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40 instruments running simultaneously for 150-200 days per year
Neutron beams: up to 2-10'° n.cm-2s! flux, up to 320 cm? area
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Institut Max von Laue — Paul Langevin

Chartreuse mountains Ecrins mountains Vercors mountains

Belledonne mountains Taillefer mountains

» founded 1967
» today governed by “associates” FR, DE, UK
* + member states: ES, CH, AT, IT, CZ, SE, BE, SK, DK, PL

« over 40 instruments, mainly for neutron scattering,
but also some for nuclear and particle physics

» user facility: >1400 scientific visitors from 40 countries per year
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V4: The highest neutron flux in Western Europe
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Medical applications of radioactivity

Don’t forget the fuel!

The chart of nuclides — nuclear medicine perspective

SPECT
PET
Therapy
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= 153Sm Lu
123131
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llC F “exotic” isotopes
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Radioisotopes: the “fuel” for nuclear medicine
1. What is the optimum fuel for an application ?
2. Are we using the optimum fuel today ?

3. Where does this fuel come from ?

The Nuclear Medicine Alphabet

PET-
Scanner



Medical applications of radioactivity

Scintigraphy and SPECT Ideal gamma ray energy for scintigraphy/SPECT?

Camera

= f 2
2D: planar scan
(Gamma camera)

Ideal gamma ray energy for scintigraphy/SPECT 99mTc: ideal for SPECT and gamma cameras
20%

N=Nge Jf Wix)dx

10 cm soft tissue
0.2 cm aluminium (detector encapsulation)
1cm Nal

Ru 98 Ru 99 Hu 100 Hu 101 Ru 102
EV> 60 keV 187 1276 | 1260 17 .0 31,55
E, < 400 keV

15% | 77\ —
r Scintillator crystals:
: Nal(Tl), Csl(Tl), YAIO,(Ce)
10% :
r Semiconductor:
- CdznTe
. \

Detectable fraction

0% w w w w ‘ * IT with 89% 140.5 keV gammaray, T,;, =6 h
0 100 200 300 400 500 600 * decays to quasi-stable daughter
Photon energy (keV) « 99mTc fed in 88% of B- decays of ®*Mo, T,,, =66 h

) . . « produces nearly carrier-free product
10 cm soft tissue, 0.2 cm aluminium (detector encapsulation), 1 cm Nal
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The Bateman equations
Mo — %MTc

ANy /dt = - Ay Ny

NMo(t) = NMO(O) exp(' }"Mo t)

9Mo — 9MTe — 999Tc
AN/t = Ao Nyo - Are N
Nyo(t) = Ny (0) exp(- Ay 1)
+ }Tj‘_mﬁ;Nm [8Xp(- Ay, 1) - €XP(- Ay 1]

Bone metastases

Camera

=

» planar or SPECT scan for
bone metastases

+ differentiate between local and
generalized disease

» decide on treatment options:
surgery or radiation therapy
versus systemic therapy
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99Mo/?*™Tc generator
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« reliable

* portable
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Bone scans: 35% of NM procedures in Europe
Even-Sapir E et al., J Nucl Med 2006; 47: 287.
99mTc-MDP planar 9mTc-MDP SPECT
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~Rheumathoid arthritis

n’ . )
- 4 ’

fv ‘ B J)

L. Knut, World J Nucl Med. 2015; 14:10.

Ischemic heart disease

» diagnose by ECG and cardiac stress test with SPECT
 treatment by medication, angioplasty or bypass surgery

Ecole Joliot Curie 2017
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Heart: 26% of NM procedures in Europe

2007: 8.54M myocardial perfusion SPECT
procedures reimbursed in the USA
J.V. Vitola et al., I Nucl Cardiol 2009;16:956.
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Ischemic heart disease Scintirenography
age-standardized death rates (per year):

US 1%o, UK/DE/DK/SE 0.9%o, CH/IT 0.6%o, FR 0.38%0 .. W i — ’
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G.N. Sfakianakis et al. J Nucl Med 2000;41:1813.

Kidney: 13% of NM procedures in Europe

SPECT isotopes

Radio- Half-life Ey ly Decay type
nuclide () (keV) (%)
93 42
78 21 EC

Ga-67 185
/ ‘ Kr-81m 0.004 190 64 IT
Hot nodsle - Rt e Cobt noduie ~ A1 te Tc-ggm 6 141 89 IT
'l:’:‘mll: vn:’o.-::: -

s 171 91
In-111 67 245 94 EC
1-123 13 159 83 EC
Xe-133 126 81 38 B

70 59
TI-201 73 167 10 EC
123]- 181]- or 99MTcO, 1-131 192 364 82 B
113 6 )

Thyroid: 12% of NM procedures in Europe Lu-177 161 208 10 B
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The Elements
of Murder

A History
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Thallium for patients ?

MBg to GBq activities
correspond to ng to ug
no chemical toxicity

at this level
provided stable isotopes are
absent (“carrier-free”) or
relatively low abundant
(“non-carrier-added”)
high specific activity is
frequently a decisive quality
criterion for nuclear medicine

Positron Emission Tomography

Mensnre

applications!
John Emsley

PET isotopes

Radio- Half- | Intensity B* E mean Range -
nuclide | life (h) (%) (MeV) (mm) 5 -y
4 "o

c-11 0.34 99.8 0.39 P ‘; s XS M1
N-13 0.17 99.8 0.49 1.8 t - Sz £W
0-15 0.03 99.9 0.74 3.2 - o g 9
F-18 1.83 96.7 0.25 0.7 .
Ga-68 1.13 89.1 0.83 3.8 . '-,_.‘.'.-’ :;.' 'f;f‘ “'_‘ .
Rb-82 0.02 95.4 3.38 20 3 4 R !

