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Finding the right theranostic partner

Charity 2021 
DOI: 10.1103/PhysRevLett.126.132501

PET

Therapy



The chart of nuclides – nuclear physics perspective
250 stable isotopes

>3000 radioactive isotopes

>7000 predicted to exist



The nuclear landscape



Light mass: narrow valley



Heavy masses: broad valley



131I: radioprotection issues

364 keV gamma ray 

emitted with 82% B.R.

3.7 GBq patient dose 

 0.2 mSv/h at 1 m

“hot zone” (IAEA/NRCP)

requires dedicated 

shielded treatment 

rooms



90Y: collateral damage from long range betas ?

Qß- = 2.28 MeV 

up to 12 mm range



The “gold standard”
for radioligand therapy



Established and emerging therapeutic radionuclides

Swiss Federal Office of Public Health, Division Radiation Protection, Annual Reports.
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The beta emitter podium



The beta emitter race



Specific activity:

Theo.   4.1 TBq/mg

n.c.a. >3.0 TBq/mg

Theoretical 

0.73 GBq/nmol

The ideal beta emitter ?

Hernández Gómez 2013 
DOI: 10.1088/0143-0807/34/5/1227

NA

Specific 

activity:

Theoretical  

1.44 GBq/nmol

Domnanich 2017

DOI: 10.1186/s41181-017-0024-x

Siwowska 2019
DOI: 10.1088/0143-0807/34/5/1227

Mikolajczak 2021 
DOI: 10.1186/s41181-021-00131-2

NA

https://doi.org/10.1088/0143-0807/34/5/1227
https://doi.org/10.1088/0143-0807/34/5/1227
https://doi.org/10.1186/s41181-021-00131-2


Specific activity:

Theo.   4.1 TBq/mg

n.c.a. >3.0 TBq/mg

Theoretical 

0.73 GBq/nmol

The ideal beta emitter ?

Specific activity:

Theoretical  

0.69 GBq/nmol



161Tb versus 177Lu

Hindié 2016 https://doi.org/10.2967/jnumed.115.170423 

Lu 177
6.64 d


−
0.5

 208, 113…



The ideal beta emitter ?

Alcocer-Ávila 2020 DOI: 0.1186/s40658-020-00301-2

Bernhardt 2021       DOI: 10.3390/cancers13092011

https://doi.org/10.1186/s40658-020-00301-2
https://doi.org/10.3390/cancers13092011


The ideal beta emitter ?

Müller 2019
doi: 10.1007/s00259-019-04345-0

Borgna 2021  
doi: 10.1007/s00259-021-05564-0



SPECT imaging with 161Tb

Grünberg 2014 doi: 10.1007/s00259-014-2798-3

Müller 2019      doi: 10.1007/s00259-019-04345-0

1 h p.i. 4 h p.i. 24 h p.i.

25 MBq 161Tb-PSMA-6176 MBq 161Tb-chCE7

72 h p.i.



The ideal beta emitter ?

Baum 2021 doi: 10.2967/jnumed.120.258376



The alpha emitter race



Isotopes for targeted alpha therapy

Alkali metals 

may migrate



The alpha emitter race



Astatine: a chemical hybrid – halogen/metalloid

Leimbach 2020  doi: 10.1038/s41467-020-17599-2 Guérard 2021  doi: 10.1021/acs.accounts.1c00327



The alpha emitter race
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149Tb-rituximab in leukemia mouse model 

5 MBq 
149

Tb, 5 µg mab

no mab

5 µg mab, cold

300 µg mab, cold

Beyer 2004, doi 10.1007/s00259-003-1413-9

Tb 149
4.1 h



 3.97
+ 1.4…
 352; 165…

16.7% ,  E = 3.97 MeV



Alpha-PET = see where it treats

Umbricht 2019, doi: 10.1038/s41598-019-54150-w

0.5 h 

p.i.

2 h p.i. 4 h p.i.

I+ = 7.2(3)%
E+(av.) = 730 keV

https://doi.org/10.1038/s41598-019-54150-w


Tb 161
6.96 d


−

0.5; 0.6
 26; 49; 75…
e-

Tb 155
5.3 d



 87; 105; 180…
e-

Tb 152
17.5 h



+ 3.0; 2.6; 2.0…
 344; 271; 586…

Tb 149
4.1 h



 3.97
+ 1.4…
 352; 165…

Terbium: the Swiss knife for nuclear medicine



155Tb for SPECT

DOTATATE

A431 tumor

cm09

IGROV-1 tumor

chCE7

SKOV-3ip tumor

minigastrin

A431 tumor

4 h p.i. 4 h p.i. 48 h p.i. 72 h p.i.

Tb 155
5.3 d



 87; 105; 180…

Müller 2014, doi: 10.1016/j.nucmedbio.2013.11.002



First-in-human study with 152Tb-PSMA-617

Müller 2019 https://doi.org/10.1186/s13550-019-0538-1

24 h p.i.

145 MBq 152Tb-DOTATOC

18.5 h p.i. 0.75 h p.i.

