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Abstract
In fluoroscopy, the absorption edge, the energy range, and the X-ray spectrum peak are the most important factors in 
filtration to obtain a proper image. Here, an experimental study was conducted to determine the filters that remove 
low-energy spectrums and attenuate high-energy ranges so that they cannot fundamentally affect image quality and 
diminish the absorbed dose by the patient. Considering the attenuation curves of proper elements besides accessibility 
and productivity issues, three elements were investigated that comprised Copper, Lead and Tin with diverse thicknesses 
in the X-ray energy range of 100 to 125 keV. Also, a simulation study by Monte Carlo N-Particle code was performed with 
an accuracy of 99%. The findings demonstrated that the use of a 0.1 mm lead filter retains the best image quality along 
with a significant reduction in the dose ratio obtained by raising milliampere. Multi or auxiliary filters require additional 
testing to achieve better image quality. In order to obtain the best possible X-ray band pass spectrum, the analysis of 
the attenuation and absorption profiles of the various elements plays an essential role in the calculation of the output 
intensities.
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1 Introduction

The relative composition of an X-ray spectrum in terms 
of bremsstrahlung and radiation properties depends on 
anode material, filtration and kV which comprises a diverse 
region of wavelengths used in fluoroscopy. While the 
bandwidth is lower, a better image can be obtained with 
respect to resolution, contrast, noise and beam harden-
ing artifacts [1–3]. Recently, numerous studies have led to 
the emergence of new technologies in the field of medical 
imaging, and have also incurred a huge cost considering 
expensive new equipment, which is due to the fact that 
the improvement of image quality in the diagnosis plays 
a vital role in diseases treatment via dose reduction [4–7]. 
Thus, in order to obtain the best possible X-ray band pass 
spectrum, the analysis of attenuation and absorption pro-
files of different elements has an essential position in com-
puting the output intensities using selection of the finest 

as a filter. At present, X-ray low-band filters are widely used 
in medical centers [8–11]. With these filters, the passage of 
high-energy photons could be prevented without affect-
ing or impairing the image quality [12–16].

Leschka et al. [17] found that applying tin filters in dual-
energy CT leads to improved sensitivity and specificity 
for the differentiation of renal cysts from the improve-
ment of the solid mass in a kidney phantom model. Also, 
Suntharalingam et al. [18] have shown in their phantom 
study that unimproved thoracic CT executed at 100 kVp 
or 150 kVp with tin filtration allows a reduction in the 
adult radiation dose, but not in children and neonates. 
Then, they have proposed a tube voltage between 70 
and 110 kVp for the tested radiation dose. Here, a tube 
potential between 100 and 120 kVp is recommended for 
preschool children. Meanwhile, May et al. [19] have shown 
that spectral shaping by pre-filtration of tin plates allows 
for an average dose reduction of 17% without spoiling 
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diagnostic image quality in low-dose parasinus CT with 
100 kVp tube voltages. Moreover, Kim et al. [20] have dem-
onstrated that the combination of tungsten, barium, sili-
con and molybdenum had a 0.3 mm lead tantamount dose 
and that the particle porosity and packing were 12–22% 
and 28–36%, respectively. Nonetheless, a satisfactory 
shield-ability could be achieved with a particle packing of 
30% and a porosity > 20%. Consequently, it is a potential 
replacement for lead sheet and can be taken into account 
as a suitable medical radiation protection sheet with a fine 
economic feasibility. This can be achieved with a combina-
tion of milliampere (mA)s, kVp, collimation and additional 
copper filtration. Some recent studies [21–23] have shown 
that image quality remains the same or even better when 
adding a copper filter accompanied by lower dose. This is 
one reason to examine image quality and dose in pediat-
ric pelvic tests. To prove that the image quality remains 
acceptable, it is important to perform a visual and physical 
assessment [24].

Here, the fundamental problem is that each filtration 
increases the load on the X-ray tube, and thus decreases its 
working life. It can be scrutinized impressiveness of band 
pass filters in enhancing image the quality and reduc-
ing the absorbed patient dose and staff, gives the filter is 
correctly chosen. Hence, this research considers how to 
compute parameters and how to distinguish the best filter 
for 100 keV, which is the conventional voltage in general 
diagnostic radiology [25, 26].

