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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.1. Basic concepts

committee within the Society of Nuclear Medicine, formed in 1965

Committee
Medical mission:
Internal to standardize internal dosimetry calculations,
Radiation improve published emission data for radionuclide,
Dose enhance data on pharmacokinetics for radiopharmaceuticals
(MIRD) MIRD Pamphlet No. 1 (1968):
unified approach to internal dosimetry, updated several times
MIRD Primer, 1991 most well known version

MIRD Pamphlet 21, 2009 latest publication on the formalism;
meant to bridge the differences in the formalism
used by MIRD and International Commission on
Radiological Protection (ICRP)
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.1. Basic concepts

Symbols used in the MIRD formalism

Symbol Parameter

R Type of radiation

Iy Source region

I Target region

Ty Integration period
\{Q&r /A'// I A E A
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.1. Basic concepts

Symbols used to represent quantities and units of the MIRD formalism

Symbol

Quantity

Unit

A(rg,Tp)

a(rs.Tpy)

D(ry)

(ﬁ(!‘T H]‘S.Ej,[)
P(rp 1y, E 1)

Time-integrated activity
Time-integrated activity coefticient
Absorbed dose to the target region ry
Absorbed dose rate

Mean energy of the ith transition per
nuclear transformation

Mean energy of the ith transition
Mass of target region
Absorbed dose rate per unit activity

Time

Number of ith transitions per nuclear
transformation

Absorbed fraction

Specific absorbed fraction

Gy/s
T(Bq-s) orMeV (Bq-s)"

Jor MeV
kg
mGy (MBq - )™

S
Bq -9

Dimensionless

kg’l

‘

!
A

(8)1AEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.1. Basic concepts

The absorbed dose D to a target region from activity in a source region is
calculated as the product between the time-integrated activity A and the S value

D=A x$§
gray (Gy) / \ Gy-(Bg-s)™
(1 J/kg = 1 Gy) / often mGy-(MBq-s)*

absorbed dose absorbed dose rate per

becquerel - s B
. unit activity, or absorbed

cumulated activity: dose per cumulated
decays that take place activity (or absorbed
in a certain source dose per decay)
region

Vf’“\q

) IAEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.1. Basic concepts

The source region is denoted rg and the target region r:

D(rp) = A(rg)-S(ry < 1¢)

source
target
or, in case of several source regions:
D(rp)= D A(ry)-S(rp — 1)
S
source source source
and target
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.1. Basic concepts

100

The number of decays in the source
region, denoted the time-integrated activity,
A Is calculated as

~N
a

al
o

Activity (%)

the area under the curve that describes
the activity as a function of time in the
_ _ ; source region after the administration of
10 20 30 the radiopharmaceutical (A(r, t)).

Time (h)

N
(S )]

o
O T

|f‘> consecutive quantitative imaging sessions;

direct measurements of the activity on a tissue

commonly determined by biopsy or a blood sample

single probe measurements of the activity in
the whole body.

|f‘> compartmental modelling (theoretical method)
¢ ) N
{ &)
() IAEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.1. Basic concepts

The time-integration period is commonly chosen from the time of administration of
the radiopharmaceutical until infinite time. However, the integration period should
be matched to the biological endpoint studied in combination with the time period
in which the relevant absorbed dose is delivered (Tp).

TD
A(rs):fA(rS,t) dr :fA(rS,t) di=a(rg)- A,
0

Is defined as the time-integrated activity coefficient,

51(1” ) = A(l’s) being A, the administered activity;
S/ — A it has the unit of time (e.g. s, or h).
0 In the MIRD Primer it was named ‘residence time’
(&) 1AEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.1. Basic concepts

1
0.8 -
- The area under the curve
2 06 - A(t) equals the area for the
D 04 - rectangle and a, the number
< of decays per unit activity,
021 can be described also as an
0 : average time that the
0 1 2! 3 4 5 activity spends in a source
? fime region.

FIG. 18.1. The time-integrated activity coefficient (the residence time in the MIRD
Primer [18.3]) is calculated as the time-integrated activity divided by the injected activity,
which gives an average time the activily spends in the source region.

K
&Y IAEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.1. Basic concepts

probability Y for radiation
with energy E to be emitted

Energy emitted

absorbed fraction of the
energy emitted from the
source region that is
absorbed in the target region.

mass of
EY: A target region ¢
mean energy depends on the shape, size and mass of the
emitted per decay source and target regions, the distance and type
of the radionuclide of material between the source and the target

regions, the type of radiation emitted from the
source and the energy of the radiation
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.1. Basic concepts

The full formalism also includes a S(I’ 7 ) _ Ai¢(rT N rS’l)
summation over all of the T S 2 . : M(l" )
transitions i per decay [ T

¢ divided by the mass of the - T
target region is named the (I)(}’ —7 ,E,) — ¢(rT rS’El)
specific absorbed fraction ®: 1 5?7 M(rT)

