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Abstract
Background Glioblastoma multiforme (GBM), the most common malignant brain tumor, mainly manifests as a primary de novo
and less frequently as a secondary glial neoplasm. GBM has been demonstrated to overexpress the NK-1 receptor and substance
P can be used as a ligand for targeted therapy. Alpha emitters, e.g. 213Bi, that deposit their high energy within a short range allow
the selective irradiation of tumor cells while sparing adjacent neuronal structures.
Material and methods Among 50 glioma patients of different subtypes that have to date been treated with targeted alpha therapy
at the Medical UniversityWarsaw, we report here the data on nine patients with secondary GBM. Following surgery, chemo- and
radiotherapy, recurrent GBMwas treated by intracavitary injection of 1–6 doses of 0.9–2.3 GBq 213Bi- DOTA-[Thi8,Met(O2)

11]-
substance P (213Bi-DOTA-SP) in 2-month intervals. 68Ga-DOTA-[Thi8,Met(O2)

11]-substance P (68Ga-DOTA-SP) was co-
injected with the therapeutic doses to assess biodistribution using PET/CT. Therapeutic response was monitored with MRI.
Results Treatment with activities ranging from 1.4 to 9.7 (median 5.8) GBq 213Bi- DOTA-SP was well tolerated with only mild
transient adverse reactions, mainly headaches due to a transient perfocal edema reaction. The median progression free survival
and overall survival time following the initiation of alpha therapy was 5.8 and 16.4 months, respectively. The median overall
survival time from the first diagnosis was 52.3 months. Two out of nine patients are still alive 39 and 51 months, respectively,
after the initiation of the therapy.
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both groups are controversial since age-adjusted multivariate
analysis did not show a significant difference. However, log-
rank tests showed that patients with primary GBM had a sig-
nificantly shorter survival time than those with secondary
GBM [26].

A widespread glioma cell infiltration into normal adjacent
brain areas, the molecular heterogeneity as well as the protec-
tive effects of the blood-brain barrier are the main causes for
the limited efficacy of front line standard treatments of GBM
such as surgery, radio- and chemotherapy. Despite some mi-
nor improvements in the PFS, no obvious increase in the sur-
vival has been associated with any particular regimen. Only
25% of patients with progressive or recurrent GBM can be
considered for repeat surgery. Re-irradiation remains a pallia-
tive option only for a selected group of patients characterized
by the KPS > 60%, the tumor size <40 mm and progression
for more than 6 months. Temozolamide (TMZ) monotherapy
or TMZ-containing combinational therapies are controversial
[7, 27]. Since therapeutic options for GBM are very limited,
especially for patients with recurrent disease, novel treatments
are urgently needed.

Regarding the genetic tumor classification, both tumor
types develop through different genetic pathways and show
different protein expression profiles with the main differenti-
ating factor being IDH1 gene mutations in secondary GBM
[1] observed at a frequency of 73% as compared to only 3.7%
in primary glioblastomas [1, 28]. The IDH1-mutation is asso-
ciated with a hypermethylation phenotype, and IDH1 muta-
tions are the earliest detectable genetic alterations in precursor
low-grade diffuse astrocytomas and in oligodendrogliomas.
These data suggest that primary and secondary GBM may
require different therapeutic approaches. However, these re-
sults show that local treatment of secondary GBM by a
targeted alpha-labeled peptidic vector also represents a thera-
peutic option for this subtype of glioma.

Local application of the drug has major advantages: the
intratumoral concentration of the drug is significantly higher
in comparison to systemic treatment, the blood-brain barrier
can be circumvented, and adverse reaction events are more
limited. The main challenge of the local drug application into
a brain tumor is the tumor saturation and, at least for larger
targeting vectors, slow diffusion into the tumor. Currently,
different strategies for local treatment are in development, like
monoclonal antibodies, interleukins receptors, bacterial
toxins, viruses, oligonucleotide CpG as well as radiopharma-
ceuticals [14, 17, 29–35].

The radiopharmaceuticals are very promising given the low
molecular weight of the targeting vector <2000Da, facilitating
a rapid intratumoral drug distribution, and radiolabeling with
anα-emitting isotope that releases a very high energy concen-
trated to a few tumor cells, precluding sublethal tumor cell
damage. The peptidic vector substance P analogue used in this
study is an eleven-amino acid neurotransmitter that appears in
both the central and peripheral nervous systems.
Autoradiography disclosed overexpression of neurokinin type
1 receptor in 95% of gliomas of WHO grades II, III and IV.
NK-1-receptors have also been detected in tumor cells infil-
trating the intratumoral and peritumoral vasculature [19].

