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ABSTRACT 

        This study was carried out to verify the accuracy and the limitations of a 

WinDose® program version 2.1a based on the Monte Carlo calculation using 

thermoluminescent dosimeters (TLDs). The study was performed on a GE LightSpeed 

Plus Multi-Detector Computed Tomography (MDCT) scanner in the examinations of 

head, chest, upper and lower abdomen. Calibrated TLDs-100H rods were used to 

measure absorbed doses in Alderson Rando phantom. Effective doses were calculated 

according to the International Commission on Radiological Protection (ICRP) 

Publication 60. For the WinDose® calculation, CT air kerma index free-in-air was 

measured and used as a parameter of normalization quantity. 

        Results showed  that  organ doses in scan sections calculated from the WinDose® 

were in agreement within ±16% as compared to those determined by the TLD, except 

for the doses of breast in the chest examination and some extended organs in the 

examinations of upper and lower abdomen. The doses outside scan sections were 

lower than those from the TLD. The effective doses from the WinDose® were 21-33% 

lower than those from the TLD in all examinations except for the head examination. 

        WinDose® program version 2.1a can be used to calculate the organ and effective 

doses in CT examinations of chest, upper and lower abdomen. The head examination 

or examination with various scan sections should be separately calculated. 
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CHAPTER I 

INTRODUCTION 

 

 

        Recent development in computed tomography (CT) increases the improvement in 

clinical diagnosis and also lead to high radiation doses to patients. The CT 

examinations contribute the largest radiation dose to diagnostic x-ray examinations (1-

6), especially in multi-detector-row CT or MDCT (7, 8). The radiation doses to the 

patients can be assessed in terms of organ doses and effective doses which indicate 

risks of biological injury (9-11). 

        Generally, there are three common CT dosimetry approaches used to determine 

the radiation doses. These approaches are determination of Computed Tomography 

Dose Index (CTDI) (12, 13), thermoluminescent dosimeter (TLD) measurement, and 

Monte Carlo calculation. The CTDI measurement using an ionization chamber with 

standard PMMA (polymethyl methacrylate) phantom is normally used for quality 

assurance (14) and does not provide a direct assessment of the risks to the patients 

resulting from CT examinations.  

        The second  dosimetric method is TLD measurement  in an  anthropomorphic 

phantom such as Alderson Rando phantom. Because of their small size and capacity 

of storing dose information over longer periods of time, the TLDs are suitable for the 

dose measurement on the patients. In diagnostic radiology, the TLDs-100H of LiF: 

Mg, Cu, P are commonly used due to their characteristics of low x-ray energy 

response (15, 16), high sensitivity, low detection threshold, and high signal-to-noise 

ratio (17). There were many studies (18-22) measuring absorbed doses to organs and 

effective doses in the CT examinations by using the TLD measurement in 

anthropomorphic phantom  

        Another approach is a Monte Carlo calculation of radiation transport in a 

mathematical phantom. The Monte Carlo technique is a computational method used to 

simulate and record the energy deposition of x-ray photons from the photon 

interactions of photoelectric effect and Compton scattering in the computational
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models of human body (9). All energy depositions from primary and scattered photon 

are divided by organ mass to obtain the organ doses. The organ doses are normalized 

to organ dose conversion coefficients, corresponding to the normalization quantity 

(23).  

        Sources of the organ dose conversion coefficients for CT examinations are 

reports produced by the German National Research Center for Environment and 

Health (GSF) and reports produced by the National Radiological Protection Board 

(NRPB). The organ dose conversion coefficients in the GSF Reports are obtained from 

the Monte Carlo calculation with male and female phantoms namely ADAM and EVA 

phantoms, respectively, modified from an original medical internal radiation dose 

(MIRD) phantom (24) in three radiation qualities of the CT scanners (25).  The organ 

dose conversion coefficients in the NRPB Reports are obtained from the Monte Carlo 

calculation with Cristy hermaphrodite phantom for twenty-three sets of exposure 

conditions suitable for twenty-seven CT scanner models (26, 27).  

        From these CT dosimetry approaches, the TLD measurement in anthropomorphic 

phantom is mostly appropriate to determine the patient doses in CT. The TLD 

measurement can represent radiation attenuation, radiation scattering and dose 

distribution corresponding to various organs or tissues of the human body in clinical 

practice. However, the TLD measurement is a laborious and time consuming 

technique. 

        Therefore, there are many studies (19, 20, 22, 28, 29) which apply the organ dose 

conversion coefficients from the Monte Carlo calculation with the normalization 

quantity to calculate the organ doses and the effective doses. Moreover, the organ dose 

conversion coefficients based on Monte Carlo simulation are developed in form of a 

program or code to calculate the organ and effective doses, for example, CTDOSE 

(31), ImPACT (32), CT-EXPO (33), WinDose (34). The ImPACT and CT-EXPO 

were used to calculate the effective doses by Van der Molen et al., 2007 (30) and Brix 

et al., 2004 (22). 

        The WinDose® version 2.1a (34) is a personal computer program for calculating 

the organ doses and the effective doses from the CT examinations (35). The organ 

dose conversion coefficients in the WinDose® calculation are derived from the GSF 

Report resulting from the Monte Carlo simulation of the three radiation qualities. The 
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coefficients of each organ are tabulated for a single axial 1 cm slice thickness per a 

unit of CT air kerma index. The organ doses are calculated from a summation of organ 

dose conversion coefficients in any scan sections multiplied by the CT air kerma index 

free-in-air specific to the CT scanner. 

        Since the organ dose conversion coefficients published by the GSF Report were 

derived from the specific CT scanners in 1989 which may be differ from the current 

CT scanners in terms of scanner geometry, a total filtration, a beam shaping device 

including the radiation quality. Therefore, this study was carried out to verify an 

accuracy and limitations of a commercial Monte Carlo based organ and effective doses 

calculation namely WinDose® program version 2.1a by using the TLD measurement 

in Alderson Rando phantom. 
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CHAPTER II 

OBJECTIVES 

 

 

        This study consists of the following objectives.  

1. To  determine  the  organ doses and the effective doses in the examinations of  

head, chest, upper abdomen, and lower abdomen from a multi-detector computed 

tomography (MDCT) scanner by using the TLD measurement in Alderson Rando 

phantom and the dose calculation of WinDose® program version 2.1a. 

        2. To verify the accuracy of the organ doses and the effective doses calculated 

from the WinDose® program by comparison with the doses resulting from the TLD 

measurement in the examinations of head, chest, upper abdomen, and lower abdomen.          

        3. To study the limitations of the organ doses and the effective doses calculation 

of the WinDose® program version 2.1a.  
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CHAPTER III 

LITERATURE REVIEW 

 

 

        The dosimetry approaches commonly used for patient dose measurement in CT 

are the TLD measurement in Alderson Rando phantom and the organ and effective 

doses calculation based on Monte Carlo simulation. The TLD measurement is a 

suitable method for the patient dose measurement but it is laborious and time 

consuming technique. Therefore, there were many studies which used the organ dose 

conversion coefficients combined with the normalization quantity to calculate the 

organ doses and the effective doses.  

        In 1999, Hidajat et al. (28) determined the organ doses and the effective doses by 

using the CTDI free-in-air combined with the organ dose conversion coefficients 

published by the GSF Report. The CTDI free-in-air were measured for a nominal slice 

thickness of 10 mm and scan parameters of 100 mAs at 120 kVp and 137 kVp. The 

doses were calculated in the various examinations which were the examinations of 

skull, neck, thorax, upper abdomen, pelvis, and whole abdomen on a Somatom Plus 

CT scanner. The effective dose in each examination was calculated according to the 

Recommendation of the International Commission on Radiation Protection (ICRP) 

Publication 60 (36). The organ doses were calculated for the organs located in the scan 

sections in each examination and the effective doses were 1.00, 1.95, 5.37, 3.71, 5.48, 

and 9.20 mSv for the examinations of skull, neck, thorax, upper abdomen, pelvis, and 

whole abdomen, respectively. 

        In 2001, Peter F. (37) determined the organ doses and the effective doses in the 

examinations of head and abdomen on a Siemens Somatom Plus 4 CT scanner. The 

doses were calculated by using CTDI measurement in phantom with EGS4-VLSI 

(Electron Gamma Shower Release 4 for Very Large Scale Images) code based on a 

voxel phantom. The CTDI values were measured in PMMA (polymethyl methacrylate) 

head and body phantoms for the examinations of head and abdomen, respectively. The 

CTDI measurement for the head examination was scanned with a 10 mm slice 
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thickness at 120 kVp and 390 mAs. The CTDI measurement for the abdomen 

examination was scanned with a 10 mm slice thickness at 120 kVp and 200 mAs. The 

effective doses were calculated according to the Recommendation of the ICRP 

Publication 60. As a consequence, the effective dose in the head examination was 0.75 

± 0.01 mSv and the largest contributors to the effective dose were red bone marrow, 

bone surface, and thyroid. The effective dose in the abdomen examination was 3.85 ± 

0.28 mSv and the largest contributors to the effective dose were colon, stomach, and 

liver. 

        In 2007, Van der Molen et al. (30) calculated the effective doses by using the 

normalized CTDI free-in-air and the ImPACT dose calculator in the examinations of 

brain, chest, and abdomen. The CTDI free-in-air values were measured at 80, 100, 120, 

and 140 kVp with all available slice collimation settings in spiral scan mode from the 

four CT scanners with 16-slice. As a result, the effective doses in the examinations of 

brain, chest, and abdomen on a GE LightSpeed 16 CT scanner were 2.3, 4.1, and 7.8 

mSv, respectively. The mean effective doses from the four CT scanners were 1.9, 3.8, 

and 7.2 mSv for the examinations of head, chest, and abdomen, respectively. 

