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A B S T R A C T   

Purpose: To quantify the effects of convolution filters (FC) with beam hardening correction (BHC) compared to FC 
without BHC on the computed tomography (CT) image quality. 
Methods: This study was conducted on a Canon® Aquilion Lightning scanner. The exposure protocol includes 
acquisitions at 120 and 100 kVp. Sixteen FCs (8 with and 8 without BHC) were investigated using a Cat
phan®504 phantom. Uniformity, slice thickness, spatial resolution, Hounsfield unit and noise were analysed 
using the SPICE-CT ImageJ plugin and the noise power spectrum was analysed using the Imquest software. 
Results: It was observed that the BHC did not significantly influence the uniformity, slice thickness, noise and 
noise power spectrum. Comparisons of 10% MTF between FC01 and FC11 showed relative differences of − 29% 
and − 5% at 120 and 100 kVp, respectively, while those between FC09 and FC19 were − 55% and − 25%. The 
Hounsfield unit of the Catphan’s region of highest electron density was reduced by − 7.29% at 120 kVp for FC 
with BHC. In both cases (FC with and without BHC), the noise values agreed with CT operating manual. At 120 
kVp, FC11 and FC09 presented the maximum and minimum noise values, respectively. 
Conclusion: In CT procedures that quantitatively evaluate the bone or calcium Hounsfield unit, FC with BHC 
should be avoided due to its effects on Hounsfield units, in special at higher voltage, such as 120 kVp.   

1. Introduction 

The use of computed tomography (CT) has increased since its 
introduction in the 1970 s, mainly for diagnostic purposes [1–4]. 
However, it should be considered that CT exposures contribute 
approximately 50% to the collective dose [5]. Many technical im
provements have been made to optimise CT procedures, notably the 
iterative reconstruction (IR) and the development of protocol-specific 
convolution filters (FC) [6–8]. 

The Toshiba® Medical Systems Corporation, currently Canon® Inc., 
developed the Adaptive Iterative Dose Reduction 3D (AIDR3D®). 
Within AIDR3D®, FCs with or without beam hardening correction 
(BHC) are defined within the image reconstruction kernel used [9]. 
Therefore, choosing the more indicated FC for different clinical purposes 

can be difficult. 
Some studies have been conducted to evaluate the effects of the FCs 

on image quality. Davis et al. assessed the variation in a Toshiba CT 
scanner performance used for radiotherapy planning and reported that 
the FC selection affects the image quality metrics [10]. Andersen et al. 
compared several FCs to identify which one provides the best detect
ability of liver lesions [9]. The study conducted by Wan et al. indicated 
that the FC with BHC could underestimate the coronary calcium score 
[11]. Additionally, Ivanov et al. verified significant differences in 
Hounsfield units (HU) when FC with BHC was used for bone mineral 
density assessment [12]. 

However, as far as we can see, none of the studies aimed to char
acterise the effects of BHC on image quality. Thus, this study aims to 
quantify the BHC impact on the uniformity, slice thickness, spatial 
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resolution, Hounsfield unit, noise and noise power spectrum in CT 
acquisition on the chosen FC with BHC compared to without. 

2. Methodology 

All images were acquired on a Canon® Aquilion Lightning CT 
scanner on the same day, after performing tube conditioning and air 
calibration. The acquisition parameters were as follows: 32 cm displayed 
field of view, 2 mm reconstruction slice thickness, 0.938 pitch, 0.75 s 
rotation time, 60 mAs, 16 × 1 mm total collimation and 512 × 512 
matrix size. Exposures were taken at 120 and 100 kVp to verify how BHC 
influence changes with the X-ray spectrum. All images were recon
structed using AIDR3D®. 

Some CT manufacturers clearly display when the chosen convolution 
filter has the BHC applied, but this is not true for the Canon software 
available in the device used in this work; this information is only 
available in the operation manual. There are different options for FCs 
with and without BHC for body, head, bone and lung acquisitions. In this 
study, acquisitions were made for all FCs available to the body (8 with 
and 8 without BHC). Fig. 1 presents the FCs under study and shows the 
correlation between smooth and sharp images depending on the FC 
selection. 

According to Fig. 1, the smoothest image is obtained for FC01 (with 
BHC) and FC11 (without BHC). It gets sharper from FC01/11 to FC05/15 
and then from FC07/17 to FC09/19. According to the operation manual, 
contours (delineation) are much more enhanced in FC07-09 and FC17- 
19 than in FC01-05 and FC11-15. 

