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Different views, different observables 
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Don’t forget the fuel! 



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 ? 

 

Nuclear medicine needs artificial transmutations. 

Nuclear astrophysics: “natural” transmutations  

    in the universe. 
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The Nuclear Medicine Alphabet 



H2
18O water 

(liquid target)  

Cyclotron irradiation 
18O(p,n)18F  

produces [18F]fluoride 

Transformation into FDG  
by automated synthesis 

modules in shielded hot cell 

Reactor irradiation 
235U(n,f) 

produces many fission products 

235U 
(foil in Al capsule) 

Radiochemical separation  

of Mo 
in shielded hot cells 

Cyclotron versus reactor production 



The Tordesillas meridian 



The Tordesillas meridian of radioisotope production 



Reactor vs. cyclotron 



The quest for the optimum isotope 

N 

Z 

Over 3000 radioisotopes known: 

• half-life 

• decay properties 

• chemical properties 



Gamma camera and SPECT 

2D: planar scan 3D: SPECT: Single Photon Emission 

Computer Tomography 

Eγ >   60 keV 

Eγ < 300 keV 

 



Ideal gamma ray energy for SPECT 
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99mTc: ideal for SPECT and gamma cameras 

• IT with 89% 140.5 keV gamma ray, T1/2 = 6 h 

• decays to quasi-stable daughter 

• 99mTc fed in 88% of - decays of 99Mo, T1/2 = 66 h 

• produces nearly carrier-free product 



99Mo/99mTc generator 

• simple 

• reliable 

• portable 

• self-shielded 

Transient 

radioactive 

equilibrium 



Ischemic heart disease 

• diagnose by ECG and cardiac stress test with SPECT 

• treatment by medication, angioplasty or bypass surgery 

 



Bone metastases from (prostate) cancer 

• planar or SPECT scan for 

bone metastases 

• differentiate between local and 

generalized disease 

• decide on treatment options: 

surgery or brachytherapy 

versus systemic therapy 

 



99mTc

201Tl

131I

123I

PET

Other

Dose Datamed 2 project; update by NuPECC working group. 

The leading radioisotopes for nuclear medicine 



P.W. Merrill, Science 1952;115:484. 

B2FH 1957. 

Technetium (99Tc): “proof” of the s-process 



Recognizing the prospects 

of “new” radioisotopes ? 



Multi-Isotope SPECT 
99mTc 123I 111In 201Tl 



Production of 123I by 124Xe(p,2n)123Cs(+)123Xe(+)123I 



Question 

Why is 124Xe so rare ? 
124Xe/Xe = 9.5E-4 



Answer: 124Xe is a p-nucleus 

A. Lagoyannis, Russbach 2013. 

Artemis Spyrou: Thursday 



PET: Positron Emission Tomography 

  Low β+ energy to minimize range > better spatial resolution. 



Positron Emission Tomography 



PET isotopes 

Radio-

nuclide 

Half-

life (h) 

Intensity β+ 

(%) 

E mean  

(MeV) 

Range 

(mm) 

C-11 0.34 99.8 0.39 1.3 

N-13 0.17 99.8 0.49 1.8 

O-15 0.03 99.9 0.74 3.2 

F-18 1.83 96.7 0.25 0.7 

Ga-68 1.13 89.1 0.83 3.8 

Rb-82 0.02 95.4 3.38 20 



99mTc-MDP planar 99mTc-MDP SPECT 18F- PET 

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



18F production by 18O(p,n) 

H2
18O water Cyclotron irradiation Transformation into FDG  



Question 

Why is 18O so rare?  18O/16O = 2E-3 



18F production by 16O(3He,n)18Ne(+) 



Question 

Why is 3He/ 4He lower on Earth compared to BBN ? 

1.3E-6 versus 4E-5  factor 30 depletion !  



Longer-lived PET isotopes 

Radio-

nuclide 

Half-life 

(h) 

Intensity 

β+ (%) 

E mean  

(MeV) 

Range 

(mm) 

Sc-44 3.97 94.3 0.63 2.5 

Cu-64 12.7 17.6 0.28 0.8 

Br-76 16.2 55 1.18 6 

Y-86 14.7 31.9 0.66 2.6 

Zr-89 78.4 22.7 0.40 1.4 

I-124 100 22.8 0.82 3.8 



44Sc from 44Ti generator 

M. Pruszynski et al., Appl Radiat Isot 2010;68:1636. 



44Sc in the universe 

M. Leising, R. Diehl, PoS 2009. 



44Sc in the universe 



Longer-lived PET isotopes 

Radio-

nuclide 

Half-

life (h) 

Branching 

ratio β+ (%) 

Branching 
ratio γ (%) 

h10 

(mSv/h/GBq) 

