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Abstract. The accuracy of Monte Carlo (MC) simulations in estimating the computed tomography radiation dose is 13 
highly dependent on the proprietary x-ray source information. To address this, this study develops a new method to 14 
precisely estimate the x-ray spectrum and bowtie (BT) filter thickness of the x-ray source based on physical 15 
measurements and calculations. The static x-ray source of the CT localizer radiograph was assessed to measure the 16 
total filtration at the isocenter for the x-ray spectrum characterization and the BT profile (air-kerma values as a 17 
function of fan angle). With these values, the utilized BT filter in the localizer radiograph was assessed by 18 
integrating the measured air kerma in a full 360-degree cycle. The consistency observed between the integrated BT 19 
filter profiles and the directly measured profiles pointed to the similarity in the utilized BT filter in terms of 20 
thickness and material between the static and rotating x-ray geometries. Subsequently, the measured air kerma was 21 
used to calculate the BT filter thickness and was verified using MC simulations by comparing the calculated and 22 
measured air-kerma values, where a very good agreement was observed. This would allow a more accurate 23 
computed tomography simulation and facilitate the estimation of the dose delivered to the patients. 24 
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1 Introduction 33 

The use of multidetector computed tomography (MDCT) has significantly increased the overall 34 

population’s exposure to radiation from computed tomography (CT) sources.
1-5

 This increase is 35 

primarily due to patients’ relatively high radiation exposure during each examination, as well as 36 

the large number of examinations. To better understand the risks associated with MDCT 37 

examinations, scientists have attempted to calculate the radiation dose delivered to individual 38 

patients, both that delivered to each organ as well as the average collective dose.
6-15 

These values 39 
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are typically estimated using Monte Carlo (MC) software packages.
16

 These packages require 40 

information about scanner geometry, in particular the focal spot to isocenter distance, fan angle, 41 

and z-axis collimation, which are all available in the scanner documentation.
17

 It is crucial to 42 

obtain information about the energy spectra in order to accurately estimate the dose from a 43 

MDCT scan using MC simulation methods.
18

 Understanding the energy spectra requires prior 44 

knowledge of the utilized filtrations that are acting collectively to harden the x-ray beam; 45 

however, information about design, shape, and composition of the implemented filtrations is 46 

proprietary. This limits the accessibility of such information to researchers, and thereby impedes 47 

their ability to accurately model the x-ray spectra of a given scanner. 48 

Different approaches have been used to investigate the proprietary aspect of scanner-specific 49 

source information, specifically the x-ray spectra and bowtie (BT) filter thickness, for both static 50 

and rotating x-ray sources.
19-26 

For static x-ray sources, Turner et al. describe a method for 51 

estimating x-ray spectra based on physical measurements of the half-value layer (HVL).
19

 In the 52 

same study, the static x-ray source was used to estimate the BT filter profile by measuring air 53 

kerma as a function of the fan angle, thus determining an equivalent filter. This method can be 54 

used to estimate the number of photons in the off-centerline spectra; however, using this method 55 

it is not possible to match the relative number of photons with the spectral shape since only one 56 

material thickness (aluminum) is varied. 57 

For rotating sources, Boone et al proposed a method utilizing a dosimeter placed at the edge of 58 

an x-ray field generated by a rotating source.
20 

They then used the air-kerma rate to determine the 59 

angle-dependent BT filter attenuation. Theoretically, this method effectively characterizes the BT 60 

filter used in commercial CT scanners. There are some limitations, however, including the need 61 

for real-time dosimeter readings with sufficient sensitivity and high temporal resolution. Another 62 
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challenge is the inability to determine the HVL of a rotating x-ray source when characterizing 63 

the x-ray spectrum. These limitations were overcome in subsequent studies.
21-24

 In addition, a 64 

novel method was later proposed that allowed for an angle-dependent estimation of the x-ray 65 

spectrum for rotating sources.
25

 This technique was experimentally tested using a CT scanner, 66 

and the results compared with the data provided by the manufacturer. The results demonstrate 67 

that the measurement of the incident spectrum over a wide range of angular trajectories is 68 

possible with both a high level of accuracy and stability. In addition, Yang et al proposed a new 69 

method to measure CT filter profiles using a linear array solid-state detector for rotating x-ray 70 

sources.
26

 This approach utilizes both accurate geometric calibration and high angular resolution. 71 

In previous studies, the estimated thickness of the BT filter was based on physical measurements 72 

of static or rotating x-ray sources.
19-32

 In this study, static x-ray sources are directly involved in 73 

the estimation of the BT filter thickness, while rotating x-ray sources are indirectly involved. The 74 

characterization of the BT attenuation profile across the fan angle of the x-ray source necessitates 75 

the use of the static x-ray source of the CT localizer radiograph. The same measurements are 76 

performed using the rotating x-ray source of the clinical protocols. The resulting profiles of the 77 

BT filter are qualitatively compared with the BT profiles from the static x-ray source.  This study 78 

introduces a new theoretical method for making such a comparison possible. This method 79 

involves mathematically integrating the measured profile of the static x-ray source across all 80 

incident angles in a full 360-degree cycle. The integrated BT filter profile is then compared with 81 

the measured BT profile of the rotating x-ray source of the clinical protocols. These results could 82 

provide a depiction of the BT filter utilized for both rotating and static x-ray sources. 83 

  84 
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In this paper, physical measurements made using the CT scanner are presented along with the 85 

calculations necessary to calculate the BT filter thickness. The accuracy of the resulting BT filter 86 

thickness is then assessed by comparing the results of MC simulations with physical 87 

measurements of static x-ray sources. Similarly, the results of experimental measurements for 88 

rotating sources are compared with the simulated MC simulations of multiple CT dose index 89 

(CTDI) phantoms. 90 

91 
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2 Materials and Methods 92 

2.1 CT scanner model  93 

All measurements were performed using a SOMATOM Definition 64 CT scanner (Siemens 94 

Medical Solutions, Forchheim, Germany).
33

 The x-ray tube anode angle was 7°. The distance 95 

from the focal spot to the isocenter (SID) and the detector (SDD) was 595 mm and 1085 mm 96 

respectively. The scanner operated in both axial and helical modes at tube voltages of 80 kV, 100 97 

kV, 120 kV, and 140 kV. Two different focal spots were used, with dimensions of 0.7×0.7 mm
2
 98 

and 0.9×1.1 mm
2
 corresponding to small and large focal spots respectively. The system operated 99 

at different x-ray beam collimations, given in the N ×T format where N represents the number of 100 

data channels and T represents the nominal width of each data channel. For this study, x-ray 101 

collimation of 3.6 mm and 38.4 mm were used for static and rotating x-ray sources respectively.  102 

2.2 Ionization chamber 103 

An ionization chamber type 30009 connected to a Unidos electrometer (PTW, Freiburg, 104 

Germany) was used to measure the physical air kerma. The nominal active volume of the 105 

ionization chamber was 3.14 cm
3
 with a sensitive measuring length of 10 cm and an outer 106 

diameter of 0.9 cm. The homogeneity of the detector response was less than  ± 5 % for (70 -150) 107 

kV.
34  

108 

 
109 

 
110 

 
111 
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2.3 Nomex multimeter 112 

The Nomex multimeter is a noninvasive device that consists of electronics and multiple channels 113 

of silicon semiconductor detector according to IEC 61674.
35

 The system was approved by the 114 

German law as a diagnostic dosimeter by the German National Metrology Institute, PTB.
36

 The 115 

Nomex device was calibrated for many different imaging modalities, including radiography, 116 

fluoroscopy, mammography (Mo/Mo, Mo/Rh, W/Al, W/Rh, W/Ag, Rh/Rh), and computed 117 

tomography.
37

 The Nomex multimeter was designed for the purpose of measuring different 118 

quantities during one single radiation exposure, including air kerma, air-kerma rate, tube voltage, 119 

and total filtration.  120 

In this study, we use the Nomex multimeter to measure the total 121 

filtration for the following tube voltages: 80 kV, 100 kV, 120 kV and 122 

140 kV. The essential parts of the Nomex multimeter system are 123 

illustrated in Figure 1. Parts #1 and #2 represent the multi-channel 124 

detector and the electronic areas respectively. Part #3 represents the 125 

location of the central axis of the source. Part #4 (the shaded grey area) 126 

is illustrated by the 1 mm width bar that identifies the center of the 3 127 

mm wide measurement area. This measurement area indicates the 128 

active detector zone for the measurements of total filtration of the CT 129 

scan. The measurement area shown in grey must be fully irradiated. The measurements of the 130 

estimated total filtration area have an accuracy of ± 10%, or 0.5 mm.
38

 Part #5 indicates the 131 

status of the device: for example, a green led light indicates that the device is ready for use. 132 