Fellner et al.,

Even-Sapir E et al., J Nucl Med 2006;47:287. EJNMMI 2010;37:834.

18F-Fluorodeoxyglucose (FDG)

9mTc-MDP planar  %*MTc-MDP SPECT 18F PET 68Ga-BPAMD PET
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Imaging of prostate cancer lesions
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18F-choline 68Ga-PSMA-ligand

M Eder et al. Bioconjugate Chem 2012, 23:688.
Ali Afshar-Oromieh et al. Eur J Nucl Med Mol Imaging 2014, 41:11.

Cardiology applications

00O O
Q000

. B.A. Mc Ardle,
« Can. J. Cardiology
M. 29 (2013) 399.
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PET isotopes

Radio- Half- | Intensity g* E mean Range
nuclide | life (h) (%) (MeV) (mm)

c-11 0.34 99.8 0.39
N-13 0.17 99.8 0.49 1.8
0-15 0.03 1 other 0.74 3.2
F-18 183 g otope: 0.25 0.7
Ga-68 113 271d 0.83 3.8
Rb-82 002 25d 3.38 20

Diagnostic Accuracy: PET vs SPECT
99mTc-SPECT

1 100 vs.
g E 201T|-SPECT
& - VS.
= 82Rb-PET
0 2 BISPECT] 13NI)|/S-PET
/0 1 " veé.
150H,-PET
1 VS.
Coronary CT
R Vs.
MRI
vs.
Bateman et al, J Nucl Cardiol 2006;13:24. echography
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Nanoparticle PET-CT Imaging of Macrophages in

Longer-lived PET isotopes .
Inflammatory Atherosclerosis

Radio- ange 84Cu-TNP
nuclide (MCulATSM Y /
-,

Sc-44 By 25

Cu-64 0.8

Br-76 6

Y-86 L XL A wscomin 2.6
- [ copper chmlcnn 0

Zr-89 7¢ proteina 1.4

1-124 1 3.8

M Nahrendorf et al, Circulation 2008, 117:379.

Longer-lived PET isotopes

Radio- |Half- Branching |Branching |h,, 3927 h
nuclide |life (h) |ratio B* (%) [ratioy (%) |(mSv/h/GBq) o g')’ + 0
RS —
Sc-44 397 943 101 0.324 vy Y 44
SEEP 219C
] RN
Cu-64 127 176 0.5 0.03 \,,,Qwé%g: o Qgo=3653.3
Y-86 147 319 320 0.515 SEon
+ 3 N ) y
zZr-89 784 227 100 0.182 i % °.°.<3~<3°’ é,\? 268650 :? T j
I-124 1002 22.8 99 0.17 s‘;
Tb-152 17.5 17 142 261ps 2|1 1S 1157.047 98.95% 5.3

0

+
stable 2 I x
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44Sc in the universe
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M. Leising, R. Diehl, PoS 2009.

3-photon-camera: PET-SPECT

Comgton cone.
3y

Scefterer. DSSSD o4y

3 e 41 QI8 © Um Or

Applications: "
70 mm 84mC|, 44Sc, 4mSc, 52Mn, 52™Mn,
- 160 mm 86Y, 949Tc, 94mTc, 124] 10C, 140

C. Lang et al. JINST 2014;9:P01080.
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Compton telescope

COMPTEL
—

Gamma-ray

Gamma-ray scattered;
light emitted.
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L. Gallego Manzano et al. Nucl Instr Meth A 2015;787:89.
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Statistics of radionuclide use in Europe

50000

40000

30000
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Procedures per million inhabitants and year

W Other
111In

W 67Ga
m123I
W 1311

m201TI
W 99mTc

W PET

Use of diagnostic isotopes in Europe, USA, Canada and Japan

http://www.nupecc.org/npmed/npmed2014.pdf

Radiotracer diagnostics without imaging

Helicobacter pylori: chronic stomach inflation (ulcers, pain)

111 kBq | e

cause of 60-90% of all stomach cancers
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Cumulative use of diaghostic isotopes in Europe

MW 99mTc
W 201TI
m 1311
m123|
W PET

W Other

http://www.nupecc.org/npmed/npmed2014.pdf

Why 111 kBg?

1 mCi = 37 MBq
1 uCi =37 kBq

3 uCi =111 kBq

12
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Molecular imaging without patients?

Development of pharmaceuticals
—u—

TR
u <] 0} 0] €]
approval lgranted
5000 to “r %) 1.2 ¥ 10

JUy ®

substances
Screening in vitro tests
animal exp.

N/

" u

Ily
tests with humans

toxicity wanted effect comparison

side effects with standard

20-80 healthy 100-300 patients x00-x000 patients
volunteers
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Survival curve > =1\ e (0 Small animal

s . : w— imaging
S
2 08 A ° ° .
c
? 06 A
k]
E 04 — eTreated &
@ 0.2 +— 4 Control
[T

0 ‘ ‘ ‘ &

0 1 2 3 4

Time

* medium survival time, median survival time, survival benefit
« shows final benefit but not detailed mechanism

» more information from bio-distribution studies
« preferentially on-line with suitable radiotracers
and small animal SPECT or PET

