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 This book  Basic Science of PET Imaging  was designed to be a daughter ele-
ment of the parent book  Basic Sciences of Nuclear Medicine  (Springer, Khalil 
MM (Ed), 2011) with special focus on positron emission tomography (PET) 
imaging with its rather extended scientifi c disciplines and clinical applications. 
The rapid growth and advances in medical imaging in general and in PET 
imaging in particular have motivated and required a dedicated volume record-
ing this historical moment in the lifetime of nuclear medicine and molecular 
imaging. I think the release of the book is timely as it captures a snapshot of one 
of the most important and dynamically changing fi elds of medicine. 

 PET imaging technologies and their clinical and biomedical applications 
have become an integral part and indispensable tool in daily practice of modern 
medicine. It was a very exciting mission to collect most if not all of scientifi c 
bases and underlying fundamental concepts about PET imaging in a single 
volume. This has been made with careful attention to describe the basic scien-
tifi c principles, highlighting new advances and shedding light on recent devel-
opments in most of the covered topics. The power of PET imaging is currently 
not residing only in diagnostic workup of oncology, cardiology, and neurology 
and other diseases but also stem from its ability to work with other modalities 
in an integrated fashion in the new era of personalized or precision medicine. 

 In the last few decades, there were several exciting developments in most 
aspects of PET imaging technology that have made it an attractive, invalu-
able, and clinically rich imaging modality. I believe that the future of PET is 
bright with promising fi ndings that will help our patients, the core of the 
work, get diagnosed in their early disease development and supporting physi-
cians in taking the most accurate decision in treatment and management. The 
multidisciplinary collaboration that is taking place among physics, chemistry, 
biology, mathematics, engineering, and biomedical as well as medical profes-
sions in shaping nuclear medicine and molecular imaging has changed the 
way how new educational courses of molecular imaging and therapeutics 
would be designed and presented. I wish this textbook would be a good 
source for those educational programs. 

 Here I am presenting all chapters individually highlighting the most nota-
ble points and angles that characterize each chapter. 

 Chapter   1     has initiated the marathon of PET imaging by explaining some 
fundamental concepts and principles in radiation physics starting from the 
electromagnetic radiation and atomic models going through production of 
radiopharmaceuticals, radioactivity and modes of decay, interactions of 
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 radiation with matter, and positron-emitting radionuclides and fi nally describ-
ing some practically useful radiation detection and measurement devices. 

 Chapter   2     was written with special focus on radiation protection and safety 
parameters including shielding calculations and PET facility design, staff 
exposure, and optimization. X-ray computed tomography (CT) was the sec-
ond important part of the chapter concentrating on technology developments, 
factors controlling dose in clinical examinations, as well as dose metrics such 
as CT dose index (CTDI) and its variants, dose length product, size-specifi c 
dose estimate, and effective dose. Other measures of CT dosimetry like diag-
nostic reference levels and optimization of CT image, attenuation correction, 
and whole body imaging were also described with some emphases placed on 
quality control of CT scanners. 

 Chapter   3     was dedicated to PET internal dosimetry with some details on 
radiation dose calculation scheme, biokinetic analysis and study design, ani-
mal data collection that includes tissue extraction and small animal imaging, 
small animal dosimetry, human imaging procedures, as well as dealing with 
kinetic analyses. Calculations of organ dose and standardized dose tables, 
patient-individualized dosimetry, and radiation dose concerns for pregnant/
lactating mothers were also provided. 

 Chapter   4     covered labeling strategies used in the synthesis of PET radio-
pharmaceuticals. The authors discussed the commonly used positron- emitting 
radionuclides and electrophilic as well as nucleophilic substitution-based F18 
labeling. Aliphatic and aromatic nucleophilic fl uorination was also incorpo-
rated as well as F18 labeling of biomolecules. Labeling strategies of carbon-
 11 tracers were also mentioned with some details on methylation reactions, 
carbonylation reactions, and reactions with organometallic Grignard reagents. 
Other important labeling approaches for oxygen-15 and nitrogen-13 were 
mentioned. The emerging and the current G68-labeling methods were also 
outlined along with a discussion of the Ga3+ ions’ physicochemical and 
labeling properties and associated chelation chemistry including conven-
tional and new bifunctional chelators. 

 Chapter   5     was placed subsequent to Chap.   4     to describe the quality control 
procedures required for the release of PET radioactive drugs into the clinic. 
Most of the quality parameters including visual inspection, pH control, radio-
chemical and radionuclidic identity, half-life determination, radiochemical 
and radionuclidic purity, chemical purity, residual solvent determination, 
enantiomeric purity, sterility, and bacterial endotoxin test were explained. 
Analytical techniques of high-performance liquid chromatography (HPLC), 
thin layer chromatography (TLC), gas chromatography, and gamma spectrom-
etry were described. Validation of analytical procedures and characteristics 
required, namely, specifi city, precision, accuracy, linearity and range, detec-
tion limit, quantitation limit, and robustness, was discussed. Quality control of 
C11 tracers taking C11-methionine as an example as well as Ga68 radiophar-
maceuticals taking  68 Ga-edotreotide as an example was also presented. 

 Chapters   6     and   7     were written to circumvent the regulatory aspects of PET 
tracer production in European countries and the United States, respectively. 
The former chapter has emphasized the development of pharmaceutical regu-
lations and regulatory agencies as well as some attributes of a qualifi ed person. 
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Regulatory framework and manufacturing authorization, clinical trials, magis-
tral approach, and documentation were described. Drug development and 
approval steps were also explained along with data needed for submission and 
scientifi c writing. Good manufacturing practice (GMP) was presented with its 
required elements and components. Other topics such as new European clini-
cal trial regulations, recognition of special status of radiopharmaceuticals, risk 
assessment approaches, and quality by design were also discussed. 

 Chapter   7     has made real focus on the framework of US regulations sur-
rounding radiopharmaceutical production as well as the Food and Drug 
Administration (FDA) Modernization Act (the Modernization Act) of 1997. 
Discussion is extended to cover compounded and non-compounded PET 
drugs; current good manufacturing practice (cGMP); unique aspects of PET 
drug production; Part 210, 211, and 212 of 21 Code of Federal Regulations 
(CFR) and signifi cant differences; quality assurance; quality control; person-
nel and resources; facilities and equipment; production and process controls; 
laboratory controls; fi nished drug product controls and acceptance criteria; 
packaging and labeling; distribution and complaint handling; and records. 
Other topics delineated were the  United States Pharmacopeia  (USP) < 823 > and 
revised USP < 823>, inspection of the PET drug production facility including 
types of FDA inspections, selection of inspection coverage, major issues iden-
tifi ed in 2013/2014 PET drug inspections, and other related topics. 

 Chapter   8     provided details of PET instrumentation and physical principles 
underlying the detection theory of annihilation radiation, coincidence logic, 
and electronic collimation. Types of events, scintillation detectors, photosen-
sors, detector design and geometry, data acquisition, and signal processing 
were described. System characteristics such as sensitivity, spatial resolution, 
energy resolution, coincidence timing resolution, count rate performance, 
multimodality PET/CT highlighting motivation, and review of fusion imag-
ing of software and hardware approaches were also described. Attenuation 
correction, scatter correction, random correction, and issues related to PET/
CT imaging protocols including low-dose and contrast injection were dis-
cussed. TOF technology was prominently outlined. Advances in PET imag-
ing that include new photosensors, organ-specifi c imaging, and multimodality 
PET/MR were also briefl y discussed. 

 Chapter   9     focused on PET/MR with some details of many technical and 
physical aspects of this relatively new hybrid imaging technology. Topics 
covered were system design of PET/MR scanners, technical challenges, as 
well as solutions implemented. PET imaging system and MR scanner hard-
ware design and requirements were discussed. Different approaches devised 
for attenuation correction, data acquisition, imaging workfl ow, and motion 
correction were also explained, with the chapter closing with opportunities, 
challenges, and future directions of PET/MR imaging systems. 

 Chapter   10     has dealt with PET/CT scanner performance, acceptance 
testing, and quality control checks that should be performed for optimal 
operation. A comprehensive coverage of the topic and its various elements 
was made such as instrumental detection and data fl ow, detection and sys-
tem calibration, acceptance testing considering NEMA performance param-
eters and other tests, and routine quality assurance that covers daily, 
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monthly/quarterly, and annual tests in addition to the use of PET scanners 
in clinical trials. 

 Chapter   11     was designed to discuss image reconstruction algorithms used 
in PET imaging classifying them into analytical versus iterative-based 
reconstruction methods. Advantage of iterative reconstruction was discussed 
along with requirements posed to yield signifi cant improvements in image 
quality and quantitative accuracy. This has been discussed together with 
analysis of image properties and PET data corrections, such as normaliza-
tion, attenuation, and scatter correction. Recent updates were also high-
lighted covering time-of-fl ight image reconstruction as well as parametric 
image reconstruction. 

 Chapter   12     has special focus on image processing tools and new measures 
introduced to support risk stratifi cation, treatment response assessment, and 
prognosis. Morphological versus conventional image features of PET data 
were discussed together with static and dynamic data set. Extension to PET/
CT and PET/MR was also made to utilize the unique features provided by 
combining morphological and molecular-based scanning procedures. 
Application of PET in radiotherapy treatment planning was also pointed out 
in the chapter with emphases on using PET in tumor delineation or biological 
target defi nition. PET image characteristics such as robustness and stability 
of extracted image features and improved PET-based outcome models as well 
as an outlook at improved PET-based outcome models were explained. 

 Chapter   13     discussed quantitative PET imaging highlighting the differ-
ences between static and dynamic data acquisition, describing the different 
types of information that can be extracted from each approach. Standardized 
uptake value (SUV) and its pros and cons, SUV variants, total disease burden, 
factors affecting quantitative results, response to treatment and evaluation cri-
teria, and fi nally tumor texture analysis were covered. 

 Chapter   14     covered kinetic modeling and tracer kinetic analysis. The 
chapter outlined important defi nitions, assumptions, and solutions of 1-tissue 
compartment model (1TC), 2TC model, and 3TC model, general solution, as 
well as parameter estimation of PET data. Linearization of the kinetic model 
and use of graphical techniques such as Logan plot and Patlak plot were 
described, in addition to a discussion on spectral derivation and analysis. 
Physiological and biological basis of compartmental model was integrated 
within the chapter contents to provide more insight on underlying concepts 
behind derivation of quantitative parameters. Arterial input function and time 
activity curve, continuous infusion, and reference region model were also 
described and demonstrated. 

 Chapter   15     talked about partial volume effect and correction techniques 
with some details of historical background and varieties of methods/algo-
rithms used in research and practice. Topics covered were point spread func-
tion, tissue fraction effect, deconvolution, motion, and partial volume. The 
correction techniques were also detailed including region-based, voxel-based, 
and combined methods. Practical consideration of partial volume correction 
was also described such as accuracy, resolution, co-registration, segmenta-
tion, and sampling. Alternative methods/approaches were outlined with clini-
cal applications in cardiology, neurology, and oncology. 
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 Chapter   16     covered motion artifact problems in PET/CT image acquisi-
tion. Illustrative description of artifacts caused by respiratory motion, mis- 
registration, and frequency of occurrence was explained. Average CT of less 
than 1 mSv to reduce mis-registration, benefi ts of average CT for radiation 
therapy, and 4D-PET as well as 4D-PET/CT data acquisition were 
demonstrated. 

 Chapter   17     stated the molecular basis and physiologic fundamentals of 
different PET tracers besides their utility in disease detection and patient 
diagnosis. F18-Fluorodeoxyglucose (F18-FDG) and tracers beyond were 
comprehensively described in many areas of cancer metabolism, angiogene-
sis, hypoxia, apoptosis, proliferation, growth factor receptors, somatostatin 
receptors, bone metabolism, chemokine receptor, as well as tracers used in 
multidrug resistance of cancer therapy. 

 Chapter   18     described the application of F18-FDG PET imaging in a num-
ber of oncologic disorders including lung, lymphoma, breast, malignant mel-
anoma, head and neck, thyroid, esophageal, and colorectal cancers in addition 
to gynecological such as cervical and ovarian malignancies. Other topics of 
response monitoring, pitfalls, PET in clinical trials, and future outlook were 
also presented. 

 Chapter   19     dealt with cardiac PET imaging covering technical background 
and clinical applications. Major headings of the chapter were instrumentation, 
cardiac PET tracers, myocardial perfusion imaging, stress protocols, data inter-
pretation, quantifi cation of myocardial blood fl ow and fl ow reserve, ECG gat-
ing, and cardiac PET tracers. Moreover, the discussion is extended to highlight 
metabolic cardiac imaging including carbohydrate metabolism, fatty acid 
metabolism, oxidative metabolism, viability imaging, metabolic alteration 
studies, and quantifi cation of metabolism, myocardial and vascular infl amma-
tion, and cell signaling. The latter has been classifi ed into neurocrine, endo-
crine, paracrine, autocrine, juxtacrine, and matricrine pathways. The chapter is 
closed with discussions on cardiac PET in clinical trials and future directions. 

 Chapter   20     talked about PET in neurological and psychiatric disorders 
emphasizing technical advances and clinical applications. Many topics have 
been covered and included such as new aspects of long-standing diagnostic 
applications, role of F18-FDG in neurodegenerative disease, role of FDG in 
various conditions, contributions of FDG and other PET tracers to epilepsy 
characterization, important physiologic measures such as regional and global 
cerebral blood fl ow, oxygen extraction fraction, and tissue viability and amy-
loid imaging. The use of PET inclusion/progression parameter in clinical tri-
als, drug development and dose fi nding by occupation/displacement, and 
biodistribution of new candidate compounds were also described. Additional 
points such as studying indirect neurochemical effects of acute pharmaceuti-
cals and interventions onto radioligand targets, pressing diagnostic questions 
acceded by early investigatory tracers, pathophysiological studies of neuro-
transmission, targets of radioligands/radiosubstrates, ion channel-coupled 
receptors, enzymes, and enzyme transporters have been mentioned as well. 

 Chapter   21     was placed to discuss the role of PET/CT in pediatric malig-
nancies. Technical and clinical considerations of PET imaging in pediatric 
population were discussed. Tumors of the sympathetic nervous system and 
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lymphoma including Hodgkin and non-Hodgkin with evaluation of response, 
relapse, or recurrence were demonstrated. Other pediatric disorders such as 
leukemia, tumors of the brain and central nervous system, osseous and soft 
tissue malignancy, nephroblastoma, hepatoblastoma, and thyroid malignancy 
were also described and outlined. 

 Chapter   22     focused on the role of PET/CT in radiotherapy treatment plan-
ning with an introduction that sheds light on the importance of integrating PET 
data into the planning strategy. Applications of PET in treatment planning for a 
number of critical malignancies were also discussed such as lung, head and 
neck, esophageal, breast, lymphoma, myeloma, brain, gynecological, colorec-
tal, and prostate malignancies. The last section of the chapter discusses the 
important role of imaging hypoxia in radiotherapy and treatment outcome. 

 PET imaging technologies have become ever-fast-moving disciplines, and 
every effort was made to produce this volume covering basic principles along 
with recent advances in most aspects. It was aimed to be easy to read, illustra-
tive, and scientifi cally rich without compromising other necessary require-
ments of different readers who are coming from various backgrounds. I 
would therefore appreciate comments, remarks, or any observation that the 
reader may fi nd necessary for corrections or useful points for future update. 

 In this respect, I am so grateful to all the authors for their time and efforts 
to contribute and place their broad area of expertise in their writing. I am 
again thankful to all of them as without their participation this volume would 
not have been possible. I hope this book would be a valuable reference for 
practitioners and newcomers in the fi eld as well for those involved in different 
educational programs. Researchers are also important targets since new 
developments and advances have been incorporated in many areas through-
out the book chapters. 

 Thank you.
       Magdy     M.     Khalil
    Giza, Egypt 
 10 th  Feb, 2016 
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Abstract

This chapter provides a comprehensive overview 
of essential radiation physics required to under-
stand many fundamental concepts of nuclear 
medicine in general and positron emission 
tomography (PET) imaging in particular. We 
aimed to introduce the most important elements 
of radiation physics as tightly related to daily 
practice and routine activities performed in clini-
cal environment. Topics covered in this chapter 
have discussed definition of electromagnetic 
radiation, atomic models, atomic  structure, radio-
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activity and radioactive modes of decay; 
 production of radiopharmaceuticals including 
medical cyclotrons, saturation yield and reactor-
produced radionuclides; and interaction of radia-
tion with matter, linear and mass attenuation 
coefficients as well as mostly commonly used 
radiation detection and measurement devices. As 
this is the first chapter in the book, we made every 
effort to cover as many aspects that might come 
across the reader throughout or facilitate the 
understanding of other chapters.

1.1  Introduction

Radiation physics does broaden our understanding 
of many facts and theories that underlie clinical 
application of radioisotopes in medicine and other 
areas of biomedical research. More specifically, 
nuclear medicine practitioners are among those 
that must always keep an eye not only on funda-
mental radiation and nuclear physics but also on 
how this can be utilized and applied in practice. 
Many of the achievements in nuclear medicine 
were in large part related to those concepts with 
particular benefits to diagnostic imaging and radio-
nuclide therapy. Therefore, it is an important course 
for those who attempt to learn the underlying bases 
such as the structure of the atom, electron as well as 
nuclear binding energy, radioactivity and its associ-
ated formulae, units and conversions in addition to 
production of radiopharmaceuticals, interaction of 

radiation with matter and other safety and radiation 
protection devices and measurements. 
Electromagnetic radiation and its associated wide 
spectrum, duality principle, structure of the atom, 
atomic models proposed over the years, mass 
defect and nuclear binding energy and other impor-
tant issues are among the first topics that we will 
start with.

1.2  Electromagnetic Radiation

Electromagnetic radiation (EM) consists of self- 
sustaining oscillating electric and magnetic 
fields at right angles but in phase and perpen-
dicular to each other and to the direction of prop-
agation as shown in Fig. 1.1. It does not require 
a supporting medium and travels through empty 
space at the speed of light. EM radiation exhibits 
wave properties as well as particulate properties 
(duality principle). All different kinds of electro-
magnetic radiation (microwaves, radio waves, 
infrared, x-ray, gamma ray, etc.) differ in one 
important property which is its specific wave-
length. When electromagnetic radiation is spread 
out according to its wavelength, the result is 
electromagnetic spectrum as explained in 
Fig. 1.2. The electromagnetic spectrum is 
divided into five major types of radiation. These 
include radio waves (including microwaves), 
light (including ultraviolet, visible and infrared), 
heat radiation and ionizing radiation such as 
x-rays and gamma rays.

Electric
fieldλ= wavelength

Magnetic

field
Direction

Fig. 1.1 Electric and magnetic field propagated as a transverse wave perpendicular to each other and perpendicular to 
the direction of propagation
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1.2.1  Wave/Particulate Nature 
of Radiation

Although wave and particle having different 
physical characteristics, electromagnetic radia-
tion can behave as both at once (wave-like and 
particle-like). Many experiments showed that 
radiation is sometimes behaves as wave and 
sometimes behaves as particle concluding that 
wave and particle cannot be separated, only 
together the phenomena can be explained.  This 
has been proposed by a number of scientists lead-
ing to the theory of wave – particle duality.

1.2.2  Duality Principle

The duality principle describes the elementary 
particles and electromagnetic radiation in terms 
of wave and particle-like characteristics. It was 
not originated from a single scientist or revealed 
from only one experiment. Max Plank has stated 
that energy is transferred in a form of packets or 
quanta, while Albert Einstein thought of light as 
particle-like or localized in packets of discrete 
energy in contrast to its original definition as 
wave-like properties. Another contribution came 
from the phenomenon of photoelectric effect 
proposed also by Einstein. He stated that the 
emission of photoelectrons from metal plates 
does occur if and only if the incident photons on 

 photoemissive plate have a threshold wavelength 
of energy that is able to liberate electrons from 
the metal. Then, Louis de Broglie proposed that 
electrons and other particles can behave as waves 
and has wavelength and frequencies. While this 
proposal was in 1927, the announcement of the 
understanding of the wave and particle aspects 
of matter was carried out in 1928. See Fig. 1.3.

Radiation can be described in terms of packet 
of energy, called photons. The energy of a photon 
is given by

 
E hv hcphoton( ) = = /l

 
(1.1)

where h is plank’s constant (h = 6.625 6 × 10−34 J 
s); n  and λ are characteristics frequency and 
wavelength, respectively; and c is the speed of 
light in vacuum (Table 1.2).

Waves are characterized by frequency, wave-
length and phase. Electromagnetic radiation is 
massless with no charge, while wavelength and 
frequency of oscillating fields are related to each 
other by the following equation:

 c v= l  (1.2)

However, they are still affected by gravity.
It is of relevance to mention here that many 

diagnostic imaging modalities rely heavily on 
physical properties of different electromagnetic 
radiations. For example, in x-ray computed tomog-
raphy (CT), a uniform x-ray beam interacts with 

400 500 600

Increasing wavelength (λ) in nm →

Visible spectrum

← Increasing frequency (v)

Increasing wavelength (λ) →
λ (m)

Long radio wavesAMFM

Radio waves

MicrowavesIRUVX raysγ rays

1024

10-16 10-14 10-12 10-10 10-8 10-6 10-4 10-2 100 102 104 106 108

1022 1020 1018 1016 1014 1012 1010 108 106 104 102 100 v (Hz)

700

Fig. 1.2 Electromagnetic spectrum: Waves with shorter wavelength will have high frequency and vice versa. Ionizing 
radiation with high frequency is more energetic and can induce biological effects
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the human tissues, and the transmitted amount is 
measured by the CT detector to reveal an image 
that reflects the attenuation properties of the tissue 
covered in the scanning beam. Radiologic tech-
niques such as fluoroscopy, angiography and x-ray 
radiography are also dependent on x-ray radiations 
in eliciting important diagnostic information for a 
wide range of human diseases and abnormalities.

Electromagnetic radiation is also associated 
with nuclear medicine in the sense that gamma 
emission is used in many diagnostic purposes uti-
lizing the powerful penetrating capabilities of the 
radiation beam. This essentially takes place when 
patient is injected with pharmaceutical com-
pound labelled to gamma-emitting radionuclide. 
After radiopharmaceutical administration, the 
body tissue will be the source of gamma ray 
emission that is used in the imaging process.

Another application of electromagnetic radia-
tion in clinical practice is magnetic resonance 
(MR) imaging which is different from other 
imaging techniques such as CT and nuclear med-
icine, as it uses radio frequency (i.e. radio wave) 
as energy source rather than ionizing radiation. 
The procedure requires the usage of a strong 
magnetic field for spin alignment of hydrogen 
nuclei in the body. The spin synchronizes as the 
radio-frequency pulse matches the nuclear reso-
nance frequency of the protons.

While radio wave energy is consistent with 
energy of nuclear spin in magnetic field, microwave 

matches rotational energy of the molecule. The 
infrared (IR) region in the spectrum lies beyond the 
region that the human eye perceives as red light. 
The absorption of infrared light causes increases in 
the frequencies at which the bonds between atoms 
stretch and bend. This is the idea behind infrared 
spectroscopy where there is a sort of matching 
between the IR radiation energy and the frequency 
of a specific molecular motion usually bond bend-
ing or stretching. However, the higher-frequency 
ultraviolet radiation that lies above the visible limit 
of the light spectrum is matching to different elec-
tronic transition states. In summary:

• Radio → nuclear spin in magnetic field
• Microwave → rotation
• Infrared → vibration
• Ultraviolet → electronic

1.3  Atomic Models

Atom is considered as the basic building unit of 
an element. An atom is the smallest unit of ele-
ment that retains its physical and chemical prop-
erties. Each known element has atoms differ from 
the atoms of other elements; this gives each ele-
ment a unique atomic structure. Many atomic 
models were proposed, and some have been 
adopted as ways to describe the atom. Neither of 
them is perfect, but they have relative contribu-

WHERE AM I..? OR WHAT IS
MY MOMENTUM..? OR

WHERE AM I..?

Photon self-identity issues

OH HELL! WHY WORRY ABOUT
ALL THAT AGAIN? I’M NOT

EVEN SURE IF I’M A
WAVE OR A PARTICLE..!

Fig. 1.3 Duality principle: Particles and electromagnetic radiation possess waves and particle characteristics (From 
http://www.lab-initio.com/quantum.html)

T. Hosny et al.
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tions towards understanding these building 
blocks. See Figure 1.4 serial time line of atomic 
models.

1.3.1  History of Atomic Models

The first atomic model described in the literature 
is dated back to the Greek philosopher 
Democritus. He postulated the existence of invis-
ible atoms, which are characterized only by 
quantitative properties such as size, shape and 
motion. His model described the atom as indivis-
ible spheres representing the smallest piece of an 
element that still behave like the entire chunk of 
matter. There were no significant advances in 
definition and characterization of the atom until 
the English chemist John Dalton started to look at 
this in the 1800s. Dalton shared the same thoughts 
and impression as Democritus about atom in the 
sense that it is tiny and indivisible particles, but 
he introduced new assumptions about atom. The 
main assumptions of Dalton model were:

• All matter was composed of atoms, indivisible 
and indestructible. While all atoms of an ele-
ment are identical and have the same proper-
ties, different elements have atoms of different 
size and mass.

• All compounds are composed of combina-
tions of these atoms in defined ratios.

• Atoms can combine to form different com-
pounds (e.g. carbon and oxygen combine to 
form carbon monoxide CO and carbon diox-
ide CO2).

• Chemical reactions resulted in rearrangement 
of the reacting atoms.

In 1897, J.J. Thomson discovered the electron 
in series of experiments designed to study the 
nature of electric discharge in a high-vacuum 
cathode ray tube. In 1904, Thomson introduced a 
new atom model that differs from pervious atom 
models suggesting that the atom is uniform 
sphere of positively charged matter in which 
electrons are positioned by electrostatic forces.

A monumental breakthrough came in 1911 
based on experimental results when Ernest 
Rutherford and his colleagues Hans Geiger and 
Ernest Marsden conducted the famous gold foil 
experiment intended to determine angles through 
which a beam of alpha particles (helium nuclei) 
would scatter after passing through a thin foil of 
gold. It was a new but exciting moment when they 
found few alpha particles recoiled almost directly 
backwards. It was Rutherford’s interpretation that 
this happen when a positively charged and relatively 
heavy target particle, such as the proposed nucleus, 
could account for such strong repulsion. The nega-
tive electrons that balanced electrically the positive 
nuclear charge were regarded as travelling in circu-
lar orbits around the nucleus (Fig. 1.5) like planets 
that move around the stars, and therefore this model 
was called planetary model.

The planetary model was greatly inconsistent 
with Thomson’s hypothesis in which the atom is 
a mixture of positive and negative particles that 
uniformly mixed throughout the atom. Based on 
the classical electromagnetic theory, however, the 
model failed to solve stability problem of the 
atom as the electrons lose energy and falling into 
the nucleus under the influence of attraction 
forces. The model proposed by Rutherford relied 
heavily on classical physics and was superseded 
in a few years by the Bohr atomic model, which 

Fig. 1.4 Serial time line of atomic models proposed over the years and described by the following scientists (left to 
right): Democritus, Dalton, Thomson, Rutherford and Bohr. Taken from http://www.K12tlc.net/content/atomhist.htm

~ 400 B.C. 1830 1906 1913 1924
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incorporated some early quantum theory in com-
bination with some classical concepts.

1.3.2  Bohr Model

In 1913, Bohr introduced a new model to explain 
atom stability. Bohr model of the atom was the 
first model that incorporated quantum theory and 
was the predecessor of wholly quantum- 
mechanical models. The model focused on elec-
tron description and based on spectroscopic 
observations. Bohr built up his model with the 
following postulates:

• The electron exists in certain energy levels 
(stationary states) with circular movement 
around the nucleus.

• Transition between these stationary states is 
accompanied with emission or absorption of 
electromagnetic radiation. The energy difference 
between these two energy levels is given by

 ∆E v=   (1.3)

where ħ (i.e. h bar) or sometimes reduced 
plank’s constant is commonly associated with 
angular momentum and given by

  = h / 2p  (1.4)

• Quantization of orbit. The only allowed orbits 
(stationary states) are those for which the 
angular momentum L is

 L n=   

where n is principal quantum number and takes 
values of 1,2,3,….., n and cannot be less than one.

Bohr’s postulates were experimentally con-
firmed in experiments of Franck and Hertz (German 
scientists) in 1913 who studied the inelastic scatter-
ing of electrons of mercury atoms. This experiment 
showed that the energy levels of mercury atom 
were discrete. However, Bohr’s model had no way 
of approaching non-periodic quantum-mechanical 
phenomena, like scattering. Furthermore, although 
Bohr’ model served to predict energy levels, it was 
not able to explain transition rates between levels. 
Finally, the model was successful only for one-
electron atoms like hydrogen and fails even for 
helium. To correct these drawbacks, one needs to 
apply a more completely quantum-mechanical 
treatment of atomic structure, and such an approach 
is used in Schrödinger theory.

1.3.3  Quantum Mechanics Model

The quantum mechanics model is derived from 
the quantum theory in which electron location 
and momentum are governed by the wave func-
tion. This hypothesis is denoted as uncertainty 
principle (Heisenberg principle) and states that 
the position and momentum of the electron can’t 
be determined simultaneously with the same high 
precision. Stated another way, the more the preci-
sion in determining the electron location, the low 
the probability of determining the momentum 
and vice versa. The theory used the term orbitals 
to describe the location of the electrons, which 
are volumes in space used to define the probabil-
ity distribution function. Four quantum numbers 
were introduced to define the electrons and their 
orbitals around the nucleus:

 1. Principle quantum number (n): it is an integer 
number that indicates electron energy and 
orbital size, and it is the same number intro-

Fig. 1.5 Planetary model: In this model Rutherford pro-
posed that electrons move in circular path around a central 
positive mass. This was contradicted by the fact that revo-
lution makes electron lose energy while moving in spiral 
path and fall into the positively charged nucleus under 
influence of attraction force

Nucleus
Electron

T. Hosny et al.
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duced by Bohr. It takes values n = 0,1,2,……, 
while the maximum number of electrons in 
certain energy level is equal to 2n2.

 2. Angular quantum number (l) describes the 
orbital shape of a particular principal quantum 
number. It divides energy shells or levels into 
subshells (sublevels). These sublevels repre-
sented by letters like s, p, d and f. Angular 
quantum number takes values l = 0,1,2…,n−1.

 3. Magnetic quantum number, ml (ml = −l,…, 
0,…, +l) specifies the orientation in space of 
an orbital of a given energy (n) and shape (l). 
This number divides the subshell into indi-
vidual orbitals which hold the electrons; there 
are 2l+1 orbitals in each subshell.

 4. Spin quantum number, ms (ms = +½ or −½) 
defines the orientation of the spin axis of an 
electron. An electron can spin in only one of 
two directions.

1.4  Structure of the Atom

As mentioned earlier, an atom is the main building 
block of matter. The atomic mass is concentrated 
in the nucleus which considered the heaviest por-
tion of the atom. The positively charged nucleus 
contains particles of nearly equal mass, protons 
and neutrons, electrically balanced with negatively 
charged electrons moving in certain orbitals 
around it. Any element can be represented as

 

A

Z
X

 
where A atomic mass number is the sum of protons 
number Z and neutrons number N. The atomic 
number Z equals also the number of electrons in 
stable nuclei. It is not applicable to have two differ-
ent elements having the same atomic number. The 
periodic table is arranged by order of increasing 
atomic number, which is always an integer. On the 
other hand, different forms of the same element can 
have different masses (i.e. have same atomic num-
ber) which are called isotopes, while those that 
have the same number of neutrons are called iso-
tones. Isobars are nuclide with different numbers of 
protons and neutrons but with the same mass num-
ber. Examples of the three different nomenclatures 
are described in Table 1.1.

1.4.1  Mass and Energy

Mass and energy were considered two different 
quantities. Early 1900s, Einstein proved by his 
equation that neither mass nor energy was con-
served separately. Thus, the mass can be con-
verted to energy and vice versa while total 
mass- energy was conserved. In the following 
section the conversion of mass and energy will be 
demonstrated.

1.4.2  Atomic Mass Unit

The first atomic weight was initially proposed by 
John Dalton in 1803 as the mass of the hydrogen 
atom, H-1. Then it was suggested by Wilhelm 
Ostwald that it can best expressed in terms in 
units of 1/16 of the weight of the oxygen atom. 
Atomic mass can be measured by approximating 
the weight of a proton or neutron which indicates 
the masses of atom nucleons. The atom mass is 
expressed by a unified unit called the atomic 
mass unit denoted by the symbol u. In 1961, the 
international union of pure and applied chemistry 
had adopted and defined the modern applications 
of atomic mass unit and related it to the mass of 
carbon-12.

The definition of the atomic masses has been 
based on the unified mass scale considering one 
mole of carbon-12 which by conversion equals 
12 g as the best reference nuclide. Determination 
of 12C atom mass in grams using Avogadro’s 
number divided on the total number of the indi-
vidual atom nucleons indicates the masses of 
these nucleons which used to convert one atomic 
mass unit (1 u) to grams. Therefore, the atomic 
mass unit is one-twelfth 12C atom in its electronic 
and nuclear ground state:

Table 1.1 Some examples of isotopes, isobars and 
isotones

Isotopes Same Z 8
16O 8

17O 8
18O

Z = 8

Isobars Same A 9
18F 8

18O

A = 18

Isotones Same N 9
19O 8

18O

N = 10

1 Basic Radiation Physics
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1
1

12 6
12u C= ( )m

Thus mass of one atom of C
g mol

atoms mol
,

/

. /

.

12
23

12

6 022 141 29 10

1

=
×

= 9992 646 705 10 23× − g atom/

The mass per nucleon
g atom= ×

= ×

−1 992 646 705 10

12
1 660 538 921 10

23. /

. −−24 g

Then, 1 u = 1.660 538 921 × 10−27 kg.
Now the mass of proton and neutron in terms 

of atomic mass unit can be determined by using 
its actual mass in grams:

Proton mass pm( ) = ×
×

=
−

−

1 672 621 777 10

1 660 538 921 10
1 007 276

27

27

.

.
. 4467

1 674 927 351 10

1 660 538 921 10
1

27

27

u

Neutron mass nm( ) = ×
×

=
−

−

.

.
.0008 664 916 u

Conversion of the energy unit from the SI scale 
to the unified atomic mass unit is being done 
by using Einstein’s mass-energy relationship 
(E = mc2 where c is the speed of light in vac-
uum) taking into account that 1 eV = 1.602 176 

565 × 10−19 kg.m2/s. Inserting this quantity of 
mass 1 u = 1.660 538 921 × 10−27 into Einstein’s 
equation and applying conversion factors, the 
nucleons mass equivalent energy can be 
determined.

 E mc= 2
 (1.4)

=
´æ

è
ç

ö

ø
÷´( )

æ

è

ç
ç

-

1
1 660 538 921 10

299 792 458
1

1

27
2

2

u
kg

u
m s

N

kg
m
s

.
/

.ççç

ö

ø

÷
÷
÷÷

æ
è
ç

ö
ø
÷

= ´
´

-
-

1

1 492 417 955 10
1

1 602 176 565 10
10

J

J
MeV

N m.

.
. 113

931 494 060 9

J

MeV

æ

è
ç

ö

ø
÷

= .

Some of the constants and conversion factors 
used in the above derivations can be found in 
Table 1.2 which provides a number of useful 
physical quantities and constants used in convert-
ing mass into energy and vice versa.

1.4.3  Binding Energy and Mass 
Defect

For all nuclei, the mass of the nucleus that have 
been formed is always less than the total composed 

T. Hosny et al.
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masses of the contributing nucleons. This is due 
to conversion of that mass difference to the 
required energy for holding these nucleons 
together (i.e. the conversion of mass to binding 
energy). This mass difference is known as the 
mass defect and represents the binding energy 
which is defined as the amount of energy that 
need to be supplied to a nucleus to completely 
separate its constituent nucleons. The mass defect 
can be calculated by adding up the masses of the 
constituent particles and then subtracting the 
known mass of that atom:

∆m Z m m A Z m

m

= +( ) + −( ) 
−

proton electron neutron

atom  
(1.5)

where:
Δm = mass defect (u)
mproton = mass of a proton
melectron = mass of electron
mneutron = mass of neutron
matom = mass of the nuclide
Z is the atomic number and A is the mass 

number.
Since 1 u is equivalent to 931.5 MeV of energy 

as calculated in Sect. 1.4.2, the binding energy 
can be calculated by

BE
MeV

u
. .

.=








∆m

931 5

1

Example
Calculate the mass defect of 235U provided that 
the mass of the atom is 235.043 9 u?

Solution:
The atomic number of the 235U is 92. The mass 

defect can be calculated by using Eq. 1.5.

∆

∆

m Z m m A Z m m

m

= +( ) + −( )  −

=

proton electron neutron atom

92 1 007 2. 88 5 485 79 10 235 92 1 008 66 235 043 9

1 914 71

4+ ×( ) + −( )  −

=

−. . .

. u

Table 1.2 Summary of several physical quantities and 
constants in atomic and nuclear scale used in mass-energy 
conversion

Quantity Symbol
Numerical 
value Unit

Avogadro’s 
number

NA 6.022 141 
29 × 1023

mol−1

Speed of light in 
vacuum

C 299 792 
458

m/s

Electron volt eV 1.602 176 
565 × 10−19

J

Atomic mass 
unit-kilogram 
relationship

1 u 1.660 538 
921 × 10−27

kg

Atomic mass 
unit-electron volt 
relationship

1 u (C2) 931.494 
061 × 106

eV

Atomic mass 
unit-joule 
relationship

1 u (C2) 1.492 417 
954 × 10−10

J

electron 
Volt-atomic mass 
unit relationship

1 eV/C2 1.073 544 
150 × 10−9

u

Electron mass
Energy equivalent

me 9.109 382 
91 × 10−31

kg

me 5.485 799 
094 6 × 10−4

u

me C2 8.187 105 
06 × 10−14

J

me C2 0.510 998 
928

MeV

Proton mass
Energy equivalent

mp 1.672 621 
777 × 10−27

kg

mp 1.007 276 
466 812

u

mp C2 1.503 277 
484 × 10−10

J

mp C2 938.272 
046

MeV

Neutron mass
Energy equivalent

mn 1.674 927 
351 × 10−27

kg

mn 1.008 664 
916 00

u

mn C2 1.505 349 
631 × 10−10

J

mn C2 939.565 
379

MeV

Source: NIST (2010 CODATA recommended values)
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1.4.4  Nuclear Stability

Since Earth formation, there were about 275 sta-
ble nuclides found in nature, and more than 2000 
nuclides are known to be unstable (i.e. radioac-
tive). The constituents of the unstable nuclei are 
not arrayed in the lowest potential energy states; 
therefore, the nucleus undergoes spontaneous 
decay with time in such a way that this excess 
energy is emitted forming new nuclide. A study 
of the characteristics of the naturally stable 
nuclides provides clues of instability factors of 
the radioactive nuclides. An N/Z diagram of the 
‘line of stability’ relates the naturally stable 
nuclides extending from Z = 1 for hydrogen up to 
Z = 83 for 209Bi to those radioactive according to 
their neutron and proton numbers. Very  long- lived 

nuclides are shown at the end of the line of stabil-
ity although of their instability.

A major measure of nuclear stability is the 
neutron-proton ratio, as a result of the coulomb 
repulsion and exchange forces between them. 
Referring to Fig. 1.6 and closer look into light 
nuclei, the line of stability shows that neutron and 
proton numbers are equal (N ≈ Z). For heavy 
nuclei, the coulomb repulsion between the pro-
tons is substantial, and extra neutrons are needed 
to supply additional binding energy to hold the 
nucleons together. Thus, the line of stability 
shows N ≈ 1.5 Z, that is heavy stable nuclides 
have nearly 50 % more neutrons than protons. 
From Z > 83 all heavier nuclides are unstable. 
Radioactive nuclides surround the line of stabil-
ity; nuclides lying above the line are said to be 
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Fig. 1.6 Neutron number (N) versus atomic number (Z) 
for nuclides found in nature. The deviation of the stable 
nuclei from the line of identity (i.e. Z = N) is obvious and 

has been attributed to an increase in neutron number to 
moderate proton repulsion

T. Hosny et al.
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‘proton deficient’, whereas nuclides lying below 
the line are ‘neutron deficient’. Radioactive 
nuclei attempt to reach the stability by different 
modes of radioactive decay which is going to be 
discussed later. In the N/Z diagram (Fig. 1.6), the 
excess-neutron number is seen as the vertical dis-
tance between the stable nuclides and the diago-
nal N = Z line. From the frequency distribution of 
stable isobars, isotopes and isotones, it has been 
concluded that even numbers of identical nucle-
ons are more stable than odd numbers of the 
same nucleons (oddness of both Z and N tends to 
lower the nuclear binding energy).

1.5  Production 
of Radiopharmaceuticals

Nuclear medicine is a unique medical specialty that 
uses radiopharmaceuticals for diagnostic or thera-
peutic purposes. The diagnostic role is to interro-
gate valuable functional information about disease 
biochemistry not only on the cellular or subcellular 
level but also extend to extract molecular and 
genetic information. The other good facet of 
nuclear medicine is its ability to target but treat 
critical diseases using therapeutic radionuclides. 
Diagnostic radiopharmaceutical is a radioactive 
drug that is administered in a tracer quantity with 
no pharmacological effect on human body. 
Radiopharmaceuticals can be broadly classified 
into two different categories, single photon emit-
ters that are commonly used in conventional 
gamma camera imaging examinations and positron 
emitter-based radiopharmaceuticals. The former 
class of compounds are commonly labelled with 
99mTc solution eluted from molybdenum-99 gener-
ators. Radionuclides such as 201Tl, 67Ga, 111In-, 123I 
and 131I belong also to the same class and have sev-
eral diagnostic or therapeutic applications.

The other class of radiopharmaceuticals are 
based on labelling with positron emitters (such as 
18F, 11C, 13N, 15O, etc.) and used in PET imaging 
applications such as oncology, cardiology and 
neurology. These kinds of radiotracers require 
medical cyclotrons and other essential infrastruc-
tures that include radiochemistry production 
facility, analytical and quality control equipments 

and other radiation detection and measurements 
devices. More details about medical cyclotron 
will be discussed later.

Since naturally occurring radioisotopes are 
relatively long half-lived and not handled well 
with human body, an artificially produced radio-
isotope which is cyclotron or reactor produced is 
being used. However, on-site radionuclide pro-
duction is often required for positron emitter 
radionuclides with short half-lives such as 15O 
(2.04 min), 13N (10 min) and 11C (20.38 min) 
which requires a local production to avoid loss of 
the material due to continuous decay. Since the 
radioisotopes need to be incorporated into some 
form of pharmaceutical, it should also be capable 
of being produced in a form which is amenable to 
chemical, pharmaceutical and sterile processing.

In March 2000, the fluorine-18-labelled glucose 
or F-18 fluoro-2-deoxyglucose (F-18 FDG) 
received Food and Drug Administration FDA 
approval for usage to evaluate and diagnose oncol-
ogy patients although the first production was in 
1978 for neurological applications. It is worth men-
tioning that first applications of FDG were focused 
on neurology and cardiac imaging, but its impor-
tance in oncology was realized on a later stage. 
F18-FDG limitations such as low specific targeting 
in PET imaging were an incentive for development 
of new PET tracers with special targeting capabili-
ties. Newly developed PET traces are more specific 
and allow for imaging biological processes, such as 
angiogenesis, hypoxia, proliferation, apoptosis and 
many others. The expression of different receptors 
can be visualized like the somatization receptor 2, 
gene expression and dopamine and serotonin 
receptors in addition to large spectrum of potential 
cellular and molecular targets. Some of these 
approaches have found their way forward to the 
clinic, while others are still under extensive 
research and clinical evaluation.

1.5.1  Reactor Production Using 
Neutrons

Artificially produced radionuclide takes place in 
nuclear reactor by means of fission reaction or 
by using neutron flux to activate special target 
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material located in reactor core. Naturally occur-
ring radioactive material especially heavy nuclei 
(235U) undergoes spontaneous fission reaction; 
see Fig. 1.7. The result of such a reaction is two 
lighter fission fragments and few fission neu-
trons in addition to large amount of energy 
released. The fission neutrons will in turn initiate 
further fission reaction or what is called chain 
reaction. As the reactor uses the newly generated 
neutrons to keep fission reaction going on, on 
average one fission neutrons induce one more 
fission, so the process is self-sustaining chain 
reaction.

Since N/Z ratio is high for fission fragments, 
it will undergo β− decay until either stable 
nuclei are reached or relatively long half-life 
nuclide is reached and extracted from the reac-
tion. The most important isotope produced in 
this way is 99Mo which decays into 99mTc 
through β−decay with half-life 2.75 days. The 
daughter nuclide (99mTc) has very important 
clinical value in nuclear medicine and in wide 
variety of diagnostic examinations. The pro-
duction of 99Mo by a fission reaction is repre-
sented as 235U (n, f) 99Mo.

In this reaction, uranium/aluminium alloy (con-
taining uranium enriched to 45 % 235U) is used as 
target material. The typical yield of 99Mo is in the 
order of (4–10 Ci) per g of 235U irradiated for 
50–200 h in a neutron flux of 1.5 × 1014 n cm2 s−1.

Molybdenum-99 production can also take place 
through neutron activation in which target material 
(MoO3) is irradiated by neutron flux (n, γ) reaction 
for 1 week.
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In this method of production, yield depends on 
neutron flux, neutron energy, target material and 
reaction activation cross section. Radionuclides 
production by (n, γ) reaction having poor specific 
activity as the produced nuclide and target mate-
rial are isotopes and cannot be chemically sepa-
rated. Other radionuclides used for diagnostic and 
therapeutic application in nuclear medicine such 
as131I, 153Sm, 90Y, 89Sr, etc., are reactor produced.

1.5.2  Accelerator Production Using 
Charged Particles

Charged particle (protons, deuterons and alpha 
particles) accelerated by means of particle accel-
erator should possess sufficient kinetic energy to 
penetrate coulomb repulsion forces surrounding 
the nucleus. In this kind of radionuclide produc-
tion, electrically charged particles are being accel-
erated to very high energy in range of MeV and 
then extracted towards target material initiating 
nuclear reaction for certain period of time in order 
to obtain sufficient amount of radionuclide. 
Radionuclide production takes place in charged 
particle accelerator by different nuclear reactions. 
The (p, n) reaction is one of the most reactions 
used for this purpose where irradiated atoms gain 
one proton accompanied by emission of neutron. 
The most common example is the production of 
F-18 from heavy water as shown here:

Neutron
(thermal)

235U

Fission Product 2
Heavy Nucleus

Fission Product 1
Light Nucleus

About 2.5 neutrons per fission

Fig. 1.7 Spontaneous 
fission reaction; 235U splits 
into two fission nuclei 
accompanied with neutrons 
release which in turn 
induce another fission 
reaction (chain reaction 
initiation)

T. Hosny et al.
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18
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18O , Fp n( )  

Another common nuclear reaction used is (d, n) 
in which the target nucleus will catch the acceler-
ated particle (deuteron), subsequently the 
 produced radionuclide atomic number and mass 
number each increases by one. The (d, n) reaction 
is given by:

 Z
A

Z
AX d n X,( ) +
+
1
1

 
An example of a radionuclide that is produced by 
deuteron irradiation is oxygen-15, and this reac-
tion is written as

 
14 15
N Od n,( )  

There are many different types of particle accel-
erator including the Van de Graaff accelerator, 
cyclotron, synchrocyclotron, synchrotron and lin-
ear accelerator although they are different types, 
but the main concept is still the same. Charged 
particles are accelerated in the presence of electric 
or magnetic field or both to reach the desired 
energy for extraction towards its target. Charged 
particle accelerators can produce radionuclides 
with high specific activity than reactor did.

1.5.2.1  Medical Cyclotrons
The first medical applications of cyclotron start at 
the University of California, Berkeley, when 
Lawrence and his brother John quickly demon-
strated the clinical importance of cyclotron- produced 
radioisotopes in disease research. In 1936, they 
started to produce radioactive phosphorus for 
leukaemia and polycythaemia treatment. These 
were the first therapeutic applications of artifi-
cially produced radioisotopes on human 
patients.

By 1938, the Berkeley 27 in. (later upgraded 
to 37 in.) cyclotron had produced 14C, 24Na, 32P, 
59Fe and 131I radioisotopes, among many others 
that were used for medical research. Nowadays 
medical cyclotrons widely use medium energy 
10–20 MeV for routine production of positron 
emitters (18F, 11C, 13N, 15O,…) for synthesis of 
radiopharmaceuticals used in diagnostic pur-
poses. Other commercially available medical 

cyclotrons (Fig. 1.8a) are in energy range 
18–24 MeV for traditional positron emitters pro-
duction as well as for single photon emitters pro-
duction (123I, 111In, 67Ga, 57Co, 99mTc) as diagnostic 
biomarkers and other applications in SPECT 
imaging.

Cyclotron first designed to accelerate the posi-
tive ions H+ and 2H+, but after that cyclotron 
design changed to accelerate negative ions hydro-
gen or deuteron. Positive ion cyclotron accelera-
tion does not need as much vacuum as negative 
ion cyclotron acceleration, but it results in cyclo-
tron metal part activation, and it has complicated 
extraction beam system which became more sim-
ple in negative ion cyclotrons giving the flexibil-
ity to use dual beam production with similar or 
different beam currents.

The cyclotron consists of a large cylindrical 
chamber placed between the poles of a huge 
electromagnet. The magnet system consists of 
magnet itself, magnet poles made of low-carbon 
steel and magnet coils made of hollow copper 
conductors. Inside the chamber, two big hollow 
D-shaped copper electrodes (Dees) are con-
nected to a very high voltage oscillating with 
high radio frequency in range of 20–30 MHz and 
an ion source located at the centre of chamber 
where the ionization process of hydrogen or deu-
teron gas takes place. The radio-frequency (RF) 
system (particle acceleration) includes RF gen-
erator, RF cable and RF cavity. The chamber is 
kept under very high vacuum (e.g. 10−07 mbar) 
by means of vacuum system (e.g. diffusion and 
mechanical pump).

The cyclotron operation takes place through 
a master PC station which allows an operator 
to set up irradiation parameters (beam current 
and irradiation time) and have a control over 
many of the cyclotron operations and func-
tions overseeing the production process step 
by step in a diagrammatic manner. Some of 
these parameters to be followed are ion source, 
target, foil and probe currents, Dee voltage, 
gas flow and other critical RF settings as well 
as helium cooling pressure. Ionization starts as 
high purity gas (H2, D2) that pass through the 
ion source with predefined flow rate. Ionization 
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of such gas is then followed by injection of 
ionized particles into the chamber centre 
between the Dees where constant magnetic 
field is applied along ionized particle path. 
The role of applied magnetic field during par-
ticle acceleration is to focus on and maintain 
 accelerated particle in spiral path (for explana-
tion, see Fig. 1.9). The force of applied mag-
netic field is given by

 F qvB=  (1.6)

And the centripetal force can be described as

 
F

mv

r
=

2

 
(1.7)

where B magnetic field strength is in Tesla, r parti-
cle’s radius in metre, q particle’s charge in coulomb 
and m particle’s mass in kg. From Eqs. 1.6 and 1.7,

 
qvB

mv

r
=

2

 
(1.8)

Hence, particle velocity v  is represented by

 
v

qBr

m
=

 
(1.9)

And particle frequency in spiral path is

f
v

r
=

2p
, substitute for v so

 
f

qBr

rm
=

2p  
(1.10)

a b

c d

DEE system

Fig. 1.8 Medical cyclotron for radiopharmaceuticals pro-
ductions. (a) ACS cyclotron TR-24 (24 MeV) high current 
cyclotron for production of PET and SPECT radionu-

clides (Courtesy of ACS, Inc.). (b) GE PETtrace 800 
series medical cyclotron (16.5/8.4 MeV) (Courtesy of GE 
Health Care). (c, d) are their respective Dee’s system

T. Hosny et al.



17

Hence,

 
f

qB

m
=

2p  
(1.11)

At resonance condition between the high- 
frequency electric field (RF) and the circular 
motion frequency

 f f qB= =oscillator oscillatoror mf2p  

Under resonance condition, as the particle com-
pletes half revolution, the polarity of the field will 
change. The particle will again be accelerated 
across the gap; its velocity will increase so that 
now it will move in a circular path of greater 
radius, but its frequency will not be affected and 
the process of acceleration continues. Hence, the 
maximum kinetic energy achievable by the accel-
erated particle is given by

 
E mv=

1

2
2

 
(1.12)

Using Eq. 1.9 to substitute for v in Eq. 1.12.
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(1.13)

Once the required kinetic energy is gained by the 
accelerating particles, the positively charged ions 

(H+ and 2H+) are extracted by means of a stripping 
foil technique in which thin carbon foil is placed at 
the extraction radius to strip electrons as the nega-
tively charged accelerated ions  passing through it 
(Fig. 1.10). Subsequently, the direction and curva-
ture of the positively charged beam path change 
(opposite direction) towards the selected target, 
and bombardment starts for radionuclide 
production.

The target system where the bombardment 
and nuclear reactions takes place can be liquid, 
gas or solid target. Heat dissipation on the target 
should be removed by means of cooling applied 
by water cooling system and high purity helium 
gas. At the end of bombardment, the activity will 
transfer to specific synthesis modules where the 
chemical reaction and labelling under preset con-
ditions of temperature and pressure take place to 
have the final radiopharmaceuticals.

1.5.3  Specific Activity

Specific activity is defined as activity per unit 
mass of the radioisotope (mCi/g, Bq/mol) includ-
ing radioactive and nonradioactive molecules. 
Since one mole of any element contains 
Avogadro’s number of atoms, so for calculation 
standardization, it is good to represent specific 
activity in unit activity/mol. Specific activity has 
an important role in PET radiopharmaceuticals 
because of possible competition between cold 
and radioactive molecules with noticed uptake 
reduction in different tissue.

1.5.4  Saturation Yield

Saturation yield of radionuclide production is rep-
resented as the maximum activity produced per 
unit microampere (mCi/μA), and it is given by:

 

mCi A/µ( ) =
−( )
A

I e
0

1 lt

 

(1.14)

where A0 is activity (mCi) at the end of bombard-
ment (EOB), 1-( )e tl  is saturation factor, t is 
irradiation time in minutes, λ is decay constant of 

Magnetic field bends
path of charged particle.

Square wave
electric field
accelerates
charge at
each gap
crossing.

B

+

Fig. 1.9 Schematic diagram showing particle path in a 
cyclotron as well as the applied magnetic and electric 
field. Ion source located at the centre of high-vacuum 
chamber, negative ions being maintained by magnetic 
field accelerated by RF until reach extraction radius then 
directed to the target body by thin carbon foil (From 
http://hyperphysics.phy-astr.gsu.edu/hbase/hph.html)
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isotope of interest and I is the beam current in 
(μA).

Saturation factor is defined as the production 
rate of isotope during irradiation time of the 
 target for a time t. Saturation factor approaches 
unity within 5–7 half-lives of irradiation time of 
radionuclide produced. At that point, equilib-
rium between production rate and decay occurs.

The above equation is valid for thin target 
while there is no beam attenuation. For thick tar-
get (beam is completely absorbed in the target) 
where there is variations in beam energy because 
of gradual energy loss due to interactions of 
charged particles with electrons, target yield 
depends on other factors such as energy and stop-
ping power, and it is given by:
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where Y is the thick target yield (μCi/μA), Z 
atomic number of charged particle, A mass num-
ber of target nuclei, dE/dX stopping power of 
charged particle in MeV/g, σ(E) cross section in 
mbarn, t irradiation time, T1/2 half-life of isotope, 
Ein incident energy of the particle and Eout exiting 
energy of the particle.

1.6  Radioactivity

As mentioned previously, all heavy (large) nuclei 
(i.e. Z > 83) are structurally unstable (unstable 
nucleus) and therefore radioactive. Sooner (nano-
second) or later (thousands of years), those unsta-
ble nuclei change to more stable nuclear 
configurations through various processes of 
spontaneous radioactive decay that involve emis-
sion of energetic particles such as alpha, beta and 
gamma. Thus, unstable radionuclide (parent) 
transforms to more stable nuclide (daughter) 
throughout various radioactive decay modes that 
will be discussed in the following sections.

1.6.1  Modes of Decay

1.6.1.1  Alpha Decay
Alpha particle (2

4He) is the nucleus of the helium 
atom and consists of two protons and two neutrons. 
From the stability standpoint, the alpha particle has 
very stable configurations and plays an important 
role in reducing the heavy weight of some radioac-
tive nuclei transforming them into less excited or 
ground state. The position of those radionuclides 
on the N/Z diagram determines its mode of 

Two extraction system

a b

Fig. 1.10 Cyclotron extraction system. (a) GE PETtrace 
800 extraction system. One extraction system for each tar-
get set allowing dual beam production (Courtesy of GE 

Health Care) and (b) used and cracked extraction foil 
(From www.triumf.ca)

T. Hosny et al.
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radioactive decay; for heavy large nuclei (Z >83), 
they need to reduce their A, Z and N numbers to 
reduce large mass and charges to achieve the stabil-
ity through the emission of several helium-4 
nucleus (2

4He nuclei – alpha particle). Each emis-
sion of alpha particle reduces the mass by 4; some 
heavy radionuclides (235U) reach its stability 
through a chain of transformation that need several 
alpha particle emission (decay series) before a sta-
ble nuclide (207Pb) is achieved. The decay series of 
such a transformation can be seen in Fig. 1.11; the 
decay modes include those leading to ejection of an 
alpha particle (α) or a beta particle (β¯).

Radium-226 is a typical example of alpha 
decay; see decay scheme in Fig. 1.12.

 88
226

86
222

2
4 4 87Ra Rn He MeV→ + + .  

Although the alpha particles are monoenergetic 
and their kinetic energy is below 10 MeV (in 
range 4–9 MeV), it can penetrate the parent 
nucleus coulomb barrier of 30 MeV due to 
quantum- mechanical effect of tunnelling (tunnel-
ling through the barrier).

1.6.1.2  Beta Minus (β¯) Decay
Small radionuclide (Z < 83) of unstably high N/Z 
ratio indicates an excess of neutrons (proton defi-
cient), lie above the line of stability. Beta minus 

decay transforms a neutron into a proton and 
eject one electron (beta particle) plus antineu-
trino, leading those nuclei closer to the line of 
stability by adding more positive charge (charges 
increase on the nucleus and a slight reduction of 
mass), thus, changing only the atomic number Z 
of the parent by one unit ( +1 ) leaving the atomic 
mass A constant (isobar daughter).
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Unlike the alpha particles (monoenergetic), the 
beta particles are being emitted with a range of 
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Fig. 1.11 235U decay series: unstable 235U decays to stable 207Pb nuclei through alpha and beta decay modes
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Fig. 1.12 226Ra decay scheme
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energies (MeV) forming a continuous spectrum 
(not all the beta particles being emitted with the 
same energy value); some of them reaches a max-
imum energy denoted by Eβmax, whereas others 
are emitted with smaller energy. Thus, the energy 
released from this transformation is distributed 
randomly between the electron (beta particle) 
which has most of it and the antineutrino.

There are some radionuclides of medical 
interest that undergo decay solely by β−  emis-
sion (3H, 14C, 32P and 90Y) or combination of 
(β−, γ) emission (131I, 133Xe and 137Cs). 
Radionuclide can be used either as diagnostic 
radiopharmaceuticals or as therapeutic products. 
Pure beta- emitting radionuclides (e.g. 
Yettrium-90, 90Y) are mainly used with therapeu-
tic purposes, to deliver high-dose rate on tumours 
due to their high linear energy transfer (LET) and 
range of deposition in tissue several mm to cm.

90Y is one of the radionuclides that is most 
widely used in nuclear medicine therapeutic appli-
cations. Thanks to its long β particle range, 90Y 
allows a uniform irradiation of large tumours com-
monly expressing heterogeneous perfusion and 
hypoxia. The average energy of β− emissions from 
90Y is 0.9367 MeV and maximum of 2.27 Mev (see 
Fig. 1.13, 90Y decay scheme), with a mean tissue 
penetration of 2.5 mm and a maximum of 11 mm. 
However, 90Y-labelled SIR –microspheres (diame-
ter ~30 μm) are used in selective internal radiation 
therapy for the treatment of hepatocellular carci-
noma (HCC) and potentially other diseases meta-
static to the liver. 131I radionuclide is being used in 
both diagnostic and therapy (combination of emis-

sion); it is used for the treatment of variety of thy-
roid disorders, benign and malignant. The decay 
scheme for 131I indicates emission of six beta minus 
particles of varying energies and emission of 14 
gamma rays of different energies. Thus, 90 % of the 
tissue damage from 131I is caused by beta particles 
due to the LET rate for beta minus  particles, which 
is much higher than for gamma rays.

1.6.1.3  Positron (β+) Decay
Proton-rich radio nuclei (lie below the line of sta-
bility) achieve their stability by a nuclear change 
which requires either a positive charged electron 
emission (positron decay) or a capture of orbital 
electron (electron capture). Radioactive transfor-
mation by positron (β+) emission is occurred by 
rearrangement of the protons and neutrons of the 
nucleus binding in a way they could supply the 
essential energy (E = 1.022 MeV) for this trans-
formation which yield a neutron, create positive 
electron and eject a neutrino and reducing the 
atomic number by one. The energy 1.022 MeV is 
being consumed in producing two electron 
masses as a product of the decay (Fig. 1.14).
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Similarly to beta minus, the beta plus is continu-
ously distributed in an energy spectrum skewed 
to the right as shown in Fig. 1.15 (charge effects 
cause shift to higher energies).

The average energy Eβ  of the spectrum is 
approximately one-third of the end point energy 
(maximum energy Eβ max); the general relation-
ship for the average kinetic energy of the beta 
particles is:
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where E E
β β_ and +  are in MeV.

1.6.1.4  Electron Capture (EC)
As mentioned earlier, the proton-rich nuclei 
undergo radioactive transformation indicated 
by capture of orbital electron. This happens 

when the sufficient energy is not available for 
positron emission (E < 1.022 MeV); the only 
way to reduce number of protons in proton-rich 
nuclei would be the capture of an orbital elec-
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Fig. 1.15 Beta particles 
energy spectrum for 29

64Cu 
undergoing β− (top left) and 
β+ (top right) emissions with 
maximum energy 0.579 and 
0.653 MeV to reach stable 
nuclides 30

64Zn and 28
64Ni, 

respectively (Adapted from 
Martin James [3]). 
Difference in energy 
spectrum of beta minus and 
beta plus is also shown in 
the bottom figure (Adapted 
from Podgorsak [23])
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tron. Due to de Broglie wave pattern of the 
orbiting electrons, they could come close to or 
pass through the unstable nucleus allowing cap-
ture to occur yielding Z reduction by 1, N 
increase by 1, and the mass number A remains 
the same. The capture from the close atom 
shells (K with 90 % capture probability, L 
(10 %) and M (1 %)) leaves vacancy which then 
filled by a higher energy level electron, and 
characteristic radiation is emitted with proba-
bility of Auger process; for more details, refer 
to Sect. 1.7.1.

55Fe is a radionuclide undergoes such a trans-
formation to reach the nuclear stability.
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Although positron emission occurs more fre-
quently among light elements and electron cap-
ture among heavier elements, unstable nucleus 
has energy of E ≥ 1.022 MeV and reaches stabil-
ity by positron emission accompanied with elec-
tron capture mode of decay. 11C and 18F are 
radionuclides of medical interest that undergo 
such competitive decay (β+ and EC). See 
Fig. 1.16.

1.6.1.5  Isomeric Transition
Most of radioactive decay yields a daughter 
nucleus in an excited state relieved in less than 
10 9-  s by gamma emission. However, some 
daughter nuclei may be formed in excited states 
that could exist long enough to be measurable. 

Such a “long-lived” excitation represents a 
metastable (or isomeric state). To relieve the 
excitation energy of that state, emission of 
gamma rays is carried out. An example of such 
decay is the production of 99mTc by radioactive 
transformation of 99Mo; see Fig. 1.17 99Mo 
decay chain. 99mTc is decayed considerably with 
almost 6 h half-life, and it is relieved to the 
ground state of 99Tc throughout the gamma ray 
emission.

1.6.2  Radioactive Decay Equations

The fundamental law of radioactive decay is 
based on the fact that the decay, i.e. the transi-
tion of a parent nucleus to a daughter nucleus 
is a purely statistical process. The disintegra-
tion (decay) probability is a fundamental prop-
erty of an atomic nucleus and remains equal in 
time.

Mathematically this law is expressed as

 

dN N dt

dN dt N

=
= −( )

l
l

.
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where λ is the decay constant and it is unique 
value for each radioisotope.

(−dN/dt) is the disintegration rate, and the 
negative sign signifies that N is decreasing with 
time. N is the number of radioactive nuclei. By 
integration and applying the boundary conditions 
in the beginning, t = 0 and N = N0, we obtain
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Subsequently the equation of exponential decay
N = No e−λt

Or in terms of activity

 A A eo
t= −l

 (1.17)

Half-life time (t1/2) is the time required for radio-
activity to reach half of its original value and is 
related to the decay constant through the 
relation:

 T1 2 0 693/ . /= l  (1.18)Fig. 1.16 26
55Fe decay scheme illustrates positron emis-

sion accompanied with electron capture

Fe (2.73y)55
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This can be easily derived if we substitute the 
activity A or number of atoms N by (½)A or (½)N 
receptively in the two equations above while 
denoting t = T1/2.

1.7  Interaction of Radiation 
with Matter

Ionizing radiation either heavy or light charged 
particles or electromagnetic waves (such as 
gamma rays, x-rays, etc.) do interact in different 
modes with matter. Energetic charged particles 
interact with matter by losing kinetic energy via 
excitation and ionization. Excitation and ioniza-
tion occur when charged particles lose energy by 
interacting with orbital electrons. Excitation is 
the transfer of some of the incident particle’s 
energy to electrons in the absorbing material, ris-
ing electron to higher energy level. In excitation, 
the energy transferred to an electron does not 
exceed its binding energy. Following excitation, 
the electron loses energy going to its original 
energy level, with the emission of the lost excita-
tion energy in the form of electromagnetic radia-
tion or Auger electrons. If the transferred energy 
exceeds the binding energy of the electron, then 
ionization occurs in which the electron is ejected 
from the atom.

Sometimes the ejected electrons possess 
 sufficient energy to produce secondary ioniza-
tion. Light charged particles as positrons during 

passing through absorbing material lose their 
energy due to interaction with electrons of 
absorber atoms and come to almost rest; recom-
bination of positron and electron will initiate 
annihilation process. Photon detection of the 
annihilation process is the basis upon which PET 
imaging has been conceptualized.

1.7.1  Photoelectric Effect

In the photoelectric effect, all of the incident 
photon energy is transferred to the inner most 
electron of the absorber, which is ejected from 
the atom. The kinetic energy of the ejected elec-
tron (Ee in Eq. 1.19) is equal to difference 
between incident photon energy (Ei) and bind-
ing energy of the orbital electron (Eb) 
(Fig. 1.18a). Therefore, for photoelectric inter-
action to occur, the energy of incident photon 
should be equal to or slightly above the binding 
energy of ejected electron. As a result of this 
interaction, the atom becomes unstable and ion-
ized with vacancy in the inner most energy shell. 
Subsequently, electron from higher energy level 
will fill this gap with emission of characteristic 
x-ray (K, L, M, etc.). Alternatively, the emitted 
radiation due to electron transition may result in 
bombarding an orbital electron in the same atom 
producing what is called Auger electron, named 
after one of the discoverers Pierre Victor Auger 
(Fig. 1.18b).

99Mo T1/2 = 66 h

99Tc

99mTc T1/2 = 6.1 h

β− (18.5 %)

γ (13.5 %) γ (5 %)

γ 
(1.5 %)

γ (8.5 %)

0.921 MeV

0.509 MeV

0.181 MeV

0.141 MeV

0.01 MeV

γ (6.5 %)

γ (91.5 %)

β− (1.5 %)

β− 
(80 %)

Fig. 1.17 99Mo decay 
scheme, 80 % of 99Mo 
undergoes beta minus 
decay to reach metastable 
technetium-99 which 
disintegrates to stable 
technetium-99 through 
emission of 140 keV 
gamma rays
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The probability of characteristic x-ray emis-
sion decreases as the atomic number of the 
absorber decreases and thus does not occur fre-
quently for diagnostic energy photon interactions 
in soft tissue. The probability of this interaction 
decreases with increasing energy of the incident 
photon, but increases with increasing atomic 
number of the absorber.

 E E Ee i b= -  (1.19)

1.7.2  Compton Effect

Compton scattering is an inelastic collision 
between gamma ray and valence electron of an 
atom whose binding energy is much less than 
gamma ray energy. It is the most prevailing inter-
action of gamma ray with soft tissue in energy 
range used for diagnostic purposes. In this mecha-
nism incident gamma photon transfers some of its 
energy to an electron that assumed to be in rest 
and known as recoil electron resulting in scattered 
gamma photon by angle θ with respect to its origi-
nal path as shown in Fig. 1.19. The energy trans-
ferred to the electron is varying depending on the 
scattered photon angle and can be calculated by 
applying the laws of conservation of energy and 
momentum:
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(1.20)

where mec2 is the rest mass energy of electron 
(0.511 MeV, refer to Table 1.2). The probability 
of Compton scattering increases linearly with 
atomic number of absorber material.

E = mc2, P = mv

y

x

e–

θ

φ

E = hν
 hν
cP =

E = hν′

 hν′
cP =

Fig. 1.19 In Compton scattering, incident photon inter-
acts with free electron and deflected by angle θ with 
energy equal to the difference between incident photon 
energy and recoil electron

Fig. 1.18 Photoelectric effect and Auger electron pro-
cess. (a) Photoelectric interaction; gamma rays interact 
with most inner shell; energetic electron is ejected with 

energy equal to difference between incident photon 
energy and K-shell binding energy and (b) Auger 
electron
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1.7.3  Pair Production

If the gamma ray energy exceeds 1.022 MeV 
(rest mass energy for two electrons) and passes 
near to the nucleus, pair production interac-
tion will take place. Conversion of gamma ray 
energy into two particles (electron and anti-
electron) each with mass mec2 but opposite 
electrostatic charge and the total kinetic 
energy is approximately equal to hv−2mec2; 
therefore, all energy in excess that required to 
create the pair will be shared by the positron-
electron pair as a kinetic energy. After produc-
tion of a pair, the positron and electron lose 
their kinetic energy by excitation,  ionization 
and bremsstrahlung as any high-energy elec-
tron. When the positron expended all of its 

kinetic energy, it recombines with an electron, 
and annihilation phenomenon takes place with 
production of two photon quanta each of 
0.511 MeV released at angle of 180° ± 0.25° 
relative to each other.

1.7.4  Linear and Mass Attenuation 
Coefficient

Linear attenuation coefficient (μl) is a constant 
that determines the fraction of radiation beam 
loss per unit thickness of the absorber because of 
beam absorption or scatter; in other words, it is a 
measure of the probability of interaction of pho-
tons with matter per unit length. It can be 
expressed by the following formula:

Linear attenuation coefficient
Reduction in intensity

Abso
ml( ) = %

rrber thickness cm
cm

( )
−1

Linear attenuation coefficient is specific for each 
absorber material, but any change in absorber 
density will change linear attenuation coefficient 
value. Using mass attenuation coefficient elimi-
nates density dependence of linear attenuation 
coefficient. Mass attenuation coefficient (μm) is 
given by

 
m

m
rm
l= cm gm2 ⁄

 
(1.21)

where ρ is absorber density in gm/cm3 and μ lin-
ear attenuation coefficient in cm−1

The total linear attenuation coefficients μ is 
defined as the sum of photoelectric, Compton and 
pair production attenuation coefficients:

 m t s= + + k  (1.22)

where τ, σ and k are linear attenuation coeffi-
cients of photoelectric, Compton interaction and 
pair production, respectively.

For 511 keV photons produced by positron 
annihilation, the primary mechanism for photon 
interaction with matter (one or both annihilation 
photons) is by Compton interaction while photo-
electric absorption is being negligible. From 
energy dependence point of view, the probability 

of photoelectric interactions is inversely propor-
tional with cubic photon energy (1/E3); as a 
result, extreme drop in the probability of photo-
electric interaction occurs in a certain absorber 
material as energy increases, while in Compton 
interaction, the energy of incident photon must 
be greater than the electron’s binding energy. 
Therefore, photoelectric interaction is the most 
preferable interaction for low-energy photons, 
but as the incident photon energy increases, 
Compton interaction becomes the most predomi-
nant one (Fig. 1.20).

Also, the probability of photoelectric interac-
tions is directly proportional with cubic atomic 
number of the material (Z3); thus, the photoelec-
tric interaction is predominant for high Z mate-
rial. On the other hand, Compton interaction 
probability depends on electron density (num-
ber of electrons/g), and therefore the probability 
of Compton scattering per unit mass is almost 
independent of atomic number, and the proba-
bility of Compton scattering per unit volume is 
 approximately proportional to the density of the 
material. In comparison to other elements, the 
absence of neutrons in the hydrogen atom results 
in an approximate doubling of electron density. 
Thus, hydrogenous materials have a higher 
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probability of Compton scattering than a non-
hydrogenous material of equal mass.

The product of this form of interaction is that 
primary photon changes the direction (secondary 
scattered photon) and loses part of its energy. In 
addition, the atom where the interaction occurred 
is ionized. However, when a photon passes 
through a thickness of absorber material, the 
probability that it will experience an interaction 
(removal of photons) is a function of photon 
energy together with composition and thickness 
of the absorber. Under conditions of narrow- 
beam geometry, the transmission of a monoener-
getic photon beam through an absorber is 
described by an exponential function:

 
I x I e x( ) = ( ) −0 ml

 (1.23)

where I(0) is the intensity of the un-attenuated 
photon beam and I(x) is the intensity of photon 
beam measured at a thickness x through an 
absorber of linear attenuation coefficient μl. The 
total linear attenuation coefficient of 511 keV 
gamma rays in tissue is 0.096 cm−1; this corre-
sponds to 7 cm half value layer (HVL = ln2/μl). In 

PET instrumentation, the two annihilation pho-
tons interact before escaping the object that is 
being imaged. The result is that the primary pho-
tons are being removed or attenuated from the 
line of response (LOR) and a potential detection 
of scattered photons in a different LOR.

1.8  Positron Emitter 
Radionuclides

As explained above, radionuclides undergoing 
(β+) decay are called positron emitters. They 
differ in the energy of emitted positrons and 
thus differ in the positron range inside the tis-
sues (the range that the positron travels in tissue 
depends on the emission energy and the elec-
tron density of the surrounding tissue). These 
radionuclides are used to label a wide variety of 
pharmaceutical compounds that interrogate dis-
ease biochemistry using PET imaging tech-
niques. Briefly, the pharmaceutical interacts 
with the body through a metabolic process; the 
radionuclide allows that interaction to be fol-
lowed, mapped and measured (two annihilation 
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Fig. 1.20 The mass attenuation coefficient of lead 
(atomic number 82) for gamma rays, plotted versus 
gamma energy and the contributions by the three interac-
tion effects. Photoelectric effect dominates at low energy. 

Above 5 MeV, pair production starts to dominate. 
Compton scattering is the most common interaction at 
intermediate energies
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photons detected in coincidence). Table 1.3 
lists some clinically useful positron emitter 
radionuclides.

Higher positron energy means a longer effec-
tive positron range (the average distance from the 
emitting nucleus to the end of the positron range) 
travelling through tissue. For example, in water 
18F has low-energy positrons (0.635 MeV) with a 
very short range (2.4 mm) compared to 82Rb 
which has high-energy positrons (3.4 MeV) and a 
longer range (14.1 mm). However, the half-life of 
radionuclides plays an important role in the avail-
ability of the clinical application. Carbon-11, 
nitrogen-13 and oxygen-15 with very short half- 
lives can only be used to study processes that 
have rapid uptake. Fluorine-18 with an approxi-
mately 2 h half-life allows more time for synthe-
sis, tracer uptake and for imaging particularly in 
diagnostic applications of oncology.

1.8.1  Exposure Rate Constant

Before discussing the emission rate and exposure 
levels of positron emitter radionuclides, it would 
be appropriate to understand some basic defini-
tions in this context. In terms of energy levels, 
one can note that radiation of energy > 20 keV 
(lower energy does not contribute to radiation 
exposure) interacts with an absorbing medium 
(air or patient) to deposit energy producing posi-
tive and negative ions or what is called ioniza-
tion. The amount of ionization of air caused by a 
γ-ray or x-ray source is defined as exposure, 
whereas the sum of the kinetic energy of all 

charged particles produced by interactions from a 
source of x-rays or γ-rays (through Compton 
scatter, photoelectric absorption or pair produc-
tion) per kg of air is known as air kerma. The 
relationship between exposure, X, and air kerma, 
K, can be calculated as:

 
K X RGy( ) = ( )×0 00869.

 

The radiation exposure level from gamma and 
x-ray sources can be estimated from the exposure 
rate constant Γ which is defined as the exposure 
rate in μSv/h from 1 mCi (37 MBq) of a radionu-
clide at a distance of 1 m. Each radionuclide has 
a specific value of exposure rate constant 
(Table 1.4). Precisely, while calculating the expo-
sure rate constant of radionuclide, all emitted 
radiations from that source must be considered, 
and adjustments should be made for any attenuat-
ing medium (air or patient) between the source 
and the point of interest. Therefore, each radionu-

Table 1.3 The commonly used positron emitters in PET imaging and their physical properties

Radionuclide Half-life Eβ max MeV Eb MeV
Percentage of 
β+ decays (%)

β+ max 
range 
(mm)

β+ mean 
range 
(mm)

Production 
method

C-11 20.4 min 0.96 0.39 99 4.1 1.1 Cyclotron

N-13 9.96 min 1.19 0.49 100 5.1 1.5 Cyclotron

O-15 123 s 1.72 0.73 100 7.3 2.5 Cyclotron

F-18 110 min 0.635 0.24 97 2.4 0.6 Cyclotron

Ga-68 68.3 min 1.9 0.84 88 8.2 2.9 Generator 
(from Ge-68)

Rb-82 78 s 3.35 1.52 95 14.1 5.9 Generator 
(from Sr-82)

Source: Refs. [2, 6]

Table 1.4 Summary of exposure rate constant for differ-
ent radionuclides used in nuclear medicine procedures

Nuclide Half-life (h)

Dose rate constant μSv.m2/
MBq.h

Point source Patient

Ga-67 78.1 h 0.028 0.011

Tc-99m 6.02 h 0.0195 0.0075

In-111 2.8 days 0.086 0.03

I-123 13 h 0.041 0.015

I-131 8.06 days 0.0575 0.023

Xe-133 5.3 days 0.135 0.006

F-18 110 min 0.143 0.092

Source: Refs. [10, 13]
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clide represents an exposure rate constant for a 
point source geometry different than being 
in vivo (patient body). Due to body attenuation 
(the body absorbs some of the annihilation radia-
tion), the dose rate from the patient is reduced by 
a significant factor (self-absorption). For exam-
ple, the exposure rate of 18F as a point source is 
0.143 μSv.m2/MBq.h, whereas the patient expo-
sure rate is significantly lower (0.092 μSv.m2/
MBq.h) accounting for 36 % photon reduction.

The exposure rate in air at a given distance:

 
G

p
m r= ( )∑1

4 i
en i i iY E/

 
(1.24)

where (μen/ρ) is the mass-energy absorption coef-
ficient in air for photons of energy Ei emitted by 
the nuclide with yield Yi. To estimate the expo-
sure rate (dose rate) from a source of (mCi) activ-
ity at a certain distance (m), the following relation 
may be used:

 
D Sv h

A

d
m G⁄( ) = 2

 
(1.25)

where Γ is the exposure rate constant also known 
as gamma constant (μSv m2/MBq h), A is the 
activity (MBq) and d is the distance (m). In radia-
tion shielding, it is therefore of economic value to 
use the most appropriate exposure rate constant 
provided the different conditions including the 
type of radionuclide, exposure rate constant, 
uptake time, imaging time, occupancy factors 
and other variables that may exist in PET or 
SPECT imaging environments. See Chap. 2 for 
further details on facility design and other shield-
ing calculations.

1.9  Radiation Detection 
and Measurements

Radiation detection and measurements are cor-
nerstone activities in nuclear medicine daily prac-
tice. It includes many of the hot laboratory 
equipments, radio-pharmacy, radiation safety and 
protection, assay counting as well as scanning 
examinations. All of these require similar or dif-
ferent concepts of radiation detection and/or mea-
surements. We will discuss here the most 

important radiation equipments involved in dose 
measurements and counting taking the most typi-
cal examples which are dose calibrator and well 
counter. Other detection devices such as gas- filled 
detectors, scintillator as well as semiconductor- 
based detection systems will also be outlined.

1.9.1  Gas-Filled Detector

Gas-filled detectors consist of a chamber filled 
with a volume of pressurized gas usually at a 
pressure of one atmosphere or less, to enhance 
interactions of radiation as it passes through the 
medium. Radiation that passes through the 
medium results in gas molecule ionization, fol-
lowed by collection of the ion pairs with the 
application of a voltage between the two elec-
trodes. Ions produced are collected as current and 
amplified to record the resultant signal. The col-
lection of the ion pairs is a function of the applied 
voltage, radiation energy, intensity levels and 
type of the gas.

At very low voltage (<10 V), not all the ion 
pairs could drift towards the electrodes and be 
collected; some ion pairs recombine to form the 
original molecule (not enough acceleration). This 
region is called the region of recombination. 
As voltage increases (>10 V), recombination 
becomes negligible, and the entire ion pairs can 
be collected efficiently by the electrodes. The 
applied voltage changes do not affect the pro-
duced current, current remains the same as it 
called the saturation current, and it is proportional 
to the deposit ionization energy of the incoming 
radiation (alpha, beta, gamma). Hence, the region 
is called the ionization region (50–300 V).

Raising the applied voltage to a higher value 
provides the ion pairs (primary ionization) with a 
higher energy and velocities and enables them to 
collide with the medium forming a secondary 
ionization. Hence, increasing the voltage that 
provides each electron with the enough energy to 
produce a secondary ionization, a multiplication 
of charges and amplification of the produced ion-
ization is proportional to the initial ionization. 
This region is called the proportional region. 
Beyond that voltage range, the proportionality 
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becomes limited as the multiplication of charges 
increases rapidly (limited proportionality region). 
Further increased voltage, the yielded current is 
of identical behaviour for all types of radiations 
forming a plateau as voltage increases. This 
region is referred to Geiger-Mueller region. At 
very high voltage, continuous discharge region 
begins in which a spontaneous ionization is tak-
ing place inside the chamber; using a detector at 
such high voltage might destroy it. Figure 1.21 is 
showing the various operating voltage regions.

Different types of radiation lead to different 
ion pair production, since the interaction of the 
ionizing particle/photons with gas molecules is 
different. Alpha, beta and gamma radiation could 
be detected using the gas-filled detector types 
(i.e. ionization chamber, proportional counter 
and Geiger-Mueller counter).

An important application of ionization chamber 
principle is for CT dosimetry measurement pur-
poses through the usage of CT ionization pencil 
chamber. The ionization pencil chamber is used for 
the evaluation of computed tomography dose index 
(CTDI) either in air or mounted in acrylic or poly-
methyl methacrylate (PMMA) phantoms (head, 
16 cm, and body, 32 cm in diameter for adult). It is 
a pencil-shaped chamber with about 10 cm sensi-
tive length specifically designed for x-ray beam 
measurements and can be connected to electrome-

ter. It has an excellent energy and partial volume 
response along its entire length. Hence, it produces 
an accurate dose estimate by irradiating its entire 
volume. It also provides uniform response to inci-
dent radiations in every angle around its axis and 
therefore can fit the dosimetric conditions required 
for dose estimate in CT imaging procedures. 
Figure 1.22 is showing an ionization chamber and 
PMMA phantoms used in CT dosimetry. Further 
details on CT dosimetry can be found in Chap. 2.

1.9.1.1  Dose Calibrator
Dose calibrator contains an argon gas-filled ion-
ization chamber coupled to a high voltage power 
supply and an electronic circuit that converts and 
displays chamber response in units of activity. 
The ionization chamber is under high pressure 
(increases detection sensitivity), sealed (elimi-
nates the need for temperature and pressure cor-
rection) and contains two electrodes having an 
electric potential between them. A beam of ion-
izing radiation passes through the chamber and 
produces electrical charges that are collected by 
positive (anode) and negative (cathode)  electrodes 
forming total amount of current (time- averaged 
ionization current). This amount of current is 
measured by using sensitive current- measuring 
devices called electrometers (quantify very small 
electric currents of fA to μA, corresponding to 

Fig. 1.21 Types of operational voltage regions of gas-filled detector as a result of two different energies of incident 
photons
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10−15 and 10−6 Ampere, respectively). The current 
generated in the circuit is proportional to the 
activity of the measured quantity. Shielding is 
used around the chamber to reduce the effect of 
background radiation and to reduce unnecessary 
operator exposure.

A dose calibrator is used for assaying activi-
ties of radiopharmaceutical (γ-rays emitters) of 
relatively large quantities (i.e. MBq range) placed 
in vials and syringes. It is calibrated to read 
directly in units of activity (becquerels or curies) 
with the ability of choosing the radionuclide type 
and volume (specifying calibration factor). Dose 
calibrator’s chamber response depends on the 
specified radionuclide source geometry, its type 
of decay, energy of emission and source position 
inserted. For example, the chamber response to 
pure gamma emitter radionuclide (99mTc) is dif-
ferent than for a combination of beta and gamma 
emission (e.g.131I). However, calibration factors 
assure the accurate activity reading for a selected 
radionuclide source in the specific geometry 
being used.

Despite the high range of activity that the 
dose calibrator can measure, it is relatively 
insensitive and cannot accurately assay activi-
ties less than 1 μCi. Furthermore, the ionization 
chamber has no ability to distinguish photons 
of different energies as is possible with detec-
tors having pulse-height analysis capabilities. 
However, dose calibrators are of great impor-

tance in nuclear medicine departments to check 
every radiopharmaceutical dose that is received 
or dispensed. Also, they are used to assay the 
activity of various types of radiopharmaceuti-
cals prior to clinical usage. Therefore, dose 
calibrator’s operation must be checked in a 
daily basis to assure the desired continued 
accuracy of the dosage assays (≤5 % accuracy), 
and several quality control tests need to be per-
formed and repeated at specific intervals (see 
Table 1.5).

1.9.2  Well Counter

Well counter is a highly efficient radiation detec-
tor for counting low-level radioactive samples 
such as blood or urine collected from radioactive 
patients, wipes of contamination and any source 
of activity in the range of micro-curies. Well 
counters consist of a single solid cylindrical crys-
tal of thallium-doped sodium iodide-NaI(Tl) 
detector with a hole in the centre for a sample to 
be placed. It is coupled to photomultiplier tube 
(PMT) and its associated electronics such as pre-
amplifier, amplifier, pulse-height analyzer (PHA) 
and scalar-timer. Dimensions of such NaI(Tl) 
crystal detectors are in the range of:

• 4.5–12.7 cm diameter
• 5–12.7 cm long

Fig. 1.22 Photographs showing one of the commer-
cially available ionization chamber that is in operation in 
our laboratory (Courtesy of Fluke Biomedical). Arrows 

indicate ionization chamber (left) inserted into one of the 
phantom wells used in CT calibration (right)
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And the well dimension can have the follow-
ing measures:

• 1.6–3.8 cm diameter
• 3.8–7 cm depth length

A thickness of 5 cm or greater of lead is com-
monly placed around the detector to reduce back-
ground counting levels. Small well counters are 
used for low-energy gamma rays detection 
(<200 keV), whereas larger well counters are 
used for high-energy gamma rays.

Since the inserted sample in the well counter 
is surrounded by the scintillation crystal, 
NaI(Tl) detectors have high intrinsic and geo-
metric detection efficiencies of gamma rays; 
only small amounts of activity can be counted 
up to about 1 μCi (37 kBq). At higher activities, 
serious dead time problems do emerge leading 
to count rate underestimation. The detection 
efficiency of well counter device is a function of 
photon energy and detector thickness. For 
example, the detection efficiencies of a 
 commercially available well counter installed in 
our laboratory for the radionuclides 99mT, 131I 
and 18F are 81.66 %, 28.70 % and 28.25 %, 
respectively.

1.9.3  Scintillation Detectors

Although scintillation mechanism is one of the 
oldest technical methods for detection of ionizing 
radiation, it is still widely used as a radiation 
detector. As outlined above, there are a number of 
available technologies that can be used in photon 
detection with relative advantages and technical 
merits. Scintillator detectors can be used with 
cost-effective and feasible manner to be incorpo-
rated in many imaging systems. It has been used in 
the manufacturing of SPECT systems, survey 
metres for energy discrimination and high- efficient 
radiation detectors as well as in PET imaging 
scanner including clinical and preclinical systems. 
Scintillation detectors can be classified into:

 I. Inorganic scintillation detectors, e.g. alkali 
halide scintillator (NaI, CsI, etc.) in the form 
of solid crystal

 II. Organic scintillators which can be pure 
organic crystal, liquid organic solutions or 
polymers known as plastic scintillators

The basic difference between organic and 
inorganic scintillator is the light production 
mechanism. In case of inorganic scintillator, the 
light emitted by an inorganic crystal is primarily 

Table 1.5 Recommended quality control programmes for a local dose calibrator

Test type Frequency Acceptance criteria

High voltage Daily Comparable with the manufacture’s 
tolerances

Zero adjustment Daily Comparable with the manufacture’s 
tolerances

Background Daily Within normal range comparable with 
the environmental facility

Constancy (check source) Daily, annually Within ±5 % of the decay corrected 
initial value

Accuracy Annually Within ±5 % of the decay corrected 
initial value

Reproducibility (precision) Annually Within ±1 % of the average 
measurements

System linearity Annually Within ±5 % of the expected values

Quarterly Within ±2 %

Supplier equivalence Annually Differences ≤ ±10

Acceptance (initially established) Differences ≤ ±5

Table taken from Ref. [9]
Daily means every 24 h starting at 12:00 a.m.
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due to the crystal structure, whereas organic sub-
stances exhibit luminescence by virtue of molec-
ular properties.

The ideal scintillation material should possess 
the following properties:

 1. High stopping efficiency. Scintillator material 
should have high efficiency for converting 
incident radiation energy into emitted lumi-
nescence. Scintillator with high effective Z 
and high density is a better candidate as the 
former is proper for photoelectric interaction, 
while the later serves to dominate Compton 
interaction.

 2. High-energy resolution. This feature plays an 
important role in removing scattered radia-
tion. It can be improved by using crystals of 
high light output and efficient electronic 
circuitry.

 3. Transparency. The medium should be trans-
parent to wave length of its own emission for 
good light conversion and reduction of light 
loss. The light readout photosensor should 
also have optical properties that fit the wave-
length range of the emitted photon quanta 
from the scintillator.

 4. Short decay constant. Short decay constant is a 
desired property that helps improve coinci-
dence timing resolution as well as an important 
factor in count rate performance and reduction 
of dead time. Random coincidences can also be 

reduced by using crystal of short decay time. 
Crystals of short decay time are also better can-
didates in time of flight applications.

 5. High light yield. The material should be of 
good optical yield and has a size large enough 
to use as practical detector. As the crystal 
dimension decreases in size to improve spatial 
resolution, as in block detector design of PET 
scanners, it is necessary to have a scintillator of 
high light output. As outlined above, light yield 
also improves timing and energy resolution.

No material can fit all of these properties, and 
therefore it is usually a trade-off process favouring 
some properties over the others. For diagnostic 
purpose, the use of inorganic alkali halide crystal 
doped with thallium such as NaI(Tl) is widely 
applied in gamma camera and SPECT imaging 
systems. In PET imaging, BGO crystal and LSO-
type detectors occupy the most important class of 
scintillator in the market with much interest given 
to the later due to its better physical properties that 
fit into state-of-the-art PET clinical applications. 
Table 1.6 summarizes the physical properties of 
some crystals used in PET imaging scanners.

The scintillation light is emitted isotropically 
and optically coupled to the photocathode of a 
PMT. Scintillation photons incident on the photo-
cathode liberate electrons through the photoelec-
tric effect, which are then accelerated by a strong 
electric field in the PMT. As these photoelectrons 

Table 1.6 Physical properties of some useful inorganic scintillation crystals used in PET

NaI(TI) BGO GSO:Ce LSO:Ce LYSO:Ce LaBr3 BaF2

Density (gm/cm3) 3.67 7.13 6.7 7.4 7.1 5.3 4.89

Effective atomic 
number (Z)

51 74 59 66 64 47 54

Linear attenuation 
coefficient (cm−1)

0.34 0.92 0.62 0.87 0.86 0.47 0.44

Light yield (% 
NaI[Tl])

100 15 30 75 75 160 5

Decay time (ns) 230 300 60–65 40 41 16 0.8

Hygroscopic Yes No No No No Yes Slightly

Photoelectric effect 
(%)

17 40 25 32 33 13 12

Refractive index 1.85 2.15 1.85 1.82 1.81 1.88 1.56

Emission maximum 
(nm)

410 480 440 420 420 370 220
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are accelerated, they collide with electrodes in 
the tube (known as dynodes) releasing additional 
electrons. This increased electron flux is then fur-
ther accelerated to collide with succeeding elec-
trodes, causing a large multiplication (by a factor 
of 105 or more) of the electron flux from its initial 
value at the photocathode surface. Finally, the 
amplified charge burst arrives at the output elec-
trode (the anode) of the tube. The magnitude of 
this charge surge is proportional to the initial 
amount of charge liberated at the photocathode of 
the PMT; this is defined as the gain of the PMT.

Furthermore, by virtue of the physics of the 
photoelectric effect, the initial number of photo-
electrons liberated at the photocathode is propor-
tional to the amount of light incident on the PMT 
which in turn is proportional to the amount of 
energy deposited in the scintillator by the gamma 
ray (assuming no light loss from the scintillator 
volume). Thus, an output signal is produced that is 
proportional to the energy deposited by the gamma 
ray in the scintillation medium. However, the 
spectrum of deposited energies (even for a 
monoenergetic photon flux) is quite variable 
because of the occurrence of the photoelectric 
effect, Compton scattering, various scattering phe-
nomena in the scintillation medium and statistical 
fluctuations associated with all of these processes.

1.9.4  Neutron Detectors

Neutrons are neutrally charged particles that 
maintain the nuclear binding stability by moder-
ating the repulsion force exhibited by protons. 
The story of discovering neutrons by James 
Chadwich in 1932 and its properties is central to 
the extraordinary developments in atomic phys-
ics that took place in the early decades of the 
twentieth century. Neutrons are not essential part 
of daily practice for those who are working in 
nuclear medicine environment. However, it has 
some significant concerns in medical cyclotrons 
and shielding construction as well as in operation 
of nuclear reactors. The former is our focus, and 
therefore some information about neutron detec-
tors can be useful to mention here. Neutrons are 
classified according to their energy into:

 1. Thermal neutrons in energy range of 0.025 eV 
up to 0.2 eV at 20.44 °C

 2. Slow neutrons with energy between 1 and 
10 eV, sometimes up to 1 keV

 3. Fast neutrons which have energy above 
0.5 MeV

Due to the well-known fact that neutrons are 
uncharged particles, it is therefore cannot be 
detected in a direct way. It can be measured via 
their interactions with atoms to produce a kind of 
radiation that can be detected in one of the con-
ventional methods. The most common nuclear 
reactions for thermal neutrons detection are 
through (n, α) or (n, p) reactions using 5

10B, 6Li 
and 3He. There are two other methods that depend 
on (n, fission) reactions and neutron activation. 
The former is based on fission fragments detec-
tion, while the latter utilizes the emissions of the 
radioactive produced nuclei to detect neutron 
flux.

Boron-trifluoride proportional counter is used 
in case of 10B (n, α) reaction which uses BF3 as 
proportional gas and neutron detection material. 
Boron has a high interaction cross section (4010 
barns) for this reaction. The BF3 gas is usually 
enriched in 10B, and it has to be used at lower 
absolute pressures in order to get a good perfor-
mance as a proportional gas.

Similarly, 3He is used as a conversion target 
and proportional gas in the 3He proportional 
counter. But 3He(n, p) reaction shows low 
Q-value of almost 765 keV. As a result the dis-
crimination of gamma rays is more difficult than 
with BF3 counters, since secondary electrons 
only deposit a small amount of energy in the gas.

Instead of using the gas-filled proportional 
counter, Li has also a good interaction cross sec-
tion for (n, α) reaction and has been used in a 
neutron scintillator detector in the form of euro-
pium (Eu)-doped lithium iodide crystal. Due to 
the density of enriched 6LiI(Eu) crystals, a 
10 mm-thick detector is almost 100 % efficient 
for neutrons ranging from thermal energies up to 
about 0.5 eV.

However, some modification in the neutron 
detection system should be considered in case 
of intermediate and fast neutrons such as adding 
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moderator material to slowing down neutrons to 
energies where the detection efficiency is high. 
Materials such as polyethylene and paraffin are 
the most widely used moderators. The use of 
moderator in case of fast neutron is no longer 
effective, and thus fast neutron detection 
depends on elastic scattering with light nuclei. 
Therefore, fast neutrons incident on a hydrogen-
containing scintillator will scatter elastically 
and give rise to recoil protons ranging in energy 
up to the full neutron energy. Fluorescence light 
is emitted as the recoil protons energy is 
absorbed by the scintillator. A series of spheres 
of different diameters were developed to ther-
malize neutrons of low, medium and higher 
energies. This method allows one to detect neu-
tron energy flux of different energies or neutron 
energy spectrum.

1.9.5  Solid State Detectors

A semiconductor detector acts as a solid-state 
ionization chamber. Ionization will take place in 
the sensitive volume of the detector as ionized 
particle hit the detector. The charge produced by 
the photon interactions is then collected directly. 
The operation of semiconductor detector depends 
on having either excess electrons or holes which 
depend on the impurities added to pure semicon-
ductor material. The sensitive volume in the 
detector is an electronically conditioned region 

(known as the depleted region) in which liberated 
electrons and holes move freely.

Germanium (Ge) and silicon (Si) are the most 
common semiconductor used to construct solid- 
state detectors. The detector functions as a solid- 
state proportional counter, with the ionization 
charge swept directly to the electrodes by the 
high electric field produced by the bias voltage. 
The early design of solid-state detector used 
lithium- drifted germanium [Ge(Li)] as the detec-
tion medium. The lithium served to inhibit trap-
ping of charge at impurity sites in the crystal 
lattice during the charge collection process. 
Hyperpure germanium (HPGe) crystals were 
then used with no further doping, and detector 
operation became more simple. Cooling is one 
drawback of HPGe detector but serves to reduce 
thermal excitations of valence electrons. This 
makes the incident gamma radiation provide the 
energy necessary for the electrons to cross the 
band gap and reach the conduction band.