Image quality was assessed using the CTP404, CTP486 and CTP528 
modules of the Catphan®504 phantom (The Phantom Laboratory, 
Salem, USA). The CTP404 module consists of eight electron density re
gions to assess Hounsfield unit and slice thickness accuracy and line
arity. Table 1 shows the materials inserted in the phantom and the 
respective HU range provided by the manufacturer’s manual. Each 
material’s standard Hounsfield unit was defined as the midpoint of its 
range, except the air. The CTP486 module consists of a 150 mm diameter 
water equivalent region for noise and uniformity assessment, while the 
CTP528 module has a 0.28 mm diameter bead point source for evalu
ating spatial resolution through modular transfer function (MTF) 
measurements. 

Image quality analysis was performed using the SPICE-CT ImageJ 
plugin version 1.8.8 that provides a Catphan® semi-automated image 
analysis where the user has only to select the slice and the Imquest open- 
source software [13–17]. The following parameters were analysed: 
uniformity, slice thickness, spatial resolution, Hounsfield unit, noise and 
noise power spectrum (NPS). Only NPS assessment was performed using 
the Imquest software. Uniformity was measured as the difference 

between the HU of an ROI placed in the centre and the average HU of 
four ROIs placed in the periphery (top, right, bottom and left) and the 
noise was measured as the average standard deviation of the same five 
ROIs used to calculate uniformity. The slice thickness was measured for 
each ramp of the CTP404 module and the average value was analysed. 
NPS evaluation was performed in 20 consecutive slices with 4 square 
ROIs (64x64) each, in a total of 80 [15]. The final NPS parameter – 
average frequency (fav) – was determined as the mean of all 80 ROIs for 
each protocol. Fig. 2 shows the ROI positioning on the Catphan® 
modules to perform each analysis. A two-tailed t-test was used for sta
tistical analysis of the FCs with and without BHC (n = 8) and a p-value 
≤0.05 was considered statistically significant. 

3. Results 

Uniformity measurements varied from − 1.21 to 0.71 HU (average of 
− 0.17 HU) for all FCs, being within the tolerance interval of ±4 HU 
[18]. The maximum difference between the 2 mm reconstruction slice 
thickness and the measured value was +0.17 mm and the average dif
ference was approximately +0.08 mm. No dependence of the BHC on 
uniformity (smallest p = 0.3329) and slice thickness (smallest p =
0.1740) was observed. 

Fig. 1. The description of the convolution Kernels under study.  

Table 1 
HU range for the materials inserted in the phantom and for some structures in 
the human body.  

Material HU range Standard HU 

Air − 1046:− 986 − 1000 
PMP − 220:− 172 − 196 
LDPE − 121:− 87 − 104 
Polyethylene − 65:− 29 − 47 
Water − 7:7 0 
Acrylic 92:137 114 
Delrin® 344:387 366 
Teflon® 941:1060 1000 
Lung − 600:− 400 – 
Fat − 100:− 60 – 
Soft Tissue 40:80 – 
Bone 400:1000 –  

Fig. 2. ROI positioning to analyse (a) Hounsfield unit and slice thickness, (b) 
uniformity and noise, (c) MTF and (d) NPS. 
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3.1. Spatial resolution 

The MTF curves only for FC01/11 and FC09/19 are shown in Fig. 3 
for clarity. Large differences were observed between the MTF values for 
FC01/11 and FC09/19. Using the values of 10% MTF of the smoothest 
FC as reference values, comparisons between FC01 and FC09 showed 
differences of 46% and 43% at 120 and 100 kVp, respectively, while 
those between FC11 and FC19 were 130% and 80%. To perceive the 
effect of BHC influence on the MTF curves, we made direct comparisons 
between FC with and without BHC. Comparisons of 10% MTF between 
FC01 and FC11 showed relative differences of − 29% and − 5% at 120 
and 100 kVp, respectively, while those between FC09 and FC19 were 
− 55% and − 25%. As shown in the subplots of Fig. 3c and d, although in 
some cases BHC increases MTF, it was observed that BHC processing 
generally decreases MTF values, where more negative values were 
observed. 

3.2. Hounsfield units 

Fig. 4 shows the differences in HU (ΔHU) between the measured and 
standard Hounsfield units obtained for the same material at 120 kVp and 
100 kVp. The Hounsfield units of PMP, LDPE, polyethylene and acrylic 
are within the tolerance presented in the Catphan® manual. For the air, 
only Hounsfield units at 120 kVp with FC08 and FC18 were slightly 
outside the upper limit. All the Hounsfield units of Delrin® are below the 
lower limit. This happened for Teflon® only for FC with BHC at 120 kVp. 
The BHC processing did not affect the Hounsfield units of air, PMP, 
LDPE, polyethylene and acrylic (p ≥ 0.1441). However, significant 
differences were observed for Hounsfield units of Delrin® and Teflon® 
due to the BHC influence on materials with high electron density – in 
1023 e/cm3 – (p < 0.0002). On average, at 120 kVp, Hounsfield units of 
Delrin® and Teflon® decreased from 339 HU to 316 HU (Δ = − 23 HU, 

− 6.93%) and from 953 HU to 883 HU (Δ = − 70 HU, − 7.29%), 
respectively. At 100 kVp, its influence was more subtle as Hounsfield 
units of Delrin® and Teflon® decreased from 336 HU to 329 HU (Δ =
− 7 HU, − 2.04%) and from 975 HU to 964 HU (Δ = − 11 HU, − 1.12%), 
respectively. 

