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10.26 ± 0.46, 23.56 ± 0.35, 22.72 ± 

0.29 mSv



(1)

frames/s

(2)



OBI

OBI



(3)

Patient No. Sex Height (cm) Weight (kg) BMI (kg/m2) Tumor location 

1 F 147.3 49.2 22.7 RUL 

2 M 157.0 45.6 18.5 RML 

3 F 156.2 51.1 20.9 LLL 

4 M 164.0 49.0 18.2 RML 

5 F 138.6 31.4 16.3 RLL 

6 M 158.6 55.3 22.0 RUL 

7 F 137.0 40.6 21.6 RLL 

8 F 146.0 55.0 25.8 RLL 

9 M N/A N/A N/A LLL 

10 M 158.5 63.3 25.2 RUL 

11 M 169.3 48.3 16.9 LLL 

12 M 166.0 69.6 25.3 RLL 

13 F 147.8 51.5 23.6 LUL 

14 F 150.7 48.9 21.5 RLL 

15 F 166.8 69.0 24.8 LLL 



Patient No. Sex Height (cm) Weight (kg) BMI (kg/m2) Tumor location 

1 M 156.0 55.7 22.9 S4 

2 F 146.7 49.2 22.9 S1 

3 F 145.3 46.4 22.0 S8 

4 M 159.2 54 21.3 S5 

5 M 166.2 63.1 22.8 PVTT 

6 M 159.5 49.2 19.3 S3 

7 M 159.2 50.5 19.9 S4, S7 

8 M 168.8 49.5 17.4 S7 

9 M 162.7 46.9 17.7 S3, S4 

10 M 168.5 59.1 20.8 PVTT 

11 M 155.9 64.0 26.3 S8 

12 F 146.3 68.6 32.1 S2 

13 M 162.4 53.0 20.1 S2 

14 M 165.7 86.4 31.5 S7 

15 M 162.1 52.8 20.1 PVTT 
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Organ (weighting factor) Organ volume (cm3) 

Lung cancer patients (mSv) Liver cancer patients (mSv) 

3D-CBCT  

(Thorax mode) 

3D-CBCT 

(Pelvis mode) 
4D-CBCT 

3D-CBCT 

(Thorax mode) 

3D-CBCT 

(Pelvis mode) 
4D-CBCT 

Lung (0.12) 2259.0 ± 722.5 7.6 ± 1.2 30.5 ± 4.6 14.3 ± 2.2 4.2 ± 0.9 16.7 ± 3.6 7.8 ± 1.7

Stomach (0.12) 229.4 ± 175.7 3.6 ± 2.1 14.3 ± 8.2 6.7 ± 3.8 9.6 ± 2.6 38.6 ± 10.3 18.0 ± 4.8

Bone marrow (0.12) 324.6 ± 118.1 10.8 ± 2.2 43.1 ± 8.7 20.2 ± 4.1 8.1 ± 3.3 32.4 ± 13.4 15.1 ± 6.2

Esophagus (0.04) 33.7 ± 13.1 7.5 ± 1.8 29.9 ± 7.2 14.0 ± 3.3 4.7 ± 0.9 18.9 ± 3.8 8.8 ± 1.8

Liver (0.04) 1049.4 ± 218.9 4.9 ± 2.3 19.6 ± 9.3 9.1 ± 4.4 12.8 ± 3.0 51.3 ± 12.1 24.0 ± 5.6

Thyroid (0.04) 18.4 ± 15.5 10.1 ± 10.8 40.2 ± 43.2 18.8 ± 20.2 - - - 

Bone surface (0.01) 990.5 ± 321.0 12.7 ± 2.2 51.0 ± 8.6 23.8 ± 4.0 10.7 ± 2.5 42.8 ± 10.0 20.0 ± 4.7

Skin (0.01) 931.4 ± 179.5 4.4 ± 0.6 17.6 ± 2.6 8.2 ± 1.2 5.2 ± 1.2 20.9 ± 4.8 9.8 ± 2.2

Adrenal glands (*) 3.0 ± 1.6 2.8 ± 2.1 11.2 ± 8.5 5.2 ± 4.0 8.7 ± 2.3 34.8 ± 9.0 16.3 ± 4.2

Gallbladder (*) 12.7 ± 13.1 2.2 ± 2.0 8.8 ± 7.9 4.1 ± 3.7 8.6 ± 3.9 34.3 ± 15.6 16.0 ± 7.3

Heart (*) 712.3 ± 263.5 8.5 ± 2.1 34.2 ± 8.2 16.0 ± 3.8 13.1 ± 3.1 52.3 ± 12.3 24.5 ± 5.8

