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Part lll.
DOSIMETRY: The Basics



Dosimetry is not a basic science, but is simply applied
physics.

The primary goal of radiation dosimetry is a quantitative
estimation of the absorbed energy in tissue, with an emphasis
on the organ average dose.

To make estimates of radiation dose, one needs to understand
the processes by which radiation interacts with tissue as it
those interactions that result in the transfer of energy to the

tissue.



What did we learn from the discussion on interactions of
radiation with matter?

There are several different types of interactions, but all result in
either releases of electrons or photons.

Because not all of the energy from an incident particle or photon is
absorbed in a single interaction, radiation exposure causes a
cascade of events before all of the incident energy is absorbed.

Example:
Suppose 1 Mev photons are incident on carbon (as a
simulation of tissue). Let’s see what happens inside the
material from the exposure.

—



20 cm radius target, 30 cm deep
Photons and electrons calculated by SLAC EGS code.




20 cm radius target, 30 cm deep
Photons and electrons calculated by SLAC EGS code.

Scattered photons



20 cm radius target, 30 cm deep
Photons and electrons calculated by SLAC EGS code.

Scattered photons Electrons produced



Interactions are random on a micro-scale
but result in a predictable average ionization

15t 100 photons 2nd 100 photons



Radiation Dose Quantities and Units

Three physical quantities are basic to radiation dosimetry of photons:
e exposure,
e kerma, and
e absorbed dose.

The conventional units (used in the U.S.) for these quantities were:

e Roentgen (R) for exposure (amount of ionizing x-ray exposure that
would liberate 1 electrostatic unit of negative or positive charge per
cm?3 of air)

e rad for kerma and absorbed dose (where 100 erg/g = 1 rad)

The International System of Units (SI) uses:
* Coulomb per kilogram (C/kg) for exposure (2.58 x 10-4 C/kg =1 R) and
*Joule per kilogram for kerma and absorbed dose (1 Gy =1 J/kg)

The special name for the joule per kilogram is the Gray.
"The Sl system has no special name for units of exposure.



Exposure

(the technical definition in radiation dosimetry, not the dictionary meaning)

The ‘exposure’ X is defined as the absolute value of the total charge of one sign
produced in air within a small volume of air as a result of ionization of the air.

Note that ‘exposure’ is a sometimes useful and is reported in many historical
publications, but is now seldom used.

Units: Roentgen (conventional

units) or C/kg (coulomb per — 55 se/:o;"ve on
[ ' ' 2
kilogram of air, SI units). =
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Figure VII-2. Diagram illustrating the ionization produced in air by an x-ray beam.
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KERMA

The ‘kerma’ ( ‘kinetic energy released in medium’) K is defined as:

K =(dE,,/dm)

where dE, is the sum of the initial kinetic energies of the charged particles
liberated by the photons (photons are often called ‘indirectly ionizing

particles, whereas, electrons are called ‘directly ionizing’ particles) in the
volume element.

Units: joule/kg (S| with special name Gray), erg/gm (conventional with special
name rad)

Kerma is closely related, but not exactly

the same as absorbed dose
—
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Fundamental to understanding ‘absorbed dose’ is the
concept of the ‘energy imparted’, &, within a volume:

&= Rin - Rout +m

where,

R., is the incident energy on the volume, i.e., the sum of the energies
(including ‘rest energies’) of the charged and uncharged ionizing
particles that enter the volume,

R..t IS the energy emerging from the volume, i.e., the sum of the
energies (including ‘rest energies’) of the charged and uncharged
ionizing particles that leave the volume,

2.Q is the sum of the all changes of the rest mass energy of the nuclei
and particles in any interactions which occur in the volume.
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The absorbed dose D is:
D= kl E
dm

Note: The coefficient k; has the value of 1.0 for S| absorbed dose units
(joule/kg with the special name of Gray [Gy]) and a value of 100 for
conventional dose units (ergs/gram with the special name of rad).
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In essence, radiation
dose is the quantity of
energy absorbed per

~ D\unit mass of tissue

DILBERTC@

that....
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For small volumes, there is statistical variation of the absorbed dose

since the likelihood of interaction per unit distance is characterized
by a probability.

