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DOSIMETRY METHODS AND TOOLS FOR LOW
DOSE RADIATION EPIDEMIOLOGY
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Type of radiation exposure

Medical
Exposure

Patients receiving FGIP* Occupational

Exposure

Physicians perfor

Environmental
Exposure

*FGIP: Fluoroscopically-guided
interventional procedures

ing FGIP



Type of radiation exposure

Medical
Exposure

Radiation techknologist receiving
chest x-ray as a patient

Occupational
Exposure

Radiation technologists working
ar nuclear medicine patients

Environmental
Exposure

*FGIP: Fluoroscopically-guided
interventional procedures



Type of radiation exposure

Medical
Exposure

Occupational
Exposure
Chernobyl clean-up workers

Environmental
Exposure

d in Chernobyl region

Populations who livé




Type of radiation exposure

Medical
Exposure

Occupational

Atomic bomb survivors receiving
Exposure

radiological exams

Environmental
Exposure

iroshima/Nagasa

 population
expased to the a i

omic bomb



Medical/occupational exposure Environmental exposure

e Planned and controlled

e Relatively well documented




Key consideration in dosimetry for epidemiology

ndividualized organ dose required
_arge size cohorts
Limited input for retrospective dose reconstruction

Dosimetric uncertainty
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Individualized organ dose required in epidemiology

Individualized W : W :
orean dose R Equivalent Dose T Effective
e Radiation (SV) Tissue i Dose (SV)
(Gy) Weighting Weighting
Factor Factor

* |CRP Publication 103 (2007)
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General dosimetry approach

Measurements Conversion Factors

Organ doses
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General dosimetry approach

Measurements

Medical: phantom measurement, dose records, literature
Occupational: film badge, literature, questionnaire
Environmental: survey meter, environment data, questionnaire
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General dosimetry approach

Conversion Factors

Computational human phantoms

Individualization: age, gender, body size, pregnancy
Monte Carlo radiation transport techniques
Computer software to automate conversion

14



NCI dosimetry system for Computed Tomography: NCICT

]
Age  Bodysize BEEIUEE Mother
Gestational Age

8 week 10 week

15 week 20 week

25 week 30 week

35 week @ 38 week
Scanner information
Manufacturer GE
Model 8800, 9000 Series

© Head filter Body filter

nCTDIw (mGy/100 mAs) 6.2
Tube potential (kVp) 120
Current x time (mAs) 100
Pitch 1
Total collimation (mm) 10
CTDlvol (mGy) 6.2
DLP (mGy-cm) 266.6
Effective diameter (cm) NA
SSDE (mGy) NA

Scan Coverage
Scan Start (cm)
42

Scan End (cm)
84

Scan Length (cm)
43

National Cancer Institute dosimetry system for CT Version 3.0 Build 20190524

Organ dose (mGy)

Predefined protocol
AP

el
v

Brain 2.2

Pituitary gland 1.73
Lens 2.09
Eye balls 1.97
Salivary glands 2.01
Oral cavity 1.99
Spinal cord 3.08
Thyroid 2.58
Esophagus 2.56
Trachea 2.32
Thymus 2.31
Lungs 2.95
Breast 2.4

Heart wall 2.79
Stomach wall 3.27
Liver 3.24
Gall bladder 3.03
Adrenals 3.19
Spleen 3.61
Pancreas 3.37
Kidney 3.58
Small intestine 3.3

Colon 3.33
Rectosigmoid 3.3

Urinary bladder 3.5

Prostate 3.17
Uterus 3.09
Testes 3.24
QOvaries 3.01
Skin 3.13
Muscle 2.79
Active marrow 7.62

Shallow marrow 7.62

Effective dose(mSv) 0O

*Lee et al. JRP (2015), **Lee et al. AJR (2017), ***Lee et al. RSNA (2019)

Experimental validation
Long et al. MP 2013
Dabin et al. PMB 2016

Giansante et al. JACMP 2019



NCI dosimetry system for Nuclear Medicine: NCINM

INPUT PANEL

NCI phantoms @ ICRP phantoms

Phantom Gender

o Male Female
Phantom Age
0-year 1-year 5-year
10-year  15-year @ Adult
o "SJ
Radionuclide ESEGIILERRERETTE
99mTc-ECD