  133 

Fig. 1 The Nomex multimeter active 

area in the measurement of the total 

filtration for CT scan.  
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2.4 Physical measurements 134 

2.4.1 Static x-ray source measurements  135 

Most MDCT scanners have more than one BT filter. These BT filters are dependent on the tube 136 

voltage, and more importantly, on the selected field of view (FOV). A large field of view 137 

(LFOV) requires a correspondingly wide filter to cover the entire fan beam when scanning the 138 

patient. Likewise, clinical protocols for small FOVs (SFOVs) call for a small BT filter due to the 139 

reduced diameter of the scanned area. For this 140 

study, CT localizer radiographs of child neck 141 

protocols and adult abdomen protocols were 142 

selected to represent SFOVs and LFOVs 143 

respectively. The static x-ray source was 144 

positioned at the 90°, and the patient’s table was 145 

adjusted such that it was outside the measuring 146 

field. Air kerma was measured across the fan 147 

angles with a plastic ruler. The ruler dimensions 148 

were 780 mm, 60 mm, and 8 mm in x, y and z-149 

axes respectively.  150 

A lathe was then used to drill 29, 1 cm diameter holes in a row, spaced 2 cm from isocenter to 151 

isocenter. The tolerance for all dimensions in the manufactured ruler was ± 0.1 mm. The ruler 152 

was placed across the opening of the CT gantry, and the ionization chamber was placed in the 153 

opening holes within the center of the collimation along the z-axis of the scanner, as illustrated in 154 

Fig. 2. Measurements were taken for tube voltages of 80, 100, 120 and 140 kV, while keeping 155 

the default settings for the other parameters constant. The parameters of the experiments were 156 

Fig. 2 Schematic view of BT profile measurements across 

the fan angle of the static x-ray source. 
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the following: tube current of 300 mA, collimation width of 3.6 mm, and exposure time of 2.7 s 157 

and 5.3 s for SFOV and LFOV CT localizer radiographs respectively. 158 

 159 

2.4.2 Half value layer measurements. 160 

The half value layer (HVL) measurements were measured for tube voltages of 80 kV, 100 kV, 161 

120 kV, and 140 kV. The static x-ray source of the CT localizer was placed at the 90° position 162 

because the x-ray source cannot be placed at the standard position (180°) when collecting HVL 163 

measurements, as shown in Figure 3. The ionization chamber was placed at the isocenter hole of 164 

the plastic ruler in the direction of the central ray. 165 

The default settings used in the static x-ray source 166 

experiments (section 2.4.1) were also used in the 167 

HVL experiments for both SFOV and LFOV CT 168 

localizer radiographs. The HVL was estimated by 169 

increasing the thickness of the aluminum layers 170 

until the air kerma was equal to one half of the 171 

measured air kerma free-in-air without aluminum layers. 172 

  173 

Fig. 3 Experimental set up of HVL measurements. 
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2.4.3 Rotating x-ray source measurements  174 

The attenuation of the BT profile was measured as a function of fan angle for the rotating x-ray 175 

source. These physical measurements were obtained for the purpose of comparison only. The 176 

ruler was positioned across the CT gantry, and the ionization chamber was placed in the opening 177 

holes within the center of the collimation along the z-axis of the scanner, as illustrated in Fig. 4. 178 

Two different clinical protocols were selected to represent SFOV and LFOV, and the rotating 179 

source in both protocols was operated in the helical mode. For SFOV, the child neck and 180 

abdomen protocols were selected 181 

using default settings of 90 mA 182 

tube current and 38.4 mm 183 

collimation width. The scan times 184 

were 7 s for the child neck protocol 185 

and 1 s for the child abdomen 186 

protocol. For LFOV, the clinical 187 

protocols of the adult abdomen and 188 

thorax were used with settings of 4 s 189 

scan time, 38.4 mm collimation 190 

width, and with tube currents of 210 191 

mA and 110 mA for abdomen and thorax protocols respectively. Notably, all measurements were 192 

obtained at a tube voltage of 120 kV, which is commonly used in clinical protocols. 193 

  194 

Fig. 4 Experimental scheme of BT profile measurements of attenuation 

of the rotating x-ray source of the clinical protocols. 
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2.5 Integration of the static x-ray source measurements 195 

Several BT filters are used in MDCT studies today. The selection of a particular BT filter 196 

depends on the tube voltage, and more importantly, the FOV. The same BT filter can be used in 197 

different operational modes of the x-ray source. In order to evaluate this, a direct comparison can 198 

be made between the BT filter profiles experimentally measured as a function of angle for both 199 

static and rotating x-ray sources.  However, the different status of the static and rotating x-ray 200 

sources made such a direct comparison invalid. In this study, a new method (hereafter referred to 201 

as the integration method) is proposed to make the measurements of static and rotating sources 202 

comparable. The method utilizes an integrated x-ray source, resulting from the integration of 203 

static x-ray source measurements across a 360-degree cycle. The resulting estimate of the BT 204 

profiles from the integration of static x-ray source measurement values was then compared to the 205 

directly measured BT profiles of the actual rotating x-ray source of the clinical protocols. This 206 

provided useful information about the consistency or discrepancy of the BT filters used for static 207 

and rotating x-ray sources. This could eliminate the necessity of relying on physical 208 

measurements of the rotating x-ray source to calculate the BT filter thickness of a given scanner. 209 

  210 
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Figure 5 illustrates the relationship between the integrated static x-ray source and the static x-ray 211 

source used in this experiment. For the integrated static source, the origin of the coordinate 212 

system is placed at the isocenter (𝑥0). We define (𝑆𝛼) as the point at which the source makes an 213 

angle (𝛼) with the positive x-axis. Using this terminology, the static case can be viewed as a 214 

unique configuration of the integrated static case (𝑤ℎ𝑒𝑛 𝛼 =
𝜋

2
); hence, the position of the static 215 

source can be described by the coordinates (0, R). This case is denoted by(𝑆 ), where 𝑆  =𝑆𝜋

2
. 216 

 217 

 218 

 219 

  220 

Fig. 5 Schematic view of the geometrical relationship between a static x-ray source and the integrated 

static x-ray source resulting from the integration method.  
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The experimental measurements of the static x-ray source can help determine whether the 221 

attenuation profile of the BT filter can be inferred from the integration of the static x-ray source 222 

values. The measurement procedures are explained in Section 2.4.1, and Fig. 2 shows a detailed 223 

schematic of the experimental geometry and set-up. The static x-ray source was positioned at 
𝜋

2
, 224 

and the ionization chamber was placed in the opening holes of the ruler laid across the x-axis so 225 

that the active length of the ionization chamber was centered along the z-axis of the scanner. 226 

 227 

The ionization chamber was shifted across the measurement points to the isocenter (𝑥0: = 0) by a 228 

distance of 229 

 230 

 𝑥𝑗 =  𝑗Δ𝑥  (1) 

 231 

where 𝑗 = -14,..0,..14 (the number of measurement points placed across x-axis= 29) and Δ𝑥 = 2 232 

cm. 233 

 234 

For static sources, the distance from the x-ray source to the measurement points 𝐿 (
𝜋

2
, 𝑥𝑗) is 235 

given by 236 

 237 

          𝐿 (
𝜋

2
, 𝑥𝑗) = √𝑅2 + 𝑥𝑗 

2 = √𝑅2 +  (𝑗∆𝑥)2 . (2) 

 238 

 239 

 240 
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For the integrated static sources, 𝑆𝛼, the distance between the x-ray source and a measurement 241 

point 𝑥𝑗
 , is defined by  𝐿 (𝛼, 𝑥𝑗) 242 

 243 

 𝐿(𝛼, 𝑥𝑗) = √𝑥𝑗
2 + 𝑅2 − 2R𝑥𝑗 cos 𝛼 (3) 

