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The principles of personalized medicine, companion diag-
nostics or theranostics can be almost ideally realized in the field 
of nuclear medicine. Radionuclides coupled to a specific vector, 
which can be a small molecule such as glucose or a peptide, or 
a large molecule, such as an antibody or antibody fragment, can 
be used to first image and thus diagnose a patient. It is the intent 
of the diagnosis to make biochemical processes visible in the 
organism without interference. If the vector is labelled with a 
therapeutic radionuclide of the same element as the diagnostic 
one, the biological behavior can be assumed to be nearly identi-
cal, as different isotopes of an element exhibit nearly the same 
kinetics and chemical reactivity. With therapy, one would like to 
kill tumor cells without side effects. Therefore, in the future, it 
should be possible to predict the therapeutic response of a patient 
to an applied radiation dose based on data from nuclear imaging. 
Furthermore, by imaging the patient after a radionuclide therapy, 
the progress of the treatment can be assessed, and, if needed, a 
second or third therapy cycle administered. Follow-up diagnosis 
allows monitoring of the progression-free survival. 

Inspection of the chart of nuclides reveals very few cases of true 
theranostic pairs if applying the following criteria: the diagnostic 
radionuclide should be a low-energy positron emitter suitable for 
Positron Emission Tomography / Computed Tomography (PET/
CT) or Positron Emission Tomography / Magnetic Resonance 
Imaging (PET/MRI) with a half-life in the range of 2 to 24 h. The 
positron branching should be high and the number of accompany-
ing gamma-rays should be low. Furthermore, its production should 
be easily accomplished with good yield at a low energy particle 
accelerator, such as a medical cyclotron in no-carrier added form. 
Its therapeutic counterpart should be a beta minus – and/or Auger 
electron emitter with a half-life in the range of 2 to 10 days, again 
featuring no or only low energy, low intensity accompanying gam-
ma-rays. The production of the radionuclide must be accomplished 
in large quantities, i.e. TBq per production run in no-carrier added 
quality. Very advantageous is furthermore an already established 
labelling chemistry using thermodynamically and kinetically very 
stable chelators, such as the DOTA (1,4,7,10-tetraazacyclododec-
ane-1,4,7,10-tetraacetic acid) chelator.

The available radionuclide pairs are illustrated in Fig. 1 to-
gether with some other commonly used diagnostic and therapeu-
tic radionuclides. To reach the goal of theranostics, new radio-
nuclides with optimum decay characteristics and chemical prop-
erties are essential. Their availability is presently very limited, 
especially in Switzerland, which is entirely lacking adequate 
production facilities for therapeutic radionuclides, such as 177Lu 
or 131I to name a few. A stable and sustainable supply of radio-
nuclides in quantity and quality suitable for medical applications 
represents a major effort and remains a scientific challenge.

Commonly, diagnostic radionuclides are either derived from 
a generator system, i.e. from a 99Mo generator for 99mTc-labelled 
products used for diagnosis with single photon emission comput-
ed tomography (SPECT), or a 68Ge-generator for 68Ga-labelled 
products for diagnosis by PET. Quite often, PET diagnostic 
radionuclides, such as the most common 18F (but also 11C, and 
rarely 13N, 15O, 64Cu or 89Zr), are produced by medical cyclotrons 
hosted by hospitals or industrial production sites.

Therapeutic radionuclides, which are administered in much 
higher doses with respect to diagnostic ones, are usually pro-
duced in nuclear research reactors. Prominent examples are 131I, 
177Lu or 153Sm, while 90Y is derived from a 90Sr generator system. 

Currently so-called ‘matched pairs’ are in use to perform 
theranostics. In this case, not true isotopic pairs are being used, 
but chemically very similar elements are combined, i.e. mak-
ing use of the very good stability of the DOTA chelator with 
elements in the +3 oxidation state, such as Ga, Sc, Y, Lu, Tb 
or Ac. Currently, 68Ga-labelled compounds for PET diagnos-
tics are combined with their 177Lu-labelled counterpart for ra-
dionuclide therapy, where routinely a standard dose between 
5.55–7.4 GBq is administered.[1] An example are PET diagnostic 
interventions with 68Ga-labelled compounds such as [68Ga]Ga-
DOTA-TOC (DOTA0,Tyr3-octreotide) or [68Ga]Ga-DOTA-TATE 
(DOTA0,Tyr3,Thr8-octreotide)[2] for the diagnosis of metasta-
sized neuroendocrine tumors. Recently, diagnosis with [68Ga]
Ga-PSMA-11[3] for metastasized prostate cancer was followed 
successfully by treatment with the alpha-particle emitter 225Ac in 
the form of [225Ac]Ac-PSMA-617 (Fig. 2).[4]

The decisive factor to enable future true theranostics lies in 
the everyday and year-round availability of the respective radio-
nuclides. The following promising candidates contained in Fig. 
1 are discussed in more detail.