2  Methods

According to Fig. 1a, the X-ray absorption curves were 
used to settle the correct filter. When we want to employ 
X-ray band pass filters, low-energy and high-energy 
spectra are eliminated or attenuated so that a certain 
work area remains in the spectrum peak, which is the 
preferred area for medical imaging. In addition, reduc-
ing the absorbed dose is another important result of 
the removal of low-energy spectra. Based on the lead 
attenuation profiles in Fig. 1b and the investigation of 
the energies of the elements at the absorption edge (κ) 
and considering the X-ray spectrum peak, we can basi-
cally designate the appropriate elements and then the 
relevant filters. Therefore, by executing computations, 
the output X-ray spectra can be specified after the cor-
rect filters are applied, and then the improvement of 
the image specifications and the reduction of the out-
put dose can be examined. The challenging problem of 
the stage is the selection of the correct filter thickness 
in terms of availability factors and cost effectiveness. It 
should be indicated that the absorption of X-ray raises 
with the third power of the atomic number. Thus, if the 

absorption edge of the desired element corresponds 
accurately to the peak energy of our spectrum and field 
of action, this leads to a strong attenuation of the high-
energy photons and a thinning out of the X-ray spectrum 
besides a reduction of the extra absorbed patient dose 
through lessening low-energy photons.

We utilized the X-ray tube with rotating tungsten anode 
and a focal point of 0.6 mm, 18 mA current, 125 kVp volt-
age, and a 1.7 mm thick copper filter. In this situation we 
want to take away photons with energy of more than 
90 keV. Base on the attenuation profiles of the various 
elements, the K absorption edge of lead (Z = 82) is 88 keV. 
Therefore, choosing lead as a filter in the desired energy 
range is a positive choice [27, 28]. The attenuation coef-
ficient of lead has been shown in Fig. 1b at the range of 
 10−3–102 MeV. The thickness, x, needed for the element is 
given using the following equation regarding the intensity 

Fig. 1  a The X-ray source derived from tungsten rotating anode by 
focal point of 0.6 mm, 120 kVp, 28 mAs, and a 1.7 mm thick copper 
filter [25] (with permission from the author to publish the photo). b 
The attenuation profile for lead filter [26] (with permission from the 
author to publish the photo)
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attenuation in the spectrum peak from the Beer–Lambert 
law (Fig. 1a):

In this case, I0 is the initial intensity of the X-ray beam, 
I is the intensity of the X-ray beam passing through the 
thickness x of the materials examined, and μ is the linear 
absorption coefficient of the material under investigation.

The Monte Carlo N Particle version 4C (MCNP4C) was 
used for the simulation. MCNP4C is a universal Monte 
Carlo radiation transport code with three dimensional 
geometry and continuous energy transport of ions and 
particles. It includes flexible source and output options 
(tally), interactive graphics (Vised software), and upholds 
both sequential and multi-processing computer stages. 
Simulations were performed to obtain the output spectra 
before and after the assignment of the filters in front of 
the X-ray tube with different thicknesses by examining the 
results within the aforesaid energies. The code was run for 
ten defined volumes with distinct allocated material, and 
then the density (g/cm3) of each region was calculated. 
After that, a sphere with a radius of 40 cm was defined at 
the origin, and the body of the simulation was typified by 
a rectangular parallelepiped (rpp) of 200 to 900 cm, which 
is related to the definition of the cube-shaped from the 
coordinate axis. These cubes were positioned at a distance 
of 0.1 mm and represented the thickness of the filters uti-
lized in each area. In addition, a 0.1 mm thick lead filter and 
a thin 0.1 mm thick tungsten target were chosen for the 
location where the photons pass and collide to be attenu-
ated [29, 30]. The input electron energy was assigned to 
100 keV and the direction of the particles incident on the 
target was in the vertical direction to the Z axis. The simu-
lation was performed for 10 million particles ranging from 
5 to 100 keV at an interval of 30.

