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The CERN Facilities
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CERN
European Organisation for Nuclear Research
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The CERN Facilities



Proposed in 1964 
First beam in 1967 
PSB-ISOLDE in 1992 
HIE-ISOLDE upgrade ongoing 



The ISOL technique
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A wide catalog of radioisotopes at 
our disposal, available in relatively 
pure and carrier-free conditions.

http://test-isolde-yields.web.cern.ch/test-isolde-yields/
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ISOLDE scientific programme
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Tb research at PSI
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g-radiation (48.92 keV [17%], 57.19 keV [1.8%], and
74.57 keV [10%]) suitable for SPECT.
Beyer et al. reported promising therapeutic results for

149Tb-labeled rituximab in a mouse model carrying human
xenografts expressing the CD20 antigen (1). The same group
has proposed 152Tb as a radioisotope for kinetics studies with
PET (2). Our group has recently reported an efficient pro-
duction route for 161Tb that could be a better alternative to
the clinically used 177Lu (3). Thus, these 4 radionuclides of
one and the same element are suitable for all modalities of
nuclear imaging and radionuclide therapy, featuring identical
chemical characteristics and ultimately identical pharmaco-
logic characteristics of the corresponding radioconjugates.
The vitamin folic acid has successfully been used as

a targeting ligand for the selective delivery of attached probes
to folate receptor (FR)–positive cancer cells (4–6). For a proof of
concept of the utility of these 4 radionuclides, we took advan-
tage of a recently developed novel DOTA–folate conjugate
comprising an albumin-binding entity (cm09) (Fig. 1).
This folate conjugate has been successfully used for

targeting of the tumor-associated FR in preclinical studies
(7). Because of its extended blood circulation, as a conse-
quence of its plasma protein binding, the biologic half-
life of cm09 matches well with the physical half-lives of
the longer-lived terbium-radioisotopes.
Herein, we report the first, to our knowledge, in vitro and

in vivo study with 4 terbium radionuclides. They have been
investigated with the same targeting molecule—a novel FR-
targeting folate derivative cm09—and an identical tumor
model for their applicability for PET and SPECT as well
as for targeted a- and b2-radionuclide therapy in FR-pos-
itive tumor-bearing mice.

MATERIALS AND METHODS

Production of 149Tb, 152Tb, and 155Tb
149Tb, 152Tb, and 155Tb were produced by high-energy proton-

induced spallation of tantalum foil targets. The spallation products

were released from the hot target ionized by a surface ionization
source and mass separated at the online isotope separator ISOLDE
(CERN). The ionized products were separated according to their
mass-to-charge ratio as previously reported by Allen et al. (2,8).
The spallation products of mass numbers 149, 152, and 155 were
collected on a zinc-coated gold foil. After dissolution of the zinc
layer in 0.1 M HCl, the terbium radioisotopes were separated from
isobar and pseudoisobar impurities and stable zinc. Cation ex-
change chromatography was performed using a self-made column
(dimensions, 50 · 5 mm) filled with a strongly acidic cation ex-
changer similar to that previously described (2,3). A solution of
a-hydroxyisobutyric acid adjusted with ammonia to pH 4.75 was
used as an elution agent. To avoid time-consuming additional
steps for preconcentration by evaporation and therefore to min-
imize loss of radioactivity, the fractions of terbium radioisotopes
(obtained in less than 1 mL of a-hydroxyisobutyrate solution
[;0.15 M]) were directly used for radiolabeling of the folate
conjugate (cm09).

Production of 161Tb
The production of no-carrier-added 161Tb was recently reported

by Lehenberger et al. (3). Briefly, highly enriched 160Gd targets
were irradiated during 2–3 wk at the spallation-induced neutron

TABLE 1
Decay Characteristics of Terbium Radionuclides Useful for Medical Application (Main g-Lines Are Given)

Nuclide Decay mode and branching T1/2 Ea (MeV) Ebav (MeV) Eg (keV) Ig (%) Application

149Tb a (16.7%), b1 (7.1%) 4.12 h 3.967 0.730 165.0 26 a-therapy
352.2 29
388.6 18
652.1 16

152Tb b1 (17%) 17.5 h — 1.080 271.1 8.6 PET
344.3 65
586.3 9.4
778.9 5.8

155Tb EC (100%) 5.32 d — — 86.55 32 SPECT
105.3 25
180.1 7.5
262.3 5.3

161Tb b2 (100%) 6.89 d — 0.154 25.65 23 b2-/Auger therapy
48.92 17
57.19 1.8
74.57 10