Intestine (*) 556.0 ± 262.7 1.5 ± 0.8 5.9 ± 3.2 2.7 ± 1.5 5.8 ± 2.1 23.2 ± 8.3 10.8 ± 3.9

Kidney (*) 251.9 ± 79.6 1.3 ± 1.1 5.4 ± 4.5 2.5 ± 2.1 10.1 ± 3.4 40.5 ± 13.7 18.9 ± 6.4

Pancreas (*) 32.1 ± 14.1 2.3 ± 1.8 9.1 ± 7.2 4.2 ± 3.4 13.5 ± 3.5 54.1 ± 14.0 25.3 ± 6.5

Spleen (*) 129.5 ± 85.8 4.4 ± 3.0 17.6 ± 11.9 8.2 ± 5.6 14.9 ± 2.9 59.5 ± 11.6 27.8 ± 5.4

Effective dose (mSv) 3.9 ± 0.5 15.7 ± 2.0 7.3 ± 0.9 4.2 ± 0.6 16.7 ± 2.4 7.8 ± 1.1





Organ M F

EAR of secondary cancer incidence (cases per million person-years) 

Lung cancer patients Liver cancer patients 

3D-CBCT 

(Thorax mode) 

3D-CBCT 

(Pelvis mode) 
4D-CBCT 

3D-CBCT 

(Thorax mode) 

3D-CBCT 

(Pelvis mode) 
4D-CBCT 

Lung 2.3 / 3.4 0.41 5.2 3.9 / 5.8 15.7 / 23.1 7.3 / 10.8 2.1 / 3.2 8.5 / 12.6 4.0 / 5.9 

Stomach 7.0 / 7.1 0.002 1.8 3.3 / 3.3 13.2 / 13.4 6.2 / 6.2 8.9 / 9.0 35.7 / 36.2 16.7 / 16.9 

Esophagus* 5.1 / 4.2 0.39 1.9 5.1 / 4.2 20.4 / 16.8 9.6 / 7.9 3.2 / 2.7 12.9 / 10.7 6.0 / 5.0 

Liver 2.2 / 1.0 0.41 4.1 2.0 / 0.9 8.1 / 3.7 3.8 / 1.7 5.3 / 2.4 21.2 / 9.6 9.9 / 4.5 

Thyroid* 5.1 / 4.2 0.39 1.9 6.9 / 5.7 27.5 / 22.7 12.9 / 10.6 - - - 

Skin* 5.1 / 4.2 0.39 1.9 3.0 / 2.5 12.0 / 9.9 5.6 / 4.6 3.6 / 2.9 14.3 / 11.8 6.7 / 5.5 

Intestine 2.2 / 0.84 1.00 5.7 0.8 / 0.3 3.1 / 1.2 1.4 / 0.6 3.1 / 1.2 12.3 / 4.7 5.7 / 2.2 

Kidney* 5.1 / 4.2 0.39 1.9 0.9 / 0.8 3.7 / 3.0 1.7 / 1.4 6.9 / 5.7 27.7 / 22.8 12.9 / 10.7 

Pancreas* 5.1 / 4.2 0.39 1.9 1.5 / 1.3 6.2 / 5.1 2.9 / 2.4 9.2 / 7.6 37.0 / 30.4 17.3 / 14.2 







Study Modality Method Protocol Region kV mAs 
Effective 

dose (mSv) 

Aduhaimed et al. (35) Varian OBI BEAMnrc/DOSXYZnrc CBCT Lung (male) 125 270 3.34 

Lung (female) 125 270 3.97 

 Pelvis (male) 125 1080 6.05 

 Pelvis(female) 125 1080 11.30 

Dzierma et al. (19) Siemens Artiste Measurement using TLD CBCT (normal) Abdomen 121 306.5 3.75 

   CBCT (high quality) Abdomen 121 799.2 9.16 

Kan et al. (16) Varian OBI Measurement using TLD CBCT (low dose) Lung 125 264 5.23 

   CBCT (low dose) Pelvis 125 264 4.89 

Marchant and Joshi (37) Elekta XVI Geant4 for  

tomographic emission 

4D-CBCT Lung (female) 120 312 8.30 

  Lung (male) 120 312 7.88 

This study Varian OBI BEAMnrc/DOSXYZnrc CBCT 

(thorax mode) 

Lung 125 360 3.9 ± 0.5

   Liver 125 360 4.2 ± 0.6

   CBCT 

(pelvis mode) 

Lung 125 1440 15.7 ± 2.0

   Liver 125 1440 16.7 ± 2.4

   4D-CBCT Lung 125 624 7.3 ± 0.9

   Liver 125 624 7.8 ± 1.1 









1  Clemente S, Chiumento C, Fiorentino A, et al. Is ExacTrac x-ray system an alternative to 

CBCT for positioning patients with head and neck cancers? Med. Phys. 2013; 40(11): 

111725. 