 244 

The angle 𝜃(𝛼, 𝑥𝑗) is defined as the fan angle between the x-ray source and the measurement 245 

points relative to the central ray. For static sources, this angle can be calculated using the 246 

following equation: 247 

 248 

 θ (
𝜋

2
, 𝑥𝑗) = arctan (

𝑗Δ𝑥 

R
) (4) 

 249 

For the integrated static sources, the angle can be calculated by the following equation: 250 

 251 

 𝜃(𝛼, 𝑥𝑗) = arcsin (
𝑥𝑗𝑠𝑖𝑛𝛼

 (𝛼, 𝑥𝑗)
) (5) 

 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 
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 260 

The air kerma-length-product for any of the measurement points across the x-axis is a function of 261 

the distance from, and the angles to, the source. The air kerma-length-product at the point 𝑥𝑗 is 262 

denoted by 𝐾𝐿 (𝛼, 𝑥𝑗) for the integrated static source 𝑆𝛼, and thus 𝐾𝐿 (
𝜋

2
, 𝑥𝑗) denotes the air 263 

kerma at the point 𝑥𝑗  for the static source S. At the isocenter point 𝑥0, 𝐾𝐿 is the same for both the 264 

static and integrated static cases for any angle 𝛼. This can be written by: 265 

 266 

 𝐾𝐿(
𝜋

2
, 𝑥0) = 𝐾𝐿(𝛼, 𝑥0) = 𝐾𝐿𝑖𝑠𝑜𝑐𝑒𝑛𝑡𝑒𝑟

  (6) 

 267 

At each of the measurement points, the relative air-kerma length product for the BT filter across 268 

the fan beam is computed by: 269 

 270 

 𝐾𝐿 (
𝜋

2
, 𝑥0) =  𝐾𝐿(𝛼, 𝑥0) = 𝐾𝐿(𝛼, 𝑥𝑗)

𝐿(𝛼, 𝑥𝑗)

𝑅
 (7) 

 271 

This formula is valid as long as the field length remains smaller than the length of the employed 272 

pencil ionization chamber (10 cm). In this case, the measurement field length S is proportional to 273 

the distance L. Thus,  274 

 

𝐾 
 ~ 

1

𝐿2
 and  𝑆 ~ 𝐿, 

𝐾𝐿 
 ~ 

1

𝐿
  

so that 

where K = air kerma 

(8) 
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The total air-kerma length product at the point 𝑥𝑗 of the integrated static x-ray source is denoted 275 

by 𝐾𝐿(𝑥𝑗). This 𝐾𝐿 profile at each measurement point is calculated from the static source 276 

profile. This is done by integrating the x-ray at all beam angles of the integrated static source, 277 

taking into account the distance between the source and the measurement points. In this case, the 278 

total air-kerma length product of the integrated static source having completed a full 360-degree 279 

cycle is calculated by: 280 

 281 

 𝐾𝐿(𝑥𝑗) = ∫ 𝐾𝐿 (𝛼, 𝑥𝑗 
)

 
𝑑𝛼

2𝜋

0

=  ∫
𝐾𝐿𝑖𝑠𝑜𝑐𝑒𝑛𝑡𝑒𝑟

  𝑅

𝐿(𝛼, 𝑥𝑗)

2𝜋

0

 𝑑𝛼 (9) 

 282 

 283 

In summary, x-ray incidents from the integration of the static source were computed for every 284 

measurement point along the horizontal x-axis for all possible beam angles using the air-kerma 285 

length product values from a static x-ray source profile. The resulting air-kerma-length-product 286 

values from the integration were then compared with the measured air-kerma-length-product 287 

values obtained from the rotating x-ray source of the clinical protocols (section 2.4.3). 288 

 289 

  290 
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2.6 X-ray spectrum 291 

The x-ray spectrum of the tube energy was characterized by measuring the total filtration using a 292 

Nomex multimeter (PTW, Freiburg, Germany) positioned at the central beam axis of the 293 

isocenter of the scanner with an x-ray source static at the 90° position. CT localizer radiographs 294 

of the SFOV and LFOV with default settings (section 2.4.1) were independently used to measure 295 

the TF thickness for tube voltages of 80 kV, 100 kV, 120 kV, and 140 kV. The SpekCalc 296 

program
39 

was then used to generate x-ray spectra based on the measured TF thickness (Al–297 

equivalent) for both the SFOV and LFOV at each voltage.  298 

Validation of the Nomex multimeter output (TF thickness) for SFOV and LFOV was performed 299 

using the measured HVL values at all energy levels between 80 kV and 140 kV for both SFOV 300 

and LFOV (section 2.4.2). Using the SpekCalc program, x-ray spectra were generated for an 301 

anode angle of 7°, while the aluminum thickness (mm) was increased until the HVL value 302 

equaled that of the experimentally measured HVL value. 303 

  304 
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2.7 Bowtie filter calculation 305 

The primary focus of this study was to provide an estimation of the BT filter thickness that 306 

matched as closely as possible the actual BT filter thickness present in the specific CT scanner 307 

used. In this section, the algorithm used to provide the BT filter thickness as a function of fan 308 

angle is further explained. The required inputs were 1) the measured air-kerma values at each of 309 

the measurement points of the CT localizer radiographs, and 2) the x-ray spectra calculated using 310 

the measured TF thickness of each kVp. The calculation of the BT filter thickness was done 311 

separately using the experimental measurements taken for SFOV and LFOV. 312 

Air kerma of the static x-ray source was measured for a set of points on the path of the x-ray 313 

beam. If the BT filter was placed in the path of the x-ray source, the BT filter thickness would 314 

need to be known to produce meaningful measurement values. To achieve this, the initial values 315 

of the BT filter thickness in a specified range were set for each of the test points. The range was 316 

necessary to allow adjustments in the filter thickness. For each of the points, the attenuation of 317 

the x-ray spectrum was calculated for the filter thickness (and angle) through which it passed. 318 

This approach takes into account the geometry of the experiment, specifically the distance from 319 

the source to the isocenter, the distance between each measurement point, and the distance from 320 

the measurement point to the isocenter. It also accounts for both the perpendicular and the off-321 

perpendicular aspect of the beam's transmission through the filter. Usually a beam will travel a 322 

greater distance through the same thickness of the filter material if travelling non-perpendicularly 323 

to the filter's surface, as opposed to perpendicularly to the surface. After simulating the filter 324 

attenuation of the x-ray spectrum, the resulting transmitted radiation through the filter at each of 325 

the test points was obtained by assuming an exponential attenuation profile. Consequently, the 326 

calculated air kerma was compared with the measured air kerma at each test point. Where the 327 
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calculated air kerma was greater than the measured kerma value, the filter thickness was 328 

increased at that point. Similarly, when the calculated air kerma was less than the measured 329 

kerma value, the filter thickness was decreased at that point. After updating the values and 330 

ranges of filter thickness at all test points, a chi-squared test was performed. In this case, the 331 

calculated air kerma corresponding most closely to the measured air kerma was found when 𝑥2 332 

was minimized: 333 

 334 

 
𝑥2 =

(𝐾𝑐𝑎𝑙𝑐 − 𝐾𝑚𝑒𝑎𝑠)2

𝐾𝑐𝑎𝑙𝑐
 

(13) 

 335 

The following are the sequential steps of calculating the BT thickness.  336 

 Simulating the filter attenuation. 337 

 Calculating the air kerma. 338 

 Adjusting the BT filter thickness. 339 

 Reducing the range of the BT filter thickness and calculating the chi-square statistic. 340 

 Iteratively repeating this step until a minimum value of 𝑥2 is achieved. 341 

 Accepting the BT thickness profile corresponding to the 𝑥2 minimum as the BT filter 342 

shape.  343 

This method was implemented by using routines coded in the computer language C. The result 344 

was a complete set of equivalent BT filter thicknesses based on each of the generated x-ray 345 

spectra. It is worth mentioning that the main BT filter material was presumed to be Teflon 346 

(PTFE).
 20,21,40 

347 

  
348 
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2.8 Physical measurement of the CTDI phantoms 349 

