of patients injected with
ors Ga-68, Zr-89 and Lu-177

Bruno Vanderlinden




Imaging radiology
e Physics

 Diagnostic

« Treatment assessment

Radiotherapy

e Physics
» Radiobiology
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Clinical pathology
« Biological marker
 Diagnostic

« Treatment assessment

Nuclear
Medicine

Chemotherapy

» Pharmacology
« Biology

— Multidisciplanary approach
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Plan

e What is a radiopharmaceutical and how to choose it

¢ An introduction to a dedicated dosimetry, the MIRD
formalism and the pharmacokinetics

e Which equipment used in NM are required (radionuclide
calibrator, gamma counter and gamma camera)

e A Presentation of some practical examples with Zr89
labelled to antibodies and octreotide labelled with Gaé8
or Lu177




Radiopharmacology

e Pharmaceuticals labelled to a radionuclide

In-111 Ga-68
e Hormone

e peptide

e Antibody

e rituximab

Malignant B-cell

CD20
\N antigen

NN
N or
Monoclonal

Antibody  cpelate (Tyr?)-octréatate

imaging therapy




Physical properties

Physical half lives

e Short = hours
e => Diagnostic

e Long = days
e => Diagnostic for long biological half-lives
e => Therapeutics

Types of emissions

¢ Gamma

e Beta

e Alpha

Energies of emissions

Intensities of emissions

Chemical properties (binding, mass,...)
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68Ga diagnostic short half-live

0.0 6771MBE

68
310337 \
Q@$)=2921.1 KeY 12

€:100 % 2+ ’ , — 2821.9
4834, 2.6E-4 % |
938.7, L.77E-4 %
2+ . |, 1165.9, L6E-5% | 33385
682.6, 3.12E-43% | | | i744.4, 0.0095 %
, 1261.1, 0.0943 % 28217, 4.6E-4 %
+ | o ¥ | 93384, 0.00113% 1883.2
0+ 227.3, L2E-4 % | 1655.0
578.5, 0.03507:5 0.0940 % T '
1883.2, 0.137 %
2+ X 1077.4
1077.3, 3.22 %
Annihilation
+ Y Y YY 0.0 STABLE

68
30%N38

» Electron capture or beta + emissions (88%)
« 2 gamma after annihilation of beta +

« TVL=17 mm Pb




89Zr diagnostic long half-live
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9/2+ 0.0 7841H12
89
40%'49 \
5)=2833.0 keV 28
RS €:100 % 7/2+ 11/2+ 2+ . 2622.2
. 2530 . 2366.3 1713, 0.745 %
1620.8, 0.073 % 1657.3, 0,106 % s U #
22 | 1744.5
1744.5, 0.123 %
9/2+ ) 0.0 . ¥
909.2, 99.04 %
Annihilation Lo
0 STABLE

» Electron capture or beta + emissions (23%)
« 2 gamma after annihilation of beta +

« TVL=32 mmPb
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90Y therapeutic

0 64.00H21

90
30751 \
Q(gs)=2280.1 keV 16

B-: 100 % 2186.2, L.4E-6 %

1760.7

e Beta- emitter
e half-life = 2.7 days

e 90Zr 0+ could make a
pair production => beta+
emission

STAELE

Maximum Range of Beta in Air: 9 m

Maximum Range of Beta in Water: 11 mm




177Lu therapeutic

Fr2+ 0.0 6.647 D4

177
71106 \
Q(gs)=498.3 keV 8

B-:100 %

‘
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e Beta- emitter decay in Hf177 excited states

e half-life = 6.7 days
o Hf177 excited
e Gamma emitter

113 & 208 keV

e Half-life < nanosecond
e TVL=2.1mm Pb

9/2+ . 321.3
71.6, 0,172 %
208.4, 10.36 %
321.3, 0.210 %
11/2- . . 249.7
136.7, 0.0469 %
249.7, 0.2008 %

0;2- , 113

112.9, 6.17 %
7/2- p S 0.0




Committee on Medical Internal h‘
Radiation Dose (MIRD)

e Radiation dosimetry provides the fundamental quantities
used for radiation protection, risk assessment, and treatmen
planning.

The MIRD Committee develops standard methods, models,
assumptions, and mathematical schema for assessing internal
radiation doses from administered radiopharmaceuticals.

