Nuclear medicine

Where nuclear science contributes to
soclety
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» Nuclear medicine leverages the symbiosis of controled delivery
of pharmaceutical products through specific body function with
unique modalities offered by radioactive decays.

» This enables functional imaging of the human body — be it to
monitor body function or product intake to be understand its
working, or now often in the diagnosis of cancer.

» Thanks to charged-particle emission, selective cell destruction
IS also possible, supporting targeted radionuclide therapy, in
particular against distributed cancers.

» The theranostics combination of patient selection and selective
therapy opens the door for extremely potent cancer therapies.

» The current radionuclide portfolio remains limited.
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Yesterday: Some basics of nuclear medicine

Today: Nuclear science for nuclear medicine
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Radionuclide shopping:
How we choose the best radionuclide
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Choosing the right actinide for TAT

v'Substantial alpha decay
branching ratio

v'Half-life ranging from hours
(minimum to manipulate) to days
(maximum for controlled

delivery)

?Targeted action or suitable |
coordination chemistry
QAccessible production route

5  The Colourful Nuclear Chart: https://people.physics.anu.edu.au/~ecs103/chart/ | KU LEUVEN 6%
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» Mostly about prostate cancer

\/227Th, 21 3Bi, 212pp

e <5 trials
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Radium: a long tradition

Cutaneous application Radium salts
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Providing those novel radionuclides:

From CERN ISOLDE to CERN MEDICIS
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The ISOLDE portfolio
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Many target-ion source combinations
yield a variety of beams or variable s mfspass e
intensities and purity. e R RaE v

B EEr R Er E

Isotopes down to ms half-life can be '
extracted and studied. ..

Access to the facility isaE g
hlghly COmpetltlve clnlil Yield (LC™)

} 1e+12
medical radionuclidei = e
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supply is limiteg:#s

2023 ISOLDE beam allocation

HIE ISOLDE
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edical research
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d sources
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22 . "
ro u Ctlon Ay = 424.702 nm D
A, = 456.148 nm Actinium
P32 2.827 eV

A, = 438.575 nm

. High-e_nergyéproton-induced |
spallation of 432Th produces large o o It 0, 0.000 eV
amounts of 227Ac.

« TRIUMF: ?2°Ra generator by

radiochemistry, limited production Ty b o [1000

yields. f . } I #
- MEDICIS: (laser +) mass g -

separation. i g w0
« Highest achieved efficiencies are ¥ 400 &

75% on #>°Ra vs 1% on 22°Ac. g o 3
« Routine delivery of clinically wl + i

iviti 224,225 A B C 0
relevant activities of <“*<<°Ra (e.g., e

>100 MBq).

o . 225 .
14 J.D. Johnson et al, Resonant laser ionization and mass separation of ?>*Ac, Scientific Reports 13 (2023) 1347. | KU LEUVEN 6 w

J.D. Johnson, PhD Thesis, KU Leuven (2024).


https://doi.org/10.1038/s41598-023-28299-4

24Ra: #1“Pb generator

e Collections of 224Ra next to 42°Ra with
high purity.

 100s MBq can be collected, making these
relevant clinical quantities.

« 224Ra is a generator for ?'2Pb
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PRISMAP
The European Medical Radionuclide
Programme

o GO0



A European success story

PRISMAP RADIONUCLIDES DISTRIBUTION Production facilities : Biomedical facilities
L]
N° of deliveries Delivery to user @ ARRONAX @© JRC @® ARRONAX @ CHUV
L. Delivery to biomedical facility CERN NCBJ ® DTU O TUM
m i ide irradiati @ o1y @® PSI : NCBJ
® User to bi ical facility 9 ILL @© SCKCEN

Tm-165/Er-165 |1
ag-m B
N

Cambridge, USA  @--oonnevumrucnsiumminiunnny it e
Stanford, USA
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I
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1
RErE ¢ §
' Tb-155/Tb-156 ]
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> 4 neutron irradiation

The PRISMAP infrastructure rcosandsspaaton

source.

» 5 accelerators delivering
MEDICIS PSI Hevesy Laboratory = BR2

European organization for Paul Scherrer Institut = PSI Danmarks Tekniske Belgian Nuclear Research p rOto nS Wlth e ne rgy ra n g In g
| h - CERN Uni itet-DTU C — SCK CEN

el P B from 18 MeV to 1.4 GeV.

= 1 i W 2 = “"_ - 7 ’ . as

» 2 accelerators delivering other
particles (deuteron, alpha) at
medium energy (K30 & K70).