2  Grills IS, Hugo G, Kestin LL, et al. Image-Guided Radiotherapy via Daily Online Cone-

Beam CT Substantially Reduces Margin Requirements for Stereotactic Lung Radiotherapy. 

Int. J. Radiat. Oncol. Biol. Phys. 2008; 70(4): 1045 1056. 

3  T.Shiinoki, S.Kawamura, H.Hanazawa, et al. Reproducibility of Tumor Motion Probability 

42(6Part10): 3307. 

4  Keall PJ, Mageras GS, Balter JM, et al. The management of respiratory motion in radiation 

oncology report of AAPM Task Group 76. (2006). 

5  Sonke J-J, Zijp L, Remeijer P, van Herk M. Respiratory correlated cone beam CT. Med. 

Phys. 2005; 32(4): 1176 1186. 

6  Yan H, Zhen X, Folkerts M, et al. A hybrid reconstruction algorithm for fast and accurate 4D 

cone-beam CT imaging. Med. Phys. 2014; 41(7): 071903. 

7  Iramina H, Nakamura M, Iizuka Y, et al. The accuracy of extracted target motion trajectories 

in four-dimensional cone-beam computed tomography for lung cancer patients. Radiother. 

Oncol. 2016; 121(1): 46 51. 

8  Santoso AP, Song KH, Qin Y, et al. Evaluation of gantry speed on image quality and 

imaging dose for 4D cone-beam CT acquisition. Radiat. Oncol. 2016; 11(1): 98. 

9  Y.Yuasa, T.Shiinoki, K.Fujimoto, et al. Effect of gantry speed on accuracy of extracted 

target motion trajectories and image quality in 4D-CBCT: Phantom study. Biomed. Phys. 

Eng. Express 2017; 3(6). 

10  Chan MKH, Lee V, Chiang CL, et al. Lipiodol versus diaphragm in 4D-CBCT-guided 

stereotactic radiotherapy of hepatocellular carcinomas. Strahlentherapie und Onkol. 2016; 

192(2): 92 101. 

11  Li Q, Mu J, Gu W, et al. Frameless stereotactic body radiation therapy for multiple lung 

metastases. J. Appl. Clin. Med. Phys. 2014; 15(4): 105 116. 

12  Shimohigashi Y, Toya R, Saito T, et al. Tumor motion changes in stereotactic body 

radiotherapy for liver tumors: an evaluation based on four-dimensional cone-beam computed 

tomography and fiducial markers. Radiat. Oncol. 2017; 12(1): 61. 



13  Murphy MJ, Balter J, Balter S, et al. The management of imaging dose during image-guided 

radiotherapy: report of the AAPM Task Group 75. Med. Phys. 2007; 34(10): 4041 4063. 

14  T.Shiinoki, Onizuka R, Kawahara D, et al. Estimation of patient-specific imaging dose for 

real-time tumour monitoring in lung patients during respiratory-gated radiotherapy. Phys. 

Med. Biol. 2018; 63(6). 

15  Juneja P, Caillet V, Shaw T, Martland J, Booth JT. Kilovoltage intrafraction monitoring for 

real-time image guided adaptive radiotherapy reduces total dose for lung SABR. Radiother. 

Oncol. 2016; 121(1): 15 18. 

16  Kan MWK, Leung LHT, Wong W, Lam N. Radiation Dose From Cone Beam Computed 

Tomography for Image-Guided Radiation Therapy. Int. J. Radiat. Oncol. Biol. Phys. 2008; 

70(1): 272 279. 

17  Kim S, Yoshizumi T, Toncheva G, Yoo S, Yin FF, Frush D. Estimation of computed 

tomography dose index in cone beam computed tomography: Mosfet measurements and 

Monte Carlo simulations. Health Phys. 2010; 98(5): 683 691. 

18  Son K, Kim JS, Lee H, Cho S. Imaging dose of human organs from KV-CBCT in image-

guided radiation therapy. Radiat. Prot. Dosimetry 2017; 175(2): 194 200. 

19  Dzierma Y, Minko P, Ziegenhain F, et al. Abdominal imaging dose in radiology and 

radiotherapy  Phantom point dose measurements, effective dose and secondary cancer risk. 

Phys. Medica 2017; 43(May): 49 56. 

20  Kawrakow I. Accurate condensed history Monte Carlo simulation of electron transport. I. 

EGSnrc, the new EGS4 version. Med. Phys. 2000; 27(3): 485 498. 

21  Rogers DWO, Faddegon BA, Ding GX, Ma CM, We J, Mackie TR. BEAM: A Monte Carlo 

code to simulate radiotherapy treatment units. Med. Phys. 1995; 22(5): 503 524. 