        Moreover, the organ and effective doses calculation based on the Monte Carlo 

simulation was studied and compared with the dose measurement by using the TLD. 

In 1994, Geleijns et al. (18) studied comparison of the two CT dosimetric methods 

which were the CTDI values combined with the organ dose conversion coefficients 

and the doses measurement by using the TLD in Alderson Rando phantom. The organ 

doses and the effective doses were determined in the examinations of head, thorax, 

and abdomen on a Phillips Tomoscan LX CT scanner.  

        For the TLD measurement, the TLD-100 chips of Harshaw were calibrated with a 

Cs-137 source and corrected for energy dependence. The TLDs about 200 chips were 

used to measure the absorbed doses in various organs according to an atlas on CT 

anatomy in a small female Rando phantom with a length of 163 cm and a weight of 54 

kg. The effective doses were calculated according to the ICRP Publication 60.  

        For the organ doses calculation by using the CTDI combined with the organ dose 

conversion coefficients, the CTDI free-in-air values were measured with a Capintec 

PC-4P ionization chamber at a central axis of rotation. The organ doses were 

calculated from the CTDI free-in-air combined with the organ dose conversion 
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coefficients published by the GSF and the NRPB Reports. Some organ doses of 

thyroid, lung, breast, stomach, liver, bladder, and red bone marrow calculated from the 

CTDI and organ dose conversion coefficients were compared with those resulting 

from the TLD in the examinations of thorax and abdomen. The results showed that the 

effective doses calculated from the CTDI and organ dose conversion coefficients for a 

mathematical phantom were up to 40% lower than those determined by the TLD 

measurement in Rando phantom.  

        In 2004, the organ and the effective doses calculation based on the Monte Carlo 

simulation was compared with the dose measurement by using the TLD in the study of 

Groves et al. (21). Standard 3 mm by 3mm by 0.8 mm lithium fluoride TLD chips 

calibrated with a diagnostic energy at the central axis of rotation of the CT scanner 

were used to measure the absorbed doses in Rando phantom. The Rando phantom and 

the 65 TLDs were performed with a whole body examination which was scanned from 

vertex to mid thigh with a 1.5 mm slice thickness in helical mode on a Siemens 

Somatom Sensation 16 CT scanner. The effective doses were calculated according the 

Recommendation of ICRP 60.  

        The organ dose calculation based on Monte Carlo simulation was calculated by 

the ImPACT calculator version 0.99q which the CTDI values were combined with the 

organ dose conversion coefficients produced by the NRPB Report. The organ doses 

resulting from both methods were compared according to the organs recommended by 

the ICRP 60. The effective doses determined by the TLD were 23.6 and 20.8 mSv for 

men and women, respectively. In conclusion, the mean effective dose of 22.2 mSv 

resulting from the TLD measurement in Rando phantom was 18% higher than the 

effective dose of 18.8 mSv from the ImPACT calculation.  

        In 2004, Brix et al. (22) determined the effective doses by using the a personal 

computer program namely CT-EXPO and by using the TLD measurement in the 

examinations of head, chest, and pelvis on a variety of single-slice spiral CT (SSCT) 

and multi-slice spiral CT (MSCT). The dose calculation and dose measurement were 

performed on ten different CT scanners which were comprised of four 1-slice, four 4-

slice, and two 16-slice CT scanners.  

        The TLD-100 rods and chips were calibrated for the absorbed dose in water using 

conventional x-ray system with 120 kVp and a total filtration of 5 mmAl. The 100 
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TLD rods were used to measure the absorbed doses inside the Alderson Rando 

phantom and more than 83 TLD chips were used to measure the doses at the surface 

of phantom. Then, the effective doses were calculated according to the ICRP 

Publication 60.  

        The effective doses resulting from the CT-EXPO program were calculated by the 

weighted CTDI values combined with the scanning parameters and scanner-specific 

conversion factors. The scanner-specific conversion factors were derived from the 

organ dose conversion coefficients calculated for the mathematical model of ADAM 

and EVA phantoms. The results showed that the effective doses calculated by using 

the CT-EXPO program deviated less than 32% from those determined by the TLD 

measurement.  

        Most of these studies compared the dose calculation based on Monte Carlo 

simulation with the TLD measurement in terms of the effective dose in each 

examination. Therefore, this study was carried out to verify the accuracy in both organ 

and effective doses calculated from the WinDose® program by using the TLD 

measurement. 
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CHAPTER IV 

MATERIALS AND METHODS 

 

 

4.1  Materials 

 

        4.1.1  Multi-detector computed tomography (MDCT) scanner 

        Multi-detector computed tomography (MDCT) scanner, 4-detector rows, Model 

LightSpeed Plus manufactured by General Electric (GE) shown in Figure 4.1.1 was 

used in this study. Quality equivalent filtration of the CT system with performix x-ray 

tube is 4.75 mmAl measured at 70 kVp. The kV choices of this CT system consist of 

80, 100, 120, 140 kV. The MDCT scanner was performed quality control according to 

American Association of Physicists in Medicine (AAPM) Report No. 39 (38). 

 

        4.1.2  Thermoluminescent dosimeters (TLDs) 

        Thermoluminescent dosimeters-100H of LiF: Mg, Cu, P or TLDs-100H, rod type, 

shown in Figure 4.1.2 manufactured by Thermo Electron Corporation Radiation 

Measurement and Protection were used to measure the absorbed dose in Alderson 

Rando phantom. A dimension of TLD is 1 mm diameter and 6 mm long. 

 

        4.1.3  Thermoluminescent dosimeters system 

                  A)  Automatic TLD reader 

                  The Harshaw automatic TLD reader Model 5500 shown in Figure 4.1.3.A 

is capable of reading 50 dosimeters per loading of dosimeter carrier or disk. The TLD 

reader was operated with the Windows Radiation Evaluation and Management System 

(WinREMSTM) software on a personal computer. Reference light stability of the reader 

in short term is less than 0.5% variation based on 1 standard deviation of 10 

consecutive readings performed at a constant temperature. For long term with 0.5 to 

110  hours,  the  reference  light  stability is 2% of maximum deviation. Dark current is 

less  than 50 µGy,  137Cs equivalent.  The  TLD  reader  Model  5500 must be operated  
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with  prepurified  (99.995%)  and  dry nitrogen supply. The nitrogen pressure and flow 

rate are 2.8 to 6.3 kg/cm2 or 40 to 90 psi and 400 L/H, respectively. 

 

 

Figure 4.1.1 Multi-detector computed tomography scanner Model GE  

                                   LightSpeed Plus 

 

 

 

Figure 4.1.2 Thermoluminescent dosimeters (TLDs)-100H (rod type)
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Figure 4.1.3.A Automatic reader Model 5500 with WinREMSTM 

 

                  B)  TLD annealing oven 

                  TLD annealing oven of PTW-FREIBURG shown in Figure 4.1.3.B was 

used to anneal the TLDs to eliminate residual TL signal. Temperature accuracy of the 

annealing oven is 0.5% ± 1 digit. The TLD annealing oven was controlled by 

THELDO program used to create and process heating program. 

 

        4.1.4  Alderson Rando phantom 

        A male Alderson Rando phantom shown in Figure 4.1.4 with 2.5 mm thickness 

was used with the TLDs to measure the absorbed doses. The phantom of 175 cm tall 

and 73.5 kg weight consists of 36 slices with the number 0 to 35 and are modeled 

according to International Commission on Radiation Units and Measurements (ICRU) 

Report 44 with tissue-equivalent material. 

  

        4.1.5  Ionization chamber and electrometer 

        An ionization chamber type TM 30009 with a volume of 3.14 cm3 as shown in 

Figure 4.1.5.A manufactured by PTW-FREUBURG was used to measure the absorbed 

doses for TLD calibration and measurement of CT air kerma index. Energy 

dependence  of  ionization  chamber is 1 at 70 keV. Uncertainty of calibration factor is  

± 5%. The  ionization  chamber was used together with a PTW-NOMEX (Noninvasive 
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Measurements of X-Ray Beams) electrometer shown in Figure 4.1.5.B. The digital 

resolution of the electrometer is 1%. 

 

 

Figure 4.1.3.B TLD annealing oven of PTW-FREIBURG 

 

 

 

Figure 4.1.4 Male Alderson Rando phantom 
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Figure 4.1.5.A Ionization chamber type TM 30009 with a volume of 3.14 cm3 

 

 

Figure 4.1.5.B Electrometer PTW-NOMEX 

         

        4.1.6  X-ray system 

        An x-ray system of Quantum Medical Imaging with x-ray generator Model QG 

32 shown in Figure 4.1.6 was used to expose the TLDs to determine their correction 

factors for sensitivity. A total filtration of the x-ray tube is 2.9 mmAl at 80 kVp. The 

x-ray  system  was  performed the quality control according to the National Council on 
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Radiation Protection and Measurement (NCRP) Report No. 99 (39). 

 

 

Figure 4.1.6 X-ray system of Quantum Medical Imaging 

 

        4.1.7  WinDose® program version 2.1a  

        The WinDose® program version 2.1a (34) shown in Figure 4.1.7 was used to 

calculate the organ doses and the effective doses in computed tomography. The organ 

dose conversion coefficients are based on the Monte Carlo (MC) simulations for 

anthropomorphic mathematical phantoms which are obtained from the GSF Report. 

The mathematical phantoms are based on the original Medical International Radiation 

Dose (MIRD) phantom and modified as Adam and Eva phantoms including sex-

specific characteristics. 

 

        4.1.8  CT head phantom 

        A CT head PMMA (polymethyl methacrylate) phantom shown in Figure 4.1.8 

manufactured by PTW-FREIBURG was used in the TLD calibration. The CT head 

phantom has a 6 cm diameter and 15 cm long.  