Recently, cadmium telluride (CdTe) and cad-
mium zinc telluride (CdZnTe or CZT) started to 
be used as solid-state detector in SPECT modal-
ities as well as in prototype PET scanners. The 
former has density of 6.06 g/cm3 and atomic 
number Z of 48. CZT is CdTe in which some of 
the Te atoms (typically 20 %) are replaced by 
zinc atoms. Average energy expended per 
electron- hole pair created is 4.4 eV, while the 
ionization energy for dry air is 34 eV. These 
measures make this type of detectors amenable 

a b

Fig. 1.23 Cross-strip of CZT detector with dimensions 4 × 4 mm × 0.5 mm, cathode (a) and anode (b) (Reprinted from 
Gu et al. [20] with permission)
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for good stopping efficiency against gamma 
radiations. In addition, it is featured by room 
temperature operation without excessive elec-
tronic noise. Due to some manufacturing limita-
tions and cost- related issues, the use of CdTe 
and CZT is confined to small-sized counters or 
imaging systems, such as micro-PET imaging 
systems.

In small animal PET, the aim of CZT scanners 
is to improve system spatial resolution achieving 
almost 1 mm with recent submillimetre resolution 
in experimental setup using very small pitch pix-
elated detector. In general, the spatial resolution 
of a pixelated CZT detector is limited by the 
anode pixel size. In addition, the spatial resolution 
is also affected by the charge sharing between the 
neighbouring anode pixels that collect the elec-
trons created after gamma ray interactions. Also, 
one of the major challenges in using pixelated 
CZT detectors is to read out the large number of 
channels of anode signals with high accuracy and 
efficiency.

CZT-based PET detector with 4 cm thickness 
introduces intrinsic detection efficiency exceed-
ing 86 % for single 511 keV photons (>73 % for 
coincidence photons). Furthermore, CZT detec-
tor has superior energy resolution better than 3 % 
full width at half maximum at 511 keV. This 
 feature allows one to design a system with sig-
nificant reduction of scattered radiation, random 
events and better accuracy of event localization. 
However, the major drawback of CZT detector as 
PET detector is the poor timing performance due 
to variability in charge movement. Figure 1.23 
shows cross-strip CZT detector.
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Radiation Safety and CT Dosimetry 
in PET/CT Imaging

Debbie Peet and Sue Edyvean

Abstract

Some of the particular radiation safety chal-
lenges associated with PET/CT are described 
for those more familiar with working in con-
ventional nuclear medicine departments. 
Facility design and shielding calculations are 
described and examples given. Challenges in 
keeping doses to the staff and public down 
are described with some of the approaches to 
keeping doses as low as reasonably achiev-
able. Computed tomography (CT) technol-
ogy and dose metrics are described in some 
detail, and some guidance on quality control 
checks and patient dose in CT and PET/CT is 
given with references to sources of informa-
tion on these topics in this rapidly changing 
field.

2.1  Introduction

Nuclear medicine departments have histori-
cally been designed and operated with consid-
eration of the workflow through the department 
and local shielding of sources and radioactive 
 material. Less consideration of any structural 
shielding within the facility has been made in 
the past.

For traditional nuclear medicine studies, 
radionuclides are generally administered in the 
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department. Patients are then encouraged to leave 
the department during the uptake phase to both 
improve the uptake of the radiopharmaceutical 
and to minimise the radiation risk to the staff and 
the public from the gamma radiation emitted 
from the patient.

It was accepted practice for the staff to be 
in the same room as the patient during the scan 
on a gamma camera. The introduction of new 
technology in the form of SPECT/CT has 
caused a change to this approach, and it is now 
an accepted practice to have a separate 
shielded control room to protect the operator 
from the CT radiation scattered from the 
patient. It can also be seen from the whole-
body monitoring data that this approach 
reduces staff exposure.

SPECT/CT has also required the nuclear med-
icine staff to learn new skills and acquire new 
knowledge around CT operation, dosimetry and 
quality control techniques. These will be covered 
later in this chapter.

PET/CT is different from conventional nuclear 
medicine. The energy of the gamma ray is higher, 
and patients spend longer in the department, 
thereby irradiating the staff to potentially signifi-
cant levels.

The 511 keV gamma rays emitted as the elec-
trons and positrons annihilate are more penetrat-
ing than the 140 keV gamma ray emitted by 
technetium-99 m (Tc-99m). The energy is the 
same for all radionuclides used, e.g. fluorine-18 
(F-18) and carbon-11 (C-11). The half-lives of 
the different radionuclides can vary [1]. F-18 is 
most readily available and has a half-life of 
110 min so that the radiopharmaceutical can be 
distributed some distance and travelling time 
from the point of manufacture. This means that 
PET/CT scanners can be installed in hospitals 
across a region with access to a single 
cyclotron.

The radionuclide is attached to a pharmaceuti-
cal as in conventional nuclear medicine. F-18 is 
commonly used as the radiolabel with FDG, 
although new agents are being introduced [2]. 
FDG is taken up in tissues in a similar way to 
glucose, and whilst it seemed a promising agent 

in neurological imaging, it is now widely used in 
tumour imaging for diagnosis, staging and moni-
toring of treatment.

As the uptake phase duration for this agent is 
typically 60 min and patients must rest in a quiet, 
warm environment to minimise uptake in mus-
cles and then undergo a scan taking typically 
20 min, the design of PET/CT facilities for F-18 
FDG imaging has been a challenge to those used 
to conventional nuclear medicine.

This chapter will therefore consider some of 
the issues around this work that may be less 
familiar to those working in conventional nuclear 
medicine:

• Facility design
• Shielding calculations
• Staff exposure
• Optimisation of radiation protection in prac-

tice – fixtures fittings and accessories
• Optimisation of radiation protection in prac-

tice – staff dose
• CT technology
• Dosimetric quantities in CT
• Patient dose in CT
• CT quality control checks
• Patient dose in PET/CT

The patient flow through a PET/CT facility 
depends on the radiopharmaceutical, its form and 
means of administration (some are gaseous), the 
uptake phase, scan phase and discharge. The 
examples in this chapter will concentrate on F-18 
FDG, but the principles can be extrapolated to 
other agents.

2.2  Facility Design

Standard building materials and hospital con-
struction techniques may not provide sufficient 
protection for PET/CT facilities. The attenuation 
required may be greater than that afforded by 
brick or block construction, and scatter from the 
CT element of the test may require some shield-
ing up to the underside of the soffit of the floor 
above; floors and ceilings may not afford 
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 sufficient protection from either the 511 keV 
gamma rays or the CT radiation.

The design of any facility should involve many 
professionals who have expertise in their individ-
ual areas – architects, estate experts, structural 
engineers, mechanical and electrical engineers, 
patient representatives and project managers. 
Input from clinical staff similarly needs to be mul-
tidisciplinary so that the patients can be at the cen-
tre of the design but that workflow and radiation 
safety can also be optimised at the design stage.

Input from the equipment suppliers can also 
help and inform the process. A number of factors 
are required to be assessed to enable a design to 
be developed:

 1. Workload – patient numbers and examina-
tion types. This will dictate the number of 
uptake bays.

 2. Location – space is usually allocated or set 
by the boundaries of a building. This may 
limit the size of the facility. Space constraints 
are a common issue.

 3. Potential future developments – consider-
ation of these may be needed to enable new 
techniques to be adopted. For some facilities 
this may be less important, and an efficient 
throughput may be the overriding design 
consideration.

 4. Equipment specification – this will inform 
the choice of scanner room size, floor load-
ings, electrical provision, etc. Quality con-
trol phantoms and sources should also be 
considered within this space.

 5. Preparation room – a good ergonomic design 
will improve workflow and help with staff 
morale. This room may or may not include 
an area/uptake for waste and a spill kit.

 6. Administration areas – privacy and dignity 
should be considered alongside the workflow 
and safety issues.

 7. Consultation rooms might be considered. 
The patient consent process can be lengthy 
and might result in lower staff dose if this 
area is not close to the uptake areas.

 8. Discharge – consideration might be required 
for patient refreshment after the scan or for 

those who need to wait for transport away 
from the facility. The patient will still have 
some residual activity and be a radiation 
hazard.

 9. WC – a hot toilet will be required. Staff and/or 
visitor facilities should also be considered.

 10. Other facilities – office space, staff rest areas 
and changing facilities, storage, etc. These 
are sometimes overlooked at the design stage 
and will be difficult to incorporate later.

 11. Injectors – if injectors [3, 4] and/or auto-
matic dispensers are to be or may be used, 
then consideration at the design stage is 
recommended.

 12. Patient flow (see Fig. 2.1) – the processes 
that are undertaken as the patient moves 
through the facility, the situations when 
shielding or other operational procedures are 
needed to minimise dose can help with the 
design. Flow of radioactive material can be 
considered in a similar way.

Cold – clerking and patient preparation eg glucose testing

Locally shielded – dose preparation 

Hot - injection

Locally shielded – measure residue

Shielded – rest phase /voiding bladder (if remotely instructed)

Hot – voiding bladder / set up on scanner

shielded – scan

Hot - discharge

Fig. 2.1 Patient flow through the facility, highlighting 
hot, cold and shielded stages, and colour coded in propor-
tion to the hazard
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Consideration of the following points is 
 recommended to minimise staff exposure and the 
cost of shielding materials:

 1. Maximise the distance between hot patients 
and staff/members of the public.

 2. Eliminate lines of sight between uptake bays 
and the operator console of the scanner 
(CCTV and intercoms can be built in cost- 
effectively at the design stage).

 3. Use suitable local shielding for stock vials, 
syringes, waste, etc.

 4. Consider the use of remote injectors and/or 
dispensers.

 5. Consider the handling of QC sources.

The basic hazards to consider are:

• External dose rate hazard
• Contamination
• Emergency situations, e.g. a dropped vial

Standard radiation protection principles should 
be applied, i.e.:

• Distance
• Shielding
• Time

The inverse square law is very powerful and 
can dramatically reduce the level of shielding 
required.

Figure 2.2 shows a facility where there are no 
direct lines of sight between the rest bays and the 
control room where staff will spend most of their 
working time, i.e. there is always a barrier (which 
may be a wall) between the patient and the areas 
where staff spend significant periods of time. The 
preparation room is close to the rest bays and 
under supervision by staff in the control room 
and/or the office. The distance from the rest bays 
to high occupancy areas is maximised which will 
reduce the required shielding and minimise 
building costs. The hot WC(s) is/are close to the 
rest bays.

For maximum throughput with a single scan-
ner, a minimum of three uptake bays are required. 
New scanners could increase throughput (or use 
reduced administered activity) which could 
impact on this choice.

Figure 2.3 shows a more challenging layout 
adopted on a number of mobile scanners, where 
staff in the control room are irradiated by patients 
in the uptake room and the scanner. The shielding 
required in this situation is much higher than for 
the facility in Fig. 2.2.

Further examples of design and layout are 
given in a number of publications [3, 5–8].

2.2.1  Shielding Calculations

Once the layout is established, shielding calcula-
tions are required to specify the thickness of 

Scanner Control Scanner

Staff / radioactive material
entrance

Waiting
room

Patient

Entrance

Prep room

Staff /Visitor
WC

Hot 
WC

rest rest rest

restrest

Office cold
storage and

reception

Fig. 2.2 An example of a 
well-designed facility
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 barriers around the facility. The choice of build-
ing/shielding material may be clear – but should 
be established.

Common bricks and blocks may be the cheap-
est materials to use, although some contractors 
prefer poured concrete. Lead may be the only 
solution particularly for mobile vans. As some 
barriers may have a considerable thickness (up to 
300 mm poured concrete), this may impact on the 
design/space requirements. The attenuation prop-
erties of common shielding materials can be 
found in AAPM Report 108 and the BIR report 
on shielding in diagnostic x-ray [5, 6]. A simple 
methodology using limiting tenth value layers 
(TVLs) is used below. The values for lead and 
concrete are shown in Table 2.1.

The TVL for other materials such as concrete 
blocks can be extrapolated using the ratio of 
physical density, e.g. 176 mm for concrete blocks 
with density 2000 kg/m3.

Typical transmission factors for common 
materials are shown in Table 2.2.

The air kerma rate immediately postinjection 
of 370 MBq of F-18 FDG has been reported to be 

45 μGyh−1 at 1 m [9]. There is some self- 
absorption within the patient of over 30 % from 
the air kerma rate quoted [1]. Table 2.3 shows the 
instantaneous dose rates through typical barriers 
and shielding materials in diagnostic facilities.

It should be noted that for planning purposes, 
a lower value is used to include a correction for 
radioactive decay and for excretion during the 
procedure.

The following examples of layouts and shield-
ing calculations will concentrate on F-18-FDG 
scanning assuming an administration of 370 MBq, 
a rest phase of 1 h and a scan time of 20 min.

The following should be established to enable 
the calculations to be performed:

 1. Workload – this will dictate the time a hazard 
is present in a particular area, e.g. uptake bays, 
scanner and discharge area.

At worst all uptake bays and the scanner 
might be occupied 100 % of the time.

 2. Dose constraint – this is typically 0.3 mSv 
per annum to members of the public and 1 mSv 
to staff. Note it may be difficult to achieve 1 mSv 
to the staff in a mobile design [10]. It should be 
noted that the staff will also receive dose from 
their contact with patients during injection, set-
up and discharge. Total dose per annum for a 
high throughput of patients can approach 6 mSv, 
so it is important to minimise the dose that the 
staff receive through the facility design.

 3. Calculation points – areas where staff or 
members of the public may spend time or 
become close to patients:
• Control room
• Offices
• Rest rooms
• Areas above or below the facility
• Corridors
• Clinic rooms

Scanner Control
Preparation room

and rest bays

Fig. 2.3 Common layout 
for a mobile PET/CT 
scanner

Table 2.1 Limiting TVLs for lead and concrete

Material Limiting TVL (mm)

Lead 15

Concrete (density 2350 kg/m3) 150

Table 2.2 Typical transmission factors for building 
materials

Thickness and material Transmission F-18

2.24 mm Pb 0.738

4½″ brick 0.03

9″ brick 0.09

100 mm breeze block 0.66

100 mm solid concrete block 0.27

200 mm poured concrete 0.046
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Occupancy in these areas will need to be esti-
mated. Some common occupancy factors are 
described in the BIR publication [5] with a range 
quoted to enable local knowledge of the use of 
the area to be applied. The minimum occupancy 
that is recommended to be applied is 5 % for car 
parks and other transiently occupied areas. 
Corridors may be between 10 and 20 %, but if it 
is known that a corridor is very rarely used, a fac-
tor of 5 % could be applied. Potential changes in 
the use of such areas in the future needs to be 
considered particularly if a low occupancy factor 
is applied. The distance between the source and 
the calculation points should be assessed.

The following dose rates can be used for plan-
ning purposes. They include integrating the ini-
tial instantaneous dose rate over the 1 h uptake 
phase and include a factor for evacuation of the 
bladder and decay over a 20 min scan [5]:

• 37 μGyh−1 at 1 m for the uptake phase
• 24 μGyh−1 at 1 m for the scan phase

The values are slightly more conservative than 
those quoted by the AAPM [6].

The barrier thickness is calculated by consid-
ering the critical points around a room such as the 
uptake bay. If the adjacent room is an office 
which is occupied 100 % of the time, and the 
critical point, e.g. the office chair, is 2 m from the 
centre of the rest bed:

• Using this distance from the patient – 2 m.
• Air kerma rate at 1 m from the patient is 

37 μGy/h.

• The kerma rate corrected for distance is 
9.25 μGy/h.

• The dose per annum (over 2000 h) is 18.5 mSv.
• The chosen constraint is 0.3 mSv.
• The attenuation factor (AF) or transmission 

required is no more than 0.3/18.5 or 0.02.
• The number of TVLs to attenuate to this factor 

is log10 (1/AF).
• Therefore, 1.79 TVLs are required, i.e. 

270 mm concrete or 30 mm lead.

This can be repeated many times over to look at 
all critical points around the facility. Some centres 
choose to look at the worst-case point and apply 
that barrier thickness to the whole room to mini-
mise the chance of mistakes during construction.

However, individuals are likely to be irradi-
ated from more than one source, and the doses 
from all should be considered and summed [5]. If 
the approach above is used, the dose constraint 
could be divided between all sources, or an itera-
tive approach using different wall thicknesses to 
share the dose burden more equally can be used. 
A number of authors have described different 
approaches [11–13].

The resultant required wall thickness can vary, 
but 300 mm concrete will almost always be ade-
quate. This is to protect persons around the facility 
and will normally only be required to be a height 
of 2200 mm above finished floor level. Areas 
above and below may need some consideration.

CT scatter requires shielding to the underside 
of the soffit [5]. This might be most cost- effectively 
achieved by fitting a minimum of 1.3 mm lead 
above the walls to the soffit. The walls below this 
height will normally be thicker than this to protect 
from the gamma rays. Consideration needs to be 
given to air conditioning and other service access 
into the room. The penetrations can be large and 
often in the worst place from a radiation protection 
perspective, e.g. over the doors, which is often the 
place where scatter is highest.

2.2.2  Staff Exposure

Staff exposure is potentially high as can be seen by 
the shielding calculations above. The member of 

Table 2.3 Instantaneous dose rate at 1 m from an 
injected patient through typical barriers

Thickness and material
Instantaneous dose rate 
postinjection (μGy/h)

2.24 mm Pb 33.2

4½″ brick 13.7

9″ brick 4.1

100 mm breeze block 29.8

100 mm solid 
concrete block

12.2

200 mm poured 
concrete

2.1
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the public dose limit is exceeded with 12 h at a 
metre from a patient during the uptake phase. 
Whole-body personal monitoring is recommended.

Finger dose can be exceptionally high with 
500 mSv being reached within 3 h at a distance of 
100 mm from a stock vial containing 10 GBq of 
activity. The inverse square law breaks down at 
closer distances, but it is clear that shielding and 
good technique are required. Finger dose moni-
toring is recommended for all staff manipulating 
radioactive sources in PET.

Eye doses may need to be considered in the 
light of the new dose limits [14] if whole-body 
doses are very high, but recent publications sug-
gest that with adequate controls, dose limits 
should not be approached. However, radiation 
dose management in all hybrid imaging espe-
cially PET/CT can be a concern [15]. Direct 
reading dosemeters can be very useful devices to 
look at daily dose, to set alarms for staff who 
stand close to patients and can be used as an aid 
to audit.

2.2.3  Optimisation: Fixtures, 
Fittings and Accessories

Optimisation in terms of radiation protection is 
about keeping doses as low as reasonably achiev-
able. The external dose rate hazard and the con-
tamination risk both need to be considered. For 
the external dose rate hazard, the basic principles 
of operation in radiation protection apply:

• Distance
• Shielding
• Time

Distance is a powerful measure as the inverse 
square law comes into play. The basic design and 
layout can be used to maximise the distance 
between patients and staff, but there are times 
when staff need to be close to sources and the 
patient. The greatest hazard is from the stock vial 
which will need to be unpacked and measured. 
This could typically hold 10–80 GBq of activity. 
Simple handling tools can be used to maximise 
the distance between finger tips and the source 

(Fig. 2.4). Long-handled forceps and other 
devices commonly used in nuclear medicine or 
radiotherapy can also be used.

The vial is generally placed into a dispensing 
unit which incorporates thick shielding (Fig. 2.5) 
and is designed to minimise exposure.

Automatic dispensing units are also commer-
cially available and might be worth considering 
in high-throughput units. It is common practice 
to sink the dose calibrator into the preparation 
bench and to have a route to drop waste into a 
shielded waste bin. Bench top shields are recom-
mended to protect the body and the eyes 
(Fig. 2.6).

All this local shielding is thicker than conven-
tionally used in nuclear medicine. The weight 
may also need to be considered. Entry and exit 
portal monitors need careful consideration to 
eliminate background and to ensure contamina-
tion is not spread.

Plastic scintillators are used to detect beta 
emissions from the radionuclide although the 
gamma emissions are sufficient that some con-
ventional sensitive scintillators may be adequate 
for contamination monitoring [16]. Storage and 
handling of sources used for quality control need 

Fig. 2.4 Long-handled tool for handling stock vial
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to be considered. Sources should always be han-
dled at the opposite end from where the activity is 
sited. Once doses have been dispensed, a syringe 
shield is required and the injection should be car-
ried in a shielded box (Fig. 2.7).

There has been some debate as to whether 
Perspex or tungsten syringe shields reduce finger 
dose more effectively, but it is generally accepted 
that tungsten is more effective [17]. All syringe 
shields are bigger and more bulky than conven-
tional shields, and staff should be initially trained 
to manipulate the radionuclide with inactive solu-
tions. All surfaces must be easy to clean and 
decontaminate, flooring should be smooth with-
out joints and cover up the wall and there needs to 
be space for decontamination kits and materials.

Risk assessments are essential to assess the 
level of protection required. High workload 

departments may need more automated accesso-
ries to keep doses low.

Contingency plans must be prepared for all 
obvious problems – fire, flood, theft and contami-
nation. The action to be taken in the event of a 
stock vial being broken or a single injection being 
dropped should be known and understood by all 
staff involved. Contingency plans should be prac-
tised. All staff should be experienced in clearing 
spills, but for training purposes, inactive materi-
als should be used.

2.3  Staff Dose and Optimisation

Once the service is operational, further optimisa-
tion of doses is likely to be possible as staff 
become familiar with processes and local 
practices.

If the total whole-body dose results for all 
staff are plotted over time against the number of 
patients through the system graphs, such in 
Fig. 2.8 might be observed. This shows that as the 

Fig. 2.5 Heavily shielded manual dispensing unit to hold 
the stock vial

Fig. 2.6 Dispensing unit with bench top shield, sunken 
calibrator and waste route into shielded cupboard
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workload increases, so does dose efficiency 
which plateaus out eventually.

The use of electronic personal dosemeters is 
advocated to monitor and help minimise dose for 
the whole procedure and individual parts of the 
procedure. A number of studies have been 
 published showing the average dose per patient 
[18–22]. For a 370 MBq injection, the total dose 
per patient has been reported to be between 3.3 
and 9.2 μSv.

Careful measurement of the doses recorded on 
electronic personal dosemeters can show the dose 
received during each stage of the process [22] as 
shown in Fig. 2.9.

Review of doses for individual members of 
staff can show that the doses vary by up to a 
factor of 5, giving further opportunity for opti-
misation and staff training. The opportunity to 
reduce these doses using automatic dispensers 
and injectors has been mooted [4]. There is 
some published data to suggest they can be 
successful, but it must be remembered they are 
in no way a substitute for excellent radiation 
protection in practice. Another tool advocated 
is to show areas where doses might be high 
within a facility – highlighting hot spots and 

the safest places to spend time as shown in 
Fig. 2.10 [22].

It should also be noted that optimisation is an 
ongoing process. Success in reducing doses and 
keeping them at that level requires constant vigilance. 
The modality whilst having exciting clinical potential 
needs particular care around staff and public safety – 
finger doses and whole-body doses can be high and 
could without care approach dose limits.

Fig. 2.7 Syringe shields 
and carrying boxes for 
individual injections
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Fig. 2.9 Average dose for each part of the procedure 
(Republished with permission of British Institute of 
Radiology, from Peet et al. [22])
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2.4  CT Technology

2.4.1  Basic Technology

A CT scanner consists of a rotating gantry, a 
couch and an operator’s console. The gantry, 
within an external housing, consists of an x-ray 
tube diametrically opposite to an arc of detectors, 
usually described as a detector row or rows. The 
whole construction rotates around a central point 
in space (the isocentre).

The patient lies on the couch whilst the x-ray 
tube and detectors are rotated around the patient, 
the x-ray source is activated for a scan and the 
detectors record the transmission of the x-ray beam 
through the patient. During this process, the couch 
can either be stationary, and the x-rays are switched 
off whilst the couch moves to the next position; this 
is called axial scanning. Alternatively the couch 
can be set to move continuously along the patient 
long axis, usually called the z-axis (Fig. 2.11), and 
this is called helical or spiral scanning.

Plant 
room

Prep room

WC Waiting 
room

Control 
room

CorridorFixed Installation
Fig. 2.10 Instantaneous 
dose rates plotted through 
the facility (Republished 
with permission of British 
Institute of Radiology, 
from Peet et al. [22])

Fig. 2.11 Cross-sectional and lateral view of the CT scanner, with resultant images (Courtesy ImPACT)
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The transmission data from the x-ray beam, 
attenuated by the patient, is collected by the 
detectors from many angles around the patient, 
and using either computerised ‘back projection’ 
or ‘iterative’ processes, a cross-sectional image 
of the patient is reconstructed.

The cross-sectional image presents maps of 
the x-ray attenuation properties of the tissues and 
organs. This can be used in PET/CT scanning to 
correct the PET image for the attenuation of the 
511 keV gamma ray – known as attenuation scan-
ning. This is in addition to the capability for ana-
tomical localisation, as well as fully diagnostic 
anatomical information which can be acquired 
with or without contrast injection.

The exposure factors required for an accurate 
correction of attenuation are generally lower than 
those required for full diagnostic scanning where 
a less noisy image might be required. The dose 
the patient receives is related to these exposure 
factors, and this section describes the dose indi-
ces in common usage in CT and their relationship 
to effective dose (E).

2.4.2  Technology Developments

CT scanning has undergone many design changes 
since its inception. The introduction in 1985 of 
slip rings to transfer power and data, subse-
quently enabling helical scanning, could be 
regarded as a significant milestone and perhaps 
signals the design of modern scanners. In addi-
tion, since then, there have been numerous sig-
nificant technological advances, and some of 
these need to be outlined to gain an understand-
ing of the current dose indices.

It is not commonly remembered that the very 
first CT scanners in 1972 were dual-slice scan-
ners, but this approach was very quickly dropped 
with a change in gantry design, and the single- 
slice design continued until 1991. Since then, 
over a period of 15 years, rapid developments in 
scanner technology have resulted in the transition 
from dual slice through 8, 16 and 64 ‘slice’ and, 
in recent years, 320 detector row scanners.

Scanners are usually discussed, and sold, with 
respect to the competitive number of ‘slices’ that 

can be imaged in a single rotation. However, this 
can be extremely misleading. Any particular 
 scanner model may reconstruct fewer (on older 
scanners) or more (on newer scanners) image 
slices per rotation than the number of detector 
rows. For example, an old 16-slice scanner may 
have 24 detector rows – the limitation at the time 
of their introduction being in terms of processing, 
cost of construction of thin detector elements and 
reconstruction capacity. Conversely a newer 
 ‘64- slice’ scanner may have 32 detector rows, a 
‘640 slice’ may have 320 rows or a ‘512 slice’ 256 
rows. This greater slice capability at a finer spac-
ing than the actual detector rows is due to modern 
techniques in reconstruction and can be regarded 
as overlapping image slices. In terms of speed of 
coverage, therefore it is far more meaningful to 
categorise a scanner by the number of detector 
rows and the length of coverage along the patient 
axis by the whole detector bank, with consider-
ation being given to the number of image slices 
acquired simultaneously (Fig. 2.12).

The time taken to undertake any particular 
examination scan is now shorter due to faster 
tube rotation times, longer detector arrays and 
more detector rows along the z-axis. Tube rota-
tion times per revolution have been reduced to 
less than 0.5 s (of the order of 0.3 s to enable car-
diac imaging). This together with the greater 
number of detector rows, and helical scanning, 
removes the need for breath-hold imaging in 
many circumstances. A large volume of the 
patient can therefore be scanned in a relatively 
short period of time (e.g. 20 s for the chest abdo-
men and pelvis). Radiation exposure must 
become a consideration both in terms of equip-
ment design and operation of the scanner.

Image reconstruction has progressed from 
analytical filtered back projection methods to sta-
tistical iterative reconstruction techniques. On 
most modern scanners, both approaches are 
available. By the efficient use of the x-ray attenu-
ation information, iterative techniques reduce 
image noise. Whilst this gives improved image 
quality, it also alternatively presents the operator 
an opportunity to lower the tube current (thus 
reducing the radiation dose), in order to restore 
the noise to the original level which had 
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 previously been accepted as suitable. A good 
description of CT technology and its evolution 
can be found in Kalendar’s book [23].

2.4.3  Factors Affecting Dose in CT 
Scanning

The key parameters that affect patient (organ) 
dose are those that influence the photons deliv-
ered from the x-ray tube. Primarily therefore this 
is the tube voltage (kV), the tube current (mA) 
and the rotation time for one revolution(s).

There are also hardware features which are 
often built into the scan protocol, such as the 
x-ray beam-shaping filter which relates to patient 
body part (head or body) scanned (and some-
times patient size), and the x-ray tube focal spot 
which may be automatically adjusted according 
to tube current and imaged slice thickness.

In addition image reconstruction features 
may indirectly affect the dose. For example, the 
tube current may be set higher for a thinner 
reconstructed slice to allow enough photons for 
the required image quality. Reconstruction 
algorithms will affect the image noise, which 
also may require adjustment of the tube 
current.

The pitch in helical scanning may affect the 
dose, with a longer pitch reducing the average 
dose along the patient length. However, often the 
tube current is changed automatically to 
compensate.

The total dose imparted to the patient is 
 governed by the site-specific (organ) dose, as 
well as by the scan length. A relevant aspect for 
consideration in helical scanning is that the total 
length of irradiation will be slightly longer than 
the resultant imaged volume, due to the interpo-
lation of data in order to create planar images. 
This is of special relevance for shorter scan vol-
umes, especially with wider beam widths, where 
the proportional increase in dose may be signifi-
cant or where the end of the imaged volume is 
near organs of particular concern.

Most of the major manufacturers now have a 
‘dynamic collimation’ that automatically, in real 
time, closes off the beam at the trailing and for-
ward edges of the helical irradiation, i.e. at the 
beginning and end of the scan run, respectively. 
This ensures that unnecessary radiation is elimi-
nated whilst keeping the appropriate transmis-
sion information in order to reconstruct the first 
and last images. Wider beam widths have the 
advantage of less penumbra proportionately and 
also faster scanner of a volume. Dynamic 
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 collimators allow the use of wider beam widths 
without the penalty of extra irradiation at either 
end of the scan run.

Automatic exposure control (AEC) functions 
are available for all scanners. They operate by 
adjusting the tube current in order to attempt to 
match the tube x-ray output to the attenuation of 
the patient – adjusting according to the whole 
size, the relative rotational dimensions or along 
the patient long axis.

Each manufacturer initially developed one or 
more of these features, but now all have software 
packages to allow all three dimensions of automatic 
exposure control at once. These systems operate in 
different ways, either aiming to match the estimated 
patient image noise to a given noise value or adjust-
ing the tube current compared to a reference patient 
size. To achieve this, either the attenuation data 
from one or two initial scan projection radiograph(s) 
is used or the attenuation information acquired by 
the detectors in the previous 180° rotation. Some 
allow the user to specify a maximum or minimum 
tube current in order to limit the extent of the modu-
lation of the tube current.

The AEC features may increase or decrease 
the tube current depending on the set-up. On bal-
ance they are generally used to normalise the 
dose distribution to the patient, and also to reduce 
unnecessary dose, but they may not necessarily 
do this – depending on the specific way these fea-
tures are used.

Tube voltage modulation is also available to 
adapt the tube voltage most suitably to the size of 
the patient, especially with iodine contrast agents 
where a lower tube voltage will produce a better 
contrast between tissue and the contrast agent. 
This feature as an automatic function (with 
selectable levels) is currently available from one 
manufacturer where the process can change both 
the tube voltage and the tube current. The dose 
will therefore be affected.

There are other features such as iterative recon-
struction which do not affect the tube current and 
dose directly, but these may result in the use of a 
lower tube current to achieve the same image 
quality. Often iteratively reconstructed images 
can be produced at significantly reduced dose to 
achieve the same noise as filtered back projection 

images. Images constructed with  iterative recon-
struction may present a different texture to the 
noise than with filtered back projection and may 
also demonstrate different trends with changing 
tube current on the normal image quality perfor-
mance parameters (noise and spatial resolution) 
than with filtered back projection.

The manufacturers have tended to develop 
two approaches to iterative reconstruction. There 
is usually a simple image-based iterative process 
which builds on the first filtered back projection 
image, and then more recently, others have been 
developed which operate on the raw data through 
modelling the focal spot and detector sizes, and 
these require more computing processes and can 
take longer.

All of these examples, of the effect of scan and 
reconstruction parameters on radiation dose, 
illustrate the need to record the exact scanner set-
tings used in any given protocol when quoting 
dose values.

2.4.4  Dose Metrics in CT

A range of metrics are used in CT (as shown in 
Table 2.4) and require some understanding to 
enable manufacturer’s information, and claims, 
to be understood and also to be able to make 
comments on their interpretation.

In CT a cross section of the whole body is irra-
diated in a single rotation, rather than at one 
angle and with an area limited by the collimator 
position as in projection radiography (Fig. 2.13).

Furthermore, the distribution of the dose is 
complicated by the rotation of the x-ray tube 
around, and movement of the table along, the 
z-axis, thereby irradiating a volume of tissue and 
organs within the patient.

Table 2.4 Standard generic dose metrics in CT

CT does parameters

MSAD Multiple scan average does

CTDI Computed tomography dose index

DLP Does length product

E Effective dose

SSDE Size-specific dose estimate
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In the scan plane, for body scanning, the resul-
tant dose at the centre of the irradiated volume 
may be half that at the periphery; however, the 
distribution tends to be more uniform in the head 
(Fig. 2.14).

Along the z-axis things are no less compli-
cated. The dose profile for a single irradiation 
consists of the primary beam and scattered radia-
tion beyond the nominal beam width (Fig. 2.15).

For an examination, whether with axial or 
helical scanning, these individual dose profiles 
combine to give a net irradiation profile along the 
z-axis. The extensive scattered tails of the single- 
slice dose profile contribute to give an average 
maximum value of the total volume dose profile 
which is usually greater than that of an individual 
slice, depending on the slice spacing. This is 
often called the multiple slice average dose 
(MSAD) (Fig. 2.16). Whilst this is not a com-
monly used term, it presents a very useful 
concept.

In helical scanning where the movement of 
the table, in one rotation of the tube, matches the 
beam width (pitch of 1), the dose pattern and 
transmission information are collected without 
any gaps along the z-axis. For faster relative table 
movement (a pitch greater than 1), or slower  
(a pitch less than 1), there will be subsequent 
gaps, or overlap, in the irradiation pattern along 
the z-axis. In all cases the data is interpolated to 
produce axial images.

The pitch also clearly has an impact on the 
average dose to the patient, with the average dose 
lower for higher pitch values, when other param-
eters such as the tube current remain the same. 
Many multi-slice scanners automatically adjust 
the tube current for changed pitch values, and in 
these situations, the dose remains constant.

The overall result of rotation and translation is 
a complex dose distribution as illustrated sche-
matically in Fig. 2.17. The various dose indices 
have been developed to give simple approaches 
of measuring and expressing the average dose 
distribution.

2.4.4.1  Computed Tomography Dose 
Index (CTDI)

The CTDI is the standard dose index parameter 
used in CT. It is calculated from a single-slice 
measurement. It was originally designed to 
enable easy measurements to be made by a 
 convenient method. Different forms of the CTDI 
have evolved with time and with scanner devel-
opments, and each depends on the specific use 
and application. A summary of the terminology 
for the current ones in use is given in Table 2.5.

Projection
radiography X-ray CT

Fig. 2.13 Differences in dose distribution between con-
ventional x-ray and CT – stationary beam (Courtesy 
ImPACT)

higher

lower

Fig. 2.14 Distribution 
of dose from a rotated 
beam – cross-sectional 
view. Periphery to 
centre ratio: head ~ 1:1, 
body ~ 2:1 (Courtesy 
ImPACT)
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The general CTDI term consists of the inte-
gration of the single-slice profile, integrated over 
a given distance and essentially divided by the 
nominal beam width.

CTDI100 is measured using a single rotation of 
the tube/detector, either in air or within standard  
polymethacrylate phantoms. The ‘100’ in CTDI100 
refers to the length used from the single-slice 
dose profile. CT ionisation chambers for dose 
measurement are typically 100 mm, with a rela-
tively small cross-sectional area (typically 1 cm2).

The CTDI100 is a calculation based on measur-
ing the dose received to the chamber from the CT 
slice (including the primary and scattered beam) – 
essentially giving a value of dose that is averaged 
along the chamber length. By then dividing by the 
nominal beam width, it is essentially presenting 
an index whereby all the dose (primary and scat-
tered) from the single slice is packaged within the 
nominal beam width (Fig. 2.18).
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Fig. 2.15 Distribution of the single-slice dose profile along the z-axis, at the surface and centre of the patient or phan-
tom (Courtesy ImPACT)

Fig. 2.16 A schematic view of an examination dose pro-
file resulting from the contribution of scattered radiation 
from individual slices (Courtesy ImPACT). The MSAD 
(multiple scan average dose) is the value at the central 
region

Fig. 2.17 Distribution of dose from a rotated beam along 
the z-axis: a complex radiation distribution (Courtesy 
ImPACT)
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Though the CTDI is a calculation, based on 
the measurement from a single-slice irradiation, 
in concept it can be thought of as equivalent to 
the multiple slice average dose (MSAD), when 
measured in the same medium (air or phantom) 
and using the same length value. This is because 
both approaches take into account the scattered 

tails of the dose profile, the MSAD by measure-
ment of the actual addition of scatter from 
 neighbouring slices and the CTDI by the integra-
tion of dose profile, including scattered tails. 
Therefore, the CTDI100 can also be interpreted as 
equivalent to the dose to the middle of a scanned 
length of 100 mm (Fig. 2.19).

When the dose measurement is taken in air, 
the calculated CTDI100 value is often referred to 
as CTDIair, and this is very useful for quality con-
trol purposes. The weighted and volume CTDIs 
(CTDIw and CTDIvol) result from measurements 
in standard-sized phantoms. They can also be 
used for quality control but are especially useful 
as indicators of relative patient dose when com-
paring protocols, scanners and values for similar- 
sized patients.

2.4.4.2  Weighted CTDI (CTDIw)
CTDIw is calculated from CTDI100 measurements 
undertaken in the standard 16 or 32 cm diameter 
polymethyl methacrylate (PMMA) phantom, 
which, being slightly longer than the standard CT 
ion chamber, is approximately 15 cm in length 
(Fig. 2.20).

The CTDI100 is measured at the centre and 
periphery of the phantom to take into account the 
variation in dose across the phantom. This variation 
is more marked in the body as described earlier.

Table 2.5 Standard generic dose metrics in CT

CTDI variations and terminology

CTDI100 CTDI one 
hundred

Calculated from a dose 
integral extending over 
100 mm. Usually 
measured using a 
100 mm pencil ionisation 
chamber

CTDIair CTDI in air Measured in air

CTDIw Weighted 
CTDI

The weighted average of 
measurements at the 
periphery and centre of a 
standard phantom. 
Usually measured using a 
100 mm pencil ionisation 
chamber

CTDIvol Volume- 
weighted 
CTDIw

CTDIw adjusted for pitch 
in helical scanning

CTDI∞ CTDI 
infinity

Utilising the complete 
dose profile, including 
scattered radiation, 
integrated over ‘infinite’ 
distance

Fig. 2.18 The CTDI equation and presentation of an easy 
approach to remember it. D(z) is the single-slice dose pro-
file, N is the number of image slices of thickness (T) that 
are acquired simultaneously and (N × T) is usually equiva-
lent to the nominal beam width. Also shown are the CT 

ionisation chamber (left) and an illustration (right) of a 
dose profile from a single slice including the scattered 
tails and the chamber. The dotted lines represent the nomi-
nal beam width (Courtesy ImPACT)
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The definition is given as

 
CTDI CTDI CTDIw c p= +1 3 2 3100 100/ /, ,  

(2.1)

This gives a weighted average for the cross sec-
tion of the phantom.

2.4.4.3  Volume CTDI (CTDIvol)
Since the CTDI is a calculated dose index from a 
single-slice measurement, a correction must be 
applied to make it relevant for helical scanning. 
For example, where the helix of the primary dose 
beam is spread out, the resultant net dose will be 
averaged to be lower (unless other factors such as 
the tube current are adjusted to compensate). 
This spreading out of the helix is called the pitch 
and is defined by the relative table movement of 
the couch per tube rotation with respect to the 
nominal beam width:

 

Pitch table travelper rotation
nominal beamwidth

= /

 (2.2)

A correction for the pitch is applied to the CTDIw 
to give the volume CTDI (CTDIvol):

 CTDI CTDI pitchvol w= /  (2.3)

A protocol with a pitch of 1 and a given CTDIw 
and CTDIvol would result in a halved CTDIvol for 
a pitch of 2, providing no other scan parameters 
were changed (Fig. 2.21).

The CTDIvol (or the CTDIw with older scan-
ners) is presented on the operator console of 
the CT scanner (Fig. 2.22) as described in IEC 
60601-2-44 3rd edition. The values will appear 
both prior to the scan as well as afterwards to 
reflect the actual value. This is particularly 
 relevant where automatic exposure control has 
been used. In these cases either the maximum 
or the average value will be shown for  
the scan.

The CTDIvol values will also be given in the 
dose report, which presented as an image with 
the scan, and be populated into DICOM header 
information that will go to the PAC system. For 
those scanners that also support the DICOM 
Radiation Dose Structured Report (RDSR), more 
associated details are available with the CTDIvol 
data.

CTDIvol values are used for establishing local 
and national diagnostic reference levels (DRLs) 
as described in International Commission on 
Radiological Protection (ICRP) 105 and the UK 

a b

Fig. 2.19 Demonstrating the equivalence between the CTDI (a) and the MSAD (b) (Courtesy ImPACT)

Table 2.6 Conversion factors K, effective dose to DLP

Region of body
Conversion factor K = E/DLP (mSv 
mGy−1 cm−1)

Head and neck 0.0031

Head 0.0021

Neck 0.0059

Chesta 0.014

Abdomen and 
pelvis

0.015

Trunk 0.015

Ref. 2004 CT Quality Criteria (MSCT 2004) [24], also 
found at AAPM Report 96 [25]
aThe chest value is a factor that must especially used with 
caution as it is sometimes quoted as 0.017
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a b
Fig. 2.20 Standard 
PMMA phantoms for the 
measurement of the 
CTDI. The head phantom 
fits inside the body 
annulus in this example of 
the phantoms. The 
standard CT ionisation 
chamber is also shown 
(Courtesy ImPACT)

a b

Fig. 2.21 Illustration of the effect of pitch on the calculation of CTDIvol (Courtesy ImPACT)

Fig. 2.22 Example of the presentation of the CTDIvol on the scanner console
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IRMER regulations [27, 28]. DRLs will be 
 discussed in more detail later in this chapter.

2.4.4.4  Dose Length Product (DLP)
Another metric can also be used to indicate dose 
taking account of the length of the scan – the dose 
length product. By utilising the CTDIvol as an 
indicator of ‘dose per slice’ and by taking into 
account the actual length scanned, a value can be 
calculated as an indicator to represent the total 
dose for the scan. This can then be considered to 
relate to radiation risk:

 
DLP CTDI mGy cmvol= ´ ( )L .

 
(2.4)

L is the scanned length in centimetres.
It can easily be seen that a scan that is twice the 

length of another results in a doubling of the DLP 
(Fig. 2.23), where all other parameters are the same.

DLP values are used, in addition to the 
CTDIvol, for establishing local and national DRLs 
[27, 28]. They can also be used to convert to an 
approximate effective dose for a given body 
region as described later in this chapter.

2.4.4.5  The Measurement of CTDIvol 
for Wide-Beam Scanners

Wide-beam scanners, with beams greater than 
80 mm along the patient length, i.e. the z- direction 
(Fig. 2.24), present a problem for the practical 

measurement of the CTDI100 (and thence the cal-
culation of CTDIvol) as they have a beam whose 
primary beam is close to, or exceeds, the length 
of the CT ionisation chamber length of 100 cm.

An IEC standard (Edition 3, Amendment 1) 
[26] has addressed this in a pragmatic approach, 
by redefining CTDIvol for beams greater than 
40 mm. This approach ensures that the calculated 
CTDIvol is kept constant with all beam widths, 

a b

Fig. 2.23 Schematic 
view to demonstrate DLP 
and CTDI. In (a) the DLP 
is the length multiplied 
by the CTDIvol. In (b) the 
DLP for length 2 (L2) is 
twice that for scanned 
length 1 (L1), whilst the 
CTDI is the same

Fig. 2.24 Schematic view and photograph of the wide or 
cone beam and the axis orientation (Courtesy ImPACT)
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despite the measurement tool (the CT ionisation 
chamber) being only 100 mm. This might seem 
an obvious approach for beams greater than 
80 mm or indeed 100 mm; however, there are sig-
nificant scatter considerations that also affect nar-
rower beams; hence, the limit of 40 mm was 
chosen. The basic principle is to first undertake 
the measurements and calculations to obtain a 
CTDIvol for a suitable beam width of about 
40 mm. A correction is then applied, based on the 
ratios of the CTDIair for the wide-beam width, 
relative to that at 40 mm (Fig. 2.25). CTDIair is 
easier to measure for wide beams due to the lack 
of scattered radiation, and this approach can be 
undertaken with existing equipment.

This pragmatic approach is clearly pre-
sented, with practical application in mind, in 
the IAEA report on wide-beam CT scanners 
[29], and further explored and presented in a 
paper in the British Journal of Radiology by 
Platten et al. [30].

These references also include some practical 
advice as to how to measure the integration of the 
dose profile (and thence the calculation of the 
CTDIair).

2.4.4.6  Beyond CTDIvol: Size-Specific 
Dose Estimate (SSDE)

The CTDIw and CTDIvol are dose indicators, and 
not patient dose values. They are highly valuable 
when used appropriately, such as comparing 
doses for different scan protocols and scanners as 
well as for establishing and comparing to National 
Diagnostic Reference Levels (NDRLs) which are 
based on standard patient sizes [28, 31].

However, these parameters cannot be used to 
compare actual patient scans unless the patients 
are of similar size. Patients come in many shapes 
and sizes, and the CTDI values only relate to a 
PMMA phantom of a fixed size.

Scanner settings generally should be adjusted 
to account for patient size, in order to give 

 adequate dose to the detectors and thence a suit-
able image quality. This can happen either manu-
ally, through preset protocols, or on modern 
scanners with the use of automatic exposure con-
trol systems that adjust to meet a specified image 
quality.

In the scenario where the tube current has not 
been adjusted, the actual dose to a small patient, 
or child, would be greater than for a standard 
patient. However, the scanner would indicate the 
same phantom CTDIvol (Fig. 2.26). Similarly for 
a large patient, the actual dose would be less than 
for a standard-sized patient, but the scanner- 
indicated CTDIvol would be the same.

Conversely, by utilising tube current adjust-
ment, it may mean that scans of two patients of 
different sizes, both resulting in similar image 
quality, will give an indication that one patient 
has a much higher CTDIvol. The assumption 
might be that the larger patient received much 
higher dose; however, the actual dose delivered to 
the larger patient may be comparable to that of 
the smaller patient.

The AAPM have published two reports 
(AAPM 204 and 220 [32, 33]) giving correction 
factors that can be applied to the CTDIvol to give 
a dose indicator that takes into account the size of 
the scanned patient (Fig. 2.27). This revised dose 
metric is called the size-specific dose estimate 
(SSDE).

These correction factors were based on studies 
carried out by four different centres, using 
approaches based on measurements and Monte 
Carlo calculations on different sizes of ‘CTDI’-
type phantoms, elliptical anthropomorphic phan-
toms and voxel phantoms.

2.4.4.7  Beyond CTDIvol: Scanned 
Length and Equilibrium Dose

CTDIvol is a dose index and as such is extremely 
valuable for quality control, scanner and protocol 
comparisons, as well as referencing to national 

Fig. 2.25 IEC redefini-
tion of CTDIvol for beams 
greater than 40 mm
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dose reference levels (National Diagnostic 
Reference Levels, NDRLS), as discussed later in 
this chapter.

However in a similar way to the endeavour to 
find a dose index that reflects patient size, there 
have been similar explorations to determine the 
relevance of the CTDIvol to the actual scanned 

length of an examination. The CTDIvol only uti-
lises the scattered radiation over a total length of 
100 mm, whereas the scattered tails of the single- 
slice dose profile have been shown to extend over 
a much greater distance. The term CTDIinfinity is 
used for the limiting value of the generalised 
CTDI value where all the scattered radiation is 
considered. The issues are described in ICRU 87 
[34] and AAPM 111 [35] and are likely to result 
in new phantoms and measurement methodolo-
gies in the future.

2.4.4.8  Effective Dose
Most people find the concept of effective dose the 
simplest as it enables a comparison of different 
scans and imaging modalities. However, it has to 
be used with caution and consideration given to 
derivation of values given.

Effective dose is based on utilising the radia-
tion dose given to all organs in the body. Organ 
doses are calculated and weighted according to 
the sensitivity to radiation in terms of their statis-
tical potential for the development of cancer 
(Fig. 2.28). The weighted doses are subsequently 
summed together. The resultant value gives an 
effective whole-body dose (effective dose, E). 
This value can be interpreted as the overall 

Fig. 2.26 Comparisons of CTDIvol (as measured for the 32 cm phantom) but presented for scans of different-sized 
patients and conversely an estimation of the actual relative dose received (using AAPM report 204)
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Fig. 2.27 Conversion factors based on the water equiva-
lent diameter to apply to the CTDIvol to give an estimate of 
the SSDE (From AAPM report 204)
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 potential risk of cancer development according to 
ICRP [31].

The organ weighting factors for the current 
ICRP report (2007) [31] have been updated with 
the major changes relating to the breast values 
(which have increased) and the gonad values 
(which have decreased).

Effective doses, and their associated risk esti-
mates, are designed for a population and there-
fore do not take into account risk adjustments for 
age and gender. Effective dose should not be 
applied to individuals; if a situation requires 
some estimate of effective dose, then it must be 
used with caution, since it was not developed for 
this purpose.

When quoting effective dose (E), it is very 
important that the source of the weighting factors 
used is noted, whether the previous factors in 
ICRP 60 [30] or the current factors in ICRP 103 
[31]. The phantom on which the calculation is 
made is also important. There are a number of 
phantoms that are widely used, and the ICRP has 
specified adult phantoms in their publication 110 
[36]. It is not possible to make sensible compari-
sons of effective dose without this knowledge. If 
not noted, for example, this might be thought of 
as the equivalent of comparing two objects of the 
same length, one with a length value in centime-
tres and the other in inches. The numbers will be 
different, but they represent the same length of 
object.

The level of accuracy must also be borne in 
mind with these values, and therefore it may be 
possible to only consider broad estimates.

The impact of evolving International 
Commission on Radiological Protection (ICRP) 
recommendations concerning calculations of 
effective dose (E) are investigated by Shrimpton 
et al. [37], and their paper compares updated typ-
ical UK values for common CT examinations 
with previous data.

Organ doses, and thence effective dose, can be 
calculated using Monte Carlo techniques and 
with specific mathematical numerical or voxel 
(or hybrid) phantoms (Fig. 2.29).

Monte Carlo calculations are extensive calcu-
lations, where the x-ray source is mathematically 
described and used as the source for millions of 
mathematical generated photons. The path for 
each photon is followed through a statistical pro-
cess with respect to its interactions with tissue. 
This process requires a number of elements, spe-
cialist knowledge of the x-ray tube and filtration, 
numerical or voxel versions of the phantoms, a 
Monte Carlo calculation package and often high 
computer processing power and/or time. There 
are many papers written in this field; a good over-
view paper is given in the references [24].

Effective dose can also be estimated from E/
DLP factors (K-factors). These are specific fac-
tors which take the DLP value for specific regions 
of the body and where the effective dose has been 
calculated for the same scan parameters and body 
region.

There are a number of published sources. 
Sometimes the values are different depending on 
the examination region, the phantom and/or the 
ICRP report from which the underlying organ 

Fig. 2.28 Organ 
weighting factors for 
effective dose (Factors 
from ICRP 103)
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weighting factors are used. An example of 
 published data is given in the 2004 CT Quality 
Criteria [25] (MSCT 2004) at http://www.msct.
eu/CT_Quality_Criteria.htm# and the same val-
ues presented in AAPM 96 [38]. The chest value 
is a factor that must especially be used with cau-
tion as it is sometimes quoted as 0.017, compared 
to 0.014 in these references (Table 2.6).

Organ doses, DLP and effective dose, for spe-
cific examinations and scanner models, can also 
be calculated using commercially, or freely, 
available CT dosimetry software. One such is the 
ImPACT CT Calculator [39]. Others are also 
available [40, 41]. These utilise published organ 
dose data sets generated from Monte Carlo calcu-
lations. The examination and scanner can be 
selected easily, and conversions to adjust for 
newer scanner models can be made (Fig. 2.30).

2.4.5  Diagnostic Reference Levels 
(DRLs) and Optimisation in CT

DRLs are used as indicators of reasonable prac-
tice and are expressed in units of DLP or CTDIvol. 
Much work has been done on assessing doses 
within CT. For example, the Public Health 
England Centre for Chemicals, Radiation and 
Environmental Hazards (CRCE), and its former 
affiliations (the Health Protection Agency, HPA 
and the National Radiation Protection Board, 
NRPB), has periodically published snapshots of 
CT scanner dose data from surveys of CT  scanner 

practice in the UK. These surveys result in the 
quotation of typical CTDIvol and DLP for certain 
clinical examinations, as national reference 
doses, which are then formally adopted as the 
UK National Diagnostic Reference Levels 
(NDRLS).

The latest report, Doses from Computed 
Tomography (CT) Examinations in the UK (2011 
review), was published in 2014 [42]. With repeat 
studies, these can show trends over time. Future 
national surveys should become easier with the 
introduction of automatic dose data collection 
systems; however, they can then present other 
difficulties due to the large volume of data.

The published data can help those working in 
PET/CT to see the range of doses for particular 
diagnostic examinations. Doses for attenuation 
scans are not as readily available from surveys 
such as these, but there is much information pub-
lished from within individual centres particularly 
concentrating on optimising the scanning proto-
cols used as described in the section below.

2.4.5.1  Optimisation in CT
Dose reduction has been discussed by Iball et al. 
[43] and can be used to optimise exposure factors 
in Table 2.7, to reduce doses without compromis-
ing the level of noise within an image. These con-
centrate on reducing the DLP and CTDIvol on 
individual scanners by understanding the func-
tionality of the automatic exposure control (AEC) 
system in use on the CT scanner and by review-
ing dose length product and image noise.

Fig. 2.29 A variety of phantoms used for Monte Carlo calculations
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However, protocol review and optimisation is 
complex and requires a multidisciplinary approach 
as described in the AAPM guidelines [44].

2.4.6  Doses for Attenuation Scans 
and Whole-Body Scans 
in PET/ CT

Effective dose is the only way to compare the 
doses from the PET scan and the CT scan. The 
earlier sections demonstrated how much caution 
is required when comparing effective doses calcu-
lated using different methodologies in CT scan-
ning. The radiation dose from the administration 
of the radiopharmaceutical is derived, for exam-
ple, from ICRP 106 [45] or other sources as out-
lined in Chap. 3. This uses biokinetic models to 
generate coefficients of effective dose per MBq of 
administered activity (2 × 10−2 mSv/MBq), i.e. 
8 mSv, for an administration of 400 MBq of F-18 
FDG. Further caution must therefore be exercised 
when summing doses from PET and CT.

Furthermore, there are common descriptions 
of types of CT scan used in PET/CT. An attenua-
tion scan is typically a low-dose, low mA scan. A 
diagnostic scan is typically described as a higher- 
dose scan which may also involve the use of con-
trast agents.

For whole-body PET/CT scans, doses of 
between 1.3 and 18.6 mSv are quoted for low- dose 
scans and diagnostic scans with contrast, 

 respectively [46]. This results in a total examina-
tion dose of between 10 and 30 mSv. Effort and 
interest are going into minimising both CT dose 
and administered activity currently.

2.4.7  Quality Control of CT 
Scanners

As part of the life cycle of the equipment, safety 
checks, commissioning checks and routine 
quality control checks need to be carried out on 
the scanner. PET quality control checks are cov-
ered later in the book, but radiation safety and 
CT checks are included in the following 
section.

2.4.7.1  Commissioning Checks PET/CT
Checks should be carried out on the barriers 
installed within the facility. These can be assessed 
using a source of F-18 using the methodology 
described elsewhere [5]. Care needs to be taken 
in handling the source as a relatively high activity 
may be required to penetrate the barriers.

Further checks on safety signs and features 
should be made and recorded. A suggested list is 
shown in Table 2.8.

There is a full and rigorous testing programme 
for quality control that can be undertaken for all 
CT scanners (IPEM 91 [47], IPEM TGR 32 Part 
3 [48], ImPACT Acceptance Testing [49], IAEA 
CT QA [50] and [51] IEC [52]).

Table 2.7 Scan parameters and impact on patient dose and image quality

Parameter Impact on patient dose Impact on image quality

kV Increases with increasing kV ∞ kV2 
(approx.)

Noise decreases
Contrast decreases

mA Increases proportionally to mA Noise decreases ∝√mA

Rotation time (s) Increases proportionally to time Noise decreases ∝ 1/√sec

Pitch Decreases as pitch increases (for 
constant mA)

Noise increases
Depends on reconstruction algorithm 
and slice thickness

Beam collimation (beam width) 
(mm)

Decreases with increasing collimation Z-axis resolution could decrease with 
wide beams for scanners with wider 
outer detector row elements

Detector collimation (mm) z-axis Generally no effect Z-axis resolution (image slice width) 
decreases with detector width

Scan length Increases dose length product No effect
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The two most important measurements are 
dose and noise. The CTDIair is a valuable and 
quick test for quality control; in addition a full 
range of CTDIvol measurements for different scan 
conditions should be undertaken at acceptance 
and compared to the screen values. However, 
with the complexity of modern systems, a full 
test programme should be undertaken as listed in 
Table 2.9.

CT numbers are of interest to PET/CT sci-
entists and should be included in any 
programme.

 Conclusions

The design of PET/CT facilities has been 
described, considering some of the issues 
around working with PET radiopharmaceuti-
cals that may be less familiar to those working 
in conventional nuclear medicine. The require-
ment for structural shielding around uptake 
bays and the scanner itself have been described, 
and a methodology outlined to calculate the 
thickness of barriers required to protect staff 
and members of the public within the facility 
and around it. The requirements to consider the 
external dose rate hazard, potential contamina-
tion and emergency situations are highlighted. 
The use of standard protection principles of 
distance shielding and time is emphasised and 
illustrated. Example calculations have been 
presented to help those unfamiliar with the 
methodology. The parameters required to per-
form the calculations have been summarised.

The potential for high staff dose is described, 
and approaches for assessment of whole-body 
dose finger dose have been discussed.

Fixtures, fittings and accessories within the 
facility have been explained with optimisation 
of radiation protection and minimisation of 
exposure and potential exposure described. 
Continued vigilance and review of staff dose 
have been advocated with some suggested 

Table 2.8 Radiation safety checks for the PET/CT scan-
ner and facility

Parameter

Room warning signs

Room warning lights: ready to emit radiation

Room warning lights: ‘do not enter’ prep/expose

Warning signals:

  Mains on

  Exposure light on control panel

Room protection:

  General adequacy of protection

  Adequate shielding of walls and doors

  Surrounding dose rates meet design specification

  Exposure switch

Labelling:

  All controls clearly labelled

  Focal spot position

  Filtration/half value layer

Emergency off buttons

X-ray tube radiation leakage

Tube kilovoltage

Collimation x-ray to light beam and to detector

Table 2.9 CT quality control checks for the PET/CT scanner

Test Comments

CTDI in air CT ion chamber/solid-state CT 
chamber

Compare with manufacturers 
specification

CTDI in phantom CT ion chamber/solid-state CT 
chamber. IEC specified 16 cm and 
32 cm phantoms

Calculate CTDIw

Compare with specification

Image noise Manufacturers phantom Compare with manufacturers 
specification

Spatial resolution Suitable phantom Compare with manufacturers 
specification

CT number Suitable phantom 0 for water −1000 for air
Baseline for other materials

Imaged slice width Suitable phantom

Patient positioning vs. scan plane Pins on surface of phantom

Couch movement and position Pins on surface of phantom
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methodologies to support keeping doses as 
low as reasonably achievable.

CT technology has been outlined in some 
detail to demonstrate the increase in speed and 
the number of detector rows between 1972 and 
the current day. The factors affecting dose in 
CT scanning – kV, mA and rotation time – have 
been illustrated. Image reconstruction, pitch, 
collimation and automatic exposure features 
have also been described. In order to fully 
understand each of these, a number of dose 
metrics have been defined and put into context 
against the technology and effective dose.

Diagnostic reference levels and optimisa-
tion of in CT have been discussed with the 
dose for attenuation scans and whole-body 
PET/CT scans.

The importance of quality control checks 
and references to support the checks required 
for CT have been supplied.
In conclusion, this chapter aims to supply suf-

ficient information to support the safe design, 
operation and quality control of PET/CT scan-
ners to those more familiar with conventional 
nuclear medicine.
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Radiation Dosimetry of PET 
Imaging

Michael G. Stabin

Abstract

The basics of internal dosimetry in nuclear 
medicine are reviewed. The design and execu-
tion of medical imaging studies are explained, 
for animal and human studies. Animal data 
extrapolation and data analysis for human 
imaging data are given by example. Dose 
quantities are explained and, again, given by 
example. Standardized doses, for general 
cases and for the pregnant or lactating female, 
are given.

3.1  Introduction

The majority of PET pharmaceuticals are used in 
diagnostic imaging. Radiation dosimetry is gen-
erally not evaluated on a daily basis for individ-
ual patients, unless a misadministration occurs or 
if a pregnant or potentially pregnant patient is 
imaged (in which case the dose to the embryo/
fetus may be of concern). In order to get any 
radiopharmaceutical approved, however, a com-
plete treatment of dosimetry is an essential part 
of the approval process. Systems of radiation 
dose calculations have been standardized for 
many years and now are greatly facilitated by 
standardized computer resources. The difficult 
task in establishing the dosimetry of a new PET 
agent lies in gathering the biokinetic data to use 
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in the dose calculations. Once these data are 
 correctly gathered, the dose calculations may be 
performed in a matter of minutes using estab-
lished computing resources. In this chapter, 
methods for designing and executing such studies 
will be outlined, some sample dose calculations 
will be shown, and dosimetry for a handful of 
PET agents will be provided.

3.2  Radiation Dose Calculations

The basic equation for calculating the radiation 
dose from one organ to another (or any organ to 
itself) is given as [1]

 D
k n E T S
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T
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where DT = absorbed dose (Gy) in target organ T
ÃS = the number of nuclear transitions in a source 

organ S, sometimes referred to as the “cumu-
lated activity” (MBq-s)

ni = number of radiations with energy Ei emitted 
per nuclear transition

Ei = energy per radiation (MeV)
ϕi f(T←S) = fraction of energy emitted that is 

absorbed in target organ T from source organ 
S for radiation i

mT = mass of target region (kg)
k = a proportionality constant (e.g., Gy-kg/

MBq-s-MeV)

The term Ã is the integral of the time-activity 
curve for a “source” organ, i.e., an organ that 
exhibits a significant uptake of the administered 
activity. As becquerel is the number of disinte-
grations per second that occur at a given time, the 
integral over time is Bq-s (MBq s was used 
above), which is the total number of disintegra-
tions that occurred in the organ over the period of 
integration (almost always to infinite time). The 
activity at any given time is determined in the 
biokinetic analysis; data are obtained in animals 
or human subjects at specified times after admin-
istration of the radiopharmaceutical, and then 
these data are integrated over time to give Ã. 

First, a review of how to obtain the biokinetic 
data will be provided, and later we will return to 
show some actual sample dose calculations.

3.3  Biokinetic Analyses

 (i) Study design
Time-activity curves for most organs 
are usually characterized by one 
or more exponential terms, i.e., 
A t A e A et t( ) = + +− −

1 2
1 2l l � . The rate 

constants λ1 and λ2 describe the kinetics 
of removal of activity components A1 and 
A2; we can define half-times T1 and T2, by 
λ = 0.693/T; the half-time is the time needed 
for half of that component of activity to be 
removed from an organ. Each exponential 
term has two unknown variables; therefore, 
the time-activity curve has to have two data 
points for each phase of clearance for which 
we wish to define an exponential term. So, if 
a given time-activity curve is best character-
ized by two exponentials, an absolute mini-
mum of four data points is needed to define 
the curve, with two points during each phase 
(i.e., not one during the first phase and three 
during the second). The starting point in a 
kinetic analysis is thus deciding on when to 
obtain samples, whether they are from a study 
involving animals or human subjects. For 
a completely new agent, this can obviously 
be a challenge, as the biokinetics are not yet 
known. An absolute limitation is the physi-
cal half-life of the radionuclide employed; 
F-18 has a half-life of 1.83 h, so data may be 
gathered over several hours after administra-
tion, but C-11 has a half-life of only 20 min, 
so data must be gathered much more quickly. 
Then, the biological clearance of the agent 
must be considered. The equation above 
with the exponential terms was not explicit, 
but the complete removal of activity from an 
organ or the body is due to both radioactive 
decay and biological clearance; this is charac-
terized by a rate constant λe, an “effective rate 
constant,” which is the sum of the biologi-
cal rate constant (λb) and the physical rate 
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constant (λp). Some agents are cleared very 
quickly, others more slowly. So the study 
must be planned to get the needed number of 
data points taking into account both physical 
and biological clearance. Often experience 
with other similar agents can be helpful, or 
the data points can be spaced out over the 
range of times possible over several physi-
cal half- lives of the radionuclide, with sev-
eral early time points and several later time 
points. There is not an exact formula for 
guiding the selection process of sampling 
times; care must be taken to provide enough 
data before spending the time and money on 
gathering the data so that the data collection 
process will be successful and the experi-
ments will not have to be repeated. In addi-
tion to activity levels in organs and the body, 
an essential element of a biokinetic analy-
sis is evaluation of the excretion of activity 
from the body (via the urinary or intestinal 
pathway). It is not uncommon for excretory 
organs to receive the highest doses of any 
other organ in the body, as often 100 % of 
the activity eventually passes through these 
organs (urinary bladder or intestines). For 
PET radiopharmaceuticals, excretion may 
be more limited than for other agents, due 
to their short physical half-lives. For C-11 
compounds, for example, it is common to 
assume that there is no time for appreciable 
excretion from the body to occur, although 
activity might accumulate in the urinary 
bladder and decay there. So for studies using 
imaging data, if activity is seen in the urinary 
bladder, the activity levels may be quanti-
fied, and the activity may be integrated to get 
the number of disintegrations in the urinary 
bladder; collecting urine data is unlikely to 
provide any useful information. For F-18, 
it is common for there to be urinary excre-
tion during the duration of the study, and the 
use of image data or urine collection may be 
helpful.

 (ii) Animal data
Preclinical studies are required for any New 
Drug Application (NDA) to the US Food 
and Drug Administration (FDA). Most 

research is done with some rodent species, 
but any animal species in theory is accept-
able. Some have an inclination to use pri-
mate species, with the idea that they may 
produce results more similar to humans. 
Extrapolation of animal data to humans has 
produced misleading information in many 
cases, in most any animal species [2]. So, 
this is a necessary step in the process of 
evaluating the dosimetry of a new radio-
pharmaceutical, but one should bear in 
mind that the real dosimetry will not be 
known until well-designed and executed 
studies using human subjects are per-
formed. Time- activity curves for radiophar-
maceuticals using animals may be 
established by administering the radiophar-
maceutical and either sacrificing the ani-
mals, extracting tissue samples, and 
performing a radioassay or by small animal 
imaging studies.
(a) Tissue extraction – using a minimum 

of three animals per time point, indi-
vidual samples of organs and tissues 
may be extracted from the animals 
after sacrificed and counted in any 
radiation detector system (e.g., sodium 
iodide scintillation, liquid scintilla-
tion). Collection of urine and/or fecal 
samples via the use of “metabolic 
cages” may characterize the excretion 
of the agent. Extrapolating the organ/
tissue data to humans is not an exact 
science. One may assume that the per-
cent of the administered activity seen 
in any organ at a given time will likely 
be the same concentration seen in 
humans; one may say that this is a 
“direct extrapolation.” One may 
assume that the percent of adminis-
tered activity per gram in an organ will 
be the same in humans; due to the nor-
mally considerable differences in body 
and organ masses, this is likely to pro-
duce erroneous results. Many have 
evaluated various extrapolation meth-
ods proposed in the literature. One 
method of extrapolating animal data 
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that has been applied by many is the % 
kg/g method [3]. In this method, the 
animal organ data need to be reported 
as % of injected activity per gram of 

tissue, and this information plus 
knowledge of the animal whole body 
weight is employed in the following 
extrapolation:

Table 3.1 Animal data extrapolation example (mass 
extrapolation)

Animal

Source organ

1 h 3 h 6 h 16 h 24 h

%ID/organ 3.79 3.55 2.82 1.02 0.585

(%ID/g) 38.1 36.6 30.8 11.3 5.70

Human

%ID/organ 3.26 3.12 2.63 0.962 0.486

The percent uptake per gram of tissue is mul-
tiplied by the animal whole body weight in kg; 
the percent in any organ in humans is obtained 
by applying the corresponding organ and body 
masses of a reference adult human. A numeri-
cal example using this method was provided 
by Stabin [2] (Table 3.1):

  The animal whole body weight was 20 g 
(0.02 kg), and the source organ chosen had a 
mass of around 299 g. The human total body 
weight for the standard adult male of 70 kg 
was then applied in the transformation. For 
example:

  The idea of this method is that the percent 
in an organ is weighted for the fraction of 
total body mass that the organ comprises. 
As noted above, this is not a “gold stan-
dard” method by any means; it is an attempt 
to perform a reasonable extrapolation that 
avoids some pitfalls in other methods. 
Some also suggest adding a scaling in time, 
to account for the different metabolic rates 
of species of different size:

 

t t
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  where ta is the time at which a measurement 
was made in an animal system, th is the 

 corresponding time assumed for the human 
data, and ma and mh are the total body masses 
of the animal species and of the human. 
Again from Stabin [2], Table 3.2 shows an 
example case with data extrapolated from an 
animal species to the human using this time 
scaling approach:

  Here, a human body mass of 70 kg was used, 
and the animal whole body mass was assumed 
to be 200 g. Sparks and Aydogan [4] studied 
the success of animal data extrapolation for 
several radiopharmaceuticals, using direct 
extrapolation, and mass and/or time extrapola-
tion. They found that no particular method 
was superior to any other and that, in many 
cases, extrapolated animal data significantly 
underestimated observed uptakes in human 
organs. So, in conclusion, choice of an animal 
species and extrapolation method are areas of 
freedom in designing an animal study, and 
results obtained from animal studies must be 
recognized as only preliminary estimates of 
the dosimetry for any radiopharmaceutical.
 (b) Small animal imaging

Small animal imaging techniques have 
greatly improved the science of drug 
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development. It has also allowed the 
characterization of radiopharmaceutical 
dosimetry in living animals, eliminating 
the need to sacrifice them. A drawback, 
however, is that the animals generally 
need to be anesthetized for the imaging 
session. Anesthetics may alter the distri-
bution of the radiopharmaceutical, lead-
ing to inaccurate evaluation of organ 
uptakes and subsequent dosimetric analy-
ses. Quantitative analyses of organ uptake 
at any imaging time are the same as those 
from human imaging studies. PET images 
are inherently quantitative; counts in a 
given voxel are easily related to absolute 
values of activity. Drawing volumes of 
interest (VOIs) over recognized organ 
regions provides values of activity in the 
organ that can be related to percentages 
or fractions of the administered activity, 
which is always known. Thus time- 
activity curves can be readily (but not 
easily!) developed from the image data 
and integrated to obtain the time-activity 
integrals needed for development of dose 
estimates. Organ and whole body bioki-
netics, combined with analyses of excre-
tion, will allow development of a 
complete dosimetric analysis.

(c) Small animal dosimetry
 Some researchers have expressed inter-

est in calculating dose to animal organs. 
As with the development of human 
dosimetry phantoms, to be discussed 
below, early efforts involved animal 
dosimetry phantoms comprised of geo-
metric shapes to describe organs and 
progressed to more realistic, image-
based voxel phantoms. Yoriyaz and 
Stabin [5] constructed a geometric 
model of the mouse and generated dose 
factors (DFs) for a selected number of 

source and target pairs for 213Bi and 
90Y. Muthuswamy et al. [6] developed a 
dosimetric model of mouse marrow and 
provided DFs for 131I, 186Re, and 
90Y. Konijnenberg et al. [7] developed a 
stylized representation of Wistar rats 
and performed Monte Carlo calcula-
tions to develop DFs for several radio-
nuclides. With the advent of small 
animal imaging technologies, it became 
possible to move away from the use of 
stylized, equation-based body models 
and develop representations that more 
realistically define organ size, shape, 
and proximity. Kolbert et al. [8] used 
MR images of a female athymic mouse 
to develop realistic models of several 
organs and estimated self- dose and 
cross-dose values for these organs. 
Hindorf et al. [9] developed a model of 
a mouse using geometric shapes to 
define ten organs and then converted the 
model to a voxel format. Stabin et al. 
[10] segmented micro-CT images of a 
mouse and rat and developed specific 
absorbed fractions (SAFs) for photon 
and electron sources within the animal 
organs and DFs for several source and 
target regions. Keenan et al. [11] devel-
oped three mouse and five rat dosimet-
ric models, using the MOBY and ROBY 
models developed by Segars and Tsui 
[12] and provided photon and electron 
absorbed fractions and dose factors for 
several radionuclides. These animal 
models have been incorporated into the 
OLINDA/EXM dosimetry code [13], 
thus facilitating dose calculations for 
these eight small animal types.

 (iii) Human data
Imaging studies with either patients or 
healthy volunteers, required by the FDA 

Table 3.2 Animal data extrapolation example (time extrapolation)

Animal time scale 5 min 15 min 30 min 60 min 1.5 h

Extrapolated human 
time scale

22 min 1.1 h 2.2 h 4.3 h 6.5 h
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for new drug approval (strict dose limits 
for new drugs do not exist, but dosimetry 
must be presented and is usually compared 
to other similar agents), need to be done 
according to the same requirements for 
number and spacing of time points as 
described above. The two basic imaging 
methods are planar imaging and tomo-
graphic imaging. For PET radiopharma-
ceuticals, tomographic methods are by far 
the most common approach, so an exten-
sive description of planar methods will not 
be presented here. Briefly, anterior and 
posterior images are taken, regions of 
interest (ROIs) are drawn over recognized 
organs, and corrections for attenuation and 
scatter should be made [2]. Relating counts 
in an ROI to absolute values of activity is 
usually not straightforward, unless cali-
bration factors have been developed from 
phantom image analysis, which is not 
common. Usually counts in the total body 
at the earliest imaging time, corrected for 
radioactive decay, are used to define 100 % 
of the administered activity, and counts in 
the body and organs at later times are 
related to this value. In tomographic 
images, as for animal studies, counts in 
voxels associated with an organ may be 
related to absolute values of activity via a 
calibration factor, and time- activity curves 
may be developed from this information. 
PET images are inherently quantitative, as 
PET analyses evaluate absolute levels of 
activity in organs and tumors (standard-
ized uptake values, SUVs). In contrast, 
few centers practice quantitative analyses 
with single-photon emission computed 
tomography (SPECT); Dewaraja et al. [14] 
outlined the many steps required to obtain 
quantitative SPECT data for therapy 
dosimetry calculations, including choice 
of collimator, choice of energy windows, 
reconstruction methods, attenuation and 
scatter correction, dead time corrections, 
compensation for other image-degrading 
effects, choice of target regions, correc-
tions for dose nonuniformities, and other 
aspects to be considered to obtain quanti-

tative information in individual voxels 
used to define source and target regions.

 (iv) Kinetic analyses
  The result of the biokinetic analyses 

described above is a series of values of 
percent or fraction of administered activity 
over time (Fig. 3.1). Values of doses for 
individual organs rely on the integration of 
these values over time. The most common 
method for performing this integration is 
to fit a function comprised of one or more 
exponential terms to the data. One may 
also integrate the data “directly,” i.e., by a 
“trapezoidal” integration, simply directly 
calculating the area under the curve 
between any two time points and adding 
up the values. A drawback of this approach 
is that estimating the area under the curve 
after the last data point is complicated; 
various approaches include assuming only 
radioactive decay after the last point, using 
a straight line defined by the last two or 
three data points, and other approaches. 
When an exponential function is fit to the 
data, the time-activity integral is easily 
calculated. If the function is 
A t A e A et t( ) = +- -

1 2
1 2l l , and the values 

of λ are effective rate constants (including 
both radioactive decay and biological 
removal), the integral of this function to 
infinite time is just A1/λ1 + A2/λ2. If values 
of A are in MBq and values of λ have units 
of s−1, then the integral has units of MBq-s 
or millions of disintegrations. These inte-
grals are often normalized to the amount 
of activity administered (MBq), so that 
doses are developed per unit administered 
activity. The units of this normalized inte-
gral are thus MBq-s/MBq. It is tempting to 
think of this as having units of time (here 
s), but this is not any measure of time.
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Fig. 3.1 Hypothetical time-Time abscissa curve
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3.4  Example Dose Calculations

 (a) Organ doses
Data from a kinetic study yield the following 
parameters for a new compound tagged to 18F 
(the values of f are the fraction of adminis-
tered activity observed with the noted 
half-times):

Liver f1 = 0.35 Te1 = 0.9 h

f2 = 0.15 Te2 = 1.2 h

  Assuming a 1 MBq administration, the num-
ber of disintegrations would be

N
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  The dose factor from the liver to the liver for 
F-18 is 3.4E-05 mGy/MBq-s; the dose factor 
from the liver to the spleen is 5.54E-7 mGy/
MBq-s. So given this input data, the dose to 
the liver and the spleen would be 
1799 MBq-s × 3.4E- 05 mGy/MBq-s = 
0.061 mGy and 1799 MBq-s × 5.54E-
07 mGy/MBq-s = 0.001 mGy, respectively. 
There would be many more source and target 
organs to consider in a real problem, of 
course. The OLINDA/EXM software code 
[13] facilitated and standardized the calcula-
tion of radiation doses from radiopharmaceu-
ticals. Available dose factors have been based 
for years on “stylized” anthropomorphic 
phantoms for adults, children, and pregnant 
women (e.g., [15, 16]), but are now replaced 
with realistic, image-based voxelized models 
[17]. Monte Carlo studies establish absorbed 
fractions for electrons and photons for defined 
organ pairs; dose factors are developed using 
decay data and defined organ masses, as 
described above.

 (b) Effective dose
The International Commission on 
Radiological Protection [18], in the context 

of radiation protection quantities and limits 
for radiation workers, defined a new dosim-
etry quantity, the “effective dose equiva-
lent.” The ICRP subsequently renamed this 
quantity “effective dose” in 1991 [19], and 
new weighting factors were given again in 
ICRP Publication 103 [20]. Certain organs 
or organ systems were assigned dimension-
less weighting factors (Table 3.3), which are 
assumed to relate to their differing radiosen-
sitivity for expressing fatal cancers or genetic 
defects.

The assumed radiosensitivities were 
derived from the observed rates of expres-
sion of these effects in various populations 
exposed to radiation. Multiplying an organ’s 
dose equivalent by its assigned weighting 
factor gives a “weighted dose equivalent.” 
The sum of weighted dose equivalents for a 
given exposure to radiation is the effective 
dose:

E H w
T

T T= ´å

  An example calculation of the effective dose 
using the tissue weighting factors from ICRP 

Table 3.3 Weighting factors recommended by the ICRP 
for calculation of effective dose

Organ
ICRP 30 
(1979)

ICRP 60 
(1991)

ICRP 103 
(2007)

Gonads 0.25 0.20 0.08

Red marrow 0.12 0.12 0.12

Colon 0.12 0.12

Lungs 0.12 0.12 0.12

Stomach 0.12 0.12

Bladder 0.05 0.04

Breasts 0.15 0.05 0.12

Liver 0.05 0.04

Esophagus 0.05 0.04

Thyroid 0.03 0.05 0.04

Skin 0.01 0.01

Bone surfaces 0.03 0.01 0.01

Brain 0.01

Salivary 
glands

0.01

Remainder 0.30 0.05 0.12
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60 and assumed individual organ equivalent 
doses is shown here:

Organ

Weighting Equivalent Weighted dose

Factor
Dose  
(mSv)

Equivalent 
(mSv)

Liver 0.05 0.59 0.0295

Kidneys 0.005 0.33 0.00165

Ovaries 0.20 0.25 0.050

Red marrow 0.12 0.42 0.0504

Bone surfaces 0.01 0.55 0.0055

Thyroid 0.05 0.15 0.0075

Total  
(effective dose)

0.145

  The effective dose is meant to represent the 
equivalent dose that, if received uniformly by 
the whole body, would result in the same 
total risk as that actually incurred by a given 
actual nonuniform irradiation.

 (c) Standardized dose tables
Dose tables for many PET radiopharmaceuti-
cals have been generated by the OLINDA/
EXM code [13]. Example tables are shown 
here (Tables 3.4 and 3.5):

 (d) Patient-individualized dosimetry in radio-
pharmaceutical therapy
An extensive debate is ongoing regarding the 
role of patient-individualized dosimetry in 
therapeutic applications of radiopharmaceu-
ticals. Stabin [21] addressed many of the 
objections raised by physicians and others to 
the use of dosimetry in radionuclide therapy, 
which is of course routine in external beam 
radiotherapy. Brans et al. [22] discussed the 
“quest for the ‘Holy Gray,’” strengths and 
weaknesses of current models, and methods 
related to the development of clinical radio-
pharmaceutical dosimetry for individual sub-
jects and concluded that “…only prospective, 
randomised trials with adequate methodol-
ogy can provide the evidence that applied 
clinical dosimetry results in better patient 
outcome than is achieved with fixed activity 
dosing methods.” Flux et al. [23] responded 
that “ it is now time for a fundamental change 
in the way that radionuclide therapies are 
conducted. Individual treatment planning 

and assessment, based on accurate absorbed 
dose estimates, will prevent unnecessary 
therapies from being carried out, will signifi-
cantly improve treatment efficacy and will 
provide the foundation for significant 
advances in radionuclide therapy.” The dis-
cussion continues with considerable passion 
on both sides of the argument. In Europe, 
there is some movement toward advancing 
dosimetry into the nuclear medicine clinical 
environment, which will hopefully be 
reflected in other countries soon. Planning of 
individual therapies requires an evaluation of 
the biodistribution and biokinetics expected 
of the agent during the therapeutic regime. 

Table 3.4 Sample dose estimates for selected PET radio-
pharmaceuticals in adults (mSv/MBq administered)

Target organ F-18 FDGa F-18L-DOPAb

C-11 
acetate

Adrenals 1.16E-02 9.36E-03 3.27E-03

Brain 3.68E-02 6.79E-03 9.61E-04

Breasts 8.26E-03 6.40E-03 1.21E-03

Gallbladder wall 1.25E-02 1.00E-02 3.47E-03

LLI wall 1.34E-02 1.71E-02 1.33E-03

Small intestine 1.17E-02 1.23E-02 1.78E-03

Stomach wall 1.07E-02 9.10E-03 2.01E-03

ULI wall 1.14E-02 1.14E-02 1.88E-03

Heart wall 6.74E-02 8.56E-03 1.26E-02

Kidneys 1.03E-02 2.42E-02 5.33E-02

Liver 2.05E-02 8.73E-03 1.35E-02

Lungs 1.93E-02 7.61E-03 1.67E-03

Muscle 9.73E-03 9.53E-03 1.38E-03

Ovaries 1.35E-02 1.67E-02 1.44E-03

Pancreas 1.12E-02 9.73E-03 1.14E-02

Red marrow 9.59E-03 8.55E-03 1.47E-03

Osteogenic cells 1.45E-02 1.26E-02 1.82E-03

Skin 7.36E-03 6.71E-03 1.04E-03

Spleen 1.00E-02 8.96E-03 2.46E-03

Testes 1.05E-02 1.29E-02 1.05E-03

Thymus 1.10E-02 7.86E-03 1.48E-03

Thyroid 9.60E-03 7.81E-03 1.13E-03

Urinary bladder 
wall

1.32E-01 2.91E-01 1.27E-03

Uterus 1.79E-02 2.69E-02 1.43E-03

Total body 1.12E-02 9.43E-03 1.97E-03

Effective dose 1.79E-02 2.17E-02 2.75E-03
aFluorodeoxyglucose
bL-3,4-dihydroxyphenylalanine
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Usually a small amount of the same radio-
pharmaceutical is administered, and subjects 
are imaged over several times, and the thera-
peutic administration may be monitored to 
confirm the behavior of the compound. Kobe 
et al. [24] significantly improved the first 
treatment efficacy of 131NaI in treating hyper-
thyroidism with this approach. Flux et al. 
[25] stressed the importance of internal dose 
calculations for individual patients (many 
who are pediatric subjects) for the therapeu-
tic use of 131I-mIBG. Appropriate PET radio-
pharmaceuticals would be highly desirable 
for therapy planning, due to their superior 
resolution and inherent quantitative nature. 
“Surrogate” radiopharmaceuticals can be 
problematic to prove congruence (e.g., use of 
111In Zevalin to plan 90Y Zevalin therapy for 

non-Hodgkin’s lymphoma); the ideal situa-
tion is to use a positron emitting isotope of 
the same element, e.g., 124I to plan 131I thera-
pies and 86Y to plan 90Y therapies. Blaickner 
and Baum [26] noted that “Individual organ 
dosimetry is also essential for critical organs 
in order to prevent radiotoxicities” and 
reviewed the clinical utility of using 
86Y- DOTATOC to plan 90Y-DOTATOC ther-
apy for neuroendocrine tumors, noting the 
advantages of spatial resolution and quantifi-
cation and noting the drawback of the prompt 
gamma emissions and the short physical 
half- life. There are also issues of the avail-
ability of 86Y in the marketplace. 90Y has a 
very small positron component (0.003 %), 
but if therapeutic levels are administered, 
very nice PET images can be obtained for 

Table 3.5 Sample dose estimates for 18FDG in adults and children (mSv/MBq administered)

Adults 15-year-olds 10-year-olds 5-year-olds 1-year-olds

Adrenals 1.16E-02 1.46E-02 2.24E-02 3.54E-02 6.41E-02

Brain 3.68E-02 3.73E-02 3.92E-02 4.41E-02 6.09E-02

Breasts 8.26E-03 1.05E-02 1.66E-02 2.63E-02 5.00E-02

Gallbladder wall 1.25E-02 1.50E-02 2.29E-02 3.45E-02 6.30E-02

LLI wall 1.34E-02 1.60E-02 2.54E-02 3.81E-02 6.31E-02

Small intestine 1.17E-02 1.49E-02 2.36E-02 3.68E-02 6.65E-02

Stomach wall 1.07E-02 1.33E-02 2.05E-02 3.27E-02 6.03E-02

ULI wall 1.14E-02 1.40E-02 2.21E-02 3.53E-02 6.29E-02

Heart wall 6.74E-02 8.74E-02 1.35E-01 2.13E-01 3.78E-01

Kidneys 1.03E-02 1.29E-02 2.00E-02 3.26E-02 5.92E-02

Liver 2.05E-02 2.70E-02 4.00E-02 5.99E-02 1.10E-01

Lungs 1.93E-02 2.78E-02 3.93E-02 5.97E-02 1.15E-01

Muscle 9.73E-03 1.21E-02 1.90E-02 3.00E-02 5.55E-02

Ovaries 1.35E-02 1.71E-02 2.60E-02 3.98E-02 6.91E-02

Pancreas 1.12E-02 1.42E-02 2.22E-02 3.52E-02 6.49E-02

Red marrow 9.59E-03 1.20E-02 1.79E-02 2.76E-02 6.22E-02

Osteogenic cells 1.45E-02 1.87E-02 2.66E-02 4.06E-02 8.36E-02

Skin 7.36E-03 9.01E-03 1.43E-02 2.32E-02 4.40E-02

Spleen 1.00E-02 1.28E-02 1.97E-02 3.23E-02 5.96E-02

Testes 1.05E-02 1.37E-02 2.24E-02 3.41E-02 6.01E-02

Thymus 1.10E-02 1.38E-02 2.09E-02 3.24E-02 6.02E-02

Thyroid 9.60E-03 1.21E-02 1.91E-02 3.12E-02 5.85E-02

Urinary bladder wall 1.32E-01 1.68E-01 2.51E-01 3.45E-01 4.62E-01

Uterus 1.79E-02 2.18E-02 3.46E-02 5.14E-02 8.24E-02

Total body 1.12E-02 1.39E-02 2.20E-02 3.45E-02 6.39E-02

Effective dose 1.79E-02 2.30E-02 3.46E-02 5.17E-02 8.90E-02
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selective internal radiotherapy (SIRT) (e.g., 
[27]). Ga-68- labeled DOTA-peptides are 
useful in imaging and planning therapies for 
neuroendocrine tumors [28], but the short 
half-life (68 min) does not allow for charac-
terization of some of the possible long-term 
retention components.

Because of the reluctance of physicians to 
gather data for dosimetry calculations, the 
database of information at present is sparse. 
Everyone agrees that a large clinical trial 
with and without a dosimetry component 
would settle the discussion about the rele-
vance of dosimetry to radiopharmaceutical 
therapy, but no one seems willing to fund this 
effort. Many centers have established that 
clinical dosimetry can be done with good 
accuracy, with prediction of biological 
response. Still the resistance of most of the 
nuclear medicine community remains strong 
against realizing this component. PET radio-
pharmaceuticals will certainly have a role to 
play in this process, should it someday 
become routine.

3.5  The Pregnant or Lactating 
Patient

Dose to the embryo/fetus in the pregnant or 
potentially pregnant patient is an area of signifi-
cant concern, due to the radiosensitivity of the 
unborn child. The distribution of the radiophar-
maceutical in the pregnant patient is generally 
assumed to be the same as in the nonpregnant 
subject. Dose to the embryo/fetus is due to pho-
ton radiation coming from organs in the mother 
and photon and electron radiation from activity 
that may cross the placenta and enter the body of 
the embryo/fetus. There are some animal data 
regarding placental crossover of radiopharma-
ceuticals and sparse human data [29]. The preg-
nant female models of Stabin et al. [16], 
implemented in the OLINDA/EXM computer 
code [13], permit calculation of radiation dose to 
the embryo/fetus, including from the fetus itself, 
and activity in the placenta for the 6- and 9-month 

models. Again, data are difficult to obtain, but are 
available for some compounds. Particularly for 
18FDG, data have been obtained in both animal 
and human subjects. Russell et al. [30] reported 
dose estimates for 18F-FDG with no consider-
ation of placental crossover. Later, Stabin [31] 
revised the fetal doses throughout gestation using 
measured 18FDG placental crossover in primates. 
Takalkar et al. [32] reported 18FDG fetal uptakes 
in five pregnant subjects, using nuclear medicine 
imaging to quantify the uptakes. Their measured 
time-activity integrals and estimated doses were 
reasonably consistent with those of Stabin for 
different stages of gestation, but generally lower 
(0.007–0.02 mGy/MBq vs. 0.017–0.02 mGy/
MBq reported by Stabin). Zanotti-Fregonara 
et al. [33] evaluated fetal uptake and dose in a 
21-week pregnant subject. Their estimate of fetal 
dose was 0.0197 mGy/MBq administered to the 
mother.

Many radiopharmaceuticals are excreted in 
breast milk. Stabin and Breitz [34] discussed 
some of the many compounds and nutrients that 
are expressed in breast milk. Measuring activity 
in a milk sample is easier than quantitative imag-
ing of the fetus in a pregnant subject, so a number 
of authors have presented data on measured con-
centrations at various times after radiopharmaceu-
tical administration to a lactating mother. There 
are difficulties in assigning doses to the nursing 
infant, as most radiopharmaceutical dose esti-
mates are based on injected, not ingested com-
pounds. The measurements typically do not 
account for the chemical form that was in the 
breast milk. Calculated dose estimates generally 
assume that the ingested radioactivity quickly 
enters the infant’s bloodstream and then is distrib-
uted and cleared from the body in the same man-
ner as an injection to an adult subject, as this is 
probably a conservative way to treat the data and 
there are simply no data to support any other 
approach. A recent ICRP publication [35] 
reviewed the available data on breast milk excre-
tion of radiopharmaceuticals using a dose crite-
rion of 1 mSv effective dose to the infant to 
estimate recommended breast milk interruption 
times; they recommended that no breast feeding 
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interruption is warranted for any PET compound 
that they evaluated.

 Conclusions

Calculation of dose estimates for PET radio-
pharmaceuticals relies mostly on the gather-
ing of high-quality biokinetic data. Data from 
animal studies are a necessary part, but are not 
highly reliable in predicting human dosimetry. 
Trials with human subjects are always the key 
step in understanding the dosimetry of a new 
agent. Once adequate biokinetic data are 
available, standardized dosimetry codes (i.e., 
OLINDA/EXM) can provide excellent tables 
of doses to organs and effective doses.
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     Abstract  

  Positron emission tomography (PET) is an 
imaging technology developed to use com-
pounds labelled with positron-emitting radio-
isotopes as molecular probes to image and 
measure biochemical processes of mamma-
lian biology in vivo. Since this area is rapidly 
developing, the demand for rapid synthetic 
methods for radiolabelling the molecule of 
interest is one of the main challenges for the 
radiochemists. This chapter will provide 
information about the most common radiola-
belling strategies as well as the more recent 
developments in the synthesis of PET radio-
pharmaceuticals labelled with fl uorine-18, 
carbon-11, nitrogen-13 and oxygen-15. Since 
gallium-68 has gained enormous importance 
in radiopharmacy in the last 10 years, a chap-
ter will highlight the important role of radiola-
belling with gallium- 68 in clinical 
radiopharmacy.  

4.1       Introduction 

 Positron emission tomography (PET) is an imag-
ing technology developed to use compounds 
labelled with positron-emitting radioisotopes as 
molecular probes to image and measure 
 biochemical processes of mammalian biology 
in vivo. While imaging tests like X-rays can show 
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what the structures inside your body look like, a 
PET scan produces images that show how your 
organs work. For instance, a PET scan can show 
how blood fl ows to your heart, what areas of your 
brain are more active or less active and what 
lesion are metabolically altered or express a cer-
tain type of receptors. 

 These imaging techniques rely on the use of 
exogenous radioactive probes able to provide a 
detectable signal. These probes can be designed 
to be tissue- or receptor-specifi c and provide a 
detailed picture of the targeted structure or bio-
logical processes under study. Despite the great 
wealth of information that such probes can pro-
vide, the development of the exogenous probes 
represents an important challenge for organic 
chemists and radiochemists. 

 The aim of this chapter is to provide an over-
view of the most common chemical approaches 
for the synthesis of PET radiopharmaceuticals in 
clinical radiopharmacy, starting from the “clas-
sic” approach regarding  18 F and  11 C radiopharma-
ceuticals to the more recent development of  68 Ga 
and “metal-based” radiopharmaceuticals.  

4.2       Positron Emission 
Tomography: Radionuclides 
for Labelling PET 
Radiopharmaceuticals 

 PET is a non-invasive molecular imaging tech-
nique that is used to study and visualise human 
physiology by the detection of probes labelled 
by positron-emitting radionuclides. Since some 
of the positron-emitting radionuclides are low 
atomic mass elements (e.g. C, N and O) found in 
biomolecules, it is possible to directly label mol-
ecules of interest without interfering with their 
biological activity. This ability differentiates 
PET from other techniques, which make use of 
relatively large molecule which, when attached 
to the targeting species, can modify its 
bioactivity. 

 The development of 2-deoxy-2- 18 F-fl uoro-D-
glucose (FDG) for studying energy metabolism 
[ 1 ] together with the establishment of a reliable 
synthesis [ 2 ] and the subsequent demonstration 

of the high usefulness of FDG tracer to identify 
metastatic sites in cancer patients were major 
breakthroughs leading to the development of 
PET as an indispensable tool in clinical nuclear 
medicine. Since then, fl uorine-18 ( t ½ = 110 min) 
is the most widely used radionuclide in PET, and 
it is often referred to as the “radionuclide of 
choice” because of its favourable physical and 
nuclear characteristics. 

  18 F can be produced by medical cyclotron 
in two different molecular forms: the elemen-
tal form,  18 F 2 , and the ionic form,  18 F-fluoride 
or  18 F − . 

  18 F 2  is obtained from the nuclear reactions of 
 20 Ne(d,α) 18 F or  18 O(p,n) 18 F and represents the 
most common reagent for electrophilic fl uorina-
tion. Nucleophilic  18 F −  is commonly produced by 
the nuclear reaction  18 O(p,n) 18 F from enriched 
H 2  18 O. Although nucleophilic fl uorination is cur-
rently the most common synthetic approach for 
 18 F-radiolabelling, electrophilic fl uorination has 
played an important and historic role in the devel-
opment of  18 F-labelled molecules for PET 
imaging. 

 Carbon-11 is an attractive and important 
positron- emitting radionuclide for labelling mol-
ecules of biological interest because of the ubiq-
uitous presence of carbon in natural products and 
drug compounds.  11 C is currently produced either 
by 11 or 18 MeV medical cyclotron. Production 
occurs by proton irradiation of pure  14 N, which 
emits an α particle to give  11 C, according to the 
nuclear reaction  14 N(p,α) 11 C. 

 The two major  11 C precursors used in synthe-
sis are  11 CO 2  and  11 CH 4 , which are formed when 
either small amounts of oxygen or hydrogen, 
respectively, are present in the target. 

 Besides  11 C and  18 F, the radionuclides  15 O and 
 13 N are attractive choices for labelling since their 
stable isotopes are ubiquitous in biologically 
active organic molecules. The extremely short 
half-lives of  13 N ( t ½ = 10 min) and particularly 
 15 O ( t ½ = 2 min) have imposed limitations with 
regard to radiosynthetic methods for these two 
isotopes.  15 O is commonly produced in a cyclo-
tron by the reaction  14 N(d,n)  15 O, whereby irradi-
ation of N 2  with an O 2  content of less than 5 % 
gives the common precursor  15 O 2 . 
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  13 N is produced in the cyclotron by the nuclear 
reaction  16 O(p,α) 13 N. Since  13 N is available as 
nitrate or nitrite in water ( 13 NOx), subsequent 
reduction with Devarda’s alloy yields the most 
commonly used  13 N source,  13 NH 3  [ 3 – 5 ]. Direct 
in-target production of  13 NH 3  is usually carried 
out by addition of ethanol as a scavenger to the 
target water [ 6 ] or the use of methane gas [ 7 ]. 
Using traditional PET isotopes, due to their often 
short half-lives and rapid clearance, only early 
time points are available for imaging, leaving the 
investigation of biological processes, which 
occur over the duration of hours or days, diffi cult 
to explore. 

