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radiation protection




Learning objectives

Describe the general method used to estimate the patient dose
in radiodiagnostic and in nuclear medicine

Describe the dosimetric quantities and the methodology used in
radiodiagnostic to estimate the dose

Explain the main difference between
external irradiation and internal contamination

Explain the basic of the computation of dose
with compartmental models




Radiation protection principles
ab (occupational versus patients)

J
" 1. Justification /<&
7

generic
of the activity &
individual

2. Optimization
ALARA ARARA
(as low as reasonably achievable) (as right as reasonably achievable)

3. Limitation

dose limits diagnostic reference level (DRL)
dose constraints (value to be compared with the practice)



http://www.iconarchive.com/show/android-icons-by-icons8/Users-Worker-icon.html

Two irradiation situations

e External irradiation

— Radiation generators
— Sealed radioactive source

* Internal contamination

— Open radioactive source




Patient dose and
radiation protection

1.
Diagnostic radiology




What is the highest contribution of dose to the
population in medical imaging?

1. Conventional radiography
2. Dental radiography
3. Computed Tomography

1. 2. 3.
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Figure 1: Total frequencies of diagnostic and interventional radiology procedures per 1000 of
population for different countries, including plain radiography (including dental),
fluoroscopy, CT and interventional radiology (upper). Without plain radiography
(lower) (2).
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RADIATION INDUCED LONG-TERM HEALTH EFFECTS AFTER MEDICAL EXPOSURE, European Commission (2015)



What is the effective dose ?

1. Energy deposited per unit of
mass

2. Absorbed dose weighted by
the radiation quality factors wg

3. Equivalent dose weighted by
the tissue quality factors w;

1. 2. 3.




Radiological examinations
(Switzerland)
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Radiological examinations
(Switzerland)
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Fig. 4: Répartition de la fréquence et contribution aux doses de rayonnement des différents examens radiologiques, IRA 2015

FOPH, Radiation protection, Annual report 2015



Time evolution of radiological dose

(Switzerland)
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Fig. 3 : Lexposition au rayonnement d'origine médicale
augmente du fait des examens CT ; en ce qui concerne
les autres applications, la tendance est a la baisse.

FOPH, Radiation protection, Annual report 2015
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Methodological scheme

Effective dose
risk indicator (ICRP, UNSCEAR)
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Imaging modality Dosimetric quantity (DQ)

ESAK [mGy]
Entrance Skin Air Kerma

Radiography

Radioscopy KAP [mGy cm?]
Kerma Area Product

Interventional Reference Point

Computed tomography CTDI [mGy]
(CT) CT Dose Index

DLP [mGy cm]
Dose Length Product

Mammography ESAK [mGy]
_Entrance Skin Air Kerma

MGD [mGy]
Mean Glandular Dose




Patient dose and radiation
protection

1.1
Diagnostic radiology
Radiography




ESAK can be measured

ESAK can be calculated

ESAK in radiography

(entrance skin air kerma)

ufkv]Y

1

d

ESAK = Cx x Q[mAs|x

100

C = 0.10 mGy m?/mAs
(air kerma constant at d=1m, U=100kV,
total filtration=3mm Al)
varies from one installation to another (+50%)




D, in radiography

D, —ESAKXBSFXF

.0
*
.0
*

““““““““““““ | .
Backscatter Factor .- ) o )air
(1.2 <BFS< 1.5) ﬁ)
P Jair

air patient




Exercise

What is the entrance dose in air for a radiography of the
abdomen with the following parameters?

U =80 kV
Q=40 mAs
d=80cm

1. Press "1" when you are finished




Exercise: D, in radiography

80 kV 1.:3
0.1 mGy m4/mAs 40 mAS 1.0
U 1 ‘
De:CX —_— XQX_ZXBSFXFK—)D
100
ESAK
0.8 m

=5.2 mGy




Example of Swiss Diagnostic Reference Level (DRL)

for radiography

De
Systéme / organe Dose _e‘u la surfa(?e d}’entrée du
patient par cliché [mGy]
Thorax (pa) 0,15
Thorax (profil) 0,75
Rachis lombaire (ap ou pa) {
Rachis lombaire (profil) 10
Bassin (ap) 3,5
Crane (ap ou pa) 2,5
Crane (profil) 1,9




Computation of E in radiography

(Example of a chest x-ray PA (postero-anterior))