¢ The virtue of the MIRD approach is that it systematically
reduces complex dosimetric analyses to methods that are
relatively simple to use, including software tools for
experimental and clinical use.
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The MIRD Formalism

Absorbed fraction

Absorbed fraction by mass

Mean absorbed dose Gy [J/Kg]
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Dose in a volume

Source h

E E
D(k—h) = =W E _ ok,
m, my

D = mean dose in target volume

if radiations are non-penetrating

E
ok —h) =0 ifk+h — Dke—k= —

my

ok —h) =1 ifk=h — D—h =0
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Radionuclides

Ij(t)ﬂw— n= An(t) Eq @k — h)

Source h

mean dose rate in target k at time t for source h with one type of radiation of
energy EO

iIf 1 1s a specific type of particle with
Ei its energy
ni the number of particles of type i emitted per transition

— Al is the mean energy per transition for radiation i in J/(Bq.s), and A the
total energy per transition

Ai:kniEi A:ZAI:KZnIEI

the dose rate is the sum of all radiation types

Ij(t)(]u—h) = KA((D) X nE &k —h)




Residence time

Dﬂ%h)_f D)y dt =K Ay Y nE; @ (k — h)
A, is the cumulated activity

Curmulated Activity = Area under curve
o~ ~37 MBg.h

= [ A (t) dt

Activity (MBq)

A, = total number of transitions in source h

calculated from biological data (graphically or
numerically)

12 16 20
Time (hours)




MIRD fundamental equation

Dy wy=KA X NE @ (k—h)

the factors independent of time are included in the S-factor
Sty = K2LME @ik —h)

MIRD simplified equation

Dy = A, .S
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ANTERIOR VIEW OF THE PRINCIPAL ORGANS IN THE
- a‘ O r HEAD AND TRUNK OF THE PHANTOM

ORGANS NOT
SHOWN

D=A,7S g e

Marrow
Pancreas

~— / g‘mn

o o eg o o . 4l ploan
to obtain a dose from an initial activity one must =l —— Ovares
know — =2 | L iy
Uterus

the residence time . _ Leg bones

__—Kidnoys

the S-factor for the specific geometry

|| __—Small ntestine

. Lower large
3 intestine

S-factors calculated using phantoms = 9 BB
mathematical : simplified | '
voxelized : from CT or MR data

calculation methods
analytical
Monte Carlo
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Quantification

Material

Radionuclide or dose calibrator with a well-established conversion
factor for the specific radionuclide and for the acquisition
parameters used in routine (container geometry, position in the
radionuclide calibrator, liquid volume,...)

Gamma counter with a well-established conversion factor for
specific radionuclide and for the counting parameters used in
routine (activity range, volume of liquid, standard vial ...)

Gamma camera SPECT-CT with a well-established conversion factor
for specific radionuclide and for the acquisition parameters used in
routine (type of collimator, energy window, activity range,...)

Imaging processing software (fusion tool, delineation)

Dosimetry software : Olinda software (provided by MIRD
committee)
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Radionuclide calibrator]

-+

e Wide energy range

¢ Wide counting range

z
B
&
¢
&

e Convenient open geometry
600 800 1000 1200 1400

Photon Energy (keV)

No energy spectrum
Geometry dependent

Calibration with a limited
set of radionuclides and
geometries
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Gamma counter

+

® Energy spectrum
® Geometry non-dependent

— Montecarlo simulation

Aom -
amm -
.-
LE ]
EE
Fom o+
EL RN
]
EL ]
a7m -
Bl
L]
1ama -
V-
+
100 -
mma
woa -
i
sma -
a

Small counting range
Non convenient

Closed geometry

SEERBIAAEREENR AR i EERERTIT0RERI




Energy spectrum

Open geometry

Collimators
No vendor calibration

Low resolution

45000
40000
35000
30000
25000
20000
15000
10000

5000
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Partial volume

— aCtiVity measured
activity

RC

=
2
=
o
<]
L&)
-
]
=
g
o

injected

1.5 2 2.5

Cylinder diameter / FWHM

S.R Cherry and J.A Sorenson. Phelps M.E. Physics in Nuclear Medicine. 3rd ed. Philadelphia. Saunders., 2003.
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PET/CT