 With the continuing development of biological 
targeting agents, such as proteins, peptides, anti-
bodies and nanoparticles, which demonstrate a 
range of biological half-lives, the need to produce 
new radionuclides with half-lives complementary 
to their biological properties has increased. As a 
result, the production and radiochemistry of 
radiometals such as Zr, Y and Cu have been inves-
tigated as radionuclide labels for biomolecules 
since they have the potential to combine their 
favourable decay characteristics with the biologi-
cal characteristics of the targeting molecule to 
become a useful radiopharmaceutical. 

 Different Cu radionuclides ( 60 Cu half-life, 
0.4 h;  61 Cu half-life, 3.3 h;  64 Cu half-life, 12.7 h) 
can be cyclotron-produced by “p,n” nuclear reac-
tions using the corresponding enriched Ni 
isotope(s) as target material:  60 Ni(p,n)  60 Cu,  61 Ni 
(p,n)  61 Cu and  60 Ni (p,n)  64 Cu.  86 Y (half-life 
14,7 h) and  89 Zr can be produced by a cyclotron 
via “p,n” nuclear reactions as follows:  86 Sr(p,n) 86 Y 
and  89 Y(p,n) 89 Zr. Besides radiometals, the radio-
halogen  124 I can also be used in a variety of PET 
research applications, such as protein and anti-
body iodinations, as well as in the design and 
synthesis of new PET tracers because of its con-
veniently long half-life ( t ½ = 4.2 days), and well-
established labelling chemistry is [ 8 ,  9 ]. 

 An alternative production of positron-emitting 
radionuclides is via a generator. This is the case 
for radioisotopes such as  68 Ga,  82 Rb and  62 Cu, 
produced by  68 Ge/ 68 Ga,  82 Sr/ 82 Rb and  62 Zn/ 62 Cu 
generators, respectively. Generators have the 
advantage of allowing clinical studies without an 

on-site cyclotron, or if cyclotron beam time is not 
available, and they may provide radionuclides 
and radioactive probes at any time on demand. 

  68 Ga is of great interest as a positron emitter 
because of some important advantages. It has a 
physical half-life of 67.71 min, which is compat-
ible with the pharmacokinetics of most radio-
pharmaceuticals of low molecular weight such as 
peptides, antibody fragments, aptamers and 
oligonucleotides. 

 The impressive success of utilising 
 68 Ga-DOTA-octreotides and PET/CT [ 10 ,  11 ] for 
staging neuroendocrine tumours (NET) paved 
the way not only to the clinical acceptance of this 
particular tracer for imaging NET but also to the 
realisation of the great potential of the  68 Ge/ 68 Ga 
generator for modern nuclear medicine in gen-
eral. The most important PET radionuclides pro-
duced both by cyclotron and generator are 
summarised in Table  4.1 .

4.3        Radiolabelling 
with Fluorine-18 

  18 F is the most often used radionuclide for diag-
nostic PET imaging since the decay properties of 
 18 F provide signifi cant advantages. Among the 
routinely produced positron emitters, the rela-
tively longer half-life of  18 F ( T ½ = 109.8 min) 
poses less constraints on synthesis time and per-
mits longer imaging protocols to investigate pro-
cesses of slower tracer kinetic up to about 6 h. 

 Moreover, the relatively longer half-life of  18 F 
also permits the distribution of  18 F radiopharma-
ceuticals to clinical centres that can be reached 
within a few hours of transport. In recent years, 
however, there has been a huge increase in the 
number of biologically active fl uoro-organic 
drugs; the reason for this is directly due to the 
benefi cial effects of simple substitution of an H 
atom by an F atom on the physical and/or bio-
logical properties of the molecule. 

 Tagging a molecule with  18 F in place of a 
hydrogen atom often does not change its size or 
shape, and generally metabolically stable 
 compounds are obtained. The unknown effects of 
introducing an “unnatural” fl uorine atom,  however, 
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render an analogous compound with potentially 
changed physicochemical properties and with pos-
sibly altered biochemical, pharmacological and 
toxicological features. This necessitates a careful 
evaluation of new  18 F-labelled compounds with 
respect to their anticipated use if they are not iden-
tical with drugs of known pharmacology [ 12 ]. 

 With a few exceptions, radiofl uorinations can 
be classifi ed as either electrophilic or nucleophilic. 
The electrophilic reactions mainly use molecular 
fl uorine ( 18 F 2 ) of moderately low specifi c 
 radioactivity, or reagents prepared from it, and 
include additions to alkenes, reactions with carb-
anions and especially fl uorodehydrogenation and 
fl  uorodemetallation. The nucleophilic  reactions 

usually involve no-carrier-added (high specifi c 
radioactivity) fl uoride ( 18 F − ) as its K 18 F-K222 
complex and include S N 2-type substitutions in the 
aliphatic series and S N Ar-type substitutions in the 
aromatic and heteroaromatic series. 

4.3.1     Electrophilic Fluorination 

 There are  two  major processes for  18 F-electrophile 
production:

    1.    Historical method consists in using the 
 20 Ne(d,α) 18 F nuclear reaction [ 13 ,  14 ], where 
the target gas consists of natural abundance 

   Table 4.1    Positron-emitting radionuclides   

 Nuclide  Half-life  Nuclear reaction  Decay mode  β ±  mean  (KeV)  Target material  Product 

  Cyclotron-produced PET radionuclides  

  18 F  109.8 m   18 O(p,n) 18 F  β +  (96.7 %) 
 EC(3.3 %) 

 249.8  H 2  18 O   18 F −  

  20 Ne(d,α) 18 F 
  18 O(p,n) 18 F 

 Ne/F 2  
  18 O 2  

  18 F 2  

  11 C  20.33 m   14 N(p,α) 11 C  β +  (99.77 %) 
 EC(0,23 %) 

 386  N 2  + O 2    11 CO 2  

  13 N  9.96 m   16 O(p,α) 13 N  β +  (99.8 %) 
 EC(0.2 %) 

 492  H 2 O   13 NH 3  

  15 O  122.24 s   14 N(d,n) 11 C  β +  (99.9 %) 
 EC(0.1 %) 

 735  N 2  + O 2    15 O 2  

  60 Cu  23.7 m   60 Ni(p,n) 60 Cu  β +  (93 %) 
 EC(7 %) 

 970   60 Ni   60 Cu 

  61 Cu  3.33 h   61 Ni(p,n) 61 Cu  β +  (61 %) 
 EC(39 %) 

 500   61 Ni   61 Cu 

  64 Cu  12.7 h   64 Ni(p,n) 64 Cu  β +  (17.6 %) 
 EC(43.9 %) 
 β − (38.5 %) 

 278 
 190 

  64 Ni   64 Cu 

  86 Y  14.74 h   86 Sr(p,n) 86 Y  β +  (31.9 %) 
 EC(68.1 %) 

 660  SrCO 3    86 Y 

  89 Zr  78.41 h   89 Y(p,n) 89 Zr  β +  (22.74 %) 
 EC(77.26 %) 

 396  Natural  89 Y   89 Zr 

  124 I  4.18 days   124 Te(p,n) 124 I  β + (22.7 %) 
 EC(77.3 %) 

 820   124 TeO   124 I 2  

  Generator-produced PET radionuclides  

  62 Cu  9.67 m   62 Zn/ 62 Cu 
generator 

 β +  (97.83 %) 
 EC (2.17 %) 

 1319 

  82 Rb  1.27 m   82 Sr/ 82 Rb 
generator 

 β +  (95.43 %)  1472 

  68 Ga  67.71 m   68 Ge/ 68 Ga 
generator 

 β +  (88.91 %) 
 EC(11.09 %) 

 829.5 

  Data source: National Nuclear Data Centre, Brookhaven National Laboratory, based on ENSDF and the Nuclear Wallet 
Cards  
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Ne containing 0.1–2 % F 2  as carrier. In this 
system, the carrier fl uorine exchanges with  18 F 
produced by the nuclear reaction to yield  18 F- 
 19 F molecules. Because of the large excess of 
 19 F 2  molecules present, the resulting specifi c 
activity is very low. 

 Recovery from this target system is rather 
slow, ranging from about 50–70 % depending 
upon conditions such as beam current, length 
of irradiation and correlates with the carrier 
concentration.  18 F 2  gas produced in the cyclo-
tron can be directly used for electrophilic fl uo-
rination or alternatively be used as a progenitor 
of other fl uorination reagents.   

   2.    The two bombardment method, using  18 O(p,n) 18 F 
nuclear reaction and O 2  gas for production of 
elemental fl uorine  18 F 2  [ 15 ], offers the opportu-
nity to produce larger quantities, however, at the 
expense of being more complicated.    

  In this approach, the fi rst bombardment is 
done on passivated nickel target charged with 
>95 % enriched O 2  and irradiated with 10 MeV 
protons to give  18 F.  18 F sticks to the target walls, 
while  18 O 2  is recovered. Refi lling the target with a 
noble gas (Ne or Kr)/ 19 F 2  mixture and a second 
irradiation allows radiolitically induced isotopic 
exchange reactions between the adsorbed  18 F and 
the molecular  19 F 2  to generate the  18 F 2 . Specifi c 
activity is low and can be modulated by decreas-
ing the  19 F 2  concentration in the mixture which 
unfortunately leads to a decrease of  18 F 2  yield. 

 Fluoride is a violently reactive gas that errati-
cally reacts with organic molecules to give poor 
regioselectivity and mixtures of products that 
result from the addition across the double bond 
[ 16 ]. Considerable steps usually need to be taken 
to control the very reactive  18 F 2  species. The use 
of fl uorine diluted with an inert gas gives a more 

controllable reagent that can react selectively 
with organic compounds. 

 Another alternative for the use of the reactive 
 18 F 2  electrophile is to convert it to the less reactive 
electrophilic moiety, acetyl hypofl uorite (AcOF) 
[ 16 ,  17 ]. This method can be applicative for a direct 
labelling of small molecules [ 18 ] or peptides [ 17 ]. 

 Other derivatives that have been used as electro-
philic fl uorinating reagents are  18 F Fluoropyridones 
[ 19 ,  20 ] and  18 F-fl uoro-N sulfonamides [ 21 ]. These 
reagents can be used to fl uorinate electron-rich 
substrates (such as alkenes and aryl compounds) by 
either direct electrophilic substitution or by 
demetallation reactions using organometallic 
reagents such as organomercury and organotin 
reagents. The widest use of  18 F-electrophile in clin-
ical radiopharmacy is represented by the synthesis 
of  18 F-DOPA by regioselective, electrophilic fl uo-
rodestannylation reaction [ 22 ,  23 ] (Fig.  4.1 ).

    18 F 2  gas with much higher specifi c activity can 
be produced with a “post-target” method devel-
oped by Bergman and Solin [ 24 ]. This could lead 
to three orders of magnitude higher improved 
specifi c activity of the tracer, but it is extremely 
diffi cult to implement in clinical radiopharmacy. 

 In conclusion, because of the relatively low 
specifi c activity caused by the carrier-added 
method of  18 F 2  production and the poor specifi c-
ity of labelling with electrophilic reagents, elec-
trophilic  18 F-fl uorinations are less favoured 
nowadays, and the general trend is to move to 
nucleophilic substitution reactions.  

4.3.2     Nucleophilic Fluorination 

 Nucleophilic  18 F-fl uorination reactions are rou-
tinely used to effi ciently produce some of the 
most important PET radiotracers: virtually all 
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  Fig. 4.1    Synthesis of 6- 18 F-fl uoro-L-DOPA       
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 18 F-labelled radiopharmaceuticals used in clini-
cal practice are obtained by this synthetic 
approach. Nucleophilic  18 F −  is commonly pro-
duced by the nuclear reaction  18 O(p,n)  18 F from 
enriched H 2  18 O. The present technology for the 
production of  18 F −  consists of irradiating a small 
volume of enriched  18 O-H 2 O in a metal target 
with protons of energies from near threshold 
(approximately 3 MeV) up to energy of the 
cyclotron, although energies above 13 MeV add 
little to yield while increasing the heat load on 
the target. Typical beam currents for research are 
on the order of 20–40 μA while beam currents for 
commercial production facilities are in the 
60–100 μA range. 

 The new niobium target has proven to be a 
low maintenance target with reliable production 
and a good quality of  18 F − . Water targets in gen-
eral can produce higher specifi c activity  18 F −  
which is mandatory to achieve high specifi c 
activity tracers. Specifi c activities of 185 GBq/
μmole or more (theoretical 63 TBq/μmol) have 
been achieved in routine production [ 25 ]. The 
choice of materials and careful handling are nec-
essary to maintain high specifi c activity in the 
fi nal product since stable fl uorine can be found 
in many substances [ 26 ]. 

  18 F −  from the target is then trapped on an ion- 
exchange column which allows the recovery of 
H 2  18 O. The trapped  18 F −  is then eluted from the 
ion-exchange resin using potassium carbonate in 
a water/acetonitrile solution. The aqueous  18 F −  
obtained is, however, a poor nucleophile because 
of its high degree of solvation. The addition of 
the phase-transfer reagent kryptofi x-222 (K222), 
followed by the removal of water has proven to 
be crucial in improving the reactivity of the  18 F 
fl uoride ion for nucleophilic substitution reac-
tions. The cryptand K222 forms a strong com-
plex with the potassium cation (Fig.  4.2 ) and 
leaves the  18 F −  fl uoride ion exposed (“naked”) 
and highly nucleophilic when dissolved in a polar 
non-protic solvent such as DMF, DMSO, or 
acetonitrile.

   Tetrabutylammonium (TBA) is a phase trans-
fer catalyst alternative to K222. Comparisons 
between the reactivity of the two catalysts seem 
to support the hypothesis that TBA fl uoride gives 

greater yields of fl uorinated products in short 
reaction times (<10 min) [ 27 ]. Conversely K222 
could cope to metallic impurities from target bet-
ter than tetraalkylammonium complexes [ 28 ]. 

 In addition to  18 F-fl uoride activation, the react-
ing precursor molecule is required to have a suit-
able leaving group and, in the case of aromatic 
rings, be suitably activated. In contrast to the 
wide variety of electrophilic reagents that have 
been developed and used with varying success, 
there is only one nucleophilic fl uorinating 
reagent: fl uoride ion. Nucleophilic fl uorination 
can be performed both on aliphatic (S N 2) and aro-
matic compounds (S N Ar). 

4.3.2.1     Aliphatic Nucleophilic 
Fluorination 

 Nucleophilic displacement that is usually used 
for aliphatic fl uorination reactions involves the 
S N 2 substitution of  18 F ion and alkyl substrate 
containing good leaving groups such as halogens 
or sulfonic ester. Unlike aromatic substitution 
reactions, activating groups are not required. 

 Sulfonates are more reactive than halogens as 
a leaving group. There is a variety of sulfonate 
leaving groups available for aliphatic nucleo-
philic fl uorination, such as p-toluenesulfonate 
(tosylate), methanesulfonate (mesylate), trifl uo-
romethanesulfonate (trifl ate) and p- nitrosulfonate 
(nosylate). Among the sulfonates, reactivity 
increases from tosylate to mesylate and nosylate 

18F-K+

  Fig. 4.2    Complexation of a potassium ion ( purple ) by the 
cryptand kryptofi x-222 (K222);  light blue : fl uoride ion       
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and to trifl ate that is the most reactive group for 
 18 F-labelling. Nevertheless, due to its high reac-
tivity, trifl ate compounds may be unstable during 
the fl uorination reaction temperatures; they can-
not tolerate any water and are subject to side 
reaction such as elimination. 

 Depending on the stability of the precursor for 
labelling, the reactivity and simplicity of the 
incorporation, aliphatic fl uorination can be 
formed by either direct labelling [ 2 ,  29 ] or forma-
tion of  18 F-fl uoroalkyl agents [ 30 ,  31 ]. The main 
drawback of direct labelling method is the need 
to protect any potentially competing sites of 
nucleophilic attack in the molecule (principally 
acid, alcohol or amine groups), thus resulting in 
additional synthesis and purifi cation steps. 

 A good example of aliphatic nucleophilic  18 F 
substitution is the synthesis of  18 F-FDG [ 2 ] in 
which the acetyl-protected sugar tetra-O-acetyl- 
2-trifl ate-β-mannose is used during the direct 
 18 F-fl uorination step. A deprotection of the ester 
groups completes the synthesis of  18 F-FDG. The 
synthesis of  18 F-FDG is now fully automated and 
can be achieved in approximately 30 min with 
radiochemical yields greater than 70 % (Fig.  4.3 ). 
A wide offer of synthesis modules, also equipped 

with disposable cassette that includes all the 
reagents, are available on the market.

   Besides  18 F-FDG, many radiopharmaceuticals 
have been synthesised by S N 2 fl uorination reac-
tions involving aliphatic substitution such as 
 18 F-fl uoro-3-deoxy-L-thymidine ( 18 F-FLT) [ 32 , 
 33 ],  18 F-fl uoroestradiol ( 18 F-FES) [ 34 ,  35 ], 
 18 F-fl uoromisonidazole ( 18 F-FMISO) [ 36 ] and 
anti-1-amino-3- 18 F-fluorocyclobutane-1- 
carboxylic acid ( 18 F-FACBC) [ 37 ], a promising 
tracer for staging prostate carcinoma. 

 Even if protic solvents, such as alcohols, are 
generally not used for nucleophilic substitution 
reactions because of their ability to solvate the 
nucleophile and retard its reactivity, the use of 
ionic solvents, such as tertiary alcohols, as a reac-
tion media for the nucleophilic fl uorination with 
alkali metal fl uoride has been described [ 38 ,  39 ]. 
The protic medium is reported to suppress the 
formation of by-products and increase the rate of 
nucleophilic fl uorination. An example is the sig-
nifi cant improvement in the synthesis yield of 
 18 F-FLT [ 40 ] compared to previously described 
methods using  18 F-KF/K222 labelling procedure 
in aprotic solvents (Fig.  4.4 ).

    18 F-fl uoroalkyl agents are synthesised by S N 2 
reaction of  18 F-fl uoride with dihalo or disulfonate 
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alkyl starting materials with no-carrier-added 
 fl uoride ion in the presence of K 2 CO 3 /K222 com-
plex or tetrabutylammonium hydroxide in organic 
solvents such as acetonitrile, o- dichlorobenzene 
or tetrahydrofuran [ 30 ,  31 ].  18 F-fl uoroalkylating 
agents with methyl, ethyl and propyl carbon back-
bones together with  suitable leaving groups for 
reaction with nucleophilic species have been pre-
pared (Fig.  4.5 ).

   The large excess of the alkyl starting material 
compared to the  18 F −  allows exclusive formation 
of the mono  18 F-fl uoroalkyl halide or sulfonate. 
After the formation of  18 F-fl uoroalkyl agent, it 
can be used for the second alkylation reaction. 
 18 F-fl uoroalkyl agents can be purifi ed using gas 
chromatography separation or distillation from 
the reaction mixture into disposable C 18  car-
tridges [ 31 ]. Purifi cation of  18 F-fl uoroalkyl agent 
before the next alkylation reaction provides more 
chemically and radiochemically pure product and 
eliminates non-volatile impurities, therefore 
increasing the radiochemical yield of the second 
alkylation reaction. 

 The most known aliphatic substitution reaction 
using  18 F-fl uoroalkyl agents is the radiosynthesis 
of  18 F-fl uorocholine, in which dibromomethane is 
fl uorinated to generate  18 F-fl uorobromomethane, 
which reacts with dimethylethanolamine to pro-
duce  18 F-fl uorocholine [ 41 ]. In some cases, 
 18 F-fl uorobromomethane can be converted to the 
more reactive synthon  18 F-fl uoromethyltrifl ate, 
which would react more effi ciently with 2-dimeth-
ylethanolamine to give  18 F-fl uorocholine [ 31 ].  

4.3.2.2     Aromatic Nucleophilic 
Fluorination 

 Introduction of no-carrier-added  18 F into aro-
matic ring is mostly limited to substitution on 
activated arenes. The presence of “activating” 
electron-withdrawing groups, such as cyano, 

 trifl uoromethyl, aldehydes, ketones and nitro, in 
the ortho and para positions on the aromatic ring 
decreases the electron density allowing for a suf-
fi cient activation for the nucleophilic substitution 
[ 16 ]. The leaving group most widely used in aro-
matic nucleophilic fl uorination are nitro, quater-
nary trimethylammonium, alogens and 
sulphonates such as tosylate, mesylate and tri-
fl ate. Due to low specifi c activity of the fi nal 
product, isotopic exchange,  19 F-fl uoride to 
 18 F-fl uoride, is not used. 

 Direct aromatic nucleophilic fl uorination has 
been used for obtaining high radiochemical yields 
and specifi c activities of  18 F-labelled compounds 
by a simple one-pot method [ 42 ]; however, not all 
the precursors for the labelling can handle high 
temperature and basic conditions of the fl uorina-
tion; they may decompose during radiosynthesis. 
More often, the labelled compounds can be 
obtained by milder indirect  18 F-labelling methods. 
An example is the use of small  18 F-labelled reactive 
precursors bearing a reactive functional group that 
can form part of the intrinsic structure of the mol-
ecule or act as a “prosthetic label” to the molecule 
of interest such as proteins or other biomolecules. 
These  18 F-fl uoroaromatic groups can be used as 
 18 F-precursor molecules by reacting rapidly and 
under mild conditions after the initial direct 
 18 F-fl uorination step. A range of  18 F-fl uoroaromatic 
precursors is shown in Fig.  4.6 .

   Nitrobenzene derivatives and 
 18 F-fl uorobenzaldehydes are the most widely used 
precursors in the preparation of simple 
 18 F-fl uoroaromatic compounds. The nitro group is 
both an activating group (in the ortho or para posi-
tions) and a leaving group under the right condi-
tions. The strongly electron withdrawing nature of 
the nitrile group provide a high radiochemical 
yield of  18 F-fl uorobenzonitrile precursors; more-
over, the nitrile group can further be transformed 

X

[18F]KF.K222X X
Nu

Nu-
18F

18F

X = Br, l, or tosylate

n = 0-2 n = 0-2 n = 0-2

  Fig. 4.5    Synthesis of a simple  18 F-fl uoroaliphatic agents       
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into reactive groups such as N-(4-  18 F- fl uorobenzyl)-
2-bromoacetamide for the  18 F-labelling of peptides 
and oligonucleotides (see Sect.  4.3.3 ) [ 43 ]. 

 The increased use and versatility of palladium- 
catalysed cross-coupling reactions in organic chem-
istry have had an important effect in the fi eld of 
radiochemistry. The new chemical methods hold 
the unrealised potential of changing radiotracer 
design and development since the synthesis of rela-
tively simple  18 F-fl uoroaryl precursors has, until 
recently, been surprisingly quite problematic. 
Recently it has been described the process of the 
successful translation of a modern Pd-mediated 
fl uorination reaction and the application to PET 
imaging. Transformation of  18 F-fl uoride into an 
electrophilic fl uorination reagent provides access to 
 18 F-aryl bonds that would be challenging to synthe-
sise via conventional radiochemistry methods [ 44 ]. 

 Aromatic nucleophilic substitution can also be 
done using diaryliodonium salts and, without the 
need of electron withdrawing groups, fl uoride can 
be introduced into the arene. The introduction of 
 18 F-fl uoride into dihomoaryliodonium salts pre-
cursor gives  18 F-fl uoroarenes and the correspond-
ing iodoarenes [ 45 ] and represents an extremely 
useful alternative for the synthesis of a range of 

simple  18 F-fl uoroaromatic compounds in good 
radiochemical yields and in short reaction times 
that would be otherwise unobtainable by tradi-
tional methods. Very recently, it has been demon-
strated that a novel synthetic approach to 
synthesise  18 F-DOPA via nucleophilic substitu-
tion of a diaryliodonium salt precursor with 
 18 F-fl uoride [ 46 ] yielded a product with SA of 
three orders of magnitude higher than the product 
obtained by the traditional electrophilic destanny-
lation with  18 F 2  with comparable biological behav-
iour and imaging properties in neuroendocrine 
tumour model [ 47 ] .  The simplicity of the synthe-
sis method, compared with the conventional elec-
trophilic approach along with the possibility of 
injecting a dose three orders of magnitude lower 
in comparison with the conventional product, thus 
dramatically reducing the risk of pharmacologic 
effects due to the co- administration of  19 F-DOPA, 
appears very promising.   

4.3.3       18 F-Labelling of Biomolecules 

 Biomolecules such as peptides, proteins, affi bod-
ies, antibodies and oligonucleotides can be 
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labelled with fl uoride-18 and evaluated for their 
potential as diagnostic imaging agents. 
Considering the relatively short  18 F half-life, 
labelling biomolecules with  18 F needs a careful 
consideration of the tracer kinetics since a fast 
clearance from the blood and high accumulation 
in target tissue should be required. Out of the bio-
molecules mentioned above, peptides fi t these 
demands, with rapid clearance from the blood and 
high concentrations in target tissue. Moreover, the 
small size of peptides usually makes them rela-
tively easy to synthesise with chemical modifi ca-
tion, if needed, and they can often tolerate harsh 
chemical conditions for radiolabelling. 

 Larger biomolecules, such as antibodies, have 
slow pharmacokinetics (slow clearance from the 
blood) and high nonspecifi c binding, and they 
usually have lower uptake in target tissue and 
sometimes dependent on protein concentrations 
in the short time frame of the imaging. 

 Direct nucleophilic fl uorination with 
 18 F-fl uoride is not generally appropriate with 
larger peptides and proteins because of the high 
temperatures, organic solvents and basic condi-
tions needed to obtain a good radiochemical 
yield. The strategy for labelling peptides and pro-
teins for PET studies is based on the introduction 
of  18 F radionuclide by reaction with suitable pros-
thetic group under mild reaction condition. There 
is no general protocol for the synthesis of labelled 
peptides for PET, and often several labelling pro-
cedures need to be explored and optimised to fi nd 
the best method for a particular peptide. 

 Many of these prosthetic  18 F-groups have been 
synthesised for targeting amino, carboxylic acid, 
or sulfhydryl functional groups within the pep-
tide. N-terminal primary amino groups and lysine 
residues in proteins or peptides have received the 
greatest attention. 

 To date, the most common  18 F-prosthetic group 
for labelling biomolecules through the reactive 
amine group of lysine is the N-succinimidyl-4-
 18 F-fl uorobenzoate ( 18 F-SFB) [ 48 ].  18 F-SFB can 
be synthesised in different routes, starting from 
different precursors, but it requires a time-con-
suming three-step synthesis. Recently, however, 
signifi cant advances have been taken to automate 
its synthesis [ 49 ]. Coupling of  18 F-SFB with 

 peptides or proteins can be performed under mild 
pH and temperature conditions in aqueous media 
(pH 8–9). Acylation with  18 F-SFB was shown to 
be a convenient labelling method in terms of 
in vivo stability and radiochemical yield. 

 4- 18 F-fl uorobenzaldehyde ( 18 F-FBA) has also 
proven to be a versatile labelling reagent that is 
signifi cantly easier to prepare than  18 F- 
SFB. Chemoselective  18 F-labelling, with high 
radiochemical yields and under mild reaction 
conditions, of peptides having an amino-oxyl 
functional group (via the formation of an oxime 
group) can be achieved using  18 F-FBA [ 50 ]. 

 Another possible method involves labelling a 
thiol group (e.g. in cysteine) using  18 F-prosthetic 
group maleimide ( 18 F-maleimide) and its deriva-
tives ( 18 F-FBABM) [ 51 ]. The radiosynthesis of 
 18 F-maleimide and its derivatives can also be 
done through the formation of other  18 F-prosthetic 
groups such as 4- 18 F-fl uorobenzaldehyde or  18 F- 
FBA that could be further reacted with different 
maleimide precursors to give various derivatives 
of  18 F-maleimide prosthetic groups [ 51 ]. 
4- 18 F-fl uorobenzaldehyde is capable of forming 
bond with hydrazino group in the biomolecule, to 
form hydrazone [ 52 ]. 

  18 F-glycosylation reactions of amino acids and 
peptides using chemoselective  18 F-fl uoro- 
glycosylated derivatives of  18 F-FDG have been 
reported to be an effective way of introducing an 
 18 F-label [ 53 ]. The glycosylation of biomolecules, 
such as peptides or proteins, has been frequently 
shown to improve the in vivo kinetics and stability 
in blood, to enhance bioavailability and BBB per-
meability and to accelerate the clearance of such 
glycoconjugates in vivo. Moreover, it has been 
shown by that glycosylation of peptides with sub-
sequent radiolabelling opens the way to radiotrac-
ers with improved in vivo properties. The area of 
 18 F-glycosylation reactions has recently and com-
prehensively been reviewed [ 54 ]. 

 The reaction of 1,3-dipolar cycloaddition 
(Huisgen reaction), fl exible  18 F-labelling chemis-
try known as “click chemistry” and its use in 
radiochemistry were reported in 2006 [ 55 ] for the 
preparation of  18 F-labelled peptide fragments. 
Especially the Cu(I)-catalysed variant of the 
Huisgen 1,3-dipolar cycloaddition of terminal 
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alkynes and azides (Cu-catalysed azide-alkyne 
cycloaddition, CuAAC) offers a very powerful 
reaction with high specifi city and excellent yields 
under mild conditions [ 56 ]. 

  18 F-labelled alkynes were prepared by the 
 18 F-nucleophilic substitution reaction of an alkyne 
tosylate. The large stoichiometric excess of the CuI 
catalyst and azide compared to the  18 F-alkyne 
results in good to excellent radiochemical yield for 
the conjugation step within 10 min at room tem-
perature under basic conditions. The labelled com-
pounds were obtained in high purity by using a 
simple purifi cation method based on a C 18  cartridge 
followed by evaporation of the eluent solvent and 
excess  18 F-fl uoroalkyne. As a result, numerous 
PET tracers have been synthesised using CuAAC 
in a widespread spectrum of structural varieties of 
the prosthetic group within the last decade. 

 In 2007, it has been reported for the fi rst time 
[ 57 ]  18 F-PEG derivatives as new  18 F-labelled pros-
thetic click groups. These compounds showed a 
reduced volatility and increased polarity com-
pared with other  18 F-labelled prosthetic groups 
like  18 F-FEA or  18 F-fl uoroalkynes.  18 F-labelled 
PEGylated prosthetic groups have been widely 
employed by for labelling peptides and nanopar-
ticles [ 58 – 60 ].  18 F-gluco derivatives for CuAAC-
radiolabelling have been developed in order to 
improve the in vivo behaviour of peptides with 
respect to blood clearance and stability [ 54 ,  61 ]. 

 However, the need of cytotoxic copper during 
CuAAC has led to the necessity of alternative fast 
and copper-free click reaction strategies for 
radiofl uorination and additionally enabling pre-
targeting approaches in living systems. This has 
led to the development of copper-free click- 
labelling reactions which have been focused on 
derivatives of cyclooctynes and dibenzocyclooc-
tynes [ 62 ] or on the possibility to perform Cu-free 
click reactions given by the inverse electron 
demand of the Diels-Alder cycloaddition between 
a cyclooctene and a tetrazine [ 63 ]. A detailed 
review on the development of click chemistry for 
 18 F-labelling has been recently published [ 64 ]. 

 The fi eld of click cycloadditions has a major 
impact in  18 F-labelling chemistry. Very mild reac-
tion conditions, excellent effi ciency and 
 protection group chemistry not needed are 

 particularly suitable for  18 F-labelling especially 
for complex and sensitive biomolecules such as 
peptide, proteins and oligonucleotides. 

 Silicon has a high affi nity for F, allowing facile 
introduction of  18 F under mild conditions facilitat-
ing direct  18 F-labelling to Si-conjugated biomole-
cules. In silicon-based  18 F-fl uoride acceptor 
(Si-FA) moieties, the Si atom is associated with 
an aromatic group, and  18 F-labelling of the Si is 
achieved by isotopic exchange or substitution of 
an OH group. The  18 F-Si-FA is then conjugated to 
the biomolecule. Since the side groups attached to 
the Si atom affect the stability of the  18 F-Si bond 
in the Si-FA moiety to hydrolysis, it has been 
demonstrated that tert-butyl groups dramatically 
improved the stability of the  18 F-Si complex in the 
labelling of peptide moieties [ 65 ,  66 ]. 

 Effi cient protein labelling by conjugation with 
 18 F-Si-FA has also been demonstrated [ 67 ,  68 ]. 
The authors [ 68 ] suggested that the  18 F-labelling 
of serum albumin for blood pool imaging proce-
dure could be adapted to a simple kit method, 
avoiding time-consuming purifi cation or toxic 
catalysts. The use of a boronic ester as a captor of 
aqueous  18 F-fl uoride has been suggested as a 
means of labelling biomolecules in one step for 
PET imaging. Boroaryl compounds can form sta-
ble boron trifl uorides, facilitating  18 F-fl uorination 
of boronic acids or esters in the presence of 
 18 F-fl uoride/KHF2 mixtures. However, optimisa-
tion of radiolabelling conditions, as well as deter-
mination of the best electron- withdrawing 
substituents on the aromatic ring to achieve a 
practically applicable  18 F-labelling rate and trac-
ers with  18 F-B bonds stable to hydrolysis, is 
strongly required. Further in vivo studies are 
needed to fully determine the potential of boron-
based fl uoride acceptor molecules for  18 F-labelling 
of macromolecules. 

 Radiolabelling of peptides and macromole-
cules with metal nuclides, for example,  68 Ga, 
 99m Tc,  111 In, is carried out by a simple chelation 
step. These labelling procedures are easier than the 
 18 F and  11 C nucleophilic substitution reactions, do 
not require the use of the complex instrumentation 
and could be translated to a kit formulation. 

 A new method for  18 F-labelling was published 
by McBride et al. [ 69 ], which reported on the 
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direct labelling of chelate-attached peptide with 
aluminium fl uoride (Al 18 F). Initially,  18 F-fl uoride 
is attached to aluminium to form Al 18 F, which is 
further reacted with peptides that contain macro-
cyclic chelator group such as NOTA (1,4,7- triaza
cyclononane- 1,4,7-triacetic acid), to form a sta-
ble complex of Al 18 F-NOTA-peptide. This 
method is characterised by short synthesis time, 
aqueous environment, absence of toxic phase 
transfer catalysts and lower peptide concentra-
tion required for effi cient labelling in comparison 
with  18 F-N-succinimidyl 4-(fl uoromethyl) benzo-
ate succinyl method [ 70 ]. 

  18 F-fl uoride should be purifi ed with a QMA 
and the optimum pH adjusted with acetic acid to 
pH 4.0 and incubated with conjugated peptide at 
100°. It has been also demonstrated [ 71 ] that 
 18 F-fl uoride used directly without QMA purifi ca-
tion produced similar labelling yields as QMA- 
purifi ed  18 F-fl uoride. 

 Optimisation of the factors that infl uence 
labelling yield including the Al 3+ /peptide ratio, 
the presence of hydrophilic organic solvents and 
antioxidants allowed the translation of the label-
ling procedure to a kit form [ 72 ]. 

 The aluminium fl uoride approach has been 
applied to the labelling of several peptides such 
as RGD peptides for imaging of integrin αvβ3 
[ 73 ], bombesin derivatives [ 74 ], prostate-specifi c 
membrane antigen (PSMA) ligands [ 75 ], anti- 
CEA antibodies [ 76 ] and in vivo labelling of 
serum albumin for PET [ 77 ]. 

 The chelation of Al 18 F with NOTA, NODA or 
other macrocyclic chelator-conjugated peptides 
represents the most promising novel approach for 
convenient  18 F-labelling of peptides and biomol-
ecules since it is rather simple and can be devel-
oped in kit form, opening up the possibility of 
carrying out  18 F-labelling without the need for 
expensive PET chemistry facilities.   

4.4     Radiolabelling 
with Carbon-11 

 Carbon-11 is an attractive PET radionuclide 
because is an ubiquitous element in biomole-
cules; thus,  11 C-labelled molecules will behave 

the same, chemically and biologically, as their 
unlabelled equivalent, preventing any doubts 
about the effect of introducing an “artifi cial” PET 
radionuclide (such as introducing an  18 F atom) 
may have on the biological properties of the com-
pound of interest. Moreover, the possibility to 
choose from different labelling positions in the 
same molecule provides the possibility to refi ne 
the radiopharmaceutical in terms of metabolic 
stability and nonspecifi c background ratio [ 78 ]. 
The short life of  11 C also enables comparative 
PET studies with the same  11 C-tracer or with 
 11 C-tracer and  18 F-tracer (multitracer studies) in a 
short time frame with more favourable patient 
dosimetry [ 79 ]. 

 On the other hand, the production of these 
radiopharmaceuticals must be performed in PET 
facilities with on-site cyclotrons and should be as 
fast as possible to reduce the loss of activity due 
to decay. Although the half-life of  11 C is rather 
short (20.4 min) and limits multistep synthesis, a 
diverse array of reactions has been applied and 
developed for the introduction of  11 C into target 
molecules. 

 One limitation is the small number of 
 11 C-precursors available that can be used directly 
in synthesis or converted into more reactive sec-
ondary precursors prior to the fi nal radiolabelling 
step.  11 CO 2  and  11 CH 4 , which are formed by 
 14 N(p,α) 11 C reaction (see Sect.  4.2 ) when either 
small amounts of oxygen or hydrogen, respec-
tively, are present in the target, are the main 
 11 C-precursors used for the synthesis. Almost all 
 11 C-labelled compounds for PET are made from 
these two major synthons (Fig.  4.7 ).

    11 CO 2  is produced using a mixture of nitrogen 
with trace amount to 2 % of oxygen, while  11 CH 4  
is produced using a mixture of nitrogen with 
5–10 % of hydrogen as gas target. Another way to 
produce  11 CH 4  is the reduction of  11 CO 2  with 
hydrogen on a nickel catalyst at high temperature 
[ 80 ].  11 CO 2  can be recovered from cyclotron and 
purifi ed by means of cryogenic trapping with liq-
uid nitrogen or by trapping on molecular sieves 
[ 81 ].  11 CH 4  can be recovered and purifi ed with a 
Porapak N trap [ 80 ]. The use of in-target- 
produced  11 CH 4  improves the specifi c activity 
(SA) [ 82 ,  83 ] but requires a long time to reach 
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maximum yield, and, in general, total obtained 
activity is lower compared to  11 CO 2  target [ 83 ]. 

 The development of technology has had a piv-
otal role in the diffusion of  11 C tracers with rele-
vant applications mainly in clinical oncology 
[ 84 ] and neurology. The use of fully automated 
synthesis modules [ 85 – 87 ] also combined with 
automated HPLC purifi cation [ 88 ], microfl uidic 
reactors [ 89 ,  90 ], “on-column” synthesis [ 91 ] and 
automated “loop” synthesis [ 92 ,  93 ] and other 
technological approaches, have enhanced the 
speed, effi ciency, reliability and safety of radio-
synthesis, leading to a fi nal product characterised 
by pharmaceutical quality. 

4.4.1      11 C-Methylation Reactions 

  11 C-methylation leads to the incorporation of 
 11 CH 3  methyl group into a target compound; it 
represents the most frequently used method for 
the introduction of  11 C into organic molecules. 

  11 C-methyl iodide ( 11 CH 3 I) is the most com-
monly used methylating agent and can be prepared 
by using two different methodologies: the “wet 
chemistry”, which is based on  11 CO 2  reduction by 
LiAlH 4  and followed by iodination with hydroiodic 
acid [ 81 ,  94 ,  95 ], and the “gas-phase chemistry”, 
which synthesises  11 CH 3 I from radical iodination 
of  11 CH 4  by molecular iodine [ 80 ,  96 ] (Fig.  4.8 ).

   Compared to “gas phase chemistry”, “wet 
chemistry” method generally provides  11 CH 3 I in 

higher yields (almost twofold higher) and in 
shorter synthesis time. However, the use of 
reagents like HI and LiAlH 4  makes more diffi cult 
the management of the synthesis and cleaning 
procedures. Moreover, lower  11 CH 3 I SA values 
are in general obtained since LiAlH 4  is a carrier 
of cold CO 2 . Average SA values reached with this 
method are within 1–5 Ci/μmol decay corrected 
(DC) at the end of synthesis (EOS). Lowering 
LiAlH 4  amount, using freshly distilled solvent, 
low target volume and high purity gas are strongly 
recommended to increase  11 CH 3 I SA [ 81 ]. 

 On the contrary, an advantage of the “gas 
phase chemistry” is the elimination of LiAlH 4 , 
which contributes to the higher SA of  11 CH 3 I 
(even more than 15 Ci/μmol DC at EOS [ 80 ]), a 
clear advantage of this method when higher SA 
radiopharmaceuticals are needed. Furthermore, 
elimination of LiAlH 4  and HI facilitates cleaning 
procedures and allows back-to-back syntheses of 
 11 CH 3 I without adding or changing reagents. 

 The alternative methylating agent  11 CH 3 - 
methyl trifl ate ( 11 CH 3 OTf) has become more 

11CO2
11CH4

11CH2O 11CH3OH 11CH3I 11CH3OTf

11CO 11CCl4

R11COCl R11COOMX H11CN 11COCl2

R11CH2OHR11CH2X

  Fig. 4.7    Precursors used 
in the synthesis of 
 11 C-labelled compounds 
produced from the two 
major synthons  11 CO 2  
or  11 CH 4        
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  Fig. 4.8    Production of  11 CH 3 I via LiAlH 4 /HI method ( wet 
chemistry ) or via iodination of  11 CH 4  ( dry chemistry )       
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important and more widely used in recent years 
because of its greater reactivity and volatility 
[ 97 ]; these properties make it ideally suited to 
rapid methylation reactions [ 98 ,  99 ]. 

  11 C-methyl trifl ate is prepared by passing gas-
eous  11 CH 3  through a column of silver trifl ate at 
200 °C [ 97 ]. The introduction of the  11 CH 3  group 
into a target molecule is generally carried out by 
nucleophilic substitution reactions of methyl 
iodide with a precursor amine, alcohol or thiol 
group to form the labelled primary or secondary 
amine, ether or thioether (N-, O- and 
S-methylation reactions). The synthetic methods 
used to carry out methylation reactions are rela-
tively straightforward and usually involve simply 
trapping  11 CH 3 I in a solution of the target precur-
sor and heating for a short time. For some onco-
logical tracers like  11 C-choline [ 91 ] or 
 11 C-methionine [ 100 ] that have an huge impact in 
clinical PET, methylation reactions are carried 
out also at room temperature using “on-column” 
approach. 

 The “loop” methods involve coating the 
inside surface of the loop with micromolar 
amounts of reagent precursor in a suitable sol-
vent and then passing a gaseous stream of 
 11 CH 3 I or  11 CH 3 OTf through the stainless-steel 
or plastic/polymer loops as reaction chambers. 
This is an example of “captive method” where, 
as previously described in the “on-column” 
method, the solution of the target precursor is 
coated on a solid device and the  11 CH 3 OTf is 
trapped. These methods have found increased 
use in simple  11 C-methylation reactions because 
of their ease of use, reproducibility and 
versatility. 

 The simplicity and speed of the methylation 
reaction has made it the primary method for the 
production of  11 C-labelled compounds. Many 
 11 C-methylation procedures have been reported 
not only for oncological tracers like  11 C-choline 
and  11 C-methionine but also for the production of 
 11 C tracers for imaging amyloid plagues ( 11 C-PIB 
[ 101 ]), dopamine receptors ( 11 C-raclopride [ 102 ], 
 11 C- N -methylspiperone [ 103 ]), opiate receptors 
( 11 C-carfentanil [ 104 ]), benzodiazepine receptors 
( 11 C-fl umazenil [ 105 ]) and many others. 

 The dimethylamine functional group is a com-
mon component of the chemical structure of 

numerous drugs, thus representing an attractive 
moiety for  11 C-labelling.  11 C dimethylamine pro-
vides an attractive alternative method for the 
preparation of  11 C-methyl compounds with 
dimethylamine functional groups that avoid the 
direct use of  11 C-methyl iodide [ 106 ]. Many other 
reactions are used for  11 C-labelling particularly in 
research PET radiochemistry. Although the appli-
cation of these labelling strategies in clinical 
radiopharmacy is still to be fully established, 
they should be briefl y mentioned. 

 The vast developments in traditional synthetic 
chemistry where palladium catalysts are used for 
the formation of C-C, C-O and C-N bonds have 
led to a wider application of the palladium- 
catalysed reactions for C-C bond formation in the 
synthesis of  11 C compounds for PET. Palladium(0)-
mediated Stille-type coupling reactions have been 
the most widely studied of the palladium coupling 
reactions for the introduction of  11 C methyl groups 
into organic molecules [ 107 ]. A review on the 
application of cross coupling reaction for the 
preparation of PET radiotracers has been pub-
lished [ 108 ].  

4.4.2      11 C-Carbonylation Reactions 

 Labelling target molecules with  11 CO is an attrac-
tive strategy which came about for at least three 
reasons: fi rst, the huge number of carbonyl- 
containing biologically interesting molecules 
that have the potential to be synthesised through 
carbonylation reactions; second, the use of  11 CO 
might be favourable because lower atmospheric 
concentration of stable carbon monoxide com-
pared with carbon dioxide may result in higher 
SA of the tracer; third, the ready availability of 
 11 CO through the reduction of  11 CO 2  over zinc or 
molybdenum. 

 The most widely applied  11 C-carbonylation 
method is the palladium-mediated carbonylation 
reaction [ 109 ]. Rhodium-mediated carbonylation 
reactions provide an alternative route for the 
introduction of  11 CO into organic molecules 
[ 110 ]. An exhaustive review of the  11 CO chemis-
try for the labelling of PET tracer covering all the 
aspects of transition-metal-catalysed carbonyl-
ation with  11 C has been published [ 111 ].  
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4.4.3     Reactions with Organometallic 
Grignard Reagents 

  11 CO 2  can be treated with organometallic 
Grignard reagents to form  11 C-carboxymagnesium 
halides and then transformed into  11 C-carboxylic 
acids. Acetate is an important metabolite in the 
synthesis of cholesterol and lipids.  11 C-acetate 
was initially employed for the study of myocar-
dial metabolism [ 112 ,  113 ] and more recently in 
oncology for the imaging of prostate cancer [ 114 , 
 115 ].  11 C-acetate has been also employed in the 
study of hepatocarcinoma (HCC) [ 116 ,  117 ], 
lung cancer [ 118 ] and brain tumours [ 119 ]. 

  11 C-acetate is synthesised by means of 
 11 C-carboxylation reaction of Grignard reagent 
methylmagnesium chloride or bromide 
(CH 3 MgCl, CH 3 MgBr) by cyclotron produced 
 11 CO 2 . Unlike  11 C-methylation reactions, the tar-
get product  11 CO 2  is directly employed in the 
labelling step without any further chemical con-
version.  11 C-carboxylation is then followed by 
hydrolysis and purifi cation of the product. As 
regards the synthesis method,  11 CO 2  can be bub-
bled directly in the Grignard reagent or can be 
fl ushed and reacted into a loop of different tubing 
materials containing methyl magnesium bromide 
coated onto the internal surface of the loop [ 93 ]. 

  11 C-palmitate was identifi ed as a valuable radio-
pharmaceutical for the assessment of myocardial 
metabolism and function [ 120 ]. A method for auto-
mated preparation on a commercial synthesis mod-
ule of  11 C-palmitate and  11 C-acetate based on 
Grignard reaction has been described [ 121 ]. 

  11 C-carboxylic acids obtained by reaction of 
 11 CO 2  with Grignard reagents can also be con-
verted into the more reactive acid chloride species 
and treated with amines to form [carbonyl- 11 C]
amides. This method has been used for 
 11 C-labelling at the carbonyl position of the 5HT 1A  
receptor ligand WAY100635 [ 122 ,  123 ].   

4.5     Radiolabelling with Oxygen-15 
and Nitrogen-13 

 Oxygen-15 and nitrogen-13 represent attractive 
choice for labelling since their stable isotopes are 
ubiquitous in biologically active organic  molecules. 

Due to the extremely short half-lives, radiochemi-
cal syntheses of more than one  reaction step are 
rarely performed. Simple chemical products such 
as C 15 O 2 , H 2  15 O and  13 NH 3  can be obtained directly 
from the cyclotron target and used as such or rap-
idly converted into other simple products (e.g. 
C 15 O 2  and C 15 O). 

  15 O 2  is commonly produced in a cyclotron by 
the reaction  14 N(d,n) 15 O by irradiation of N 2 /O 2  
mixture (O 2  < 5 %).  15 O 2  could also be produced 
by the reaction  15 N(p,n) 15 O. This reaction could 
be used in any cyclotron, since it does not need 
deuterons option, but, on the other side, a  15 N 
recycling system to overcome the high cost of 
the enriched gas should be implemented. A com-
mon application of oxygen-15 is the study of 
regional cerebral blood fl ow by using  15 O-labelled 
water [ 124 ,  125 ].  15 O-labelled water is obtained 
by conversion of  15 O 2  into H  2  15 O by reduction 
over a platinum or palladium [ 126 ,  127 ] catalyst 
at high temperature. Other two ways to form 
 15 O-labelled water are available: (1) by the con-
version of  15 O 2  into C 15 O 2 , which is instanta-
neously converted after inhalation into H 2  15 O in 
the lungs by the carbonic anhydrase enzyme, and 
(2) by bombardment of H 2  16 O with protons 
according to the  16 O(p,pn) 15 O nuclear reaction 
[ 128 ]. This yields H 2  15 O that can be administered 
intravenously. 

 The most commonly used  13 N source,  13 NH 3 , 
can be obtained by post target reduction of  13 NO x  
(see Sect.  4.2 ) or by direct in-target production in 
presence of a scavenger such as ethanol (6) or 
methane (7). The 10-min half-life of  13 N pre-
cludes extensive synthetic reactions. In addition, 
the high positron range (maximum energy of 
1.19 MeV, maximum range in water of 5.4 mm) 
usually leads to low resolution images, especially 
when compared with those obtained with 
 18 F-labelled radiotracers. Therefore,  13 N routine 
application in PET is limited to simple proce-
dures, such as using  13 N-ammonia to measure 
myocardial blood fl ow [ 7 ,  129 ]. The develop-
ments in  13 N chemistry, including different pro-
duction routes of primary precursors and their 
applications to the preparation of more complex 
 13 N-labelled molecules as well as current situa-
tion and future perspectives, have recently been 
reviewed [ 130 ].  
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4.6     Radiolabelling 
with Gallium-68 

 Fluorine-18, carbon-11, oxygen-15 and nitrogen-
 15 are radionuclides produced with a cyclotron 
and their use demands an on-site cyclotron. The 
half-life of the  18 F isotope is long enough to allow 
transportation of doses to sites several hours 
away. 

 An alternative production of positron-emitting 
radionuclides is via a generator. This is the case 
for radioisotopes such as  68 Ga,  82 Rb,  62 Cu 
(Tab.1.2); among them,  68 Ga has gained enor-
mous importance in radiopharmacy in the last 10 
years. The explosive growth of publications 
refl ecting the success of  68 Ga applications is 
remarkable; rough estimation demonstrates that 
the number of  68 Ga-related scientifi c articles pub-
lished during 2011–2012 stands for over 45 % of 
all publications since 1956 [ 131 ]. 

 Gallium-68 is of great interest as a positron 
emitter because of some important advantages. It 
has a physical half-life of 67.71 min, which is 
compatible with the pharmacokinetics of most 
radiopharmaceuticals of low molecular weight 
such as antibody fragments, peptides, aptamers 
and oligonucleotides.  68 Ga decays to 88.91 % by 
positron emission and to 11.09 % via electron 
capture into stable  68 Zn. The average positron 
energy per disintegration is 829.5 keV (Tab.1.2) 
which is higher, for example, than that of  18 F and 
potentially leads to a somewhat lower resolution. 
Moreover, there is a well-established coordina-
tion chemistry of Ga 3+  that allows the develop-
ment of agents resistant to in vivo transchelation 
of Ga 3+ . 

 The long half-life ( T ½.270.95 days) of the 
parent  68 Ge combined with the half-life of  68 Ga 
( T ½.67.71 min) makes this pair almost ideal for a 
generator strategy. The development of the 
 68 Ge/ 68 Ga generator has been reviewed in several 
articles [ 132 – 135 ]. 

 However, there are still some drawbacks for 
the direct use of the  68 Ga eluate in the preparation 
of radiopharmaceuticals. Among them are mea-
surable activities of the long-lived  68 Ge (break-
through), the high eluate volume and high HCl 
concentration. In addition, metallic impurities 

such as Zn 2+ , generated from the decay of  68 Ga, 
Ti 4+  or other residuals from the column material, 
as well as Fe 3+ , could be present in the eluate. 
Thus, dedicated procedures to process the eluate 
from the radionuclide generator to remove the 
 68 Ge breakthrough, to purify from the metal 
impurities and to minimise the labelling volume 
of  68 Ga radiopharmaceuticals have been 
described. An anion exchange chromatography- 
based post-processing has been developed [ 136 ]. 
This strategy separates  68 Ge but does not allow 
for a direct loading of  68 Ga 3+  on the anion 
exchange resin from 0.1 N HCl since it intro-
duces an additional dilution step in 5.5 M HCl, 
and it does not provide purifi cation of  68 Ga 3+  from 
e.g. Zn 3+  and Fe 3+ . Another approach to overcome 
problems like eluate volume, acidic pH and con-
tent of  68 Ge and chemical impurities is to frac-
tionate the initial generator eluate [ 137 ]. Contents 
of  68 Ge and metallic impurities are minimised 
because of the lower eluate volume used but in 
principle not chemically removed prior to the 
 68 Ga-labelling steps. 

 Cation exchange chromatography-based post- 
processing procedure consists in the direct trans-
fer of the initial 0.1 N HCl  68 Ga eluate to a cation 
exchanger [ 138 ] and a selective elution with ace-
tone/HCl mixtures. This procedure leads to 
almost complete removal of metallic impurities 
including  68 Ge breakthrough. More details on the 
purifi cation of the  68 Ge/ 68 Ga generator eluate are 
extensively described in a recent review [ 134 ]. 

 In aqueous solution, the only stable oxidation 
state of gallium is +3, where the free hydrated Ga 3+  
ion is stable only under acidic conditions. In the 
pH range of 3–7, it can hydrolyse to insoluble 
Ga(OH) 3 , while at physiological pH, its solubility 
is high due to the almost exclusive formation of 
[Ga(OH) 4 ] −  ions. Ga 3+  is quite similar to the high 
spin Fe 3+  ion with respect to its coordination chem-
istry; both are 3+ charged with similar ionic radii 
and the same major coordination number of six. 

 The Ga 3+  ion is classifi ed as a hard Lewis acid, 
forming thermodynamically stable complexes 
with ligands that are hard Lewis bases, contain-
ing oxygen, nitrogen and sulphur donor atoms, 
such as carboxylate, phosphonate, hydroxamate 
and amine but also softer functional groups, such 
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as phenolate and thiol groups, were found to be 
appropriate. The main requirements for a Ga 3+  
chelate in order to be suitable as a radiopharma-
ceutical are the thermodynamic stability towards 
hydrolysis and the kinetic inertness during the 
period of clinical use in order to avoid ligand 
exchange with the blood serum protein transfer-
rin. Human transferrin also has a high binding 
affi nity for Ga 3+  given by log K ST  = 20.3 [ 139 ]. 
Thus, the complexes should be more stable than 
the Ga 3+ -transferrin complex or kinetically inert 
in order not to exchange with this protein. On the 
other hand, hydrolysis and formation of the 
Ga(OH) 3  can be avoided in the presence of stabi-
lising weak ligands such as acetate, citrate or 
HEPES, in the preparation of the complexes. 

 Several bifunctional chelators that present a 
functionality that allows covalent coupling to a 
targeting vector besides binding the metal cation 
have been proposed and coupled to biomolecules 
for gallium labelling. They should meet the fol-
lowing criteria:

    1.    They should chelate the radiometal rapidly 
and suffi ciently when linked to a 
macromolecule.   

   2.    The chelate should be kinetically stable to 
demetallation over a pH range of 4–8 and sta-
ble in the presence of other serum cations 
(Ca 2+ , Zn 2+ , Mg 2+ ).     

 One of the most known chelators used for 
radiometals in +3 oxidation state is the macrocy-
clic chelator 1,4,7,10-tetraazacyclododecane- 
1,4,7,10-tetraacetic acid (DOTA). DOTA and its 
derivatives are readily obtained from straightfor-
ward and convenient synthetic routes and avail-
able from commercial suppliers. Complexes 
obtained from DOTA, DO3A and its derivatives 
and DO2A and its derivatives have been shown to 
be suffi ciently stable to avoid the loss of the Ga 3+  
core under physiological conditions. 

 Multiple applications of DOTA and its conge-
ners have been reported in literature; a renaissance 
of  68 Ga radiopharmacy has come with the develop-
ment of small tumour-affi ne peptides, most notably 
those targeting somatostatin  receptors for the imag-
ing of neuroendocrine tumours (NET) [ 136 ,  140 ]. 

 The more promising compound was 
[ 68 Ga-DOTA,Tyr3]-octreotide ( 68 Ga-DOTA- 
TOC). It showed higher affi nity for somatostatin 
receptor subtype 2 than [ 111 In/ 90 Y]-DOTATOC 
and also a 2.5-fold higher tumour uptake in a 
mouse model bearing the sst2-positive AR4-2 J 
tumour [ 141 ]. Other small molecules were 
labelled with  68 Ga, e.g. different somatostatin- 
based peptides, like DOTA-lanreotide [ 142 ], 
[ 68 Ga-DOTA,1-Nal3]octreotide ( 68 Ga-DOTA- 
NOC) [ 143 ,  144 ] and [ 68 Ga-DOTA, Tyr3, Thr8]
octreotide ( 68 Ga-DOTATATE) [ 145 ]. Structural 
formulae of DOTA-TOC, DOTA-NOC and 
DOTA-TATE are showed in Fig.  4.9 .

   These compounds now represent the gold 
standard in the imaging of NET. It has been dem-
onstrated that  68 Ga-DOTANOC PET/CT either 
affected stage or caused a therapy modifi cation in 
more than half the patients, thus confi rming the 
clinical role of PET in the management of NET 
[ 10 ]. Because of huge diffusion of these 
 68 Ga-labelled somatostatin analogues in clinical 
practice, specifi c guidelines to assist nuclear 
medicine physicians in recommending, perform-
ing, reporting and interpreting the results of 
somatostatin (SST) receptor PET/CT imaging 
using  68 Ga-DOTA-conjugated peptides have been 
published [ 11 ]. 

 Though readily available and so widespread, 
DOTA is not intrinsically the most appropriate 
chelator for to Ga 3+ , as its K ML  and pM values sug-
gest. The thermodynamic stability constant of the 
Ga 3+  complex of the tetraaza tetraacetic acid chela-
tor DOTA is much lower (logK = 21.33) [ 146 ] than 
that of the triaza triacetic acid chelator NOTA 
(logK = 30.98) [ 147 ] due to the larger dimensions 
of its cavity. In contrast to DOTA, the smaller con-
gener NOTA is much more suited for Ga, as its 
smaller 1,4,7triazacyclononane (TACN) ring 
apparently allows the formation of multiple fi ve-
membered chelate rings with one central Ga 3+  
core, without the intramolecular strain accompa-
nied by the Ga-DOTA complex. NOTA forms 
slightly distorted octahedral complexes with Ga 3+ ; 
due to the facial arrangement of donors, the ener-
getic barrier for complexation is signifi cantly 
lower than with DOTA. Therefore, NOTA readily 
forms stable complexes with Ga 3+  already at 
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 moderate temperature while the formation of com-
plex Ga-DOTA requires high temperature (80–
100 °C) which can be dangerous for compounds 
like proteins and large molecular weight peptides. 

 NOTA does not offer the same opportunity of 
using a spare carboxylate or amine function for 
conjugation, thus needing chemical modifi ca-
tions to obtain bifunctional derivatives. Because 
of the huge potential of  68 Ga for medical applica-
tion, several bifunctional derivatives of NOTA 
have been reported during the last decades [ 148 –
 151 ] as well as the effect of different chelators in 
regard to pharmacokinetics, tumour uptake and 
retention [ 152 ]. 

 Recently, it has been demonstrated that the chela-
tors 1,4,7-triazacyclononane-1,4,7-tris [methyl(2-car-
boxyethyl)phosphinic acid] (TRAP-Pr) [ 153 ] and 
1,4,7-triazacyclononane- 1-[methyl(2-carboxyethyl)

phosphinic acid]-4,7-bis[methyl(2-hydroxymethyl) 
phosphinic acid] (NOPO) [ 154 ] possess markedly 
improved affi nity to Ga 3+  and higher  68 Ga-labelling 
effi ciency. Compared to DOTA and NOTA, quantita-
tive incorporation of  68 Ga 3+  into chelates requires 
smaller concentration of these chelators, thus obtain-
ing TRAP and NOPO-based radiopharmaceuticals 
with extremely high specifi c activities [ 154 ,  155 ]. 
Furthermore,  68 Ga-labelling of triazacyclononane- 
triphosphinates can be performed at lower tempera-
tures and over a broad pH range (0.5–5). Other factors 
infl uencing the performance of  68 Ga-labelling reac-
tions should be taken into account. One of them is the 
presence of other metal ions in the  68 Ge/ 68 Ga genera-
tor eluate. These can compete with  68 Ga 3+  for the che-
lator, thus diminishing the labelling yield, which is 
particularly problematic in view of the low concentra-
tion of the carrier-free  68 Ga 3+  in the eluate. Structural 
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formulae of Ga-DOTA, Ga-NOTA and Ga-TRAP 
chelates are shown in Fig.  4.10 

   For example, the total amount of metal con-
taminants (Ga, Ge, Zn, Ti, Sn, Fe, Al and Cu) in 
the eluate of a SnO 2 -based generator was reported 
to be <10 ppm (<3 ppm Zn 2+ ; <1 ppm for each of 
the other ions) [ 156 ]. The most remarkable fea-
ture of TRAP, triazacyclononane-phosphinate 
ligands, seems to rely in their selectivity for Ga 3+ , 
rapid Ga 3+  complexation kinetics with extraordi-
narily high thermodynamic stability and kinetic 
inertness of the respective  68 Ga chelates in com-
parison with other class of chelates. These com-
pounds allow also preparation of ditopic Ga 3+ /
Gd 3+  complex for application as bimodal imaging 
agent for PET/MRI [ 157 ]. Bifunctional deriva-
tives of NOTA, TRAP and NOPO provide high 
potential for the development of  99m Tc-kit-like 
formulations. 

 N,N′-Bis[2-hydroxy-5-(carboxyethyl)-
benzyl]ethylenediamine- N,N′- diacetic acid 
(HBED-CC) was recently proposed as an  effi cient 

acyclic 68Ga chelator with fast complexing 
kinetics and a high in vitro as well as in vivo 
complex stability [ 158 ,  159 ]. 

 Besides the effi cient Ga 3+  complexing charac-
teristics, HBED-CC was selected because of its 
lipophilic nature. It was found that the “active 
binding site” of prostate specifi c membrane anti-
gen (PSMA) is composed of two structural motifs, 
one representing a lipophilic pocket and the other 
interacting with urea-based inhibitors [ 160 ]. 

 The simple replacement of HBED-CC by the 
prominent radiometal chelator DOTA was shown 
to dramatically reduce the in vivo imaging qual-
ity of the respective  68 Ga-labelled PSMA-
targeted tracer proving that HBED-CC 
contributes intrinsically to the PSMA binding of 
the Glu-urea- Lys(Ahx) pharmacophore [ 161 ]. 
 68 Ga-labelled Glu-urea-Lys(Ahx)-HBED-CC 
([68Ga]Ga-PSMA-HBED-CC) represents a suc-
cessful novel PSMA inhibitor radiotracer which 
has recently demonstrated its relevance in the 
detection of prostate cancer [ 162 ,  163 ].     

Ga

Ga-TRAP

Ga-DOTA Ga-NOTA

Ga

Ga

  Fig. 4.10    Structural formulae of  Ga-DOTA ,  Ga-NOTA  and  Ga-TRAP  chelates       
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Abstract

PET radiopharmaceuticals are unique medici-
nal formulations administered to patients for 
diagnostic purposes in nuclear medicine. 
Quality control of these radiopharmaceuticals 
is important to assure the safety of the product 
before the release for clinical use. For this rea-
son, efficient and quick tests have been 
adopted to check the quality of radiopharma-
ceutical preparations and specific procedures 
have been published in each country or regions 
such as found in the European Pharmacopoeia 
(EP), United States Pharmacopeia, and British 
Pharmacopoeia. In this chapter the parame-
ters, the analytical techniques and the valida-
tion of analytical methods commonly 
employed in the quality control testing of PET 
radiopharmaceuticals are reported. Specific 
sections about the quality control of 18F, 11C, 
and 68Ga radiopharmaceuticals according to 
EP monographs are also provided as example 
for the routine testing of these preparations.

5.1  Introduction

PET radiopharmaceuticals are unique medicinal 
formulations containing PET radionuclides 
administered to patients as intravenous injections 
for diagnostic purposes. In the clinical applica-
tion of PET radiopharmaceuticals, it is essen-
tially important to assure the safety of the product. 
Quality control testing is the part of quality assur-
ance concerned with routine sampling, testing 
and release of materials and finished products. 
Quality control of PET radiopharmaceuticals is 
important for the pharmaceutical and radioactive 
characteristics of these preparations. Therefore, 
pharmaceutical and radioactive parameters are 
considered during the quality control testing of 
PET radiopharmaceuticals: pharmaceutical 
parameters are designed to ensure that no micro-
biological, pyrogenic, or particulate contamina-
tion can be present in the final preparation. 
Radioactive parameters are designed to ensure 
that the intended radiation exposure of patients is 

kept to a minimum by confirming that no radio-
active or radionuclidic impurities may affect the 
biodistribution of the injected radiopharmaceuti-
cal and consequently the radiation dose to the 
patient.

In contrast to ordinary pharmaceuticals, PET 
radiopharmaceuticals have to be manufactured 
and quality control tested and then administered 
to patients within a short period of time due to the 
short half-life of the radionuclides. By these rea-
sons several efficient and quick tests have been 
adopted to check the quality of radiopharmaceu-
tical preparations before they are released for 
clinical use in nuclear medicine. Specific proce-
dures for quality control of PET radiopharmaceu-
ticals have been published in each country or 
regions such as found in the European 
Pharmacopoeia (EP), United States Pharmacopeia 
(USP), and British Pharmacopoeia (BP). In this 
chapter the parameters, the analytical techniques 
and the validation of analytical methods com-
monly employed in the quality control testing of 
PET radiopharmaceuticals are reported. Specific 
sections about the quality control of 18F, 11C, and 
68Ga radiopharmaceuticals according to EP 
monographs are also provided as example for the 
routine testing of these preparations.

5.2  Quality Control of PET 
Radiopharmaceuticals: Basic 
Concepts and Parameters

Quality control of PET radiopharmaceuticals 
involves several specific test and measurements 
to ensure product purity, identity, efficacy and 
biological safety. The quality control tests for 
several PET radiopharmaceuticals are reported 
in specific monographs or general monograph 
about radiopharmaceutical preparation in 
 pharmacopoeias [1] and can be divided into 
chemical tests, physical tests, and biological 
tests. The chemical and physical tests include 
the control of pH, the visual inspection, and the 
radiochemical, chemical and radionuclidic 
purity determination, whereas biological tests 
establish sterility and bacterial endotoxins 
content.
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5.2.1  Visual Inspection

Since injectable solutions should be free from 
particle contaminations, a visual inspection of the 
radiopharmaceutical solution should be per-
formed before clinical use. The color and clarity 
of each radiopharmaceutical preparation should 
be checked as well. The appearance characteris-
tics are reported in the monograph of the radio-
pharmaceutical. In general, only a clear and 
colorless solution should be used for injection.

5.2.2  pH Control

PET radiopharmaceutical must be formulated at 
appropriate pH. Individual monographs provide 
the acceptable pH range for PET radiopharma-
ceuticals, but in general, due to the blood’s high 
buffer capacity, the range 4.5–8.5 is considered to 
be acceptable. The pH of a preparation can be 
checked using a properly calibrated pH meter or 
using a pH paper indicator strips.

5.2.3  Radiochemical 
and Radionuclidic Identity

Radiochemical identity may be defined as the 
molecular structure of the compound that con-
tains the positron-emitting radionuclide. The 
radiochemical identity of a positron-emitting 
radiopharmaceutical should be determined by 
using a not radioactive analogue, which is com-
monly referred to as the “cold standard.” The 
standard and the radiopharmaceutical are then 
chromatographically analyzed. The identical 
response in terms of retention time (HPLC) or 
retardation factor (Rf) (TLC) of the two com-
pounds demonstrates the structural identity of the 
radiopharmaceutical. Using the example of 
18F-fluorodeoxyglucose (18F-FDG) monograph in 
EP, the principal peak in the radio-chromatogram 
obtained with HPLC analysis of the sample must 
be similar in retention time to the principal peak 
in the chromatogram obtained with reference 
solution of a “cold” FDG. Regarding the radionu-
clidic identity, PET radionuclides are generally 

identified by half-life or by gamma-ray spec-
trometry or by both, as prescribed in the pharma-
copoeia monographs.

5.2.3.1  Half-Life Determination
The half-life of a radionuclide (T½) is the time in 
which the amount of radioactivity decreases to 
one half of its original value.

Radioactivity decays at an exponential rate 
with a decay constant characteristic of each 
radionuclide. The curve of exponential decay 
(decay curve) is described by the equation:

 
A t A t( ) = -

0e
l

 
(5.1)

A(t) = the radioactivity at time t.
A0 = the radioactivity at time t = 0.
λ = the decay constant characteristic of each 

radionuclide.
e = the base of Napierian logarithms.

The half-life (T1/2) is related to the decay con-
stant (λ) by the equation:

 T1 2 2/ /= In l  (5.2)

The half-life is measured with a suitable detection 
apparatus such as an ionization chamber, a Geiger–
Müller counter, and a scintillation counter to deter-
mine chronological changes in radioactivity under 
the same measuring or geometrical conditions. The 
radioactivity chosen, having regard to experimental 
conditions, must be of a sufficiently high level to 
allow detection within a suitable period of time.

5.2.3.2  Gamma-Ray Spectrum 
Determination

In general gamma-ray spectrometry is used to 
obtain the characteristic spectrum of a  radionuclide 
that emits gamma rays such as positron emission 
radionuclides. The gamma spectrum is unique to 
that nuclide and is characterized by the number of 
photons of particular energies emitted according 
to decay scheme. This property contributes to the 
identification of radionuclides present in a radio-
pharmaceutical preparation and to their quantifica-
tion. Furthermore, gamma spectroscopy allows the 
estimation of the degree of radionuclidic impurity 
by detecting peaks other than those expected.
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5.2.4  Radiochemical Purity

Radiochemical purity is defined as the ratio, 
expressed as a percentage, of the activity of the 
radionuclide concerned which is present in the 
radiopharmaceutical preparation in stated chemi-
cal form, to the total radioactivity of that radionu-
clide present in the radiopharmaceutical 
preparation. Since the radiochemical form of the 
radiopharmaceutical determines its biodistribu-
tion, the control of radiochemical impurities is 
important to avoid the patient unnecessary radia-
tion exposure because the radiochemical impuri-
ties could have a different biodistribution and not 
specific uptake which may affect and invalidate 
the clinical outcome of PET imaging studies. The 
nature of contaminants will depend on the radio-
nuclide production and on the production process 
of the radiopharmaceutical as well as the impu-
rity profile of the starting material employed. 
Radiochemical impurities may also originate 
from the chemical changes of radiopharmaceuti-
cal during storage. Measurement of radiochemi-
cal purity requires the use of a method to separate 
the different labeled chemical species which may 
be present in the radiopharmaceutical prepara-
tion. Chromatographic methods are commonly 
used in radiochemical determination because 
they can effectively separate and quantify the 
radioactive species in the sample. For 18F-FDG 
preparation, radiochemical impurities include 
18F− fluoride ion or radiolabeled intermediates 
and by-products derived from the synthesis pro-
cess, such as 18F-2- fluoro-2-deoxy-D-mannose 
(18F-FDM) and partially or fully acetylated deriv-
atives of 18F-FDG.

5.2.5  Radionuclidic Purity

The radionuclidic purity is defined as the ratio, 
expressed as a percentage, of the radioactivity of 
the radionuclide concerned to the total radioac-
tivity of the radiopharmaceutical preparation. 
Radionuclidic impurities can contribute signifi-
cant effects on the patient’s overall radiation 
dose as well as impact the image quality. 
Radionuclidic impurities can originate from 

 secondary nuclear reactions during the target 
irradiation as a result of isotopic impurities pres-
ent in the irradiated material as well as in the tar-
get body. The specific monographs prescribe the 
required radionuclidic purity and may set limits 
for specific radionuclidic impurities. The most 
generally used method for radionuclidic purity 
testing is the gamma spectrometry. For example, 
the control of radionuclidic purity in 
18F-radiopharmaceutical EP monographs pre-
scribes the determination of the amount of 18F 
and radionuclidic impurities with a half-life lon-
ger than 2 hours. The preparation to be examined 
is retained for at least 24 hours to allow the 18F to 
decay to a level that permits the detection of 
such impurities.

5.2.6  Chemical Purity

Chemical purity addresses to not radioactive 
materials in the PET radiopharmaceutical, 
including by-products, solvents, and other resid-
ual components used in the production process. 
not radioactive materials (e.g., stabilizers, addi-
tives, etc.) that are intentionally added to the PET 
radiopharmaceutical may also be included in this 
category. Chemical impurities are considered all 
not radioactive substances that can either affect 
radiolabeling or directly produce adverse biolog-
ical effects in patients. In monographs, chemical 
purity is controlled by specifying limits on chem-
ical impurities.

To characterize and determine the quantity of 
potential chemical contaminants in the final prod-
uct, several methods may be used, including gas 
chromatography (GC), HPLC, or TLC. Using the 
example of 18F-FDG, a colorimetric test for the 
detection of Kryptofix 2.2.2 has been developed. 
With this test, one can interpret whether the level of 
Kryptofix 2.2.2 is within the acceptable regulatory 
limits in the EP monograph for 18F- FDG. Another 
example of chemical purity determination is in EP 
monograph of 11C-methionine where is reported 
the HPLC method for testing the chemical 
 impurities L-homocysteine thiolactone and from 
DL-homocysteine which derive from the synthesis 
of this radiopharmaceutical.
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5.2.6.1  Residual Solvents
The determination of residual solvents in PET 
radiopharmaceutical preparations is also a part of 
the chemical purity testing. Residual solvents are 
defined as organic volatile chemicals that are 
used or produced in the manufacture of drug sub-
stances or excipients or in the preparation of drug 
products. The residual solvents are present at 
trace levels in pharmaceutical substances and 
their products. These solvents may be the result 
of the radiopharmaceutical synthesis or from 
packaging and storage. PET radiopharmaceutical 
preparations should contain low levels of residual 
solvents. The EP residual solvent chapter reported 
the concentration limit and the classification for 
each solvent set in the International Conference 
of Harmonization of Technical Requirements for 
Registration of Pharmaceuticals for Human Use 
guideline for residual solvents (ICH Q3C R5) [2] 
which describes the solvents grouped in three 
classes according to their toxicity:

• Class 1 solvents to be avoided in the manufac-
turing process because of their known unac-
ceptable toxicities or deleterious environmental 
effects.

• Class 2 solvents to be limited because they are 
associated with less severe toxicity.

• Class 3 solvents with low toxic potential and 
lower risk to human health.

Other solvents for which no adequate toxico-
logical data were found are classified. The resid-
ual of these solvents in the radiopharmaceutical 
preparation should be justified.

Residual solvents are usually determined by 
chromatographic techniques such as gas chroma-
tography (GC).

5.2.7  Enantiomeric Purity

Enantiomers are either of a pair of optical iso-
mers that are mirror images of each other. 
Enantiomers exhibit stereoisomerism because of 
the presence of one or more chiral centers. In the 
clinical use of chiral radiopharmaceutical, high 
enantiomeric purity is important since the bio-

logical inactive enantiomer could become a dis-
turbing background source of radiation that 
interferes with interpretation of the signal of 
active enantiomer. For this reason the enantio-
meric purity has to be verified where appropriate. 
The limit for each enantiomeric impurity is 
reported in the pharmacopoeia monograph of the 
radiopharmaceutical: for example, the limit for 
D-11C-methionine is 10 % of the total radioactiv-
ity of the 11C-methionine batch.

5.2.8  Sterility

PET radiopharmaceutical preparations must be 
prepared using precautions designed to exclude 
microbial contamination and to ensure sterility. 
The test for sterility [3] is carried out under asep-
tic conditions by inoculating the sample in two 
culture media Soybean-Casein Digest Medium 
and Fluid Thioglycollate Medium and by incu-
bating for not less than 14 days. Soybean-Casein 
Digest Medium is a culture media for aerobic 
bacteria and fungi, while Fluid Thioglycollate 
Medium is primarily intended for the culture of 
anaerobic bacteria. Growth promotion tests 
should be performed by incubating reference 
bacteria in the two media. Bacterial growth 
should be visible within the period of incubation. 
Results of the growth promotion would indicate 
that both Soybean Casein Digest Medium and 
Fluid Thioglycollate Medium are capable of sup-
porting bacterial growth; hence, results of the ste-
rility test are reliable. A system suitability test 
should be performed using two methods: by 
transferring the solution to be tested in a mem-
brane and by adding to the final portion of sterile 
diluents used to rinse the filter an inoculum of a 
small number of viable microorganism (the same 
used for growth promotion test) (membrane fil-
tration) or by transferring the solution to be tested 
to the culture medium and by adding to the 
medium an inoculum of a small number of viable 
microorganism (the same used for growth pro-
motion) (direct inoculation). The solutions are 
then incubated for not more than five days. If 
clearly visible growth of microorganism is 
obtained after incubation, visually comparable to 
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that in the control vessel without product, the 
product possesses no antimicrobial activity under 
the conditions of the test so the test for sterility 
may then be carried out without further modifica-
tions. If clearly visible growth is not obtained, the 
conditions should be modified in order to elimi-
nate antimicrobial activity of the product, and the 
system suitability should be repeated.

5.2.9  Bacterial Endotoxin Test

Bacterial endotoxins (pyrogens) are polysac-
charides from bacterial gram-negative mem-
branes which are water-soluble, heat stable, and 
filterable. Their presence in a radiopharmaceuti-
cal preparation can cause fever and also 
 leukopenia in immunosuppressed patients. To 
minimize the presence of pyrogens, it is impor-
tant that preparations are manufactured and dis-
pensed under aseptic conditions. The test for 
bacterial endotoxins is used to quantify endo-
toxins, and it is based on the blood-clotting 
reaction that occurs when bacterial endotoxins 
activate the blood cell component Limulus ame-
bocyte lysate (LAL) derived from horseshoe 
crabs (Limulus polyphemus or Tachypleus 
 tridentatus). The test may be conducted with 
one of the following techniques reported in the 
EP chapter for bacterial endotoxins [4]:

• Gel-clot technique
• Turbidimetric technique
• Chromogenic technique

The limit for bacterial endotoxins is indicated 
in the individual monograph.

5.2.9.1  Gel Clot Technique
The gel-clot technique is based on clot formation 
in the reaction between endotoxins and LAL. The 
gel-clot method involves the use of a clotting pro-
tein that is cleaved by an activated clotting 
enzyme, at which point the insoluble cleavage 
products coalesce by ionic interaction to form the 
gel. Although the entire reaction has not been 
determined, it is understood that the reaction 
leading to clot formation involves a cascade of 
enzyme activation steps.

5.2.9.2  Turbidimetric Technique
This technique observes the changes in turbidity 
associated with the clotting protein formed in the 
reaction between endotoxins and LAL. Endotoxin 
concentration can be determined by the quantita-
tive relationship between endotoxin concentra-
tion and turbidity (absorbance or transmission) of 
the reaction mixture at the end of incubation 
period (end-point-turbidimetric test) or by mea-
suring the time needed for the reaction mixture to 
reach a predetermined absorbance or transmis-
sion or the rate of turbidity (kinetic-turbidimetric 
test).

5.2.9.3  Chromogenic Technique
This technique uses a chromogenic peptide which 
releases a chromophore (e.g., p-nitroaniline 
(pNA)) by the reaction of endotoxins with 
LAL. In the presence of endotoxin, the compo-
nents of LAL are activated in a proteolytic cas-
cade that results in the cleavage of a colorless 
artificial peptide substrate. Proteolytic cleavage 
of the substrate liberates p-nitroaniline (pNA), 
which has an absorbance of 405 nm. Endotoxin 
concentration can be determined by the quantita-
tive relationship between the endotoxin concen-
tration and the amount of chromophore released 
at the end of incubation period (end-point- 
chromogenic test) or by measuring the time 
needed for the reaction mixture to reach a prede-
termined absorbance or the rate of color (kinetic- 
chromogenic test).

5.3  Analytical Techniques Used 
in Quality Control of PET 
Radiopharmaceuticals

Chromatographic separation methods are com-
monly employed in the quality control of PET 
radiopharmaceuticals. Chromatography is an ana-
lytical technique based on the separation of two or 
more compounds by the distribution between two 
phases, a stationary and a mobile phase. These 
two phases can be solid–liquid,  liquid–liquid, or 
gas–liquid. Chromatographic separation methods 
are used to separate radioactive or not radioactive 
species in the sample followed by their identifica-
tion and quantification and are commonly 
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employed in radiochemical,  chemical, and enan-
tiomeric purity determinations. The most used 
chromatographic methods are high- performance 
liquid chromatography (HPLC), thin-layer chro-
matography (TLC), and gas chromatography 
(GC) (Table 5.1).

5.3.1  High-Performance Liquid 
Chromatography (HPLC)

High-performance liquid chromatography 
(HPLC) is a type of liquid chromatography used 
to separate and quantify compounds that have 
been dissolved in solution. HPLC utilizes a col-
umn that holds packing material (stationary 
phase), a pump that moves the mobile phase 
through the column, an injector to introduce the 
sample in a small volume, and a detector that 
shows the retention times of the molecules for 
identification and quantification. Retention time 
varies depending on specific chemical or physical 
interactions between the stationary phase, the 
molecules being analyzed, and the solvent used 
as a mobile phase. Types of HPLC generally 
depend on phase system used in the process. 
Following types of HPLC are commonly used in 
the quality control of radiopharmaceuticals:

 1. Normal-phase chromatography (NP-HPLC)
 2. Reversed-phase chromatography (RP-HPLC)
 3. Ion-exchange chromatography

NP-HPLC separates analytes based on polar-
ity. NP-HPLC uses a polar stationary phase and 
a not polar mobile phase. The polar analyte 

 interacted with and is retained by the polar 
 stationary phase. RP-HPLC has a not polar sta-
tionary phase and an aqueous, moderately polar 
mobile phase. RP-HPLC operates on the prin-
ciple of hydrophobic interactions, which result 
from repulsive forces between a polar eluent, 
the relatively not polar analyte, and the not polar 
stationary phase. In ion-exchange chromatogra-
phy, retention is based on the attraction between 
analyte ions and charged sites bound to the sta-
tionary phase. Ions of the same charge are 
excluded and eluted with the mobile phase. 
There are different types of detectors that can be 
used for HPLC. The detector is used to detect 
the presence of a compound passing through 
and to provide an electronic signal to a 
 data-acquisition device. In HPLC analysis of 
PET radiopharmaceuticals, radio-detectors are 
used such as NaI scintillator or BGO radiode-
tector to determine the radiochemical purity. 
Radioactivity may be measured by integration 
using an automatic-plotting instrument or a dig-
ital counter. The ratios of the areas under the 
peaks give the ratios (or percentage) of the 
radioactive concentration of the compounds 
(Fig. 5.1). Moreover, the retention time of each 
compound allows radiochemical identification 
by comparison with solutions of the same not 
radioactive chemical substances  (cold standard) 
using a suitable detection method. Ultraviolet 
(UV–VIS), electrochemical, conductivity, and 
refractive index (RI) detectors are commonly 
connected to radiodetectors in order to deter-
mine the  radiochemical identity of the 
 radiopharmaceuticals and the amount and iden-
tification of chemical impurities.

Table 5.1 Chromatographic methods employed in radiochemical, chemical, and enantiomeric purity determination in 
some PET radiopharmaceuticals described in EP monographs. NR not required

Radiochemical purity Chemical purity Enantiomeric purity

Radiopharmaceutical TLC HPLC TLC HPLC GC TLC HPLC
18F-FDG X X X X X NR NR
11C-methionine X X – X X X -
11C-acetate – X – X X NR NR
18F-NaF – X – X NR NR NR
18F-FLT X X X X X NR NR
18F-FDOPA X X – X X X –
18F-FMISO X X X X X NR NR
68Ga-Edotreotide X X X X X NR NR
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 Rf distance travelled by compounds distance travelled by solven= / ttfront  

5.3.2  Thin-Layer Chromatography 
(TLC)

Thin-layer chromatography (TLC) is a solid–liq-
uid form of chromatography where the stationary 
phase is normally a polar absorbent and the 
mobile phase can be a single solvent or combina-
tion of solvents. TLC technique can be used to 
determine the number of components in a mix-
ture or to verify a substance’s identity. In thin- 
layer chromatography, the stationary phase is a 
polar absorbent, usually finely ground alumina or 
silica particles. For enantiomeric purity determi-
nation, a chiral reagent absorbed to an inert sup-
port is used. This absorbent is coated on a glass 
slide or plastic sheet creating a thin layer of the 
particular stationary phase. Almost all mixtures 
of solvents can be used as the mobile phase. The 
TLC plate is marked at the origin and at the front 
distance. The sample of radiopharmaceutical is 
spotted to the origin in volume equal or less than 
10 μl with microsyringes or micropipettes, and 
the TLC plate is transferred to the development 
chamber filled with a small amount of mobile 

phase (Fig. 5.2a, b). The solvent, which is in the 
bottom of the chamber, travels up the layer of 
adsorbent by capillary action, passes over the 
spot, and, as it continues up, moves the com-
pounds in the mixture up the plate at different 
rates. The result is the separation of the com-
pounds due to the differences in their affinity to 
the stationary phase and because of differences in 
solubility in the solvent. Once the solvent has run 
to the front mark, the plate is removed.

After development, the support is dried, and the 
position of radioactive spots is detected by autoradi-
ography or by measurement of radioactivity over the 
length of the chromatogram using suitable colli-
mated counters. Radioactivity may be measured by 
integration using an automatic- plotting instrument 
or a digital counter. The ratios of the areas under the 
peaks give the ratios of the radioactive concentration 
of the chemical substances to determine the radio-
chemical purity (Fig. 5.2c). TLC can also provide a 
chromatographic measurement known as an Rf 
value. The Rf value is the “retardation factor” or the 
“ratio- to- front” value expressed as a decimal 
 fraction. The Rf value can be calculated as:
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Fig. 5.1 (a) ECD-PAD chromatogram of 18F-FDG prepa-
ration, (b) radio-chromatogram: 18F−, free ion fluoride; 
18F-FDM, 18F-2-fluoro-2-deoxy-D-mannose. HPLC con-

ditions: stationary phase CarboPac PA10 column, mobile 
phase NaOH 0.1 M, and flow rate 1 ml/min
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Rf calculation of the spots or areas allows chemi-
cal identification by comparison with solutions of 
the same not radioactive chemical substances 
(cold standard) using a suitable detection method.

5.3.3  Gas Chromatography (GC)

Gas chromatography (GC) is a gas–liquid chro-
matography which involves a sample being 
vaporized and injected onto the head of the chro-
matographic column. The sample is transported 
through the column by the flow of inert, gaseous 
mobile phase. Separation of each sample compo-
nent is achieved by repeated distribution between 
two phases. Commonly used mobile phases are 
N2, He, or Ar. GC columns can be packed or cap-
illary. Packed columns contain a finely divided, 
inert, solid support material (commonly based on 
diatomaceous earth) coated with liquid stationary 
phase, while capillary columns can be wall- 
coated open tubular (WCOT) or support-coated 
open tubular (SCOT). Wall-coated columns con-
sist of a capillary tube whose walls are coated 
with liquid stationary phase. In support-coated 
columns, the inner wall of the capillary is lined 
with a thin layer of support material such as dia-

tomaceous earth, onto which the stationary phase 
has been adsorbed. Transport of the analytes is 
achieved in the gas phase; separation is accom-
plished in the stationary phase.

The quality of a separation depends on how 
long the components to be separated stay in the 
stationary phase and on how often they interact 
with this phase. The type of interaction between 
component and phase is determined by the func-
tional groups. The polarity of the phase is a func-
tion of stationary phase substituents. The 
temperature of the column can be varied during 
the analysis improving the separation. The time 
taken for a particular compound to travel through 
the column to the detector is known as its reten-
tion time. This time is measured from the sample 
injection to when a maximum peak height for 
that compound is displayed. There are several 
different types of detectors in use. The flame ion-
ization detector (FID) is the most commonly 
used.

Headspace gas chromatography (HSGC) is a 
GC technique where the liquid sample is set in a 
closed vessel until the volatile components reach 
equilibrium between the sample and the gas vol-
ume above. An aliquot of the gas volume (head-
space) is sampled and introduced into a GC 
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Fig. 5.2 TLC analysis of PET radiopharmaceutical. (a) Sample spotting, (b) development, (c) detection and integra-
tion. RP radiopharmaceutical, IM impurity
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column for analysis. Direct injection of analytes 
evaporated through equilibration between liquid 
phase and gas phase minimized GC system con-
tamination and column deterioration. In addition, 
the automation of equilibrium and injection pro-
cedure reduces analysis time and improves repro-
ducibility. Due to the volatility of organic 
solvents, GC is commonly used to identify and 
quantify the presence of residual solvents in 
radiopharmaceutical preparations.

5.3.4  Gamma Spectrometry

Gamma-ray determination measures gamma pho-
tons emitted from radionuclides. Gamma-ray 
spectrometers use the direct proportionality 
between the energy dissipated by incoming 
gamma radiation into the detector and the pulse 
amplitude at the output of the detector. After 
amplification and digitization, the pulse ampli-
tudes are analyzed, and the output of the spectrom-
eter is an energy spectrum of detected radiation. 
Since individual radionuclides emit specific 
gamma-ray energies, gamma-ray spectra can be 
used to perform a qualitative analysis of a sample, 
identifying the radionuclides present. This requires 
a calibration of the system as a function of energy. 
Quantitative analysis is also possible, by measur-
ing the areas of specific peaks and correcting for 
the system efficiency and other factors. The cali-
bration in energy and efficiency must be made for 
the specific energies of interest or in a range of 
energies (e.g., 50–2000 keV). To this end, certified 
sources supplied by an accredited laboratory are 

used; these sources have specified level of  accuracy 
and are traceable to the international system of 
measurement [5]. Gamma-ray spectrometry is 
used in the radiopharmaceutical field for:

• The identification of gamma-emitting 
radionuclides

• The accurate measurement of the activity
• The detection and assessment of gamma- 

emitting radionuclidic impurities
• The estimation of the upper limit for the 

potential presence of an impurity that has not 
been possible to detect

5.3.4.1  Identification of radionuclides 
and Radionuclide Impurities

This test is performed by analyzing the spectral 
distribution of gamma radiation absorbed in the 
detector, in order to detect any peak. The energies 
of peaks are then evaluated, by using the energy 
calibration of the system. Samples of a radio-
pharmaceutical solution may present several 
peaks; moreover, peaks of impurities present in 
very low activity levels may not be easily detected 
at a visual inspection of the spectrum. Dedicated 
and relatively sophisticated software are used in 
the analysis for the spectrum, in order to auto-
mate the radionuclide identification.

It has to be noticed that in some cases there is 
more than one single radionuclide emitting gamma 
radiation at a given value of energy. In the case of 
PET radionuclides, all can be detected by detection 
of the annihilation photons at 511 keV (Fig. 5.3). 
The energy analysis is then not sufficient in some 
cases to make an unequivocal identification. In 
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Fig. 5.3 Gamma spec-
trum of a solution of 18F-
FDG with the peak due to 
annihilation photons at 
511 keV
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these cases, the repetition of several acquisitions 
during time and the consequent measurement of 
the decreasing peak area make possible to evaluate 
the half-life of the radionuclide and confirm the 
identification.

5.3.4.2  Determination of Radionuclide 
Radioactivity

This test is basically made by measuring the area 
of specific peaks obtained in the spectra of the 
sample and comparing with the peak area pro-
duced by a reference standard of the same radio-
nuclide with known activity. In this case, the 
activity can simply be calculated according to 
equation:

 
A A

C

C

D
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sample

standard

sample

standard

= × ×
 

(5.3)

where:

Astandard is the known activity of the reference 
standard.

Csample are net counts (i.e., corrected for the back-
ground) in the peaks of the sample.

Cstandard are net counts (i.e., corrected for the back-
ground) in the peaks of the standard.

D symbols are indicated as the respective dilution 
factors.

G is an eventual geometrical correction factors.

In many cases, however, it is not possible to 
have a certified standard for comparison; this in 
particular is the case of short-lived radionu-
clides. In these situations, a full calibration of 
the spectrometry system in energy and effi-
ciency is necessary. This is typically performed 
using so called “multi-gamma” solutions, mix-
tures of calibration radionuclides with well-
spaced peaks in a wide range of energies. A 
typical calibration solution covers the energy 
range 59–1836 keV. Sophisticated software 
algorithms make possible to obtain for this 
spectral distribution the efficiency calibration in 
the same interval of energies. Once the peak of 
a radionuclide is detected, its energy is accu-
rately calculated, on the basis of the energy cali-
bration; the nuclide can be identified, and the 

efficiency value at that level of energy is 
 gathered from the efficiency calibration. At this 
point, the activity of radionuclide can be calcu-
lated by

 

A
A

t E y
fn
g=

× ( ) ×
×

e
 

(5.4)

where: 

An is the net (background corrected) area of the 
peak.

t is the time of acquisition of the spectra.
ε(E) is the peak efficiency at the specific energy E 

of interest.
y is the tabulated yield of emission of the peak 

from the radionuclide.
fg is an eventual correction factors.

5.4  Validation of Analytical 
Procedures

The validation of analytical procedures is 
required to demonstrate that the methods are suit-
able for their intended purpose. All the methods 
used during quality control of PET radiopharma-
ceuticals should be validated in order to provide 
assurance of quality to the process. The reference 
for this topic is the guideline produced by the 
International Conference of Harmonization of 
Technical Requirements for Registration of 
Pharmaceuticals for Human Use and Validation 
of analytical procedures, text, and methodology 
(ICH Q2 R1) [6] where the methods and the ana-
lytical techniques are separated in four most 
common types such as:

• Identification tests
• Quantitative tests for impurities’ content
• Limit tests for the control of impurities
• Quantitative tests of the active moiety in sam-

ples of drug substance or drug product or other 
selected component(s) in the drug product

The type of method or analytical procedure 
used will determine the nature and extent of the 
validation studies required. The validation of 
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analytical method is performed by considering a 
number of characteristics:

• Specificity
• Precision
• Accuracy
• Linearity and range
• Detection limit
• Quantitation limit
• Robustness

5.4.1  Specificity

Specificity is the ability to assess the desired com-
ponent in its intended formulation, in the presence 
of components which may be expected to be pres-
ent including impurities, by-products, additives, 
etc. A chromatographic method is specific if it can 
separate the component of interest from other com-
ponents in the formulation. An example of speci-
ficity in PET radiopharmaceuticals quality control 
is the HPLC method for the determination of 18F-
FDG radiochemical purity in EP monograph. In 
this case, the method should separate 18F-FDG 
from other radiolabeled impurities such as ion fluo-
ride 18F−and 18F-2-fluoro-2-deoxy-D-mannose (18F-
FDM). In order to demonstrate specificity, it is 
necessary to prepare each component and to inject 
a mixture of the components to the HPLC analysis. 
Separation of the individual components demon-
strates the specificity of the method.

5.4.2  Precision

The precision of a method is the closeness of 
agreement between a series of measurements. 
Precision should be a quantitative measure of the 
repeatability of the method under the same operat-
ing conditions over a short interval of time. The 
precision of an analytical procedure is usually 
expressed as the variance, standard deviation, or 
coefficient of variation (CV) of a series of mea-
surements. An example of precision determination 
should be applied to analysis of residual solvents 
in 18F-FDG solution with GC method. In order to 
demonstrate the precision of this method, it is nec-
essary to perform multiple analyses of acetonitrile 

solutions at different concentration. CV values less 
than 10 % demonstrate the precision of the method.

5.4.3  Accuracy

The accuracy of a method is the degree of agree-
ment between the test result and the value which 
is accepted as a conventional true value or an 
accepted reference value. Accuracy is the ability 
of the method to provide the correct answer. 
Accuracy may be measured by the analysis of a 
known standard and comparison of the measured 
value to the actual value.

5.4.4  Linearity and Range

Linearity may be defined as the method ability to 
obtain test results which are directly proportional 
to the concentration (amount) of analyte in the 
sample within a given range. The range of the 
method defines the region where the response is 
linear. A linear relationship exists if the detector 
response is directly proportional to the amount of 
analyte in the sample. The linearity of the GC 
method for quantification of residual solvents in 
PET radiopharmaceutical solution may be deter-
mined by the analysis of standards containing dif-
ferent known concentrations of solvents. The 
method is linear if the solvents’ peak areas increase 
proportionately with increasing standard concen-
trations. The range is the interval between the 
upper and lower concentration of analyte in the 
sample (including these concentrations) for which 
it has been demonstrated that the analytical proce-
dure has a suitable level of precision, accuracy, 
and linearity. The linear range of the GC method 
should cover the concentrations of solvents found 
in routine quality control measurements.

5.4.5  Detection Limit (LOD) 
and Quantitation Limit (LOQ)

The detection limit (LOD) is the lowest amount of 
analyte that can be detected. The quantitation limit 
(LOQ) is defined as the lowest amount of analyte 
which can be quantitatively determined with 
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 suitable precision and accuracy. LOD and LOQ can 
be determined by using several approaches. The 
signal-to-noise ratio approach is performed by com-
paring measured signals from samples with known 
low concentrations of analyte with those of blank 
samples and by establishing the minimum concen-
tration at which the analyte can be reliably detected 
and quantified. Signal-to-noise ratios between 3 or 
2:1 for LOD and 10:1 for LOQ are generally con-
sidered acceptable for estimating these characteris-
tics. Other approach is based on the standard 
deviation of the response and the slope where the 
detection limit (LOD) may be expressed as

 LOD = 3 3. /s S  (5.5)

where:

σ = the standard deviation of the response.
S = the slope of the calibration curve.