Ecole Joliot Curie 2017
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New generation of small animal SPECT . » Multi-lsotope SPECT
Fiael 1 123) Mn 2017
Mudnpdcity 1 evenis
57Co
’ CZT
R
13384
LaBr3:Ce Wtpe [/ sipect-ceom/
L N -Avl
| systematic biodistribution studies
with different radiotracers become
| possible with dedicated small
SR m & & w % e animal SPECT
Lu Tm Dy Sm Comparison : :
In Yb Y GdPm Ce of the From diagnostics
100.00 Y bio-distribution  The death and the
} } of different radiologist. Oh my God!
tumor Seekin i Where did you find
.—T—l--\|0ctreot\de tracers 9 L ng ngsc;in all these nude
8 10.00 . labeled with. 210 die sogon. 9 - phOto\S O.f me?
< = radio-lanthanides,
o [—{DTPA-mab) 225A¢c and 11n
N I N el
5 100 free chelates: to therapy
69: [Citrate Py B~ EDT™MP [— Citrate 0]
o) EDTMP
= specific tracers:
= o010 e Octreotide
and -
Mab L
Linker:
0.01 Aminobenzyl-DTPA
S0 S8 .90. ZS .100 0o ] G.J.Beyer, Hyperfine
ionic radius in [pm] Interactions 129 (2000) 529.
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EBRT (External Beam Radiation Therapy)

Civilian radiation accidents

@ ED

Goiania, Ciudad Juarez, Samut Prakan, etc.

Ecole Joliot Curie 2017

= L “Cobalt-bomb” or “Cesium-bomb”
[ 50 — 100 TBq of 8°Co or ¥7Cs
5-10Gy/hatlm

. Less operation and maintenance
effort with respect to LINACs,

;j BUT long-term legacy!

& R,'_, -
SN,
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Parenthesis: Radiation Sterilization of Medical Devices

1 MCi = 37 PBq %°Co sterilizes 650 kg/hour at 25 kGy

EBRT (External Beam Radiation Therapy)

Ecole Joliot Curie 2017

Relative dose (percent)

Vmge @Iy Do e vy ovem wag Wony

EBRT (External Beam Radiation Therapy)

100 4 4

680 :

40

20

80

~

.glr-192 source |

p(66)/Be neutrons

SSD =150 cm
1 Tumor
A
~ ~
** 5cm SOBP

s

' ™ 20 MeV electrons
\

200 MeV protons

| ] 1
10 15 20 25
Depth in water (cm)

Hadron Therapy

carbon ions

30
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Effect of Linear Energy Transfer (LET) on cell survival CNAO synchrotron: 78 m long, 25 m diameter
(for 400 MeV/u 12C6+)

SURVIVING FRACTION
-
e >l
-5 > & /j
/
/
/
F 4
/
/
L

HIT gantry 25 m long, 13 m diameter, 670 tons PET for Quality antrol in Hadron Therapy
o (for 400 MeV/u 12C*¢+) \ ——

Ecole Joliot Curie 2017 19



Medical applications of radioactivity

Glioblastoma multiforme

. BNCT - does it work?

Surening pasents

Glioblastoma treated .
at Tsukuba University ‘ ~—

conventional
radiotherapy vs. BNCT

Conclusion: Results
for BNCT were
significantly better,

'
P15

BNCT

Wolfgang Sauerwein, Univ. Hospital Essen

Ecole Joliot Curie 2017

P
Heohs

® ¢ &

Boron Neutron Capture Therapy (BNCT)

/4 4 “‘dual” therapy
""6“’2_. U >
Boron Gamma

Accelerator production of epithermal neutron beams

University of Tsukuba
Neutron Beam

Proton Beam | / .
\ Patient

“Li(p,n) or °Be(p,n) reactions with intense proton beams

20
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Brachytherapy
High Dose Rate (HDR) brachytherapy = Low Dose Rate (LDR) brachytherapy
short-term insertion of 6°Co,137Cs, long-term insertion of 32P, 103pd, 125],

169Yb or 192|r sources 131Cs, etc. sources (“seeds”)

[P e e o AT P,
wilsnpewinsennie | Truray Capeds

........ S

Glaucoma
* hyperproliferation during wound healing closes channel
= 30-40% failure in 5 years
« prevent by low-dose rate-brachytherapy (15 Gy at 1 mmin 7 d)
* 45 kBq of 2P (14 d)
« ion-implanted at 2E12 ions/cmZ2into biodegradable polymer
* 32P produced by reactor activation of 31P, off-line ion implantation

W. Assmann et al., Nucl. Instr. Meth. B257 (2007) 108.

Ecole Joliot Curie 2017

Glaucoma

» damage to optic nerve, often caused by high intraocular
pressure (>30 mbar) = irreversible loss of vision
« incidence: 0.5% over 50 years, 10% over 80 years
» second leading cause of blindness
« treatment: filtering microsurgery (trabeculectomy) e
Z s

S Fludd oxits
< %-g:u‘gh new
ning

N

Sclorn

e

g Mo

Stenosis

« constriction of blood vessels (due to diabetis mellitus, high
blood pressure, high chloresterol level, nicotine consumption);
4.5 million patients in Germany

« arteries opened by balloon dilatation (angioplasty), sometimes
with placement of stent (mainly coronary artery, usually not in
extremities) or bypass operation
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Radioactive ion implanted stents prevent restenosis

15 mm

K. Schlésser and H. Schweickert, CAARI-16, AIP Conf. Proc. 576 (2001) 824.
A.M. Joussen et al., Int. J. Radiation Oncology Biol. Phys. 49 (2001) 817.

E. Huttel et al., Rev. Sci. Instr. 73 (2002) 825.

M.A. Golombeck et al., Nucl. Instr. Meth. B206 (2003) 495.