FIGURE 1. Chemical structure of terbium-cm09 comprising 3
functionalities: black indicates folic acid as targeting agent; green,
albumin-binding entity to prolong blood circulation time; and red,
terbium radioisotope stably coordinated by a DOTA chelator. Tb 5
terbium.
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In the case of 161Tb-cm09, tumor growth was clearly reduced
in all mice, compared with the untreated controls (group c,
Fig. 4B). Only 1 mouse (d4) experienced tumor escape,
whereas the other 4 mice showed complete tumor remission.
In both groups of mice treated with either 149Tb-cm09

(group b) or 161Tb-cm09 (group d), a slight body weight loss
was observed within the first 6–7 d after therapy, compared
with continuous weight gain in untreated control mice (groups
a and c) (Figs. 5A and 5B). However, none of the mice
reached the endpoint criterion. In contrast, about 2 wk after
the start of the therapy, the averaged relative body weight
reached the level of the body weight at day 0.
In the a-therapy study, the average survival of control

mice (group a) was 32 d. The animals (a1–a3) had to be
euthanized at days 28, 32, and 36 after therapy because the
tumor size criterion had been exceeded (Fig. 5C). In the case
of mice treated with 149Tb-cm09 (group b), the survival time
was significantly prolonged (P, 0.05). The animals (b1 and
b2) had to be euthanized at days 42 and 56 after therapy

because of tumor size. Mouse b3 showed complete remission
and hence was still alive without detectable tumors at the end
of the study at day 56 (Fig. 5C).

In the b2 therapy study, the average survival of control
mice (group c) was 28 d. The animals (c1–c5) had to be
euthanized between day 24 and day 30 because of oversized
tumors (Fig. 5D). Again, a significantly longer survival
time (P , 0.005) was observed in mice treated with
161Tb-cm09 (group d). Only 1 mouse (d4) had to be eutha-
nized because of a large tumor burden at day 38. The
remaining 4 mice of group d (d1–d3 and d5) experienced
complete tumor regression, and thus all of them were alive
at the end of the study at day 56.

DISCUSSION

The b2- and Auger-electron emitter 161Tb is an interesting
alternative to 177Lu, which is in routine clinical use (e.g.,
177Lu-DOTATATE (3,12,13)). The production of the novel
therapeutic b2-emitter 161Tb has recently been reported by

FIGURE 3. (A) PET image of Derenzo
phantoms (;1.9 MBq of 152Tb). (B and C)
SPECT images of Derenzo phantoms (;0.6
MBq of 155Tb and ;50 MBq of 161Tb, re-
spectively). (D) PET/CT image of KB tu-
mor–bearing mouse at 24 h after injection
of 152Tb-cm09, (E and F) SPECT/CT images
of KB tumor–bearing mice at 24 h after in-
jection of 155Tb-cm09 (E) and 161Tb-cm09
(F). K 5 kidney; T 5 KB tumor xenograft.

TABLE 3
Set-up of a-Therapy Study Using 149Tb-cm09 and b2-Therapy Study Using 161Tb-cm09 in KB Tumor–Bearing Nude Mice

Therapy study Mouse identification Test agent Injection protocol Amount of radioactivity

a
Control group a1, a2, a3 PBS Days 0 and 4 —
Treated group b1, b2, b3 149Tb-cm09 Days 0 and 4 1.1 and 1.3 MBq

b2

Control group c1, c2, c3, c4, c5 PBS Day 0 —
Treated group d1, d2, d3, d4, d5 161Tb-cm09 Day 0 11 MBq

*Irradiation of even highly enriched 152Gd targets would presumably result in only moderate yield and quality of 149Tb because of
concomitant production of side products (150Tb, 151Tb) and 149mTb.
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reasonable intensity (Eγ = 165 keV, Iγ = 26.4 %). This concept has been proposed
earlier [16], but has to date not been investigated in preclinical studies. The
current trend in nuclear medicine is, however, in favor of PET instead of SPECT
due to the higher sensitivity and resolution it provides [17].
In a recently-performed study, we focused on the potentially unique characteristic of