The quantitation limit (LOQ) may be 
expressed as

 LOQ =10s / S  (5.6)

where:

σ = the standard deviation of the response.
S = the slope of the calibration curve.

The slope S may be estimated from the cali-
bration curve of the analyte, while σ may be esti-
mated by the calibration curve or by blank.

These characteristics are most important in 
chemical and radiochemical impurity determina-
tion and quantification in the quality control of 
PET radiopharmaceuticals.

5.4.6  Robustness

Robustness is the ability of a method to remain 
unaffected by small, deliberate changes in 
method parameters. A method is robust if the 
results remain unaffected by small variations of 
pH in a mobile phase, variations of temperature, 
mobile phase composition, flow rate, different 
columns (different lots and/or suppliers), etc.

The validation characteristics that should be 
applied for different types of analytical method as 

well as the minimum requirement for the number 
of determinations and replicates are provided by 
ICH guidelines. Once the validation characteris-
tics have been identified, the validation protocol 
should be assessed. This protocol should include 
the details of analytical method to be validated, 
the validation characteristics which will be inves-
tigated, the experimental procedure, the equip-
ment and the reference material which will be 
used, the obtained results, the acceptance criteria, 
and the responsibilities. Finally, the results and 
statistics associated with each validation charac-
teristics should be interpreted and compared with 
the acceptance criteria in order to decide if the 
method meets the validation requirements.

5.5  Quality Control 
of 18F- Radiopharmaceuticals: 
18F-FDG

18F-FDG is the mostly used PET radiopharma-
ceutical, and it is designed to study glucose 
metabolism of cancer cells in vivo. Approximately 
95 % of all clinical PET studies in oncology are 
performed with 18F-FDG.

The quality requirements of 18F-FDG are set 
out in several pharmacopoeias. Different coun-
tries adopt a different set of standards and meth-
ods. For example, the determination of the 
radiochemical purity of 18F-FDG by USP is made 
by TLC, while EP prescribes both HPLC and 
TLC methods. The EP standard is described in 
this chapter [7], and the quality control tests are 
listed in Table 5.2. Due to short half-life of 18F- 
FDG, not all the listed tests can be completed 
before the release of the 18F-FDG product. The 
EP allows the 18F-FDG to be released before 
radionuclidic purity, residual solvents, bacterial 
endotoxin, and sterility tests are finished.

5.5.1  Appearance

The appearance of 18F-FDG solution is reported 
in EP monograph. The product should be 
observed behind adequate shielding. 18F-FDG 
product should be clear and colorless or slightly 
yellow solution.
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5.5.2  Radiochemical 
and Radionuclidic Identity

In EP, the tests for radionuclidic identity and 
radiochemical identity are included in the tests 
for radionuclidic purity and radiochemical purity, 

respectively. The radionuclidic identity can be 
confirmed both by obtaining a gamma spectrum 
and measuring the half-life of the product. The 
photon energy should be 0.511 MeV and the sum 
peak at 1.022 MeV which is typical for positron 
emitter radionuclides. Measurement of the 

Table 5.2 Quality control tests for 18F-FDG listed in EP

QC test Method Acceptance criteria

Appearance Not specified Clear and colorless or slightly yellow 
solution

Radiochemical and 
radionuclidic identity

Examine the HPLC chromatogram 
peak from radiochemical purity test

The retention time of principal peak in 
the radio-chromatogram is similar to 
that obtained with reference standard 
solution of FDG

Gamma spectroscopy Photon energy of 0.511 MeV and the 
sum peak at 1.022 MeV

Half-life measurement 105–115 min

pH Not specified 4.5–8.5

Chemical purity HPLC (FDG and CDG) The areas under the peaks of FDG and 
CDG in the test solution are not greater 
than the areas of the reference standard 
peaks (0.5 mg/V)

TLC (Kryptofix 2.2.2) The spot due to the test solution shows 
a less intense color than that of the 
spot due to reference solution 
(2.2 mg/V)

UV/VIS spectrophotometry 
(4-(4-methylpiperidin-1-yl) pyridine)

Absorbance at 263 nm showed by test 
solution should not be more than that 
obtained with reference standard 
(0.02 mg/V)

HPLC (TBA) The area under the peak of the test 
solution is not greater that the area of 
the TBA reference standard peak 
(2.6 mg/V)

Residual solvents Not specified According to limits reported on 
Residual solvents EP chapter

Sterility Sterility test according to EP No bacterial growth

Bacterial endotoxin According to EP Less than 175/V (maximum 
recommended dose in ml) IU/ml

Radionuclidic purity Gamma spectroscopy Photon energy of 0.511 MeV and the 
sum peak at 1.022 MeV

Radionuclidic impurities: maximum 
0.1 % of the total radioactivity (after at 
least 24 hours)

Radiochemical purity HPLC 18F-FDG and 18F-FDM: not less than 
95 % of the total radioactivity
18F-FDM: maximum 10 % of the total 
radioactivity

TLC 18F-FDG and 18F-FDM: not less than 
95 %
18F− and partially or fully acetylated 
derivatives: maximum 5 %
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 half- life can be carried out by measuring the 
same test solution in a dose calibrator with the 
same geometry condition by no fewer than three 
measurements. The half-life is then calculated by 
plugging the results into the radioactivity decay 
equation. The EP does not specify the time inter-
val between each measurement, but it should be 
long enough to allow a significant decay (e.g., 
30 min). The obtained result to confirm the pres-
ence of 18F should be within 105–115 min.

The radiochemical identity can be confirmed 
by HPLC method. The mobile phase is a solution 
of sodium hydroxide in carbon dioxide-free 
water (4 g/L), and the stationary phase is a 
strongly basic anion exchange resin. The 
 prescribed detector is a suitable one for carbohy-
drates such as pulse amperometric detector 
(PAD) connected in series with radioactivity 
detector (for radiochemical purity determina-
tion), and the flow rate is 1 ml/min. Since sodium 
hydroxide absorbs carbon dioxide from the envi-
ronment, the HPLC should be equipped with a 
system to prevent the contact of mobile phase 
with air (e.g., under inert gas pressure). The 
 identification includes HPLC injection of a refer-
ence standard solution of cold FDG followed by 
the test solution. The acceptance criterion is that 
the retention time of principal peak in the radio-
chromatogram obtained with the test solution is 
similar to that of principal peak in the chromato-
gram obtained with reference standard solution 
of FDG.

5.5.3  pH

The EP specifies the pH value range of 18F-FDG 
solution that should be 4.5–8.5. However, the 
monograph does not specify the method for test-
ing pH.

5.5.4  Chemical Purity

The EP specifies the test for FDG and the impu-
rity 2-chloro-deoxyglucose (CDG) that could be 
present in the product if acidic hydrolysis is used 
during the synthesis. The chemical purity is 

determined by HPLC with the same analytical 
conditions described in the radiochemical iden-
tity. The test protocol includes the injection of a 
reference standard solutions of FDG (0.5 mg/V) 
(the same used for the radiochemical identity) 
and CDG (0.5 mg/V) corresponding to the maxi-
mum admitted concentration diluted to the maxi-
mum recommended dose in ml (V), followed by 
the test solution. The acceptance criterion is that 
the area under the FDG and CDG peaks of the 
test solution should be less than those of the ref-
erence solutions. Furthermore, the EP mono-
graph prescribes the injection of a standard 
solution of 2-fluoro-2-deoxy-D-mannose (FDM) 
mixed with FDG reference standard to check the 
resolution between the 2 peaks that should be 
minimum 1.5. This is for system suitability and 
for the determination of the radiochemical impu-
rity 18F-FDM described in the radiochemical 
purity section.

Other chemical purity tests described in EP 
monograph are for the residual concentration of 
the phase transfer catalysts used during the syn-
thesis such as Kryptofix 2.2.2 and tetrabutylam-
monium hydroxide (TBA). The test for Kryptofix 
2.2.2 involves spotting the test solution and the 
reference standard with the maximum admitted 
concentration diluted to the maximum recom-
mended dose in ml (2.2 mg/V) on a TLC silica 
gel plate with the adsorbed iodoplatinate reagent 
for aminopolyether test [8]. The central portion 
of the spot due to the test solution should show a 
less intense color than that of the spot due to ref-
erence solution.

The content of TBA is determined by HPLC 
with a mobile phase of a solution of toluenesul-
fonic acid (0.95 g/L) and acetonitrile 25:75 (V/V) 
and octadecylsilyl silica as a stationary phase. 
The detector is UV/VIS (254 nm) absorption 
spectrophotometer and the flow rate is 0.6 ml/
min. The test involves the injection of a reference 
standard of TBA corresponding to the maximum 
admitted concentration diluted to the maximum 
recommended dose in ml (2.6 mg/V), followed 
by the test solution: the peak showed by this solu-
tion should not be more than the area of the cor-
responding peak in the chromatogram obtained 
with reference standard.
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Other chemical impurity test is for 
4-(4- methylpiperidin-1-yl) pyridine, determined by 
ultraviolet and visible absorption spectrophotome-
try. The test involves the absorbance measurement 
at 263 nm of a reference standard corresponding to 
the maximum admitted concentration diluted to the 
maximum recommended dose in ml (0.02 mg/V), 
followed by the test solution: the absorbance 
showed by this solution should not be more than 
that obtained with reference standard.

5.5.5  Residual Solvents

Residual solvents should be limited according to 
the principles defined in general chapter of resid-
ual solvents of EP. The monograph prescribes 
that the preparation may be released for use 
before completion of the test. The EP does not 
specify the test method, although the description 
implies that a GC should be used. Acetonitrile is 
a class 2 solvent which is commonly used during 
the synthesis, and the residual should be con-
trolled. The limit for this solvent is 4.1 mg/day 
(410 ppm). Ethanol is also used in 18F-FDG syn-
thesis, but the low toxic potential (class 3 solvent) 
increases the limit value to 50 mg/day (5000 ppm).

5.5.6  Sterility

The control of sterility of 18F-FDG preparation can 
be done after the release of the preparation for clin-
ical use. As reported in the EP monograph of radio-
pharmaceutical preparation, the test is performed 
by incubating the sample with both Soybean Casein 
Digest Medium and Fluid Thioglycollate Medium 
for 14 days. Soybean Casein Digest Medium is a 
culture media for aerobic bacteria and fungi, while 
Fluid Thioglycollate Medium is a media for anaer-
obic bacteria. The product should be sterile.

5.5.7  Bacterial Endotoxins (LAL 
Test)

The control of bacterial endotoxins of 18F-FDG 
preparation can be done after the release of the 
preparation for clinical use. The monograph does 

not prescribe a specific method to detect the 
endotoxins among those reported in the EP 
 general chapter. As reported in the 18F-FDG 
monograph, the limit for endotoxins is less than 
175 IU/V with V being the maximum recom-
mended dose in milliliters.

5.5.8  Radionuclidic Purity

The EP prescribes two methods to determine the 
radionuclidic purity of a 18F-FDG preparation. 
One method is the same employed for the deter-
mination of the radionuclidic identity by obtain-
ing a gamma spectrum of the product, and the 
photon energy should be 0.511 MeV and the sum 
peak at 1.022 MeV. The EP monograph pre-
scribes also the determination of the amount of 
18F and radionuclidic impurities with a half-life 
longer than 2 hours which can be done after the 
release of the preparation for clinical use. For the 
detection and quantification of impurities, an ali-
quot of 18F-FDG preparation should be retained 
and analyzed with gamma spectrometry after at 
least 24 hours in order to allow the fluorine-18 to 
decay to a level that permits the detection of 
impurities. The limit for such radionuclidic 
impurities is 0.1 % of the total radioactivity.

5.5.9  Radiochemical Purity

The EP prescribes both HPLC and TLC methods 
for the determination of radiochemical purity. 
These two methods allow the detection of different 
radiochemical impurities; therefore, they should 
be carried out together before the release of prepa-
ration for clinical use. HPLC method has been 
described in radiochemical and radionuclidic 
identity section and is used to detect radiolabeled 
impurities such as free ion fluoride 18F− and 18F-2-
fluoro-2-deoxy-D-mannose (18F-FDM). The last 
impurity derives from an epimerization reaction of 
18F-FDG in alkaline condition and during steam 
sterilization [9, 10]. The limit for 18F in the form of 
18F-FDG and 18F-FDM is minimum 95 % of the 
total radioactivity, and the limit for 18F-FDM is 
maximum 10 % of the total radioactivity due to 
18F-FDG and 18F-FDM. The TLC method is used 
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to detect free ion18F−and the partially or fully acet-
ylated derivatives of 18F-FDG and 18F-FDM. TLC 
silica gel plate is used as stationary phase, and the 
mobile phase is acetonitrile/water (95:5 V/V). The 
Rf of 18F−, 18F-FDG and 18F-FDM, and acetylated 
18F-FDG are about 0.0, 0.45, and 0.8 to 0.95, 
respectively. The limit for 18F in the form of 18F-
FDG and 18F-FDM is minimum 95 % of the total 
radioactivity, and the limit for 18F− and partially or 
fully acetylated derivatives is maximum 5 % of the 
total radioactivity.

5.6  Quality Control 
of 11C- Radiopharmaceuticals: 
11C-Methionine

Among 11C-radiopharmaceuticals, 11C-methionine 
is one of the most widely used in clinical PET 
with important applications in oncology. 
11C-methionine is a labeled analogue of the essen-
tial amino acid methionine, and it is used since 

tumor cells present an enhanced expression of 
amino acid transporter systems as well as protein 
synthesis [11]. Due to the very short half-life of 
11C (20.4 min), the synthesis and the quality con-
trol of this radiopharmaceutical should be as 
faster as possible. The tests reported in EP mono-
graph are described in this chapter as example of 
11C-radiopharmaceutical quality control [12], and 
they are listed in Table 5.3.

5.6.1  Appearance

The solution of 11C-methionine, observed behind 
adequate shielding, should be clear and colorless.

5.6.2  Radiochemical 
and Radionuclidic Identity

As for 18F-FDG, the test for radiochemical iden-
tity is included in the test radiochemical purity, 

Table 5.3 Quality control tests for 11C-methionine listed in EP

QC test Method Acceptance criteria

Appearance Not specified Clear and colorless solution

Radiochemical and 
radionuclidic identity

Examine the HPLC chromatogram 
peak from radiochemical purity test

The retention time of principal peak in the 
radio-chromatogram is similar to that obtained 
with reference standard solution of methionine

Gamma spectroscopy Photon energy of 0.511 MeV and the sum 
peak at 1.022 MeV

Half-life measurement 19.9–20.9 min

pH Not specified 4.5 –8.5

Sterility Sterility test according to EP No bacterial growth

Bacterial endotoxin According to EP Less than 175/V (maximum recommended 
dose in ml) IU/ml

Chemical purity HPLC The areas under the peaks of methionine, 
L-homocysteine thiolactone, and 
DL-homocysteine in the test solution are not 
greater than the areas of the reference standard 
peaks (2.0 mg/V, 0.6 mg/V, 2 mg/V)

Residual solvents Not specified According to limits reported on residual 
solvents EP chapter

Radionuclidic purity Gamma spectroscopy Minimum 99 %. Photon energy of 0.511 MeV 
and the sum peak at 1.022 MeV

Half-life measurement 19.9–20.9 min

Radiochemical purity HPLC Not less than 95 % of the total radioactivity

Enantiomeric purity TLC Not less than 95 % of the total radioactivity 
(D-11C-methionine and L-11C-methionine)
D-11C-methionine maximum 10 % of the total 
radioactivity
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while the test for radionuclidic identity is the 
same for radionuclidic purity. The radionuclidic 
identity can be confirmed both by obtaining a 
gamma spectrum and measuring the half-life of 
the product. The photon energy should be 
0.511 MeV and the sum peak at 1.022 MeV. The 
spectrum of the solution should be compared 
with a standardized 18F solution spectrum from 
which should not differ significantly. 
Measurement of the half-life can be carried out 
by measuring the same test solution in a dose 
calibrator, and the obtained result should be 
within 19.9–20.9 min.

The radiochemical identity can be confirmed 
by HPLC method. The mobile phase is a  solution 
of potassium dihydrogen phosphate (1.4 g/L) 
and the stationary phase octadecylsilyl silica 
gel. The prescribed detectors are UV/VIS 
(225 nm) and radioactivity detector (for radio-
chemical purity determination) connected in 
series, and the flow rate is 1 ml/min. The identi-
fication includes the HPLC injection of a refer-
ence standard solution of methionine followed 
by the test solution. The acceptance criterion is 
that the retention time of the principal peak in 
the radio-chromatogram obtained with the test 
solution is similar to that of principal peak in the 
chromatogram obtained with reference standard 
solution.

5.6.3  pH

The EP specifies the pH value range of 
11C-methionine solution that should be 4.5–8.5. 
However, the monograph does not specify the 
method for testing pH.

5.6.4  Sterility

The control of sterility of 11C-methionine prepara-
tion can be done after the release of the preparation 
for clinical use following the tests prescribed in the 
EP radiopharmaceutical preparation chapter.

5.6.5  Bacterial Endotoxins (LAL test)

The control of bacterial endotoxins of 
11C-methionine preparation can be done after the 
release of the preparation for clinical use. The 
monograph does not prescribe a specific method 
to detect the endotoxins among those reported in 
the EP general chapter. The limit for endotoxins 
is less than 175/V IU/mL with V being the maxi-
mum recommended dose in milliliters.

5.6.6  Chemical Purity

The chemical purity is determined by HPLC with 
the same analytical conditions described in the 
radiochemical identity. The EP specifies the test for 
methionine and the impurities L-homocysteine thi-
olactone and DL-homocysteine which derives from 
the synthesis. The test protocol includes the injec-
tion of a reference standard solution of methionine 
(2 mg/V), L-homocysteine thiolactone hydrochlo-
ride (0.6 mg/V), and DL-homocysteine (2 mg/V) 
corresponding to the maximum admitted concen-
tration diluted to the maximum recommended dose 
in ml, followed by the test solution (Fig. 5.4). The 
acceptance criterion is that the area under the methi-
onine and impurities peaks of the test solution 
should be less than these of the reference solution.
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5.6.7  Residual Solvents

Residual solvents should be limited according to 
the principles defined in general chapter of resid-
ual solvents of EP. The monograph prescribes 
that the preparation may be released for use 
before completion of the test. The EP does not 
specify the test method, although the description 
implies that a GC should be used.

5.6.8  Radionuclidic Purity

Radionuclidic purity method is the same employed 
for the determination of the radionuclidic identity, 
and the preparation may be released for use before 
completion of the test. The radionuclidic purity of 
11C should be minimum 99 %.

5.6.9  Radiochemical Purity

The method to assess the radiochemical purity is 
the same employed for the determination of the 
radiochemical identity. The acceptance criterion 
is minimum 95 % of the total radioactivity for 
D-11C-methionine and L-11C-methionine. The 
monograph also reported the radiolabeled impu-
rities that may be present in the preparation as the 
oxidation by-products S-oxide and S,S-dioxide 
of the methionine [13].

5.6.10  Enantiomeric Purity

EP monograph prescribes this control since the 
11C-methionine is a chiral radiopharmaceutical 
with two different enantiomers L- and D-form 
(Fig. 5.5). The L-form is the preferable enantio-
mer which should be present in the preparation 
for clinical use with high purity because it is 
directly involved in protein synthesis. A TLC 
method is described to perform the enantiomeric 
purity test using an octadecylsilyl silica gel plate 
for chiral separations as stationary phase and 
methanol: water (50:50 V/V) as mobile phase. 
The procedure involves spotting the test solution 
and the reference standard  solutions with 

L-methionine and DL-methionine on a TLC sil-
ica gel plate. After developing, the plate is 
sprayed with a solution of ninhydrin in ethanol 
and heated at 60 °C for 10 min in order to visual-
ize the spots and to show the separation of L- and 
D-enantiomers in the standard solution. TLC 
should be read by radio TLC scanner. Rf of L-11C- 
methionine and D-11C-methionine are about 0.58 
and 0.51, respectively. The limit for D-11C- 
methionine is 10 % of the total radioactivity and 
for the sum of D-11C-methionine and L-11C- 
methionine is 95 %. The preparation may be 
released for use before completion of the test.

5.7  Quality Control of 68Ga- 
Radiopharmaceuticals: 
68Ga-Edotreotide 
(68Ga- DOTATOC)

68Ga-edotreotide (68Ga-1,4,7,10-tetra- azacyclo-
dodecane-1,4,7,10-tetraaceticacid-D- Phe1-Tyr3 
octreotide) (68Ga-DOTATOC) is DOTA-labeled 
somatostatin analogue labeled with 68Ga and 
used in PET imaging of somatostatin receptors 
for the diagnosis and characterization of neuro-
endocrine tumors (NETs). 68Ga is produced by 
decay of 68Ge in commercially available 68Ge/68Ga 
generators without using cyclotron. In this chap-
ter 68Ga-edotreotide EP monograph tests [14] are 
reported as example of quality control of PET 
radiopharmaceutical labeled with a generator- 
produced radionuclide (Table. 5.4).

5.7.1  Appearance

The appearance of 68Ga-edotreotide solution is 
reported in EP monograph. The product should 
be observed behind adequate shielding. 
68Ga-edotreotide solution should be clear and 
colorless solution.

H3[
11C] H3[11C]

S

a b

S

H NH2 H NH2

CO2H CO2H

Fig. 5.5 L (a) and D (b) 11C-methionine enantiomers
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5.7.2  Radiochemical 
and Radionuclidic Identity

The test for radiochemical identity is included 
in the test radiochemical purity. The radiochem-
ical identity can be confirmed by HPLC method. 
The stationary phase is base-deactivated octa-
decylsilyl silica gel with a gradient mobile 
phase water/acetonitrile with trifluoroacetic 
acid (99.9:0.1 V/V). The detectors are spectro-
photometer (220 nm) and radioactivity detector 
(for radiochemical purity determination) con-
nected in series, and the flow rate is 0.6 ml/min. 

The identification includes the HPLC injection 
of a reference standard solution of edotreotide 
followed by the test solution. The acceptance 
criterion is that the retention time of the princi-
pal peak in the radio-chromatogram obtained 
with the test solution has a relative retention of 
1.3 with reference to the principal peak in the 
chromatogram obtained with standard solution.

The radionuclidic identity can be confirmed 
either by obtaining a gamma spectrum and mea-
suring the half-life of the product. The spectrum 
photon energies should be 0.511 MeV and 
1.077 MeV and the sum peak at 1.022 MeV 

Table 5.4 Quality control tests for 68Ga-edotreotide listed in EP

QC test Method Acceptance criteria

Appearance Not specified Clear and colorless solution

Radiochemical and 
radionuclidic identity

Examine the HPLC chromatogram 
peak from radiochemical purity test

The retention time of principal peak in the 
radio-chromatogram has a relative retention of 
1.3 with reference to standard solution of 
edotreotide

Gamma spectroscopy Photon energy of 0.511 MeV and 1.077 MeV 
and the sum peak at 1.022 MeV

Half-life measurement 62–74 min

pH pH indicator strip 4.0–8.0

Chemical purity HPLC (edotreotide, metal 
complexes of edotreotide, and other 
related substances)

The sum of the areas of the peaks in the test 
solution with a relative retention with reference 
to edotreotide between 0.8 and 1.4 is less than 
that of the edotreotide standard solution 
(50 μg/V)
The area under the peak of each unspecified 
impurity is less than that of the edotreotide 
standard solution (disregarding any peak with a 
relative retention with reference to edotreotide 
of 0.5 or less)

TLC (HEPES buffer) The spot due to the test solution shows a less 
intense color than that of the spot due to 
HEPES reference solution (200 μg/V)

Residual solvents Gas chromatography Ethanol: 10 % (V/V) and maximum 2.5 g per 
administration

Sterility Sterility test according to EP No bacterial growth

Bacterial endotoxin According to EP Less than 175/V (maximum recommended dose 
in ml) IU/ml

Radionuclidic purity Gamma spectroscopy Minimum 99.9 % of the total radioactivity
68Ge and other radionuclidic impurities: 
maximum 0.001 % of the total radioactivity 
(after at least 48 hours)

Radiochemical purity HPLC 68Ga-Edotreotide: not less than 91 % of the total 
radioactivity
68Ga3+: maximum 2 % of the total radioactivity

TLC 68Ga in colloidal form: maximum 3 % of the 
total radioactivity
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which may be observed. Measurement of the 
half-life can be carried out by measuring the 
same test solution in a dose calibrator; the result 
should be within 62–74 min.

5.7.3  pH

The monograph specifies the pH value range of 
68Ga-edotreotide solution that should be 4.0–8.0 
measured by pH indicator strip.

5.7.4  Chemical Purity

The monograph specifies the test for edotreotide, 
metal complexes of edotreotide, and other related 
substances. The chemical purity is determined by 
HPLC with the same analytical conditions 
described in the radiochemical identity. The test 
protocol includes the injection of a reference 
standard solution of edotreotide (the same used 
for the radiochemical identity) corresponding to 
the maximum admitted concentration diluted to 
the maximum recommended dose in ml 
(50 μg/V), followed by the test solution. The 
acceptance criterion is that the sum of the areas 
of the peaks in the test solution with a relative 
retention with reference to edotreotide between 
0.8 and 1.4 should be less than that of the edo-
treotide standard solution. Furthermore, the EP 
monograph prescribes the limit for each unspeci-
fied impurities present in the test solution: the 
area under the peak of each impurity should be 
less than that of the edotreotide standard 
solution.

Other chemical purity test is a TLC method to 
assess the residual concentration of HEPES buf-
fer, if used during the labeling reaction of the 
peptide with 68Ga. TLC silica gel F254 with alumi-
num plate is used as stationary phase and a stan-
dard solution of HEPES corresponding to the 
maximum admitted concentration diluted to the 
maximum recommended dose in ml (200 μg/V), 
and the test solution are spotted. TLC is devel-
oped with a mobile phase of acetonitrile/water 
(75:25 V/V) and detected by exposing to iodine 
vapor. Rf of HEPES is 0.3 and the spot due to the 

test solution should show a less intense color than 
that of the spot due to reference solution.

5.7.5  Residual Solvents

The monograph prescribes the test for the resid-
ual ethanol by using GC. The limit reported in the 
monograph for this solvent is 10 % (V/V) and 
maximum 2.5 g per administration.

5.7.6  Sterility

The control of sterility of 68Ga-edotreotide prepa-
ration can be done after the release of the prepa-
ration for clinical use following the tests prescribe 
in the EP radiopharmaceutical preparation 
chapter.

5.7.7  Bacterial Endotoxins (LAL Test)

The control of bacterial endotoxins of 
68Ga-edotreotide preparation can be done after 
the release of the preparation for clinical use. 
The monograph does not prescribe a specific 
method to detect the endotoxins among those 
reported in the EP general chapter. The limit for 
endotoxins is less than 175/V IU/mL with V 
being the maximum recommended dose in 
milliliters.

5.7.8  Radionuclidic Purity

EP prescribes two tests to determine the radio-
nuclidic purity of 68Ga-edotreotide by using 
gamma spectrometry. One test prescribes that 
the peaks in the gamma spectrum of the product 
corresponding to photon energy different from 
0.511 MeV, 1.077 MeV, 1.022 MeV, and 
1.088 MeV should represent not more than 
0.1 % of the total radioactivity. The second test, 
which can be done after the release of the prep-
aration for clinical use, prescribes the determi-
nation of the amount of 68Ge and other 
radionuclidic  impurities with a half-life longer 
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than 5 hours. For the detection and quantifica-
tion of such impurities, an aliquot of test solu-
tion should be retained and analyzed with 
gamma spectrometry after at least 48 hours in 
order to allow the 68Ga to decay to a level that 
permits the detection of impurities since 68Ge 
does not emit gamma radiation and can be 
detected indirectly as a decay product 68Ga. The 
limit for 68Ge and other radionuclidic impurities 
is 0.001 % of the total radioactivity.

5.7.9  Radiochemical Purity

TLC and HPLC methods are reported for the 
determination of radiochemical purity. These 
two methods allow for the detection of different 
radiochemical impurities; therefore, they should 
be carried out together before the release of 
preparation for clinical use. The TLC method is 
used to detect the impurity 68Ga in colloidal 
form. TLC silica gel plate is used as stationary 
phase, and the mobile phase is ammonium ace-
tate (77 g/L)/methanol 50:50 (V/V). The Rf of 
68Ga in colloidal form and 68Ga-edotreotide are 
0.0–0.1 and 0.8–1.0, respectively. The limit for 
68Ga in colloidal form is maximum 3 % of the 
total radioactivity. HPLC method has been 
described in radiochemical and radionuclidic 
identity section and is used to detect radiola-
beled impurities such as free ion 68Ga3+ and 
other radiochemical impurities. The limit for 
68Ga3+ is maximum 2 % of the total radioactivity. 
The radiochemical purity of 68Ga-edotreotide 
should be minimum 91 % and it is assessed by 
the formula:

 
100-( )´A T

 
(5.7)

where A is the percentage of the radioactivity due 
to 68Ga in colloidal form determined by TLC 
method and T is the proportion of the area of the 
peak due to 68Ga-edotreotide relative to the total 
areas of the peaks in the chromatogram obtained 
with HPLC method.
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     Abstract  

  Radiopharmaceuticals are a unique species of 
pharmaceuticals, containing both a drug and a 
radionuclide. This distinctive character can be 
challenging from a regulatory point of view as 
both pharmaceutical good manufacturing 
practice (GMP) and radiation safety aspects 
have to be balanced against each other. As a 
consequence of this, the production of PET 
radiopharmaceuticals must comply with both 
GMP and local radiation safety rules. This 
chapter describes some of the regulatory 
framework that covers the human use of PET 
radiopharmaceuticals in Europe. For preclini-
cal applications there are no regulations on 
production, apart from the local/national ani-
mal rights rules. The different approaches 
which may be used to obtain permission to use 
the PET radiopharmaceutical in humans are 
described. For “fi rst in human” use in a clini-
cal trial, the content of the Investigational 
Medicinal Product Dossier is described, also 
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an approach to minimise the very costly toxi-
cological studies. The essentials of GMP and 
quality management systems are explained. 
The chapter ends with some future directions 
and convenient GMP approaches.  

6.1       Introduction 

 Radiopharmaceuticals are a unique species of 
pharmaceuticals, containing both a drug and a 
radionuclide. This distinctive character can be 
challenging from a regulatory point of view as 
both pharmaceutical good manufacturing prac-
tice (GMP) and radiation safety aspects have to 
be balanced against each other. As a consequence 
of this, the production of PET radiopharmaceuti-
cals must comply with both GMP and local radia-
tion safety rules. This chapter describes some of 
the regulatory framework that covers the human 
use of PET radiopharmaceuticals in Europe. For 
preclinical applications there are no regulations 
on production, apart from the local/national ani-
mal rights rules. This chapter starts with a brief 
history of GMP and pharmaceutical regulations 
and some of the regulatory organisations 
involved. The different approaches which may be 
used to obtain permission to use the PET radio-
pharmaceutical in humans are described. For 
“fi rst in human” use in a clinical trial (CT), the 
content of the Investigational Medicinal Product 
Dossier (IMPD) is explained with respect to con-
tent, procedures and writing, also an approach to 
minimise the very costly toxicological studies. 
Next, the essentials of GMP and quality manage-
ment systems (QMS) are explained. The chapter 
ends with some future directions and convenient 
GMP approaches. 

6.1.1     Development 
of Pharmaceutical 
Regulations 

 The fi rst pharmaceutical regulations in Europe 
were published in 1965 in response to thalido-
mide and other drugs which produced unexpected 

effects with tragic results [ 1 ]. However, it was 
more than 20 years before radiopharmaceuticals 
were considered as drugs [ 2 – 4 ]. Since then, regu-
lations have become increasingly strict, as has 
their enforcement, though there are variations 
between countries [ 5 ]. Regulatory compliance 
now constitutes as signifi cant proportion of the 
work in a centre which produces PET radiophar-
maceuticals for clinical use. In addition to phar-
maceutical regulations, which are addressed 
here, there is a range of other regulations, some 
of which confl ict, which must be addressed. 
These include radiation protection of workers, 
patients and the public, radioactive waste han-
dling and transport of radioactive materials. All 
in all, radiopharmacy is arguably the most highly 
regulated health profession. Managing this com-
plexity is of utmost importance when planning 
and designing a PET radiopharmacy. Both GMP 
and radiation protection must be considered at all 
stages. If possible, meeting with both the medi-
cines and radiation protection authorities in the 
early planning phase is highly recommended in 
order to achieve an effi cient and compliant PET 
radiopharmacy. Environmental monitoring and 
control systems, such as air handling and other 
ancillary components, must be designed for heat 
dissipation, adequate humidity and temperature 
control, air quality and fi ltration systems, mainte-
nance of room classes and provision of gas lines. 

 In many countries, PET radiopharmaceuticals 
are covered in the monographs of pharmacopoeias. 
A pharmacopoeia is a book containing directions 
and information on the identifi cation and proper-
ties of drugs. A monograph is detailed information 
on purity criteria and tests to be used for a particu-
lar drug. If there is no national or regional pharma-
copoeia available, the World Health Organization’s 
International Pharmacopoeia  (  http://apps.who.int/
phint/en/p/about/    ) may be used. Quality control of 
PET tracers is discussed in Chap.   5    .  

6.1.2     Regulatory Agencies 

 The practice of pharmacy and manufacturing of 
radiopharmaceuticals is regulated at a national 
level, with each country having a regulatory body 
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or “competent authority”. In 1995 the European 
Union (EU) set up the European Medicines 
Agency (EMEA, later EMA;   www.ema.europa.eu    ) 
to provide a framework for a single approval 
which would apply throughout the EU. However, 
submission of all products to the EMA was not 
compulsory, except for certain classes of pharma-
ceuticals, and national approvals are still possible 
[ 6 ]. The advantage of EMA route ( centralised 
procedure ) is a single approval which applies 
throughout the EU. However, the disadvantages 
include higher application fees, the cost of pro-
viding product information and labelling in all 
EU languages and the lack of a suffi cient market 
in all nations. Only a small number of radiophar-
maceuticals have EMA approval, but that number 
will continue to increase as central approval is the 
only route for therapeutic radiopharmaceuticals. 
At the time of writing, the only PET radiophar-
maceuticals with EMA approval are the three 
amyloid imaging agents: fl orbetapir (Amyvid), 
fl orbetaben (NeuroCeq) and fl utemetamol 
(Vizamyl). With its commitment to transparency, 
the EMA publishes detailed assessment reports, 
with only commercially sensitive material with-
held. It may seem strange that the most widely 
used PET tracer,  18 F-fl uorodeoxyglucose (FDG), 
is not approved by the EMA; however, it is a 
generic drug with local or regional production 
and there are no pan-European manufacturers. 

 Submission to individual countries is still pos-
sible, and most products which were licensed 
before the EMA was established are still regu-
lated nationally. Once a product is accepted in 
one country, there is a  mutual recognition proce-
dure  via which a product can be approved in 
another country without full separate evaluation. 
A third route is the  decentralised procedure  
under which the product is submitted for approval 
in several countries at the same time with one 
country named as the reference country which 
carries out the full evaluation; this is a cheaper 
alternative to EMA approval. 

 It is only in recent years that the manufacture 
of PET radiopharmaceuticals began to be highly 
regulated and there are still differences between 
countries [ 7 ]. Some countries require all manu-
facturing of widely used tracers such as FDG to 

be performed under a licence, albeit with an 
abridged application as described in Sect.  6.2.1 . 
The United Kingdom is unique in having a “spe-
cials” licence under which a wide range of prod-
ucts that are not commercially viable can be 
manufactured. It has the additional advantages 
that products do not need to be released by a 
qualifi ed person (see Sect.  6.1.6 ) and prior 
approval of new products is not required. 

 Pharmaceutical regulations were intended for 
the pharmaceutical industry and commercial 
scale manufacturing. Full compliance with GMP 
is diffi cult in small facilities producing short- 
lived radiotracers because of the small number of 
personnel, half-life constraints on analysis and 
rapid reuse of shared equipment (see Sect. 5.2). 
The fi rst offi cial recognition of the special status 
of radiopharmaceuticals came in the EU Clinical 
Trials Regulations of 2014, wherein it was 
acknowledged the clinical trials of diagnostic 
radiopharmaceuticals did not fall within the regu-
lations [ 8 ,  9 ]. This opens the door to the use of 
risk assessment as a tool for interpretation of leg-
islation [ 7 ].  

6.1.3     Pharmaceutical Inspection 
Cooperation Scheme (PIC/S) 

 Although inspections of pharmaceutical manufac-
turing facilities are carried out by the national 
authorities, the Pharmaceutical Inspection Conven-
tion has a cooperation scheme, PIC/S, under which 
there is a degree of harmonisation of inspection 
standards throughout Europe (  www.picscheme.
org    ). Of most relevance is the guide to good prac-
tices for the preparation of medicinal products in 
healthcare establishments, which now has an annex 
on radiopharmaceuticals [ 10 ]. Although PIC/S 
aims to harmonise inspection standards, each 
national authority retains full responsibility.  

6.1.4     The European Pharmacopoeia 
( Ph. Eur ) 

 Although most countries have their own pharma-
copoeia, there is also a European Pharmacopoeia 
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(  http://online.edqm.eu/EN/entry.htm    ) which has 
legal status in all nations. It contains general 
monographs on classes of drugs such as radio-
pharmaceuticals or parenteral preparations as 
well as methods of analysis. Recently a general 
chapter on extemporaneous preparation of radio-
pharmaceutical preparations has been added. 

 Monographs on individual radiopharmaceuti-
cals, at the time of writing approximately 70, 
specify such aspects as chemical and radionu-
clidic identity, tests for parameters such as pH, 
radionuclidic impurities and chemical and radio-
chemical impurities as well as setting limits for 
each. Importantly, the specifi cations are for the 
end product and do not dictate the route of syn-
thesis except for its impact on the impurity pro-
fi le. The remit of the  Ph. Eur  is drug quality; 
inclusion in the pharmacopoeia is independent of 
licensing status or clinical utility. 

 Radiopharmaceutical monographs are written 
(“elaborated”) by Group 14, composed of aca-
demic, commercial and regulatory specialists. 
Once a monograph has been drafted, it is circu-
lated for comment by national authorities, profes-
sional bodies and other concerned parties before 
fi nal revision and acceptance. 

 Increasingly the  Ph. Eur  is being seen as the 
route forward for introduction of new com-
pounds. The short half-lives of PET radiophar-
maceuticals limit their market to local 
distribution; thus only extremely high-volume 
products will be manufactured commercially. 
However, once a radiopharmaceutical has a  Ph. 
Eur  monograph, it can be prepared locally to 
accepted quality standards under the magistral 
approach described in Sect.  6.2.3 . The tests in 
the monographs are usually (1) identifi cation, by 
gamma-ray spectrometry, half-life or high- 
pressure liquid chromatography (HPLC); (2) pH 
determination; (3) radionuclidic purity, by 
gamma-ray spectrometry or half-life; (4) chemi-
cal purity, by HPLC; (5) radiochemical purity, 
by HPLC with a radioactivity detector or by 
TLC and radioactivity scanner; (6) residual sol-
vents, by gas chromatography; (7) sterility; (8) 
bacterial endotoxins; and (9) radioactivity, by 
measurement in an ionisation chamber (“dose 
calibrator”). See Chap.   5    .  

6.1.5     International Conference 
on Harmonisation (ICH) 

 The International Conference on Harmonisation 
of Technical Requirements for Registration of 
Pharmaceuticals for Human Use (ICH) brings 
together the regulatory authorities and pharma-
ceutical industry to discuss scientifi c and techni-
cal aspects of drug registration. It was established 
in 1990 and has gradually evolved to respond to 
the increasingly global face of drug development, 
so that the benefi ts of international harmonisation 
for better global health can be realised world-
wide. The mission of ICH is to achieve greater 
harmonisation to ensure that safe, effective and 
high-quality medicines are developed and regis-
tered in the most resource-effi cient manner 
(  http://www.ich.org/home.html    ).  

6.1.6      Qualifi ed Person (QP) 

 The EU pharmaceutical directive of 2001 [ 5 ] des-
ignates the status of  qualifi ed person  ( QP ) who is 
authorised to release products for clinical use 
under a manufacturing licence or clinical trial 
licence. To be eligible to be a QP, the individual 
must be a registered pharmacist, chemist or biol-
ogist who has suffi cient experience in a manufac-
turing environment and who has passed an exam 
conducted jointly by the professional registration 
body and the national authority.   

6.2     Regulatory Framework 

 There are three main routes to get a radiopharma-
ceutical into the clinic for human use: (1) market-
ing authorisation, (2) clinical trial and (3) the 
“magistral approach”. 

 A marketing authorisation is very expensive 
($$$$$) and takes years to obtain. A clinical trial 
is less expensive ($$$) and takes at least a year. In 
contrast, the “magistral approach” is the least 
expensive ($) and can take only a matter of 
months. A marketing authorisation may be used 
for both established and new tracers. A clinical 
trial is mainly for novel tracers (“fi rst in human” 
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studies) and for new or additional uses of an 
already established tracer. The magistral approach 
is for known radiopharmaceuticals that have been 
previously tested in man, and preclinical data, 
such as safety, effi cacy, toxicology and dosime-
try, is available. 

6.2.1      Manufacturing 
Authorisation (MA) 

 A manufacturing authorisation may be issued by 
the EMA or by a national authority. The docu-
mentation which must be submitted is extensive, 
as described in Sect.  6.3.2 . If it is a novel tracer, 
the evidence of effi cacy and safety will have been 
obtained from a clinical trial, as described in 
Sect.  6.2.2 . 

 Because of the cost of obtaining an MA, this 
route will only be taken if there is a commercial 
market for a tracer or if a national authority 
requires an MA even for local use. This mainly 
applies to widely used tracers such as FDG. 

 For generic tracers (i.e. no longer under pat-
ent) with well-established use, an abridged appli-
cation may be submitted where literature 
references are used for the non-clinical and clini-
cal data. This applies if the tracer has been in use 
for 8–10 years [article 10 of reference 5]. The 
manufacturer only needs to present data on prod-
uct quality. This is discussed in Sect.  6.3.2 .  

6.2.2      Clinical Trial 

 Volume 10 of Eudralex contains all the information 
needed for clinical trials [ 11 ]. Trials are conducted 
under the guidelines of the International Conference 
on Harmonisation (ICH) of pharmaceutical trials 
[ 12 ]. The quality data to be submitted is similar to 
that required for a manufacturing authorisation. 

 In addition to the quality and safety of the 
product, trials must be performed according to 
good clinical practice (GCP) which ensures the 
quality of the data obtained from the trial and 
safeguards the human subjects who take part in 
trials. This too is enshrined in Eudralex [ 11 ]. In 
addition to the inspections of manufacturing 

facilities, there are also GCP inspections which 
assess the systems and data kept at clinical 
research sites. It is required that every employee 
who is involved in a clinical trial receives GCP 
training with updates at 2–3 year intervals. Thus, 
radiochemists who provide data which will be 
part of the clinical trial must undergo this 
training.  

6.2.3      Magistral Approach/
Extemporaneous Preparation 

 A less formal system is the magistral approach. A 
 magistral formula  is a pharmaceutical compound 
prepared by the pharmacist or someone under his/
her direction for a given patient according to a pre-
scription and following the technical and scientifi c 
standards of the pharmaceutical art. An  offi cial 
preparation  is a pharmaceutical compound devel-
oped or prepared by a pharmacist or someone 
under his/her direction which is listed and described 
by the national formulary. The two ancient terms 
provide a means for the small-scale production of 
PET tracers essentially under the practice of phar-
macy rather than a manufacturing authorisation. In 
the United Kingdom, this is termed a Sect. 10 
exemption from the Medicines Act.  

6.2.4     Documentation 

 The general requirements for the approval of 
tracers include process validation, product qual-
ity (chemical purity, radiochemical purity, stabil-
ity, sterility, bacterial endotoxins, bioburden) and 
analytical method validation according to ICH 
guidelines (specifi city, repeatability, precision, 
sensitivity, linearity, accuracy) [ 13 ]. 

 There must be a written application which 
includes description and composition of the drug 
product, description of the manufacturing pro-
cess and process controls, control of reagents and 
excipients (including the quality and purity of 
precursor) and control of drug product (specifi ca-
tions, analytical methods, stability). 

 The formats for manufacturing authorisation 
and clinical trial are identical, with the exception 
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on the numbering. It may be advisable to use the 
same format for the magistral approach as the 
assessors are familiar with it. Use all the points in 
the template and write “not applicable” or “N/A” 
in the fi elds where it is so.   

6.3     Drug Development 
and Approval 

6.3.1     Stages of Drug Development 

 The process of drug development can be broadly 
divided into two stages: preclinical and clinical. 
Each of these can then be subdivided into multi-
ple parts. 

6.3.1.1     Preclinical Studies 
 The preclinical development of a drug begins 
with chemistry, whether a novel compound or a 
variant on a known synthetic or natural com-
pound. With radiopharmaceuticals there is the 
added problem of where to put the radioactive 
atom on the molecule. Among the factors in this 
choice is ease of chemistry to perform the radio-
labelling in high yield, generally as the fi nal step 
of synthesis to avoid losses due to radioactive 
decay during subsequent synthetic steps. The 
location of the label should not signifi cantly 
change the biological properties of the molecule, 
particularly if it is designed to mimic a natural 
substance and bind to a receptor. Furthermore, 
the label should be metabolically stable so as not 
to complicate image interpretation or mathemati-
cal modelling. 

 Once the chemistry has been established, 
though not necessarily optimised, the chemical 
and in vitro biological properties of the labelled 
molecule can be established. These include sta-
bility in a biological milieu, such as incubation 
with human serum at 37 °C. There may be in vitro 
binding assays which can be performed to char-
acterise the binding affi nity and selectivity of the 
compound. 

 If a potential radiotracer shows appropriate 
in vitro properties, it can be evaluated in small 
animals, generally mice or rats. Increasingly, 
transgenic species are being used in which human 

tumours can be grown or human diseases mim-
icked. In recent years, preclinical PET/CT and 
SPECT/CT scanners have become widely avail-
able which provide excellent spatial resolution 
(~1 mm) and allow longitudinal studies in the 
same animal, which is particularly important 
with expensive transgenic rodents [ 14 ,  15 ]. With 
only a small number of animals, it can be estab-
lished whether the radiotracer does indeed target 
the desired lesion and whether uptake in adjacent 
organs interferes with visualisation of the target. 
These studies also give an idea of the route (s) of 
excretion of the radiotracer. In the past, imaging 
studies were only semi-quantitative, but quantita-
tive values can be obtained by tissue biodistribu-
tion studies following sacrifi ce of the animal. 
Individual organs are dissected, placed in pre- 
weighed counting tubes, weighed and assayed in 
a gamma well counter along with a known dilu-
tion of the dose. This allows determination of the 
% dose per organ and % dose per gramme of each 
organ and calculation of target to background 
ratios. With current preclinical PET/CT and 
SPECT/CT systems, absolute quantifi cation can 
be performed on imaging studies alone. 
Displacement studies can be performed with a 
nonradioactive drug which competes with the 
radiotracer for binding to the same target site. 
These animal studies allow prediction of human 
radiation dosimetry of the radiotracer. See Chaps. 
  3     and   14     for further details on PET dosimetry and 
PET kinetic modelling, respectively.  

6.3.1.2     Toxicological Studies 
 There is also a need for preclinical safety, toxi-
cology and dosimetry data. The toxicology is 
generally the most expensive part of the preclini-
cal data. Normally for radiopharmaceuticals, bio-
distribution and dosimetry data from preclinical 
studies is often available, including imaging, 
autoradiography and direct measurement of 
radioactivity in harvested tissues and organs. 
Such studies may give detailed quantitative data 
on accumulation and elimination in tissues and 
excretion pathways. Using this data the design of 
extended single-dose toxicity studies may be 
focused on high-risk organs and tissues, thereby 
reducing the requirement for histopathological 

J.R. Ballinger and J. Koziorowski

http://dx.doi.org/10.1007/978-3-319-40070-9_3
http://dx.doi.org/10.1007/978-3-319-40070-9_14


133

data in all organs, but focusing on main organs 
where the radiopharmaceutical accumulates. 

 If amounts are minute (in the microgram 
range), the Threshold of Toxicological Concern 
(TTC) approach may be used. Medicinal products 
such as radiopharmaceuticals may be exempt from 
toxicological studies when (single) doses up to 
120 μg are used [ 16 ]. The ICH has also recently 
adopted the TTC approach in the assessment of 
DNA reactive mutagenic impurities in pharmaceu-
ticals [ 17 ]. For larger molecules, such as peptides 
and monoclonal antibodies, one can argue that the 
molar amount is of importance. The adopted/
assumed molecular weight for the medicinal prod-
uct is set to 300 g/mol. For larger molecules such 
as proteins, FDA guidance sets the limit to <30 
nanomoles. “Due to differences in molecular 
weights as compared to synthetic drugs, the maxi-
mum dose for protein products is ≤30 nanomoles” 
[ 18 ]. This corresponds to <100 μg of a drug having 
a molecular weight of 300.  

6.3.1.3     Clinical Studies 
 If the chemical, in vitro and small animal studies 
are promising, the decision can be taken to evalu-
ate the potential radiotracer in humans. In the 
past this was quite informal, with the initial vol-
unteers often being the researchers themselves or 
graduate students in their departments. However, 
now this is highly regulated [ 19 – 21 ]. 

 Traditionally, clinical studies of drugs proceed 
through Phase I, Phase II and Phase III before 
regulatory approval. However, with radiophar-
maceuticals an initial step called Phase 0, pre- 
Phase I, microdosing (Europe) or exploratory 
Investigational New Drug (IND, USA) is often 
employed. Microdosing is defi ned as the admin-
istration of no more than 100 micrograms of the 
tracer and no more than 1/100 of the dose pro-
ducing a pharmacological effect, which is often 
achievable with radiopharmaceuticals, particu-
larly with PET agents [ 22 ,  23 ]. The toxicity test-
ing for microdosing studies is much less rigorous 
than for later studies. Only an extended single- 
dose acute toxicity study in one species, gener-
ally a rodent, is required, with sacrifi ce of animals 
after 1 and 14 days followed by necroscopy. A 
microdosing study in 5–10 subjects will give a 

good indication of whether the radiotracer shows 
the same properties in humans that it did in ani-
mals and informs the decision on whether to pro-
ceed with product development. 

 A new potential radiopharmaceutical is classed 
as an investigational medicinal product (IMP). 
One of the documents required in support of a 
clinical study is an IMP Dossier (IMPD) which 
describes how the radiotracer will be produced and 
tested and summarises the information available 
about the compound. The Radiopharmacy 
Committee of the European Association of 
Nuclear Medicine has published guidance on the 
preparation of IMPDs for radiopharmaceuticals 
[ 24 ]. An important part of the IMPD is the criteria 
for release of a product for clinical use. The  dossier 
addresses such aspects as radiochemical purity, 
pH, specifi c activity and content of residual sol-
vents, as well as sterility and apyrogenicity. 

 There must also be an Investigator’s Brochure 
(IB) which contains some of the same informa-
tion but has a more clinical viewpoint.

   Phase I studies are generally carried out in small 
numbers (<10) of normal volunteers, though 
with oncology tracers, sometimes patients are 
used. The main aim of Phase I is safety, though 
with the small chemical quantities of radio-
tracers, this is rarely a real concern. Usually 
whole-body images are obtained at different 
time points to allow calculation of radiation 
dosimetry in humans.  

  Phase II studies are proof of principle to demon-
strate targeting of the intended organ or disease 
process. With radiotracers, Phase II is also 
used to determine the optimal imaging proto-
col which will be used in subsequent studies.  

  Phase III studies are the defi nitive effi cacy stud-
ies required for receipt of a marketing authori-
sation. With radiopharmaceuticals the number 
of patients required is much smaller than for 
therapeutic drugs. However, the regulatory 
authorities prefer to see two independent 
Phase III studies. It may be necessary to per-
form multicentre studies in order to accrue a 
suffi cient number of patients. Each phase 
must be approved by the medicines agency 
before the next is undertaken.      
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6.3.2         Data Needed for Submission 

 The clinical trial application to a national authority 
or to the EMA consists of several sections [ 25 ]:

    1.    Module I contains administrative information 
relevant to the authority to which the applica-
tion is being made. The remainder of the 
application is called the Common Technical 
Document (CTD) and consists of modules II 
through V. The CTD was introduced by ICH 
in 2003 and standardises the presentation of 
data to regulatory authorities.   

   2.    Module II contains summaries of quality data, 
preclinical studies and clinical studies, while 
modules III through V contain the details of 
those three aspects. The quality data includes 
the chemistry, manufacturing and controls 
(CMC), in the same format as was presented 
in the IMPD. The preclinical section includes 

toxicity studies which must be performed to 
Good Laboratory Practice (GLP) standards.    

  The structure of the CTD is shown in Fig.  6.1 . 
For generic or well-established tracers, an 
abridged application may be submitted [article 
10 of reference 5]. The red circle in Fig.  6.1  indi-
cates which sections are included in the abridged 
application. The non-clinical and clinical trial 
data normally required for an application may be 
replaced by appropriate scientifi c literature. This 
kind of application is also known as a biblio-
graphic application.

   Many radiopharmaceuticals are manufactured 
directly to the fi nal drug product; i.e. the drug 
substance or active pharmaceutical ingredient 
(API) is not isolated before formulation. This has 
some consequences for the CTD. Section “ 6.3.2 . 
P Drug Product (Name, Dosage Form)” will be 
essentially the same as Sect. “ 6.3.2 . S Drug 

Module 2

Quality overall
summary

Non-clinical
overview

Non-clinical
summary

Non-clinical
study reports

Clinical
overview

Clinical
summary

Clinical study
reports

Regional
administrative

information
Module 1

Quality

Module 3 Module 4 Module 5

Not part
of the CTD

The CTD

  Fig. 6.1    The structure of the Common Technical 
Document ( CTD ) pyramid.  Module 1  is region specifi c 
and  modules 2 ,  3 ,  4  and  5  are intended to be common for 

all regions. The topics within the  red circle  are the compo-
nents of the abridged application (From   http://www.ich.
org/products/ctd.html    )       
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Substance (Name, Manufacturer)” [ 24 ]. Copy 
and paste these sections; do not use different 
wording as this may confuse the assessor at the 
regulatory body. There will more about the 
 language for applications in “scientifi c writing” 
section. 

 For each marketed product, there must be a 
Summary of Product Characteristics (SPC or 
SmPC) which presents information about the 
product, including dosimetry and instructions for 
its use. The EMA is developing standard SPCs 
for generic products [ 26 ].   

6.4     Scientifi c Writing 

   My words fl y up, my thoughts remain below; 
Words without thoughts never to heaven go 
(Claudius in Shakespeare’s “Hamlet”, Act III, 
scene iii). 

   Any application submitted to a regulatory 
body or competent authority must be very strin-
gent and sober in both structure and language. It 
is, unquestionably, not a scientifi c paper to pass a 
peer review, but a description of drug manufac-
turing and quality control. Not all assessors are 
experts on radiopharmaceuticals and will thus 
react to any ambiguous or unclear wording. 

  Example: How Not to Write 

     Radionuclidic impurities  
 Radioactive oxygen-14 and nitrogen-13 may form 

as a result of minor side reactions in the cyclo-
tron target:  14 N( p , n ) 14 O and  16 O(p,α) 13 N. N-13 
and O-14 are both positron- emitting radionu-
clides. The presence of O-14 in the drug sub-
stance may be ruled out as a signifi cant 
contaminant because it has an ultrashort half-
life of O-14 ( T  1/2  = 70.6 s); thus in the course of 
synthesis ca 25 min, it will decay to 4.7 × 10 -7  
of its original amount. N-13 can appear in the 
form of gaseous  13 N-labelled oxides (e.g. [ 13 N]
NO, [ 13 N]NO 2 , etc.). The presence of  13 N 
would alter the measured half- life of the drug 
substance and would be seen as a radiochemi-
cal impurity during chromatographic analyses. 
This has not yet been observed. It is worth not-
ing that  11 C in its process from starting material 

[ 11 C]CO 2  to the fi nal product undergoes several 
chemical transformation steps with intermedi-
ate purifi cations. Therefore the probability for 
unwanted N-13 and O-14 species to survive 
through the same pathway as C-11 and end up 
in the fi nal formulation is expected to be very 
low.     

 This is lengthy and confusing. Stating “not yet 
been observed” implies that it may be observed. 
Similarly, “the probability for unwanted” implies 
that there is a probability. 

  Example: How to Write 

     Radionuclidic impurities  
 Radioactive nitrogen-13 may form as a result of a 

minor side reaction in the cyclotron target: 
 16 O(p,α) 13 N. N-13 can appear in the form of 
gaseous  13 N-labelled oxides (e.g. [ 13 N]NO, 
[ 13 N]NO 2 , etc.). However, contamination of the 
fi nal product with  13 N is not possible because 
the chemistry of nitrogen oxides is different 
from that of the starting material, [ 11 C]CO 2 , 
which undergoes multiple chemical transfor-
mation steps with intermediate purifi cations.     

 This is short and sweet. By saying “is not possi-
ble”, there is no doubt that it cannot be present. The 
language should be concise and formal, not verbose 
and/or sounding like a scientifi c investigation.

   Example: “The product is purifi ed by means of 
XXX and no impurities have been found” 
rather than “The product is purifi ed by means 
of XXX, the possible impurity YYY which 
can potentially be produced by…..has so far 
not been detected”.  

  Example: “All batches passed the sterility test”, 
not “All batches passed the sterility test. 
However…”  

  Example: “The product is thus safe for human 
use”, not “The product is thus safe for human 
use, yet some investigations have found…” 

 Have enough data/information to make a clear 
statement. It is better to spend a few hours 
extra in the laboratory than spending a few 
months in discussions with the competent 
authority.     
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6.5     Good Manufacturing 
Practice (GMP) 

6.5.1     Components of GMP 

 The goal of pharmaceutical GMP is to ensure a 
consistent high-quality product which is appro-
priate for its intended use and which meets the 
specifi cations of its marketing authorisation. 
Because standards are constantly changing, the 
term current good manufacturing practice, cGMP, 
is often used. The three main components of 
GMP are facilities and equipment, personnel and 
procedures and documentation, all carried out 
within a quality management system. European 
rules for GMP are described in Eudralex volume 
4 [ 27 ] with specifi c reference to radiopharmaceu-
ticals in annex 3 [ 28 ] and investigational medici-
nal products in annex 13 [ 29 ]. 

6.5.1.1     Facilities and Equipment 
 The design and construction of facilities must 
afford a clean environment. Surfaces must be 
impervious and able to withstand regular clean-
ing. Activities must be segregated with interlock-
ing doors to prevent cross-contamination. There 
must be a cascade of fi ltered air pressure from the 
cleanest area to the exterior to minimise the 
ingress of particles. This is achieved by heating, 
ventilation and air conditioning system (HVAC) 
with high-effi ciency particulate air (HEPA) fi l-
ters. Similarly, there must be a regimen of gown-
ing up to prevent staff from carrying contaminants 
into the clean areas. Materials are sanitised and 
then transferred in via hatches with interlocking 
doors. Aseptic processes must be carried out 
within an appropriate environment of fi ltered air. 
Generally, radiosynthesis can be carried out in 
Grade C, but sterile fi ltration and dispensing 
must be carried out in Grade A. These are gener-
ally achieved with a hot cell, pharmaceutical iso-
lator or laminar airfl ow cabinet. All equipment 
must be kept in good working order with regular 
checks of performance and records of mainte-
nance undertaken. Proper operation of the facility 
must be documented by routine environmental 
and microbiological monitoring. This includes a 
combination of measurements of air fl ows and air 
change rates, active air sampling and particle 

counting and routine microbiological monitoring 
including agar settle plates, contact plates and 
fi nger dab plates. All of this is covered by the site 
master fi le (SMF).  

6.5.1.2     Personnel 
 Personnel must be adequately trained in any pro-
cedures they carry out, with a training record. 
The training record must indicate that the mem-
ber of staff has read the SOP and has demon-
strated competence with evidence of a certain 
number of monitored activities. The responsibili-
ties and authorities of each grade of staff must be 
specifi ed. Persons who perform aseptic proce-
dures must undergo periodic revalidation of their 
competence. If production facilities are shared 
with a research institution, the research personnel 
must be adequately trained in GMP regulations, 
and the quality controller (see below) must 
review and approve the research activities to 
ensure that they do not pose any hazard to the 
manufacturing of radiopharmaceuticals. 

 There must be a person designated as pro-
duction manager, sometimes called responsible 
person. This person is responsible for the rou-
tine operation of the facility to ensure that the 
radiopharmaceuticals are produced to GMP 
standards. This includes ensuring that there are 
suffi cient numbers of suitably trained staff 
available on a daily basis. This person makes 
sure that all documentation is complete before 
products are passed on to the quality assurance 
department. 

 There must be another independent person 
designated as quality controller. This person 
takes ultimate responsibility for the quality of the 
radiopharmaceuticals produced, though the act of 
release may be delegated to a suitable trained 
person. In some situations the quality controller 
might also be a qualifi ed person.  

6.5.1.3     Procedures and Documentation 
 All Standard Operating Procedures (SOPs) must 
be written down, approved and reviewed at regu-
lar intervals. There must be contemporaneous 
manufacturing records which document the 
adherence to SOPs and record the identities and 
quantities of all materials used and any in- process 
checks, all of which must be initialled or signed 
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by the operator and checker. Quality assurance 
results must include evidence that the analytical 
equipment had been properly calibrated. There 
must be a Validation Master Plan (VMP). 

 One of the underpinning features of GMP is 
the quality of starting materials. Precursors must 
be obtained from approved vendors. There must 
be a process for auditing or inspecting vendors. It 
may be possible for a single such audit to be per-
formed on behalf of a number of PET centres in 
the same country. All chemicals which remain in 
the fi nal formulation must be obtained from certi-
fi ed pharmaceutical suppliers. In particular, 
active pharmaceutical ingredients (API) must be 
obtained from a certifi ed GMP source.  

6.5.1.4     Quality Management System 
(QMS) 

 In recent years, inspectors have placed increasing 
emphasis on the quality management system 
[ 30 ]. Indeed, this chapter was revised in 2013. 
Quality management is a wide-ranging concept, 
encompassing all matters which individually or 
collectively infl uence the quality of a product. 
The components of a QMS include the following. 
Product and process knowledge is managed 
throughout all life cycle stages. Managerial 
responsibilities are clearly specifi ed. 
Arrangements are made for the manufacture, 
supply and use of the correct starting and packag-
ing materials, the selection and monitoring of 
suppliers and verifying that each delivery is from 
the approved supply chain. Processes are in place 
to assure the management of outsourced activi-
ties. The results of product and process monitor-
ing are taken into account in batch release, in the 
investigation of deviations and with a view of 
taking preventive action to avoid potential devia-
tions occurring in the future. All necessary con-
trols on intermediate products and any other 
in-process controls and validations are carried 
out. Where the true root cause (s) of the issue 
cannot be determined, consideration should be 
given to identifying the most likely root cause (s) 
and to addressing those in order to assess which 
might be responsible. Where human error is sus-
pected or identifi ed as the cause, this should be 
justifi ed having taken care to ensure that process, 
procedural or system-based errors or problems 

have not been overlooked. Appropriate corrective 
actions and/or preventative actions (CAPAs) 
should be identifi ed and taken in response to 
investigations in a timely manner. The effective-
ness of such actions should be monitored and 
assessed, in line with quality risk management 
principles. There is a process for self-inspection 
and/or quality audit, which regularly appraises 
the effectiveness and applicability of the pharma-
ceutical QMS.   

6.5.2     Challenges for PET 

 There are two separate challenges for the applica-
tion of GMP to the manufacture of PET radio-
pharmaceuticals. The fi rst is dictated by the short 
half-lives of most radionuclides used in PET, e.g. 
 18 F, 109 min;  11 C, 20 min;  13 N, 10 min; and  15 O, 
2 min. There is no time for all quality parameters 
to be assessed before release for clinical use. 
Following risk assessment it must be specifi ed 
which parameters can be determined retrospec-
tively. This would include sterility testing and 
determination of levels of residual solvents. If at 
all possible, endotoxin testing, as a surrogate of 
sterility testing, should be performed before 
release, while sterility testing is performed post 
release. Endotoxins are heat-stable toxins 
released from the cell wall of gram-negative bac-
teria; thus, the absence of endotoxins suggests 
that the product does not contain bacteria. Before 
a new product is introduced, there must be a 
number of validation runs with full analysis to 
establish the quality of the product and its 
reproducibility. 

 The second challenge is the small-scale pro-
duction, usually only a few doses at a time, in 
relation to the number of members of staff who 
would be required for implementation of full 
GMP. There should be segregation of responsi-
bilities for production and quality control, and 
there should be independent release. Moreover, 
this small-scale production of a range of prod-
ucts is carried out with a small number of auto-
mated synthesis units. In the past this often 
involved reusable apparatus for which there had 
to be a validated cleaning procedure between 
operations and a strict regime of segregation. 
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Nowadays sterile single-use cassettes are avail-
able for many products, making production more 
reliable and less risky [ 31 ]. The Radiopharmacy 
Committee of the European Association of 
Nuclear Medicine has published guidance on 
good radiopharmacy practice (cGRPP) for the 
preparation of radiopharmaceuticals on a small 
scale [ 32 ].   

6.6     Future Directions 

6.6.1     New European Clinical Trials 
Regulations 

 The implementation of the European Clinical 
Trials Directive of 2001 had the unintended effect 
of reducing the number of clinical trials carried 
out in Europe [ 33 ]. Following consultation, the 
Directive was amended and reintroduced as a 
regulation [ 8 ]. Even though this regulation 
entered into force on 16 June 2014, it will apply 
no earlier than 28 May 2016. As a result of lobby-
ing during the revision process, the special status 
of radiopharmaceuticals has been recognised, 
and there has been a relaxation of several require-
ments for radiopharmaceuticals [ 9 ]. 

 Article 61, paragraph 5, states that the require-
ment for an investigational medicinal product 
(IMP) manufacture authorisation will  not  apply 
to “preparation of radiopharmaceuticals used as 
diagnostic investigational medicinal products 
where this process is carried out in hospitals, 
health centres or clinics, by pharmacists or other 
persons legally authorised in the Member State 
concerned to carry out such  process, and if the 
investigational medicinal products are intended 
to be used exclusively in hospitals, health cen-
tres or clinics taking part in the same clinical 
trial in the same Member State”. There are two 
important points within this statement. Firstly, it 
only applies to diagnostic radiopharmaceuticals, 
not therapeutic. Secondly, it only applies to 
small- scale preparation in hospitals and  

affi liated centres but does allow for supply to 
other centres taking part in the same clinical trial 
but lacking facilities for preparation of 
radiopharmaceuticals. 

 It is further stated in article 63, paragraph 2, 
the full requirements of GMP will not be applied 
to preparation of radiopharmaceuticals under 
this exemption. This will reduce the regulatory 
burden on PET centres but will not compromise 
the quality of the radiopharmaceuticals 
produced. 

 Finally, article 68 simplifi es the labelling 
requirements for containers used to hold radio-
pharmaceuticals, recognising that it is a chal-
lenge to fi t all the components required for an 
IMP product label onto a small square of adhe-
sive paper. 

 It is anticipated that this precedent may be 
built upon in future revisions of European phar-
maceutical legislation which affects PET 
radiopharmaceuticals.  

6.6.2      Recognition of Special Status 
of Radiopharmaceuticals 

 Following on from the recognition of radiophar-
maceuticals in the Clinical Trials Regulation [ 8 ], 
the relatively new PIC/S guidance document with 
annex 3 on radiopharmaceuticals contains some 
useful tips and ideas for the non-commercial “in- 
house” manufacturing of radiopharmaceuticals 
[ 10 ]. In this document, for example, the use of 
risk assessment can justify less stringent 
 requirements for the environment that is written 
in annex 1 of Eudralex [ 27 ]. 

 There can be a confl ict in the requirements of 
GMP and radiation protection regulations as the 
former consider only the patient’s safety and the 
latter only the worker’s safety. In a case where 
the two regulations cannot be met, a decision 
based on a risk assessment should be made in 
order to determine which is of higher impact. 
Weighting should be applied based on the 
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 probability, risk and danger for the employees 
versus the patients, e.g. number of employees 
exposed to risk × probability of an incident × 
impact of incident to be compared with number 
of patients exposed to risk × probability of an 
incident × impact of incident. 

 An example of the use of risk assessment is 
the GMP requirement for an integrity test of the 
sterile fi lter after use: the fi lter contains residual 
radioactivity and thus poses a radiation risk. If 
many fi lters (>10) have been tested and the prod-
uct has been demonstrated to be sterile each time 
or if the sterile fi lter is removed and the product 
is tested for bioburden (the microbial/bacterial 
load before sterile fi ltration) and is low 
(<1 CFU/10 mL; CFU – colony-forming unit) 
each time, one can make a risk assessment in 
order to avoid doing the sterile fi lter integrity test 
until the radioactivity has decayed.  

6.6.3     Risk Assessment Approaches 

 As already mentioned in Sect.  6.6.2 , risk assess-
ment can be used to justify less stringent environ-
ment for the manufacturing of radiopharmaceuticals. 
Two of the most frequent approaches to risk 
assessment in the manufacturing of tracers are 
FMEA (failure modes and effects analysis) and 
FMECA (failure mode, effects and criticality anal-
ysis). Both approaches provide an evaluation of 
potential failure modes for processes and their 
likely effects. They investigate the probability of 
occurrence (O), degree of severity of the 
 consequences (S), and the detectability (D). The 
occurrence, severity and detectability are placed in 
a matrix and then the Risk Priority Number (RPN) 
is calculated as O × S × D. RPN is a method to 
determine the criticality. 

 An example of a three-level FMEA/FMECA 
matrix:

 Parameter  Level  Score  Description 

 Probability of 
occurrence (O) 

 Low  1  Very unlikely to 
occur 

 Medium  2  Moderately 
likely to occur 

 High  3  High probability 
of occurrence 

 Severity (S)  Low  1  Expected to have 
little or brief 
negative 
infl uence 

 Medium  2  Expected to have 
a medium 
negative 
infl uence with 
possible minor 
long-term harm 

 High  3  Expected to have 
a harmful or 
hazardous 
impact, 
including 
long-term effects 
with possible 
catastrophic or 
fatal effect 

 Detectability 
(D) 

 High  1  All failures are 
expected to be 
detected and the 
consequences 
avoided 

 Medium  2  Some but not all 
failures are 
expected to be 
detected and the 
consequences 
avoided 

 Low  3  None of the 
failures are 
expected to be 
detected and the 
consequences 
avoided 

6.6.3.1       Risk Evaluation 

 (Sub) 
System  Function 

 Failure 
mode 

 Failure 
cause  Consequences  O  S  D  RPN  Action 
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   Continue analysing the problem and fi ll out the 
schedule above and calculate RPN for each sub-
system. Find suitable action levels depending on 
the character of the problem, for example:

 RPN ≥12  High risk, unacceptable, action needed 

 5< RPN 
<12 

 Medium risk, further investigations to 
decide actions 

 RPN <5  Low risk, acceptable 

   Document the actions decided and their 
outcome. 

  Risk Control     One way to control the risks is to 
create a risk matrix.   

6.6.3.2     Risk Matrix 

    

Probability (OxD)

Low Medium High

Low 1 2 3 4 6 9

Severity (S) Medium 2 4 6 8 12 18

High 3 6 9 12 18 27

Level 1 =

Acceptable

Level 2 = 

ALARP
(As Low As Reasonably

Practical)

Level 3 =

Intolerable
  

    To construct this matrix, the probability and 
detectability parameters are multiplied together 
and tabulated against the severity parameter. 
Standard risk classifi cation is used to discrimi-
nate between levels of risk. 

 The ALARP level will be determined accord-
ing to the kind of problem being assessed. You will 
also have to consider regulatory requirements and 
other demands stated by authorities, for example, 
marketing authorisations. Further information can 
be found in the ICH Q9 guideline [ 34 ].   

6.6.4     Quality by Design (QbD) 

 Quality by design can be seen as an approach 
similar to parametric release. All critical 

 parameters and set points are evaluated, normally 
using multivariate analysis. Once this is done, the 
knowledge space and design space are assigned 
(see Fig.  6.2a ). As long as the set points and 
parameters are within the design space (see 
Fig.  6.2b ), the fi nished product will meet the 
specifi cations and may be released. This approach 
may demand more in-process controls but should 
demand less or less frequent, quality control, thus 
enabling easier and faster release of radiophar-
maceuticals. Further information can be found in 
the ICH Q8(R2) guideline [ 35 ].  
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   Conclusion 

 All in all, GMP is here to stay. It started as a 
reactive process to the inconsistencies in drugs 
and the manufacture thereof but is slowly and 
steadily changing towards being a proactive 
approach for the manufacturing of drugs. 
Globalisation pushes the different regions and 
countries to harmonise their regulations for 
medicinal products, and radiopharmaceuticals 
are becoming recognised as a special breed of 
drugs. In the near future, it may become easier 
to gain approval for the use of PET radiophar-
maceuticals in humans as the  special status of 
radiopharmaceuticals is recognised.       
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     Abstract  

  The Food and Drug Administration (FDA) 
Modernization Act (the Modernization Act) 
of 1997 directed FDA to establish current 
good manufacturing practice (CGMP) require-
ments for positron emission tomography 
(PET) drugs. As directed by the US Congress 
in the Modernization Act, the costly CGMP 
regulations which the FDA applies to large 
pharmaceutical manufacturers are not appro-
priate for the PET drugs due to the unique 
properties of these drugs mainly the short 
half-lives. In consideration of the unique 
nature of PET drugs and PET drug produc-
tion, FDA instituted specifi c CGMP require-
ments in 21 Code of Federal Regulations 
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(CFR) part 212. Sections 1 and 2 of this book 
chapter illustrate the signifi cant different 
aspects and the rationales for such differences 
between part 212 and parts 210/211 which are 
the CGMP requirements for non-PET drugs. 
The PET drug CGMP regulation found in part 
212 also provides a more fl exible regulatory 
framework for investigational PET drugs for 
human use produced under an investigational 
new drug application (IND) in accordance 
with part 312 and PET drugs produced with 
the approval of a Radioactive Drug Research 
Committee (RDRC) in accordance with part 
361. The PET CGMP requirements for these 
PET drugs can be met either by compliance 
with part 212 or by producing such drugs in 
accordance with the 32nd edition of the United 
States Pharmacopeia (USP) General Chapter 
<823>, “Radiopharmaceuticals for Positron 
Emission Tomography – Compounding,” 
which was published in 2009. In 2012, USP 
revised and renamed this General Chapter 
<823>, “Positron Emission Tomography 
Drugs for Compounding, Investigational, and 
Research Uses.” FDA is currently considering 
whether to amend the PET CGMP regulations 
to incorporate this revised chapter into part 
212. Section 4 describes format/content of the 
revised USP General Chapter <823> which is 
very much in line with part 212 and offers 
more fl exible requirements than the <823> in 
32nd USP. 

 FDA expects to perform a CGMP surveil-
lance inspection of each PET facility once 
every 2 years on average, but may visit some 
sites more than once every 2 years when war-
ranted, such as when the site is named in an 
application for a new type of PET drug prod-
uct or has undergone substantial change. As 
part of the drug approval process, a preap-
proval inspection (PAI) will be performed by 
the FDA inspector(s) to provide assurance that 
a PET drug production facility that is named 
in a drug application is capable of producing 
the PET drug in accordance with CGMPs and 
that the submitted application data are reli-
able, accurate, and complete. Section 5 sum-
marizes the major defi ciencies identifi ed by 

the FDA inspectors during their 2013 and 
2014 inspection programs at various PET drug 
production facilities in the United States.  

7.1        Introduction 

 Positron emission tomography (PET) radiophar-
maceuticals are unique among radiopharmaceuti-
cals because of their short half-lives. There are 
four positron-emitting radioisotopes that are con-
sidered the biologic tracers, carbon-11, nitrogen-
 13, oxygen-15, and fl uorine-18.  11 C ( t  ½  = 20.4 min), 
 15 O ( t  ½  = 2.1 min), and  13 N ( t  ½  = 10 min) are 
referred to as the essentials of life. They can be 
easily substituted directly into biomolecules with-
out changing the properties of the molecule.  18 F 
( t  ½  = 110 min) is not a normal constituent of bio-
logical molecules but can often be substituted for 
a hydroxyl group as in the case of deoxyglucose 
or can be substituted for a hydrogen atom in a 
molecule or placed in a position where its pres-
ence does not signifi cantly alter the biological 
behavior of the molecule. Fluorodeoxyglucose 
( 18 FDG) is currently the most widely used PET 
radiopharmaceutical in clinical oncology in addi-
tion to its clinical applications in cardiology and 
neurology.  18 FDG is one of the important factors 
for the wide acceptance of PET imaging in clini-
cal practice. The application of PET in clinical 
oncology is increasing since many molecular tar-
gets relevant to cancer can be labeled with posi-
tron emitter radionuclides. 

 The concept of PET and the design and con-
struction of PET scanners were initiated in the 
United States back in the late 1950 [ 1 – 3 ]. 
However, the benefi ts of PET imaging were not 
widely available to American patients for many 
years due to “lack of reimbursement and inap-
propriate and costly regulations promulgated by 
FDA” [ 4 ]. The same current good manufactur-
ing practice (CGMP) requirements that FDA 
typically applies to large drug manufacturers 
were also placed on the production of PET 
radiopharmaceuticals without taking into con-
sideration the special properties of these drugs 
(e.g., short half-lives). In order to make PET 
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imaging technology more accessible to the US 
patients at reasonable cost, the US Congress 
establishes a new regulatory framework for PET 
drugs within the Food and Drug Administration 
Modernization Act of 1997 (FDAMA) which 
was signed by President Bill Clinton on 
November 21, 1997 [ 5 ]. 

 Specifi cally, section 121(c)(1)(A) of 1997 
FDAMA directed FDA to establish CGMP 
requirements for PET drugs [ 5 ]. In the Federal 
Register (FR) of September 20, 2005 (i.e., 70 FR 
55038), FDA published a proposed rule to estab-
lish CGMP requirement for PET drugs [ 6 ]. On 
December 10, 2009, FDA issued a fi nal rule in 74 
FR 65409 [ 7 ] and an accompanying guidance 
document to establish specifi cally “tailored” 
CGMP requirements for PET drugs [ 8 ]. 

 These requirements are codifi ed in the Title 21 
of the Code of Federal Registrations (CFR) part 
212 (part 212) [ 7 ]. The deadline for this regula-
tion to become effective was originally set on 
December 12, 2011 [ 7 ]. Two years later, with the 
deadline looming, FDA received numerous 
requests for extending the submission deadline. 
FDA was concerned about preventing access to 
the PET drugs, and therefore this deadline was 
extended by the FDA to June 12, 2012 [ 9 ].  

7.2     PET Drug 

7.2.1     Is PET Drug for Imaging or 
Therapy or Both? 

 “PET drug” as defi ned in part 212 is “a radioactive 
drug that exhibits spontaneous disintegration of 
unstable nuclei by the emission of positrons and is 
used for providing dual photon positron emission 
tomographic  diagnostic  images” (emphasis added) 
[ 10 ]. Under section 121(a) of the FDAMA (codi-
fi ed as section 201(ii)(1)(A) of the Food, Drug, 
and Cosmetic Act [FD&C]) [ 5 ,  11 ], a compounded 
PET drug is defi ned as a drug that “exhibits spon-
taneous disintegration of unstable nuclei by the 
emission of positrons and is used for the purpose 
of providing dual photon emission tomographic 
 diagnostic  image” (emphasis added). The word 
“diagnostic” in each of these two defi nitions 

appears to indicate that part 212 [ 10 ] and the pro-
visions of the FDAMA concerning PET drugs [ 5 ] 
do not apply to PET drugs used for therapeutic 
purposes.  

7.2.2     Defi nition of PET Drug 

 The defi nition of PET drug as stated in part 212 
specifi cally includes any nonradioactive reagent, 
reagent kit, ingredient, nuclide generator, accel-
erator, target material, electronic synthesizer, or 
other apparatus or computer program to be used 
in the preparation of a PET drug [ 10 ]. Once again, 
this defi nition closely parallels the defi nition of 
PET drug in section 121(a) of the FDAMA [ 5 ]. 

 It seems that the inclusion of these “ancillary” 
components and equipment (e.g., nuclide genera-
tor, accelerator, electronic synthesizer, etc.) is 
overly broad and not appropriate within the prac-
tical and technical defi nition of a drug. However, 
since these items were included in defi nition of 
“compounded PET drug” as stated in the section 
121 (a) of the FDAMA [ 5 ], FDA felt that the 
 defi nition of “PET drug” in the fi nal rule should 
include these items as well [ 7 ]. Thus, these 
“ancillary” items are also subject to the same 
CGMP requirements for PET drugs as stipulated 
in part 212 [ 10 ].  

7.2.3     PET Drug Versus PET Drug 
Product 

 Part 212 defi nes “PET drug product” as a fi nished 
dosage form of a PET drug, and it is included in 
the FDA defi nition for “PET drug” [ 10 ]. As such, 
the CGMP requirements for PET drugs do apply 
to PET drugs, as well as PET drug products.  

7.2.4     Compounded 
and Noncompounded PET 
Drugs 

 The FDAMA does not have separate regulations 
for compounded PET drugs and noncompounded 
PET drugs [ 5 ]. In fact, section 121(b) of the 
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FDAMA states that 4 years after the date of 
enactment of the FDAMA or 2 years after the 
FDA establishes approval procedures and CGMP 
requirements for PET drugs, whichever is longer, 
the CGMP requirements established by the FDA 
for PET drugs will apply to compounded or non-
compounded PET drugs [ 5 ]. In other words, once 
the aforementioned condition is met, all PET 
drugs (including compounded PET drugs) would 
be subject to PET drug CGMP requirements. 

 During either of these two time frames, sec-
tion 121(b) of the FDAMA indicated that a com-
pounded PET drug was not adulterated if it was 
compounded, processed, packed, or held in con-
formity with the PET compounding standards 
and offi cial monographs of the United States 
Pharmacopeia (USP) [ 5 ].  

7.2.5     PET Drug Production 
Versus Practice of Pharmacy 

 Although part 212 defi nes “production” of a PET 
drug as the manufacturing, compounding, 
 processing, packaging, labeling, reprocessing, 
repacking, relabeling, and testing of a PET drug 
[ 10 ], FDA has traditionally deferred the dispens-
ing of a patient-specifi c dose and the use of the 
drug product to state and local authorities. As 
such, these postproduction activities are regarded 
by the FDA as the practice of medicine and phar-
macy. Consequently, a guidance – a version 
marked on the front cover with  Small Entity 
Compliance Guide  – issued by the FDA in 
2011(Guidance) stated that production includes 
all operations only to the point of fi nal release of 
a fi nished dosage form [ 12 ]. In general, a routine 
FDA inspection to ensure compliance with 
CGMP would focus on activities up to and 
including the point of fi nal release of a PET drug 
product [ 12 ].   

7.3     CGMP for PET Drugs 

 CGMP is a minimum standard that ensures that a 
drug meets the requirements of safety, as well as 
it has the identity, strength (or potency), quality, 

and purity characteristics as it is represented to 
possess. CGMP is demonstrated through written 
documentation of procedures and practices. 

 After visiting several PET drug production 
sites, FDA concluded that a PET drug producer’s 
status as either a not-for-profi t or for-profi t entity 
does not and should not have any signifi cant 
bearing on the safety, identity, strength, quality, 
and purity of PET drugs that it produces and dis-
tributes for administration to patients. The same 
conclusion goes to the methods, facilities, and 
controls that a PET drug production facility needs 
to ensure product’s safety, identity, strength, 
quality, and purity. Instead, FDA believes pro-
duction, and CGMP differences among PET drug 
producers are primarily a function of the size, 
scope, and complexity of their production 
operations. 

 Consequently, FDA approach to the CGMP 
regulation for PET drugs has been shaped largely 
by the statutory and the imperatives of product’s 
safety, identity, strength, quality, and purity, 
rather than commercialization or reimbursement 
concerns. In fact, FDA found that implementing 
certain production standards and controls could 
further ensure the production of suitable PET 
drugs, regardless of differences among the vari-
ous PET drug production facilities. FDA believes 
that the welfare of a patient undergoing a PET 
scan should not depend on where a particular 
PET drug was produced. 

7.3.1     Unique Aspects of PET Drug 
Production 

 PET drug manufacturing procedures differ in a 
number of important ways from those associated 
with the manufacture of conventional drug prod-
ucts, mainly due to the short half-lives of PET 
radioisotopes. These unique aspects are as follows:

•    Because of the short physical half-lives of 
PET radioisotopes, prolonged manufacturing 
time signifi cantly would erode the useful clin-
ical life of PET drugs. Likewise, the produced 
PET drug product is administered to the 
patient usually within a matter of hours. Due 
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to a relatively small number of patients per 
day, PET drug production facilities generally 
manufacture the products in response to daily 
demand. Thus, a maximum of only a few lots 
are manufactured per day, with one lot equal-
ing one multiple-dose vial.  

•   Because one lot equals one multiple-dose vial 
containing a homogeneous solution of a PET 
drug product, results from end product testing 
of samples drawn from the single vial have the 
maximum possible probability of being repre-
sentative of all the doses administered to 
patients from that vial. This special character-
istic of the produced PET drug prevents sam-
pling or testing error.  

•   An entire lot may be administered to one or 
several patients, depending upon the radioac-
tivity remaining in the container at the time of 
administration. Consequently, the administra-
tion of the entire quantity of a lot to a single 
patient should be anticipated for every lot man-
ufactured. This is an important consideration 
when establishing the testing limits for certain 
attributes such as endotoxins and impurities.  

•   PET drugs usually do not enter a general drug 
distribution chain. Rather, the entire lot (one 
vial) is usually distributed directly from the 
PET drug production facility either to a single 
medical department or physician for adminis-
tration to patients or to a nuclear pharmacy for 
dispensing. Distribution may occur to other 
PET centers when the geographic proximity 
will allow for distribution and use within the 
PET drug product’s half-life parameters.  

•   The quantities of radioactive active ingredients 
contained in each lot of a PET drug generally 
vary from nanogram to milligram amounts, 
depending upon various product parameters.     

7.3.2     Part 212 Versus Parts 210 
and 211 

 In consideration of these unique natures of PET 
drugs and PET drug production, FDA recognized 
that application of certain provisions of the 
CGMP regulations in parts 210 and 211 [ 13 ,  14 ] 
to the manufacture of PET drugs might result in 

unsafe handling or be otherwise inappropriate 
[ 7 ]. Thus, part 212 differs in many signifi cant 
ways from the CGMP requirements for non-PET 
drugs found in the regulations of parts 210 and 
211[ 12 – 14 ]. 

 Included among these differences are the fol-
lowing (to be described in more details later):

•    Fewer required personnel with fewer organi-
zational restrictions consistent with the scope 
and complexity of operations  

•   Allowance for multiple operations (or stor-
ages) in the same area as long as organization 
and other controls are adequate  

•   Streamlined requirements for aseptic process-
ing consistent with the nature of the produc-
tion process  

•   Streamlined quality assurance (QA) require-
ments for components  

•   Self-verifi cation of signifi cant steps in PET 
drug production consistent with the scope and 
complexity of operations  

•   Same-person oversight of production, review 
of batch production and control records 
(please refer to the section titled “Production 
and Process Controls” for the distinction 
between master production and control record 
and batch production and control record), and 
authorization of product release consistent 
with the scope and complexity of operations  

•   Greater fl exibility in approaches to determin-
ing whether PET drug products conform to 
their specifi cations  

•   Specialized QA requirements for PET drugs 
produced in multiple sub-batches (sub-batch 
means a quantity of PET drug having uniform 
character and quality, within specifi ed limits, 
that is produced during one succession of mul-
tiple irradiations, using a given synthesis and/
or purifi cation operation) [ 10 ]  

•   Simplifi ed labeling requirements consistent 
with the scope and complexity of operations     

7.3.3     Application of Part 212 

 The regulations in part 212 apply only to the 
 production, quality control (QC), holding, and 
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distribution of PET drugs [ 10 ]; human drugs that 
do not meet the defi nition of a PET drug must be 
manufactured in accordance with the CGMP 
requirements in parts 210 and 211 [ 13 ,  14 ]. Part 
212 regulations are designated to be suffi ciently 
fl exible to accommodate the unique aspects of 
PET drugs [ 10 ]. 

 However, section 212.5(b) also gives produc-
ers of PET drugs under the review of an investi-
gational new drug application (IND) or under a 
Radioactive Drug Research Committee (RDRC) 
the option of following the CGMP regulations in 
part 212  or  producing PET drugs in accordance 
with General Chapter <823> (USP <823>) of the 
32nd edition of the USP  Radiopharmaceuticals 
for Positron Emission Tomography  – 
 Compounding  [ 10 ,  15 ]. 

 Originally developed in 1990, USP <823> sets 
forth requirements for PET drug production, 
including control of components, materials, and 
supplies, verifi cation of procedures, stability test-
ing and expiration dating, QC, and sterilization and 
sterility assurance [ 15 ]. The 1997 FDAMA stipu-
lates that a compounded PET drug is adulterated 
unless it is produced in conformity with the USP 
compounding standards (including USP <823>) 
and offi cial monographs for PET drugs [ 5 ]. 

 The main reason that the FDA allows USP 
<823> to constitute CGMP standards for IND and 
RDRC PET drugs is to “allow more fl exibility dur-
ing the development of these drugs” [ 12 ]. Although 
the provisions in USP <823> [ 15 ] are generally 
less specifi c and explicit than the requirements in 
part 212 [ 10 ], FDA believes that provisions in USP 
<823> are “adequate to ensure that investigational 
and research PET drugs are produced safely under 
appropriate conditions” and are “appropriate 
CGMP requirements for the investigational and 
research stage of development” [ 12 ]. FDA also 
recognizes that the majority of these investiga-
tional and research PET drugs do not have com-
mercial potential [ 12 ], and, therefore, it is not 
necessary to subject these drugs under the stipula-
tions of part 212, which is more geared to approved 
or to-be-approved PET drugs [ 10 ]. 

 Better compliance outcome is another reason 
that FDA permits producers of IND and RDRC 
PET drugs to choose USP <823> as an  alternative 

standard for meeting CGMP requirements [ 12 ]. 
FDA stated that because “most PET drug produc-
ers are very familiar with the requirements in 
Chapter <823>, allowing producers to meet the 
CGMP requirements for investigational and 
research PET drugs by following Chapter <823> 
should greatly facilitate producers’ compliance 
with the CGMP requirements” [ 12 ]. 

 Nevertheless, once a PET drug producer 
intends to seek marketing approval for a PET 
drug or a new indication, the production of the 
PET drug to be used in phase 3 study should be 
conducted in accordance with the CGMP require-
ments for PET drugs as stipulated in part 212 
which is mainly designated as CGMP require-
ments for  approved  PET drugs [ 8 ].  

7.3.4     QA and QC 

 On the initiative taken by the FDA, the term “qual-
ity control” was replaced with “quality assurance” 
[ 8 ]. Nevertheless, the term “quality control” still 
appears in the defi nition of the term “batch pro-
duction and control record” [ 10 ]. The Guidance 
lists the term “quality control” in the document 
seven times [ 12 ]. Please refer to the section titled 
“Revised USP <823>” for the defi nitions of “qual-
ity control” and “quality assurance.”  

7.3.5     Personnel and Resources 

 Section 212.10 requires a PET drug production 
facility to have a suffi cient number of personnel 
with the necessary education, background, train-
ing, and experience to enable them to perform 
their assigned functions correctly [ 10 ]. Each site 
also must provide adequate resources, including 
equipment and facilities, to enable their person-
nel to perform their functions. This section only 
addresses personnel issues whereas the resources 
aspects (facilities and equipment) are discussed 
in section titled “Facilities and Equipment.” 

 A small PET drug production operation is not 
properly characterized in part 212 [ 10 ]; however, 
it is stated in the Guidance as one that produces 
only one or two batches each day (or week) of a 
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single PET drug [ 12 ]. As such, it may be adequate 
to employ only a few employees (typically at least 
two persons) to accomplish all production and 
QA functions. The Guidance further elaborates 
that one individual can be designated to perform 
the production as well as QA functions, provided 
this person is highly qualifi ed in the performance 
of all such functions [ 12 ]. Self- checks in such a 
PET drug production facility are also permissible 
as indicated in the Guidance [ 12 ]. This is not 
allowed under current part 211 in which second-
person checks are required at various stages of 
productions as well as test verifi cation [ 15 ].  

7.3.6     QA 

 Section 212.20 requires PET drug production 
facilities to establish and follow written QA pro-
cedures for production operations, materials, 
specifi cations and processes, and production 
records to ensure drug. 

 The Guidance recommends each PET drug 
production facility to establish a QA function 
which consists of execution and oversight activi-
ties related to QA requirements [ 12 ]. It further 
suggests the following activities to be handled by 
the execution and oversight of QA function, 
respectively [ 12 ]: 

 Execution activities of QA function include 
the following:

•    Examine and evaluate each lot of incoming 
material before use to ensure that the material 
meets its established specifi cations.  

•   Review the production batch records and labora-
tory control records for accuracy, completeness, 
and conformance to established specifi cations 
before authorizing the fi nal release or rejection 
of a batch or lot of a PET drug.  

•   Ensure that deviations from normal proce-
dures are documented and justifi ed.    

 Oversight activities of QA functions include 
the following:

•    Approve procedures, specifi cations, process, 
and methods.  

•   Ensure that personnel are properly trained and 
qualifi ed, as appropriate.  

•   Ensure that PET drugs have adequately 
defi ned identity, strength, quality, and purity.  

•   Ensure that all errors are reviewed. When it is 
determined that an investigation is appropri-
ate, document the investigation and take cor-
rective action(s) to prevent the recurrence of 
the errors.  

•   Conduct periodic audits to monitor compliance 
with established procedures and practices.    

 For PET drug production facilities currently 
producing one or two PET drugs, the Guidance 
indicates that employees located at the facility 
can perform both the daily execution and over-
sight functions [ 12 ]. On the other hand, a PET 
drug production organization managing multiple 
production facilities may designate the oversight 
duties to an internal QA department or an outside 
consultant to achieve a more objective and effi -
cient management [ 12 ].  

7.3.7     Facilities and Equipment 

7.3.7.1     Facilities 
 Section 212.30(a) requires a PET drug produc-
tion facility to have adequate facilities to ensure 
the orderly handling of materials and equipment, 
the prevention of mix-ups, and the prevention of 
contamination of equipment or product by sub-
stances, personnel, or environmental conditions 
that could reasonably be expected to have an 
adverse effect on product quality [ 10 ]. 

 For the potential sources of contamination, the 
Guidance points out that they include particulate 
matter, chemical, and microbiological materials 
[ 12 ]. The general principles for preventing mix- 
ups as suggested by the Guidance are equipment 
to be appropriately located, work areas to be orga-
nized and proximally located, components to be 
properly labeled and kept separate according to 
the classifi cations (i.e., quarantined, approved, or 
rejected), and access these aforementioned items 
to be restricted to authorized personnel [ 12 ]. 

 Section titled “Facility Design and 
Environmental Control” in USP General Chapter 
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<797>  Pharmaceutical Compounding – Sterile 
Preparations  is a good reference for a proper 
setup of an aseptic processing area [ 16 ]. Some 
precautions suggested by the Guidance should be 
followed to help maintain the appropriate air 
quality of the aseptic workstation [ 12 ]:

•    Sanitize the aseptic workstation before each 
operation.  

•   Keep items within a laminar airfl ow aseptic 
workstation to a minimum and do not inter-
rupt the airfl ow.  

•   Have operators wear clean lab coats and sani-
tized gloves when conducting an aseptic 
manipulation within the aseptic workstation.  

•   Frequently sanitize gloved hands or frequently 
change gloves when working in the aseptic 
workstation. Examine gloves for damage 
(tears or holes) and replace them if they are 
damaged.  

•   Sanitize the surface of non-sterile items (e.g., 
test tube rack, the overwrap for sterile 
syringes, fi lters) and wipe with an appropriate 
disinfectant (e.g., sterile 70 % isopropyl 
 alcohol) before placing them in the aseptic 
workstation.     

7.3.7.2     Equipment 
 Section 212.30(b) requires the implementation 
of procedures to ensure that all equipment that 
would reasonably be expected to adversely affect 
the identity, strength, quality, or purity of a PET 
drug, or give erroneous or invalid test results 
when improperly used or maintained, is clean, 
suitable for its intended purposes, properly 
installed, maintained, and capable of repeatedly 
producing valid results [ 12 ]. Activities in accor-
dance with these procedures must be docu-
mented [ 12 ]. Section 212.30(c) stipulates the 
equipment to be constructed and maintained so 
that surfaces that contact components, in-pro-
cess materials, or drug products are not reactive, 
additive, or absorptive so as to alter the quality 
of the PET drug [ 10 ]. 

 For any newly installed equipment, the 
Guidance recommends a three-step process – 
installation qualifi cation (IQ), operational quali-
fi cation (OQ), and performance qualifi cation 

(PQ) – to qualify the new equipment before its 
fi rst use in order to ensure it was installed cor-
rectly, was operated adequately, and is capable of 
producing the anticipated results [ 12 ]. 

 Normally, the equipment vendor verifi es that 
the equipment is installed correctly (IQ) and 
operates according to specifi cations, OQ. Before 
the equipment is used for production, personnel 
in the PET drug production facility should verify 
that the equipment, when operated under actual 
production parameters or selected method, pro-
duces consistent results within established speci-
fi cations – PQ [ 12 ]. 

 Representative equipment is discussed in the 
Guidance to illustrate how it should be controlled 
[ 12 ]. Some examples are listed below:

•    The provisions contained in the USP General 
Chapter <1015>  Automated Radiochemical 
Synthesis Apparatus  can help ensure proper 
functioning of a synthesis apparatus [ 17 ].  

•   Microbiological monitoring (e.g., using settle 
plate) in the aseptic workstation should be 
conducted during sterility testing and critical 
aseptic manipulation.  

•   In order to make sure that a gas chromato-
graph (GC) or a high-performance liquid 
chromatograph (HPLC) system is functioning 
correctly, a suitability testing should be con-
ducted. At least one injection of the standard 
preparation (reference standard or internal 
standard) should be done before the injection 
of test samples into a GC or HPLC system.      