Measurements were performed on the standard CTDI body (320 mm in diameter), CTDI head 350 

(160 mm in diameter), and CTDI child (100 mm in diameter) phantoms. These phantoms are 150 351 

mm in length and made of polymethylmethacrylate (PMMA) material. The phantoms have 5 352 

holes into which a PMMA rod or the ionization chamber is inserted. All of the scans were 353 

performed using the helical mode, in which the scan length covers the entire phantom. The child 354 

neck clinical protocol for the SFOV was used with scan settings of 90 mA tube current, 5 s scan 355 

time, 0.6 pitch, and 38.4 mm beam collimation. The adult thorax clinical protocol for the LFOV 356 

was used with scan settings of 110 mA tube current, 0.6 pitch, 2 s scan time and 38.4 mm beam 357 

collimation. Air kerma was measured at all available tube voltages, 80, 100, 120 and 140 kV, by 358 

inserting the ionization chamber into each of these phantoms at the center hole and also at the 359 

four periphery holes (Right, Left, Top, Bottom). 360 

361 
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2.9 Overview of the Monte Carlo method 362 

2.9.1 Monte Carlo simulations 363 

The experimental measurements were verified using the EGSnrc MC particle transport code 364 

(version V4-2-3-0).
41

 EGSnrc tracks particles across all energies corresponding to those used in 365 

the experiments. For the purpose of this study, photons were simulated with a low-energy cutoff 366 

of 2keV. The remaining particle kinetic energy was deposited locally. The radiation interaction 367 

processes considered were photoelectric absorption and Rayleigh scattering. The material cross-368 

sections for photoelectric absorption and Rayleigh scattering are consistent with the values in the 369 

XCOM/NIST database. The EGSnrc simulation also took into account the bound Compton 370 

scattering and the photo-electrons from the K, L, and M valence shells. 371 

 372 

2.9.2 Modeling of the CT source  373 

The source subroutine of the EGSnrc simulation code was written so that different settings of the 374 

CT scanner could be modeled using user-definable input parameters, including geometric 375 

factors, x-ray spectra, modes of acquisition, and BT filtration thickness. Geometric factors 376 

selected for each simulation included the dimensions of the x-ray source with respect to the 377 

simulated object in the x, y, and z-axes, SID, focal spot size, and beam collimation along the z-378 

axis. This information was obtained from the documentation supplied with the CT scanner 379 

(section 2.4.1).  380 

The x-ray source model assumes the photons are emitted from a location within the x-ray tube 381 

anode. The x-ray spectra generated by the SpekCalc program based on the measured TF 382 

thickness for each tube voltage were used to simulate the x-ray spectra for the CT scanner 383 

(section 2.6).  384 
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Different modes of acquisition were implemented in the EGSnrc code, including axial, helical 385 

(with the ability to input desired pitch), and static beam position (with the ability to select the 386 

angle at which the beam is parked). In this study, the static and contiguous axial scans were 387 

simulated corresponding to the measurements made using the CT scanner. 388 

The Teflon BT filter thickness was simulated based on a polynomial shape resulting from fitting 389 

the rational function to the calculated thickness across all measurement points. The radiation 390 

transport process through the filter was simulated by reducing the statistical weight of each 391 

incident photon according to its attenuation by the filter. Thus, scatter radiation emitted by the 392 

filter was ignored. This has been proven to be justified in a side computation.  393 

 394 

2.9.3 Simulation of the experimental objects 395 

The plastic ruler used in the experiment was simulated to accurately represent the measurement 396 

points on the static x-ray source. The geometric dimensions and position of the ruler were 397 

simulated as explained in section 2.4.1. The ruler was discretized into segments, where the total 398 

number of voxels were 1560, 120, and 4 in the x, y, and z directions respectively. The voxel 399 

dimensions were 0.5 mm *0.5 mm * 2 mm for the x, y, and z-axes respectively. The voxel 400 

material was PMMA. The holes were modeled in a small circular pattern with a diameter of 10 401 

mm into which air kerma was determined. 402 

The standard CTDI phantoms (body, head, and child) were simulated in order to verify the 403 

physical measurements of the rotating x-ray source. A Cartesian coordinate system was defined 404 

using the model dimensions so that the isocenter of the modeled phantoms coincided with the 405 

isocenter of the scanner, the z-axis was collinear with the axis of the scanner, and the x-y plane 406 

was coplanar with the CT slice plane. The computational models had non-isotropic voxels and 407 

were described as set of slices, where each slice consisted of a number of voxels. The number of 408 
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voxels in the x, y, and z-axes were 640, 640, and 6 for the CTDI body, 320, 320, and 6 for the 409 

CTDI head, and 200, 200, and 6 for the CTDI child. The voxel dimensions for all computational 410 

models were 0.5 mm, 0.5 mm, and 25 mm in x, y, and z-axes respectively. Within the designated 411 

volume, voxels were defined to contain PMMA material and have air present around the 412 

simulated voxels. In the central 4 slices, five 9 mm diameter, cylindrical holes were inserted. In 413 

these holes dose values were recorded to provide air kerma. The CT scanner table was 414 

approximated as a 10 mm thick rectangular carbon slab and modeled with each phantom. 415 

After the experimental measurements were recorded for the static and rotating x-ray sources, the 416 

source subroutine was used to simulate all measurement configurations for each experiment 417 

based on the parameters for the geometric factors, the x-ray spectra, the modes of acquisition, the 418 

BT filter profile, and the simulated object. In each simulation, 100 million photon histories were 419 

pursued, resulting in a statistical uncertainty of less than 1%. This number of histories was 420 

chosen to achieve a compromise between the relative error and reasonable computational times. 421 

  422 
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3 Results 423 

3.1 SFOV integration  424 

Figures 6(a) and 6(b) depict normalized attenuation profiles of the BT filter measurements for a 425 

rotating x-ray source, and the measurements from a static x-ray source integrated in a complete 426 

360-degree cycle at 120 kV for child neck and child abdomen protocols respectively. A strong 427 

correspondence was observed between the integrated static source and the rotating source for 428 

SFOV at all measurement points. The Root Mean Square Error (RMSE) was 0.83 % for the child 429 

neck protocol and 1.11 % for the abdomen protocol.  430 

 431 

  432 

Fig. 6 Comparison of normalized profiles of BT filter from the integrated air kerma and the measured air kerma 

for the SFOV at 120 kV. (a) Static source integrated and child neck protocol. (b) Static source integrated and 

child abdomen protocol. 
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3.2 LFOV integration  433 

The results of the comparison between the attenuation profile of the BT filter measurements from 434 

a rotating source and the integrated measurements from a static x-ray source are shown in 435 

Figures 7(a) and 7(b). The measurement and integration data sets were each normalized to the 436 

peak value at the isocenter (0 degree). A strong correlation between the integrated static source 437 

and the rotating source was noted in adult protocols for LFOV. In this case, the RMSE was 1.83 438 

% for the thorax protocol and 2.09 % for the abdomen protocol.  439 

 440 

 441 
442 Fig. 7 Comparison of normalized profiles of BT filter from the integrated air kerma and the measured air kerma 

for the LFOV at 120 kV. (a) Static source integrated and adult thorax protocol. (b) Static source integrated and 

adult abdomen protocol. 
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3.3 X-ray spectrum 443 

The results of the measured HVL described in section 2.4.2 are presented in Table 1 and Table 2, 444 

for SFOV and LFOV respectively, for all energy levels between 80 kV and 140 kV. These tables 445 

also include the results of the measured TF thickness values from the Nomex multimeter and the 446 

TF thickness values from the SpekCalc program for SFOV and LFOV at each of the available 447 

beam energies. A strong correlation was noted between the measured TF thicknesses from the 448 

Nomex multimeter device and the estimated TF thicknesses from the SpekCalc program, 449 

resulting from matching the HVL measurements for both SFOV and LFOV. The maximum 450 

percentage difference was 2.53 % at 80 kV for SFOV, and 1.68 % at 80 kV for LFOV. The 451 

percentage difference at each energy level was within the accuracy limit of ± 10% for the TF 452 

estimation of the Nomex multimeter device (section 2.3). 453 

 454 

Table 1. Measured TF thickness in mm Al from the Nomex multimeter device and the resulting TF thickness in mm 455 
Al from the SpekCalc program, resulting from matching the measured HVL in mm Al for all tube voltages ranging 456 
from 80 kV to 140 kV for SFOV.  457 

