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FOREWORD

Establishing a positron emission tomography (PET) centre is a large scale 
process that requires careful planning, inputs from multiple stakeholders, the 
support and approval of relevant authorities, secure funding, and a detailed 
implementation strategy. The need for a carefully planned strategy is even more 
essential in the conditions prevailing in a developing country, where the 
introduction of PET may be impeded by a scarcity of financial resources and, in 
many cases, an inadequate understanding of the potential roles and contributions 
PET imaging can play in a health care system. 

Different imaging techniques are based upon different underlying 
physiological and physical principles and, accordingly, provide unique clinical 
insights. The recent introduction of hybrid PET/computed tomography (CT) 
equipment has had a major impact on the imaging field, as the co-registration of 
PET and CT data couples functional and anatomical information, thus optimizing 
the clinical utility of the images. PET/CT, used with [18F]-FDG as a radiotracer, 
has had such an impact on patient management that it has reformed many 
traditional diagnostic approaches, and offers a new tool to be used in the 
development of protocols and strategies in oncology.

The use of clinical PET, as well as the installation of new PET/CT systems, 
has been growing exponentially all over the world. Clinical PET is currently 
viewed as the most significant diagnostic tool in its field.

In a large project of this type, a strategy should be developed to address the 
major issues as spelled out in the framework of governmental policies and 
strategies for the improvement of health care services in a country. The design of 
a successful strategy should include the participation of several stakeholders, 
such as the Ministries of Health or Education or Science, potential beneficiaries 
such as universities, representatives of the oncology, radiology and nuclear 
medicine communities and medical societies, scientists, and engineers 
specializing in accelerator or cyclotron technology, nuclear and medical physics, 
radiochemistry or radiopharmacy.

This publication addresses the issues discussed above in a systematic 
manner, with the aim of setting out a well defined pathway for establishing a 
cyclotron/PET centre capable of providing advanced PET/CT imaging services to 
the general population. The focus of this strategy is to acquire approval for the 
project and the necessary resources from the authorities through the systematic 
preparation of the required information and justifying arguments.

Issues related to the cost effectiveness of clinical PET in oncology are 
discussed. The information is intended to be useful in decision making when 
allocating resources. This is a critical issue for the development of both clinical 
oncology and nuclear medicine in IAEA Member States.



This publication presents a comprehensive overview of the steps involved 
in the establishment of a clinical PET facility, from strategy formulation to 
cyclotron implementation, radiopharmaceutical production and clinical 
applications. Also covered are staff requirements and radiation protection issues. 
It is intended for health care administrators, project and site planners, as well as 
all professionals involved in providing PET services.

The IAEA officers responsible for this publication were M. Dondi and 
S. Palm of the Division of Human Health and M. Haji-Saied of the Division of 
Physical and Chemical Sciences.

EDITORIAL NOTE

Although great care has been taken to maintain the accuracy of information 
contained in this publication, neither the IAEA nor its Member States assume any 
responsibility for consequences which may arise from its use.

The use of particular designations of countries or territories does not imply any 
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, 
of their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated 
as registered) does not imply any intention to infringe proprietary rights, nor should it be 
construed as an endorsement or recommendation on the part of the IAEA.

The IAEA has no responsibility for the persistence or accuracy of URLs for 
external or third party Internet web sites referred to in this book and does not guarantee 
that any content on such web sites is, or will remain, accurate or appropriate.
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1. INTRODUCTION

1.1. BACKGROUND

The initial applications of positron emission tomography (PET) began 
almost five decades ago, but were initially limited to the research setting. In the 
mid-1990s, PET began to be used in clinical practice in the more developed 
countries of the world — with proven impact, especially in oncology. In 
particular, the rapid developments in PET imaging over the last ten years are due 
to significant achievements in several fields. Among them, the general 
acceptance of the value of FDG–PET in clinical oncology was a major step, as it 
led to the widespread use of the technique and an increasing demand for this type 
of examination. In parallel with this and no less relevant, there have been 
important technological improvements such as the introduction of hybrid systems 
which couple PET with X ray computed tomography (PET/CT).

1.2. OBJECTIVE

Establishing a PET centre is a large scale process that requires careful 
planning, inputs from multiple stakeholders, the support and approval of the 
authorities, secure funding, and a detailed implementation strategy. The need for 
a carefully planned strategy is even more essential in the conditions prevailing in 
a developing country, where the introduction of PET may be impeded by a 
scarcity of financial resources and, in many cases, an inadequate understanding of 
the potential roles and contributions PET imaging can play in a health care 
system.

The issues discussed above are addressed in this publication. The aim is to 
set out a well defined pathway for establishing a cyclotron/PET centre capable of 
providing advanced PET/CT imaging services to the general population. The 
focus of this strategy is to acquire approval for the project and the necessary 
resources from the authorities through the systematic preparation of the required 
information and justifying arguments.

1.3. SCOPE

This publication presents a comprehensive overview of the steps involved 
in the establishment of a clinical PET facility, from formulation of a strategy to 
cyclotron implementation, radiopharmaceutical production and clinical 
1



applications. Also covered are staff requirements and radiation protection issues. 
It is intended for health care administrators, project and site planners, as well as 
professionals involved in providing PET services.

1.4. STRUCTURE

There are nine sections and six appendices in this publication.
Section 2 discusses the use of PET in clinical practice, including the 

rationale for its application; the constraints; strategies for use; and practical 
approaches for its application. Section 3 describes the epidemiology and provides 
a definition of needs for a clinical PET centre. Section 4 provides a cost–benefit 
analysis of PET/CT. Section 5 describes the major pieces of equipment needed 
for the establishment of a PET centre. Section 6 focuses on the design of a PET 
centre and provides a number of models of clinical PET facilities. Section 7 gives 
details of the design of a cyclotron facility, while Section 8 details staffing 
requirements in setting up a PET centre. Finally, Section 9 looks at a number of 
radiation protection issues that need to be considered in setting up a clinical PET 
centre. 

The appendices focus on clinical indications of PET in oncology, in 
neurology, in cardiology, and inflammation and infection. They also address 
production needs and implementation of a quality management system to help 
PET practitioners maintain or improve the quality of service for their patients.
2



2. INTRODUCTION OF PET IN CLINICAL PRACTICE 

2.1. GENERAL CONSIDERATIONS

2.1.1. Rationale

PET has been in use in a research setting for more than three decades now 
and has been implemented in clinical practice in the more developed countries of 
the world for more than a decade, with proven impact on clinical outcome 
[2.1–2.3]. A keen interest in establishing a PET centre is a much needed initial 
condition, but planners, medical doctors and scientists must be able to justify 
their ideas in a convincing project proposal and obtain the support and financing 
of the relevant authorities.

The initial investment in a PET centre is in the range of at least several 
million dollars, which is quite often contrasted unfavourably with the much lower 
initial investment required for other imaging modalities, such as magnetic 
resonance imaging (MRI) or computed tomography (CT). In addition, 
governments tend to view medical imaging as just one of a battery of medical 
imaging modalities, and may not properly appreciate its unique capabilities.

Planning for the introduction of PET to a country where it is not already well 
established should address local high priority health issues and be driven by 
demonstrable medical needs. That is to say, priorities should be demand oriented 
rather than technology or prestige driven, and be compatible with the national 
government’s long term health care policies and strategies, in order to improve and 
strengthen existing diagnostic and therapeutic infrastructure. It is worth noting that 
governments are increasingly formulating five to ten year development plans and 
demanding that the formulation and approval of project proposals be carried out 
within a larger national framework if they are to be considered for funding.

Similarly, the IAEA regards both financial commitment from the national 
government and evidence that the project complies with national health priorities 
and development strategies, as prerequisites for its support of a project.

2.1.2. Constraints

There are a number of constraints that may be encountered during the 
establishment of a cyclotron/PET project. Some can be counteracted fairly easily. 
For example, to ease doubts about PET being an expensive technology, 
epidemiological data can be used to demonstrate that PET is an efficient and cost 
effective means of addressing health issues of relevance for the population at 
large, and not only for a limited segment of it as it is perceived in some cases.
3



In developing nations other major constraints are:

— Financial. The initial capital investment required is high, up to $6 million 
or more. In addition, planners should consider operational and maintenance 
costs, which are typically 10% of the capital costs per annum, and the need 
to employ qualified professionals to run the centre. The financial resources 
required often come as a shock to government officials, particularly if the 
benefits of PET technology are not well understood.

— Structural. PET has become a routine diagnostic procedure in many 
industrialized countries largely because of the availability in those countries 
of a reimbursement scheme, which is typically implemented after a 
demonstration of a positive cost–benefit ratio for several medical 
indications. Unfortunately, national medical reimbursement schemes are 
not widespread in developing nations and limited, weak or non-existent 
reimbursement schemes for health care services are an impediment to the 
adoption of PET. Private schemes, however, might also be taken into 
account.

— Political. It is often necessary to compete with other priorities in the health 
sector. In a developing country it is not uncommon to encounter the opinion 
that PET is too expensive and that there are other more pressing health 
priorities, which may require a bigger share of the scarce funding available. 
Similarly, it is often argued that MRI and CT are less expensive and 
sufficient for local needs. It is important in these cases to point out the 
unique clinical value of the information that PET can provide.

— Conceptual. There is often a lack of awareness within the local medical 
community of the complexity and cost of implementing a cyclotron/PET 
programme. It is important to devise ways of informing planners and the 
local medical community that this is a complex and sophisticated 
technology that can be successfully implemented and exploited only by a 
properly qualified and educated multidisciplinary team.

— Organizational. Lack of a culture or tradition of careful planning. In most 
cases, medical technologies are purchased on a turnkey basis and are ready 
to be operated immediately. Establishing a cyclotron/PET facility, however, 
is far more complex and detailed planning is essential.

— Human resources. Lack of professionals in numbers and experience. 
Planning should provide for advanced training of key professionals 
(including medical, scientific, technical and nursing staff) at an early stage, 
preferably at well established international facilities.
4



2.2. STRATEGIES

2.2.1. The starting point

The path from project conception to a full fledged operational 
cyclotron/PET centre may take a considerable amount of time, typically between 
three and five years. However, there are instances when this process may take 
even longer. A dedicated, multidisciplinary group of professionals, committed to 
the project, will help to reduce the duration of the project.

As a first step, it is recommended that a Task Force (TF) be established at 
the outset to act as a think tank to elaborate the conceptual and technical aspects 
of the proposed project. This group will develop the necessary justifications, 
liaise with and lobby the national health authorities, and be the engine that moves 
the project forward in all its dimensions and stages. The TF should have a clear 
line of command and well defined responsibilities and schedules with the 
corresponding authority to make decisions and take the corresponding actions. As 
much as possible, the composition of the TF team should be multidisciplinary and 
include representatives of all the major stakeholders.

2.2.2. Building alliances

Most of the time the TF, as a core organization, will not by itself be capable 
of mounting a sufficiently convincing case to ensure the support of the national 
authorities for a project that requires such a large investment. Seeking and 
building alliances and synergies with other interested groups is therefore of 
paramount importance. These strategic alliances should be established with 
identified selected groups of the public sector and, possibly with the private 
sector as well. Health care providers, universities, research institutes, and medical 
specialists are ideal stakeholders who might be interested in having access to a 
cyclotron/PET facility. Additionally, as has happened in many cases, private 
nuclear medicine services would also benefit from the availability of PET 
radiopharmaceuticals, and therefore may also contribute to the justification to the 
government for investment, or may even be willing to set up a joint facility under 
an appropriate scheme. Building strategic alliances with identified stakeholders 
from the outset of the project will contribute to the formulation of a more relevant 
and balanced project proposal with enhanced chances of government and 
international support.
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2.2.3. Strengths and weaknesses

It should be remembered that PET and its potential impacts are still not well 
known and fully appreciated in many developing countries. Understandably then, 
national health authorities tend to more readily perceive other pressing priorities 
in the health care system with respect to local epidemiology and social demands. 
This aspect should be kept in mind when devising a strategy for the establishment 
of a cyclotron/PET centre. Therefore, a productive strategy may be to include 
steps or actions to transform an apparent barrier such as the one just mentioned 
into a positive issue, for example, by demonstrating that PET can very effectively 
address, in a cost effective manner, and along with existing diagnostic modalities, 
important national and social health care priorities such as cancer. PET should be 
seen as an invaluable and unique technique in its own right, and as one that can 
complement the diagnostic power of other modalities, rather than as an expensive 
competing technology beyond the reach of most of the population.

A large part of the medical community is also not fully aware of the 
potential impact of PET on their own clinical specialties. Such individuals may 
not be supportive of the project, and may construct barriers that can delay the 
implementation of the project, as has been observed on many occasions. Here 
again, an intensive and well designed information and educational campaign will 
help to overcome this problem.

2.3. A PRACTICAL APPROACH

The role of the TF is to produce, first, a well balanced, technically sound 
and comprehensive project proposal document (PD), and then, if approval is 
granted from the national health authorities, a full feasibility study (FS). In all 
these actions the TF is called upon to play a decisive role in identifying strengths 
and weaknesses and to introduce corrective measures when necessary. Indeed, 
with initial modest resources at hand, the first practical objective is to prepare 
documentation and material to demonstrate the value of PET in the context of the 
national health care policies.

The following is a ‘two step’ approach that has proved to be effective in 
situations where there was only an embryonic idea to set up a PET centre.

2.3.1. Step 1: The project document 

The PD should clearly outline the mission of the PET centre within the 
context of national health care policies and strategies. It should include: an 
account of the major justifications for the project, an outline of the problems that 
6



may be faced during implementation and the strategies for solving them, the need 
for more advanced clinical diagnostic tools, an estimate of the total cost of the 
project and the time for its implementation, identification of potential financial 
sources, guidelines for project implementation, and identification of interested 
stakeholders.

The PD is addressed principally to decision makers in the government and 
seeks the official endorsement of the relevant government authorities to proceed 
to a more advanced phase of the project, namely, the preparation of a 
comprehensive feasibility study (FS). It can also be utilized for the preparation of 
a comprehensive project proposal (PP) to the IAEA and/or other potential 
financing sources within as well as outside the country.

It is not always necessary to follow this suggested two step approach, 
depending on the circumstances. If there is already a well informed 
understanding and the authorities have already decided that the PET technology 
is to be established, a feasibility study alone may be sufficient.

2.3.2. Step 2: The feasibility study 

Essentially, the FS should be designed to provide a clear, comprehensive, 
and quantitative picture of what exactly is required for a cyclotron/PET centre in 
terms of financial resources and otherwise. This document should elucidate the 
‘whys and hows’ of the project, in the framework of national health policies. It 
should give the relevant authorities a well informed understanding of the project, 
to help them consider its short and long term political, and financial implications. 
It should contain a clear set of concrete recommendations so that they can make 
the necessary decisions.

The FS expands the conceptual and policy aspects of the PD and should 
provide: documented and quantitative evidence to justify the investment; 
definitions of the technological components needed  including the site, staff 
and training requirements  approximate estimates of the financial 
requirements; and legal, regulatory, and environmental issues. The FS will define 
the scope, phases and priorities of the utilization programme, and propose a 
management and operational structure as well as a realistic business plan. The 
short and long term financial implications of the project, from the initial 
investment to the routine operation of the facility, are a critical part of the FS, and 
should include the identification of potential financial sources and schemes, and 
propose strategies to secure the funding.

The advantage of this two-step approach is that it avoids entanglement in an 
involved, time consuming, and in many cases costly feasibility study process, 
sometimes without any assurance from the national authorities that a 
7



cyclotron/PET project proposal will be supported. Such assurances are best 
obtained in writing.

2.3.3. Project schedule

Managing a project to implement a clinical PET centre is a demanding task 
that is long and time consuming. Figure 2.1 depicts a Gantt chart of a typical 
project when the centre must be built from the scratch.  
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FIG. 2.1.  Gantt chart of a PET project from inception (N.M.: nuclear medicine).
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3. EPIDEMIOLOGY AND DEFINITION OF NEEDS

3.1. BACKGROUND

Planning a new PET programme for a country or geographical area is a 
complex task, requiring multidisciplinary competence and knowledge. In order to 
properly define clinical needs, and prepare an effective plan for the introduction 
of PET into a designated health care system (whether national or regional), it is 
advisable that a composite panel of experts covering all relevant major disciplines 
(nuclear medicine, clinical oncology, haematology, radiation oncology, medical 
physics, health technology assessment, epidemiology, health care administration, 
etc.) be set up as early as possible in the development phase to identify clinical 
needs.

The scope of the activities of this panel should be clearly defined to avoid 
duplication and confusion with other entities involved in the project. The goals of 
this panel should be quite distinct from those of the work group responsible for 
site planning and the selection and installation of equipment.

This section will address the criteria for appropriate use of PET in clinical 
practice, the national/regional needs in terms of number of examinations per year 
in a specified time frame (i.e. the next five years), the number of scanners needed 
to fulfil the expected workload, and advice regarding reimbursement policies.

Although PET has applications in oncology, cardiology, neurology and 
other fields, in the following paragraphs explicit reference is made only to its use 
in oncology as this is by far the most common application at the present time and 
is thus the best guide to health technology assessment (HTA) and health 
economic considerations.

Health technology assessment (see Section 4.4) is defined as a policy 
research approach that examines the short and long term social consequences of 
the application or use of technology and may be considered as a bridge between 
science and policy, requiring a balance between the ideals of scientific rigour and 
the realities of policy making [3.1].

3.2. GLOSSARY

The key terms used in this publication are defined below.
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incidence. The number of new cases of a specific disease arising in a specified 
population in a given period of time. Several countries/regions have cancer 
registries dedicated to the collection and statistical evaluation of this kind of 
information. Incidence is usually expressed as the total number of cases per 
year, or as the rate per 100 000 persons per year. The latter provides an 
estimate of the average risk of developing a cancer.

prevalence. With reference to a specific type of cancer, or to an ensemble of 
cancers of different types, prevalence is defined as the number of living 
persons in a given population who have been diagnosed with that type of 
cancer (or cancers). Complete prevalence is the proportion of the 
population at any time that has been diagnosed with a cancer, regardless of 
when the diagnosis occurred and whether or not the patient is still under 
treatment or is considered cured. Partial (or limited) prevalence is the 
number of patients diagnosed within a specified time interval. Patients who 
survive for five years after diagnosis are usually considered cured; 
nevertheless, depending on the type of disease, they may still require follow 
up and diagnostic procedures.

mortality. The number of deaths occurring in a specified period of time in a 
given population. It can be expressed as an absolute number of deaths per 
year, or as a rate per 100 000 persons per year.

survival. The probability of surviving for a given period of time with a specific 
type of malignant cancer, expressed as time elapsed since diagnosis 
(e.g. survival rate at five years). The probability of survival is influenced by 
mortality due to the cancer of primary interest and from other causes.

relative survival is then defined as the ratio of the observed survival in the group 
of patients to the survival expected in a group of people in the general 
population who are similar to the patients with respect to all possible factors 
affecting survival at the beginning of the follow-up period, except for the 
disease of interest.

indication. A clinical condition, risk factor, or circumstance for which the use of 
a particular intervention would be appropriate as determined or specified 
by, for example, a clinical practice guideline, standard of care, regulatory 
body, or other authoritative source.
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clinical guideline. A systematically developed statement to assist practitioner 
and patient decisions about appropriate health care for one or more specific 
clinical circumstances. The development of clinical PET practice 
guidelines can be considered a particular type of HTA; or, it can be 
considered to be one of the types of policy making that is informed or 
supported by HTA.

appropriateness. A measure of the manner of use and outcomes of a health 
technology. For a diagnostic technique, its use is considered appropriate 
when studies available in the scientific peer review literature fulfil all of the 
following conditions:

— There is evidence of a higher diagnostic performance (higher sensitivity 
and specificity), compared with other current techniques;

— The information obtained from the technique of interest has an influence on 
clinical practice;

— The information supplied by the technique has a positive impact on the 
patient’s outcome by allowing the adoption of effective practice or the non-
adoption of ineffective or harmful practice.

peer review. The process by which manuscripts submitted to health, biomedical, 
and other scientifically oriented journals and other publications are 
evaluated by experts in appropriate fields (usually anonymously to the 
authors) to determine if the manuscripts are of adequate quality for 
publication.

3.3. PET IN ONCOLOGY: ROLE OF EPIDEMIOLOGY INDICATORS

PET (and PET/CT) finds its major applications in oncology, in the 
diagnosis, staging and restaging of several types of cancers [3.2], monitoring the 
response to therapy, and in contributing functional information useful for the 
planning of radiotherapy treatment. As a first step towards defining the need for 
PET within a health care system, it is therefore useful to define the population 
that could potentially benefit from this technology.

Since patients can be referred for a PET scan at any time during the 
progression of their disease (i.e. at initial diagnosis, staging, restaging, during 
treatment or follow up), prevalence is the most useful indicator to identify the 
population of patients for which PET is potentially indicated. However, incidence 
should also be carefully considered, particularly in the case of lung cancer, for 
which, due to the relatively limited survival, prevalence tends to incidence.
12



The prevalence of cancer is influenced by a complex variety of factors, 
including but not limited to, sex, age and diet, working and living habits, and so 
on. Prevalence is then an indicator that can vary within a country or geographical 
region. The first approach for a local health authority or a team planning a PET 
programme in oncology is then to acquire data on the local prevalence of cancer.

Cancer registries are present in many countries, but unfortunately, even in 
developed countries, they do not cover the entire population. Information on 
prevalence, incidence and mortality can be obtained from local cancer registries 
or institutions involved in cancer diagnosis, treatment or epidemiology.

When up to date statistics on cancer prevalence are not available, 
information may be obtainable from international institutions and projects, such 
as the World Health Organization (WHO) [3.3] the Cancer Mondial and 
Globocan projects [3.4] or, in Europe, the Eurocare project [3.5]. If no local 
information is available, published data on neighbouring countries or regional 
data can be used.

Cancers are classified according the international classification of diseases 
(ICD) scheme; the current version of the classification is ICD-10, but it should be 
noted that most data published in recent years are based on the previous ICD-9 
codes.Further information and the on-line database of classifications can be 
accessed at the web site of WHO [3.6].

Ideally, prevalence data for each of the most important ICD-9 codes 
(see Table 3.1) should be obtained. If detailed data are not easily available, 
statistics on lung, breast, colorectal, lymphoma, and possibly prostate and 
stomach cancers, should be included in the analysis.

Significant variations in prevalence are common, even in different areas of 
the same country. Nevertheless, a careful evaluation of available data can supply 
useful information for planning the installation and distribution of diagnostic and 
therapeutic technologies.

Finally, epidemiology indicators such as incidence and prevalence change 
continuously with time. In very general terms, cancer prevalence is increasing 
slightly with time due to factors related not only to changes in life style, ageing, 
increased exposure to risk factors, and to improvements in the quality of 
treatment, but also to better diagnosis and data collection. This tendency to 
increase needs special consideration by health authorities in the planning of 
diagnostic and therapeutic technologies.  
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TABLE 3.1.  ICD-9 CODING FOR THE MOST COMMON NEOPLASMS

Cancer site ICD-9

Oral cavity 140.0–145.9, 149.0–149.9

Nasopharynx 147.0–147.9

Other pharynx 146.0–146.9, 148.0–148.9

Oesophagus 150.0–150.9

Stomach 151.0–151.9

Colon and rectum 153.0–154.0, 159.0

Liver 155.0–155.1

Pancreas 157.0–157.9

Larynx 161.0–161.9

Lung 162.0–162.9

Melanoma of skin 172.0–172.9

Prostate 185.0–185.9

Testis 186.0–186.9

Kidney, etc. 189.0–189.9

Bladder 188.0–188.9

Brain, nervous system 191.0–191.9

Thyroid 1930 – 1939

Non-Hodgkin lymphoma 200.0–200.9, 202.0–202.9

Hodgkin lymphoma 201.0–201.9

Multiple myeloma 203.0

Leukaemia 204.0–208.9

Breast 174.0–175.9

Uteri 179.0–180.9, 182.0–182.9

Ovary 183.0–183.9

All sites but non-melanoma skin 140–208 
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3.4. PET IN ONCOLOGY: ROLE OF ACCEPTED INDICATIONS

The manner in which a medical technology is exploited in practice is 
greatly influenced by available evidence of its usefulness and efficacy for 
particular indications, and the indications for which reimbursement is available.

Two factors are in continuous evolution and are somewhat conflicting: 
demonstration of evidence for a given indication, and its recognition and 
reimbursement by health care systems and insurances or refunding agencies, are 
processes travelling on different pathways, with different speeds. The strict 
application of economic analysis on a cost–benefit basis can obviously slow 
investment in a new technology [3.7].

This process is still ongoing with regard to PET and PET/CT, and at present 
it is possible to see how specific indications are recognized as being evident, and 
thus reimbursed, in some countries, while they still are not reimbursed in other 
countries, not only because of considerations of health economics, but also due to 
peculiarities in the organization of the health care system and local conditions.

Information on these subjects is widely available in current scientific 
literature and several HTA reports have been published. A representative list of 
references is given at the end of this chapter.

Clearly, the wider the accepted indications, the greater the number of 
requests for PET examinations. The population selected (i.e. on the basis of 
prevalence or other factors) and the level of evidence that is requested 
(i.e. number and type of recognized indications) are critical parameters in the 
hands of policy makers and health administrators when determining the level of 
investment a country or region is willing to commit to these costly technologies. 
Table 3.2 summarizes the currently recognized PET indications worldwide 
according to the following definitions:

appropriate. All of the following conditions must be met:

— Evidence of improved diagnostic performance (higher sensitivity and 
specificity) compared with other current techniques;

— The information derived from the PET scan influences clinical practice;
— The information from PET has a plausible impact on the patient’s outcome, 

either through adoption of more effective therapeutic strategies or non-
adoption of ineffective or harmful practices.

potentially appropriate (potentially useful). Evidence of improved diagnostic 
performance (higher sensitivity and specificity) compared with other 
current techniques, but lacking evidence of an impact on treatment and 
outcome.
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inappropriate. Clinical situations for which improved accuracy of tumour stage 
will not alter management, or for which the performance of PET is poorer 
than that of other current techniques.

It should, however, be considered that in a continuously evolving context, 
FDG–PET is a rapidly evolving technology. Table 3.2 will require periodic 
update and readers are advised to seek the most recent reports pertinent to this 
particular area of studies.

Overall, the indications for the use of PET in oncology that are recognized 
almost worldwide are for the following cancer types:

— Lung cancer;
— Colorectal cancer;
— Lymphoma.

TABLE 3.2.  INDICATIONS FOR FDG–PET ON ONCOLOGY ACCORDING 
TO FOUR DIFFERENT CATEGORIES. A: WIDELY ACCEPTED AS 
APPROPRIATE; B: ACCEPTED AS APPROPRIATE IN SEVERAL 
COUNTRIES; C: UNDER INVESTIGATION AS POTENTIALLY USEFUL; 
D: GENERALLY CONSIDERED AS INAPPROPRIATE  

Cancer site ICD-9 Diagnosis Staging Restaging
Treatment

monitoring/
planning

Oral cavity
140.0–145.9,
149.0–149.9

D C B C

Nasopharynx 147.0–147.9 C B B C

Other pharynx
146.0–146.9,
148.0–148.9

C B B C

Oesophagus 150.0–150.9 C A B B

Stomach 151.0–151.9 C C C C

Colon and rectum 153.0–154.0, 159.0 C B A B

Liver 155.0–155.1 D D C D

Pancreas 157.0–157.9 C C B C

Larynx 161.0–161.9 C B B C

Lung 162.0–162.9 A A A B
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Melanoma of skin 172.0–172.9 C A A C

Prostate 185.0–185.9 D C C D

Testis 186.0–186.9 C C C C

Kidney, etc. 189.0–189.9 D D C C

Bladder 188.0–188.9 C C C C

Brain,
nervous system

191.0–191.9 C B B C

Thyroid 1930–1939 C C B C

Non-Hodgkin
lymphoma

200.0–200.9,
202.0–202.9

B A A A

Hodgkin lymphoma 201.0–201.9 B A A A

Multiple myeloma 203 C C C C

Leukaemia 204.0–208.9 D D D D

Breast 174.0–175.9 D B B B

Uterus
179.0–180.9,
182.0–182.9

C B B C

Ovary 183.0–183.9 C B B C

TABLE 3.2.  INDICATIONS FOR FDG–PET ON ONCOLOGY ACCORDING 
TO FOUR DIFFERENT CATEGORIES. A: WIDELY ACCEPTED AS 
APPROPRIATE; B: ACCEPTED AS APPROPRIATE IN SEVERAL 
COUNTRIES; C: UNDER INVESTIGATION AS POTENTIALLY USEFUL; 
D: GENERALLY CONSIDERED AS INAPPROPRIATE (cont.) 