The surgical C-arm (APELEM-DMS GROUP, APX HF III 
series, Parc Scientifique Georges Besse, France) was used 
in experimental method. A C-arm intensifies the image 
as a scanner. This name derives from the C-shaped arm, 
which connects the X-ray detector and the X-ray source. 
The C-arms have radiological capabilities, although they 
are mainly employed for fluoroscopic intra-operative 
imaging in surgical, emergency care, and orthopedic 
protocols. This device gives real-time and high-resolution 
X-ray images, allowing the clinician to pursue progress and 
make corrections immediately. The energy applied to the 
fluoroscopic part was 100 kVp beside a small focus of 0.1 
to 3 mA, a constant voltage, and the machine current was 
raised following each exposure. In a radiographic style, an 
alpha phantom was located on the holder to measure the 
contrast, resolution, and quality. Following each exposure, 
the resolution and quality of the obtained images were 

(1)I = I0e
−�x

examined in automatic mode, and the output dose was 
read in the third reading sector from the piranha detector, 
which was located in the palm rest. Then, utilizing a lead 
sheet thickness of 0.2 mm at a size of 10 cm × 10 cm at the 
beam exit, the dose ratio, quality of the image, resolution, 
and contrast were examined. Figure 2 shows the device 
and setting situations.

2.1  Piranha detector characteristics and calibration

The internal Piranha detector is very sensitive and can 
measure the peak tube voltage for as low outputs as 
50 kV/0.050 mA at a distance of 50 cm. By calibration in 
estimation of total filtration, 1–9 mm Al and 60–120 kV 
range was used and the inaccuracy was ± 10% or ± 0.3 mm 
as well as ± 15% by 50 mm Al. Here, the obtained resolu-
tion was 0.1 or 1 mm by more than 10 μGy/s dose ratio.

After positioning the Piranha detector in front of the 
image intensifier, the Position Check should be used to 
confirm the position of the detector. When fluoroscopy 
is at play, the Piranha system automatically updates the 
display using the highest possible sensitivity.

On the other hand, the external Dose Probe is normally 
used to measure the lowest possible dose rate levels down 
to 0.1 µGy/s. Another reason for using the external Dose 
Probe is that the detector is much smaller than the Pira-
nha, which facilitates the positioning in front of the image 
intensifier without affecting the measuring field for the 
mA feedback loop. If the image intensifier can manually 
control the mA and kV, then it can be used for measure-
ment down to about 0.7 µGy/s. As a secondary parameter 
the total dose is accumulated, and after switching off the 
fluoroscopy, this value is used to calculate the average 
dose rate as the total dose divided by the exposure time. 
Figure 3 shows the physical specifications of the detector.

The inaccuracy is here defined as the root of the square 
sum of systematic errors, which has not been eliminated, 
and random errors (dispersion around a mean value). 
The calculation of the inaccuracy is based on 15 different 
measurements with a confidence level of 95%. Of the total 
inaccuracy, random error is 20% and general inaccuracy 
is 80%. As a reference condition to the IEC61674 standard 
and inside the Piranha top panel, the calibration is done 
with a field size typically 5 mm less than the size of the 
top panel.

The standard calibration for the Piranha External Dose 
Probe is W/23 mm Al. This calibration was chosen because 
the main use of the detector is to measure the dose by the 
image intensifier after the phantom study. However, it can 
just be used for measurements of skin dose as well. The 
detector reacts very linearly to energy response and is not 
affected by different filtrations.
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The dose rate was 4 nGy/s to 150  mGy/s with ± 5% 
or ± 1 nGy/s inaccuracy, and a resolution of ± 200 pGy/s 
by free-run or timed. Also, the irradiation time range was 
0.1 ms to 34,000 s with ± 1% or ± 0.5 ms inaccuracy and 
0.5 ms resolution.

2.2  Phantom study

The alpha phantom has been designed to test relative 
positions of the X-ray field, light beam diaphragm and ver-
tical X-ray beam alignment, all in one exposure. According 
to Fig. 2c, it has 3 main sections: 1. Main section of the 
Alpha phantom for testing synchronicity of the radiation 
field to that of the Light Beam Diaphragm. 2. Center Tube 
fixes to the Alpha phantom to check the accuracy of the 

Fig. 2  a The C-arm apparatus 
of fluoroscopy used. b The 
lead plate at the thickness 
of 0.2 mm by 10 cm × 10 cm 
size. c The settings of alpha 
phantom in experiment. d The 
phantom, piranha, and filter 
array in experiment

Fig. 3  Physical dimensions of Piranha detector
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Vertical Beam Alignment. 3. Bucky Wall Stand Holder is an 
adjustable hanger that supports the alpha phantom on 
the face of a vertical Bucky.

