provides a comprehensive depiction of noise. It characterizes the texture of noise by representing the 
variance of noise as a function of spatial frequency. The Wiener spectrum20, also known as NPS, is the Fourier 

Fig. 6.  Regions of interest to evaluate the performance of image quality: (a) five circle regions to calculate 
uniformity index; (b) small circles with a diameter of 3 mm along the horizontal and vertical diameters to 
assess cupping artifact; (c) 16 square regions to calculate the noise power spectrum; (d) the mean CT value 
and standard deviation of low-density polyethylene and polystyrene to evaluate low contrast visibility; (e) 
rectangular regions for the Modulation Transfer Function calculation; (f) the photo of the Catphan phantom.
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transform of the autocorrelation function, which describes noise correlation in the spatial domain. The 2D NPS 
is expressed as21

	
NP S (fx, fy) =

N∑
1

∣∣∣DFT2D

(
Ii (x, y) −

−
I i

)∣∣∣
2

· (∆ x∆ y) / (NxNy) · N−1� (3)

where Ii (x, y) is the signal in the ith region of interest ROI and 
−
I i is the mean of Ii (x, y). ∆  corresponds 

to the pixel spacing in a given plane. Nx, Ny  are the number of voxels and fx, fy  are the spatial frequencies 
in each dimension of the ROI. DFT2D is the discrete Fourier transform in 2D. The summation over I  and 
multiplicated by N−1 refers to averaging the NPS over N  ROIs, and fx, fy  in 2D NPS can be collapsed to a 
1D radial frequency, fr  as

	 fr =
√

f2
x + f2

y � (4)

To calculate the final NPS, we averaged the NPS of the 16 square regions located 40 mm from the center, as 
shown in Fig. 6c. An integrated NPS (iNPS) was also calculated over the entire frequency range to describe the 
intensity of NPS, which also can be compared to the average noise standard deviation (NSD).

Low contrast visibility
LCV refers to the ability of a system to distinguish materials with minimal differences in absorption coefficients. 
It was determined by measuring the mean CT value of two materials, Polystyrene and Low-Density Polyethylene 
(LDPE), as illustrated in Fig. 6d, and was calculated using Eq. (5) from the XVI customer acceptance test manual:

	
low contrast visibility = 6.5/

((
−
xpoly −

−
xLDP E

)
/ ((σ poly + σ LDP E) /2)

)
� (5)

where 6.5 is the constant difference between the CT values of the polystyrene and LDPE, xpoly  and xLDP E  
are the mean CT values and σ poly  and σ LDP E  are the standard deviations of the polystyrene and LDPE. A 
lower value calculated by Eq. (5) means more easier to distinguish different materials, i.e., a better image quality.

The Spatial resolution
The Modulation Transfer Function (MTF), calculated using the Droege-Morin method22, was used to assess the 
spatial resolution. MTF was tested on Module CTP528 which consisted of aluminum slices with different widths 
separated by specific gap widths. The Droege-Morin formula for MTF calculation is given by:

	 MT F (f) = π
√

2 · M (f) /4M0� (6)

	
M (f) =

√
SD2

linepair − SD2, SD2 =
(
SD2

Al + SD2
water

)
/2, M0 = |CT #Al − CT #water| /2.

where SDwater , SDAl and SDlinepair  are the standard deviation (SD) of the uniform region of the phantom, 
the aluminum slice and a rectangular region that includes each line pair. The measurement regions are set up as 
Fig. 6e. The spatial frequency f = (N − 1)/10 in cycles/mm of the rectangular regions is associated with the 
number of line pairs.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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