W. Ensinger et al., Surface and Coatings Technology 196 (2005) 288.

Rhenium-PTA

« frequent restenosis within few months due to deposition of
vascular smooth muscle cells in intima (NIHA)

» repeated restenosis may lead to amputation of extremity:
60000 amputations/year in Germany (70% due to diabetis)

« alternative: PTA (percutaneous transluminal angioplasty), i.e.

irradiation of cells after balloon dilatation prevents restenosis =

ideal isotope 188Re with high concentration

.

U R RN
—

« clinical study in Augsburg: 13% restenosis in 16 months
versus usually 50-75% in 6 months
W.A. Wohlgemuth et al., J Cardiovascular Surgery 2010;51:573.

Ecole Joliot Curie 2017
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Rhenium skin cancer therapy

non-melanoma skin cancer:
* basal cell carcinoma and squamish cell carcinoma
« in the Alps 20-30% lifetime risk to develop skin cancer

Pamrt 10! 2upz after & onge Pegr ot

Tirwsten O

Cotetra Satie A.F Sedd\a et al., Clin Exp Dermatol 2008;33:745.
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Liver cancer and liver metastases

T
.. "‘
L TR
e
,..g‘-—‘ /

Normal liver cells mainly supplied by
portal vein. Liver cancer and liver \‘
metastases trigger angiogenesis
(supply path from artery).

Imaging °°Y via Bremsstrahlung-SPECT and PET

WY-SRECT

Th. Carlier et al., EJNMMI Research 2013;3:11

Ecole Joliot Curie 2017

Selective Internal Radiation Therapy (SIRT)

a1

Vi

|
. =
¢
F/l
g
¢

Radioembolization cuts supply
lines of cancer while healthy liver ?
remains supplied by port vein

Y-80 glass microspheres
comparison 1o human halr
(8 ym diameter)

%0Y-polymer or ?°Y-glass
microspheres or 18Re-Lipiodol

64.10 h &
2 0 &0
TV § s
39 £ &
QI5 =2282.0 \Q‘h W
- '»7"\'\?. \Q
‘ 1.4.10:9.-:, 11.1 5 2: NV 2186.274 g 4 1o
[ 00115% 9.7, 0% 3% 1760.71 g1 3 ne
3-10%e'e
v 1 +
99.9885% 92/ Ot 4 5 0 ctable
204"
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Different medical disciplines and professions
Physician medical doctor (MD)
Radiology uses X-rays (CT) or MRI for imaging

Radiation therapy uses closed radioactive sources or
electron/Bremsstrahlung beams or
hadron beams for irradiation

Nuclear medicine  uses open radioactive sources
for imaging or therapy

Technologist maintains instruments, places patients
Medical physics calculates and measures doses
Radiochemist prepares radioisotopes for nuclear medicine

Radiopharmacist  prepares injectable radiolabeled molecules

Cancer and efficiency of treatments

At time of diagnosis Primary With Total
tumor | metastases

Diagnosed 58% 42% 100%
Cured by:

Surgery 22%

Radiation therapy 12%

Surgery+radiation therapy 6%

All other treatments and 5%
combinations incl.

chemotherapy

Fraction cured 69% 12% 45%

Over one million deaths per year from cancer in EU.
= improve early diagnosis
= improve systemic treatments

Ecole Joliot Curie 2017

Radiosynovectomy
(radiosynoviorthesis)

Injection of radionuclide colloids
Knee: °0Y (185 MBQ)
Ankle/elbow/shoulder/wrist/hip:
186Re (74-111 MBQ)

Finger: 16°Er (15-37 MBq)

L Knut. World J Nucl Med 2015;14:10.

Comparison of Therapies

Tumor-
cells Macroscopic tumors: 25mm (> 107 cells)
1010 Microscopic tumors: <5mm (1 - 107 cells)

108 | l l l l 1 l 6 Chemoth.

cycles
106 L
104 L
g Cell kill after Chemotherapy:
1021 Lc'_é only about 3 logarithmic steps : )
< (ordinate) 0 =
0 1 1 1 1 1 1

0 1 2 3 4 5 6 monmh

(Molls, TU Miinchen; according to Tannock: Lancet 1998, Nature 2006)
AR inicund otk suatienerapie un Prof. Molls
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Targeted therapies

Effect

Acceptable
side effects

—”

Dose

&

——Therapeutic effect

--- Side effects /’
t II
'F—, I’
S ’
Paracelsus (1493-1541) “| Acceptable
“QAII things are poison, and side effect: /

nothing is without poigon;
only the dose permits something
not to be poigonous.”

. Dose )
Selectivite targeting is essential

to widen the therapeutic window!

Learning from history

Ecole Joliot Curie 2017

How to treat such patients?

The principle of targeted therapies
« “attractive” vector > high uptake by the target
« transportable
« good in-vivo stability
« warriors “not visible”
« delayed uptake > suitable half-life
« limited space > high specific activity
« optimum arms
« specific

25



Medical applications of radioactivity

Metabolic targeting

_ Thyroid cancer
123 for imaging

131)- for therapy

Bone metastases
1.5 million patients world-wide

99mTc-MDP for SPECT imaging
18F- for PET imaging

Therapy

153Sm-EDTMP (Quadramet)
89Sr2* (Metastron)

223Ra?* (Xofigo/Alpharadin)

Multidisciplinary collaboration
to fight cancer

Y
Target
Linker %
N

Receptor Radionuclide
Immunology Coordination Nuclear physics
Structural biology chemistry and

radiochemistry

Nuclear medicine and medical physics

Ecole Joliot Curie 2017

Immunology approach

A\ 4
Target

Structural Formula of DOTA-TOC/TATE

|/_ o e o)
;\/N :
o i/
1
o}
(o] NN,
DOTA-TATE oy L
1,4,7,10-tetraazacyclododecantetraacetate
111|n Y
%Ga 177Lu ICq (YM) = 1.6 = 0.4 nM

%Ga *1Bi Helmut Maecke, EANM-2007.
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Male
36 years of age

Small cell pancreatic
neuroendocrine
tumour

Liver metastases
Ki-67 index 10-15%
(liver biopsy)

4 cycles with 177Lu-
octreotate and
capecitabine

Partial remission

1stthera 4t th
By erapy Roelf Valkema, EANM-2008.