Cancer site ICD-9 Diagnosis Staging Restaging
Treatment

monitoring/
planning
17
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4. COST–BENEFIT ANALYSIS OF PET/CT

4.1. THE RAPID GROWTH OF PET/CT

Since its introduction in diagnostic oncology in the 1990s [4.1, 4.2], 
PET/CT has undergone an impressive technological evolution. Over a few short 
years, spiral CT scanners have evolved from 2 slice to 64 slice devices ,while the 
PET component has been enhanced by new types of crystals and modifications to 
electronics and reconstruction algorithms that improve spatial and temporal 
resolution, sensitivity and contrast. The move from 2-D to 3-D whole body 
imaging has decreased the scanning time required to achieve the same statistical 
quality using an unchanged administered dose, or allows a reduced dose to be 
given to the patient while maintaining current acquisition characteristics.

A new generation of scanners has been designed based on time of flight 
(TOF) utilizing avalanche photodiode detectors that will further improve 
technical performance. As a consequence of the great improvements in 
technology and increasing evidence of its diagnostic superiority over either 
stand-alone PET or side by side interpretation of separately acquired PET and CT 
scans, there has been rapid penetration of PET/CT into clinical practice. This can 
be explained by the many advantages of hybrid imaging compared with 
conventional imaging using stand-alone devices. These advantages include faster 
patient throughput (around 30% greater than with PET), higher patient 
compliance due to shorter scanning times, routine and near-instantaneous image 
fusion made possible by contemporaneous imaging at a single examination 
performed on the same scanning bed. The significantly improved precision of 
co-registration of anatomy and function has been shown to result in greater 
diagnostic confidence and accuracy in localization of lesions compared with 
physiological uptake (specificity) and increased lesion detection (sensitivity).

There have already been a great many publications in the oncology 
literature comparing the diagnostic efficacy of PET/CT with that of PET or CT 
[4.3, 44] and also with other diagnostic modalities. The generally excellent 
results that have been published have encouraged rapid introduction of this new 
hybrid diagnostic system into routine oncological practice. General acceptance 
by oncologists has been very high throughout the world, reflecting its excellent 
technical performance, clinical utility and scientific potential. At present, none of 
the major imaging instrumentation manufacturers produces stand-alone PET 
scanners. Consequently, only PET/CT systems are now being marketed.
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4.2. PET/CT: TOO EXPENSIVE FOR THE DEVELOPING WORLD?

There is no doubt that the costs of PET/CT are relatively high when 
compared with those of other diagnostic imaging procedures. A general 
evaluation of the costs of the different diagnostic imaging procedures should 
include not only the equipment costs, but also the siting costs involved in 
accommodating the equipment in a new location, which also contribute to capital 
costs. Operational costs involved in employing the staff required to perform the 
diagnostic examination and the consumables utilized must be added to these 
costs. The amortization of capital costs and the direct operational costs contribute 
to the final cost per scan. Accordingly, higher throughput offers cost efficiency 
advantages. The annual fixed costs can be calculated on the basis of the 
equipment, siting and technical staffing. Capital costs are generally written off 
over seven years. The figures listed in Table 4.1 are the mean values reported by 
the source Medical Options [4.5]. These figures were derived from data on 
developed countries and may not be valid for all Member States.

A reduction in annual costs can be obtained by extending the life of the 
equipment, reducing the expenditure on siting, amortizing the siting costs over a 
longer period, or increasing patient numbers. Nevertheless, from these data, it can 
be seen that PET/CT is currently the most expensive imaging modality on the list 
with respect to unit scan costs. This is primarily driven by the need to utilize PET 
radiopharmaceuticals, which are quite expensive. Again, economies of scale can 
operate to reduce this component of the scan cost. Centralized cyclotron facilities 
which distribute to a number of scanners operating in parallel can act to reduce 
the cost per dose.

TABLE 4.1.  EVALUATION OF COSTS OF VARIOUS DIAGNOSTIC 
IMAGING PROCEDURES

Imaging
Equipment

cost
(€ × 1000)

Siting
cost

(€ × 1000)

Annual
cost

(€ × 1000)

Consumables
(€)

Annual
throughput

Cost/scan
(€)

PET/CT 2200 750 1177 400 2000 996

Scintigraphy 490 60 419 50 2000 262

MRI 975 250 720 40 3000 234

CT 750 100 572 30 5000 103

Ultrasound 135 — 144 40 2000 91
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However, perhaps, more important than the direct cost of a diagnostic scan 
is its ability to accurately influence the selection and planning of appropriate 
treatment. The cost of many therapeutic interventions, both directly and related to 
their morbidity, are substantially greater than those associated with diagnostic 
imaging procedures. Accordingly, more accurate and appropriate allocation of 
therapeutic resources can substantially offset the cost of a more expensive 
diagnostic procedure and may even save costs.

4.3. THE BASIS OF ECONOMIC EVALUATION

Escalating healthcare costs and increasingly strict limitations on financial 
resources over recent decades have strengthened the concept that decisions 
regarding implementation of a new diagnostic test should be based not only on 
technical and scientific considerations, but also on the evaluation of economic 
factors. The economics of diagnostic imaging is part of a process now known as 
‘health technology assessment’ [4.6]. Cost effectiveness analysis is essential for a 
complete evaluation of a diagnostic modality. A diagnostic procedure can be 
considered cost effective when the same outcome is achieved at a lower cost, or 
when its benefits are great enough to justify its additional cost. In other words, 
being cost effective does not always mean cheaper. However, if more expensive, 
it must also have an additional benefit that justifies the additional costs.

Three economic evaluation methodologies can be used for assessing 
imaging studies: cost effectiveness analysis; cost–utility analysis; and 
cost–benefit analysis:

— Cost effectiveness analysis is performed through a cost minimization study 
or by evaluating the cost effective ratio. The minimization study can be 
adopted when it is known that the clinical effectiveness of two diagnostic 
tests is equivalent. In this case the only parameter to be considered is the 
total cost of each strategy, and the final choice will select the procedure 
with the lowest cost.

— The cost effective ratio is another way to compare the strategy under 
investigation and either the current standard of care or no intervention, or 
compare two competing alternative strategies. Thus, the ratio represents the 
incremental price of achieving a unit health effect from a given intervention 
when compared with an alternative.

— The cost–utility analysis is a form of cost effectiveness analysis in which 
adjustments are made on the basis of the ‘value attached to the benefits’. 
One of the most widely used measures of the health outcome is ‘the quality 
adjusted life year’, or QALY. This sets out the change in resource use and 
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the number of quality adjusted life years. QALYs estimate the effect on 
survival and the changes in quality of life stemming from the introduction 
of the modality under investigation.

— The cost–benefit analysis may be regarded as an extension of the 
cost–utility study where all the measurements of the effectiveness, 
including quality adjusted life, pain and other negative effects can be 
expressed in financial terms. There are various ways to calculate the 
monetary value of ‘life’, for example through earnings or ‘willingness to 
pay’, but all these methods have significant limitations.

All of the economic evaluations mentioned above require thorough clinical 
trials. These can be carried out as:

— Retrospective economic evaluation of previously performed clinical trials;
— Simultaneous prospective randomized controlled trials of costs and 

effectiveness;
— Expert consensus;
— Computer modelling methods including meta-analysis and sensitivity 

analysis.

The intrinsic value of the clinical trial depends on the study design, 
including randomization, k statistics for inter intra-observer variations, final 
diagnosis confirmed by histological control, blind-read procedure, and so on. 
Several studies of the economic value of FDG–PET have been performed in 
oncology, but there have been very few randomized studies and only a few robust 
meta-analyses are available. All of these studies have provided evidence that 
FDG–PET in different situations is more cost effective than CT and, where 
appropriate, other diagnostic modalities. An example of such a study was a 
retrospective analysis carried out in Italy on the cost effectiveness of FDG–PET 
in patients with known or suspected lung cancer. This evaluation compared three 
different diagnostic strategies including FDG–PET. The inclusion of PET in the 
clinical management of all patients with known or suspected lung cancer 
previously evaluated only with CT, was shown to be cost effective, with a gain of 
2.64 life years on average at an annual cost of about €415 [4.7].

Since PET/CT is a recent introduction to the diagnostic work-up of cancer 
patients, there are relatively few papers on economic evaluations. Heinrich et al. 
[4.8] performed a cost–benefit analysis of PET/CT in the management of 
resectable pancreatic cancer, based on the cost of PET/CT and pancreatic 
resection and the time frame of staging and surgery. PET/CT findings changed 
the management in 16% of patients with pancreatic cancer deemed resectable 
after routine staging (p = 0.031) and resulted in cost savings. Strobel et al. [4.9] 
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studied the usefulness of performing two PET/CT scans in Hodgkin lymphoma 
patients, one after two cycles of therapy and another after completion of the 
first-line treatment. A cost saving was calculated for the potentially superfluous 
PET/CT examinations. The conclusion was that the end treatment PET/CT is 
unnecessary if the diagnostic imaging during treatment shows a complete 
response and the clinical course is uncomplicated. Therefore, an imaging cost 
reduction of 27% in the study population can be achieved by omitting end 
treatment PET/CT in interim complete responders. Fleming et al. [4.10] 
evaluated 286 consecutive PET/CT scans in previously untreated head and neck 
cancer patients. Predictive positive value, sensitivity, specificity, accuracy, 
diagnostic upstaging and treatment management changes were determined from 
analysis of a subset of 123 patients. PET/CT results were compared with the 
histopathology of surgical specimens. Treatment was altered in 30.9% of patients 
on the basis of PET/CT findings, including upstaging, diagnosing distant and 
unresectable disease, and detecting secondary primary malignancies. These 
observations have a clear economic impact by enabling the most effective 
treatment choices.

In summary, even though not yet firmly established by a large number of 
published papers, daily experience demonstrates that PET/CT has a substantial 
impact on patient management because it can assist in defining potential 
candidates for curative surgery, in planning the appropriate surgery or 
radiotherapy, and redirecting patients with unresectable disease to other 
therapeutic options.

Looking at the role of PET/CT in staging disease, it is easy to understand 
how correct staging can avoid futile operations for cancers that could never have 
been cured by surgery [4.11]. In addition, in the case of restaging and follow-up, 
the accurate determination of the presence or absence of disease is critical for 
subsequent treatment selection. In particular, the ability to avoid unnecessary 
intervention in patients with false-positive structural imaging results due to 
residual scar tissue represents a clear economic and patient benefit [4.12].

In therapy planning, PET/CT can better define the target volume and 
treatment strategy, and can provide earlier and more reliable identification of 
non-responders than conventional non-invasive imaging approaches. Thus, it is 
possible to avoid ineffective and toxic treatments and optimize the therapy. 
Obviously, all these issues have an economic impact on the health system in 
general, but also on the socioeconomic background, because the health of an 
individual has a great impact on the family, on the workplace, and extends to 
involve wider relationship networks and other life activities.
23



4.4. HEALTH TECHNOLOGY ASSESSMENT OF PET/CT

As already mentioned, the aim of HTA is to study the utility of a diagnostic 
test described on one or more levels of a hierarchy, with higher levels relating 
more closely to the social impact. The hierarchies of the diagnostic efficacy of 
PET/CT are listed in Table 4.2.

Until recently, diagnostic imaging modalities were introduced into clinical 
routine well before sufficient published data on their diagnostic efficacy were 
available. This happened for conventional radiology, ultrasound, MRI, CT and 
also conventional nuclear medicine. As new diagnostic imaging tests were 
developed, they were merely introduced into routine practice when they became 
the preferred test of referring physicians. Often they were simply added to old 
tests in order to increase diagnostic confidence and without evidence that this 
positively influenced patient outcomes. HTA programmes were set up by many 
institutions, health agencies and governments around the early 1990s in response 
to increasingly limited economic resources for health care and the high cost of 
many new technologies. They produced research information on the costs, 
effectiveness and broader impact of health technologies for those who use, 
manage and provide care in national health systems.

HTA reports on PET were published in several countries from the year 2000 
onwards (Australia, Canada, France, Germany, Spain and the United Kingdom). 
These used various methods and addressed different issues and were mixed in 
their findings. However, some led to approval of the clinical use of PET for a 
range of oncological indications, some of which were subject to confirmation of 
clinical effectiveness by further data collection. This was the basis for extension 
of access to PET in both Australia and the USA. PET has been the first of many 
technologies to be subjected to such intense economic scrutiny.

TABLE 4.2.  HIERARCHIES OF THE DIAGNOSTIC EFFICACY OF PET/CT

Hierarchy Issue Parameter under investigation

1 Technical Technical image quality

2 Diagnostic accuracy Sensitivity, specificity, negative and
positive predictive value

3 Diagnostic thinking Likelihood ratio

4 Therapeutic Changes in therapeutic choices
(patient management)

5 Patient outcome Improvement in morbidity/mortality

6 Societal Cost–benefit analysis
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Many of the institutionalized HTA groups are members of the International 
Network of Agencies for Health Technology Assessment (INAHTA). In spite of 
the use of similar approaches and methodology, the INHATA reports have often 
arrived at rather different views with respect to the clinical value of PET. A few 
of the earlier reports negated the clinical value of PET, while others 
recommended the use of PET for different indications from one country to 
another. The observed lack of reproducibility regarding PET in INAHTA reports 
has led to questions regarding the reliability of such reports and the potential for 
conflict of interest when the body funding the evaluation also has a vested interest 
in financing health care.

In spite of these criticisms, HTA does have theoretical benefits for 
evaluating the role of PET in cancer management by studying technological 
aspects, measuring diagnostic efficiency and identifying the role of the modality 
in comparison with other current options by using established, transparent and 
consistent methods established within evidence based medicine (EBM). 
Comprehensive analysis must also include patient outcome and societal aspects, 
and consider cost–benefit analysis.

HTA reports ideally start with a study of the typical patient pathway for 
each given disease in a certain jurisdiction and estimate all the benefits and 
resources used on that pathway, with and without access to the new technology, in 
order to determine the strategies by which new diagnostic tests might be used 
beneficially for both patients and society. In the case of the use of PET in 
oncology, such modelling varies for every individual cancer and for each stage of 
cancer, and is also influenced by the availability, performance and cost of both 
diagnostic and therapeutic procedures in different healthcare settings. It is 
therefore very complex to construct. Consequently, a pragmatic approach has 
generally been to choose a particular cancer and generic question to investigate. 
In the first instance, this has usually been a cancer, or group of clinical 
indications, for which the use of PET has been suggested to be supported by the 
strongest evidence base.

The assumption is that if a strong economic case cannot be made for the 
utility of PET in this situation, then it is unlikely to be worthwhile in other 
indications with even less robust evidence. Although there is often an assumption 
that the value of new technologies must be reflected in an ability to improve 
patient outcomes, this is of course influenced by the potential for successful 
therapy. Historically, the ability of improved diagnosis to provide better 
prognostic stratification has spawned the development of new therapies that can 
successfully alter outcomes of the patients in differing groups as defined by the 
new diagnostic paradigm. An example was the development of cholesterol 
lowering drugs following demonstration that cholesterol levels were the most 
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important contributor to the poor prognosis associated with elevated fatty acid 
levels in blood.

Lack of currently effective therapies and limited capacity for immediately 
improving patient outcomes should therefore not necessarily justify withholding 
access to new diagnostic technologies like PET. Furthermore, withholding futile 
or likely ineffective and morbid treatments may provide benefits not measurable 
by improvement in duration of life.

4.4.1. Examples of PET/CT HTA

As an example of the abovementioned studies, the Adelaide Health 
Technology Assessment in 2004 published a report on ‘Combined CT and PET 
Scanner’ [4.13] evaluating the need for PET/CT examinations in the health 
system, considering not only already established oncological indications but also 
cardiovascular and neurological diseases. This report analyses the local clinical 
need and burden of disease, the treatment alternatives and the existing diagnostic 
comparators. Clinical outcomes considered were the diagnostic effectiveness 
(PET/CT versus PET, PET/CT versus CT and PET/CT versus conventional 
diagnostic workup) and safety. The cost analysis was performed based on the 
existing cost effectiveness evidence, the cost of the management of cancer, and 
on the management of neurological and cardiovascular disorders. The 
conclusions of this study were in favour of the potential use of PET/CT for 
diagnosis and the management of non-oncological indications (cardiovascular 
and neurological disease).

An increase in the number of PET/CT scans in oncology was considered to 
be unavoidable due to the development of new indications and a growing use to 
evaluate treatment. The conclusions were that PET/CT was able to improve 
diagnostic capabilities when compared with PET or CT alone, depending on the 
type and stage of the tumour, and whether the data were analysed on a lesion by 
lesion basis or by patient. This study also found that PET/CT improves lesion 
localization and decreases the number of equivocal lesions when compared when 
PET alone. The sensitivity and specificity of PET/CT in different conditions were 
reported. The economic analysis was based on the capital cost of purchasing a 
PET/CT scanner and the estimated cost to the health system of performing at least 
one scan for all patients with newly diagnosed cancer.

Systematic reviews published by the Agencia de Evaluation de Tecnologia 
Sanitaria (AETS) in 2004 and 2005 [4.14, 4.15] investigated the relative 
contribution of PET/CT to the clinical management of oncological patients. The 
report aimed to assess whether this technology is able to provide higher 
diagnostic accuracy than other available technologies, if it can influence the 
patient’s management and, finally, if its use can further benefit cancer patients. 
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The authors’ conclusion was that PET/CT is a useful technique for detection of 
malignancy, with a significant reduction of inconclusive findings. Other 
worthwhile indications were felt to include radiotherapy planning, guidance of 
biopsy and therapeutic monitoring. The accuracy of PET/CT in tumour restaging 
(locoregional and distant metastasis) was shown to be even a little better than for 
staging cancer [4.16]. It was also concluded that PET/CT could be cost effective 
through reduction of unnecessary diagnostic procedures or treatments, including 
surgery. Some other advantages of PET/CT that were recognized were that it is 
less time consuming than PET alone, allows higher throughput of patients and 
that the near simultaneous acquisition of PET and CT images limits alignment 
problems.

A review by the French National Authority for Health, published in 2005 
[4.17], assessed several aspects regarding the use of PET/CT in France (technical, 
legislative, medical, economic and organizational) to establish equipment 
selection criteria and organizational implications. The results stressed the 
technical advantages of PET/CT over PET (faster attenuation correction and 
better localization). The rules for installing combined PET/CT in a health care 
organization were established to be the same as for installing a PET machine 
alone. Clinical studies tended to show that PET/CT improved sensitivity and 
especially specificity, compared with PET alone. However, the potential clinical 
impact of replacing diagnostic CT with PET/CT could not be assessed. The report 
recommended that the PET/CT system should be integrated into an imaging 
network. The estimated capital outlay for a PET/CT system was €2.5 million 
compared with €1.7 million for a PET system. The operating budget was 
estimated to be within the range €2.0–2.2 million for 2000 examinations per 
year.

A more recent overview on the clinical effectiveness of PET was published 
by Facey et al. in 2007 [4.18]. Their paper evaluated the clinical effectiveness of 
FDG–PET in breast, colorectal, head and neck, lung, oesophageal and thyroid 
cancer and in lymphoma and melanoma. For each cancer, the use of FDG–PET to 
aid management decisions relating to diagnosis, staging, restaging of recurrence, 
treatment response monitoring, and radiotherapy planning was evaluated. The 
conclusions of this report was that the strongest evidence for the clinical 
effectiveness of PET was in the staging of NSCLC, the restaging of lymphoma, 
the staging and restaging of colorectal cancer and the characterization of solitary 
pulmonary nodules. PET/CT was evaluated in only six cancer types (excluding 
breast and melanoma). Most studies combined different groups of patients to 
assess primary and recurrent tumours for staging and restaging, respectively. 
These showed that PET/CT generally improved accuracy by 10–15% over PET, 
resolving some equivocal PET findings in such cancers. The conclusions of the 
report regarding PET/CT were that there was likely to be a need for new capital 
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investment for PET/CT, despite there still being less evidence of utility than there 
was for PET. However, PET clinical effectiveness findings can be extrapolated to 
cover PET/CT.

Many technology assessment projects are under way throughout the world, 
with the goal of comparing the cost effectiveness of PET/CT with other 
diagnostic technologies financed from public sources in diagnostic oncology. 
This is because economic analyses of PET/CT scanning in the literature are very 
limited and conclusive evidence is still considered to be lacking. Data on quality 
of life and patient outcomes using the combined technology are almost absent, 
despite the enormous growth in the clinical use of PET/CT. The methodology of 
these evaluations is hampered by the fact that HTAs are time consuming, and the 
approaches are not yet fully standardized and are often not able to follow the 
rapid technical developments occurring in the modality.

Scientific papers confined to the diagnostic efficacy of new tests are often 
considered sufficient by the clinical community to justify their clinical use. 
However, these considerations do not diminish the importance of economic 
analysis as a means to provide a more reliable basis on which implementation 
decisions can be taken, even though it should be stressed that no economic 
analysis of diagnostic technologies will ever be able to negate the individual 
benefits of improved diagnosis to individual patient care.

Clinicians reading HTA reports should be aware that the assessments are 
often performed by non-clinicians with little or no involvement in the care of 
cancer patients, nor knowledge of the diagnostic and therapeutic implications of 
the data that they are reviewing. Further, it is important to recognize that the 
reports that are generated are often funded and published by governments or 
private insurance groups with a vested interest in constraining costs without 
subjecting them to rigorous expert review.

Therefore, caution should be used when considering the recommendations 
of these reports, and particularly in advising individual patients regarding the 
utility of PET and PET/CT in the diagnostic process related to their own specific 
disease or clinical situation. In particular, the conclusions of several INAHTA 
reviews have been challenged by experts in PET actually involved in those 
reviews and are completely at odds with expert clinical opinion on the utility of 
PET in oncology.
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5. EQUIPMENT

Several major pieces of equipment need to be considered in the 
establishment of a PET centre. The two most expensive are the cyclotron and the 
PET/CT scanner. In addition to these items, the choice of the synthesis module, 
the radionuclide calibrator and the hot cells also need consideration. Detailed 
information on the equipment needed to produce and qualify the 
radiopharmaceutical can be found in an IAEA report entitled Cyclotron Produced 
Radionuclides: Guidelines for Setting up a PET Facility [5.1]. 

5.1. CYCLOTRON

5.1.1. Methodology of decision making

The choice of a cyclotron will depend entirely on the programme in place at 
a new facility. In order to choose a cyclotron, a methodology should be followed 
which takes into consideration the requirements of the facility and the 
environment in which the accelerator will be placed. A procedure that has proven 
to be very useful is as follows:

— Interview all the users to define the proposed programme;
— Generate a list of radioisotopes which will be needed from these users;
— Develop priorities for the programme;
— Evaluate the space allotted to this project;
— Evaluate the potential cyclotrons with respect to this programme and space;
— Examine construction obstacles and chemistry requirements;
— Evaluate all alternatives.

The most important considerations in the choice of a cyclotron are the 
particle beam energy and the beam current. Almost all commercially available 
cyclotrons are negative ion machines. This means the beam coming out of the ion 
source is H–. The beam is extracted by stripping the electrons off the H- ion and 
creating an H+ ion which curves in the opposite direction in a magnetic field and 
is therefore pushed out of the machine. This type of extraction is very efficient 
and therefore there is little residual activation of the interior of the machine when 
compared with the older positive ion machines. With this type of cyclotron the 
targets are usually the main source of radiation dose in cyclotron operations.
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5.1.2. Radionuclide production fundamentals

The reason the particle energy and the beam current are the most important 
parameters for the choice of a cyclotron is shown in Eq. (5.1) for the production 
of radionuclides:

(5.1)

where 

dn is the number of reactions occurring in 1 s;
I0 is the number of particles incident on the target in 1 s;
NA is the number of target nuclei per gram;
ds is the thickness of the material, in grams per cm2;
σab is the cross-section, expressed in units of cm2.

The amount of radionuclide that can be produced will depend directly on the 
beam current (I0) and the cross-section (σab), which is a function of the beam 
energy. The energy of several commercial cyclotrons is given in Table 5.1. The 
energy of the cyclotron will determine which nuclear reactions may be used to 
produce radionuclides with each cyclotron.  

TABLE 5.1.  CYCLOTRON PARTICLE ENERGIES

Cyclotron model Proton energy
(MeV)

Deuteron energy
(MeV)

IBA C10SS 10

Siemens Eclipse 11.2

Sumitomo HM10 10

Kotron 13 13

GE PETtrace 16.5 8.4

IBA 18/9 18 9

ACSI TR19 13–19 9

Sumitomo HM18 18 9

dn = I N ds0 A abs
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5.1.3. Deuteron operation for the cyclotron

Deuterons are an option on most of the cyclotrons designed for the 
production of PET radionuclides. There are some advantages and disadvantages 
with deuterons. The advantages are that it is possible to use alternative routes to 
some PET radionuclides such as oxygen-15. The disadvantages of the deuteron 
option are the increased cost, increased complexity of the machine and the 
increased space required for the machine. Most routine users rarely, if ever, use 
deuterons. The recommendation is that deuterons are not required for all the 
routine PET radionuclides and most of the radionuclides that show some promise 
in the future.

5.1.4. Cyclotron beam current

The beam current of the cyclotron determines how much radioisotope can 
be produced at a given energy. In theory the production yield is directly 
proportional to the beam current. In practice, the beam current that may be used 
on any target is determined by the ability to remove the heat produced in the 
target by the beam. For the three higher energy cyclotrons being considered here, 
the rated beam currents are given in Table 5.2.

The gas and liquid targets are not usually run above 100 μA (and 30–40 are 
more typical) since significant density reduction will occur resulting in lower 
yields. Therefore, production of the four common PET radioisotopes will be 
limited by the targetry and not the beam current on any of the higher energy 
cyclotrons.  

TABLE 5.2.  CYCLOTRON BEAM CURRENTS

Cyclotron Proton beam current (μA) Deuteron beam current (μA)

Siemens RDS 100 —

Sumitomo HM10 100 —

Kotron 13 100 —

GE PETtrace 100 60

IBA Cyclone 18/9 150 60

ACSI TR19 200 50

Sumitomo HM18 200 50
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5.1.5. Targets and modules 

All of the cyclotrons have the capability of dual beam irradiation, although 
there are some limitations on which targets may be used. The Siemens RDS has a 
maximum of 14 targets mounted, the Sumitomo HM10 has five target positions 
and the IBS Cyclone 10 has six target positions. The IBA Cyclone 18/9, the 
Sumitomo HM 12 and the ASCI TR19 cyclotron can have a maximum of eight 
targets mounted at the same time (Fig. 5.1). The GE PETtrace cyclotron has 
six  target ports. In the case of the IBA machines, any two targets may be 
irradiated simultaneously and therefore this is the most flexible of the cyclotrons. 
In the ACSI and Sumitomo machines, there are four targets on each side of the 
machine and any one of the four targets on one side may be irradiated with any 
one of the four targets on the other side of the machine; therefore, this gives good 
flexibility in irradiation choice. The GE PET trace can irradiate any two targets as 
long as they are at least two targets away from each other (target 1 can be run with 
targets 4, 5 and 6, target 2 can be run with targets 5 and 6, etc.). This decreases 
flexibility somewhat, but should not result in serious problems if care is taken in 
target arrangement.   

Satisfactory gas and liquid targets for producing isotopes of carbon 
nitrogen, oxygen and fluorine are available from all manufacturers. Automated 
synthesis systems are available for many radiopharmaceuticals of clinical 
interest, both from cyclotron manufacturers and from other companies, and target 
systems are also being developed by manufacturers other than GE Healthcare, 
Siemens, IBA, and ACSI.

FIG. 5.1.  Target arrangement for the three higher energy cyclotrons. At left is the IBA 
Cyclone 18/9, in the centre is the GE PETtrace, and at right is the ACSI TR19.
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The nuclear reaction products arising from the irradiation of gas and liquid 
targets are easily transported to the synthesis or processing equipment using 
shielded tubes. While minimum distances from the target to the processor are 
desirable because of possible line loss, transport distances of well over 30 m have 
been successful in routine production. 

There is considerable interest in some PET radionuclides that have not been 
in routine use. These include some of the metal radionuclides, such as 64Cu and 
86Y. These radionuclides must be made using a solid target system. Although 
there is research interest in these radionuclides, there is no clinical use for them at 
the moment. It is suggested that a solid target system not be installed until such 
time as radiotracers using these radionuclides have been proven to be clinically 
useful. If these radionuclides are being considered, then a beam line is a valuable 
addition to the radionuclide production capability.

5.1.6. Maintenance and service agreements

Service on the cyclotron is one of the most important aspects of the facility 
maintenance. If the cyclotron is not in operation, no radionuclides can be 
produced. For this reason, the maintenance and service should be considered 
from the beginning of the process. A maintenance contract can be negotiated with 
the vendor if facility personnel cannot take care of routine maintenance either for 
reasons of technical expertise or of time constraints. Service agreement details 
and costs should be obtained in writing during the purchase of the cyclotron.

Modern cyclotrons are almost totally automated (depending on the model 
and manufacturer) and require very little expertise to operate. On the other hand, 
it is advisable to have at least one or two people on the staff capable of cyclotron 
maintenance and repair.

An array of spare parts should be on hand in the facility to quickly replace 
parts which may fail more frequently. A list of recommended spare parts can be 
obtained from the cyclotron vendor.