The random variation of absorbed dose as a function of
volume is shown here.

Fim =

When averaged over the mass of an organ, the ‘organ absorbed dose’ is
probably the most useful measure of radiation dose for epidemiologic

studies.
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While the energy absorbed per unit mass defines ‘absorbed
dose’ on a macroscopic scale, it may not properly define the
spatial pattern of absorbed energy delivered on the
microscopic level.

Q: Does the deposition of energy on a micro-scale differ
according to radiation type?

(Remember ...the Coulomb interaction differs for particles of
different charges)

Q: How might we specify how the energy is deposited on a
micro-scale?

18



Radiobiology and, to some extent, dosimetry, considers the
linear rate of transfer of energy to the irradiation medium (e.g.,
tissue).

The quantity, LET, i.e., “linear energy transfer”, captures this
concept.

Note: The rate of transfer of energy over the same path can differ
for photons and charged particles and this has implications for
the degree of local damage caused by the radiation.

-
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LET means linear energy transfer rate.

Example of “low” LET radiation damage
for photons and electrons, ~0.25 keV
enerqy lost per micron

LET~0.25 keV

Low likelihood of double strand DNA
breakage

Example of “high” LET radiation damage
for alpha particles, ~250 keV energy lost
per micron

LET~250 keV

Higher likelihood of double strand breakage
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Reminder: Absorbed dose (Gy) considers only the energy absorbed
In the irradiation medium.

An additional metric of dose, the Equivalent dose (Sv), accounts for the
LET relative to photons by a multiplicative radiation weighting factor, Wx,.

Equivalent dose may have use in radiation epidemiology though the
occasions will be few.

An additional metric of dose, the Effective Dose (also with units of Sv)
IS a radiation protection quantity, normally without value in radiation
epidemiology* since it approximately accounts for the radiation sensitivity
of individual tissues (with a multiplicative factor W-). Determination of
tissue sensitivity is one of the primary objectives of radiation
epidemiology to determine.

* may be used for approximate projection of total fatal cancers based on
published risk coefficient (averaged over population).
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Absorbed dose (Gy) considers only the energy absorbed in the
irradiation medium while Equivalent Dose (Sv) accounts for

differences in LET. These metrics of dose are the most useful for
epidemiology.

Effective Dose (Sv) accounts for approximate differences in tissue
sensitivity for radiation protection (regulatory) purposes.

Absorbed Wp Equivalent Wr Effective
Dose (Gy) Radiztion  Dose (Sv) Tissue  Dose (Sv)
Weighting Weighting
Factor Factor
H.=> w,D,, E= Zw?‘ Hr
R T

Kerma (Gy)
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Equivalent Dose accounts for differences in LET and is sometimes
of value in epidemiology.

Recommended radiation weighting factors.

Radiation type Radiation weighting
factor, wr

Photons

Electrons® and muons

Protons and charged pions

Alpha particles, fission frag-

ments, heavy 1ons

Neutrons A continuous function
of neutron energy

v I R
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Effective Dose accounts for approximate differences in tissue

sensitivity for radiation protection (regulatory) purposes and has
little use in epidemiology.

NOTE:
Weighting
factors
have
changed
over time
and can
lead to
confusion
about the
meaning of
published
“doses.”

ORGAN ICRP 26 | ICRP 60 | ICRP 103
Bone marrow (red) 0.12 0.12 0.12
Colon - 0.12 0.12
Lung 0.12 0.12 0.12
Stomach - 0.12 0.12
Breast 0.15 0.05 0.12
Gonads 0.25 0.20 0.08
Bladder - 0.05 0.04
Esophagus - 0.05 0.04
Liver - 0.05 0.04
Thyroid 0.03 0.05 0.04
Bone Surface 0.03 0.01 0.01
1977 1991 2007
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Let’s move now from theory to practice...
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What aspects of radiation exposure are of direct relevance to
radiation dosimetry and to radiation epidemiology?

1) Specifics about the radiation
a) Type of radiation
b) Energy of radiation

2) Specifics about the exposure conditions
a) Internal or external exposure
b) Geometry of exposure conditions
c) Partof the body exposed
d) Length of time of exposure
e) Rate of exposure
f)  Total exposure

3) Specifics about the person(s) exposed
a) Age, gender, body mass index, health status, etc.