The mass of both the source and

target regions can vary in time: ¢ ¢(r —7 ,E.,l‘)
will change as a function of time O(rp 1, E, 1) = L5
after the administration (e.g. M(ry,1)

tumours, thyroid, lymph nodes)
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.1. Basic concepts

The total mean absorbed dose to the target region D(r;) is given by
summing the separate contributions from each source region rq

D(rp)= Y A(rg)S(ry <)

The self-absorbed dose
- commonly gives the largest fractional contribution to the total absorbed

dose in a target region
- refers to when the source and target regions are identical,

The cross-absorbed dose
- when source and the target regions are different

IAEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.1. Basic concepts

The full time dependent version of the MIRD formalism includes the
the absorbed dose rate (D):

TD TD
D(rp Tp) =Y f Dirpt)y di=Y " f A(re,DS(rr —1e,1) dt
s 0 s 0

V) 1AEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.2. The time-integrated activity in the source region

_ _ A - physical meaning: number of decays in the source
time-integrated region during the relevant time period.
activity - named the cumulated activity in - the MIRD Primer

in a source region

A(t) often described by a sum of exponential functions
. : (J = number of exponentials, A; = initial activity for the jth
_ activity vs. t'r_n_e' exponential, A= decay constant for the radionuclide, A; =
Integrated activity biological decay constant, t the time after administration.
in a source region The sum of the | coefficients A gives the total activity in the
source region at the time of administration (t = 0):

_NT 4 ) In2 11 1
Alrpt)=) JA;-e =S B =t
] 1/2 1/2,eft 1/2,j 1/2

The physical half-life T,,, and the biological half-life T,
can be combined into an effective half-life T, ¢

IAEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.2. The time-integrated activity in the source region

. . A
0 A:fA(rs,O)e ) gp - Al5:0) a
/ A+

Besides the time integral of multiexponential functions (a), other functions could be
used, such as trapezoidal (b) or Riemann integration (c)

(a) (b) (c)

| 4 :
1 0.8
%" j:f Z 069
2 2 5 041
0.2
0 ' ' '

Time

N &
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.2. The time-integrated activity in the source region

Biological data collection impacts on absorbed dose accuracy.

Actyity

Actvity

43 50

Time

The shape of the fitted curve can be strongly influenced by the number and timing of

the individual activity measurements
Three data points per exponential phase should be considered the minimum data

required to determine the pharmacokinetics
Data points should be followed for at least two to three effective half-lives.
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM
18.1.2. The time-integrated activity in the source region

Extrapolation from time zero to the first measurement of the activity,
and extrapolation from the last measurement to infinity,

can also strongly influence the accuracy in the time-integrated activity.

100 %
1--
0.8 *'\ "
2067, . 10 % PN
_E - . “ ®
< 0417 .
0271 , t
0 12 24 36 48 60 72
Time
0 50 100 150
(&) 1AEA
D £
—
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.3. Absorbed dose rate per unit activity (S value)

S value for a certain radionuclide and source-target combination:
generated from Monte Carlo simulations in a computer model of the anatomy.

First models

Analytical phantoms, anatomy described by analytical equations, with spheres or
cylinders placed in the coordinate system to represent structures of the anatomy.
Several analytical phantoms exist: adult man, non-pregnant female, pregnant

woman for each trimester of pregnancy, children (from the newborn and up to 15
years of age) as well as models of the brain, kidneys and unit density spheres.

Second generation of phantoms

Voxel based phantoms, offering the possibility of more detailed models of the
anatomy. They can be based on the segmentation of organs from tomographic
image data, such as CT images.
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.3. Absorbed dose rate per unit activity (S value)

Third generation phantoms

Created using Non-Uniform Rational Spline (NURBS).

NURBS: mathematical model used in computer graphics to represent surfaces,
that represents both geometrical shapes and free forms with the same
mathematical representation, and the surfaces are flexible and can easily be
rotated and translated.

Movements in time (breathing, cardiac cycle), can be included, allowing for
4-D representations of the phantoms.

Anatomical phantoms for the calculation of S values for use in
pre-clinical studies on dogs, rats and mice have also been developed.
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.3. Absorbed dose rate per unit activity (S value)

o enetratin @ = 0. —>  electrons
radiation P 9 (P): 4y eg.

emiSsSIONS  pon-penetrating (Np): ¢, =1 —— photons

common assumption, but oversimplification

Validity: dependent on the energy of the radiation, the size of the
source region — to be assessed on a case by case basis

Electrons: ¢ > 0.9 if the mass of the unit density sphere is > 10 g and the
electron energy < 1 MeV. Electrons as non-penetrating radiation at an organ
level (humans). As the mass decreases, the approximation ceases to be valid

Photons: ¢ < 0.1 if the mass of the sphere < 100 g and photon energy > 50
keV. Photons as penetrating radiation is valid in most pre-clinical situations