Fig. 3 Whole body PET/CT scan shows biodistribution 30 min after
intralesional injection of 10 MBq 68Ga-DOTA-SP analogue: the signal
detected in the body outside the brain is very faint or negligible in liver,
kidney, spleen and bone marrow. The cleaved linear peptidic vector is
excreted into the bladder and can show a weak signal corresponding to
<5% of injected activity

Fig. 4 The Kaplan-Meier estimator displays the progression free survival
(PFS), overall survival following initial diagnosis (OS-D), overall
survival following conversion (OS-C) and overall survival after initiation
of therapy with 213Bi-DOTA-SP analogue (OS-T)

Eur J Nucl Med Mol Imaging
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New  concept  of  THERAnostics pairs
Diagnostics THERAPY

MEDICIS - PROMED project
Peptide Receptor Radionuclide Therapy (PRRT)

• Phase II results in progressive midgut carcinoid 
showed Progression-Free Survival of more than 
44 months compared to the reported 14.6 
months of Novartis' Sandostatin® LAR  

• Lutathera® was shown to increase overall 
survival by between 3.5 and 6 years in 
comparison to current treatments, including 
chemotherapy.  

• It was also shown to significantly improve 
quality of life 

Lutathera®
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body – a method called brachytherapy. The first clinical trials took 
place at the Curie Institute in France and at St Luke’s Memorial 
Hospital in New York at the beginning of the 20th century, for the 
treatment of prostate cancer. 

A century later, in 2013, a milestone was met with the successful 
clinical trials of 223Ra in the form of the salt-solution RaCl2, which 
was injected into patients suffering from prostate cancers with 
bone metastasis. The positive effect on patient survival was so clear 
in the last clinical validation (so-called phase III), that the trial was 
terminated prematurely to allow patients who had received a pla-
cebo to be given the effective drug. Today, the availability of new 
isotopes, medical imagery, robotics, monoclonal antibodies and a 
better understanding of tumour mechanisms has enabled progress 
in both brachytherapy and unsealed internal radiotherapy. Radio-
isotopes can now be placed closer to and even inside the tumour 

cells, killing them with minimal damage to healthy tissue. 
CERN-MEDICIS aims to further advance this area of medi-

cine. New isotopes with specific types of emission, tissue penetra-
tion and half-life will be produced and purified based on expertise 
acquired during the past 50 years in producing beams of radioiso-
tope ions for ISOLDE’s experimental programme. Diagnosis by 
single photon emission computed tomography (SPECT), a form 
of scintigraphy, covers the vast majority of worldwide isotope 
consumption based on the gamma-emitting 99mTc, which is used 
for functional probing of the brain and various other organs. PET 
protocols are increasingly used based on the positron emitter 18F 
and, more recently, a 68Ga compound. Therapy, on the other hand, 
is mostly carried out with beta emitters such as 131I, more recently 
with 177Lu, or with 223Ra for the new application of targeted alpha 
therapy (see p35). Other isotopes also offer clear benefits, such as 
149Tb, which is the lightest alpha-emitting radiolanthanide and also 
combines positron-emitting properties.

Driven by ISOLDE 
With 17 Member States and an ever-growing number of users, 
ISOLDE is a dynamic facility that has provided beams for 
around 300 experiments at CERN in its 50 year history. It allows 
researchers to explore the structure of the atomic nucleus, study 
particle physics at low energies, and provides radioactive probes 
for solid-state and biophysics. Through 50 years of collabora-
tion between the technical teams and the users, a deep bond has 
formed, and the facility evolves hand-in-hand with new technolo-
gies and research topics.

CERN MEDICIS is the next step in this adventure, and the user 
community is joining in efforts to push the development of the 
machine in a new direction. The project was initiated six years ago 
by a relatively small collaboration involving CERN, KU Leuven, 
EPFL and two local University Hospitals (CHUV in Lausanne 
and HUG in Geneva). One year later, in 2011, CERN decided to 
streamline medical production of radioisotopes and to offer grants 
dedicated to technology transfer. While the mechanical conveyor 
system to transport the irradiated targets was covered by such a 
grant, the construction of the CERN MEDICIS building began in 
September 2013. The installation of the services, mass separator 
and laboratory is now under way. 

