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Fundamental science for society: Health
Brought the
idea of PET

Photon detection used
for calorimetry

CMS calorimeter
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Software to combine modalities: Image fusion: PET + CT

SMART scanner
ECAT ART

Somatom AR.SP

PET + CT
from University of Pittsburgh & Siemens
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PET usage in medicine
Diagnostic tool
• Used in combination with a morphological imaging modality (ex.: CT, MRI, Ultrasounds)
• Most specific and sensitive functional imaging device
• Prospect only limited by the development of tracers with adequate specificity to characterize pathology

• Main use today: Cancer diagnostic (Tumours and Metastasis)
• Brain diseases
• Carotid atherosclerosis

Treatment planning
• Image information to establish the treatment plan


Surgery



Chemotherapy



Radiotherapy / Proton (ion) therapy

PET & SPECT for treatment follow-up
• After chemotherapy, PET can diagnose metastasis
EPS: Technology & Innovation workshop
Erice, October 22nd 2012
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PET achievements for Brain

Courtesy of T. Jones: The need for low-powered cyclotrons for PET;
The Accelerator-Driven Production of Medical Isotopes Workshop held at
the Cockcroft Institute 8/9 December 2011
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Courtesy of J. Clark, Wolfson Brain Imaging Centre, University of Cambridge :
PET imaging; EuroPACS 2006 Trondheim
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Small animal PET systems
Main applications:
• Pre-clinical studies
• Drug discovery

Olfactory bulb

cerebellum

Haderian
glands

Glottis / tongue
Medulla oblongata

Crystal Clear Collaboration: Small animal PET for in-vivo drug screening
EPS: Technology & Innovation workshop
Erice, October 22nd 2012
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Courtesy of T. Jones: The need for low-powered cyclotrons for PET;
The Accelerator-Driven Production of Medical Isotopes Workshop held at the
Cockcroft Institute 8/9 December 2011
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Radiopharmaceuticals for PET
Positron emitter isotope production (markers)
• From accelerators only
• Typically produced by cyclotrons


Large devices



1-2 M € per cyclotron unit



Key players: BEST, GE, Siemens, IBA, Toshiba, Thales, D-Pace, Varian, ….

CIEMAT
September 19th 2008
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Current manufactures of cyclotrons
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PET Radionuclides used in clinical imaging
Radionuclide

Half-life

Licenses 2010

18F

110 mins

All cancer types
CAD
Epilepsy

82Rb

75 secs

CAD

124I

4 .2 days

Bowel cancer

11C

20 mins

Research

13N

10 mins

Research

15O

2 mins

Research

68Ga

68 mins

Research

Courtesy of P. Arce/CIEMAT, D. M. Lewis/CERN: Development and design of low energy,
small cyclotrons; The Accelerator-Driven Production of Medical Isotopes Workshop held
at the Cockcroft Institute 8/9 December 2011

Usage
>97 %

~1%

Comment
Nearly all 18FDG

82Sr

Generator
τ = 25 days

Awaiting licensing

68Ge

Generator
τ = 270 days
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PET Cyclotrons in Industry or for Clinical Use
1

1. General PETRACE
Electric
MiniTRACE

17 MeV
11 MeV
2

2.
Siemens

ECLIPSE

11MeV

3.
IBA

Cyclone 18/9
Cyclone 10/5

18 MeV
10 MeV

4.
ACSI

TR24
TR19
TR14

24 MeV
19 MeV
14 MeV

Others

KIRAMS (Korea)
BEST (USA)

10 to 24 MeV

4
3

Courtesy of P. Arce/CIEMAT, D. M. Lewis/CERN: Development and design of low energy,
small cyclotrons; The Accelerator-Driven Production of Medical Isotopes Workshop held
at the Cockcroft Institute 8/9 December 2011
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ABT compact cyclotron
Advanced Biomarker Technologies
(ABT), (US): self-shielded cyclotron
including target:
• Diameter 2.5m
• Height 1.5m
• B=1.2T
• Weight 24 tons (accelerator 3.2 tons)
• Beam energy: 7.5 MeV, Current: 5 µA
• Production rate of fluorine-18: 1mCi/min
• Biomarker production with kits to be inserted
• Positive ions
• Internal target