 

        4.1.9  CatPhan® 600 phantom 

        CTP  404  Module  of   CatPhan®  600   phantom  (40)  shown  in  Figure 4.1.9.A 
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manufactured by the Phantom Laboratory, Inc. was used to determine effective energy 

required as an input parameter for the WinDose® program. The CTP 404 Module 

consists of seven high contrast sensitometric targets surrounding the wire slice 

thickness ramps. The high contrast sensitometric targets as shown in Figure 4.1.9.B 

were made from Teflon, acrylic, low density polyethylene (LDPE), and air. 

 

 

Figure 4.1.7 WinDose® program version 2.1a 

 

 

 

Figure 4.1.8 CT head phantom 
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Figure 4.1.9.A CatPhan® 600 phantom (40) 

 

 

 

 

 

 

Figure 4.1.9.B Cross-sectional image of CTP 404 Module (40) 
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4.2  Methods 

 

        4.2.1  TLD preparation 

        TLD preparation for the TLD measurement was described as the following 

procedures. 

A)  Determination of minimum detectable dose 

                The 180 rods of TLDs-100H were annealed at 240 °C for 10 minutes. The 

TLDs were annealed for 4 times to eliminate the residual signals and were read 

background TL signal according to Time Temperature Profile of Harshaw as shown in 

Table 4.2.1.A. The TLDs were annealed and read for six times. 

                Minimum detectable dose was calculated by summation of the average 

background TL signal of all TLDs and the three times of standard deviation (3SD) of 

all background TL signal. The average background TL signal is 0.212 nC and the 3SD 

of TL signal is 0.143 nC. Therefore, according to the calibration curve, the minimum 

detectable dose is 0.355 nC or 0.085 mGy. 

 

Table 4.2.1.A Time Temperature Profiles of Harshaw for TLDs-100H 

Preheat Acquisition Annealing 

Temp. 

(°C) 

Time 

(s) 

Rate 

(°C/s) 

Maximum  

Temp. (°C) 

Time 

(s) 

Temp. 

(°C) 

Time 

(s) 

145 10 10 260 23 1/3 260 10 

 

                B)  Grouping and determination of correction factors for sensitivity 

                All TLDs were put in two acrylic plates with 8 x 10 cm and were exposed 

from the x-ray system with 120 kVp, 40 mAs at 50 cm source-to-skin distance (about 

1 R) and field size of 25 x 30 cm. All TL signals were read and recorded. This process 

was repeated for three times. The averaged TL signal of each TLD was recorded in 

ascending number and every twelve TL signals were grouped with 3% of SD in each 

group. The correction factor for sensitivity of each TLD group was calculated by 

following equation. 

Correction factor for sensitivity = X / Xi            Equation 4.2.1 

                Where X is average TL signal of all TLDs 

                           Xi is average TL signal of TLDs in the ith group 
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                Therefore, all TLDs were classified into 21 groups and the average TL 

signal of all TLDs was 249.11 nC. The correction factors for sensitivity of each group 

range in 0.58-1.88 as shown in Appendix A. 

  

C) TLD calibration 

                TLDs were calibrated with diagnostic energy from MDCT scanner. The TLD 

calibration was described as the following procedures. 

                        1) The CT  head phantom was set according to AAPM No. 39 (38). The  

ionization chamber was used to measure the absorbed doses in a central hole of CT 

head phantom shown in Figure 4.2.1.A with a single rotation and a single slice of 10 

mm thickness at 120 kVp and with various mAs values to receive the different 

absorbed doses. The absorbed doses were calculated according to Equation 4.2.2. The 

mAs values and the corresponding absorbed doses in mGy are shown in Table 4.2.1.B. 

 

Absorbed dose (mGy) = Reading • Na • kQ • kT,P • f          Equation 4.2.2 

 

                Where Na   is an exposure calibration factor (1.00 at 140 kV with total  

                                   filtration of 12.5 mmAl) 

                            kQ   is a correction factor for radiation quality 

                            kT,P  is a correction factor for temperature and pressure 

                            f      is a conversion factor used to convert exposure to absorbed dose  

                                   (0.00876 mGy/mR) 

 

                        2) The 5 TLDs and 24 TLDs were vertically loaded in a central region 

of TLD holder with space of 2 mm and in a peripheral region of TLD holder with 

space of 4 mm, respectively. The TLD holder were inserted in the head phantom as 

shown in Figure 4.2.1.B and were calibrated with the same condition as the 

measurement of absorbed doses in the CT head phantom according to the nine values 

of absorbed dose described in Table 4.2.1.B. 

                        3) The TL signals of calibrated TLDs were read, averaged, and 

multiplied by the correction factor for sensitivity of each TLD shown in Appendix A. 
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Figure 4.2.1.A Absorbed dose measurement in a central hole of CT head phantom 

 

 

 

 

 

 

Figure 4.2.1.B TLD holder inserted in CT head phantom 
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Table 4.2.1.B Values of mAs and the corresponding absorbed doses in mGy at 120  

                        kV 

Absorbed doses Tube voltage 

(kV) 

Tube current 

(mA) 

Exposure 

time (s) 
mAs 

(mGy) 

120 10 0.5 5 0.332 

120 10 0.8 8 0.532 

120 20 0.8 16 1.088 

120 30 1 30 2.051 

120 30 2 60 4.100 

120 50 2 100 7.094 

120 70 2 140 9.905 

120 90 2 180 12.688 

120 160 2 320 22.446 

120 240 2 480 35.414 

120 320 2 640 47.288 

120 400 2 800 58.934 

                        

                        4) The corrected TL signals were plotted against the position of each 

TLD as a profile of TL signal correlated with the absorbed dose. An example of the 

profile correlated with 12.688 mGy is shown in Figure 4.2.1.C. The total TL signal of 

each value of absorbed dose was determined by a summation of area under the profile. 

                        5) The total TL signal in a unit of nC•mm was divided by the slice 

thickness of 10 mm to determine the TL signal corresponding to the absorbed dose in 

the Table 4.2.1.B. The absorbed doses in mGy and the corresponding TL signals are 

shown in Appendix B. 

                        6) The absorbed doses in mGy were plotted against the corresponding 

TL signals in nC.      

                        Therefore, the calibration curves as shown in Figure 4.2.1.D–4.2.1.F 

were determined in three ranges of absorbed dose. 

 

        4.2.2  TLD measurement in Alderson Rando phantom 

        The  TLD  measurement  in  Alderson Rando phantom was performed to measure 
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A prof ile of  TL signal correlated w ith the absorbed dose of 12.688 mGy
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Figure 4.2.1.C A profile of TL signal (nC) correlated with the absorbed dose of 

                               12.688 mGy 

 

 

 

Calibration curve of 0.085-0.532 mGy
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Figure 4.2.1.D Calibration curve ranged in 0.085 – 0.532 mGy 
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Calibration curve of 0.532-9.905 mGy
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Figure 4.2.1.E Calibration curve ranged in 0.532 – 9.905 mGy 

 

 

 

Calibration curve of 9.905-58.934 mGy
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Figure 4.2.1.F Calibration curve ranged in 9.905 -58.934 mGy 
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the absorbed doses and determined the organ and effective doses in the CT 

examinations of head, chest, upper abdomen, and lower abdomen as described in the 

following procedures. 

                1) The TLDs in Rando phantom plugs were inserted in the organs according 

to the Recommendation of the International Commission on Radiological Protection 

(ICRP) Publication 60 (36) as shown in Table 4.2.2.A including eye lens. The organs 

in each slice of the phantom were located according to Transverse Anatomy of the 

Human Thorax, Abdomen, and Pelvis: An Atlas of Anatomical Radiological 

Computed Tomographic and Ultrasonic Correlation (41). The locations of organs and 

TLDs in each slice are shown in Figure 4.2.2.A. 

                The remainder organs from the Table 4.2.2.A consist of adrenals, brain, 

small intestine, kidney, muscle (not calculated in this study), pancreas, spleen, thymus, 

uterus, and large intestine. A tissue weighting factor of 0.025 was applied to one of the 

irradiated remainder organ receiving the highest dose in any of these organs and 

another tissue weighting factor of 0.025 was averaged in the other remainder organs. 

 

Table 4.2.2.A Organs and Tissue weighting factors recommended by the ICRP 60 

Tissue or Organs Tissue weighting factors (WT ) 

Gonads 0.20 

Red bone marrow 0.12 

Colon 0.12 

Lung 0.12 

Stomach 0.12 

Bladder 0.05 

Breast 0.05 

Liver 0.05 

Esophagus 0.05 
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Table 4.2.2.A Organs and Tissue weighting factors recommended by the ICRP 60  

                        (Continued) 

Tissue or Organs Tissue weighting factors (WT ) 

Thyroid 0.05 

Skin 0.01 

Bone surface (skeleton) 0.01 

Remainder organs 0.05 

 

                2) The Alderson Rando phantom with TLDs was scanned according to the 

head protocol of GE LightSpeed Plus as shown in Table 4.2.2.B. The head 

examination is shown in Figure 4.2.2.B. 

                3) TL  signals  were read and recorded. Then, the TL signals were multiplied  

by the correction factor for sensitivity of each TLD shown in Appendix A. The TL 

signals were averaged in each organ and multiplied by the calibration factors from the 

calibration curves in section 4.2.1.C to convert these TL signals to the absorbed doses. 

                4) The effective dose to an organ was calculated by using the following 

equation. 

     DwwE RTRTT ,
••=          Equation 4.2.2 

                Where ET is the effective dose to an organ or tissue 

                 wT is the tissue weighting factor as shown in Table 4.2.2.A 

                 wR is the radiation weighting factor 

                 DT,R is the average absorbed dose to an organ or tissue 

 

                Then, the effective dose in each examination was calculated by a summation 

of the effective doses to organs recommended by the ICRP 60. 

