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Radionuclides for Medicine

............

.................
.................
..................
....................
...............
------------------

.........
......

.....

Co 60

........... 5.27 a

i p o3, 15.
| v 1332, 1173..

.......




Radiation sterilization of medical material

e Single use consumables (surgical threads, gloves, etc.)

e Human tissues
e |Implantable devices
e Pharmaceuticals

RADIATION MODALITIES GAS MODALITIES

®

@

it

GAMMA %ﬁ%o ETHYLENE OXIDE
Exposes product to Cobalt 60 Exposes product to gaseous
sternlant

radiation 38% 50%

N\ ELECTRON BEAM VHP
Exposes product to 0 Low temp gas process under
high-energy electrons 7 /0 deep vacuum

X-RAY
Uses ionizing energy from electron
beams

Market for gamma ray sterilization:

Total ®9Co activity in use:

MOIST HEAT (STEAM)
High temp, high pressure with vacuum
or gravity conditioning

LABORATORIES
Provides microbiological and analytical

testing

~ 1 GS/year
~ 101° Bq ~ 0.3 GCi



Radiation Sterilization of Medical Devices
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1 MCi = 37 PBq %°Co sterilizes 650 kg/hour at 25 kGy
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Molecular imaging
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Brachytherapy

High Dose Rate (HDR) brachytherapy = Low Dose Rate (LDR) brachytherapy
short-term insertion of €0Co,13’Cs, long-term insertion of 32P, 103pPd, 12|,
169Yb or 192|r sources 131Cs, etc. sources (“seeds”)

0Q.60 mun

4.56 mm 0.17 mm
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Thyr0|d scmtlgraphy and therapy

~ Hot nodule — Rt. lobe  Cold nodule — Rt. lobe |
123-1 Clagnostic 1231 DxWEBS with
Whole Body SPECT-CT
Scan
A
8.0d
B 1.0, 1.8
v 364, 637

123]- 131]- or 99mTcO,- for scintigraphy
131]- for therapy

(papillary) thyroid cancer has the highest survival of all malignant cancers !
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How can one treat such patients?




Structural Formula of DOTA-TOC/TATE
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177 u-Peptide Receptor Radionuclide Therapy
of midgut neuroendocrine tumors

1.0

0.8 -
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Survival Probality

0.4 3 And other cancers ?
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Progression free survival (PFS) [months]

| Treatment 1. 177Lu-DOTAO-Try3-6ctreotate 2 Octrec;tldgLAh”GOmg ]

J. Strosberg et al., N Engl J Med 2017,376:125.



177Lu-radioligand therapy
of advanced prostate cancer
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C. Kratochwil et al., Eur J Nucl Med Mol Imaging 2015,42:987.
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.

M.S. Hofman et al., Lancet Oncol 2018;19:825.

M.M. Heck et al., Eur Urol 2019;75:920.

T.W. Barber et al., J Nucl Med 2019, 60:955.




177Lu-radioligand therapy
of advanced prostate cancer

Lu 177
6.65d
505 [ 3
v 208; 113...
Ga 68
[} .- 67.6 m
1 2 3 .
B*1.9...
v 1077, (...)




Targeted therapy with 2%°Ac
A B C D

. 2 X » 2 X 1x
TTLu-PSMA 225Ac-PSMA 225Ac-PSMA

-
'y
X B ®
‘ B
*
6/2015 9/2015 2/2016 4/2016
PSA = 294 ng/mi PSA =419 ng/mi PSA =35 ng/ml PSA <0.1 ng/ml

C. Kratochwil et al. J Nucl Med 2016;57:1941.



June 2017
PSA = 6.7 ng/ml

July 2017
PSA =782 ng/ml

Targeted therapy with 2%°Ac

7-5 M"ll .

Sep 2017 Nov 2017 Jan 2018 May 2018
PSA = 0.1 ng/ml PSA < 0.05 ng/ml PSA n/a PSA <0.05 ng/ml

| EH

Sep 2017 Nov 2017 Jan 2018 May 2018
PSA =71 ng/ml PSA 0.64 ng/ml PSA = 0.07 ng/ml PSA = 0.04 ng/ml

M. Sathekge et al., EINMMI 2019;46:129.
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Isotopes for targeted alpha therapy

12

Ac 213
080s

w7.36

Ac 21
8.2

a7
t

1

10

Ra 21
13.0

-~

Fr 211
3.10

L3
L3

Rn 210
24h
o 5040,

e

Po 208
2898 a
wSNS2..