5.2. PET/CT SCANNERS

5.2.1. Basic components of a PET system

The basic components of a PET system are shown in Fig. 5.2. These include 
the scintillator, detector, photomultiplier tubes (PMT), electronics, and 
reconstruction software.   
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Each of the PET system components shown in Fig. 5.1 makes an important 
contribution to the overall performance of the PET system. Each component has 
desired characteristics which need to work in harmony with the other 
components. The scintillator crystal, for example, stops gamma photons emitted 
from the patient and relay the signal in a form of light that the detector can 
distinguish. Scintillators can be made from different crystals that have slightly 
different properties in terms of stopping power, decay time, light output, emission 
of light, etc. The properties of interest for crystals which can be used in PET are 
given in Table 5.3.   

TABLE 5.3.  CHARACTERISTICS OF THE MOST IMPORTANT 
SCINTILLATOR CRYSTALS USED IN PET (FROM REF. [5.2])

Crystal
material

Light yield
(photons/MeV)

Emitted
light
wave
length
(nm)

Light
emission

decay
time
(ns)

Density
(g/cm3)

Effective
atomic
number

Refractive
index

Energy
resolution at
511 keV (%)

NaI(Tl) 38 000 415 230 3.7 51 1.85 10

BGO (Bi4Ge3O12) 9 000 480 300 7.1 75 2.15 20

LSO
(Lu2SiO5)

26 000 420 40 7.4 66 1.82 15

LYSO
(Lu1-yYy)2(1-x)SiO5

32 000 430 40 7.1 66 1.82 12

GSO (Gd2SiO5) 13 000 440 50 6.7 59 1.85 15

LaBr3 (5% Ce) 60 000 370 25 5.3 47 1.9 10

LuAP (0.4% Ce)
(LuAlO3)

12 000 365 18 8.3 65 1.94 7
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FIG. 5.2.  Basic components of a PET system.
36



The NaI(Tl) crystal has mostly been used in the past, and BGO and GSO 
have been more common up to very recently. However, today practically all 
manufacturers have chosen LSO or LYSO as the scintillator for state of the art 
PET systems. The reasons are that LSO and LYSO have relatively high linear 
attenuation coefficients, and they have the shortest decay time (40 ns) among the 
crystals listed above. This short decay time allows the application of time of flight 
(TOF) methodology in the reconstruction process of images, which significantly 
reduces the noise in the images and improves contrast. Short decay time also 
allows scanning with higher count rates, which is important in 3-D mode PET, 
and leads to shorter acquisition times.

The design of the detector, which includes the size and shape of the crystals, 
and the packing and positioning of PMT tubes, is also very important. Different 
PMT tubes have different properties with regard to timing and uniformity. The 
electronics behind the PMT tubes determine the speed and accuracy of 
processing. Finally, the reconstruction algorithms sort the acquired data into 
readable images, and are frequently being improved by vendors.

5.2.2. Recent developments of PET/CT systems

All new PET systems are manufactured in combination with CT and these 
are the considered state of the art technology (shown in Fig. 5.3).

FIG. 5.3.  Schematic view of a typical PET/CT scanner.
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A more recent development, TOF, can significantly reduce the signal to 
noise ratio and improve the contrast in clinical images, which leads to better 
detection of lesions, especially small ones and those in large patients [5.3]. TOF 
is based on measuring the difference in arrival time of the two coincidence 
photons at the detectors in order to better locate the annihilation position of the 
emitted positron (Fig. 5.4). TOF PET/CT systems require all the components of a 
PET system (as shown in Fig. 5.2) to be state of the art. It must include fast 
crystals (e.g. LSO or LYSO), appropriate detectors, very fast PMT tubes, 
electronics, and processing computers. TOF reconstruction algorithms require 
significantly more computing power and time because it is necessary to perform 
TOF calculations for each line of response (LOR).   

Other recent advances in PET technology are depth of interaction (DOI) 
correction, utilizing new detectors, either fast ceramic or other inorganic 
scintillators, or detectors with higher quantum efficiency, i.e. avalanche 
photodiodes (APDs). Also, new reconstruction algorithms, mostly 3-D 
algorithms, have been developed with the inclusion of the TOF information.

Recent developments also include the creation of PET/MRI (magnetic 
resonance imaging) systems, which is made possible by using APDs instead of 
magnetically susceptible PMTs. These developments have already been achieved 
in microPET/CT systems and are being studied in larger prototypes. One 
approach is to use PET and MRI as two separate devices that are close together 
(Fig. 5.5).         

A second approach, which allows true simultaneous PET/MRI, was 
technologically developed with PET scanner as an insert within a whole body 
MRI. After inauguration of preclinical PET/MRI scanners, dedicated for small 
animal imaging [5.5], the first clinical PET/MRI was introduced in 2007 
(Fig. 5.6). The magnetic field insensitive PET scanner is inserted into a 3 T 

FIG. 5.4.  Illustration of the TOF concept. Image elements contributing to an LOR for 
conventional PET (left) and TOF PET (right) [5.4].
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FIG. 5.5.  A prototype whole body PET/MRI system. The system provides the full clinical 
spectrum of applications in a whole body solution. The device is intended for use as a research 
tool only and has not been released for commercial sale, nor does it have 510K(FDA) 
approval. (Courtesy of Philips Healthcare, USA.)

FIG. 5.6.  Drawing and photograph of an integrated PET/MRI design showing isocentric 
layering of MR head coil, detector ring, and tunnel of MR magnet (from [5.5], modified; 
courtesy of Siemens).
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clinical MRI system and allows simultaneous data acquisition from both PET and 
MRI. First clinical results were very encouraging and proved the feasibility of 
integrated PET/MRI technology based on APDs [5.6].

5.3. RADIONUCLIDE ACTIVITY CALIBRATOR1

The radionuclide activity calibrator is a fundamental requirement for the 
operation of a PET centre. It allows accurately measured radiopharmaceutical 
doses to be administered to patients, and is also used for other laboratory tasks 
like measuring time–activity curves. A PET centre will thus be equipped with one 
or more radionuclide activity calibrators, depending on the type of installation. 
The dose calibrator has to be calibrated at a standards dosimetry laboratory; 
alternatively, a set of calibration sources (traceable to a primary standard) should 
be available on site. In routine practice, a minimum of one check source traceable 
to a primary standard is required.

A radionuclide activity calibrator is in essence a well type, gas filled 
ionization chamber into which a radioactive material is introduced for 
measurement. A typical radionuclide activity calibrator is depicted schematically 
in Fig. 5.7.

The activity of a sample is measured in terms of the ionization current 
produced by the emitted radiations that interact within the gas of an ionization 
chamber. The chamber is usually sealed and under pressure, and has two coaxial 
cylindrical electrodes maintained at a voltage difference from a suitable supply.

In the associated electrometer, the ionization current is measured and 
displayed, usually in digital form, in units of activity (e.g. becquerel). The 
measurement involves the application of a calibration coefficient that 
corresponds to the ionization current produced by unit activity of the radionuclide 
being assayed. The calibration coefficient for an individual radionuclide depends 
on the volume and physical nature of the sample as well as the container 
construction and its position within the well of the ionization chamber. For use in 
PET, the dose calibrator must be calibrated against a traceable source in a similar 
geometry to that being used in the clinical dose in order to ensure accuracy. A 
check against this traceable source should be done routinely (daily is preferable).

1 Most of the material in this section has been taken from the IAEA publication Quality 
Assurance for Radioactivity Measurement in Nuclear Medicine, Technical Reports Series 
No. 454, IAEA, Vienna (2006).
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Lead shielding around the ionization chamber provides protection to 
personnel against radiation hazards and reduces the effect of environmental 
radiation (background). A sample holder and a removable liner that can be easily 
cleaned in the event of radioactive contamination of the chamber well are usually 
provided.

Further information regarding these types of equipment, including their 
usage, calibration and quality assurance (QA)/quality control (QC) can be found 
in IAEA Technical Reports Series No. 454. For activity calibrators used in PET, 
particular care should given to selecting appropriate equipment, particularly with 
regard to linearity for activities greater than about 20 GBq.

5.4. AUTOMATED RADIOPHARMACEUTICAL MODULES

5.4.1. Nucleophilic fluorination

Syntheses of radiopharmaceuticals are performed in automated modules 
that are usually placed in lead shielded hot cells for radiation protection purposes. 
The modules use radiochemical syntheses for which the reaction parameters have 
been determined in detail. For well known compounds such as FDG, modules are 
commercially available. For other compounds, modules can be purchased which 
can be programmed to perform a wide variety of synthetic procedures. That 
additionally opens the possibility of changing synthetic procedures and 
parameters in order to optimize the labelling reaction during automatic operation.

FIG. 5.7.   Schematic of a radionuclide activity calibrator.
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Except in the case of F-DOPA, all fluorination reaction modules use 
nucleophilic substitution reactions with 18F-fluoride. This type of labelling 
procedure typically implies a sequence of reaction steps:

— 18F-fluoride is produced in 18O enriched water. It can be extracted from the 
18O water or used directly. It is mixed with a weak base and transferred into 
a solvent such as acetonitrile or DMSO for evaporation to dryness. The 
reason for this is that the fluoride ion is not reactive at all in aqueous 
solution, so a careful evaporation of all traces of water is mandatory to use 
18F-fluoride in the labelling reaction described in the next item. 

— The fluoride is brought into solution either with a cryptand complexing 
agent such as kryptofix 222 or with a tetraalkylammonium salt.

— Within the ‘reactor’ (which can be cooled or heated according to the 
reaction conditions), the reaction is carried out and then the cleavage of any 
protecting groups (‘hydrolysis’) is performed.

— Some modules use cartridges to isolate the intermediate product before 
hydrolysis or to remove the product from the reaction solution if the 
labelling reaction is almost quantitative. Conditions for elution of the final 
product off the column are usually chosen so that the result is an injectable 
solution. 

— If undesired products are also obtained in the reaction, a separation step is 
necessary which is usually done with semi-preparative high pressure liquid 
chromatography (HPLC).

For the synthesis of FDG, modules are available with fixed programmes using 
switching valves or systems with disposable cassettes or similar disposal 
set-ups.

An advantage of modules with disposable cartridges is that the cartridge 
may be removed quickly and another put in its place so that a second synthesis 
may be performed immediately after the first without the necessity of cleaning 
the system in between syntheses. In case of failure, the production can easily be 
repeated. This is not the case in a system that does not use cartridges since there 
contamination remaining in the system. In this case, twin systems are 
recommended so that a second production may be performed quickly. As a 
back-up, a module capable of a wide variety of fluorinations can also be used to 
synthesize FDG.

For 18F-O-fluoroethyl–tyrosine or 18F-ethyl-choline, the modules are 
extended so that the coupling reaction is included as a second reaction step. These 
modules do not markedly differ from those described above. The valves and 
fittings used in these modules are commonly available all over the world.
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5.4.2. Electrophilic fluorination

For most compounds containing benzene, and other compounds which do 
not undergo nucleophilic fluorination readily, electrophilic fluorination 
(a reaction involving a positively charged F-atom) may be possible. The most 
common example is the synthesis of [18F] FDOPA. The particularly high electron 
density at the benzene ring gives rise to repulsion of the negatively charged 
18F-fluoride-ion and no bond formation is possible. For this type of 18F labelling, 
[18F]F2 is produced at the cyclotron with gas phase target systems. Because of the 
high reactivity of molecular fluorine with traces of air or water, it must usually be 
bubbled through the reaction solution as a gas. The labelling reaction is carried 
out in modules with valves as discussed above which are available from several 
commercial vendors.

5.4.3. Labelling with carbon-11

The established method for production of methyl iodide starts with the 
catalytic reduction of 11CO2 or a mixture of 11CO and 11CO2 (which is the 
chemical form of the carbon-11 obtained directly from the target after irradiation) 
to [11C]methane. The 11C-methane is circulated through iodine at 700°C and 
methyl iodide is then trapped from the circulating 11C-methane by adsorption on 
a Porapak column. 

5.4.3.1. Methyliodide module

The most widely used synthetic method for the production of methyl iodide 
is the catalytic reduction of 11CO2 or a mixture of 111CO and 11CO2 to 
[11C]methane. This is due to the fact that 11CO2 is the primary chemical form of 
carbon-11 produced in the nitrogen gas target. After conversion, the 11C-methane 
is circulated through iodine at 700°C and methyl iodide is then trapped 
adsorptively from the circulating 11C-methane on a Porapak column.

In the methylation reaction, the methyl iodide is desorbed. It may also be 
used for the on-line formation of 11C-methyltriflate with the advantage of higher 
labelling yields due to the higher reactivity of 11C-methyltriflate in comparison to 
11C-methyliodide.

5.4.3.2. Methylation reaction

Modules for labelling with 11C contain a unit for the formation of 
11C-methyliodide or 11C-methyltriflate. The 11C precursor is transferred from the 
separate module by helium gas to the reaction vessel. The reaction vessel is 
43



usually cooled to trap the methyl iodide and then heated afterwards to carry out 
the reaction. The isolation of the intermediate or final product may be possible by 
adsorption on a cartridge (solid state extraction) or in the case where there are 
methylated side products, the product must be purified by HPLC.

5.4.3.3. Maintenance and repair  Service contract

Vendors can provide service contracts for the maintenance of the synthesis 
modules. However, good training of the facility personnel is important because 
an understanding of the reaction details and module parameters enables facility 
staff to make simple repairs or process changes quickly. Production failures can 
often be avoided if there is a general understanding of the process and parameters 
and rapid action is taken. Valves and fittings should be checked frequently. 
Simple repairs such as replacing a malfunctioning valve can be easily carried out 
by well trained personnel. A good supply of spare parts at the facility is also good 
practice so that parts are readily available. The vendor may also supply telephone 
support either free of charge or as part of a service contract. This support should 
be delineated in writing during the purchase negotiations with the vendor.

If the products are to be distributed, there should be a separate room for the 
packaging and shipping of radiopharmaceuticals. Licensing and/or registration of 
the facility with the appropriate authorities is required before commercial 
distribution. This will depend entirely on the local regulations.

5.5. HOT CELLS

One of the key pieces of equipment in the radiopharmacy is the hot cell. 
The hot cell provides a shielded enclosure for handling highly radioactive 
materials and serves as an isolator providing clean environment for the 
preparation of radiopharmaceuticals. The choice of hot cell will depend on 
whether one wants two independent modules or two modules in the same hot cell. 
This will depend on the type of facility and the production schedule. Having the 
ability to carry out a second synthesis is very advantageous in a clinical 
programme when patients are waiting for the radiopharmaceutical. The key issue 
is radiation protection in case of synthesis failure. If the synthesis modules are in 
two separate shielded enclosures, there will be a lower radiation dose than if the 
hot cell must be opened in order to load the second module or to clean and 
prepare the same module for a second synthesis. The thickness of lead shielding 
is determined by the quantity of FDG being processed; 75 mm of lead or 
equivalent is typical. For radiation safety reasons, the air pressure inside the hot 
cells should be maintained well below the pressure of the room where the hot cell 
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is situated. Furthermore, the hot cells should be equipped with an appropriate air 
handling system (inlet and outlet air filters as a minimum). Lead glass windows 
or TV monitors should be provided with the hot cells.

Hot cells are commercially available from several manufacturers. Shielded 
enclosures for synthesis modules are usually smaller and more compact and come 
in designs that may include the ability to stack synthesis modules or to place two 
or more side by side in the same module. Redundancy in FDG synthesis modules 
is recommended in case mechanical or chemical problems result in a failed 
production.

5.6. RADIOANALYTICAL EQUIPMENT

As safety of drugs has become a particularly important issue in the last 
years, it is of great importance that the appropriate quality management systems 
for validation and the appropriate radionalytical equipment for radioanalytical 
testing are duly considered [5.7].

The modules applied for performing the syntheses mainly include HPLC 
systems for isolating the product out of the reaction solution. At any rate, careful 
analysis of each batch is necessary for ensuring the chemical and radiochemical 
purity and identity of the product. 

HPLC and thin layer chromatography (TLC) are generally used in parallel. 
There were misleading discussions denying the need for such an approach. Yet, 
while its high resolution allows HPLC to ensure the identity of the compound and 
exclude impurities, TLC permits the correct activity balance of the product 
related to the total activity of the solution.

5.6.1. High pressure liquid chromatography

Two HPLC systems are considered to be the core of the radioanalytical 
equipment, one with a gradient system and a UV array detector and one with a 
refractive index detector (RI) in parallel to a UV detector with multiple 
wavelengths. The systems should be equipped with column switching valves for 
fast changing between different columns. 

Depending on the programme of radiopharmaceuticals to be produced, two 
to four isocratic HPLC systems with UV detector are necessary in addition. All 
systems have a shielded NaI(Tl)-scintillation detectors in line with the other 
detectors for simultaneous registration of radioactivity and mass.
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5.6.2. Thin layer chromatography

TLC plates are developed in chambers. For detection of the spots, a UV 
lamp (two wavelengths) is used, and radioactivity is recorded by a Phosphor-
Imager or a TLC NaI(Tl) radioscanner.

5.6.3. Gamma spectroscopy:

The purity of the radionuclides produced at a cyclotron is controlled by 
gamma spectroscopy for which usually a Ge semiconductor crystal is used. 
Interestingly, for that purpose a low cost NaI(Tl) crystal can be used since 
resolution is sufficiently good for controlling the PET radionuclides, but the 
efficiency for long term purity control is advantageously high. As some of the 
important radionuclides can only be differentiated by their half-life, a programme 
for automated determination of the half-lives is particularly useful. The impurity 
of 13N in 18F can only be determined in this way.

5.7. MISCELLANEOUS LABORATORY EQUIPMENT

As in any chemical laboratory, equipment is needed such as a pH meter, 
osmometer, melting point apparatus, balances, microevaporator with vacuum 
pump, distillation unit, glassware for simple organic chemical work, a small IR 
spectrometer and an ultrasound bath. These are all small pieces of equipment 
which financially come to an amount which cannot just be added if not planned 
from the beginning. This is an example why some centres may experience 
difficulties in getting started.
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6. PET FACILITY DESIGN

6.1. MODELS OF CLINICAL PET FACILITIES

A PET/CT scanner can be installed in any room measuring approximately 
8 m  5 m, or even less, that meets requirements from the manufacturer (such as 
weight bearing capacity, temperature stability, and adequate power supply), as 
well as issues concerning radiation safety (e.g. shielding). Access to a PET/CT 
scanner will strongly influence performance of diagnostic services. Hence, there 
are various models for setting up PET facilities in different countries, as they will 
reflect the different developments and organizational structures of different 
health care systems. 

6.1.1. Location inside a hospital

Locating a PET facility within a large hospital has the advantage of 
concentrating health care at a single location that is convenient for patients. 
PET/CT scans can be introduced into standardized institutional diagnostic 
protocols and all patients that meet prescribed criteria can thereby rapidly access 
PET/CT investigations. Education of referring physicians is easier, as is the 
communication of results. The logistic services of hospital will support the 
operation of the PET facility, which is usually organized as a separate clinic of the 
hospital that must be licensed for the handling of unsealed radioactive sources. A 
hospital setting offers the clear advantage of the availability of a resuscitation 
team in the event of rare but life threatening events.

6.1.1.1. Oncology oriented hospitals

A PET facility situated within a hospital with a large oncologic case load, 
such as a cancer centre, can operate very efficiently due to the ease of patient 
scheduling. When a late cancellation of a PET/CT investigation occurs, another 
patient can easily replace the cancelled one without loss of scanner time or 
wastage of expensive radiopharmaceuticals.

It should be kept in mind that in an oncology oriented hospital the need for 
PET/CT investigation can easily exceed the capacity of a single PET/CT scanner, 
limiting access for patients from other nearby health care facilities.
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6.1.1.2. Hospitals without a specific oncological orientation

Although a general hospital may not fully utilize a PET/CT scanner with its 
own patients, this potential drawback is offset by a greater potential of access 
offered to out patients or to patients and referring clinicians from other health 
care facilities. This should be considered at a national or regional level when 
introducing the first PET facility, if equity of access is to be achieved.

6.1.2. Stand alone PET facility

There are also PET facilities that are established as a stand alone centre, i.e. 
outside a hospital. These facilities are set up as out patient clinics as the vast 
majority of patients can undergo PET/CT on an out patient basis. A necessary 
requirement for such a facility is access to good transportation for patients. There 
is also a need for good communication between such a PET centre and referring 
health care providers. Connection through picture archiving computerized 
systems (PACS) for rapid access to reports and images, and the possibility of 
teleconferencing, are desirable.

With regard to hospitals, access to medical emergency facilities is important 
to prevent extremely rare but potentially fatal allergic reactions to radiological 
contrast media used for the CT component of the procedures.

6.1.3. Mobile PET

PET/CT scanners can be mounted on a truck and a mobile unit can operate 
on a regular basis in a specific region. The advantage is that even small health 
care facilities gain access to PET/CT services tailored to their demands (e.g. two 
days a week or even less) and patients do not have to travel to a distant PET 
centre. 

The major disadvantage is that the logistics required to achieve smooth 
operation of such a facility, including planning transportation, and ensuring 
availability of personnel and radiopharmaceutical, requires extra efforts.

When local personnel are employed to report the PET/CT scans, there is the 
disadvantage of generally lower experience compared with that available in high 
throughput facilities, with the risk of lower accuracy of some reports. However, 
the level of interaction with local referring doctors will be definitely better than 
what could be achieved when reports are generated by remote specialists using 
teleradiology.

Mobile PET/CT units are becoming increasingly widespread. They must be 
held to the same standards of quality as fixed units. Therefore, all procedures 
stated in this publication are required also for mobile imaging systems [6.1].
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6.1.4. Research oriented non-clinical institution

In the past, PET scanners were often installed in non-clinical facilities 
where they were utilized for research purposes. When scanner time was not 
occupied by research studies, those scanners could also be utilized for clinical 
investigations. This model is no longer viable because specialized pre-clinical 
PET scanners are available on the market and they are more appropriate for 
research in comparison to clinical PET/CT scanners. 

Overall, in all current models in PET/CT facilities, efficient use of the 
scanner, staff, available isotopes and other infrastructure require a high 
throughput of patients. Optimal clinical utilization of PET/CT is best achieved in 
a tertiary health care facility.

6.1.5. Number of installed scanners

Most PET/CT facilities have only one scanner. Creating a larger facility 
with more scanners increases its efficiency significantly. Operating two scanners 
requires less than twice the amount of radiopharmaceuticals and thereby reduces 
production and transportation costs for each individual patient dose. Medical, 
technical, nursing and secretarial personnel can also be used more efficiently. In 
case of planned downtime or unexpected breakdowns of one scanner, the other 
can be utilized for high priority procedures or operate for extended hours to 
prevent cancellation of scheduled studies. This is particularly important for 
patients already injected with radiotracer, thus avoiding unnecessary irradiation 
resulting from administration without being scanned. Indeed, when more than 
one scanner is installed, the operation of a PET centre becomes smoother and 
more robust.

As the number of investigations increases, radiation protection of the staff 
becomes more important, but this is manageable with a proper usage of the 
various shielding systems available on the market. Planning for more than one 
PET/CT scanner per facility is highly recommended.

6.2. LAYOUT OF A PET/CT IMAGING FACILITY

6.2.1. General considerations

The facility can be divided into two parts. These are the PET/CT imaging 
facility and the cyclotron–radiopharmacy. The cyclotron facility is discussed in 
Section 7. The layout of a PET/CT imaging facility should obviously reflect the 
aims of the project. It should facilitate the production of the final diagnostic 
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product (i.e. the report) in a reliable, easy, efficient and safe way for the patient 
and for the staff.

The rapid developments in PET imaging over the last ten years are due to 
significant achievements in several fields. Among them, the general acceptance 
of the value of FDG-PET in clinical oncology was a major step as it led to the 
widespread use of the technique and an increasing demand for this examination. 
In parallel with this and no less relevant, there were important technological 
improvements.

Among the revolutionary technological changes that took place during this 
period, the first is the introduction of more efficient detectors, like LSO and 
BGO, followed by the introduction of the PET/CT hybrid scanner, which had a 
highly significant impact on the diagnostic value of the PET images and of 
diagnostic imaging in general [6.2]. All of these technological improvements 
happened before a ‘plateau’ had been reached in the use of PET with the previous 
technology, and where its usage was still increasing due to the burgeoning use of 
FDG in oncology and the increasing number of clinical indications approved for 
reimbursement. So, the fast evolution of PET, the increased acceptance of 
FDG-PET in oncology and technological developments, make it difficult for 
facilities to keep the layout in tune with changes in clinical framework and 
imaging context, unless the changes were foreseen and taken into account before 
the layout was implemented. This is especially relevant in the case of PET/CT 
technology, as the peculiarities and characteristics of the equipment have an 
effect on the design and hence on lay out. 

Therefore, the layout is influenced by the distribution and size of the rooms 
required to meet the functional needs, and the radiation protection requirements, 
which depend on the amount and kind of work to be carried out in the facility. 
The layout design process is lengthy and involves several phases, each of which 
depends upon the context, scope and aims of the project. These phases are briefly 
outlined in what follows.

6.2.2. Choice of location

The location of the facility is also a very important issue as it may affect the 
flow of patients, materials, and radiation protection. Easy access for both 
outpatients and inpatients, as well as an independent exit for the patient after the 
scan that avoids mixing with other patients or the public in the building, is 
desirable. The same applies to FDG, which should be delivered as promptly as 
possible either to the hot lab of the facility in case individual doses are going to be 
dispensed from a vial or to the preparation rooms in case they are delivered as 
monodose. Radiation protection issues in relation to the kind of work carried out 
in the adjacent rooms around the facility and above and below should be 
51



considered to avoid unnecessary exposure of the public as well as potential 
interference with sensitive instrumentation. 

Setting up the PET/CT facility in place of a pre-existing PET only facility 
may require significant renovation work. Consideration must be given to the size 
of the scanning room, the number of preparation rooms (a larger number of 
preparation rooms permitting a higher throughput of patients) and the need to 
meet with additional radiation protection requirements. Nevertheless, provided 
the space available is large enough to meet all the needs, a total renovation can 
provide a satisfactory installation consistent with the mission of the facility and 
radiation protection regulations.

Overall, the construction of a new building is the most favourable choice 
since it offers better choices in terms of the most appropriate site design, 
distribution of activities and size of the whole facility.

Locating the facility in a nuclear medicine department deserves special 
consideration as it offers many advantages. First, considerable space can be saved 
since many rooms can be of common use (see the next section on design). 
Second, the staff members are already trained in the use of radiotracers and are 
familiar with radiation protection issues. Moreover, a larger number of staff will 
allow more frequent rotation and hence the minimization of radiation exposure.

A vision for the future is a must when dealing with a technique like 
PET/CT: there is increasing demand, and indications are very likely to increase 
considerably. Space must therefore be allotted for future growth. Whatever the 
decision concerning the location, the total space allocated to the facility must be 
consistent with the functional programme, which defines the number and variety 
of activities to be performed within the PET/CT facility.

6.3. DESIGN OF THE FACILITY

The design of the facility has to suit the functional programme, which 
defines the activities of the facility and will be reflected in the layout. It is crucial 
for the success of the facility to organize a design team that can work in a 
coordinated way. That includes the facility director, physicians, architects, 
engineers, radiation protection experts, and equipment vendors.

The next step is to develop a floor plan taking into account how the rooms 
and the space will be distributed according to functions to be performed in each 
area the flows and radiation protection measures. A suggested layout is described 
below.

According to the risk and level of radiation exposure, in the following, 
different functions will be allocated to areas with either a low risk (Section 6.3.1) 
of significant radiation exposure (so called ‘cold’ or ‘uncontrolled areas’), or with 
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high risk (Section 6.3.2) of radiation exposure (so called ‘hot’ or ‘controlled 
areas’). Activities listed under Section 6.3.1 could be shared with other facilities 
(e.g. if the PET centre is set up in an already existing nuclear medicine and/or 
diagnostic imaging department).

6.3.1. Low risk areas

Reception. As patients arrive they are received and logged in by the 
administrative staff. Brochures and leaflets with general information about the 
PET/CT technique and any specific recommendations that apply to their 
particular scan should be provided and available to read while waiting. Typically, 
the reception is located at the front of the facility, normally with the secretarial 
room to its rear. Both areas need between 10–20 square meters, depending on the 
workload. 

Waiting room. The appointment schedule should allow for a waiting time of 
no more than 30 minutes and if any delay is likely patients should be informed. It 
should be taken into account that oncological outpatients frequently come with an 
accompanying person, and so the waiting room should be constructed 
accordingly. An area of no less than 16 square metres is advised for a department 
with a single scanner. A location close to the reception is recommended.

Consulting room. In this room the request and clinical records are analysed 
and the patient is interviewed and physically examined, if necessary. The patient 
is informed about the nature of the specific examination he/she is undergoing. 
This room should be close to the waiting room and adequately equipped. A 
supply of oxygen gas for medical use and vacuum for aspiration and all other 
services as per local regulations should be provided. An area of not less than 
12 square metres is necessary.