Administered activity (MBq)
585

Administered activity (mCi)
15.81081

Villoing... Lee, BPEX (2020)

National Cancer Institute dosimetry system for Nuclear Medicine 2.0.20210301

Source region
Adipose

S value Residence
export? Time (h) Activity (MBg-s)

0

Cumulated

0

Adrenal L

Adrenal R

Adrenal RL

Blood Body

Blood Heart

Blood Body+Heart

Brain

.318e+5

Breast Adip+Gland

Breast Adipose

Breast Glandular

Bronchi

Colon L C

.844e+5

Colon L W

ColonR C

4118

.673e+5

ColonR W

Colon Rect C

1232

.595e+5

Colon Rect W

Cortical Bone Marrow

Cortical Bone Mineral

Esophagus Fast

ET2

Gall Bladder C

f (=] (=] (=] =] (=] [ S] (=]]] (=] (o] o] le] =] (=] (] =] =] (=] (=] (=] (=]

.001e+5

Gall Bladder W

Gonads

Heart Wall

Kidney L

Kidney L Cortex

Kidney L Medulla

Kidney L Pelvis

Kidney R

Kidney R Cortex

Kidney R Medulla

Kidney R Pelvis

Kidney RL

.738e+5

Lenses of Eye

Liver

.686e+5

Lung L

L~ D

Export S values (mGy/MBqg-s)

pll=]e](a](e] e} e} (a]e]a] o] e]o]e] o] (o) o] o] o] le] (o] (o] o] le] o] o] (o] o] (o] (o] (o] (o] (o] o] (o] o] (o] =]

Ell=] il (=] N [e] (=] (a]e] (=] =] (][] =] =] (=]

Initialize parameters

OUTPUT PANEL

Organ Organ DoseDose per administered

Target region Mass (g) (mGy) activity (mGy/MBq)
_Adipose 20471.11.917e+0 3.276e-3
Adrenal 14.13.075e+0 5.257e-3
Adrenal L 7.12.751e+0 4.703e-3
Adrenal R 7.13.409e+0 5.827e-3
Bronchi 66.3 | 4.585e+0 7.837e-3
Brain 1449.8 | 2.667e+0 4.56e-3
Breast adipose 15. | 7.275e-1 1.244e-3
Breast glandular 9.98 |1.334e+0 2.28e-3
Colon W 369.91]5.386e+0 9.207e-3
Colon W L 149.96 | 5.042e+0 8.618e-3
Colon WR 149.96 | 5.644e+0 9.648e-3
ET 39.44 |3.783e+0 6.467e-3
Gall bladder W 13.92 [ 1.094e+1 1.87e-2
Gonads 35./8.976e-1 1.534e-3
Heart W 329.94 |1.337e+0 2.285e-3
Kidney 309.98 |5.349e+0 9.143e-3
Kidney R 157.15.567e+0 9.516e-3
Kidney L 152.98 |15.131e+0 8.771e-3
Kidney cortex L 107.1| 5.051e+0 8.634e-3
Kidney cortex R 109.9 | 5.48e+0 9.367e-3
Kidney medulla L 38.25)5.287e+0 9.037e-3
Kidney medulla R 39.24 15.713e+0 9.767e-3
Kidney pelvis L 7.63|5.471e+0 9.352e-3
Kidney pelvis R 7.866.046e+0 1.034e-2
Lenses of eye 0.3814.469e-1 7.639%e-4
Liver 1799.8 | 3.793e+0 6.484e-3
Lung 1200.6 | 1.321e+0 2.258e-3
Lung L 553.25|1.297e+0 2.218e-3
Lung R 647.37 |1.34e+0 2.29e-3
Lymph nodes ET 2.26|9.074e-2 1.5657e-4
Lymph nodes but ET&Th 129.3]12.328e+0 3.979%e-3
Lymph nodes thoracic 6.4]4.098e-1 7.004e-4
Muscle 28996. | 6.904e-1 1.18e-3
Nasal passage Ant 11.03 | 2.52e+0 4.308e-3
Masal passage Post+pharynx 28.41)| 3.183e+0 5.441e-3
Qesophagus 40.11.198e+0 2.049e-3
Oral mucosa 35.83]1.295e+1 2.214e-2