By using the phantom, since the external dose probe 
(Piranha Dose Probe) is not sensitive to back scatter, a 
lower value compared to a transmission ion chamber 
is typically detected (typically in the range of 5–20%). 
Moreover, the beam correction factor can be used to make 
automatic corrections. This correction factor may also be 
stored permanently in a Favorite for easy access.

Here according to Fig. 2d, the radiation detector was 
placed in the middle of the imaged area and in the mid-
dle of the phantom field to obtain the phantom image 
and to investigate the filter impact. The image quality was 
appraised with a fairly standard phantom in high and low 
contrast resolution to compute the patient skin entrance 
dose.

3  Outcomes

Figure 4 shows the achieved X-ray spectra with and with-
out utilizing 0.1 mm lead filter via attenuation formula and 
initial flux. For energies greater than 90 keV and to increase 
the attenuation, a thicker filter like 0.2 mm may be used, 
but this leads to a significant decrease in the intensity of 
the useful radiation. In order to approximate the thick-
ness effect, the thickness of the lead was assumed to be 
0.2 mm. Therefore, by re-computing e−μx for different ener-
gies, the output intensities in the range of 45–120 keV can 
be resolved. If one compares the intensities for the case 
with the 0.2 mm thick lead filter and the case with 0.1 mm, 
it is resolved with increasing thickness that the damping 
ratio for high energies increases. For instance, the output 

intensity ratio (OIR) of 0.2 mm filter to 0.1 mm filter will be 
0.75 and 0.48 in 80 keV and 95 keV, respectively from:

This means that as the thickness of the filter increases, 
the attenuation increases more at high energies than at 
low energies. It should be noted that increasing the thick-
ness would decrease the intensity of the useful energy. We 
also found that, in accordance with the calculations, strong 
attenuation occurs at high and low energies immediately 
after the lead absorption peak by utilizing the filter at high 
energies.

By the MCNP4C code, the general geometry of the X-ray 
tube, the position of the filters in different thickness, and 
the photons and electrons generated by the characteristic 
and bremsstrahlung radiations were simulated for 10 mil-
lion particles. The total simulation error was less than 1.5%, 
which is an indication of accurate results. The outcomes 
given in Table 1 demonstrate the particles counted by 0.1 
to 0.7 mm thick per energy after assignment of the lead 
filter.

Figure 5 shows the output X-ray spectra after assign-
ment of the lead filter in diverse thicknesses. The outcomes 
showed that the desired results are achieved by setting the 
lead filter to a thickness of 0.1 mm and dismissing high 
and low energy photons. In the meantime, the useful part 
of the spectrum was retained and agreed with the lead 
absorption edge curve at 75 keV. Subsequently, a strong 
decrease of the particle numbers was followed. Mean-
while, increasing the filter thickness leads to more attenu-
ation, that is undesirable to produce an image. Due to the 
consideration of the pure tungsten target and the lack of 
accurate information about the filters of the intrinsic tubes, 
there was no match between the X-ray output curves and 
the computed curves. Lastly, after executing the simula-
tions under these circumstances, the desired results were 
obtained at a thickness of 0.1 mm, which was consistent 
with the computation outputs. The contrast and quality 
of the image were low due to the utilizing high voltage, 
and the absorbed dose was also on a large scale. Although 
the resolution of the image remained unchanged by using 
of the lead filter, the quality of the image and contrast 
improved significantly, and the absorbed dose decreased 
considerably, so that the lead filter with thickness of 
0.2 mm lost its effects. Therefore, the thickness of the lead 
filter was raised to 0.4 mm to enhance the quality and 
lessen the absorbed dose. The use of 0.6 mm of the lead 
filter reduced the resolution, contrast, and image quality. 
In the other phase, 0.2 mm tinplate and 0.2 mm lead plate 
were employed, which did not influence the quality and 
contrast but significantly lessened the patient’s absorbed 