As the mass increases, the approximation becomes inappropriate
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.3. Absorbed dose rate per unit activity (S value)

In order to adjust the S value tabulated to the true mass of the
target region, the self absorbed S values can be scaled by
mass according to:

M (ry,tabulated)
M (ry,scaled)

S(rp «—rp,scaled) ~ S(rp < rp,tabulated)-

¢ is considered to be constant in the interval of scaling, so the
change in S is set equal to the change in mass

,\

) IAEA
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18.1.3. Absorbed dose rate per unit activity (S value)

18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

107

09+
c 087 &
O g7+ ——0.02 MeV i) 4 0.1 MeV
s ——0.03 MeV 9] —— 0.2 MeV
C 06+ ©
& Y o 0.04 MeV &= —— 0.4 MeV
Q05T e 0.06 MeV o o 0.7 MeV
€ oal —t— 0.08 MeV £ o 1 Mev
_‘2 —a—0.14 MeV § —o—2 MeV
<0371 4 0662 MeV < ——4 MeV

02+

01+

00 T 1 T T T T T T 1

0.01 1 100 10000 0.01 0.1 1 10 100 1000 10000
Sphere mass [g Sphere mass [g

Absorbed fraction for unit density spheres as a function of the mass of the
spheres for mono-energetic photons (left) and electrons (right)

(44/

) 1AEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.3. Absorbed dose rate per unit activity (S value)

A linear interpolation should never be performed in S value tables, giving
S values that are too large.

0.05

sphere [mGyr‘M BQ'S

¢ )N
‘?r\‘i,
VY B’ ¥
\@rAy|AEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.3. Absorbed dose rate per unit activity (S value)

The recalculation of the S value can be more accurate by separating the total

S value for penetrating and one for non-penetrating radiation (S, S;).
If it is assumed ¢,,, = 1, S, can be calculated.

¢ for photons are relatively constant, so S, can be scaled by mass.

S=S +S8,,=S5 +A”P
P np p Y

A m
o np phantom
SP - (5 T ).

m Mirge
S o (S Anp) ”Iphamom + Anp
ecalculated — \* )
recalculated m m

true m

¢ for photons and electrons vary according to the initial energy and the
target volume/mass, so the suitability of the recalculation will also vary.
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.3. Absorbed dose rate per unit activity (S value)

T the S value is approximately the
p”r.]CIple. el S(ry«rg) = S(rg«ry) ¢ : bination of
reciprocity: same for a given combination o

source and target regions:

Valid under ideal conditions:
regions with a uniformly distributed radionuclide, within a material that is infinite
and homogenous or absorbs the radiation without scatter.

Although the ideal conditions are not present in the human body, the reciprocity
principle can be seen in S value tables for human phantoms as the numbers are
almost mirrored along the diagonal axis of the table.

g .’\\
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.3. Absorbed dose rate per unit activity (S value)

S values for a sphere of a certain volume and material should be scaled

according to density if the material in the sphere is different from the material
in the phantom:

_ ¢material Y
volume, material X — S volume, material Y

S

¢material X

The technique can be applied when an S value for a unit density sphere is used for
the calculation of the absorbed dose to a tumour made up of bone or lung.

However, it should be noted that an S value with the correct mass could be chosen
Instead of scaling the S value for the correct volume by the density.

\

¥ QEB
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\il\féyl
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.4. Strengths and limitations inherent in the formalism

The MIRD formalism is based on two assumptions:

O (a) Uniform activity distribution in the source region;
O (b) Calculation of the mean absorbed dose to the target region

approximations

Srengths of MIRD: its simplicity and ease of use.
Limitations: the absorbed dose may vary throughout the region.

Absorbed dose D is d — D is defined at a point, but
defined by ICRU* as the D o = it is determined from the
ratio of the mean energy mean specific energy and
imparted and the mass dm dm IS, thus, a mean value

* |CRU: International Commission on Radiation Units and Measurements

TI

«Q\
~4

o~
|

IAEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.4. Strengths and limitations inherent in the formalism

In an older definition D is the limit of the mean D — hm z

specific energy as the mass approaches zero m—s0
The specific energy z is the dosimetric quantity that E
considers stochastic effects and is, thus, not based on 7 — —
mean values. It represents a stochastic distribution of m [J/kg = GY]

individual energy deposition events & divided by the
mass m in which the energy was deposited:

— especially important in microdosimetry
(the study of energy deposition spectra
within small volumes corresponding to the
size of a cell or cell nucleus)
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.4. Strengths and limitations inherent in the formalism

The energy imparted to a given volume is the E — E 8i
sum of all energy deposits g, in the volume

Each g, is the energy deposited in a single
interaction, where:

&, Is the kinetic energy of the incident ionizing particle

Eout 1S the sum of the kinetic energies of all ionizing — o
particles leaving the interaction 81 gln gout T Q

Q is the change in the rest energies of the nucleus
and of all of the particles involved in the interaction

If the rest energy decreases, Q has a positive value; if the rest energy increases,
it has a negative value. The unit of energy imparted/deposited is J or eV.
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM
18.1.4. Strengths and limitations inherent in the formalism

The absorbed dose is a macroscopic entity - the mean value of the specific
energy per unit mass - but is defined at a point in space.