7.3.8     Control of Components, 
Containers, and Closures 

 Section 212.40(a) and (b) requires PET drug 
 production facilities to establish, maintain, and 
follow written procedures for the control 
(i.e., receipt, log-in, identifi cation, storage, han-
dling, testing, and acceptance and/or rejection) of 
components, containers, and closures. 
Appropriate written specifi cations for the compo-
nents, containers, and closures must be estab-
lished [ 10 ]. Section 212.40(c) establishes the 
minimum standards for controlling components, 
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containers, and closures from receipt to con-
sumption [ 10 ]. Any incoming lot must be appro-
priately designated as quarantined, accepted, or 
rejected. One must use a reliable supplier for 
each component, container, and closure [ 10 ]. 
Section 212.40(d) requires that components, con-
tainers, and closures be handled and stored in a 
manner that prevents contamination, mix-ups, 
and deterioration [ 10 ]. Section 212.40(e) requires 
that PET drug production facilities keep a record 
of each shipment of each lot of components, con-
tainers, and closures that they receive [ 10 ]. 

 The Guidance defi nes “reliable vendor” as 
“qualifi ed vendors,” and a vendor is qualifi ed 
when there is evidence to support its ability to 
supply a material that consistently meets all qual-
ity specifi cations [ 12 ]. It is preferable as sug-
gested by the Guidance to have more than one 
qualifi ed vendor for a component [ 12 ]. 

 For acceptance testing, the specifi c identity 
test is only required if the fi nished-product testing 
does not ensure that the correct components have 
been used or if an inactive ingredient (e.g., 0.9 % 
sodium chloride solution) was prepared on site 
from a component that is not subject to 
 fi nished- product testing [ 10 ,  12 ]. Otherwise, 
examination of a certifi cate of analysis (COA) 
provided by the supplier should be suffi cient [ 10 ].  

7.3.9     Production and Process 
Controls 

 Section 212.50 requires adequate production and 
process controls to ensure consistent production 
of a PET drug that meets the applicable standards 
for identity, strength, quality, and purity [ 10 ]. 

7.3.9.1     Master Production and Control 
Record and Batch Production 
and Control Record 

 Section 212.50(b) requires PET drug production 
facilities to have master production and control 
records that document all steps in the PET drug 
production process [ 10 ]. Master production and 
control record (or master record) is a principal 
document that describes how a drug product is 
made. It is used to derive an individual batch 

record (i.e., batch production and control record) 
and specifi es how each batch is to be produced. 
Since the master record is a compilation of 
detailed step-by-step instructions, it has been 
suggested, during the comment period for the 
fi nal rule, to change the term “control record” to 
“control procedure” [ 7 ]. However, FDA did not 
accept it because “control record” is a standard 
term used in the production of drugs [ 7 ]. 

 Section 212.50(c) requires that a batch pro-
duction and control record (i.e., batch record) be 
created for each new batch of a PET drug [ 10 ]. 
The batch record provides complete traceability 
and accountability for production and control of 
each batch of drug product.  

7.3.9.2     Radiochemical Yield Limit 
 Section 212.50(b)(1) through (b)(6) listed certain 
items of information that would be required in a 
master record [ 10 ]. One of these required infor-
mation, as described in section 212.50(b)(6), is a 
statement of acceptance criteria on radiochemical 
yield [ 10 ]. In the 2005 proposed rule, section 
212.50(b)(6) described this statement as  accep-
tance criteria  on radiochemical yield (i.e., the 
minimum percentage of yield beyond which 
investigation and corrective action are required) 
(emphasis added) [ 7 ]. 

 During the comment period of the 2005 pro-
posed rule, one comment suggested the deletion 
of this requirement [ 7 ]. The comment indicated 
that radiochemical yields could have signifi cant 
variations even in a well-controlled PET manu-
facturing operation and that many factors could 
affect the yield [ 7 ]. The comment maintained that 
radiochemical yield is not a signifi cant predictor 
of product quality [ 7 ]. According to the comment, 
discarding useful quality product and having to 
produce another lot based on arbitrary radiochem-
ical yield increase radiation exposure [ 7 ]. 

 FDA’s response to this comment was that 
although a low radiochemical yield would not 
necessarily require the rejection of a batch, low 
radiochemical yield can be a useful predictor of 
control of the production process for a PET drug 
[ 7 ]. FDA further articulated that a low radio-
chemical yield might result from a leak in the 
production system that introduces an extraneous 
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substance, resulting in a contaminated product 
that might not be easily purifi ed [ 7 ]. 

 As such, FDA concluded that repeated occur-
rences of low radiochemical yield or a downward 
trend in radiochemical yield should prompt an 
investigation and, if necessary, corrective action 
[ 7 ]. Nevertheless, FDA did revise section 
212.50(b)(6) to require a statement of  action 
 limits , rather than  acceptance criteria , on radio-
chemical yield, because not meeting the 
radiochemical yield limits would require investi-
gation and corrective action but not necessarily 
rejection of the batch [ 10 ]. This is one good 
example to illustrate the openness and willing-
ness of FDA to work with the PET community 
during the establishment of PET drug CGMP 
regulations. 

 Another example – one comment suggested 
that it is not necessary to record date and time of 
each production step. The comment maintained 
that recording the date once is suffi cient since 
the majority of PET drug productions only take a 
few hours at most. The comment also recom-
mended that recording the time be limited to 
critical steps due to the importance of these 
 processes [ 7 ]. Although FDA did not accept 
their suggestion for the removal of date-record-
ing requirement, FDA adopted their recommen-
dation of recording time for each critical 
production step (e.g., start of irradiation, begin-
ning and end of synthesis) [ 7 ,  10 ].  

7.3.9.3     Process Verifi cation 
 Section 212.50(f)(2) requires that when the 
results of the production of an entire batch of a 
PET drug are not fully verifi ed through 
fi nished- product testing or when only the ini-
tial sub-batch in a series is tested, the PET drug 
producer must demonstrate that the process for 
producing the PET drug is reproducible and is 
capable of producing a drug product that meets 
the predetermined acceptance criteria [ 10 ]. If 
each entire batch of a PET drug undergoes full 
fi nished- product testing to ensure that the 
product meets all specifi cations, section 
212.50(f)(1) indicates that process verifi cation 
as described in section 212.50(f)(2) is not 
required [ 10 ]. 

 For the process verifi cation under section 
212.50(f)(2), the Guidance recommends that if a 
PET drug production facility has an established 
history of PET drug production, the process veri-
fi cation can be accomplished using historical 
batch records, provided that there is adequate 
accumulated data to support a conclusion that the 
current process yields batches meeting predeter-
mined acceptance criteria [ 12 ]. 

 The Guidance also recommends that new pro-
cesses or signifi cant changes to existing pro-
cesses be shown to reliably produce PET drugs 
meeting the predetermined acceptance criteria 
before any batches are distributed [ 12 ]. This veri-
fi cation should be conducted according to a writ-
ten protocol and generally include at least three 
 consecutive  acceptable production runs [ 12 ]. 

 Because of the unique characteristics of PET 
drug production, a PET drug producer may 
decide to evaluate the reliability of a new process 
or a signifi cant change to an existing process to 
produce a PET drug by meeting the predeter-
mined  acceptance criteria  concurrently  with the 
distribution of the batch, provided that this 
approach is consistent with the product’s 
approved application [ 12 ]. Such a decision 
should be justifi ed in writing, subjected to QA 
procedures, and  performed according to a written 
protocol [ 12 ]. Each batch should be processed in 
strict adherence to the written procedures, fully 
tested (except sterility testing), and found to 
comply with all procedural and quality test 
requirements prior to fi nal release [ 12 ]. 

 For computer control, the Guidance indicates 
that the operation of the computer program be 
verifi ed before fi rst use or any subsequent 
changes or upgrades made to the computer pro-
gram [ 12 ]. PET drug production facilities can 
rely on a certifi cation by the software or system 
vendor that the specifi ed software was verifi ed 
under its operating condition [ 12 ].   

7.3.10     Laboratory Controls 

 Section 212.60 requires the establishment and 
implementation of procedures for testing compo-
nents, in-process materials, and fi nished PET 
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drug products [ 10 ]. All necessary tests of materi-
als and products must be documented [ 10 ]. Each 
laboratory must have sampling and testing proce-
dures designed to ensure that components, drug 
product containers and closures, in-process mate-
rials, and PET drug products conform to appro-
priate standards [ 10 ]. Analytical methods and test 
equipment must be suitable for their intended 
uses [ 10 ]. Reagents, solutions, and supplies used 
in testing procedures must be adequately con-
trolled [ 10 ]. The preventive maintenance, cali-
bration, and procedures to make sure that the 
equipment is functioning properly must be docu-
mented [ 10 ]. A complete record of all tests related 
to the production of a PET drug must be kept to 
ensure compliance with established specifi ca-
tions and standards, including examinations and 
assays [ 10 ]. 

 For reference standards used in analyses, the 
Guidance states that if a primary reference stan-
dard is obtained from an offi cially recognized 
source (e.g., USP), acceptance testing of the 
material is not required [ 12 ]. However, if the ref-
erence standard is not available from the offi cial 
source, the identity and purity of the substituted 
material must be fully confi rmed [ 12 ]. 

7.3.10.1     Stability Testing 
 Section 212.61 requires the establishment of a 
written stability testing program for each PET 
drug product [ 10 ]. This program must be used to 
establish suitable storage conditions as well as 
expiration dates and times [ 10 ]. 

 PET drugs have extremely short shelf lives 
due to their short half-lives; it might seem to be 
pointless to evaluate and establish the stability of 
PET drugs. However, the Guidance indicates that 
stability concerns for PET drugs are well 
grounded because of radiation-related radiolysis 
[ 12 ]. As such, appropriate stability parameters 
such as radiochemical identity and purity (includ-
ing levels of radiochemical impurities), appear-
ance, pH, stabilizer or preservative effectiveness, 
and chemical purity should be evaluated to estab-
lish and document the stability of PET drug prod-
ucts under proposed storage conditions [ 12 ]. 

 Stability testing of the PET drug product 
should be performed at the highest radioactive 

concentration, and the whole batch volume in the 
intended container/closure should be stored [ 12 ]. 
At least three production runs of the fi nal product 
should be studied for a time period equal to the 
labeled shelf life of the PET drug product [ 12 ].   

7.3.11     Finished Drug Product 
Controls and Acceptance 
Criteria 

 Section 212.70 requires that specifi cations be 
established for each PET drug product batch (or 
sub-batches) including identity, strength, quality, 
purity, sterility, and apyrogenicity [ 10 ]. Except as 
conditional fi nal release (section 212.70(f)), sec-
tion 212.70(c) requires an appropriate laboratory 
determination be conducted to ensure that each 
batch (or sub-batches) of a PET drug product 
conforms to specifi cations, except for sterility, 
before fi nal release [ 10 ]. 

 However, due to the very short half-life of cer-
tain PET drug (e.g.,  13 N-ammonia), the release of 
subsequent sub-batches can be qualifi ed if the 
initial sub-batch meets all acceptance criteria as 
per the Guidance [ 12 ]. This exception is only 
 permissible provided that a suffi cient number of 
sub- batches (beginning, middle, and end) have 
been demonstrated to produce a product meeting 
the predetermined acceptance criteria [ 12 ]. In 
certain cases, it may be appropriate to include 
testing each sub-batch for certain attributes prior 
to release (e.g., for pH determination in 
 13 N-ammonia production method using Devarda’s 
alloy catalyst) [ 12 ]. 

7.3.11.1     Finished-Product Testing 
 If fi nished-product testing alone is used, each 
batch of PET drug should be tested for confor-
mance to all specifi cations [ 10 ]. Otherwise, the 
Guidance suggests that the following 
approaches might be employed to achieve the 
same objective [ 12 ]:

•    In-process testing – in-process testing might 
involve the use of an online test to measure an 
attribute that is equivalent to fi nished-product 
testing, provided that the relevant attribute 
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does not change during the production of the 
fi nished product.  

•   Continuous process monitoring of an attribute 
with statistical process controls – this process 
involves comprehensive testing of an attribute 
using online monitoring and corresponding 
adjustments to prevent an upward or down-
ward drift in batch-to-batch measurements of 
the attribute.  

•   Some combination of these approaches:    

 Although section 212.70(c) addresses confor-
mance to specifi cations [ 10 ], there might be cer-
tain QC attributes for a PET drug product that are 
not as signifi cant as those included in the specifi -
cations [ 12 ]. Examples of these  noncritical  QC 
attributes might include radionuclidic purity 
(when potentially contaminating radionuclides, 
do not impact the safety or effectiveness of the 
drug product), certain low-level nontoxic impuri-
ties, and class 3 residual solvents [ 12 ,  18 ]. 

 FDA indicated that a PET drug producer may 
conduct a periodic quality indicator test (PQIT) 
on a particular noncritical QC attribute [ 12 ]. A 
PQIT can be performed at predetermined inter-
vals (similar to the skip-testing concept) rather 
than on a batch-to-batch basis. The selection of 
noncritical QC attribute(s), as well as the 
 determination of testing frequency, should be set 
by each PET drug producer to fi t within its inter-
nal quality system. The PQIT’s QC attribute(s), 
analytical method(s), limit(s), and frequency 
should be included in an approved application 
before implementation. 

 Under section 212.70(d) when it is determined 
that all acceptance criteria have been met, the 
PET drug production facility should then provide 
a notice of fi nal release to the receiving facility so 
that the dose may be given to the patient [ 10 ].  

7.3.11.2     Sterility Testing 
 Section 212.70(e) requires that sterility testing be 
started within 30 h after the completion of PET 
drug production; however, the 30 h requirement 
may be exceeded due to a weekend or holiday 
[ 10 ]. The regulation states that if the sample for 
sterility testing is held longer than 30 h, the PET 
drug producer must demonstrate that the longer 

period does not adversely affect the sample and 
the test results obtained will be equivalent [ 10 ]. 
Tested samples must be from individual batches 
and not pooled [ 10 ]. If the product fails to meet a 
criterion for sterility, all facilities that received 
the product must be  immediately  notifi ed (empha-
sis added) with the test results [ 10 ]. 

 During the public comment period for the 
2005 proposed rule, FDA received several com-
ments objected to the proposed requirement to 
notify receiving facilities immediately if a PET 
drug product fails the sterility test [ 6 ]. The rea-
sons of these comments against the immediate 
notifi cation include detection of a growth in an 
inoculated media does not necessarily equate to 
sterility failure; only confi rmed non-sterility 
rather than technical error should be notifi ed; a 
sterility test failure might not be known for 2–4 
weeks; the observation of any sterility testing 
failure would occur several days after administra-
tion of the drug product and critical data, such as 
species identifi cation, would not be available; 
and immediate, unqualifi ed notifi cation would be 
alarming and unproductive [ 6 ]. 

 In FDA response it stated that “[w]e under-
stand that initial results from conventional steril-
ity tests are not defi nitive, and we appreciate that 
it takes some time to investigate a failed test. 
However, we believe that it is important to con-
vey to the clinician the potential risks to a patient 
when a PET drug product initially fails to meet a 
criterion for sterility.” [ 7 ]. 

 The Guidance recommends that the samples 
should be stored appropriately (e.g., under refrig-
eration) [ 12 ]. Verifi cation of equivalent results 
can be accomplished by inoculation of a USP 
indicator organism (e.g.,  E. coli ) and should dem-
onstrate that there is little, if any, loss in viability 
of the inoculated microorganism [ 12 ].  

7.3.11.3     Conditional Final Release 
 When one of the required fi nished-product tests 
cannot be completed due to a malfunction involv-
ing analytical equipment, the product may still be 
released for human use under the conditions stated 
in section 212.70(f) [ 10 ]. This is another initiative 
took by the FDA during the establishment of the 
CGMP requirements for PET drugs [ 7 ]. 
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  Breakdown Versus Malfunction     Initially the 
2005 proposed rule limited the conditional fi nal 
release to a circumstance of a complete  break-
down  of analytical equipment [ 6 ]. However, the 
feedback that FDA received during the public 
comment period indicated that equipment  mal-
function  might be a more appropriate term to 
depict the circumstance for conditional release 
[ 7 ]. An equipment malfunction might cause atyp-
ical test result(s); however, other indicators may 
show that release of raw materials, production, 
and purifi cation process events have occurred as 
expected. For example, a PET drug producer 
might observe a baseline drift in an HPLC analy-
sis for a product, but if the peak shape is similar 
to what is normally seen and the production and 
purifi cation events have progressed as expected, 
it might be reasonable to conclude that there is an 
equipment malfunction, rather than that the prod-
uct is contaminated.  

 Clearly equipment breakdown as originally 
mentioned in the 2005 proposed rule [ 6 ] might 
still be an adequate circumstance for meeting the 
conditional release criteria. In this instance, the 
term “equipment malfunction” does encompass 
this situation. 

  Reserve Sample     Under section 212.70(f)(1)
(iii)(iv), which was another FDA’s initiative, a 
reserve sample of the conditionally released 
batch of drug product should be retained [ 10 ]. 
The malfunction of analytical equipment 
should be promptly corrected, and then the 
omitted test should be completed using the 
reserve sample [ 10 ].  

 Public comments that FDA received on this 
particular subject disagreed with this requirement 
[ 7 ]. They argued that, depending on when ana-
lytical equipment is repaired, the PET drug pro-
ducer might not be able to obtain meaningful data 
for testing (e.g., radionuclidic identity or purity) 
because the radioactivity of the radionuclide 
might be decayed to background level [ 7 ]. In the 
response [ 7 ], FDA was in agreement that some 
critical tests would not able to be performed at a 
later time (i.e., after correction of an analytical 

equipment malfunction) because of the short 
half-life of a product. 

 However, FDA did not think that radionuclidic 
identity, of which a dose calibrator is required for 
testing, would be impacted. If the dose calibrator 
is not functioning properly, FDA indicated that 
the dose of the product would not be accurately 
measured [ 7 ]. Even if a dose calibrator is mal-
functioning and the activity of a product could 
not be assayed, a sample of known dilution could 
still be counted using other equipment, and the 
activity concentration could be determined by 
correcting for counting effi ciency and dilution 
[ 7 ]. As for radionuclidic purity, FDA believed 
that it is possible to conduct the test on a decayed 
sample of the product [ 7 ]. 

 Overall, FDA recommended that PET drug 
producers develop alternate tests for  specifi cations 
for which they conclude it is not possible to con-
duct a particular test after an analytical equip-
ment malfunction has been corrected [ 7 ]. 

  Notifi cation of an Incomplete Testing or an 
Out-of-Specifi cation Result     Initially the 
 immediate notifi cation was required when the 
incomplete product testing is noted [ 6 ]. Several 
comments indicated that the personnel at the 
receiving facility might not be knowledgeable of 
the conditional fi nal release allowance and lack 
the expertise to interpret the meaning of such a 
release in the context of patient safety and prod-
uct effi cacy [ 7 ]. The comments stated that the 
notifi cation in these circumstances would cause 
uncertainty and undue apprehension, which 
would not serve the best interest of patients [ 7 ]. 
FDA agreed with these comments and subse-
quently deleted this requirement from the section 
212.70(f)(1) [ 7 ,  10 ].  

 Nevertheless, section 212.70(f)(1)(iv) requires 
the PET drug producer to immediately notify the 
receiving facility  if an out-of-specifi cation (OOS) 
result is obtained when testing the reserve sample  
(emphases added) [ 10 ]. Notifying receiving facil-
ities of OOS results so that personnel can take 
appropriate action, usually to prevent administra-
tion of the drug, is consistent with the intent of 
CGMP to ensure that patients receive appropriate 
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PET drugs. This differs from the conditional 
release situation involving notifi cation of incom-
plete product testing under proposed section 
212.70(f)(1)(iii), in which it is still possible that 
the batch may actually conform to specifi cations 
and therefore be appropriate for administration to 
patients [ 10 ]. 

  Radiochemical Identity/Purity and Specifi c 
Activity     Under section 212.70(f)(2), conditional 
fi nal release of a PET drug product cannot be per-
mitted if a PET drug producer could not perform 
a radiochemical identity/purity test on a PET 
drug product or could not determine the prod-
uct’s specifi c activity [ 10 ]. The determination of 
the product’s specifi c activity is vital in particular 
for a PET drug product with mass-dependent tar-
get localization and/or potential to elicit a physi-
ological effect, where the specifi c activity limit is 
quantitatively expressed.  

  Releasing of Another Batch     Section 212.70(f)
(3) stipulates that the PET drug producers may not 
release another batch of PET drug product until 
the aforementioned conditions (i.e., correction of 
the malfunction problem and completion of the 
omitted test) are met [ 10 ].  

 FDA felt that these changes would not impose 
a signifi cant additional burden on PET drug pro-
ducers because many medical facilities that pro-
duce and administer PET drugs might be able to 
obtain PET drugs for their patients from other PET 
drug producers while they were correcting an 
equipment malfunction [ 7 ]. Clearly this provision 
does present a patient-care issue when PET drugs 
are not readily available from other source(s) due 
to the very short half-lives of these drug products 
(e.g.,  11 C- or  13 N-labeled PET drugs). 

  Rejection and Reprocessing     Under section 
212.71(a), a batch of a PET drug product that fails 
to meet established specifi cations must be rejected, 
and procedures must be established to identify and 
segregate the product [ 10 ]. Section 212.71(b) 
requires that documentation of the investigation of 
a nonconforming product includes the results of 
the investigation and fi nal disposition of any 

rejected product [ 10 ]. Section 212.71(c) requires 
corrective action be taken for any identifi ed prob-
lems to prevent recurrence of a nonconforming 
product or other quality problems [ 10 ].  

 Under section 212.71(d), a drug product can 
be reprocessed if procedures stated in the prod-
uct’s approved application are followed and the 
fi nished product conforms to specifi cations 
(except for sterility) before fi nal release [ 10 ]. 
When the option for reprocessing is exercised, 
FDA recommended that the event be documented 
and conditions be described in a brief deviation 
report [ 12 ]. Examples of reprocessing could 
include a second passage through a purifi cation 
column to remove an impurity or a second pas-
sage through a fi lter if the original fi lter failed the 
integrity test [ 12 ].   

7.3.12     Packaging and Labeling 

 Because of radiation exposure concern, the 
Guidance states that it is a common practice to 
prepare much of the labeling in advance [ 12 ]. 
For example, an empty product vial can be pre- 
labeled with partial information (e.g., product 
name, batch number, date) prior to fi ltration of 
the radioactive product, and upon completion of 
a QC test, the outer shielded container can 
be labeled with the required information 
(e.g., radioactivity). Alternatively, a string label 
can be used to label the immediate container pro-
vided that there is a way to associate the label 
with the vial if the label were to come off. 
Different approaches can be used as long as the 
approach ensures that the required information is 
available on the label.  

7.3.13     Distribution 

 Section 212.90 requires the development of pro-
cedures to ensure that shipment will not 
adversely affect the product [ 10 ]. PET drug pro-
duction facilities must maintain distribution 
records for PET drug products. The Guidance 
further recommends that a system be put in place 
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by which the chain of distribution of each batch 
of PET drug product can be readily determined 
to permit its recall if necessary [ 12 ]. A recall 
should consist of notifying the receiving facility, 
the pharmacist, and the patient’s physician, if 
known [ 12 ].  

7.3.14     Complaint Handling 

 Section 212.100 states that a PET drug product 
that is returned because of a complaint or for any 
other reason may not be reprocessed and must be 
destroyed in accordance with applicable federal 
and state law [ 10 ].  

7.3.15     Records 

 Section 212.110 requires all records be reason-
ably accessible to responsible offi cials of the 
facility and FDA investigators and all records be 
kept for at least 1 year from the date of the fi nal 
or conditional fi nal release of a PET drug product 
[ 10 ]. The Guidance indicates that verifi cation 
reports should be kept as long as the systems are 
in use [ 12 ].   

7.4     USP <823> 

 USP <823> provides QA standards for PET 
drugs that are produced for compounding, inves-
tigational, or research purposes in the United 
States. USP <823> was originally published in 
1998 in the  US Pharmacopeia 23 – National 
Formulary 18  (USP 23–NF 18), Eighth 
Supplement [ 19 ]. Monographs for individual 
drugs and dosage forms as well as general chap-
ter guidelines are also published in USP–NF in 
different formats (i.e., print, USB fl ash drive, or 
online subscription). 

 Under a long-standing provision of the FD&C 
[ 20 ], drugs recognized in USP–NF must comply 
with compendial identity standards, as well as 
compendial standards for strength, quality, and 
purity, as set forth in applicable USP monographs 
and General Chapters. This is described in FD&C 

501(b) [ 20 ]. However, the USP has no role in 
enforcement, which is the responsibility of FDA 
and other government authorities. 

 Although the provisions in USP 32nd <823> 
[ 15 ] are generally less specifi c and explicit than 
the requirements in part 212 [ 10 ], FDA believes 
that they are adequate to ensure that RDRC and 
IND PET drugs are produced safely under appro-
priate conditions, consistent with section 501(a)
(2)(B) of the FD&C [ 20 ], and are appropriate 
CGMP requirements for the RDRC or IND stage 
of development. 

7.4.1     Flexibility in USP 32nd <823> 

 Only the major fl exible items in USP 32nd <823> 
[ 15 ] are listed here:

•    The post-fi ltration integrity test is not required 
prior to the release of the batch of  15 O water 
for human use.  

•   The unacceptable QC test result after investi-
gation is not required to be notifi ed to the 
receiving facilities [ 15 ].  

•   Less demanding on microbiologic testing of 
aseptic workstations – the Guidance stipulates 
that this testing “be performed during sterility 
testing and critical aseptic manipulations” 
[ 12 ], whereas USP 32nd <823> requires only 
that testing be performed periodically (“e.g., 
weekly”) [ 15 ].  

•   More liberal in verifi cation of the identities of 
components, containers, and closures, allow-
ing the identities of these items to be verifi ed 
by “defi ned procedures, tests, and/or docu-
mented certifi cates of analysis, as appropri-
ate” [ 15 ]. Part 212 stipulates that identity 
testing must be conducted on an active or 
inactive ingredient if the fi nished-product test-
ing cannot “ensure that the correct compo-
nents have been used” [ 10 ].  

•   Unlike part 212 and the Guidance [ 10 ,  12 ], a 
sterility test is not required to be performed on 
every batch of PET drug: “After a record of 
successful sterility tests is established for a 
particular PET drug, only the fi rst lot prepared 
each day shall be subject to a sterility test 
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using cultivation methods. However, when a 
different PET drug is made at the facility or a 
new lot of sterile components (for example, 
fi lter or fi nal product container) is substituted, 
then the fi rst daily lot of that PET drug is 
tested for sterility” [ 15 ].     

7.4.2     More Flexibility in Part 212 
and the Guidance 

 In general, CGMP requirements as stated in part 
212 and its associated Guidance [ 10 ,  12 ] are for 
approved PET drugs, and the “less specifi c and 
explicit” USP 32nd <823> [ 15 ] constitutes the min-
imum CGMP requirements for investigational and 
research PET drugs [ 10 ]. However, it is interesting 
to note that several provisions in part 212 and the 
Guidance [ 10 ,  12 ] are more liberal and accommo-
dating than the requirements in USP 32nd <823> 
[ 15 ]; only signifi cant examples are described here:

•    Production procedure is not required to be 
reviewed and verifi ed at a minimum of once a 
year.  

•   Copies of outdated production procedures or 
computer software programs do not need to be 
retained.  

•   The evaluations for chemical purity do not 
have to include analyses for the presence of 
starting materials, known intermediates, by- 
products, and known degradation products.  

•   Terminal sterilization is an acceptable method 
for producing sterile PET drugs [ 12 ].  

•   Only one injection, rather than fi ve or six rep-
licate injections as per USP General Chapter 
<621>  Chromatography  [ 21 ], of the standard 
preparation is required for checking system 
suitability before injection of test samples into 
either a GC system or a HPLC system [ 12 ]. 
The standard preparation for the system suit-
ability evaluation can be either the offi cially 
recognized reference standard (e.g., USP) or 
internal standard where an offi cial standard is 
not available or if a PET drug production facil-
ity establishes its own reference standard [ 12 ].  

•   Process verifi cation is not required if (a) the 
results of the production of an entire batch of 

a PET drug are fully verifi ed through fi nished- 
product testing and (b) established historical 
batch records show that “there is adequate 
accumulated data to support a conclusion that 
the current process yields batches meeting 
predetermined acceptance criteria” [ 12 ].  

•   “PET drug production facilities can rely on a 
certifi cation by the software or system vendor 
that the specifi ed software was verifi ed under 
its operating conditions” [ 12 ].  

•   Stability parameters required for testing 
include “radiochemical identity and purity 
(including levels of radiochemical impurities), 
appearance, pH, stabilizer or preservative 
effectiveness, and chemical purity” [ 12 ]. 
However, USP 32nd <823> stipulates that a 
PET drug under the stability testing “must 
meet all acceptance criteria” [ 15 ].  

•   The initiation time for the sterility testing is 
30 h (FDA guidance 2011) rather than 24 h as 
required in USP 32nd <823> [ 15 ]. Furthermore, 
this 30-h requirement can be extended because 
of an intervening weekend or holiday [ 10 ].  

•   To ensure that each batch of PET drug meets 
its established acceptance criteria (except for 
sterility) before fi nal release, the Guidance 
allows an appropriate laboratory determina-
tion to include not only the traditional 
 fi nished- product testing but also in-process 
testing, continuous process monitoring of an 
attribute with statistical process controls, and 
some combination of these approaches [ 12 ].  

•   PQIT – a PQIT is a noncritical QC test per-
formed at predetermined intervals rather than 
on a batch-to-batch basis [ 12 ]. Examples of 
these noncritical QC attributes might include 
“radionuclidic purity (when potentially con-
taminating radionuclides do not impact the 
safety or effectiveness of the drug product), as 
well as certain low-level nontoxic impurities 
and class 3 residual solvents” [ 12 ].  

•   If the required fi nished-product tests (with the 
exception of radiochemical identity/purity test 
and specifi c activity test) cannot be completed 
because of a malfunction of analytical equip-
ment, the related PET drug could still be 
released for human use under the “conditional 
fi nal release” provision [ 10 ].  
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•   Reprocessing of a batch of a PET drug that 
does not conform to specifi cations is allow-
able [ 10 ].     

7.4.3     Revised USP <823> 

 At the time the monographs and general chapters 
for PET drugs were published by USP in the 
1990s, most PET drugs were produced and used 
within research or medical institutions. Since 
then, the environment where PET drugs are pro-
duced and used has changed signifi cantly. Today, 
research or medical institutions continue to pro-
duce and use PET drugs for investigational and 
research purposes. In addition, commercial pro-
ducers supply most PET drugs used in routine 
diagnostic imaging procedures. PET imaging 
agents also have attracted the interest of pharma-
ceutical companies as potential tools to acceler-
ate and reduce the cost of traditional 
drug-discovery efforts. Finally, numerous efforts 
are underway to develop new routine diagnostic 
imaging agents for use in cardiology, oncology, 
and neurology. Thus, the use of PET imaging 
agents today spans discovery, research, clinical 
development, and routine diagnostic imaging 
procedures. The diversifi cation of PET during the 
past 15–20 years has resulted in new  requirements 
for the PET environment, including a greater 
number of PET drugs, higher production levels, 
shorter synthesis times, shorter quality control 
times, more complex syntheses, and increased 
regulatory oversight. 

 To understand these changes, USP jointly spon-
sored two symposia with the Society of Nuclear 
Medicine (SNM) during SNM’s annual meetings 
in 2008 and 2009. USP staff and members of the 
USP Expert Committee on Radiopharmaceutical 
and Medical Imaging Agents (RMI EC) presented 
talks and led discussions about historical trends 
and changes in the PET environment. One goal of 
these symposia was to describe issues related to 
USP General Chapters for PET drugs and to gather 
feedback from the PET community. The USP–
SNM joint symposia and regulatory requirements 
led USP RMI EC to conclude that USP 32nd 
<823> must be revised. 

 Defi ciencies in the USP 32nd <823> [ 15 ] 
were identifi ed as follows:

•    Differences in the organization of USP 32nd 
<823> compared to FDA’s fi nal rule and 
Guidance on CGMP for PET drugs [ 10 ,  12 ]  

•   Further enhancement of USP <823>’s fl exible 
provisions by incorporating items such as PQIT, 
a 30-h initiation time frame for sterility testing, 
and conditional fi nal release according to FDA’s 
CGMP requirements for PET drugs [ 10 ,  12 ]  

•   The need for consistency with other revision 
efforts for USP General Chapters  

•   Inappropriate methodologies for system suit-
ability and quantitative analysis in current 
chromatographic tests  

•   Lack of defi ned frequency for certain QC tests  
•   Lack of discussion about the timing of the 

completion of certain QC tests relative to 
product release  

•   Lack of requirements for OOS investigations 
for quality control tests    

7.4.3.1     The Revision Process 
for USP <823> 

 To address these defi ciencies, USP RMI EC pro-
posed the establishment of an Ad Hoc Advisory 
Panel (Advisory Panel) composed of academic and 
industrial members of the PET community. The 
goal of the USP Advisory Panel was to advise RMI 
EC about suitable revisions to USP 32nd <823> in 
accordance with USP’s mission. The formation of 
the USP Advisory Panel was completed in late 
2008, and beginning of July 2009, the USP Advisory 
Panel met or teleconferenced numerous times. The 
outcome of this effort is summarized here.  

7.4.3.2     Organization of the Revised 
USP <823> 

 To refl ect the new role of the revised USP <823> 
in part 212 [ 10 ] and to uphold PET compounding 
practice, the title of the revised USP <823> has 
been changed to  Positron Emission Tomography – 
Drugs for Compounding, Investigational, and 
Research Uses  [ 22 ]. 

 By means of compounding, pharmacists (or 
other qualifi ed individuals working under the 
authority and supervision of a physician), 
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 according to state-regulated practice of medicine 
and pharmacy, fulfi ll an essential health-care 
need – providing patients with medications tai-
lored to their needs. In some cases compounding 
pharmacists provide a drug that is not commer-
cially available. In other cases the patient may be 
allergic to certain ingredient(s) of the drug, or the 
dosage form may not be suitable for administra-
tion to the patient. In addition to giving patients 
access to otherwise unavailable or more appro-
priate PET drugs, compounding may also be used 
for teaching or QC purposes. 

 In FDA’s view, part 212 covers both com-
pounded and noncompounded PET drugs and 
thus believes that these two types of PET drugs 
should be within the scope of FDA’s authority in 
accordance of part 212 [ 7 ]. However, USP is not 
addressing the extent of FDA’s regulatory author-
ity, and therefore, by its terms, USP <823> should 
apply to compounding of PET drugs for human 
use whether such compounding is or is not sub-
ject to federal regulation. 

 To streamline USP General Chapters related 
to PET drugs, the USP Advisory Panel decided to 
consolidate key standards and requirements 
stated in USP <1015> [ 17 ] into the revised USP 
<823>. Consequently, USP <1015> will be 
deleted from USP. In addition, a new proposed 
general chapter numbered <1823>, “Positron 
Emission Tomography Drugs-Information” [ 23 ], 
has recently been developed to supplement 
<823>. This new general chapter describes con-
cepts, technologies, and procedures for the prep-
aration of PET drugs and QA. These supplemental 
descriptions are more suitable for an informa-
tional general chapter. This is consistent with 
USP’s General Chapter Design Project, which is 
an effort to exclude nonenforceable information 
from general chapters numbered less than 1000 
(USP General Chapter Project Team 2009). 

 The following are the sections in the revised 
USP <823> [ 22 ]:

•    Defi nitions  
•   Adequate Personnel and Resources  
•   QA  
•   Facilities and Equipment  
•   Control of Components, Materials, and Supplies  

•   Process and Operational Controls  
•   Stability  
•   Controls and Acceptance Criteria for Finished 

PET Drugs  
•   If a PET Drug Does Not Conform to 

Specifi cations  
•   Reprocessing  
•   Labeling and Packaging     

7.4.3.3     Defi nitions 
 The defi nitions discussed below are different 
from those defi ned in the fi nal rule: 

  Batch Versus Lot     Part 212 uses the terms  batch  
and  lot  interchangeably [ 10 ]. In addition, part 212 
appears to use  lot  synonymously with  sub- batch  
[ 10 ]. These defi nitions and usages may be confus-
ing to the PET community. To differentiate the 
specifi c meaning of each term, the USP Advisory 
Panel and RMI EC propose that the defi nition of 
 batch  applies explicitly to the PET drug and that 
the defi nition of  lot  applies only to components 
used in the preparation (including QC) of a PET 
drug. As defi ned in the revised USP <823>, the 
term  lot  means a quantity of materials (e.g., 
reagents, solvents, gases, purifi cation columns, 
and other auxiliary materials) that have uniform 
character and quality within specifi ed limits and 
are used to make a PET drug product [ 22 ].  

  PET Drug     The defi nition of  PET drug  in the 
part 212 [ 10 ] includes “any non-radioactive 
reagent, reagent kit, ingredient, nuclide genera-
tor, accelerator, target material, electronic syn-
thesizer, or other apparatus or computer program 
to be used in the preparation of a PET drug.” 
USP feels that nonradioactive reagents, reagent 
kits, ingredients, and target materials are compo-
nents used to produce a PET drug and that radio-
nuclide generators, accelerators, electronic 
synthesizers, and computer programs are ancil-
lary items used in the production of PET drugs. 
As such, the revised USP <823> defi nes  PET 
drug  as “a fi nished form of a radioactive drug 
that exhibits spontaneous disintegration of 
unstable nuclei by the emission of positrons and 
is intended for human administration in diagno-
sis or therapy” [ 22 ].  
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 FDAMA defi nes the “compounded” PET drug 
to be used for diagnostic images [ 5 ]. As such, 
therapeutic PET drugs are explicitly excluded 
from part 212 [ 10 ]. However, USP believes that 
the revised USP <823> should apply to any PET 
drug whether it is for diagnostic or therapeutic 
use. Therefore, the defi nition of  PET drug  in the 
revised USP <823> includes “therapeutic” use 
(e.g., tumor therapy) [ 22 ]. 

  QA Versus QC     QA and QC are commonly used 
interchangeably in the PET community even 
though the terms have fundamental differences. 
As per the revised USP <823>, QA and QC are 
defi ned as follows [ 22 ]:

   QA: A planned system for ensuring that a PET 
drug product possesses defi ned identity, 
strength, quality, and purity required for its 
intended purpose by procedures, tests, and 
analytical methods.  

  QC: A system for testing the quality of compo-
nents, materials, supplies, and PET drug prod-
ucts by procedures, tests, analytical methods, 
and acceptance criteria.     

 Thus, QC is a subset of QA that deals with 
testing materials and products to determine if 
they meet acceptance criteria. 

  Strength     Part 212 defi nes  strength  as radioac-
tivity on a volume or weight basis [ 10 ]. USP 
believes that this defi nition risks confusing 
 strength  and  specifi c activity  because it is not 
clear if weight refers to the cold mass of the 
active pharmaceutical ingredient or the overall 
weight of the solution.  

 In addition, it is common practice in PET to 
defi ne strength on a volume basis. Therefore, 
 strength  is defi ned in the revision of USP 32nd 
<823> strictly based on volume (e.g., mCi/mL 
or MBq/mL) which is the same as  specifi c 
concentration . 

  Validation Versus Verifi cation     Part 212 has a defi -
nition of  verifi cation ; however, it does not defi ne the 
term  validation  [ 10 ]. Although the terms  validate , 

 validated , and  validation  are used in the Guidance 
[ 12 ], these terms are also not defi ned there.  

 Validation and verifi cation are essential and 
complementary elements in the CGMP process. 
The revised USP <823> defi nes  validation  as 
the “establishment of documented evidence that 
a method, process, or system accomplishes its 
intended requirements” [ 22 ]. In addition,  verifi -
cation  is defi ned as “confi rmation that an estab-
lished method, process, or system meets 
predetermined acceptance criteria” [ 22 ]. It is 
helpful to think of validation as “building the 
right thing,” and verifi cation as “building it 
right.”  

7.4.3.4     Adequate Personnel 
and Resources 

 Adequate personnel and resources are addressed 
in several sections of the 32nd version of 
USP <823> [ 15 ], including  Compounding 
Procedure Verifi cation ,  PET Radiopharma-
ceutical Compounding for Human Use,  and 
 Quality Control . The revised revision of USP 
<823> includes a separate section titled  Adequate 
Personnel and Resources,  which requires a 
 suffi cient number of personnel with appropriate 
education and training and indicates that the 
number of personnel depends on the size and 
complexity of the facility [ 22 ]. This section of the 
revised USP <823> refl ects the layout of part 212 
addressing personnel and resources as the fi rst 
topic [ 10 ,  22 ].  

7.4.3.5     QA 
 This section of the revised USP <823> describes 
the difference between QA and QC in the pro-
duction of PET drugs [ 22 ]. QA covers all 
 matters that infl uence the product’s identity, 
strength, purity, and quality. QC is a subset of 
QA that deals with testing materials and prod-
ucts to determine if they meet acceptance 
 criteria. The QA function typically consists of 
oversight activities and the QC function consists 
of execution activities [ 24 ]. According to the 
Guidance, QA function in a PET drug produc-
tion facility consists of oversight and execution 
activities [ 12 ].  
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7.4.3.6     Facilities and Equipment 
 The revised USP <823> requires the certifi cation 
(i.e., integrity testing of the high-effi ciency par-
ticulate air [HEPA] fi lter) of the aseptic worksta-
tion be performed at least annually [ 22 ] when the 
Guidance requires this every 6 months [ 12 ]. As 
for the microbiological monitoring (e.g., using 
swab or contact/settle plate) in the aseptic work-
station, revised USP <823> requires it be assessed 
after use and each day of use [ 22 ], whereas the 
Guidance requires it be conducted during sterility 
testing and critical aseptic manipulation [ 12 ]. 

  Cleaning Equipment and Components     The 
32nd USP <823> describes the cleaning of equip-
ment but does not specifi cally address cleaning 
between batches of PET drugs [ 15 ]. As a result, 
there has been confusion about the acceptability of 
cleaning between batches. The revised USP <823> 
addresses this defi ciency by describing require-
ments for cleaning equipment between multiple 
batches or one of more PET drugs [ 22 ]. This 
approach is consistent with the equipment clean-
ing requirements described in the Guidance [ 12 ].  

  System Suitability for QC Equipment     The 
Guidance states that at least one injection of a 
standard is required for system suitability [ 12 ]. 
The Guidance does not address reproducibility as 
a part of system suitability but instead references 
USP <621> which describes system suitability 
requirements (resolution, replicate injections, 
and tailing factor) [ 12 ,  21 ].  

 Although these requirements are important for 
chromatography systems used in PET drug 
 production, the number of injections required for 
replicate injections in USP <621> (i.e., fi ve injec-
tions for reproducibility if the relative standard 
deviation is 2.0 % or less and six injections if the 
relative standard deviation is more than 2.0 %) may 
not be practical because of the nature (i.e., half-
life) and number of different PET drugs and/or the 
number of batches prepared at a typical academic 
or commercial PET facility [ 21 ]. Consequently, 
the revision of USP <823> describes two accept-
able system suitability approaches that can be used 
for chromatographic systems [ 22 ]. 

 The fi rst approach is the construction of a cali-
bration curve that can be used for an extended 
period of time. In routine use, the injection of a 
known standard is used to verify that the calibra-
tion curve is appropriate for use in subsequent 
sample injections. The second approach is the 
use of a single-point calibration created from two 
injections of a known standard at the beginning 
of each testing cycle. In each case, the require-
ment for replicate injections is met by compari-
son of multiple injections, either within a single 
testing cycle or over an extended period of time. 
Together, the approaches described in the revised 
USP <823> provide more fl exibility and clarity 
than does the Guidance [ 12 ,  22 ]. 

 Other chromatographic parameters such as sig-
nal-to-noise ratio, limit of detection, and limit of 
quantitation can be determined as part of routine 
system suitability testing [ 22 ]. System suitability 
tests also may be appropriate for other QC equip-
ment, including dose calibrator, radio-thin layer 
chromatography, and multichannel analyzer [ 22 ].  

7.4.3.7     Control of Components, 
Materials, and Supplies 

 If growth media used in the sterility testing of 
PET drug products are obtained from commercial 
sources, the revised USP <823> requires a growth 
promotion testing that uses a suitable single spe-
cies of organism be performed on initial qualifi ca-
tion of the supplier and periodically (e.g., 
quarterly) thereafter [ 22 ]. This is not required by 
part 212 or the Guidance if the manufacturer of 
the growth media provides COA that contains the 
results of the growth promotion testing [ 10 ,  12 ].  

7.4.3.8     Process and Operational 
Controls 

 This section of the revised USP <823> covers the 
“Production and Process Controls” and 
“Laboratory Control” sections as described in 
part 212 and the Guidance [ 10 ,  12 ,  22 ]. 

 Acceptance criteria must be established in the 
master record for each PET drug, and if a USP 
monograph exists, USP standards are the mini-
mum acceptable requirements unless there are 
acceptance criteria specifi ed in an FDA-approved 
IND or RDRC protocol [ 22 ]. 
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  Aseptic Operation     The revision of USP <823> 
allows the preparation of multiple PET drug vial 
assemblies in a single aseptic operation cycle 
[ 22 ]. It also allows the sterility testing with the 
use of a septum-sealed sterility test tube be car-
ried out in a shielded area that does not contain an 
HEPA fi lter [ 22 ]. This provision is to address 
radiation shielding requirements when inoculat-
ing radioactive samples for sterility test [ 22 ]. 
USP felt that the fl exibility is necessary since 
many hot cells used for this purpose do not have 
laminar airfl ow and the use of a media tube with 
a septum cap provides adequate protection from 
accidental contamination during the inoculation 
process. If media tubes have a screw cap opening, 
inoculations must be performed in the aseptic 
workstation. The Guidance does not differentiate 
inoculation requirements for screw cap or septum 
cap media tubes [ 12 ].  

  Process Verifi cation     Documented studies must 
be performed to ensure that the process described 
in the master record yields a PET drug that meets 
the defi ned acceptance criteria.  

 The revised USP <823> indicates that the pro-
cess verifi cation must be completed on three 
batches that do not have to be consecutive [ 22 ]. 
This allowance was added to account for a batch 
that may not be completed because of factors that 
are not relevant to the quality characteristics of 
the PET drug (e.g., cyclotron malfunction, hard-
ware malfunction, and so on). This allows the 
completion of process validation without the 
potential losses that could occur with three con-
secutive batches stipulated in the Guidance [ 12 ]. 

 As per part 212, process verifi cation is 
required if an entire batch of a PET drug is not 
fully verifi ed through fi nished-product testing or 
when only the initial sub-batch in a series is 
tested [ 10 ]. The Guidance allows the use of his-
torical batch records to substitute the process 
verifi cation provided that there is adequate accu-
mulated data to support the current process that 
would yield batches meeting the predetermined 
acceptance criteria [ 12 ]. Due to the unique char-
acteristics of PET drug production, FDA allows 
the distribution of the batch of PET drug under 

process verifi cation if the produced PET drug 
met the predetermined acceptance criteria [ 12 ]. 

 Based on these statements, USP should con-
sider adding similar requirements in USP <823> 
to clarify when the process verifi cation is or is 
not required to be performed.  

7.4.3.9     Stability 
 The revised USP <823> [ 22 ] is consistent with 
the Guidance [ 12 ] in the evaluation parameters 
and test conditions to establish and document the 
stability profi le of PET drug products under pro-
posed storage conditions.  

7.4.3.10     Controls and Acceptance 
Criteria for Finished PET Drug 
Products 

 The 32nd USP <823> permits a reduction in the 
frequency of sterility tests after a record of suc-
cessful sterility tests is established for a particu-
lar PET drug [ 15 ]. Because sterility testing and 
bacterial endotoxins test (BET) are both biologi-
cal assessments, the revised USP <823> includes 
a reduction in the frequency of the BET [ 22 ]. 
Similar to the sterility test, the BET must be per-
formed on the fi rst batch of each PET drug pre-
pared each day [ 22 ]. 

 The 32nd USP <823> describes an in-process 
20-min endotoxin test [ 15 ]. USP believes that 
this test is out of date and is too prescriptive 
(i.e., a 20-min process and “incorporating posi-
tive controls in the range of 5 EU per mL to 175 
EU/ V,  where  V  is the maximum volume of injec-
tion”). Therefore, the revision of USP <823> 
does not include the 20-min in-process test [ 22 ]. 

  If a PET Drug Does Not Conform to 
Specifi cations     If a PET drug does not conform 
to specifi cations, the fi rst action generally is to 
investigate the QC process. Such investigations 
typically are known as OOS investigations which 
are not addressed in the USP 32nd <823> [ 15 ].  

 The guidance for OOS investigations of tradi-
tional pharmaceuticals [ 25 ] does not apply well 
to short-lived PET drugs. Section 212.71 
addresses the question, “What actions must I take 
if a batch of PET drug does not conform to 
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 specifi cations?” [ 10 ] This section requires the 
rejection of PET drugs that do not meet specifi ca-
tions but does not discuss OOS investigations and 
the possibility of analytical error as a cause of 
OOS results. The result is that none of the FDA 
documents adequately address OOS investiga-
tions for PET drugs. To resolve these shortcom-
ings, the revised USP <823> includes a 
description of OOS investigations [ 22 ]. 

 The focus of an OOS investigation is to deter-
mine if the OOS QC fi nding is the result of an 
analytical error or a true product failure. If the 
investigation determines that the OOS result is 
caused by analytical error, the original test 
results are invalidated. Thus, an OOS result does 
not necessarily mean that the batch fails and 
must be rejected. However, if the investigation 
determines that the OOS result indicates a true 
product failure, the batch must be rejected, and 
the cause of the failure must be investigated. 
However, the revised USP <823> does not 
address the notifi cation requirements to the 
receiving facilities. 

 When a sterility test for a PET drug product 
shows signs of microbial growth, revised USP 
<823> indicates that the test result is an OOS 
and should be investigated [ 22 ]. Upon comple-
tion of the investigation, immediately notify all 
receiving facilities if the product fails to meet 
the  criterion for sterility, including the microbi-
ological fi ndings from the investigation [ 22 ]. 
According to part 212, if the PET drug product 
fails the  sterility test, immediate notifi cation to 
all receiving facilities must be initiated and pro-
vide these facilities with the test results, as well 
as any appropriate recommendations [ 10 ]. Upon 
completion of an investigation, the fi ndings 
must be immediately notifi ed to all receiving 
facilities [ 10 ].  

7.4.3.11     Reprocessing 
 Depending on the nature of the failure, the rejected 
PET drug product may be reprocessed according 
to preestablished written procedures [ 22 ].  

7.4.3.12     Labeling 
 Labeling requirements for PET drugs are not 
described in the 32nd USP <823> but are included 

in a separate section in the proposed revision 
[ 15 ]. The section in the revised USP <823> is 
divided into information required on the immedi-
ate container for PET drugs and on the immediate 
shielding during storage and use [ 22 ]. 

 The revised USP <823> does not list the 
“Distribution” and “Complaint Handling” sec-
tions [ 22 ]. This is probably due to the fact that 
the revised USP <823> only addresses PET 
drugs for compounding, IND, and RDRC 
which are most likely not distributed to outside 
of the facility. The “Records” section described 
in part 212 and the Guidance [ 10 ,  12 ] is also 
not included in the revised USP <823> as the 
record requirements (e.g., composition and 
quality of the PET drug product, process and 
production records, and OOS results, etc.) are 
placed in the related sections of the revised 
USP <823> [ 22 ].    

7.5     Inspection on the PET Drug 
Production Facility 

 FDA inspects manufacturers or processors of 
FDA-regulated products to verify that they com-
ply with relevant regulations. In general, a rou-
tine FDA inspection to ensure compliance with 
CGMP would focus on activities up to and 
including the point of fi nal release of a PET drug 
product. 

7.5.1     Types of FDA Inspections 

 There are three types of FDA inspections on drug 
production facilities:

•    Preapproval inspection (PAI) – this is for new 
NDAs and ANDAs. The purpose of a PAI is to 
verify existence of the raw data included in the 
submission (often the focus here will be on 
laboratory results for lot release and stability 
as well as validation) and confi rm that the 
facility is capable of manufacture (e.g., cor-
rect scale qualifi ed equipment, process valida-
tion, etc.). Yes, there will be an overall CGMP 
evaluation, but the stated purpose of the PAI 
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(in response to the generic scandal of the 
1980s) is focused on those two items. The out-
come is a recommendation for approval or 
not. If the site has no approved products, FDA 
cannot issue a warning letter, but they will 
block approval of the product until such time 
as remediation occurs and has been confi rmed 
by a reinspection.  

•   Routine surveillance CGMP inspection – peri-
odically (every 2–3 years generally as 
resources and priorities allow), the FDA will 
perform an unannounced CGMP inspection 
for manufacturers who make commercial 
products. FDA generally does not inspect clin-
ical manufacturing sites unless there are 
known issues, such as unexpected deaths in a 
clinical trial that may be linked to method of 
manufacture. This can cover all CGMP sys-
tems or can be a more limited (abbreviated) 
inspection.  

•   Compliance inspection – this is either a fol-
low- up inspection post of a regulatory action 
(e.g., warning letter, untitled letter, regulatory 
meeting, etc.) or an inspection on a for-cause 
basis (i.e., when FDA becomes aware of a 
potential safety concern related to the produc-
tion of an investigational or research drug). 
Similar to inspection of production facilities 
for non-PET investigational drugs, FDA gen-
erally will only conduct for-cause inspections 
of facilities that produce investigational or 
research PET drugs.    

 A full inspection covers at least four items, 
whereas an abbreviated inspection consists of at 
least two items of the inspection systems listed 
below:

•    Quality system with aseptic sterility controls  
•   Facilities and equipment system  
•   Materials system  
•   Production system  
•   Laboratory control system  
•   Packaging and labeling system    

 The fi rst item “quality system and aseptic ste-
rility controls” is mandatory for both full and 
abbreviated inspections.  

7.5.2     Selection of Inspection 
Coverage 

 According to an FDA talk titled “PET Drug 
Inspection,” which was presented at the 2014 
Society of Nuclear Medicine and Molecular 
Imaging (SNMMI) annual meeting [ 25 ], in 2013 
100 % of all FDA inspections on PET drug pro-
duction facilities were full inspection (at least 
four systems to be inspected) conducted due to 
any of the following circumstances:

•    Firm has never been inspected.  
•   Follow-up to regulatory action.  
•   Signifi cant manufacturing changes.  
•   Microbial contamination or cross-

contamination.  
•   Poor compliance history – initial inspection 

conducted in 2012.    

 In 2014 (as of June 9, 2014, when this presen-
tation was given), FDA indicated that approxi-
mately 10 % facilities might get abbreviated 
inspection (at least two systems to be inspected) 
for any of the following reasons [ 26 ]:

•    Adequate compliance history.  
•   Firm has been inspected for similar class of 

product.     

7.5.3     Major Issues Identifi ed 
in 2013/2014 PET Drug 
Inspections 

 This FDA report at the 2014 SNMMI meeting 
[ 25 ] revealed several major defi ciency issues dur-
ing their inspections carried out in 2013 and up to 
June 2014:

•    Lack of appropriate training and QA 
oversight  

•   Inadequate aseptic techniques and environ-
mental monitoring  

•   Analytical assay methods not validated or ver-
ifi ed for intended use  

•   Inappropriate controls of equipment and 
materials  
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•   Defi ciencies in production and process con-
trols (including the inadequate media fi ll con-
trol process)  

•   Defi ciencies in laboratory controls  
•   Lack of adequate fi nished drug product con-

trols and acceptance criteria (including lack of 
proper “out-of-specifi cation” investigations)  

•   Lack of appropriate record keeping    

 The more specifi c defi ciencies for each of the 
abovementioned six major issues are listed as fol-
lows [ 25 ]: 

7.5.3.1     Defi ciencies in Appropriate 
Training and QA Oversight 

 Failure to train employees, identify as deviation 
and conduct investigation, review batch record 
for release, review records in a timely manner, 
reject batches with OOS result, maintain on-site 
software, follow established procedures, docu-
ment handling of nonconformance, and establish 
a change control procedure.  

7.5.3.2     Aseptic Operation Defi ciencies 
 Identifi ed defi ciencies of aseptic operation are:

•    The use of an overcrowded laminar fl ow hood  
•   The use of non-sterile disinfectants  
•   Dilution of drug product in unclassified 

area  
•   Frequency of environmental monitoring not 

refl ecting manufacturing operation  
•   Storage of bulk product vial in non-sterile 

bag  
•   Out of limit personnel monitoring results  
•   No record of aseptic area been cleaned  
•   Lack of documentation on the qualifi cation of 

personnel conducting aseptic operation     

7.5.3.3     Inappropriate Controls 
of Equipment and Materials 

•     Inadequate qualifi cation of chemical 
synthesizer  

•   Cleaning not adequate for multiproduct 
equipment  

•   Failure to fully evaluate all materials received 
for use in production     

7.5.3.4     Defi ciencies in Production 
and Process Controls 

 These defi ciencies in production and process 
controls are:

•    Master record does not contain complete 
instruction of production, sampling, and test-
ing (use of sticky notes).  

•   Written procedures not specifi c enough (cor-
porate standard operation procedure).  

•   No determination to conduct investigation 
when errors occurred.  

•   Defi ciencies in batch record:
 –    Failure to record manufacturer’s name and/

or expiration dates of material utilized in 
production  

 –   Does not include actual weights or vol-
umes of the components used in the 
process  

 –   Ensuring all portions are complete before 
fi nal quality approval     

•   Verifi cation not performed to ensure consis-
tency of the process upon process change  

•   Revalidation not done on computer-based pro-
grammable logic controller     

7.5.3.5     Media Fills Defi ciencies 
 Media fi lls did not simulate production: bulk 
product vial hold was not the worst case, dilution 
step not simulated, manufacturing process fl ow 
not matched, and withdrawal of QC samples not 
simulated, and there was no positive control and 
negative control. Also, media does not come into 
contact with all interior surface, and not all pro-
duction personnel participate in media fi lls.  

7.5.3.6     Defi ciencies in Laboratory 
Controls 

 The reported defi ciencies in laboratory controls 
are listed below: 

  Analytical Method Validation     Failure to vali-
date methods which deviate from USP test method  

  Analytical Equipment Qualifi cation     Failure to 
qualify equipment for intended use and failure to 
maintain and calibrate equipment – dose calibration 

J.C. Hung



169

not calibrated for linearity to cover the range being 
test, multichannel analyzer not recalibrated, and 
thin-layer chromatography scanner. No audit trail 
for GC, HPLC, and allowed ability to delete raw 
electronic test data  

  System Suitability     GC and HPLC – number of 
injections: one vs. three. Lack of documentation 
on daily system suitability. Defi cient in analytical 
balance accuracy verifi cation and pH indicator 
range  

  Expiry of Reagent, Reference Standards     No 
justifi cation for expiration dating of 
 18 F-fl udeoxyglucose reference solution, Kryptofi x, 
buffers, and mannose trifl ate   

7.5.3.7     Lack of Adequate Finished 
Drug Product Controls 
and Acceptance Criteria 

 Several defi ciencies in this area were releasing 
drug that did not pass specifi cation, releasing 
without calculating or reporting the radiochemi-
cal purity in the batch record, failure to conduct 
all QC tests for release, and releasing multiple 
lots under conditional release. 

  Lack of Proper “Out-of-Specifi cation” 
Investigations     OOS test averaged to generating 
passing results and not retaining raw test data.   

7.5.3.8     Lack of Appropriate Record 
Keeping 

 Failure to retain raw analytical data, no docu-
mentation that sterility test was conducted and 
the lot was released and equipment maintenance 
log missing suffi cient details       
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Abstract

The design of instrumentation for positron 
emission tomography (PET) scanners has 
vastly progressed over the past ~30 years. In 
this chapter, we focus on the motivations and 
technical advancements that lead to the devel-
opment of multimodality imaging systems, 
including the integration of PET and CT into 
combined PET/CT scanners for whole-body 
imaging. We also provide a review of recent 
advances in time-of-flight (TOF) PET, ending 
with a description of current state-of-the-art 
TOF-PET/CT imaging systems. We begin with 
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an overview of PET detector design and explore 
the trade-offs associated with the choice of 
scintillator, photodetector, and their arrange-
ment. Next, PET data correction approaches, 
including attenuation correction, for PET/CT 
are discussed along with a technical description 
of PET/CT system hardware. Specific concepts 
and instrumentation aspects of TOF-PET are 
then reviewed, ending with a brief discussion 
on the outlook and future directions for PET 
instrumentation research. This chapter high-
lights recent advances in PET instrumentation 
and describes their impact and contribution to 
the improvement in clinical PET imaging.

8.1  Introduction

The idea for positron annihilation coincidence 
imaging can be traced to the early days of radio-
nuclide imaging when it was initially explored by 
Hal Anger [1] and Gordon Brownell [2]. The 
early instrumentation efforts utilized dual planar 
stationary detectors that produced longitudinal 
tomographic images. Subsequently, with the 
development of transverse section image recon-
struction algorithms [3, 4] and the arrival of rela-
tively cost-effective computers in the early to 
mid-1970s, there was a push toward the develop-
ment of PET systems providing transverse sec-
tion images. The system design, therefore, 
evolved from stationary, dual planar detectors to 
circular or full angular coverage systems [5–13]. 
The primary detector design in all these systems 
utilized scintillation detectors directly coupled to 
a photomultiplier tube (PMT). Due to PMT sizes, 
this significantly limited the spatial resolution of 
these early PET systems. Since then, PET system 
design has evolved toward higher resolution 
detectors that are suitable for imaging not only 
humans but also small animals such as mice.

8.1.1  Positron Annihilation

The signal that is measured in PET originates 
from unstable neutron-deficient isotopes, which 

can undergo nuclear decay emitting a positron 
and a neutrino in the process. The positron has 
the same mass as an electron but has the opposite 
charge—it is a form of antimatter that will com-
bine with a free electron resulting in a matter- 
antimatter annihilation. The probability of 
positron annihilation and the mean positron 
energy will vary depending on the specific iso-
tope. The annihilation event transfers the energy 
mass of the positron, and any residual kinetic 
energy, to simultaneously create two photons, 
whose direction is ~180° apart, each having an 
energy of 511 keV. This may be obvious, but it 
represents an important distinction: the PET 
scanner is designed to detect the annihilation 
photons, not the positron itself, only a signature 
of its existence. These fundamental characteris-
tics, the simultaneous emission of two, antiparal-
lel, 511 keV photons, form the basis of the 
detection logic employed by all PET scanners.

8.1.2  Coincidence Logic 
and Electronic Collimation

Shown in Fig. 8.1 is a schematic of two detectors 
operating in coincidence mode 180° apart, with a 
positron source in between them. A coincidence 
is made when both detectors detect a 511 keV 
photon at the same time; this tells us that some-
where along a line connecting the two detectors, 
an annihilation event occurred—we call this 
coincidence logic. A PET scanner is a scaled-up 
version of this simple two-detector system, to a 
full ring of detectors, with each detector able to 
form coincidences with another detector in the 
ring. Unlike single-photon emission computed 
tomography (SPECT), which uses a physical col-
limator, localization of events in PET is done by 
electronically collimating events using multiple 
detector pairs; coincidence combinations within 
the ring of detectors allow for complete angular 
and radial sampling of the imaging field of view. 
Electronic collimation is one of PET’s greatest 
advantages and is a primary reason for PET’s 
high sensitivity. The physical collimation used in 
SPECT attenuates much of the signal incident on 
the detector surface; this makes the sensitivity of 
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PET many times higher than SPECT for a com-
parable midplane resolution.

8.1.3  Types of Events Detected 
by a PET Scanner

Events from coincidence detection can be catego-
rized into three groups: trues (signal), scatter 
(background), and randoms (background). 
Figure 8.2 shows a diagram of a positron source 
emitting inside of a scattering medium. Ideally, 
during the detection process, two separate annihi-
lation events would not overlap in time, and pho-
tons would not scatter within the body—events 
meeting these criteria would be considered true 

events. If either of the two annihilation photons 
undergoes a Compton scatter interaction before 
reaching the detector, the event is designated a 
scattered event. If two decays occur close in time, 
each contributing at least one photon to be 
detected, the event is considered a random. 
Unlike true events, which do not scatter within 
the body or overlap in time, scatter and random 
events reduce image quality by adding back-
ground signal to the image and reducing 
contrast.

Because photons lose energy when they scat-
ter and, in theory, there is a very low probability 
that two events happen at exactly the same time 
(within ~10−12 s), coincidence logic can perfectly 
distinguish all true events. The detector’s ability 

Fig. 8.1 Schematic of positron decay: the unstable parent 
nuclei decay emitting a positron in the process. The posi-
tron travels some distance (referred to as positron range) 
while losing its kinetic energy through interactions with 

surrounding molecules before combining with an electron 
causing an annihilation event to occur. The annihilation 
results in the emission of two 511 keV photons emitted 
180° apart (±0.25°)

Subject
Coincidence

detector 
Coincidence

detector 

True

Scatter 

Random 

Fig. 8.2 Types of events detected in 
coincidence. A true event would provide 
correct localization of the annihilation site; if 
one or both of the annihilation photons undergo 
Compton scatter in the tissue and change 
direction, the event is considered scattered; a 
random event occurs when two separate decays 
each contribute a photon to be detected
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to perform coincidence detection is characterized 
by its energy resolution and timing resolution—
parameters that quantify the uncertainty in mea-
suring the photon energy and its time of arrival.

The detector works by creating an electronic 
pulse when a photon hits the detector. The elec-
tronic pulse is then integrated to calculate the 
total energy deposited. If the detected energy is 
not 511 keV, the event is typically discarded. 
Another specialized electronic circuit is used to 
assign a digital “time stamp” to each detected 
event. The time stamp is then sent to a coinci-
dence processor, which looks for overlapping 
coincidences in opposing detectors. If an over-
lapping time stamp from another detector is 
found, the event is kept; if no time stamp is found, 
the event is discarded. A detector with perfect 
energy resolution and timing resolution would be 
able to identify all true coincidences and discard 
any scattered or random events; however, because 
of the detector’s finite resolution, this is not pos-
sible in practice.

8.1.4  Time-of-Flight PET

It is possible to measure additional parameters of 
the positron decay with coincidence detection 
when using detectors with extremely good tim-
ing resolution. A very accurate measurement of 
the time difference between interactions occur-
ring in the two detectors allows for time-based 
information to be used to localize the event, as 
shown in Fig. 8.3. This technique is referred to 
as time-of- flight PET. The time difference (Δt), 
between the arrival times of the two coincidence 
photons, can be related to the location of the 
annihilation (Δx), with respect to the midpoint 
between the two detectors, using Eq. 8.1, where 
c is the speed of light:

 
D Dx t c= ´( ) / 2  

(8.1)

A time difference of zero corresponds to the 
annihilation occurring at the midpoint. The mea-
surement of Δt will have some uncertainty (deter-
mined by the detector timing resolution), limiting 
the precision of Δx. In theory, with perfect timing 

resolution, image reconstruction would not be 
needed as all events could be localized in three 
dimensions with the timing and spatial informa-
tion from each coincidence detector. As will be 
discussed later, current clinical whole-body PET 
scanners achieve a timing resolution of ~375–
600 ps, corresponding to a localization uncer-
tainty of about 5.6–9.0 cm; a timing resolution of 
~30 ps would be needed for a direct formation of 
the image without reconstruction. Over the last 
10 years, TOF-PET/CT has vastly improved PET 
imaging quality and capabilities, with all com-
mercial manufacturers offering a TOF-PET/CT 
scanner model.

8.2  PET Instrumentation

8.2.1  Scintillation Detectors

As described earlier, a PET scanner is designed 
to detect antiparallel pairs of 511 keV photons 
originating from positron annihilations and typi-
cally consists of a ring of detectors surrounding 
the imaging subject. The typical role of a detector 
is to measure the position and energy of the 
incoming 511 keV photon. Since PET relies on 
detecting 511 keV photons that occur near in 
time, PET detectors also need to measure arrival 
times of the two coincident photons.

The standard PET detector utilizes an inor-
ganic scintillation crystal coupled to a photosen-
sor. The scintillation crystal converts the energy 
of the ionizing radiation into optical photons that 
are subsequently detected by the photosensor and 
converted into an electrical signal. The 511 keV 
photons interact within the scintillator primarily 
via photoelectric or Compton interactions and 
generate electron-hole pairs that transfer this 
energy to luminescent centers in the scintillator. 
The process results in the emission of many scin-
tillation (light) photons within a very short time 
frame (<1 μs). Birks [14] provides a more detailed 
explanation of this process. An important prop-
erty of the scintillator is its ability to respond pro-
portionally to the energy deposited by the 
511 keV photon, i.e., the number of scintillation 
photons produced is directly proportional to the 
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energy deposited by the 511 keV photon. An 
ideal PET scintillator should have (i) high density 
and large atomic number to efficiently stop 
511 keV photons with the least amount of scintil-
lator material, (ii) the scintillation light pulse 
should have fast response to provide high count- 
rate capability and good timing resolution for 
rejecting random coincidences, and (iii) high 
light output and good energy resolution to iden-
tify the scattered photons. In addition, the scintil-
lation material should be optically transparent, 
mechanically rugged, nonhygroscopic, afford-
able, and easy to produce. While the search for an 
ideal scintillator is still ongoing [15], amongst 
currently available scintillators, lutetium-based 
scintillators such as LSO and LYSO are widely 
used as they have the best overall characteristics. 
Their high density (7.1 g/cm3), high light output 
(32,000 photons/MeV), and fast response time 
(decay time = 41 ns) make them appropriate for 
use in PET [16].

8.2.2  Photosensors

Photomultiplier tubes (PMTs) are the most com-
mon photosensor used in scintillation PET detec-
tor designs. The PMT is used to convert the 
scintillation photons into a proportional electri-
cal signal. PMTs are vacuum devices and offer 
excellent signal-to-noise characteristics for 
detecting optical photons from scintillators. 
They are fast, linear, stable, mature, low-noise 
devices having very high gain (106–107). While 
single-channel PMTs have been the standard 
photosensor used in clinical PET scanners for a 
long time, these PMTs do not easily permit 
design of a high spatial resolution detector 
required for small animal PET. In this scenario, 
multi-anode (MA) or position- sensitive (PS) 
PMTs and avalanche photodiodes (APD) pro-
vide viable alternatives. In a MA-PMT, a single 
PMT is segmented into multiple smaller chan-
nels with independent anode readout for each 
channel (N channels along each direction lead-
ing to a total of N2 channels). To decrease the 
complexity and cost associated with reading  
out all individual channels of a MA-PMT, a 

charge-resistive readout network integrated with 
the PMT anode outputs is sometimes used to 
encode the interaction position with fewer elec-
tronic channels. On the other hand, PS-PMTs 
utilize a 2D arrangement of cross wired anodes 
to readout and decode the gamma-ray interaction 
location. While the MA-PMT has ‘N × N’ read-
out channels, the PS-PMT only has ‘N + N’ read-
out channels. Unlike PMTs, APDs are solid-state 
photosensors that are compact, have high quan-
tum efficiency, offer low gamma attenuation, 
and are insensitive to magnetic fields. APDs are 
particularly interesting, as they can be made very 
small and close packed, opening up the possibil-
ity of one-to-one coupling of crystal to photo-
sensor that may be needed for developing higher 
spatial resolution PET detectors.

8.2.3  PET Detector Designs

The first SPECT camera designed by Hal Anger 
comprised of a single continuous scintillator 
slab viewed by an array of PMTs and position 
decoding performed by using a weighted cen-
troid algorithm [17]. Some of the early large-
area PET scanners borrowed the same design, 
albeit with a more appropriate thicker scintilla-
tor for PET (Fig. 8.4a). This design is more 
practical in comparison with the first PET scan-
ners that used a one-to-one coupling scheme 
with a single PMT to read out a single scintilla-
tion crystal [18, 19]. Since then the major detec-
tor designs used for clinical PET have relied on 
using some form of light sharing to decode the 
gamma-ray interaction location. One approach 
modifies the original Anger detector to read out 
an array of pixelated scintillators [20] 
(Fig. 8.4b). The “block detector” developed in 
the mid-1980s [21] is another popular design 
that relies on coupling a scintillator block to 
four PMTs. Cuts are introduced in the scintilla-
tor, and the block is segmented in a careful man-
ner to induce sharing of light between the four 
PMTs (Fig. 8.4c). A modified version of the 
block detector concept which uses larger PMTs 
that overlap adjoining block detectors is known 
as the quadrant-sharing detector [22]. Higher 
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spatial resolution detectors required for small 
animal PET, on the other hand, typically utilize 
multi-anode or position-sensitive PMTs and 
APDs in a light-sharing (Fig. 8.4d) or one-to- 
one coupling design (Fig. 8.4e) configuration 
[23–29]. Each of the above detector designs has 
their own merits and trade-offs, but they all pro-
vide a practical technique for designing a clini-
cal scanner. Continuous crystal detectors have 

lower manufacturing costs and offer continuous 
position sampling, but have limited count-rate 
capability. The one-to-one or direct coupling 
detector offers the best count-rate performance 
but requires a larger number of photosensors 
and readout electronics, which can increase the 
scanner complexity and cost. Pixelated light-
sharing detectors offer a compromise between 
count-rate performance and cost. Current 

PMTPMTPMT

Scintillator 

Lightguide

a b
c

Multi-channelPMT

d e

array of
semiconductor 
photosensors

Fig 8.4 Illustration of commonly used PET detector 
designs used in clinical and preclinical PET scanner 
designs: (a) continuous crystal light-sharing detector, (b) 
pixelated light-sharing detector, (c) block detector, (d) 

pixelated light-sharing detector with a multi-anode or 
position-sensitive PMT, and (e) one-to-one coupling 
detector with an array of solid-state photosensors
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whole-body PET/CT scanners typically use pix-
elated detectors with 4 mm wide crystals, while 
small animal scanners use 1.5–2 mm wide 
crystals.

8.2.4  PET Data Acquisition 
and Signal Processing

The electrical pulse produced by the PET detec-
tor undergoes signal conditioning and processing 
before being handled by the data acquisition sys-
tem. The PMT outputs are routed to an amplifier 
and shaper first, before being digitized by an ana-
log to digital convertor (ADC). Since the timing 
resolution is very sensitive to the scintillation 
pulse rise time, separate energy (slow) and timing 
(fast) pathways are typically employed. A sum of 
all PMT signals belonging to the full or some 
predetermined portion of the detector is used to 
determine event energy and time of arrival, while 
a weighted centroid algorithm is used to compute 
the interaction position of the 511 keV photon. 
The calculated interaction position is mapped to 
scanner coordinates via a pre-computed look-up 
table that is generated in a separate scanner cali-
bration step. To efficiently use data acquisition 
transfer rates and decrease scanner dead time, 
coincidence detection is followed by energy 
thresholding (via analog or digital energy dis-
criminators). Only coincidences depositing a pre-
defined minimum energy (typically 300–400 keV) 
are handled. The position, energy, and TOF infor-
mation for all valid events are stored by the data 
acquisition and are used later for performing data 
corrections and PET image generation.

8.2.5  PET System Design 
and Geometry

While some of the early generation PET systems 
made use of flat-panel detectors that were rotated 
around the patient to collect full tomographic 
data, these designs eventually evolved to using a 
stationary ring of detectors. Current whole-body 
PET scanners have an ~90 cm ring diameter and 
16–22 cm axial field of view (FOV). All scanners 

operate in fully 3D mode and require good energy 
resolution to discard the scattered radiation and 
fast scintillators to keep up with the expected 
count rate in these systems. Lutetium-based scin-
tillators like LSO/LYSO are thus attractive and 
preferred in current PET/CT scanners.

8.3  PET System Characteristics

8.3.1  Sensitivity

PET scanner sensitivity is defined as the fraction 
of positron annihilation events that are detected 
in the scanner. The PET scanner is essentially a 
photon counter, and the statistical noise is 
inversely proportional to the square root of the 
number of coincident events it detects. Hence, 
scanner sensitivity plays an important role in 
determining image noise or activity concentra-
tions at which imaging can be performed. A high 
sensitivity scanner would reduce imaging time 
and/or permit imaging at lower activity concen-
tration, thereby decreasing the injected activity 
and/or radiation dose. It would also permit 
dynamic scans with short-lived isotopes and 
repeated longitudinal studies without exaggerat-
ing concerns over administered dose. Scanner 
sensitivity is determined by two factors: scanner 
geometric coverage, also referred to as solid 
angle, and the scintillator stopping power and 
thickness. Clinical whole-body scanners use 
20–30 mm long crystals with ~20 % angular cov-
erage and typically have ~5–6 % sensitivity for a 
point source at the center. Small animal scanners 
use 10–15 mm long crystals with ~40 % scanner 
angular coverage and achieve typical sensitivity 
values in the range of ~2–7 % for a point source 
at the center.

8.3.2  Spatial Resolution

Spatial resolution determines the smallest struc-
ture that can be clearly visualized, and a scanner 
with the highest spatial resolution is necessary to 
resolve the finest details in an object. Two physic 
processes that arise from positron decay limit 
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spatial resolution in PET scanners: positron range 
and annihilation photon acollinearity. The posi-
tron emitted by the radionuclide has some kinetic 
energy and therefore travels a short distance from 
the emission point before annihilating with an 
electron. This positron range is related to its 
kinetic energy; for 18F (maximum positron 
energy = 0.635 MeV), the root mean square value 
of distanced traveled in water is 0.2 mm, while 
for 82Rb (maximum positron energy = 3.4 MeV), 
it is 2.6 mm [30, 31]. Annihilation photon acol-
linearity arises from the conservation of momen-
tum during the electron-positron annihilation 
process. Instead of being emitted at exactly 180°, 
there is a small deviation of ±0.25° on account of 
some residual kinetic energy the positron- 
electron pair possesses at the time of annihila-
tion. While the deviation is small, its contribution 
to the spatial resolution degradation is dependent 
on the scanner diameter, i.e., the larger the diam-
eter of the scanner, the larger its contribution. For 
whole-body PET scanners having a diameter of 
90 cm, the degradation is ~2 mm, while for small 
animal scanners with an 18 cm ring diameter, the 
contribution is ~0.4 mm. In addition to the limits 
from fundamental positron decay physics, PET 
scanner spatial resolution is also dependent upon 
the spatial resolution of the detector. The spatial 
resolution in pixelated-detector designs is limited 
by the cross section (width) of the individual 
crystals used in the PET detector. While a theo-
retical spatial resolution of half the crystal width 
can be achieved (for events at the center of the 
scanner), the finite detector sampling over the 
FOV often degrades it [32]. There are additional 
contributions from Compton scattering of the 
511 keV photon in the detector and the error in 
interaction position determination due to the use 
of light-sharing techniques in the detector. 
Currently clinical PET scanners for whole-body 
imaging have a spatial resolution in the range of 
4–6 mm [33–35], while small animal scanners 
have a spatial resolution of 1.5–2 mm [36], both 
of which are primarily determined by the scintil-
lation crystal widths used in the detector.

An additional source of spatial resolution deg-
radation is from parallax error. Events that occur 
away from the center of the scanner result in the 

511 keV photons no longer traveling perpendicu-
lar to the scintillator entrance face. Depending on 
the scintillator depth at which the 511 keV pho-
ton interacts, there is an error in determining the 
correct line of response (LOR). This LOR mispo-
sitioning error is known as parallax error 
(Fig. 8.5) and degrades the overall spatial resolu-
tion as a function of the distance from the center 
of the scanner. Parallax error is particularly evi-
dent in small animal scanners since they make 
use of small ring diameters and long crystals to 
improve sensitivity. Clinical whole-body scan-
ners have ~90 cm ring diameter and ~50 cm FOV, 
making them less susceptible to parallax errors.

8.3.3  Energy Resolution

Energy resolution determines the accuracy with 
which the scanner can measure the energy of the 
511 keV photon interactions and affects the abil-
ity to reject scatter coincidences where at least 
one of the two 511 keV photons has incident 
energy <511 keV. Current clinical whole-body 
PET scanners using LSO/LYSO scintillators 
have ~12 % energy resolution that allows the use 
of a high event energy acceptance threshold (up 
to 440 keV), thereby collecting all true coinci-
dences with a small fraction of scattered coinci-
dences as well. The importance of energy 
resolution is less significant for small animal 
PET where object scatter from the animal is small 
relative to that observed in clinical whole-body 
imaging.

8.3.4  Coincidence Timing 
Resolution

Since a PET scanner relies on collecting coinci-
dent pairs of 511 keV photons, the coincidence 
detection mechanism is an essential component 
of a PET scanner. In addition to measuring the 
interaction location and energy, the PET detec-
tor also measures time of arrival for both the 
coincident 511 keV photons. The time within 
which coincidence pairs are identified is called 
the coincidence timing window (τ). A smaller τ 
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will reduce the number of random coincidences 
collected by the scanner. While the time-of-
arrival measurement is fundamentally limited 
by the timing accuracy of the detector (timing 
resolution), there is also the path length of the 
photon to keep in mind. For an annihilation 
occurring near one detector surface, one of the 
two 511 keV photon possibly needs to travel 
much longer before it reaches the detector. In a 
clinical scanner with ~90 cm ring diameter, it 
takes the photon ~3 ns to travel this distance. 
Also, depending on the scanner readout design, 
either of the two 511 keV photons can be 
detected first.

8.3.5  Count-Rate Performance

With all scanner designs, there is a minimum 
amount of time necessary for the scanner to pro-
cess the event before it is ready to accept another 
event. This minimum time is referred to as 
“dead time” and defines the maximum rate at 
which the scanner can operate. A lower dead-
time value (less time in processing events) 
translates into a higher count-rate capability. 

While the scanner dead time has contributions 
from the readout electronics and coincidence 
processing, it is typically the scintillator conver-
sion process within the detector that primarily 
limits the overall count-rate performance. A 
short scintillator signal decay time will allow 
higher count-rate capability. LSO has an ~40 ns 
decay time and can provide an average count-
rate capability of ~10 million counts/s. Dead 
time is classified as being either non-paralyz-
able or paralyzable. A non- paralyzable system 
will not accept any additional events for pro-
cessing when it is busy processing an earlier 
event, and hence all events arriving during this 
time are simply lost. A paralyzable system on 
the other hand will process all the events as a 
single event, increasing the dead time as a result. 
Dead time arising due to readout electronic lim-
itations is typically non-paralyzable, while scin-
tillator dead time is paralyzable. The count-rate 
measurement for a scanner is  characterized by 
plotting the measured scanner count rate with a 
known amount of activity in its FOV. Whatever 
the mechanism, a scanner with the highest 
count-rate capability is desirable and remains a 
priority for PET system designs.
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Fig 8.5 Parallax error in a PET scanner: for off-center positron annihilations, there is an error in determining the 
 correct line of response, which degrades the overall spatial resolution of the scanner
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8.4  Multimodality PET/CT

8.4.1  Motivation and Review 
of Fusion Imaging

Imaging techniques like computed tomography 
(CT) and magnetic resonance imaging (MRI) 
offer excellent spatial resolution better than 
1 mm and produce exquisite three-dimensional 
anatomical images. They help in identifying 
abnormalities based on structural and anatomic 
changes in the body. While they are well estab-
lished and are routinely used in the clinic, they 
provide limited or no physiological informa-
tion. PET, on the other hand, can measure 
many different physiological parameters, such 
as glucose metabolism with 18F-FDG that can 
help differentiate between malignant and non-
malignant tissue. However, the relatively lim-
ited spatial resolution of PET makes it difficult 
to accurately localize such lesions, especially 
ones that occur in heterogeneous regions like 
the abdomen or at organ boundaries. To make 
the best use of their individual strengths, clini-
cians in the past viewed images acquired from 
both modalities separately. Differences in the 
system spatial resolutions, image pixel sizes, 
and slice thicknesses limited the accuracy with 
which information from both modalities could 
be correlated. Several techniques, such as the 
use of external fiducial markers and stereotac-
tic methods, were developed to correlate the 
data with other image sets or to an image atlas 
[37]. Dedicated fusion software that performed 
co- registration in a semiautomatic or automatic 
manner was also devised [38–40]. These tech-
niques improved co-registration accuracy, and 
software fusion found a larger role, especially 
in brain imaging, as the brain is a sufficiently 
rigid organ unaffected by organ motion. For 
whole- body imaging, these techniques were 
often laborious and sometimes unfeasible. The 
longer duration for PET imaging meant that 
whole-body PET images were inconsistent and 
their resolution affected due to patient breath-
ing. Involuntary internal organ motion and 
variability/mismatch in patient positioning due 
to patient transfer and scanner availability  

constraints added to their troubles. 
Subsequently, software-based fusion PET/CT 
found limited success in routine whole- body 
PET.

8.4.2  Hardware-Based 
Multimodality PET/CT

The problems encountered by the software-based 
approach were addressed by a hardware approach 
to combine them, one that could provide a fully 
co-registered PET/CT image in a single imaging 
session. In PET/CT scanners, the PET and CT 
data are acquired sequentially on a common bed 
requiring no additional software alignment. 
While acquiring the two datasets with a single 
scanner would have been ideal, it engenders sev-
eral technological challenges that need to be 
overcome. Apart from improving the scanner 
readout electronics and count-rate performance, 
the most important challenge lies in designing a 
common detector that would work efficiently for 
both imaging modalities. The very first multimo-
dality nuclear-imaging scanner was designed in 
the early 1990s and made use of a single high- 
purity germanium detector to integrate CT with 
single-photon emission computed tomography 
(SPECT) [41]. While the prototype scanner dem-
onstrated single detector feasibility, there were 
some performance compromises, and it was more 
challenging to adapt for PET/CT. As opposed to 
the 511 keV photons emitted by PET tracers, the 
most commonly used SPECT tracer, i.e., 
Technetium-99 (99mTc), generates 140 keV pho-
tons, close to the X-ray energies used for CT 
imaging (40–140 keV). The use of a single detec-
tor for a PET/CT scanner necessitates compro-
mises for either or both modalities.

It was not until the late 1990s that the first 
design for a combined PET/CT scanner was pre-
sented [42]. It combined an existing partial-ring 
PET scanner and an existing CT scanner into a 
single-gantry scanner with a single bed. 
Independent consoles were used for scanner con-
trol, data acquisitions, and image reconstructions. 
The PET/CT scanner could be operated either 
independently (i.e., PET or CT) or in a combined 
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mode with the CT assisting PET imaging. After 
image reconstruction both the images were sent 
to a workstation for fused viewing. During nor-
mal operation patients were scanned sequentially, 
first in the CT and then PET. The primary goal of 
the prototype was to demonstrate the value of a 
combined scanner providing accurately co- 
registered PET/CT images. Numerous studies 
were successfully performed with this prototype 
that provided sufficient proof of its diagnostic 
powers and also generated sufficient interest in 
the clinic [43–47]. Whilst the prototype scanner 
design was not optimized, it was a significant 
milestone that spurred the design of next genera-
tion PET/CT scanners. Medicare reimbursement 
approval for certain whole-body FDG-PET scans 
in 1999 provided further impetus to the utiliza-
tion and popularity of PET/CT scanners.

By the early 2000s there was enough enthusi-
asm and clinical evidence for whole-body PET 
that all major PET vendors began manufacturing 
and selling PET/CT scanners. Excluding for 
some variations in the gantry design from each 
vendor, the commercial PET/CT scanners essen-
tially all include fixed full-ring PET and CT scan-
ners that are melded into a common gantry 
housing (Fig. 8.6). The individual PET and CT 
scanners have minimal modifications to poten-
tially offer full performance PET and CT scans, 
as if they were sold individually. There is typi-
cally a gap between the two scanner rings in 
order to accommodate the scanner readout elec-
tronics as well as to minimize the interference 
(e.g., temperature variations) from each scanner. 
Care is also taken to match the patient-port sizes 
for patient comfort. The scanner control and 
acquisition hardware have better integration than 
the first prototypes. A common patient couch that 
traverses the entire axial field of view (FOV) with 
minimum deflection is key to acquiring accu-
rately co-registered images between the two 
scanners. Imaging sequences comprise of a short 
CT scout scan to position the patient within the 
FOV followed by the CT scan. At the end of the 
CT scan, the patient couch is translated to the 
PET FOV and PET imaging begins. Image recon-
struction occurs on separate hardware for the 
PET and CT, each of which is optimized for fast 

image reconstruction. Proprietary dedicated soft-
ware to visualize the PET and CT images as over-
laid [49–52] or separate images, image analysis, 
and measurement tools are also provided with the 
scanner. Figure 8.7 shows an example image 
acquired with a clinical whole-body PET/CT 
scanner. As can be seen, the fused PET/CT image 
improves anatomic localization of lesion within 
the body.

8.4.3  Attenuation Correction

In PET, the 511 keV photon can interact within 
the patient and get absorbed or scattered. The lin-
ear attenuation coefficient defines this probability 
of interaction per unit length and is material and 
photon energy dependent. It increases with the 
density of the material and decreases with the 
photon energy. The attenuation probabilities for 
511 keV photons is not only dependent on mate-
rial but also on the object size, i.e., a larger-sized 
object presents a higher probability of interac-
tion, and the probability is higher for single 
events near the center than toward its periphery. 
Attenuation estimation in PET is simplified by 
the fact that it relies on the detection of both the 
511 keV photons that are emitted antiparallel. Let 
us consider a positron annihilation occurring at 
depth x in an object with diameter D and linear 
attenuation μ at 511 keV. The probability (P) that 
both photons reach the detector is given by the 
product of their individual transmission 
probabilities:

 P e e ex D x D= =- - -( ) -m m m
 (8.2)

Thus the total probability is independent of the 
emission location and only depends on the total 
path length. The attenuation coefficients for a 
single LOR can be measured by simply collect-
ing data along that LOR from a known external 
source placed around the patient. If uncorrected 
for, attenuation effects produce a nonuniform 
representation of the true activity distribution, 
typically observed by a reduced activity in the 
center of large objects. It can also impair lesion 
detectability, particularly in heavier patients, as 
shown in Fig. 8.8.
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One of the many advantages offered by mul-
timodality CT is its use for attenuation correc-
tion in nuclear-emission imaging. Hasegawa 
et al. were the first to demonstrate this with their 
prototype SPECT/CT scanner [41], wherein two 
 separate energy windows were used to collect 

emission and transmission data simultaneously 
without interference. The ability to measure 
attenuation of PET data via CT has even greater 
significance. Prior to the arrival of PET/CT, 
PET attenuation was measured by making use 
of transmission-based methods. A separate 

co-scan length

Helical
CT

axial separation

patient bed

pa
tie

nt
 p

or
t

Stationary
PET Detectors

Fig. 8.6 Illustration of current commercial PET/CT scanner designs (Figure reprinted with permission from Alessio 
et al. [48])

Fig. 8.7 Clinical 18FDG scan images from a whole-body PET/CT scanner. Shown are CT (left), PET (middle), and 
fused PET/CT (right) images
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transmission scan was measured with a rotating 
positron or gamma source with the patient lay-
ing in the FOV [53, 54]. While each of those 
techniques had their own merits, the use of a 
rotating positron source generated the most 
accurate attenuation map but also introduced 
statistical noise (on account of counting statis-
tics) into the image reconstruction process. 
Further reduction of the noise from attenuation 
estimation required increasing the overall scan 
time. The availability of CT provides a fast and 
virtually noise-free alternative to measure the 
attenuation map. The main concern regarding 
the use of CT data for PET attenuation lies in 
the mismatch of energies used for the two mea-
surements. CT scanners use a range of X-ray 
energies (40–140 keV), and the attenuation val-
ues for PET need to be scaled to energy of 
511 keV photons. However, at low energies 
photoelectric interactions dominate, and the 
CT-measured attenuation depends on both mate-
rial density and composition. At 511 keV, 
Compton interactions dominate, and attenuation 
is primarily dependent on material density 
alone. Thus a simple scaling of the measured 
CT attenuation can introduce bias and should 
not be used for PET. Several techniques using a 
linear scale factor [55] and a two-layer segmen-
tation and scaling technique [56, 57] have been 
devised to demonstrate the accuracy in deter-
mining attenuation factors from CT [58, 59]. 
Today, PET/CT scanners are no longer equipped 

with a rotating source for transmission scan-
ning, and the use of CT for attenuation correc-
tion is a standard practice routinely used in 
clinical PET.

8.4.4  Scatter Correction

The primary mode of interaction for 511 keV 
photons in the patient is Compton scatter. 
Compton scattering not only changes the energy 
of the photon but also alters its direction. The 
energy and direction of the scattered photon are 
described by the following equation:

 

¢ =
+ -( )

E
E

E

m c

g

g q1 1
0

2 cos
 

(8.3)

where Eγ and E′ are the energies of the incident 
(511 keV) and scattered photon, respectively, θ is 
the scattering angle, and m0c2 is the rest mass 
energy of the electron (511 keV). One or both of 
the coincident 511 keV photons can undergo sin-
gle or multiple scattering. If uncorrected, the 
scattered photons add a background signal to the 
true activity distribution, lowering image contrast 
and affecting image quantitation capabilities. 
Scatter correction techniques can be broadly 
classified under tail fitting, convolution subtrac-
tion, energy based, Monte Carlo, and analytical 
methods [54]. Amongst them, Monte Carlo-based 

Fig. 8.8 Importance of attenuation correction in PET: 
Shown are transverse images from a whole-body 18FDG 
PET scan, with attenuation correction (left) and without 
attenuation correction (right). If uncorrected for, attenua-

tion effects can impair lesion detectability (highlighted by 
the red arrow). Images acquired courtesy of the Hospital 
of the University of Pennsylvania PET Center
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simulations provide the most accurate estimate 
but are also very computationally intensive and 
impractical to implement on a clinical scanner. 
The most popular and clinically feasible is a 
model-based technique called the “single scatter 
simulation” (SSS) [60–64]. The algorithm 
assumes single scatter (only one of the two coin-
cident photon scatters and it scatters once) to be 
the most dominant source of degradation and is a 
reasonable assumption given the improved 
energy resolution of current PET scanners allow-
ing higher energy threshold (≥400 keV). In this 
technique, the initial emission activity distribu-
tion is based on the uncorrected emission image, 
and scatter points are distributed within the mea-
sured (i.e., patient specific) attenuation image. 
For each of the scatter points, the Klein-Nishina 
equation [65] is used to compute its scatter con-
tribution to each of the LORs in the scanner. The 
scatter estimate for each LOR is a summation of 
the computed scatter estimate from all scatter 
points. The absolute scatter distribution is typi-
cally derived by using the tails of the emission 
data to scale the above estimated scatter distribu-
tion. Since the initial emission image will be a 
poor approximation of the actual activity distri-
bution (uncorrected for scatter), this process is 
repeated iteratively until a stable scatter distribu-
tion is achieved.

8.4.5  Randoms Correction

As described earlier, a random coincidence event 
is an event wherein two uncorrelated photons 
arrive within the coincidence time interval (τ). 
The randoms rate (R) in a scanner can be 
described by

 R S S= 2 1 2t  (8.4)

where S1 and S2 are the single-photon count rates 
in the two coincident detectors. Randoms correc-
tion can be performed based on the single-photon 
count-rate information (Eq. 8.4) along each 
LOR. This method called the “singles-based” 
estimation however requires an accurate knowl-
edge of scanner dead time and detector count 
rates along each LOR. An alternate technique 

that is more commonly used for correction of 
randoms is called the “delayed window tech-
nique.” In addition to looking for coincidences 
using the normal coincidence window (τ), it also 
looks for coincidences using a window that is 
significantly delayed with respect to the normal 
coincidence window. Since random coincidences 
are formed due to random temporal correlation, 
there should be no true coincidences in the 
delayed coincidence window (τd). While the 
technique is accurate and simpler for real-time 
implementation on a scanner, the relatively fewer 
number of counts can possibly introduce statisti-
cal noise in the emission image. Random coinci-
dences are usually stored separately for use 
during the reconstruction process [54].

8.4.6  Limitations and Issues 
with PET/CT Imaging

While the improved anatomical localization of 
lesions, confidence in interpreting scans, and 
increased clinical throughput have played a sig-
nificant role in making PET/CT routine, it also 
has its share of challenges which require atten-
tion. Patient movement during the CT scan or in 
between the CT and PET scans can lead to atten-
uation correction mismatch and cause artifacts in 
the PET image. Differences in the respiratory 
breathing patterns for CT (fast scan performed 
typically with breath-hold) and PET (longer 
scan) another area of concern. The use of contrast 
agents (Fig. 8.9), presence of metallic implants 
(Fig. 8.10), and areas with significant calcifica-
tion can generate incorrect attenuation correction 
factors if not taken into consideration. CT trunca-
tion artifacts caused by mismatch between the 
CT and PET FOV and bias in the CT image 
caused by beam-hardening effects can also affect 
the PET data.

8.4.7  Low-Dose CT

Since the dawn of PET/CT, the focus has always 
been on improving PET scanner performance. 
With advances in PET detector technology and 
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scanner design, scan times and image quality 
have improved significantly. The popularity and 
effectiveness of PET/CT has led to it being 
widely used, especially in oncology. The popu-
larity, coupled with the emergence of other mul-
timodality PET devices, has raised concern about 
the cancer risks associated from receiving addi-
tional radiation exposure from CT. The PET 
improvements have been accompanied by hard-
ware and software improvements in CT that not 
only improve image quality but also aim to 
reduce patient dose. Features such as tube current 

modulation, automatic exposure control, and 
adaptive collimation lower dose and are now 
available on many scanners [66–69]. Iterative 
reconstruction that was impractical previously is 
now feasible and sufficiently lowers dose without 
affecting image quality. A full diagnostic CT 
delivers significantly more dose than one acquired 
for only assisting the PET. Not only are clinicians 
making a careful choice here but scanner vendors 
are also proactively providing options. While the 
additional dose from CT cannot be completely 
eliminated, studies have demonstrated that a 

Fig. 8.10 Presence of metallic implants can generate 
streaking artifacts in CT images, as shown in the trans-
verse (top) and coronal (bottom row left) CT images from 
a patient with a hip implant. These artifacts can lead to 
incorrect estimation of patient attenuation correction fac-

tors, and unless corrected for (bottom row right), it can 
lead to incorrect estimation of radioactivity distribution 
(highlighted by red arrow in bottom row middle) in the 
PET image. Images acquired courtesy of the Hospital of 
the University of Pennsylvania PET Center
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task-based optimization of imaging parameters 
can greatly reduce dose without affecting the 
clinical outcome [70–73].