177|_u-Peptide Receptor Radionuclide Therapy
of midgut neuroendocrine tumors

wval Pctatty

Tiawtrwe

J. Strosberg et al., Results of the Phase Ill NETTER-1 Trial, ESMO, 27.9.2015

Ecole Joliot Curie 2017

What success does PRRT offer?

v'CR+ PR + MR in about 50% of patients: YES

v Reduce symptoms and improve quality of life: YES

v'Increase survival time: YES

v’ Safety and tolerability: YES

Eras| SMC
Roelf Valkema, EANM-2008. /g:a/m

177|_u-radioligand therapy
of advanced prostate cancer

. ohp ‘B“. - c «
. - (]
., =
[ . X
R i
L ®
| 2
L=
I .
]
b 1 2 3

R.P. Baum et al., J Nucl Med 2016;57:1006.
C. Kratochwil et al., J Nucl Med 2016;57:1170.
K. Rahbar et al., J Nucl Med 2017;58:85.
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Lymphoma therapy: RITUXIMAB+7Lu
E.B., 1941 (m): UPN 6

"FDG PET 77Lu-Scan SFDG PET
» ]

I
& still
H in
C . ‘ fe ‘ J CR
] ' : - L -'9
1.9.2002 13.9.2002 15.11.2002 15.9.2009
F. Forrer et al., J Nucl Med 2013;54:1045. on_ Dim

ey Urivaryity Suspie Basel, O ".. )

Radionuclides for targeted radionuclide therapy

Radio- |Half- E mean Ey (B.R.) | Range
nuclide |life (d) |(keV) (keV)

Y-90 27 9B - 12mm  Established

1-131 8.0 182 B 364 (82%) 3 mm isotopes

Lu-177 6.7 134 B 208 (10%) 2 mm Emerging
113 (6%) isotope

Ecole Joliot Curie 2017

Cost effectiveness ?
2010 TARMED prices:

650 mg rituximab 3939 CHF  16x rituximab 63024 CHF

1x Zevalin 24330 CHE 1x Zevalin is >2.6x cheaper!

(°0Y-anti-CD20-ibritimumab)

6.2x more expensive?

“A single infusion of ZEVALIN matched roughly 16 infusions of rituximab
in terms of achieving the same increase in progression free survival.
| leave it up to the audience to draw conclusions about cost effectiveness.
Thus, in conclusion, RIT represents the most effective single drug in the
treatment of follicular NHL.”
Dr. Anton Hagenbeek, the Academic Medical Center, Amsterdam, NL,
on "Controversies in Follicular Lymphomas”

131]: radioprotection issues

364 keV gamma ray
emitted with 82% B.R.

3.7 GBq patient dose
= 0.2mSv/hatlm

“hot zone”
(IAEA/NRCP)

requires dedicated
shielded treatment
rooms
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90Y: collateral damage from long range betas ?

Qp. = 2.28 MeV
up to 12 mm range \

The rising star
for therapy

Ecole Joliot Curie 2017

Radionuclides for targeted radionuclide therapy

Radio- |Half- E mean Ey (B.R.) | Range
nuclide |life (d) |(keV) (keV)

Y-90 2.7 934 B = 12 mm Established

-131 8.0 182 B 364 (82%) 3 mm isotopes

Lu-177 6.7 134 B 208 (10%) 2 mm Emerging
113 (6%) isotope

The Nuclear Medicine Alphabet

PET-
Scanner

29



Medical applications of radioactivity

Radio- Half- | Daugh- | Half- | Cumulative | E, mean | Range
Isotopes for targeted alpha therapy
25

Tb-149 4.1h 0.17 3.97
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Medical applications of radioactivity
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Diffusion and release measurements to develop new beams
e.g. P. Hoff et al., NIM 221 (1984) 313.
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Isotopes for targeted alpha therapy

=@

= WO000/40275
Roy Larsen and Gjermund Henriksen.
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Prospects of targeted alpha therapies ?

Whenh of D & JWSE. W R CIRAIM L 08

Takeover of Algeta for 2.3 billion US$ ——>—
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muTHOnw

THO-RADIA

.
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Discontinued radium applications

)

Exilz2 o combattez » TUBERCULOSE
e e aih

Vows serez belle eraeilemeal |
«f leajoars jevor...... Madame,
APPAREILS DF REAUTE

VGET MEXT YO NUtEX®
Ak Ao Blac Ay Aads

A At Eor 4

17 |

Phase 1 2''At-Labeled Chimeric 81C6 in
Recurrent Brain Tumor Patients: Outcome

N 1 e
'
]
> 08 : e
= GBM 52 weeks
2 (n=14)
-g L A
o nonGEBEM 27 weeks (n=4)
£ 04
c
8.1 L Leemmmmmeceee- '
Two » 1
03 - ] f GEM :.;::;
1 survived for
1 nearly 3 ¢
0.0
0 50 100 150 00 250

Time {(weeks)

Historical Control: GBM 31 weeks
Brem et al. 1995

M. Zalutsky

Ecole Joliot Curie 2017

Rationale for a Emitters: Particle Range Maximizes
Dose Deposition in Smaller Tumors