ARRONAX RHF JRC Karlsruhe NCBJ
Groupement interet public Institut Max von Laue - Paul Joint Research Centre - Narodowe Centrum Badan
ARRONAX — ARRONAX Langevin - ILL European Commission - JRC Jadrowych — NCBJ > 1 mass sepa rator_

> Access to the 22°Th generator
for 225Ac/?13Bi supply from JRC
Karlsruhe.

> 5 biomedical research

Hevesy AGORA NURA Nuklearmedizin POLATOM facilities bound to pI’Od uction
Laboratory Centre hospitalier Studiecentrum voor Klinikum rechts der Isar der Narodowe Centrum Badan
DanmaHkE TakRiSKS universitaire vaudois Kernenergie / Centre Technischen Universitat Jadrowych - NCBJ Ce nte rS (X3) O r e m bed d ed

— CHUV d'étude de I'énergie Miinchen — TUM

Universitet -DTU

within university hospitals (x2).

_—r -

» Regional clusters for access
to short-lived radionuclides.
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» 28 radionuclides offered on

The PRISMAP portfolio & > ™°°

Suggest »Covering SPECT and PET
imaging, and beta, alpha, and

43 44 47 52 64 67 103 Auger therapy radionuclides.
Sc Sc Sc Mn Cu Cu Pd -Many offer theranostic sets
Scandium Scandium Scandium Manganese Copper Copper Palladium Whlle Others may be
combined for novel
111 128 128 135 153 149 152 theranostics approach (e.g.,
Ag Ba Cs La Sm Tbh Th '

Silver Barium Caesium Lanthanum Samarium Terbium Terbium

>Some are uniquely available
through our infrastructure, in

155 161 165 165 169 175 199 particular those requiring
Tb Tb Tm Er Er Yb Au mass separation of the
Terbium Terbium Thulium Erbium Erbium Ytterbium Gold radlonUC“deS (128Ba’
149,152,155Th_ 165Tm. 169Er
175Yb)
203 211 213 223 224 225 '
Pb At Bi Ra Ra Ac *We are open to your
Lead Astatine Bismuth Radium Radium Actinium SuggeStlon Let us knOW'

19  https://www.prismap.eu/radionuclides/portfolio/ KU LEUVEN éw
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PRISMAP: the supply chain

STARTING MATERIAL PRODUCTION OF SEPARATION, PURIFICATION,
(NATURAL, ENRICHED) RADIONUCLIDES OF INTEREST < (LABELLING) AND QUALITY CONTROL < ERAER L LU
‘ ...... o ‘ ...... |
‘ © Physical : ¢ Labelling
> T ] -SFALten 0 HEVESYLAB. AGORA

Neutron irradiation, : MEDICIS s

e.g. high-flux reactors : S HURY ROERIGH

R - NUKLEARMEDIZIN (TUM)

NCBJ BR2 : P § Use in the

: v ! v user lab
Target
prepargtion ‘ IRRADIATED
—— - T icaay ———— —— =

Proton irradiation,

accelerator
MEDICIS ARRONAX HEVESY LAB. Chemical gharalqterisatiorll ﬁed?éaﬁ)?fémizs
HEVESY LAB. - HEBIG B separation quality contro
BR2 RHF ARRONAX PSI MEDICIS HEVESY LAB.
ARRONAX - HEVESY LAB. NURA NCBJ NURA AGORA
NCBJ Psl > —_— NCBJ PSI HEVESY LAB. NUKLEARMEDIZIN (TUM)

Alpha irradiation, JRC KARLSRUHE JRC KARLSRUHE POLATOM

accelerator
ARRONAX

NURA ARRONAX
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» 5 calls

» 45 projects approved
ESt- 202 1 5 pfojejcts completed

» > 60 deliveries

> 21 radionuclides from our

PRISMAP project isotopes portfolio

12 » Covering all stages of
development:

* new generator concepts

* radiochemical investigations

» radiopharmaceutical synthesis
 radiobiology

10
* invitro & in vivo pre-clinical
» 2 projects already published
and 10 having reported at
I ARNR

o

N

international conferences.
» 2 returning users.

SR RN RGN A IPNAP LGP SPNI G G GRIGRAPN » 2 projects moving for clinical
proof of concept.