8.5  Time-of-Flight PET

8.5.1  Simplified Mathematical 
Approach to SNR 
Improvement with Time 
of Flight

The resurgence of TOF-PET imaging, with the 
current generation of lutetium-based scanner 
designs, has provided one of the greatest leaps 
forward in PET imaging capability and image 
quality to date. The idea of using TOF informa-
tion in the reconstruction has been around since 
the very early days of PET. However, TOF detec-
tor designs at the time proved to have a large 
design trade-off in system performance, most 
notably poor system spatial resolution that was 
limited by size of the PMT used in the one-to-one 
coupled detector. Another big issue at the time 
was the complexity and stability of the system 
TOF electronics. Both of these factors led to the 
use of non-TOF, BGO-based scanners that were 
commercially manufactured from the late 1980s 
through the early 2000s—though at least one 
major manufacturer still sells BGO-based PET/
CT systems [74]. In the early 1990s, researchers 
began to investigate new scintillation materials 
that could provide excellent timing resolution as 
well as good stopping power. LSO has been the 
most widely used, but other materials capable of 
TOF were discovered [75], such as LaBr3 for 
which a prototype TOF-PET scanner has been 
constructed [76].

Many studies have now shown that incorporat-
ing TOF information into the reconstruction pro-
cess improves the quality of the PET data. It is 
perhaps best to conceptualize this improvement 
by thinking about the back projection and forward 
projection processes used in tomographic recon-
structions. TOF will limit the probability of local-
ization to an area much less than the entire length 
of the LOR. Overall, this leads to a reduction in 
image variance as noise will be spread over fewer 

image voxels, and also by this same assumption, 
signal will be more tightly confined. Rigorous 
mathematical approaches to quantifying the 
improvement in image SNR with TOF have been 
attempted [77, 78]. However there are limitations 
in the mathematical definitions used for the source 
distribution. Ideally one would use source activi-
ties and distributions that are typically encoun-
tered during clinical imaging, as what we are 
really interested in is the clinical improvement in 
TOF-PET imaging. The approximation that is 
generally accepted to provide the closest correla-
tion with TOF SNR improvement is well described 
in Budinger [79]. Assuming you have a uniform 
distribution of activity in a cylinder of diameter D, 
the image SNR gain near the center is related to 
the system timing resolution by D

t

, where Δt 
is the system timing resolution.
Because of the Poisson count statistics nature of 
PET data, one can also view this SNR gain by 
considering that SNR is proportional to the 
square root of the total number of events, and 
therefore an increase in SNR2 is equivalent to an 
increase in the number of counts (increase in sen-
sitivity). For this reason, the TOF benefit is often 
referred to as a sensitivity gain and has been used 
as an approximate measure to motivate reducing 
total scan times or lowering patient dose by using 
a lower amount of injected activity.

8.5.2  Instrumentation Advances 
Leading to the Reemergence 
of TOF-PET

There have been several important instrumenta-
tion advances that led to the resurgence of TOF: 
the introduction of LSO as a scintillator used in 
PET, advances in the system electronics, and 
improvements in PMT technology. The timing 
resolution of a scintillator depends on the scintil-
lation pulse temporal characteristics and its total 
light output. Soon after the discovery of LSO, it 
was realized that its high light output, short 
decay time, and fast rise time would allow for a 
timing resolution comparable to BaF2 (the scin-
tillator used in first-generation TOF-PET scan-
ners), without sacrificing other performance 
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characteristics, such as sensitivity and spatial 
resolution, which are critical for PET [80].

By the late 1990s, bench-top measurements 
from various research groups had shown that 
coincidence timing resolution on the order of 
~400 ps could be achieved with LSO crystals 
coupled to commonly used single-channel PMTs 
[81]. During this time, LSO was also being pur-
sued for use in fully 3D PET, and in 2001 the first 
commercial whole-body PET scanner was intro-
duced. It was shown that LSO has a clear advan-
tage over BGO in fully 3D PET; however, the 
system achieved a timing resolution of ~3 ns 
[82]—an improvement over BGO systems but 
not capable of TOF reconstruction. Though the 
scintillation light pulse from LSO was capable of 
resolutions needed for TOF, the system electron-
ics of the PET scanner could not process events 
to that degree of timing accuracy. Over the next 
several years (2001–2006), significant upgrades 
to the PET system electronics were made allow-
ing the full benefit of LSO timing properties to be 
used [33]. New PMT technology was also imple-
mented into the later TOF scanner designs, which 
focused on improved timing performance of the 
PMT itself and better quantum efficiency [83]. It 
is also worth mentioning, that even though the 
fundamental detector module design did not 
drastically change, a crystal-by-crystal timing 
correction was implemented, as well as methods 
for system timing calibration [84–86].

8.5.3  Benefits of TOF Information 
for Clinical PET Imaging

It is perhaps most straightforward to quantify 
the TOF benefit in phantom studies where the 
source distributions are simple, having known 
locations and activity concentrations. Based on 
results from these experiments, it is obvious that 
TOF has improved the quality of the data. 
However, the more important and relevant ques-
tion is to understand the degree of this improve-
ment in clinical imaging studies—this is a much 
more difficult problem [87, 88]. No single met-
ric, such as the SNR gain discussed previously, 
can describe the benefit of TOF-PET in clinical 

studies; primarily because clinical imaging 
tasks are different from imaging uniform phan-
toms, and the use of iterative reconstruction 
algorithms, which have become standard in 
clinical imaging, have varying parameter set-
tings and trade-offs that need to be considered.

In clinical use, TOF information indepen-
dently improves several components of the PET 
imaging process—from reducing the impact of 
errors in data correction to improving the detec-
tion and quantification of lesions in oncology 
imaging and lowering patient dose. It has been 
observed that TOF-PET data, compared to non- 
TOF- PET data, is much more robust and less sen-
sitive to errors in applied data corrections, such 
as attenuation, scatter, and normalization [89]. As 
an example, Fig. 8.11 shows a comparison of 
TOF vs non-TOF reconstructions with a shifted 
attenuation correction map. Artifacts are pro-
duced in the non-TOF image due to the mismatch 
between emission data and the attenuation map. 
However, with TOF information, these incorrect 
areas of increased or decreased uptake are 
reduced.

Another important benefit of TOF-PET data 
for clinical imaging is the improved convergence 
observed in iterative reconstruction methods. 
Shown in Fig. 8.12 are contrast recovery coeffi-
cients for lesions using reconstruction algorithms 
with and without TOF information. Though an 
absolute quantification of the lesion is difficult, 
and will vary from patient to patient, the improved 
convergence of the TOF reconstruction generally 
provides a better trade-off between lesion con-
trast and noise [87].

Improved lesion contrast and noise trade-off 
with TOF-PET naturally results in improved 
oncology imaging where the primary task of PET 
is to detect and quantify the uptake of cancer 
lesions [90]. This was demonstrated for clinical 
studies by Surti et al. [91] using a lesion insertion 
technique, to create artificial images from clinical 
patient data mixed with known lesion locations 
and activities, and human observes to quantify 
the impact of TOF-PET on whole-body onco-
logic studies over non-TOF-PET. The methodol-
ogy was then extended to study the improvement 
in accuracy and precision of lesion uptake with 
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TOF-PET [92] and also demonstrated further 
improvement with better TOF resolution of the 
scanner.

Another benefit of TOF-PET in clinical imag-
ing is the improvement observed in reconstructed 
images of larger body mass index (BMI) patients, 
as shown in Fig. 8.13. This is important because 
TOF-PET, compared to non-TOF-PET, provides 
a more uniform clinical performance over a wide 
range of patient sizes leading to more consistent 
image quality in all studies. This result is also 

consistent with the expected SNR gain due to 
TOF being proportional to D

t

.

 The TOF gain in larger patients will be higher, 
and this offsets the effects of increased scatter 
and attenuation in these patients, which roughly 
equates to the image quality observed in average 
size patients.

Lastly, except for benefits in data correc-
tions, the improvement from TOF-PET can 
generally be replicated by increasing the num-
ber of counts used in the reconstruction; with-
out TOF this can only be done by either 
increasing the scan time or increasing the 
injected activity—both of these are undesirable 
in the clinical application of PET. Conversely, 
while keeping image quality constant, improv-
ing TOF will allow for reduced scan times and 
injected activities leading to a higher patient 
throughput and lower patient dose. Most clini-
cal imaging protocols using TOF-PET already 
benefit from lower scan times and resulting in 
better patient throughput. Further improvement 
in scanner TOF resolution will yield higher 
gains in patient throughput. It is anticipated that 
new generations of TOF-PET scanners with 
timing resolutions ranging from 350–400 ps 
will therefore use their improved TOF capabil-
ity to lower patient dose. In [93], a more 
detailed  summary of the benefits of TOF imag-
ing for clinical imaging is provided.

Fig. 8.11 Non-TOF (left) and TOF (right) images of a 
thorax phantom using a shifted attenuation correction 
map. Arrows in the non-TOF image indicate incorrect 

areas of increased and decreased counts (Figure reprinted 
with permission from [89])

Fig. 8.12 CRC vs noise curves for 17-mm hot spheres 
with 6:1 contrast in a 35-cm diameter cylinder. Scan times 
were 2 (σ), 3 (υ), 4 (ν), and 5 (λ) min (35-cm phantom) 
with closed symbols for non-TOF and open symbols for 
TOF reconstruction as a function of number of iterations 
(1, 2, 5, 10, 15, and 20) (Figure reprinted with permission 
from [87])
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8.6  Advances and Future 
Directions

8.6.1  Silicon Photomultiplier and Its 
Impact

Basic PET detector design has not changed sig-
nificantly in more than two decades. However, 
advances in scintillator, photosensor technology, 
and data acquisition/electronics design have 
made clinical PET imaging faster and of higher 
image quality. While PMT technology continues 
to improve and is the standard photosensor used 
in clinical PET, solid-state photosensor technol-
ogy is also maturing rapidly. An exciting devel-
opment over the last decade has been the 
introduction of silicon photomultipliers (SiPMs). 
SiPMs are solid-state devices that combine the 
best properties of PMTs and APDs. They are 
compact, fast, high gain, low noise, and insensi-
tive to magnetic fields [94, 95]. Hence they allow 
design of fast, high spatial resolution PET detec-
tors that are not only TOF capable but can also 

operate in high-strength magnetic field. In recent 
years, a number of research scanners that utilize 
the advantages of SiPMs in a light-sharing detec-
tor design or 1:1 coupling (Fig. 8.4) have been 
developed [96]. In fact, SiPM-based whole-body 
PET scanners having system timing resolution of 
300–400 ps are already commercially available 
[97, 98].

8.6.2  Multimodality PET/MR

The complementary information collected from 
PET and other established imaging modalities 
such as CT and MRI has always attracted a mul-
timodality approach to combining them. While 
PET/MR was envisioned before PET/CT, the 
rapid success of combined PET/CT reinvigorated 
scientists into looking at ways to combine PET 
and MRI into a single imaging modality. While a 
detailed description of the challenges, strategies, 
and applications of multimodality PET/MR is 
provided in Chap. 9, it is important to note that 

Non-TOF PET

Lung lesion (3.5:1), BMI = 19

Lung lesion (2:1), BMI = 42

TOF PET

Non-TOF PET TOF PET

Fig. 8.13 “Lesion present” 
(arrow) transverse slices 
showing a lung lesion in a 
subject patient with normal 
BMI = 19 (top) and a liver 
lesion (2:1) in a patient with 
a BMI = 42 (bottom) (Figure 
reprinted with permission 
from [90])
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unlike PET/CT, PET/MR was first made avail-
able for preclinical use [96]. It was not until the 
mid-2000s when APD technology matured that it 
became available, first for dedicated brain imag-
ing [99] and then a few years later for whole- 
body PET/MR imaging [100]. Due to the noise 
properties of APDs, these APD-based PET/MR 
scanners are not TOF capable. However, rapid 
adoption of SiPM technology has now enabled 
development of clinical TOF-PET/MR scanners 
and made them commercially available [98].

8.6.3  Organ-Specific Imaging

Current whole-body PET has a spatial resolution 
of about 4–6 mm. This is a serious limitation, 
especially for imaging smaller organs where one 
often encounters smaller structures and lesions. 
The use of a dedicated scanner offers several ben-
efits. Due to the size of the organs, the scanner 
diameter can be reduced. The lower amount of 
scintillator reduces scanner cost, and the larger 
geometric coverage increases the scanner sensi-
tivity. While the smaller diameter can cause par-
allax errors, there is also a decrease in contribution 
from positron acollinearity. Overall, a dedicated 
scanner can improve image quality and quantita-
tion by offering higher spatial resolution and sen-
sitivity at lower cost. Dedicated PET scanners 
were first developed for brain imaging [101–
104], but the introduction of dedicated or multi-
modality PET/MRI [99] has reduced enthusiasm 
for stand-alone brain PET scanners. Dedicated 
breast PET however has continued to garner 
attention with a few research scanners demon-
strating better and accurate lesion detection, 
especially in patients with dense breasts [105].

8.6.4  Direct Conversion Detectors

While scintillators are more efficient in stopping 
the 511 keV photons, direct gamma-ray conver-
sion detectors making use of cadmium telluride 
(CdTe) or cadmium zinc telluride (CZT) are now 
also more widely available. They offer excellent 
energy resolution (~3 % at 511 keV) and can be 

highly segmented to offer high (<1 mm) spatial 
resolution. Although the technology has not been 
translated for whole-body clinical PET, they 
appear promising for small animal PET due to 
the potential for achieving very high and uniform 
spatial resolution [106–109].

8.7  Summary

PET instrumentation and system design have seen 
a continuous evolution ever since the first systems 
were conceived. System spatial resolution has 
improved by an order of magnitude for clinical 
imaging. In parallel, system sensitivity has 
increased with the scanner designs utilizing lon-
ger axial coverage and higher-efficiency detec-
tors. Reintroduction of TOF imaging in recent 
years without any performance trade-offs in terms 
of system spatial resolution and sensitivity has 
further transformed the performance of these 
 systems. Combined with a CT scanner, modern 
TOF-PET/CT produces very high quality and 
quantitative images in imaging times of <10 min. 
New technical developments are ongoing that 
promise further gains not only in PET perfor-
mance but also opening of new imaging areas.
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      PET/MR: Basics and New 
Developments                     

     Magdy     M.     Khalil     

     Abstract  

  It has become evident that hybrid modalities 
are one of the most important technical and 
clinical achievements in clinical imaging over 
the last two decades. This has impacted sig-
nifi cantly many aspects of patient diagnosis, 
stratifi cation, prognosis, and treatment strate-
gies. After the advent of SPECT/CT and PET/
CT to the clinical arena, PET/MR was intro-
duced shortly afterward with real simultane-
ous capabilities and additional features mainly 
characterized by the inherent differences 
between MR and CT imaging techniques. In 
this chapter, objectives were made to describe 
the technical challenges behind the hybridiza-
tion of PET and MR in one imaging system 
especially if the aim is to produce a simultane-
ous data acquisition. Different commercially 
available PET/MR systems were also 
described along with their specifi c character-
istics, geometry, and design. The use of new 
PET detector technology was one of the rea-
sons beyond the success of hybrid PET/
MR. Thus, some details were provided for dif-
ferent types of crystals and light photosensors 
along with other interfering variables with 
MR detector components. Attenuation and 
motion correction in PET/MR imaging were 
reviewed with recent tips on approaches 
devised and their relative merits. Small animal 
PET/MR was outlined as well. Challenges, 
opportunities, and future directions were high-
lighted at the end of the chapter.  

        M.  M.   Khalil ,  PhD       
  Medical Biophysics, Department of Physics, 
Faculty of Science ,  Helwan University ,   Cairo ,  Egypt   
 e-mail: magdy_khalil@hotmail.com  

  9

 Contents 

9.1      Introduction     200 

9.2      PET/CT     200 

9.3      PET/MR: System Design     201 
9.3.1   PET/MR Technical Challenges     203 
9.3.2   What Is the Solution Then?     206 
9.3.3   PET Detector in PET/MR     207 
9.3.4   Crystal     207 
9.3.5   Photodetectors     207 

9.4      MR System Technology     210 
9.4.1   Magnetic Shielding     211 

9.5      Small Animal PET/MR     212 

9.6      Attenuation Correction     213 
9.6.1   Template-Based Attenuation Correction     215 
9.6.2   Atlas-Based Attenuation Correction     215 
9.6.3   Image Segmentation     216 

9.7      Data Acquisition     218 
9.7.1   Imaging Workfl ow     218 
9.7.2   Motion in PET/MR     220 

9.8      Opportunities, Challenges, and Future     221 

  References     224 

mailto:magdy_khalil@hotmail.com


200

9.1       Introduction 

 In the last two decades, there was a large interest in 
multimodality hybrid imaging. The combination 
of functional imaging with anatomical imaging 
modalities was so attractive to the nuclear medi-
cine community on both clinical and technical lev-
els. The functional imaging is provided by nuclear 
medicine imaging techniques that include single-
photon emission computed tomography (SPECT) 
and positron emission tomography (PET), while 
the latter is the main focus of morphological diag-
nostic imaging such as x-ray computed tomogra-
phy (CT) and magnetic resonance imaging (MRI). 
The advent of hybrid multimodal SPECT/CT, 
PET/CT, and PET/MR and introduction into the 
clinic were so close in time such that we can call 
the last two decades the age of hybrid imaging. 

 The rationale behind that interest was to gain 
the strength of each imaging modality, to reveal 
the maximum information about human diseases 
in one imaging session, to shorten the diagnostic 
workup, and to accelerate the treatment decision- 
making process. This obviously has several fea-
tures and advantages in patient management and 
clinical outcome. The morphological modalities 
have several quality parameters such as high spa-
tial and contrast resolution providing high ana-
tomical details of patient morphology. Nuclear 
medicine and molecular imaging techniques, on 
the other hand, have much better molecular sen-
sitivity but poor spatial resolution in comparison 
to the structural modalities. The tracer or radio-
pharmaceutical can be injected in nano- or pico-
molar molar concentration without disturbing the 
physiological system or molecular/cellular path-
ways [ 1 – 3 ]. PET tracers lie in a wide range 
library, and tailoring new probes able to decipher 
a biological question or investigate a particular 
molecular pathway can be designed. The advent 
of PET/CT and SPECT/CT to the clinical arena 
and their wide spread in routine practice have 
encouraged researchers to copy the same experi-
ence in introducing PET/MR imaging systems 
into the clinic. 

 First attempts to combine PET with MR were 
focused on preclinical system model in the 1990s, 
whereas it was not until 2006 that the fi rst  integral 
simultaneous PET/MR (BrainPET, Siemens 

Healthcare, Inc.) imaging of the brain took place 
[ 4 ]. Combining PET with MRI in the same scan-
ner has several diagnostic benefi ts and clinical 
advantages. A great soft tissue contrast can be 
achieved with MRI sequences avoiding the use of 
ionizing radiation imparted by CT imaging pro-
cedures. MRI has also a functional part but with 
sensitivity signifi cantly lower than PET; it is in 
the range of 10 −5  mol/L, while for molecular PET 
imaging lies in the range of 10 −9 –10 −12  mol/L. MRI 
can provide functional information such as tissue 
perfusion, diffusion, and spectroscopy in addi-
tion to other benefi ts such as motion correction 
and anatomy-based image reconstruction as well 
as reduction of positron range effects and 
improvement in spatial resolution [ 5 ]. 

 There are many technical and operational dif-
ferences between PET/CT and PET/MR, and this 
obviously comes from the different underlying 
principles of CT and MR imaging components. 
These are but not limited to image acquisition, 
data reconstruction and processing, clinical 
examinations and data fl ow, contrast agents and 
contraindications, scan speed and patient 
throughput, radiation exposure to patients and 
staff and some other variables that include reim-
bursement and examination fees, etc. [ 6 ]. PET/
MR examinations have successfully been intro-
duced into the clinic, and extensive research work 
is being carried out to assess its effectiveness in 
routine practice of medical diagnosis. 
Nevertheless, the clinical utility of simultaneous 
PET/MR may be seen more effective in organ- 
specifi c, disease-specifi c, and pediatric-related 
applications or in those patients where their fol-
low- up would be of important clinical value [ 7 ]. 
Eventually, the marathon of PET/CT and PET/
MR has started trying to address some questions 
such as whether PET/MRI will be able to provide 
incremental diagnostic accuracy, an incremental 
impact on management, or an incremental impact 
on patient outcome compared with PET/CT [ 8 ].  

9.2     PET/CT 

 One of the ideal design goals of a hybrid imaging 
modality is to acquire diagnostic information at 
the same time without compromising patient 
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comfort or prolonging acquisition times with little 
or no mutual interference of one system to another. 
Up to the moment of writing this chapter, there is 
no commercial hybrid system able to acquire PET 
signal as well as CT or MRI information at the 
same time using the same detector module. 
However, the commercial designs available so far 
are built on the notion of simultaneously  acquiring 
the different diagnostic signals using two different 
detector systems or sequentially acquiring one 
after the other. The fi rst PET/CT design has incor-
porated a single-slice spiral CT scanner (Somatom 
AR.SP; Siemens Medical Solutions, Forchheim, 
Germany) and a rotating ECAT ART scanner 
(CTI PET Systems, Knoxville, TN) [ 9 ]. The PET 
scanner consisted of two opposing detector banks 
leaving a physical gap between the two detectors. 
This gap was suggested to be a useful space for 
incorporating a CT scanner so that anatomical 
information can be obtained. While this idea was 
not practically applicable due to the heavy ele-
ments of CT imaging system, it was inspiring to 
design a hybrid PET/CT such that both can be 
located side by side [ 10 ]. 

 The fi rst PET/CT prototype was funded by the 
National Institutes of Health (NIH) and designed 
such that the CT and PET components rotated as 
a single assembly acquiring CT and PET data 
sequentially. The entire rotating assembly was 
housed within a single gantry cover. This proto-
type became operational in 1998 and subse-
quently clinically evaluated at the University of 
Pittsburgh [ 9 ]. 

 An increased radiation dose especially for 
repeated measurements of therapy monitoring is 
one of the PET/CT drawbacks that might have a 
potential risk implication. This is particularly 
critical in pediatric patients and response moni-
toring. Poor soft tissue contrast is also a limita-
tion in some clinical examinations such as brain, 
prostate, abdomen, and breast imaging that may 
require an injection of contrast agents. Similarly, 
PET/CT in small animal research has some limi-
tations as increased dose to the animal may con-
tribute to the total radiation burden, creating a 
confounding or interfering effect to the drug 
under investigation. The poor soft tissue contrast 
provided by CT especially in the era of  developing 
new specifi c radiotracers that need clear anatomi-

cal details is also a clear drawback in animal 
research. Physics and instrumentation of PET 
and PET/CT are described in Chap.   8    .  

9.3     PET/MR: System Design 

 Attempts to manufacture PET/MR imaging sys-
tems were based on two distinct designs, sequen-
tial versus concurrent (or simultaneous) data 
acquisition. The main difference in both systems 
is the way how the two detector systems are 
located in relation to each other. Sequential 
design is straightforward, is less integrated, is not 
temporally correlated, and requires less hardware 
modifi cations, and two major vendors have 
adopted that design. 

 One design was implemented by Philips 
Healthcare (The Ingenuity TF PET/MR, 
Cleveland, OH) and fabricated such that the PET 
and MR scanners are located in the same imaging 
room and able to perform a time of fl ight (TOF) 
data acquisition [ 11 ]; see Fig.  9.1 . The PET and 
MR scanners are axially aligned at opposite ends 
of a linearly translating bed and the centers of the 
scanners are 4.2 m apart. The room dimension 
requirement is relatively large measuring 4.5 × 
13 m. The chance of patient motion between the 
two scans still exists, and the acquisition time is 
also compromised and varies according to the 
clinical question. The PET detector ring is sur-
rounded by additional shielding (i.e., laminated 
steel shield), and each photomultiplier is inserted 
in a mu-metal case [ 12 ].

   The other sequential system was adopted by 
GE Healthcare (Milwaukee, USA) where two 
scanners, one hybrid (PET/CT) and one stand- 
alone (MR), are separated and installed in two dif-
ferent rooms as shown in Fig.  9.2 . The two 
separate systems have the same imaging table that 
can be transferred from one room to another 
achieving a multimodality sequential PET/CT 
and MR diagnostic examination [ 13 ]. This system 
has minimal if no mutual interference between the 
two scanning units, and therefore image quality 
and quantitative accuracy are maintained. While 
this approach provides more fl exibility to use the 
two imaging systems  separately and  independently 
and can be optimized to select those patients who 
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need PET/CT or a combination of PET/CT/MR, it 
remains an additional source of radiation due to 
CT part of the examination besides likelihood of 
patient motion that causes undesired imaging arti-
facts [ 13 ].

   On the other hand, the concurrent PET/MR 
systems provide a simultaneous data acquisition 
preserving the temporal and spatial correlation 
between the two data sets. This approach is either 
a PET insert located inside the magnet bore or 
alternatively a PET detector fully integrated into 

an MR scanner [ 14 – 16 ]. Initial attempts were 
focused on the insert type to reduce positron 
range and thus improved spatial resolution of the 
PET data. However, some challenges are needed 
to be tackled due to the presence of PET scintilla-
tor and associated electronics within the MR fi eld 
of view. Magnetic susceptibility of the PET com-
ponents needs to be minimized; otherwise, a del-
eterious infl uence on the static fi eld would impact 
data acquisition and image quality. Therefore, 
shielding of the magnetic-sensitive components 

  Fig. 9.1    The model implemented in Philips PET/MR 
 system. The two modules are located at adequate far 
 distant apart, minimizing mutual interference between the 

two systems, and data are acquired in a sequential mode 
(Image is courtesy of Philip Health Care, Inc.)       

TOF-PET/CT
GE Disc, 690

Floor fixed
shuttle

MR 3T GE 750 w
with undockable table

  Fig. 9.2    First PET/CT/MR version adopted by GE Healthcare using 3 T MRI system and a TOF-PET/CT in two rooms 
directly adjacent to each other (Taken from Ref. [ 14 ] with permission)       
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would be essential to maintain fi eld homogeneity 
and minimize cross talk interference. 
Alternatively, using magnetic insensitive PET 
components or placing the PET electronics out-
side the fringe fi eld would be an alternative 
option. Size constraints would impact negatively 
on PET detection sensitivity as the axial extent 
would be limited as well. 

 The insert-type PET/MR provides a reduced 
total acquisition time, minimizes likelihood of 
patient motion, and doesn’t require major modifi -
cations in the MR magnet confi gurations. The 
PET insert design is successful in scanning small 
objects like small animals’ imaging, brain, and 
extremities but of limited feasibility in whole- 
body PET/MR due to space limitations that cre-
ated in the magnet bore. In addition, removing 
the insert would make the MR to work as a single 
imaging module providing a cost-effective less 
integrated option [ 6 ,  17 ]. 

 In comparison to PET/CT, the integrated 
design is a unique feature that characterizes PET/
MR over PET/CT in providing a perfect intrinsic 
co-registration. Reduction of the total acquisition 
time is also another advantage provided by simul-
taneous PET/MR systems in comparison to 
sequential design. However, integrated design is 
more challenging and expensive and requires 
major changes and modifi cation when compared 
to separate scanning units. The fi rst hybrid whole- 
body PET/MR scanner (Biograph mMR, Siemens 
Healthcare) was installed in 2010. It is based on 
the Siemens Verio 3-T MRI scanner using ava-
lanche photodiode with water cooling mecha-
nism. The bore has been reduced due to this 
integration from 70 to 60 cm and the PET detec-
tor was placed behind the RF coil [ 14 ] (Fig.  9.3 ).

   Note that larger-bore magnet is also challeng-
ing because the gradient system pays a steep 
price and performance penalty for its increased 
size as power requirements go steeply with radius 
and manufacturing tolerances for gradient shield-
ing become much more demanding [ 18 ]. Having 
the PET detector behind the RF coils allows for 
reduction of interference with excitation pulses, 
but temperature and other gamma rays’ attenua-
tion and photon scatter need to be addressed. 
A split magnet is an approach that also permits 

PET detector integration and facilitates coupling 
of the processing electronics, rendering the signal 
more robust to interference [ 19 ]. 

 The other simultaneous PET/MR system 
recently reported by GE Healthcare is the Signa 
TOF-PET/MR. The MR component is based on 
the GE 3-T Discovery 750w MRI system which 
has an inner bore of 70 cm diameter. The PET 
scanner has a transverse FOV of 60 cm and an 
axial extent of 25 cm (89 slices) and comprises of 
fi ve rings of 112 detector blocks. Each block con-
sists of 4 × 9 array of lutetium based with similar 
density to LYSO crystal [3.95 mm (transverse) × 
5.3 mm (axial) × 25 mm 3  (depth)] coupled to 1 × 
3 arrays of SiPM devices [ 20 ]. The PET detec-
tors’ modules are centered inside the MR gradi-
ent set and mounted on the outside of the RF 
body coil that provides additional space to 
accommodate the PET detector ring with a 60-cm 
patient bore. The PET detector relies on SiPM 
photodetector technology and uses a custom- 
made ASIC for readout, which permits gain 
adjustment on the individual pixel level. 

 Preliminary system performance showed 
4-mm spatial resolution (using line source), 
10.5 % energy resolution, 22.5 kcps MBq −1  sys-
tem sensitivity based on NEMA measurements, 
and 215 kcps at 17 kBq/ml activity concentration 
[ 21 ]. Initial evaluation resulted in roughly more 
than 50 % of dose reduction can be clinically 
achieved [ 22 ]. The relatively high sensitivity is 
owing to large axial extent (25 cm), detector 
depth, and recovery of events occurred by 
Compton interactions within the detector [ 23 ]. 
The system is shown in Fig.  9.4 . The three major 
vendors of PET/MR systems are summarized in 
Table  9.1 .

9.3.1        PET/MR Technical Challenges 

 Allocation of the PET detector within the  magnetic 
bore and removing mutual interference with MRI 
components are the two initial but major issues 
that need to be tackled before realizing an inte-
grated hybrid PET/MR system. The magnetic fi eld 
has its well-known degrading effect on the photo-
multiplier tube (PMT). The vacuum of the PMT 
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Gradient coil

PET detector
based on APDs

Radiofrequency
coil

Avalanche
photo Diodes (APD)

Integrated
cooling channels

LSO array

Crystsls

3x3 APD array

9-Channel preamplifier
ASIC board

9-Chennel driver board

32 mm

a

b

  Fig. 9.3    ( a ) Cross section of the Siemens fully integrated 
PET/MR (Biograph mMR, Siemens Healthcare, Inc.). ( b ) 
PET detector module showing the segmented LSO crystal 

coupled to APD with the integrated cooling system (Images 
are courtesy of Siemens Healthcare)       
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has several accelerating  dynodes of varying poten-
tial difference. The photoelectrons emitted from 
the tube cathode are amplifi ed through this process 
which is very  sensitive to magnetic fi elds. The 
existence of PMT-based PET detector in the MRI 

magnetic fi elds results in a potential signal deterio-
ration and distorted PET image. Another unde-
sired feature of the PMT is the bulky structure that 
doesn’t facilitate an easy integration inside the 
magnet core. 

  Fig. 9.4    GE Healthcare 
TOF-PET/MR integrated 
system (i.e., Signa) that 
simultaneously acquires 
PET and MR signals. It 
combines simultaneous 
data acquisition from GE’s 
latest 3.0 T MR750w and 
SiPM-based PET 
technology       

    Table 9.1    Summary of the PET/MR systems released by the three major manufacturers   

 PET/MR system  Biograph mMR (Siemens)  Ingenuity TF (Philips) 
 Discovery PET/CT 690 
+ MR 750 (GE) 

  PET system  

 Crystal material  LSO  LYSO  LYSO 

 Crystal elements dimension  4 × 4 × 20 mm 3   4 × 4 × 22 mm 3   4.7 × 6.3 × 25 mm 3  

 Photomultipliers  No, 4032 APDs  420  1024 

 Ring diameter  65.6 cm  90.3 cm  88.6 cm 

 Transaxial FoV  59.4 cm  67.6 cm  70 cm 

 Axial FoV  25.8 cm  18.0 cm  15.7 cm 

 Energy window  430–610 keV  460–665 keV  425–650 keV 

 Coincidence window  5.9 ns  6 ns  4.9 ns 

 Time of fl ight  No  Yes  Yes 

  MR system  

 Field strength  3 Tesla  3 Tesla  3 Tesla 

 Bore diameter  60 cm  60 cm  60 cm 

 Max FoV  50 × 50 × 45 cm 3   50 × 50 × 45 cm 3   48 × 48 × 48 cm 3  

 Field homogeneity (40 cm 3 )  0.25 ppm  0.5 ppm  0.25 ppm 

  PET/MR  

 Acquisition  Simultaneous  Sequential (same 
room) 

 Sequential (2 separate 
rooms) 

 PET attenuation correction  MR-based  MR-based  CT-based 

  Namely, Biograph mMR from Siemens, Ingenuity TF from Philips, and the trimodality hybrid system from GE Healthcare 
that consists of Discovery PET/CT and MR 750 [ 24 ]. The GE Healthcare Signa PET/MR system is described in the text  
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 The strong static magnetic fi eld and abrupt 
changes in the gradient magnetic fi eld in addition to 
the radio-frequency pulse are major MRI elements 
that infl uence the PET detector system. Furthermore, 
the radio frequency and its rapidly changing pulses 
create eddy currents in any conductive material 
present in the fi eld in addition to mechanical and 
vibrational noise [ 25 – 27 ]. Eddy current is a phe-
nomenon created when a time- varying magnetic 
fl ux through a closed circuit produces an electro-
motive force proportional to its rate of change in a 
close proximity conductive material. It results from 
the excitation RF pulse and the rapidly changing 
gradient coil and could have several imaging draw-
backs like a spatially variant phase change of the 
resonance signal, or the associated fi eld will alter 
the spatial encoding of the signal leading to a distor-
tion of the reconstructed images [ 24 ]. 

 The presence of PET electronics in the mag-
netic fi eld of the MR system has also its own draw-
backs. It is important to maintain the magnetic 
fi eld homogeneity avoiding any source that affects 
this uniform pattern. PET electronics including 
crystal, front-end electronics, any RF or radiation 
shielding, and particularly ferromagnetic compo-
nents could potentially affect fi eld homogeneity 
and linearity of the coil gradient system. Therefore, 
the shielding material should be carefully selected 
and optimized for data acquisition and elimination 
of imaging artifacts and data distortion [ 28 ]. 

 In terms of image quantitation, attenuation 
correction is one of the major challenges that 
need to be properly tackled in order to achieve 
reliable (absolute or relative) quantitative mea-
sures. Other aspects that are tightly associated 
with MR imaging are the presence of metallic 
components and bony structures that have no sig-
nifi cant information on the MR images. MR 
hardware is also critical in photon attenuation 
and could compromise correction techniques. 
These points will be discussed later.  

9.3.2     What Is the Solution Then? 

 To solve the aforementioned problems, there were 
two major but different approaches that were 
taken into consideration. One of them was to keep 

the PMT at adequate distance away from the MR 
interfering signal. The distance was calculated 
such that the fringe magnetic fi eld drops below 
10 mT and the scintillation light was transmitted 
through lines of optical fi bers. The fi rst simultane-
ous preclinical prototype was built analogous to 
that way and consisted of a ring of forty eight 
2 × 2 × 10 mm 3  lutetium oxyorthosilicate (LSO) 
crystals of 38-mm inner diameter, implementing a 
one-to-one pixel coupling to three multichannel 
PMTs (MC-PMT) connected via (2 mm diameter 
and 4 m long) double clad optical fi bers [ 29 ]. 

 Shielding the PMT using steel or mu-metal is 
effective in weak magnetic fi eld but fails in the 
strong fi elds used in MRI imaging systems. 
Using long optical fi bers was not a perfect solu-
tion and showed some drawbacks such as loss of 
light signal (fi ve to tenfold), deterioration of 
energy resolution, as well as degradation of tim-
ing resolution [ 30 ]. However, recent work on this 
area has also been extended to use a 90° light 
guide to transfer the light from the crystal to the 
optical fi bers permitting the PMT to be placed in 
a magnetic-shielded region of 0.3 mT behind the 
yoke [ 31 ]. A reduction of light loss was achieved 
by newly developed fl exible optical fi ber bundle- 
based block detectors, employing them in a high- 
resolution integrated PET⁄MRI system [ 31 ]. 

 The other solution was to use solid-state semi-
conductor photodetector such as avalanche pho-
todiode (APD) or silicon photomultiplier (SiPM) 
that are insensitive to high magnetic fi eld of the 
MR scanner [ 32 ,  33 ]. Avalanche photodiodes can 
operate in MR magnetic fi eld without apparent 
distortion and have been successfully coupled to 
bismuth germinate (BGO) or cerium-doped lute-
tium oxyorthosilicate (LSO) crystals. The size of 
the APD is very small, and thus a compact PET/
MR design can be manufactured using this type 
of solid-state photodetectors. The timing resolu-
tion in the range of nanoseconds and thus TOF is 
not possible. However, SiPM has been emerging 
as a potential and better candidate due to its 
signal- to-noise (SNR) ratio, higher gain, and tim-
ing resolution in the range of sub-nanosecond, 
and thus time of fl ight can be realized [ 34 ]. 
Further details on those types of photodetectors 
are discussed in Sect.  9.2.5 .  
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9.3.3     PET Detector in PET/MR 

 The current generation of PET imaging systems 
relies on the full ring design that provides a 
simultaneous data acquisition of all projection 
angles at the same time. So detector rotation is 
eliminated and count sensitivity is greatly 
improved in comparison to older versions such as 
partial ring or single ring design. As discussed in 
Chap.   8    , the block detector is the conventional 
and most adopted standard detector design used 
in PET imaging scanners. The scintillator block 
is viewed from the backside normally by 4 PMT 
that read out the light signal converting it into 
electric current for further processing and event 
spatial, temporal, and energy determination. 

 TOF-PET scanners do utilize the new advances 
in scintillation crystals, electronics, and computer 
technology by exploiting the full potential of PET 
in improving SNR [ 35 ]. TOF was not the only 
feature, but in the last decade, there were several 
developments in PET imaging such as an 
improved detector technology, electronic cir-
cuitry, data acquisition boards, processing and 
computer workstations, image reconstruction, and 
modeling of image-degrading factors, and all of 
these resulted in overall improved system perfor-
mance and diagnostic accuracy.  

9.3.4     Crystal 

 Scintillation crystal is the fi rst component that 
receives the coincidence photons during the scan-
ning process. The crystal role is to shift the wave-
length of the incident energy into higher values 
that permit further downstream signal processing. 
This is because the light quanta emitted from the 
crystal have lower energy (higher wavelength) 
than the incident radiation beam. BGO crystal 
was the conventional detector material used for 
many years in PET systems due to its effi cient 
stopping power and nonhygroscopic properties in 
comparison to Na(Tl) crystal. The scintillation 
crystal in PET/MR system should be carefully 
selected so that any magnetic susceptibility must 
be avoided (i.e., the degree of magnetization of a 
material in response to an applied magnetic fi eld) 

[ 36 ]. BGO, LSO, and LYSO crystals were found 
to have lower magnetic susceptibility, but GSO 
and LGSO are not appropriate and can cause MRI 
artifacts. The former group is the most common in 
the current PET/CT and PET/MR systems. 
Currently, the most preferred crystal type is the 
LSO-type crystals due to high light output, good 
detection effi ciency, and short decay constant that 
permits TOF applications. 

9.3.5      Photodetectors 

9.3.5.1     Photomultiplier Tube (PMT) 
 The most commonly used photosensors in 
gamma camera and PET imaging systems are the 
PMTs due to its high gain that lie in the range of 
10 5 –10 7  in addition to the fast timing characteris-
tics. It is manufactured in wide range of geome-
tries, sizes, and designed base on vacuum tube 
technology that improved signifi cantly over the 
years. Some of these improvements are better 
timing performance, enhanced quantum effi -
ciency, and developments of multichannel and 
position-sensitive PMT [ 34 ]. PMT has two major 
undesired properties that make its integration in 
PET/MR systems indeed diffi cult. These are the 
sensitivity to magnetic fi eld and the relatively 
large structure that impedes its easy integration 
inside the magnetic bore. Keeping the PMT tube 
at a distance from the magnetic fi eld fringe below 
500 μT has been reported in simultaneous pre-
clinical PET/MR system. However, this confi gu-
ration results in great reduction of scintillation 
light (90 %) leading to a degraded energy resolu-
tion [ 31 ].  

9.3.5.2     Avalanche Photodiode (APD) 
 One of the major transitions in the fi eld of PET/
MR detector technology is the use of semicon-
ductor photosensors in PET detector design [ 32 ]. 
APD operates below the breakdown voltage, and 
the signal produced is proportional to the ion pair 
created and to the energy deposited by the coinci-
dent photons interacted with the crystal. APDs 
also have an advantage over PMTs in not 
 requiring high bias voltages to operate. At reverse 
bias, a volume close to the junction is depleted of 
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free charge carriers. The charge carriers created 
in the depleted region drift in the electric fi eld 
toward corresponding electrodes and, while tra-
versing this region, acquire enough energy to 
produce electron-hole pairs by impact ionization. 
The newly created charge carriers may create 
new ones and so on. Thus, there is an avalanche 
of electrons and holes moving through the detec-
tor. An external circuit then detects these current 
pulses [ 37 ]. 

 The quantum effi ciency reaches 70–80 %, and 
when coupled to LSO crystal (peak wavelength 
420 nm), the timing resolution lies in the range of 
few nanosecond. Avalanche photodiodes provide 
great advantages in terms of dimension and sub-
sequent detector design compactness. The small 
size provided by APD is a positive characteristic 
toward an improved spatial resolution that 
matches small crystal dimensions and high pack-
ing fraction. The insensitivity to magnetic fi eld 
was central property that made APD an accept-
able alternative to PMT in PET/MR systems [ 38 ]. 
APD coupled to LSO crystal in preclinical 9.4 T 
magnet showed stable performance with no 
dependence in gain and energy resolution (14.4 % 
at 511 keV) of APD on the magnetic fi eld. There 
was also no effect of changes in the orientation of 
the APD electric fi eld with respect to the main 
magnetic fi eld lines (parallel vs. perpendicular), 

hence proving the feasibility of operating such a 
PET detector module inside an MRI [ 39 ]. 

 However, APD has a number of limitations 
that requires special attention in the detector sys-
tem. It has low internal gain (10 2 –10 3 ) and 
requires charge-sensitive preamplifi ers to con-
vert electron charge to a measurable voltage sig-
nal. Charge integration occurs over several 
nanoseconds to achieve high conversion factors, 
and pulse pileup takes place at high counting 
rates. APD needs advanced front-end electronics 
to meet the lower gain, and therefore special and 
application-specifi c integrated circuits are used 
[ 40 ]. Noise and time variation in electron drift 
during multiplication process are factors that 
restrict using the APD in time of fl ight applica-
tions [ 41 ]. The gain is sensitive to changes in 
temperature and voltages applied, and thus spe-
cial measures are required to control these tech-
nical factors. Thus, temperature sensitivity of 
APD imposes special constraint on the design of 
PET/MR such that a well control over the solid- 
state detector should be maintained and eddy 
current, if not minimized, would affect the gain 
of the electron avalanche due to increased colli-
sion with semiconductor lattice [ 36 ,  37 ]; see 
Table  9.2 . 

 APD can be coupled directly to the scintilla-
tor but also can be located at a short distance 

   Table 9.2    Comparison of three major photodetectors used in clinical or preclinical PET/MR imaging systems a    

 Characteristic  PMT  APD  SiPM 

 Active area (mm 2 )  1–2000 cm 2   1–100 mm 2   1–10 mm 3  

 Gain  10 5 –10 7   100  10 5 –10 7  

 Rise time  <1 ns  2–3 ns  ~1 ns 

 Dark current/count rate  <0.1 nA/cm 2   1–10 nA/mm 2   0.1–1 MHz/mm 2  

 Capacitance (pF/mm 2 )  9  2–10  >30 

 Quantum effi ciency @ 
420 nm (%) 

 25  60–80  <40 a  [~25–75] 
 Photon detection effi ciency 

 After pulsing  Yes  No  Yes 

 Bias voltage (V)  1000–2000  ~200–1500  ~50 [30–80] 

 Power consumption  100 mW/ch  10 μW/mm 2   <50 μW/mm 2  

 Temperature coeffi cient (%/°C)  <1 %/°C  2–3 %/°C  3–5 %/°C 

 Bias coeffi cient  <1 %/V  10 %/V  ~100 %/V 

 Magnetic susceptibility  Very high (mT)  No (up to 9.4 T)  No (up to 15 T) 

 Price/channel ($) in 2010  >200  ~100  ~50 

   a Taken from [ 41 ,  44 ]  
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using optical fi bers, depending in large part on 
system confi guration including space allocated 
for PET module inside the magnet and minimiz-
ing the interference between the two subsystems 
[ 15 ,  42 ]. The advent of APD to the medical arena 
has been attractive for large academic institu-
tions to build their own hybrid PET/MR systems. 
It has been successful in initial attempts made to 
construct simultaneous hybrid systems with fur-
ther investigations performed to optimize the 
design and improve the quality of either systems 
[ 43 ]. The fi rst insert-type PET detector was a 
prototype released by Siemens (BrainPET, 
Siemens Healthcare, Inc.) providing an opportu-
nity to acquire a simultaneous PET/MR on 
human brain [ 17 ,  43 ] as mentioned earlier. The 
insert was integrated with a standard 3-T MRI 
scanner (Magnetom TIM Trio; Siemens 
Healthcare, Inc.), and proof-of-principle simul-
taneous data acquisition was demonstrated. In 
addition, the BrainPET can be docked at the 
back of the magnet without obstructing the bore 
so that the MR scanner can be used in stand-
alone mode [ 17 ,  43 ].

9.3.5.3        Silicon Photomultiplier (SiPM) 
 Geiger-mode avalanche photodiode (AVP) or 
SiPM (also called multi-pixel photon counter) is 
made of arrays of small APD (e.g., 50 × 50 μm) 
and operated beyond the voltage breakdown in 
the Geiger counting mode [ 44 ]. The compact size 
permits also an easy incorporation in small ani-
mal PET/MR systems and implementation in 
depth of interaction-based scanners [ 31 ]. In this 
solid-state photodetector, the high electric fi eld in 
a very small space that collects the ion pair allows 
for better quantum effi ciency and provides good 
resistance to magnetic fi eld in contrary to those 
effects seen in PMT. It was shown that SiPM can 
tolerate a magnetic fi eld of 7 T [ 45 ]. Coupling of 
the SiPM to scintillation needs some attention 
especially one-to-one coupling as it increases the 
number of photodetector in the magnet substan-
tially; however, it eliminates light sharing and 
improves spatial resolution [ 31 ,  41 ]. 

 Like APD, low temperature is also an impor-
tant prerequisite for operating SiPM, and varia-
tion in temperature can lead to alteration of the 

breakdown voltage and subsequent variation of 
photodetection effi ciency, dark current, and gain 
[ 27 ]. Each cell in SiPM photodetector works 
independently, and the charge created from the 
ion pair is no longer proportional to the energy 
deposited, but the summed output from all cells is 
proportional to the energy deposited in the scin-
tillator. It is therefore important to maintain good 
energy linearity as photodetector outputs need to 
be compared in crystal identifi cation schemes 
[ 11 ]. While the quantum effi ciency of APD is 
nearly 80 % (as mentioned above), the photode-
tection effi ciency of SiPM is below 40 % when 
coupled to LSO crystal. Proper eddy current 
management, cooling system, and accounting for 
residual inaccuracies in system calibration are 
measures taken to tackle heat generation and 
associated problems. 

 Based on the above discussion, the SiPM has 
a high gain similar to that revealed from PMT, 
resistance to high magnetic fi eld, and low bias 
voltage when compared to APD. The emerging 
digital SiPMs have shown improved performance 
and low temperature sensitivity. It also provides a 
good timing, energy and spatial resolution, as 
well as good temperature stability, making it a 
promising candidate concerning their MR com-
patibility. However, they tend to generate digital 
electromagnetic noise patterns which might 
degrade the MR image quality; a design measure 
that needs to be taken into consideration [ 46 ]. 
Table  9.1  compares the three commonly used 
photodetectors used in PET/MR. 

 As previously mentioned, the Signa PET/MR 
from GE Healthcare utilizes the SiPM technol-
ogy. This new digital detector is characterized by 
its enhanced sensitivity; it is up to three times 
more sensitive than GE Healthcare’s Discovery 
690 PET/CT. SiPM photosensor is also being 
adopted in the European Hyperimage collabora-
tion to build a small animal PET insert inside a 
clinical 3 T MR system of a ring diameter of 
20 cm and axial fi eld of view of 9 cm. Each detec-
tor comprises a 22 by 22 array of 1.3 × 1.3 × 
10 mm 3  LYSO crystals coupled to an 8 × 8 array 
of 4 × 4 mm 2  SiPM where the signal is immedi-
ately digitized using application-specifi c inte-
grated circuit (ASIC) that release digital energy, 
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timing, and channel information [ 46 ,  47 ]. This 
last feature is substantial as it reduces and could 
eliminate the interference that affects connection 
and transmission cables between photodetectors 
and signal processing circuitry. See Fig.  9.5 .     

9.4     MR System Technology 

 An MR imaging system has several major compo-
nents that interplay to acquire an image. The most 
important parts are static magnetic fi eld, gradient 
magnet, and radio-frequency coil. The magnetic 
fi eld magnetizes the human body once the patient 
is inside the magnet bore. Most of the imaging 
interest in MR is the hydrogen atom (i.e., protons) 
due to its plenty and large abundance in human 
tissues and cells. Under the strong magnetic fi eld 
applied by the static magnet, the protons are 
aligned into two directions: parallel and antiparal-
lel. Majority of protons are aligned in parallel 
with the magnetic fi eld (B o ) in comparison to 
those protons aligned antiparallel as the former is 
a lower energy state compared to high energy 
state of the antiparallel direction. A net magneti-
zation is therefore produced in parallel to the 
magnetic fi eld (B o ) and takes place along the 
z-direction. In addition, a precession or rotational 
motion of the protons is created that precess with 
frequency proportional to the magnetic fi eld. In 
clinical setting, 1.5 and 3 T static magnet is used, 

but higher strength (e.g., 7 and 9.4 T) is used for 
more advanced application. It is important to 
maintain the homogeneity of the static magnetic 
fi eld, and any component of magnetic susceptibil-
ity (a property of a material to be magnetic when 
exposed to magnetic fi eld) must be avoided or 
adequately isolated within the fi eld of view to 
keep image quality with minimal distortion. 

 The gradient coil has an important role in 
 providing a spatial localization of the MR signal 
by varying the static fi eld strength in the three 
orthogonal planes in a linear fashion. Gradients 
are loops of wire or thin conductive sheets on a 
cylindrical shell lying just inside the bore of an 
MR scanner. When current is passed through 
these coils, a secondary magnetic fi eld is created. 
This  gradient fi eld  slightly distorts the main mag-
netic fi eld in a predictable pattern, causing the 
resonance frequency of protons to vary as a func-
tion of position. The primary function of gradi-
ents, therefore, is to allow a spatial encoding of 
the MR signal. Gradients are also critical for a 
wide range of “physiologic” techniques, such as 
MR angiography, diffusion, and perfusion imag-
ing [ 49 ]. 

 The second important part is the transmis-
sion coil which sends uniform radio-frequency 
excitation at the Larmor frequency over the 
fi eld of view. Local receive coil or surface coil 
is placed over the region of interest to improve 
the magnetic sensitivity and hence signal-to-
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  Fig. 9.5    Digital silicon photomultiplier (dSiPM)-based 
detector stack ( left ) with scintillation crystal array ( a ), 
light guide ( b ), sensor ( c ), and interface board ( d ). On the 
right side of the fi gure, the single detection module (SDM) 

contains up to six detector stacks. The carbon fi ber shield 
is pushed over the module and the RF screen is closed on 
both sides by shielding plates (From Ref. [ 48 ] under 
Creative Commons Attribution 3.0 License)       
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noise ratio. This coil is also affected by distance 
such that the sensitivity decreases appreciably 
beyond a distance equal to the diameter of the 
coil. Upon relaxation and switching off the RF 
signal, the information received is processed 
using a reconstruction algorithm from 2D to 3D 
images of the resonance signal [ 27 ]. 

 Most commercial MRI scanners are supercon-
ducting high-fi eld strength magnets because of 
their faster scanning ability, higher magnetic fi eld 
homogeneity, higher SNR, and wider range of 
applications. In a superconducting magnet, a 
magnetic fi eld is generated by a current that runs 
through a loop of wire. The wire is surrounded 
with a coolant, such as liquid helium, to mark-
edly reduce the electric resistance of the wire. 
Once a system is energized, it maintains its mag-
netic fi eld [ 50 ]. Early work on PET/MR systems 
was specially focused on manufacturing an 
MR-compatible PET detector with modifi cations 
made to the PET detector system. Recent 
approaches taken are to modify aspects of the 
MRI in order to achieve close integration and 
minimize interactions between the two systems 
within the magnet bore [ 25 ]. 

9.4.1     Magnetic Shielding 

 The presence of PET front-end electronics and 
data transmission cables inside the magnet bore 
represents one of the major challenges in hybrid 
simultaneous PET/MR systems. A proper but 
effective shielding system should be implemented 
to reduce to an acceptable level the interferences 
that come from the gradient as well as radio-fre-
quency pulse and able not to disturb the main 
magnetic fi eld uniformity [ 51 ]. Signal refl ection 
and absorption together with material skin depth 
are important physical measures of the shield. 
Moreover, magnetic susceptibility, gamma rays’ 
attenuation coeffi cient, and eddy currents are fac-
tors to be considered in the candidate shield mate-
rial. Connection and transmission cables need 
also a sort of attention as it needs to be masked 
from the above interferences sources. 

 Refl ection loss is proportional to material con-
ductivity and inversely proportional to permea-

bility, while absorption loss is proportional to 
conductivity, permeability, and thickness of the 
shield [ 27 ]. In electromagnetism, permeability is 
the measure of the ability of a material to support 
the formation of a magnetic fi eld within itself. 
Hence, it is the degree of magnetization that a 
material obtains in response to an applied mag-
netic fi eld. Skin depth, however, is inversely pro-
portional to permeability, electrical conductivity, 
and signal frequency. One skin depth is defi ned 
as the required thickness of a metal to reduce the 
RF to 37 % of its original strength. The smaller 
the skin depth, the thinner the material is used for 
shielding to a particular level. Gradient switching 
typical in MRI sequences can result in count 
losses in the particular PET detector design stud-
ied. Moreover, the magnitude of this effect 
depends on the location of the detector within the 
magnet bore and which MRI gradient is being 
switched. This information is substantial in the 
design of PET shielding in MR environment [ 43 ]. 

 Aluminum (Al), copper (Cu), and carbon (C) 
are different materials that can be used for shield-
ing. High conductive materials, e.g., copper, 
show excellent radio-frequency (RF) shielding 
properties, but have negative impact on the MRI 
image quality due to induced eddy currents. 
However, carbon fi ber composites are less con-
ductive for low frequencies and thus can mini-
mize MRI gradient-induced eddy currents. 
Furthermore, they show good RF shielding prop-
erties for higher frequencies. First prototypes 
using carbon fi ber have shown excellent eddy 
current performance, good RF shielding proper-
ties, and superior mechanical robustness in a 
 preclinical simultaneous PET/MRI insert in a 
clinical 3-T scanner [ 52 ]. 

 In a different setting of 7-T PET/MR preclini-
cal scanner (RF at Larmor frequency of 300 MHz, 
81 kHz from gradient power supply), placing the 
PET detector module between two carbon fi ber 
tubes and grounding the inner carbon fi ber tube 
to the PET detector module ground reduced the 
RF and the eddy currents. Further reductions 
were achieved by adding thin copper (Cu) foil on 
the outer carbon fi ber case and electrically 
grounding the PET detector module so that all 
three components had a common ground [ 43 ].   

9 PET/MR: Basics and New Developments



212

9.5     Small Animal PET/MR 

 As outlined earlier, initial incentives on PET/MR 
imaging were on developing small animal hybrid 
system. This has several advantages in terms of 
superb soft tissue contrast provided by MRI and 
wide range of MRI sequences that address ana-
tomical and functional questions in biomedical 
imaging research [ 53 ]. Radiation dose reduction 
is also another important advantage provided by 
PET/MR when compared to PET/CT due to the 
great reduction of cumulated radiation dose over 
several sessions as occurs in longitudinal studies. 
Small animal imaging has become a substantial 
tool in development of new diagnostic biomark-
ers and drug and essential step in translational 
medicine. Hybrid PET/MR should have a superb 
spatial and contrast resolution in order to meet 
small structure challenges posed by rodents such 
as mice and rats during in vivo animal imaging. 
In addition to the diffi culties placed by the inte-
gration of the PET and MR scanners into one 
hybrid system, the spatial and temporal resolu-
tion together with system sensitivity should also 
be enhanced. 

 Small animal hybrid PET/MR systems vary 
substantially in terms of design parameters that 
include but not limited to magnet strength, 
scintillator- photodetector coupling method, type 
of photodetectors and associated electronics, 
arrangement of the front-end electronics, and 
confi guration and positioning of the gradient and 
RF coils. Also, there are some variations in PET 
detector ring dimensions (axial and transaxial 
fi eld of views), shielding of the PET electronics, 
and methods of reducing mutual interferences 
between the two subsystems. The PET detector is 
mostly LSO-based scintillator with different 
array size and segmentation and also whether it is 
positioned at distance or in direct coupling to 
readout photodetector. 

 The use of position-sensitive APD (PSAPD) 
has become attractive for some reasons such as 
less contact terminals and hence less connection 
lines. It consist of a continuous layer of detector 
material with output terminals positioned such 
that the relative intensity of the avalanche signal 
at these contacts serves to determine the exact 

location of the photon interaction [ 42 ]. This 
 easily permits incorporation of PET system elec-
tronics within the magnet bore while maintaining 
the same spatial resolution provided by the con-
ventional APD, as well as it helps reducing costs 
and complexity of system design. Depth of inter-
action or parallax error is a potential source of 
resolution degradation due to radial shift of 
radioactivity from detector center within the PET 
ring. The small solid angle and increased crystal 
thickness are desired detector properties in small 
animal PET systems but unfortunately serve to 
increase this parallax error that can be mitigated 
with the use of PSAPD [ 54 ]. 

 Two nonstandard designs employed by differ-
ent research groups are split magnet and fi eld- 
cycled PET/MR systems. The former was devised 
and employed in Cambridge small animal PET/
MR model in which the microPET Focus 120 
was inserted in a gap of 80 mm between a split 
1-T superconducting magnet (Fig.  9.6 ). The mag-
net and the PMT were appropriately shielded 
producing a net magnetic fi eld below 1 mT 
around the PMT. Furthermore, the gradient was 
also split with little impact on static fi eld homo-
geneity and gradient performance [ 55 ]. A novel 
set of gradient and shim coils has been specially 
designed for this split MRI scanner to include an 
110-mm gap from which wires are excluded so as 
not to interfere with annihilation detection [ 55 ].

   Field-cycled MRI systems use two indepen-
dent, actively controlled resistive magnets to 
polarize a sample and to provide the magnetic 
fi eld environment during data acquisition pro-
ducing comparable quality to clinical supercon-
ducting systems [ 56 ]. The static magnet is split so 
that the PET block detectors can be placed but 
with less shielding to the detector and without the 
use of optical fi bers. However, the gradient mag-
net is not split in this design [ 57 ]. 

 Mediso nanoScan® PET/MRI scanner consists 
of PET scanner (LYSO coupled to 256 channel 
position-sensitive PMT) in sequential mode with 
1 T static magnet [ 59 ]. The PET component of the 
instrument is based on the PET ring of the 
NanoPET/CT scanner [ 60 ]. The PET detector con-
sists of 12 modules, each comprising a 39 × 81 
(tangential x axial) array of 1.12 × 1.12 × 13.00 mm 
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LYSO crystal on a pitch of 1.17 mm, and the sys-
tem matrix is monitored by two position- sensitive 
photomultipliers (PSPMT). The MR imaging 
component of the instrument is based on the M2 
system by Aspect Imaging. The 1-T vertical fi eld, 
horizontal-bore permanent magnet has better than 
5-ppm homogeneity in the central 60-mm-diame-
ter region and a fringe fi eld below 13 mT any-
where on the magnet surface. It features built-in 
gradient coils used for shimming and an internal 
radio-frequency cage. The gradient can deliver 
450 mT/m pulses with a 250-μs ramp time. It was 
shown that system integration had no adverse 
effect on the PET performance with acceptable 
system spatial resolution and sensitivity [ 59 ]. 

 A recent report highlighting the use of digital 
SiPM coupled to LYSO assembled in MRI- 
compatible PET insert has been published [ 48 ]. 
Digital SiPM from Philips Digital Photon 
Counting (PDPC) was used to develop a preclini-
cal PET/RF gantry as an insert for clinical MRI 
scanners. The scintillation arrays were made 
from 30 × 30 12-mm-long LYSO crystal applying 
1-mm crystal pitch and optical isolation. With 
three exchangeable RF coils, the hybrid fi eld of 
view has a maximum size of 160 × 96.6 mm 
(transaxial x axial). Depending on the coil, MRI 
SNR is decreased by 13 or 5 % by the PET 

 system. PET performance measures such as 
count rates, energy resolution (12.6 % full width 
at half maximum, FWHM), and spatial resolution 
(0.73 mm 3 ) were not affected by applied MRI 
sequences. PET time resolution of 565 ps 
(FWHM) is degraded by 6 ps during an echo pla-
nar imaging [ 48 ]. See Fig.  9.7 .

9.6        Attenuation Correction 

 Photon attenuation is the major source of errors 
in SPECT and PET imaging [ 61 ]. Photoelectric 
effect and Compton scattering are the two main 
interactions that serve to produce suboptimal 
quantitative results and deteriorated image qual-
ity. The former results in photon absorption and 
complete loss of the 511 keV photons energy, 
while the latter interaction serves to reduce pho-
ton energy by imparting part of the incident 
energy to the orbital electrons. When considering 
the total attenuation length that varies from small 
range as in patient skull or more longer as in 
chest area, there is approximately 5–22 % of the 
PET signal that is recoded by the scanner 
accounting for attenuation factors of 18 and 4.5, 
respectively. These measures indicate that small 
errors or erroneous values may lead to a 

  Fig. 9.6    The preclinical 
PET/MR Cambridge 
model where 1 T actively 
shielded superconducting 
magnet with 80-mm gap to 
accommodate a multi-ring 
PET detector array is 
shown. The PET detectors 
and MR imager view the 
same region in space, 
which facilitates 
simultaneous MRI and 
PET acquisition (Reprinted 
from Ref. [ 58 ] with 
permission)       
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 signifi cant deterioration of image quantitative 
accuracy [ 62 ]. 

 The traditional way of attenuation correction 
in the past and still used in small percentage of 
old PET scanners is the use of radioactive trans-
mission sources such as Cs-137 or Co-60 [ 63 , 
 64 ]. After the advent of the PET/CT and intro-
duction of the CT as complementary component 
in the diagnostic process, it has become so feasi-
ble to use the Hounsfi eld units to get the μ-values 
of individual image pixels. This permits to derive 
the attenuation correction factors by forward pro-
jecting the μ-map produced from the CT scan. 
Low dose, diagnostic, or contrast-enhanced CT 
images (with treatment of increased area of con-
trast concentration) can be used for CT-based 
attenuation correction using the most common 
method of bilinear transformation. In this algo-
rithm, HU units below zero are considered as 
combination of water and air, while values above 
zero are considered as combination of the bone 
and soft tissue. This assumption allows one to 
produce a two regression lines intersecting at HU 

of zero with different regression slopes [ 65 ,  66 ]. 
However, two important steps need to be consid-
ered while correcting for photon attenuation in 
CT. The fi rst is pixel down-sampling due to small 
size of the pixels of the CT image in comparison 
to PET image. The second is the energy conver-
sion of the μ-values produced from the CT energy 
photons (around 50 keV for 120 kV tube voltage) 
to the corresponding value at 511 keV [ 65 ]. 

 For the purpose of relative and absolute quan-
titative PET imaging, correction of photon atten-
uation is a fundamental prerequisite to achieve 
better image quality and acceptable quantitative 
accuracy. MRI data set, on the other hand, has an 
essential drawback in which the images refl ect 
protons’ density and longitudinal (T1) and trans-
verse (T2) magnetization relaxation properties of 
the tissue of interest. These parameters unfortu-
nately don’t refl ect the electron density and atten-
uation properties of the human tissues, and this is 
exemplifi ed in bone- and air-containing tissues 
such as the skeletal system and lung tissues, 
respectively. Both tissues have similar MRI 
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  Fig. 9.7    The PET/RF insert “Hyperion II D ” mounted on 
the patient table of a clinical 3 T MRI system (gantry 
cover removed). The single detector module is described 

in Fig.  9.4  (Reprinted from Ref. [ 48 ] under Creative 
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 signal output and greatly infl uence the correction 
process. Therefore, correction of photon attenua-
tion in PET/MR is not a straightforward process, 
and some maneuvers are required to tackle this 
issue. Various approaches have been developed 
such as those based on templates, atlas informa-
tion, direct segmentation of T1-weighted MR 
images, or segmentation of images from special 
MR sequences, as well as methods relying on 
PET emission data and MR anatomic informa-
tion to obtain attenuation map [ 67 ]. 

9.6.1     Template-Based Attenuation 
Correction 

 In this technique, an MR template image and co- 
registered attenuation correction map are gener-
ated. The MR template can be produced from 
MR T1-weighted images and the attenuation map 
can be derived from transmission scan [ 68 ,  69 ]. 
The MR template is initially warped to fi t the 
patient MR image using nonlinear registration, 
and the transformation parameters are used to 
align the attenuation map template to the PET 
data of the same patient. This process allows one 
to produce an individual attenuation map for a 
given patient study. The incorporation of bone 
tissues into the correction is relatively easy, but 
the algorithm suffers from misalignment errors 
caused by nonlinear registration due to inter- 
patient anatomical variations. Variants of this 
method include gender specifi c or combination 
of both male and female to generate attenuation 
map template or produce an average template 
based on spatial normalization of the individual 
MR images and the associated co-registered 
measured attenuation maps [ 70 ]. Template-based 
methods are common only in brain studies.  

9.6.2     Atlas-Based Attenuation 
Correction 

 Atlas-based approaches are implemented using 
global anatomical knowledge derived from a rep-
resentative intensity-based or segmented refer-
ence data set into the attenuation correction 

process. Atlas-based methods have been devised 
to account for bone attenuation in the PET/MR 
hybrid images using the bone tissue density 
revealed from co-registration with CT template 
[ 71 ]. The idea is to utilize a standard CT atlas or 
a combination of MR and CT atlas data sets and 
co-register with the patient MR data set to come 
up with information regarding the transformation 
parameters. This information is then used to pro-
duce a pseudo or synthetic CT data set valid for 
attenuation correction [ 67 ,  72 ]. 

 One approach is to deform one representative 
CT data to co-register with patient MR image, 
and then the newly deformed CT is used for PET 
data attenuation correction. The registration is 
carried out through a multistep process that 
include rigid, B-spline, and optical fl ow [ 73 ]. 
Another approach utilizes a pair of CT and MR 
atlas to produce the pseudo-CT data set. In this 
algorithm, the MR atlas is co-registered with the 
patient MR, and the transformation parameters 
are then applied to the CT atlas to produce indi-
vidualized CT attenuation map. The pseudo-CT 
data set is weighted sum from each co-registered 
atlas data set [ 71 ,  74 ]. 

 Advantages of atlas-based methods are the pos-
sibility of providing attenuation maps with con-
tinuous linear attenuation coeffi cients eliminating 
issues associated with the use of single tissue val-
ues that do not account for tissue heterogeneities 
[ 75 ]. However, shortcomings of these algorithms 
include limitations in identifying pathologic lesion 
using the atlas data set, lung density variations 
among different patients, and metallic implants. 
Performance of atlas-based algorithms can be 
enhanced by the incorporation of the pattern rec-
ognition, multiple sequences to improve tissue 
classifi cation, modifying the registrations method, 
and artifact detection [ 71 ,  76 – 79 ]. 

 A relatively recent study compared four dif-
ferent methods in MR attenuation correction in 
relation to CT-based attenuation correction [ 76 ]. 
Namely:

    1.    Two segmentation-based methods that do not 
account for the bone.   

   2.    An atlas and pattern recognition method and 
accounted for the bone.   
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   3.    A hybrid method that combined both 
approaches, atlas-based and segmentation. It 
accounted for the bone tissues such that the 
attenuation map in areas where the bone is 
likely to occur was predicted with atlas and 
pattern recognition, whereas a segmentation- 
based method was used for the rest of the body.    

  For soft tissue lesions, none of the methods 
revealed a signifi cant difference, whereas for 
bone lesions, underestimation of PET standard-
ized uptake values was found for all methods with 
minimized error for the atlas-based approaches. 
There were also underestimations of lower mag-
nitude observed in lesions near to bony structure. 
For lesions affected by MR susceptibility arti-
facts, quantifi cation errors could be reduced using 
the atlas-based artifact correction [ 76 ].  

9.6.3     Image Segmentation 

 Image segmentation is the process of classifying 
or clustering every similar group of pixels into a 
distinct category. In MR segmentation, image 
intensity is the most common way that enables to 
classify the human body into air, water, and fats. 
However and as mentioned earlier, areas that 
contain air or bone structures have poor MR sig-
nal and thus imposing great diffi culties on seg-
mentation and classifi cation algorithms. The 
algorithm works such that every group of pixels 
that have the same MR signal would be assigned 
the same tissue properties and hence will be 
given corresponding attenuation coeffi cients. 

 Direct segmentation methods depend on MR 
T1-weighted sequence routinely acquired in 
patient examinations. Segmentation methods 
have been applied to brain as well as whole-body 
PET/MR imaging procedures. Approaches like 
the use of fuzzy clustering and anatomical knowl-
edge combined with neural network-based tissue 
classifi cation have been reported. These methods 
require further processing tools to segment, for 
example, lung tissues, bone structures, or outlin-
ing the body boundaries [ 80 – 84 ]. 

 Specifi c MR sequences combined with seg-
mentation algorithms are the most common 

approach employed in clinical practice of attenu-
ation correction in PET/MR imaging systems 
[ 75 ]. It is based on the two-point Dixon gradient 
echo sequence that enables separation of water 
and fat tissues by using the chemical shift of fat 
relative to that of water. This allows one to 
 segment the MR images into individual different 
tissue types including either 3-class (air, lung, 
soft tissue) or 4-class segmentation (air, lung, 
soft tissue, and fat). The former has no distinction 
between water-equivalent and fat tissues, while 
the latter provides water and fat distinction using 
Dixon MRI sequence [ 81 ,  83 ,  85 ,  86 ]. Figure  9.8  
shows the attenuation map derived from different 
methods.

   One major drawback of image segmentation 
using this approach is that every individual tissue 
is given a specifi c value ignoring tissue heteroge-
neities. Another drawback is the absence of bone 
signal, and its similarity to air-containing struc-
tures serves to confound the attenuation correc-
tion process. The deviation of the quantitative 
results relies on the location of the pathology and 
areas of osseous lesions [ 82 ,  84 ]. 

 It is not only the location and type of tissues 
but quantitative results could also be negatively 
impacted by the composition of the bone lesions. 
An underestimation of more than 20 % of tracer 
concentration was found in the brain cortex when 
inaccurate assessment of bone attenuation was 
performed while not identifying the internal cavi-
ties resulted in more than 20 % overestimation of 
the adjacent structures [ 87 ]. In the same report, 
ignoring the RF coil in the attenuation correction 
process leads to up to 50 % underestimation of 
the reconstructed PET images. 

 In whole body, the situation is relatively differ-
ent as bone segmentation is not so infl uential, 
especially in body regions located at distance 
from bone tissues, as in brain-based applications. 
There were some directions to perform segmenta-
tion without bone classifi cation in areas of the 
body that are not adjacent to bone structure with-
out a trade-off in quantifi cation accuracy or image 
interpretation [ 83 ]. Another issue is lung segmen-
tation which appears with low signal in conven-
tional MR sequences in addition to inter- patient 
variability in tissue density. The utilization of 

M.M. Khalil



217

ultrashort echo time (UTE) or zero echo time 
(ZTE) sequences may benefi t this problem by pre-
serving signal within the lung parenchyma and 
therefore allows better differentiation of diseased 
or consolidated lung with possible incorporation 
of these values into tissue classifi cations [ 89 ]. The 
latter sequence was successfully implemented in 
skull attenuation correction when compared to 
corrections derived from CT data. The segmenta-
tion results show better bone depiction and sepa-
ration from air cavities and collagenous tissue 
than previously reported methods; however, fur-
ther work would be interesting to show its feasi-
bility in chest and cardiac imaging [ 86 ]. 

 The UTE sequence enables an improved sig-
nal of the bone tissue due to the low T2 relaxation 
times of the bone. This when combined with an 
image of longer echo time where bone signal is 
signifi cantly low can produce an improved seg-

mentation outcome of bone structures. Recently, 
this approach has been adopted to synthesize a 
brain CT image (or μ-map) from dual echo UTE 
images using reference or training data while 
avoiding the step of co-registering the reference 
atlas with the subject MR [ 90 ]. This algorithm 
(GENErative Sub-Image Synthesis, GENESIS) 
matches patches between the reference images 
and subject images based on a statistical model. 
It has three major features which are as follows: 
(1) it does not require any segmentation of the 
MR images, (2) it does not require the reference 
images to be registered to the subject images, and 
(3) it utilizes the MR images to determine the 
optimal matching patches in the reference data as 
well as the reference CT image [ 90 ]. 

 UTE time sequences have also some limita-
tions like increased acquisition time and induced 
artifacts when the fi eld of view is increased. In 
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  Fig. 9.8    Upper row: a sample MR data set acquired with a 
T1-weighted 3D gradient echo sequence with 2-point 
Dixon fat and water separation. ( a ) In-phase, ( b ) opposed 
phase, ( c ) fat, and ( d ) water images. Lower row: attenuation 
maps created from the MR data using ( e ) the segmentation 

method based on Martinez-Möller [ 83 ] and ( f ) the atlas- 
and pattern recognition-based method described in 
Hofmann et al. [ 71 ]. ( g ) The corresponding CT slice from 
the same patient (Reproduced from Ref. [ 88 ] with 
permission)       
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whole-body PET/MR, it will be time-consuming 
to use UTE. An underestimation down to 40 % 
and overestimation up to 11 % were recorded in 
brain PET quantitation using UTE sequence when 
compared to CT-based attenuation  correction at 
the same location [ 91 ,  92 ]. Further improvement 
of UTE in clinically adopted PET/MR system has 
been suggested due in part to bone misclassifi ca-
tion and in adequate performance in the neck and 
nasal/face area [ 93 ]. 

 Joint estimation of radioactivity and attenua-
tion from the emission data using a constrained 
maximum likelihood reconstruction of attenuation 
and activity has been also proposed to determine 
the attenuation map which improves by the inclu-
sion of time of fl ight information [ 94 ]. Time of 
fl ight capabilities were found to improve the accu-
racy of attenuation correction especially when 
attenuation correction is not accurate [ 25 ,  95 ].   

9.7      Data Acquisition 

 PET/MR imaging systems vary in their approach 
in data acquisition. Image acquisition may start 
by acquiring a short sequence for anatomical ref-
erencing and attenuation correction. Oncologic 
application is generally lengthier than non- 
oncologic studies and may extend to 60 or 70 min 
in simultaneous data acquisition. However, in 
sequential PET/MR examinations, the scan 
length may go up to 90 min [ 96 ]. PET data acqui-
sition is simple in comparison to MRI since the 
former is a time-based acquisition system, and 
once the collected information is thought to sat-
isfy the diagnostic task, nothing needs to be 
added. MRI sequences are various but longer and 
reveal different information and often the pri-
mary cause of prolonging the acquisition time. 

 Before starting looking at the appropriate pro-
tocol for a given patient study, a number of steps 
need to be taken into consideration. Patient prepa-
ration, instructions, positioning, and setup are 
some of those that should be viewed not only 
from one modality perspective but also from other 
diagnostic angles. In PET, physiologic parameters 
such as glucose levels or other safety concerns 
that are related to pregnancy or pediatric examina-
tions will need to be properly assessed. In MR, 

some precautions need to be checked as well like 
metallic implants and patient claustrophobia, 
while patient motion remains an issue in both 
imaging techniques. Patient centering on the 
couch and positioning of the surface coils in 
 addition to time taken to perform these tasks are 
important parameters to avoid imaging artifacts 
and reduce technologist radiation exposure [ 97 ]. 
Patient preparation in PET/MR studies shouldn’t 
be different in terms of plasma glucose level, 
 fasting conditions, hydration, pregnancy, and 
uptake period void of any muscular activity that 
also need to be potentially minimized 24 h before 
the commence of the study. MR patient precau-
tions are different and include MR-incompatible 
implants and contraindications from injecting 
contrast agents. 

9.7.1     Imaging Workfl ow 

 Imaging workfl ow is an essential element in the 
diagnostic workup and of considerable interest in 
patient throughput. It is controlled and managed 
through a number of variables such as the organ 
or disease under investigation, type of hybrid 
PET/MR scanner, patient indications, partial or 
whole-body scan, and other imaging logistics 
[ 12 ,  96 ,  97 ]. 

 Workfl ow is platform dependent. Simultaneous 
systems provide about 10–15-min saving due to 
the fact that patient is positioned and removed 
only once [ 98 ]. Apart from acquisition time 
reduction, patient comfort, and other logistics, 
the clinical rationale behind simultaneous PET/
MR needs to be fully exploited and demonstrated 
similar to its biomedical applications where sev-
eral biological or physiological questions can be 
answered. However, one of the major goals is to 
maintain the total acquisition time as low as pos-
sible while achieving the required diagnostic 
accuracy. Another feature provided by simultane-
ous hybrid PET/MR is the ability of acquiring 
complex imaging workfl ow and multiple MR 
sequence acquisitions with different contrasts 
during the PET data acquisition [ 7 ,  8 ]. 

 In cardiac and neurologic applications, one- bed 
position might be suffi cient to address a particular 
clinical question, and the total acquisition time is 
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determined by the modality that would stay longer. 
Multiple bed positions might be needed, and this 
largely depends on scanner axial extent and the 
organ or disease under examination. 

 In oncology-based studies, the imaging proto-
col might differ signifi cantly as different parts of 
the body may require different MR sequences 
and accordingly different time frames. For the 
same purpose, the acquisition time may be 
extended longer due to more elaborate examina-
tions required such as those used in advanced 
molecular imaging applications and MR spec-
troscopy analysis [ 8 ]. Similar to stand-alone MR 
scanner, surface coils in PET/MR are used to 
increase MRI image quality and reduce imaging 
time. However, because the surface coils may 
cause additional photon attenuation of the 511- 
keV photons, only dedicated coils approved for 
PET/MRI should be used [ 8 ,  96 ]. 

 In the trimodality imaging systems proposed 
by GE Healthcare as well as in tandem-based 
hybrid PET/MR introduced by Philips Company, 
imaging session can start in the MR module at 
approximately 25 min postinjection, and this per-
mits to exploit the rest of the uptake time (around 
30–35 min, usually 60 min uptake time) in per-
forming the required MR sequences. Once the 
MR examination is carried out, then the patient 
can be moved to the PET/CT or PET portion of 
the imaging scanner [ 12 ,  13 ]. 

 Whole-body PET/MR imaging protocol is sig-
nifi cantly different than other organ-based proto-
cols such as cardiac or neurological disorders. A 
scout or topogram initial image is performed out-
lining the axial extent of the patient under exami-
nation. This MR localizer is similar to the CT 
scout image normally taken in commencing PET/
CT imaging procedures. The acquisition of PET 
data is taken in a step-and- shoot mode with bed 
acquisition time of 2–5 min, but it may extend for 
longer exploiting the time demanding feature of 
MR sequences [ 96 ]. Time of fl ight helps reduce 
the acquisition time or the injected dose further, 
but overall the acquisition time of PET is deter-
mined based on many factors such as clinical 
preferences and experience, system performance, 
and the adopted standard protocol [ 22 ]. 

 In integrated PET/MR, the attenuation correc-
tion 2-point Dixon volume-interpolated breath- 

hold examination (VIBE) is performed fi rst 
before the desired MR protocol for each bed 
position; VIBE takes 19 s. This is followed by the 
simultaneous acquisition of the PET and the 
desired MR sequence [ 99 ]. A number of diagnos-
tic MRI sequences may be variably and fl exibly 
selected based on body region and clinical 
 indications but usually at a minimum include a 
T1-weighted and a T2-weighted sequence [ 97 ]. 
After completion of a whole-body scan, a dedi-
cated MR imaging confi ned to one-bed position 
is started with or without simultaneous PET data 
acquisition. The dedicated MR imaging includes 
standard anatomic sequences and multiparamet-
ric MR sequences such as diffusion-weighted 
imaging (DWI), perfusion-weighted imaging 
(PWI), and dynamic contrast-enhanced (DCE) 
MR sequences, depending on the diagnostic pur-
poses [ 18 ,  96 ]. 

 In a similar fashion, in sequential design 
adopted by Philips Company, a specifi c MR 
sequence (i.e., MRAC) is run prior to PET acqui-
sition. The MRAC sequence is acquired only 
with the integrated body coil of the MR scanner, 
matches the PET dimensions, and allows both 
anatomical detail and attenuation correction. The 
MRAC image is then segmented into three tissue 
classes (air, soft tissue, and lungs), and predeter-
mined linear attenuation coeffi cients are assigned 
to each class (0, 0.095 and 0.022 cm −1 , respec-
tively). An attenuation template of the patient 
table and MR coils (provided by system manu-
facturer) is incorporated into the attenuation cor-
rection map [ 100 ,  101 ]. 

 To show data acquisition and imaging work-
fl ow provided in sequential PET/MR systems, 
one approach is to perform all the diagnostic MR 
acquisitions at the beginning, followed by attenu-
ation correction dedicated sequences and then 
starting PET. For instance, this imaging scenario 
could be an indication to assess response to treat-
ment or in head and neck cancer surgery planning 
[ 12 ,  50 ]. The acquisition time of MR sequences 
has been an issue as it works against patient com-
fort and low throughput imaging rate and is vul-
nerable to imaging artifacts due to likelihood of 
patient motion. New technologies are attempting 
to tackle this issue by developing fast pulse 
sequence in addition to parallel acquisition with 
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multiple coil elements and also the use of parallel 
transmission [ 44 ].  

9.7.2     Motion in PET/MR 

 Object motion in photography is generally an 
undesired feature that results in image blurring but 
in medical imaging is a crucial source of image 
quality degradation and impaired quantitative 
accuracy. Patient motions either voluntary or invol-
untary are among those degrading sources that 
need special attention in routine clinical practice. 
Consequences are loss of sharp edges and diffi cul-
ties in outlining pathologic lesions in addition to 
less confi dence in image interpretation [ 56 ,  102 ]. 

 This resulting image blurring is simply due to 
the lack of timing information about the moving 
object in relation to stationary assumptions of the 
detection process or absence of an accurate 
motion model in the iterative reconstruction 
scheme. Patient motion and associated imaging 
artifacts in PET/CT are discussed in details in 
Chap.   16    . Although the scanning period of MR 
sequences is relatively lengthy and might appear 
that it could be in temporal matching with those 
images from PET scanning, the data acquired 
with time-averaging process by MR are not com-
parable to the same average process in PET data 
acquisition [ 11 ]. However, the MR data which are 
used for attenuation correction produce an image 
from an average of fewer respiratory cycles but 
carrying a lot of motion compared to CT. 

 Voluntary (cardiac and respiratory) and invol-
untary motion artifacts need to be addressed 
before an accurate image interpretation takes 
place. Organ or lesion motion causes a count 
smearing effect over an area larger than the actual 
size of the lesion and hence causes volume inac-
curacy determination and loss of quantitative 
accuracy. Acquiring the images at small time 
interval using the conventional “freezing” or gat-
ing approach has been effective in eliminating 
many of the motion-related diagnostic artifacts, 
but still suffers from low sensitivity and high 
image noise with low statistical quality due to the 
short scan time. In case of static cardiac imaging 
and free-breathing conditions, the heart moves in 
the range of 4.9–9 mm due to heartbeat and respi-

ration, together with changes in myocardial shape 
and density. ECG gating, however, helps to 
acquire multiple frames representing heart 
motion intervals from diastole to systole, and 
hence motion-related artifacts can be removed. 

 In an attempt to match the two data sets and 
improve attenuation correction in cardiac PET/
MR, a specifi c pulse sequence (two-dimensional 
fast spoiled gradient-recalled echo (SPGR)) has 
been applied to obtain an average MR image of 
patient under free-breathing conditions [ 103 ]. 
MR images were converted into PET attenuation 
maps using a three-class tissue segmentation 
method. In the myocardium, the voxel-by-voxel 
differences and the differences in mean slice 
activity between the attenuation MR-corrected 
PET data and the average CT-corrected PET data 
were found to be small (less than 7 %). The use of 
MR-derived attenuation images in place of 
CT-based attenuation correction did not also 
affect the summed stress score [ 103 ]. 

 In principle, an accurate attenuation correc-
tion map is obtained if the CT- or MR-derived 
attenuation coeffi cients have the same static or 
dynamic phase as the acquired PET data. 
Diaphragmatic motion (i.e., 7–28 mm excursion) 
is a major source of image spatial resolution loss 
and degraded quantitative accuracy such as SUV 
measurements. It is of particular importance in 
oncological studies where the lung and upper 
abdomen are involved in a number of different 
tumor types. In similar fashion to cardiac gating, 
the respiratory signal can be acquired over short 
time bins (i.e., respiratory gating), and this 
approach was found successful in part solving 
motion-associated artifacts. It also prolongs the 
acquisition time affecting patient comfort and 
reduce patient throughput. Nevertheless, gating 
methods are the most widely used in motion cor-
rection strategies in the clinic. Realignment of 
the PET image bins after reconstruction into a 
single reference image is also a proposed solu-
tion but denatures the Poisson characteristics of 
the PET data [ 104 ,  105 ]. 

 Using the list-mode PET data to derive motion 
estimates based on elastic deformation from sim-
ulated respiratory gating phantom has been pro-
posed [ 106 ,  107 ]. Comparison of corrected and 
uncorrected respiratory motion average frames 
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suggests that an affi ne transformation in the list- 
mode data prior to reconstruction can produce 
signifi cant improvements in accounting for respi-
ratory motion artifacts in the lungs and heart 
[ 104 ]. On the other hand, list-mode-based and 
model-based image reconstruction where motion 
information is incorporated, similar to other 
image-degrading factors, in the framework of 
image reconstruction has shown to be superior in 
improving the temporal sampling as well as a 
reduction in the effects of irregular respiratory 
motion [ 106 ,  108 ]. 

 The simultaneous nature of some hybrid PET/
MR opened new avenues for researchers to use 
the MRI information to address the issue of organ 
motion by either using simple methods such as 
T2-weighted imaging during free breathing and 
T1-weighted imaging using either shallow end 
expiration or free breathing using a radial acquisi-
tion scheme [ 105 ,  109 ]. More advanced 
approaches are to use motion-sensitive MRI 
imaging sequences such as velocity-encoded 
phase contrast MRI (VEPC-MRI) or MRI tagging 
technique [ 105 ,  110 ]. MRI-based motion correc-
tion has not demonstrated robust translation into 
the clinic because of signal to noise and/or fi eld of 
view problems within the larger human. The most 
promising techniques proposed with human 
applications include a T1-weighted approach that 
utilizes navigator echoes combined with either a 
2D multi-slice gradient echo technique [ 111 ] or a 
steady-state free precession (SSFP) [ 104 ] in order 
to both track the respiratory excursion and create 
a motion tracking fi eld that is utilized in the PET 
processing algorithm [ 109 ]. 

 Tagged MR uses a special pulse sequence to 
create temporary features (tags) in tissue, which 
deform and can be tracked in images as the anat-
omy deforms. Another recent approach has been 
devised such that no external hardware exist to 
provide a respiratory signal and no change to the 
imaging examination except for the addition of a 
short PET/MR sequence after the clinical acqui-
sition [ 112 ]. The authors hypothesized that suffi -
cient data for respiratory correction can be 
acquired in just 1 min. The acquisition was used 
to build a patient-specifi c respiratory motion 
model and then used to motion correct the clini-
cal PET data of any duration. The method used 

only standard MR sequences and image registra-
tion techniques. The PET-derived signal was 
used to drive a motion model formed by nonrigid 
registration of MR slices acquired rapidly after 
the main scan. This motion was then incorpo-
rated into the PET reconstruction. An increase in 
SUV measurements has been reported, and 
sharpness of count profi les drawn over some 
lesions was observed. However, further work is 
requested to investigate the technical feasibility 
in clinical setting and to prove signifi cant lesion 
detectability over large patient population [ 112 ]. 

 An MR self-gating method was also applied to 
perform respiratory gating of the MRI data and 
simultaneously acquired PET raw data [ 113 ]. The 
MRI sequence allows for retrospective self- gating 
without the need for additional MRI navigator 
echoes or sensors attached to the patient. After 
gated PET reconstruction, the MRI motion model 
is used to fuse the individual gates into a single, 
motion-compensated volume with high SNR. The 
MRI motion model is utilized for motion-cor-
rected PET image reconstruction according to the 
post-reconstruction registration scheme [ 113 ]. 
The motion model yielded a reduced motion blur 
and improved quantifi cation accuracy compared 
to static reconstructions and in higher SNR com-
pared to conventional gated reconstructions. 

 Figure  9.9  shows PET data acquired in a 
simultaneous mode with MR signal integrating 
motion correction, attenuation correction, and 
point spread function modeling into a single PET 
reconstruction framework. A dedicated MRI 
pulse sequence (denoted “NAV-TrueFISP”) was 
used allowing an accurate measurement of respi-
ratory motion in the lower abdomen. It is com-
posed of two-dimensional (2D) multi-slice 
steady-state free precession MRI acquisitions 
(“TrueFISP”) interleaved by pencil-beam naviga-
tor echoes.

9.8         Opportunities, Challenges, 
and Future 

 PET/MR provides a signifi cant number of technical 
and clinical advantages to the current state of 
molecular and morphologic imaging. These fea-
tures can be exploited to improve the overall perfor-
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mance of hybrid PET/MR imaging systems in 
patient diagnosis, therapy, and management. The 
well-known improved soft tissue contrast character-
izing MR imaging is a unique feature when com-
pared to CT-based examinations. This characteristic 
is essential in brain studies, head and neck, abdo-
men, pelvis, and other soft tissue abnormalities. 
Furthermore, it will be benefi cial in breast, liver, 
musculoskeletal, and urogenital imaging [ 115 ]. The 
lack of ionizing radiation in image acquisition is 
also an important asset in pediatric age group, preg-
nant women, and repeated acquisitions in patient 
follow-up and therapy monitoring. A recent work 
looking at diagnostic risk of medical exposure to 
CT scans in pediatric patients showed a probable 
triple risk of leukemia after a cumulative CT dose of 
50 milligray (mGy), and a dose of 60 mGy might 
nearly triple the risk of brain tumors [ 116 ]. 

 The simultaneous hybrid PET/MR imaging 
would in principle maximize the amount of infor-
mation for real and direct benefi t to patient man-
agement. MR can be very instrumental in 
synergizing the quality and quantitative accuracy 
of PET in terms of using the MR as guide to 
image reconstruction and incorporation of partial 
volume and/or attenuation correction in time of 
fl ight PET/MR systems [ 117 – 120 ]. MR-based 
motion correction and derivation of arterial input 
function are also potential applications that 
undergo signifi cant research interest. Accurate 
determination of arterial input function is essen-
tial to obtain accurate physiologic parameter esti-
mation when attempts are made to quantify tracer 
kinetics in absolute fashion. The MR component 
can help provide a way to determine blood fl ows 
such that partial volume correction and blood 
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  Fig. 9.9    Sagittal MRI ( a ) and corresponding PET slices 
reconstructed using ( b ) respiratory gating (OP-OSEM 
“gated”), ( c ) no motion correction (OP-OSEM), ( d ) no 
motion correction with PSF modeling (PSF-OP-OSEM), 
( e ) MR-based motion correction (MC-OP-OSEM), and ( f ) 
motion and PSF corrections (“MC-PSF-OP-OSEM”). 
The gated volume was reconstructed using PET counts 
detected at end exhalation (approximately one-seventh of 

the total number of events). As can be seen, the proposed 
reconstruction methods ( e ,  f ) substantially improved 
hepatic lesion contrast and structure delineation as com-
pared to the conventional uncorrected reconstruction 
method ( c ).  OP-OSEM  ordinary Poisson ordered-subset 
expectation, maximization,  PSF  point spread function 
(Reprinted from Ref. [ 114 ] with permission)       
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vessel contribution to PET signal can be 
accounted for in the kinetic model. Realizing this 
last benefi t would enhance the dynamic PET 
applications in routine practice in addition to 
eliminating the complications associated with 
arterial catheterization and serial blood sampling 
[ 121 ,  122 ]. 

 In addition to superior contrast resolution 
among different types of soft tissue, MRI allows 
physiological (e.g., dynamic contrast-enhanced 
MRI), metabolic (e.g., MR spectroscopy), and 
molecular (e.g., diffusion-weighted imaging) 
besides functional MRI (fMRI) phenomena to be 
observed [ 123 ,  124 ]. MRI has a multitude of image 
pulse sequence that can fl ourish the diagnostic pro-
cess, and when combined with PET data, particu-
larly when using newly developed specifi c tracers, 
the amount of diagnostic information would be 
enormous and very supportive in clinical decision-
making. For example, tumor perfusion using 
blood-oxygen-level-dependent (BOLD) imaging 
and correlating the results with O15-water or 
hypoxia-based tracers could substantially enhance 
the diagnostic interpretation [ 16 ,  125 ,  126 ]. 
Furthermore, the study of tumor uptake and dynam-
ics with dual-labeled or more functionalized 
nanoparticle contrast agents and simultaneous 
PET/MRI monitoring of disease pharmacokinetics 
or pharmacodynamics are new avenues utilizing 
this multimodality imaging system [ 127 ]. 

 PET/MR proved useful in a number of malig-
nancies such as head and neck where improved 
soft tissue contrast is required. This can be repre-
sented by providing information about tumor 
extent and involvement of bony structures and 
bone marrow. Tissue reactions such as distortion, 
scarring, and fi brosis that appear posttreatment 
surveillance can obscure early detection of recur-
rence by conventional follow-up [ 128 ,  129 ]. It 
has also potential in evaluating pelvic malignan-
cies such as gynecologic, rectal, and prostatic 
cancers because of its improved soft tissue dis-
crimination compared with CT [ 130 ]. In breast 
imaging, specifi c breast MRI sequences permit 
high diagnostic accuracy for local tumor staging, 
and whole-body MRI can also be of great use in 
distant staging, especially when combined with 
F18-FDG-PET which has a high diagnostic per-

formance for the detection of distant metastases 
[ 131 ]. FDG-PET/MR has an evolving role in 
breast cancer management, for example, in the 
detection of liver metastases and in the research 
setting for treatment monitoring [ 132 ]. 

 In malignancies involving liver disease where 
metastases can occur from different sites, MR 
imaging has good diagnostic performance for 
lesions smaller than <10 mm; however, FDG- PET 
has some limitation such as heterogeneous uptake 
in the normal liver, its low sensitivity to lesions 
smaller than 10 mm, and the concomitant decrease 
in sensitivity in patients with underlying liver dis-
ease, including cirrhosis and nonalcoholic fatty 
liver disease [ 133 ,  134 ]. In bone marrow imaging, 
whole-body MR imaging has been proposed for 
detecting infi ltrative focal bone marrow lesions 
and was demonstrated to have higher sensitivity 
than a skeletal survey for this task. It can also have 
potential in therapy monitoring or in the develop-
ment of new therapies [ 129 ]. 

 The role of PET/MR in neurology and psychia-
try is one of the motivating aspects for developing 
such kind of devices due to the long-term experi-
ence of PET methodology and tracers in studying 
brain biochemistry. This has included a number of 
critical disorders that require early detection and 
response monitoring and even go beyond to strat-
ify drugs in early stage of development. Anatomical 
and functional MRI information when combined 
with PET would have a defi nite incremental value 
to the diagnostic process in brain studies [ 135 , 
 136 ]. In neuro- oncology, while gadolinium-
enhanced MRI remains standard of care for brain 
tumor management (i.e., diagnosis, treatment, and 
posttreatment response assessment), other 
advanced MR techniques could be valuable in dif-
fi cult cases providing key pathways into improved 
diagnostics. Different PET tracers such as F18-
FLT, F18- FMISO, C11-Met, F18-FDOPA, and 
F18-FET can also assist in characterizing different 
aspects of tumor biology, and the availability of 
simultaneous PET/MR would facilitate investiga-
tions that look at improved patient management 
[ 135 – 137 ]. 

 In cardiovascular diseases, PET imaging has 
unique capabilities in quantifying myocardial 
blood fl ow and fl ow reserve and is considered the 
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gold standard for assessing myocardial viability 
[see Chap.   19     for further details]. MR can be 
used to assess ventricle function, structural 
changes, perfusion, and tissue viability. It can 
also evaluate cardiac anatomy and detailed tissue 
characterization. Functional MR images and 
dynamic assessment of myocardial perfusion 
from transit of intravascular contrast medium can 
provide useful criteria for identifying areas of 
decreased myocardial perfusion or for assessing 
tissue viability from late contrast enhancement of 
scar tissue [ 138 ]. 

 High temporal resolution cine image sequences 
have been devised to capture high- resolution 
images of the cardiac cycle. Blood fl ow can be 
visualized and measured via velocity- encoded 
cine sequences. Spectroscopic techniques, T1 
mapping, and sequences capable of measuring 
myocardial strain are advanced MR techniques 
that can be integrated in the diagnostic scheme. 
Other utilities can be seen in detection of infl am-
mation and characterizing atherosclerotic plaques 
and differentiate with a high risk of rupture from 
stable plaques. With the development of new trac-
ers, there will be good opportunities in evaluating 
myocardial remodeling and in assessing the kinet-
ics of stem cell therapy in myocardial infarction. 
New tracers will also provide new means for eval-
uating alterations in cardiac innervation, angio-
genesis, and even the assessment of reporter gene 
technologies [ 138 ,  139 ]. 

