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ABSTRACT 
The importance of Positron Emission Tomography (PET) is spreading and increasing 
in many clinical diagnostic fields, as well as the oncology, the cardiology, the 
neurology and so on. A strong input to the diffusion of this imaging technique from 
the research field to clinical one has been given either by the development of 
knowledge about PET or the modern technologies, which allow to set up at very 
suitable prices and in very little volumes, like in an hospital site, complete 
systems, which consist of: Cyclotron; Radiopharmacy Laboratory; one or more 
either PET or PET/CT. Such set-up arrangement allows to carry out highly 
innovative diagnostic examinations with a remarkable achievement of diagnostic 
quality and large number of daily examinations. In this paper the authors show the 
achieved know-how with respect to radioprotection for the set-up and running 
management of two systems such as PET/CT tomography unit, cyclotron and 
radiopharmacy laboratory, installed one in the Imaging Diagnostic Department of 
the Hospital of Naples University and used only for medical and research purposes, 
and the other one in A.C.O.M. (Advanced Center of Oncology in Macerata), used for 
commercial and research purposes. 
The following safety problems have been considered: the facility lay-out; the 
optimisation of the paths either for the operator, or the patients and the 
radiotracers;  the guide lines for the protection and the safety of the patients, 
operators and general population, in relation to the utilization and the 
management of either the more common radiotracers (18F and 11C) or those in 
research progress, for example 64Cu and 124I; the protocol set up for the image 
quality control in relation to the patient protection and safety. The above 
problems have also been considered, taking into account the Italian regulation and 
the International Recommendations. 
 
1 INTRODUCTION 
The progress of the knowledge in the field of the PET application in the imaging 
techniques and the availability on the market of integrated PET - Cyclotron - 
Radiochemistry Laboratory unit, in a very little space, have allowed a steady 
increase either in the use of the PET technique in the diagnostic clinical routine 
imaging, or in the number of  the cyclotron for drug production. The advantage of 
these integrated systems is the possibility to produce and to use the positron 
emitter radiotracers e.g. 11C, 13N 18F, 64Cu, 124I in the same place. In some cases, 
instead, the Cyclotron-Radiochemistry laboratory plant can be located in strategic 
sites with respect to the PET centres. So the progress in the technology of the 
equipments and the reduction of their costs, in connection to the medical 



reimbursement of the PET procedures, allow to have either an highly innovative 
diagnostic examination, with a remarkable improvement in diagnostic quality and 
patient care, or an increase in the  number of the daily carried out examinations. 
The objective of a PET radiochemistry facility could be different such as the 
production of PET drugs for commercial distribution, for clinical and research 
service of in-house patients and for the research & development of new PET drugs. 
The achievement of each of this objective requires a different costs and the 
appropriate solution of the safety and radioprotection problems. In fact: 
1) the commercial sites produce the most commonly used PET radiopharmaceutical 

(i.e., FDG) in a conveyor belt manner. Typically these sites have large packaging 
and dispensing areas that accommodate a significant manufacturing operation. 
In general, the production areas are not much larger than a clinical operation 
since modern FDG synthesis units are able to carry out multi-productions. The 
nature of commercial PET operations is expected to change as more marketing 
opportunities develop for a wider range of PET drugs. 

2) the clinical PET radiochemistry facilities are commonly located in hospitals and 
probably produce all or most of the routine PET radionuclides (i.e., [18F], [11C], 
[13N], and [15O]). These types of facilities are flexible enough to function as a 
small distribution center, but on a smaller scale could be compared to a 
commercial facility. Therefore, the floor plans of this facilities may be different 
with respect to that one of commercial sites. The clinical facilities, which 
operate also a research element to their PET program, may have a completely 
separate area for their research laboratory. If a research program is integrated 
into the clinical production area, then the design should reflect that both 
elements run smoothly in parallel without any conflict.  

3) A research PET radiochemistry facility may take many forms and will commonly 
be associated with an academic institution or hospital. The cyclotron will be 
capable of making a variety of radioisotopes. Therefore, the energy of the 
machine may be significantly higher when compared to cyclotrons in the other 
categories. The vault for a cyclotron of this type will be a substantial 
construction, while the laboratory or laboratories will be large enough to 
accommodate the research program and the substantial staffing necessary to 
meet the research objectives. 

This work refers to the know-how get in the planning and management of two PET 
plants for the production of PET radiopharmaceuticals. One of them has a 10 MeV 
selfshielded cyclotron and it si placed within PET/CT hospital unit: it is the PET 
Imaging Diagnostic Department of the Hospital of Naples University. The other 
plant has a 18 MeV unshielded cyclotron, it is commercial oriented and it has also 
got a laboratory of research for the production of radioisotope such as 64Cu and 124I: 
it is the ACOM Society (Advanced Center  Oncology  Macerata S.p.A.). 
 