At ISOLDE, physicists direct a high-energy proton beam from 
the Proton Synchrotron Booster (PSB) at a target. Since the beam 
loses only 10% of its intensity and energy on hitting the target, 
the particles that pass through it can still be used. For CERN-
MEDICIS, a second target therefore sits behind the first and is used 
for exotic isotope generation. Key to the project is a mechanical 
system that transports a fresh target and its ion source into one of 
the two ISOLDE target-stations’ high resolution separator (HRS) 
beam dump, irradiates it with the proton beam from the PSB to 
generate the isotopes, then returns it to the CERN-MEDICIS 

Accelerators and their related technologies have long been devel-
oped at CERN to undertake fundamental research in nuclear 
physics, probe the high-energy frontier or explore the properties 
of antimatter. Some of the spin-offs of this activity have become 
key to society. A famous example is the World Wide Web, while 
another is medical applications such as positron emission tomog-
raphy (PET) scanner prototypes and image reconstruction algo-
rithms developed in collaboration between CERN and Geneva 
University Hospitals in the early 1990s. Today, as accelerator 
physicists develop the next-generation radioactive beam facili-
ties to address new questions in nuclear structure – in particular 
HIE-ISOLDE at CERN, SPIRAL 2 at GANIL in France, ISOL@
Myrrha at SCK•CEN in Belgium and SPES at INFN in Italy – 
medical doctors are devising new approaches to diagnose and treat 
diseases such as neurodegenerative disorders and cancers.

The bridge between the radioactive-beam and medical commu-
nities dates back to the late 1970s, when radioisotopes collected 
from a secondary beam at CERN’s Isotope mass Separator On-
Line facility (ISOLDE) were used to synthesise an injectable radi-
opharmaceutical in a patient suffering from cancer. 167Tm-citrate, 
a radiolanthanide associated to a chelating chemical, was used to 
perform a PET image of a lymphoma, which revealed the spread-
out cancerous tumours. While PET became a reference protocol 
to provide quantitative imaging information, several other pre-
clinical and pilot clinical tests have been performed with non-con-
ventional radioisotopes collected at radioactive-ion-beam facilities 
– both for diagnosis and for therapeutic applications. 

 Despite significant progress made in the past decade in the field 
of oncology, however, the prognosis of certain tumours is still 
poor – particularly for patients presenting advanced glioblastoma 
multiforme (a form of very aggressive brain cancer) or pancreatic 
adenocarcinoma. The latter is a leading cause of cancer death in 
the developed world and surgical resection is the only potential 
treatment, although many patients are not candidates for surgery. 
Although external-beam gamma radiation and chemotherapy are 
used to treat patients with non-operable pancreatic tumours, and 
survival rates can be improved by combined radio- and chemo-
therapy, there is still a clear need for novel treatment modalities for 
pancreatic cancer.

A new project at CERN called MEDICIS aims to develop non-

conventional isotopes to be used as a diagnostic agent and for 
brachytherapy or unsealed internal radiotherapy for the treatment 
of non-resectable brain and pancreatic cancer, among other forms 
of the disease. Initiated in 2010, the facility will use a proton beam 
at ISOLDE to produce isotopes that first will be destined for hospi-
tals and research centres in Switzerland, followed by a progressive 
roll-out to a larger network of laboratories in Europe and beyond. 
The project is now approaching its final phase, with start-up fore-
seen in June 2017.

A century of treatment
The idea of using radioisotopes to cure cancer was first proposed 
by Pierre Curie soon after his discovery of radium in 1898. The 
use of radium seduced many physicians because the penetrating 
rays could be used superficially or be inserted surgically into the 

CERN to produce radioisotopes for health 

s

A new project called CERN MEDICIS aims to 
produce novel isotopes as diagnostic agents 
and treatments for brain and pancreatic 
cancers, explain Leo Buehler, Thomas 
Cocolios, John Prior and Thierry Stora.

Clockwise from top left: Storage shelves for ISOLDE and CERN-MEDICIS targets after their operation, showing the robot for remote handling.  
A “fresh” target unit stands on the CERN-MEDICIS supply point, ready for the robot pick-up and transportation to the irradiation point. A rail 
conveyor system end-station for target transportation, showing the inspection camera and two modern target units. The MEDICIS building at CERN, 
next to ISOLDE. (Image credits: Yury Gavrikov.)