                6) All TLDs were annealed. The absorbed doses were measured and the 

organ and effective doses were determined in the CT examinations of chest, upper 

abdomen, and lower abdomen according to the TLD measurement in Alderson Rando 

phantom in section 4.2.2. The scan protocols of these examinations are shown in Table 
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4.2.2.C-4.2.2.E and the examinations of chest, upper, and lower abdomen are shown in 

Figure 4.2.2.C-4.2.2.E. 

 

   

1st slice 2nd slice 3rd slice 

 
 

 

4th slice 9th slice 10th slice 

   

11th slice 12th slice 13th slice 

   

14th slice 15th slice 16th slice 

   

17th slice 18th slice 19th slice 

 

Figure 4.2.2.A Locations of organs and TLDs in each slice 
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20th slice 21st slice 22nd slice 

   

23rd slice 24th slice 25th slice 

   

26th slice 27th slice 28th slice 

   

29th slice 30th slice 31st slice 

 

  

32nd slice   

 

Figure 4.2.2.A Locations of organs and TLDs in each slice (Continued) 
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Figure 4.2.2.B Head examination 

 

Table 4.2.2.B Scan protocol of the head examination 

Scan protocol of the head examination 

(1st-4th slice of Rando phantom) 

Scan type Axial Full 2.0 sec 

Scan section Base of skull Base of skull to vertex 

Numbers of slices 18 14 

Axial thickness (mm) 2.5 5 

Numbers of images per rotation 2i 2i 

Detector configuration 4 x 1.25 4 x 2.5 

Beam collimation (mm) 5.0 10.0 

Tube voltage (kV) 120 120 

Tube current (mA) 160 140 

 



Woranut Iampa                                                                                                  Materials and Methods / 28 

Table 4.2.2.C Scan protocol of the chest examination 

Scan protocol of the chest examination 

(9th-19th slice of Rando phantom) 

Scan type Helical Full 0.8 sec 

Scan section Lung apex to base of lung 

Numbers of slices 29 

Helical thickness (mm) 10 

Pitch 0.75 : 1 

Speed (mm/rotation) 15.00 

Detector configuration 4 x 5.0 

Beam collimation (mm) 20.0 

Tube voltage (kV) 120 

Tube current (mA) 200 

 

Table 4.2.2.D Scan protocol of the upper abdomen examination 

Scan protocol of the upper abdomen examination 

(19th-23rd slice of Rando phantom) 

Scan type Helical Full 1.0 sec 

Scan section Dome of liver to iliac crest 

Numbers of slices 23 

Helical thickness (mm) 10 

Pitch 0.75 : 1 

Speed (mm/rotation) 15.00 

Detector configuration 4 x 5.0 

Beam collimation (mm) 20.0 

Tube voltage (kV) 120 

Tube current (mA) 200 

Table 4.2.2.E Scan protocol of the lower abdomen examination 
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Scan protocol of the lower abdomen examination 

(24th-32nd slice of Rando phantom) 

Scan type Helical Full 1.0 sec 

Scan section Iliac crest to pelvic floor 

Numbers of slices 25 

Helical thickness (mm) 10 

Pitch 0.75 : 1 

Speed (mm/rotation) 15.00 

Detector configuration 4 x 5.0 

Beam collimation (mm) 20.0 

Tube voltage (kV) 120 

Tube current (mA) 200 

 

 

 

 

Figure 4.2.2.C Chest examination 
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Figure 4.2.2.D Upper abdomen examination 

 

 

 

Figure 4.2.2.E Lower abdomen examination 

 

 

4.2.3  Dose calculation by using WinDose® program 

        In this study, the WinDose® program version 2.1a based on Monte Carlo 

simulation was used to calculate the organ doses and the effective doses. The input 

data and parameters required for the WinDose® program are shown in Figure 4.2.3.A. 



Fac. of Grad. Studies, Mahidol Univ.                                               M.Sc. (Radiological Technology) / 31 

 

Figure 4.2.3.A WinDose® parameters screen 

         

        From the Figure 4.2.3.A, the WinDose® parameters consist of type of scan, scan 

parameters, scan range, scanner models, and CT air kerma index. From these input 

data and parameters, effective energy and CT air kerma index free-in-air specific to 

CT scanner were determined before entering the input data and parameters to the 

WinDose® program. Therefore, the organ and effective doses calculation by 

WinDose® program were performed according to these following procedures. 

                A)  Determination of the effective energy 

                The effective energy of the CT scanner was determined by using the 

CatPhan® 600 phantom. The determination of the effective energy was described as 

the following procedures. 

                        1) CatPhan®  phantom was set according to the CatPhan® 500 and 600 

Manual (40) as shown in Figure 4.2.3.B. The CTP 404 Module of the phantom was 

scanned with the head protocol described in Table 4.2.2.B using a 10-mm thickness. 

                        2) CT numbers of the seven high contrast sensitometric targets were 

measured on a CT image of CTP 404 Module shown in Figure 4.2.3.C. The CT 

numbers of seven high contrast sensitometric targets are shown in Table 4.2.3.A. 

                        3) The effective energy of the CT scanner was determined by a 

relationship  between  the  CT  numbers  and  linear  attenuation coefficients (µ) of the 

high contrast sensitometric target image shown as the following equation. 
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µ

µµ

w

wm
mCT

)(1000 −
=                        Equation 4.2.3.A 

 

        Where CTm is the CT number of medium or target image (Houndsfield Units, HU) 

        µm is the linear attenuation coefficient of the medium or target (cm-1) 

        µw is the linear attenuation coefficient of water (cm-1) 

 

                       4) To find the linear attenuation coefficient of the sensitometric target, 

the CT number values of Teflon (958.79 HU), acrylic (120.62 HU), and polystryrene 

(-37.69 HU) were replaced in the Equation 4.2.3.A. The relationships between the CT 

numbers and linear attenuation coefficients (µ) of these targets are represented in 

Equation 4.2.3.B-4.2.3.D. 

µ

µµ

w

wt
)(1000

79.958
−

=                 Equation 4.2.3.B 

µ

µµ

w

wa
)(1000

62.120
−

=                 Equation 4.2.3.C 

µ

µµ

w

wp
)(1000

69.37
−

=−               Equation 4.2.3.D 

 

                        5) To find the relationship equation among the linear attenuation 

coefficients of these targets, the three equations were solved according to Appendix C. 

Therefore, the relationship equation among the linear attenuation coefficients of the 

three targets shown in Equation 4.2.3.E was derived. 

 

   µµµ
pat

29.529.6 −=                    Equation 4.2.3.E 

 

                        6) The linear attenuation coefficients of acrylic and polystryrene at the 

corresponding  effective  energy  shown  in Table 4.2.3.B were calculated according to 

the  Equation  4.2.3.E  to find the correlated values of the linear attenuation coefficient 

of Teflon. 
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                        7) The linear attenuation coefficients of Teflon derived from Equation 

4.2.3.E are shown in Table 4.2.3.C. The linear attenuation coefficients were compared 

with those of Teflon in CatPhan® 600 phantom described in Table 4.2.3.B. 

                From the table, the minimum of different percentage is 0.903 at 72 keV of 

the effective energy. Therefore, the effective energy of MDCT scanner is 72 keV. 

 

 

Figure 4.2.3.B CatPhan® 600 phantom set according to the CatPhan® 500  

                                   and 600 Manual 

 

 

 

 

Figure 4.2.3.C CT image of CTP 404 Module of CatPhan® 600 phantom 
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Table 4.2.3.A CT numbers of the seven high contrast sensitometric targets measured 

                        on a CT image of CTP 404 Module 

 

 

 

 

 

 

 

 

 

 

 

                         

 

 

Table 4.2.3.B Linear attenuation coefficients of the targets in CatPhan® 600 phantom 

                        at the corresponding effective energy 

Linear attenuation coefficients, µ (cm-1) Effective

energy 

(keV) Teflon Delrin Acrylic Polystryrene Water LDPE PMP Air 

64 0.380 0.253 0.221 0.192 0.188 0.178 0.160 0 

66 0.374 0.251 0.219 0.191 0.186 0.177 0.160 0 

68 0.370 0.248 0.217 0.189 0.184 0.175 0.158 0 

70 0.363 0.245 0.215 0.188 0.182 0.174 0.157 0 

72 0.359 0.243 0.214 0.186 0.181 0.172 0.155 0 

74 0.355 0.240 0.211 0.185 0.179 0.171 0.155 0 

76 0.351 0.238 0.210 0.184 0.178 0.170 0.154 0 

78 0.346 0.236 0.208 0.183 0.177 0.168 0.152 0 

80 0.342 0.234 0.207 0.180 0.175 0.167 0.151 0 

Sensitometric targets CT numbers (HU) 

Teflon 958.79 

Delrin 356.30 

Acrylic 120.62 

Polystrylene -37.69 

Low density polyethylene 

(LDPE) 
-92.90 

PMP -180.73 

Air  -972.49 
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Table 4.2.3.C Comparison of the linear attenuation coefficients of Teflon derived  

                        from Equation 4.2.3.E and the linear attenuation coefficients of Teflon 

                        in CatPhan® 600 phantom 

Linear attenuation coefficients 

of Teflon (cm-1) 
Effective 

energy 

(keV) Derived from equation In CatPhan® 600 phantom 

Different 

percentage 

(%) 

64 0.380 0.375 1.438 

66 0.374 0.367 1.807 

68 0.370 0.365 1.286 

70 0.363 0.358 1.392 

72 0.359 0.362 0.903 

74 0.355 0.349 1.788 

76 0.351 0.348 0.954 

78 0.346 0.340 1.631 

80 0.342 0.350 2.324 

 

                B)  Determination of the CT air kerma index free-in-air 

                        1) The ionization chamber was set to measure the CT air kerma index 

free-in-air at the central axis of rotation and scanned with a 10 mm thickness with a 

single rotation and the scan parameters of tube voltage and tube current-time product 

in each examination as shown in Table 4.2.2.B-4.2.2.E. The absorbed doses were 

calculated according to the Equation 4.2.2. In the head examination, the CT air kerma 

index was measured at both 280 mAs and 320 mAs. 