2 SAFETY AND PROTECTION PROBLEMS FOR PET UNIT SITE PLANNING 
The planning and the design of a PET/CT system with or without cyclotron in situ 
should comply with  the objectives of the individual facility, taking into account 
the available space, the financial constraints, the legal regulations and the 
radiation safety concerns. In fact the high radioactivity generated by the cyclotron 
and the chemistry systems necessitate minimal handling by the staff, as well as the 
use of extensive shielding and monitoring to protect the personnel and the 
environment. The regulations at present in force of low in Italy are (1) the D.Lgs. 
230/95 with all the modification and integration due to the D.lgs. 241/2000 etc. for 
the workers, population and environment radioprotection, (2) the D.Lgs. 187/2000 
specific for the patient radioprotection, (3) and the D.Lgs. 626/94, with all the 
modification and integration, for the protection and the safety against the 



conventional hazards in the workplaces. All these regulations bring into force of 
law the Euratom Directives and adopt the recommendations of the International 
Commission on Radiological Protection. Moreover the radiopharmaceutical 
production is regulated by the standards and rules of the European Pharmacopoeia 
regarding the drugs correct preparation.  
The safety issues of an unit PET/CT are in relation to: the planning and design of 
the site, the use of the system components, all the process carried out in the units 
of the plant, the management of the  structure. Generally the most common 
operation in the PET drug production are: the radioisotope production, the drug 
synthesis, the quality control on the radiopharmaceutical product, the dose 
preparation and temporary storage of PET drug. Therefore the PET unit site, with 
the own cyclotron,  must at least include the following necessary rooms:  

• The vault for the cyclotron housing 
• The cyclotron equipment room and the cyclotron master control room 
• The radiochemistry laboratory, which includes the manufacture, the 

dispensing, the quality assurance and the packing areas. These areas should 
be located in way such as to maintain a continuous flow from one area to 
another. 

• The PET/CT room 
• The PET/CT master control room 
• The patient management area (reception room, treatment room, waiting 

room, hot waiting room, and release room). 
• The working areas where it is necessary to respect the dose constrains for 

the level of radioactivity and contaminants. 
 
2.1 PLANT DESIGN 
The first step in the unit management, in respect of the safety and protection 
principles, is the correct planning of the unit. 
  
2.1.1 CYCLOTRON AND ITS SITE UNIT 
The objective of the plant is determinant for the choice of the cyclotron typology, 
which represents an essential element, because its configuration in terms of energy 
and whether it is self-shielded or unshielded determines the dimension of its site. 
The cyclotron typology depends strictly on the production flow and on kinds of 
radioisotope positron emitters which will be produced. In fact the most common 
positron emitters used in PET examination, 11C, 13N ed 18F,  can be easily  produced, 
for a PET/CT tomography in normal running condition,   by 10 MeV energy cyclotron. 
This is the case of the plant, installed in the Imaging Diagnostic Department of the 
Hospital of Naples University FedericoII. If instead positron emitters radioisotope 
such as 64Cu and 124I must be produced and the commercial use of the other 
radiopharmaceuticals is the object of the program, then the production can 
efficiently be carried out by 18 MeV energy cyclotron, like in the case of the ACOM 
S.p.A.(Advanced Center Oncology Macerata). These two different energy values 
result in different dimensions of the accelerators and their shielding, and so they 
have an immediate consequence for the installation site choice. The cyclotron must 
be housed inside a vault, whose wall thickness is dimensioned with respect to the 
dose constraints for the general population. The shielding thickness of the vault 
depends on the cyclotron energy and its features. The selfshielded cyclotron, like 
in the case of the modern 10 MeV cyclotrons, reduces drastically the gamma and 
neutron activity levels in and out of the vault, with a consequent  either 
improvement of the space use or the reduction of the  problems related to the 
activation of the vault wall, of the air and of the piping and tolls service. 



Unshielded cyclotron requires an accurate choice of the vault building material and 
vault wall thickness,  with respect to the dose constraint as well as an accurate 
positioning of tools and piping so to guarantee the wanted level of radioprotection. 
In the table 1, the advantages and disadvantages of selfshielded versus unshielded 
cyclotrons are shown. 
 