Effect of increasing energy on organ dose per unit of air dose — example
of anterior irradiation geometry for medical x-rays and some
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INTERNAL RADIATION DOSE is a more complex subject because
it also depends greatly on:

e Specific Radionuclide

e Type of radiation emitted

e Half-life

e Energy of radiation

e Chemical form of radionuclide

e Chemical and temporal behavior of nuclide in body (residence time in the
body and accumulation in organs) , i.e., biokinetics

e Specifics about the exposed individual (age, health status), etc.
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EXAMPLE: lodine-131

The general equation to determine the dose following an accidental
intake or following an oral medical administration of 13| is:

D:T Af, f, R(t) @
0

M. (a) [%:Yi E, AR (T «S,a)]dt

where,

A is the activity intake (or the administered activity of 13| (Bq),

f, is the fraction of the iodine intake that is transferred to blood (generally assumed to be
close to 100%)

f, is the fraction of the iodine intake that is absorbed by the thyroid (the rest is excreted
primarily through urine),

R(t) is the fraction of the amount that enters the thyroid that is retained at any time, t,

Y, is the fractional yield of radiation type i, per nuclear transformation,

E, is the energy released per decay (~0.19 MeV B and ~0.36 MeV y per nuclear
transformation).

AF,(T<«S,a) is the fraction of the energy emitted in the source organ S that is absorbed, in
the target organ T, and is a function of age, a,

M, (a) is the mass of the thyroid in this case) and is a function of age, a
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Simplified internal dosimetry equation incorporates all
of previous factors.

'

D=AS

Dose = Time integral of decays in organ of interest x S factor

Equation is converliently separated into components of biology
(biokinetics, i.e., 4 ) and physics (dosimetric factors, S)
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Lets compare the magnitude of energy used in radiation physics
and dosimetry with other things in life.

* Photons of visible light have energies of ~¥1.6 to 3 eV

* |t takes about 34 eV to create ionize a single atom of air.

e X-rays have energies from about 1,000 eV to a few 100,000 eV.
* lodine-131 has a prominent gamma ray emission of 364,000 eV

e Many radionuclides have gamma ray emissions with energy ~ 1,000,000 eV
(1 MeV or 10° ev)

e 1012 eV is about the kinetic energy of a flying mosquito

* 6 x 10%2° eV of energy is needed to power a 100 watt light bulb for one second
* One joule (J) =6 x 108 eV = 6 x 102> MeV

e One Gray (radiation dose) is 1 joule of energy absorbed in 1 kg of material

31



COMPARISON (continued)
Assume that a fatal acute dose 70 kg adult is 10 Gy (= 10 J/kg) -> 700 J is
transferred.

How much is 700 J in other terms?

*The energy of sunlight received on 1 square meter in bright daylight in
7/10 of a second.

*The metabolic energy derived from digestion of about 5 mg of
carbohydrate, e.g., rice (typical serving is 200 g)

Other Comparisons:

*The chemical energy in a barrel of oil is equal to 8.5 million “doses” of
700 J each.

°The energy released by the Hiroshima atomic bomb is equal to about
8.8 x10° “doses” of 700 J each - fatal doses to the population of about
13 planet earths (with today’ s population of 6.8 billion people).
Of course, most energy was released as heat.
32



COMPARISON (continued)
So...what’ s the difference between transferring heat to a person and

giving a radiation dose...they are both energy transfer??