 458 

Table 2. Measured TF thickness in mm Al from the Nomex multimeter device and the resulting TF thickness in mm 459 
Al from the SpekCalc program, resulting from matching the measured HVL in mm Al for all tube voltages ranging 460 
from 80 kV to 140 kV for LFOV. 461 

 462 

Energy level Measured HVL 

(mm) 

Measured TF from 

Nomex multimeter 

(mm) 

TF from the 

SpekCalc program 

(mm) 

Percentage difference (%) 

80 6.07± 0.1 mm 12 ± 0.5 mm 11.70 2.53 

100 7.40± 0.1 mm 12 ± 0.5 mm 11.75 2.10 

120 8.50± 0.1 mm 12 ± 0.5 mm 11.95 0.42 

140 9.40± 0.1 mm 12 ± 0.5 mm 11.95 0.42 

Energy level Measured HVL 

(mm) 

Measured TF from 

Nomex multimeter 

(mm) 

TF from the 

SpekCalc program 

(mm) 

Percentage difference (%) 

80 6.10± 0.1 mm 12 ± 0.5 mm 11.80 1.68 

100 7.45± 0.1 mm 12 ± 0.5 mm 11.95 0.42 

120 8.52± 0.1 mm 12 ± 0.5 mm 12.05 0.42 

140 9.45± 0.1 mm 12 ± 0.5 mm 12.18 1.49 
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3.4 Bowtie filter calculation 463 

3.4.1 Bowtie filter thickness for SFOV 464 

Figure 8 depicts derived BT filter thicknesses for SFOVs. The filters are made of aluminum and 465 

Teflon, and the measurements are based on SFOVs for beam energies of 80 kV to 140 kV. The 466 

maximum calculated BT filter thickness observed at the periphery was 8.57 cm, and the 467 

maximum measured TF thickness at the center was 1.2 cm for all energy levels between 80 kV 468 

and 140 kV.  BT filters of equal thickness from the two materials showed strong correlations at 469 

each energy level. The maximum variation across all calculated BT thicknesses was 8.66% for 470 

all tube voltages, with a slight deviation in the BT filter thickness at 140 kV. 471 

 472 

  473 

Fig. 8 Calculated BT filter thickness for SFOV at energy levels of 80 kV, 100 kV, 120 kV, and 140 kV. The 

measured BT filter thickness is shown for aluminum filters (horizontal black line) and Teflon filters (colored 

lines). 
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3.4.2 Bowtie filter thickness for LFOV 474 

The resulting estimates of BT filter thickness for all tube voltages from 80 kV to 140 kV are 475 

presented in Figure (9) for LFOV. The BT filter thickness at the periphery was 6.05 cm, and the 476 

TF thickness at the center was 1.2 cm. A strong correlation was found among the calculated BT 477 

thicknesses across all fan angles, with a maximum variation of 4.90 % for all tube voltages 478 

ranging from 80 kV to 140 kV. 479 

 480 

 481 

 482 

 483 

  484 

Fig. 9 Calculated BT filter thickness for LFOV at energy levels of 80 kV, 100 kV, 120 kV, and 140 kV. The 

measured BT filter thickness is shown for aluminum filters (horizontal black line) and Teflon filters (colored 

lines). 
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3.5 Monte Carlo simulation 485 

Monte Carlo simulations were executed a total of eight times to simulate static x-ray source. 486 

Four simulations were run for energy levels of 80 kV, 100 kV, 120 kV, and 140kV, for both 487 

SFOV and LFOV. For each of the conducted simulations, 100 million photon histories were 488 

pursued, resulting in coefficients of variance (standard deviation to variance ratio) in the 489 

calculated air kerma for each of the ruler holes of less than 0.40 %. 490 

 491 

3.5.1 Simulation of the static source geometry for SFOV 492 

Figure 10 shows a normalized attenuation profile of the BT filter obtained from the static x-ray 493 

source simulated by MC. This can be directly compared with the BT filter profile measured for a 494 

static x-ray source using the CT localizer radiograph for SFOV between the energy levels 80 kV 495 

and 140 kV. A strong correlation was observed between the BT profiles of the simulated and the 496 

measured air kerma for all measurement points. The RMSE values were 1.64 %, 0.43 %, 0.31 %, 497 

and 1.16 % for tube voltages of 80 kV, 100 kV, 120 kV, and 140 kV, respectively. 498 

  499 

3.5.2 Simulation of the static source geometry for LFOV 500 

The static x-ray source of the CT localizer radiograph revealed similar agreements for the 501 

simulated and measured BT profile results for LFOV, as shown in Fig. 11. The RMSE values 502 

were 1.05 %, 1.40 %, 1.80 %, and 2.50 % for tube voltages of 80 kV, 100 kV, 120 kV, and 140 503 

kV, respectively. Significantly, the comparison of the simulated and measured results for both 504 

the SFOV and LFOV at all measurement points and tube voltages remained below the 5 % 505 

homogeneity threshold of the ionization chamber response. 506 

 507 
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 508 

 509 

 510 

Fig. 10 Comparison of normalized profiles between simulated and measured air kerma of the static x-ray source of the 

SFOV for (a) 80 kV (b) 100 kV (c) 120 kV (d) 140 kV. 
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 511 

 512 

 513 

  514 

Fig. 11 Comparison of normalized profiles between simulated and measured air kerma of the static x-ray source of the 

LFOV for (a) 80 kV (b) 100 kV (c) 120 kV (d) 140 kV. 
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3.5.3 Simulation results for the rotating source geometry for SFOV  515 

The Monte Carlo calculations were carried out for all energy levels and phantoms. Four 516 

simulations were run for each computational phantom, each with 100 million photon histories. 517 

This resulted in coefficients of variance in the calculated air kerma values for individual holes 518 

between  0.40% and 1.0%. 519 

The measurement and simulation data sets were each normalized to the peak value at the top 520 

hole. Figures 12 illustrates the relative measured and simulated air kerma of the rotating x-ray 521 

source for SFOVs on the standard CTDI body (a, b, c, d), CTDI head (e, f, g, h), and CTDI child 522 

(i, j, k, l) phantoms, at tube voltages between 80 kV and 140 kV. The results for the CTDI body 523 

phantom revealed a strong correlation between the measured and simulated air kerma for all 524 

measurement holes. The maximum deviations were 1.4 %, 4.9 %, 7.2 % and 3.2% for tube 525 

voltages of 80 kV, 100 kV, 120 kV, and 140 kV, respectively. 526 

The results for the CTDI head phantom showed similar agreements between the measured and 527 

simulated air kerma for all the measurement holes, with maximum deviations of 5.01 %, 1.42 %, 528 

2.85 % and 2.90 % for tube voltages of 80 kV, 100 kV, 120 kV, and 140 kV, respectively. 529 

 530 

The results for the CTDI child phantom also showed similar agreements between the simulated 531 

and measured air kerma, with maximum deviations of 1.45 %, 3.91 %, 3.15 %, and 3.70 % for 532 

tube voltages of 80 kV, 100 kV, 120 kV, and 140 kV, respectively.  533 

  534 
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 535 

 536 

537 

Fig. 12 Comparison of relative measured and simulated air kerma of the CTDI body (a, b, c, d), CTDI head (e, f, g, h), and 

CTDI child (i, j, k, l) phantoms of the rotating x-ray source for SFOV at tube voltages of 80 kV, 100 kV, 120 kV, and 140 kV.  
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3.5.4 Simulation results for the rotating source geometry for LFOV  538 

 539 
The measurement and simulation data sets were each normalized to the peak value at the top 540 

hole. Figure 13 illustrates the relative measured and simulated air kerma of the rotating x-ray 541 

source for LFOVs on the standard CTDI body (a, b, c, d), CTDI head (e, f, g, h), and CTDI child 542 

(i, j, k, l) phantoms at tube voltages between 80 kV and 140 kV. The measured air kerma of the 543 

CTDI body phantom was not significantly different than the simulated air kerma from the MC 544 

simulation of the same phantom for all measurement holes. The maximum deviations were 6.01 545 