Table 1: ADVANTAGES AND DISADVANTAGES FOR CYCLOTRONS  WITH OR WITHOUT SELFSHIELDING 

UNSHIELDED SELF SHIELDED 
Improve access for maintenance Restricted access for maintenance 
Increase space requirement  Efficient usage of space 
Vault construction Ready supplied 
Increased cost  Reduced cost 

 
The radioprotection of the workers is realized also by the vault, the labyrinth 
structure of the vault, which allows the successive slow down of the radiation 
beams, by the safety interlock system of the safety logic and by the monitoring of 
the air activation.  
Furthermore, for the worker safety the following important features are required: 

• Lighting–Sufficient illumination for local maintenance of the cyclotron.  
• Fire safety, which may require fire safety systems in the cyclotron vault.  
• The prevention of the dust contamination: the potential risk for dust 

contamination of the cyclotron vacuum chamber may be reduced by painting 
the vault interior.  

• The safety interlock systems, which ensure that a fail-safe exists so that the 
vault is clear of personnel when the cyclotron is in operation.  

• The air ventilation and extraction system, so that either the vault humidity 
and temperature levels are maintained according to the operating 
parameters of the cyclotron, or the area is maintained at negative pressure 
with respect to the outer adjacent areas, to prevent the leakage of 
radioactive gas into these areas.  

• The respect of the limit for  the magnetic field flux: the area within the 
magnet field 5-gauss exclusion zone should not contain any sensitive 
personnel or equipment 

A small area located close to the cyclotron vault must be reserved for the gas 
cylinder farm. This area is a dedicated space for storage of compressed air gases, 
which supply both the cyclotron and radiochemistry laboratory. 
 
2.2 EQUIPMENT ROOM 
The electrical equipment may be located in the same area as a self-shielded 
cyclotron, however, a dedicated area is necessary for an unshielded cyclotron. This 
equipment will include the cyclotron magnet power supply, radio frequency 
generator, cooling unit, and control unit. The equipment room should be relatively 
close to the cyclotron, since water pipes and a substantial quantity of cabling will 
run from the various supporting units into the vault. 
 
2.3 RADIOCHEMESTRY LABORATORY, QUALITY CONTROL ROOM AND DOSE PREPARATION UNIT  
The other very important area of the plant is the radiochemistry laboratory, where 
the radiopharmaceutical will be prepared. The radiochemistry laboratory design is 
essentially dictated by the used positron emitter radioisotopes and by their short 
half life. It is very important to locate the radiochemistry laboratory very close to 
the cyclotron so that the transfer of the radionuclide from the target to the hot cell 
is very short. Such choice will reduce the loss of radioactivity along the  transfer 
line walls and will reduce the time transfer with a consequent increase of the line 



life. The operational units involved in the radiochemistry laboratory are: the 
radionuclide production and its quality control zones, the radiopharmaceutical 
synthesis and its quality control laboratory, the dose preparation and the 
packaging area, if the sale is part of the objectives. The radionuclide physical and 
chemical characteristics require that the planning of laboratory is such as that all 
the units are very close each other and  with a minimal distance among them. 
Furthermore, it is important that at least the last unit of the radiochemistry 
laboratory,  where the radiopharmaceutical arrives for their administration to the 
patient, is adjacent to all the clinical units of the system (treatment room, hot 
waiting zone,  PET/CT room) so to optimize the patient management. A very 
important radioprotection strategy is to establish the correct paths of the people 
among the different zones of the plant,  in relation to their role and to the 
presence of radionuclide in these different zones. In addition to, the suitable 
shielding should be designed using the principles of optimization of protection and 
taking into consideration the classification of the areas within the unit, the type of 
work to be carried out and the radionuclides (and their activity) intended to be 
used. The shielding must guarantee the respect of the established limit for the 
effective dose for the exposed workers, not exposed workers and the population. 
Paths and shields must be designed taking into account not only the routine 
operation procedures but also those in case of emergency. The radioisotope 
handling and /or the radiopharmaceutical preparation is carried out inside the hot 
cells, which are located in the radiochemistry laboratory. The hot cell structure is 
in stainless steel with a lead shielding on the walls with a thickness between 5 cm 
and 7.5 cm depending on the activity that they are going to hold. The hot cells 
work under depression system to avoid the leakage of the radioactivity. Inside the 
hot cell are placed the synthesis modules for the radiopharmaceutical production. 
These modules needs different gas supply like helium, compressed air, liquid 
nitrogen, electric network, vacuum pump, and work under setup values of the 
temperature, vacuum, pressure, flow rate, activity, ect.         
 