 Multimodal hybrid imaging in general and 
PET/MR in particular provide a great opportu-
nity for understanding tumor pathophysiology 
and tackling biomedical questions that may arise 
from diagnostic or treatment clinical practices. 
The wide range of responses among patients sug-
gests that further studies of individual responses 
to therapy, correlating structural and functional 
imaging, metabolic imaging, and clinical fi nd-
ings, will not only be helpful in understanding 
the mechanism of action of novel therapeutic 
agents but also support the new trend of precision 
medicine [ 129 ]. PET/MR could help in this 
dilemma by providing a one-stop-shop hybrid 
imaging platform that would eventually improve 
patient diagnosis and treatment outcomes. 
Extensive work has been and is being performed 

to elicit the several advantages of these systems 
in order to build up signifi cant amount of evi-
dences able to locate the hybrid PET/MR into its 
real clinical position in the near future.     
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PET/CT is a routinely performed diagnostic 
imaging procedure. To ensure that the system is 
performing properly and produces images of best 
possible quality and quantitative accuracy, a 
comprehensive quality control (QC) program 
should be implemented. This should include a 
rigorous initial acceptance test of the system, per-
formed at the time of installation. This will ensure 
the system performs to the manufacturer’s speci-
fications and also serves as a reference point to 
which subsequent tests can be compared to as the 
system ages. Once in clinical use, the system 
should be tested on a routine basis to ensure that 
the system is fully operational and provides con-
sistent image quality. To implement a successful 
and effective QC program, it is important to a 
have an understanding of the basic imaging com-
ponents of the system. This chapter will describe 
the basic system components of a PET system 
and the dataflow that will aid a user in identifying 
potential problems. Acceptance tests and QC 
procedures will also be described and explained, 
all designed to ensure that a consistent image 
quality and quantitative accuracy are maintained. 
As will be discussed, an effective QC program 
can be implemented with a few relatively simple 
routinely performed tests.
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10.1  Introduction

PET/CT imaging has for several years been an 
accepted and a routine clinical imaging procedure. 
To ensure that the imaging system is operating 
properly and is providing the best possible image 
quality, a thorough acceptance testing of the 
system should be performed. The purpose is to 
ensure that that the system is performing as 
specified by the manufacturer and also to ensure 
that the system is fully functional before being 
taken into clinical use. Following the initial 
testing, the system should be tested on a routine 
basis to ensure that the system is operational for 
patient imaging and will provide consistent 
image quality. These tests are not as rigorous as 
the initial acceptance testing, but should provide 
the user with enough information to decide if the 
system is operational or is in the need of service.

This chapter will describe various tests that 
are used in an acceptance test of a PET scanner. 
The various aspects of quality control (QC) 
procedures will be discussed as well as the 
different elements of a QC program.

10.2  PET Instrumentation 
and Dataflow

To develop tests for a PET system, it is impor-
tant to have a basic understanding of the detec-
tor and data acquisition system used in a PET 
scanner. Although the specific design differs 
between manufacturers, the overall designs are 
fairly similar [1, 2]. A schematic of the dataflow 
in a PET system is shown in Fig. 10.1. The 
detector system typically consists of a large 
number of scintillation detector modules with 
associated front-end electronics, such as high 
voltage, pulse- shaping amplifiers, and discrimi-
nators. The outputs from the detector modules 
are then fed into processing units or detector 
controllers that determine which detector ele-
ment was hit by a 511 keV photon, how much 
energy was deposited, and information about 
when the interaction occurred. This information 
is then fed into a coincidence processor, which 
receives information from all detectors in the 

system. The coincidence processor determines 
if two detectors were registering an event within 
a predetermined time period (i.e., the coinci-
dence time window). If this is the case, a coinci-
dence has been recorded, and the information 
about the two detectors and the time of when the 
event occurred are saved. This information is 
later used for image reconstruction. Since the 
events are saved as they occur as a stream or 
long list of events, this method of data storage is 
sometimes referred to as list mode. Events can 
also be sorted into projection data or sinograms 
on the fly, which is a convenient method of orga-
nizing the data prior to image reconstruction. 
Data are subsequently stored on disk and later 
reconstructed.

In the most recent generation of PET systems, 
time-of-flight (TOF) information is also recorded. 
The TOF information that is recorded is the 
difference in time of arrival or detection of a pair 
of photons that triggered a coincidence. In the 
case of a system with infinite time resolution 
(i.e., there is no uncertainty in time when the 
detector triggered and the actual time the photon 
interacted in the detector), the event could be 
exactly localized to a point along the line 
connecting the two detectors [3]. This would 
allow the construction of the activity distribution 
without the need of an image reconstruction 
algorithm. However, all detector systems used in 
modern PET systems have a certain finite time 
resolution, which translates into an uncertainty in 
positioning of each event [3]. Currently the 
fastest detectors available have a time resolution 
of a few hundred picoseconds, which translates 
into a positional uncertainty of several 
centimeters. This time resolution is clearly not 
good enough to eliminate the need for image 
reconstruction. However, the TOF information 
can be used in the image reconstruction to reduce 
the noise in the reconstructed image. Since 
systems having TOF capability need to detect 
events to an accuracy of a few hundred 
picoseconds, compared to tenths of nanoseconds 
in conventional PET systems, these systems 
require a very accurate timing calibration and 
stable electronics [see Chap. 8 for further details 
on TOF technology].
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10.2.1  Detector Flood Maps

The detector system used in all modern 
commercial PET systems is based on scintillation 
detectors coupled to some sort of photodetector 
readout. One of the most commonly used detector 
designs is the block detector [4]. In this design, 
an array of scintillation detector elements is 
coupled to a smaller number of PMTs, typically 
four, via a light guide. An example of a block 
detector is illustrated in Fig. 10.2. The light 
generated in scintillator following an interaction 
by a 511 keV photon is distributed between the 
PMTs in such a way that each detector element 
produces a unique combination of signal 
intensities in the four PMTs. To assign the event 
to a particular detector element, the signals from 

the PMTs are used to generate two position 
indices, Xpos and Ypos:
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 (10.1)

where PMTA, PMTB, PMTC, and PMTD are the 
signals from the four PMTs.

This is similar to the positioning of events in a 
conventional scintillation camera; however, the 
Xpos and Ypos values do not directly translate into a 
spatial position or a location of the individual 
detector elements in the block detector. Each 
module therefore has to be calibrated to allow an 

Fig. 10.1 Schematic of the dataflow in a PET system. 
The detector system consists of a large number of detector 
modules with associated front-end electronics. The 
outputs from the detector models are then fed into 
processing units or detector controllers that determines in 
which detector element a 511 keV photon interaction 
occurred. This information is then fed into a coincidence 

processor, which receives information from all detectors 
in the system. The coincidence processor determines if 
two detectors were registering an event within a 
predetermined time period (i.e., the coincidence time 
window). If this is the case, a coincidence has been 
recorded and the information about the two detectors and 
the time of when the event occurred are saved
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accurate detector element assignment following 
an interaction of a photon in the detector. The dis-
tribution of Xpos and Ypos can be visualized if a 
block detector is exposed to a flood source of 
511 keV photons. For each detected event, Xpos 

and Ypos are calculated using an equation [1] and 
are then histogrammed into a 2-dimensional 
matrix which can be displayed as a gray-scale 
image. An example of this is shown in Fig. 10.3. 
As can be seen in this figure, the distribution of 

Fig. 10.2 Schematic of a block detector module used in 
modern PET systems. The array of scintillator detector ele-
ments is coupled to the four PMTs via a light guide. The 
light guide can be integral (i.e., made of the scintillator 
material) or a non-scintillating material (e.g., glass). The 
purpose of the light guide is to distribute the light in the 
detector elements to the four PMTs in such a way that a 
signal amplitude pattern unique to each detector element is 
produced. Three examples are illustrated. Top: almost all of 
the light is channeled to PMTB and almost no light is chan-
neled to the three other PMTs. This uniquely identifies the 
corner detector. Middle: In the next element over, most of 

the light is channeled to PMTB and a small amount is chan-
neled to PMTA. By increasing the light detected by PMTA, 
this allows this scintillator element to be distinguished from 
the corner element. Bottom: In the central detector element, 
light is almost equally shared between the PMTB and 
PMTA, but since the element is closer to PMTB, this signal 
amplitude will be slightly larger compared to the signal in 
PMTA. How well the elements can be separated depends on 
how much light is produced in the scintillator/photon 
absorption (more light allows better separation). Increasing 
the number of detector elements in the array makes it more 
challenging to accurately identify each detector element
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Xpos and Ypos is not uniform, but instead the events 
are clustered around specific positions. These 
clusters are the Xpos and Ypos values that corre-
spond to a specific detector element in the array. 
As can be seen from the flood image, the location 
of the clusters does not align on an orthogonal or 
linear grid. Instead, there is a significant pincush-
ion effect due to the nonlinear light collection 
versus the position of the detector elements. To 
identify each element in the detector block, a 
look-up table is generated based on a flood map 
like the one shown in Fig. 10.3. First, the centroid 
of each peak is localized (i.e., one peak for each 
detector element in the array). Then a region 
around each peak is generated that will assign the 
range of Xpos and Ypos values to a particular ele-
ment in the array. During a subsequent acquisi-
tion, the values of Xpos and Ypos are calculated for 
each event; then the look-up table is used to 
assign the event to a specific detector element. 
Also associated with the positioning, look-up 
table is an element- specific energy calibration, 
which will accept or reject the event if it falls 
within or outside the predefined energy range.

To ensure that the incoming events are 
assigned to the correct detector element, the 
system has to remain very stable. A small drift 
in the gain in one or more of the PMTs would 
cause an imbalance and would affect the loca-

tions of the clusters in the flood map. This would 
in the end result in a misalignment between the 
calculated Xpos and Ypos and the predetermined 
look-up table [5], which will result in a misposi-
tioning of the events. As will be discussed 
below, to check gain balance between the tubes 
is one of the calibration procedures that need to 
be performed regularly.

10.2.2  Sinogram

The line connecting a pair of detector is referred 
to as a coincidence line or line of response (LOR). 
If the pair of detectors is in the same detector 
ring, this line can be described by a radial offset r 
from the origin with an angle θ. A set of LORs 
that all have the same angle (i.e., they are all par-
allel to each other), but they all have different 
radial offsets; these then form a projection of the 
object to be imaged at that angle. For instance, all 
lines with θ = 0° would produce a lateral projec-
tion, whereas all lines with a θ = 90° would pro-
duce an anterior-posterior view.

A complete set of projections necessary for 
image reconstruction would consist a large 
number of projections collected between 0° and 
180°. If all the projections between these angles 
are organized in a 2-dimensional array, where the 

Fig. 10.3 The detector elements in a block detector are 
identified using a flood map. The flood map is generated 
by exposing the block detector to a relatively uniform 
flood of 511 keV photons. For each energy-validated 
detected event, the position indices Xpos and Ypos are 
calculated from the PMT signals (PMTA, PMTB, PMTC, 
and PMTD). The Xpos and Ypos values are histogrammed 
into a 2-D matrix, which can be displayed as a gray-scale 
image. The distribution of Xpos and Ypos values is not 

uniform but is instead clustered around specific values, 
which corresponds to specific detector elements. The peak 
and the area of Xpos and Ypos values around it are then 
assumed to originate from a specific detector element in 
the block detector, as illustrated in the figure. From the 
flood map and the peak identification, a look-up table is 
generated which rapidly identifies each detector element 
during an acquisition
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1st dimension is the radial offset r and the 2nd 
dimension is the projection angle θ, then this 
arrangement or matrix forms a sinogram, as illus-
trated in Fig. 10.4. A sinogram is a common 
method of organizing the projection data prior to 
image reconstruction. The name sinogram comes 
from the fact that a single point source located at 
an off-center position in the field of view (FOV) 
would trace a sine wave in the sinogram. The 
visual inspection of a sinogram also turns out to 
be a very useful and efficient way to identify 
detector or electronic problems in a system.

Consider a one particular detector in the sys-
tem and the coincidence lines it forms with the 
detectors on the opposite side in the detector ring 
(Fig. 10.4, right). In a sinogram, this fan of LORs 
would follow a diagonal line across the width of 
the FOV. By placing a symmetrical positron 
emitting source such as a uniform-filled cylinder 
with 68Ge or 18F, at the center of the FOV of the 
scanner, all detectors in the system would be 
exposed to approximately the same photon flux. 
If all detectors in the system had the same detec-
tion efficiency, then each detector would record 

Fig. 10.4 A sinogram is a convenient of histogramming 
and storing the events along the coincidence lines or LORs 
in a tomographic study. In its simplest form, a sinogram is 
a 2-D matrix where the horizontal axis is the radial offset r 
of a LOR and the vertical axis is the angle θ, of the LOR. If 
one considers all LOR that are parallel to each other, these 
would fall along a horizontal line in the sinogram. In the 
left figure, this is illustrated for two different angles of 
LOR. If one considers all the coincidences or LOR 
between one specific detector and the detectors on the 
opposite side in the detector ring, these will follow a diago-

nal line in the sinogram, as illustrated in the right figure. 
The sum of all the counts from the fan of coincidence lines 
or LOR is sometimes referred to as a fan sum. These fan 
sums are used in some systems to generate the normaliza-
tion that corrects for efficiency variations and can also be 
used to detect drifts and other problems in the detector sys-
tem. In multi-ring systems, there will be a sinogram for 
each detector ring combination. In a TOF system each time 
bin will also have its own sinogram. A sinogram can there-
fore have up to five dimensions (r, θ, z, ϕ, t) depending on 
the design of the system
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the same number of counts per second in this 
source geometry. In this source geometry, the 
summation of all the coincidences between a 
particular detector element and its opposing 
detector element is sometimes referred to as fan 
sum. The fan sums are used in some systems to 
derive the normalization correction that is used 
to correct for efficiency variations between the 
detector elements in the system. The fan sums 
can also be used to detect problems in the detec-
tor system

Figure 10.5 shows a normal sinogram of a uni-
form cylinder phantom in a PET system. In addi-
tion to the noise originating from the counting 
statistics, it contains a certain amount of a more 
structured noise or texture. The observed varia-
tion seen in the sinogram is normal and originates 
primarily from the fact that all detectors in the 
system do not have the same detection efficiency. 
There are several additional factors that contrib-
ute to this, such as variation in how energy 
thresholds are set, geometrical differences, dif-
ferences in physical size of the each detector ele-

ment, etc. These variations are removed using a 
procedure that is usually referred to as normal-
ization, which is discussed later in this chapter.

One thing that is clearly noticeable in the 
sinogram is the “crosshatch” pattern, which 
reflects the variation in detection efficiency as 
discussed above. As mentioned, it is expected to 
observe a certain amount of normal variation in 
detection efficiency. This can under most 
circumstances be calibrated or normalized out as 
long as the system is stable in there is no drift in 
the gain of the detector signals. Since a certain 
amount of electronic drift is inevitable, a 
normalization calibration needs to be performed 
at regular intervals. The frequency depends on 
the manufacturers specifications but can be as 
frequent as every single day as part of the daily 
QC or done monthly or quarterly.

If a detector drifts enough or fails, this is 
typically very apparent by a visual inspection of 
the sinogram. A detector failure of a PET detector 
block can either result in that the detector does 
not respond at all when exposed to a source or 

a b c
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Fig. 10.5 Illustration of how the sinogram can be used to 
identify detector problems in a PET system. (a) A normal 
sinogram of a uniform cylinder phantom placed near the 
center of the FOV of the system. The crosshatch pattern 
reflects the normal variation in efficiency between the 
detector elements in the system. (b) The dark diagonal 
line indicates a failing detector element in the system (no 
counts generated). (c) The broad dark diagonal line 
indicates that an entire detector module is failing in. (d) 

Example of when a detector module is generating random 
noise. (e) Example of when the receiver or multiplexing 
board of the signals from a group of the detector modules 
is failing. (f) Example of problems in the coincidence 
processing board. In this case, the signals from two groups 
of opposite detector modules are lost. (g) Example of 
problems in the histogramming memory, where random 
numbers are added to the valid coincidences in the 
sinogram
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that the detector constantly produces event even 
when no source is present (i.e., noise). The cause 
of a detector failure could be many, ranging from 
simple problems such as a loose cable, which 
usually results in a nonresponding detector, to 
more complex problems as a faulty PMT, drift in 
PMT gains, and drift in set energy threshold. The 
latter issues may result in either a nonresponding 
detector or that a detector is producing an 
excessive count rate.

Examples of failing detectors or associated 
electronics are also illustrated in Fig. 10.5. A 
failing single detector element in the detector 
module would appear as a single dark diagonal 
line in the sinogram (Fig. 10.5b). This problem 
was fairly common in older PET systems where 
each detector element was coupled to its own 
PMT. A common cause of this type of failure was 
either a failing PMT or the associated electronics 
(e.g., amplifiers). In the case of a system that uses 
block detectors, a single dark line may also occur 
if the detector tuning software had difficulties 
identifying all detector elements in the detector 
array. This could be caused by poor coupling of 
the detector element to the light guide and/or the 
PMTs or poorly balanced PMTs.

Since the PMTs and associated electronics are 
shared by many detector elements in block 
detector, a failure in these components will affect 
a larger number of detector channels. This is then 
seen as a wider diagonal band across the 
sinogram, as illustrated in Fig. 10.5c. Another 
common detector problem is illustrated in 
Fig. 10.5d. In this case one of the detectors is 
generating a large number of random or noise 
pulses. This could be caused by an energy 
threshold that is set too low, which, for instance, 
could be caused by a failing or weak PMT.

As described above, the signals from a larger 
group of detector blocks are typically multi-
plexed into what is sometimes referred to as a 
detector controller. In the case of a failure of the 
detector controller, the signals from the entire 
detector group might be lost, which in the sino-
gram is visualized as an even broader band of 
missing data (Fig. 10.5e). A problem further 
downstream in the signal processing chain such 
as in the electronics determining coincidences 

may result in a problem illustrated in Fig. 10.5f. 
Here the signals from two entire detector groups 
are lost in the coincidence processor, which in 
this case is seen as a diamond-shaped area in the 
sinogram. A final example of a hardware failure 
is shown in Fig. 10.5g. In this case there is a 
problem with the histogramming system, where 
random counts are added to the sinogram in 
addition to the normal data.

There are naturally a large number of varia-
tions in other artifacts or patterns in the sinograms 
that are specific to the design or a particular sys-
tem, but the sinogram patterns related to the front 
electronics as described in this section are com-
mon for most modern PET systems.

Thus, by a visual inspection of the sinograms 
from a phantom scan, it is possible to relatively 
quickly identify whether the system is operational 
or not. By looking at the patterns in the sinogram, 
it is also possible to figure out where in the signal 
chain a problem is occurring. A complete failure 
is very apparent in the sinogram and makes it easy 
to make the determination that the system is in 
need of repair. However, many times there are 
more subtle problems, such as a slow drift in the 
system that is not easily detected by visual inspec-
tion. Some systems therefore provide a numerical 
assessment that gives the user some guidance 
whether the system is operational or not. These 
tests usually require that the user acquires data of 
a phantom, such as a 68Ge-filled cylinder every 
day at the same position in the FOV for a fixed 
number of counts. The daily QC scan is then com-
pared to a reference scan (e.g., a scan acquired at 
the time of the most recent calibration or tuning). 
By comparing the number of counts acquired by 
each detector module in the QC scan to that in the 
reference scan, it is possible to determine if a drift 
has occurred in the system and the system needs 
to be retuned and recalibrated.

10.3  Detector and System 
Calibration

The purpose of the detector and system calibra-
tion is to make sure that the recorded events are 
assigned to the correct detector element in the 
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detector module. An energy validation is per-
formed such that only events within a certain 
energy range are passed on to the subsequent 
event processing. In addition to positioning and 
energy calibration of each detector module, each 
module has to be time calibrated to make sure 
that coincidence time windows between all detec-
tor modules are aligned.

10.3.1  Tube Balancing and Gain 
Adjustments

As described earlier, the assignment of the events 
to individual detector elements in the block is 
based on the comparison of the signal output 
from the four PMTs. The first step in the calibra-
tion of the front-end detector electronics is to 
adjust the gain of the amplifiers such that the sig-
nal amplitude from the four PMTs is on the aver-
age and is about the same. This usually entails 
exposing the detectors to a flood source of 
511 keV photons, and the gains are adjusted until 
an acceptable signal balance is achieved.

Following the tube balancing, detector flood 
histograms are acquired and generated (as 
described earlier) to make sure that each detector 
element in each detector block can be identified. 
A look-up table is then generated from the flood 
histogram that is used to assign a particular 
combination of Xpos and Ypos values to a particular 
detector element.

10.3.2  Energy Calibration

Once all detector elements in the block have been 
identified, the signal originating from each detec-
tor element has to be energy calibrated. 
Independent of the design of the detector block, it 
is very likely that signal from each detector ele-
ment will vary in terms of amplitude, primarily 
due to differences in light collection by the photo-
detectors. A detector positioned right above a 
PMT is very likely to produce a stronger signal 
compared to a detector located at the edge of a 
PMT. This is similar to what is observed in con-
ventional scintillation cameras. When comparing 

energy spectra from the individual elements in a 
block detector, the location of the photopeak will 
vary depending on the light collection efficiency 
of the light.

For the energy calibration, energy spectra are 
acquired for each detector element, and the 
calibration software will search for the photopeak 
in each spectrum. A simple energy calibration is 
then typically performed where it is assumed that 
the photopeak corresponds to 511 keV (provided 
that the source is emitting 511 keV photons and 
zero amplitude corresponds to zero energy).

10.3.3  Timing Calibration

Coincidence measurements only accept pairs of 
events that occur within a narrow time window 
of each other. In order to ensure that most true 
coincidences are recorded, it is imperative that 
all detector signals in the system are adjusted to 
a common reference time. How this is done in 
practice is dependent of the manufacturer and 
the system design. The general principle is to 
acquire timing spectra between all detector 
modules in the system when a positron emitting 
source is placed at the center of the system by 
recording differences in the time of detection of 
annihilation photon pairs. For a non-calibrated 
system, the timing spectrum has approximately 
a Gaussian distribution, centered around an 
arbitrary time. The distribution around the mean 
is caused by the timing characteristic of scintil-
lation detectors and the associated electronics 
and the location of centroid caused by variation 
in time delays in PMTs, cables, etc. In the tim-
ing calibration, this time delay is measured for 
each detector, and time adjustments are intro-
duced such that the centroid of all timing spec-
tra is aligned. It is around this centroid where 
the coincidence time window is placed. For 
non-TOF PET systems, the timing calibration 
has to be calibrated to an accuracy of around a 
few nanoseconds. For TOF system, the calibra-
tion has to be accurate to below 100 
picoseconds.

A modern PET system consists of several tens 
of thousands of detector elements and requires 
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very accurate and precise calibration. The out-
come of the calibration steps many times depends 
on each other and some of the processes are itera-
tive. Due to the complexity of the system, manu-
facturers have developed highly automated 
procedures for these calibration steps. It used to 
be that a trained on-site physicist or engineer had 
access to the manufacturer’s calibration utilities, 
which allowed recalibration or retuning of parts 
or the entire system. However, in recent years the 
general trend among manufacturers is that the 
user does not have access to the calibration utili-
ties, and these tasks are only performed by the 
manufacturer’s service engineers. Fortunately, 
PET scanners today are very stable, and the need 
for recalibration and retuning is far less com-
pared to systems that were manufactured 10–20 
years ago.

10.3.4  System Normalization

After a full calibration of the detectors in a PET 
system, there will be a significant residual 
variation in both intrinsic and coincidence 
detection efficiency of the detector elements. 
There are several reasons for this, such as 
imperfections in the calibration procedures, 
geometrical efficiency variations, imperfections 
in manufacturing, etc. These residual efficiency 
variations need to be calibrated out to avoid the 
introduction of image artifacts. This process is 
analogous to the high-count flood calibration 
used in SPECT imaging to remove small residual 
variation in flood-field uniformity. In PET this 
process is usually referred to as the normalization, 
and the end result is usually a multiplicative 
correction matrix that is applied to the acquired 
sonograms as illustrated in Fig. 10.6. The effects 
of the normalization on the sinogram and the 
reconstruction of uniform cylinder phantom are 
shown in Fig. 10.6. If the normalization is not 
applied, there is a subtle but noticeable artifact in 
the image such as the ring artifacts and the cold 
spot in the middle of the phantom. The origin of 
the ring artifacts comes from a repetitive pattern 
in detection efficiency variation across the face of 
the block detector modules, where the detectors 

in the center have a higher detections efficiency 
compared to the edge detectors. Once the nor-
malization is applied, these artifacts are greatly 
reduced. It should also be noted that the normal-
ization is a volumetric correction as can be noted 
by the removal of the “zebra” pattern in the axial 
direction when the normalization is applied 
(Fig. 10.6).

Normalization is usually performed after a 
detector calibration. There are several approaches 
on how to acquire the normalization. The most 
straightforward method is to place a plane source 
filled with a long-lived positron emitting isotope, 
such as 68Ge in the center of the FOV. This allows 
a direct measurement of the detection efficiencies 
of the LORs that are approximately perpendicular 
to the source [6]. The source typically has to be 
rotated to several angular positions in the FOV to 
measure the efficiency factors for all detector 
pairs in the system. However, there are several 
drawbacks of this method. First of all, it is very 
time consuming to acquire enough counts at each 
angular position to ensure that the emission data 
are not contaminated with statistical noise from 
the normalization. This problem can to a certain 
degree be alleviated by the use of variance- 
reducing data processing methods [7].

The most common method for determining 
the normalization is the component-based 
method [8, 9]. This method is based on the com-
bination of efficiency factors that are less likely 
to change over time, such as geometrical factors 
and other factors that are expected to change 
over time due to drifts in detector efficiency or 
due to settings of energy thresholds. This 
method typically only requires a single mea-
surement that estimates the individual detector 
efficiency. This is usually done with a uniform 
cylinder phantom placed at the center of the 
FOV. The measured detector efficiencies are 
then combined with the factory- determined fac-
tors to generate the final normalization

It is usually not necessary to generate a new 
normalization, unless there is some noticeable 
detector drift, which most of the time would 
require detector service. Some manufacturers 
have found that by acquiring the normalization 
more frequently or even to be included in the 
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Fig. 10.6 1st row: The sinogram to the left is a normal 
uncorrected sinogram of a uniform cylinder phantom. The 
crosshatch pattern reflects the normal variation in 
efficiency between the detector elements in the system. 
The normalization matrix (middle), which is multiplicative, 
corrects for this and produces a corrected sinogram 
(right), where the efficiency variations have been greatly 
reduced. 2nd row: Illustration of the effect of the 
normalization in the axial direction of the system. The 
efficiency variation is typically greater in the z-direction 
compared to the in-plane variation. 3rd and 4th rows: 

Illustration of the effect of the normalization on a 
reconstructed image. The transaxial image to the left in 
the 3rd row shows ring artifacts due to the lack of 
normalization. These are eliminated when the 
normalization is applied (right image). The axial cross 
section of the reconstructed cylinder in the 4th row reflects 
the efficiency variation axially in a “zebra pattern” when 
the normalization is not applied (left image). These 
artifacts are greatly reduced when the normalization is 
applied (right)
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daily QC, a better stability in image quality and 
quantification is achieved.

10.3.5  Activity Calibration

The final step in the calibration of a PET system 
is to perform an activity calibration. When the 
acquired emission data are reconstructed with all 
corrections applied, including normalization, 
scatter, and attenuation correction, the values in 
the resulting images are proportional to the 
activity concentration, but are typically not 
quantitative (i.e., in units of Bq/ml). It is therefore 
necessary to acquire a calibration scan in order to 
produce images that are quantitative and allow 
quantitative measurements. This is usually done 
by acquiring scan of a uniform cylinder phantom, 
filled with a known amount of activity. 18F and 
68Ge are the most commonly used isotopes for 
this purpose. Images of the phantom are then 
reconstructed, with all corrections applied (nor-
malization, scatter, attenuation, isotope decay). A 
volume of interest of the reconstructed phantom 
is then placed well within the borders of the 
phantom. This is used to determine the average 
phantom concentration expressed in arbitrary 
units (counts per second). Since the activity con-
centration is known from either the manufacture 
of the 68Ge cylinder or by a careful assay of the 
18F dose in a dose calibrator, knowing the volume 
of the phantom used in the calibration, the cali-
bration factor can then be calculated from

 

Act Cal Factor

Phantom Activity
Phantom Volume

VOI Counts/s
ROI V

. . =
oolume  

 (10.2)

It is important that the branching fraction of the 
isotope used in the calibration is included in the 
calculation of the calibration factor as well as the 
branching fraction of the isotope used in 
subsequent measurements.

It should be mentioned that a common source 
of error in the determination of the calibration 
factor comes from the activity in the phantom. If 
18F is used, the activity is usually determined 

using a dose calibrator. Studies have shown that 
there can be a large variation in the determina-
tion of the calibration factors which can be 
traced back to how well the dose calibrator itself 
is calibrated and how the dose is assayed [10] 
[11]. In the past, the activity concentration in 
68Ge cylinders had a relatively large uncertainty 
due to the lack of available NIST traceable stan-
dards of 68Ge for dose calibrators. In recent 
years, NIST traceable standards have become 
available, which allow a more accurate calibra-
tion of the PET system [12]. The accuracy of the 
activity calibration is of great importance in 
multicenter trials, where data of subjects imaged 
on several different PET systems at different 
sites are used in quantitative studies for the eval-
uation of, for instance, response to new thera-
pies. A large variation in the system calibration 
between the different systems could potentially 
mask out an actual physiological response when 
the data from the subjects are pooled together for 
analysis. As will be discussed later in this chap-
ter, there are additional QC steps needed when 
using PET in multicenter trials.

10.4  Acceptance Testing

Acceptance testing is the rigorous testing a user 
would perform of a system when it has been 
installed and handed over to the user for clinical 
use. The purpose of the acceptance testing is to 
make sure that the system is fully operational and 
is performing to the manufacturer’s specifica-
tions. The test results from the acceptance test 
should also be used as a reference for future 
testing (e.g., annual performance testing) to make 
sure the system performance has not degraded 
since the time of installation.

NEMA has in collaboration with scientists and 
manufacturers of PET scanners developed guide-
lines and a set of tests that are used to specify the 
performance of a PET system. These standardized 
tests were initially developed to allow a relatively 
unbiased comparison of the performance of PET 
systems of different designs. These tests have also 
become the core of the tests that are performed in 
the acceptance test of a newly installed system. 
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As PET systems have evolved over the years, so 
have the NEMA specifications and the latest doc-
ument is the NEMA NU 2–2012 [13]. These tests 
include a series of tests that are described in the 
sections below. For a more detailed description of 
each test, the reader is referred to the NEMA 
NU-2 document.

Although most PET systems manufactured 
today are hybrid systems such as PET/CT and 
PET/MRI systems, NEMA has chosen to only 
specify tests for the PET component and not for 
the system as a whole. Some suggested additional 
measurements are included below which tests the 
system as a whole. Chapter 2 covers some details 
about the CT component.

10.4.1  Spatial Resolution

Unlike a scintillation camera, the spatial 
resolution is not expected to degrade due to the 
aging of the scintillation crystal itself since the 
crystal materials used in PET systems are not 
hygroscopic. However, other components of the 
block detectors do age over time, such as the 
PMTs, which may result in a loss in spatial 
resolution. It is therefore important to have a 
reference of the spatial resolution, which can be 
used as indicator of detector degradation as the 
system ages.

The spatial resolution measurements as 
specified by NEMA represent the lower limit of 
the resolution that can be achieved on the system 
and do not represent the resolution of clinical 
images. Since the spatial resolution of PET 
system varies across the FOV, measurements of 
the resolution are performed at different positions 
in the FOV (see Fig. 10.7). The measurements are 
performed with a set of point sources of 18F with 
a physical extent of less than 1 mm in diameter 
(radially and axially). The sources used for these 
measurements are made by filling the tip of a 
capillary tube (1 mm inner diameter and 2 mm 
outer diameter) such that the axial extent of the 
source is less than 1 mm. Measurements of the 
source should be performed at 1, 10, and 20 cm 
horizontal or vertical offsets, where the 1 cm 
offset represents the center of the FOV. It is worth 

mentioning that the locations of the point source 
measurements have changed since the previous 
NEMA 2–2007 document [14], where the 
resolution measurements were limited to within 
10 cm of the central FOV. Extending the 
measurements out to a radial offset of 20 cm adds 
a measure of the spatial resolution toward the 
edge of the FOV where there is a significant 
degradation in resolution, which is relevant for 
whole body imaging.

Two sets of measurements should be acquired, 
where the source is positioned at the center of 
axial FOV and at 3/8 offset from center of the 
axial FOV (or 1/8 of the axial FOV from the edge 
of the FOV). In order to minimize secondary 
effects on the spatial resolution (e.g., pulse pile-
up), the activity in the source should induce less 
than 5 % dead-time and the randoms rate should 
be less than 5 % of the total event rate. For each 
data point, enough counts should be acquired at 
each position to ensure that a smooth and well-
defined point- spread function can be generated 
from the acquired data. Typically at least 100,000 
counts should be acquired.

The data acquired from the point sources are 
then reconstructed using filtered back projection 
(FBP) without any filtering, to ensure that the 
measurements as close as possible reflect the 
intrinsic resolution properties of the scanner. 
Resolution measurements in all three spatial 
directions (radial, tangential, and axial) are 
derived from orthogonal profiles through the 
point source in the reconstructed images and are 
reported as FWHM and FWTM. The NEMA 
specifications state very specifically how these 
measurements should be performed. The axial, 
radial, and tangential spatial resolutions for the 
three radial positions, averaged over the two 
axial positions, are reported as the system spatial 
resolution.

10.4.2  Scatter Fraction

The scatter fraction (SF) is a measure of the con-
tamination of the coincidence data by photons 
that have scattered prior to being detected. If not 
corrected for, the scattered events will result in a 
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loss in image contrast. Although scattered events 
can be corrected for, this usually results in an 
increase in image noise and/or bias. The SF is 
highly dependent on the source geometry and 
scattering environment as well as instrumentation 
parameters such as system geometry, shielding, 
and energy thresholds. To measure the SF accord-
ing to the NEMA specifications, a catheter source 
is placed at 4.5 cm vertical offset inside a 20 cm 
diameter and 70 cm long polyethylene phantom, 
which is placed at the center of the FOV. The SF 
is defined as the number of scattered to total 
events measured and is estimated from the sino-
gram data of the line source. It is important that 
the data is acquired at a low count rate to mini-
mize the influence of dead time and random coin-
cidences on the estimate. In the analysis of the 
projection data, only data within the central 24 cm 
of the FOV is considered. A summed projection 

profile of the line source is generated from all the 
projection angles in the sinogram. Prior to sum-
mation, the projection at each angle has to be 
shifted in such a way that the pixel with the high-
est intensity is aligned with the central pixel in the 
sinogram (see Fig. 10.8). From the summed pro-
jection, the scatter is estimated by first determin-
ing the counts at 20 mm of either side of the peak 
(Fig. 10.8). These two values are then used to cre-
ate a trapezoidal region under the peak. Scatter is 
defined as the total counts outside the 20 mm cen-
tral region and area of the trapezoidal region 
under the peak. The SF is then simply the scatter 
counts divided by the total counts in the summed 
profile. This calculation is performed for each 
slice of the system and for the system as a whole. 
If data are acquired in 3-D, the sinograms have to 
be binned into 2-D data sets using single-slice 
rebinning (SSRB) [19] prior to the analysis.

Fig. 10.7 NEMA spatial resolution measurements. The 
NEMA protocol specifies that the spatial resolution of a 
PET system should be measured at six different points in 
the system. The measurements should be taken at three 

radial offsets: 1 cm, 10 cm, and 20 cm at the axial center 
of the FOV (left figure). These measurements are then 
repeated at a 3/8 offset of the axial FOV
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10.4.3  Count Rate Performance 
and Correction Accuracy

The count rate performance of a PET system is a 
measurement that determines the count rate 
response of the system at different activity levels 
in the FOV. For this measurement, the same 
phantom used for the scatter fraction measure-
ments is used (i.e., a 20 cm diameter and 70 cm 
long polyethylene phantom). The catheter is 
filled with a known amount of 18F, carefully 
assayed in a dose calibrator, and the total length 
of the source should be 70 cm. The amount of 
activity in the source at the start of the measure-
ment should be high enough so that the peak 
count rate of the system is exceeded. Count rate 
data are then collected at regular time points as 
the source decays until the dead-time losses in 
the true event rate is less than 1 %. Data should be 
collected frequent enough so that the peak count 
rate can be accurately determined. If possible, the 
acquisition should be configured in such a way 
that random coincidences are acquired separately 
from the prompt coincidences, which allows for a 
more straightforward analysis of the count rates. 
If not possible, the NEMA documents provide an 
alternative approach.

From the collected data, count rate curves 
should be generated, which includes the system 
true count rate (T), system random count rate (R), 
system scatter count rate (S), system total count 
rate (TOT), and system noise equivalent count 
rate (NEC). The NEC [15] is calculated using

 
NEC =

+ +
T

T S kR

2

 

where k is 1 for a system that acquires randoms 
separate from prompt coincidences and 2 for sys-
tem that subtracts the randoms directly during the 
acquisition. The NEC is a valuable performance 
metric that has been shown to be proportional to 
the signal-to-noise ratio of the reconstructed 
images [16, 17]. From the count rate curves, the 
following metrics should be derived: maximum 

Fig. 10.8 The NEMA protocol specifies that the scatter 
fraction is measured with a line source placed at a 4.5 cm 
vertical offset inside a 20 cm diameter and 70 cm long 
cylindrical polyethylene phantom, placed at the center of 
the FOV. A typical sinogram of the line source is shown 
in the top figure. Each row or projection line in the sino-
gram is shifted in such a way that the pixel with the high-
est intensity is aligned with the central pixel in the 
sinogram. All the rows are then summed to form a 
summed projection profile. The scatter counts are all the 
counts outside the 40 mm central region plus the trape-
zoidal section under the peak. The scatter fraction is the 
scatter counts divided by the total counts
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true count rate and at what activity this is reached 
and maximum NEC rate and at what activity this 
is reached.

The count rate data is also used to determine 
how accurately the system can correct for dead 
time at high activity levels in the FOV. The dead- 
time correction is typically incorporated as part 
of the numerous correction applied to the data 
before and during the image reconstruction. For 
each image slice and time frame, the average 
count rate (Rimage) is determined within a 180 mm 
diameter regions of interest (ROI). This value is 
compared to a “true” average count rate (Rtrue), 
which is determined from an average of image 
count rates at activity concentrations less than or 
equal to where the peak NEC is reached. The 
relative count rate error is then derived for image 
slice and frame:
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The maximum error or bias below the activity at 
which the maximum NEC is reached should be 
reported.

10.4.4  Sensitivity

The sensitivity of the PET scanner is the count 
rate of the system for a given amount and 
distribution of activity in the FOV. According to 
the NEMA specifications, the sensitivity of the 
PET system should be measured with a 70 cm 
long thin catheter filled with activity. The activity 
in the source should be low enough to minimize 
any dead time in the system (preferably less than 
1 % and a random rate less than 5 % of the true 
coincidence rate). The sensitivity is calculated as 
the total count rate of the system divided by the 
activity in the catheter. To ensure that all positrons 
annihilate near the location of the radioactive 
decay, the catheter source has to be placed inside 
a sleeve such as an aluminum sleeve that stops all 
positrons. This sleeve will unfortunately also 
attenuate some of the annihilation photons, which 
prevents a direct measurement of the sensitivity 
in air. To estimate the attenuation-free sensitivity 

in air, NEMA has adopted the method first 
described by Bailey et al. [18]. By successive 
measurement of the count rate, using sleeves of 
known thickness, the attenuation-free sensitivity 
in air can be estimated by exponentially 
extrapolating the count rate to zero sleeve 
thickness (see Fig. 10.9).

The measurement of sensitivity is performed 
both at the center and at a 10 cm radial offset and 
reported for the system as a whole (i.e., total 
counts acquired by the system). The individual 
plane sensitivity should also be reported and is 
derived from the data acquired at the center 
position. For a system acquiring data in 2-D, the 
plane sensitivity is straightforward to determine 
since the data are directly sorted into individual 
planes. The plane sensitivity is simply the total 
count rate in each plane divided by the activity in 
the 70 cm long source. For a system acquiring 
data in 3-D, the plane sensitivity is determined by 
first sorting the 3-D sinograms into 2-D sino-
grams using SSRB. The plane sensitivity is then 
calculated from the rebinned sinograms.

Fig. 10.9 NEMA sensitivity (extrapolation back to zero 
thickness). The sensitivity according to the NEMA 
protocol is determined from successive measurements of 
a 70 cm line source of known activity placed inside 
aluminum sleeves of known thickness. To estimate the 
attenuation-free count rate in air is estimated by 
exponentially extrapolating the measured count rates back 
to zero sleeve thickness. The sensitivity is then the 
attenuation-free count rate divided by the activity in the 
line source
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10.4.5  Systems with Intrinsic 
Background

The detector materials used in the latest 
generation of PET systems are lutetium-based 
scintillators. LSO was the first lutetium-based 
scintillator and was discovered in 1992 [20]. LSO 
is an almost ideal detector material for PET in 
that it is dense, bright, and fast scintillator. Since 
the initial discovery, lutetium-based scintillators 
with similar properties as LSO have been 
manufactured, such as LYSO and LGSO. The 
lutetium-based scintillators have allowed the 
manufacturers to produce PET systems that allow 
3-D and TOF acquisition. One of the slight 
drawbacks of all lutetium-based scintillator is 
that they all contain a natural background 
radioactivity originating from 176Lu. The decay of 
176Lu results in a significant intrinsic background 
coincidence count rate in the system, which is not 
observed in systems using traditional PET 
scintillators such as BGO. The background 
coincidence count rate is primarily due to 
randoms, but there is also a small contribution of 
true coincidences. These are produced by 
coincidences between a beta particle absorbed in 
the local detector and the absorption in a distant 
detector of a gamma that is also emitted in the 
beta decay of 176Lu. The distribution of these 
events is uniform across the FOV, and the count 
rates from these are on the order of 1000 cps, 
without any objects in the FOV. This count rate is 
dependent on the energy window used, and with 
attenuating objects in the FOV, the contribution 
from these events will be attenuated. The 
contribution of these events in clinical imaging 
can in general be considered negligible since the 
contribution from emission counts of the patient 
in the FOV is several orders of magnitude higher 
[21]. Nevertheless, the presence of the 
coincidences generated by 176Lu background 
makes it necessary to modify the original NEMA 
procedure in order to minimize the influence of 
the background on the results.

The procedure for estimating the scatter 
fraction states that the measurement is measured 
as part of the count rate performance test, using 
data from the test where the randoms to true 

count rate is less that 1 % (i.e., a near randoms 
free condition). For a system with lutetium-based 
scintillator, this condition is impossible to achieve 
due to the background radiation. Using the 
original NEMA protocol for estimating the 
scatter fraction would result in an overestimation 
of the scatter fraction, due to the randoms rate 
from the 176Lu background [22]. It is therefore 
suggested that the protocol is modified in such a 
way that the prompts and randoms are both 
measured and stored. Randoms free data (i.e., net 
trues) can then be produced by subtracting the 
measured random coincidences from the prompt 
coincidences. This data can then be used to 
estimate the scatter fraction. Since this is part of 
the count rate performance test, this method 
allows the estimation of the scatter fraction as a 
function of count rate.

For the sensitivity measurements, it is 
necessary to correct the prompt coincidences in 
the same manner as described above. It may also 
be necessary to correct the true coincidence data 
for the true coincidences produced by 176Lu 
background since the background may not be 
negligible compared to the count rate from the 
line source. To perform the correction, a blank 
scan is acquired without phantom or source in the 
FOV. This count rate is then subtracted from the 
count rate in the line source measurements.

A more complete discussion of the concerns 
and special considerations for NEMA 
performance testing of scanners using lutetium- 
based scintillators can be found in [21]. Detailed 
results and discussion from a modified NEMA 
performance test of a system using LSO 
scintillators can be found in [23].

10.4.6  Image Quality

The NEMA document also specifies an image 
quality test, which serves to provide an overall 
assessment of the imaging capabilities of the 
system under similar conditions as a clinical 
whole body scan. This test uses a chest-like 
phantom, sometimes referred to as the NEMA 
image quality phantom or IEC phantom, which 
contains six fillable spheres with diameters 
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between 10 and 37 mm and a 50 mm diameter 
low-density cylindrical insert to simulate the 
lower attenuation of the lungs. This test also uses 
the 20 cm diameter and 70 cm long phantom used 
in the count rate and scatter fraction test. This 
phantom is placed adjacent to the chest phantom 
with activity in the catheter that serves as a source 
of out-of-field background activity as one would 
expect in clinical whole body imaging conditions. 
The phantom should be filled with a background 
activity concentration of 5.3 kBq/ml (0.14 μCi/
ml) of 18F, which corresponds to typical whole 
body injection of 370 MBq (10 mCi) into a 70 kg 
patient. The line source in the 70 cm long 
phantom should be filled with 116 MBq 
(3.08 mCi) of 18F, which yields approximately the 
same activity concentration as in the chest 
phantom.

The two largest spheres should be filled with 
cold water to allow an evaluation of cold lesion 
imaging. The remaining spheres should be filled 
with an activity concentration that is four times 
the background concentration for evaluation of 
hot lesion imaging. NEMA also recommends 
that this test also should be performed at 8:1 
lesion to background ratio. The acquisition time 
of the phantom should be selected to simulate a 
whole body scan covering 100 cm in 30 min. 
Because of the relatively high noise levels in the 
resulting image, it is recommended that three 
replicate scans are acquired of the phantom, 
where the scan time in each replicate is adjusted 
for the decay of the isotope.

The acquired data is then reconstructed using 
the standard protocol that a site uses for routine 
whole body imaging. The images are then 
evaluated in terms of:

• Hot sphere contrast (four values)
• Cold sphere contrast (two values)
• Background variability for each sphere (four 

values)
• Attenuation and scatter correction (one value 

for each image slice)

NEMA describes in great detail how the 
phantom is to be analyzed, including placement 
and dimensions of ROIs for the derivation of 

these values, and the reader is referred to the 
NEMA document to the details.

The manufacturers of PET systems do not 
specify the values or ranges of expected values of 
the parameters derived from the image quality 
test for a specific scanner. One of the reasons for 
this is the large number of factors that will 
influence the values, especially acquisition and 
reconstruction parameters, which are specific to 
each imaging site. However, one of the primary 
values in this test is that it provides a baseline 
imaging performance values that can be used for 
comparison as the system ages. Due to the 
complexity of the test, it is of great importance 
that all imaging parameters, such as phantom 
activities, acquisition times, and reconstruction 
parameters, are well documented so the test can 
be reproduced at a later time.

The image quality test is also a good starting 
point to optimize existing or develop new imaging 
protocols. Using the acquired data sets, the effect 
of reconstruction parameters in contrast and 
noise can be evaluated.

10.4.7  Other Tests

In addition to the NEMA tests described above, 
there are a number of other tests a user might 
perform on the system. The purpose of these tests 
is to determine that the system is operational and 
to check that corrections applied to the data are 
producing images that are free of artifacts and 
also are quantitatively accurate. These tests may 
also be used as a reference for the long-term 
evaluation of the system and may be used as part 
of an annual performance testing.

10.4.7.1  Image Uniformity
Uniformity was part of the first NEMA specifi-
cations for the performance testing of PET 
scanner [24]. This test was for various reasons 
dropped in later revisions of the NEMA speci-
fication, but the tests still have some merits in 
terms of testing an individual PET scanner, 
since it can reveal problems in the processing 
chain of generating an image. This test involves 
imaging of a uniform phantom (typically 20 cm 
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diameter and 20 cm or longer axially). At least 
20 million counts/slice should be acquired and 
then reconstructed with FBP without filtering, 
but with all corrections applied (i.e., scatter, 
attenuation, and normalization). The high 
number of counts is necessary in order to better 
visualize any subtle problems in the correc-
tions that otherwise might be masked by statis-
tical noise.

The images can either be evaluated by visual 
inspection or quantitatively as described in [24]. 
During a visual inspection, any signs of concentric 
ring artifacts are typically a sign of issues in the 
normalization. This type of artifact could also 
originate from detector pileup if the amount of 
activity in the phantom is too high. It is therefore 
important that this test is performed at an activity 
level that does not produce more than 10–20 % 
dead time in the system.

It is also suggested that horizontal and vertical 
profiles through the phantom are generated to 
ensure that activity profile is flat and uniform. 
Any asymmetries may be the result of an incorrect 
attenuation correction (e.g., misalignment of the 
CT-generated attenuation correction and the 
emission data). Any increase or decrease in the 
activity profile toward the center may be the 
result from a problem in the scatter correction or 
the attenuation correction.

10.4.7.2  Overall Imaging 
Performance

As an alternative to the NEMA method, to eval-
uate the overall imaging performance of the sys-
tem is to use a phantom like the Jaszczak 
phantom. Using this phantom, the lesion con-
trast, uniformity, and spatial resolution can be 
fairly quickly evaluated semiquantitatively. The 
phantom should be filled with an activity con-
centration that is close to what is used on the 
system clinically. The phantom should then be 
imaged and reconstructed using typical clinical 
imaging protocols (e.g., whole body and brain). 
This test would show the typical expected imag-
ing performance during routine imaging.

A high statistic scan may also be useful to 
evaluate “best possible” imaging performance. 
This may also reveal artifacts from corrections 

that otherwise might be masked by statistical 
noise. Both the typical and high statistic images 
can then be used as reference images when 
evaluating the imaging performance as the 
system ages.

10.4.7.3  Quantification
Since most sites use the data from a PET scan-
ner to generate quantitative values such as the 
standardized uptake value or SUV [25], it is 
important that the quantitative accuracy of the 
system is tested. This is done by imaging a 
uniform phantom, of known volume, filled 
with a known amount of activity. Images of 
the phantom are then reconstructed with all 
corrections applied. The images are analyzed 
by drawing regions of interest (ROIs) on each 
image slice, typically a centrally placed circu-
lar region with a diameter that is well within 
the edge of the phantom. The measured activ-
ity concentration from the ROI analysis is 
then compared with the calibrated activity 
concentration, decay corrected to the same 
reference time as the phantom scan (typically 
scan start time). Most workstations designed 
for the analysis of PET images provide values 
in SUV, and this test may also reveal issues in 
the calculation of the SUV or more likely 
issues in data entry of relevant parameters 
(calibrated activity, time of calibration, and 
phantom weight or volume) when the scan 
was acquired. If all parameters were entered 
correctly, then the SUV values should not 
deviate from 1.0 more than 5–10 % for a prop-
erly calibrated system.

10.4.7.4  Bed Motion
Since most PET/CT system is used for whole 
body imaging, the bed motion should be tested to 
make sure the movement and assembly of the 
multiple data sets do not introduce artifacts. This 
test can be performed with a uniform cylinder 
phantom that is placed in such a way in the FOV 
that is necessary to image the phantom in two or 
more axial bed position. Once the images have 
been reconstructed and assembled into a whole 
body image set, the images are visually inspected 
for artifacts. In addition, an axial count profile 
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from a centrally placed ROI in the images of the 
cylinder can also be helpful to reveal problems in 
the assembly of the multiple bed position. Any 
problem with the bed movement would be 
manifested in an increased nonuniformity in the 
region where the adjacent image sets are 
assembled.

A phantom with internal structures, such as 
the Jaszczak phantom, can also be useful in 
detecting problems in the bed motion assembly 
of the image sets. In this case the phantom has 
to position in such a way that the structures to 
be evaluated are in the part of the FOV where 
the adjacent bed positions overlap. Any issues 
with the bed motion would be seen as distor-
tions such as discontinuities in the coronal and 
sagittal views of the final assembled images.

One manufacturer recently introduced a con-
tinuous bed motion as an alternative to the con-
ventional step-and-shoot bed motion [26]. To 
verify that this bed motion is working properly, 
one could image a phantom with a resolution 
pattern such as the Jaszczak or Derenzo phan-
tom. In this case the axis of the phantom has to 
be rotated 90° to the axis of the scanner so the 
resolution pattern is visualized in the coronal 
view of the final images. In this case the images 
would be inspected for potential losses in resolu-
tion and image distortions and should be com-
pared to corresponding images acquired as a 
single static bed position.

10.4.7.5  Image Registration
Most modern PET systems are multimodality 
systems such as PET/CT systems and in recent 
years PET/MRI systems where the images 
from the two modalities are fused in the diag-
nostic readout. It is therefore important that the 
images from the two modalities are spatially 
registered. Another reason image registration 
is of importance is that the images from the CT 
(or MRI) are used to generate the attenuation 
correction and any mis-registration could 
introduce image artifacts and quantitative 
errors. There are several methods for perform-
ing the image registration calibration and how 
to check the registration. One manufacturer 
uses a set of angled line sources that are imaged 

on both the PET and CT systems. From the 
reconstructed PET and CT images, a transfor-
mation matrix (three translations and three 
rotations) is generated to which is used to reg-
ister the two image sets. Another manufacturer 
uses a set of distributed glass spheres imbed-
ded in a foam phantom that is imaged the PET 
and the CT systems. In this case the PET scan-
ner generates a transmission image by using a 
built-in rotating pin source. Similarly, from the 
two reconstructed image sets, a transformation 
matrix is generated that allows the registration 
of subsequent image acquisitions.

Under normal circumstances, the transforma-
tion matrix should not change over time if since 
the image gantries are fixed relative each other. 
However, during service of a system, the gantries 
are usually physically separated, and the calibra-
tions need to be repeated once the system is reas-
sembled. Although the calibration procedure for 
the registration calibration is very robust, it is rec-
ommended that the registration is checked from 
time to time. One method is to image a series of 
point sources placed at different positions in the 
FOV. It is important that the sources can be visu-
alized on both the PET and CT systems, which 
can be accomplished by using, for instance, 68Ge 
or 22Na source mixed with iodine. The position of 
each source in FOV of the PET and CT images 
can then be calculated using, for instance, a center 
of mass calculation, and the position of each 
source is then compared between the two image 
sets. For a well-calibrated system, the error should 
not be more than about a millimeter. Since point 
sources mixed with iodine may not be readily 
available, a registration check can also be per-
formed using a phantom with some built-in struc-
tures such as spheres. This could, for instance, be 
a Jaszczak phantom with fillable spheres or the 
NEMA image quality phantom. The spheres in 
these phantoms can then be filled with a mixture 
of 18F and iodine contrast and imaged on the sys-
tem. The registration of the two image sets can 
then either be checked visually by fusing the PET 
images with the contrast-enhanced CT images or 
by calculating the center of mass of each sphere in 
the two image sets, and the registration error can 
be quantified.

M. Dahlbom



249

10.4.7.6  PET/MRI
Combined PET and MRI systems have been 
recently developed by all major manufacturers of 
PET systems [27, 28]. The tests for these systems 
are basically the same as the test performed on a 
PET/CT (e.g., NEMA test, image/gantry 
registration, quantification). One of the main 
challenges in combined PET/MRI systems is the 
derivation of an accurate attenuation map for the 
object to be imaged. Unlike CT images, the MRI 
images do not provide information regarding the 
photon attenuation properties of the object. 
Although in many situations the use of appropriate 
pulse sequences together with sophisticated 
segmentation techniques using a priori 
information about the imaged object, fairly 
accurate attenuation maps can be generated. 
However, a major complication arises when an 
object does not produce a signal in the MRI 
scanner such as bone in patients and the plastic 
used in phantom. These objects will appear as 
voids in the MRI image, and as a consequence, 
most algorithms for producing an attenuation 
map would incorrectly consider these objects to 
have zero attenuation. This will result in an 
undercorrection of the emission data and will 
result in an underestimation of the activity 
concentration in the reconstructed PET images. 
In the worst scenario, this may also lead 
reconstruction artifacts.

For phantoms, the amount of attenuation from 
the container or other solid structures can be 
added to the MRI-generated attenuation map by 
using data from separately acquired CT images. 
In order to avoid reconstruction artifacts, the 
attenuation map derived from CT images has to 
be accurately registered to the MRI images.

Another source of attenuation in PET/MRI 
scanners is the presence of transmission and 
receiver coils, which are essential in the 
acquisition of the MR images. These coils are 
typically placed in close vicinity of the object 
that is imaged and are therefore inside the FOV 
of the PET scanner. Since these coils are not 
visualized in the MRI images, they would not 
contribute to an MRI-derived attenuation map. 
The amount of attenuation of these coils would 
cause depends on the design and materials used 

in the construction of the coil. Some of the coils 
used for whole body imaging are very thin and 
are made of low attenuating materials and 
therefore have almost a negligible amount of 
attenuation. If the coil has produced a significant 
amount of attenuation, a CT-derived attenuation 
map of the coil can be added to the MRI-derived 
attenuation map. This requires that the coil is 
rigid and is placed at a fixed and known position 
during the scan (e.g., a head coil).

10.5  Routine Quality Assurance

Routine quality assurance tests are performed to 
verify that the system is operational for routine 
imaging. It will also ensure that a consistent 
image quality is maintained and that image 
quantification is reliable and accurate. These tests 
are designed to give the operator an overall 
assessment of the status of the system and 
whether it can be used for imaging or not. 
Although the particulars of these routine QC tests 
are manufacturer specific, the basic test are in 
general very similar and common to all systems.

10.5.1  Daily Tests

Common for all PET systems, independence of 
manufacturer is a test of the detector system that 
should be performed every day, prior to scanning 
the first patient. This is analogous to the daily 
flood image that is acquired on a conventional 
scintillation camera. Depending on the 
manufacturer, this test is either performed with a 
uniform cylinder source or a built-in rotating line 
source filled with a long-lived positron emitter 
such as 68Ge. The idea is to expose all detectors in 
the system to a uniform flux of annihilation 
photons. The collected data are then presented to 
the user either as a series of sinograms or a 
display of the counts collected by each detector 
element (i.e., fan sum). An example of this is 
shown in Fig. 10.10, where four out of the total 
109 sinograms of a uniform 68Ge are shown in the 
upper half of the figure. The lower part of the 
same figure shows the fan-sum counts for all of 
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the detectors in the systems, shown as a gray- 
scale image. The diagonal lines in green and 
yellow in the sinogram are the fan sums for a pair 
of detectors in the system. The locations of these 
detectors are also indicated in the fan-sum count 
image. This figure illustrates a fully functional 
system. The dark diagonal lines seen in the 
sinograms are normal for this system and are not 
an indication of failing detector elements. The 
variation in the fan sums is also normal for this 
system. This particular system has four rings of 
block detectors with 48 blocks in each ring, and 
the efficiency of the detector elements at the edge 
tends to be less efficient compared to the centrally 
located elements. This drop in efficiency is the 
explanation for the lower number of counts 
between each detector module and detector ring.

As described earlier in this chapter, this will 
give the operator a quick feedback whether the 
system is operational or not and whether there are 
some apparent deficiencies in the system such as 
a failing detector module. A trained operator may 

also detect more subtle changes in the system 
such as a drift in the energy thresholds or detector 
gains by changes in patterns in the sinograms 
(e.g., appearances of cold or hot diagonal streaks). 
The daily flood test performed on most PET 
system is very sensitive in detecting the most 
common problem seen in a PET system (i.e., 
detector failures).

One manufacturer uses a calibrated 68Ge 
cylinder source as the source for the daily 
QC. This source is placed at the center of the 
FOV, and a fixed number of true coincidence 
counts are acquired every day. This data set is 
used not only to check that all the detectors are 
operational but also to generate a new 
normalization file and calibration factor every 
day. By generating a new normalization every 
day, small drifts in the detector system can be 
corrected for without the need of any detector 
adjustments or tuning. Measuring the calibration 
factor every day allows the long-term stability of 
the system to be tracked, and any large change 

Fig. 10.10 Example of the presentation of the sinograms 
(4 out of 109) and the fan-sum counts displayed as a gray- 
scale image (bottom) from a normal QC scan of a cylinder 
phantom. The yellow and green diagonal lines indicate two 
specific detector elements in the system and are also indi-

cated with their corresponding locations in the fan- sum dis-
play. Any detector problem would be seen in the sinogram 
as illustrated in Fig. 10.5, with corresponding dark or hot 
spots in the fan-sum image (Note: the repetitive pattern or 
dark diagonal lines are normal for this particular system)
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may indicate that the system is in the need of 
retuning or might possibly be a sign of a hardware 
failure (e.g., failing high-voltage supply).

Figure 10.11 shows the output from a 
successful QC scan. The top window tells the 
operator that the system has passed all the QC 
tests. A more detailed report of the results of the 
test can also be generated which is shown in the 
bottom window. In case of a failure, this report 
will tell the user what part of the QC test that 
failed. This will provide guidance whether the 
problem can be easily resolved (e.g., repeat the 
QC scan after repositioning the phantom) or 
whether the system is in need of service.

10.5.2  Monthly/Quarterly Tests

Since a PET system is used to provide quanti-
tative images, the quantitative accuracy should 
be tested. Most modern PET systems tend to be 
very stable in terms of detector drifts; this test 
is typically only necessary to perform quar-
terly. It is recommended that quantitative accu-
racy is tested after a major service or detector 
adjustments. As described earlier, this is tested 
with a uniform cylinder phantom filled with a 
known amount of activity. ROI analysis is then 
used to compare the activity concentration in 
the reconstructed images to the actual assayed 
activity concentration. It is important to point 
out that this test should not be performed with 
the same phantom used for the determination 
of the calibration factor (e.g., the 68Ge phantom 
used in the daily QC) since this would not 
reveal any problems in the quantitative 
accuracy.

10.5.3  Annual Tests

It is recommended that a more thorough test is 
performed on the system on an annual basis. In 
the US, this is required by the ACR as part of 
PET scanner accreditation. The main purpose of 
the annual test is to ensure that the imaging prop-
erties of the system have not degraded. The 
annual test does not have to be as rigorous as the 

acceptance test, but it is a good idea to perform at 
least a subset of these tests. An overall imaging 
performance test using, for instance, a Jaszczak 
phantom or ACR accreditation phantom allows 
for a quick evaluation of the spatial resolution, 
contrast, and uniformity. This test should be per-
formed using the same phantom and under simi-
lar conditions as the acceptance testing. This 
allows a comparison of the performance since the 
time of installation and could reveal any degrada-
tion in imaging performance.

It is also recommended to perform the spatial 
resolution, sensitivity, and scatter fraction tests. 
Any significant changes in the measured values 
over time may be an indication that the system 
may be in the need of a readjustment of detector 
LUTs and energy thresholds.

A count rate performance test is a good way to 
ensure that the whole system is operational under 
somewhat extreme count rate conditions. In a 
way, it can be seen as a stress test of the system, 
since it requires that the whole system is fully 
functional from the front-end detectors, through 
the processing electronics to the final data 
storage.

10.5.4  Tests for Clinical Trials

Quantitative PET imaging is becoming 
increasingly important in various clinical trials in 
the evaluation of new cancer therapies. The most 
commonly used semiquantitative index in PET 
imaging is the SUV, which is a simplified measure 
of glucose metabolism. The SUV has been used 
extensively to characterize lesions and to 
differentiate between malignant and benign 
lesions and for the assessment of therapy response 
[29–33]. The SUV is defined as the tissue 
concentration of the tissue activity divided by the 
activity injected per body weight:

 

SUV
VOI Bq ml

Bq Body Weight kginjected

=
[ ]

[ ] [ ]
/

/A
 

where VOI is the activity within a volume of 
interest and Ainjected is the total injected activity 
decay corrected to the time same as the VOI 
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Fig. 10.11 Example of the results of reports from the 
daily QC from a Siemens PET/CT system. The top figure 
tells the user that the system passed all the daily QC tests 
and that the systems are operational. A more detailed 

report is also produced which would provide information 
what test(s) did not pass and could also give insight to 
what might cause the QC to fail
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measurement. Using the SUV as a quantitative 
index is very attractive from a practical point of 
view since it eliminates the complexities of 
traditional quantitative study protocols used in 
PET. These studies involve applying a 
pharmacokinetic model to the dynamically 
acquired PET data. These types of studies are 
typically limited to single organ studies and are 
typically length and labor intensive to perform. 
On the other hand, the SUV is very sensitive to a 
number of factors that may introduce unacceptable 
large errors. For instance, it is very important that 
all clocks used to record relevant time points (i.e., 
dose assay time, injection time, and scan start 
time) are synchronized. Furthermore, the SUV 
has been shown to be very sensitive to the uptake 
time where the SUV in lesions tend to increase 
over time. The blood glucose level is another 
factor that will affect the SUV value.

In a clinical trial, a subject is typically scanned 
prior to the start of treatment. The subject is then 
imaged in one or more PET imaging sessions, 
either during or after the treatment. The change in 
SUV in a lesion is then used as an indicator of the 
efficacy of the drug.

In addition to keeping the imaging condi-
tion close to identical at each imaging session, 
it is also of great importance to maintain the 
quantitative accuracy and stability in quantifi-
cation of the PET system over time. Large 
studies are typically performed as multicenter 
trials, where the subjects are imaged at differ-
ent institutions and imaging centers. Although 
each individual patient is imaged at a specific 
imaging center and on the same scanner, the 
entire subject population is very likely to have 
been imaged on a range of different systems, 
each with its own specific imaging characteris-
tics. A major challenge in these multicenter tri-
als is therefore to ensure that data acquired on 
these different systems are quantitatively accu-
rate and comparable.

There are a multitude of factors that could 
affect the quantitative accuracy when collecting 
data from multiple systems [11]. Each system has 
its own imaging characteristics, such as spatial 
resolution, sensitivity, and image reconstruction 
algorithm used which all will affect quantification. 

The calibration accuracy and long-term stability 
of the system may differ between systems. There 
are numerous technical parameters that may 
affect the quantification, such as synchronization 
of clocks (i.e., scanner time and dose assay time) 
and cross calibration between the dose calibrator 
and the scanner.

To make sure data acquired at the different 
sites are comparable, it is therefore important that 
all the steps involved in performing a quantitative 
scan is standardized between imaging sites [34]. 
This includes patient preparation, assay 
techniques, uptake times, and imaging conditions. 
In addition, the image reconstruction and 
processing of the acquired data at the different 
sites should produce images that have comparable 
spatial resolution. This will ensure similar partial 
volume effects and SUV recovery, independent 
of imaging system. To achieve this, a phantom 
allowing recovery coefficient measurements is 
scanned on all systems used in the trial. A set of 
reconstruction parameters is determined that will 
produce a recovery curve that is approximately 
the same for all systems. These scanner-specific 
reconstruction parameters are then used for all 
the subjects imaged on that specific scanner.

It is also important that the quantitative accu-
racy of the systems used in the trial is monitored 
at regular intervals. At a minimum, this should 
be done quarterly with a uniform cylinder phan-
tom filled with a known amount of activity. To 
repeat the measurement of the recovery coeffi-
cients is typically not necessary since these are 
not likely to change over time, unless there is a 
major change to the reconstruction software.

10.6  Summary

Performing routine performance and QC tests on 
PET and PET/CT systems is important to ensure 
that the imaging system is operating properly and 
that the system is producing images of highest 
possible image quality. A thorough standardized 
acceptance test of the system, such as the NEMA 
tests, at the time of installation provides a 
reference point to which later tests can be 
compared to. By performing routine testing of 
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the system as the system ages, any degradation in 
performance and image and image quality can 
hopefully be caught and immediately rectified. 
As discussed in this chapter, an effective QC 
program can be implemented with a few relatively 
simple daily and less frequent (quarterly and 
annual) phantom scans. A routine and thorough 
QC program will ensure consistent image quality 
and stable quantitative accuracy is maintained.
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PET Image Reconstruction: 
Methodology and Quantitative 
Accuracy

Bing Bai and Evren Asma

Abstract

This chapter reviews the techniques devel-
oped for positron emission tomography 
(PET) image reconstruction and image prop-
erty analysis. Both mathematical theory and 
practical considerations are introduced. We 
focus on the commonly used methods on 
commercial PET scanners, in particular 
model-based statistical reconstruction meth-
ods. We also briefly describe data corrections 
necessary for PET image reconstruction, 
which are important for reducing artifacts 
and improving quantitative accuracy. Finally 
some recent developments are described, 
including the reconstruction of time-of-flight 
(TOF) PET data and direct parametric image 
reconstruction.

11.1  Introduction

The theory of image reconstruction from projec-
tions has been developed since the early twenti-
eth century [1] and flourished after the 
introduction of x-ray computed tomography (CT) 
[2]. Many methods have been proposed and 
implemented successfully for various imaging 
techniques including CT, positron emission 
tomography (PET), single-photon emission com-
puted tomography (SPECT), and magnetic reso-
nance imaging (MRI).
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Image reconstruction techniques can be 
broadly grouped into two categories: analytic 
and statistical methods. Analytic image recon-
struction methods model the PET data as line 
integrals through the image. An exact or 
approximate formula is sought to invert the 
x-ray transform [3]. Despite the fact that the 
line integral model is only a very rough approx-
imation to the underlying physics in PET and 
the fact that the statistical nature of measured 
data is ignored, analytic image reconstruction 
methods have been used extensively in clinical 
practice due to their speed. In the last 10 years, 
the rapid increase of computational power has 
also made model-based statistical reconstruc-
tion methods feasible for routine clinical stud-
ies. These methods employ system models to 
describe the scanner geometry and the data 
acquisition physics and statistical noise models 
to account for noise in the data. They use itera-
tive numerical optimization algorithms to max-
imize a chosen cost function to obtain the final 
reconstructed image. As a result of these physi-
cal and statistical models, images reconstructed 
using model-based statistical methods have less 
noise and higher resolution compared to ana-
lytic reconstruction methods. All recent com-
mercial PET scanners have model-based 
statistical reconstruction packages, and many 
clinics have switched to them for their routine 
clinical applications.

PET data acquisition involves counting of 
photon pairs as the radioactive isotope decays, 
which is a complex random process, and the data 
is usually very noisy. The spatial resolution of the 
data is limited due to the finite size of the detec-
tors and other physical factors including positron 
range and noncollinearity of the photon pair. In 
general it is not possible to achieve the best image 
resolution and minimize noise at the same time. 
Thus one important goal of image reconstruction 
is to optimize the tradeoff between image noise 
and resolution.

This chapter reviews the techniques devel-
oped for PET image reconstruction and image 
property analysis. We introduce both mathe-
matical theory and practical considerations, 

focusing on the methods commonly used on 
commercial PET scanners. We also briefly 
describe data corrections necessary for PET 
image reconstruction, which are important for 
reducing the artifacts and improving quantita-
tive accuracy. The details of these corrections 
can be found in other chapters. Finally some 
recent developments are given, including the 
reconstruction of time-of-flight (TOF) PET 
data and direct parametric image 
reconstruction.

11.2  Analytic Image 
Reconstruction

11.2.1  PET Data Formation 
and Storage

In order to understand the theory of PET image 
reconstruction, let us first describe briefly how 
PET data is acquired and stored.

PET scanners are typically composed of mul-
tiple detector rings. Historically PET data was 
acquired in 2D mode with lead or tungsten septa 
inserted between detector rings to only allow for 
coincidences within the same or neighboring 
rings to be recorded and to reduce the number of 
scattered events. Figure 11.1 shows one ring of a 
typical PET gantry. When two photons are 
detected in the scanner, they are processed 
through electronics to check for various criteria 
such as whether each photon has the right amount 
of energy (typically between 350 and 650 keV) 
or whether the photons have arrived almost 
simultaneously (within 5–6 ns or less of each 
other). If all criteria are satisfied, then the two 
photons are recorded as a coincidence event. 
Each coincidence event can be stored separately 
as is the case with “list-mode” data, or alterna-
tively, the total number of events detected at each 
detector pair can be stored. Usually such data is 
stored in a two-dimensional array for 2D PET 
indexed by radial element and view angle coordi-
nates and is called a sinogram because 
 measurements from a point source are concen-
trated on a sinusoid curve.
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In modern PET scanners, the septa were 
removed for 3D data acquisition to improve the 
system sensitivity. For 3D PET, the data can be 
stored either as projections indexed by (xr, yr, θ, 
ϕ) or equivalently as stacks of sinograms indexed 
by (s, ϕ , z, θ), as shown in Fig. 11.2. Data on 3D 
PET scanners are typically stored in the stacked 
sinogram format and sometimes compressed by 
adding the neighboring angles or sinograms 
together.

11.2.2  Filtered Backprojection

11.2.2.1  Line Integral Model 
and Central Slice Theorem

A simple model for PET data assumes that the 
number of events detected at each detector pair is 
proportional to the integral of the radioactivity 
along the line connecting the centers of the two 
detectors. This is the basis upon which analytic 
image reconstruction algorithms are developed. 
Here we illustrate the line integral model for the 
2D case.

Mathematically, the spatial distribution of the 
tracer is represented by a 2D continuous function 
f(x,y). Measured projection data can then be 
approximated by the discrete samples of the 
x-ray transform of f(x,y), which is defined by

 
p s f s t s t dt,f f f f f( ) = − +( )

−∞

∞

∫ cos sin , sin cos
  

(11.1)

where s is the distance of the projection line to 
the center and ϕ is the projection angle, as shown 
in Fig. 11.2b.

An important result that underlies analytic 
image reconstruction is the central slice theorem. 
In 2D, the central slice theorem relates the 2D 
Fourier transform of the image to the 1D Fourier 
transform of its x-ray transform p(s, ϕ), as illus-
trated in Fig. 11.3:
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where the 1D and 2D Fourier transforms are 
defined by
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This relationship shows in 2D that the Radon 
transform uniquely describes any Fourier trans-
formable image and that the image can be recon-
structed by forming its 2D Fourier transform 
according to (Eq. 11.2) and taking an inverse 2D 
Fourier transform. Although this is a straightfor-
ward way of reconstructing 2D images, it 
requires the interpolation of the image’s 2D 
Fourier transform onto a rectangular grid, and 
reconstructed image quality depends on the 
accuracy of the interpolation. As a result, direct 
Fourier reconstruction methods are not com-
monly used.

11.2.2.2  Backprojection Filtering
An image can be formed by integrating all the 
projections passing through a point and assigning 
the value of the integral to the point. This linear 
operation is called backprojection and can be 
expressed mathematically as:
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Fig. 11.1 One ring of a typical PET scanner and data 
processing
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It can be shown that this backprojected image 
corresponds to the original image smoothed by 
the “1/r” blurring in Fourier transform domain:

 
B Fx y x y x yw w w w w w, ,( ) = ( ) +/ 2 2

 
(11.5)

In order to recover the original image f(x), we 
can filter this backprojected image, and the over-
all approach is known as backprojection filtering 
(BPF). A common approach is to switch the order 
of the linear backprojection and filtering opera-
tions and to apply filtering to the 1D projection 
data (usually by convolution with the filter func-
tion in projection space) before backprojection, 
thus called filtered backprojection or FBP [4]. As 
shown in (Eq. 11.5), the reconstruction filter has 
a frequency response of |ω|. This so-called ramp 
filter amplifies high-frequency noise; therefore, 
in practice, a windowed ramp filter is used in 
FBP reconstruction and frequency components 
above a threshold (cutoff frequency) are set to 
zero. Frequently used window functions in 2D 
FBP include Shepp–Logan, Butterworth, and 
Hann windows [5, 6]. Figure 11.4 shows FBP 
images of a simulated NCAT phantom using dif-
ferent window functions.

11.2.3  Reconstruction of 3D PET Data

The 2D central slice theorem can be extended to 
3D PET, resulting in the derivation of 3D FBP 
[7]. However, due to the limited axial coverage of 
PET scanners, not all oblique projections are 
recorded, and therefore some oblique projections 
through the imaging volume are missing. As a 
result, a typical 3D PET scanner corresponds to a 
shift–variant system where FBP cannot be 
directly applied to reconstruct the data. 
Figure 11.5 shows a direct line of response (LOR) 
which is acquired in 2D PET, an oblique LOR 
acquired in 3D PET and a missing oblique LOR 
in 3D PET that is not measured because the LOR 
does not intersect the detector surface.

One solution to the missing data problem is to 
estimate the truncated projections before apply-
ing 3D FBP. The 3D reprojection (3DRP) algo-
rithm was proposed to estimate the missing data 

and has been a standard analytic reconstruction 
algorithm for 3D PET [8]. In 3DRP, unmeasured 
data is estimated by calculating the line integrals 
along the LORs through an initial image estimate 
obtained by applying 2D FBP to the non-oblique 
sinograms.

We note that 3DRP is based on the fact that 2D 
data is sufficient for reconstruction (e.g., 2D 
images reconstructed from line integrals on par-
allel planes can be stacked to form the final 3D 
image), and the goal of using additional 3D data 
is to improve the statistical properties of recon-
structed images. While 2D and 3D reconstruc-
tions would be identical for reconstructions from 
noiseless data, at typical clinical data noise lev-
els, by including the events detected by two 
detectors on different rings, 3D reconstructions 
significantly improve the signal-to-noise ratio 
(SNR) of the image.

Another way to reconstruct 3D PET data is to 
explore the redundancy in the data and to reduce 
it to a 2D dataset. Such a process is called rebin-
ning. Since the computational cost of rebinning is 
negligible compared to the computational cost of 
image reconstruction, the resulting reconstruc-
tion speed is almost the same as that of 2D 
reconstructions.

A simple way to rebin 3D PET data is through 
the process called single slice rebinning (SSRB) 
[9] where a stack of 2D sinograms are created by 
placing detected events on the plane perpendicu-
lar to the scanner axis (z) and lying in the middle 
of the line connecting the two detectors that 
detected the event. Mathematically we have
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(11.6)

where s and ϕ are the coordinates of the line of 
response projected onto the x–y plane and z1 and 
z2 are the location of the two detector rings (z1 
may equal to z2).

SSRB is only accurate when the activity is 
concentrated near the axis of the scanner. In cases 
of extended activity distributions, such as whole- 
body FDG scans, SSRB will become less accu-
rate and introduce distortions. A more accurate 
rebinning method called Fourier rebinning 
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(FORE) has been developed based on the 
 relationship between the Fourier transforms of 
the 2D data and oblique data [10].

Following SSRB or FORE, a 2D reconstruc-
tion algorithm is applied to reconstruct each 
slice separately. The advantage of FORE is that 
it allows fast 2D reconstructions while retaining 
the SNR benefits from 3D data. Figure 11.6 
shows a brain FDG scan data reconstructed using 
3DRP and FORE + FBP. The image quality is 

comparable while the speed of FORE + FBP is 
more than ten times faster than 3DRP.

Although FORE has been widely used for 
clinical 3D PET image reconstruction, it is still 
based on the line integral geometric model and 
cannot model all the physical effects in PET data 
acquisition. In addition, FORE requires all the 
data corrections to be applied directly to the data 
(instead of being part of the system model), and 
therefore changes data noise properties which 
become difficult to model when a 2D iterative 
algorithm is used to reconstruct the rebinned 
dataset. As a result, fully 3D statistical recon-
struction methods are preferable over FORE 
rebinning followed by 2D reconstruction 
methods.

11.3  Model-Based Statistical 
Reconstruction

Analytic image reconstruction methods inher-
ently assume that noiseless line integrals of the 
image are available. In reality, data acquired in 
typical PET scanners are not exact line integrals, 
and there is significant statistical noise in almost 
all clinical datasets. Model-based statistical image 

a b

Fig. 11.4 Images reconstructed from simulated NCAT 
phantom (a) noiseless and (b) noisy data. Top 4 rows were 
reconstructed using Butterworth window with orders 2, 4, 8, 

and 32, respectively. Bottom row used Hann window. Left to 
right: cutoff frequencies of 0.1, 0.2, 0.3, 0.4, and 0.5 cycle/
pixel, respectively (Reproduced from Tsui and Frey [6])

Z

Detector surface

1

2

Point source

3

Fig. 11.5 Cross section of a PET scanner: events along 
LOR1 is acquired in 2D PET, LOR2 is acquired in 3D 
PET, while LOR3 is missing from the 3D PET data
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reconstruction approaches are preferable due to 
their ability to model the physics and statistics of 
the imaging process and have become widely 
available in all commercial scanners. In this sec-
tion, we first introduce statistical noise models for 
PET data and physical system models which 
describe the complex physics of data acquisition. 
We then review the methodology of maximum 
likelihood (ML) and maximum-a- posteriori 
(MAP) estimation and numerical optimization 
algorithms used to generate PET images. Due to 
the nonlinear, shift-varying and high- dimensional 
nature of statistical reconstruction algorithms, 
image resolution and noise analyses are compli-
cated and are still an active research area. We will 
give a brief review on this topic in the end.

11.3.1  Noise Model

PET data is inherently noisy, and this fact has sig-
nificant effects on reconstructed image quality. 
Statistical reconstruction algorithms model the 
noise in PET data explicitly and use iterative 
numerical optimization algorithms to solve the 
associated optimization problem. Over the last 
four decades, many model-based statistical image 
reconstruction algorithms have been proposed. 
Although the formulae of these methods are quite 
different, they are all designed to solve the fol-
lowing problem:

 
y y x= ( ) + noise  

(11.7)

where y is the measured data, y  denotes the 
mean of the data, and x is the image of the 
unknown activity distribution. The number of 
events detected at a detector within a given time 
due to the radioactive decay inside the object can 
be accurately modeled by the Poisson 
distribution:

 
P n

e

n

n

|
!

l
ll( ) =

-

 
(11.8)

where n is the number of decays and λ is the 
mean, which is equal to the variance.

If system dead time and detector pileup effects 
are ignored, then measured data can be modeled 
as independent Poisson random variables with 
joint distribution:
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where yi is the number of events detected in the 
ith LOR, yi  is the mean number of events in the 
ith LOR that can be calculated using the system 
model described in the next section, and M is the 
number of LORs.

While a Gaussian noise model may be used 
for low-noise data with acceptable accuracy, 
resulting in the weighted least square (WLS) 
approach for image reconstruction [11], most sta-
tistical approaches use the Poisson model.

a b

Fig. 11.6 A central transaxial slice of an FDG brain scan reconstructed using (a) 3DRP and (b) FORE + FBP [10]
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In PET, a common practice is to subtract an 
estimate of the random events (e.g., using delayed 
window method) online to reduce the bandwidth 
needed for data transfer and storage space [12]. 
In that case, measured data at the ith LOR is 
given by

 y p ri i i= -  (11.10)

where pi is the number of prompts and ri is the 
number of delayed events for the ith 
LOR. While both pi and ri are independent 
Poisson random variables, the difference 
between the two is no longer Poisson. The dis-
tribution of yi has a numerically intractable 
form. One can use Gaussian distribution as an 
approximation to the true distribution of the 
precorrected data. Yavuz and Fessler noticed 
that a simple but good approximation is to add 
2ri  to the data [13], where ri  is the mean of 
the delayed events estimated from the data and 
to model the resulting random variable as 
Poisson with mean and variance equal to 
y ri i+ 2 .

As we discussed previously, Fourier rebinning 
is commonly used to reduce the size of the data-
set and reconstruction time. It has been shown 
that FORE rebinned data is no longer Poisson 
[14]. Similar to the approach for random precor-
rected data, Liu et al. used a simple scaling to 
match the mean and variance of the rebinned data 
[15]. Then a reconstruction algorithm based on 
the Poisson noise model can be used to recon-
struct the resulting data.

11.3.2  System Model

The spatial resolution of PET is limited by sev-
eral factors such as positron range, photon non-
collinearity, and penetration and scattering of the 
photon in the detector. One critical limitation of 
analytic reconstruction methods is that these fac-
tors are neglected in the simple line integral 
model. With model-based statistical reconstruc-
tion, we use a system model to account for these 
resolution-deteriorating effects. Other factors 
may also be included in the system model such 
as the attenuation of the photons in the body, 

nonuniform efficiencies of the detectors, and 
random and scattered events.

In the absence of noise, we can model the data 
as a linear function of the image:

 
y p x ri
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(11.11)

or in matrix format y Px r= +
where r  is the sum of mean of random and 

scattered events and P is the system matrix, 
which relates the image to the noiseless data, and 
can be expressed in factored form as [16]:

 
P P P P P P= norm blur attn geom range  

(11.12)

where Prange models the blurring due to positron 
range in image space [17, 18]; Pgeom is the geo-
metric projection matrix containing the geomet-
ric detection probabilities for each voxel and 
detector pair combination; Pattn is a diagonal 
matrix with attenuation factors; Pblur models the 
blurring in sinogram space due to photon pair 
noncollinearity, intercrystal penetration, and 
scattering; and Pnorm is a diagonal matrix with 
normalization factors.

Matrix–vector multiplications with P and PT 
(called forward and backprojection operations) 
are typically the most computationally intensive 
components of statistical reconstructions. Over 
the last decade, considerable amount of research 
has been done to speed up statistical reconstruc-
tion by reducing the time of forward and back-
projections. Many algorithms have been 
developed that explore the symmetry of the scan-
ner geometry [19] or use fast processors such as 
graphic processing units (GPUs) to achieve high 
performance at low cost [20].

It has been shown that the modeling of sino-
gram blurring is important for resolution recov-
ery [16]. The central component of resolution 
recovery is the estimation of detector point spread 
functions (PSF). Such PSFs can be calculated 
analytically [21], estimated from Monte Carlo 
simulations [16], or measured from point source 
data [22, 23]. PSF kernels can either be estimated 
and stored nonparametrically [23], or the PSF 
measurements can be fit to a given model, such as 
asymmetric Gaussian functions [22], and the 
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resulting model parameters can be stored. It has 
also been shown that for Fourier rebinned data, 
PSF kernels can be estimated from point source 
data [23, 24].

Another recent trend is to use an image-space 
PSF model to account for all resolution degrad-
ing effects in the imaging process:

 
P P P P P= norm attn geom psf  

(11.13)

The image-space PSF Ppsf can be estimated 
from an initial reconstruction of point sources 
without any resolution recovery and is easy to 
implement as an image-space blurring operation. 
Recently shift–variant PSFs have been designed 
to model the degradation of image resolution 
toward the edge of the field of view (FOV) [25].

Figure 11.7 shows a Hoffman brain phantom 
data reconstructed with and without PSF model-
ing. The PSF image shows better resolution and 
contrast.

One caveat of PSF modeling is that it can 
result in edge artifacts that have been shown to 
overestimate activity by up to 40 % in phantom 
studies [26]. Methods to mitigate edge artifacts 
include filtering [27] and under-modeling the 
PSF kernels [28]; however these approaches 
come at the expense of reduced resolution 
recovery.

11.3.3  Maximum Likelihood 
Estimation Methods

Once we have the noise model and system model, 
statistical methods can be used to estimate the 
image. Maximum likelihood (ML) is a widely 
used statistical estimation method and has been 
applied to PET image reconstruction.

The likelihood function of the data is the prob-
ability of observing the data given the image. 
Usually the logarithm of the likelihood function 
is used for easier calculation because the loga-
rithm is a one-to-one monotonic function:

 
L x y x( ) = ( )( )log |Prob

 
(11.14)

ML estimation seeks the image that maxi-
mizes the log-likelihood function:
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The nonnegativity constraint is due to the fact 
that the concentration of radioactivity is not 
negative.

The log-likelihood function under the Poisson 
noise model is given by (omitting the yi! term 
which does not depend on x)
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ML estimation is a classic optimization prob-
lem, where the cost function (or objective func-
tion) is the log-likelihood function (Eq. 11.16). 
There are many numerical algorithms that can be 
used to find the ML estimate of the image, such as 
coordinate ascent or gradient-based methods. One 
of the earliest approaches used for ML PET image 
reconstruction is the expectation–maximization 
(EM) algorithm [29]. EM is a general framework 
to compute the ML solution through the use of 
“complete” but unobservable data and is com-
posed of two steps. The first step, called the 
E-step, involves the calculation of the conditional 
expectation of the complete data, and the second 
step, called the M-step, maximizes this condi-
tional expectation with respect to the image. In 
PET, a very common choice for complete data is 
the number of events detected by the ith LOR that 
are emitted from the jth voxel. Shepp and Vardi 
first applied EM to emission image reconstruction 
[30], and Lange and Carson extended the work to 
transmission image reconstruction [31].

The update equation of EM algorithm for 
emission image reconstruction is given by
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where yi is the number of events acquired in the 
ith LOR, Pij is the element in the system matrix P 
described in the previous section, and x j

k
�  is the 

estimate of the jth image voxel at the kth 
iteration.

The EM algorithm is usually initialized using 
a uniform image. A new image is then calculated 
using Eq. 11.17. This process is repeated until a 
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certain number of iterations are reached. 
Typically a smoothing filter is applied afterward 
to reduce image noise.

It is interesting to note that the EM update 
equation can be derived in several ways. One 
approach is based on using the concavity of the 
Poisson log-likelihood function and Jensen’s 
inequality [32]. In another work, Qi and Leahy 
showed that that EM algorithm is a functional sub-
stitution (FS) method [33]. FS is based on design-
ing a surrogate function at each iteration which is 
easier to maximize than the original function. 
Under suitable conditions (equal function value 
and gradient with current estimated image, surro-
gate function always higher than the original func-
tion), it can be proven that the FS method converges 
to the maxima of the original function [34–36].

It has been shown that EM converges mono-
tonically to the global maximum of the log- 
likelihood function and the image is guaranteed 
to be nonnegative if initialized with a nonnega-
tive image [37]. These nice properties made EM 

a popular algorithm but unfortunately EM con-
verges very slowly. Hundreds or thousands of 
iterations are usually necessary to ensure the con-
vergence of EM. Hudson and Larkin observed 
that the convergence of EM algorithm could be 
significantly speeded up by dividing the projec-
tion data into nonoverlapping blocks, or subsets, 
and applying EM to each subset of the data [38] 
and named this method ordered subsets EM 
(OSEM).

OSEM can speed up the reconstruction almost 
linearly as a function of number of subsets in 
early iterations. As a result, it has been widely 
used in clinical PET and SPECT. The speedup of 
OSEM can be explained in part by viewing EM 
as a preconditioned gradient-ascent method:
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where D(xk) is a diagonal matrix with 
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Fig. 11.7 Hoffman brain phantom reconstructions for various numbers of iterations. Upper images are transaxial 
views, and the lower images are sagittal views. PB parallel-beam, non-PSF [22]
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denotes the gradient of the log-likelihood calcu-
lated at the kth iteration image. When the image 
is far away from the solution, the gradient com-
puted from a subset of the data provides a satis-
factory direction for increasing the log-likelihood 
function value [39].

Although OSEM is fast in the beginning, it is 
not guaranteed to converge to the ML solution, 
and the convergence depends on the selection of 
the subsets. In the original OSEM paper, subsets 
are chosen such that the detection probability of 
each voxel is equal for each subset, which is 
called subset balance. It has been proven that 
with consistent data and under the condition of 
subset balance, OSEM converges to the ML solu-
tion [38]. In practice subset balance is difficult to 
achieve due to differences in sensitivity and 
attenuation. A common practice is to choose the 
projections in each subset with maximum angu-
lar separation to avoid directional artifacts. 
Another OSEM algorithm convergent with con-
sistent data is rescaled block-iterative EM 
(RBI-EM), in which the OSEM equation is writ-
ten in gradient-ascent form and a voxel- 
independent scaling factor is used to avoid the 
requirement of subset balance [40].

In general PET data is not consistent due to 
noise, in which case OSEM usually enters a limit 
cycle [39]. One way to make OSEM converge 
with noisy data is to reduce the number of sub-
sets: however convergence is then slowed down. 
Alternatively, we can use OSEM in the earlier 
iterations and switch to a convergent algorithm in 
later iterations [41].

Among other ML estimation approaches, 
Browne and De Pierro proposed a row-action 
maximum likelihood algorithm (RAMLA) [42], 
where the stepsize ηk at the kth iteration satisfies 
the following conditions:
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RAMLA converges to ML solution if the log- 
likelihood function is strictly concave [42]. 
However the convergence rate can be very slow.

Another way to achieve convergence is 
through the use of an augmented cost function 

[39], and an example of this method is the con-
vergent OSEM algorithm (COSEM) [43].

Despite its convergence issues, OSEM is still 
by far the most popularly used iterative recon-
struction algorithm in clinical nuclear medicine. 
Figure 11.8 shows OSEM images from a monkey 
brain phantom reconstructed using different 
numbers of iterations. It shows that image noise 
increases quickly as number of iterations is 
increased. As a result, clinical OSEM images are 
usually reconstructed using less than five itera-
tions, and a smoothing filter is applied post- 
OSEM to reduce image noise.

In Fig. 11.8 we also show an image recon-
structed using the maximum-a-posteriori (MAP) 
method. In MAP reconstruction regularization is 
used to ensure a stable solution is reached, as 
demonstrated by the MAP image after 25 itera-
tions, which shows fine structures and low noise. 
We will introduce MAP reconstruction methods 
in the next section.

11.3.4  Maximum-a-Posteriori 
Estimation Methods

11.3.4.1  Prior Functions
It has been observed that with ML estimators such 
as EM or OSEM, iterating beyond a certain point 
will dramatically increase noise and decrease 
image quality [44]. The reason is the inherent ill-
posedness of the PET inverse problem. The sys-
tem matrix is ill-conditioned so that small 
differences in the data (which naturally occur due 
to photon counting noise) produce large changes 
in the ML solution. It can be shown that the vari-
ance of the estimator increases as voxel sizes are 
reduced [33]. The noise in the OSEM image can 
be controlled by stopping the algorithm before 
convergence [45] or post- smoothing the image 
after many iterations [46]. An alternative approach 
to dealing with the instability of the ML problem 
is to use regularization in image reconstruction. 
Here we take the Bayesian formulation and view 
the regularization function as the log of the prior 
function. Thus we have the following maximum-
a-posteriori (MAP) estimator:
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where L(y|x) is the log-likelihood function and 
p(x) is the log-prior (or penalty) function.

MAP estimation allows us to use other infor-
mation about the image such as smoothness or 
anatomical information in the form of the prior 
function to improve image quality. The effect of 
the prior distribution is to choose among those 
images that have similar likelihood values the 
one that is most probable with respect to the 
prior.

There are many ways of designing the prior 
function for the image. One simple method is to 
ignore the statistical dependence of the pixels and 
treat each one separately. Independent Gaussian 
[21] and Gamma models [47] have been pro-
posed. For these models, we need to estimate the 
mean image, which can be difficult and intro-
duces significant bias. Several methods have 
been developed to estimate the mean image [48, 
49]. The attraction of this model is that closed 
form update equations can be found in the gener-
alized EM framework.

Independent voxel models are of limited value 
since the information we typically seek to cap-
ture in the prior is some degree of piecewise 
smoothness in the image. In order to model the 
local smoothness of the image, we can use 
Markov random field (MRF) models or Gibbs 
distributions [50]. The general form of a Gibbs 
distribution is given by
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where Z is a normalization factor and U(x) is the 
Gibbs energy function which is the sum of poten-
tials. Each potential is defined on a subset of vox-
els called a “clique.” The cliques are composed of 
neighboring voxels that are mutual neighbors 
[51]. β is a hyperparameter which controls the 
image smoothness.

The Gibbs distribution allows us to specify a 
prior in terms of local interactions since all 
MRFs have the property that the conditional 
probability of any voxel in the image depends 
only on the values of the voxels in a local neigh-
borhood of that voxel. This not only allows us to 
model the desired local properties but also leads 

OSEM 5 iterations OSEM 10 iterations OSEM 15 iterations

OSEM 20 iterations OSEM 25 iterations MAP 25 iterations

Fig. 11.8 Monkey brain phantom images reconstructed using OSEM with different number of iterations and MAP with 
25 iterations
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to computationally tractable MAP reconstruc-
tion algorithms.

To define a MRF prior, we need to specify the 
form of statistical interaction (or conditioning) 
between neighboring voxels. In image recon-
struction, the potential functions are usually 
defined on pairwise voxels:
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with the constraint that ϕ(xj−xk) ≥ 0 and that the 
function is monotonically nondecreasing in 

x xj k− .

The function ϕ(xi−xj) determines the proper-
ties of the prior. The simplest one is the quadratic 
penalty: ϕ(xi−xj) = (xi−xj)2. When the image has 
the same value at each voxel, the potential func-
tions and hence the energy function U(x) are 
zero, and the probability density function 
P(x) = 1/Z exp(−βU(x)) is at its maximum value. 
As the difference between voxels increases, so 
does U(x), with P(x) decreasing correspondingly, 
indicating less likely images. The advantage of 
this weighting is that it tends to produce the most 
natural-looking images. However, quadratic prior 
functions are limited in their abilities to identify 
sharp changes in intensity. A large number of 
alternative functions have been explored that 
reduce the penalty for larger differences such as 
the generalized p-Gaussian model [52] and the 
Huber prior [16].

Recently total variation (TV) regularization 
has become increasingly popular in medical 
imaging, especially CT image reconstruction 
[53], but it can also be applied to PET and SPECT 
image reconstruction [54–56]. The TV prior is 
equivalent to the TV norm that is now commonly 
used in the context of sparse imaging [57].

11.3.4.2  Non-convex and Anatomical 
Priors

The above prior functions are convex. In order to 
further encourage sharp edges, non-convex func-
tions have also been proposed [58]. Recently a 
relative distance prior has been proposed and 
used in clinical PET image reconstruction  

[59, 60]. The general goal of these functions is to 
assign lower probability to images that are not 
locally smooth but without over-penalizing 
occasional large changes that might correspond, 
for example, to organ boundaries.

When high-resolution anatomical information 
is available from co-registered MR or CT images, 
it is also possible to incorporate it into the prior 
function [61]. While anatomical and functional 
images clearly give very different views on the 
human body, it is also true that functional images, 
whether they represent metabolism, blood vol-
ume, or receptor binding, will exhibit a spatial 
morphology that reflects the underlying anatomy. 
It is reasonable to assume that most tracers exhibit 
distinct changes in activity across tissue boundar-
ies, while inside each region the distribution is 
smooth, unless there is evidence to the contrary in 
the functional data itself. The important thing is 
that we do not force the abrupt change of activity 
across the boundaries but rather model changes in 
these locations as more likely. There are two main 
approaches to using anatomical information: In 
the first approach, edge or region information is 
used to penalize activity changes near the bound-
aries to a lesser degree. The other approach maxi-
mizes an information- based similarity measure 
between the anatomical and reconstructed func-
tional image, such as the Kullback–Leibler (KL) 
distance, joint entropy (JE), or mutual informa-
tion (MI) [61].

Figure 11.9 shows brain PET images recon-
structed using FBP, MLEM, and MAP with JE 
prior. The MAP image has better resolution 
which clearly shows the fine structures in the 
brain.

Although there is improvement in quantitation 
and detection performance when the anatomical 
prior provides accurate information about the 
location of boundaries of lesions, these advan-
tages are largely lost when the quality of the ana-
tomical image deteriorates or when there is a 
mismatch between anatomical and functional 
boundaries. In addition, the resolution of images 
reconstructed using anatomical priors is anisotro-
pic and spatially variant, making them more chal-
lenging to interpret. Anatomical priors have not 
been widely applied to clinical PET studies.