%, 3.28 %, 2.29 % and 1.7 % for tube voltages of 80 kV, 100 kV, 120 kV, and 140 kV, 546 

respectively. 547 

Similar correlations were observed in the results for the CTDI head phantoms for all 548 

measurement holes. The maximum deviations were 4.77 %, 2.47 %, 3.36 %, and 3.99 % for tube 549 

voltages of 80 kV, 100 kV, 120 kV, and 140 kV, respectively. 550 

The results for the CTDI child phantoms show strong correlations between the measured and 551 

simulated air kermas. The maximum deviations were 2.56 %, 5.91 %, 5.74 %, and 6.31 % for 552 

tube voltages of 80 kV, 100 kV, 120 kV, and 140 kV, respectively. 553 

 554 

 555 

 556 

557 



 

34 

 558 

 559 

560 

Fig. 13 Comparison of relative measured and simulated air kerma of the CTDI body (a, b, c, d), CTDI head (e, f, g, h), and 

CTDI child (i, j, k, l) phantoms of the rotating x-ray source for LFOV at tube voltages of 80 kV, 100 kV, 120 kV, and 140 kV.  
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4 Discussion 561 

The current study attempts to provide an estimation of the BT filter that matches as closely as 562 

possible the BT filter utilized by a specific CT scanner. In previous studies, no attempt was made 563 

to estimate the thickness of the BT filter using experimental measurements of the CT localizer 564 

radiographs of the clinical protocols. The use of a CT localizer radiograph has considerable 565 

advantage over the use of the CT scanner in service mode, for which a special personnel 566 

agreement is required. In addition to the free accessibility of the static x-ray source, the CT 567 

localizer radiograph is a part of the clinical protocol. Hence, it might substantially contribute to 568 

the overall radiation dose of full CT scan examinations, particularly in the case of dedicated low-569 

dose scans of young patients, or for screening purposes.
42

 This approach could help estimate 570 

dose values of the CT localizer radiograph.
43-45

  571 

In this study, the method of integrating the measured attenuation profile of BT filters across the 572 

fan angle of the static x-ray source formed the basis of investigating the association between the 573 

utilized BT filters in different modes of the scanning process.  A strong correlation was observed 574 

between the integrated static source of air kerma profiles and the profiles resulting from the 575 

measured air kerma of the rotating source of the clinical protocols at a tube voltage of 120 kV. 576 

To test the comprehensiveness of this method, the integrated static x-ray source air kerma 577 

profiles based on the physical measurements taken from a particular CT localizer radiograph of 578 

the clinical protocol were compared with the air kerma profiles measured from another clinical 579 

protocol. This comparison was possible due to the similarity between the FOVs of localizers and 580 

clinical protocols. A similar level of agreement was noted between the integrated static x-ray 581 

source air kerma profiles based on the CT localizer radiographs of the child neck SFOV and 582 

adult abdomen LFOV, as that between the measured air kerma profiles of child abdomen and 583 
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adult thorax protocols in the case of SFOV and LFOV respectively. These results provide 584 

substantial support for the conclusion that the utilized BT filters in the CT localizer radiographs 585 

sufficiently represent the thickness and composition of the filters used in clinical protocols. On 586 

the other hand, the integration of the static x-ray source method might not result in the same level 587 

of consistency as that observed between the integrated and measured profiles in this study if the 588 

physical measurements of the static x-ray source made use of the service mode. Additionally, 589 

because the service mode is not used in clinical protocols, there is a possibility that the service 590 

mode settings are different from the actual settings of the real clinical protocols. 591 

Characterization of the x-ray tube output, as represented by the x-ray spectrum, is essential for an 592 

accurate determination of the BT filter thickness at tube voltages of 80, 100, 120 and 140 kV. 593 

However, the x-ray spectrum for a given voltage is proprietary, which necessitates an alternative 594 

method for estimation. Usually, such methods are based on the principle of HVL measurements, 595 

where the HVL is defined as the required thickness of aluminum required to reduce air kerma by 596 

one-half. The HVL is energy dependent, and it increases as the x-ray tube potential increases (for 597 

example, a tube voltage of 80 KV has a lower HVL than a tube voltage of 140 kV). This results 598 

in a more hardened x-ray spectrum for high voltages than for low ones. Therefore, the x-ray 599 

spectra generated based on the HVL and used to estimate BT filter thicknesses yield values 600 

corresponding to tube voltage. Hence, the resulting attenuation due to BT filter thickness 601 

decreases with tube voltage. This could partly explain the discrepancy in the calculated BT filter 602 

thickness values for tube voltages of 80 kV, 100 kV, 120 kV, and 140 kV, and the results of MC 603 

simulations based on the calculated BT filter thickness in previous studies.
29,31,32 

604 

  
605 
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In this study, the concept of total filtration (TF) was used to estimate the TF thickness at the 606 

isocenter independent of tube voltage. The measured TF thickness of the static CT localizer 607 

radiograph was 12 mm ± 0.5 mm (Al) for SFOV and LFOV at all tube voltages. These 608 

measurements were verified by comparing the measured HVL with the HVL of the x-ray spectra 609 

generated by the SpekCalc program. The TF thicknesses measured by the Nomex multimeter 610 

device were found to be in good agreement with the resulting TF thicknesses generated by the 611 

SpekCalc program that resulted from the measured HVL values at each energy level of 80 kV - 612 

140 kV for SFOV and LFOV. For SFOV the maximum percentage difference was 2.53 % at 80 613 

kV and the minimum percentage difference was 0.42 % at both 120 kV and 140 kV. For LFOV 614 

the maximum percentage difference was 1.68 % at 80 kV, and 0.42 % at both 100kV and 120kV. 615 

A similar result was found in an earlier study where researchers observed a total beam filtration 616 

of up to 12mm for A1 equivalent filtration in the CT scanners.
46

 The x-ray spectra generated 617 

using the TF thickness were used to calculate the BT filter thickness for each tube voltage. This 618 

could explain why the calculated BT filter thickness was the same for all energy levels. This 619 

consistency, in turn, provides support for the hypothesis that BT filter thickness is dependent on 620 

energy level and, more specifically, the FOV. The slight deviation observed in the calculated BT 621 

filter thickness could be the result of measurement error of the localizer radiographs, along with 622 

the 10 % uncertainty stemming from the algorithm utilized in calculating the BT filter thickness. 623 

The accuracy of the x-ray spectrum and the estimated BT filter thickness of the x-ray tube are 624 

essential to effectively compare the calculated air kerma from the MC simulation with the 625 

measured air kerma from the experiments. In addition, a substantial geometrical correlation is 626 

also required between the dosimetry phantoms and the computational model. In the current 627 

study, the simulated air kerma and the measured air kerma of the static x-ray source showed 628 
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strong agreement at each tube voltage. The RMSE values across all the measurement angles for 629 

both SFOV and LFOV fall within the functionality of the ionization chamber with a 5 % 630 

uncertainty for all tube voltages between 80 kV and 140 kV. This indicates that the calculated 631 

BT filter thicknesses correspond to those of the given CT scanner. Moreover, the x-ray spectrum 632 

SpekCalc software, which is based on the measured TF at the isocenter, gives a good 633 

approximation of the x-ray tube’s output. 634 

The calculated BT filter thickness of the rotating x-ray source showed significant agreement with 635 

both the simulated and measured SFOVs across all measurement holes. The maximum deviation 636 

of 7.2 % was observed at 120 kV for the CTDI body phantom. A similar correspondence was 637 

found between the simulated and measured air kerma for LFOV. Here, the maximum deviations 638 

observed across all measurement holes of the CTDI body phantom were less than 6.01 % at 80 639 

kV and less than 5.91 % at 140 kV for the CTDI child phantom. This level of uncertainty could 640 

be attributed to measurement error, or error due to external factors such as variations in 641 

temperature, pressure, and x-ray source output. An additional reason for the deviation between 642 

the simulated and measured air kerma could be the combined effects of using a geometry voxel 643 

representation-based MC, and the MC source code. 644 

  645 
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5 Conclusion 646 

The integration method described in this study successfully resulted in an accurate estimation of 647 

the BT profile for the rotating x-ray source based on the measured BT profile of the static x-ray 648 

source. This suggests that the integration method can result in a very strong correlation between 649 

the integrated and measured profiles. This indicates the possibility of deducing the BT filter 650 

thickness of the clinical protocol based on the physical measurements of the CT localizer 651 

radiograph alone. The physical measurements, along with the calculations, were adequate to 652 

estimate an accurate BT filter thickness for each energy spectrum that was attenuated by the TF 653 

thickness. The strong correlation between the simulated and actual physical measurements of air 654 

kerma for both the static and rotating x-ray sources supports this conclusion. These results will 655 

help to more accurately estimate the dose delivered to specific organs of the body, and thereby 656 

contribute to cancer risk management in diagnostic radiology.  657 

Disclosures 658 

No conflicts of interest 659 

Acknowledgments 660 

The authors gratefully acknowledge a grant by “Deutscher Akademischer Austauschdienst” 661 