21 https://www.prismap.eu/access/user-projects KU LEUVEN éw
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Transporting 65Tm from CERN to = e Be
T1/2=1 25 day i e
Expected departure: Friday morning

Classic transport: held at CDG until Mg
next flight Monday morning.
Projected delivery time: 3.2 days =
83% loss

Charter flight: car-flight-car, delivered .
on Friday before end of day, = ‘ga :
hours.

Price x5, for time /17.

®
Athens
AGNV(
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Beyond supply: proof of principle ==X

20.1h
. & o 7.022; 6.963...
¢ T (| Fm 254 | Fm 255 o |
/f/'n//'m/lmumlm||H‘|llI'mvlnln Mty 324h § 201h gUone 2 . e
RN B PR « Single alpha decay allows to compare
revreons — Jrradiation ca‘rsule before irrad.
ES 20U | ES 201 | ES 204 | Es 253

with 22°Ac in terms of both efficacy and
citotoxicity.

« Produced %*°Es at ILL from pre-irradiated
sample from ORNL, in similar way as
other medical radionuclides generators.

« Radiochemistry processing at JGU
Mainz.

» First proof of principle in vitro at GSI with
- PSMA-617.

> Uptake comparable to 1%"Tb and 177Lu
> Cell viability compared against 2'?Pb and "7Lu

255Fm-PSMA-617
100; B PC3PIP

801

601 .,

Cell uptake (%)

40

207

L J
Unbound
(supernatans)

Production illustrations courtesy Ulli Késter (ILL). 6
| KU LEUVEN
23 Pre-clinical work by C. Vandevoorde & P. Rif3 (GSI). w



PRISMAP+
Furthering the European Medical
Radionuclide Programme

PRISMAEY |kuiewen (GO



PRISMAP+

Joint Research Centre -
European Commission *

JRC

> Sc43 _ Schh4 _ Sckl _ Ti45 _ Mn52

Cubl _ Cub4 _ Cub7 _ Gab67 _ GeTl <

Institutt for Energiteknikk

IFE

Studiecentrum voor Kernenergie /

Centre d'Etude de I'Energie Nucleaire ARTBIO

B Radionuclide Imaging ARTBIO

> Ac225 ~ " Ru9 °SL°
production Treatment
B Biomedical <
4l facility e i
Emerging Pd 103 —

Danmarks Tekniske

Ghent University Universitet

DTU

facility
Grand Accélérateur S M Isotope

National d'lons Lourds | Sweeat B Skt ESS

GANIL Source ERIC

Pb 212
Groupement d'Intérét Institute of Nuclear
S D pjic ARRONAX > Chemistry and Technology [ERERSME
Pb 203
Urenco Urenco Isotopes m> ¢ 173 Ng;%i%\fjeagfgxyucmh NCBJ
—_— 5
European Organization Ha 197 / » * Helmholtz-Zentrum
CERN for Nuclear Research HEDICIS H: 197m ° ® Dresden-Rossendorf HZDR
®

Université et Hopitaux
Universitaires de Genéve

Klinikum rechts der Isar der
Technischen Universitat Miinchen

UNIGE-HUG

TUM-MED

(72]
(]
=5
—
m
=

=
)
=

Institut Max von Laue - Horia Hulubei National Institute for R&D
Paul Langevin La 133 <@ in Physics and Nuclear Engineering IFIN-HH
) Associacao do Instituto Superior Técnico g 3 » e ;
IST-ID para a Investigacao e Desenvolvimento > B | - Bioemtech REleylisdy
Pt 193m La 135
5 International Fusion Materials Irradiation B[ | [ Spes) Istituto Nazionale
IFHIF-DONES Facility - Demo Oriented Neutron Source } < di Fisica Nucleare

Commissariat a [Energie Atomique = 0s191  YbUS  Er169 Tm16S/ Eri6S  Oy1S6/ Tb1Ss  Tbisz  Thi4g  Smiss :

CEA et aux Energies Alternatives ‘ > Er 165 Ho 166 Paul Scherrer Institut PSI

https://www.medical-radionuclides.eu, KU LEUVEN
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Noticed what is missing?

On 14 June 2023, the Dutch
company TERTHERA signed an
agreement with the Belgian Nuclear
Research Center SCK CEN
operating the BR2 reactor, about
the industrial supply of 16" Tb.

Having made it from ‘emerging
radionuclide’ to industrially supplied,
it is no longer part of the
PRISMAP+ portfolio and can be
purchased just like any other
radionuclide for medical application.