EPS: Technology & Innovation workshop
Erice, October 22nd 2012
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Radiopharmaceuticals for PET
Production today….
• Tracers: FDG (medically accredited), FLT (in-vivo assessment of DNA synthesis), 18F-DOPA, etc.
• Markers:18F (Most popular, ~110 mn half-life), 11C (~20 mn half-life)
• Synthesizers (electronic generators)





10 – 100 doses in a single run



~ 100 k€ per unit
GE FastLab:
– Up to 15Ci in 23 min
– Dimensions 51x41x44 cm, weight 45kg



IBA Synthera
– Dimensions 16x30x26 cm



Siemens Explora FDG
– Up to 9 Ci in 45 min
– Dimensions 61x36x48cm, weight 68kg

EPS: Technology & Innovation workshop
Erice, October 22nd 2012
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The case for a very low energy cyclotron
Production of radiopharmaceuticals : Current situation
• Commercial installations are large facilities requiring:




a special building (shielding) and
are designed to produce a large number of doses

• Case 1: Radiotracer production facility and PET imagers in hospital


Cost effective use of cyclotron depends on number of PET scanners for diagnostic an pre-clinical studies



Strict planning of facility’s operation



Team to maintain production facility

• Case 2: Doses (mostly FDG) from company and PET imagers in hospital


Optimal cost/dose ration for small to medium scale hospital with limited and/or irregular number of patients



Strict planning of patient doses



Strong restriction on research related to new radiopharmaceuticals in pre-clinical studies

Third-party suppliers of radiopharmaceuticals service many sites
• Restriction of clinical PET primarily to the use of standard tracers :


Labelled with F-18, which can be transported on a reasonable distance before use,



or to rubidium-82, created in a portable generator and used for myocardial perfusion studies.

• F-18 short half-life (~110 mn) implies:


Dose of a radiopharmaceutical will undergo multiple half-lives of decay before use.



Frequent recalibration of the remaining dose (determination of activity per unit volume)



Careful planning with respect to patient scheduling
EPS: Technology & Innovation workshop
Erice, October 22nd 2012
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Technology requirements for future radiopharmaceuticals production
Requirements
• Cyclotron












• Superconducting magnet

Minimal weigh (<5 tons targeted for C-11 production)
―

Ultra compact accelerator

C-11 & F-18
No specific building required
Lowest possible energy to reduce radiations
Minimal maintenance
Single dose production time: ~30 min
Current adjusted to single dose production
Minimal losses during acceleration
Minimal down-time (none during dose production)
Low power consumption (no special electrical
installation)

• Radiopharmaceuticals’ synthesis


Single doses tuned
―
―



Technology solution

For patients
For in-vivo studies



Operation temperature: 4.5 K

• Ultra-compact RF system
• Advanced cooling techniques
• High vacuum
• Efficient internal ion source

• Advanced control system
• All acceleration system in removable vacuum
chamber
• Small external Targets
• Optimal shielding
• Lab-on-a-chip (Microfluidic (dedicated chips))

Fully automated extraction process
―

From target to synthesiser to dose extraction

R&D required to bring these technologies together!
EPS: Technology & Innovation workshop
Erice, October 22nd 2012
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Cyclotron energy for PET

11C

production
14N(p,α)11C
Nitrogen gas

18F

production
18O(p,n)18F
O Enriched water

Ref IAEA TECDOC 1232
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The technical Challenges for the cyclotron
To construct the smallest cyclotron possible and using a
superconducting magnet capable of producing unit patient doses
of 11C with a convenient and easy-to-use system
•
•
•
•
•
•
•
•

To compute and design the radiation shield
To design a machine with minimum H- stripping
To design an optimum ion source and central region
To implement smallest RF mechanical system with low RF voltage
To implement a high vacuum system
To operate for 11C production at the lowest beam energy
To design efficient target suitable for microfluidic chemistry
To apply expertise in superconducting magnets, cryogenics and vacuum

Courtesy of P. Arce/CIEMAT, D. M. Lewis/CERN: Development and design of low energy,
small cyclotrons; The Accelerator-Driven Production of Medical Isotopes Workshop held
at the Cockcroft Institute 8/9 December 2011
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THE AMIT CYCLOTRON PROJECT

preliminary design concept

Superconducting
Cyclotron
Single patient
doses
AMIT is a Spanish consortium of 10 commercial firms and 13 public research institutions
• Different collaborations have been established with CERN, MIT, PET-Complutense & Univ. Rutgers
Courtesy of P. Arce/CIEMAT, D. M. Lewis/CERN: Development and design of low energy,
small cyclotrons; The Accelerator-Driven Production of Medical Isotopes Workshop held
at the Cockcroft Institute 8/9 December 2011
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Preliminary Technical Specifications
Proposal for
AMIT Cyclotron