OK, Now |

] . understand
The latter energy transfer is by i dosimetry.
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Part IV.
Sources of Radiation Exposure
(very short version !)

e Common sources of exposure

Comparison of categories of radiation sources

e Environment (natural sources)

e Medical practice (diagnostic and therapeutic procedures)

Not discussed here due to lack of time are doses from:

e Occupations (industrial practices)
e Consumer products
e Accidental exposures and releases
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Comparison of Doses from Common Radiation Sources

Raden in averaga horma

2 mSvlyr

Diagnostic radiology

0.5 mSvlyr

Mammogram

0.3 mSv/procedure

Cosmic radicactivity

0.27 mSvlyr

Chast x-ray

0.04 mSv

http://www.epa.gov/radiation/understand/perspective.html

Gastralnbastinal sarlas

14 mSv

Cosmic radiation living
in Danvar

0.5 mSv/yr

Matural radicactivity
inthe bady

0.4 mSv/yr

Terrastrial radlcactivity

0.28 mSv/yr

.F.' " - -
Srl  Cosmic radiation living
g at saa level

0.24 mSvlyr

Living near a nuclear
pawar station

<0 .01 mSv/yr
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Collective dose in U.S. (2006): 1.9 M

Space
(background) person-Sv.
Internal (5 %) o .
‘b““{*gﬂggr”d’ Individual effective dose: 6.2 mSv
Tovestisl 70 ) (including medical exposure).
(background)

(3 %)

Radon & thoron
(background) (37 %)

Computed tomography
{medical) (24 %)

Industrial {<0.1 %)
Occupational (<0.1 %)
™~ Consumer (2 %)

Conwentional radiography / fluocroscopy
(medical) (5 %)

Muclear medicine

(medical) (12 %) Interventional fluoroscopy

(medical) (7 %)

NCRP Report 160, 2009 36



Radiation Exposure in Medicine: Doses from
procedures vary widely. The inevitable radiation
exposure with medical procedures is usually
considered as part of the cost to receive that

benefit. " e

Most procedures
give doses on the
order of a few mSuv.

Complete Exams

Effective Dose
mSv (mrem)’

Intravenous Pyelogram (kidneys, 6 films) 2.5 (250)
Barium Swallow (24 images, 106 sec. fluoroscopy) 1.5 (150)
Barium Enema (10 images, 137 sec. fluoroscopy) 7.0 (700)
CT Head 2.0 (200)
CT Chest 8.0 (80O)
CT Abdomen 10.0 (1,000)
CT Pelvis 10.0 (1,000)

Angioplasty (heart study)

7.5 (750) - 57.0 (5,700)°

Coronary Angiogram

4.6 (460) - 15.8 (1,580)°
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Background radiation exposure.
Individual average dose: 3.1 mSv

Radon-222
(68 %)

Other (<0.01 %)

Thorium & uranium sefies
(4 %)

Potassium-40
{5 %)

\ . Radon-220

1I'|

=" Terrestrial
(7 %)

Space
(11 %)

NCRP Report 160, 2009
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Sources of Background Radiation Exposure

GENERALIZED GEOLOG OF THE UNITED STATES
b

mSv/yr

Terrestrial Gamma-Ray Exposure at 1m above ground

Potassium Concentrations
Source of data: US. G gical Survey Digital Data Series DDS-9, 1993

Source: USGS and Geological Survey of Canada

Source of data: U.S. Geological Survey Digital Data Series DDS-9, 1993
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Ambient dose equivalent rate / pSvih

Cosmic ray dose is higher at greater altitudes
and in polar regions for any given altitude.

15
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Cosmic ray dose increases with elevation or altitude and with time
spent at high altitudes, e.g., when flying internationally.

15
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THE END/S NEAR




PART V.
Dosimetry to Epidemiology

- Completing the Circle -
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Up to this point, we’ve discussed dosimetry on a theoretical

level, emphasizing the processes leading to the release and
absorption of energy.

However, dosimetry, for the purposes of epidemiologic

studies, depends primarily on applying the following
principles.
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Applied Dosimetry can be loosely subdivided into:

e “Internal Dosimetry” where the energy delivered to tissue from
sources within the body, e.g., radionuclides, and

e “External Dosimetry” where the energy delivered to tissue
originates from sources of radiation outside the body.

Though there are different
techniques used in internal

and external dosimetry, the

principles of physics remain

the same.

Radipactive material
carmied by wind

el
g

Direct
2 tion \. i Rain washing material

r Inhalation  out of plume

Contamlnaﬂon of food

Direct radiation
from contamination | I I
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Almost all of the differences in medical, occupational,
and environmental dosimetry can be attributed to:

e Differences in the sources of the radiation, and

e Whether the amount received by individuals was controlled, as in
medical exposures,

e Whether exposure was received with moderate control but with
some monitoring (typical of occupational exposures), or

e Exposure was received with no control and no monitoring on the
individual level (typical of environmental exposures).