Cleaning utilities room and store. A small room or cabinet should be 
available for the storage of QC phantoms, supplies and other materials. There 
should also be a dedicated space allocated to the cleaning utilities. Those can be 
located at one end of the facility and 5 square metres each would be sufficient.

Offices. In addition to the reporting room, a certain number of rooms should 
be available for clinical, scientific and technical staff, and for meetings and 
teaching activities, the number depending on the size and aims of the unit.

6.3.2. High risk areas

Small hot lab. Normally, PET radiopharmaceuticals can be delivered to the 
injecting room in two ways: either in a monodose syringe or in a vial. When it is 
in a vial, the radioactivity may be very high, depending on the number of patients, 
and each dose has to be dispensed from the vial; in this case, a small room, 
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designed as a basic hot lab with shielding for positron emitters and near the 
injecting room, is needed. The IAEA’s Operational Guidance on Hospital 
Radiopharmacy: A Safe and Effective Approach [6.3] should be consulted for 
proper guidance on setting up this laboratory.

The most favourable situation applies when the PET imaging facility is part 
of a PET/CT centre with its own production unit (cyclotron and radiochemistry 
lab). This allows for mono-dose syringes to be delivered to each injecting room in 
lead containers.

Preparation, injection and uptake room. When procedures start, patients are 
asked to lie on a bed or to sit on a reclining chair. They might be medicated or 
otherwise treated according to the protocols followed in the unit before being 
injected with the FDG dose. If there is no specific changing room, a locker or 
small wardrobe should be provided in the preparation room for safekeeping of 
patient belongings. Position and size are crucial for smooth operations in a busy 
PET centre. These rooms should be located close to the scanners room; an 
adequate work place/station should be available for the nursing personnel. 
Injection/preparation rooms should be available to host three to four patients (not 
less then roughly 12–16 square metres) for each PET/CT scanner installed. 
Patients after injection are a relatively intense source of radiation (of the order of 
30–50 µSv/h per patient at 100 cm just after the administration). The assembly of 
several patients in the uptake room areas is a radiation protection problem that 
should not be overlooked; proper positioning and shielding of the uptake rooms 
need particular attention [6.4].

Toilet. After injection and an uptake period dependent on the protocol, 
before starting the actual PET scan procedure, patients are asked to void their 
bladder. The toilet must be located adjacent to the preparation rooms so that it can 
be easily accessed from any one of them. Within the facility, the toilet and 
preparation rooms are like an independent block that accomplishes specific 
functional and radiation protection requirements. About 30 square metres is 
sufficient for the entire block.

Control and scanning room. This is the core of the facility. The scanning 
room must be easily reached from the preparation rooms and the toilet. The door 
is normally just in front of the preparation block.

Although the area needed for proper installation of a PET/CT scanner can 
be as small as 7 m  5 m, some extra space will ease diagnostic as well as 
maintenance operations. Vendors’ prerequisites and installation guidelines should 
be considered in the planning phase. Also, careful consideration should be given 
to the fact that PET/CT scanners are somewhat demanding in terms of site 
prerequisites: the gantry of a multi-modality scanner could weigh in excess of 
3000 kg. The corridors and angles should allow the biggest single package to be 
moved until its final position. Most parts of the scanners are air cooled; since the 
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power consumption can reach 30 kWh, proper air conditioning is mandatory. For 
scanners that are water cooled, some extra space may be necessary for the water 
chiller.

Post-examination waiting room. Patients should wait in the post-scan 
waiting room while their scans are checked. They will also need to change clothes 
if they are wearing a hospital gown. This allows faster patient throughput. 
Patients are released from the post-scan waiting room and leave the facility.

Reporting room. When the scan is finished the examination is checked and 
the images transferred for reporting. There should be space for at least one 
processing and fusion workstation, one for visualization, a desktop, and the 
typical furniture for diagnostic imaging. The area should be not less than 
10 square meters and it should be located in the same area as the offices. Since 
studies could be transferred through the PACS system, this room does not 
necessarily need to be in the ‘controlled area’.

Waste disposal room. The materials used for the dispensing of the FDG 
and anything which could be contaminated (clothes, linen, etc.) should be 
stored in a dedicated area to let the radioactivity decay before being disposed. 
The whole space required for a facility adhering to the above description is 
about 170–200 square meters, of which about half will be 
‘controlled/restricted’ areas, including the PET/CT block and the tracer 
administration block, while the other half will host activities which do not 
imply the use of any radioactivity, such as offices and the reception block. 
Therefore, should the facility be located in a nuclear medicine department, 
about 40% of the space required could be considered as being for common use, 
which would account for a considerable saving in the budget allocated for 
construction.
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7. CYCLOTRON FACILITY DESIGN

7.1. RADIOPHARMACEUTICAL SUPPLY

A reliable and uninterrupted source of positron emitting radiotracers is a 
basic prerequisite for the successful establishment of a clinical PET facility. The 
radiotracer production model may include the provision of PET 
radiopharmaceuticals only for in-house use as well as the operation of a 
centralized radiopharmacy for local or regional distribution to other PET satellite 
centres. Excess production of radiotracers of 18F and 11C may also be used to 
supply R&D programmes in universities or pharmaceutical companies that utilize 
conventional PET or pre-clinical (small animal) PET scanners.

The strategy regarding where to install a PET/CT scanner is strongly 
influenced by the availability of a reliable supply of PET radiopharmaceuticals. 
The most popular radionuclide for PET is [18F]-fluorine, with a half-life of around 
2 h. This means that at 2, 4, 6 and 8 h after its production only 1/2, 1/4, 1/8 and 
1/16, respectively, of the original activity remains. Locating a PET/CT scanner 
within 4 h of the production unit is acceptable but becomes increasingly 
impractical if transportation times exceed this.

When the establishment of a new PET centre is under consideration one 
must realize that a PET/CT scanner can operate immediately after its installation, 
and after passing all acceptance tests, but the production or distribution of 
radiopharmaceuticals for human use is a greater logistical problem and often 
cannot be established as quickly as the scanner. Many tests and validation 
procedures must be performed to meet the requirements of national regulatory 
bodies. The licensing process takes time. The regular production of 
radiopharmaceuticals for human use may take up to one year after installation of 
all technology. Therefore, timing the installation of the PET/CT scanner 
appropriately is crucial.

Radiopharmaceutical production is also typically more frequently affected 
by downtime than PET/CT scanners. Accordingly, there are advantages in having 
some redundancy of licensed suppliers of radiopharmaceuticals. The existence of 
competitors in the market is of general advantage as well but needs to be balanced 
with the potential for wastage of resources if insufficient doses are sold by each 
supplier to amortize production costs.

7.1.1. Supply from a distance

As discussed above, it is possible to install a PET/CT scanner up to 4 h 
away from a cyclotron facility. However, before committing to such a model, a 
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feasibility study should be carried out with tests simulating regular delivery of 
[18F]-fluorine based radiopharmaceuticals twice a day. Unexpected complications 
like fog at the airport, icy roads, traffic jams, customs and special check-in 
requirements when handling radioactivity should be taken into account and the 
reliability of transportation within a time limit of 4 h should be assessed. By air, a 
feasible flying time is generally 2 h or less when combined with the time taken 
for road transportation and goods clearance. Door-to-door transportation is often 
influenced by the traffic conditions at different times of day and by weather. 
Again, testing this under appropriate situations is vital to ensure the practical 
operation of a remote site.

Supply from a distance is valuable in the following situations:

— Temporarily, when the PET/CT scanner has been installed, but the local 
radiopharmaceutical facility is still under construction or being licensed;

— As a secondary backup source;
— As a source of complementary radiopharmaceuticals that are not available 

locally;
— As a potential alternate source of supply, thus increasing competition 

between suppliers.

The clear disadvantage of the supply from a distance model is the higher 
cost of individual doses, and the inability to access radionuclides with shorter 
half-lives such as 11C. However, this might not be a major disadvantage in clinical 
practice, since the vast majority of PET investigations is based on [18F]-fluorine 
which may be transported over reasonable distances.

7.1.2. On-site individual preparation

On-site individual preparation of radiopharmaceuticals is advantageous 
since radionuclides with shorter half-life (such as 11C, 13N and 15O) can be 
utilized as well as complementary radiopharmaceuticals for specific diagnostic 
tests. The disadvantage of this approach is the higher cost because the complex 
facility installed and the personnel serve only one clinical PET centre.

7.1.3. Satellite concept

The satellite concept merges both previous concepts and identifies the most 
efficient model where one or more peripheral PET scanners are supplied with 
radiopharmaceuticals from a remote cyclotron. It is valuable to create one 
centrally positioned production unit located in close proximity to several PET/CT 
scanners and co-located with at least one. This means that at least part of 
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production can be utilized directly on-site without any transportation losses. The 
higher production capacity enables supply to be provided to other scanners within 
a distance of up to 4 h travel time. Thus, the cost of the equipment and personnel 
can be divided between more investigations. Ideally, the satellite unit should be 
located so as to ensure good access to traffic arteries.

The satellite system of distribution can be established step by step. At first 
the production may supply one or more local PET/CT scanners. The existence of 
the production unit then facilitates decisions by other health care facilities in the 
vicinity to install their own PET/CT scanners, which will be supplied by the 
central production unit. 

The satellite radiopharmaceutical production model is strongly recommended.

7.2. LAYOUT OF THE CYCLOTRON FACILITY

In drafting this report, consideration has been limited to the following three 
types of facilities. A great deal of information on the planning and operation of a 
cyclotron radiopharmacy may be found in Ref. [7.1].

7.2.1. Type 1 facility: radionuclide generator or facility
with an external supply of radiotracer

The simplest type of PET centre is one where radionuclides are supplied by 
generators, or are purchased from a local distribution centre either in the form of 
radiochemicals or as finished radiopharmaceuticals. Typical examples of the 
isotopes that could be produced from generators are 62Zn/62Cu and 82Sr/82Rb. 18F 
can be delivered from a regional centre, either as FDG or as a fluoride ion. 18F in 
the form of fluoride ion can be processed into a radiopharmaceutical on-site.

This situation does not require an accelerator, but does require the 
allocation of some laboratory space. In most cases, the radionuclides will not be 
in the form of the desired radiopharmaceutical and, therefore, must be processed 
either with a commercial kit, with more extensive simple chemistry, or in an 
automated synthesis module. This implies that there must be shielded space 
somewhere near the PET/CT scanner suite to do the processing. The more 
extensive the chemistry required, the more elaborate are the facilities that will be 
needed. This will be separate from the space required to do the blood analysis, 
which will be in or near the PET suite. The bare minimum will be a space to 
process, and a separate space with the facilities to do QA on the final product 
before injection. A set of guidelines for the areas needed for these activities is 
given in Table 7.1 and in the following tables. These are representative values and 
may vary with the scope of the facility.   
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7.2.2. Type 2 facility: Cyclotron production for in-house use

In this type of PET centre, a small accelerator is used to generate some, or 
all, of the commonly used positron emitting radionuclides (15O, 13N, 11C and 18F). 
In addition to these radionuclides, some commercially purchased generators may 
be used.

TABLE 7.1.  SPACE REQUIREMENTS FOR A TYPE 1 FACILITY

Function Classification
Area
(m2)

No. of air
changes

(h–1)

Room
pressure

(Pa)

Entrance for personnel Uncontrolled area 4 — —

Offices for staff Uncontrolled area 50 — —

Quarantine storage room Uncontrolled area 5 — —

Material entrance Uncontrolled area 3 — —

Corridor Uncontrolled area 24 — —

Janitorial room Uncontrolled area 2 — —

Kitchen Uncontrolled area 9 — —

Data centre (archive) Uncontrolled area 7 — —

Toilets Uncontrolled area 12 — —

Storage room for released raw materials Uncontrolled area 12 — —

Storage room for technical gases Uncontrolled area 2 — —

Personnel airlock for entering
the controlled area

Controlled area 9 5–10 –5

Corridor Controlled area 34 5–10 –10

Preparatory laboratory Controlled area 7 5–10 –10

Radiopharmaceutical handling
Controlled area,
GMP class ‘C’

16 10–20 +20

Storage for radioactive waste,
recalled products andretention samples

Controlled area 3 5–10 –25

Janitorial room Controlled area 2 5–10 –10

QC laboratory Controlled area 25 5–10 –10

Material airlock/emergency exit Controlled area 4 5–10 –5
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QA testing must be done on representative samples to verify that the pH, 
radiochemical purity, pyrogens and radionuclidic purity are within QA limits. 
These samples can then be sent out for sterility testing. The space required for the 
QA testing will be the same as for a Type I facility, or about 30 m2 (300 ft2). The 
processing space requirements will also be about the same as the Type I facility 
and, of course, the testing and processing areas should be separated.

With an accelerator on-site, the spectrum of radiopharmaceuticals which 
may be produced is much wider. This type of accelerator will require additional 
shielding, as well as space for electronics, water cooling, a heat exchanger, and a 
control room. There is a wide choice of accelerators available from 
manufacturers. The choice will depend on the specific situation, but some 
guidelines are given in Ref. [7.1].

There will almost certainly be some synthesis modules in use, which may 
be supplied by the manufacturer of the accelerator or purchased separately. This 
type of facility has the potential for expansion in the future. New 
radiopharmaceuticals may be developed which offer better diagnostic tools for 
the physician. However, this facility will rely on the manufacturer to produce a 
commercial unit for the production of these radiopharmaceuticals, since the 
facility personnel will not be developing any chemical syntheses or designing 
automated synthesis modules.

Facilities for the synthesis modules should be situated near the cyclotron 
and PET/CT areas (to minimize transfer losses), and be well shielded to prevent 
undue radiation exposure to personnel. The ideal situation would be a small 
shielded room where the synthesis modules are easily accessible. The more usual 
situation will be that the synthesis modules are inside small shielded enclosures 
(mini hot cells), where access is somewhat more restricted. A consideration in 
this arrangement is to be sure that a module that must be loaded with fresh 
reagents for the next synthesis is shielded from another module that still has a 
substantial amount of radioactivity from the last synthesis. There should also be 
sufficient space around each module that it is possible to access it, and perform 
maintenance and repairs easily.

Another possibility is to have the synthesis modules in the cyclotron vault 
or other shielded area. This has two disadvantages. If the cyclotron is not 
completely self-shielding, then reagents cannot be added while the accelerator is 
running. The second disadvantage is that some types of electronics are 
particularly susceptible to radiation damage (specifically from neutrons), and 
storage in a high radiation environment will require frequent replacement of 
parts. An alternative is to use a substantial amount of shielding around each 
module, but this usually restricts access and increases the space occupied by each 
module. The minimum amount of space required for this facility is listed in 
Table 7.2.   
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TABLE 7.2.  SPACE REQUIREMENTS FOR A TYPE 2 FACILITY  

Function Classification
Area
(m2)

No. of air
changes

(h–1)

Room
pressure

(Pa)

Entrance for personnel Uncontrolled area 4 — —

Offices for staff Uncontrolled area 50 — —

Quarantine storage room Uncontrolled area 5 — —

Material entrance Uncontrolled area 3 — —

Corridor Uncontrolled area 25 — —

Janitorial room Uncontrolled area 2 — —

Kitchen Uncontrolled area 10 — —

Data centre (archive) Uncontrolled area 7 — —

Toilets Uncontrolled area 12 — —

Storage room for
transport containers

Uncontrolled area 7 — —

Storage room for released
raw materials

Uncontrolled area 12 — —

Storage room for technical gases Uncontrolled area 2 — —

Personnel airlock for entering
the controlled area

Controlled area 10 5–10 –5

Corridor Controlled area 40 5–10 –10

Preparatory laboratory Controlled area 7 5–10 –10

Packing room Controlled area 10 5–10 –10

Personnel airlock for entering
the clean room

Controlled area,
GMP class ‘C’

5 10–20 +5

Radiopharmaceutical production
laboratory

Controlled area,
GMP class ‘C’

20 10–20 +20

Storage for radioactive waste,
recalled products and
retention samples

Controlled area 3 5–10 –25

Service corridor for hot cells Controlled area 5 5–10 –25

Shielding vault for the cyclotron Controlled area
80

(20 internal)
10–20 –60
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7.2.3. Type 3 facility: Cyclotron production for distribution

A type 3 facility will be somewhat similar in requirements to the type 
2 facility. The main difference will be in the requirement for a space associated 
with the distribution function and the more extensive quality control procedures 
will be required. Radioisotope distribution centres have long been associated with 
large operations, which include radioisotope production. A more recent 
development is the distribution centre for a single product such as FDG. The QA and 
laboratory requirements are significantly greater for a distributed product than for 
the one being used in-house. Office space for staff and records management is also 
necessary.

7.2.4. Solid targets: Beam lines

Provision should be made in the vault and radiochemistry laboratory to 
install a beam line on the cyclotron and have an area for processing these targets.

7.2.5. Radiochemistry space requirements

The laboratory should be planned as a suite of rooms, the complexity 
depending on the extent of the proposed work and the number of workers. In 
many countries there are certain requirements for the design and construction of 
adequate radioisotope laboratories. Conformance with these regulations will be 
required from any applicant for a license to manipulate unsealed radioactive 
material. A more complete description of the radiochemistry laboratories can be 
found in Ref. [7.1].

Service room Controlled area 20 10–20 –30

Power supply room Controlled area 10 10–20 –30

Control room for the cyclotron Controlled area 10 5–10 –10

Janitorial room Controlled area 2 5–10 –10

QC laboratory Controlled area 25 5–10 –10

Material airlock/emergency exit Controlled area 4 5–10 –5

TABLE 7.2.  SPACE REQUIREMENTS FOR A TYPE 2 FACILITY (cont.) 

Function Classification
Area
(m2)

No. of air
changes

(h–1)

Room
pressure

(Pa)
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7.2.5.1. Hot cell type

The choice of hot cell will depend on whether one wants two independent 
modules or two modules in the same hot cell. This will depend on the type of 
facility and the production schedule. Having the ability to carry out a second 
synthesis is very advantageous in a clinical programme when patients are waiting 
for the radiopharmaceutical.

7.2.6. Timeline to distribution for new facilities

The amount of time from moving the equipment into the radiochemistry 
laboratory and the time the first delivery of FDG goes out the door is expected to 
be six months to one year. The number of documents that must be created and 
procedures which must be established will define the time line and not the time to 
get the synthesis modules operational.

7.2.7. Facility expansion planning

At some point after the facility has been established, new tracers and a 
larger programme will likely be required. There are several steps which should be 
followed in order to facilitate this expansion. One of the simplest is to set up the 
cyclotron as the central core of the facility and radiate out from there. More detail 
on building design methodology can be found in Ref. [7.1].

7.2.8. Research in pre-clinical research

Depending on the type of facility, animal studies may play a significant role 
in pre-clinical research. If this is the case, provision must be made for the 
production of radiotracers for animal studies. The QC standards are not as high 
for the animal studies as for human studies and, therefore, the production 
schedule can be increased for these types of tracers.

REFERENCE TO SECTION 7

[7.1] INTERNATIONAL ATOMIC ENERGY AGENCY, Cyclotron Produced 
Radionuclides: Guidelines for Setting Up a Facility, Technical Reports Series No. 471, 
IAEA, Vienna (2009).
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8. STAFF REQUIREMENTS: ORGANIZATION
FOR A PET FACILITY

8.1. INTRODUCTION

When a PET centre is to be set up, certain issues have to be dealt with 
during the planning stage before the vendors are called to submit their proposals. 
There are also significant economic implications and consequences arising from 
the purchase as well as operation of the centre. The design of the centre should 
essentially reflect the objectives of the individual facility. This decision will in 
turn decide the type of equipment and infrastructure needed as well as the related 
personnel, quality control and safety issues. Also, the overall size of this facility 
will depend on whether it is integrated into an established nuclear medicine 
service or is a separate PET facility.

Currently, the most common type of PET examination in clinical practice is 
an FDG whole body scan for oncological studies. Whole body scans may truly 
image the whole body or may image the body from the base of the skull to 
mid-thigh, depending on the clinical indications. 

The number of staff, their qualifications and experience are a very 
important, if not the most important, issue for the efficient running of the PET 
facility. Many a times, while designing a PET facility, the availability of adequate 
number of staff might be limited due to various reasons. It is very important that 
the staff be identified early and be sent for training in their area of 
responsibilities.

The functions involved in the workflow process are listed in Table 8.1. The 
key staff involved and venue are listed in Table 8.2. It must be emphasized that 
the staff members are qualified personnel with specialized training.

8.2. PHYSICIANS

To run the clinical activities of a PET/CT scanner, there is a need for 
continuous presence of at least one fully qualified medical doctor. His/her 
qualifications must be in accordance with national rules and the guidelines of 
national scientific medical societies. The number of physicians required for 
running of one PET/CT scanner depends on the number and clinical conditions of 
the patients investigated, on the different types of PET/CT investigations, and on 
the organization of the work at the department (basically the number of daily 
shifts (one or two) as well as the amount of time dedicated to clinical meetings 
with referring physicians). At least one physician should be present for each shift.  
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TABLE 8.1.  PROCESS OF CLINICAL PET SCAN EXAMINATION

Prior to scan

Clinical request. Multidisciplinary evaluation of patient;
Decision on PET scanning.

Giving appointment date. Date, time of appointment.

Instructions to patients. Preparatory instructions.

Scan day

Administrative admission. Registration of patient;
Charging of patient.

Interview with physician. History taking and physical examination;
Final decision on scanning.

Preparation of radiotracer. Amount of radionuclide activity prepared
and measured as unit dose in syringe;
Dosage checked with dose calibrator;
Syringed dose kept in shielded container.

Preparation of patient prior to injection. Change of clothing;
Height and Weight measurement;
Removal of possible artefacts;
Checking of glucose level;
Insertion of IV line/bladder catheter;
Medication;
Oral contrast.

Injection of radiotracer. Injection of radiotracer into the patient;

Waiting (radioactive). Waiting (radioactive) to be scanned.
Empty bladder.

Preparation of scanner prior to scanning. Setting of acquisition parameters.

Patient positioning of patient in scanner. Achieving immobilization of patient in gantry.

Scanning procedures. Transmission and emission scanning;
IV constrast administration.

Completion of scan Quality checking of scan image;
Transmission/exporting of scanned
image/data for archiving and reading;
Removal of IV canula/bladder catheter;
Allowing patient to leave the department.

Reporting of scan Reporting of scan

Dispatch of scan result Dispatch of scan report to requesting doctor.
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Interpretation of PET studies and clinical qualification of responsible 
physicians have been considerably debated, particularly after the introduction of 
hybrid PET/CT scanners [8.1, 8.2]. There are two models of PET/CT interpretation:

(1) The PET component of the PET/CT investigation should be interpreted by 
a licensed nuclear medicine physician with experience in PET, and the CT 
component by a licensed diagnostic radiologist with expertise in CT. Strong 
opinions have been expressed that a single report should be issued to avoid 
inconsistencies, confusion and redundancy. However, this model of 
combined interpretation by two different imaging experts is time 
consuming and its economic efficiency should be taken into consideration.

TABLE 8.2.  KEY STAFF FUNCTION AND VENUE IN CLINICAL PET 
EXAMINATION

Prior to scan Staff involved Venue

Clinical request Referring physician Referring site/clinic

Giving appointment date Administrative staff, nurse Reception 

Instructions to patient Administrative staff, nurse Reception

Scan day

Administrative admission Administrative staff, nurse Reception

Interview with physician Physician Consultation room

Receiving of adioisotope Medical physicist Radiotracer receiving room

Preparation of radiotracer Radiopharmacist Hot lab

Preparation of patient prior
to injection

Nurse Changing room
Waiting room

Injection of radiotracer Technologist/nurse Injection room

Preparation of scanner prior
to scanning

Technologist Console and scanning room

Patient positioning of patient
in scanner

Technologist Scanning room

Scanning procedures Technologist Console room

Completion of scan Technologist Console room

Reporting of scan Physician Reporting room

Dispatch of scan result Dispatch clerk Reception
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(2) When a single imaging expert has to interpret PET/CT images, there is a 
need to define the training requirements for physicians who can interpret 
and integrate both components of the PET/CT scan. This is an ongoing 
matter of discussion inside the international and national societies of 
nuclear medicine and radiology. Independent reporting of PET/CT should 
be done by a licensed physician who has executed and reported under 
experienced supervision a number of PET, CT and/or PET/CT studies 
according to the recommendations of local academic and professional 
authorities.

8.2.1. Training options

High quality image interpretation with hybrid systems requires high level 
training in both nuclear medicine and radiology. There are several ways to 
achieve such training; the choice will differ between countries owing to 
differences in infrastructure and legislation. Training should be properly 
structured and comprehensive and should be conducted in accredited training 
centres. It should incorporate the principles and all modalities of both specialties 
to allow the trainee to acquire a full understanding of the possibilities and 
difficulties of each technique and its medical background, and provide the basis 
for participating in the necessary and inevitable evolution of multimodality 
imaging. Refresher type courses can prepare for specific training or refresh 
knowledge, but cannot replace appropriate on-site training. It is not acceptable for 
training to be focused on a single technique.

8.3. MEDICAL PHYSICISTS

Medical physicists practising in nuclear medicine must be qualified as 
physicists with academic studies in medical physics (typically at the postgraduate 
level) and clinical training in nuclear medicine physics. For the CT component of 
the PET/CT system, a medical physicist specialized in diagnostic radiology 
should also be consulted. Medical physicists specialized in nuclear medicine 
physics are referred to as ‘clinically qualified nuclear medicine physicists’. 
Senior nuclear medicine physicists are clinically qualified nuclear medicine 
physicists with at least six years of practical experience after qualifying in clinical 
nuclear medicine physics.
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A clinically qualified nuclear medicine physicist should have at least:

(a) A university degree in physics, engineering or an equivalent physical 
science.

(b) At least one year of academic postgraduate studies leading to a Master’s 
degree in medical physics (or an equivalent). This requires studies in 
several areas of medicine (e.g. radiodiagnostics, nuclear medicine and 
radiotherapy).

(c) The equivalent of at least two years of full time comprehensive clinical 
in-service training in nuclear medicine physics undertaken in a hospital. 
This nuclear medicine physics residence training will be under the 
supervision of an experienced or senior nuclear medicine physicist.

In addition:

— In the case that the academic studies include a considerable clinical training 
component, this should be taken into account in the fulfilment of the time 
requirement;

— This training should preferably be approved by a suitable professional body, 
i.e. a board that will issue a clinical certification.

It should be emphasized that the holder of a university degree in medical 
physics without the required hospital training cannot be considered to be 
clinically qualified.

The responsibilities of nuclear medicine physicists cover five major areas:

(1) Specification, acceptance testing, and calibration of nuclear medicine 
equipment;

(2) Measurement and calculation of activity and dose;
(3) Quality assurance and radiation safety;
(4) Training of allied health professionals in nuclear medicine physics;
(5) Education of health professionals and the public in nuclear medicine 

physics and radation effects.

An extensive description of the clinical training required of nuclear 
medicine physics staff is given in Ref. [8.3].

Radiation safety requires the establishment and maintenance of a radiation 
protection programme designed to ensure the safety of staff and the public. There 
is also a need to design and certify all radiation shielding for the facilities. These 
duties are the responsibility of the medical physicist specialized in nuclear 
medicine and/or of the radiation protection officer, who may or may not be the 
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same person. The administrative structure will vary depending on the country, the 
facility and the resources; what is important is that the necessary authority be 
available.

For quality control, the nuclear medicine physicist will be involved in 
establishing and operating an ongoing quality control programme for the facility. 
The nuclear medicine physicist, in association with the nuclear medicine 
physician, determines the equipment needs of the facility. In general, this 
includes the involvement of the nuclear medicine physicist in preparing bid 
specifications and evaluating vendor quotations with respect to both technical 
requirements and cost effectiveness.

Together with the physician, the medical physicist will design and 
implement all the elements of the nuclear medicine programme that are described 
in this report. These include equipment selection, facility design, quality control 
of radiation sources and imaging devices, tracer studies and internal dose 
calculation, maintenance, training of ancillary staff, and radiation protection. It 
should be understood that the practice of nuclear medicine will benefit from 
having clinically qualified medical physicists on its staff. The specific number of 
qualified medical physics staff required will depend on the number of patients 
treated, whether therapy is undertaken, the type of treatment performed, and 
many other factors.