Effective dose: F = e, X De
E

Concerned Dose relative Contribution
Organ ) Wy
fraction to D, to ey, [MSv/mGy]

Gonads 0% 0% 0.20 0.000
BT S Coge Gy Sooa
B L e S o
: Lung o o Soo s S
g S Lo Sy e
BT G S e
S T S G e
B S Lo S o
Esophagus ............................. co o o e
Thyr0|dgland ......................... o S G o
B g g S e
P S e S e
B G S e




Conversion factors e, for
the main radiographic exams

Exam Incidence [field size (cm?) [mS\?/D;\Gy]
Skull PA 20x25 0.02
Chest PA 33x37 0.20
Shoulder AP 18x25 0.02
Cervical spine AP 15x20 0.07
Dorsal spine AP 16x35 0.17
Lombar spine AP 16x35 0.21
Abdomen AP 30x40 0.31
Abdomen PA 30x40 0.15
Hip AP 18x30 0.17
Knee AP 15x18 0.005




Typical magnitude of
the effective dose E in radiography

| |
Knee

Hips
Pelvimetry
Abdomen
Lumbar spine
Chest
Shoulder
Thoracic spine

Cervical spine

Sinus

|
0 0.5 1 1.5 2

E (mSv)
Complete examination (ICRP 103)




Patient dose and radiation
protection

1.2
Diagnostic radiology
Fluoroscopy




Fluoroscopy
(Slightly more complex than radiography)

Tissue (deterministic) effects

should not be
a surprise

D

IRP
Interventional
Reference Point

representative of the
peak skin dose

Stochastic effects

must be
optimized

D

KAP

Kerma Area
Product

representative of the
effective dose




You measured an air kerma of 120 mGy at a distance of
5 cm from the focal spot. What would be the magnitude
of the air kerma at a distance of 1 m?

120 mGy
24 mQGy
6 mGy

3 mGy
0.3 mGy

1. 2. 3, a. 5.

A A




Fluoroscopy: KAP does not depend on distance
(KAP: kerma area product)

g

A

source

kerma

daread




Fluoroscopy: KAP

Direct measurement

Calculation
lonization chamber
at the tube exit

From the exposition parameters
(kV, mAs, axis dose rate, field size)

PHILIPS




Computation of the effective dose E
in fluoroscopy

E=e., -KAP
Exam eap IMSV /Gy / cm?]
Skull AP 0.04
Chest PA 0.1
Abdomen AP 0.2
Lumbar spine LAT 0.1




Typical magnitude of the effective dose E
in diagnostic fluoroscopy

Abdominal aortography
Lower limb arteriography
Ovarian phlebography
Pulmonary arteriography
Thoracic aortography
Cerebral angiography
Colonoscopy

Shoulder arthrography
Hysterosalpingography
Mict. cysto-urethrography
Intravenous urography
ERCP

Transhepatic cholangiography
Retrograde cholangiography
Defecography

Enteroclysis

Oesophagus




Typical magnitude of the effective dose E
of therapeutic fluoroscopy

Abdominal thrombolysis

Vertebroplasty

Abdominal embolisation

Bile duct drainage

Percutaneous transluminal
coronary angioplasty

PTCA

Cerebral dilatation/stenting

0 5 10 15 20 25 30 35 40




Patient dose and radiation
protection

1.3
Diagnostic radiology
CT: Computed Tomography




Dose distribution in CT

Contrary to radiography, the
explored volume receives a
relative homogenous dose

Dose
gradient

Dose distribution with
circular symmetry




CTDI,

periphery

center

Weighted CTDI (CTDI, )

1CTDI

3

center

—I—ECTDI

3

|[mGy / mAs]

CT dose index (CTDI)

mean dose
measured in the phantom
for one tube rotation

periphery

periphery




CTDI ,,: mean dose in the slice

*
*
*
*
*
*
*
*
*
*
*
*
*
‘0
*

*
*
*
*
‘0
*
*
*
*
*
*
*
’0
*

‘0
*
‘0
*




Dose Length Product (DLP)

DLP=CTDI,, xL [mGycm]

scanned length L




Computation of the effective dose E in CT

CTDI,, xL, X Coip; — E,
DLP, =CTDI,, xL,{ 00023 | E
(0.0054)
“ DLP,=CTDI xL,| 0017 | &
(0.015) ! E— ZE
| R [
| i
L, i |
DLP, =CTDI_ xL,i 0019 | &




Exercise

What is the effective dose of a chest CT exam with the
following parameters?