Recent  update

1st isotopes  produced in  ISOLDE  HRS  
beam  dump   and  separated  in  the  lab
during  commissioning  Dec  2017

Analyzing  magnet

149/152/155/161Terbium  ions
collected  in  metal  foils

Large  Collaboration
with  regional  and
European  Institutes
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Beam  profile  :  in  BI  Box
55mm,  einzel 12kV

100mm,  einzel 12.25kV

39/41K  potassium  beams A~150  beams

39/41K A~150
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RP  :  survey  after  separator  operation  
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Memorandum of Understanding 

for the CERN-MEDICIS project at CERN 
 
 
THE EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH ("CERN"), 
ACTING AS THE HOST LABORATORY OF THE CERN-MEDICIS PROJECT 
AND OF THE ISOLDE COLLABORATION, 
 
 

ON THE ONE HAND, 
 
 
AND  
 
 
THE INSTITUTES, LABORATORIES, UNIVERSITIES, THEIR FUNDING 
AGENCIES AND OTHER SIGNATORIES OF THIS MEMORANDUM OF 
UNDERSTANDING  
 
 

ON THE OTHER HAND, 
 
(collectively or individually referred to as the “Participants”) 
 

 
 
Whereas 

 
1. CERN hosts and is one of the collaborating institutes of the ISOLDE 

Collaboration, which, for the past forty years, has delivered secondary 
radioactive ion beams for fundamental studies in nuclear structure and for other 
applications, such as solid state physics and medical physics; 

 
2. CERN is in the process of developing a programme of work related to potential 

medical applications of its accelerator, detector and computing technologies 
(the "Medical Applications Programme"). Under the heading “R&D for medical 
applications”, CERN’s Medium-Term Plan for the period 2017-2021 
(CERN/3246), as approved by the Council in June 2016, includes an item 
headed “Studies for the production of key radioactive isotopes for medical 
diagnostics"; 
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From  the  board  to  a  drafted  schedule  

Number Date Institute
Principal  
investigator Email Title

MED001 16-­Feb-­18CHUV
Francesco  Cicone,  
MD

francesco.cicone@chuv.c
h

Theranostics  of  149Tb-­labelled  antibodies  against  
cancer

MED002 18-­Feb-­18PSI

nick  van  der  
Meulen,  Dr,  Cristina  
Mueller,  Dr

nick.vandermeulen@psi.c
h

Development  of  149Tb  and  152Tb  production  from  
ISOL  targets  and  its  subsequent  preclinical  and  
clinical  evaluation  

MED003 19-­Feb-­18HUG Martin  Walter,  MD martin.walter@hcuge.ch
A  Terbium-­155  labeled  nanoparticle  platform  for  
imaging-­guided  drug  development  

MED004 19-­Feb-­18C2TN Antonio  Paulo,  Dr
apaulo@tecnico.ulisboa.p
t

Clickable  Terbium  Complexes  for  Radioimmuno-­
Imaging  &  Therapy

MED005 19-­Feb-­18C2TN Lurdes  Gano,  Dr
lgano@ctn.tecnico.ulisbo
a.pt

155/161Tb-­labeled  peptides  towards  the  estrogen  
receptor  for  breast  cancer  theranostics

MED006 19-­Feb-­18KULeuven
Thomas  Cocolios,  
Prof

thomas.elias.cocolios@ce
rn.ch MEDICIS-­Promed  Contest

MED007 19-­Feb-­18KULeuven Simon  Stegemann
simon.stegemann@kuleu
ven.be Carbon  release  study  from  BN  

MED008 19-­Feb-­18NPL
Christopher  Cawthorne,  
Dr,Steve  Archibald,  Prof

C.cawthorne@hull.ac.uk;;  
s.j.archibald@hull.ac.uk

Development  of  CXCR4-­targeted  agents  for  
molecular  radiotherapy  with  67Cu

MED009 19-­Feb-­18

FABIS  (hospital  
Juan  Ramon  
Jimenez,  
Huelva) Carlos  Saldago,  Dr

josesanchez.oncort@gma
il.com

Estudio  de  Teragnósis  con  isótopos  radiactivos  de  
Terbium  en  tumores  de  pulmón

MED010 19-­Feb-­18Arronax Roberto  Formento
roberto.formento@cern.c
h

Laser  ionization  yield  enhancement  of  external  
targets  radionuclides  production  at  CERN-­
MEDICIS

MED011 19-­Feb-­18Arronax Roberto  Formento
roberto.formento@cern.c
h

Very  high  specific  activity  Er-­169  production  at  
MEDICIS  from  external  ILL  target

MED012 19-­Feb-­18Arronax Roberto  Formento
roberto.formento@cern.c
h

Large  production  of  Scandium  and  Terbium  at  
very  high  specific  activity  for  theranostics  
applications:  combining  cyclotron  production  with  
off-­line  mass  separation