Effective dose ICRP60 (mSv) 6.902e+0
Effective dose ICRP103 (mSv) 7.23e+0



NCI dosimetry system for Radiography and Fluoroscopy: NCIRF

@ @ National Cancer Institute dosimetry system for Radiography and Fluoroscopy Build 20210118
Phantom Age Top View with PPA Lateral View with PSA Frontal View Organs Dose (mGy) Error (%)
jo—r — ]
0-year 1-year 5-year { T \ \ Brain 1.977e-3 | 61.59
- Pituitary gland 0.e+0 0.
10-year 15-year OAduIt Lens 0.e40 0.
Evye balls 6.678e-3[100.
Phantom Gender Salivary glands 5.489e-2|37.52
Oral cavity 1.183e-1_[100.
Mal F I
O male emale Spinal cord 1.247e+1 216
Thyroid 1.834e-1 [43.4
Phantom Body Size : Esophagus 1.064e+1|3.55
) Trachea 1.632e+0]19.15
Height (cm) 177 . Thymus 2.748e+0]9.36
Weight (kg) 73 ‘ . ) Lungs 2.074e+1)0.79
' Breast 9.308e-1[9.96
. Heart wall 1.572e+1 (1.48
- _ w Stomach wall 8.07e-1_|8.98
X-ray Beam Data E—— ' Liver 2.962e+0[ 2.5
- =
Energy (kVp), HVL (mm) 050,1.89 l } ﬁ:'r'ea':lgder 2‘222911 gggg
Predefined b directi L= -
- redetined beam direction = / Spleen 1.356e+0]10.34
Source-Origin Distance (cm) 80 " LAO 25 n |' i Pancreas 9.457e-2 | 27.07
. . r -, . | | Kidney 1.998e-1 | 16.56
Rl e e (G R v Positioner Primary Angle H Small intestine 2.841e-2 | 21.06
Field Height at Isocenter (cm] 20 : 25 C  (-180to 180) ! 3 Colon 4.453e-2]25.41
. . , Rectosigmoid 7177e-4 |100.
Physical Measurement Positioner Secondary Angle | l'-} Urinary bladder 6.802e-3|100.
DAP (Gy-cm2) 100 0 Z  (-45 to 45) ! 3 Prostate/Uterus 0.e+0 0.
Gonads 0.e+0 0.
Monte Carlo parameters Iso-Center X (cm) 21.3 < - ' Skin 1.194e+1 | 0.24
_ \ e BT - / ] Muscle 9.265¢+0[0.28
Particle Histor 1000000 - : v . 3 Active marrow 6.762e+0|6.26
y ‘ | Z (cm) 133.8 o ‘—- Shallow marrow 3.479e+0|5.22
Save setup Load setup Calculate Organ Dose Effective dose(mSv)} 4.483e+0} 27.19

Borrego ... Lee et al. (in preparation) 17



Batch calculation for large cohorts

Patient ID, scan start, scan end, phantom_group,

height, weight, kVp, TCM strength, filter, make, model,

mas, pitch, collimation

oK )

ncict_input

,1,085,010,12

N
59
LU

,085,010,120,
, 150,
60, 080 12

9,0,1
2 9,0,1
3 9,0,1
4,1 9,0,1
1,085,010,120,0,1,
2,085,010,120,0,1
3,1 9,0,1
4,1 9,0,1
1,0 9,0,1

50,040,12
60,080,12
85,010,12
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Gﬁ NNOSONNGS
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1
2
3
4
5,
6
7
8
9,