                        2) The CT air kerma index in each examination was calculated to the 

air kerma index per 100 mAs as shown in Table 4.2.3.D. 

                 

                C)  Dose calculation of the WinDose® program 

                The  input  data  and  parameters  as shown in Table 4.2.3.E were entered on  
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WinDose® parameters screen shown in Figure 4.2.3.A. After clicking Calculate 

button, the absorbed dose and the effective dose calculated by the WinDose® program 

were shown in a WinDose® results screen as shown in Figure 4.2.3.D. 

 

Table 4.2.3.D CT air kerma index per 100 mAs in the examinations of head, chest,  

                        upper abdomen and lower abdomen 

Examinations 
CT air kerma index 

(mGy) 

CT air kerma index 

(mGy) per 100 mAs 

 Head 

 - measured at 280 mAs 

 - measured at 320 mAs 

 

19.737 

22.446 

 

7.049 

7.014 

 Chest 11.319 7.074 

 Upper abdomen 14.098 7.049 

 Lower abdomen  14.098 7.049 

 

 

        4.2.4  Data analysis 

        The organ doses calculated from the WinDose® program were plotted against 

those determined by the TLD measurement in the examinations of chest, upper 

abdomen, and lower abdomen. An agreement of the organ doses calculated from the 

WinDose® program and those resulting from the TLD were found to verify the 

accuracy of the dose calculation by using the WinDose® program.  

        In addition, the different percentage of the effective dose in the examinations of 

head, chest, upper abdomen, and lower abdomen was found from a comparison of the 

effective doses between the WinDose® calculation and the TLD measurement in all 

examinations. 

 

 



Fac. of Grad. Studies, Mahidol Univ.                                               M.Sc. (Radiological Technology) / 37 

 

Figure 4.2.3.D WinDose® results screen 

 

Table 4.2.3.E Input data and parameters entered in WinDose® program in  

                       the examinations of head, chest, upper abdomen, and lower abdomen 

CT examinations 

Input data and parameters 
Head Chest 

Upper 

abdomen 

Lower 

abdomen 

Type of scan Conventional Spiral Spiral Spiral 

Scan parameters 

 - Effective energy (keV) 

 - mAs per 360° 

 - Slice thickness (mm) 

 - Detector rows 

 

72 

280 

5 

4 

 

72 

320 

2.5 

4 

 

72 

160 

10 

4 

 

72 

200 

10 

4 

 

72 

200 

10 

4 

Scan range 

 - Most cranial to caudal (cm) 

 - Scan length (cm) 

 - Pitch 

 

93 - 82 

11 

1.00 

 

93 - 82 

11 

1.00 

 

68 - 44 

24 

0.75 

 

43 - 15 

28 

0.75 

 

24 - 0 

24 

0.75 

Air kerma  

index (mGy)/100 mAs 
7.049 7.014 7.074 7.049 7.049 
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CHAPTER V 

RESULTS 

 

 

5.1  Uncertainty of the absorbed dose measurement by using TLD and the dose   

       calculation by using WinDose® program  

         The uncertainty of the dose measurement by using TLD and the dose calculation 

by using the WinDose® program were determined according to the United Kingdom 

Accreditation Service (UKAS) 2007 (42) and Technical Report series No. 457 from 

IAEA 2007 (43) and were described in Appendix D. The uncertainty budgets of the 

dose measurement by using TLD and the dose calculation by using the WinDose® 

program are shown in Table 5.1.1 and 5.1.2, respectively.  

 

Table 5.1.1 Uncertainty budgets and expanded uncertainty of the absorbed dose  

                    measurement using the TLD in Alderson Rando phantom 

Uncertainty budgets 
Value 

(%) 

Probability 

distribution  
Divisor 

Uncertainty 

(%) 

1. TLD grouping 6.7 % Rectangular 3  3.9 % 

2. TLD calibration 

     - TLD repeatability 

 

2.5 % 

 

Rectangular 

 

3  

 

1.4 % 

     - Ionization chamber repeatability 0.4 % Rectangular 3  0.2 % 

3. Calibration factor of ionization  

    chamber (calibration certificate) 
5.0 % Normal 2 2.5 % 

4. Measuring accuracy* 6.6 % Normal 1 6.6 % 

Combined uncertainty 8 % 

Expanded uncertainty (k = 2) 16 %  

* Obtained as a type A which was the maximum standard uncertainty taken from 3  

   readings at all examinations. 
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Table 5.1.2 Uncertainty budgets and expanded uncertainty of the dose calculation  

                    by using the WinDose® program 

Uncertainty budgets 
Value 

(%) 

Probability 

distribution 
Divisor 

Uncertainty 

(%) 

1. CT air kerma index 

- Ionization chamber  

   repeatability 

    - Calibration factor of ionization  

       chamber (calibration   

       certificate) 

0.6 % 

 

5.0 % 

Normal 

 

Normal 

1 

 

2 

0.6 % 

 

2.5 % 

2. Determination of effective          

    energy* 
3.0 % Normal 1 3.0 % 

3. WinDose® program 10 %** Rectangular 3  5.8 % 

Combined uncertainty 7 % 

Expanded uncertainty (k=2) 14% 

* Obtained from repeatability of CatPhan® phantom measurement  

** Taken from Zankl M., 1998 (23) 

 

        From the Table 5.1.1, the expanded uncertainty of the dose measurement by 

using TLD is ±16% with 95% confidence limit. From the Table 5.1.2, the expanded 

uncertainty  of  the dose  calculation  by using WinDose®  program is ±14% with 95%   

confidence limit. 

 

5.2  Organ doses in CT examinations 

The  organ  doses  resulting  from  the  TLD   measurement   and   the  WinDose®  

calculation are shown in Table 5.2.1 for the head examination and Table 5.2.2 for the 

examinations of chest, upper abdomen, and lower abdomen. The organ doses are listed 

according to the organs recommended by the ICRP publication 60. From the Table 

5.2.1, the organ dose of uterus in the head examination is lower than the minimum 

detectable dose of 0.085 mGy. The organ dose calculated from the WinDose® 

program are shown for both tube current-time products of 280 mAs and 320 mAs. The 
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hyphen as shown in the Table 5.2.1  and the Table 5.2.2 represents the organ doses of 

0.000 mGy resulting from the WinDose® calculation. 

 

Table 5.2.1 Organ doses in mGy resulting from TLD measurement and WinDose®  

                    calculation in the head examination 

Absorbed doses (mGy) 

WinDose® calculation Organs 

TLD measurement 280 mAs 320 mAs 

Gonads 0.342 - - 

Red bone marrow 10.412 2.849 1.620 

Colon 0.362 - - 

Lung 0.818 0.027 0.015 

Stomach 0.705 - - 

Bladder 0.357 - - 

Breast 1.535 - - 

Liver  0.743 - - 

Esophagus 3.755 0.026 0.015 

Thyroid 0.270 0.724 0.412 

Skin 11.651 1.154 0.877 

Bone surface 19.137 6.631 3.770 

Adrenals 0.553 - - 

Brain 15.814 22.917 13.031 

Small intestine 0.467 - - 

Kidney 0.521 - - 

Pancreas 0.768 - - 

Spleen 1.392 - - 

Large intestine 0.470 - - 

Uterus < 0.085 - - 

Thymus 6.715 0.026 0.015 

Eye lens 2.139 31.101 17.684 
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Table 5.2.2 Organ doses in mGy resulting from TLD measurement and WinDose®  

                    calculation in the examinations of chest, upper abdomen, and lower  

                    abdomen 

Absorbed dose (mGy) 

Chest Upper abdomen Lower abdomen Organs 

TLD WinDose TLD WinDose TLD WinDose 

Gonads 0.096 - 0.189 0.169 12.171 10.878 

Red bone marrow 8.451 2.406 5.798 3.890 9.471 3.796 

Colon 0.187 0.010 9.958 5.123 11.417 9.687 

Lung 10.181 10.957 2.529 2.709 0.149 0.033 

Stomach 7.532 1.879 12.748 11.982 0.536 0.870 

Bladder 0.112 - 1.011 2.590 10.049 11.410 

Breast 8.128 11.628 3.727 1.880 0.231 0.030 

Liver  8.467 3.102 11.668 11.278 0.424 0.628 

Esophagus 8.525 10.622 0.659 0.326 0.108 0.004 

Thyroid 2.734 2.192 0.148 0.034 0.106 - 

Skin 10.924 2.618 13.183 3.434 12.395 3.165 

Bone surface 9.518 6.849 11.776 6.613 9.930 4.865 

Adrenals 3.393 3.471 9.542 9.261 0.795 0.209 

Brain 0.208 0.102 0.092 - 0.091 - 

Small intestine 0.869 0.083 14.499 10.201 6.369 8.501 

Kidney 3.000 0.576 11.238 12.426 1.337 1.058 

Pancreas 6.528 2.028 10.484 9.618 0.500 0.458 

Spleen 6.905 2.204 10.552 11.769 0.373 0.464 

Large intestine 0.740 0.104 13.210 10.791 4.424 8.767 

Uterus 0.126 0.017 1.705 7.935 9.641 9.959 

Thymus 9.941 10.622 0.295 0.326 0.100 0.004 

Eye lens 0.255 0.130 0.113 - 0.104 - 



Woranut Iampa                                                                                                                           Results / 42 

        The comparisons of organ doses between the TLD measurement and the 

WinDose® calculation in the examinations of chest, upper abdomen, and lower 

abdomen are shown in Figure 5.2.1 for the doses in scan sections and Figure 5.2.2 for 

the doses outside scan sections. 