MED013 20-­Feb-­18UNIGE/HUG Renaud  Jollivet  Prof/Magda  Kowalska  Dr provisional  :  tests  of  isotope  polarization

Number Institute Principal1investigator Title Isotope Activity Week Shipping
MED001 CHUV Francesco-Cicone,-MD Theranostics-of-149Tb:labelled-antibodies-against-cancer 149Tb-or-155Tb 90MBq 25 foil-:-CERN::>PSI::>CHUV

MED002 PSI nick-van-der-Meulen,-Dr,-Cristina-Mueller,-Dr
Development-of-149Tb-and-152Tb-production-from-ISOL-targets-
and-its-subsequent-preclinical-and-clinical-evaluation- 152Tb 100MBq 23,25 foil-:-CERN::>PSI

MED003 HUG Martin-Walter,-MD
A-Terbium:155-labeled-nanoparticle-platform-for-imaging:
guided-drug-development- 155Tb 200MBq 21 foil-:-CERN::>NPL::>HUG

MED004 C2TN Antonio-Paulo,-Dr
Clickable-Terbium-Complexes-for-Radioimmuno:Imaging-&-
Therapy 155Tb 100MBq 20 foil-:-CERN::>IST

MED005 C2TN Lurdes-Gano,-Dr
155/161Tb:labeled-peptides-towards-the-estrogen-receptor-for-
breast-cancer-theranostics 155Tb 100MBq 19 foil-:-CERN::>IST

MED006 KULeuven Thomas-Cocolios,-Prof MEDICIS:Promed-Contest week-21-?
MED007 KULeuven Simon-Stegemann Carbon-release-study-from-BN- 11C* 26? no

MED011 Arronax Roberto-Formento

Very-high-specific-activity-Er:169-production-at-MEDICIS-from-
external-ILL-target 169Er 5MBq 18 168Er-target-:-ILL::>RISO::>CERN
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CERN-­MEDICIS

15

Irradiation  for  experiment  MED004/MED005  on  Ta646M  target  started  18th May
Finished  22nd May;;  2.7e18poT  (5e18  poT max  defined)

Isotope  separation  for  experiment  MED011  from  external  168/169Er  source  
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Overview  of  MEDICIS-­Promed

MEDICIS_PROMED	
  training	
  network
"Timely	
   Coordination	
  Dr.	
  T.	
  Stora,	
  CERN	
  

Innovations" WP3	
  :	
  theranostic	
  pharmaceuticals/surgery	
  for	
  new	
  ovarian	
  cancer	
  personalized	
  treatment
Terbium	
  isotope	
  theranostic	
  pairs AAA	
  (FR)	
  lead-­‐	
  radiopharmaceuticals	
  -­‐	
  ESR6

Biological	
  targets	
  for	
  ovarian	
  cancers IST	
  (PT)/dna	
  targetting	
  -­‐	
  ESR8
CERN	
  MEDICIS	
  (EU)/molecular	
  break-­‐up	
  -­‐	
  ESR1
HUG	
  (CH)/surgery	
  -­‐	
  ESRCH3

"Timely	
   CHUV(CH)/preclinical	
  tests	
  -­‐	
  ESRCH2 "Timely	
  
Innovations" WP	
  1	
  :	
  mass	
  separation	
  of	
  new	
  medical	
  isotopes WP	
  2	
  :	
  Pet	
  aided	
  11C	
  hadrontherapy Innovations"

Graphene JOGU	
  (DE)	
  lead	
  -­‐	
  laser	
  purification	
  -­‐	
  ESR5 CNAO	
  (IT)	
  lead	
  -­‐	
  11C	
  hadrontherapy	
  -­‐	
  ESR9
CERN-­‐MEDICIS UNI	
  MANCHESTER	
  (UK)/adv	
  material-­‐	
  	
  ESR4 KUL	
  (BE)	
  -­‐	
  mass	
  sep	
  11C	
  -­‐	
  ESR11 Medaustron

Ti:Sa	
  Ion	
  sources CERN	
  MEDICIS	
  (EU)/	
  production	
  safety	
  -­‐	
  ESR2 CERN	
  MEDICIS	
  (EU)	
  -­‐	
  11C	
  acceler.	
  -­‐	
  ESR3 animal	
  models
Lemer-­‐Pax	
  (FR)	
  /transport	
  -­‐	
  ESR10 HUG	
  (CH)	
  	
  -­‐	
  imaging	
  tests	
  -­‐ESRCH1

a-­‐isot.	
  Transp. IST	
  (PT)/nanofibers	
  -­‐	
  ESR7 EPFL	
  (CH)	
  -­‐	
  biochemical	
  synthesis	
  -­‐	
  ESRCH4
Medaustron	
  (AT)	
  -­‐	
  hadrontherapy

Medical  coordination  :  PhD,  MD  J.  Prior,  CHUV
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11C  Beams  for  combined  PET/Hadron  therapy
Comparison of

in-­beam PET  with fragment  12C  (11C,  15O)
and  direct  11C  useAnnihilation Events at Rest

Event Mapping

Positron Emission:
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Annihilation Events are a
powerful indicator of the
imaging potential, as the re-
sulting � can be detected and
coincidence–reconstructed by
PET-CT scans.