hJ OO NNOON hJ
oo WO WO
NMNUNNNUNN

r¥r
10,20,32,2,085,010,120,0,
11,22,36,3,150,040,120,0,
12,22,36,4,160,080,120,0

e
O Wwo -

® ncict_console — -sh — 71x38

NCI-82090013-M:ncict_console leechoonsik$ ./ncict_console
1,6.2,6.788885,0.114,0.124,0.072,0.087,0.623,0.423,3.019,5.119,4.663, 4.
164,6.083,6.633,5.292,6.724,2.442,2.963,0.787,4.424,3.64,0.573,0.942,0.
2,0.194,0.065,0.054,0.,0.052,0.,0.069,1.193,0.137,1.918,2.473,2.745
2,6.2,6.631727,0.109,0.126,0.067,0.085,0.648,0.428,2.944,5.009,4.563, 4.
142,6.016,6.567,5.918,6.644,2.289,2.761,0.759,4.078,3.262,0.534,0.877,0
.186,0.18,0.06,0.85,0.031,0.,0.016,0.,1.174,08.137,1.88,2.427,2.757
3,3.5,2.77538,0.054,0.046,0.028,0.031,0.286,0.364,0.875,4.025,1.453,2.5
37,2.648,1.39,0.138,0.862,0.06,0.092,0.052,0.069,0.07,0.033,0.034,0.009
,0.006,0.002,0.001,0.,0.002,0.,0.002,0.296,0.019,0.529,0.586,0.526
4,6.2,4.209786,0.092,0.065,0.067,0.06,0.568,1.261,1.263,6.11,1.855,3.62
,3.324,1.341,0.115,0.82,0.062,0.881,0.044,0.07,0.067,0.029,0.031,0.008,
0.007,0.001,0.001,0.001,0.,0.001,0.,0.408,0.026,0.585,0.567,0.64
5,6.2,6.788885,0.114,0.124,0.072,0.087,0.623,0.423,3.019,5.119,4.663,4.
164,6.083,6.633,5.292,6.724,2.442,2.963,0.787,4.424,3.64,0.573,0.942,0.
2,0.194,0.065,0.054,0.,0.052,0.,0.869,1.193,08.137,1.918,2.473,2.745
6,6.2,6.631727,0.109,0.126,0.067,0.085,08.648,0.428,2.944,5.009,4.563, 4.
142,6.016,6.567,5.918,6.644,2.289,2.761,0.759,4.078,3.262,0.534,0.877,0
.186,0.18,0.06,0.05,0.031,90.,0.016,0.,1.174,0.137,1.88,2.427,2.757
7,3.5,2.77538,0.054,0.046,0.028,0.031,0.286,0.364,0.875,4.025,1.453,2.5
37,2.648,1.39,0.138,0.862,0.06,0.092,0.852,0.069,0.07,0.033,0.034,0.009
,0.006,0.002,0.001,0.,0.002,0.,0.002,0.296,0.019,0.529,0.586,0.526
8,6.2,4.209786,0.092,0.065,0.067,0.06,0.568,1.261,1.263,6.11,1.855,3.62
13.324,1.341,0.115,0.82,0.062,0.081,0.044,0.07,0.067,0.029,0.031,0.008,
9.007,0.001,0.001,0.001,0.,0.001,0.,0.408,0.026,0.585,0.567,0.64
9,6.2,6.788885,0.114,0.124,0.872,0.087,08.623,0.423,3.019,5.119,4.663, 4.
164,6.083,6.633,5.292,6.724,2.442,2.963,0.787,4.424,3.64,0.573,0.942,0.
2,0.194,0.065,0.054,0.,0.052,0.,0.069,1.193,0.137,1.918,2.473,2.745
10,6.2,6.631727,0.109,0.126,0.067,0.085,0.648,0.428,2.944,5,009,4.563,4
.142,6.916,6.567,5.918,6.644,2.289,2.761,0.759,4.078,3.262,0.534,0.877,
9.186,0.18,0.06,0.05,0.031,0.,0.816,0.,1.174,0.137,1.88,2.427,2.757
11,3.5,2.77538,0.0854,0.046,0.028,0.031,0.286,0.364,0.875,4.025,1.453,2.
537,2.648,1.39,0.138,0.862,0.06,0.892,0.052,0.069,0.07,0.033,0.034,0.00
9,0.006,0.002,0.001,0.,0.002,0.,0.002,0.296,0.019,0.529,0.586,0.526
12,6.2,4.209786,0.092,0.065,0.067,0.06,0.568,1.261,1.263,6.11,1.855,3.6
2,3.324,1.341,0.115,0.82,0.062,0.081,0.044,0.07,0.067,0.029,0.831,0.008
,0.007,0.001,0.001,0.001,0.,0.001,0.,0.408,0.026,08.585,0.567,0.64
NCI-082090013-M:ncict_console leechoonsik$
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Dose conversion methods for occupational exposure

Dose conversion factors
— ICRP Publication 116: conversion factors for external exposures
— Body size-dependent dose conversion factors (Chang et al. 2018)
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Dose conversion methods for environmental exposure

e Dose conversion factors

— ICRP Publication 95: Doses to infants from ingestion of radionuclides in mother’s milk

— ICRP Publication 144: dose coefficients for external exposures to environmental sources

Fig. B.2. Geometric model of the lactating breast. The duct network is not shown.