(2)OIRlead =

(

I0.2

I0.1

)

E

Fig. 4  Comparison of two X-ray spectra before (top) and after (bot-
tom) filter assignment
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Table 1  Number of simulated 
output photons per starting 
particle at diverse thickness of 
the lead filter

E (keV) Thickness (mm)

0.1 mm 0.2 mm 0.3 mm 0.4 mm 0.5 mm 0.6 mm 0.7 mm

5.00 0 0 0 0 0 0 0
8.06 0 0 0 0 0 0 0
11.13 0 0 0 0 0 0 0
14.19 0.09 0.02 0.02 0 0 0 0
17.26 0 0 0 0.02 0 0 0
20.32 0 0 0.04 0 0 0 0
23.39 0.02 0 0 0 0 0 0
26.45 0.03 0 0 0 0 0 0
29.52 0 0 0 0 0 0 0
32.58 0.02 0 0 0 0 0 0
35.64 0.11 0 0 0 0 0 0
38.71 0.16 0.02 0.02 0 0 0 0
41.77 0.38 0.05 0.02 0 0 0 0
44.84 0.18 0.04 0.04 0 0 0 0
47.90 0.20 0.03 0.02 0 0 0 0
50.97 0.41 0.13 0.05 0.02 0 0 0
54.03 0.41 0.20 0.03 0 0 0 0
57.10 0.56 0.23 0.10 0.05 0.05 0 0
60.16 0.65 0.35 0.22 0.13 0.05 0 0
63.23 0.46 0.16 0.10 0.03 0.02 0 0
66.29 0.20 0.20 0.13 0.10 0.07 0.02 0.02
69.36 0.53 0.25 0.20 0.15 0.05 0 0
72.42 0.41 0.30 0.21 0.11 0.05 0 0
75.49 0.41 0.30 0.41 0.23 0.09 0.02 0.02
78.55 0.66 0.58 0.09 0.07 0.03 0.03 0.02
81.61 0.33 0.24 0.20 0.12 0.05 0.05 0.02
84.68 0.14 0.13 0.10 0.09 0.05 0.03 0
87.74 0.13 0.13 0.22 0.17 0.03 0.05 0.05
90.81 0.20 0.19 0.08 0.09 0.02 0 0
93.87 0.06 0.03 0.02 0 0 0 0
96.94 0.03 0.03 0.02 0 0 0 0
100.00 0.06 0.02 0.02 0 0 0 0

Fig. 5  The obtained X-ray 
spectra utilizing lead plates at 
diverse thicknesses
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dose. By calculations, the selection of a 0.2 mm lead filter 
in this energy range was mathematically the right choice. 
So in order to get a high quality image, besides raising the 
mAs, the lead filter should be thicker. Figure 6 illustrates 
the acquired images of an alpha phantom with and with-
out lead filter having a thickness of 0.2 mm at a voltage of 
100 keV and 0.2, 1.2 and 2.7 mA. If the filter was not used, 
the image became whiter by increasing the current. For 
this energy range used, the HVL for the lead plates with 
a thickness of 0.2 mm and 0.4 mm corresponded to that 
of aluminum with a thickness of 10.1 mm and 11.3 mm, 
respectively. Table 2 demonstrates the dose ratio and the 
image resolution before and after the assignment of the 
tin filter. Without a filter, raising the mAs had not influ-
ence on the resolution, but on the image quality. Never-
theless the resolution preserved constant and the image 

quality enhanced well, the absorbed dose was signifi-
cantly decreased. In addition, Fig. 7 shows the absorbed 
dose ratio in terms of intensity at 100 keV energy. While 
the tin filter was used, the dose ratio acquired was mark-
edly diminished by 50 and 250 μGy/s for 0.5 and 3 mA, 
correspondingly.