ABT Molecular

Oxford OSCAR

8. To 9.

7.5

11.0

Beam Current (µA)

10

3.5

200

Ion beam

H-

H+

H-

external

internal

external

Cyclotron weight (Kg)

2000

3200

3500

Radiation Shield

Yes

Yes

No

Radius in cm

40

~55

~65

Extraction radius (mm)

115

HVA (KVA)

<3

2.5

3.4

Magnetic Field (Tesla)

4.5

1.16

2.35

RF Voltage (KV)

70

30

RF frequency (MHz)

~60

108

Energy in MeV

Target

220

Courtesy of P. Arce/CIEMAT, D. M. Lewis/CERN: Development and design of low energy,
small cyclotrons; The Accelerator-Driven Production of Medical Isotopes Workshop held
at the Cockcroft Institute 8/9 December 2011
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Requirements for future radiopharmaceuticals production systems
The development of sensitive radiolabeled molecular probes is crucial for
expanding the capability of target specific in-vivo imaging for biological research,
drug discovery and molecular diagnostics.
Very compact on-site cyclotron promises to:
• Reduce cost of cyclotron (more adjustable to on-site needs)
• Reduce high cost of isotope transportation to remote PET machines
• Possibility to produce new markers with shorter half-life (C-11)

On-site combination of small cyclotron with adapted radiopharmaceuticals
synthesizers in order to:
• Reduce very significantly overall radiopharmaceutical production costs
• Expand the capability of target specific in-vivo imaging

CIEMAT
September 19th, 2008
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Microfluidic technology is now ripe
Lab-on-a-Chip approach (LOC) (Lee et.al., Science, 2005, 310,
1793 –1796.)

• In situ production of FDG on demand


Small quantities (no mass production)



Prototype yield: 100 – 200 µCi (“single mouse dose”)



Second prototype yield: 300 µCi in 14 minutes



97.6% purity



Upgradable to human doses (about 10 mCi)

Design and Optimization of Coin-Shaped Microreactor
Chips for PET Radiopharmaceutical Synthesis
(A. M. Elizarof et al. Siemens Healthcare, J. Nucl Med February 2010
vol. 51 no. 2 282-287)

• Production of multiple human doses




An integrated elastomeric microfluidic device, with a footprint the size of
a postage stamp, has been designed and optimized for multistep
radiosynthesis of PET tracers
The reactor has the potential to produce multiple human doses of 18FFDG; the most impact, however, is expected in the synthesis of PET
radiopharmaceuticals that can be made only with low yields by currently
available equipment
EPS: Technology & Innovation workshop
Erice, October 22nd 2012
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The joint project between CERN and CIEMAT
Timeline:
• Project proposed to CERN (Internal TT Network meeting of 20 Oct. 2008)


Issues:
–
–
–
–

Difficult timing (LHC incident)
Lack of cyclotron expertise at CERN
Multi-disciplinary project  Find partners
Company interested in commercialising the project results

• Presented project to National HEP Labs (2009)


Issues:
–
–
–
–
–

Lab with expertise in accelerator technologies (in particular in cyclotrons)
Contact with multi-disciplinary institutes to address non-cyclotron issues
Access to national funds to support the project
Get on board a company interested in commercialising the project results
Capability of local industry to manufacture cyclotron parts

• 2010: The AMIT project is financed: AMIT is a Spanish consortium of 10 commercial firms and
13 public research institutions, lead by SEDECAL.
• 2011: CERN & CIEMAT collaboration agreement


CERN technical contributions:
– Cryogenics and vacuum
– Consultancy on RF, ion source, beam optics, magnet design, radioprotection and operation
EPS: Technology & Innovation workshop
Erice, October 22nd 2012
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Building a cross-disciplinary project team
AMIT: R&D collaboration with CIEMAT/SPAIN representing a consortium (AMIT) of 10 companies
and 13 research laboratories in Spain for the design and construction of a demonstrator of the
smallest possible accelerator for producing PET isotopes
• Scheme:


Foster ‘cash-less’ R&D collaborations with national PP laboratories that would take the responsibility of building
demonstrators with industrial partners using LHC technologies (superconductivity, super fluidic, UHV, etc.)