The major technical challenge of dosimetry for epidemiologic
purposes is not in applying the physics of radiation interactions
(something already well understood), but in determining how the
exposure was received and how much radiation a person was
exposed to.
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Dosimetry for purposes of epidemiologic studies requires not
only the concepts of physics, but also chemistry, anatomy,
physiology, diet and nutrition, behavior and lifestyle,
environmental science and ecology.

Dosimetry Physics + Exposure Assessment = Dose Assessment

To Reiterate: Because most dosimetry calculations conducted for
epidemiologic studies are retrospective (i.e., doses were
received in the past), most of the difficulties are associated with
determining the specifics of past exposure conditions and not
the application of the physical principles.
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Relative Difficulty and Uncertainty in Reconstructing Radiation
Doses

Relatively easy (exposure conditions are known):

e Medical x-ray procedures (therapeutic and diagnostic)
e Medical external beam radiation therapy

More difficult and uncertain

* Internal medical radioisotope procedures for past decades.
e Occupational dose for medical radiation workers

Still more difficult and uncertain:

e Occupational doses for industrial situations, particularly for poorly
monitored working conditions
e Nuclear fallout related external doses

Substantially difficult and uncertain:

e Occupational doses for industrial situations, without radiation
monitoring data

e Accident and nuclear fallout related internal doses

e Any situation without an adequate description of the source of
radiation (energy and geometry) and the exposure conditions.
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Closing Remarks for Epidemiologists

There are a variety of ‘types’ of doses used in past literature and in
past and present radiation protection, including:

—shallow dose,

—deep dose,

—deep equivalent dose,
—absorbed dose,

—dose equivalent,
—equivalent dose,
—effective dose,

—effective dose equivalent,
—committed dose,
—committed effective dose,
—committed effective dose equivalent, etc.
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Having worked in radiation epidemiology, my advice is...

e Be wary of the many dose-related terms and dose estimates available in
historical literature, particularly if the explanation about the origin of the
estimates is not provide or unclear.

e Understand that:

e Some dose estimates serve purposes that are probably not of
interest to you, such as for establishing compliance in radiation
protection activities, etc.

e Some dose estimates may have been calculated by methods,
models, or with definitions that are no longer in use or accepted.

e Doses may be averages over multiple organs or weighted by factors
unknown to you or are irrelevant to you.

e Dose estimates other than organ absorbed dose will likely not be what is
needed for your research purposes.

e Stick with Gy (or rad) in epidemiology, and possibly equivalent dose,
though the applications for it will be few.
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My advice (con’t.) is...

e When collaborating with other scientists who might not appreciate the
requirements of epidemiology, seek clarification on exactly what kind
of dose is being provided.

e Finally, ask for legitimate statements of uncertainty (or conversely, the

precision) of dose estimates and never assume that doses are known
with absolute (or even high) certainty.
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Part VI.

Where can you go for reliable information on
dosimetry, dose estimation, dose limitation
guidelines, etc. ?

https://www.cartoonstock.com/
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(1) EPA (e.g., Federal Guidance, Dose Coefficients, Limiting Values
of Exposure)

U.S. Environmental FProtection Agency

Federal Guidance
Recert Additions | Contact Us | Print “ersion  Search: I EEI

EPA& Home = Radiation = Programs = Federal Guidance = Federal Guidance Technical Reports

Radiation Home ey s Infarmation Topics Wisitars'Center Site Map

Programs Home

Technical Reports

Federal Guidance Home

g, o
¥ pegpls & WS

Technical Reports

Recommendations |

Federal Guidance
Recent Additions | Contact Us | Print Version  Search: I E

EPA Home = Radigtion = Federal Guidance

http://www.epa.gov/radiation/
federal/

Radistion Home  Mews  Information  Topics Yizitors'Center

Programs Home

Guidance Documents
Federal Guidance Home

Technical Reports Technical Reports (including FGR 11, 12 and 13
Recommendations summaries of current scientific and technical infarmatior
assessment
Recommendations (zsighed by the President)
principles and policies for radiation protection