‘.
;Mm_.a

Ra 213

Lims | 274m
5 u
oex; a

Wi e |6
aBa

a3

Fr 21
20.0

Po

,261;

3Tm
Iy Gi8;

4
] o]

Ac 215 Ac216 | Ac 217 Ac 218 Ac 219 Ac 220 Ac 221 Ac 222 Ac 223 Ac 22
017s D44 ms |o7tus| t4m 1.1 s 11.8 ps 26 ms 52 ms 3. 50§ 210m 29
; B e oR & ; : :
o ;7&%?‘“ -3 o 8208 7 kb P PP L Pl b~ baandll -
y {306...) Yie na. leam g « 3964 4 134, T.38... h7 ey 5 199, 191:84,
Ra 214 Ra 215 Ra 216 Ra 217 Ra 218 Ra 219 Ra 220 Ra 221 Ra 222 Ra
246s 1.67ms | 20m |osps | 1.8 ps 25.6 us 10 ms 23 ms 28s 38s 11.
gy 2 6813 6.761; |0 8550; 5237, | @ 1 4P5 6067
n 7437, 5505 344 w7,679; 7999, . 6E8.... 5 324; 54; 304..
e o 8.700: 7679, [ L gse. «83 316: 214, o798, éu&w 174 ;473..) 30,
Y v 834; 540 v (epdm | o899 ] vy 465 1"
Fr213 Fr214 Fr 215 Fr 216 Fr217 Fr 218 Fr 219 Fr 220 Fr 221
346s Jazsms|soms | 0.00 ps 0.70 pus 16 us 2ms | 10ms 21 ms 2748 49m
e el B
TS o v - paall 5 v
:'&m HAS -l YT 3.0’ <8315 R I ::s%;?ih...) ¥ 45 106; 1 g‘:&'"
Rn212 | RAn213 | An214 | Rn215 | Rn216 | Rn217 | Rn2i8 | Rn2 Rn220 | Rn22
24m 135 ms |esm|orrefoerd 23 ps 45 ps 054 ms 35 ms 3. 556 s 25
Wi Zum[n 9, 6583 |«5288. : v
w G264, » B.068 7252, |n, “lxv o 867 « 805 w7.133,., X v (550 5.
y 580 12635 .46 (20807 g '] o 7740, V402, o =02
At 211 At 212 At 213 Al 214 At 215 AL 216 At 217 Al 218 At 219 At 220
7.22 mams | 34ms | 011 us rm 020 0.1ms 7 |osmsf] 323 ms ~28 08 m 37N
- w1ss |avem reo [l 17089, "
= T3 T wt ai atem |TEN.: s L a 6.094; 6.603... a
L :“ : :_G «w9.00 y il el i :m" 'v“ﬁ I\“.'.l: 0 b Y ‘ g’ea 4
Po 210 21 Po 212 Po 213 Po 214 Po 2 Po 216 Po 217 Po 218
138.38 d 0516 |481s/171 0 42 ps 164 us 1.7 0.15s 183 s 3.06m
:E;an:: TP Em_, o 37, 7.6980 67783 6543 W
mra 0002 o<t [ Pl |n [ fearallly 779 50 e 5 08) h : =
Bi 21
oo ' P
134
135
132
e

Rn 222
3825d

o 548040 .
v {510}
w74

136



Theranostics

Personalized
medicine
Precisionk
medici

Ra 223
114d
w5010, 5604,

1269:154; 324..
= 13D




Alpha-PET with 4°Tb

transaxial

Tb 149
4.1h

]e

o 3.97
|B*1.8...
|7 352;

| 165, ..

[lop

sagittal coronal

7 MBq '“*Tb-DOTANOC 2 h p.i.
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161Th versus 177Lu
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Terbium-161 for PSMA-targeted radionuclide therapy
of prostate cancer
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C. Miiller et al., Eur J Nucl Med Mol Imaging 2019,;46:1919.
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Matched pairs for theranostics
Cu 64 Cu 67
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155Tb for SPECT

e
v 87; 105; 180...

minigastrin DOTATATE cmO09
A431 tumor A431 tumor IGROV-1 tumor SKOV-3ip tumor
C. Miiller et al. Nucl Med Biol 2014,;41:e58.




First-in-human study with >°Tb-PSMA-617

Tb 152 |
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C. Mtiller et al. EINMMI| Research 2019;9:68.




Terbium: the Swiss knife for nuclear medicine




The Nuclear Medicine Alphabet
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BrlccEmis: Simulation of Auger electron spectra

Two approaches:

valence vacancy
O~O-0-0-0-0-0-C 1. No neutralization during Auger
WWI‘W p cascade (slow) isolated atom
2. Valence vacancy immediately
neutralized (fast) condensed phase

stable

12 199Mpy &iow neutralization
T Auger-e yields
L ;«‘? 0.8 | |solated: 20.4
3 ©
L, g Condensed: 30.6
L, 5 06|
o
04 |
X
0.2‘
K § Initial .-:.x..“....'.....mm lllllllllllll T i etz 8 i st
vacancy 0 50 100 150 200

Energy [eV]

Boon Quan Lee et al., Int J Radiat Biol 2016;92:641. and priv. comm.
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Prospects of targeted radionuclide therapies ?

2014 Algeta — Bayer 2.4 G$
2018 AAA = Novartis 3.9 GS
2018 Sirtex = CGE/CDH 1.4 G$
2019 Endocyte =~ = Novartis 2.1 G$
2019 Blue Earth = Bracco 0.5 GS
2019 BTG — Boston Scientific 4.2 G$
Sum over 5 years 14.5 G$

d N OVA RT I S BF:ACCD Boston

BAEER LIFE FROM SClen lﬁC
L CE: %*@% o Advancmg science for life™
Bayer HealthCare CGE HEALTHCARE

SANOFI g Y oranomed {Roche)
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® ~ 1E14 cm2s! over many m?