Many clinical trials are currently
starting with that isotope, with
evidence in many cases of its
superiority to 177[u.

sck cen

Exploring
a better tomorrow

L
[ ]
Vo—

{
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Nuclear data
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Cross sections: for spallation of U

e . . . +Actlnlum T Radium Francium
U 108 + 4 B
< 1w - o
v 2 +
g 10 A A +
_8 10° N i -
8] 10° N
~ , Fadaray cup 'y JL
O 10 Mass scan i !
L 10’ + | a Silicon detector - ! [
> 1oL |+In-target production
100 / 1 L // 1 /I L //I

L // 1
/ /4 / 7/ //
231 214 222 223 230 231 232 233205 218 219 220 223 224 230 231

Mass number

222 223 224 225 226 227 228 229 230

A systematic study of the yields of Fr, Ra and Ac was performed at
ISOLDE, highlighting the difficulty in extracting Ac (eff~1.5%)
compared to radium (eff~50%) or francium (eff~100%).

28  E. Jajcisinova et al., Scientific Reports 14 (2024) 11033.
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Cross sections: for spallation of Ta

A systematic study N P —
of the cross section = i \ k
of the spallation of 120 b

Ta was performed at
COSY in Julich to
determine the best
condition for the ; o
production of the Tb : i U

o
S
. = .
+
- =
. . -
R
=
=181

——
]
Target A

D
e

Cumulative cross-section (mb)
oo
(e

S
(=]
._.
-
=
-
-
2 =
-
._'_.
L
—_—
L

20
radionuclides. N L L) M s
110 120 130 140 150 160 170 180

Mass

Fig. 7. Cumulative cross-sections for the last radionuclide of the decay chain as a function of mass and beam energy.

29  C. Duchemin et al., Applied Radiation and Isotopes 178 (2021) 109983. | KU LEUVEN éw




Cross sections: for spallation of Ta

£2 30 5
,=;’ £ Ta-nat(p,x)Tb-M‘) % 1964,L.Winsberg
u u u b +1964,L.Winsberg - renormalized
This revealed the excitation
) 02011,Yu.E.Titarenko et al.
20 + . ©2021,This work
3

function for all 3 radionuclides , :
of interest as well as for the T L
possible contaminants, R
suggesting that the optimal

operation energy is at ~600-

Cumulative Tb-149

FIGURE 3 | Cumulative cross-section for Tb-149 production as a function of
the proton beam energy.

§5 70
-g E Ta-nat(p,x)Th-152 X2002,R.Michel+
g 60 f 02011,Yu.E.Titarenko+
5 ©2021,This work
a  sof >l<
)
=1
v 40 | % {(
E}
E 30 é
9] L{Jé

. i %

10

°
0 s " " s L
0 500 1000 1500 2000 2500

3000
Proton energy (MeV)

FIGURE 4 | Cumulative cross-section for Tb-152 production as a function of

the proton beam energy.

800 MeV - Perfect for the
new ISOL@MYRRHA facility!

Cumulative Tb-155

¢

u]
X
[

ol ﬁﬁhﬁq

X2002,R.Michel et al.
02011,Yu.E.Titarenko et al.
©2021,This work

B

0

the proton beam energy.

30 C. Duchemin et al., Frontiers in Medicine 8 (2021) 625561.

0 500 1000

2500 3000
Proton energy (MeV)

1500 2000

FIGURE 5 | Cumulative cross-section for Tb-155 production as a function of
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Cross sections: for spallation of Ta

It also indicated that most of g% X2002.R Michel
the Tb is produced as decay - L ks
product of other radionuclides 1N
and is not direct. g < Jf

= o T @ e
Moreover, Tb is known to be I lsoeﬁ 200 2508 3000
difficult to extract from Ta and i SEEAE
this is why Dy beams are a 20
much better approach in the Wl

online extraction of 49Tb.

FIGURE 7 | Difference [ocym. Tb-155-0cum.Dy-155] based on the
cross-section data measured in “This work (2021)” and the ones available in
the literature.

31  C. Duchemin et al., Frontiers in Medicine 8 (2021) 625561. | KU LEUVEN éw




Cross sections: Tb from fusmn evap

TTTTTTTT

For scaling up, producing Tb 1= N

directly from nearby targets with  § 4 E 11y

fusion evaporation is much more & | El s
appealing than spallation of Ta. ; I . ST
Multiple apProaches have DEEN .. s i s nesetoysionse g npars g
considered based on Gd targets, e

whether natural or enriched, and E::;::: |

excitation function measurements

are still ongoing to determine the =

achievable yields and best -1

conditions.