• Benefits:


Use of accelerator technologies from the PP community in industrial applications



Opportunity for national PP labs to acquire cutting edge technologies and expertise while taking a leading role in applied projects



New business prospects for PP Labs’ industrial high tech providers



Enhancement of the impact of PP to society with a high visibility project



Possibility for PP labs to develop new IP related to accelerator technologies



Possibility for PP labs to license and/or establish R&D collaborations to transfer results to other applications

• Results:


A multi-disciplinary institution CIEMAT/Spain has implemented the scheme, sought industrial partners and funding



R&D collaboration between CERN & CIEMAT for providing support to CIEMAT on the construction of the cyclotron demonstrator

EPS: Technology & Innovation workshop
Erice, October 22nd 2012
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A possible route for setting up R&D collaborations with industry?
Analysis of the situation
• PP laboratories with important experimental facilities (Ex: CERN, GSI, DESY, INFN, etc.)


Have expertise and technology that can significantly benefit a large variety of applications



Lack resources (Human and Financial) and time to take care of the construction of the pre-industrial demonstrator
– Same experts to work on too many projects
– Compensations

• Multi disciplinary Institutions with a PP lab (Ex: CIEMAT, EPFL, CNRS, CEA, etc.)


Active in applied R&D
– Have expertise on aspects that are complementary to PP
– Have pertinent industrial contacts
– Have access to dedicated national funds to support the construction of pre-industrial demonstrators



Interest in building in-house expertise on PP high-tech matters
– To position itself better with respect to the PP Community



Interested in enhancing their visibility
– At the national level
– Within the PP community

• HighTech companies supplying the PP community


New business prospects

• Domain companies


Exploit technologies from PP
EPS: Technology & Innovation workshop
Erice, October 22nd 2012
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Conclusions
CERN’s proposal: Development of a new versatile mini radiopharmaceutical factory
prototype delivering single doses for on-site clinical PET and pre-clinical studies
using:
• Advanced accelerator technologies
• Lab-on-a-chip (microfluidic)

Multi-disciplinary institutions, industrial players and national funds are essential to
the establishment of such a project
The AMIT project has been financed
• AMIT is a Spanish consortium of 10 commercial firms and 13 public research institutions, lead by
SEDECAL

CERN collaborates with CIEMAT on using advanced PP technologies in the AMIT
project

Important potential impact of PP technologies on society
EPS: Technology & Innovation workshop
Erice, October 22nd 2012
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What can the EPS do?
The development of devices originally conceived by the physics community with
strong impact on society (health, industry) has not been conducted as physics
projects
• The commercial device is a compromise in which costs are a leading factor

• A lot of room for improvement when the device goes to smarket
• Difficult for the physics community to get these improvements adopted by industry

Recommendations:
• Look for interdisciplinary and academic-industrial collaboration schemes that will facilitate the
adoption of new technologies from the physics community in applications that left our
laboratories many years ago.
• Seek funding at the EC level to foster theses schemes and minimize risks

The EPS could:
• Identify the most promising applications domains in terms of impact to develop these schemes
• Help build up the case with the EC
EPS: Technology & Innovation workshop
Erice, October 22nd 2012

Technology
Innovation
28

Thank you for your attention

ABT self-shielding cyclotron characteristics
Accelerator
• The accelerator has an on-off switch, a selector switch for F- and C-11 and a selector switch for beam current
intensity.
• Weight of Accelerator: 3.2 Tons
• Shielding


The shielding is accomplished by two individual sections that form a right circular cylinder around the accelerator. In addition the
third section forms the top of the shield. The complete shield weighs 7.6 Tons.

• Total weight: 10.8 tons and is distributed over 54 square ft
• Power required: 220 volt, 50 ampere, single phase, 10 KVA
• Coolant water required: 7 KW

• Magnet Coil: 60 amp, 30 volts
• HVAC required: 5.6 KW
• Beam Energy: 7.5 MeV positive ions
• Maximum current on target: 5 microamperes
• Target Volume: 15 micro-liters water (H218O)
• Ion Source Power supply: Arc supply only required: 2500volts, 1amp
• Vacuum Pumps: Four small diffusion pumps
EPS: Technology & Innovation workshop
Erice, October 22nd 2012
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