“particle current” ~ 16 puA/cm?

Total “particle current” ~ 40 A
easily usable >> 100 mA
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Different ways to ®°Co (as a theoretical case study)

Ni 61

1.1399

8.94h

h{25)
i
o 140000 R

Fe 56 Fe 57 Fe 58

2.119 0.282

59Co(n,y)®°Co: 1 n ~ 1 atom %°Co “160 mA” = 1 EBq ®°Co
%9Co(d,p)°Co: 40 MeV d ~ 1.2E-3 8°Co 25000x SPIRAL2 =1 EBq %°Co
natNj(p,*)89Co: 30 MeV p < 1E-5 69Co

natFe(p,*)%6Co: 30 MeV p ~ 1.2E-3 56Co 70000x TR30 = 1 EBq %°Co equiv.

natNj(y,*)69Co: 30 MeV e~ < 1E-6 °Co



177Lu: i /
The “gold standard” N
for radionuclide )
therapy : (NN 1/ /
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Institut Laue-Lanevin 2018:
~ 1600 scientific users at ILL
~ 4000 patients get 77Lu from ILL
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Production of non-carrier-added 161 Th
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Production of 14°Tb, 1°2Tb and 1°>Tb at ISOLDE

radioactive ion beams

mass number
148 149 150 151 152
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Efficient parallel operation
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Cumulative cross section (mb)

nallation cross-sections: 1°°Tb vs. 13°Ce

133Ce This work

13%Ce Titarenko 2011
13%ce Michel 2002

1557b Titarenko 2011
155Tb Michel 2002
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H Verhoeven et al, Nucl Instrum Meth 2020;B463:327.



Cumulative cross section (mb)

Spallation cross-sections: 14Tb vs. 133Ce
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H Verhoeven et al, Nucl Instrum Meth 2020;B463:327.




A great model: the US DOE Isotope Program

NIDC: National Isotope Developm: X

cC @ @ © & nitpsy//www.isotopes.gov 110% w @

| the government source of
isotopc_es for sciqnce,
NATIONALISOTOPE o Gother
‘DEVELOPMENT CENTER 6 oraxuentor | Office of

EN ERGY Science

Product Catalog About NIDC

vy \
‘.j‘* 4y AW

'

.

N T

Welcome to the NIDC!

The National Isotope Development Center (NIDC) interfaces with the isotope user community and manages
the coordination of isotope production across the facilities and business operations involved in the production,
sale, and distribution of isotopes. A virtual center, the NIDC is funded by the U.S. Department of Energy Isotope
Program within the Office of Nuclear Physics in the Office of Science.




Proposed EU project PRISMAP: PRoduction of high purity
Isotopes by mass Separation for Medical Application

Narodowe Centrum MARIA
Badan Ja drowych POLATOM

European Spallation
Source ERIC

Danmarks Tekniske (37
Universitet ABORATORY
GSI Helmholtzzentrum fiir T
Schwerionenforschung GmbH

Centre hospitalier ABORA
universitaire vaudols S

Studiecentrum voor Kernenergie / \m m
Centre d'étude de I'énergie nucleaire /||

DTU

Grand Accélérateur
GANIL National d'lons Lourds

ARRONAX Groupement interet

public ARRONAX ARRONAX

European organization
for nuclear research

Institut Max von Laue -
Paul Langevin

Commissariat a I'energie atomique
et aux énergies alternatives

Paul Scherrer Institut

-

JRC Joint Research Centre -
European Commission

Istituto Nazionale

INFN di Fisica Nucleare

Kiinikum rechts der Isar der

TUM Technischen Universitat Miinchen
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Summary and Outlook

Targeted Radionuclide Therapies (TRT) are transforming
nuclear medicine

Bright future for Theranostics, in particular in oncology
NP research infrastructures can play an important role for
supply of EMERGING and UNCONVENTIONAL

radlonuclldes (149/152/155/161Tb, 211At, 67CU, 193m/195m|:>t, )

but medical applications using these radionuclides must
be developed in parallel

Research infrastructures are NOT competitive in production
of “industrial” radionuclides

PRISMAP: a European Isotope Development Center !



Specific ideas/wishes for TRIUMF A‘,)
. Logic choices for ISAC: (Lv

Tb isotopes and other n-deficient lanthanides (Auger)
225AC, 211 Rn/211At

regular harvesting of R&D isotopes

needs shielded collection position(s)!

. Prospects for ARIEL
226Ra(y,n)??°Ra(f3")*2°Ac, Zn(y,p)¢’Cu..

. Alpha beams (30-40 MeV)
for production of 211At, 43Sc, 117mSn, 195mpt, 193mpy; etc.
NO “He beams in Canada: cyclotron or LINAC prototype?

. Synergies with laser spec., hyperfine interactions
fundamental spectroscopy of At-molecules
TDPAC for chelator/labelling development (cf. B-NMR)
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