C-11 C-12

 0  5  10  15  20  25  30  35  40

Z (cm)

-20

-15

-10

-5

 0

 5

 10

 15

 20

X
 (

cm
)

 1000

 10000

 100000

 1e+06

 1e+07

E
ve

n
ts

 0  5  10  15  20  25  30  35  40

Z (cm)

-20

-15

-10

-5

 0

 5

 10

 15

 20

X
 (

cm
)

 1000

 10000

 100000

 1e+06

 1e+07

E
ve

n
ts

O-15 O-16

 0  5  10  15  20  25  30  35  40

Z (cm)

-20

-15

-10

-5

 0

 5

 10

 15

 20

X
 (

cm
)

 1000

 10000

 100000

 1e+06

 1e+07

E
ve

n
ts

 0  5  10  15  20  25  30  35  40

Z (cm)

-20

-15

-10

-5

 0

 5

 10

 15

 20

X
 (

cm
)

 1000

 10000

 100000

 1e+06

 1e+07

E
ve

n
ts

Annihilation Events at Rest Mapped for 15–cm SOBP of 1 Gy

An increase of up to one order of magnitude is verified with radioactive ion beams. 23
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Spread Out Bragg Peak Creation

Using (approximated) beam line elements[1]from Heidelberg Ion-Therapy Center (HIT), Spread-Out Bragg
Peaks (SOBP) were simulated[2]in water using the FLUKA code[3,4].

A proper validation against HITs TPS data for stable ion beams (12C and 16O) ensued, followed by extrapola-
tions to obtain equivalent SOBPs, but with radioactive ion beams (11C and 15O) instead.
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Figure 1: Left: 3 cm long, 1 Gy SOBP centered at 10 cm range in water for 11C, 12C, 15O, 16O.
Right: Annihilation Events at Rest (Integrated over time) for the different beams, with the SOBP superimposed

Dose Maps

The dosimetric performance of the SOBPs generated was seen to be comparable between the stable and
radioactive ion beams (RIB) studied.

FLUKA models driving the nuclear fragmentation production were subject to further improvement, as their
consistency is paramount to reproduce accurately the physical phenomena at, and beyond, the Bragg Peak.
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Figure 2: Two dimensional dose maps for 1 Gy SOBPs at 10 cm range in water

Annihilation Event Maps

The rationale for using radioactive ion beams in hadrontherapy is chiefly their higher imaging potential,
quantified below as annihilation events at rest. Those events, resulting from �+-emitter isotopes’ decay, produce
� signals which can be detected/reconstructed by PET scanners.

For the radioactive beams studied, not only a tenfold increase in the event density is observed, but they peak
exactly at the end of the SOBP, allowing for a more precise account of dose delivery in range.
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Figure 3: Annihilation Event mapping (integrated over time) for 1 Gy SOBPs in water
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FLUKA PET tools

PET tools[5,6]included in FLUKA allow for the reconstruction of simulated results, using various PET mod-
els, as well as embedded reconstruction tools[7](e.g. MLEM). Thus, comparisons with real patient treatment can
be attempted, provided the simulation parameters are consistent with the clinical scenario.
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Figure 4: Left: flair[8] Geoviewer – Head VOXEL, PET (ECAT HR+ Siemens), Ripple Filter and (HIT-approximated) beamline elements.
Center: Mapped annihilation events at rest (15O - SOBP of 1 Gy), scored in the VOXEL with USRBIN built-in FLUKA estimators.

Right: MLEM reconstruction of PET’s true coincidences, obtained with FLUKA’s embedded PET tools, superimposed to the CT geometry.

Imaging Potential Evolution over time

In order to accurately account for the signal enhancement from RIBs, one must correctly account for:

1 — Parent Isotope

With �+-emitter radioactive ion beams, the sig-
nal will be boosted not only by the fragmenta-
tion component but also by the beam itself.