3.3. Spectrum influence 

Fig. 5 shows the ΔHU between 120 and 100 kVp separated by the 
BHC processing. Although the spectrum significantly changed the 
Hounsfield units of all materials (p value less than 0.007) for FC with 
and without BHC, its influence was stronger on Teflon® than on the 
other materials. On average, when the tube potential decreased from 
120 to 100 kVp, the Hounsfield unit of Teflon® increased from 883 HU 
to 964 HU (Δ = 81 HU, 9.17%) and from 953 HU to 975 HU (Δ = 22 HU, 
2.31%) for FC with and without BHC, respectively. 

3.4. Image noise and noise power spectrum 

Fig. 6 shows quantitatively how the noise is affected by the FCs at 
120 and 100 kVp. It is known that noise is not limited to stochastic 
quantum noise, but also includes structured noise which can originates 
from several factors including scatter, dark currents, nonuniform de
tector gain, beam hardening, shading, and other unknown sources 
[19–21]. The changes agree with the operation manual which provides 
only qualitative information (Fig. 1). Concerning FC selection, the noise 
increases from FC01 to FC05 and from FC07 to FC09, and these be
haviours also occur for FCs without BHC. Moreover, it was not observed 
any influence of the BHC on the noise. On average, noise values for the 
same FC increased by 1.58 HU (17.3%) ± 0.34 HU (2.2%) as the kVp 
decreased, highlighting the spectrum influence on image noise, as dis
cussed by Lira et al. [22]. From Fig. 6, the minimum and maximum 

Fig. 3. Modular transfer function (MTF) curves for FC01, FC09, FC11 and FC19 obtained at (a) 120 and (b) 100 kVp and the values of (c) 10% MTF and (d) 50% MTF.  
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Fig. 4. ΔHU between measured and standard Hounsfield units for FC with and without BHC obtained at (a) 120 kVp and (b) 100 kVp.  

Fig. 5. ΔHU between images obtained at 120 and 100 kVp, separated by the BHC processing.  
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increases observed were 14.0% for FC04 and 23.3% for FC08, respec
tively. The most significant differences were observed between FC11 
and FC09 at 120 kVp and FC01 and FC09 at 100 kVp, with noise in
creases of 4.80 HU (72.2%) and 5.75 HU (74.8%), respectively. 

The NPS curves for FC01/11, FC05/15, FC07/17 and FC09/19 are 
shown in Fig. 7. As well as in noise, BHC processing did not influence the 
NPS curves. The average frequency (fav) of the NPS curves increases with 
the filter sharpness (Fig. 7) [20], following the same trend observed for 
noise in relation to FC selection. In contrast to the noise, NPS parameter 
was less sensitive to the spectrum energy variation. On average, the fav 
values for the same FC decreased by − 1.23% ± 0.02% as the kVp 
decreased. 

4. Discussion 

In this study, we assessed the effects of FC with BHC compared to FC 
without BHC on the image quality of a Canon® Aquilion Lightning 
scanner. Of the five image quality metrics analysed, no influence of BHC 
on uniformity, slice thickness, noise and NPS was observed. However, 
concerning the other parameters - spatial resolution and Hounsfield 
Units -, BHC changed them. 

Changes in spatial resolution were observed due to the FC selection, 
in agreement with that of Davis et al. [10]. The increase in the values of 
10% and 50% MTF between FC01/11 and FC09/19 was expected since 
they are the smoothest and sharpest kernel in this study, respectively. 

The BHC increases the MTF values in some cases, but at 100 kV, BHC 
generally decreases it, while at 120 kV no clear trend was observed. It 
was difficult to observe a general trend, probably due to the different 
exposures taken for each FC and the intrinsic high variation in MTF. It 
would be necessary to perform more than one exposure for each FC or 
reconstruct the same acquisition with different FCs to observe it. 