 

 

Comparison of organ doses (mGy) in the scan sections
 between TLD measurement and WinDose program

0

2

4

6

8

10
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Absorbed dose from TLD (mGy)

Absorbed doses from 
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——— Dose (WinDose) = dose (TLD) 
— —   ± 16 %

 

Figure 5.2.1 Comparison of organ doses (mGy) in the scan sections between TLD        

                         measurement and WinDose® program in the examinations of chest, 

                         upper abdomen, and lower abdomen. The error bars show  

                         the uncertainty of dose calculation by using the WinDose® program  

                         with ±14%. 
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Figure 5.2.2 Comparison of organ doses (mGy) outside the scan sections 

                                 between TLD measurement and WinDose® program in the      

                                 examinations of chest, upper abdomen, and lower abdomen.  

                                 The error bars show the uncertainty of dose calculation by using  

                                 the WinDose® program with ±14%. The organ doses of 0.000  

                                 mGy calculated from the WinDose® program are not included. 

 

        From  the  Figure 5.2.1 and the Figure  5.2.2,  the solid  line  represents the values  

of organ  dose  resulting  from  the  WinDose®  calculation  equal to those from the 

TLD measurement.  The  upper dash line and the lower dash line indicate the values of  

Comparison of organ doses (mGy) outside the scan sections 
between TLD measurement and WinDose program
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organ dose calculated from WinDose® program with 16% higher and 16% lower than 

those determined by the TLD measurement, respectively. The organ doses resulting 

from both methods in the head examination are not included because of the differences 

in their scan parameters. 

        The comparison of organ doses in the scan sections between the TLD 

measurement and the WinDose® calculation in the examinations of chest, upper 

abdomen, and lower abdomen showed an agreement within ±16% corresponding to 

the uncertainty of the absorbed dose measurement by using the TLD in Alderson 

Rando phantom, except for the organ doses of breast in the chest examination, some 

extended organs in the examinations of upper abdomen and lower abdomen, red bone 

marrow, skin, and bone surface in the three examinations as shown in Table 5.2.3.  

 

Table 5.2.3 Organ doses of breast in the chest examination, the extended organs in  

                    the examinations of upper abdomen and lower abdomen, red bone  

                    marrow, skin, bone surface in the examinations of chest, upper abdomen  

                    and lower abdomen 

Absorbed doses (mGy) 

Examinations Organs 
TLD WinDose® program 

Chest Red bone marrow 

Skin 

Bone surface 

Breast 

8.451 

10.924 

9.518 

8.128 

2.406 

2.618 

6.849 

11.628 

Upper abdomen Red bone marrow 

Skin 

Bone surface 

Colon 

Small intestine 

5.798 

13.183 

11.776 

9.958 

14.499 

3.890 

3.434 

6.613 

5.123 

10.201 

Lower abdomen Red bone marrow 

Skin 

Bone surface 

Large intestine 

9.471 

12.395 

9.930 

4.424 

3.763 

3.165 

4.865 

8.767 
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        From the comparison of organ doses outside the scan sections between the TLD 

measurement and the WinDose® calculation in the examinations of chest, upper 

abdomen, and lower abdomen, the doses calculated from the WinDose® program tend 

to be lower than those determined by the TLD measurement especially stomach, liver, 

pancreas, and spleen in the chest examination. However, the organ doses of bladder 

and uterus in the upper abdomen examination, stomach and liver in the lower abdomen 

examination resulting from the WinDose® calculation are higher than those from the 

TLD measurement. The organ doses of stomach and liver are shown in Figure 5.2.3 

which represents the organ doses outside the scan sections less than 1.000 mGy. 

 

Comparison of organ doses less than 1.0 mGy 
between TLD measurement and WinDose program
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Figure 5.2.3 Comparison of organ doses (mGy) outside the scan sections 

                                 between TLD measurement and WinDose® program less than  

                                 1.000 mGy in the examinations of chest, upper abdomen, and  

                                 lower abdomen. The error bars show the uncertainty of dose  

                                 calculation by using the WinDose® program with ±14%. 
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5.3  Effective doses to organs in CT examinations 

        Details of effective doses to organs resulting from the TLD and the WinDose® 

program are shown in Table 5.3.1 for the head examination and Table 5.3.2. for the 

examinations of chest, upper and lower abdomen. The effective doses are listed 

according to radiosensitivity of organs recommended by the ICRP 60. From the tables, 

large contributors to effective doses resulting from both methods are red bone marrow 

and bone surface in the head examination, lung in the chest examination, stomach and 

colon in the upper abdomen examination, gonad and colon in the lower abdomen 

examination. The hyphen represents the effective doses to organs of 0.000 mSv. 

 

Table 5.3.1 Details of the effective doses to organs (mSv) contributing to the effective 

                    doses resulting from TLD measurement and WinDose® calculation in 

                    the head examination 

Effective doses to organs (mSv) 

WinDose® calculation Organs 
TLD measurement 

280 mAs 320 mAs 

Gonads 0.068 - - 

Red bone marrow 1.249 0.342 0.194 

Colon 0.043 - - 

Lung 0.098 0.003 0.002 

Stomach 0.085 - - 

Bladder 0.018 - - 

Breast 0.077 - - 

Liver 0.037 - - 

Esophagus 0.188 0.001 0.001 

Thyroid 0.014 0.036 0.021 

Skin 0.117 0.015 0.009 

Bone surface 0.191 0.066 0.038 

Remainder organs 0.506 0.573 0.326 

Effective dose (mSv) 2.691 1.037 0.591 
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Table 5.3.2 Details of the effective doses to organs (mSv) contributing to the effective 

                    doses resulting from TLD measurement and WinDose® calculation in 

                    the examinations of chest, upper abdomen, and lower abdomen 

Effective doses to organs (mSv) 

Chest Upper abdomen Lower abdomen Organs 

TLD WinDose TLD WinDose TLD WinDose 

Gonads 0.019 - 0.038 0.034 2.434 2.176 

Red bone marrow 1.014 0.289 0.696 0.467 1.137 0.456 

Colon 0.022 0.001 1.195 0.615 1.370 1.162 

Lung 1.222 1.315 0.303 0.325 0.018 0.004 

Stomach 0.904 0.225 1.530 1.438 0.064 0.104 

Bladder 0.006 - 0.051 0.129 0.502 0.570 

Breast 0.406 0.581 0.186 0.094 0.012 0.002 

Liver  0.423 0.155 0.583 0.564 0.021 0.031 

Esophagus 0.426 0.531 0.033 0.016 0.005 - 

Thyroid 0.137 0.110 0.007 0.002 0.005 - 

Skin 0.109 0.026 0.132 0.034 0.124 0.032 

Bone surface 0.095 0.068 0.118 0.066 0.099 0.049 

Remainder organs 0.317 0.107 0.566 0.473 0.291 0.108 

Effective dose  

(mSv) 
5.100 3.408 5.438 4.282 6.082 4.749 
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5.4  Effective dose in CT examinations 

        The effective doses resulting from the TLD measurement and the WinDose® 

calculation in the examinations of head, chest, upper abdomen, and lower abdomen are 

shown in Table 5.4. From the table, the effective doses calculated from the WinDose® 

program are 61% and 78%, 33%, 21%, and 22% lower than those from the TLD 

measurement in the examinations of head, chest, upper abdomen, and lower abdomen, 

respectively.  

 

Table 5.4  Comparison of the effective doses between the TLD measurement and 

           the WinDose® program in the examinations of head, chest, upper  

           abdomen, and lower abdomen 

Effective dose (mSv) 
Examinations 

TLD measurement WinDose® program 

Different 

percentages 

Head 2.69* 

1.04** 

 

0.59*** 

61% 

 

78% 

Chest 5.10 3.41 33% 

Upper Abdomen 5.44 4.28 21% 

Lower Abdomen 6.08 4.75 22% 

*Scanned with the tube current-time products of 280 and 320 mAs 

** Scanned with the tube current-time products of 280 mAs 

*** Scanned with the tube current-time products of 320 mAs 



Fac. of Grad. Studies, Mahidol Univ.                                              M.Sc. (Radiological Technology) / 49 

CHAPTER VI 

DISCUSSION 

 

 

 6.1  Organ doses in the CT examinations 

        The comparison of organ doses in the scan sections between the TLD 

measurement and the WinDose® calculation in the examinations of chest, upper 

abdomen, and lower abdomen showed an agreement within ±16% which was the 

uncertainty of the dose measurement by using TLD in Alderson Rando phantom. 

However, the organ doses of small intestine and colon calculated from the WinDose® 

program were lower than those from the TLD in the upper abdomen examination, and 

also the organ doses of large intestine from the WinDose® were higher than those 

from the TLD in the lower abdomen examination. These deviations would be due to 

the differences in the organ length of these extended organs. Most length of the small 

and large intestine in the Alderson Rando phantom was located in the upper abdomen 

whereas those in the mathematical phantom were located in the lower abdomen, and 

also the length of colon in the upper abdomen in the mathematical phantom was less 

than that in the Rando phantom.  

        The organ dose of breast in the chest examination calculated from the WinDose® 

was overestimated because its organ dose conversion coefficients would not be taken 

into account the fractions of the organ volume directly irradiated. The same result 

found by Geleijns et al., 1994 (18) which the organ dose of breast calculated from the 

CTDI combined with organ dose conversion coefficients was approximately 40% 

higher than that determined by the TLD in the thorax examination. 