For an extended volume (e.g. an organ in the body), containing a distributed
radioactive source, the mean absorbed dose is a true representation of the
absorbed dose to the target volume, if radiation or charged particle equilibrium
exist.

l.e. the energy entering the volume equals the energy leaving
the volume for both charged and uncharged radiation.

U The radioactive source must be uniformly distributed
U The atomic composition of the medium must be homogeneous
U The density of the medium must be homogeneous

O No electric or magnetic fields may disturb the paths of the charged particle

IAEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.4. Strengths and limitations inherent in the formalism

Charged particle equilibrium <— radiation equilibrium

but
Charged particle equilibrium 74 radiation equilibrium

If only charged particles are emitted from the radioactive source (e.g Y, 32P),
charged particle equilibrium exists if radiative losses are negligible.

Radiative losses increase with increasing electron energy and with an increase in
the atomic number of the medium.

The maximum B energy for pure B emitters commonly used in nuclear
medicine (e.g.99Y, 32P and 8°Sr) is < 2.5 MeV and the ratio of the radiative

stopping power to the total stopping power is 0.018 and 0.028 for skeletal
muscle and cortical bone, respectively, for an electron energy of 2.5 MeV.

Radiative losses could be neglected in internal dosimetry
and charged particle equilibrium coul be assumed
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.4. Strengths and limitations inherent in the formalism

If both charged and uncharged particles
(photons) are emitted (as is the case with most
radionuclides used in nuclear medicine),

1.0 7
09T
charged particle equilibrium exists if the  _ s+
interaction of the uncharged particles ~ §"'1 00 Mey
within the volume is negligible S 0s | .00t e
g 0.4 —e— 0.08 MeV
A —a— .14 MeV
. : : —> 2o .
Negligible number of interactions < nonz Mev
. - 01 T
— photon absorbed fraction is low. 00 : , ,
0.01 1 100 10000

Sphere mass [d

The relative photon contribution for a radionuclide is also dependent on the
energy and the probability of emission of electrons. For example, the photon
contribution to the absorbed dose cannot be disregarded for *linina 10 g
sphere, where the photons contribute 45% to the total S value.

V‘; q‘

\{Q%\T'

(
t‘((é
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.4.1. Non-uniform activity distribution

O Activity distribution is not completely uniform over the whole tissue
The non-uniformity in the activity distribution can be overcome by
redefining the source region into a smaller volume.

feasible until the activity per unit volume becomes small enough to
cause a break-down of radiation and charged particle equilibrium

1 Redistribution of the radioactive atoms over time
non-uniformities of the absorbed dose distribution over time

MIRD formalism takes this into account by the concept of
cumulated activity, i.e. the total number of decays during the
time of integration (e.g. u. bladder).

¢ )N
‘9’#\1\%
VY B’ ¥
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.4.2. Non-uniform absorbed dose distribution

Activity of a or B emitting radionuclide uniformly distributed
within a sphere of radius R

The D distribution will be uniform from
the centre of the sphere out to a distance
from the rim corresponding to the range of
the most energetic particle emission.

If R >> particle emission ranges
— radiation equilibrium except at the rim
— D mean representative value of D

% \
(8)1AEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.4.2. Non-uniform absorbed dose distribution

Activity of a or 8 emitting radionuclide uniformly distributed
within a sphere of radius R

If R ~ range of electrons

significant gradients in D at
the borders of the sphere

1
D border /2 D centre

If R < range of the electrons
never charged particle equilibrium
D distribution never uniform

For a emitting radionuclides, D is uniform for almost all sized spheres,
except within 70-90 um from the rim, corresponding to the a particle range.

(&) 1aEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.4.2. Non-uniform absorbed dose distribution

Interfaces between media (e.g. soft tissue/bone or soft tissue/air)

will cause non-uniform D distribution due to differences in backscatter.
Significant when estimating the contribution of absorbed dose to the stem
cells in the bone marrow from backscatter off the bone surfaces.

For °°Y and planar geometry, the maximum increase in D was 9% (Monte
Carlo simulations). Experimental measurements with 3P showed a
maximal increase of 7%. For a spherical interface with a 0.5 mm radius of
curvature, the absorbed dose to the whole sphere showed a maximum
increase for 0.5 MeV electrons of as much as 12%.

IAEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.1.4.2. Non-uniform absorbed dose distribution

Cross-absorbed doses (e.g. lung and heart)

Non-uniform D distribution are caused when one organ is next to another.
Cross-organ absorbed dose from high energy B emitters (e.g. °°Y, 32P), can be
significant in preclinical small animal studies, but in humans, cross-absorbed
dose occurs from penetrating photon radiation only (the separation between

organs is sufficient).

o~
b
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM
18.1.4.2. Non-uniform absorbed dose distribution

To summarize, a number of factors causing non-uniformity in the absorbed
dose distribution have been identified:

1 Edge effects due to lack of radiation equilibrium;

O Lack of radiation and charged particle equilibrium in the whole
volume (high energy electrons emitted in a small volume);

O Few atoms in the volume, causing a lack of radiation equilibrium
and introduction of stochastic effects;

O Temporal non-uniformity due to the kinetics of the
radiopharmaceutical,

O Gradients due to hot spots;
O Interfaces between media causing backscatter;

O Spatial non-uniformity in the activity distribution.

t‘((ég

*y |AEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.2.1. Introduction

Internal dosimetry : different purposes — different levels of accuracy:

U Dosimetry for diagnostic procedures utilized in nuclear medicine;
U Dosimetry for therapeutic procedures (radionuclide therapy);
U Dosimetry in conjunction with accidental intake of radionuclides.

Dosimetry for diagnostic procedures

To optimize the procedure concerning radiation protection consistent with an
accurate diagnostic test. The mean pharmacokinetics for the radiopharma-
ceutical should be utilized for the calculation of the time-integrated activity and
S values based on a reference man phantom.

Absorbed dose /injected activity for most radiopharmaceuticals used for
diagnostic procedures are in ICRP 53, updates in ICRP 80 and ICRP 106.
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.2.1. Introduction

Dosimetry for therapeutic procedures

To optimize the treatment so as to achieve the highest possible absorbed dose
to the tumour, consistent with absorbed dose limiting toxicities.

Individualized treatment planning should be performed that takes into account
the patient specific pharmacokinetics and biodistribution of the therapeutic agent.

Dosimetry in case of accidental intake of radionuclides

The procedure to apply after an accidental intake of radionuclides must be
decided on a case by case basis, depending on: level of activity, radionuclide,
number of persons involved, retrospective dosimetry or as a precaution,
possibility to perform measurements after the intake.

¢ &N
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.2.2. Dosimetry on an organ level

Dosimetry on an organ level
Imaging: activity quantification using 2-D or 3-D images

2-D images: whole body scans or spot views covering the regions of interest
3D-SPECT: limited field of view including the essential structures of interest

3D-PET: is emerging due to greater ease and accuracy of radiotracer
quantification with this modality

3-D tomographic methods avoid problems associated with corrections for
activity in overlying and underlying tissues (e.g. muscle, gut and bone), and
corrections for activity in partly overlapping tissues (e.g. liver and right kidney)
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.2.2. Dosimetry on an organ level

S value tables for human phantoms

MIRD Pamphlet No. 11
can be found in < in the OLINDA/EXM software

on the RADAR web site (www.doseinfo-radar.com)

OLINDA/EXM: Organ Level Internal Dose Assessment/exponential modelling.
Software for the calculation of absorbed dose to different organs in the body, being
MIRDOSE 3.1 its predecessor.

OLINDA/EXM also includes a module for biokinetic analysis, allowing the
user to fit an exponential equation to the data entered on the activity in an
organ at different time points.
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.2.2. Dosimetry on an organ level

= Dose Conversion Factors:

4 DLINDA - Organ Level INternal Dose Assessment

File ‘iew

- " OLINDA - Orgam Level INternal Dose Assessment Code (Version 1.1, copyright Vanderbilt Uniwersity, 2007) A
Main Input Form Huclide Input Form | Models Inp ! )
ose Comversion Factors (mSv/MBg-3), Muclide: Lu-177 (6.73E00 day), Adult Male
Adrenals Brain Breasts GB Cont LLI Cont. 5T Cont stomCont ULI Con
\hdrenals 1.46E-03 1.39E-10 1.35E-08 B8.58E-08 6.60E-09 1.97E-08 7.50E-08 Z.42E-0
Brain 1.39E-10 1.73E-05 9.72E-10 ©5.%1E-1l1 6.70E-12 L.60E-1l1 1.78E-10 1.89E-1
a Breasts 1.35E-08 9.72E-10 6.34E-05 B8.69E-03 7.68E-10 2.24E-09 1.5S8E-08 Z.S0E-0
Gallbladder Wall 9.31E-0% 5.68E-11 9.19E-09 Z,15E-04 1.67E-08% L.19E-07 8.Z0E-08 Z.08E-0
I n C u e S Va u eS LLI Wall §.05E-09 5,7lE-12 §.08E-10 L.49E-08 B.3SE-0F Ll.62E-07 2.40E-08 5.93E-0
Hf e Lu_1 69 “mall Intestine L1.87E-0% 1.60E-11 2.24E-0% 1.25E-07 2.00E-07 Z.82E-05 5.48E-08 3.48E-0
Stomach Wall 7.58E-08 9.23E-11 1.62E-08 B8.03E-08 3.47E-08 5.52E-08 4.64E-05 7.79E-0
Hg LU‘1 ?D |ULT Wall 2.35E-08 1.93E-11 2.27E-08 2.13E-07 8.35E-08 3.78E-07 7.17E-08 5.17E-0
- - Heart Wall 7.66E-08 §.55E-10 7.44FE-058 2.75E-08 1.67E-08 5.69E-02 6.43E-08 &.21E-0
HD LU_.-I ?'1 f 2.01E-07 5.71E-11 5.70E-08 1.03E-07 1.93E-08 5.77E-08 7.42E-08 G5.72E-0
O r l I I OS ra I O n u C I e S > 1.22E-07 2.65E-10 1.91E-08 2.25E-07 4.94E-09 3.14E-08 3.97E-08 5.07E-0
| LU'1 :Irz 6.43E-08 2.25E-09 6.52E-08 1.86E-08 1.42E-09 3.77E-09 2.97E-08 4.70E-0
3.11E-08 6.15E-09 1.20E-08 3.16E-08 3.38E-08 3.08E-08 2.77E-08 2.93E-0
|n L 1 ?3 9.92E-09 6.67E-12 7.94E-10 2.84E-08 3.51E-07 2.54E-07 1.54E-08 2.11E-0
I-I' 3.00E-07 1.62E-10 1.69E-08 1.83E-07 1.32E-08 3.77E-08 3.44E-07 4.37E-0
|r Red Marrotr 6.85E-08 2.75E-08 1.57E-08 2.79E-08 5.67E-08 4.86E-08 2.08E-08 3.91E-0
LLI-1 ?4 Osteogenic Cells 6.88E-08 7.85E-08 2.00E-08 2.71E-08 4.5%E-08 3.61E-08 2.50E-08 3.10E-0
K Skin 9.53E-09 1.16E-08 2.15E-08 B8.79E-09 1.00E-08 8.36E-09 9.58E-09 &.79E-0
LU‘1 :"4I‘T'I Spleen 1.26E-07 2.24E-10 1.25E-08 3.41E-08 1.66E-08 2.70E-08 2.15E-07 2.74E-0
KI’ Teates 5.20E-100 7.62E-13 0.00EO00 2.14E-09 3.95E-08 7.00E-09 9.%6E-10 5.70E-0
LU'1 TE Thynus 1.61E-08 2.19E-09 6.75E-08 4.20E-09 6.68E-10 1.48E-09 1.04E-08 1.74E-0
La Thyroid Z.24E-09 3.69E-08 S.0l1E-09 8.10E-10 9.34E-11 L.5SE-10 8.68E-10 Z.72E-1
i LLI-1 TEI’T’I |Urinary Bladder Wall Z.28E-09 2.82E-12 4.53E-10 1.24E-08 1.37E-07 ©&.77E-08 5.17E-09 4.31E-0
[Uterus 5.88E-09 5.77E-12 ®.05E-10 3.0SE-08 1.42E-07 2.30E-07 1.32E-08 L.07E-0
Mg LU'1 ??m Total Body 3.58E-07 3.48E-07 3.30E-07 €.64E-08 2.22E-07 2.92E-07 1.27E-07 l.BEE—UV
Mn Lu-177 < >
Mo Lu-178m
Lu-178 I
M = DLINDA - Organ Level INternal Dose Assessment Code
E] Lu-174
Nb w Main Input Form r Huclide Input Form || Models Input Form I Kinetics

for ten different human phantoms ——— e
(adult and children at different ages, ™ AdultFemale

[ 15-year-old Peritoneal Cavity

pregnant and non-pregnant female - 16 earold
phantoms) and for 5 specific models [ 5year-ald Spheres

[ 1-year-old

(prostate, peritoneal cavity, spheres, " Newborn Heatl Mol
head’ k|dney) [ 3 maonth pregnant warman Kidney Model

[ B month pregnant wornan

Prostate Gland

[ 9 month pregnant wornan
!

yIAEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

Adrenals
Brain
Breasts
GH Cont
LLI Cont
Sl Cont
StomCont
LILI Cont
HeartZon
Hrt Wall
Kidneys
Liwer
Lungs
hMuscle

00000
00000
00000
00000
[ooooo
[ooooo
00000
[0ooo0
00000
00000

2

1.6

0.z

0.0000

Owaries
Pancreas
Red Mar.
CorBone
TrabBone
Spleen

Thyrmus
Thyroid
LB Cont
Lterus

Tot BodywRem Body

absorbed
doses

00000

00000
0.30

00000

00000
1.9

00000
00000
00000
00000

E—

(output)