Sc-44 3.97 94.3 101 0.324 

Cu-64 12.7 17.6 0.5 0.03 

Y-86 14.7 31.9 320 0.515 

Zr-89 78.4 22.7 100 0.182 

I-124 100.2 22.8 99 0.17 

Tb-152 17.5 17 142 



Compton telescope 



3-photon-camera: PET-SPECT 

 

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

Applications: 
      34mCl, 44Sc, 44mSc, 52Mn, 52mMn,  
         86Y, 94gTc, 94mTc, 124I 



Cancer and efficiency of treatments 

At time of diagnosis Primary 

tumor 

With 

metastases 

Total 

Diagnosed 58% 42% 100% 

Cured by: 

Surgery 22% 

Radiation therapy 12% 

Surgery+radiation therapy 6% 

All other treatments and 

combinations incl. 

chemotherapy 

5% 

Fraction cured 69% 12% 45% 

Over one million deaths per year from cancer in EU. 

 improve early diagnosis 

 improve systemic treatments 



 Tumor- 
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1010 

(Molls, TU München; according to Tannock: Lancet 1998, Nature 2006) 

6 Chemoth. 

cycles 

Macroscopic tumors:  ≥ 5mm (> 107 cells) 

Microscopic tumors:   < 5mm (1 – 107 cells) 

Klinik und Poliklinik für Strahlentherapie und Radiologische Onkologie Prof. Molls 

Comparison of Therapies 

Cell kill after Chemotherapy:  

only about 3 logarithmic steps  

(ordinate) 
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Targeted therapies 

Acceptable 

side effects 

Selectivite targeting is essential 

to widen the therapeutic window! 

Paracelsus (1493-1541) 

“All things are poison, and 

nothing is without poison;  

only the dose permits something 

not to be poisonous.” 



Metabolic targeting 

Thyroid cancer 
123I- for imaging 
131I- 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) 
223Ra2+

 (Xofigo/Alpharadin) 



Immunology approach 

Roelf Valkema, EANM-2008. 

Target 

(antigen) 
Antibody 



Multidisciplinary collaboration 

to fight cancer 

Immunology 

Structural biology 

Coordination 

chemistry 

Nuclear physics   

and 

radiochemistry 

Target 

 

 

Receptor 

 

 

 

Radionuclide 

Linker 

Peptide, 

antibody, 

etc. 

Nuclear medicine and medical physics 



Helmut Maecke, EANM-2007. 

1,4,7,10-tetraazacyclododecantetraacetate 



Roelf Valkema, EANM-2008. 



Lymphoma therapy: RITUXIMAB+177Lu 

F. Forrer et al., J Nucl Med 2013;54:1045. 



Radionuclides for RIT and PRRT 

Radio-

nuclide 

Half-

life (d) 

E mean  

(keV) 

Eγ (B.R.) 

(keV) 

Range 

Y-90 2.7 934  β - 12 mm 

I-131 8.0 182  β 364 (82%) 3 mm 

Lu-177 6.7 134 β 208 (10%) 

113 (6%) 
2 mm 

Established 

isotopes 

Emerging 

isotope 



Production of 177Lu 



176Lu: cosmochronometer or thermometer? 

H. Beer et al., Astrophys. J. Suppl. 1981;46:295. 

P. Mohr et al., 2009. 

G. Gosselin et al., 2010. 



Production of 177Lu 

Waste problem for hospitals! 
R. Henkelmann et al., Eur. J. Nucl. Med. Mol. Imag. 36 (2009) S260.  



Production of 177Lu 

Waste problem for hospitals! 
R. Henkelmann et al., Eur. J. Nucl. Med. Mol. Imag. 36 (2009) S260.  



Question 

How to get 177gLu without 177mLu contamination ? 

 



Alternative production route to 177Lu 

• Free of long-lived isomer 

• Non-carrier-added quality 

• “Needs” high-flux reactor 



Question 

How long does it take to separate lutetium 

from ytterbium? 



Answer: 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. 177Lu from irradiated Yb   

  by ITG Garching 
 

http://en.wikipedia.org/wiki/File:Galissard_de_Marignac.jpg


The rising star  

for therapy 



Theranostics 
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Accurate dosimetry is essential for optimum use   

 of the therapeutic window. 



Theranostics 
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Dose 

Acceptable 

side effects 

Accurate dosimetry is essential for optimum use   

 of the therapeutic window. 



Matched pairs for theranostics 

44Sc for diagnostics         47Sc for therapy 



Question 

Why is 46Ca so rare ? 

 46Ca/Ca = 4E-5 



Answer by B2FH and Olivier  



Olivier Sorlin, Russbach 2008. 





Terbium: a unique element for nuclear medicine 



Question: How is Be and B produced ? 



Answer: spallation production 

12C(p,X) 
16O(p,X) 

etc. 