149Tb to be used for PET imaging, based on its positron emission (Eβ+mean = 730 keV,
Iβ+ = 7.1 %), in addition to its α-therapeutic value [16]. 149Tb was produced by proton-
induced spallation of a tantalum target, followed by an online isotope separation
process at ISOLDE/CERN (Geneva, Switzerland). The mass-separated ion beam was
implanted into a zinc-coated gold catcher foil, which was shipped to Paul Scherrer
Institut (PSI, Villigen-PSI, Switzerland) for processing. 149Tb was separated from isobar
and pseudo-isobar impurities by cation exchange chromatography, as previously re-
ported [13]. The separation yield was 100 MBq (~99 %) of highly pure 149Tb in α-
hydroxyisobutyric acid solution (pH 4.7), a quantity sufficient for preclinical applica-
tion. The radiolabeling was carried out directly in the eluent solution by addition of
DOTANOC and incubation of the reaction mixture for 15 min at 95 °C. 149Tb-DOTANOC
was obtained with >98 % radiochemical purity at a high specific activity (5 MBq/nmol), as
confirmed by high performance liquid chromatography (HPLC)-based quality
control. A nude mouse bearing AR42J tumor xenografts was intravenously injected
with ~7 MBq 149Tb-DOTANOC (~1.4 nmol). PET/CT scans were performed 2 h
later using a preclinical G8 bench-top scanner (Sofie Biosciences). During the PET
scan (30 min) and the following CT (1.5 min) the mouse was anesthesized using a
mixture of isoflurane and oxygen.
The quality of the obtained PET images was unexpectedly high (Fig. 1). The maximal

intensity projections allowed distinct visualization of the tumors located on each shoul-
der (Fig. 1a/b). Specific cross sections of the tumor showed homogenous distribution of
radioactivity accumulation (Fig. 1c). Residual radioactivity was found in the kidneys and
the urinary bladder as expected, based on the fast renal excretion of DOTANOC.

Fig. 1 PET/CT images of an AR42J tumor-bearing mouse 2 h after injection of 149Tb-DOTANOC (7 MBq).
(a, b) Maximal intensity projections (MIP) and (c) sections showed distinct accumulation of radioactivity in
tumor xenografts (Tu) and residual radioactivity in kidneys (Ki) and urinary bladder (Bl). The decay scheme
of 149Tb is shown as in the Karlsruhe Nuclide Chart (www.nucleonica.com)

Müller et al. EJNMMI Radiopharmacy and Chemistry  (2016) 1:5 Page 3 of 5

C. Müller et al, The Journal of Nuclear Medicine, 53 (2012) 1951-1959. 
C. Müller et al, Letter to European Journal of Nuclear Medicine & Molecular Imaging - 
Radiopharmacy & Chemistry 1 (2016) 5.

This work is based on 2 possible 
collection periods at ISOLDE each 
year and is highly held back by the 
availability of the radioisotopes.



Free beam for “free” radioisotopes at CERN
• 80% of the proton beam 

goes through the ISOLDE 
target unaffected 

• That beam is then sent onto 
another target 

• The target can be removed 
from the target area towards 
a Class A laboratory 

• An off-line separator is used 
to extract radioisotopes of 
interest
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Figure 3. The MEDICIS cycle. 
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CERN MEDICIS from A to Z
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MEDICIS timeline
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Ground breaking 
3 Sept 2013

Building delivered 
15 Oct 2014

Separator installed 
10 March 2017
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MEDICIS timeline
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Ground breaking 
3 Sept 2013

Building delivered 
15 Oct 2014

Separator installed 
10 March 2017

Commissioning planned 
for the summer of 2017!



MEDICIS-Promed 
MEDICIS-PROduced radioisotope beams for MEDicine
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Network Research Training 

For more information https://medicis-promed.web.cern.ch/



MEDICIS-Promed
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• A Marie Skłodowska-Curie Innovative Training Network coordinated by 
CERN under Horizon2020 

• Bringing together academia, industry and the medical world 
• Training 15 Early Stage Researchers (ESR) for the development of new 

medical applications and accelerator technologies



MEDICIS-Promed network
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CERN, HUG, CHUV, EPFL
AAA, ILL, CNAO



MEDICIS-Promed research
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Personalised 
medicine

Production & mass 

separation of new 

radioisotopes

Theranostic 

radiopharmaceuticals 

imaging & tre
atment

11C 
PET-aided hadron therapy

Production

Cross sections, 
radiochemistry, 
purity, …

Properties

Half-lives, decay branches, 
decay energies, …

Planning

Treatment planning, 
dosimetry validation, 

…
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Check the posters for each 
work package!