High resolution
High sensitivity
Calibrated for positron counting

Self collimation

Time of flight

Irradiate the patient and the worker

Equipment and radionuclide expensive

Annihilation
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e Conversion & correction
e Counts to activities or dose
e Partial volume effect

e Exporting
e Statistic
e contouring




Dosimetry software: olinda

« Choose the isotope and phantom

to determine S-factor
* |nsert the residence time
calculated with the statistics
obtained (which integration?)
=> the dose table

Main Input Form i Muclide Input Form Fﬂ

RaC [MBg/g]

N

[uny

o

~—
QD
—

N

M

RaC [MBq/g]
=

Time [h]

o

—

24 48 72 96 120 144 168 192

96 120 144 168 192
Time [h]

0 24 48 72

Figure 6: Typical kidney clearance curve integrated with the trapezoid
method (a) or exponential fit method (b) in a patient treated with *”’Lu-

octreotate.
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Quality Assurance

e Standard Procedure :
e to optimize the reproducibility of the measurements

e Quality control of the equipment
e to keep the calibrations
e to evaluate systematic and stochastic errors
e to evaluate the derives




Immuno-PET/CT

Malignant B-cell

CD20
\ antigen

N\
or
Monoclonal

Antibody chelate

imaging therapy

897r-rituximab Immuno-PET/CT

Immuno-PET/CT combines the high sensitivity of
PET/CT with the specificity of the chimeric monoclonal
antibody (mADb) for the antigen expressed on the
surface of cancer cells.

Zirconium-89 is a positron emitter with a half-life of 78.4
hours, which is compatible with the time needed for
intact mAb to achieve optimal tumour-to-background
ratios.

Antibody half life in blood 2-4 day




Immuno Dosimetry

89Zr-rituximab Immuno-PET/CT
Antibody half life in blood 2-4 day

[ramen [22

1 hour p.i 1 day p.i 3 days p.i.

% Zr89 initial Activity

10% —e—Liver —m—Kidneys
spleen  —x—lungs % Zr89 is converted in %
—e—bladder Y90 in function of her
¢ Y decay
596 | The Number of Y90 decay
\‘\*_ is the AUC + Y90 decay for
— the time remaining
A —a— -
0% 374. ‘ P ‘ e
0 50 100 150

hr



Immuno Dosimetry : Olinda 1.0
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Number of Disintegrations in Source Organs:

uCi-h/uCi
uCi-h/uCi
uCi-h/uCi
uCi-h/uCi
uCi-h/uCi

Kidneys
Liver
Lungs
Spleen
Remainder

1,30E000
7,76E000
4,15E000
9,68E-01
4,85E001

MBg-h/MBq
MBg-h/MBq
MBg-h/MBq
MBg-h/MBq
MBg-h/MBq

Organ Doses (mSv/MBq), Nuclide: Y-90 (6,41EQ1 hr), Adult
Calculated: 06.26.2012 at 03:57:23 CEST

Target Organ

Kidneys

Alpha
0,00E000

Liver 0, 00EQ00
0,00EQ00
0, 00EQ00

0, 00E000

Lungs
Spleen
Urinary Bladder Wall

Effective Dose Equivalent (mSv/MBq)
Effective Dose (mSv/MBq)

Beta
2,29E000
2,19E000
2,24E000
2,76E000
3,55E-01

Photon

0,00E000
0,00E000
0,00E000
0,00E000
0,00E000

Total
2,29E000
2,19E000
2,24E000
2,76E000
3,55E-01

EDE Cont.

1,37E-01
1,31E-01
2,68E-01
1,66E-01
0,00E000

1,11E000

ED Cont.
5,72E-03
1,09E-01
2,68E-01
6,91E-02
1,77E-02

8,54E-01




Tracer: Octreotide

Somatostatine analog

Binds on over-expressed
receptors of neuroendocrine
tumor

Half-life in blood = 2 hours
Uptake in kidneys, half-life
depending on kidney
function of the patient

CANCER BIOTHERAPY & RADIOPHARMACEUTICALS Volume 22,
Number 3, Results of Individual Patient Dosimetry in Peptide
Receptor Radionuclide Therapy with 177Lu DOTA-TATE and

177Lu DOTA-NOC Christiane Wehrmann
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Cumulative A% eliminated
A% Blood

Time in hours p.i.
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%8Ga-DOTATATE

68Ga-DOTATATE L <= Kidhave
8 -a- Liver
r‘_' r ¥ Spleen

-¥- Red marrow

30 180 min p.i.