        The organ doses of red bone marrow, skin, and bone surface calculated from the 

WinDose® program were less than those from the TLD due to the differences in 

determination of organ length in both methods. The organ doses of red bone marrow, 

skin, and bone surface resulting from the TLD measurement were measured in the 

scan section of each examination  whereas those organ doses resulting from the 

mathematical phantom. 
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        From the comparisons of organ doses outside the scan sections between the TLD 

measurement and the WinDose® program in the examinations of chest, upper 

abdomen, and lower abdomen shown in Figure 5.2.2, the doses from the WinDose® 

calculation were lower than those from the TLD measurement in the three 

examinations, especially stomach, liver, pancreas, and spleen in the chest examination. 

The lower organ doses calculated from the WinDose® program could be the results 

from the scattered radiation not taken into account for organs further away from the 

scan sections. 

        The lower doses of stomach, liver, pancreas, and spleen in the chest examination 

could be also due to more realistic distribution of these organs in the Alderson Rando 

phantom than the mathematical phantom. In Rando phantom, some parts of the 

stomach, liver, pancreas, and spleen were located in the lower part of the lung whereas 

these organs were sharp boundary and separately located from the lower part of the 

lung in the mathematical phantom. This result was also found by Geleijns et al., 1994 

(18) in the thorax examination. 

        However, in the upper abdomen examination, the organ doses of bladder and 

uterus from the WinDose® calculation were up to 100% higher than those from the 

TLD. The higher doses would be due to the difference in the organ locations between 

the Alderson Rando phantom and the mathematical phantom. For example, the uterus 

in the Rando phantom was located lower than the scan section of upper abdomen 

examination whereas the uterus in the mathematical phantom was located at the edge 

of scan section. Zankl M., 1998 (23) also mentioned this deviation of organ doses of 

small organs located at the edge of the radiation field. 

 

6.2  Effective doses to organs in the CT examination 

From the details of effective doses to organs resulting from the TLD  measurement 

and the WinDose® program in the examinations of head, chest, upper abdomen, and 

lower abdomen, the large contributors to effective dose resulting from both methods 

were red bone marrow and bone surface in the head examination, lung in the chest 

examination, stomach and colon in the upper abdomen examination, gonad and colon 

in the lower abdomen examination. From Peter F., 2001 (37), the largest contributors 

to  effective  dose  calculated  by  EGS4-VLSI  code  based on Monte Carlo simulation 
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showed the similar results in the examinations of head and upper abdomen. 

 

6.3  Effective doses in the CT examinations 

        The effective doses calculated from the WinDose® program were lower than 

those determined by the TLD in ranges of 21-33% except for the head examination 

which was more than 60%. The similar figures were found by Geleijns et al., 1994 

(18) and Groves et al., 2004 (21) which the effective doses calculated from the CTDI 

and the organ dose conversion coefficients were up to 40% and 18%, respectively, 

lower than those resulting from the TLD measurement.  

        Comparison of the effective doses with the previous studies in the examinations 

of head, chest, upper abdomen and lower abdomen are shown in Table 6.3.1-6.3.4. 

The effective doses were normalized to the effective doses in mSv per 100 mAs with 

the pitch equal to 1 and were not taken into account the effect of beam collimation 

between the scan parameters in each study. In general, the effective doses resulting 

from the calculation based on Monte Carlo simulation are less than those determined 

by the TLD measurement in the examinations of head, chest, upper abdomen, and 

lower abdomen. The effective doses in this study are lower dose as comparison with 

some studies because of the differences in their scanner geometry, beam quality, 

including the scanning parameters in each examination. However, the effective doses 

resulting from the TLD measurement and the WinDose® calculation in the 

examinations of head, chest, upper abdomen, and lower abdomen are in a range of 

typical effective dose values reported by AAPM Report No. 96 (1).  

        In the head examination, the effective doses resulting from WinDose® 

calculation were 61% and 78% lower than those from the TLD measurement for 280 

and 320 mAs, respectively, because of various scan sections in this examination. The 

TLD measurement in Alderson Rando phantom was performed with the scan protocol 

consisting of the two sets of slice thickness and scan section which are the 2.5 mm 

thickness at base of skull and the 5 mm thickness above base of skull as shown in 

Table 4.2.2.B. Each set of slice thickness and scan section was scanned with different 

tube current-time products which were 320 mAs at base of skull and 280 mAs above 

base of skull whereas the WinDose® calculation was entered the only value of slice 

thickness, scan section, and scan parameter per a calculation. This result may suggest 
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that the WinDose® program can not be used to calculate the organ doses and the 

effective dose in the head examination with the various scan sections. 
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CHAPTER VII 

CONCLUSION 

 

 

        The WinDose® program version 2.1a can be used to calculate the organ doses 

and the effective doses in the examinations of chest, upper abdomen, and lower 

abdomen. The organ doses in the scan sections calculated from the WinDose® 

program are accurate within ±16%. In the scan sections, the calculation of organ doses 

by using the WinDose® program should be aware of underestimation of the organ 

doses of colon and small intestine in the upper abdomen examination and 

overestimation of the organ doses of large intestine in the lower abdomen 

examination. The organ dose of breast in the chest examination calculated from the 

WinDose® program will be overestimated more than 16% as compared to that 

determined by the TLD measurement. 

        The organ doses outside the scan sections calculated from the WinDose® 

program are lower than those determined by the TLD measurement, especially 

stomach, liver, pancreas, and spleen in the chest examination including the organs 

located far away from the scan sections. The organ doses of stomach, liver, pancreas, 

and spleen located in the lower part of the lung from the WinDose® calculation are 

lower than those resulting from the TLD in ranges of 63-75%. However, the 

calculation of organ doses by using the WinDose® program should be aware of the 

overestimation of organ doses of bladder and uterus in the upper abdomen 

examination. 

        The effective doses in the CT examinations calculated from the WinDose® 

program are less than those determined by the TLD measurement in Alderson Rando 

phantom in range of 21-33%. The head examination or the examinations consisting of 

the various scan sections with different scan parameters should be separately 

calculated. 
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APPENDIX A 

Grouping and determination of correction factors for sensitivity 

 

        The TLDs were classified into 21 groups and the average TL signal of all TLDs 

was 249.11 nC. The correction factors for sensitivity of each group were ranged in 

0.58-1.88 as shown in Table A.1-A.4. 

 

Table A.1 Correction factors for sensitivity of 21 groups of TLDs (1st-5th group) 

TL signals (nC) in each group 
Dosimeter ID 

1 2 3 4 5 

A 130.69 147.52 158.20 162.59 179.41 

B 132.87 152.55   169.76 183.30 

C 133.89     170.53 184.42 

D      171.77 186.45 

E       173.50 187.10 

F       173.83 188.24 

G       174.31 189.50 

H       179.35 189.99 

I         190.80 

J         191.05 

K         192.10 

L         193.78 

Mean ± SD 132.49 ± 
1.64 

150.04 ± 
3.56 

158.20 ± 
0.00 

171.95 ± 
4.79 

188.01 ± 
4.11 

CF 1.88 1.66 1.57 1.45 1.32 
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Table A.2 The correction factors for sensitivity of 21 groups of TLDs (6th-10th group) 

TL signals (nC) in each group 
Dosimeter 

ID 
6 7 8 9 10 

A 194.18 207.21 214.02 224.36 233.29 

B 195.04 207.76 214.55 225.11 233.43 

C 196.22 208.06 215.44 227.16 235.05 

D 200.09 208.12 215.52 227.46 235.16 

E 202.11 209.17 216.67 228.12 236.97 

F 202.46 209.60 217.35 229.23 237.43 

G 203.37 209.82 217.64 229.74 238.38 

H 204.08 210.01 218.44 230.48 238.92 

I 204.33 210.99 219.64 230.71 239.22 

J 204.65 211.23 220.68 231.10 240.24 

K 204.73 211.36 220.81 231.36 242.38 

L 206.84 213.47 221.79 232.97 242.68 

      

Mean ± SD 
201.51 ± 

4.03 
209.73 ± 

1.46 
217.71 ± 

2.37 
228.98 ± 

2.39 
237.76 ± 

2.88 

CF   1.24 1.19 1.14 1.09 1.05 
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Table A.3 The correction factors for sensitivity of 21 groups of TLDs 

                  (11th-15th group) 

TL signals (nC) in each group 
Dosimeter 

ID 
11 12 13 14 15 

A 243.54 249.75 259.24 268.07 276.10 

B  243.61 250.92 260.09 268.32 277.53 

C 244.03 251.32 260.67 268.52 277.63 

D 244.27 251.38 260.87 272.03 278.53 

E 245.51 251.55 261.62 272.23 279.04 

F 246.40 252.17 261.81 272.36 279.54 

G 247.01 252.77 262.47 272.44 279.60 

H 247.09 254.37 262.86 272.65 280.71 

I 247.82 255.15 263.74 272.95 282.02 

J 247.96 255.46 265.13 273.32 282.41 

K 248.09 256.71 265.26 275.20 283.13 

L 249.05 257.90 266.15 275.98 283.84 

      

Mean ± SD 
246.20 ± 

1.94 
253.29 ± 

2.57 
262.50 ± 

2.20 
272.01 ± 

2.53 
280.01 ± 

2.44 

CF 1.01 0.98 0.95 0.92 0.89 
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Table A.4 The correction factors for sensitivity of 21 groups of TLDs 

                  (16th-21st group) 

TL signals (nC) in each group 
Dosimeter 

ID 
16 17 18 19 20 21 

A 284.27 301.94 327.68 360.77 401.44 429.43 

B  286.84 302.07 328.98 361.14     

C 287.59 307.88 331.44 362.17     

D 288.59 309.02 336.59 364.78     

E 292.88 311.14 337.00 368.82     

F 294.09 312.80 342.63 382.24     

G 295.03 313.13 345.60       

H 295.70 314.23 345.99       

I 296.17 314.46        

J 297.12 315.45         

K 297.49 317.61         

L 301.42 320.37     

           

Mean ± SD 
293.1 ± 

5.16 
311.68 ± 

5.65 
336.99 ± 

7.26 
366.65 ± 

8.20 
401.44 ± 

0.00 
429.43 ± 

0.00 

CF 0.85 0.80 0.74 0.68 0.62 0.58 
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APPENDIX B 

Absorbed doses and corresponding TLD signals  

in the TLD calibration 

 

        The absorbed doses and the corresponding TL signals derived from the TLD 

calibration are shown in Table B. 