MEDICIS-Promed trainings
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• Feb 2016: Kick-off week in CERN and 
in the Alps 

• Sept 2016: General Training on 
Advanced Materials in Manchester 

• June 2017: Summer School on PET-
aided hadron therapy in Pavia 

• Sept 2017 Specialised Training on 
Radioisotope production in Leuven 

• 2018: Summer School on 
Radioisotopes for Medicine in Lisbon 

• 2018: Specialised Training on Radio-
Imaging in Geneva/Lausanne



MEDICIS-Promed trainings
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• Academic training: lectures and hands-on activities to 
study the production, handling, and use of radioisotopes, 
including concepts from nuclear physics, material science, 
radiochemistry, medical imaging, … 

• Transferable skills: lectures, workshops, and panel 
activities on the following topics: presentation skills, 
business & innovation, entrepreneurship, investment, 
institutions, impact, … 

• Networking: A unique opportunity to interact with top 
researchers in your field and link with other young 
researchers with similar interest!
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MEDICIS-Promed Label
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• Offer a label to PhD candidates participating in our events 
and sharing our interest 
‣ Strong research programme in a topic of interest to the 

members and partners of MEDICIS-Promed 
‣ Secondment to a different type of institution (minimum 3 

months) 
‣ Participation at events recognised by the Training Office 
‣ Career Development Plan in line with MEDICIS-

Promed, including academic training and transferrable 
skills 

• 2 students already subscribed and a few more have 
expressed interest

For more information, contact Thomas Cocolios: 
thomas.cocolios@kuleuven.be



Summer School 2017 
Pavia, 4-9 June 2017
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For more information, https://indico.cern.ch/event/622564/overview



Summer School: Lectures
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• Monday: Ion sources for radioactive beams by F. 
Wenander (CERN) 

• Tuesday: Treatment planning by E. Sterpin & C. Deroose 
(UZ Leuven) & Accelerated radioactive beams by L. 
Penescu (Abstract Landscapes) 

• Wednesday: PET session by D. Tuch () and F. Haddad 
(ARRONAX/Subatech), & Health Economics by M. 
Johannesma (CZ) and B. Ramaekers (Maastricht 
University Medical Center) 

• Thursday: Radiobiology by A. Facoetti (Pavia) and C. 
Mancini (Roma) & Imaging by G. Dedes (Munich)
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Lecture series are concluded with a 
‘Guided Reflexion’. This is the moment 
when YOU take the lead and confront 

the lecturers in order to bring new 
knowledge to your research topic. 

+ Final closing discussion on Friday 
morning



Summer school: Guided reflexion
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• 2 participants are chairing the reflexion 
‣ They give a short summary of each talk (1 min) 
‣ They present the impact that the content may have on 

their research, or their research topic 
• Starting with those participants, go around and discuss the 

impact of the presentation 
• How might we… 
• Problems > Progress > Plan 
• Co-creating a solution 

• Friday => Drawing the supply chain together
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• 2 participants are chairing the reflexion 
‣ They give a short summary of each talk (1 min) 
‣ They present the impact that the content may have on 

their research, or their research topic 
• Starting with those participants, go around and discuss the 

impact of the presentation 
• How might we… 
• Problems > Progress > Plan 
• Co-creating a solution 

• Friday => Drawing the supply chain together

Volunteers needed!



Summer School: Practical Sessions
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• Monday: FLUKA workshop: introduction to simulations 
with FLUKA and hands-on work for the simulations of 
activities related to your research, be it radioactive beam 
production or treatment planning. Introduction and 
guidance by A. Mairani (CNAO). 

• Tuesday: Workshop on how to design a PET-isotope-
based hadron therapy centre. Working together to solve all 
the aspects of the question, from the science to the patient 
handling, from conceptual ideas to generating funding. 
Guidance by L. Penescu (Abstract Landscapes) 

• Thursday: Poster session, together with OMA. Showcase 
your work and learn from the others as well! Networking is 
at your fingertips!



Summer School: Public Lectures
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• Monday: MEDICIS-Promed 
open lecture by K. Noda 
(NIRS) on Carbon ion hadron 
therapy 

• Tuesday: OMA open lecture 
by M. Pullia (CNAO) 

• Wednesday: MEDICIS-
Promed open lunch seminar 
by S. Myers (ADAM) on ADAM 
and Entrepreneurship Success 

• Thursday: OMA open lecture



Summer School: Extra Activities
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• Sunday: CNAO visit & Welcome Reception 

• Tuesday: Supervisory Board (pass on any remarks to your 
representative, Vadim) 

• Wednesday: Visit of Pavia 

• Thursday: Gala dinner 

• Friday: Wrapping up and group reporting 

• Saturday: Visit of the Trento Proton Therapy Centre



This research project has been supported by a Marie Skłodowska-Curie Innovative Training 
Network Fellowship of the European Commission's Horizon 2020 Programme under contract 
number 642889 MEDICIS-PROMED 
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Enjoy the school!

Thierry, Cristina, Monica, and myself are at your disposal during the whole week…