2.4 PRESSURE VALUES IN DIFFERENT AREAS 
In addition to previous considerations, another very important radioprotection 
measure, for the  dose limitation, is to avoid the environmental contamination, out 
of the cyclotron/PET unit, due to the leakage of radioactivity either in normal 
working conditions or in accidental or emergency conditions. Furthermore, all the 
carried out operations for the drug production require that an high level of 
sophisticated clean air environments should be realized and maintained in all the 
rooms, related to the drug production, so to avoid the chemical and biological 
contamination of the drugs. Achieving and maintaining the clean conditions, in 
relation to the radioactivity and biological quality of a sterile radiopharmaceutical 
product, are realized throughout a correct air conditioning and ventilation system 
design in the units of the system (cyclotron vault, radiochemistry laboratory, 
quality control room, dose preparation and packaging, personnel WC,  steps, access 
corridor and store zone).The airflow should be from areas of minimal likelihood of 
airborne contamination to areas where such contamination is likely. All air from 
the laboratory should be vented through a fume hood and should not be 
recirculated either directly, in combination with incoming fresh air in a mixing 
system, or indirectly, as a result of proximity of the exhaust to a fresh air intake. 
For reasons of asepsis, some radiopharmacies may require a positive rather than a 
negative pressure. In this case, the pressure gradient can be obtained by placing 
other workstations requiring negative pressure next to the radiopharmacy 
workstation. Practically the air flow is always from the unit more clean to the unit 



less clean and never the other way round. A flow chart of the safety problems in 
relation to the hazard level in every room is shown in the Fig. 1.  
 

 
 

A suggested layout facility, to obtain a good level of radioprotection, is generally 
the design of the unit according to a ring model, where the aseptic processing hood 
is surrounded by an environmentally controlled area which in turn is separated 
from less-controlled areas by partitions, and so on. The control of airflow within 
these areas maintains the air quality so that the potential of biological 
contamination of the sterile product is minimized. Practically the following main 
environment are necessary: 
- the anteroom: it provides access between the “dirtier” manufacturing 

environment and the “cleaner” clean room environment where the aseptic 
processing hood should be located. The anteroom also serves as a transient 
storage area for cleaning and sterilizing materials. 

- The clean room: is a highly controlled environment that helps to minimize the 
ingress of microbes into the critical aseptic processing zone. There should be 
minimal equipment in the clean room. Its layout is characteristically open so 
that microbes or dust cannot be trapped in inaccessible spots. Small to medium 
sized items may be brought into the clean room by incorporating pass-through 
hatches into adjacent areas. In this way, personnel does not have to bring items 
in through the anteroom. 

- The aseptic processing hood: Laminar flow hoods, which operate open barrier 
technology, are traditionally used for aseptic processing. They should meet 
specific design and operational criteria, like an high clean class environment, 
suitable for automated or semi-automated operations, entry/exit flexibility, 
fully shielded, remote manipulation, ease of use.  

The values of pressure in each unit or subunit depend on several factors including 
the environmental conditions, under which the production operation and aseptic 
processes are performed and also on the amount of exposure of the drug product to 
non-controlled environments. Typical values are shown in the Table 2. In the figure 
2, the pressure flow chart among the different units of the plant is reported. 
 



 
 

 
 

FIG. 2: PRESSURE FLOW CHART(*) 
(*) the arrow direction pictures-out the air flow when the access door of the room is 

open 
2.5 INTERLOCK SYSTEMS 
In general a key permissive system of safety interlock is used in order to assure 
that the operations of the dangerous components of the systems are possible only 



if some specified manual, mechanical and electronically actions are carried out in 
order to put in safe the unit. The cyclotron start up button and opening/closing hot 
cell door circuit are under interlock. The interlock system is represented by a 
series of AND logic circuits, which allow the  BEAM ENABLE if and only if all the 
safety components give the consensus, i.e.: if the sequential permissive area 
sweep, pressing button or turning the keys in all the hazardous area, has been 
completed, if the doors of cyclotron, of  the self-shielded (where applicable), and 
of the hot cells are closed. When the control system shows the safety state, then it 
is possible to turn on the radiofrequency (RF) circuit and to start the 
bombardment. At the end of each bombardment the radioisotope, under either 
liquid or gaseous state, can be delivered to the hot cell in the radiochemistry 
laboratory. Then, as soon as the radioisotope transfer starts, an electric signal 
sent by cyclotron control system prevents the hot cell door from opening until the 
radioactivity level will slow down to a set up values. The flow chart of the of the 
interlock system used for the 18 MeV energy unshielded cyclotron, which takes in to 
account the values of humidity, temperature, pressure and air activity inside the 
cyclotron vault is show in the Figure 3. Of course, the flow chart may be 
susceptible of variation with respect to the kind of cyclotron.    
 