&

18.2.2. Dosimetry on an organ level

Get setup (stp) file

i* Baone Activity on Bone Surfaces

~ Hone Activity in Bone Yalume <: a (| n p Ut)

| oiding Bladder Model

ICEP Gl Model

| Fractions and Half-times

Fit data to Model

Organ doses

Organ Doses (wiv/MBq), Nuclide: T-50

reasts

Gallbladder Wall

LLI Wall

Small Intestine

Modify Input Data |

o e e Y e e Y e e e e e

{6.41E01 hr), Adult Male

Alpha Beta
LO0E0O0 L. 1SE-01
LO0E0O0 1.13E-01
LO0E0O0 1.13E-01
LO0E0O0 1.13E-01
LO0EQOD 1.13E-01
LO0E0O0 L. 1SE-01
LO0E0O0 1.13E-01
LO0E0O0 1.13E-01
LO0E0O0 1.13E-01
OOEQOO0  3.65E000
LO0E0O0 4. 79E-01
LO0E0O0  1.08E-01
Mext Fhantorm

Thoton

e e e e e e e Y e e e e

LO0EDOD
LDOEQON
.00EQOD
.00EQOD
.00EQOD
LO0EDOD
LDOEQON
.00EQOD
.00EQOD
.00EQOD
LO0EDOD
.DOEQOD

Erevious Fhantarm

Total

N = = = = R S Sy

L13E-0L
L13E-01
L13E-01
L13E-01
L13E-01

13E-01
13E-01
13E-01
13E-01
G9E000

LTHE-0L
.08E-01

See Source Organ Contributions

Mult Doses by (MBe):

ELE Cont.

. T5E-03
L D0EQOO
L B9E-02
. N0EQOD
. N0EQOD
LO0EDOD
L D0EQOO
. N0EQOD
. N0EQOD
.21E-01
LBEE-0Z
. 29E-02

{3 S Qe e T e Y e e e T Y

1.0

ED Cont.

.B1E-04
.BlE-04
.63E-03
.00ECQOO
.35E-02
G1E-04
ISE-02
g1E-04
.00ECQOO
22E-03
L40E-02
.29E-02

st Y = R N N I o S e B R VR X

Main i

Exi
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.2.2. Dosimetry on an organ level

OLINDA - Specific models

brain model

£ MIRD Head and Brain Model
Enter the number of disintegrationsia0 (upi

Whole Brain: 0 /7

/

/
7/

“hiuCi or MBg-h/MBq) far:

., Input: a.
" (MBg-h / MBQ) \,

Caudate Nucleus: |17 'S
Cerebellurn: o
Cerebral Cortex: IDi
Cranial GSF: E
Cranium: [0
Lateral Ventricles: lﬂi
Lentiform Muclei: [0
Spinal GSF; .
Spinal Skeletor: [0
Thalami: [0
Third wertricle: [0
Thyraid: [tz
White Matter: [0

Doses from Muclide: Lu-177 in Head Model,

Adult

Target Organ Dose (wGy/MEq)
Brain 6.86E-02
Caud. Hucl. 7.78E000
Cerebellum 1.26E-02
Cereb. Cort. 1.67E-02
Cranium 2.43E-02
Eves Z.96E-03
Lent. Hucl. 2.33E-02
Mandible 4,02E-03
Other Tizsues 5.90E-03
Skin 3.01E-03
Spinal Col. 1.6%9E-01
Gpinal Zkel. 3.78E-02
Thalami 1.17E-02

Thyroid 4,93E000

DOMNE

\

Output:

absorbed doses
mGYy/MBq; cGy/mCi

kidney model

\

Enter the Mumber of disintegrations/&0 (UCi-hiuCi or MBg-hik B for; |
\ Vv
<

) Dozes from Huclide: Lu-177 in Kidnew Model >

Renal Corex: 1.62 15-yr-old

Renal Medulla: 0.65 Target Organ Doze [(wGy/MEg)

Renal Pelvis: 018

= | Panillae: 0 Cortex G.02E-01

Enal Fapliae. Hedulla 9.13E-01
Pelvis 1.44E000
Papillae 1.78E-01

Doses from MNuclide: Lu-177 in Kidney Model

15-yr-old

Target Organ Dose (rad/wCi)
Cortex 2.97E000
Medulla 3.38E000
Pelvis 5.33E000
Papillae G6.59E-01
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.2.2. Dosimetry on an organ level

Tumours are not included in the
phantoms, although the S values
for unit density spheres could
be applied for the calculation of
the self-absorbed dose to the
tumour.

The drawback is that neither the
contribution from the cross-absorbed
dose from activity in normal organs
to the tumour nor the cross-absorbed
dose from activity in the tumour to
normal organs can be included in the
calculations.