8.4. PERSONNEL FOR RADIOPHARMACY

The facility for the production of PET radioisotopes and 
radiopharmaceuticals/radiotracers requires staff representing a wide range of 
qualifications. The number as well as the qualification level of personnel that will 
be needed in order to maintain smooth operation of the facility will be determined 
by the size and scope of the facility. In general, the staff should have the formal 
education, training and experience that are relevant to the assigned tasks. 
Table 8.3 represents the primary production personnel and Table 8.4 summarize 
the support personnel that should be considered depending upon the size of the 
facility. While most of these employees would be required to be regular 
employees, some may be contracted from outside sources (e.g. radiation safety 
officer and pharmacist).  
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8.5. TECHNOLOGISTS AND NURSES

In various countries there are different regulations and definitions of the 
contents of these occupations. The difference between nurses specialized in 
nuclear medicine and technologists specialized in nuclear medicine may be 
unclear. Nurses are involved in PET/CT investigation whereas technologists are 

TABLE 8.3.  SUMMARY OF PRIMARY PRODUCTION PERSONNEL TYPE 
AND TYPICAL QUALIFICATIONS

Primary job function Minimum education Specialized training

Cyclotron operator(s) Two year
technical degree
or equivalent

Specialized training, which may include:
— Factory training;
— On the job training;
— Supervised training;
— Extensive mechanical and

electrical repairs;
— Radionuclide production;
— Targetry;
— Radiation safety.

Production chemist(s)
(radiochemists)

Diploma or degree
in chemistry
or equivalent

— Experience in GMP; 
— Synthesis of radiotracers; 
— Courses in laboratory operations;
— Radiation safety;
— Board certified or as required

by local regulations. 

QC chemist Diploma or degree
in chemistry,
pharmacy or
biological sciences

— Analytical chemistry and
instrumentation;

— Quality assurance and management;
— Experience in GMP;
— Synthesis of radiotracers;
— Courses in laboratory operations;
— Radiation safety. 

Qualified persona Formal training
in GMP

— Formal training in GMP;
— Two years of practical experience

working in an authorized
GMP licensed facility to
release radiopharmaceuticalsa

a May require a certified nuclear radiopharmacist or pharmacist depending on location and 
regulations.
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not allowed to place intravenous cannula or to administer pharmaceuticals. The 
total number of nurses and technologists can be estimated as the number of 
physicians multiplied by a factor of 2–3.

8.6. SUPPORT STAFF

Other support personnel are required for managerial, administrative and 
logistics functions (Table 8.4).

Individuals may (and often do) perform multiple functions in this list of job 
responsibilities. The only restriction is that the QC person should be independent 
of the production operations or must have independent oversight of these duties. 
The product cannot be released by the production chemist without additional 
oversight except in extraordinary circumstances. More information can be found 
in Refs [8.4, 8.5].  

TABLE 8.4.  SUMMARY OF SUPPORT PERSONNEL TYPE AND TYPICAL 
QUALIFICATIONS

Primary job function Minimum education Specialized training

Radiation protection
officer

Degree in
medical physics,
health physics or
radiation physics

— Supervised training;
— Radiation safety.

Engineer Experience
in electronics,
electromechanical
engineering,
or equivalent

— Experience in electronic diagnosis
and repair,

— Laboratory operations,
— Radiation safety.

Manager Advanced degree
in physical or
biological sciences

— Quality management;
— Supervision and management;
— Experience in GMP;
— Experience in laboratory operations;
— Radiation safety.
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9. RADIATION PROTECTION

9.1. BACKGROUND

This section provides guidelines for a PET/CT and cyclotron facility for 
achieving the radiation safety of staff, patients, caregivers and members of the 
public. The principles of radiation protection must be well established and 
emphasized from the outset of the project. The International Commission on 
Radiological Protection (ICRP) is responsible for establishing these principles 
and are addressed in their two main publications [9.1, 9.2]. The operational 
aspects of the principles include: justification for eliminating unnecessary 
examinations; optimization through use of ALARA (as low as reasonably 
achievable, taking into account other factors such as image quality or clinical 
purpose and cost) and dose limitation. The United Nations Scientific Committee 
on the Effects of Atomic Radiation (UNSCEAR) works to compile data on 
ionizing radiation and assesses its impact on humans and the environment. 

Based on the work of these two international organizations, the IAEA has 
developed a set of standards for radiation safety. The existing standards 
(International Basic Safety Standards for Protection against Ionizing Radiation 
and for the Safety of Radiation Sources (BSS)) are currently being revised; 
however, the changes are not expected to be very significant. The national 
organizations use the international standards (BSS) to frame their own 
regulations. The BSS and associated guidance documents [9.3–9.6] help users 
achieve a good standard of protection and a consistent national approach to 
licensing and inspection. Some countries develop practice specific regulatory 
guidance, while others develop practice specific regulations. Since PET/CT is a 
relatively new area, most countries do not yet have specific national guidance. 
This report, along with another publication from the IAEA [9.6], is expected to 
play an important role. The internationally harmonized guidance from the IAEA 
regarding radiation protection is recognized as being important by Member 
States.

In PET/CT facilities, situations in which there is a potential for radiation 
exposure are reasonably well known. The level of radiation doses that can be 
encountered by staff and patients has been estimated in a number of publications 
and are reviewed in this section as well as measures to reduce radiation exposure.
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9.2. RADIATION EFFECTS AND THE PHILOSOPHY
OF RADIATION PROTECTION

The effects of radiation are classified into two groups: deterministic effects 
(tissue reactions) and stochastic effects (cancer and heritable).

Deterministic effects are predictable and dose related, having a threshold 
below which the effect does not occur. This threshold is variable depending on 
the nature and condition of the exposed tissue. Above the threshold dose, the 
severity of the injury, including impairment of the capacity for tissue recovery, 
increases with dose, e.g. skin injury. The main effects in this category are: 
cataract, infertility, skin injury and epilation. In the case of PET/CT, there is a risk 
of skin injuries to fingers of the staff handling high activities whereas other 
effects remain a remote possibility with good radiation protection.

Stochastic effects are probabilistic and their severity has no relationship to 
dose. Although the likelihood (probability) of inducing a stochastic effect 
increases with dose, there is no identifiable threshold for producing the effect. 
There are two effects in this category: carcinogenesis and genetic. Genetic effects 
have been observed in non-human species but have not yet been documented in 
humans. Based on data from many decades of observations and research, the 
ICRP has recently reduced the tissue weighing factor for gonads [9.2]. In the past, 
it has been common practice to focus serious attention on the risk of genetic 
effects, something which needs to be rationalized. Carcinogenic effects cannot be 
eliminated and have been documented in human populations, primarily among 
survivors of the Hiroshima and Nagasaki atomic bombings. There have been 
frequent reports of carcinogenic risks to patients undergoing multiple CT 
procedures. Further details are given in the following sections.

Based upon the above classifications, the philosophy of radiation protection 
has been:

— Prevention of deterministic injuries;
— Limiting the probability of stochastic harm.

9.3. PROTECTION OF STAFF

The continued emphasis on occupational protection spanning over a 
century has resulted in significant protection of staff in many areas of application 
of radiation with few exceptions. For example, in most nuclear medicine 
departments in the world, the radiation exposure of the staff is one-tenth or 
one-twentieth of the annual dose limit. The current dose limits as given by the 
ICRP, in terms of effective dose for staff, are 20 mSv/year (a) based on averaging 
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of a five year dose limit of 100 mSv. A significant part of the radiation exposure 
to staff accrues from the handling of radiopharmaceuticals and, in particular, the 
syringes containing the injections. For an injection syringe with 10–15 mCi 
(370–560 MBq) of 18F-FDG, for example, the resulting finger doses can be as 
high as 30 μSv or higher per patient procedure [9.7, 9.8]. Talking about effective 
dose alone may be misleading since localized exposure to hands and fingers 
(with low weighting factors in the effective dose calculation) may be significant. 
The effective dose is not useful for estimating the deterministic risk to fingers as 
it is primarily an index developed for stochastic risk estimation. The exposure to 
hands and fingers can result in deterministic risk to skin. For this reason, dose 
limits are also specified for hands (500 mSv/a), and are based on deterministic 
risk relative to a threshold for erythema. Similar dose limits have also been 
specified for the lens of eye (cataract) and for the thyroid (based on stochastic risk 
of thyroid cancer). The main sources of radiation exposure for staff in the 
PET/CT facility include:

— Unshielded radiopharmaceuticals (present during preparation and 
dispensing). 

— Patients injected with PET radiopharmaceuticals.
— The patient toilet.
— Sealed calibration sources, quality assurance phantoms.
— The CT scanner, as staff in nuclear medicine may have difficulty in 

realizing that they need to be away (at a distance/outside the room) when 
the CT is being taken. For the PET part, there is no difference in staff 
exposure when PET scanning is ‘ON’ or ‘OFF’ (e.g. during the patient’s 
adjustments), whereas for the CT part, the radiation appears only when the 
scan is being taken (X ray tube ON). 

A number of factors affect the radiation exposure to staff, e.g. the number of 
patients imaged, type and amount of radiopharmaceutical administered per 
patient, length of time spent by the patient in each area of the PET/CT facility, 
and the facilities physical layout.

Functions that lead to the highest staff exposures include:

— Assaying the amount of radiopharmaceutical;
— Administering the radiopharmaceutical;
— Performing tasks near the patient (post-injection) during the 

radiopharmaceutical uptake period;
— Escorting the patient to and from the scanner;
— Positioning the patient on the scanner bed;
— Calibration and quality control of the PET scanner using sealed sources.
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These exposures can be minimized through good design, good practice, 
patient instruction/cooperation and attention to the importance of the basic 
approaches including distance, time and shielding. Radiochemists and 
radiopharmacists also receive significant exposure in facilities that manufacture 
and prepare their own radiopharmaceuticals.

A very important aspect of staff protection traditionally has been the facility 
design. While this is crucial in radiopharmacy laboratories, radiotherapy and 
diagnostic radiology facilities, it becomes relatively less important when the staff 
member has to be in the room where radiation sources are present, for example 
the interventional rooms and, to some extent, in PET/CT facilities.

9.4. SHIELDING OF CYCLOTRON AND PET/CT FACILITY

A number of technical and operational advances, including composite 
shielding materials, automated transfer of radioactive material, automated 
radiosynthesis and purification, and robotics, have contributed to a generally 
excellent record of radiation safety in cyclotron production of 
radiopharmaceuticals. Radiation doses to personnel working in a cyclotron 
facility are typically well below the regulatory exposure limits (annual effective 
dose of about 1–3 mSv and hand dose of 25–50 mSv), with approximately half of 
the hand dose accruing in filling and handling of radiopharmaceutical filled 
syringes and half while opening the radiochemistry module. For persons working 
outside the facility but adjacent to the cyclotron facility, with proper shielding, 
public dose limits of 1 mSv/a can be maintained [9.9, 9.10]. The shielding, of up 
to 1.3 cm of lead for PET/CT scanner rooms and up to about 2 cm of lead for 
uptake rooms (versus only 0.318 cm of lead or less for a CT scanner alone) has 
been estimated by Zanzonico et al. [9.10]. This might take the form of 
interlocking lead blocks sandwiched between layers of plywood for structural 
support. Due to cost and weight considerations, it is worth exploring the 
possibility of varying the thickness of the shielding material in each boundary. A 
useful framework for shielding calculations is provided by the NCRP [9.11]. 
SPECT–CT facilities will generally not require shielding beyond that dictated by 
the CT scanner.

An additional consideration in the design of PET or PET/CT facilities is 
possible ‘cross-talk’ with nearby counting and imaging systems. Reasonable 
efforts should be made to locate the PET or PET/CT scanner and uptake rooms as 
far away from sensitive counting and imaging equipment as possible. Otherwise, 
additional shielding up to 2 cm of lead may be required (e.g. in the form of 
portable shields) to reduce the background count rates for such equipment to 
acceptably low values [9.12]. However, it should be stated that not all countries 
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accept the NCRP guidelines. Several, with an emphasis on optimization, set more 
demanding goals. For example, 1 mSv and 0.3 mSv are used in some countries as 
the design goals for areas occupied by workers and the general public, 
respectively. It needs to be stressed, however, that the above mentioned shielding 
figures are provided for illustrative purposes only. A qualified health or medical 
physicist should perform actual shielding calculations on a case by case basis.

The layout of the facility in terms of siting of uptake rooms is challenging 
because space is often limited and the distances to adjoining, occupied areas are 
often small. As a result, shielding is almost always required for such rooms in 
order to maintain doses to the staff and general public below their respective 
limits. For further details about layout of patient facilities (interview/consultation 
room, uptake room, waiting room, scan room, post-scan patient changing room), 
readers are referred to an IAEA publication [9.6].

9.5. PROTECTION OF PATIENTS

Unlike staff and members of the public, there are no dose limits prescribed 
by any international or national organizations for patients. This does not mean 
that any amount of radiation dose can be delivered to patients in medical 
examinations and procedures. There are very clear requirements on justification, 
optimization and reference levels. In addition to generic justification of the use of 
PET/CT for defined clinical conditions, justification at an individual level is 
recommended. Individual justification assesses the need of the PET/CT 
examination for the particular patient. If the justification principle is suitably 
applied, many unnecessary examinations can be avoided. Unfortunately, in 
practice, there is substantial need to improve situation with regard to justification.

Optimization requires that once an examination is justified, the exposure 
should be kept as low as reasonably achievable for the required image quality 
[9.2]. There has been lot of emphasis on this and has resulted in a significant 
reduction of patient doses through the process of optimization as evidenced by a 
large number of publications.

The concept of diagnostic reference level (DRL) is a powerful tool for 
optimization in patient protection as it helps in evaluating whether the patient 
dose (with respect to stochastic effects) is unusually high or low for a particular 
medical imaging procedure. DRLs are not dose limits as they are established 
based on contemporary technology and practice. In Publication 60 of the ICRP 
[9.1], diagnostic reference levels were described as values of measured quantities 
above which some specified action or decision should be taken. They should be 
applied with flexibility, to allow higher doses where indicated by sound clinical 
judgment.
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The most suitable measured quantity in nuclear medicine is the injected 
radioactivity and, in the case of CT, a computed tomography dose index (CTDI) 
has been the accepted quantity. Very often, the non-measurable quantity of 
‘effective dose’ is used to indicate patient dose. The ICRP and UNSCEAR have 
cautioned against the use of effective dose to estimate detriment (to individual or 
specific populations). Such estimates suffer from uncertainties arising from 
potential demographic differences (in terms of health status, age and sex) 
between a specific population of patients and the general populations for whom 
the ICRP derived the risk coefficient. It has been suggested, for example, that 
effective dose could broadly underestimate the detriment from diagnostic 
exposure of younger patients by a factor of about 2 and, conversely, could 
overestimate the detriment from the exposure of older patients by a factor of at 
least 5. Thus, rigorous analysis of radiation risk from diagnostic medical 
exposure requires detailed knowledge of organ doses and the age and sex of 
patients.

Despite these limitations, both the ICRP and UNSCEAR have used 
effective dose as the quantity to represent risk in the absence of a better quantity, 
but with an understanding of its limitations. This report follows this approach.

9.5.1. Internal exposure

The effective dose Eint resulting from intravenous administration of an 
activity A can be estimated from:

Eint = ·A (9.1)

where  is a dose coefficient computed for the adult hermaphrodite MIRD 
phantom. For 18F labelled FDG and 82Rb, the dose coefficients are 19 and 
3.4 Sv/MBq, respectively [9.13]. These dose coefficients hold for standard 
patients with a body weight of about 70 kg and are generic rather than patient 
specific since age, gender of patients and individual pharmacokinetics are not 
taken into account. In fact, the radiation risk is somewhat higher for females and 
for younger patients when compared to male and older patients. Age and gender 
specific dose coefficients can be found in the ICRP report.

9.5.2. External exposure (CT)

Dose assessment in CT is challenging and depends not only on the body 
region exposed but also on a variety of scan-specific parameters (tube potential 
(kVp), tube current multiplied by exposure time (mAs), slice collimation, pitch 
factor) and technical features of the scanner (e.g. beam filtration, beam shaping 
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filter, geometry and acquisition algorithm used) [9.14,9.15]. Thus, values for 
patient dose vary considerably between centres and machines. Oversimplified 
approaches have correlated mAs with patient dose, assuming that kVp and other 
parameters in a particular CT scanner are kept constant. This has also led to the 
unsatisfactory practice of using mAs as dose indicator when comparing different 
scanners.

Various software packages have been developed to address these problems. 
For example, with whole body CT scans, Brix et al. [9.16] present a simple 
approach to providing a rough estimate of organ doses and effective dose. The 
organ dose, DT, can be roughly estimated as:

DT = T
CT CTDIvol (9.2)

where T
CT is an organ specific dose coefficient that relates the volume CT dose 

index, CTDIvol, to organ dose [9.16]. The organ doses can be combined with 
weighting factors in the normal way, to give effective dose. For a whole body CT 
(thyroid to the symphysis), Brix et al. use 1.47 dose coefficient together with the 
CTDIvol to calculate an effective dose in mSv [9.16].

9.5.3. Combined exposure in PET/CT

The effective dose from a combined PET/CT examination is the sum of the 
effective doses arising from all scan components, and thus depends on the range 
of acquisition parameters mentioned above. The total effective dose for the whole 
body FDG-PET/CT depends upon protocol, but can be around 25 mSv [9.16]. Up 
to 70% of this is contributed by the CT scan elements; and 85% of the CT 
contribution (two-thirds of the total) may arise from the final diagnostic scan 
(8.6), while the remaining 15% comes from the scout and CT acquisition done for 
attenuation correction purposes. An alternative approach, which is commonly 
used, is to perform the PET/CT only from cerebellum to mid-thigh. The dose in 
this case would be approximately in the range 15–20 mSv.

Patient dose management in PET is less complex than in CT, provided one 
has a well designed facility, and one has control of the radioactivity that is 
administered. On the other hand, dose management in CT has continued to be a 
challenge. A significant part of this challenge arises from the fact that 
overexposure in CT is frequently not detected. In contrast to film based 
radiography where overexposure is evident in a dark images, increasing dose in 
CT and in other digital imaging techniques results in images with less noise 
(improved visual appearance) and fewer streak artefacts, although not necessarily 
with greater diagnostic information. It is widely believed that image quality in CT 
often exceeds the clinical requirements for diagnosis [9.17].
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The ICRP has noted that technical and clinical developments in CT have 
not necessarily led to a reduction in patient dose per examination, and that there is 
a clear need for optimization of doses [9.14, 9.15]. In recent years, many papers 
have shown that adequate diagnostic information can be obtained with CT studies 
using lower doses [33–35]. All manufacturers have incorporated automated 
exposure control (AEC) into their systems. Further details about patient dose 
management are available in Refs [9.6, 9.14, 9.15].

9.6. AUTHORIZATION OF PRACTICE

A person with ‘legal training’ should be involved with the project, who 
obtains authorization for a practice involving a source of radiation and who 
should bear the primary responsibility for protection and safety.

The BSS require that ‘legal persons’, who are responsible for protection and 
safety, apply to the regulatory body for authorization of radiation use. This 
authorization should take the form of a registration or a license. The BSS further 
clarify that:

“Typical practices that are amenable to registration are those for which: 
(a)  safety can largely be ensured by the design of the facilities and 
equipment; (b) the operating procedures are simple to follow; (c) the safety 
training requirements are minimal; and (d) there is a history of few 
problems with safety in operations. Registration is best suited to those 
practices for which operations do not vary significantly.” [9.3]

Given the complexity of a PET/CT facility, particularly when there is a 
cyclotron, the risks involved in the use of large quantities of 
radiopharmaceuticals, the substantial training required, and the fact that the safety 
of the facility depends largely on human performance, the demonstration of 
safety requires an assessment for each facility. Therefore, its authorization should 
take the form of a licence rather than a registration. The process of authorization 
can be simplified, however, by establishing standardized training programmes, by 
a relatively standardized QA programme in modular form to take account of 
different levels of complexity, equipment and sources for each facility, and by 
establishing a simple mechanism to provide evidence that both training and QA 
are met [9.5].

A PET/CT facility, once constructed, is difficult to later modify. Regulatory 
bodies may choose a two stage process of authorization, i.e. to require initial 
application when construction is about to begin, especially for facilities that 
include therapeutic applications of radionuclides. A good way to implement the 
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two stage process is by providing the regulatory body with a picture of the 
intended applications and the facility design. Allowance for evolving new 
procedures should be made, provided that they fit into the shielding and facility 
design.

Substantial modifications of a PET/CT facility, sources, or procedures may 
have safety implications which need verification of compliance with regulations. 
The regulatory bodies may also require an application for this. The same is true 
for partial or total decommissioning of a nuclear medicine facility. The legal 
person applying for an authorization should refrain from carrying out any of the 
actions of the practice until the registration or license, as appropriate, has been 
granted.

Regulatory bodies may require that the authorization be renewed 
periodically. Periods of renewal are based on safety criteria1. The factors include 
the inspection frequency, the safety record of the facility, and the stability of the 
user’s operation. Considering these factors, a suitable period for renewal of 
nuclear medicine authorization may be of the order of five years. Consultation 
between the regulatory and health authority in this respect may be advisable.

9.6.1. Inspection

The BSS require that the:

“...principal parties shall permit duly authorized representatives of the 
[regulatory body]…to inspect their protection and safety records and to 
carry out appropriate inspections of their authorized activities”. [9.3]

9.6.2. Personnel accreditation2

The BSS require that:
“(a) all personnel on whom protection and safety depend be appropriately 
trained and qualified so that they understand their responsibilities and 
perform their duties with appropriate judgement and according to defined 
procedures.” (para. 2.30 [9.3])

1 The frequency of revalidation is influenced by several factors, as described in 
Ref. [9.5], in view of which a reasonable period for the renewal of a nuclear medicine 
authorization is five years. 

2 Regulations in a number of countries require a personal authorization as formal 
recognition of the holder’s competency to carry out a job safely.
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In nuclear medicine practice, and also in a PET/CT facility, the following 
individuals carry responsibility for protection and safety, by virtue of tasks 
involving decisions, operation or handling of sources or equipment, which could 
lead to an accidental exposure:

— Medical practitioners working with radionuclides (e.g. nuclear medicine 
physicians3, and other appropriately trained clinical specialists);

— Medical physicists in nuclear medicine (qualified experts in nuclear 
medicine physics);

— Other health professionals involved in the clinical use of radionuclides 
(e.g. radiopharmacists, nuclear medicine technologists4);

— Radiation protection officer (RPO); 
— Staff performing special tasks (e.g. contamination tests, some of the QC 

tests).

To comply with the BSS requirements for the above mentioned staff, 
evidence of their education and training relative to protection and safety should 
be demonstrated. Training in radiation protection is necessary, but by no means 
sufficient, to practice. As a precondition, qualifications and certification in each 
respective profession are indispensable. This is not usually defined by radiation 
protection regulations or granted by a regulatory body, but rather by academic 
institutions and boards or societies. In the case of qualified experts the BSS 
defines them as:

“An individual who, by virtue of certification by appropriate boards or 
societies, professional licences or academic qualifications and experience, is 
duly recognized as having expertise in a relevant field of specialization, e.g. 
medical physics, …”. [9.3]

3 The medical practitioner responsible for using radionuclides for diagnosis or therapy, 
depending on the objectives of the procedure. He/she decides the course to be followed in the 
case of each patient in order to best meet the needs specified by the referring physician, taking 
into account the possibilities associated with the various techniques of diagnosis and treatment 
with radiopharmaceuticals and the doses involved. The nuclear medicine specialist holds a 
nationally accepted medical degree who, in addition, has completed a nationally prescribed 
programme of training in the discipline of radiology and who has been credentialed by a national 
medical speciality certifying agency.

4 Specialized staff responsible, under medical supervision, for the preparation, 
administration and measurement of radiopharmaceuticals; patient identification and patient 
information and to help ensure radiation protection. Under the supervision of the qualified expert in 
nuclear medicine physics, he/she carries out basic QC tests.
82



For nuclear medicine specialists, radiopharmacists, medical physicists, 
nuclear medicine technologists, and radiation protection officers, the typical 
documentary evidence indicated above, i.e. qualification credentials, should 
consist of:

(a) A degree relevant to the profession, issued by the competent education and 
examining authorities as required in the country and accreditation required 
in the country to exercise the profession, granted by the competent 
authorities or other institutions;

(b) A course on radiation protection for which the contents, methodology and 
teaching institution are recognized or approved by the regulatory body. This 
course may be integrated into the curricula of the professional education 
provided that it meets the training criteria for radiation protection specified 
by the regulatory body; 

(c) On the job training supervised by accredited professionals with experience 
before working without supervision, as required in the country.

Evidence of competence for maintenance and servicing of medical 
equipment may consist of the following:

— Certification, ideally by the manufacturer, of having completed a training 
programme on the type of authorized equipment; 

— Course on radiation protection for which the contents, methodology and 
teaching institution are approved by the regulatory body.

Personal accreditation or authorization may need to be renewed 
periodically. The regulatory body may provide guidance on qualification 
requirements for each category of job found in particular practices. 

The courses and syllabuses used in professional education and training are 
generally defined by the departments of health and/or education authorities in a 
country in cooperation with the professional bodies. A suitable approach is for 
the training criteria for radiation protection for medical exposure, specified by the 
regulatory body in consultation with relevant professional bodies5 (BSS, 
para. II.1 (f)) [9.3], to be incorporated into the professional education and 
training. 

5 In countries in which a national professional body does not exist, a regional body or 
international professonal organizations may be consulted for advice.
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It may be appropriate and convenient for the regulatory body to recognize 
certain training centres and courses for their quality and suitability in connection 
with the radiation protection requirements. For example, they can identify: 
(a) departments which have been accredited as training centres for the profession 
(if any) and facilities; (b) syllabuses and qualifying bodies that are responsible for 
training and accreditation in nuclear medicine and recognizing them for training 
in radiation protection as well. Such recognition can be formally conferred by a 
process of accreditation based on the training criteria referred to above. The 
evaluation for accreditation should involve training facilities, teaching staff, 
content and methods for training, examination procedures, and training records. 

The following staff members do not require personal accreditation on 
radiation protection but do require instruction on radiation protection:

— Nurses handling patients with therapeutic amounts of radioactivity and 
nurses in a nuclear medicine department;

— Maintenance, engineering and cleaning staff working in nuclear medicine 
laboratories.
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Appendix I

CLINICAL INDICATIONS

I.1. ONCOLOGY

There has been an extraordinary increase in the number of PET 
examinations worldwide over the years. Initially, PET studies were mainly 
focused on brain metabolism and function, but since the impressive technological 
development of scanners and the advent of whole body PET the main application 
of clinical PET has been in oncology. At present up to 95% of the clinical activity 
of a PET centre consists of oncological PET studies. The range of 
non-oncological indications is expected to increase, albeit to a lesser extent. The 
main reason why PET is successful in oncology is that it provides a considerable 
amount of diagnostic information that is very useful for the clinical management 
of patients. Neoplastic cells show certain metabolic characteristics that coincide 
with the availability of the glucose analogue 18F-FDG, which today is the most 
suitable radiopharmaceutical for PET [I.1]. Malignant cells have a higher 
glycolitic activity than normal cells, and an increased expression of glucose 
transporters (GLUT) has been described, leading to a favourable 
tumour/background ratio. PET imaging is based primarily on metabolic activity 
of the lesions, while conventional modalities such ultrasound, CT and MRI better 
describe morphology. The oncologists require both a good detectability of cancer 
lesions and also biological parameters capable of describing the cancer process in 
terms of metabolism, proliferation and aggressiveness. Because of these 
characteristics, PET has been compared with conventional imaging, and the 
diagnostic accuracy often was more successful than that of radiological tests in 
several conditions [I.2]. Thus, PET is generally used as a complementary 
technique in clinical cancer imaging. The recent development of image fusion 
methods and the availability of hybrid systems, as represented by combined 
PET/CT scanners, is going to make less evident the distinction between the 
anatomical imaging that are typical of radiological tests and functional imaging 
typical of PET [I.3, I.4].

The crucial steps that the physician dealing with a cancer patient has to face 
in order to choose the most effective and appropriate management are: diagnosis, 
staging, treatment planning, therapy monitoring and post-treatment surveillance. 
Also, in the diagnostic process the prognostic evaluation has to be included since 
it identifies the subgroups of patients that should be addressed by a less or more 
aggressive therapy. The success of the treatment depends strongly on the 
capability to detect cancer at the earliest stages to define its extension, to know its 
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biology and to establish the most effective treatment, if it exists. The final results 
can be measured in different ways. Two of them are particularly relevant: the 
complete disappearance of the tumour and the survival of the patients. Diagnostic 
imaging, because of its non-invasive nature, has a fundamental role in all the 
steps of cancer evaluation and is currently based on radiological imaging such as 
ultrasound, CT and MRI. These techniques describe mainly morphology and are 
based on the size of the tumour mass. Sometimes, when the limits of cancer are 
not well defined or cancer cells infiltrate normal organs or soft tissues, the 
radiological modalities fail to depict malignancy. Similarly, anatomical distortion 
after therapy or benign processes may form alterations that may be mistaken for 
malignant tumours. In some anatomical districts, the diagnostic performance of 
conventional radiological modalities is very limited, and this makes necessary 
surgical staging prior to curative resection, though sampling errors can occur. 
Despite these limitations, staging remains one of the most important prognostic 
methods in cancer detection and is generally used to guide treatment. The TNM 
system that describes the characteristics of the primary tumour (T-stage), regional 
lymph nodes (N-stage) and distant metastatic sites (M-stage), permits the 
grouping of patients into four clinical stages, from I to IV. Treatments are then 
selected and delivered on the basis of this system: patients with stage I–II disease 
are generally treated surgically with radical intent, while patients with stage III 
disease are treated by combined modalities, often including radiotherapy, and 
patients with stage IV disease are generally treated with chemotherapy or other 
palliative treatments. 