About Federal Guidance

Federal Guidance Information

About Federal Guidance
general information about the basis for federal giBdbince




(2) NCl website for links to useful organizations:
http://dceg.cancer.gov/reb/tools/useful-links

Radiation Epidemiology Branch

Understanding the link between radiation exposure and cancer

Radiation Epidemiology Tools & Resources [ Useful Links

Tools & Resources

Useful Links
ICEP: International Commission on Badiological Protection

MIAID: Medical Countermeasures Against BEadiclogical and Muclear Threats
HR&:. Health Protection Agency (L)
[AEA International Afomic Energy Adency

ICEL International Commission on Badiation Units and Measurerments

International Agency for Fesearch on Cancer

International Commission on Mon-lonizing Badiation Protection
MNESH: Muclear and Fadiation Studies Board
NCREP: Mational Council on Radiation Protection and Measurements

FERF Fublications: Radiation Effects Fesearch Foundation
LRNSCEAR: United Mations Scientific Cammittee on the Effects of Atomic Radiation
WWHOD, lonizing Fadiation Section: World Health Organization

FRadiation Research Society

Health Physics Society

The Fadiation Information MNetwork

Late Health Effects of lonizing Radiafion Conference Mayw 4-6 20039

55



(3) Applications of Dosimetry to Epidemiology — Radiation
Research (July, 2006)

nal Cancer Institute

LL.5. National Institutes of Health | www.can

Contack DCEG Siternap

ION OF CANCER EPIDEMICLOGY & GEMNETICS
ion Epidemiology Branch

Search DCEG

\r

Radiation
Research

An International Journal

ut the Branch Fellowships Publications Research Tools & Resources

'k to DCEG Main Site

Radiation Epidemiology Branch

i Radistion Exposures Understanding the link between radiation exposure and cancer

B el . Er R TIPSR

P —") ion Dosimetry Radiation Epidemioclogy Research Radiation Dosimetry Research Dozimetry Monograph

e s Dosimetry Monograph

ruentional Fluorozcopy Radiation Dosimetry Monograph
irmetry Study
25 ko young Persons REB and its collaboratars have published a

Clean-Up Warkers.., monadraph entitted "Applications of Dosimetry
ical Radiation Warkers in Radiation Epidermiology" published a5 a
st Doses from special supplement to Radiation Research in
jnostic Procedurs July 2006 (Valume 166, Nurmber1). It presents
'r‘ztg‘;ilnnlfgr:entm”al avariety of radiation dosimetry methods that
21 Trestrnent have heen applied to epidermniological studies
that have heen conducted by, arin association
tigatars. The editors ofthe

http://dceg.cancer.gov/reb/research/do ciwda i crou et i

first hroad-based description
1 of radiation dosimetry to
SImEtry/7 | studies, an invaluable
international resource”.

Dosimetry Monograph

m Methods Studies The monograph features dosimetry methods
lO'therResearch """"""""""""""" for studies of populations exposed to medical
: irradiation, reconstruction of doses fram
Select A Branch/Lab  |7) radioactive fallout frorn nuclear testing,

daosimetry for studies of ather ervironmental
and occupational radiation exposures, radon
Wigwy @ list of currert job measurements, A-bomb dosimetry,
CEPERATITES Wil DEEE = hindosimetry, and statistical methods to
evaluate and account for uncertainty in dose
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(4) International Atomic Energy Agency: https://www.iaea.org/

S\

Atoms for Peace

Learn more > s

e
&Y IAEA
“&\: £¥ International Atomic Energy Agency

(5) UK Health Protection Agency:
https://www.gov.uk/health-protection/radiation

Search

Home ~ Health protection

[ Subscribe to email aler

Health protection

Radiation

From: Public Health England

See latest changes tothisc

Ato?Z Depleted uranium (DU): general information and toxicology

Electromagnetic fields
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Questions and Answers

U.S. Department of Health and Human Services
National Institutes of Health | National Cancer Institute
www.dceg.cancer.gov/RadEpiCourse

1-800-4-CANCER
Produced May 2015
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