Doses from Nuclide: 1-131

in Spheres:
Sphere Mass (Q)
(mGy/MBQ)

0.01
0.1

0.5

1.0

2.0

4.0

6.0

8.0
10.0
20.0
40.0
60.0
80.0
100.0
300.0
400.0
500.0
600.0
1000.0
2000.0
3000.0
4000.0
5000.0
6000.0

Dose

9.68E003
1.04E003
2.14E002
1.11E002
5.62E001
2.85E001
1.92E001
1.45E001
1.17E001
5.94E000
3.03E000
2.05E000
1.56E000
1.26E000
4.43E-01
3.39E-01
2.75E-01
2.31E-01
1.44E-01
7.63E-02
5.29E-02
4.10E-02
3.34E-02
2.84E-02
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.2.2. Dosimetry on an organ level

¢

Modify input data

Frevious Ehamarm |

N

140

1200.0

360.0

a0

160.0

600.0

140.0

2000

2400

2750

1400.0

200.0

17000.0

11.0

Alpha YWeight Factor

1 masses (o) for the Adult Female

Adrenals

Birain

Breasts
Gallbladderwall
LLIall

Small Intestine
Stomach ¥Wall
LI vall
HeartWall
Kidneys

Liver

Lungs

Muscle

Dvaries

* = Modified hy user

85.0
1300.0
80.0
1780.0

150.0
[IR1]
200
17.0
3549
20.0
0o

0o
GE912.0

BetaWeight Factor  Photon Weight Factor

5.0

Multiply all masses by

1.0

[15

i |
(a8

o

:l

“%q

""'.-f"'T""

1.0

Hit =ret= t0 see changes immediately, or just[

Pancreas

Red Marrow
Osteogenic Cells
Skin

Spleen

S values can be scaled by mass, allowing for a

more patient specific dosimetry.

Owing to the inverse relation between the
absorbed dose and the mass of the target region,
scaling can have a considerable influence on the

result.

Testes

Thyrmus

Thyraid

Urinary Bladder Wall
Literus

Fetus

Placenta

Total Body

Resetorgans
DORKE

IAEA

S

patient

—~/

~ S

phantom

m phantom

mpatient

Alternatively, it was suggested to scale the S
values to the total mass of the patient, assuming
that the organ size follows the total body mass.
The lean body weight should be used to avoid

unrealistic organ mass values (S values due to
obese or very lean patients).

S

patient

~ 9

phantom

m TB,phantom

m TB,patient
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.2.3. Dosimetry on a voxel level

U The activity in an image could be quantified on a voxel level.

U Images that display the activity distribution at different points in time
after injection may be co-registered — exponential fit on a voxel by voxel
basis.

U A parametric image that gives the time-integrated activity (the total
number of decays) on a voxel level can be calculated

U A parametric image that gives the biological half-life for each voxel
could also be produced

t‘((ég

*y |AEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.2.3. Dosimetry on a voxel level

Essential for accuracy
In the calculation of the time-integrated activity on a voxel level and, thus, in the absorbed dose:

U registration of the images

O acquired number of counts per voxel - random error

 attenuation correction - systematic error

O calibration factor (number of counts to activity) — random/systematic errors
Multimodality imaging such as SPECT/CT and PET/CT facilitates the
interpretation of the images: as the CT will provide anatomical landmarks to

support the functional images, which could change from one acquisition to
the next.

IAEA
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.2.3. Dosimetry on a voxel level

Dose point kernels (DPK)

U describe the deposited energy as a function of distance from the site of emission
of the radiation

0 convolution of a dose point kernel and the activity distribution from an image
acquired at a certain time after the injection gives the absorbed dose rate

0 provide a tool for fast calculation of the absorbed dose on a voxel level

0 main drawback is that a DPK is only valid in a homogenous medium, where it
is commonly assumed that the body is uniformly unit density soft tissue

Monte Carlo simulations

O use the activity distribution from a functional image (PET or SPECT) and the
density distribution (CT), avoiding the problem of non-uniform media

Q full Monte Carlo simulations are time consuming

U EGS (Electron Gamma Shower), MCNP (Monte Carlo N-particle transport code), Geant and
Penelope are commonly used Monte Carlo codes
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM

18.2.3. Dosimetry on a voxel level

0 0.2 0.4 0.6 0.8 1 1.2 1.4

r/ r,

A scaled dose point kernel for 1 MeV electrons. r/ry expresses the distance scaled
to the continuous slowing down approximation range of the electron and

fF(r/rO,EO) d(r/ry) =1
0

¢ ) N
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18.1 THE MEDICAL INTERNAL RADIATION DOSE FORMALISM
18.2.3. Dosimetry on a voxel level

Dose-Volume Histograms (DVHSs)
U extensively used to describe the tumour and organ dose distribution in EBRT

U can be used to display the non-uniformity in the absorbed dose distribution
from radionuclide procedures.

O Differential DVH: shows the volume% that has received a certain absorbed
dose as a function of the absorbed dose

L Cumulative DVH shows the volume% that has received an absorbed dose
less than the figure given on the x axis.

O Atruly uniform absorbed dose distribution would produce a differential
DVH that shows a single sharp (6 function) peak and a step function on a
cumulative DVH.

0 DVHs might be used to assist the correlation between absorbed dose and

biological effect (the mean absorbed dose in internal dosimetry may be a poor
representation of the D distributed to the tissue )
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