“Minimum residual disease settings are where targeted radiotherapy
has the best opportunity of having a meaningful clinical impact”

Fraction of Energy
Depoaited In Tumor

Radio- t-mm | 0.2-mm
nuchde | dia dia

VY |9.7%|1.5%
131] | 54% | 17%

211AL | 90% | 50%

M. Zalutsky
For smaller tumors, use of short range alpha particles is optimal

Astatine: a chemical hybrid — halogen/metalloid

8 P S
i o [ [ e
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Medical applications of radioactivity

The Nuclear Medicine Alphabet Radiobiological effectiveness of Auger electrons

-, SPECT
~Camera

. , PET-
| - Scanner £
=
>
£
-
w
-
Energy (eV)
A.l. Kassis, Rad. Prot. Dosimetry 2011;143:241.
Auger therapy: a long-term project Radionuclides for RIT and PRRT
The ideal agent for cancer therapy would consist of heavy elements capable . L
of emitting radiations of molecular dimensions, which could be administered Radll_o- Ffalf FT(mVean EkY \(/B'R') RENGE
to the organism and selectively fixed in the protoplasm of cells one seeks to nuclide | life (keV) (keV) cross-fire
destroy. While this is perhaps not impossible to achieve, the attempts so far ) Estab-
have been unsuccessful. Y-90 64h 934 B 12mm lished
C. Regaud, A. Lacassagne, Radiophysiologie et Radiotherapie 1927;1:95. [-131 ~ 8days 182§ 364 (82%) 3 mm isotopes
Lu-177 7days 1348 208 (10%) 2 mm Emerging
113 (6%) isotopes
Tb-161 7days 1548 75(10%) 2 mm
5,17,40 e 1-30 pm
R&D
Tb-149 4.1h 3967 a 165,.. 25 gm isotopes:
Ge-71 1ldays 8 e = 1.7 pm supply-
limited!
Er-165 103h 53 e - o6um V¥
localized

Modern, better targeted bioconjugates require shorter-range
radiation = need for adequate (R&D) radioisotope supply.
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Theranostics

A —Therapeutic effect
-=Side effects

Effect

Acceptable
side effects

Dose

Accurate dosimetry is essential for optimum use
of the therapeutic window.

Matched pairs for theranostics

Theranostics
1 <€ L ,l‘—
4
/
’
’
’
ll
= ]
w '
’
)
Acceptable ,’
side effects /
____________ J S,
—" o
Dose

Accurate dosimetry is essential for optimum use
of the therapeutic window.

Folate-receptor positive cancers

cusd Cur .
ok ook Frequent overexpression of
I ‘i folate receptor in cancer of:
e S .
‘ M sovaries
- 1123 1124 1 151 scervix uteri
e g aue
e [z g
i b «kidney
e *brain
Y% 111 «colon
A S *breast
|, s . sleukemia rnsned oy e
Lo Ll gl | 1 Folic Acid
m - olic Aci
155 || o167 SUSCMENT
o Hawnss
o] i
i_z‘.".%, oG folic acid = vitamine B9
F ] e
o $ :: C. Muller, Curr. Pharmaceut. Design 2012;18:1058.

Ecole Joliot Curie 2017
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Terbium: a unique element for nuclear medicine

Theranostics with terbium isotopes

PET SPECT SPECT

1S528 Collaboration: C. Miiller et al., J. Nucl. Med. 2012;53:1951.

Ecole Joliot Curie 2017

Tumor Tageting Agent for Th-Coordination
Chemical Structure with 3 Functionalities

folic acid HO. .0

Chracteristics: 0"

==) stable coordination of Th-isotopes Tb-DOTA
=) high affinity to the folate receptor
== prolonged blood circulation time

Preclinical study with lymphoma mouse model

100
90 + \ | 5 MBq 497p, 5 ug mab |
80 T
60 T

300 ug mab, cold

50 T
40 1
20 T
10 T

0

% of survived mice

0 20 40 60 120
Survival time, days

G.J. Beyer et al., Eur J Nucl Med Molec Imaging 2004:31;547.
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Alpha-PET with 149Th

C. Miller et al. EINMMI Radiopharm Chem 2016;1:5.

Which radionuclides will we need for medicine in 2030 ?

Ecole Joliot Curie 2017

Targeted radionuclide therapies in the clinic
Thyroid: 131 Brain: %Y-mab ,131-mab (I/1l), 21*At-mab (1), 23Bi-pept.(l)

Lymphoma:
Zevalin® (9°Y-malj) -~
Bexxar® (131-mab
181/177 y-mabs (/1)

Bone metastases:
Metastron® (°°SrCl,)
Quadramet® (153Sm-ED
Xofigo® (223RaCI2)'

Neuroblastoma:

/n,];eukemla myeloma:
—_ “«’¥90y.mab, 213Bi-mab (I
225Ac-mab

Medullary Thyroid:
131-mab (I1)
90Y-pept.

Breast:
90Y-mab, %°Y-pept.
212ph-mab (1)

131-MIBG

Lung (SCLC):
Neuroendocrine 177 y-mab (If)
(GEP-NET): [
177Lu-peptides (1) rPancreas:
%0Y-peptides /| %0Y-mab (II)
Liver (HCC): d e 2 12;/ary:
Theraspheres® & & \ 4\ \ = o P1b7-7mab 0}
SIRspheres® () _Prostate: <t YA7Lu-mab

188Re-Lipiodol (Il)  177Lu-mab (II) Colon&rectﬁm Kidneys (RCC) Melamoma:
166Ho-microspheres 177Lu-PSMA  131-mab (Il 90Y/177Lu-mab (1) 213Bj-mab(l)

BROOKHAVEN NATIONAL LABDORAYONY
MEMORANDUM
oAare  Decesber 4, 1933
Today 30 million clinical
applications per year !