Since FDG imaging was first used for the diagnosis of suspected cancer in 
the 1980s, it was clear that high uptake of this radiopharmaceutical was a 
characteristic of many malignancies, even if FDG is not a ‘specific tracer’ for 
cancer. Technological improvements in instrumentation, particularly the 
development of hybrid system PET/CT, have enhanced the diagnostic 
performance of PET. The same situation occurred with conventional radiology, 
which has also recorded impressive improvements, such as the development of 
multidetector CT and higher field strength MRI utilizing new pulse sequences 
and improved image analysis algorithms. The performance of PET, like that of 
any diagnostic test, needs to be represented by measurable parameters, including 
sensitivity, specificity, negative predictive value (NPV), positive predictive value 
(PPV) and accuracy. Both the NPV and PPV are greatly affected by the 
prevalence of disease in the test population. Therefore, sensitivity and specificity 
are often considered the most appropriate parameters to describe the intrinsic 
diagnostic performance of a test. Clinical validation of diagnostic imaging tests in 
cancer should be assessed by their ability to deliver useful information that can 
influence the treatment and the outcomes of patients. Given that cancer carries a 
significant likelihood of a decrease in the quality and duration of life, the ability 
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of a test to provide prognostic stratification of groups of patients is important. For 
individual patients, the accuracy of the staging process is very critical. 
Unfortunately, more accurate diagnosis of cancer may not necessarily improve 
survival of an individual patient, particularly if no effective treatment is available. 
Nevertheless, it may prevent futile attempts at locoregional cure, sparing the 
patient the financial and physiological costs of this therapy.

At present, there is abundant evidence that, whether validated by pathology 
or clinical follow-up, FDG–PET is more accurate under many conditions due to 
the variable degree of superior sensitivity, specificity, or both, than conventional 
imaging techniques for both the diagnosis and staging of cancer. The advent of 
PET/CT has further enhanced the diagnostic performance of PET [I.5, I.6]. 
Furthermore, there are increasing data indicating that these techniques have a 
high impact on patient management. Nevertheless, because of cost and 
availability issues as well as technical performance characteristics, not all 
patients with cancer are suitable for evaluation with PET. For example, PET is 
not appropriate for staging very small primary malignancies, because of the 
resolution limits of the instruments. Similarly, PET is probably of limited 
importance in disease that is obviously widely metastatic on routine clinical 
evaluation, unless being used as a baseline for therapeutic response assessment or 
to detect otherwise occult lesions at risk of complications and that may benefit 
from palliative intervention. Again, PET with FDG is not reliable in tumours with 
low metabolic activity due to the poor uptake of FDG.

It is very difficult to list the cancer type that can be studied by PET, since 
the data from the literature report results in lung cancer, colorectal cancer, head 
and neck cancer, breast cancer, gynaecological cancer, prostatic cancer, testicular 
cancer, pancreatic cancer, oesophageal cancer, renal cancer, thyroid cancer, 
hepatocellular cancer, brain tumours, melanoma, lymphoma, and any other 
cancer provided that they have documented avidity for FDG [I.7]. It should be 
mentioned that FDG is not the only possible tracer for PET, but there are other 
radiopharmaceuticals capable of exploring different pathways (amino acid 
uptake, cell proliferation, DNA synthesis, membrane lipid metabolism and 
hypoxia markers). These options can enlarge the clinical indication of PET since 
they are more reliable in visualizing certain tumours (such as neuroendocrine 
tumours), or can add specific information to  pure cancer imaging [I.8].

The clinical situations under which the usefulness of PET has been 
generally recognized and accepted include [I.9]:

— The non-invasive characterization of tumour masses suspected of 
malignancy, not defined by other diagnostic imaging modalities and not 
readily amenable to biopsy, or for which biopsy attempts have already 
failed.
89



— The detection of cancer in patients at significantly increased risk of 
malignancy on the basis of clinical symptoms or signs or elevated tumour 
markers, but in whom routine imaging and laboratory tests have failed to 
detect a cancer. 

— Staging of high risk malignancy amenable to potentially curative therapy 
for which disease extent is critical to treatment selection.

— Planning of highly targeted therapy where delineation of disease is critical 
to efficient and safe treatment delivery and thereby, therapeutic success.

— Assessment of therapeutic response in diseases with a significant likelihood 
of treatment failure, and for which earlier demonstration of therapeutic 
failure may benefit the patient.

— Surveillance of high risk malignancies or evaluation at clinical relapse 
where salvage therapies exist and for which early intervention may be 
curative or may prolong life.

For all of these clinical scenarios there are multiple independent examples of 
FDG–PET and, more recently, PET/CT being effective. In each clinical scenario, 
the superior accuracy of FDG–PET/CT is most likely to prevent futile attempts at 
cure by detecting otherwise occult distant metastatic disease, allowing reduced 
therapeutic costs and more rational allocation of scarce or expensive therapies. 
Thus, although the unit cost of PET scans is relatively high compared with 
conventional evaluation techniques, the superior accuracy and impact on 
management decisions has the potential to both reduce global cancer costs and 
improve outcomes.

I.1.1. FDG–PET for cancer screening or detection

Japan has experienced in the use of PET in screening programmes [I.10]. In 
a population involving individuals at increased risk of malignancy, the reported 
rate of previously unidentified malignancies accounts for up to 3% of the 
screened population using a combination of FDG–PET, CT, MRI and a battery of 
various laboratory tests. In addition,  studies with FDG–PET or PET/CT on 
patients with known or suspected colon, and thyroid cancer using FDG–PET or 
PET/CT, describe a rate of incidental second malignancies in 1–3% of patients, 
with histological confirmation. There is agreement that the rates of detection are 
probably insufficient to justify widespread use of FDG–PET/CT as a routine 
cancer screening modality considering the costs and the availability of the 
instrumentation. However, the relatively high sensitivity of FDG–PET/CT and 
the excellent NPV in patients with a low prevalence of disease support the 
possibility that FDG–PET/CT might find a clinical role in the presence of 
situations of elevated levels of circulating tumors markers (CA-19.9, CA-15.3, 
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CA-125, or CEA) and conventional diagnostic evaluation fail to confirm a 
diagnosis or yield doubtful or false–positive results.

I.1.2. FDG–PET for evaluating mass lesions

Accurate and timely diagnosis of cancer is a key issue in modern oncology. 
One of the first situations where FDG–PET was evaluated as a non-invasive tool 
in this role was for the characterization of solitary pulmonary nodules (SPN) 
[I.11]. Using a range of imaging devices, multi-institutional prospective studies 
came to the conclusion that FDG–PET can differentiate between individual 
pulmonary nodules as regards etiology (benign/malignant) with a high degree of 
diagnostic accuracy and that by this means unnecessary invasive surgery can be 
avoided. The majority of FDG avid lesions are malignant and the vast majority of 
non-avid lesions are benign. The high level of accuracy of FDG–PET for the 
evaluation of SPN in most published information from Australia, Europe and 
North America, and its adoption into clinical practice, has not, however, been 
mirrored by experience in regions of the world with a higher prevalence of 
infectious diseases that are associated with enhanced glucose metabolism. Such 
inflammatory lesions may mimic malignant lesions in both radiological and 
FDG–PET studies. Accordingly, they act to decrease the prevalence of malignant 
lesions in the target population and, therefore, the PPV, and apparent specificity, 
of FDG–PET [I.12]. Nevertheless, since most of the processes that cause 
abnormal FDG accumulation in the lungs are disease processes that warrant 
active treatment, a specific pathological diagnosis, or, at least, early review, is 
required for positive PET results while negative PET results can be managed 
conservatively. 

With reference to other mass lesions in the different anatomical districts, the 
capability of FDG–PET to differentiate malignancy from benign processes 
depends also on the metabolic activity of the tissue, since hyperplasia plays a role 
in FDG uptake. A good example is the benign colorectal polyps, where high FDG 
uptake was observed more in adenomatous polyps than hyperplastic polyps. 
These can be considered as false-positive results. However, since it is thought that 
adenomatous polyps are premalignant lesions, their discovery, sometimes 
incidental during a whole body PET study, leads to a beneficial surgical diagnosis 
with resection. Of course the diagnostic performance of FDG–PET is clearly 
influenced by the size of the lesion. Masses smaller than 5–6 mm in diameter are 
not visualized with PET, and this is a limit of this diagnostic approach when 
compared with radiological modalities. Another problem is represented by the 
topographical location of the lesion mass. For instance, the evaluation of pelvic 
abnormalities close to the bladder or urethral structures can cause problems using 
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FDG due to the fact that the tracer is eliminated through urine and the 
physiological uptake can mask the presence of FDG avid lesions.

I.1.3. FDG–PET for staging of cancer

The most used indication of FDG–PET is cancer staging since clinical 
evidence shows that PET often is able to depict lesions not detected by 
conventional methods (CT, ultrasound, MRI). PET/CT has generally 
demonstrated a clinical performance superior than PET and/or CT alone. In 
principle, CT in hybrid systems was used for attenuation correction and cancer 
location was not the first issue. The recent increased availability of scanners 
combining 32–64 detectors suggest that the diagnostic CT studied during contrast 
material injection can be combined with the highest quality PET studies. A 
discussion is ongoing about the real need to perform contrast enhanced CT and 
when to do it. In any case, with reference to the PET/CT scanner, the hybrid 
system in several institutions has been replaced by separately acquired PET and 
CT tests for many oncological indications [I.13]. Some clinical guidelines of 
international scientific societies have included PET/CT in the current work-up of 
cancer patients (i.e. lymphoma, colon cancer, lung cancer). The process of cancer 
staging often involves significant time and cost, but is vital to correct 
management choices. If the cancer cannot be cured by currently available 
therapies, palliative treatments that maximize quality of life should be adopted, 
avoiding the cost and morbidity of futile curative attempts. When cancer can be 
cured, accurate delineation of disease extent is vital for treatment choice and 
planning. Across a range of indications, early retrospective studies demonstrated 
that patient management was altered in a substantial number of cases as a 
consequence of the stage migration associated with whole body FDG–PET 
imaging. Furthermore, where biopsy or clinical follow-up was able to ascertain 
the appropriateness of the resulting stage migration, FDG–PET was also shown 
to be correct for an overwhelming percentage of the time compared with 
conventional investigational paradigms.

Using standardized criteria developed at The Peter MacCallum Cancer 
Centre, the impact of the PET result on management has been defined as ‘high’ 
when, as a result of the PET findings, there is a change in management intent or 
modality, e.g. curative to palliative, or surgery to medical therapy. The term 
‘medium’ is used if there is a change in delivery of treatment but not of intent or 
modality, e.g. a change in radiation treatment volume. ‘Low’ is used when the 
management planned is still deemed appropriate on the basis of PET information. 
Finally, ‘No’ is used if the management planned seems inappropriate but 
treatment is not altered, i.e. the PET findings are ignored. This methodology was 
first used to report the impact of FDG–PET in a prospective cohort of patients 
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with known or suspected lung cancer at various phases of the diagnostic process, 
including primary staging [I.14]. Similar studies were subsequently reported on 
the impact of FDG–PET in many other clinical situations. This methodology has 
been adopted for a national data collection process in Australia and is similar to 
that being used in the USA for the National Oncological PET registry (NOPR) 
[I.15]. A recent report of the results of the NOPR indicate that PET changes 
management in over a third of patients, echoing the results of single institutional 
trials and indicating that the results obtained at academic centres can be 
generalized.

I.1.4. FDG–PET for radiotherapy treatment planning

Recent innovations in radiotherapy have seen a move to more highly 
targeted treatment methods such as three dimensional conformal radiation 
therapy (3-D–CRT) and intensitymodulated radiotherapy (IMRT) that allow use 
of higher radiation doses to the tumour while sparing adjacent normal tissues. 
3-D–CRT is a high definition technique that conforms the spatial dose 
distribution to 3-D target volume by modulating the intensity of the radiation 
beam to focus a higher dose to the tumour while reducing exposure of healthy 
tissues at minimum. IMRT is an advanced form of 3-D–CRT in which the beam 
intensity of each field is modulated through computer controlled X ray 
accelerators delivering precise radiation doses to the tumour or specific area 
within the tumour. The integration of PET imaging in radiotherapy increases the 
accuracy of staging and brings the concept of biological target volume (BTV). 
Due to the contrast afforded by differential FDG uptake in cancer cells, while still 
providing the anatomical landmarks and attenuation characteristics required for 
radiotherapy dose planning and delivery, PET/CT offers the potential for 
improved differentiation of malignant from benign tissues and, therefore, better 
definition of the radiotherapy treatment plans [I.16]. The recent clinical 
experiences in this area have demonstrated that the use of PET leads to changes in 
treatment intent or avoiding treatment, even changes in treatment strategy and 
better definition of the gross tumour volume (GTV) of the primary and lymph 
nodes [I.17]. In addition, there is a clear decrease in the risk of geographically 
missing the tumour, a better chance of sparing healthy tissue and a reduced risk of 
interoperator variability in target delineation. In conclusion, PET fulfills the main 
needs of radiation oncologists.
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I.1.5. FDG–PET for monitoring therapy response

For both localized and widely disseminated cancers, a growing variety of 
therapeutic agents is becoming available. Many of these agents are being 
combined with conventional therapies, adding cost and potentially new toxicities 
to existing treatment paradigms. In this context, early identification of 
non-responders is needed to facilitate earlier termination of ineffective treatment 
so that these alternative treatments can be changed in the hope that they may be 
more efficacious. Additionally, side effects that diminish physiological reserves 
and compromise quality of life may be avoided. 

Although tumour markers are commonly used to assess treatment response, 
they are not always available s and provide no localizing value. Therefore, they 
cannot be used to guide salvage therapies like surgery or radiotherapy in the event 
of persistent abnormality. Therapeutic response assessment is thus generally 
based on changes in the measured dimensions of lesions identified on CT scan or 
other structural imaging techniques. These changes are recorded and graded 
according to definitions detailed in the Response Evaluation Criteria in Solid 
Tumours (RECIST) [I.18], representing a modification of earlier WHO response 
criteria [I.19]. Unfortunately, changes in lesion size are relatively slow to occur 
and may be limited by fibrotic healing. This may lead to unnecessary 
prolongation of treatment, or even institution of more aggressive treatment in the 
mistaken belief that there has been a poor response to earlier interventions. 
Conversely, structures such as lymph nodes that return to normal size may still 
harbour disease. One of the major theoretical advantages of PET compared with 
structural imaging techniques is that there is usually a more rapid decline in 
tumour metabolism than in tumour size. Preliminary studies, reported more than 
ten years ago, demonstrated that reduced FDG uptake generally both precedes 
and predicts subsequent morphological response. Recommendations on the use of 
FDG–PET for therapeutic response assessment have recently been made in a 
consensus statement from the National Institutes of Health in the USA [I.20]. 

While there is growing enthusiasm that PET can provide early therapeutic 
response assessment, the preferred methodology for metabolic response 
assessment remains controversial. Methods vary in complexity from simple 
visual comparison of baseline and post-treatment scans to complex 
computational approaches [I.21]. The most important objective of response 
assessment is reliable stratification of prognosis and appropriate guidance of 
further treatment requirements. The term ‘metabolic response’ is now being 
widely used to denote the degree of qualitative or semi-quantitative change in 
FDG uptake in target lesions. The simplest method of evaluating metabolic 
response is visual analysis, but its subjectivity has been seen as a limitation. To 
overcome this there needs to be attention to detail with respect to achieving a 
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consistent display of images. It is also important to use a standardized 
nomenclature for qualitative reporting of serial FDG–PET scans that can be 
applied to all tumour types and can be consistently applied by different 
individuals and institutions. In the schema described by MacManus et al. [I.22], a 
complete metabolic response (CMR) is defined as a return of FDG uptake in 
previously documented lesions to a level equivalent to, or less than, residual 
radioactivity in normal tissues within the organ in question. A partial metabolic 
response (PMR) constitutes a significant visual reduction in FDG uptake in 
tumour sites based on visual inspection of appropriately displayed comparative 
images. Stable metabolic disease (SMD) and progressive metabolic disease 
(PMD) are defined, respectively, by a lack of change, or an increase in the extent 
of metabolic abnormality in a pattern consistent with tumour growth or 
development of new sites of disease. For those categories that involve a 
qualitative change in the intensity of uptake, such as PMR, measurement of tracer 
uptake could be a useful to validate the qualitative impression. 

The semi-quantitative parameter that is currently preferred to assess the 
change in FDG uptake in tumours is the standardized uptake value (SUV). There 
is not yet consensus regarding what degree of FDG signal reduction should 
constitute a partial or complete metabolic response. While there is a strong 
rationale for adopting a standardized approach for PET definition of therapeutic 
response categories, it needs to be recognized that uptake and retention of 
molecular tracers is a biological process [I.23]. As such, it is subject to the 
mechanism of drug action and the cellular consequences of this.

Despite reservations about the scientific validity of qualitative analysis, 
multiple studies that have used this methodology have demonstrated its ability to 
stratify prognosis based on broad categories of metabolic response. Indeed, most 
studies evaluating the use of PET in lymphoma have used visual analysis to 
dichotomize responders into complete and incomplete metabolic responses. This 
methodology was adopted as the most appropriate standard for this role in a 
recent consensus statement on the use of FDG–PET for response evaluation, 
based on its ability to powerfully stratify patient outcome [I.24]. Qualitative 
analysis of FDG–PET to assess response of solid tumours to treatment has been 
used in multiple studies and has also demonstrated that PET can provide 
statistically significant prognostic stratification, particularly when patients are 
dichotomized between CMR and non-CMR groups. While a CMR and PMD are 
likely to be fairly consistently interpreted between individual reporting 
physicians and between institutions, the methodology used to define a PMR is 
less clearly defined at this time. As opposed to lymphoma, solid tumours rarely 
respond rapidly to treatment by depopulation of viable cells. Therefore, partial 
metabolic responses have predominated in ‘responders’ within most FDG–PET 
therapeutic monitoring trials, particularly those involving chemotherapy. Where 
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abnormal radiotracer uptake remains in a lesion, determination of the degree to 
which it has reduced may have therapeutic and prognostic implications. There is 
now increasing evidence for the prognostic value of semi-quantitative measures 
of FDG PET response in various solid malignancies [I.25].

I.1.6. FDG–PET for restaging

Following definitive treatment of cancer, ongoing symptoms, residual 
structural imaging abnormalities or elevated tumour markers are not uncommon. 
There are also many patients at significant risk of relapse even in the absence of 
any objective evidence of residual disease. The limitations of structural imaging 
that limit interpretation of staging scans are further augmented by post-treatment 
changes in the restaging setting. In the setting of post-treatment recurrence, 
malignant deposits may co-exist with scar tissue, increasing the likelihood of 
sampling error on biopsy and when disease is absent, providing a considerable 
and unnecessary source of anxiety for the patient. Clinically, it is important not 
only to detect residual or recurrent cancer but also to determine whether it is 
suitable for salvage locoregional therapies, or whether systemic treatment might 
be more appropriate. Being based on the metabolic characteristics of tissues, 
FDG–PET should be less susceptible to the effects of prior treatment. Many 
studies throughout the world have demonstrated that FDG–PET is more accurate 
than conventional imaging for the detection of residual cancer following 
definitive treatment of various haematological and non-haematological 
malignancies.

I.1.7. Use of FDG–PET as a prognostic biomarker

It is important to recognize that the SUV, although having the attraction of 
apparent scientific rigor through provision of a measure, is a simplistic measure 
of a complex process and reflects a biological continuum related to tissue glucose 
metabolism not necessarily to a particular biological characteristic of cancer 
cells. Studies have failed to demonstrate a convincing diagnostic advantage of 
SUV based diagnosis over qualitative interpretation. Nevertheless, whether 
assessed qualitatively or by SUV, the intensity of FDG uptake seems to be an 
important biomarker of disease aggressiveness in many forms of malignancy 
[I.26, I.27].
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I.1.8. Alternative tracers for cancer evaluation

It is important to recognize that, being a tracer of glucose metabolism, FDG 
is not a ‘specific’ radiotracer for imaging malignant disease. There are several 
benign conditions and many physiological processes that lead to increased uptake 
of this tracer. These include, but are not limited to, normal wound healing, 
infection and inflammation, active muscle contraction during the uptake period, 
and activated brown fat. Normal organs, including the brain, liver, kidneys and 
bone marrow have relatively high FDG uptake, even under fasting conditions, 
and this provides background activity that may mask small lesions or 
malignancies with low glucose metabolism. Such malignancies such as some 
neuroendocrine tumours, mucinous tumours, differentiated teratomas, many 
prostate carcinomas, lobular breast cancer, some renal and hepatocellular 
carcinomas, and most bronchioloalveolar carcinomas. The relatively poor FDG 
uptake of these tumours compromises the sensitivity of PET for the detection of 
tumour sites. Considering these issues the interpretation of images with FDG 
sometimes is difficult and, in certain situations, does not provide adequate 
diagnostic accuracy to appropriately guide patient management. For all these 
reasons, the role of alternative radiopharmaceuticals is becoming of increased 
interest [I.28]. In particular, there has been a search for tracers that might 
overcome the weaknesses of FDG–PET as imaging tracer, especially with respect 
to ability to visualize tumours with low avidity for FDG.

Research in PET radiochemistry has provided access to alternative tracers 
for oncology at the present time. Some tracers have been evaluated in both 
pre-clinical and clinical studies others are still under evaluation. In general, they 
have the ability to uniquely characterize specific aspects of tumour biology and, 
as a result, to offer several diagnostic advantages in comparison with FDG in 
particular types of tumours [I.29–I.35]. A few examples of PET 
radiopharmaceuticals that are today of great interest are: tracers for cell 
proliferation 11C-thymidine and 18-Ffluorodeoxythymidine; tracers for amino-acid 
transport 11C-methionine, 18F-fluoroethyltyrosine,18F-fluorometilthyltyrosine; 
tracers for hypoxia 18F-fluorometilthyltyrosine, 18F-fluoroetanidazole, 
18F-fluoronitroimidazole, 18F-fluoroazomycinaribinoside; tracers for receptors: 
18F-octreotide analogues, 68Ga-octreotide analogues, 18F-fluoroestradiol, 
18F-galacto-RGD(Arg-Gly-Asp), tracers for dopamine metabolism, 
18F-fluorodihydroxyphenylalanine, tracers for fatty acid and lipid metabolism 
11C-choline, 18F-fluorocholine, 11C-acetate; 18F-fluoroacetate. It should be 
mentioned that these new tracers that address the perceived limitations of FDG, 
are not still registered and are not everywhere available. However in many 
institutions they play a clinical role in  particular cancer types such as 
11C-methionine, 18F-fluoroethyltyrosine, 18F-fluorometilthyltyrosine in brain 
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tumours, or 11C-choline, 18F-fluorocholine in prostate cancer, or 68Ga-octreotide 
analogues in neuroendocrine tumours.
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Appendix II

NEUROLOGY

II.1. INTRODUCTION

The recent improvement and advances in SPECT technology, the 
introduction of new radiotracers, and the generalization of PET have set a new 
scenario for functional imaging. The role of these techniques is being enhanced 
by the introduction of new pharmaceutical treatments which demand data about 
its effect on the functional parameters involved in the particular pathology, in the 
evolution of the disease, and in the outcome.

With regard to brain imaging studies, it is remarkable that the brain was the 
first organ to be studied by computed tomography (CT), either emission 
tomography (SPECT and PET) or CT, as an alternative to the EEG and the 
invasive techniques only available almost 40 years ago. It did not happen by 
chance as, in fact, in addition to the clinical need of a technique to meet the non-
invasive diagnostic requirement, the lack of movement of the brain and its 
symmetric morphology provided an artefact-free image that was easy to read. 
Although the reconstructive techniques were applied first in emission 
tomography, CT gained rapid clinical acceptance and became very soon of 
generalized use, PET remaining mostly as a research tool for a long time. In some 
ways, such general acceptance of CT was due to the impact of the detailed 
anatomical information provided by the images obtained due to the high 
resolution of the technique. To a certain extent it was assumed that from high 
quality images of the normal brain would derive a definitive diagnosis of the 
brain pathology. The initial potential of the technique evolved to the 
unchallenged first choice technique for imaging of the brain in the clinical arena 
until the introduction of MRI. Yet, the functional information provided by PET 
continued to show great potential and future due the underlying principles of the 
radiotracer techniques. Further improvements and advances in PET technology, 
along with more ready availability, led to the technique playing a role in the 
clinical diagnosis of brain pathology. Therefore, PET is currently the functional 
imaging technique of choice in some clinical contexts although still lacking the 
detailed structural information of the whole brain.

The introduction of PET/CT potentially overcomes the PET anatomical 
limitation, but its outstanding contribution in general oncology was not paralleled 
in neurology and reports in that sense are still scarce; therefore, most of the 
available data derive from the PET stand alone contribution.
101



II.2. PET RADIOTRACERS IN NEUROLOGY

As in nuclear medicine in general, specificity is the most ambitious aim 
when designing a radiotracer for the study or detection of a particular brain 
pathology;  that means synthesizing a molecule which would incorporate actively 
and exclusively to the components, mechanisms or functions which characterize 
such pathology. Normally, this aim is only partially achieved, either because the 
tracer is not exclusively taken up actively by such pathology but by some other 
pathology, or because, in any case, there is always the physiological uptake 
corresponding to the biokinetics of the radiotracer. It can be said that the 
techniques based on the use of this kind of radiotracers although with those 
limitations, provide direct or specific information on the pathology being studied 
so that diagnosis is made by the active uptake of the tracer. Such radiotracers are 
only available for some pathologies, for example the brain, for the study of 
dopamine synthesis, amino acid metabolism and others.

Traditionally, the more widely available techniques use radiotracers which 
incorporate into physiological mechanisms rather than into pathological, so that 
diagnosis is made by the detection of decreased or increased uptake of the tracer 
which otherwise is taken up by the normal tissues at a certain rate. Therefore, 
diagnosis is made by the effect of the pathology on the function of the normal 
tissue or organ as seen in the final image, i.e. the information provided by the 
image about the pathology being studied is obtained indirectly. These would be 
indirect techniques and in the case of PET brain imaging are well represented by 
FDG–PET.

Therefore, according to the nature of the radiotracers used, the PET 
techniques in neurology could be classified as direct when the radiotracers 
incorporate into a specific pathological mechanism, or indirect if incorporates to 
the physiology.  This approach should be applied when considering the current 
role of PET in the main neurological pathologies.

II.2.1. Degenerative dementias

Among the different causes of cognitive deterioration, the 
neurodegenerative dementias deserve special attention, not only because of their 
increasing incidence but also, and as relevant, by the difficulty of providing early 
diagnosis which would allow an early treatment. Among the four main groups of 
this kind of dementia, Alzheimer’s disease (AD), vascular dementia, dementia 
with Lewis bodies and fronto-temporal dementia, the first is the most common, 
accounting for about 60% of the total. This is why the diagnosis of AD is the 
focus of extensive research so as to allow an early differential diagnosis from the 
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other causes of dementia due to the limitations of the clinical approach in those 
settings.

The limitations of the clinical evaluation for the diagnosis of AD at the 
early stage and for its differential diagnosis from other causes of memory decline 
including normal ageing are well known [II.1, II.2]. In fact, by the time the 
clinical diagnosis is made, the disease has fully developed, preventing the 
implementation of any of the available pharmaceutical treatments. In this sense, 
the introduction of new treatments based on the use of cholinesterase inhibitors 
and the positive results achieved to delay the progression of the disease when 
applied at the early stages, has made early diagnosis crucial for the success of 
treatment.

The unique contribution of functional imaging and its potential in the 
diagnosis of AD explains the current efforts in developing new radiotracers for 
the early diagnosis of a disease which otherwise can only be definitely diagnosed 
by histopathology of the brain tissue. Most of the work done in this field with 
nuclear medicine techniques is based on the use of radiotracers which inform on 
the effect of the pathology on functional parameters like brain perfusion and 
glucose metabolism, either using SPECT and PET technologies in the first case, 
or PET in the second. That means the use of non-specific tracers whose 
distribution can be altered by conditions other than AD, and might just reflect the 
existing neuronal loss even before anatomical changes are shown by the 
structural techniques. Nevertheless, the effect caused by AD on both functions 
has proved to be successful, not only contributing to the diagnosis of AD but also 
to the more challenging early and differential diagnosis with other conditions. 
Until recently, in the clinical setting, perfusion imaging was studied with SPECT 
due to its availability, being replaced currently by FDG-PET as it is increasingly 
available.