 

Table B Absorbed doses of 0.085-58.934 mGy and the corresponding TL signals 

TL signal (nC) Absorbed dose (mGy) 

0.355 0.085 

19.319 0.332 

34.656 0.532 

57.602 1.088 

111.959 2.051 

243.070 4.100 

421.532 7.094 

564.309 9.905 

786.988 12.688 

1424.160 22.446 

2223.000 35.414 

2783.154 47.288 

3723.514 58.934 
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APPENDIX C 

Determination of effective energy 

 

        The relationships between the CT numbers and the linear attenuation coefficients 

(µ) of Teflon, acrylic, and polystryrene are represented in Equation C.1-C.3 

 

                                    
µ

µµ

w

wt
)(1000

79.958
−

=              Equation C.1 

                                     
µ

µµ

w

wa
)(1000

62.120
−

=             Equation C.2 

                                    
µ

µµ

w

wp
)(1000

69.37
−

=−             Equation C.3 

 

        To find the relationship equation among the linear attenuation coefficients of the 

three targets, the Equation C.2 was divided by the Equation C.1 and the Equation C.2 

was divided by the Equation C.3. Then, Equation C.4 and C.5 were derived. 

 

                                     
µµ
µµ
−

−
=

t w

wa

79.958

62.120
                        Equation C.4 

                                    
µµ
µµ
−

−
=

−
p w

wa

69.37

62.120
             Equation C.5 

 

        The Equation C.4 was solved according to these following steps. 

                     )(79.958)(62.120 µµµµ
wawt

−=−  

            µµµµ
wawt

79.95879.95862.12062.120 −=−  

                               µµµ
taw

62.12079.95817.838 −=                       Equation C.6
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        The Equation C.5 was solved according to these following steps. 

           )(69.37)(62.120 µµµµ
wawp

−−=−  

             µµµµ
wawp

69.3769.3762.12062.120 +−=−  

                      µµµ
apw

69.3762.12031.158 +=             Equation C.7 

 

        The Equation C.6 was divided by the Equation C.7 

         
µµ
µµ

ap

ta

69.3762.120

62.12079.958
29.5

+

−
=  

            µµµµ
taap

62.12079.95838.19908.638 −=+  

           µµµ
pat

08.63841.75962.120 −=  

 

                        Therefore, the relationship equation among the linear attenuation 

coefficients of the three targets shown in Equation C.8 was derived. 

           µµµ
pat

29.529.6 −=                        Equation C.8 
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APPENDIX D 

Determination of uncertainty of absorbed dose measurement  

by using TLD and dose calculation by using WinDose® program  

 

         The uncertainty of the absorbed dose measurement by using TLD and the dose 

calculation by using the WinDose® program were determined according to the United 

Kingdom Accreditation Service (UKAS) 2007 (42) and Technical Report series No. 

457 from IAEA 2007 (43) 

 

D.1  Determination of uncertainty of the absorbed dose measurement by using  

        TLD 

        From  the  Table  4.1.1,  the  uncertainty budgets  were  derived  from the 

following components. 

1) TLD grouping and determination of correction factors for sensitivity 

        Uncertainty of the TLD grouping was derived from the following values.                

1.1)  Repeatability of each TLD 

                Standard deviation (SD) of mean reading of each TLD for three times, 

written as )(xs , was calculated by the following equation.  

)(
1

)( ixs
n

xs =                         Equation D.1 

                Where n is the number of measurements.  

                           )(ixs  is  the  standard  deviation  of  each  TL signal calculated by the  

                           following equation. 

                                                        ∑
=

−
−

=
n

i
ii xx

n
xs

1

2)(
1

1
)(                   Equation D.2 

                Maximum SD and maximum SD of the mean reading resulting from the 

TLD grouping were 10.1% and 5.8%, respectively. 

1.2)  Standard deviation (SD) in each group of TLDs  

Each group of TL signal were grouped with 3% SD of mean reading in each
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group. The uncertainty of the TLD grouping was calculated by the following equation. 

)( 2
2

2
1 uuu +=                            Equation D.3 

7.6)38.5( 22 =+=u % 

                Where u1 is the maximum SD of the mean reading  

                           u2 is the SD in each group of TLDs 

 

                Therefore, the uncertainty of TLD grouping and determination of correction 

factors for sensitivity was 6.7%. 

 

        2) TLD calibration 

        Uncertainty of the TLD calibration was derived from the following values.                

2.1)  Repeatability of TLD 

TLDs were  calibrated  for  three times  and SD of mean reading  of each TL  

signal was calculated according to the Equation D.1. Maximum SD and SD of the 

mean reading resulting from the TLD calibration were 4.3% and 2.5%, respectively. 

2.2)  Repeatability of ionization chamber 

The  absorbed  doses  were  measured  by  using  ionization chamber for five  

times and SD of mean reading of absorbed doses were calculated according to the 

Equation D.1. Maximum SD and SD of the mean reading resulting from the absorbed 

dose measurement were 0.8% and 0.4%, respectively. 

 

        3) Calibration factor of ionization chamber 

        From a calibration certificate No. 032830, the uncertainty of calibration factor of 

the ionization chamber model  TM  30009 of  PTW-Nomex is ± 5% corresponding to 

the double SD (k=2). 

 

        4) Measuring accuracy 

        Uncertainty of measuring accuracy was derived from the repeatability of TLD 

measurement in Alderson Rando phantom for three times. SD of mean reading of TL 

signals was calculated according to the Equation D.1. Maximum SD and SD of the 

mean  reading resulting   from  the  absorbed  dose measurement  by using  the TLD in 
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Alderson Rando phantom were 11.4% and 6.6%, respectively. 

        From these uncertainty budgets, the uncertainty of TLD grouping and TLD 

calibration represent type B standard uncertainty of the dose measurement by using 

TLD. Their probability distributions are rectangular distributions and their divisors are 

square root of three. The uncertainty of calibration factor of ionization chamber 

represents type B standard uncertainty with a normal probability distribution. The 

divisor is its coverage factor of two quoted in the calibration certificate. The 

uncertainty of measuring accuracy of TLD measurement in Alderson Rando phantom 

represents type A uncertainty with normal probability distribution and its divisor is 1. 

        The values of uncertainty budgets were divided by their divisors as shown in 

Table 5.1.1. The combined uncertainty was calculated according to the following 

equation. 

Combined uncertainty   =  )6.65.22.04.19.3( 22222 ++++        Equation D.4 

Combined uncertainty   =    8% 

 

        The combined uncertainty was multiplied by the coverage factor (k) of 2 

corresponding to confidence limit of 95%. Therefore, the expanded uncertainty of the 

absorbed dose measurement by using TLD was 16%. 

 

D.2  Determination of uncertainty of the dose calculation by using WinDose®  

        program     

        From  the Table 4.1.2, the  uncertainty budgets  were  derived  from the following 

components. 

        1) CT air kerma index 

        Uncertainty of the measurement of CT air kerma index was derived from the 

following values.                

                1.1)  Repeatability of the measurement of CT air kerma index 

The  values  of  CT  air kerma  index  were  measured   by   using  ionization  

chamber  for  five  times  and  SD  of  mean reading of absorbed doses were calculated 

according to the Equation D.1. Maximum SD and SD of the mean reading resulting 

from the measurement of CT air kerma index were 1.2% and 0.6%, respectively. 
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1.2)  Calibration factor of ionization chamber 

The  uncertainty of  calibration  factor  of  the ionization chamber model TM 

30009 of PTW-Nomex is ± 5% corresponding to the double SD (k=2). 

 

2) Determination of effective energy 

        Uncertainty of determination of effective energy was obtained from the 

repeatability of CatPhan phantom measurement for three times. SD of mean reading 

was calculated according to the Equation D.1. Maximum SD and SD of the mean 

reading resulting from the determination of effective energy were 5.2% and 3%, 

respectively. 

  

3) WinDose® program  

Uncertainty  of   the WinDose®   program  as  taken  from Zankl M., 1998 (24) in  

terms of an accuracy of calculated organ doses based on Monte Carlo simulation 

published by the GSF Report was ±10%. 

        From these uncertainty budgets, the repeatability of the CT air kerma index 

measurement represents type A standard uncertainty of the dose calculation by using 

the WinDose® program. Its probability distribution is a normal distribution with 

divisor of 1. The uncertainty of calibration factor of ionization chamber represented 

type B standard uncertainty with a normal probability distribution. The divisor is its 

coverage factor of two quoted in the calibration certificate. The repeatability of 

CatPhan® phantom measurement to determine the effective energy represents type A 

uncertainty with a normal probability distribution and its divisor is 1. The uncertainty 

of the WinDose® program taken from Zankl M., 1998 (23) represents type B standard 

uncertainty with rectangular probability distribution and the divisor is square root of 

three 

        The values of uncertainty budgets were divided by their divisors as shown in 

Table 5.1.2. The combined uncertainty was calculated according to the following 

equation. 

 

Combined uncertainty   =  )8.50.35.26.0( 2222 +++      Equation D.5 

            Combined uncertainty   =    7% 
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        The combined uncertainty was multiplied by the coverage factor (k) of 2 

corresponding to confidence limit of 95%. Therefore, the expanded uncertainty the 

dose calculation by using WinDose® program was 14%. 
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