Using FLUKA, one can estimate the contribu-
tion of different parent isotopes to the signal, at
any given time during irradiation (e.g. In-beam
PET) or afterwards (e.g. In-room PET).
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Figure 5: Event rates calculated at 3 minutes end of beam (EOB)

2 — Beam Time Structure

Before reconstructing the overall � signal, it
is essential to account for the decay occurring
during beam time:

Once the irradiation profile is known, one can
correctly estimate the density of �+-emitters,
which can change drastically due to short-lived
isotopes’ presence.
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Figure 6: Result without, and with a realistic time structure, at EOB

3 — PET Acquisition Time

Not only the signal reconstruction is sensitive
to specific PET parameters (e.g. dead time),
also the clinical acquisition time has to be
reproduced.

Results are selected out of a time-integrated
sample (gray), according to the chosen acquisi-
tion time (yellow).

C-12 C-11

Figure 7: MLEM reconstruction comparison (true coincidences),
considering realistic irradiations of 1 Gy SOBP. The PET acquisition

time was 5 to 30 minutes EOB

Conclusions & Outlook

FLUKA results confirmed the general higher potential of radioactive beams in PET imaging, for range verifi-
cation in particular, without absorbed dose drawbacks.

Regarding the PET imaging quality, 11C and 15O were found to be adequate for in-beam PET monitoring,
and provided an increased signal during acquisition times, comparing to their stable counterparts.

Future work will consist of a benchmarking with a real patient scenario, using 12C beams. Afterwards, we
envisage having an equivalent scenario simulated with 11C, and the overall performance evaluated.
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EBRT (External Beam Radiation Therapy)

Hadron Therapy

http://www.nupecc.org/npmed/npmed2014.pdf
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body – a method called brachytherapy. The first clinical trials took 
place at the Curie Institute in France and at St Luke’s Memorial 
Hospital in New York at the beginning of the 20th century, for the 
treatment of prostate cancer. 

A century later, in 2013, a milestone was met with the successful 
clinical trials of 223Ra in the form of the salt-solution RaCl2, which 
was injected into patients suffering from prostate cancers with 
bone metastasis. The positive effect on patient survival was so clear 
in the last clinical validation (so-called phase III), that the trial was 
terminated prematurely to allow patients who had received a pla-
cebo to be given the effective drug. Today, the availability of new 
isotopes, medical imagery, robotics, monoclonal antibodies and a 
better understanding of tumour mechanisms has enabled progress 
in both brachytherapy and unsealed internal radiotherapy. Radio-
isotopes can now be placed closer to and even inside the tumour 

cells, killing them with minimal damage to healthy tissue. 
CERN-MEDICIS aims to further advance this area of medi-

cine. New isotopes with specific types of emission, tissue penetra-
tion and half-life will be produced and purified based on expertise 
acquired during the past 50 years in producing beams of radioiso-
tope ions for ISOLDE’s experimental programme. Diagnosis by 
single photon emission computed tomography (SPECT), a form 
of scintigraphy, covers the vast majority of worldwide isotope 
consumption based on the gamma-emitting 99mTc, which is used 
for functional probing of the brain and various other organs. PET 
protocols are increasingly used based on the positron emitter 18F 
and, more recently, a 68Ga compound. Therapy, on the other hand, 
is mostly carried out with beta emitters such as 131I, more recently 
with 177Lu, or with 223Ra for the new application of targeted alpha 
therapy (see p35). Other isotopes also offer clear benefits, such as 
149Tb, which is the lightest alpha-emitting radiolanthanide and also 
combines positron-emitting properties.

Driven by ISOLDE 
With 17 Member States and an ever-growing number of users, 
ISOLDE is a dynamic facility that has provided beams for 
around 300 experiments at CERN in its 50 year history. It allows 
researchers to explore the structure of the atomic nucleus, study 
particle physics at low energies, and provides radioactive probes 
for solid-state and biophysics. Through 50 years of collabora-
tion between the technical teams and the users, a deep bond has 
formed, and the facility evolves hand-in-hand with new technolo-
gies and research topics.

CERN MEDICIS is the next step in this adventure, and the user 
community is joining in efforts to push the development of the 
machine in a new direction. The project was initiated six years ago 
by a relatively small collaboration involving CERN, KU Leuven, 
EPFL and two local University Hospitals (CHUV in Lausanne 
and HUG in Geneva). One year later, in 2011, CERN decided to 
streamline medical production of radioisotopes and to offer grants 
dedicated to technology transfer. While the mechanical conveyor 
system to transport the irradiated targets was covered by such a 
grant, the construction of the CERN MEDICIS building began in 
September 2013. The installation of the services, mass separator 
and laboratory is now under way. 