> F. Haddad et al.,' PRISMAP deliverable D12.1. | KU LEUVEN 6%
https://www.prismap.eu/about/outcomes/
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NPL

T b Sta n d a rd is ati O n National Physical Laboratory

5604 7 3 0] ] AR A A
5.55 4 Py o I . ] Radionuclide | Recommended PRISMAP
5.50 3 3 178 1 5] .
5 545 — — ~ ] = e a(rm)m&:\o.sﬂ % T1/2 (dayS) T1/2 (daYS)
 5.40 3 1 S 176 ] = ] ]
=N “ || | & Th-149 4.12(3) 4.1618(52)
5.25 3 . . ) © 06 (T )T, =0053% ]
- — Gd-149 9.28(10) 9.273(10)
S & & & & T T
LSS seepses TR an e R e  Eu-145 5.93(4) 5.9193(43)
6‘@@ ‘<\‘>6 &5 \%\‘\ Q <& <9 GO@O RaERY \&\(\o\ t- tO (h)
« ¢ & N
78{ A

— | * Many of those isotopes were
. - | studied in the early days of
S o RO T 0. LA T (., rad|O|SOtOpeS SyntheSIS (1 950_

6.6 "
Y g Sy A T W ey M g SR O Ry g g Ay R 1970) and the accuracy on their
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FEI ST LT FIFFTELST ST S
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S.M. Collins et al., Applied Radiation and Isotopes 182 (2022) 110140.
33  S.M. Collins et al., Applied Radiation and Isotopes 190 (2022) 110480. | KU LEUVEN 6%

S.M. Collins et al., Applied Radiation and Isotopes 202 (2023) 111044.




152Th decay at FIPPS

A sample of °2Tb was

produced at CERN and e
brough to ILL where it was -
investigated by FIPPS. .

Many previously unknown
high-energy transitions were
identified.

67 5
22

0+ 615

g

4 vy vy v R oy v 3 344

0+ Y ¥ y 0

34  E.B. O’Sullivan et al., Radiation Physics and Chemistry 232 (2025) 112641. | KU LEUVEN 6%
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Decay Station

Ac-225 decay cunundrum

4

A sample produced at CERN T onal R
—. 1200 B —& 2T| vy data J

MEDICIS was analysed through z S
multiple ways: g 1000y Ladni
> Single y-ray spectroscopy of 22'Fr at 800\ ygﬁ%’f%ta -
CERN A\ —5—213P<;¥xcliata -

i - —2Ppg o fi B

> Single y-ray spectroscopy of 22'Fr and °00 < UNada
Bi at KU Leuven 2000 = radia -

» Coincidence yy spectroscopy fo 2'3Bi - ]
and 2°°T| at KU Leuven 200 ]

» Alpha-decay spectroscopy all along S Aaas R ]

10 20 30 40 50 60 70 80

the chain at KU Leuven Time [Days]

No two results agreed!

35 J.D. Johnson et al., Scientific Reports 13 (2023) 1347 | KU LEUVEN éw



rumae

IS741: decay spectroscopy of 25Ac

Main issue with historical studies
of those isotopes: they were
always investigated in equilibrium
across the whole chain, most of
the time also including %2°Th and
225Ra_

At CERN ISOLDE, it is possible to
produce and study clean beams of
225Ra, 221Fr, 213Bj and 2°°T| with the

ISOLDE Decay Station.
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rumn
Decay Station

IS741: decay spectroscopy of 22°Ac

e e RS 4‘] } ‘ ’5'02 1o 5008 "ijun‘" aat "éu'uu "1'00'06'1'2&0'0'1'450&1'1'6506"1‘5505 Ma ny h ug e data SetS
%Ong | have been collected

- " over two campaigns,
o WW ¢ il W}W including 2 months of
e WU, cmonne
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» The Nuclear Science community has a lot to offer in support
of the development of nuclear medicine.

» We need to leverage our facilities to support medical research
Into innovative medical radionuclides by providing them regularly
and reliably until it is picked up by industry.

» Our knowledge of nuclear data is still insufficient for medical
applications.

» Many cross sections remain of interest to identify the best
production pathways for scaled-up production of promising
radionuclides.

» Decay data of many radionuclides of interest are insufficient
precise and often inaccurate, requiring a thorough, metrology-
level analysis.

ot OO



Thinking points for the tutorials

» How are "7Lu and '°'Gd produced and what are the key questions
to ensure the quality of the product.

» How much can we trust the historical data from the 1960s-1970s?
What should be done about that?

ot GO0
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