(DAAD, German Academic Exchange Service, Germany, grant program number: 57048249. 662 

  663 



 

40 

References 664 

1. C. H. McCollough, G. H. Chen, W. Kalender, S. Leng, E. Samei, K. Taguchi, G. Wang, L. Yu, and R. I. 665 

Pettigrew, “Achieving routine submil-lisievert CT scanning: Report from the summit on management of 666 

radiation dose in CT,” Radiology. 264(2), 567–580 (2012). 667 

2. D. J. Brenner and E. J. Hall, “Computed tomography–An increasing source of radiation exposure,” N. 668 

Engl. J. Med. 357(22), 2277–2284 (2007). 669 

3. F. A. Mettler, Jr., M. Bhargavan, K. Faulkner, D. B. Gilley, J. E. Gray, G. S. Ibbott, J. A. Lipoti, M. 670 

Mahesh, J. L. McCrohan, M. G. Stabin, B. R. Thomadsen, and T. T. Yoshizumi, “Radiologic and nuclear 671 

medicine studies in the United States and worldwide: Frequency, radiation dose, and comparison with 672 

other radiation sources–1950–2007,” Radiology. 253(2), 520–531 (2009). 673 

4. NCRP report no. 160, Ionizing radiation exposure of the population of the United States (National 674 

Council on Radiation Protection and Measurements, Bethesda, MD, 2009). 675 

5. BEIR VII report, Health Risks from Exposure to Low Levels of Ionizing Radiation. BEIR VII Phase 2 676 

(National Academies Press, Washington, DC, 2006). 677 

6. Parisa Akhlaghi, Elie Hoseinian-Azghadi, Hashem Miri-Hakimabad, and Laleh Rafat-  Motavalli, “A 678 

Monte Carlo study on quantifying the amount of dose reduction by shielding the superficial organs of an 679 

Iranian 11-year-old boy,”  J Med Phys. 41(4), 246–253 (2016). 680 

7.Jarry G, DeMarco JJ, Beifuss U, Cagnon CH, McNitt-Gray MF.,“ A Monte Carlo-based method to 681 

estimate radiation dose from spiral CT: from phantom testing to patient-specific models,” Phys Med Biol. 682 

48(16), 2645-63 (2003). 683 

8. Salvadó M, López M, Morant JJ, Calzado A., “ Monte Carlo calculation of radiation dose in CT 684 

examinations using phantom and patient tomographic models,” Radiat Prot Dosimetry. 114(1-3), 364-8 685 

(2005).  686 



 

41 

9. DeMarco JJ, Cagnon CH, Cody DD, Stevens DM, McCollough CH, O'Daniel J, McNitt-Gray MF. , “A 687 

Monte Carlo based method to estimate radiation dose from multidetector CT (MDCT): cylindrical and 688 

anthropomorphic phantoms,” Phys Med Biol. 50(17): 3989-4004 (2005). 689 

10. Caon M., “ The reduction in Monte Carlo calculated organ doses from CT with tube current modulation 690 

using WILLIAM, a voxel model of seven year-old anatomy,” Australas Phys Eng Sci Med. 37(4):743-52 691 

(2014).  692 

11. AJ Einstein et al., “Radiation dose and cancer risk estimates in 16-slice computed tomography coronary 693 

angiography,” J Nucl Cardiol. 15(2), 232–240 (2008). 694 

12. A. C. Turner et al., “The feasibility of a scanner-independent technique to estimate organ dose from 695 

MDCT scans: Using CTDIvol to account for differences between scanners,” Med Phys. 37(4), 1816–1825 696 

(2010). 697 

13. Li X, Samei E, Segars WP, Sturgeon GM, Colsher JG, Frush DP., “ Patient-specific radiation dose and 698 

cancer risk for pediatric chest CT,” Radiology. 259(3),862-74 (2011). 699 

14. Li X, Samei E, Segars WP, Sturgeon GM, Colsher JG, Toncheva G, Yoshizumi TT, Frush DP., “ Patient-700 

specific radiation dose and cancer risk estimation in CT: part II. Application to patients,” Med Phys. 701 

38(1),408-19 (2011). 702 

15. Oono T, Araki F, Tsuduki S, Kawasaki K., “ Monte Carlo calculation of patient organ doses from 703 

computed tomography,” Radiol Phys Technol. 7(1),176-82 (2014).  704 

16. H. Zaidi and M. R. Ay, “Current status and new horizons in Monte Carlo simulation of x-ray CT scanners,” 705 

Med. Biol. Eng. Comput, 45(9), 809–817(2007). 706 

17. M. R. Ay and H. Zaidi., "Development and validation of MCNP4C-based Monte Carlo simulator for fan- 707 

and cone-beam x-ray CT," Phys. Med.Biol. 50(20), 4863–4885 (2005). 708 

18. D M Tucker, G T Barnes, and D P Chakraborty., "Semiempirical model for generating tungsten target x-ray 709 

spectra," Medical Physics, 18 (2), 211–218 (1991). 710 

19. A. C. Turner et al., “A method to generate equivalent energy spectra and filtration models based on 711 

measurement for multidetector CT Monte Carlo dosimetry simulations,” Med. Phys. 36(6), 2154 (2009). 712 



 

42 

20. J. M. Boone., “Method for evaluating bow tie filter angle-dependent attenuation in CT: Theory and 713 

simulation results,” Med. Phys. 37(1), 40–48 (2010). 714 

21. SE McKenney et al., “Experimental validation of a method characterizing bow tie filters in CT scanners 715 

using a real-time dose probe,” Med. Phys. 38 (3), 1406 (2011). 716 

22. BR Whiting et al., “Measurement of bow tie profiles in CT scanners using a real-time dosimeter,” Med. 717 

Phys. 41(10), 101915 (2014). 718 

23. M Randazzo, M Tambasco. , “A rapid noninvasive characterization of CT x-ray sources,” Med Phys. 42(7), 719 

3960–3968 (2015). 720 

24. Y. Poirier, A. Kouznetsov, B. Koger, and M. Tambasco, “Experimental validation of a kilovoltage x-ray 721 

source model for computing imaging dose,” Med. Phys. 41(4), 041915 (2014). 722 

25. Lin Y, Ramirez-Giraldo JC Gauthier DJ, Stierstorfer K, Samei E., “An angle-dependent estimation of CT 723 

x-ray spectrum from rotational transmission measurements,” Med. Phys. 41(6), 062104, (2014).  724 

26. Kai Yang, Xinhua Li, X. George Xu, Bob Liu, “Direct and fast measurement of CT beam filter profiles 725 

with simultaneous geometrical calibration,” Med. Phys. 44(1), 57-70, (2017). 726 

27. M Randazzo, M Tambasco. , “A rapid noninvasive characterization of CT x-ray sources,” Med Phys. 42(7), 727 

3960–3968 (2015). 728 

28. K. McMillan, M. McNitt-Gray, and D. Ruan, “Development and validation of a measurement-based source 729 

model for kilovoltage cone-beam CT Monte Carlo dosimetry simulations,” Med. Phys. 40(11), 111907 730 

(2013). 731 

29. B Alikhani, L Büermann., “Non-invasive experimental determination of a CT source model,” Phys Med. 732 

32(1), 59-66 (2016). 733 

30. Sommerville M, Poirier Y, Tambasco M1., “A measurement-based X-ray source model characterization for 734 

CT dosimetry computations,” J Appl Clin Med Phys. 16(6):386-400 (2015).  735 

31. X Lopez-Rendon et al., “Implementing the complete beam hardening effect of the bowtie filter versus 736 

scaling beam intensities: effects on dosimetric applications in computed tomography,” J Med Imaging 737 