 
 



 
2.6 PET/CT UNIT 
In the sites where either a PET or a PET/CT equipment is present, the radio 
protection of medical personnel, assigned to the diagnostic assay, as well as the 
patient radioprotection and his management must be taken into account.  In such 
unit it is necessary to plan at least seven rooms to assign to the patient 
management: the reception, the waiting room, the treatment, the hot waiting room, 
the patient release room, the PET room and PET master control room. These areas 
are shielded  in relation to the level of activity present in each room. The 
operations which can provoke the personnel exposure are the administration of the 
radiopharmaceutical, the patient positioning and patient release. The PET and/or 
PET/CT master control room is shielded so that the chosen dose constraints and the 
established dose limits for general public are never overcome. The PET/CT is 
equipped with intrinsic safety system for the management of the  68Ge sources, 
used for the imaging attenuation correction and with  alarm signals   in the case if 
these sources are ON or if the radioactive beam of the tomography PET/CT is ON. 
From the patient protection point of view, the law requires for this equipment a 
quality control program, with different measures and surveys, which must be  
periodically carried out by the medical physics expert. This program is part of the 
quality assurance program and include also a calendar of planned maintenance. 
 
3. OPERATIONAL PRECEDURES FOR RADIO ISOTOPE PRODUCTION 
The kind of radioisotope positron emitter as well as the sort of the produced 
radiopharmaceutical  for a PET/CT system, either commercial or research focused, 
are the same, although the operational procedures may change considerably with 
respect to the scheduling and timing. In the Table 3 and in the Table 4, the 
operative duty cycle for ([18F]-FDG)  production in a PET/CT system (with a 10 MeV 
Cyclotron) with clinical/research objectives and the operative duty cycle for ([18F]-
FDG)  production, in a PET/CT system (with a 18 MeV Cyclotron) for 
research/commercial objectives, are respectively shown. The comparisons of these 
both duty cycles for [18F]-FDG  production has been possible, because such 
radioisotope (18F) is feasible with both cyclotron. This is not the case for 64Cu and 
124I which can efficiently produced only with a 18 MeV Cyclotron. However, in the 
Table 5 duty cycle for 64Cu as well as  124I production is reported. 
 

 
 



 

 
 
4. OPERATIONAL SAFETY MANAGEMENT OF THE SYSTEM COMPONENTS 
The radioprotection problems in the daily plant management are strictly related to 
the production flow, because this determines either the life of the components 
subject to wear, and therefore the maintenance periodicity, or the quantity of 
radioactivity, every time present in the different units of the plant and in the 
different operational phases. Also the definition of the exposed people is 
determined by the production flow. 
Operational management of the cyclotron, radiochemistry laboratory and PET/CT 
tomography requires to carry out a very strict program of maintenance and 
replacement of the most used system components. In the Table 6 all the 
operational procedures of the system components, which involve radiation 
protection exposure, are shown. 
 
5. RADIOPROTECTION OF THE WORKERS 
The personnel exposed to ionising radiation is represented by different categories: 
- the cyclotron technicians: they have in charge the working and the maintenance 

of the cyclotron 
- the radiochemical laboratory staff 
- the medical operators which take care of the patient, not only in the specific 

field of the nuclear medicine, but also other kinds of specialist, for ad example 
the ultrasound diagnostic personnel, because often the ultrasound examination 
on treated patient is requested after the PET analysis, for a better diagnosis. 



The effective dose values recorded during more than one year of activity are shown 
in the Table 7. All the measured values are similar to the waited values, in relation 
to the operator classification, his work typology and the amount of the handled 
radioactivity. Naturally the hand equivalent dose is different in respect to the 
specific work activity of the considered person, reaching the values of about 200 
mSv/year for the physician and the radiochemistry laboratory technicians. Among 
the medical personnel, the radiologist technicians and the hospital attendants are 
interested to exposure only in patient positioning and in their aid, if in case. The 
dose rate at 1 meter from the patient immediately after the administration of the 
radiopharmaceutical is about 30 µSv/h. 
 
6. CONCLUSIONS  
The carried out analysis shows that the in-house production and  utilization of 
these new elements is becoming an enough safe technique in relation to the 
following aspects: 

- pharmacological purity and asepsis 
- radiochemical purity 
- operator safety 

However it is important underline the necessity of the continuous training for all 
the operators of the plant, especially because new technologies are developing in 
the field of the PET for the new elements production. The design of any PET drug 
production facility is clearly dependent on the objectives of the PET program. Once 
these are understood, it becomes easier to plan the facility within the constraints 
of the budget. PET radiochemistry facilities involve substantial capital investment, 
and all to often, the facility will be squeezed into existing space to try to reduce 
construction costs. The outcome then, is a small and badly designed facility with no 
or little room for expansion. 
 



 

 
 
 
 
 