140 MBq
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Tb

DTPA-mab

Citrate EDTMP

Octreotide

Comparison 
of the 

bio-distribution
of different 

tumor seeking 
tracers

labeled with 

radio-lanthanides, 
225Ac and 111In 

free chelates:
Citrate

EDTMP

specific tracers:
Octreotide

and 

Mab

Linker:

Aminobenzyl-DTPA

Beyer 2000 
https://doi.org/10.1023/A:1012670018533



The alpha emitter race



Bailey 2021, doi 10.1038/s41557-020-00598-7

I+              = 63.6(5)%

E+(av.) = 1217 keV  5 mm range

134Ce: in-vivo PET generator as ThIV or AcIII surrogate



Severin 2017, doi: 10.3389/fmed.2017.00098 

Severin 2022, doi 10.1038/s41598-022-07147-x

I+               = 51.0(3)%
E+(av.) = 1067 keV

140Nd: in-vivo PET generator as XIII surrogate



Aluicio-Sarduy 2019, doi: 10.1038/s41598-019-47137-0

I+              = 42.1(13)%
E+(av.) = 1290 keV

132La



Nelson 2021, 
doi: 10.2967/jnumed.121.262459

LO

R

LOR

??

Non-pure positron emitter with prompt gammas



DOTA-compatible positron emitters

and other 

elements



Matched pairs for theranostics

Müller 2014, doi: 10.2967/jnumed.114.141614



161Tb versus 177Lu

Falzone 2018    doi:10.7150/thno.22217

Hindié 2016 https://doi.org/10.2967/jnumed.115.170423 

Uusijärvi 2006  https://jnm.snmjournals.org/content/47/5/807

Isotope e- >5 keV

per decay

195mPt 4.16

191Os 2.60

193mPt 2.25

161Tb 2.22

153Sm 1.82

189Re 1.55

193Os 1.51

169Er 1.45

199Au 1.42

177Lu 1.23

67Cu 1.22

186Re 1.18

175Yb 1.17

131I 1.06

149Pm 1.01

47Sc 1.00

77As 1.00

90Y 1.00

111Ag 1.00

121Sn 1.00

143Pr 1.00

NuDat 2.7 database



PET/SPECT imaging for non-radioactive therapeutics

1. Organometallic anti-cancer drugs: 

Pt, Ru, Au, Os, Ir, Ag, V, Nb, Re, Zr, Ti…

2. Metal-bases nanoparticles: 

Ni, Au, Ag, Fe2O3, Gd, TiO2, Si

3. Microparticles

HfO2, Gd, Fe2O3



PET/SPECT imaging for non-radioactive therapeutics

1. Organometallic anti-cancer drugs: 

Pt, Ru, Au, Os, Ir, Ag, V, Nb, Re, Zr, Ti…

191Pt, 195mPt, 97Ru, 103Ru, 198Au, 199Au, 191Os, 194Ir, 111Ag, 48V, 90Nb, 
186Re, 188Re, 89Zr, 45Ti…

2. Metal-bases nanoparticles: 

Ni, Au, Ag, Fe2O3, Gd, TiO2, Si

57Ni, 198Au, 199Au, 111Ag, (59Fe), 159Gd/161Tb, 45Ti, no Si

3. Microparticles

HfO2, Gd, Fe2O3

181Hf, 159Gd/161Tb, (59Fe)



The “Alpine divide” of radioisotope production



Production of non-carrier-added 161Tb

Gracheva 2019, https://doi.org/10.1186/s41181-019-0063-6



Spallation + Fragmentation + Fission

W. Wlazło et al., Phys Rev Lett 2000;84:5736.

T. Enqvist et al., Nucl Phys A 2001;686:481. 

1 GeV p on 208Pb



The accelerator complex of CERN

Ion source 90 keV

LINAC4 160 MeV

PSB 1.4 GeV

PS 25 GeV

SPS 450 GeV

LHC 6500 GeV



Isotope selection with the ISOL method

• Ionization to q = 1+

• Acceleration to 60 keV

• Mass selection by magnetic deflection

• Br = p/q  A

Z selection by chemically selective step



(1.4 GeV)

Production of 149Tb, 152Tb and 155Tb at ISOLDE



Resonance Ionization Laser Ion Source

Spectrochim. Acta 2003;B58:1047.



Radiolabeling of nanoparticles with 155Tb

Jakobsson 2020, doi: 10.1016/j.nucmedbio.2020.04.001



A great model: the US DOE Isotope Program



PRISMAP: towards a European Isotope Center

This project has received funding from the European Union’s Horizon 2020 research 
and innovation programme under grant agreement No 101008571 (PRISMAP).



The PRISMAP “Day 1 Radionuclide” Portfolio





PRISMAP – TNA2 Facilities

High flux reactor / SINQ

Cyclotron (p, d, 4He)

Spallation + Mass Separation

Generators (225Ac/213Bi,…)

Radiochemical separation



The losersIr 191

I 129…

e
−

4.9 s

Kr 81

I 190

13.1 s

Ga 67
78.3 h



no +

 93, 185, 300,…

Tl 201
3.04 d



 167, 135…

I 131
8.0 d


−
1.0, 1.8…

 364, 637…

Xe 133
5.25 d


−
0.3…

 81… 

e
−

P 32
14.3 d


−
1.7

no 

Y 86
14.7 h

, + 1.2, 3.2…

 1077, 628, 

1153…

La 132
4.59 h

, + 3.2, 3.7…

 465, 567, 

663, 1910,…



The winners

Tb 161
6.96 d


−
0.5; 0.6

 26, 49, 75…

e-

Lu 177
6.64 d


−
0.5

 208, 113…

Cu 67
2.6 d


−
0.4; 0.6

 185; 93; 91…

Ac 225
9.9 d

 5.830; 

5.797...

 100; (150…)

At 211
7.2 h



 5.867...

 (687)

Tb 149
4.1 h



 3.97

+ 1.4…

 352; 165…



www.prismap.eu

Next proposal deadline: 31 March 2022