FDG–PET provides images of glucose metabolism by the injection of a 
glucose analogue molecule, 2-18F-fluoro-2-deoxy-D-glucose (FDG) which is 
the tracer most commonly used for the study of the brain. It is assumed that the 
glucose metabolic changes in the brain parallel those of the blood flow so that, 
with certain exceptions, like vascular related pathologies, the perfusion 
techniques (HMPAO-SPECT or H2

15O-PET)  and the FDG–PET  provide similar 
information [II.3]. On the other hand, FDG–PET has been applied since many 
years ago for the study of the brain metabolism measuring the glucose 
metabolism regional rates following the method described by Sokoloff et al. 
[II.4]. Since then, the technique has spread and is applied routinely in the study of 
AD.

In AD, the characteristic pattern of FDG corresponds to a hypometabolism 
of tempoparietal regions and posterior cingulated cortex at the first stages of the 
disease and also frontal hypometabolisn in the late, remaining normal the 
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metabolism of cerebellum and basal ganglia. Using this pattern, sensitivity and 
specificity higher than 93% have been reported when clinically established AD 
was compared with a control group [II.5]. FDG–PET also was superior to MRI 
and HMPAO SPECT to differentiate AD from other causes of dementias 
[II.6, II.7]. However, looking for the success of treatment, more challenging is de 
identification non-demented patients with some kind of cognitive decline since 
they are more likely to develop AD later [II.3, II.8].

As the metabolic changes due to normal ageing are minimal, some 
conditions showing  some degree of mild cognitive abilities and functional 
deterioration ranging from very mild decline in cognition, MCD [II.8] to the 
known mild cognitive impairment (MCI) have been investigated with FDG-PET 
as potential predictors of AD. MCI is considered as a condition, which develops 
between normal ageing and the initial stages of AD although the outcome could 
be other types of dementia, remain stable or revert to normal.

Early work [II.9] showed the potential of FDG–PET to identify MCI 
patients who could develop AD later. Further work on MCI patients reported 
metabolic changes in temporal, parietal and cingulate areas which predict the 
conversion to probable Alzheimer’s disease. Moreover, before MCI is 
established, a much earlier category has been evaluated with FGD–PET, the 
MCD [II.8], which would precede MCI in several years in non-dementia patients 
[II.10, II.11]. Hypometabolism patterns in the posterior cingulate area and the 
associative cortex have been reported in these patients to predict cognitive 
decline [II.12, II.13]. Also, some investigators have recently reported decreased 
metabolism in the hippocampus using co-registered FDG–PET and NMR [II.14], 
and others [II.15] studied the relationship between the genetic risk factors of AD 
and glucose metabolism. Thus, Drzezga et al. [II.15] reported that glucose 
metabolism was lower in AD patients with epsilon4 allele than in those patients 
without.

The direct techniques based on the use of radiotracers which incorporate 
into specific physiopathological mechanisms of AD have focused attention and 
hope for some time as the ideal tracers. The amyloid plaque and the 
neurofibrillary tangles, which presence allows the post-mortem diagnosis of AD 
and are involved in the origin of AD, have been for many years the target to be 
identified in vivo by PET imaging tracers as it precedes by decades the clinical 
diagnosis. Large experience has been already achieved and many data collected 
with the 11C-PIB which is a thioflavin T derivative and binds to the β-amyloid 
plaques. When comparing with a control population, Klunk et al. in an early work 
[II.16], reported that  11C-PIB uptake was twice as high in associative cortical 
areas of the brain in AD patients. More recently Edison et al. [II.17] found a 
relationship between the high 11C-PIB uptake and low of 18F-FDG in addition to 
an increase of 11C-PIB in 98% of the patients in whom AD was clinically 
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probable. Also, an inverse relationship of 11C-PIB uptake was found when 
compared with its concentration in CSF [II.18] and with loss of parenchyma in 
the parietal lobe and posterior cingulated in NMR.

Working in the same line of research on specific tracers, Barrio et al. [II.19] 
developed the 18F-FDDNP radiotracer which binds to plaques and tangles. This 
group demonstrated that uptake of the molecule by temporal, parietal and frontal 
regions of AD patients was significantly higher than in an aging control 
population without cognitive decline. They also reported a comparison of 
18F-FDDNP and 18F-FDG in 83 subjects classified into EA (23 points), MCI 
(28 points), and no cognitive decline (30 points). The results showed a significant 
difference of 18F-FDDNP uptake between the normal and MCI groups, and the 
MCI and the AD groups (p<0.001) with an increasing intensity of the uptake 
from the normal to AD. They also found that FDDNP separated the groups better 
than 18F-FDG [II.20]. One obvious advantage for 18F-FDDNP compared with 
11C-PIB would be its wide availability for general use as it derives from the 
longer half-life of 18F compared with 11C.

The approach to AD diagnosis by using this type of specific tracers has led 
to the investigation of some other tracers which incorporate to different brain 
functions. The Barrio group also tries to evaluate molecules which bind to 
serotonine receptors showing that in the hippocampus there is a higher density of 
receptors AD patients [II.21]. Other groups have published recent experience 
with probes to study the cholinergic receptors reporting promising but 
contradictory results [II.39, II.40].

II.2.2. Evaluation of movement disorders

The limitations of the clinical evaluation for the diagnosis of movement 
disorders of which Parkinson´s disease is the most common, are well known. The 
diagnosis of PD at the early stage and its differentiation from other diseases which 
show common clinical features explain why functional imaging, SPECT and PET 
has focused since many years ago on this area of neurology [II.24–II.26].

The potential of nuclear medicine techniques for the study of movement 
disorders has been based on the findings in post-mortem studies of the loss of nigra 
substance neurons and the changes undergone by the nigra-striatal dopamine 
network. Therefore, the dopamine system attracted the attention of nuclear 
medicine research to design and develop radiolabelled molecules which could 
identify the abnormal functioning of the dopamine system and thus, allow an early 
and differential diagnosis of PD for its better treatment management [II.27].
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A new scenario for the role of functional imaging is related with the 
development of new treatments well represented by the introduction of new 
pharmaceuticals. From this new framework stems a new application of PET 
techniques for the monitoring the response to drugs used clinically like, in 
addition to L-DOPA, dopamine agonists or anticholinergics agents [II.28, II.29]. 
Some other treatments, like cell transplantation or neuroprotective drugs with 
potential clinical value might increase further the contribution of functional 
imaging particularly PET/CT imaging.

18F-DOPA has been applied for many years for the study, diagnosis and 
assessment of PD. This molecule, by tracing the presynaptic dopamine, shows the 
highest uptake in the striatum in the normal brain. The mechanism underlying the 
application of 18F-DOPA is that it targets the synthesis of dopamine in 
presynaptic neurons with high density targets in the striatum. In the early stages 
of the disease there is a reduction of the targets, and hence of the synthesis of 
dopamine with an increasing reduction as the disease progresses. The specific 
uptake pattern found in PD resembles very accurately the pathological findings 
showing low uptake in the striatum and within this, much lower in the posterior 
putamen. This pattern is common to all presynaptic tracers, both for SPECT and 
PET although targeting different functions [II.30, II.31].

In the clinical context, until recently, functional imaging of the presynaptic 
functions has been based on the use of dopamine transporter molecules (DAT) 
which bind to a transporter and displays the transporter density. This tracer is 
labelled with a single photon emitter, 123I. SPECT technology is applied widely 
and used extensively clinically in the diagnosis and monitoring of PD [II.32]. 
However, the increasing use and availability of the PET technique due to its 
exclusive and relevant role in oncology, also explains the increasing use of 
18F-DOPA-PET/CT, as the image quality is superior to that obtained by SPECT 
despite the improvements of this technique in the last years.

In the above context, in addition to early diagnosis, the introduction and 
development of new drugs for the treatment of PD will increase the demand for 
18F-DOPA-PET/CT for monitoring response. Moreover, the research on the 
development of new radiotracers which bind to other targets involved in the 
pathophysiology of PD, like serotonin and nor-epineprine transporters 
[II.33, II.34], offer new challenges for the clinical application of the technique in 
the study of PD.

II.2.3. Brain tumours

Imaging of the normal brain and of brain tumours were the first clinical 
application of PET using 18F-FDG as a radiotracer. Since then, the technological 
progress of PET equipment has been impressive and, regarding brain tumour 
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applications the technique moved from  the research level to the clinical level it is 
currently the technique of choice in some specific indications.

According to the normal biokinetics of 18F-FDG, it is taken up avidly by the 
normal brain parenchyma, especially the grey matter. Although this physiological 
uptake limits the value of FDG-PET for the detection of small tumours, it 
provides a good reference for comparison with the tumour uptake.

Very early, Patronas et al. [II.35] demonstrated that FDG–PET provided 
more accurate information on tumour grade than contrast enhanced CT. They also 
reported a relationship between the grade of malignancy and the intensity of 
uptake, based on a qualitative image reading. These qualitative results were much 
later confirmed by Delbeke et al. [II.36], who tried to determine quantitatively the 
optimal cut-offs to differentiate between low and high grade brain tumours by 
FDG–PET. They reported a cut–off of 1.5 for tumour to white matter and 0.6 for 
tumour to grey matter. These cut-offs resulted in a 94% sensitivity and a 77% 
specificity for diagnosing a high grade tumour. Also, the prognostic contribution 
of FDG–PET has been assessed by several groups. Patronas et al. [II.37] also 
confirmed the results obtained by previous work by Alavi et al. [II.38], showing 
the relationship between increased uptake and short survival and normal or 
decreased uptake and long survival.

After treatment, FDG–PET has also proved of great value to evaluate the 
response. After quimiotherapy it has been reported that a decrease of 15–25% of 
the uptake after the first cycle corresponds to a partial response while an uptake 
like the surrounding normal parenchyma would correspond to a complete 
response [II.39]. However, to be reliable FDG–PET examination must be carried 
out at least two weeks after the end of quimiotherapy so that false positives due to 
an early transitory uptake can be avoided [II.40]. In addition, an outstanding 
indication of the technique is the differentiation between residual tumour and 
post-radiotheraphy necrosis [II.41, II.42]. Similar results were reported for the 
differentiation between post-surgical changes and residual tumour [II.43]. 
Normally, in many of these clinical situations, FDG–PET is applied in the context 
of a previous NMR which shows areas of abnormal enhancement. In these cases, 
the need of further differentiation and clarification makes co-registration of both 
images necessary for an optimum result.

In addition to measuring the glucose metabolism by using FDG for the 
assessment of brain tumours, other functional parameters of brain function can be 
applied for more specific information. Among other amino acids, methionine 
labelled with C-11 has been used for many years because of the increased 
metabolism of this molecule in brain tumours. Just as relevant, unlike FDG, it is 
not taken up by inflammatory changes. Several mechanisms are involved in the 
increase uptake of this amino acid by brain tumours: (1) increased transport; 
(2)  increased protein synthesis; (3) breakdown of the blood brain barrier; 
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(4) methyl group transfer in lipid synthesis; and (5) methionine is the first amino 
acid incorporated in the synthesis of all proteins [II.44].The increased uptake of 
11C-methionine has been reported as being indicative of high grade malignancy 
and shortest survival [II.45]. In a recent work, Kato et al. [II.46] investigated 
whether 11C-methionine could provide evidence of malignant transformation of 
low grade gliomas in 49 consecutive patients before surgical resection by 
comparing the uptake with proliferative activity. They found a significant 
correlation of the uptake and the proliferative activity and concluded that diffuse 
astrocytomas showing high uptake of 11C-methionine may act more aggressively, 
and those with lower uptake are more quiescent lesions. For defining tumour 
margins, methinonine has been demonstrated to be superior to FDG [II.47].

11C-methionine has been also applied for the differentiation of recurrence 
disease and post-treatment changes. A sensitivity of 80% and a specificity of 
100% [II.48] have been reported, although some false positive were also found by 
other groups [II.49, II.50]. From the large body of experience collected, the 
combined use of 11C-methionine and 18F-FDG has been demonstrated as the best 
approach for differentiating recurrence and post-radiotheraphy changes 
[II.44, II.51] so that a high FDG uptake would confirm a high grade tumour, 
while a low uptake would be consistent with a low grade tumour, post-therapy 
changes, infarct, benign lesion and, more rarely, a high grade lesion. According to 
this protocol, the low FDG uptake group would then be followed by a 
11C-methionine-PET to differentiate the low and intermediate grade tumours 
from the rest of the possible causes associated with such low uptake [II.44].

There are many other tracers which have been or still are investigated as 
they are involved in some mechanisms of tumour biology. 18F-DOPA, in addition 
to its role in the study of movement disorders, has been reported to be more 
accurate than FDG–PET for imaging low grade tumours, for evaluating tumour 
recurrence, and for distinguishing tumour recurrence from radiation necrosis 
[II.52]. Thymidine, which in a tritiated form is the gold standard to study cell 
proliferation in vitro labelled with C-11 allows PET imaging of brain tumours 
[II.53]. The same metabolic parameter, cell proliferation, is evaluated by PET 
imaging using a radiotracer of thymidine labelled with  18F (18F-FLT) [II.54]. 
Other tracers representing different aspects of function and metabolism, such as 
hypoxia with 18F-MISO, or lipid synthesis with 11C-choline are still under 
evaluation for its clinical application in the study of brain tumours [II.55, II.56].
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II.2.4. Epilepsy

Epilepsy is a disorder that is treated successfully with pharmacological 
treatment in about 70% of the cases, the rest being potential candidates for 
resection of the epileptogenic zone. Therefore, localizing such zones before 
surgery is carried out, and is a requirement so that the patient renders seizure free 
after surgery 

The generally accepted approach to the pre-surgical evaluation after the 
basic clinical examination and scalp EEG, is to carry out anatomical techniques 
like CT or NMR as the first imaging modalities to exclude structural 
abnormalities. Once these were excluded, video EEG, interictal and ictal EEG, 
ictal and interictal SPECT and interictal FDG–PET are done to find out whether 
there is one or more epileptic sites and to localize the epiletogenic zone. 
FDG–PET has been successfully applied and a large body of experience has been 
published. The FDG metabolic pattern associated with the site of the epileptic 
focus corresponds to hypometabolism in an interictal FDG–PET. Although 
FDG–PET is usually assessed visually, the automated analysis using an age 
matched database for comparison is more reliable [II.57].

In a study evaluating FDG–PET for the localization of the site of seizure 
onset in a selected population of patients with refractory epilepsy partial epilepsy, 
44% sensitivity was reported with a better accuracy for temporal lobe epilepsy 
[II.58]. This is in accordance with the findings of other authors who reported that 
between 60 and 90% of such of patient groups show an interictal temporal lobe 
hypometabolism ipsilateral to the side of the seizure focus [II.59, II.60]. When 
dealing with extratemporal epilepsy, the hypometabolic pattern was reported in 
67% of patients.

Prediction of seizure outcome has been also assessed in depth. Lee et al. 
[II.58] reported the significant correlation between the lobar localization of the 
ictal focus and the seizure free surgical outcome either by FDG–PET or the 
concordance of 2 or more pre-surgical evaluations. Regarding the correlation 
between the extend of hypometabolism and seizure free outcome, Choi et al. 
[II.61] confirmed that hypometabolism at the ipsilateral temporal lobe was 
associated with a much higher seizure free outcome (75%) than when it was 
extratemporal, but in the ipsilateral cerebral hemisphere (45%) or in the 
contralateral cortex (20%).

Some other mechanisms of brain function have been evaluated for the 
radionuclide study of epilepsy, in particular PET imaging. PET radiotracers have 
been developed to bind the receptors of γ-amino-butyric-acid (GABA) which is 
the main inhibitory neurotransmitter. Thus, 11C- or 18F-flumazenil were applied 
clinically with very promising results [II.62]. However, a general drawback of 
these two tracers is that the flumazenil binding to the GABA receptors can be 
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interfered by antiepileptic drugs. On the other hand, most of the experience 
achieved is based on the use of 11C, so that a nearby cyclotron is required due to 
the short T1/2. However, this limitation is overcome by the use of 18F-FMZ [II.63]. 
In this context, interictal FDG–PET, along with interictal and ictal HMPAO 
SPECT, remain the techniques of choice in the clinical pre-surgical localization 
of the epileptic zone.
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Appendix III

CARDIOLOGY

III.1. INTRODUCTION

Coronary artery disease (CAD) is the main cause of death in the developed 
world and is rapidly becoming such in the developing one. In the last three 
decades, imaging of CAD has been successfully performed through, myocardial 
perfusion imaging (MPI) which has become the non-invasive diagnostic test most 
often applied in the USA, its success being based on the functional 
characterization of CAD after Gould et al. first described the importance of 
coronary flow reserve measurements in the clinical evaluation of CAD in the 
1970s [III.1]. In the 1980s, the introduction of SPECT made it possible to assess 
quantitatively the extent and severity of perfusion abnormalities [III.2]. PET has 
also been developed as a clinical imaging tool for the quantitative assessment of 
myocardial perfusion and for the characterization of tissue viability in patients 
with advanced CAD, because of its high sensitivity, homogeneous spatial 
resolution, and potential for quantitation of tissue tracer concentration. The most 
recent technical innovation, which has been available for only the last few years, 
is the integration of PET and CT systems. These dual modality systems offer an 
advantage over dedicated PET in that they can concurrently provide both 
metabolic and structural or anatomical images that are automatically fused and 
overcome some limitations of dedicated PET. Because PET is currently 
experiencing rapid growth as an imaging modality in oncology, the availability of 
PET instrumentation in many imaging departments is opening new opportunities 
for its application to cardiology. Hybrid PET/CT scanners, the current standard of 
PET imaging, are now increasingly available with high end CT systems that are 
capable of high resolution cardiac imaging. Those enable a routine combined 
assessment of anatomy and function/biology, which will increase acceptance of 
PET among morphology oriented clinical cardiologists. Emerging issues, such as 
microvascular disease, which precedes the development of overt clinical CAD 
and represents a prognostic factor in many cardiac pathologies, have been 
brought up based on PET and its unique strength to measure myocardial 
perfusion in absolute terms.

A rising concern is the radiation exposure of patients undergoing PET/CT 
scans. Indeed, radiation exposure from a PET/CT study is the sum of the 
effective dose from the incorporated radiotracer and the dose from external X 
ray irradiation during the selected CT acquisition protocol. For a 370 MBq 
18F-FDG injection, the effective dose is 7 mSv. For rest–stress 13N-ammonia 
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(2 ¥ 550 MBq) or 82Rb (2 ¥ 1500 MBq), the effective doses are 2.2 mSv and 
5.0 mSv, respectively [III.3, III.4]. The effective dose per CT examination 
depends on the acquisition parameters chosen (kV, mAs) and the body region 
being scanned. Measurements of radiation exposure in oncologic whole body 
18F-FDG PET/CT examinations showed an effective dose of 14–18 mSv from the 
contrast enhanced diagnostic CT scan covering the whole body. Reducing 
radiation exposure by limiting the axial field of view or changing the CT tube 
current according to anatomy has been proposed to reduce radiation exposure by 
up to 30–40% [III.5]. 

III.2. CLINICAL CARDIAC PET TRACERS

III.2.1. Myocardial perfusion 

Basically, there are three main tracers suitable for myocardial perfusion 
imaging with PET. One is 13NH3 with a first pass extraction of 80% and linear 
uptake over a wide range of myocardial blood flow except at very high flow rates. 
Imaging with 13NH3 requires either an on-site cyclotron or proximity to a regional 
positron radiopharmaceutical source centre. Images are of high quality and 
resolution. A second tracer is 82Rb, a potassium analogue that has a first-pass 
extraction of 65% and requires active transport via Na/K-ATPase, which is 
dependent on coronary flow. Also, with 82Rb, the extraction fraction decreases in 
a nonlinear manner with increasing blood flow, and this effect is more 
pronounced when compared to ammonia, although still superior when compared 
to 99mTc labelled SPECT compounds [III.6, III.7]. An advantage of 82Rb over 
13NH3 is that it is produced by a 82Sr/82Rb generator without the need for a costly 
cyclotron. In the USA, 82Rb is the most frequently employed cardiac PET tracer 
and has experienced exponential growth in recent years.

III.2.1.1. Myocardial viability 

18F-2-deoxy-2-fluoro-D-glucose (18F-FDG) is widely available due to its 
success as a metabolic imaging tracer in clinical oncology. It is known for 
decades that the tracer is of high value to determine myocardial glucose 
utilization as an indicator of myocardial viability. Increased 18F-FDG uptake can 
be observed in ischaemic tissue, whereas markedly reduced or absent uptake 
indicates scar formation. 18F-FDG uptake is heterogeneous in normal 
myocardium in the fasting state and, therefore, oral glucose loading, nicotinic 
acid derivatives, or infusion of insulin and glucose have been used to enhance 
myocardial 18F-FDG uptake [III.8]. Images obtained in non-diabetic patients and 
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in patients with non-insulin-dependent diabetes, after insulin infusion, are of 
higher quality than those obtained after oral glucose loading [III.9]. Also, bolus 
injections of insulin have been suggested as possible alternatives and when such 
protocols for patient preparation are being followed, cardiac 18F-FDG is generally 
of high diagnostic quality [III.10].

III.2.2. Clinical applications

III.2.2.1. Diagnosis of CAD

With the changing pathophysiological understanding about CAD, it is 
becoming increasingly difficult to define the gold standard for disease detection. 
Conventionally, the presence of 50–75% coronary stenosis is considered indicative 
of obstructive CAD. However, evidence is increasing that although the degree of 
stenosis may be related to the presence or absence of symptoms, the prognosis of 
patients cannot be predicted on the basis of angiographic criteria [III.11]. A study 
has shown that a large subset of patients with acute myocardial infarction has 
coronary culprit lesions of less than 50% narrowing, limiting the use of the degree 
of stenosis as a predictor for acute ischaemic syndromes [III.12].

A consensus exists that indications for revascularization in patients with 
stable coronary disease should be based on evidence of myocardial ischaemia 
[III.13]. In symptomatic and asymptomatic patients with CAD, a large body of 
data indicates that the prognosis depends on the extent and severity of perfusion 
abnormalities during stress interventions. On the other hand, in non-invasive tests 
such as MPI, the demonstration of normal results during maximal physical or 
pharmacological stress is associated with a very low risk of cardiovascular 
complications [III.14].

Therefore, the therapeutic management of patients with known CAD is 
based on functional characterization of the disease process. The combination of 
scintigraphic measurement of perfusion and CT depiction of coronary 
morphology may increase the accuracy of linking functional and morphologic 
data. This combination is expected to decrease the need for diagnostic cardiac 
catheterization and prove to be the method of choice for selecting patients for 
therapeutic intervention.

III.2.2.2. Non-invasive coronary angiography by CT angiography

A large number of studies have recently been published demonstrating the 
increasing accuracy of multislice-CT angiography for the detection of CAD. With 
the availability of 16 and 64 slice scanners, the sensitivity and specificity for 
detection of significant coronary artery stenosis are exceeding 90% 
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[III.15–III.17]. Most studies were a single centre evaluation and involved patient 
populations with a high prevalence of CAD. Further prospective multicentre 
studies are needed to confirm the high diagnostic value of multislice CT imaging 
for the detection of CAD [III.18]. Multislice CT technology is expected to 
stabilize, resulting in longer product cycles and thus allowing for more in-depth 
validation of this technology. However, there is little question that non-invasive 
coronary angiography will become a clinical reality, changing the workup of 
patients suspected of having obstructive CAD and the follow-up after surgical 
and percutaneous revascularization [III.19]. A drawback of CT angiography is its 
limited ability to correctly assess regional coronary stenosis in the presence of 
severe coronary calcification [III.20]. Again, the use of MPI at the time of CT 
angiography may help to reduce the number of false positive results, because 
normal perfusion reserve in segments distal to a coronary calcification may rule 
out a high grade lesion [III.21].

III.2.2.3. Identifying plaque burden

Coronary calcification is one of the first biomarkers identifying 
atherosclerotic coronary lesions. However, several studies indicate that even in 
the absence of coronary calcification, plaques can be detected by CT, MRI, or 
ultrasound measurements [III.22–III.24]. A recent study comparing CT with 
intravascular ultrasound revealed a 19% incidence of noncalcified lesions. With 
the advent of molecular imaging, there may be an opportunity to enhance contrast 
in plaque imaging by combining scintigraphic data with CT characterization of 
individual plaques [III.25]. Those data suggest that it may be possible to identify 
the inflammatory component of atherosclerotic plaques in vivo, thereby allowing 
the biologic activity within plaques to be studied. However, 18F-FDG represents a 
relatively non-specific marker for molecular processes. New 
radiopharmaceuticals that target the extracellular matrix proteinases or proteins 
that are upregulated during the inflammatory process may be of interest 
[III.26, III.27]. There is no question that PET/CT images will improve the 
evaluation of molecular signals, because targeted tracer signals require 
anatomical information. Future studies will have to show, however, whether 
PET/CT can show biological signals in the beating heart and provide incremental 
prognostic information.

III.2.2.4. Assessment of heart failure

The results of multicentre trials on patients with heart failure indicate that 
up to 50% of patients with impaired left ventricular function have CAD [III.28]. 
Because the treatment strategies for patients with CAD are different from those 
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for patients with primary myocardial disease, such as dilated cardiomyopathy, 
accurate differentiation of ischaemic and nonischaemic heart disease is 
important. Again, with the advent of non-invasive coronary angiography by CT, 
the combination of PET and CT may help not only to separate patients with and 
without CAD, but also to define the extent of reversible and irreversible 
ventricular dysfunction based on metabolic evaluation of the left ventricular 
myocardium. There are relatively few data available demonstrating the accuracy 
of CT angiography in patients with impaired left ventricular function. The quality 
of the contrast bolus in patients with low cardiac output may impair image 
quality. However, because of the reduced cardiac function, motion artifacts may 
be less prevalent in this population. Therefore, the newer generation of multislice 
CT scanners is expected to make possible the accurate detection of CAD in 
patients with impaired left ventricular function.

PET has been validated extensively in the assessment of tissue viability 
using the combination of metabolic imaging with 18F-FDG and evaluation of 
myocardial blood flow. The extent of tissue viability predicts recovery of left 
ventricular function after revascularization [III-29]. Based on coronary 
angiographic data provided by CT angiography and by the assessment of tissue 
viability, a non-invasive diagnostic workup may be possible. This possibility may 
be especially important for patients being considered for cardiac transplantation, 
when information about the viability of residual tissue and the extent of CAD, as 
defined by CT angiography, helps with the decision making process. The 
presence of a mismatch between flow and metabolism is of high prognostic value 
[III-30]. Several studies have indicated that the presence of metabolic activity in 
segments with severe dysfunction is associated with higher risk if these segments 
are not revascularized [III.31]. A study has also shown that residual viability in 
dysfunctional myocardium is associated with less perioperative risk from the 
revascularization [III.32]. Therefore, the combination of PET/CT in patients with 
severe left ventricular dysfunction may improve the diagnostic process and help 
avoid unnecessary invasive procedures.

This comprehensive cardiac evaluation with PET/CT includes not only the 
CT angiography data and the myocardial tissue characterization, but also the 
assessment of regional function through left ventricular ejection fraction [III.33]. 
Therefore, with a single, non-invasive imaging procedure, the extent and severity 
of left ventricular dysfunction, the extent of tissue viability, and the overall extent 
of CAD can be characterized and used to risk stratify the patient.
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Appendix IV

INFLAMMATION, INFECTION AND OTHER
PET/CT APPLICATIONS

IV.1. INTRODUCTION

The term inflammation represents a non-specific immune response which 
can be provoked by a sterile stimulate such as post-surgical healing, tissue 
reaction to foreign bodies like endoprostheses, or modified cancer cells. 
Autoimmune diseases constitute a special subgroup of sterile inflammation. In 
these cases, an inflammation is provoked by the formation of antibodies to 
antigens present on the surface of tissue cells. They comprise a heterogeneous 
group of conditions that include: rheumatoid arthritis, inflammatory bowel 
disease, vasculitis and systemic connective tissue diseases like systemic lupus 
erythematosus. The most common cause of inflammation is infection caused by 
microorganisms. Some infections, such as pneumonia, may be naturally acquired. 
Others may occur as a result of complications following surgery. 

Imaging plays an important role in detecting and evaluating suspected 
infections. CT and MRI both provide excellent spatial resolution and help in 
diagnosis and planning surgery or other interventions. Standard anatomical 
modalities are sometimes ineffective in accurate assessment of disease activity, 
especially when the anatomical structure or the sites of suspected infection are 
distorted by previous surgery, scar tissue or the presence of an orthopaedic 
prosthesis. Some diseases are coupled with no or minimal anatomical changes 
(vasculitis), some pathological foci can mimic normal structure, resulting in false 
negativity of anatomical modalities. In these settings, functional or metabolic 
imaging plays a complementary role.

Although FDG–PET/CT has been used successfully in the evaluation of a 
variety of malignant disorders, FDG is not a tumour specific radiotracer. 
Increased accumulation of FDG has been demonstrated in sites of inflammation 
or infection. This presents an issue in the evaluation of patients with solitary 
pulmonary nodules. A positive finding may represent malignancy, but 
granulomatous inflammations such as tuberculosis or brucellosis can also be 
present. In cancer patients with complications following surgery, FDG–PET/CT 
alone is unable to differentiate between infection or inflammation at the operative 
site and recurrent tumor.