At ISOLDE, physicists direct a high-energy proton beam from 
the Proton Synchrotron Booster (PSB) at a target. Since the beam 
loses only 10% of its intensity and energy on hitting the target, 
the particles that pass through it can still be used. For CERN-
MEDICIS, a second target therefore sits behind the first and is used 
for exotic isotope generation. Key to the project is a mechanical 
system that transports a fresh target and its ion source into one of 
the two ISOLDE target-stations’ high resolution separator (HRS) 
beam dump, irradiates it with the proton beam from the PSB to 
generate the isotopes, then returns it to the CERN-MEDICIS 

Accelerators and their related technologies have long been devel-
oped at CERN to undertake fundamental research in nuclear 
physics, probe the high-energy frontier or explore the properties 
of antimatter. Some of the spin-offs of this activity have become 
key to society. A famous example is the World Wide Web, while 
another is medical applications such as positron emission tomog-
raphy (PET) scanner prototypes and image reconstruction algo-
rithms developed in collaboration between CERN and Geneva 
University Hospitals in the early 1990s. Today, as accelerator 
physicists develop the next-generation radioactive beam facili-
ties to address new questions in nuclear structure – in particular 
HIE-ISOLDE at CERN, SPIRAL 2 at GANIL in France, ISOL@
Myrrha at SCK•CEN in Belgium and SPES at INFN in Italy – 
medical doctors are devising new approaches to diagnose and treat 
diseases such as neurodegenerative disorders and cancers.

The bridge between the radioactive-beam and medical commu-
nities dates back to the late 1970s, when radioisotopes collected 
from a secondary beam at CERN’s Isotope mass Separator On-
Line facility (ISOLDE) were used to synthesise an injectable radi-
opharmaceutical in a patient suffering from cancer. 167Tm-citrate, 
a radiolanthanide associated to a chelating chemical, was used to 
perform a PET image of a lymphoma, which revealed the spread-
out cancerous tumours. While PET became a reference protocol 
to provide quantitative imaging information, several other pre-
clinical and pilot clinical tests have been performed with non-con-
ventional radioisotopes collected at radioactive-ion-beam facilities 
– both for diagnosis and for therapeutic applications. 

 Despite significant progress made in the past decade in the field 
of oncology, however, the prognosis of certain tumours is still 
poor – particularly for patients presenting advanced glioblastoma 
multiforme (a form of very aggressive brain cancer) or pancreatic 
adenocarcinoma. The latter is a leading cause of cancer death in 
the developed world and surgical resection is the only potential 
treatment, although many patients are not candidates for surgery. 
Although external-beam gamma radiation and chemotherapy are 
used to treat patients with non-operable pancreatic tumours, and 
survival rates can be improved by combined radio- and chemo-
therapy, there is still a clear need for novel treatment modalities for 
pancreatic cancer.

A new project at CERN called MEDICIS aims to develop non-

conventional isotopes to be used as a diagnostic agent and for 
brachytherapy or unsealed internal radiotherapy for the treatment 
of non-resectable brain and pancreatic cancer, among other forms 
of the disease. Initiated in 2010, the facility will use a proton beam 
at ISOLDE to produce isotopes that first will be destined for hospi-
tals and research centres in Switzerland, followed by a progressive 
roll-out to a larger network of laboratories in Europe and beyond. 
The project is now approaching its final phase, with start-up fore-
seen in June 2017.

A century of treatment
The idea of using radioisotopes to cure cancer was first proposed 
by Pierre Curie soon after his discovery of radium in 1898. The 
use of radium seduced many physicians because the penetrating 
rays could be used superficially or be inserted surgically into the 

CERN to produce radioisotopes for health 

s

A new project called CERN MEDICIS aims to 
produce novel isotopes as diagnostic agents 
and treatments for brain and pancreatic 
cancers, explain Leo Buehler, Thomas 
Cocolios, John Prior and Thierry Stora.

Clockwise from top left: Storage shelves for ISOLDE and CERN-MEDICIS targets after their operation, showing the robot for remote handling.  
A “fresh” target unit stands on the CERN-MEDICIS supply point, ready for the robot pick-up and transportation to the irradiation point. A rail 
conveyor system end-station for target transportation, showing the inspection camera and two modern target units. The MEDICIS building at CERN, 
next to ISOLDE. (Image credits: Yury Gavrikov.)
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