(Bellingham). 1(3), 0091-3286 (2014). 738 



 

43 

32. X Li et al., “A new technique to characterize CT scanner bow-tie filter attenuation and applications in 739 

human cadaver dosimetry simulations,” Med Phys. 42 (11).  6274-6282 (2015). 740 

33. Center for Evidence_Based Purchasing CEP, “Comparative specifications 32 to 40 slice CT scanners,” 741 

Report No. CEP08026 (NHSPASA, London, UK, 2009). 742 

34. PTW Freiburg GmbH, " CT Chambers Type 30009," PTW, 22 February 2017. 743 

[http://www.ptw.de/fileadmin/data/download/catalogviewer/DETECTORS_Cat_en_16522900_10/blaetterk744 

atalog/index.html?startpage=38#page_38]. 745 

35. IEC 61674: International Electrotechnical Commission. Medical electrical equipment-Dosemeters with 746 

ionization chambers and/or semiconductor detectors as used in X-ray diagnostic imaging. 747 

36. PTW Freiburg GmbH, " NOMEX PTB Type Approved," PTW, 14 February 2012. 748 

[http://www.ptw.de/1861.html?&no_cache=1&tx_ttnews%5Btt_news%5D=132]. 749 

37. PTW Freiburg GmbH, " True Precision. PTW. NOMEX® Multimeter," PTW, 03 February 2017. 750 

[http://www.ptw.de/2361.html?&cId=7082%22%27%60—]. 751 

38. PTW Freiburg GmbH," NOMEX Multimeter," PTW, 03 February 2017. 752 

[http://www.ptw.de/2362.html?&cId=7082%22%27%60--]. 753 

39. G. Poludniowski et al., “SpekCalc: A program to calculate photon spectra from tungsten anode x-ray 754 

tubes,” Phys. Med. Biol. 54(19), N433–N438 (2009). 755 

40. R Schmidt,J Wulff,K Zink.,“ GMctdospp: Description and validation of a CT dose calculation system,” 756 

Med. Phys. 42 (7). 4260-4270 (2015). 757 

41. I. Kawrakow, E. Mainegra-Hing, D. W. O. Rogers, F. Tessier, and B. R. B. Walters, “The EGSnrc code 758 

system: Monte Carlo simulation of electron and photon transport,” NRC Report No. PIRS-701 (National 759 

Research Council of Canada, Ottawa, 2013). 760 

42. B Schmidt, N Saltybaeva, D Kolditz, WA Kalender., “Assessment of patient dose from CT localizer 761 

radiographs,” Med Phys. 40(8), 084301 (2013). 762 

43. D. R. Coles et al., “Comparison of radiation doses from multislice computed tomography coronary 763 

angiography and conventional diagnostic angiography,” J. Am. Coll. Cardiol. 47 (9), 1840–1845 (2006). 764 

http://www.ptw.de/fileadmin/data/download/catalogviewer/DETECTORS_Cat_en_16522900_10/blaetterkatalog/index.html?startpage=38#page_38
http://www.ptw.de/fileadmin/data/download/catalogviewer/DETECTORS_Cat_en_16522900_10/blaetterkatalog/index.html?startpage=38#page_38
http://www.ptw.de/1861.html?&no_cache=1&tx_ttnews%5Btt_news%5D=132
http://www.ptw.de/2361.html?&cId=7082%22%27%60--
http://www.ptw.de/2362.html?&cId=7082%22%27%60--


 

44 

44. J. C. O’Daniel, D. M. Stevens, and D. D. Cody, “Reducing radiation exposure from survey CT scans,” AJR, 765 

Am. J. Roentgenol. 185 (2), 509–515 (2005). 766 

45. K. Perisinakis, J. Damilakis, A. Voloudaki, A. Papadakis, and N. Gourt-soyiannis, “Patient dose reduction 767 

in CT examinations by optimizing scanogram acquisition,” Radiat. Prot. Dosim. 93 (2), 173–178 (2001). 768 

46. Nagel HD. CT parameters that influence the radiation dose: radiation dose from adults and pediatric 769 

multidetector computed tomography. Berlin, Germany: Springer-Verlag, pp 51–79 (2007). 770 

 771 

First Author is currently a PhD student at the Otto von Guericke Universität Magdeburg, 772 

Germany. He received his BSc degree in radiation science from the University of Science and 773 

Technology in Jordan, and his master degree in medical science from Örebro University, Sweden 774 

in 2008, 2013, respectively. His PhD subject focuses on the dosimetry calculation of organ dose 775 

in computed tomography. 776 

 777 

Biographies and photographs for the other authors are not available. 778 

 779 
 780 

  781 



 

45 

 782 

Caption List 783 

 784 

Fig. 1 The Nomex multimeter active area in the measurement of the total filtration for CT scan. 785 

Fig. 2 Schematic view of BT profile measurements across the fan angle of the static x-ray 786 

source. 787 

Fig. 3 Experimental set up of HVL measurements. 788 

Fig. 4 Experimental scheme of BT profile measurements of attenuation of the rotating x-ray 789 

source of the clinical protocols. 790 

Fig. 5 Schematic view of the geometrical relationship between a static x-ray source and the 791 

integrated static x-ray source resulting from the integration method.  792 

Fig. 6 Comparison of normalized profiles of BT filter from the integrated air kerma and the 793 

measured air kerma for the SFOV at 120 kV. (a) Static source integrated and child neck protocol. 794 

(b) Static source integrated and child abdomen protocol. 795 

Fig. 7 Comparison of normalized profiles of BT filter from the integrated air kerma and the 796 

measured air kerma for the LFOV at 120 kV. (a) Static source integrated and adult thorax 797 

protocol. (b) Static source integrated and adult abdomen protocol. 798 

Table 1. Measured TF thickness in mm Al from the Nomex multimeter device and the resulting 799 

TF thickness in mm Al from the SpekCalc program, resulting from matching the measured HVL 800 

in mm Al for all tube voltages ranging from 80 kV to 140 kV for SFOV.  801 

Table 2. Measured TF thickness in mm Al from the Nomex multimeter device and the resulting 802 

TF thickness in mm Al from the SpekCalc program, resulting from matching the measured HVL 803 

in mm Al for all tube voltages ranging from 80 kV to 140 kV for LFOV. 804 

 805 
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Fig. 8 Calculated BT filter thickness for SFOV at energy levels of 80 kV, 100 kV, 120 kV, and 806 

140 kV. The measured BT filter thickness is shown for aluminum filters (horizontal black line) 807 

and Teflon filters (colored lines). 808 

Fig. 9 Calculated BT filter thickness for LFOV at energy levels of 80 kV, 100 kV, 120 kV, and 809 

140 kV. The measured BT filter thickness is shown for aluminum filters (horizontal black line) 810 

and Teflon filters (colored lines). 811 

Fig. 10 Comparison of normalized profiles between simulated and measured air kerma of the 812 

static x-ray source of the SFOV for (a) 80 kV (b) 100 kV (c) 120 kV (d) 140 kV. 813 

Fig. 11 Comparison of normalized profiles between simulated and measured air kerma of the 814 

static x-ray source of the LFOV for (a) 80 kV (b) 100 kV (c) 120 kV (d) 140 kV. 815 

Fig. 12 Comparison of relative measured and simulated air kerma of the CTDI body (a, b, c, d), 816 

CTDI head (e, f, g, h), and CTDI child (i, j, k, l) phantoms of the rotating x-ray source for SFOV 817 

at tube voltages of 80 kV, 100 kV, 120 kV, and 140 kV. 818 

Fig. 13 Comparison of relative measured and simulated air kerma of the CTDI body (a, b, c, d), 819 

CTDI head (e, f, g, h), and CTDI child (i, j, k, l) phantoms of the rotating x-ray source for LFOV 820 

at tube voltages of 80 kV, 100 kV, 120 kV, and 140 kV. 821 

 822 

 823 

 824 

 825 




























	Article File
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13