TO: Addressees Below

rrom: Paniel Me snutf", I-na'hfé4
ONL Fatent OC(d

SUBJECT: P-701 and '-703 PREPARATICN OF
CANAIES.FIEE sOLYEDENUM AND OF
TECHNETIUM FROPI FISSION PROSATTS

The New York Patent Group has carefully studied the infrrmatios available
relative to the above-identified item. The AIC does not = present desire
to prepare a patent application on this ites for the following reasonm:

“The metiwd of producing carrier=free molybdenun=99 from fission products
is dizclozed in Us S« Patent Application SN« 732,108, Green, Powell, Samos
& Tucker (GNL Pat No. 58-17). It is noted that molybdenun~99 may be
separated from its radicactive daughter, technetium~99, by absorption of a

with o1 nitric acide While thic pethod ic probably movel, it appears that
the product will probably be used mostly for experimentsl purposes the
laboratory. OUm this basis, no further patent actios 1z believed warranted."

believe that tlis attitude is significant. We are not aware of a potential
mariet tor technetium-99 great enough to encourage one to undertake the
rizk of patenting in hopes of successful and rewatding licemsing. Ve would
recarmend against filing on the Tucker, Greene and Murcrenhoff sepazation
procecce™
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The Tordesillas meridian
N BT R T AR

Radioisotope Production

...........

The Tordesillas meridian of radioisotope production Cumulative use of diagnostic isotopes in Europe
k e : .b
Z1 proton number > ¥

W 99mMTc
W 201TI

82

W 1311
m123|

. | N—

W PET

W Other

N e

28 2028 50 82 126 peutron number N
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99Mo/*®*MTc generator

P Te Prpmcn Decay  se—
Wm-Te n o Ganmreton ee—

POm-To » 0 Carweuly emmm—
(oind svery 12 hours)

Transient
radioactive
equilibrium

2Gm- Tz Actity

0 2 4
* simple
* reliable
* portable
« self-shielded

3 9 10
Time {Days)

Fission production

After irradiation, dca and chemial prcessi
99Mo/2'Mo =~ 10%, i.e. 10% of theoretical specific activity 480 kCi/g

Ecole Joliot Curie 2017

Principle of alumina based generator

7

Alumina back bone

77

Alumina back bone

g8 o 0 0.%0 0..0 0%o
/S\ + :Mo\ G — IMO\ + \IS,
; (o) O 0 o 0 o 0O
Alumina back bone Alumina back bone
b
= o, R
Tc =0 0
0’ H R— OH OH * ‘\Tc"
0/ \o-

Sorption capacity about 2 mass% MoO,% per Al,O4

Extraction of fission-moly

Irradiation

Ventilation

Xenon decay trggl'r%‘:sm H Dissolution

Precipitate I
(U, TU, RE, EA, Te, Zr, Nb.em)H Filtering ‘

High level
solid waste

133Xe

131

lodine removal

Acidifying
“Mo SMo Qc,
separation purification calibration,
distribution

Intermediate (ILW) and low
level liquid waste (LLW)

il
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The traditional supply chain of ®*Mo/*9™Tc

The Global **Mo/**™Tc Supply Chain

2017: 9*Mo production capacity and demand

Diameter of circles proportional to annual reactor capacity and demand.

Ecole Joliot Curie 2017

2013: ?°Mo production capacity and demand

Circle diameter proportional to annual reactor capacity (blue) and demand (red).

Isotope shortage means a healthcare crisis
European hospitals cope with Mo-99 supply [ 7s hq-is 30 1] LlEs b

ersis ptinquiétante pénurie d'isotopes pour I'imagerie
Engpiisse in der Tumormedizin Med::-nl :'?:;;p'e s:lormgc
reacnes eV

Krebsdrzten gehen die Diagnosemittelaus
Médecine nucléaire : il faut prolonger le réacteur Osiris Ve Need toExpand

....... Medical Isotope Production|
ANALYSIS | The made-in-Canada isotope shortage facing
medical scans Desperately Seeking
Moly

Isotopes médicanx - Crise mondiale i I'horizon
Aucune solution n'existe pour résondre ke problame dapprovisionnement

L'OCDE s'inauiéete des risaues de nénurie d'isotopes médicaux
Mangel an medizinisch s =
verwendbaren Isotopen Mo0-99 crisis

Szintigraphien fallen aus, fur Februar drobt der Notstand
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Shredve DOOE Drownd Mt #Onn 00 5 37 0N WOMEe (eaSuchon iRty N1 000S OuL ON T A i oF Copte Megaon rieTesess The Corpery
WP 1 rdve W Uy e ened of eyt 10 madhe M Teal et SOlOpes Ay Pt Y 1D be roduong the corratsiaty By ey 2001 T epech

%034 30 o 1o 15 Trmeter ataf in s procees New research reactors
UBC STIENTISTS HELP AVERT A NUCLEAR MEDICINE
MELTDOWN Moly 99 reactor using Sandia design could fead to U S FRM2 2004 ‘

supply of sotope to frack disease

Canada seeks to avoid medical isotope shortage, extends
nuclear reactor | [sotope breakthrough may stuve off shortage
coOneerns

00

Coqui Pharma completes design of medieal isotope

facility Lab confirms new commercial method for producing medical isotope
“ 7" (Argonne)

NorthStar Medical Radioisotopes ready to begin Mo-99
production

It Takes Two: GE Healthcare and SHINE team up to solve longstanding

radiopharmaceutical supply concerns in medical imaging

(), U

\ 7 CIWALFONT 5T. GILES, UK - & Rovarmbar 2913 - Teshnstim Te

All ways lead to Rome; many ways lead to 9™Tc¢
%Mo production (for generator) direct ?°™Tc production

25U(ny,f)
238U(nfastif)

238U(,Y’f)
238U(p,f)

100Mo(p,2n) ==
SMo(e,x)
' Liguid Tarpet
18 S I
%Mo(d,n) H,180 (water) Cyclotron irradiation Transformation into FDG

%Mo(n,y)
”atMO(n,'y)

*Ru(n,p)
100\jo(d,p)

100Mo(y,n)
100Mo(n,2n)
10%Mo(p,np)

Grwin bewboan Charmeh
.