22  Koch HW, Motz JW. Bremsstrahlung cross-section formulas and related data. Rev. Mod. 

Phys. 1959. 

23  Hubbel JH, Seltzer SM. Tables of X-Ray Mass Attenuation Coefficients and Mass Energy-

Absorption Coefficients (version 1.4). [Online] Available: https://www.nist.gov/pml/x-ray-

mass-attenuation-coefficients. Natl. Inst. Stand. Technol. Gaithersburg, MD 2004. 

24  ICRU. ICRU Report 44 - Tissue Substitutes in Radiation Dosimetry and Measurement 

(1988). 

25  Bush K, Gagne IM, Zavgorodni S, Ansbacher W, Beckham W. Dosimetric validation of 



Acuros® XB with Monte Carlo methods for photon dose calculations. Med. Phys. 2011; 

38(4): 2208 2221. 

26  Ding GX, Duggan DM, Coffey CW. Accurate patient dosimetry of kilovoltage cone-beam 

CT in radiation therapy. Med. Phys. 2008; 35(3): 1135 1144. 

27  Ma CM, Coffey CW, DeWerd LA, et al. AAPM protocol for 40-300 kV x-ray beam 

dosimetry in radiotherapy and radiobiology. Med. Phys. 2001; 28(6): 868 893. 

28  Walters BR, Kawrakow I, Rogers DW. DOSXYZnrc users manual NRCC Report PIRS-794. 

Natl. Res. Counc. Canada, Otawa 2006; 1 125. 

29  Wagner D, Vorwerk H. Treatment Couch Modeling in the Treatment Planning System 

Eclipse. 2011; 3(1): 7 12. 

30  Seppälä JKH, Kulmala JAJ. Increased beam attenuation and surface dose by different couch 

inserts of treatment tables used in megavoltage radiotherapy. J. Appl. Clin. Med. Phys. 2011; 

12(4): 15 23. 

31  Neumann M. DICOM - Current status and future developments for radiotherapy. Z. Med. 

Phys. 2002; 12(3): 171 176. 

32  ICRP. ICRP 103: The 2007 Recommendations of the International Commission on 

Radiological Protection. Ann. ICRP 2007; 37: 330. 

33  World Health Organization. Obesity (2000) preventing and managing the global epidemic. 

Report of a WHO Consultation. Geneva, Switzerland: World Health Organization. World 

Heal. Organ Tech Rep Ser. 2000; 894 (i xii: 1 253. 

34  Council NR. BEIR VII: Health Risks from Exposure to Low Levels of Ionizing Radiation: 

Report in Brief. Natl. Acad. 2006; (93): 93 96. 

35  Abuhaimed A, Martin CJ, Sankaralingam M. A Monte Carlo study of organ and effective 

doses of cone beam computed tomography (CBCT) scans in radiotherapy. J. Radiol. Prot. 

2018; 38(1): 61 80. 

36  Vergalasova I, Maurer J, Yin F, Vergalasova I, Maurer J, Yin F. Potential underestimation of 

the internal target volume ( ITV ) from free-breathing CBCT. 2013; i(2011). 

37  Marchant TE, Joshi KD. Comprehensive Monte Carlo study of patient doses from cone-beam 

CT imaging in radiotherapy. J. Radiol. Prot. 2017; 37(1): 13 30. 

38  Zhang Y, Wu H, Chen Z, et al. Concomitant Imaging Dose and Cancer Risk in Image 

Guided Thoracic Radiation Therapy. Int. J. Radiat. Oncol. Biol. Phys. 2015; 93(3): 523 531. 



39  Hwang YS, Tsai HY, Lin YY, Lui KW. Investigations of organ and effective doses of 

abdominal cone-beam computed tomography during transarterial chemoembolization using 

Monte Carlo simulation. BMC Med. Imaging 2018; 18(1): 1 8. 

40  Kim DW, Chung K, Chung WK, et al. Risk of secondary cancers from scattered radiation 

during intensity-modulated radiotherapies for hepatocellular carcinoma. Radiat. Oncol. 2014; 

9(1): 1 10. 

41  ICRP. Recommendations of the International Commission on Radiological Protection. ICRP 

Publication 26. Ann. ICRP 1977; 1(3): 2 3. 

42  ICRP. Recommendations of the International Commission on Radiological Protection. ICRP 

Publication 118. Ann. ICRP 2012; 41(1/2). 

43  

/ring artifact 

correction and multiple GPU implementation. Med. Phys. 2016; 41(11): 111912. 



1.

2.

3.

4.



5.

6.

7.

8.

1.

2.

3.



4.

5.

6.

7.

8.

9.

10.

11.



12.

13.

14.

15.

16.

17.

18.

19.



20.