U=120kV
Q=160 mAs
Rotation time =0.6 s
Collimation =16 x 1.25 mm
Reconstructed slice thickness = 2.5 mm
Pitch = 1.2
Examined length =30 cm
CTDI,, = 0.1 mGy/mAs
epp = 0.015 mSv/(mGy cm)

1. Press "1" when you are finished




Exercise (solution)

U=120kV
Q=160 mAs
Rotation time =0.6s
Collimation =16 x 1.25 mm
Reconstructed slice thickness = 2.5 mm
Pitch =1.2
Examined length =30 cm
CTDI,, = 0.1 mGy/mAs
epp = 0.015 mSv/(mGy cm)

E=CITDI  x xLxe

DLP —

pitch

=O.1x@x30><0.015=

1.2
=6 MmSv




Patient dose and radiation
protection

1.4
Diagnostic radiology
Mammography




ESAK in mammography

(ESAK: entrance skin air kerma)

charge [mAs]

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
‘0
-

kerma constant
[MGY m?/mAs]

focus-skin distance [m]

depends on the anode/filtration
and voltage
Mo/Mo 28 kV: I, = 0.05 mGy m?/mAs




ESAK in mammography

e ESAK (or D,) not really representative of risk

e The effective dose E is even worse

— w; considers an android human
(50% male / 50% female)

— only one organ irradiated

e The Mean Glandular Dose (MGD) is a good risk estimator

¢5mm

MGD =ESAK % mngSAK [mGy] gland + adipose

(various compositions)

¢5mm




mgd.., for a 50/50 composition
(50 % glandular / 50 % adipose tissues)

Half Value Layer
of the x-ray beam

StHVLO Compressed breast thickness [mm]
[mm Al] 30 50 70

0.25 0.23 0.14 0.094

0.30 0.27 0.16 0.11

0.35 0.31 0.19 0.13

0.40 0.34 0.21 0.15
* t 5 mm

c:mz:s:id 50% gland + 50% adipose

v t 5mm




Patient dose and
radiation protection

2.
Nuclear medicine







A target region r; can be irradiated
from other source regions r
or from the region itself

Source
organs

FIGURE 22-1 Absorbed dose delivered to a
target organ from one or more source organs con-
taining radioactivity is calculated by the absorbed
fraction dosimetry method.

blackboard

M 7

Cherry, Sorenson, Phelps, Physics in Nuclear Medicine, Sauders Elsevir, 2012



Equivalent dose in target region r-
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Equivalent dose in target region r-

Number Of nuclear . .................................................... :
transformations in source region Number of nuclear
rs per unit of intake during time t i transformations

A(rs,r):lxa(rs,r)

.......
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Vet .
.’
.

Intake H _| ~
(activity T~ a

incorporated)




Equivalent dose in target region r-

Number of nuclear
transformations in source region
ro per unit of intake during time t

Physiology
Biokinetic

eoee
.....
......
......
.
.
.

Intake _ ~
(activity HT — | Z a(rS’T)SW (r-l- (_ rs)

incorporated) S

Physics

Radiophysics &

radiation weighted S (S-factor)

equivalent dose to target region r; per nuclear geometry
transformation of a given

radionuclide in source region r;




Patient dose and radiation
protection

2.1
Nuclear medicine
Computation of the S factor




Transport of energy from r. to r;
is computed by Monte Carlo simulation

0510 ORGANS NOT

centimeters SHOWN
Adrenals
Stomach
Marrow
Pancreas
Skin
Spleen
Qvaries

Arm bone—7 | —7—x 7 — Testes

. Thymus
Ribs Thyroid
Lungs—1 Uterus
u Leg bones
Heart— |
| — Kidneys
Liver - Small intesti
mall intestine
Upper large - —
intestine Lower large
| 1 intestine
Bladder {? | Pelis

FIGURE 22-5 Representation of an “average man” used
for MIRD dose calculations and tables. (Adapted with
permission from Snyder WS, Fisher HL Jr, Ford MR,
Warner GG: Estimates of absorbed fractions for monoen-
ergetic photon sources uniformly distributed in various
organs of a heterogenous phantom. J Nucl Med Suppl 3.9,

1969.)
MIRD phantom

/i h...» !
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ICRP-110 voxel phantoms