Haga et al. [31] have used three copper attenuators by 
different thickness of 0.5, 1.5 and 3 mm in a rotatable panel 
to evaluate the image performance in a quality control 
test. They discovered the spatial resolution in the thin 
attenuation setting (0.5 mm Cu) was higher than that in 
the 3.0 mm Cu. In interventional radiology with several 
fluoroscopes, the stored fluoro loops are only saved after 
multiple activations of the fluoro pedal to achieve steady 
state dosimetric parameters (kVp, mA, spectral filter). 
Therefore, a method often is described as a “double clutch” 

Fig. 6  a The obtained alpha 
phantom image without 
using filter by 100 keV and 
0.2 mA (Left). The obtained 
image using 0.2 mm lead 
plate (Right). b The obtained 
alpha phantom image without 
using filter by 100 keV and 
1.2 mA (Left). The obtained 
image using 0.2 mm lead plate 
(Right). c The obtained alpha 
phantom image without using 
filter by 100 keV and 2.7 mA 
(Left). The obtained image 
using 0.2 mm lead plate (Right)
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so that a possible spectral filter or other parameters may 
change as needed due to increased or different phantom 
loading. Goode et al. [32] have been utilized 0.3 mm Cu 
spectral filter in a normal fluoro dose level and to reach a 
low dose setting with high beam quality, the copper spec-
tral filter increased 0.6 mm besides lessening 5 mGy/min 
dose rate and growing kVp by 3. They indicated that the 
signal to noise ratio (SNR) is increased from normal to low 
dose level for a thickened phantom. Furthermore, Ngaile 
et al. [33] have reported that 0.35 mm thickness of copper 
can be used in fluoroscopy without significant impact on 
the image quality, and using 0.35 mm Cu plus 1 mm Al 
additional filtration preserves the contrast by 71% reduc-
tion in surface air Kerma.

The limitations of our research are that only one sup-
plier of fluoroscopes and a small selection of models were 

available for these tests. Future work will include at least 
two more fluoroscopy suppliers and several other mod-
els to evaluate the filtration influence on image quality. 
Through a performance test with a simple patient-equiv-
alent phantom, the quality control criteria can be further 
examined to design a distinct fluoroscope spectrum via 
diverse or complex filters.

4  Conclusions

In fact, extra filtration has the potential to change the 
X-ray spectrum, which often brings benefits in terms of 
patient dose and image quality. It is recommended to use 
the band pass filter to obtain high quality images, which 
should be determined by the attenuation profiles of the 
different materials. The work area in radiology, the X-ray 
spectrum peak, and the absorption edge are the most 
important factors in filter selection. For best outcomes, 
increasing the filter thickness also requires raising the 
mAs or exposure time. Because the spectrum peak is at 
88 keV, utilizing the lead filter creates a narrow spectrum 
to enhance the image quality and decrease the absorbed 
patient dose. As the increase in thickness results in qual-
ity degradation, the mAs are raised as much as possible to 
obtain a high quality image. The results of experiments, 
simulations and calculations showed that lead submission 
at 100 kVp can lessen the tube output dose and a boost in 
mA can enhance the image quality while the dose is still 
lower than that of the unfiltered instance. By virtue of the 

Table 2  Outcomes 
experimented using and 
without using tin filter

With the use of tin filter Without the use of tin filter

Intensity 
(mAs)

Resolution Dose ratio (μGy/s) Thickness 
(mm)

Resolution Dose ratio 
(μGy/s)

0.1 1 29.19 0.2 1 2.30
0.2 1 34.21 0.2 1 2.54
0.3 1 36.52 0.2 1 2.70
0.4 1 44.93 0.2 1 2.99
0.6 1 45.01 0.2 1 3.26
0.8 1 52.58 0.2 1 3.90
1.0 1 83.85 0.2 1 5.97
1.2 1 107.81 0.2 1 7.32
1.4 1 120.90 0.2 1 7.86
1.6 1 126.55 0.2 1 9.53
1.8 1 142.14 0.4 1 2.90
2.0 1 168.93 0.4 1 3.20
2.2 1 212.71 0.4 1 3.30
2.4 1 220.83 0.4 1 3.64
2.7 1 249.71 0.4 1 4.22
3.0 1 250.52 0.4 1 4.87

Fig. 7  The acquired absorbed dose ratio in terms of intensity by 
100 keV without and with the use of tin plate
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outcomes, the 0.1 mm thick lead filter was preferred as 
the optimal filter.
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