96Zr(a,n)
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Cyclotrons: the work horses

Number of Cyclotrons

30-60

0-10 11-13  14-20 20-30 >60

Energy Range (MeV)

11 MeV 18 MeV 30 MeV

82Sr production

70 MeV

"ol -

Trvas Tustine (harve)

L ]

Ecole Joliot Curie 2017

1y

Diagnostic Accuracy: 82Rb PET vs °mTc SPECT

_ 100

%

H B
L L

Specificit

Bateman et al, J Nucl Cardiol 2006;13:24.

Facilities producing 82Sr
BNL, USA — 200 MeV, 100 pA
LANL, USA — 100 MeV, 200 pA
INR, Russia — 160 MeV, 120 pA

TRIUMF, Canada — 110 MeV, 70 pA

iThemba, South Africa — 66 MeV, 250 pA
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Medical applications of radioactivity

Facilities producing 82Sr The rising star

BNL, USA — 200 MeV, 100 A for therapy

LANL, USA - 100 MeV, 200 pA
INR, Russia — 160 MeV, 120 pA

TRIUMF, Canada — 110 MeV, 70 pA

iThemba, South Africa — 66 MeV, 250 pA
ARRONAX, France — 70 MeV, < 750 pA

SPES, Italy — 70 MeV, < 1000 pA
Zevacor, USA-70 MeV, < 750 pA
ZDNM, Russia — 70 MeV, < 750 pA

Production of 177Lu

L B Y | 1NN Y
Waste problem for hospitals! 3
R. Henkelmann et al., Eur. J. Nucl. Med. Mol. Imag. 36 (2009) S260. LIS~ I T view etz Bl s
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“Clean” production route to 177Lu

* Free of long-lived isomer
. ) Isotope
* Non-carrier-added quality 'f,v“,',‘, ltG Echnologios

* Requires high-flux reactor and advanced radiochemistry

Specific activity

Quantity describing the activity
per mass (GBg/mg, Ci/mg).

For mixtures it quantifies the
ratio of radioactive atoms to all
atoms (including stable ones).

Ecole Joliot Curie 2017

The history of lutetium separation

1878 Separation of Yb
by Jean-Charles Galissard de Marignac

1907 Separation of Lu from Yb
Georges Urbain
Carl Auer von Welsbach
Charles James

1995- Large-scale separation of Lu
for production of LSO and LYSO crystals
by Mark Andreaco (CTI) and
George Schweitzer (Univ. Tennessee)

2007 Rapid large-scale separation
of n.c.a. 1”7Lu from irradiated Yb
by ITG Garching

Carrier added vs. non-carrier added

al g 7
ST EEEYER

B A AR AR
>
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Medical applications of radioactivity

SPECT/CT day 1 p.t. Lu-octreotate Tumor uptake, based on SPECT quantification
Conv. 177Lu-octreotate, 11 pg NCA 177Lu-octreotate, 2 pig i = Corenion
5 = NCA
adrenals

5
4
3+
2+
1-

kBgimm® tumour

0 T T T ]
0 2 4 ] 8
day p.t

NCA 177Lu-octreotate: ~2x higher tumor uptake
= 70 vs. 35 Gy tumor dose

M. de Jong, Erasmus MC, Rotterdam M. de Jong, Erasmus MC, Rotterdam

The highest neutron-flux in Western Europe 188\\//188Re generator

L 1.5.-10% n.cm32s1
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211At production
209Bjj(q,2n)21LAt

\ Jl; ’ " ” l|: ) — u' ) " " " ': — . ) ﬂl' s
. il
; L .h] et oot : 4: Pored 3:s
} . on Source = d
: T i ‘} s 4]
: | ".- * | W
i % w
i "o ..l < .,t J'I 0n.e
N : " wh
[
§ o
i % {
0 iy y | — b --.u — P— 0 | TV W Ju
" an » LA “an

i idost Fneran (M)

Spallation + Fragmentation + Fission
208pp + 'H (1 A GeV)

2 &4 20 N—=
W. Wlazfo et al., Phys. Rev. Lett. 84 (2000) 5736.
T. Enqvist et al., Nucl. Phys. A 686 (2001) 481.
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209Bj(qt,3n)210At > 210Pg

82

The accelerator complex of CERN

lon source 90 keV
LINAC2 50 MeV

PSB 1.4 GeV

PS 25 GeV

SPS 450 GeV
— LHC 6500 GeV

radioactive ion beams

T e AT
) ra s LEL |-
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that it is for the making of gold  that it is for the making of gold and
and gilver. Ffor me suchisnot  silver (and other elements’) isotopes.

» Lectures on Theranostics by Richard Baum:

the aim, but to congider only For us such is not the only aim, but

twhat birtue and power map lie  also to consider what virtue and ) )
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https://www.youtube.com/watch?v=Z0TlXH2dVi8
https://www.youtube.com/watch?v=S74LNxXOaSw