Other ICRP phantoms

Fetal phantoms

To be realized by ICRP TG 96 with support of U.S. Environmental Protection Agency



Other ICRP phantoms

pregnant women (8 weeks to 38 weeks post-conceptions)

To be realized by ICRP TG 96 with support of U.S. Environmental Protection Agency



Other ICRP phantoms

Newbaorn

1-year 5.-'.'aear

15-yearmale
15-yearfemale

pediatric reference phantoms

To be realized by ICRP TG 96 with support of U.S. Environmental Protection Agency



Dose to the patient
2.3

Nuclear medicine

Direct measurement of the
number of nuclear
transformations




Number of nuclear transformations
within source region r

Activity in source region r¢ (Bq)

Time (sec)

Cherry, Sorenson, Phelps, Physics in Nuclear Medicine, Sauders Elsevir, 2012



~/

Activity in source region r¢ (Bq)

Time (sec)

Cherry, Sorenson, Phelps, Physics in Nuclear Medicine, Sauders Elsevir, 2012

A(r;,7) can be measured in nuclear medicine

‘0
ﬁ.ﬂ‘ s 2
0 EERI e

qguantitative SPECT
imaging performed

at different times allows us
to estimate A(r,,1)




Dose to the patient
2.4

Nuclear medicine
Compartment models




A(r,,7) can be computed with
compartmental biokinetic models

HUMAN  BODY

EYE BRAIN

Organism divided
in sub-systems:

Compartments e

I T00TH HEART

STOMACH

e KIDNEY °

SKIN BOWELS




The compartments
are considered as

instantaneously
homogenous

HUMAN  BODY

Al BRAIN

LUNG
STOMACH

LTVER KIDNEY

SKIN BOWELS




Continuous transfer
between the
compartments

Flux from one compartment
to another

Proportional
to A in the source

A: fractional transfer rate
probability of transfer from one
compartment to another
per unit of time

UMAN  BODY

Ere .—\: 2
: n ‘ STOMACH

BRAIN

HEART

KIDNEY

71 BOWELS




HATM (human alimentary tract model)

Ingestion—>| Oralcavity [2]  Teeth B
o > contents i" Oralmucosa HGeneral :
| | | circula- |
T o "L R tion
< |
: I | Respiratory : | :
|
| : Oesophagus _ fact ! |
! | Fast |Slow L &
| Biood S S
| o Stomach z Stomach : Liver | |
:secreiory : 2 contents wall | < :
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tent < I
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! , / vein
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Rectosigmoid |>{Sigmoid colon|
contents | wall
/
Faeces




Dose to the patient
2.5
Nuclear medicine

Computation of the
number of nuclear
transformations with
compartmental models




df(x)
dx

What is the solution to this differential equation? f(x) = —

7

1. f(x)=-x+Db
2.f(x)=-x2+bx+c
3. f(x) = - a/x

4. f(x) = a exp(-x)

1. 2. 3. d.




Simple case with two compartments and one flux

OA, A .. Probability of transfer from
ot o compartment 1 to 2

2 =L,,A
ot 127\

Flux proportional to the
source content

A, (t)=A, e

(time series)

A, (t)=A,, +A,, [1 _e ! ]




Activity [Bq]

_________
--------
-
-
-
-
-
-

1
-7 1

co
o

o))
o

example with negligible
radioactive decay

S
o

N
o

o

0 20 40 60 80 100 120
Time [min]

A, (t)=A, e

(time series)

A, (t)=A,, +A,, [1 _e ! ]




Activity [Bq]

100

E -1
: A, = 0.05min
= ; .
] )% = 0.05min
= A, , = 1008Bq

E example with g
E radioactive decay 20

I —=

1/ o

E ',' ,__._. .................... A1 + A2
__I'""""'|""""'I""|""|'rrrrrn::|:m%ﬁﬂﬂ—rm

0 20 40 60 80 100 120

Time [min]

(time series)

Al (t) - Al,oe_Xlzt
A, (t) =A,0 T AL, |:1 — e‘“zt}




solution

(integration
of the time series)

computation

of A

(time series)

A, (t) — Alroe‘xﬂt
A, (t)=A,, +A,, [1 _ et ]




oA,
ot

Simple case with four compartments and four fluxes

OA
:._7\‘12A1 — 7\‘14'6‘1 -@tz - 7‘12A1 - 7\“23A2 - 7‘24 A,
......... .aA
— QL14A1 + 7‘“24A2 5’(3 - }“23A2