Fever of unknown origin (FUO) represents a clinical condition that can be 
addressed by FDG–PET/CT with success. FDG–PET/CT can localize the source 
of FUO in inflammatory connective tissue disease, vasculitis, systemic lupus 
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erythematosis, inflammatory bowel disease, neoplasm, infected pseudoaneurysm 
or non-diagnosed AIDS or syphilis [IV.1].

FDG–PET/CT can be used for the diagnosis of infection of vascular or joint 
prosthesis, as well as of the stabilization of vertebral column, or for confirmation 
of clinical suspection of spondylodiscitis.

FDG–PET/CT is an effective imaging modality in the assessment of 
patients with a variety of infectious and inflammatory processes. The non-
specific nature of the tracer remains a limitation. Since the majority of patients 
are referred when all other diagnostic options are exhausted, the interpreting 
physician is obligated to indicate any possible source of fever which increases the 
number of false positive findings. This results in high sensitivity at the expense of 
specificity. Although FDG–PET/CT is not able to specifically identify the 
underlying disease state, it can aid the clinician in choosing the next round of 
targeted, confirmatory tests.

In conclusion, FDG–PET and PET/CT represent a sensitive diagnostic tool 
which may be helpful in the evaluation of patients with suspected inflammation 
or infection when other modalities have failed. We need to keep in mind the 
limitations of spatial resolution, the inability to evaluate areas with high 
physiological background levels of FDG and the overall lack of specificity. 
FDG–PET and PET/CT may have the potential to replace other nuclear medicine 
procedures such as gallium imaging or labelled white blood cells. Because 
FDG–PET and PET/CT imaging does not require handling of blood products and 
provides ‘same day’ results, the benefits may outweigh the higher procedural cost 
in selected patients.

Other clinical applications of PET/CT apart from oncology, neurology, 
cardiology and infection/inflammation imaging are extremely rare and wait for 
clinical evaluation. An example of one promising application of PET/CT using 
fluoride might be assessment of bone and joint benign pathologies [IV.2].
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Appendix V

PRODUCTION NEEDS

V.1. DEFINITION OF THE POPULATION OF INTEREST

Once the epidemiology data have been collected and approved indications 
have been selected, it is possible to define the population of interest for the 
clinical application of PET in oncology.

The first step is an overall estimate of the number of people in a population 
(limit population) for whom the use of a particular test (PET in our case) would 
be deemed appropriate, given the number of inhabitants in a region, the total 
prevalence of all types of cancer and the indications approved. This estimate is 
given by:

where PT is the total number of inhabitants (of both sexes) in the region, p is the 
prevalence for all types of cancer (averaged on both sexes), and fa is the fraction 
of all oncological applications for which it is recognized that use of PET is 
appropriate, at least in a certain phase of the natural history of the disease. 

Consider an example in which the calculation is performed for a population 
of 1 000 000 inhabitants, and assume that the total prevalence of all types of 
cancers is (on average among sexes) 2.2 %. This means that a total of 
22 000 patients are living with cancer at some level of stage and treatment in that 
region. 

On the basis of prevalence data for each type of tumour and of the accepted 
indications, it is possible to evaluate the fraction for which appropriateness is 
recognized. Consider that appropriate indications are lung cancer, colorectal 
cancer and Hodgkin and non-Hodgkin lymphomas, and that these pathologies 
account for 25 % of all tumours.

The limit population will then be:

Plim = 22000 ¥ 0.25 = 5500 cases

It should be clear that this limit population represents the ensemble of 
patients including all those eligible for a PET scan, but it is not yet the actual 
number of scans that will be potentially necessary.

P P p fT alim = ◊ ◊
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Note that not all patients bearing a clinical condition for which PET 
scanning could be indicated will actually need it. Indeed, sufficient diagnostic 
information could be obtained using conventional imaging. Also, referral may be 
conditioned by external factors such as the availability of PET or the confidence 
of referring physicians on the value of the technique. Specific clinical conditions 
may also require referring physicians to take decisions which may differ from 
accepted Guidelines and/or recommendations.

V.2. EVALUATION OF THE EXPECTED NUMBER OF PET
SCANS PER YEAR

Several approaches to estimating the number of PET scan requests expected 
from a designated population have been published. For example, an accurate 
clinical algorithm has been developed for the most relevant indication, the 
classification of solitary pulmonary nodules, staging and evaluation of recurrence 
of lung cancer [V.1]. After estimating the needs in lung cancer, they extrapolate to 
the needs for all types of cancer, based on the ratio of the workload observed for 
lung cancer relative to other indications in their PET centre.

This approach has limitations, being based on the workload statistics of a 
single PET centre in a given country; its strength is that it is not based merely on 
a theoretical evaluation of the expectations, but on a sound practical experience, 
even if relative to the first years of this decade and to the relatively limited 
spectrum of indications approved at that time.

Another interesting approach has been developed by the Regional Health 
Authority and monitored in the Emilia Romagna Region (Italy); in this region, an 
assessment of appropriateness and an estimate of the technological needs have 
been continuously re-evaluated using a consistent approach.

Local data for complete prevalence have been collected, and stratified 
prevalence data for the main tumours (broad ICD-9 codes) have been evaluated 
on the basis of limited time prevalence (at five years) gathered from the 
GLOBOCAN project.

The minimum and maximum number of PET scans expected per year was 
estimated, as from Eqs (V.1) and (V.2):

(V.1)

(V.2)

N P I w P I wS Mj aj
j

j Fj aj
j

jmin min min= ◊ ◊ + ◊ ◊Â Â

N P I w P I wS Mj aj
j

j Fj aj
j

jmax max max= ◊ ◊ + ◊ ◊Â Â
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where PMj and PFj  are the complete prevalence (number of living people with the 
tumour) for males and females  of all ages for tumour j; Iaj  is an index whose 
value is set = 1 if a given indication is recognized for tumour j, and 0 otherwise; 
wmin j and wmax j  are weighting factors, whose values are assigned as follows. 

A panel of professionals (nuclear medicine physicians, oncologists, 
surgeons, haematologists, biostatisticians, …) reviewed the scientific literature to 
assess appropriate indications; at the same time, panel members were asked to 
express their opinion on the minimum and maximum percentage of patients 
affected by neoplasms, grouped in each of the broad ICD-9 codes, that would be 
referred for a PET scan during the natural history of their disease, as summarized 
in Table V.1.

This approach is thus based on ‘weighting’ current and future trends of the 
clinical use of PET by professionals well informed about the technique and HTA 
issues.

The panel reported that the likelihood of a PET scan request was from
wmin j = 0.3 to wmax j = 0.6 in patients affected by lung cancer (ICD-9 codes 
162.0 – 162.9), and from wmin j = 0.05 to wmax j  = 0.2 in patients with colorectal 
cancer (ICD-9 153.0–154.0, 159.0).

This weighting produces a relatively high degree of variability for each type 
of tumour; nevertheless, on average consistent evaluations are formulated.

The average number of PET scans expected per year is then simply 
obtained as the arithmetic mean of NSmin and NSmax .

These indications are based on valuable experience in the field, and have 
been updated over time, as the approved indications of PET increase. They have 
also been compared with the effective workload of PET centres whose adherence 
to approved indications has been audited.

V.3. AN EXAMPLE OF A CALCULATION

Consider a population of four million inhabitants, 48.5% males, 51.5% 
females, with prevalence for all types of cancer of approximately 2.50% for 
males and 2.45% for females. The distribution of prevalence for the most 
common types of tumours is reported in Table V.2.        
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TABLE V.1.  MINIMUM AND MAXIMUM PERCENTAGE OF PATIENTS 
AFFECTED BY NEOPLASMS, GROUPED IN EACH OF THE BROAD ICD-9 
CODES, LIKELY TO BE REFERRED FOR A PET SCAN DURING THE 
NATURAL HISTORY OF THEIR DISEASE

CANCER SITE

Appropriateness
index

Minimum
weighting factor

Maximum
weighting factor

Iaj wmin j wmax j

Oral cavity 1 0.01 0.1

Nasopharynx 1 0.1 0.2

Other pharynx 1 0.1 0.2

Oesophagus 1 0.1 0.3

Stomach 1 0.01 0.1

Colon and rectum 1 0.1 0.3

Liver 0 0 0

Pancreas 1 0.01 0.05

Larynx 1 0.1 0.2

Lung 1 0.5 0.8

Melanoma of skin 1 0.1 0.2

Prostate 1 0.01 0.05

Testis 1 0.05 0.2

Breast 1 0.05 0.15

Cervix uteri 1 0.05 0.15

Corpus uteri 1 0.05 0.1

Ovary, etc. 1 0.1 0.2

Kidney, etc. 0 0 0

Bladder 1 0.01 0.05

Brain, nervous system 1 0.01 0.05

Thyroid 1 0.01 0.03

Non-Hodgkin lymphoma 1 0.8 1

Hodgkin lymphoma 1 0.8 1

Multiple myeloma 1 0.1 0.2

Leukaemia 0 0 0
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TABLE V.2.  PREVALENCE FOR THE MOST COMMON TYPES OF 
TUMOURS

CANCER SITE
Prevalence M Prevalence F

complete complete

Oral cavity 1137 451

Nasopharynx 137 72

Other pharynx 521 90

Oesophagus 259 74

Stomach 2043 1545

Colon and rectum 7392 6438

Liver 896 399

Pancreas 297 300

Larynx 2276 160

Lung 4183 994

Melanoma of skin 1491 1540

Prostate 9787 0

Testis 479 0

Breast 0 20380

Cervix uteri 0 1653

Corpus uteri 0 3671

Ovary, etc. 0 1596

Kidney, etc. 2234 1095

Bladder 7056 1444

Brain, nervous system 403 301

Thyroid 316 1344

Non-Hodgkin lymphoma 2173 1819

Hodgkin lymphoma 309 282

Multiple myeloma 717 705

Leukaemia 1309 931

All sites but non-melanoma skin 48463 50385
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The total prevalence within the population is thus approximately 
93 000 cases. Therefore, given the data in the tables, the equations cited and:

— Considering the prevalence for each sex; 
— The appropriateness index and the minimum or maximum weighting factor;
— Finally summing over all types of tumour

it is possible to obtain the following results, for example using a spreadsheet, as 
shown in Table V.3.

Note that the above is just an example and does not make reference to any 
specific country or geographical area. Local data or estimates should be used for 
the prevalence; judgments on the appropriateness of the indications and 
weighting factors should be based on evidence from updated scientific evidence 
and knowledge of the local health care system.

V.4. EVALUATION OF THE NUMBER OF PET SCANNERS

Once an estimate of the expected number of PET scans per year has been 
made, it is possible to address the issue of the number of PET (or PET/CT) 
scanners required. The determination of the number of scanners required should 
be based on the estimated average throughput per scanner, rather than maximum 
possible values.

Forecasts of the yearly workload based on an assumption of 250 working 
days per year, with the maximum number of scans performed every working day, 
and neglecting downtime due to maintenance, equipment problems, and 
decreases in workload at specific times of the year (holidays, festivities), lead to 
unrealistic estimates. Therefore, although patient throughputs of 2500 scans per

TABLE V.3.   MINIMUM, MAXIMUM AND AVERGAE NUMBER OF PET 
SCANS BASED ON PREVALENCE AND LIKELIHOOD OF UNDERGOING 
THE TEST

Minimum Maximum Average

Total number of expected scans, M 5591 10 453 8022

Total number of expected scans, F 4584 9697 7140

Total number of expected scans 10 175 20 149 15 162
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year or more are reported at some institutions with well tuned operating 
environments, a more realistic estimate of the effective patient throughput should 
be considered. Assuming an average workload of 2000 scans per scanner per year 
is considered adequate in most cases in order to plan adequately the needs for 
PET scanners in a country or geographical area.

As pointed out previously, changes in the number of PET scans requested 
should be expected over time, due to:

— Increased knowledge and confidence of the clinicians in the potential of the 
technology.

— Increases in the number of approved indications.
— Increased access to examinations; the greater the capacity, and the more 

timely the response, the greater the demand.
— Increased prevalence of cancer with time.

The algorithm described in the previous paragraphs for estimating the 
expected number of scans produces a range of values instead of a single figure. 
This allows for scaling the provision of scanners over time, in accordance with 
the ‘growth curve’ of the above factors.

Initial provisions can be based on the minimum values of the estimated 
number of the necessary scans; as the use of PET increases, progressing on the 
growth curve, the number of scanners can be increased to meet demand, tending 
towards a number of scanners necessary to perform the number of scans that were 
forecast. This process will take a few years, and during this time review and 
adjustment of the epidemiological data can be done, and compared with the 
effective workload observed.

Recalling the example developed in the previous section, and assuming an 
average workload per scanner of 2000 scans/year, if we consider the maximum 
number of scans expected (about 16 000, according to the data used in the 
example), an installed base of eight scanners would be necessary. Clearly, if all 
the scanners were installed at ‘time 0’, the observed number of scans would not 
be immediately equal to the limit, but would instead show a slow growth, tending 
to that value. It is then suggested that initial planning allows for the minimum 
number of scans, about 7000 in the example, requiring an initial installed base of 
three scanners. However, it is important to keep it clearly in mind that the 
expected workload will increase progressively towards the average and then the 
maximum number.

As pointed out, up to date local epidemiological data and appropriateness 
indicators should be used in modelling the needs. On the basis of a generic 
assessment that takes into account global, non-specific data, it is suggested that 
the initial number of scanners is planned on the basis of approximately one 
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scanner per million inhabitants. In a well developed context, it is expected that 
this figure will rise to 2.0 up to 2.5 scanners per million inhabitants.

REFERENCES TO APPENDIX V

[V.1] BEDFORD, M., MAISEY, M.N., Requirements for clinical PET: Comparison within 
Europe, Eur. J. Nucl. Med. Mol. Imag. 31 (2004) 208–221.
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Appendix VI

QUALITY MANAGEMENT SYSTEM

VI.1. QUALITY SYSTEM DOCUMENTATION

The aim of a quality management (QM) process in PET is to assist 
PET/nuclear medicine departments/facilities in maintaining or improving the 
quality of service for their patients. The QM programmes should review and 
evaluate the quality of all elements involved, including staff, equipment and 
procedures, patient protection and safety, the overall performance of the nuclear 
medicine department as well as its interaction with external service providers.

Ensuring proper patient care needs a continuous process of improving 
operating procedures, equipment usage and clinical practices in order to maintain 
all aspect of operation  ‘under control’. 

A quality management system is useful:

— To help fulfil regulatory needs;
— To optimize the effectiveness of patient care;
— To demonstrate that equipment is safe and in the proper operating condition 

to ensure optimal results;
— To allow reliable performance of quantitative procedures.

In order to set up a quality management system, a PET or nuclear medicine 
department should prepare an extensive series of written documents, describing 
operations and the QA programme.

A not exhaustive list of the documents needed include:

— Responsibilities and authorities;
— Job descriptions;
— Standard operating procedures (e.g. patient’s referral, patient’s reception 

and management, examination and scanning, equipment calibration and 
QC, sources safety, on job training, internal auditing);

— Management of deficiencies and non-conforming situations;
— Data and reference values tables;
— Reports;
— Documentation management (including formal procedures for changing/ 

updating and distributing documents).
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Preparing and maintaining documentation is a time consuming task. A 
solution, frequently adopted to save time, consists in preparing flow charts of the 
processes, including comments, rather than full texts.  

The formal documentation for a quality system can very seldom be prepared 
‘at once’. A gradual approach, by drafting, reviewing and improving documents, is 
a practical solution; this is frequently referred to as ‘document maintenance’.

The ISO 9000 family of documents addresses in full detail the structure of a 
QM system, regardless of what the user organization does. It is to be noted that 
such a system can be set up independent of the final goal to achieve certification 
from an authorized body.

VI.1.1. Quality system and justification issues

All medical exposures should be justified by weighing the diagnostic or 
therapeutic benefits they produce against the radiation detriment they might 
cause, taking into account the benefits and risks of available alternative 
techniques that do not involve medical exposure.

Making specific reference to the clinical use of PET, the overall justification 
of the practice should be carried out by the health authority, in conjunction with 
appropriate professional bodies. This process is generally accomplished through 
health technology assessment studies aimed at assessing appropriate indications.

Once general justification/appropriateness has been established, when an 
individual patient is considered, no examination should be programmed unless it 
has been requested by a referring medical practitioner. The practitioner should 
provide information on the clinical context, or whether it is part of an approved 
research programme. 

...
Contract review
Document control
Purchasing
Process control
Inspection and testing
Test equipment
Quality records
Quality audits
Training
Servicing
Statistical techniques
...

Quality Manual

Job descriptions,
Responsibilities &
autority

Operating Instructions

Reports
Tables

Procedures

FIG. VI.1.  Hierarchical structure of the document system for quality management.
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Justification of the medical exposure in every individual case should be 
carried out by the nuclear medicine specialist, in consultation, as appropriate, 
with the referring medical practitioner, taking into account the appropriateness of 
the request, the characteristics of the individual patient and relevant information 
from other radiological and non-radiological procedures

Documented procedures should be issued to address the previous points; 
particular attention and specific procedures should be adopted in the case the 
patient could be pregnant, is breast feeding or is a child.

In justifying the exposure of an individual patient for a PET (PET/CT) 
examination, relevant national or international guidelines should be taken into 
account.

VI.1.2. Patient management and clinical protocols

The QM system should include not only technical aspects of the operation 
of a PET/nuclear medicine departments, but all the components of the process 
that may have an influence on the quality of the result as perceived by the patient.

The terminology used in QM systems can be misleading. It is therefore 
useful to clarify the difference between different terms, like ‘guideline’, ‘clinical 
protocol’ and ‘standard operating procedure’:

— Procedure guidelines are a part of the process of evidence based medicine; 
personnel collect current opinions from relevant scientists and associations 
and give a definition of the ‘state of the art’ in a certain matter. That is, there 
may be a guideline on the use of FDG–PET in oncology. Guidelines may be 
issued by different bodies/organizations and may have different levels of 
recognition by law in different countries.

— The term ‘protocol’ is used in several different contexts. One of the most 
frequent uses is in research protocols or in multicentre trials. In this context, 
it represents an agreement on how to perform a detailed series of 
operations. It does not necessarily have any legal recognition and it is not a 
common base for the definition of the ‘state of the art’, but simply an agreed 
work programme. Another use of ‘protocol’ is in referring to the operating 
procedure that it is adopted inside a department to perform a given task, i.e. 
FDG–PET scans. In this sense, an internal protocol reflects only a 
convention inside a department.

— A standard operating procedure (SOP) is a formal document whose format, 
content, revision and distribution are kept under control. An SOP is used to 
define how a task or series of operations is performed inside an organization 
(a department). In this sense, an SOP has (at least superficially) the same 
function as an ‘internal protocol’, as discussed previously. But a SOP is 
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intended as a formal document and thus needs to be traceable to reference 
documents (i.e. guidelines from professional bodies) and in relation to the 
full set of SOPs dealing with other related subjects inside the organization.

SOPs should be in place for all relevant components of the operation of a 
department, not only as regards the performance of a specific type of diagnostic 
examination.

Reception and management modalities have a strong impact on a patient’s 
experience in a health structure. Detailed instructions and operating procedures 
should be prepared in order to grant that these relevant part of the process are 
‘under control’ and are managed in a reliable way by all the components of the 
staff. For example, the waiting time inside the department prior to the effective 
start of the procedure (e.g. the administration of the radiopharmaceutical), should 
be monitored, as well as the time that an in-patient has to wait after the conclusion 
of the examination to be accompanied back to his/her ward. 

Informative material for patient’s instructions should be available in local 
languages. Standardized clinical protocols should be formally documented on the 
basis of national or international guidelines. They should be made accessible to 
all the relevant members of the staff, e.g. written in the local language. The 
protocols should be periodically reviewed and audited [VI.1, VI.2].

VI.1.3. Roles and responsibilities

An exhaustive description of the competencies, skills and training needed 
by the different professionals involved in the operation of a PET is given 
elsewhere in this publication (see Section 8).

Here reference is made only to the specific roles and responsibilities  for a 
quality system:

— Nuclear medicine physicians. A specialized physician whose responsibility 
for quality encompasses the general services of the centre. In particular, 
he/she supervises all patient care and management procedures and all 
clinical protocols. In addition, he/she supports and enforces the QA/QC of 
equipment, establish clinical review and auditing. 

— Medical physicists specialized in nuclear medicine. These people are 
responsible for the performance of acceptance testing and organization/ 
supervision of routine calibration and QC of imaging and radiation 
measurement equipment, including radiation protection instrumentation. 
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— Radiochemists/radiopharmacists. Responsible for the performance of 
acceptance testing and organization/supervision of routine calibration and 
QC of all radiopharmacy equipment; QC of chemicals, enriched materials, 
precursors material and kits; QC of radiopharmaceuticals products and 
batch release.

— Nuclear medicine technologists. These people are needed to contribute to 
the preparation of clinical examination protocols and the performance of 
patient examinations according to established protocols. Technologists are 
involved in the performance of routine calibration and QC of scanners.

— Cyclotron operators. They are in charge of the daily operations. In addition, 
they take part in the acceptance test of the cyclotron and related equipment 
and are responsible for calibration and QC procedures for equipment.

— Nurses and other staff involved in caring for the patient. These people play 
a key role in the management and care of the patient and they are 
instrumental in the patient’s positive perception of the centre operation. 
They collaborate in preparing protocols of patient management and 
information material as well as in checking the operation of other 
institutional services (i.e. hospital transportation service).

— Administrative staff. These people represent the first encounter a patient 
has with the centre. They receive the patients according to the established 
protocols. In collaboration with the medical and technical staff, they are 
responsible of the application of the procedures for scheduling studies.

All the staff of the PET centre, according to their specific role and 
responsibilities, should actively participate in auditing and reviewing the overall 
operation.

VI.1.4. Audits

The aim of a QM process is to assist nuclear medicine departments/ 
laboratories in maintaining or improving the quality of service for its patients.

The QM programmes should review and evaluate the quality of all elements 
involved, including staff, equipment and procedures, patient protection and 
safety, the overall performance of the nuclear medicine department as well as its 
interaction with external service providers.

According to this view, audits are a powerful instrument to help 
implementation and tuning of a QM system. Several options are possible with 
regard to audits:
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— Internal audit. Members of the staff of a department/institution can be 
trained and qualified as quality system evaluator; they can perform regular 
audits of the QMS.

— External (at the department). The audit is performed by other members of 
the hospital staff, or by means of peer reviews by professionals from other 
institutions.

— External. Evaluators from a certifying body.

Further details on the options and the auditing modality, can be found in 
Ref. [VI.1].

VI.1.5. Radiopharmaceuticals preparations: Guidelines for
implementation of GMP

The use of a poor quality PET radiotracer may prevent correct diagnosis.  It 
may even pose a health hazard. The welfare of the patient undergoing a procedure 
demands that radiopharmaceuticals conform to the required specifications for 
identity, purity, efficacy and safety.

VI.1.6. Regulation of in-house versus distribution

Regulations governing the testing of a radiopharmaceutical vary. If the 
product is to be used locally, the requirements may differ from those that apply 
when it is to be distributed to other PET centres. Regulations differ throughout 
the world and in different Member States.  Assuming that regulations will be 
harmonized in the future, the wisest course of action is to design facilities that 
will satisfy the present requirements in most countries.  Guidance in setting up 
and operating a GMP compliant facility may be found in Refs [VI.3, VI.4].

VI.1.7. Approved and licensed dispensing unit

Two questions need to be answered:

— Timeline for getting approvals;
— Can the commercial supplier help with getting permissions?

The FDG may be dispensed into multi-injection vials or as a single dose in 
a syringe. The multi-injection vial allows more flexibility in dosing and is more 
secure in transport. The single dose in the syringe allows better control of the 
maximum administered dose and in the radiation dose to the medical personnel 
administering the dose.
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A laboratory with a clean room of Class C or D is to be considered to be 
sufficient for the radiopharmaceutical production. This assumes that critical steps 
with sterile solutions are performed in a carefully controlled environment with 
respect to the number of particles. A Class A enclosure is needed for dispensing 
FDG if it is dispensed into open vials.  If the FDG is placed into a multi-injection 
vial through a sterilizing filter, the GMP regulations state that it must be done is a 
Class A environment, but GMP regulations for PET drugs as described in the 
United States Food and Drug Administration guidance states that this final 
filtration may be done in a Class C environment.  The difference in cost between 
these two options is significant.  In all cases, the local regulations take 
precedence.

Quality control of raw materials is an important aspect of the GMP controls. 
Storage protocol and space must be provided to separate raw materials received 
in the facility from those which have been inspected and accepted for use in 
preparation of radiopharmaceuticals for human use. Most facilities will not 
perform acceptance testing on all the materials and rather will accept a certificate 
of analysis (COA) from the manufacturer that the material meets the 
specifications outlined in the acceptance criteria listed in the facility documents.

One the material has been accepted, it should receive a label with the 
expiration date and some indication that this material is ready for use in the 
preparation of radiopharmaceuticals for human use. Typically, this is done by 
attaching a label of a specific colour which can be readily recognized.

The movement of personnel and materials is one of the most critical aspects 
in the design of the facility. More information about this can be obtained in 
Ref. [VI.3]. This book contains ideal flow diagrams for all personnel and 
components.

Equipment should be chosen to be able to meet GMP requirements for 
[18F]-FDG radiopharmaceutical manufacturing, but it is not necessary to purchase 
more elaborate and expensive equipment which goes far beyond these 
requirements.  FDG is usually prepared in a synthesizer contained in a hot cell, 
with laminar flow enclosures meeting the specifications required for aseptic 
preparation of the final product. More detailed information can be obtained in 
Ref. [VI.3].

The following analytical equipment for ensuring the identity and purity of 
each synthesis is mandatory for chromatography in synthesis modules:

— Chromatography equipment:
• HPLC;
• Gas chromatograph;
• TLC scanner.
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— Radiation measuring equipment:
• Gamma spectrometer;
• Gamma counter;
• Dose calibrators.

— Analytical instruments:
• Balances;
• pH meters or paper;
• Incubators.

More information on these instruments can be found in Ref. [VI.3].

VI.2. QUALITY ASSURANCE OF PET/CT SYSTEMS

A proper QM system will also ensure that QC tests of PET and PET/CT 
scanners are effective. Therefore, the QM system should include several basic 
components:

— A clear definition of responsibilities for the defined actions regarding QA;
— Documents illustrating the correct use of the imaging equipment, of test 

objects, phantoms and sources, detailing test modalities and procedures to 
follow in the case of abnormal results that do not correspond to what is 
expected, or in case of malfunction;

— Records of all tests, calibrations, and corrective actions performed;
— Proper training of all staff involved in the correct and safe use of the 

equipment, its QC procedures and all aspects pertaining to QA.

The QMS control life cycle regarding medical imaging equipment is 
described in Fig. VI.2, which is based on the IEC 1223-1 standard [VI.5]. On this 
basis, it should be clear that QA/QC does not merely consist of performing 
routine tests during the operation of the equipment. A proper QMS should also 
include the specification and acquisition phases, and thus starts well before the 
actual installation and operation of the equipment [VI.6.].  

The specification document for any new system should include information 
regarding acceptance and end of warranty testing so that the vendor understands 
the requirements and schedule. In addition, the manufacturer should ensure that a 
service engineer is present during acceptance and end of warranty testing to 
correct any problems encountered by the medical physicists doing the testing. 
Once the equipment has been adequately specified, identified and purchased, the 
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equipment must be properly installed. Acceptance tests should then be 
performed, preferably by a qualified independent medical physicist, in order to 
verify that the scanner meets all requirements in terms of performance and 
operational parameters.

Some confusion exists about the differences between QA and QC. 
However, QA refers in general to the concept of taking actions to ensure that 
delivered products or services meet performance requirements. The QMS is the 
programme that controls how quality is maintained and ensured throughout an 
organization. Quality assurance may encompass various aspects such as quality 
of medical care based on specific indicators, e.g. the infection rate in a hospital; 
the satisfaction of patients with their care; credentialling of the medical staff; and 
continuing education of the hospital staff. The QMS defines what steps will be 
taken to ensure that the desired level of care is maintained and how that will be 
documented. Quality control for PET/CT applies to a specific set of 
measurements focused on monitoring the performance of installed imaging 
equipment relative to image quality and dose on a periodic basis, e.g. monthly.

An IAEA publication assists with the process of acceptance testing and QC 
of PET scanners [VI.6]. It supplements the material found in international and 
national standards, such as IEC and NEMA publications and other relevant 

FIG. VI.2.  QA/QC cycle for a medical imaging device (based on Ref. [VI.4]).
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documents referenced in that publication. To establish reference values and 
action levels to compare with the results of routine tests, an initial series of QC 
tests must be performed immediately after completion of the acceptance 
procedures. During the operational life cycle of the equipment, regular QC tests 
should be performed, as described in the referenced publications.
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