The Theranostic Pair 43,44gSc/47Sc
The positron emitter 43Sc has a high positron branching of 

88.1%, a lower mean beta-plus energy (Eβ
+

avg
) than 44gSc, and 
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Fig. 1. Periodic table of the elements highlighting diagnostic radionu-
clides suitable for PET and therapeutic radionuclides, as well as true 
theranostic pairs.



948  CHIMIA 2019, 73, No. 11� Columns

an accompanying gamma-ray of 372.9 keV (22.5%), which lies 
below the 511 keV annihilation radiation of the positron and 
does thus not interfere with detection and position reconstruc-
tion, while exhibiting an almost ideal nuclear half-life of 3.89 h, 
similar to 44gSc. This nuclide can be produced with high radionu-
clidic purity at a 18 MeV medical proton cyclotron in the reaction 
46Ti(p,α)43Sc or at a cyclotron equipped with a deuteron source 
(9 MeV) in the reaction 42Ca(d,n)43Sc. The reaction 43Ca(p,n)43Sc 
is challenging.[5] 44gSc can easily be produced in good yield from 
44Ca targets[5] or from a 44Ti/44gSc-generator system[6] and has 
been successfully applied in first human patients.[6,7] 43Sc has 
been tested only preclinically.[8] However, the co-emission of 
a high-energy gamma-ray of 1157 keV with every positron re-
quires additional shielding for the hospital personnel compared 
to regular 18F. Nevertheless, for first clinical trials 44Sc is very 
suitable and can be replaced by 43Sc later on.

The companion 47Sc was identified some time ago as a useful 
therapeutic radionuclide. It combines a similarly favorable mean 
beta-minus decay energy Eβ

–
avg

 = 0.162 MeV as compared with 
177Lu (Eβ

–
avg

 = 0.134 MeV) with the ideal half-life of 3.35 d, simi-
lar to 90Y (T

1/2
 = 2.67 d). The emitted gamma-ray of 159.4 keV 

can be ideally used for SPECT, although its relatively large inten-
sity of 68.3% may be considered as less advantageous. However, 
the production of large activities of 47Sc in no-carrier-added form 
(nca), suitable for therapeutic interventions, so far was confront-
ed with significant obstacles.[8]

A completely new approach to production of 47Sc presents the 
use of so-called photonuclear reactions. Several companies have 
developed powerful electron accelerators in the energy range 
from 35–40 MeV and made them commercially available. The in-
tense electron beam is directed at a high density converter target 
producing Bremsstrahlung. The high-energy part of the gamma-
ray spectrum above about 10 MeV can be used to induce photo-
nuclear reactions on selected target materials. It was shown that 
47Sc can be produced in the photonuclear reaction 48Ti(γ,p)47Sc.[9] 
Using a sufficiently intense electron beam will enable the produc-
tion of several hundred GBq per day!

The Theranostic Pair 61,64Cu/67Cu
Another very interesting pair for theranostics is the combina-

tion 61Cu/67Cu or 64Cu/67Cu.[10] The positron emitter 64Cu is pro-
duced by proton irradiation of an enriched nickel target following 
the nuclear reaction 64Ni(p,n)64Cu at a medical cyclotron with a 
cross section maximum at 11 MeV. 64Cu with a half-life of 12.7 
hours decays 17.6% by positron emission, 38.5% by β−-emission, 
and 43.9% by electron capture and can be used for both imaging 
and therapeutic applications. Furthermore, only one accompany-
ing gamma-ray with rather low intensity is observed (Eγ = 1345.8 
keV; 0.5%). A number of institutions are currently supplying 64Cu 

on a routine basis for clinical trials. However, no 64Cu radiophar-
maceutical with a marketing authorization is currently available. 
The relatively low positron branch of 17.6% may be considered 
as less favorable, as the patient receives an additional dose from 
the associated β−-emission and electron capture decay.

Although there is significant interest in 67Cu, its use is restrict-
ed by its low availability. Similarly to 47Sc, 67Cu has a half-life of 
2.6 d, which, in many cases, fits with the biological half-lives of 
many pharmaceutical compounds. The mean beta-decay energy 
Eβ

–
avg

 = 0.141 MeV is similar to that of 177Lu. Similar to 47Sc, the 
gamma-rays of 184.6 keV, 93.1 keV and 91.3 keV can be used 
for SPECT imaging. Also, the gamma-ray intensities are compa-
rable. Review articles describe the production, separation, and 
use of 67Cu for radioimmunotherapy.[10,11] Attempts to produce 
67Cu in the (p,2p) reaction on natural Zn resulted in 67Cu with 
relatively low specific activity due to the co-production of stable 
Cu isotopes in significant quantities.[12] Significantly better re-
sults were obtained using enriched 68Zn targets.[13]

Again, as in the case of 47Sc, the use of photonuclear reac-
tions will enable the production of very clean, no-carrier added 
67Cu in the reaction 68Zn(γ,p)67Cu. First batches of 67Cu are avail-
able through the US Department of Energy.[14] Future facilities 
should be able to produce several hundred GBq per day of ir-
radiation.