High energy proton induced reactions 



(1.4 GeV) 

Production of 149Tb, 152Tb and 155Tb at ISOLDE 
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Preclinical study with lymphoma mouse model  

5 MBq  
149 

Tb, 5 µg mab 

no mab 

  5 µg mab, cold 

300 µg mab, cold 

  
G.J. Beyer et al., Eur J Nucl Med Molec Imaging 2004:31;547. 



Theranostics with terbium isotopes 

 PET                             SPECT                            SPECT 

IS528 Collaboration: C. Müller et al., J. Nucl. Med. 2012;53:1951. 



Radio- 

nuclide 

Half- 

life 

Daugh- 

ters 

Half- 

life 

Cumulative 

/decay 

E mean 

(MeV) 

Range 

(m) 

Tb-149 4.1 h 0.17 3.97 25 

Pb-212 10.6 h 
Bi-212 

Po-212 

1.01 h 

0.3 s 
1 7.74 65 

Bi-212 1.01 h Po-212 0.3 s 1 7.74 65 

Bi-213 0.76 h Po-213 4 s 1 8.34 75 

At-211 7.2 h Po-211 0.5 s 1 6.78 55 

Ra-223 11.4 d 

Rn-219 

Po-215 

 Pb-211 

Bi-211 

4 s 

1.8 ms 

0.6 h 

130 s 

4 6.59 >50 

Ra-224 3.66 d 

Rn-220 

Po-216 

Pb-212 

Bi-212 

56 s 

0.15 s 

10.6 h 

1.01 h 

4 6.62 >50 

Ac-225 10.0 d 

Fr-221 

At-217 

Bi-213 

Po-213 

294 s 

32 ms 

0.76 h 

4 s 

4 6.88 >50 



Isotopes for targeted alpha therapy 

 Does radon diffuse away? 



Radioisotopes available at ISOLDE-CERN 

Diffusion and release measurements to develop new beams 

e.g. P. Hoff et al., NIM 221 (1984) 313. 



Isotopes for targeted alpha therapy 

WO00/40275  

Roy Larsen and Gjermund Henriksen. 



223Ra: Alpharadin/Xofigo 



Prospects of targeted alpha therapies ? 

Takeover of Algeta for 2.3 billion US$ 



Thyroid: 131I- 

Lymphoma:  

Zevalin® (90Y-mab) 

Bexxar® (131I-mab) 
131I/177Lu-mabs (I/II) 

Bone metastases:  

Metastron® (90SrCl2) 

Quadramet® (153Sm-EDTMP) 

Zofigo® (223RaCl2) 

Liver (HCC):  

Theraspheres® & 

SIRspheres® (90Y) 
188Re-Lipiodol (II) 
166Ho-microspheres 

Prostate:  
177Lu-mab (II) 

Neuroendocrine  

(GEP-NET): 
177Lu-peptides (III) 
90Y-peptides 

Neuroblastoma: 
131I-MIBG 

Kidneys (RCC):  
90Y/177Lu-mab (I) 

Lung (SCLC):  
177Lu-mab (II) 

Pancreas: 
90Y-mab (II) 

Colon & rectum:  
131I-mab (II) 

Brain: 90Y-mab ,131I-mab (I/II), 211At-mab (I), 213Bi-pept.(I)  

Breast:  
90Y-mab, 90Y-pept. 
212Pb-mab (I) 

Ovary:  
212Pb-mab (I) 
90Y/177Lu-mab 

Melamoma: 
213Bi-mab(I)  

Leukemia, myeloma: 
90Y-mab, 213Bi-mab (II) 
225Ac-mab 

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

Targeted radionuclide therapies in the clinic 



Radionuclides for RIT and PRRT 

Radio-

nuclide 

Half-

life 

E mean  

(keV) 

Eγ (B.R.) 

(keV) 

Range 

Y-90 64 h 934  β - 12 mm 

I-131 8 days 182  β 364 (82%) 3 mm 

Lu-177 7 days 134 β 208 (10%) 

113 (6%) 
2 mm 

Tb-161 7 days 154 β 

5, 17, 40 e- 

75 (10%) 2 mm 

1-30 μm 

Tb-149 4.1 h 3967  α 165,.. 25 μm 

Ge-71 11 days 8  e- - 1.7 μm 

Er-165 10.3 h 5.3  e- - 0.6 μm 

localized 

 cross-fire 

Modern, better targeted bioconjugates require shorter-range 

radiation  need for adequate (R&D) radioisotope supply. 

Estab- 

lished 

isotopes 

Emerging 

isotopes 

R&D 

isotopes: 

supply-

limited! 



Paracelsus (1493-1541) 

“Many have said of Alchemy, 

that it is for the making of gold 

and silver. For me such is not 

the aim, but to consider only 

what virtue and power may lie 

in medicines.” 

  (Edwardes) 

500 years later: 

“Many have said of nuclear physics, 

that it is for the making of gold and 

silver (and other elements’) isotopes. 

For us such is not the only aim, but 

also to consider what virtue and 

power may lie in it for medicine.” 