‘L' @h

68Ga-DOTATOC

Percentage of injected dose >

T '—=1
0 50 100 150 200

Time after injection (min)

~

180 min p.i.

Percentage of injected dose [

J 1) L
0 50 100 150 200
Time after injection (min)

DOSIMETRY OF 68GA-DOTATOC AND 68GA-DOTATATE « Sandstrom et al.



Tracer: which octreotate for diagnostic?

I 58Ga-DOTATATE
B %Ga-DOTATOC

qQ)
o
-
()]

o©
b
o

o
a

1]
=
)
E
("]
8
k=
8
o
8
<o

Selected Organ Dose and ED for Discussed Radiopharmaceuticals

68Ga-DOTATOC  %8Ga-DOTANOC  '''In-DTPA-octreotide  '8F-FDG
Organ 68Ga-DOTATATE* (12) (73) (719) (20)

Kidneys (mSv/MBq) 9.21E-02 2.2E-01 8.97E—-02 4.5E-01 1.7E-02
Liver (mSv/MBq) 4.50E-02 7.4E-02 3.38E-02 7.0E-02 2.1E-02
Spleen (mMSv/MBq) 2.82E—01 2.4E-01 7.25E—-02 3.2E-01 1.1E-02
Urinary bladder wall (mSv/MBq) 1.25E-01 7.0E-02 8.36E—-02 1.8E—-01 1.3E-01
ED (mSv/MBq) 2.57E-02 2.3E-02 1.67E—-02 8.0E—02 1.9E-02
Typical 1A

MBq 185 185 185 74 370

mCi 5 5 5 2 10
Estimated ED per scan (mSv) 4.8 4.3 3.1 5.9 7.0

68GA-DOTATATE HUMAN DOSIMETRY « Walker et al. JNM ¢ Vol. 54 « No. 6 « June 2013



Tracer: wich octreotide for therapy? = ===

4500 MBq ""7Lu DOTA -NOC 6500 MBq ""7Lu DOTA -TATE Whole body
80 ‘\
s 60
e NN
N c T ———
L - av J
- 0 20 40 60 80
Wy, L e
Time in hours p.i.
5 Normal tissue
121
< 9
S
3 \&.&.‘
0 ; ; :
*®  45h p.i. - . 45h p.i. . 0 20 40 60 80
Time in hours p.i.
Spleen Kidneys Liver-metastasis
3.0 5 0.15 —¢ dosimetry 1
25 4 s 77Lu DOTA-NOC
TH = e 200 P | | desimety 2
e = = . 77Lu DOTA-TATE
10 Y 1 \\'\ﬁ.\\\g < 0.05 — - dosimetry 3
o . e ——— 177Lu DOTA-TATE
0.0 T T T . . . 0.00 T T T H
-4~ dosimetry 4
0 ZF) . 40 69 80 0 20 40 60 80 0 29 . 40 69 80 177y DOTA-TATE
Time in hours p.i. Time in hours p.i. Time in hours p.i.

Figure 5. Peptide receptor radionuclide therapy using *’/Lu DOTA-TATE and *"’Lu DOTA-NOC in the same patient (scans
are scaled to the maximum pixel of both scans).

CANCER BIOTHERAPY & RADIOPHARMACEUTICALS Volume 22, Number 3, Results of Individual Patient Dosimetry in

Peptide Receptor Radionuclide Therapy with 177Lu DOTA-TATE and 177Lu DOTA-NOC Christiane Wehrmann
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Which Marker for therapy ?

o Lu1/77

e Beta- emitter decay in Hf177 excited states
e YOO e half-life = 6.7 days

e Beta- emitter e Hf177 excited

e half-life = 2.7 days o (SEliine Elies
113 & 208 keV

e Half-life < nanosecond

Tumours Tumours
(2-42) Gy/GBq (0.6-56) Gy/GBq

Kidneys » Kidneys Testes U. bladder Other organs
protected

Dosimetry for treatment with radiolabelled somatostatin analogues. A review. Q J NUCL MED MOL IMAGING 2010;54:37-51
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« Patient Specific internal dosimetry in NM is
achievable
* With systematic and stochastic errors
* We need robust and reproducible multisciplanary
methodology that allow :
 to estimate stochastic errors

« to correct systematic errors (even retrospectively)