Environmental field calculation Organ dose calculation

» 1

Semi-sphere: Radius =50 m, Coupling cylinder:
Radius = 5.0 MFP, Soil thickness=1m diameter =0.6 m,
Soil thickness=1m height=2m

20



Flowchart for RADRUE, organ dose calculation
code for Chernobyl liquidators (Kryuchkov, 2009)
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LIMITATIONS/OPPORTUNITIES IN DOSIMETRY
FOR EPIDEMIOLOGY



Limitation Opportunities

Organ models Difficult to pinpoint substructure in risk Develop detailed organ models in
analysis using organ average dose phantoms

Dosimetry methods  Dosimetry methods not well established Develop dosimetry methods for

for emerging medical exposures emerging medical exposures
Uncertainty Dose uncertainty difficult to quantify and  Develop methods to quantify
implement into risk analysis uncertainty and implement into risk

analysis

23



Improving organ models for detailed dosimetry 1/2

Left Atrium
Mitral Valve
“ Aorhc Valve Left Main Coronary
Artery
' - Left Circumflex
Right Atrium Artery
Pulmonary Valve
Left Anterior
Descending Artery
Right Coronary
- Art:erv Left Ventricle
Right Ventricle

Detailed heart models used for National Wilms Tumor
Study cohort dosimetry (Lee et al. in preparation)

White matter
Lens

Cerebrospinal Fluid
Eye balls
Gray matter
Air cavity
Cerebellum
Bone

Blood
Cartilage

Detailed brain model used for nuclear medicine
dosimetry (Villoing et al. 2020)
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Improving organ models for detailed dosimetry 2/2

v

Target region
Depth: 60-100 um,
Thickness: 40 um

Source region
—

300 pm| Retention
—_—

Contents

Fig. 5.2. Alimentary tract organs (left) of the male mesh phantom and the enlarged view
(right) of the stomach, including the target and source regions.

Detailed ICRP mesh phantoms (ICRP Publication 145, 2020)
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Areas of exposures where dosimetry methods
not well established for epidemiology

e Medical
— Scattered radiation dose to out-of-field region in emerging radiotherapy
— Imaging dose in radiotherapy
— Individualized dosimetry for nuclear medicine patients
— Patient’s dose in interventional fluoroscopy

 Occupational
— Staff dose in interventional fluoroscopy
— Staff dose in nuclear medicine procedures



Uncertainty quantification and
implementation into risk analysis

e |tisimportant:
— to identify factors contributing uncertainty
— to quantify dosimetric uncertainties, and
— to implement them into risk analysis



2-Dimensional Monte Carlo
method to calculation
multiple doses
incorporating uncertainty
and variability

*Simon et al. Radiation Research 183:27-41 (2015)

Trial 1 to N (shared uncertainty captured)

U, U,, Us, ..., Uysampled from ‘ h

Vy, V,, Vs, ..., Vyysampled from

uv,, UV,, UV;, ..., UV,,sampled from
«— Shared Uncertainty —

Unshared Uncertainty

.

<

3

r

Trial 1
V,;-U;-UV,
V,-U;-UV,
V5-U;-UV;
V,-U;-uv,

Trial 1
V,-U,-UV,
Vz'Uz'UVZ
V5:U, UV,
V,-U,-UV,

Trial 1
V,-Us-UV,
Vz'Ug'UVz
Vs-Us-UV;,
V,-Us UV,

ViU UV VarUsr UV VigeUs UV,

A cemnearom L

Realization 1 to M (unshared uncertainty captured)

A

A

L

Trial N
V;-Uy UV,
V,-Uy-UV,
V;-Up-UV,
V,-Uy-UV,

Viy-Up-UVy

28



Views on research priorities in dosimetry for epidemiology

Limitation Opportunities

Organ models Develop detailed organ models in
phantoms
Dosimetry methods Develop dosimetry methods for

emerging medical exposures

Uncertainty Develop methods to quantify
uncertainty and implement into risk
analysis

29
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