Matrix formalism

5Al — _7\‘12A1 _7\‘14A1 8A2 — 7\“12A1 _7‘“23A2 _7‘24A2
ot ot
(A, ) =k, — Ay, 0 0 O)(A,)"
E Az B 7\“12 _7\‘23 _7\“24 0 O Az
ot| A, 0 Ao 0 0] A,
\A4 J 7‘14 7\“24 0 O) \A4 Y,
OA, OA




Diagonal terms: outputs

The radioactive decay effect can be taken into account by adding
the decay constant A_ . in each diagonal term of A

(A (A, =7, 0 0 O)A)
g Az B }"12 _7‘“23_7"24 0 O Az
ot| A, 0 A, 0 OfA,

\A4) \ 7‘“14 7"24 0 O)\A4)




Off-diagonal terms: inputs

(A (A, =Xy, 0 0 0) A
Al g A=A, 0 Of A,
A, 0 Ass 0 0] A,
A, ) U Ay, A 0 O)\A,,




Solution of the problem

Condensed notation Solution
a_A:/\A A(t)=A,e"™
ot ’

(A (A, =N, 0 0 0)
Az _ 7"12 _7\“23 _}“24 0 O
A, 0 Aoy 0 0

\A4/ \ 7\“14 7‘“24 0 O)




Knowing the time evolution of the activity A in each
compartment allows us to compute the

number of nuclear transformations A(r)

oA

— = A(t)=A."

A(t)= jAOeAtdt
0

(integration of A(t) between times 0 and 1)




Equivalent dose to each organ

Direct through imaging Monte Carlo
or radiation transport
compartmental model calculation

M 7




Effective dose

E= ZWTHT
T

for a known individual

> w.H, (female)+ ) wH, (male)
T T

2

for a generic person

E =




Patient dose and radiation
protection

3.
Summary of
the dosimetric quantities




Which affirmation concerning

the effective dose is correct?
(multiple responses possible)

It estimates the global risk for a population
It estimates the global risk for an individual
It is related to an androgyn reference person

o

It is useful to compare different irradiation
conditions

5. ltislinked to the risk observed on the
Hiroshima & Nagasaki survivors

1. 2. 3. 4, 5.




For which imaging modality, is the effective dose
not relevant to estimate the risk?

7

1. Chest x-ray

2. Abdomen x-ray
3. Mammography
4. Full body CT scan

1. 2. 3. 4.




Radiology

The most relevant risk is estimated by the effective dose, E

E=DQxey,

Exceptions:

fluoroscopy, where the skin is the most at risk (IRP);
mammography, where only one organ is exposed (MGD)




Imaging modality Dosimetric quantity (DQ)

Radiography ESAK [mGy]
Entrance Skin Air Kerma

Radioscopy KAP [mGy cm?]
Kerma Area Product

Computed tomography (CT) CTDI [mGy]
CT Dose Index

DLP [mGy cm]
Dose Length Product

Mammography ESAK [mGy]
_Entrance Skin Air Kerma

MGD [mGy]
Mean Glandular Dose




How do we restrict the dose delivered to the patient?

1. Dose limits are applied with specific

4
values for each type of exam
(limitation principle)
2. Dose reference levels are proposed
for each type of exam -
(optimization principle)
1
1. 2. 3. 4,

3. There are no legal restriction
4. No idea

M 7




Radiology and dose reference levels (DRL)

Comparisons with dose reference levels (DRL) is
performed through the dosimetric quantities (DQ)

Tableau 1 : NRD et valeurs cibles pour adultes

NRD (75° percentile)

Examen / problématique
CTDly, [mGy] | PDL [mGy-cm]

Crane / cerveau
1 |Examens standards, recherche de métastases, 65 1000
abces cérébral, ...

Cerveau (vaisseaux)

2 |Hémorragies, anévrismes, malformations artério- 65 1000
véneuses, ...
Partie osseuse de la face, sinus

3 ’ 25 350

Traumatismes, sinusites, ...

Base du crane, rocher
. , 50
Traumatismes, cholestéatome, ...

250

Cou, colonne vertébrale cervicale (parties

5 |molles, osseuses) 30 600
Adénopathie, recherche d'abceés, ...

Notice OFSP R-06-06; Niveaux de référence diagnostiques en tomodensitométrie
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