The Theranostic Pair 152Tb/161Tb and 149Tb
The therapeutic radionuclide 161Tb has very similar decay 

properties as 177Lu concerning half-life and beta-decay energy. 
However, its decay is accompanied by the emission of additional 
Auger- and conversion electrons. Calculations have shown that 
161Tb delivers up to 4.1 times higher dose to a cell-sized sphere 
of 10 µm diameter compared to that from 67Cu and 8.1 times 
that from 47Sc.[15,16] Tb can be produced in nca form by neutron 
irradiation of 160Gd in a nuclear reactor.[16] A perfect diagnostic 
match was found in the form of 152Tb, which was produced via 
a spallation process followed by mass separation at ISOLDE, 
CERN. A first-in-human PET/CT with [152Tb]-Tb- DOTA-
TOC was successfully performed at Zentralklinik Bad Berka in 
Germany.[17] However, the very limited availability of 152Tb due 
to the required use of a mass separator will be a major obstacle 
for further widespread applications. Another very interesting ra-
dionuclide that comprises both diagnostic and therapeutic func-
tions by exhibiting positron- as well as alpha particle emission 
is 149Tb with a half-life of 4 h. Likewise, 149Tb was produced via 
a spallation process followed by mass separation at ISOLDE, 
CERN and evaluated in pre-clinical work.[18] In summary, the 
use of 161Tb for therapeutic applications appears very promising 
and feasible in the near future, while 149Tb and 152Tb are currently 
more of academic interest.

The Alpha Particle Emitter 225Ac and its Production
The radionuclide 225Ac has been in the focus of attention for 

many years and recent clinical applications hold great promise 
(Fig. 2).[4] However, the world-wide availability of this radio-
nuclide is extremely limited. The best radionuclidic purity 225Ac 
is available by milking from a 229Th generator every 50 days. 

However, the supply of the mother nuclide 229Th, which is a decay 
product of 233U is very limited, as 233U is nuclear weapons grade 
material managed under stock-pile stewardship. Limited amounts 
of 225Ac were produced at a low energy cyclotron in the nuclear 
reaction 226Ra(p,2n) first at Institute for Transuranium Elements, 
Karlsruhe[19] and later at Technical University Munich. Both sites 
have ceased production of 225Ac more than 10 years ago. 225Ac is 
currently available through the US Department of Energy, where 
225Ac is produced via spallation from massive 232Th targets.[14] 
This material, however, contains traces of 227Ac impurities. 227Ac 
is currently the nuclide with the lowest authorization limit in the 

68Ga-PSMA-11 PET/CT scans of patient A. Pretherapeutic tumor spread (A), restaging 2 mo after third cycle
of 225Ac-PSMA-617 (B), and restaging 2 mo after one additional consolidation therapy (C). Clemens

Kratochwil et al. J Nucl Med 2016;57:1941-1944
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Fig. 2. 68Ga-PSMA-11 PET/CT scans of a patient. Pretherapeutic tumor 
spread (A), restaging 2 mo after third cycle of 225Ac-PSMA-617 (B), and 
restaging 2 mo after one additional consolidation therapy (C). This re-
search was originally published in JNM.[4] © SNMMI
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Swiss Radiation Protection Ordinance with 1 LA corresponding 
to only 8 Bq.

Again, a very interesting alternative for the production of 225Ac 
are photonuclear reactions.[20] By irradiation of 226Ra with high-
energy gamma-rays the nuclide 225Ra is formed in (γ,n)-reactions, 
which in turn decays to 225Ac via β– decay. First calculations show 
that a future facility would be able to produce hundreds of patient 
doses of 225Ac per day of irradiation, with 225Ac being virtually 
free of the 227Ac contaminant.[20]

University of Bern and the Federal Institute of Metrology 
(METAS) are currently engaged in a Sinergia project named 
PHOtonuclear Reactions (PHOR): Breakthrough Research in 
Radionuclides for Theranostics funded by the Swiss National 
Science Foundation (SNSF). Both, METAS with its 22 MeV 
electron microtron and the Bern Cyclotron Laboratory, with its 
18 MeV proton cyclotron, being equipped with a solid target sta-
tion and an automatic delivery system, are well suited for this 
task. It is the goal of this interdisciplinary project to lay the sci-
entific foundation for a future theranostic center involving cy-
clotrons and high-power electron accelerators for radionuclide 
production in Switzerland. 
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