The results indicate that BHC can reduce the Hounsfield units of 
materials with higher electron densities, as observed by Davis et al. for 
FCs different from those in this work [10]. They studied FCs for the body 
(only five without BHC) and head (12 with and 4 without BHC). Clinical 
outcomes of that have been seen in applications such as CAC quantifi
cation and bone density assessments. Wan et al. reported underestima
tion of CAC quantification when FC02 and FC08 (both with BHC) were 
used compared with the standard FC12 (without BHC) and Ivanov et al. 
reported underestimation of bone mineral density when FC03 (with 
BHC) was used in contrast with FC17 (without BHC) [11,12]. If there is 
no clinical need for HU quantification, the BHC is a crucial tool in image 
quality – removing beam hardening artifacts [23,24]. However, BHC 
may lead to the degradation of the diagnosis that depends on the 
Hounsfield unit of higher electronic density materials. Many authors 
have evaluated the relationship between the Hounsfield unit and 
extracorporeal shockwave lithotripsy (ESWL) success [25–28]. The 
lowest limit to achieve ESWL success from these studies was 815 HU, but 
there is a high probability of misconception if BHC is used. Specific 
research should be performed for FC with BHC to estimate a more 
reasonable limit. 

Different decreases in the CT number for FCs with and without BHC 
should be considered when training neural networks for diagnostic ap
plications or radiomics. If it is trained only for FC with or without BHC, it 
can be led astray by this difference. Therefore, specific cases must be 
studied individually, considering the use of BHC. 

Concerning the spectrum energy, the Teflon® Hounsfield unit in
creases as the tube voltage decreases, as shown in Fig. 5. This behaviour 
was also observed by Bucher et al. in the quantitative evaluation of 
beam-hardening artefact in dual-energy CT myocardial imaging, where 
the average HU changed from 72 to 102 HU as the tube potential 
decreased from 140 to 100 kVp for the kernel with BHC [29]. However, 
in contrast to our work, similar differences were observed between 
kernels with and without BHC. Nevertheless, their study was conducted 
on Siemens® equipment (Siemens Heathineers, Munich, Germany), 
therefore most likely, the mathematics of the BHC used is different from 
that of Canon®. Our study indicates that the BHC influence from 
Canon® has a dependence on the spectrum, but further studies should be 
conducted on it. 

Comparisons between FC with BHC and its analogue without BHC at 
the same kVp (FC01/11, FC02/12 and so on) did not present any trend 
on noise analysis and showed a mean relative difference of 0.71% for 
noise and 0.87% for fav. Although the BHC processing does not directly 

Fig. 6. Noise measurements at 120 and 100 kVp for all FCs.  

Fig. 7. Noise power spectrum (NPS) curves for FC01/11, FC05/15, FC07/17 and FC09/19 obtained at (a) 120 and (b) 100 kVp.  
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affect the noise, the FC selection does this and therefore, can be used in 
protocol optimisation, mainly for dose reduction without quality image 
degrading, as presented by Alshamari et al. [30]. They studied different 
imaging parameters, including convolution filter, to obtain a radiation 
dose in the CT procedure similar to that of conventional radiography for 
the examination of the lumbar spine on Siemens® equipment. The FC 
can be a helpful tool to achieve optimised protocols due to its influence 
on image noise. 

Several studies have evaluated how the convolution Kernels or 
convolution filters can influence the radiotherapy dose calculation when 
considering radiation treatment planning [31–35]. Davis et al. reported 
that when HU change was within ±20 HU for soft tissue and ±50 HU for 
bone and air, the change in the planning target volume (PTV) and organs 
at risk (OAR) doses was below 1% [33]. Our results showed larger dif
ferences due to the BHC (-70 HU for Teflon® at 120 kVp), considering 
that the HU for bone varies from 400 to 1000 (Table 1). We believe that 
the BHC alone would not be able to change the PTV and OAR doses by 
more than 1%. Vergalasova et al. [31] did not report significant differ
ences for HU-ED calibration curves but observed large differences in 
monitor units and isodose volumes were found for higher energy elec
trons between multiple convolution Kernels from Siemens® equipment 
(Siemens Heathineers, Munich, Germany). Therefore, we recommend 
studying the effects of FC with BHC before its use in CT simulation 
scanning, especially in scanners that do not have specific studies. 

5. Conclusion 

The BHC did not affect the uniformity, slice thickness, noise and NPS. 
However, it affected the spatial resolution and the Hounsfield unit of 
materials with higher electron density (in 1023 e/cm3) as Teflon®. 
Although the noise is BHC independent (mean relative difference of 
0.71% in analogue FCs), the maximum noise increases at 120 kVp were 
observed between FC11 and FC09, while at 100 kVp were observed 
between FC01 and FC09, with values equal to 72.1% and 74.8%, 
respectively. Large differences were observed for Delrin® and Teflon® 
regarding the Hounsfield unit at 120 kVp due to BHC processing. 
Although the BHC is a crucial tool in image quality, these differences can 
potentially cause misdiagnoses for clinical purposes that directly eval
uate the Hounsfield unit of materials with higher electron density. At 
100 kV, BHC generally decreases the 10% and 50% MTF, while at 120 
kV no clear trend was observed. Finally, using FC with BHC for routine 
examinations should be avoided when no knowledge of its influence on 
clinical outcomes is available. 
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