11 PET Image Reconstruction: Methodology and Quantitative Accuracy
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11.3.4.3  MAP Reconstruction 
Algorithms

Most of the optimization algorithms used for 
ML can be extended to MAP estimation. When 
EM is applied to MAP, the M-step has a closed 
form solution only when the prior function is 
spatially independent. For spatially coupled pri-
ors, an iterative method such as gradient or 
coordinate ascent can be applied in the M-step 
[63]. Green proposed the “one-step-late” (OSL) 
approach where the partial derivatives of the 
prior function are evaluated using the current 
estimate [64]. However the OSL method does 
not in general converge to the MAP solution, 
and the estimated image is not guaranteed to be 
nonnegative.

Another approach is to apply the FS method-
ology and design separable surrogate functions 
for the prior function [65]. In that case, a closed 
form solution can be found for the M-step.

Standard gradient-based methods can also be 
applied to the MAP estimation problem. For 
example, the preconditioned conjugate gradient 
algorithm has been used for PET image recon-
struction [66]. The preconditioner is critical for 
the convergence of the algorithm. A simple diag-
onal preconditioner derived from the EM algo-
rithm has been shown to be very effective [67]. 
Several methods have been proposed to approxi-
mate the ideal preconditioner (the inverse of the 
Hessian matrix), including using the inverse of 

the diagonal of the Hessian matrix [68], Fourier- 
based preconditioners [69], and matrix factoriza-
tion [70].

Unlike the EM algorithm, the nonnegativity 
constraint in gradient-based methods needs to be 
handled explicitly. This can be achieved by sev-
eral strategies, including restricting the step size 
[71], bent-line search followed by a second-line 
search [72], or using the active set [66]. Penalty 
functions [67] and interior point methods [68] 
have also been used.

MAP estimation problem is better condi-
tioned than ML; thus reconstructed images are 
less noisy compared to ML. The convergence 
rate is also much faster, and good quality 
images can be reconstructed with tens of itera-
tions instead of hundreds or thousands of itera-
tions as in ML-EM. Another advantage of MAP 
estimators is that image quality can be con-
trolled through carefully designed prior func-
tions [33, 73]. We note that when the prior 
function contains data- dependent terms, the 
estimator is no longer truly a MAP estimator 
(these are typically referred to as penalized 
likelihood estimators since the second term is 
no longer a prior but a penalty that penalizes 
image roughness).

Figure 11.10 compares FBP with model-based 
statistical reconstruction of a monkey brain phan-
tom data. The superior image quality resulting 
from the statistical algorithm is clear.

Fig. 11.9 Sagittal and coronal slices of MRI images and PET reconstruction with FBP, ML, and MAP (using JE prior) [62]
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11.3.5  Analysis of Image Properties

11.3.5.1  Image Resolution
Image properties of ML and MAP estimators are 
more difficult to analyze compared to analytic 
methods, because these methods are nonlinear 
and have large image and sinogram dimensions. 
For statistical image reconstruction, the system 
response is shift variant, especially for 3D sys-
tems. One way to quantify image resolution is by 
using the local impulse response (LIR) [75, 76]:
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where μ(x) is the mean of the estimated image 
when the true image is x. ej denotes the unit vec-
tor where the jth voxel is 1 and all other voxels 
are 0. A good approximation to the mean of the 
estimated image can be obtained from the esti-
mation of the noiseless data [76]. Analytic 

approximations of the LIR function for MAP 
estimators can also be derived [76]. The compu-
tation of the LIR involves the inversion of a large 
matrix composed of the Fisher information 
matrix (FIM) and the Hessian matrix of the prior 
function, an operation that is impractical for real 
data. Several Fourier transform-based approxi-
mations to the FIM have been proposed to make 
the inversion practical [77–79].

Interestingly, it has been shown that image 
resolution gets worse in regions with higher 
activity [76]. One can take the resolution analysis 
one step further and design spatially-variant 
weightings for the prior function to achieve 
desired image resolution, for example, to make 
the contrast recovery coefficient (CRC, defined 
as the peak of the LIR) spatially uniform [76, 77].

Not only is the resolution spatially variant for 
MAP, it is also non-isotropic. This results in dis-
tortion of the activity shape. Stayman and 
Fessler proposed to estimate the coefficients in 

a b c

d e f

Fig. 11.10 Monkey brain phantom image from 60 scans. (a–c) FBP and (d–f) MAP. (a) Reconstructed from summed 
data. (b) From 1 scan. (c) Variance image [74]
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the prior function to match a predefined target 
response function in shift-invariant imaging 
systems [73]. Later the method was generalized 
to more realistic, shift–variant PET and SPECT 
systems [80].

The above methods require iterative computa-
tion of the coefficients in the prior function. A 
simple, non-iterative method has been used in 
PET image reconstruction to achieve count- 
independent resolution [81]. The resulting image 
resolution is roughly data-independent, thus can 
be pre-calculated for different values of the 
hyperparameter β using phantom measurements 
or simulated data. In real patient or animal scans, 
the hyperparameter β can be selected for desired 
resolution [81]. Figure 11.11 shows the calibra-
tion result and measured resolution from a vali-
dation phantom scan. It shows that the predicted 
(ED) resolution is very close to the actual mea-
sured resolution. The slight mismatch is caused 
by the line-source location differences in calibra-
tion and validation scans.

11.3.5.2  Image Noise
Analytic expressions of image noise for MLEM 
have been derived and shown to be accurate for 

low-noise data [82]. Similar analyses have also 
been performed for MAP reconstructions [77, 
83]. These methods can be used to characterize 
the reconstructed image and optimize imaging 
systems and reconstruction algorithms. In gen-
eral, images with higher resolution also have 
higher noise; thus the image reconstruction 
approach needs to balance resolution and noise in 
order to achieve optimal image quality.

11.3.5.3  Image Property Measurements
In practice, phantom scans are frequently used to 
measure image resolution, contrast, and noise. 
For resolution measurements a point source or 
line source is typically scanned, and the full 
width at half maximum (FWHM) is measured 
from the reconstructed image profile through the 
source. However, when evaluating statistical 
reconstruction algorithms, the point source or 
line source needs to be surrounded by a warm 
background to avoid potential biases caused by 
the nonnegativity constraint. Figure 11.12 shows 
the resolution vs. noise plots measured from an 
8.3 cm diameter cylindrical phantom on a 
microPET Focus220 scanner. Five needles were 
inserted into the phantom along a line with 
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0.8 cm spacing in radial direction. One needle 
was placed at the center of the cylinder. The outer 
and inner diameters of the needles were 0.76 mm 
and 0.28 mm, respectively. The phantom was 
filled with a 69.8 MBq 18F solution. The ratio 
between the concentrations of the activity in the 
needles and the background was 300:1. The 
phantom was placed at the center of the field of 
view and scanned for 15 min. Data were recon-
structed using several algorithms including FBP, 
3DRP, OSEM, and MAP with all the corrections. 
A large 3D region of interest (ROI) was selected 
in the background. The noise of the image is 
defined as the standard deviation of the 3D ROI 
normalized by the mean of the same ROI. Radial 
resolutions were calculated by selecting a small 
region around the line source 3 cm from the cen-
ter in each image plane and fitting the profile 
through the peak to a Gaussian model. The 
FWHM of the 10 image planes at the axial center 
was averaged as the resolution of the image. For 
MAP reconstruction, four different smoothing 
parameters were used to achieve different resolu-
tion. System model using block and non-block 
blurring kernels was used for MAP reconstruc-
tions. The block blurring kernels model the PET 
scanner geometry more accurately. For OSEM a 
variety of number of iterations, ranging from 4 to 

20, were used. FBP and 3DRP images were 
reconstructed with a ramp filter, followed by 
smoothing using Gaussian filters with different 
FWHM. The result shows that MAP with the 
block blurring kernels has the highest spatial res-
olution (smallest FWHM) at a given noise level, 
compared to other methods.

11.4  PET Image Quantitation

PET is a highly sensitive, quantitative molecular 
imaging technology, which is frequently used to 
measure the spatial and occasionally the tempo-
ral distribution of the radiotracers injected into 
the human or animal body. Accuracy of the PET 
measurement depends on many factors including 
patient physiology, scanner technology, and 
reconstruction method. Here we briefly describe 
the PET quantitation issues related to image 
reconstruction.

11.4.1  PET Data Corrections

The raw PET data is not only noisy but also dis-
torted and corrupted during the acquisition pro-
cess. Several corrections need to be applied in 
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order to obtain quantitatively accurate and 
artifact- free PET images.

11.4.1.1  Normalization
In PET, the detector response varies due to the 
intrinsic properties of the detectors, geometry 
and changing count-rate [84]. Normalization is 
used to compensate for these variations. Accurate 
normalization is essential for reducing artifacts 
and for accurate quantitation in PET. Modern 
PET and PET/CT scanners usually use 
component- based approaches, where the normal-
ization factors are decomposed into several fac-
tors, for example, detector efficiencies, geometric 
factors, and dead time factors [84–86]. To mea-
sure the components, a known source of activity 
is scanned, and then the normalization factors are 
estimated by comparing the ideal numbers of 
coincidences and those actually measured. 
Rotating rod sources, uniform plane sources, and 
uniform cylindrical sources have been used for 
normalization.

The normalization factors can be estimated 
sequentially. For example, the detector effi-
ciencies can be estimated first, and then the 
data can be corrected using these estimated 
detector efficiencies before estimating the geo-
metric factors [86]. Alternatively we can jointly 
estimate the count-rate-independent factors 
using statistical estimation methods, where the 
statistical noise can also be taken into account 
to significantly reduce the number of events 
needed for normalization scans [85]. Further 
discussion on detector normalization can be 
found in Chap. 10.

11.4.1.2  Attenuation Correction
Due to the interactions between photons and 
body tissues through Compton scattering and 
photoelectric absorption, a substantial fraction of 
the 511 keV photons resulting from positron–
electron annihilation is attenuated in the body, 
and the number of counts along the directions in 
which the photons originally travel is reduced. It 
has been estimated that as much as 80 % of the 
photon pairs emitted from the center of the 
human brain are lost due to attenuation [87] and 
the number is even higher for body imaging.

On dedicated PET scanners, the attenuation cor-
rection factors are usually measured using an exter-
nal source. Two scans are needed for this purpose: 
a blank scan in which the FOV is empty and a 
transmission scan, which is taken with the subject 
in the scanner. Correction factors can be computed 
as the ratio of blank to transmission data. The blank 
scan can be acquired for a long time to reduce the 
noise; however the transmission scan is usually 
short and the resulting data is therefore noisy. As a 
result, the calculated attenuation correction factors 
are quite noisy. To address this problem, the recon-
struction–reprojection method has been proposed. 
In this method, an image of attenuation coefficients 
is computed, and attenuation correction factors are 
calculated from the projection of this image [88].

With the development of combined PET/CT 
and PET/MR scanners, it is possible to use the 
coregistered CT or MR image to calculate the 
attenuation correction factors. For CT it is rela-
tively straightforward since the CT image is a 
measurement of the attenuation coefficient of the 
body, although with a lower, poly-energetic spec-
trum. It has been shown that a piecewise linear 
transform can be used to convert the CT 
Hounsfield units (HU) to the attenuation coeffi-
cients of 511 keV photons [89]. For MR the con-
version is more difficult because of the lack of 
signal from the bone [90]. PET attenuation cor-
rection using MR image is still a very active 
research area. See Chap. 9.

11.4.1.3  Scattered and Random 
Events

The dominant interaction between 511 keV pho-
tons and the surrounding atoms is Compton scat-
tering [91]. In 3D PET the portion of scattered 
coincidences in all detected events can be as high 
as 30–50 % compared to 10–15 % in the 2D case 
[92]. Scattered events are mispositioned in the 
recorded data, which introduce a smooth back-
ground in the reconstructed PET image.

The scatter distribution depends on the emis-
sion source distribution, the scattering medium, 
and the detector geometry. Deterministic algo-
rithms for calculating scatter distributions have 
been proposed [93, 94]. With the computational 
power available today, it is also possible to  
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estimate the scatter distribution using Monte Carlo 
simulations [95]. Since the distribution of scat-
tered events is smooth, deterministic methods give 
reasonable results in most cases and are widely 
used, especially in commercial PET scanners [94].

A random event is recorded when two pho-
tons unrelated to each other are detected within 
the coincidence timing window. The fraction of 
random events depends on the amount of activity 
in the body and can be significant for studies 
using large amounts of radioactivity. Usually a 
“delayed window” method is used to estimate 
the amount of random events [12]. The measured 
“delayed events” are usually very noisy, and an 
iterative method has been proposed to estimate 
its mean [67].

Figure 11.13 shows a typical sequence of 
corrections applied to the data before it is input 
to a reconstruction algorithm. For analytic 
reconstruction methods, these corrections are 
applied to the data before the reconstruction. 
With statistical reconstruction methods, pre-
correction changes noise properties of the data, 
and the exact distribution of the corrected data 
is no longer Poisson and difficult to calculate. 
A better approach for statistical reconstruction 
methods is to incorporate the corrections in the 
system model, as previously presented.

11.4.2  PET Image Calibration

Value in the PET image represents the concentra-
tion of the radioisotope, usually in the units of 

Bq/ml or nCi/cc. For clinical PET/CT, a cross 
calibration procedure is usually performed. 
During cross calibration, a source (typically 
cylindrical 18F or 68Ge/68Ga source) with known 
activity concentration is scanned in the scanner. 
A large ROI is drawn in the reconstructed image, 
and the mean of this ROI is measured to calculate 
the scaling factor that converts PET image values 
to standard units.

The decay of the radioactive nucleus and 
branching fraction also need to be considered 
when quantifying the PET image. PET scanner 
calibration and quality control procedures are 
reviewed in Chap. 10.

11.5  Recent Developments

11.5.1  Time of Flight PET

In time-of-flight (TOF) PET, the arrival times of 
the two 511 keV photons are measured. By calcu-
lating the difference between the arrival times, 
we can narrow down the location of the source to 
a portion of the LOR.

As with non-TOF-PET, both analytic and 
model-based statistical methods can be used to 
reconstruct TOF-PET data, with similar advan-
tages and limitations. The additional TOF infor-
mation can be used to improve image quality, 
especially for large patients.

All the model-based statistical reconstruction 
algorithms described in Section 3 can be extended 
directly to TOF data. The only changes are the 
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following: (1) there is one more dimension of the 
data to represent TOF; (2) the system matrix 
needs to be modified to include TOF. For analytic 
reconstruction algorithms, TOF changes the 
reconstruction formula. The following discussion 
focuses on 2D case, and similar methods can also 
be derived for 3D TOF-PET.

2D TOF-PET data can be expressed as:
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where t is the TOF variable. h(τ) is the TOF ker-
nel, which is usually assumed to be a Gaussian 
function with FWHM determined by the system 
hardware and software.

It can be shown that the 2D Fourier transform 
of the 2D TOF sinogram in one projection is the 
FT of the image weighted by the 1D FT of the 
TOF kernel. FBP-type algorithms can be derived 
for TOF data. A general form of these methods in 
frequency domain is [96]
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where F(v) is the 2D FT of the image, P(ϕ,v) is 
the 2D FT of the TOF projection at angle ϕ, 
W(û, v) is a filter, which represents a weighting 
scheme of the projection data in frequency 
domain, u� = -( )sin ,cosf f  is the unit vector in 
the projection direction, and H(ω) is the 1D FT of 
the TOF kernel. Apparently the algorithm 
depends on the choice of the filter W(û, v), which 
must satisfy the condition that
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Due to the redundancy of the TOF data, FBP 
algorithm does not have a unique formula. In 
case of noiseless data, they give the same results. 
However, due to the noise of the data, the perfor-
mance of the algorithms using different filters is 
not the same. A widely used method is confi-

dence weighting, where the chosen filter is 
W v H vu u� �,( ) = ×( ) .

Given the current timing resolution of TOF- 
PET scanners (~500 pico-seconds, or 7.5 cm 
FWHM), the spatial resolution of TOF-PET 
images is essentially the same as non-TOF- 
PET. On the other hand, using the TOF informa-
tion can improve the SNR of the image [96–98]. 
The improvement of SNR is approximately pro-
portional to D/h, where D is the diameter of the 
object and h is the TOF spatial resolution. 
However TOF reconstruction is much slower due 
to the large dataset. Recently Cho et al. devel-
oped a generalized projection slice theorem and 
proposed a unified framework for mapping 
between different datasets, allowing us to explore 
and optimize the use of TOF and 3D PET infor-
mation [99, 100]. Figure 11.14 displays the map-
pings between PET datasets.

Two Fourier rebinning algorithms of time-of-
flight data (FORET) have been developed [100]. 
The 3D TOF data can be rebinned into 3D non-
TOF data using FORET3D (or 2D non-TOF data 
using FORET2D), which is a weighted average 
of the TOF data in Fourier transform domain. 
The SNR of the data depends on the weighting 
scheme. Under reasonable assumptions, it can be 
proven that the best linear unbiased estimator of 
the 3D non-TOF data is achieved when using 
FORET3D to rebin 3D TOF data and the weight-
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Fig. 11.14 Possible mappings between different PET 
data [100]
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ing factors equal to the square of the Fourier 
transform of the TOF kernel [97]. The SNR gain 
is approximately a constant in this case. For 
FORET2D, which rebins 3D TOF data into 2D 
non-TOF data, it can be shown that the SNR gain 
is roughly constant for each 2D sinogram, which 
can be calculated very accurately [24]. 
Figure 11.15 shows a patient data reconstructed 
from non-TOF, FORET2D, FORET3D, and 
TOF data using a statistical algorithm. Table 11.1 
shows the noise in the images measured from an 
ROI in the liver of the patient image in Fig. 11.15. 
The smoothing parameters were selected such 
that all the images have the same resolution 
(6 mm FWHM). These results show that the 
quality of FORET3D image is similar to TOF 
image, while FORET2D image is noisier than 
FORET3D, but still better than the non-TOF 
image. Since FORET uses FFT, the computation 
is very fast. The reconstruction speed of 
FORET3D is similar to non-TOF reconstruction, 
which is about five times faster than 3D TOF 

reconstruction. FORET2D can further increase 
the speed by a factor of 5, at the expense of more 
noise in the image.

11.5.2  Parametric Image 
Reconstruction

We focus on the reconstruction of static data in this 
chapter. PET is a dynamic modality where data can 
be acquired continuously for a period of time and 
useful kinetic parameters can be calculated from it 
[101]. A straightforward approach is to divide the 
data into many frames, reconstruct each frame, and 
then calculate the kinetic parameters (either voxel-
wise or ROI-wise) from the time–activity curves 
extracted from these images. Another class of 
image reconstruction methods are designed to 
reconstruct kinetic parameters from the measure-
ments directly [102–104]. Figure 11.16 shows a 
whole-body FDG patient study. The patient was 
stepped through the scanner twice and Patlak 
image calculated from the list-mode data. Static 
PET images were also calculated from the two 
passes. We note that although the visual difference 
between Patlak image and static images is subtle, 
the Patlak image is a voxel-wise quantitative image 
and the values are more informative. These direct 
and indirect parametric reconstruction methods 
require the estimation of the arterial input function 
which can either be measured during the scan by 

Fig. 11.15 FDG patient images. Left to right: non-TOF MAP, FORET2D + MAP, FORET3D + MAP, TOF MAP [24]

Table 11.1 Mean and noise measurements from the 
patient image in Fig. 11.15 [24]

Method Mean SD %SD

TOF 0.577 0.109 18.9

FORET-3D 0.569 0.110 19.3

FORET-2D 0.617 0.151 24.5

Non-TOF 0.568 0.155 27.3
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arterial blood sampling or from reconstructed mul-
tiframe images. In Fig. 11.16, the arterial input 
function was estimated using a hybrid approach 
which combines a population- based approach with 
a simplified exponential model [104].

 Conclusions

The last two decades have seen tremendous 
progress in PET image reconstruction. Once 
considered slow and only used for research 
studies, model-based statistical reconstruction 
methods are now applied in nuclear medicine 
clinics every day for tumor detection and stag-
ing, assessment of therapy response, and other 
applications. By combining an appropriate 
noise model with an accurate system model, 
we are able to improve image resolution and 
noise properties, which increase the sensitiv-
ity and specificity of clinical studies. There 

has also been a lot of work in regularized 
reconstruction algorithms where we can effec-
tively control image properties and optimize 
them for different tasks by designing appro-
priate regularization functions that might also 
include anatomical information. This is in 
contrast to the analytic methods, where the 
only control options are the ramp filter cutoff 
frequencies and any post-filters applied to the 
images. As a result, optimal results can be 
obtained for different imaging applications.

Coupled with the development of PET 
instrumentation, including the new detector 
material and data correction techniques, PET 
image  quality and quantitative accuracy have 
improved significantly. Statistical PET image 
reconstruction is still an active research field, 
especially in TOF- PET, MR-PET, and para-
metric imaging.

Fig. 11.16 Whole-body FDG patient images. From left to right: first frame, second frame, Patlak slope, %DSUV [102]
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Abstract

PET imaging is a main diagnostic modality 
of different diseases including cancer. In the 
particular case of cancer, PET is widely 
used for staging of disease progression, 
identification of the treatment gross tumor 
volume, monitoring of disease, as well as 
prediction of outcomes and personalization 
of treatment regimens. Among the arsenal 
of different functional imaging modalities, 
PET has benefited from early adoption of 
quantitative image analysis starting from 
simple standard uptake value (SUV) nor-
malization to more advanced extraction of 
complex imaging uptake patterns, thanks 
chiefly to the application of sophisticated 
image processing algorithms. In this chap-
ter, we discuss the application of image pro-
cessing techniques to PET imaging with 
special focus on the oncological radiother-
apy domain starting from basic feature 
extraction to application in target definition 
using image segmentation/registration and 
more recent image-based outcome modeling 
in the radiomics field. We further extend the 
discussion into hybrid anatomical func-
tional combinations of PET/CT and PET/
MR multimodalities.
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12.1  Introduction

Recent years have witnessed exponential growth 
in the use of imaging for diagnostic and therapeu-
tic radiological purposes. In particular, positron 
emission tomography (PET) has been widely 
used in oncology for the purposes of diagnosis, 
grading, staging, and assessment of response. For 
instance, PET imaging with 18F-FDG (fluoro- 2- 
deoxy-d-glucose), a glucose metabolism analog, 
has been applied for diagnosis, staging, and treat-
ment planning of lung cancer [1–10], head and 
neck cancer [11, 12], prostate cancer [13], cervi-
cal cancer [14, 15], colorectal cancer [16], lym-
phoma [17, 18], melanoma [19], and breast 
cancer [20–22]. Moreover, accumulating evi-
dence supports that pretreatment or posttreatment 
FDG-PET uptake could be used as a prognostic 
factor for predicting outcomes [23–27]. For a 
review, see Chaps. 13 and 19.

Besides FDG-PET, other PET tracers have 
been also shown to be useful in interrogating 
tumor properties such as hypoxia by FMISO or 
Cu-ATSM and DNA synthesis and cell prolifera-
tion by FLT [28]. Interestingly, Denecke et al. 
compared CT, MRI, and FDG-PET in the predic-
tion of outcomes to neoadjuvant radiochemother-
apy in patients with locally advanced primary 
rectal cancer, demonstrating sensitivities of 100 % 
for FDG-PET, 54 % for CT, and 71 % for MRI and 
specificities of 60 % for FDG-PET, 80 % for CT, 
and 67 % for MRI [29]. Benz et al. showed that 
combined assessment of metabolic and volumet-
ric changes predicts tumor response in patients 
with soft tissue sarcoma [30]. Similarly, Yang 
et al. showed that the combined evaluation of con-
trast-enhanced CT and FDG- PET/CT predicts the 
clinical outcomes in patients with aggressive non-
Hodgkin’s lymphoma [31]. Indeed, quantitative 
information from hybrid imaging modalities 
could be related to biological and clinical end-
points, a new emerging field referred to as 
“radiomics” [32, 33]. We were among the leading 
groups to demonstrate the potential of this new 
field to monitor and predict response to radiother-
apy in head and neck [34], cervix [34, 35], and 
lung [36] cancers, in turn allowing for adapting 
and individualizing treatment regimens.

In this chapter, we discuss the application of 
advanced image processing techniques in PET 
imaging with specific focus on two major areas 
of better tumor target definition and image-based 
prediction of treatment outcomes.

12.2  Image Features from PET

A necessary prerequisite of image processing 
application in PET is the robust extraction of rel-
evant imaging features, which could be used in 
varying applications. The features extracted from 
PET images could be divided into static (time- 
invariant) and dynamic (time-variant) features 
according to the acquisition protocol at the time 
of scanning and into pre- or intra-treatment fea-
tures according to the scanning time point [37].

12.2.1  Static PET Features

 (a) Standard uptake value (SUV) descriptors: 
SUV is a standard method in PET image 
quantitative analysis [38]. In this case, raw 
intensity values are converted into SUVs, 
and statistical descriptors such as maximum, 
minimum, mean, standard deviation (SD), 
and coefficient of variation (CV) are 
extracted.

 (b) Total lesion glycolysis (TLG): This is defined 
as the product of volume and mean SUV [5, 
30, 39].

 (c) Intensity-volume histogram (IVH): This is 
analogous to the dose-volume histogram 
widely used in radiotherapy treatment plan-
ning in reducing complicated 3D data into a 
single easier to interpret curve. Each point on 
the IVH defines the absolute or relative vol-
ume of the structure that exceeds a variable 
intensity threshold as a percentage of the 
maximum intensity [34]. This method would 
allow for extracting several metrics from 
PET images for outcome analysis such as Ix 
(minimum intensity to x% highest intensity 
volume), Vx (percentage volume having at 
least x% intensity value), and descriptive sta-
tistics (mean, minimum, maximum, standard 
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deviation, etc.). We have reported the use of 
the IVH for predicting local control in lung 
cancer [36], where a combined metric from 
PET and CT image-based model provided a 
superior prediction power compared to com-
monly used dosimetric-based models of local 
treatment response.

 (d) Morphological features: These are generally 
geometrical shape attributes such as eccen-
tricity (a measure of non-circularity), which 
is useful for describing tumor growth direc-
tionality, and Euler number (the number of 
connected objects in a region minus the total 
number of holes in the objects) the solidity 
(this is a measurement of convexity), which 
may be a characteristic of benign lesions [40, 
41]. An interesting demonstration of this 
principle is that a shape-based metric based 
on the deviation from an idealized ellipsoid 
structure (i.e., eccentricity) was found to 
have strong association with survival in 
patients with sarcoma [41, 42].

 (e) Texture features: Texture in imaging refers 
to the relative distribution of intensity values 
within a given neighborhood. It integrates 
intensity with spatial information resulting 
in higher-order histograms when compared 
to common first-order intensity histograms. 
It should be emphasized that texture metrics 
are independent of tumor position, orienta-
tion, size, and brightness and take into account 
the local intensity spatial distribution [43, 
44]. This is a crucial advantage over direct 
(first-order) histogram metrics (e.g., mean 
and standard deviation), which only measures 
intensity variability independent of the spatial 
distribution in the tumor microenvironment. 
Texture methods are broadly divided into three 
 categories: statistical methods (e.g., high-order 
statistics, co- occurrence matrices, moment 
invariants), model-based methods (e.g., 
Markov random fields, Gabor filter, wavelet 
transform), and structural methods (e.g., topo-
logical descriptors, fractals) [45, 46]. Among 
these methods, statistical approaches based 
on the co-occurrence matrix and its variants 
such as the gray-level co-occurrence matrix 
(GLCM), neighborhood gray-tone difference 

matrix (NGTDM), run-length matrix (RLM), 
and gray-level size zone matrix (GLSZM) 
have been widely applied for characterizing 
FDG-PET heterogeneity [47].

Four commonly used features from the GLCM 
include energy, entropy, contrast, and homogene-
ity [44]. The NGTDM is thought to provide more 
humanlike perception of texture such as coarse-
ness, contrast, busyness, and complexity. RLM 
and GLSZM emphasize regional effects. Textural 
map examples from multiple PET tracers are 
shown in Fig. 12.1.

These features were shown to predict response 
in cancers of the cervix [34], esophagus [48], head 
and neck [49], and lung cancer [50]. MaZda is a 
dedicated software for image feature analysis [51]. 
An example of PET different feature extraction 
from head and neck cancer is shown in Fig. 12.2.

12.2.2  Dynamic PET Features

These features are based on kinetic analysis using 
tissue compartment models and parameters 
related to transport and binding rates [52]. In the 
case of FDG, a three-compartment model could 
be used to depict the trapping of FDG-6- 
phosphate (FDG6P) in tumor [53, 54]. Using 
estimates from compartmental modeling, glucose 
metabolic uptake rate could be evaluated. The 
uptake rate and other compartment estimates 
themselves could form “parameter map” images, 
which previously described static features, and 
could be derived from as well (see Chap. 14).

Glucose metabolic rate was correlated with 
pathologic tumor control probability in lung can-
cer [55]. Thorwarth et al. published interesting 
data on the scatter of voxel-based measures of 
local perfusion and hypoxia in head and neck 
cancer [56, 57]. Tumors showing a wide spread 
in both showed less reoxygenation during a 
course of radiotherapy and had lower local con-
trol. A rather interesting approach to improve the 
robustness of such features is the use of advanced 
4D iterative techniques; an example is given in 
Fig. 12.3. Further improvement could be achieved 
by utilizing multi-resolution transformations 
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(e.g., wavelet transform) to stabilize kinetic 
parameter estimates spatially [58].

12.3  Extension to PET/CT 
and PET/MR

Combining information from multiple modalities 
allows for better utilization of complementary fea-
tures from different images. For instance, several 
studies have indicated that inter- and intra- observer 
variability of defining the tumor extent could be 
reduced by using PET/CT or PET/MR. Researchers 
in lung cancer reported reduced variability when 
using CT with PET for target definition [3, 10]. 
Furthermore, a study of fractionated stereotactic 
radiotherapy for meningioma patients demon-
strated improved target definition by combining 
physiological information from PET, anatomical 
structure from CT, and soft tissue contrasts from 
MRI, resulting in alterations of the original con-
tour definitions in 73 % of the cases [59]. However, 
this visual approach for integrating multimodality 
imaging information is prone to observer subjec-
tivity and variations as contrasted to single image 
analysis as discussed later.

The PET imaging features presented as static 
metrics in Sect. 12.2.1 could be applied equally 
to PET/CT or PET/MR, where instead of SUV, 
Hounsfield units are used in the case of CT, and 
T1w or T2w images, for instance, could be used 
in the case of MRI, for instance, using its 
weighted relaxation times or proton density pixel 
intensities. In the case of dynamic MRI acquisi-
tions, the corresponding pharmacokinetic models 
would be applied to extract the parametric maps 
such as extended Tofts model [60], which is also 
a three-compartment model, and extracted 
parameters include the transfer constant (Ktrans), 
the extravascular-extracellular volume fraction 
(ve), and the blood volume (bv).

However, among the most challenging 
issues in multimodality imaging is the fusion 
of multiple imaging data from different scan-
ners. This is typically carried out through a 
geometric transformation, i.e., image registra-
tion. This could be solved greatly using inte-
grated hardware systems such as PET/CT 
scanners or PET/MRI scanners; otherwise, 
software solutions need to be deployed. These 
software solutions could be divided into rigid 
or deformable registration techniques [61]. In 
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our previous work, we have developed several 
tools for this purpose such as MIASYS [62] 
and DIRART [63]. https://sites.google.com/a/
umich.edu/ielnaqa/home/software-tools.

MIASYS is a dedicated open-source software 
tool developed in MATLAB for multimodality 

image analysis. The software tool aims to pro-
vide a comprehensive solution for 3D image 
segmentation by integrating automatic algo-
rithms, manual contouring methods, image pre-
processing filters, post-processing procedures, 
user- interactive features, and evaluation metrics.  
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Fig. 12.2 A pretreatment PET scan of a head and neck 
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therapy treatment. (a) The head and neck tumor region of 
interest (brown) and the gross tumor volume (GTV) 

(green) were outlined by the physician. (b) An IVH plot, 
where Ix and Vx parameters are derived. (c) A texture map 
plot of the GTV heterogeneity through intensity spatial 
mapping
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Fig. 12.3 An abdominal dynamic FDG-PET/CT kinetic 
analysis. The figure shows the three-compartment param-
eter map (K1, k2, k3) model assuming irreversible kinetics 
(k4 = 0), blood volume component (bv = K1/k2), and KFDG 

net influx rate constant (Ki). In this case, the parameters 
were obtained using a 4D iterative technique (compared 
with simple differential methods) by estimation directly 
from the sinogram domain
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The implemented methods include multiple 
image thresholding, clustering based on K-means 
and fuzzy C-means (FCM), and active contours 
based on snakes and level sets. Image registra-
tion is achieved via manual and automated rigid 
methods [62].

DIRART is also an open-source software 
implemented in MATLAB to support deformable 
image registration (DIR) for adaptive radiother-
apy applications. Image registration in this regard 
computes voxel mapping between two image sets 
and is formulated as an optimization problem in 
which the solution is found by maximizing a sim-
ilarity metric between the two images (e.g., 
mutual information). DIRART contains 20+ 
deformable image registration (DIR) algorithms 
including 12 different optical flow algorithms, 
different demon algorithms, and four level set 
algorithms. It also supports interface to ITK so 
that ITK DIR algorithms can be called from 
within DIRART. Currently five ITK DIR algo-
rithms are supported, including demon algo-
rithms and B-spline algorithms. In addition, the 
newer inverse consistency algorithms to provide 
consistent displacement vector field (DVF) in 
both forward and backward directions are imple-
mented [63].

12.4  Application of PET 
in Radiotherapy

In the following, we discuss the application of 
PET to radiotherapy with focus on two cases, 
contouring of tumor/organs at risk in treatment 
planning and outcome prediction for clinical 
decision-making using radiomics.

12.4.1  Biological Target Definition 
Using PET

Medical image segmentation is a process to sepa-
rate structures of interest in an image from its 
background or other neighboring structures. It is a 
necessary prerequisite step for many medical 
imaging applications in radiology and radiation 
therapy. These applications may include automatic 

organ delineation, quantitative tissue classifica-
tion, surface extraction, visualization and image 
registration, etc. [64, 65]. For instance, Pham and 
coworkers divided segmentation algorithms into 
eight different categories: thresholding, region 
growing, classifiers, clustering, Markov random 
field models, artificial neural networks, deform-
able models, and atlas-guided approaches. In our 
work on PET-guided treatment planning in radio-
therapy, we presented a comparative survey of the 
current methods applied for tumor segmentation 
[66, 67]; an example in head and neck cancer 
using different segmentation algorithms is pre-
sented in Fig. 12.4.

There are several commercial and academic 
software tools that support different segmenta-
tion algorithms. In general, commercial software 
packages have better implementations with a 
user-friendly interface for manual and semiauto-
matic segmentation methods, but often lag behind 
the latest development in the field. In contrast, 
academic software packages, such as ITK [68], 
BioImage Suite [69], MIPAV [70], ImageJ [71], 
and 3D slicer [72], may tend to be oriented 
toward single-modality applications and less 
friendly in handling multimodality images as 
proposed here.

Most automatic algorithms attempt to utilize 
image intensity variations or image gradient 
information. However, for low-contrast images, 
many of these algorithms tend to provide subop-
timal solutions that are not clinically acceptable. 
For such cases, it has been demonstrated that if 
multiple images are available for the same object 
(the same image modality or different image 
modalities), all the available complementary 
information can be fed into the segmentation 
algorithms to define the so-called biophysical tar-
get [73]. Thus, the segmentation algorithms 
would benefit from the complementary informa-
tion from different images, and consequently the 
accuracy of the final segmentation results could 
be improved. Similar approaches have been 
applied for detecting blood-wall interface of 
heart ventricles from CT, MRI, and ultrasound 
images using a snake deformable model [74], for 
classifying coronary artery plaque composition 
from multiple contrast MR images using K-means 
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clustering algorithm [75], and for defining tumor 
target volumes using PET/CT/MR images for 
radiotherapy treatment planning by using a mul-
tivalued deformable level set approach as in our 
previous work. Mathematically, such an approach 
is a framework that could be thought of as a map-
ping from the imaging space to the “perception” 
space as identified by the radiologists [73]:

 Biophysical target CT, PET, MRI, = …( )f , l  (12.1)

where f ×( )  is the mapping function from the dif-
ferent imaging modalities to the target space 
parameterized by λ, which represents users’ 
defined set of parameters representing the prior 
knowledge. This framework is highlighted in 
Fig. 12.5.

The robust image segmentations methods are 
based on deformable models, which are geometric 
representations of curves or surfaces that are 
defined explicitly or implicitly in the imaging 

domain. These models move under the influence 
of internal forces (contour curvature) and external 
forces (image boundary constraints) [76, 77]. The 

10
MBq/cc
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Active contour
EM
FCM
FCM-SW
Histology

SUVmax40
Biehl
Black
Nestle
Schaefer
Histology

Fig. 12.4 Example of different PET segmentation meth-
ods of head and neck cancer. The methods include 40 % of 
SUVmax (SUVmax40) and the methods of Nestle, Black, 
Biehl, and Schaefer. This is in addition to the level set 
technique (active contour), the stochastic EM approach 

(EM), the FCM algorithm (FCM), and the FCM-SW vari-
ant of the FCM algorithm (FCM-SW). The 3D contour 
defined on the macroscopic tumor specimen is used as the 
reference for assessing the performance of the different 
segmentation techniques (From Zaidi et al. [66])

Fig. 12.5 Biophysical target as generated from multimo-
dality imaging by combining anatomical and functional 
information
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level set is a state-of-the-art variational method for 
shape recovery [76, 78–80]. They were originally 
developed in curve evolution theory to overcome 
the limitations encountered in parametric deform-
able models (e.g., snakes [81]) such as initializa-
tion requirement, generalization to 3D, and 
topological adaptation such as splitting or merging 
of model parts. Our generalization to multimodal-
ity imaging is based on redefining the concept of a 
boundary as a logical or “best” combination of 
multiple images by learning and incorporating 
expert’s knowledge on subregional or even voxel 
levels. An example showing combination of PET/
CT in lung cancer is shown in Fig. 12.6 using a 
multivalued level set algorithm [73].

In another example the PET/CT images were 
taken from patients with cervix cancer. The PET 
image was sharpened using a deconvolution 
approach [82]. The 40 % maximum SUV (stan-
dard uptake value) thresholding is adopted in 
many institutes to estimate gross tumor volume 
for cervix cancer patients due to the high target 
to background ratio of these tumors in PET and 
the difficulty to distinguish their boundary in 
CT. In Fig. 12.7, the active contour algorithm is 
initialized with a circle (in white) of 15.9 mm 
diameter around the PET lesion. The evolved 
contour took ten iterations (in blue) and the final 
estimated contours (in thick black) are shown. 
The algorithm converged in just 30 iterations. 
This fast convergence could be attributed in part 
to the almost spherical shape of the tumor and 
the sharpness of the gradient. It is noticed that 
the results of the algorithm match the PET 
ground truth (99 %) as delineated by an experi-
enced nuclear medicine radiologist. Hence, the 
delineation results were explained mainly by 
PET in this case, although information from CT 
could still be used to steer the algorithm, if 
desired.

12.4.2  PET Radiomics

The extraction of quantitative information 
from imaging modalities and relating informa-
tion to biological and clinical endpoints is a 

new emerging field referred to as “radiomics” 
[32, 33]. Traditionally, quantitative analysis of 
FDG-PET or other PET tracer uptake is con-
ducted based on observed changes in the stan-
dard uptake value (SUV). For instance, 
decrease in SUV postirradiation has been asso-
ciated with better outcomes in lung cancer 
[83, 84]. However, SUV measurements them-
selves are potentially pruned to errors due to 
the initial FDG uptake kinetics and radiotracer 
distribution, which are dependent on the initial 
dose and the elapsing time between injection 
and image acquisition. In addition, some com-
monly reported SUV measurements might be 
sensitive to changes in tumor volume definition 
(e.g., mean SUV). These factors and others 
might make such approach subject to signifi-
cant intra- and inter-observer variability [25, 
26, 34].

Radiomics consist of two main steps, extrac-
tion of static and dynamic features as discussed 
in Sect. 17.3 and outcome modeling as presented 
in the following. Outcomes in oncology and par-
ticularly in radiation oncology are characterized 
by tumor control probability (TCP) and the sur-
rounding normal tissue complication probability 
(NTCP) [85, 86]. A detailed review of outcome 
modeling in radiotherapy is presented in our pre-
vious work [87]. DREES is a dedicated software 
tool for modeling of radiotherapy response [88]. 
In the context of image-based treatment outcome 
modeling, the observed outcome (e.g., TCP or 
NTCP) is considered to be adequately captured 
by extracted image features [34, 89]. We will 
highlight this approach using classical logistic 
regression.

Logistic modeling is a common tool for multi- 
metric modeling. In our previous work [90, 91], a 
logit transformation was used:
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where n is the number of cases (patients) and xi 
is a vector of the input variable values (i.e., image 
features) used to predict f(xi) for  outcome yi (i.e., 
TCP or NTCP) of the ith patient
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where d is the number of model variables and the 
βs are the set of model coefficients determined by 
maximizing the probability that the data gave rise 
to the observations. Resampling methods such as 
cross validation and bootstrapping methods could 
be used to determine optimal model order and 
parameter selection as shown in Fig. 12.8 for 
PET/CT modeling of lung cancer [36]. 
Interestingly, a model of two parameters from 
PET and CT based on intensity-volume histo-
grams provided the best fit to local control.

12.5  Current Issues and Future 
Directions

12.5.1  PET Image Characteristics

Generally speaking, PET images have lower reso-
lution than CT or MRI in the order of 3–5 mm, 
which is further worsened under cardiac or respi-
ratory motion conditions due to longer acquisition 
periods. Moreover, PET images are susceptible to 
limited photon count noise. Advances in hardware 
such as crystal detector technologies [92] and 
software such as image reconstruction techniques 
[93] are poised to improve PET image quality and 
their subsequent use. See Chaps. 8 and 11.

GTV-CT

GTV-CT
GTV-PET
GTV-PET/CT

GTV-PET

MVLS

GTV-PET/CT
Initialization

a

b c d

Fig. 12.6 Joint estimation of lung PET/CT target/disease 
volume. (a) A fused PET/CT displayed in CERR with 
manual contouring shown of the subject’s right gross 
tumor volume. The contouring was performed separately 
for CT (in orange), PET (in green), and fused PET/CT (in 
red) images. (b) The MVLS algorithm was initialized 
with a circle (in white) of 9.8 mm diameter, an evolved 
contour in steps of ten iterations (in black), and the final 

estimated contour (in thick red). The algorithm converged 
in 120 iterations in few seconds. The PET/CT ratio 
weighting was selected as 1:1.65. (c) MVLS results are 
shown along with manual contour results on the fused 
PET/CT. Note the agreement of the fused PET/CT manual 
contour and MVLS (dice = 0.87). (d) MVLS contour 
superimposed on CT (top) and PET (bottom) separately
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12.5.2  Robustness and Stability 
of Extracted Image Features

It is well recognized that image acquisition pro-
tocols may impact the reproducibility of extracted 
features from PET images, which may conse-
quently impact the robustness and stability of 
these features for image analysis. This includes 
static features such as SUV descriptors [94–96] 

and texture features [97, 98]. Interestingly, 
texture- based features were shown to have a 
reproducibility similar to or better than that of 
simple SUV descriptors [99]. Moreover, textural 
features from the GLCM seemed to exhibit lower 
variations than NGTDM features [97]. Other fac-
tors that may impact the stability of these features 
may include signal-to-noise ratio (SNR), partial 
volume effect, motion artifacts, parameter  

Iteration: 30

Fig. 12.7 A 3D generalization of multivalued level set 
(MVLS) algorithm in the case of PET/CT cervix. The 
MVLS algorithm is initialized with a sphere (in white) of 
15.9 mm diameter, a curve evolution in steps of ten itera-

tions (in magenta), and the final estimated contour (in 
thick blue). The algorithm converged in 30 iterations. 
MVLS estimated contour superimposed on CT. MVLS 
estimated contour superimposed on PET
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settings, resampling size, and image quantization 
[34, 98]. Denoising methods for mitigation of 
noise in PET imaging follow their limited photon 
effects using traditional denoising filtering meth-
ods [66, 100] or more advanced methods based 
on combining wavelet and curvelet transform 
characteristics [101].

12.5.3  Improved PET-Based 
Outcome Models

In addition to using appropriate candidate image 
features for PET-based outcome modeling, 
“radiomics,” a main weakness in using classical 
logistic regression formalism is that the model’s 
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Fig. 12.8 Multi-metric modeling of local failure from 
PET/CT features. (a) Model-order selection using leave- 
one- out cross validation. (b) Most frequent model selec-
tion using bootstrap analysis where the y-axis represents 
the model selection frequency on resampled bootstrapped 

samples. (c) Plot of local failure probability as a function 
of patients binned into equal-size groups showing the 
model prediction of treatment failure risk and the original 
data (Reproduced with permission from Vaidya et al. [36])
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capacity to follow details of the data trends is 
limited. In addition, Eq. (12.3) requires the user’s 
feedback to determine whether interaction terms 
or higher-order terms should be added, making it 
a trial-and-error process. A solution to ameliorate 
this problem is offered by applying machine 
learning methods [102].

A class of machine learning methods that is 
particularly powerful, and which we propose to 
use for image-based outcome prediction, 
includes so-called kernel-based methods and 
their most prominent subtype, support vector 
machines (SVMs). These methods have been 
applied successfully in many diverse areas 
including outcome prediction [103–107]. 
Learning is defined in this context as estimating 
dependencies from data [108]. In the example of 
outcome prediction (i.e., discrimination between 
patients who are at low risk versus patients who 
are at high risk of local failure), the main func-
tion of the kernel- based technique would be to 
separate these two classes with “hyperplanes” 
that maximize the margin (separation) between 
the classes in the nonlinear feature space. The 
objective here is to minimize the bounds on the 
generalization error of a model on unseen data 
before rather than minimizing the mean-square 
error over the training dataset itself (data fitting). 
Note that the kernel in these cases acts as a simi-
larity function between sample points in the fea-
ture space. Moreover, kernels enjoy closure 
properties, i.e., one can create admissible com-
posite kernels by weighted addition and multi-
plication of elementary kernels. This flexibility 
allows for the construction of a neural network 
by using a combination of sigmoidal kernels. 
Alternatively, one could choose a logistic regres-
sion equivalent kernel by proper choice of the 
objective function itself.

Evaluation of radiomics in clinical trials is 
still in its infancy. According to the website clin-
icaltrials.gov, a registered trial for “Radiomics: 
A Study of Outcome in Lung Cancer” between 
the Maastro Clinic in the Netherlands, Moffitt 
Cancer Center and Research Institute from 
Florida, USA, and Gemelli Hospital from Rome, 
Italy, is reported. Another trial on “Radiomics 
Prediction of Long Term Survival and Local 

Failure After Stereotactic Radiotherapy for 
Brain Metastases” by the Maastro Clinic has 
been recently opened.

 Conclusions

Image processing constitutes an indispensible 
set of tools for analyzing and extracting valuable 
information from PET images. We presented in 
this chapter an overview of different features that 
could be extracted from PET images for differ-
ent applications including contouring and 
response prediction. We have shown that incor-
poration of different anatomical information 
from CT and MRI into PET is feasible and could 
yield better results. However, there are chal-
lenges still in the use of PET, some are related to 
inherited image quality, and others are related to 
standardization of image acquisition protocols 
and reconstruction algorithms. Nevertheless, 
advances in hardware and software technologies 
will further facilitate wider application of 
advanced image processing techniques to PET 
and hybrid imaging to achieve better clinical 
results. In particular, the synergy between image 
analysis and machine learning could provide 
powerful tools to strengthen and further the utili-
zation of PET in clinical practice.
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Basics and Advances 
of Quantitative PET Imaging

Magdy M. Khalil

Abstract

Positron emission tomography (PET) has 
been enjoying outstanding quantitative fea-
tures since its inception in diagnostic clinical 
imaging. These capabilities have served the 
evolution and diagnostic performance of PET 
in many circumstances including research 
and development as well as clinical routines. 
However, this has been made with extensive 
efforts exerted on technical, physical, and 
instrumental levels. Quantitative PET can be 
very simple but also sometimes need to be 
very complicated and cumbersome. This 
depends heavily on the purpose of the imag-
ing task. Static and dynamic PET are the two 
different modes of data acquisition from 
which the relevant type of information is 
extracted and physiologically interpreted. 
The most commonly used form of data quan-
titation in PET is the standardized uptake 
value (SUV) that may take several forms. 
This later quantitative index, despite being 
simple to calculate showing effectiveness in a 
number of malignancies, is prone to many 
technical and biological errors if not properly 
adjusted. All of the above have been reviewed 
in this chapter along with other new emerging 
volumetric and disease burden quantitative 
metrics.
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13.1  Introduction

Positron emission tomography (PET) is a well- 
established and standard diagnostic imaging modal-
ity in clinical practice. The major role has become 
very evident in oncology with useful diagnostic 
capabilities in other areas of medicine that include 
neurology, cardiology, infection, and inflammation. 
In 2007, the Society of Nuclear Medicine and 
Molecular Imaging defined molecular imaging as 
“the visualization, characterization, and measure-
ment of biological processes at the molecular and 
cellular levels in humans and other living systems.” 
PET imaging using F18- flurodeoxyglucose has a 
high sensitivity in detecting glucose avid malignant 
tumors. This phenomenon was originally initiated 
by Warburg in 1930s [1, 2]. In contrast to normal 
differentiated cells, which rely primarily on mito-
chondrial oxidative phosphorylation to generate the 
energy needed for cellular processes, most cancer 
cells instead rely on the non-efficient aerobic gly-
colysis [3]. During this process, glucose uptake is 
enhanced by upregulation of glucose transporters 
(GLUT), increased levels of hexokinase, and 
decreased levels of glucose-6-phosphatase [4].

PET imaging has a unique molecular sensitiv-
ity as it can use very small amount of radiotracer 
in the range of nano- to picomolar concentration 
in detection of functional disorders within human 
body without disturbing the normal biochemistry 
or pharmacokinetics of the target tissue. This 
detection capability is a central point in charac-
terizing PET systems over other imaging modali-
ties. Therefore, there is a continuous interest to 
improve overall system performance in terms of 
spatial resolution, sensitivity, count rate perfor-
mance, timing, and energy resolution in connec-
tion to developing new advanced correction and 
reconstruction algorithms. These developments 
have several consequences on image quality and 
quantitative accuracy of PET examinations.

PET is a multidisciplinary functional and 
molecular diagnostic tool with enhanced mor-
phological features when combined with struc-
tural imaging modalities such as x-ray computed 
tomography (CT) and magnetic resonance imag-
ing (MRI). These relatively new hybrid imaging 
modalities bring to reading physicians a signifi-

cant amount of information not only on qualita-
tive (i.e., visual assessment) level but also have a 
substantial influence on quantitative and semi-
quantitative measurements.

PET/CT has gained a wide acceptance among 
nuclear medicine practitioners and scientific com-
munity owing to the fact of improved diagnostic 
performance and guiding clinicians toward better 
patient management. Applications of PET/CT in 
oncology are of particular importance and include 
initial diagnosis, staging, restaging, recurrence 
detection, monitoring response to treatment, as 
well as patient stratification and prognostication.

The multimodality hybrid imaging approach 
has proved its clinical significance in more than 
one aspect. Together with time reduction, speed 
of diagnosis, incremental diagnostic information, 
and advising on proper treatment strategy, hybrid 
imaging will play a very essential tool in future 
of modern medicine or more specifically on prac-
tice of what is recently called personalized or 
precision medicine [5].

13.2  PET Quantitation

Despite the fact that visual interpretation is the con-
ventional method of reading PET imaging data, it 
has been shown that quantitative analysis allows an 
objective complement in supporting diagnostic and 
decision-making process [6]. The term “quantita-
tion” has several interpretations among PET imag-
ing practitioners, and range from simple detection 
and determination of tracer concentrations may be 
in units of kBq/ml, μCi/ml to more sophisticated 
mathematical algorithms that indicate rate of tracer 
transportation or exchange among different bio-
chemical species or tissue space [7, 8]. What deter-
mines the level of complexity of quantitation is the 
target biological question and objective of the PET 
study which might be a development of new PET 
radiopharmaceutical and examining tracer biodis-
tribution, diagnostic workup and staging, response 
to treatment, or investigating efficacy of new thera-
peutic drugs as can be seen and performed in clini-
cal trials [9].

We may classify quantitative approaches in 
PET imaging into three major types, namely, qual-
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itative methods using visual assessment, semi-
quantitative methods using standardized uptake 
value (SUV) and its variants, and absolute mea-
surements of tracer pharmacokinetics using kinetic 
modeling analysis. Two major types of data acqui-
sition are available in PET that permits one to per-
form the required type of image quantitation; these 
are static and dynamic imaging. Static images are 
normally acquired when the tracer is injected and 
an adequate time is given for tracer clearance from 
plasma and accumulation into the tissue to improve 
target-to-nontarget ratio. However, dynamic imag-
ing as the name implies does capture the metabolic 
information on a real time fashion enabling  one to 
derive valuable physiologic quantitative parame-
ters as will be discussed later.

13.2.1  Spectrum of PET Quantitation

Interpretations of FDG PET scan depend in large 
part on well understanding of the normal physi-
ologic uptake and associated normal variants in 
addition to imaging pitfalls. This supports the 
reading physician to come up with clear idea 
about abnormal finding whether it is a true 
pathology or normal physiologic uptake. 
However, this process is subject to a significant 
inter-reader variability and less quantitative base.

A reliable and reproducible measure of tracer 
uptake within different pathologic lesions of cancer 
as well as other disease pathologies has several 
advantages and benefits. Elimination of inter-
reader variability is the first outcome of these quan-
titative or semiquantitative metrics in PET image 
interpretation. Another aim of having this type of 
measurement is the possibility of comparison 
among different patient studies typically in moni-
toring and assessment of response to treatment. A 
robust, reliable, and distinctive cutoff value of the 
response is ideally desirable to support the deci-
sion-making process for a given treatment line 
[10]. It would also be very helpful in predicting the 
success of a chosen therapy over others especially 
at early cycles of selected therapeutic regimen. On 
the other side, such a metric could provide a more 
insight into the spectrum and biological heteroge-
neity of a specific disease and particularly in inter-

patient comparisons. The development of novel 
targeted tracers imposes the use of a suitable or 
optimal quantitative method as conventional quan-
titative metrics may not always be adapted for 
extracting relevant information [11].

A standardized imaging protocol and quantifi-
cation strategy would also permit an easy com-
parison among different PET clinics to build up a 
knowledge base with minimal observer variabil-
ity and methodological preferences. This can 
take place if the method is well defined and 
sources of technical errors and imaging pitfalls 
are recognized and eliminated [12]. Therefore, 
standardized quantification facilitates multicenter 
trials, allows comparison among different PET 
clinics, and supports the way toward personal-
ized therapy [13]. These properties are not lim-
ited only to oncology applications, but there is a 
growing interest to use PET quantitative indices 
in infection and inflammatory disorders in addi-
tion to the existing interest in neurology and car-
diology [14].

13.2.2  Static PET Imaging

After the advent of PET/CT more than a decade 
ago, there was a paradigm shift in the practice of 
PET imaging in terms of its impact on manage-
ment of cancer patients and hence on clinical 
oncology [15]. The standard PET/CT imaging 
protocol in oncology is normally a whole-body 
scanning procedure that extends from skull base 
to mid-thigh. Most imaging procedures start 
around 60 min post-activity administration, and 
patient is allowed to relax in a room of moderate 
light intensity after intravenous injection. Patients 
should fast for 4–6 h to minimize the effect of 
endogenous glucose and avoid its competition 
with the injected glucose analogue F18-FDG 
during the uptake period. The CT examination 
often starts before the multiple bed positions 
used for acquiring the PET. The former is 
launched by acquiring a scout view that is then 
used by the user to delimit the whole-body seg-
ment required for CT and PET scan length. 
Contrast-enhanced CT might be performed after 
PET acquisition to avoid the possibility of image 
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artifacts due to contrast deposition in some 
regions of the body [16, 17].

Image reconstruction using iterative tech-
niques (reviewed in Chap. 11) has become widely 
available due to many reasons including improved 
noise characteristics, contrast and spatial resolu-
tion, and ultimately quantitative accuracy and 
image quality. As mentioned, the PET data are 
acquired using sequential multiple bed scanning 
approach applying 2–5 min for each bed position. 
This heavily depends on the adopted imaging pro-
tocol that is affected by PET system performance 
and the employed F18-FDG dosing and uptake 
period. The most common form of image quanti-
tation is the use of the standardized uptake value 
(SUV) as an adjunct in image interpretation.

13.2.3  Dynamic PET Imaging

Apart from static whole-body PET examinations, 
dynamic imaging reveals several important phys-
iologic and metabolic information of tracer phar-
macokinetic behavior in tissues and has been 
extensively used in a number of potential appli-
cations in neurology, cardiology, and oncology 
[11, 18, 19]. It can be acquired with predeter-
mined number of frames and the duration of each 
or group of frame(s). List mode data acquisition, 
however, is one tool that can be used to record 
events based on their specific attributes such as 
time and energy but at the cost of high storage 
demands. This type of acquisition provides 

opportunity to reframe acquired data at any arbi-
trary time frame.

Dynamic PET provides the possibility of 
absolute data quantitation based on compartmen-
tal or non-compartmental methods and quantita-
tive estimation of tracer kinetics relying on region 
or voxel of interest analysis. The approach of 
using individual voxel as separate input to the 
pharmacokinetic model is termed parametric data 
analysis and provides more insights into spatial 
distribution of the radiotracer kinetics. However, 
it suffers from image noise and requires more 
computational resources [20]. Kinetic modeling 
does assist in deriving biologically relevant 
parameters, such as vascular transport and cellu-
lar metabolism, and asks for determination of the 
blood activity concentration of the native tracer 
over time as an input function to the model [21]. 
A compartment model of glucose metabolism is 
illustrated in Fig. 13.1. Mathematical bases of 
kinetic modeling are reviewed in Chap. 14.

In PET cardiac imaging, determination of 
myocardial blood flow and flow reserve can be 
measured using dynamic scanning of the heart 
region using some radiotracers such as O15- 
water, ammonia (N13), Rubidium-82 (Rb82), 
and other tracers that exhibit blood flow charac-
teristics. Quantitation of myocardial blood flow 
using dynamic PET is reviewed in Chap. 19.

In neurology, dynamic PET has been a very 
useful tool in determination of important 
 physiologic measures that reflect tracer receptor 
density, distribution volume, drug occupancy, and 

Fig. 13.1 The figure shows the structure of three- 
compartment model to quantitatively assess the transpor-
tation rate constants related to FDG metabolism, where 
Cp, C1, and C2 are the compartments for plasma, free, and 
metabolized tracer, respectively. CPET represents what the 
scanner measures in a voxel or in a region of interest 
(ROI). The rate constants K1–k4 regulate the tracer trans-
portation through the different compartments which could 

be a transfer from chemical species to another or from 
physical space to another physical space. Note that K1 is 
the perfusion and has units in ml/g/min, while k2–k4 have 
units in 1/min. The measured PET signal is contaminated 
by a fraction of tracer concentration in plasma, and this 
question is addressed by including a portion of the input 
function in the kinetic model equation (Adapted from 
Bentourkia [7])
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very instrumental tool in drug development [22]. 
In oncology, pharmacokinetic modeling provides 
valuable opportunities for measurements of recep-
tor density of potential therapeutic targeting, 
determination of tumor blood flow, as well as 
measuring the efficacy of anticancer drugs [23].

Dynamic PET imaging-derived kinetic param-
eters, particularly transport (flow) and overall met-
abolic rate, have provided imaging endpoints for 
clinical trials at single-center institutions for years. 
However, dynamic imaging poses many chal-
lenges for multicenter clinical trial  implementations 
from cross-center calibration to the inadequacy  
of a common informatics  infrastructure [21]. 
Figure 13.2 illustrates the imaging workflow of 
static and dynamic PET image acquisition and 
data analysis. One recent study revealed that the 
influx rate constant Ki determined by Patlak graph-

ical method in simulation and patient data has bet-
ter contrast-to-noise ratio (a measure related to 
more reliable tumor detection), and this has 
remarkable advantage in lesions of high uptake 
surrounded by elevated but constant background 
levels such as liver lesions. Meanwhile, SUV per-
formance was relatively poor [24]. Another study 
have used different methods for quantification of 
tumor activity (in a group of 40 patients with colon 
cancer metastatic to the liver) including SUV, 
Patlak graphical analysis, simplified kinetic model, 
and metabolic rate of glycolysis (MRGlu). Overall, 
Patlak was the best predictor of outcome and best 
discriminator between normal tissue and tumor 
results [25].

Several attempts have been devised to corre-
late the kinetically derived tracer influx rate con-
stant Ki to SUV measurements by either making 

Fig. 13.2 Dynamic PET is used to determine valuable 
metabolic and functional parameters. The standard proto-
col relies on delineating regions of interest (ROIs) on a 
summed PET image reconstructed using the system 
model or a co-registered anatomical image. Time-activity 
curves (TACs) from the ROIs with collected information 

about tracer concentration in plasma (i.e., input unction, 
IF) are used in the kinetic model to derive the physiologic 
tracer parameters. The other way around is to calculate 
rate parameters directly from sinogram data with less 
noisy estimates (Modified from Muzi et al. [21])
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strong assumptions that could be violated in 
practice or still function of the imaging time 
point [26, 27]. The measuring time point is very 
crucial in estimating the metabolic activity, and 
wide variation could be found in different malig-
nancies and in individual patients; therefore, 
quantitative image interpretation should be cau-
tiously undertaken. Benign and inflammatory 
lesion uptake time could be within 30–60 min, 
while malignant tissues exhibit wide variation 
across patients that may reach plateau after 4 h 
[28]. Thus, recommendations are often taken to 
be within 50–70 min and not much longer to min-
imize the effect of tracer decay [29–31].

For example, dynamic F18-FDG PET imag-
ing was found to accurately differentiate malig-
nant from benign pulmonary lesions in patients 
with suspected malignant pulmonary lesions. 
SUV and visual assessment were outperformed 
by dynamic imaging data analysis in differentiat-
ing benign and malignant lesions [32]. However, 
whole-body dynamic PET imaging is not feasible 

at the moment due to limited axial field of view 
of most commercial PET scanners.

In a recent work, researchers proposed a new 
solution where dynamic whole-body imaging can 
be made feasible using the current PET/CT gen-
eration systems [24, 33]. It consists of a 6 min 
initial scan over the heart to extract the input 
function through image-based method to get rid 
of the cumbersome work associated with arterial 
catheterization. This action is followed by six 
passes of dynamic whole-body scanning includ-
ing subsequent passes over the heart. Standard 
Patlak linear graphical analysis modeling is then 
applied at the voxel level to derive parametric 
images of Ki that reflects net tracer uptake [33]. 
The method looks interesting and combines 
between feasibility and advantages of dynamic 
quantitative features, but further work is needed 
to explore its potential in routine practice of 
patient diagnosis and therapeutic applications.

In Fig. 13.3 and in the SUV image, the patient 
was scanned with arms in the up position, 

SUV image (60min post injection)

Parametric K, image (first 4 passes)

Parametric K, image (all 6 passes)

6 dynam
ic w

hole-body passes

Fig. 13.3 Patlak analysis using six sequential  whole- body 
PET scans. The last six whole-body dynamic frames are 
shown on the left side. On the right side: the SUV image, 
the Ki parametric image derived from all six last frames, 

and the Ki image after omitting the last two frames 
(Reprinted with permission from Karakatsanis et al. [24] 
and thanks to Dr Nicolas Karakatsanis for providing some 
clarification on the figure)
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 according to the conventional whole-body PET 
protocol recommendations to limit the attenua-
tion from the arms. However, for the whole-body 
dynamic protocol, the patient had to be scanned 
for approximately 45 min with arms down due to 
the lengthy period of the scan. It was observed 
that the additional attenuation that may be caused 
because of that position does not affect the qual-
ity of the data [24].

13.2.4  Static Versus Dynamic PET

As described, the net FDG influx rate constant Ki 
(mL blood/mL tissue/min) is a valuable quantita-
tive measure that reflects the hexokinase and 
enzymatic capacity of the tumor cells. This mea-
sure was found to correlate with SUV measure-
ments taking two conditions into account as 
outlined by Kotasidis et al. [26]:

 1. The time integral of plasma FDG concentra-
tion is proportional to the injected dose 
divided by body weight (BW), lean body mass 
(LBM), or body surface area (BSA) as defined 
in the SUV formula. However, this assump-
tion is not always valid due to, for example, 
treatment intervention that might interfere or 
influence dynamics of FDG in plasma, and a 
simple correlation with injected dose and BW, 
BSA, or LBM would not be effective.

 2. Non-phosphorylated FDG that includes 
 vascular and extravascular FDG should be 
negligible when compared to the phosphory-
lated FDG. This assumption can also be vio-
lated in FDG non-avid tumors where the 
vascular  concentration and/or intracellular 
non- phosphorylated FDG are increased and 
the standard imaging time wouldn’t be appro-
priate. In post-therapy conditions, there is also 
a chance to find an elevated background activ-
ity that impacts the SUV uptake profile taken 
over time [26].

From the above described points, one should 
be very careful in using the SUV in assessing 
response to treatment or using the SUV as a 
 surrogate biomarker in clinical trials. The 

assumption that SUV is correlated with the 
 metabolic rate of glycolysis (MRglu) and thus 
can be used as surrogate biomarker specially in 
clinical trials requires validation studies as some 
new drugs modify the FDG differential uptake 
due to, for example, increased inflammatory pro-
cesses in other areas away from the tumor site(s) 
[27]. In some situations, it has been reported that 
up to 40 % of FDG uptake occurs in non-tumor 
tissue in post-therapeutic evaluation [34].

Dual or multiple time point SUV  measurement 
is an intermediate approach between static- based 
acquisitions and dynamic imaging. It considers the 
tumor uptake in timely spaced points instead of 
recording tumor uptake over a certain acquisition 
period while static because it doesn’t look at tracer 
kinetics during data acquisition. It provides a good 
means for characterizing a given pathology 
whether inflammatory (or benign lesion) versus 
malignant lesions as the former generally shows a 
pattern of constant or tracer washout, while the 
malignant tissue often has a persistent or even 
accumulating uptake pattern (see Fig. 13.4).

Dual time point can serve to improve test sen-
sitivity by improving lesion contrast and test 
specificity by excluding patients with abnormal 
or suspected findings. Its utility has been 
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Fig. 13.4 General pattern of F18-FDG uptake in inflam-
matory and malignant lesions. Inflammatory cells exhibit 
a sort of transient retention and tracer washout, while can-
cer cells show a continuous tracer uptake over time (From 
Hess et al. [13] with permission from Springer 
Science + Business Media)
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 demonstrated in a number of malignancies 
including bone, head and neck, lung, breast, and 
colorectal cancers and infection or inflammatory 
disorders [35–38]. However, further efforts need 
to be exercised along with elaborate guidelines 
emphasizing the specifics of dual or multiple 
time points in routine clinical practice [39].

13.3  Standardized Uptake Value 
(SUV)

SUV is the most commonly used quantitative 
index in clinical PET imaging. SUV formula is 
very simple and this form is widely acceptable.

 

SUV
ActivityConcentration Voxelor VOI
Normalized injected Act

=
( )
iivity bw lbm or bsa, ,( )  

Activity concentration is a quantity derived from 
a region of interest or voxel taken at a certain 
single region where the metabolic activity is of 
considerable clinical value. It can be kBq/ml or 
μCi/ml or any other equivalent unit.

Normalized injected activity is the adminis-
tered PET tracer (i.e., injected dose) normalized 
to patient body weight (BW), body surface area 
(BSA), or lean body mass (LBM), and decay cor-
rected to the PET acquisition start time. Note that 
the injected activity (e.g., MBq or mCi) should 
have the same unit like the one measured from the 
image 2D ROI, voxel or volume of interest (VOI).

Advantages of SUV are more than onefold. It 
is easy to calculate, available, and implemented as 
a built-in tool in viewing or processing worksta-
tions of all modern PET/CT scanners. It doesn’t 
also require arterial blood sampling like other 
methods that rely on dynamic imaging and kinetic 
modeling as outlined earlier. It can principally be 
calculated at any single time point after tracer 
administration. There are several approaches 
devised to look for what is the most appropriate or 
representative voxel or group of voxels that accu-
rately and reliably express metabolic activity 
within a given pathology. Therefore, there are a 
number of SUV variants that have been proposed 
in practice and will be discussed later.

Lesion contouring methods are also broad 
and range from very simple manual delineation 
to very sophisticated high-order automatic 
lesion segmentation. There are, however, some 
variables that need to be highlighted when 
attempts are made to work on PET data such as 
image noise, spatial resolution, image filtering, 
voxel size, degree of heterogeneity in the tumor, 
and uptake gradient within and outside the 
tumor relative to the background level [40]. 
Methods that can model or account for these 
variables while able to provide accurate and 
reproducible lesion segmentation can be the 
most preferable one for clinical adoption and 
standardization.

Substantial efforts have been carried out to 
address the problem of manual delineation that is 
prone to inter-subject and intra-subject variabil-
ity. Several methods were developed for lesion 
segmentation task with different statistical or 
mathematical principles that may include thresh-
olding; edge detection; watersheds; region grow-
ing; classifiers; clustering; gradient-based, fuzzy 
C-means or fuzzy locally adaptive Bayesian, 
Markov random field models; artificial neutral 
networks; deformable models; atlas-based meth-
ods; and others [41, 42]. Some studies were also 
conducted to address inherent differences and 
highlight the relative accuracies of those 
approaches [43]. However, there is no single 
optimal solution or consensus acceptable for all 
clinical problems in terms of accuracy, precision, 
and efficiency. This is particularly important in 
multicenter oncology studies where uniform 
delineation methods are required [44].

Investigators recognize that there is a substan-
tial growing interest in applying fully automatic 
approaches that are clinically more feasible on 
efficiency and user-input levels [41]. Image seg-
mentation in research could vary significantly 
based on the intended application and the adopted 
method together with the textural or morphologi-
cal appearance of the oncologic lesions. 
Therefore, producing a benchmark database for 
validation and comparison of methods will be 
very beneficial for PET imaging detection tasks 
and image processing applications [41].
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13.3.1  Drawbacks of SUV

Although the SUV has several quantitative and 
clinical implications, it has some potential draw-
backs. It is simply a temporal and spatial over-
simplification of the metabolic and biochemical 
process in question and doesn’t provide a detailed 
description of tracer kinetics within different tis-
sue compartments [28, 45]. The injected tracer 
undergoes a number of biochemical interactions 
that are not accounted for using SUV measure-
ments and through which it may be converted 
from one chemical species to another or from 
vascular space to interstitial space or vice versa. 
Meanwhile, the SUV picks up only the total sig-
nal coming from the area of interest where all or 
some of these processes are taking place [46]. 
The biodistribution of tracer in a given lesion 
might include delivery, uptake, retention, and 
clearance, and these processes can’t be separated 
by a single SUV metric. It is also impossible to 
separate the various components that contribute 
to the total signal such as specific binding, non-
specific binding, and free tracer in tissue [27].

Another quantitative shortcoming of SUV 
comes when using different radiotracers of tumor 
uptake that is not significantly different from 
healthy tissues. This situation stimulated 
researchers to look for alternative quantitative 
measures that potentially able to discriminate 
between pathologic lesion kinetics and other type 
of non-pathologic processes as demonstrated in 
3′-[18 F]fluoro-3′-deoxythymidine (18 F-FLT) 
PET studies [11, 21].

13.3.2  SUV Variants

Quantitative PET and SUV metric has several 
levels of measurements based on the complexity 
of computation and the employed analytical 
methods [40]. The most commonly used SUV 
metrics are SUVmean, SUVmax, and SUVpeak. The 
former is defined using the abovementioned for-
mula for SUV calculations where the numerator 
is taken as the mean FDG or PET tracer concen-
tration within the region or volume of interest. 

Measurements of SUVmax consider the maximal 
pixel concentration within the selected lesion. 
The SUVmean is operator dependant and underes-
timates the true value especially in small lesions 
due to partial volume effect. On the other side, 
SUVmax is sensitive to noise as it increases posi-
tive bias as noise increases and a subject of debate 
in response to treatment monitoring [47, 48]. It 
has also some wrong implications and less repre-
sentation in heterogenous tumor mass as more 
than SUVmax may exist within the same volume.

One study reported that the variability of 
SUVmax that can be attributed to image noise 
accounts for half of the overall variability [47]. 
They also reported that percentage change in 
SUVmax < 30 % is still within the uncertainty of 
repeated measurement, and a positive bias of 
SUVmax can be as high as 30 % for short acquisi-
tion time (high noise level), evaluated as 1 min 
per bed position [47]. SUVmean is much more 
variable due to operator-dependent factors 
including size and shape of mask delineation and 
location within or around a lesion, as well as the 
presence of tumor heterogeneity and variable 
level of background 18 F-FDG activity.

SUVpeak is the average SUV within a small, 
fixed-size region of interest (ROI peak) centered 
on a high-uptake part of the tumor. PET Response 
Criteria in Solid Tumors (PERCISTs) recom-
mend SUVpeak taken for the lean body mass (i.e., 
SUL) as an index for tumor response [49]. It has 
several technical definitions as what are the most 
relevant ROI shape, size, and dimension. The 
shape can be square or cuboidal of side length of 
7–15 mm. In terms of ROI geometries, it can be 
cylindrical, spherical, or even circular in  diameters 
ranging from 9 to 17 mm [50]. For a given lesion, 
there might be more than one SUVpeak.

In a recent work, a number of 24 SUVpeak were 
used to look for the most appropriate variant in 
quantification of different tumor response using 
FLT as biomarker. ROI size was the most influen-
tial factor in SUVpeak variation when compared to 
ROI shape or location. In addition and generally, 
the intra-tumor SUVpeak tended to decrease, but 
its variation tended to increase as the size of 
ROIpeak increased [50]. Therefore, the SUVpeak 

13 Basics and Advances of Quantitative PET Imaging



312

ROI candidate should be optimally chosen based 
on well-defined specific criterion in favor of 
accurate assessment of patient response for indi-
vidual tumor. One report revealed that SUVpeak 
was the most robust method when using varying 
reconstruction methods, especially in small 
lesions when compared to SUVmean and SUVmax 
[51]. In the same report, the latter two showed an 
increased variability in small lesions <5 ml, while 
SUVpeak remained more stable.

A robust and reliable estimate of SUV should 
be carried out based on standardized protocol and 
long-term observation on patient outcome. SUV 
measures are still “surrogate” biomarker and the 
accurate determinant, and reference gold stan-
dard is patient survival-based treatment response 
strategy [52]. In most cases, a number of lesion 
samples are taken to be quantified with less inter-
est to cover all lesions and their metabolic vol-
ume or global metabolic activity leading to a 
relative sampling and assessment error based on 
the particular region selected. Nevertheless, a 
growing interest is currently being taken toward 
evaluating patients based on overall disease bur-
den as follows in the next section.

13.4  Total Disease Burden

Total lesion glycolysis (TLG) is another metric 
that is used in quantifying total tumor burden. It 
is simply calculated by multiplying the SUVmean 
by the lesion volume. This is for a single lesion, 
but when considering the whole-body tumor bur-
den, then the values of all lesions TLG are 
summed up. Total metabolic tumor volume 
(TMTV) on the other hand reflects the total vol-
ume of all lesions within the whole body. These 
measures look at the overall or gross metabolic 
activity of cancer cells and eventually could be a 
potential measure of disease status and better 
candidates for monitoring response to treatment 
in comparison to uptake measures such as SUV 
and its variants [53–55].

It was first proposed in patients with Alzheimer 
to assess disease burden in an age-matched com-
parison along with partial volume correction 
[56]. The MR segmented brain structures were 

multiplied with the mean cerebral glycolytic 
activity, and end results showed that partial 
volume- corrected metabolic rates per unit weight 
of the brain were not significantly different in 
these cohorts, but that total brain metabolism was 
significantly lower in patients with Alzheimer. In 
addition, their efficacy and predictive power in 
correlation with recurrence-free survival or over-
all survival have then been investigated in the 
field of oncology. In cardiology, combining the 
FDG PET data and CT morphologic imaging of 
the chest covering the aortic region was proposed 
in calculating the atherosclerotic burden for each 
segment of the aorta by multiplying SUV with 
wall volume [57]. The arterial wall volume was 
calculated with the help of the CT contrast data 
delineating the inner and outer area of the aortic 
segment that appeared on each axial CT slice 
then subtracting to get the net volume.

In small-cell lung cancer, high TMTV and 
TLG were associated with poor survival out-
comes, and both were reported to be significant 
independent prognostic factor, whereas SVmean 
and SUVmax were poor measures and showed non-
statistical significance in survival [58]. This was 
true especially in patients with limited disease 
rather than extended disease. However, finding a 
proper and reliable but may be combined prog-
nostic indices could help physicians in taking 
risk-adapted therapeutic decision and better fol-
low-up treatment strategy. For instance, SUVmax 
and MTV measured on pretreatment 18F- FDG 
PET/CT in patients with oropharyngeal squamous 
cell carcinoma have shown to be independent 
variables in predicting clinical outcomes such as 
overall survival and disease-free survival [59].

In the context of head and neck cancer in 
response to chemoradiotherapy, multivariate anal-
ysis showed that high MTV (defined as tumor vol-
ume with SUV over 2.5) >25.0 mL and high TLG 
>144.8 g remained as independent significant pre-
dictors of incomplete response compared with 
low MTV and low TLG, respectively. However, 
predictive efficacy of pretreatment F18-FDG 
PET/CT varies with different primary sites and 
chosen parameters. Local response of laryngohy-
popharyngeal cancer was highly predictable by 
PET-/CT-based volume measurements [60].
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Abgral et al. showed that the retention index 
(measured as percentage variation of SUVmax) and 
MTV measured for a cohort of head and neck 
squamous cell carcinoma patients using dual- 
phase (early-delay) technique were independently 
correlated with recurrence-free survival [61]. 
Global disease assessment will likely have great 
importance for improved pretreatment planning, 
patient selection for clinical trials, patient stratifi-
cation, prediction of treatment response, and 
response assessment. Nevertheless, it was pointed 
out that the use of a whole-body metric involving 
TLG could be highly dependent on the severity of 
partial volume effect, and ignoring this pitfall in 
small lesions can greatly underestimate the total 
TLG compromising its potential prognostic value. 
However, this needs to be evaluated more thor-
oughly on an individual tumor basis [62].

Combining metabolic information and struc-
tural changes from PET and CT, respectively, 
was also an approach taken to monitor disease 
response to treatment. While a reduction in tumor 
volume using multi-detector row CT during che-
motherapy for esophageal cancer was found a 
good predictor of histopathologic response [63], 
Larson et al. combined anatomic and functional 
information and monitoring changes using TLG 
derived from multiplying the tumor volume on 
CT with the FDG uptake on PET [64].

It should be noted that the new era of molecular- 
anatomical imaging has witnessed an emergence 
and advances not only from image co- registration 
and extracting invaluable diagnostic information but 
also on the way the data are quantified. Similarly, 
combining the powerful multiparametric concept in 
patient diagnosis to interrogate characteristic infor-
mation of tumor biology within individual patients, 
despite expensive and technically demanding, can 
provide a wealth of information that guide physician 
to more accurate diagnosis and proper treatment.

13.5  Factors Affecting 
Quantitative Measurements

The quantitative approach implemented in SUV 
measurements has several sources of error and 
may lead to great under- or overestimation of the 

net results. It is not only related to biological fac-
tors or physiological conditions but also associ-
ated with quite large number of methodological 
and technical variables [65–67]. There are also 
some points that need to be addressed that influ-
ence SUV during patient preparation and radio-
activity injection. Infiltrated or extravasated 
radioactivity during patient injection serves to 
underestimate the injected dose described in the 
SUV formula and hence compromise the SUV 
measurements [68].

Physical and technical or instrumental factors 
are also important variables and extend to include 
image acquisition and data reconstruction, uptake 
time, count density, reconstruction algorithm, 
examination time, scanner cross calibration with 
dose calibrator, and other corrections that include 
data normalization, dead time, random correc-
tions, scatter and attenuation correction, and par-
tial volume effect (PVE) (details can be found in 
Chap. 15). Reconstruction algorithm and selec-
tion of reconstruction parameters play an impor-
tant role in the speed and rate of convergence and 
also to the final spatial resolution of the recon-
structed image and might result in increased par-
tial volume effects by making SUV more 
dependent on surrounding activity distributions 
[39, 51]. Other factors such as size, shape, and 
location of ROI/VOI used together with patient 
weight normalization factor are interplaying to 
determine the accuracy and reproducibility of 
SUV. In addition, application of contrast agents 
and the presence of metallic artifacts in CT 
images overestimate the attenuation factors and 
cause a significant elevation of SUV [69]. Patient 
stress and uncomfortable long waiting or expo-
sure to cold conditions can cause increased 
uptake in muscle and brown fat affecting SUV 
measurements [70, 71].

Motion artifact is also one of the major issues in 
thoracic and abdominal PET imaging due to the 
blurring effect caused by organ motion during data 
acquisition. This is particularly important as it can 
reduce signal-to-noise ratio compromising delin-
eation of lesion borders and corrupting SUV mea-
surements together with less confidence  
in image interpretation. Several and extensive 
research works have been carried out to address 
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this potential artifact and rectify the results of the 
SUV measurements. This topic was discussed in 
details in Chap. 16. Consequently, SUV should be 
carefully interpreted in body regions where motion 
exists, and thus special emphasis should be placed 
on longitudinal and follow-up studies [72].

13.5.1  Biological Factors

Accumulation and uptake of FDG within cells 
and tissues vary considerably, and a better under-
standing of the time activity profile of the tracer 
in a region of interest has important implications 
in data quantification. In the definition of SUV, 
the tracer concentration is the only variable for a 
given patient, and injected dose and hence an 
appropriate time point must be carefully selected 
to reflect clinically relevant information. This is 
also particularly important if the tracer accumu-
lation and clearance occur at a relatively fast rate.

A number of studies have been conducted to 
look at the F18-FDG concentration over time to 
understand its kinetic parameters and biodistribu-
tion profile over body organs. This can poten-
tially provide a baseline information to be used as 
guidelines for multiple point imaging sessions, 
using particular regions as reference for other 
pathologic lesions, or in delayed imaging proto-
col [73]. While FDG is taking up avidly by tumor 
cells of high glycolytic activity, its uptake value 
is less in some other types of tumor cells such as 
well-differentiated prostate adenocarcinoma and 
renal cell carcinoma [74, 75]. Furthermore, in 
poorly differentiated hepatocellular tumors, the 
degree of FDG uptake is relatively high when 
compared to well-differentiated tumors. An 
increased level of background activity can also be 
seen as concentration of dephosphorylating enzy-
matic activity (i.e., phosphatases) increases lead-
ing to FDG un-trapping and reuptake by normal 
liver cells. On the therapeutic level, high uptake 
by infiltrating immune cells can mask the 
decreased uptake by the dying tumor cells [76]. 
All the above scenarios have a confounding influ-
ence on the quantitative accuracy of PET data 
and should be placed into proper technical and 
clinical perspectives.

13.5.2  Blood Glucose Level

As mentioned earlier, the FDG molecule is taken 
avidly by tumor cells of high glycolytic activity. 
This interferes with the endogenous glucose to the 
extent that it may suppress the FDG uptake in the 
tumor or target cells especially at increased levels 
of blood glucose levels (e.g., diabetes). However, 
this was shown to have little effect in inflamma-
tory cells [77]. FDG is a glucose analogue and 
competes with the plasma glucose through the 
transmembrane transporters (GLUTs) and intra-
cellular enzymatic activity to enter into the cellu-
lar domain. Therefore, increased levels of blood 
glucose, as in hyperglycemia, play an important 
role in altering the relative uptake of FDG within 
different healthy tissues and unhealthy tumor 
cells. It can significantly reduce the retention of 
FDG in tumor cells underestimating the SUV 
measurements. Because of these shortcomings, 
guidelines have some recommendations of glu-
cose levels for those referred for FDG PET scan-
ning. The European Association of Nuclear 
Medicine (EANM) recommends that scanning be 
avoided above 11.1 mmol/L (about 200 mg/dL as 
an upper threshold limit), and for research the rec-
ommended upper plasma glucose levels may 
range between 7 and 8.3 mmol/L (126 and 
150 mg/dL). Similarly, the Society of Nuclear 
Medicine and Molecular Imaging (SNMMI) 
 recommends rescheduling the patient if the blood 
glucose level is greater than 150–200 mg/dL [78].

The use of insulin intervention to reduce glu-
cose to normal levels has some characteristics 
that need to be understood. Insulin regulates glu-
cose uptake into cells by recruiting membrane 
vesicles containing the GLUT glucose transport-
ers from the interior of cells to the cell surface, 
where it allows glucose to enter cells by faculta-
tive diffusion. Increased levels of insulin in the 
blood therefore play a molecular role in eliciting 
the translocation of the GLUT protein trans-
porter, and this phenomenon is significantly 
apparent in skeletal and cardiac muscles as well 
as adipose tissues [79].

While some recent optimized protocols for 
intravenous injection of insulin in diabetic 
patients were shown to lessen or avoid any 
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 abnormal FDG distribution, there are some other 
reports that show insulin may lead to unaccept-
able distribution of 25 % of diabetic cancer 
patients manifested by increased muscle uptake 
and decreased liver uptake [80]. It appears that 
insulin injection has some critical precautions 
that need to be placed into proper perspectives. 
The method of injection, the dose of insulin, the 
time between injection and imaging procedure, 
and the degree of hyperglycemia versus patient 
tolerance and response all seems to play a relative 
role in proper management of diabetic cancer 
patients [81].

In this context, it is important to mention that 
some drugs do alter the FDG uptake and significant 
change in SUV measurements can be observed. It 
has been shown that metformin, for example, sig-
nificantly increases F18-FDG uptake in the colon 
and, to a lesser extent, in the small intestine, but 
lesion quantification might need further evaluation 
[82]. Stopping metformin has therefore been rec-
ommended so that lesion obliteration can be pre-
vented [83]. For a review, see [84].

Attempts made to correct the SUV measure-
ments for blood glucose level were reported to 
increase variability in test-retest studies when 
evaluating reproducibility in cancer-free popula-
tion [85]. In obese patients, the fat contribution to 
the body composition is relatively large, and the 
FDG uptake is significantly low. This factor plays 
a role to overestimate the SUV measurements. 
This phenomenon is mitigated by using lean 
body mass or body surface area in SUV calcula-
tions [86, 87].

13.6  Response to Therapy

Evaluating patients after or during treatment of 
cancer represents one of the major challenges 
that physicians encounter in patient management. 
PET imaging continues to be a valuable tool to 
assess and manage cancer patients. A notable 
advantage of using FDG PET/CT in response 
monitoring is that metabolic changes often pre-
cede anatomical alterations [88]. Furthermore, 
newly developed targeted therapies may not even 
result in tumor shrinkage despite having a 

 beneficial effect on patient outcome. FDG PET/
CT has also been shown to have the potential to 
change in diagnosis and/or staging and/or treat-
ment plan in more than one-third of patients with 
suspected or known malignant disease [89]. In 
addition, it has been demonstrated that it can 
detect therapeutic changes that permit physicians 
to revise or modify treatment protocol at early 
stages of therapeutic regimen. This has several 
implications in patient prognosis and survival 
rates.

The lack of metabolic response on FDG PET 
indicates primary resistance to the drug and may 
help identify patients who would benefit from 
another therapy, while re-emergence of metabolic 
activity within tumor sites following a period of 
therapeutic response indicates secondary resis-
tance to the drug [90]. The importance of quanti-
tative PET lies in inter-scan evaluation by 
providing valuable information about treatment 
efficacy as well as serving as objective measure of 
the clinical outcome. FDG uptake during treat-
ment is different from uptake after treatment com-
pletion, and hence quantification comes into play 
[88]. It is not only F18-FDG which is used in drug 
evaluation and assessment of response to therapy, 
but also there are some other tracers such as F18-
FLT that has been utilized in looking at prolifera-
tive capacity of the tumor cells. It has some early 
response capabilities in treatment monitoring and 
insensitivity to inflammatory lesions especially 
after radiotherapy and hence better characteriza-
tion than FDG in this respect [91].

Some malignancies such as lymphoma can be 
qualitatively assessed for treatment response, 
whereas other tumors with less response success 
rate need a proper quantitative evaluation versus 
a particular therapy line. This is important to 
address partial metabolic response versus stable 
response or disease with further metabolic pro-
gression. Another valuable feature is obtained 
when successive measurements of treatment 
response would provide more insight into down-
stream outcomes such as survival [92].

A number of different treatment response  
criteria have been conducted to provide an objec-
tive and standardized assessment of therapy out-
come and patient monitoring. Traditionally, the  
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anatomically based tumor response criteria used 
were World Health Organization (WHO) and 
Response Evaluation Criteria in Solid Tumors 
(RECIST 1.0 and RECIST 1.1) which was intro-
duced by the National Cancer Institute (NCI) 
[93–95]. The former defines the response as a 
decrease in the product of two perpendicular 
diameters of the tumor by 50 %, while RECIST 
defines partial response as a 30 % decrease in the 
sum of the diameters of target lesions [95].

In 1981, the WHO first published tumor 
response criteria, mainly for the use in trials 
where tumor response was the primary endpoint 
[96]. The criteria introduced the concept of an 
overall assessment of tumor burden by summing 
the products of the two longest perpendicular 
diameters of the measurable lesions and deter-
mined response to therapy by evaluation of 
change from baseline while on treatment. It is 
based on 2D lesion measurements, no specific 
requirements on the number of lesions or the 
smallest measurable lesion size, and therefore 
tends to be more subjective and time consuming.

On the other hand, key features of the original 
RECIST included definitions of minimum size of 
measurable lesions, instructions on how many 
lesions to follow (up to ten, a maximum five per 
organ site), and the use of one-dimensional rather 
than bidimensional measures for overall evalua-
tion of tumor burden. These criteria have subse-
quently been widely adopted by several academic 
and nonacademic institutions as well as industry 
for trials where the primary endpoints are objec-
tive response or progression. There was also an 
interest from regulatory authorities in accepting 
RECIST as an appropriate guideline for these 
assessments [94].

There are two common criteria proposed when 
using metabolic imaging to evaluate tumor treat-
ment response, namely, the European Organization 
for Research and Treatment of Cancer (EORTC) 
and PET Response Criteria in Solid Tumors 
(PERCISTs), and both have quite different 
approaches in lesion selection, ROI definition, 
body habitus normalization (body surface area 
versus lean body mass), and objective rank of dis-
ease status that includes progression or regression 
[49, 97]. Patients are then classified into different 

response categories based on the relative change 
in SUV. These categories include complete meta-
bolic response, partial metabolic response, stable 
metabolic disease, and progressive metabolic 
disease.

The EORTC criteria were first published in 
1999 and are based on baseline-chosen, lesion- 
specific regions of interest (ROIs) that are fol-
lowed on each subsequent scan. The chosen 
lesions should be the most FDG avid. For SUV 
calculations, EORTC recommends that SUV 
should be normalized to body surface area [97]. 
However, the number of lesions to be measured 
and minimum measurable metabolic lesion was 
not specified leading to an increased inter-reader 
variability.

PERCIST was published in 2009, and some of 
the above shortcomings were circumvented such 
as determination of number of lesions, the mini-
mum measurable lesion activity and background 
level, and the features that must exist in compar-
ing between two scanning procedures [49]. This 
can improve interobserver variability and provide 
more reproducible data results. The target lesion 
is defined as the hottest single tumor lesion (SUL) 
of “maximal 1.2-cm diameter volume ROI in 
tumor” or SUL peak. PERCIST only evaluates 
the SUL peak of the hottest tumor. This is a 
 possible limitation of the approach, and further 
work is warranted to determine how many lesions 
are needed for assessment [49].

This region is also selected on the basis of 
cancer stem cell theory regarded as an indicator 
of the patient’s disease status at the given time 
point and no need to be located in the same lesion 
at every instance of evaluation. Conditions 
applied are such that the SUL peak is at least 1.5- 
fold greater than liver SUL mean + 2 SDs (in 
3-cm spherical ROI in normal right lobe of the 
liver). If the liver is abnormal, primary tumor 
should have uptake greater than 2.0 x SUL mean 
of blood pool in 1-cm diameter ROI in descend-
ing thoracic aorta extended over 2-cm z-axis [49].

EORTC criteria was the first to provide a clas-
sification scheme based on patient treatment 
response: progressive or stable metabolic disease 
and partial or complete metabolic response that 
could be compared to traditional clinical trial 
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endpoints such as overall survival. Its limitation 
might be ascribed to that fact that estimation 
parameters are outlined more as guidelines with 
options rather than clear definitions. This implies 
that the observer defines what the ROI size is, 
whether maximum or mean values should be 
chosen, how many and which target lesions 
should be registered, whether the SUVs should 
be summed or response should be calculated per 
tumor, and whether there should be a minimum 
SUV limit that a tumor should exceed in order to 
qualify as a target lesion [98]. Nevertheless, the 
EORTC criteria cover quantification of both 
metabolism and size of the tumor burden, 
whereas in PERCIST, disease status is deter-
mined by the most metabolically active portion 
of the tumor region.

13.7  Tumor Texture Analysis

Tumor heterogeneity is one of characteristics that 
can explain the underlying interplaying molecular 
and genetic factors for a given malignancy and 
possibly a given stage of disease development. At 
the time of clinical diagnosis, the majority of 
human tumors display remarkable heterogeneity 
in many morphological and physiological fea-
tures, such as expression of cell surface receptors, 
and proliferative and angiogenic potential. This 
heterogeneity might be attributed substantially to 
morphological and epigenetic plasticity, but there 
is also strong evidence for the coexistence of 
genetically divergent tumor cell clones within 
tumors [99]. It is not generally easy to address this 
issue by just observing the different color or gray 
levels during image interpretation, and more 
objective descriptor can be a surrogate tool provid-
ing numerical evidence of tumor heterogeneity.

The process of identification, characterization, 
understanding, and possibly treatment of tumor 
heterogeneity is key challenges in oncology and 
can be an important aid in designing effective can-
cer therapeutics and monitoring strategies [100]. 
PET imaging is a promising candidate for deter-
mination of tumor heterogeneity within a given 
tumor mass due to its inherent molecular targeting 
and capabilities of image quantitation. Other 

methods have also been reported and of relative 
strength and weaknesses such as MRI, CT, ultra-
sonography, and also the use of pathological spec-
imens in lesion characterization [101].

A standard image acquisition, reconstruction, 
and segmentation protocols are not only prereq-
uisites for uniform data analysis among patients 
but also for other potential tasks such as estab-
lishing a criterion for tumor response assessment 
as well as in drug development process and clini-
cal trials. Standards are needed to ensure that 
prospective studies that incorporate textural fea-
tures are properly designed to measure true 
effects that may impact clinical outcomes as 
demonstrated by some investigators [102]. They 
also found complex trends in variability as a 
function of textural feature, lesion size, patient 
size, and reconstruction parameters. The sensitiv-
ity of PET textural features to normal stochastic 
image variation and imaging parameters was 
found large and is feature dependent.

To investigate the utility of texture analysis in 
real practice, several studies have been designed to 
address its clinical value in a number of malignan-
cies. In patients presented with esophageal cancer 
and treated with combined  radiochemotherapy, 
receiver-operating characteristic (ROC) curve 
analysis showed that tumor textural analysis was 
able to identify nonresponder, partial- responder, 
and complete-responder patients with higher sen-
sitivity (76–92 %) than any SUV measurement 
providing a stratification mechanism of esopha-
geal carcinoma patients in the context of therapy-
response prediction [103].

Pyka et al. and others demonstrated that evi-
dences are growing to indicate that tumor hetero-
geneity as described by FDG PET texture is 
associated with response to radiation therapy in 
non-small cell lung cancer [104]. The results may 
be helpful into identifying patients who might 
profit from an intensified treatment regime. In 
another study from the same group, determina-
tion of tumor heterogeneity in pre-therapeutic 
18 F-fluoroethyl-L-tyrosine (FET)-PET using 
textural features was beneficial for the subgrad-
ing of high-grade glioma as well as prediction of 
tumor progression and patient survival. It also 
showed improved performance compared to 
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 standard parameters such as tumor-background 
ratio and tumor volume [105]. Those two studies 
need further verification in a prospective patient 
cohort before being incorporated into routine 
clinical practice [104, 105].

Another report has shown that each subtype of 
non-small cell lung cancer, namely, adenocarci-
noma and squamous cell carcinoma, has different 
metabolic heterogeneity supporting the use of 
textural parameters in FDG PET as an imaging 
biomarker [106]. There were 15 texture features 
that had significant different values between the 
two different tumor subtypes, and there was no 
high correlation between SUVmax and texture 
parameters (|r| ≤ 0.62). Cheng et al. reported that 
uniformity extracted from the normalized gray- 
level co-occurrence matrix represents an inde-
pendent prognostic predictor in patients with 
advanced T-stage oropharyngeal squamous cell 
carcinoma [107].

As described earlier, MTV is one of the poten-
tial prognostic indices, and correlation with 
tumor heterogeneity could provide complemen-
tary information in the same context. Volume and 
heterogeneity were found independent prognos-
tic factors (P = 0.0053 and 0.0093, respectively) 
along with stage (P = 0.002) in non-small cell 
lung cancer, but in the esophageal tumors, vol-
ume and heterogeneity had less complementary 
value because of smaller overall volumes [108].

 Conclusion

Image quantitation in PET examinations is 
one of the features that place PET in a unique 
position in morphological and molecular 
imaging matrix. Static imaging and dynamic 
imaging are the two common mode of data 
acquisition that can be used to derive the 
required sort of information. The former is the 
conventional type that used routinely in 
whole-body PET/CT during clinical practice, 
whereas dynamic imaging is limited to 
research activities but able to address “abso-
lute” physiologic information of tracer phar-
macokinetics. Due to technical limitation of 
current designs of PET systems, whole-body 
dynamic imaging can’t be realized, but some 
trials are being done to overcome such 

 limitation that could make it feasible in the 
clinic using modified acquisition protocols.

It has become evident that SUV measure-
ments and its intrinsic characteristics of nor-
malization to body weight, lean body mass, or 
surface body area could have an important 
implication on the accuracy and reproducibil-
ity of tracer quantitation. SUV measurements 
have several sources of error that could sub-
stantially impact its reliability, and thus care-
ful measures need to be undertaken for 
successful adoption in the clinic.
Quantitative parameters derived from PET 

imaging data have valuable but differential diag-
nostic and predictive power in patient prognosis. 
Several challenges are facing nuclear medicine 
practitioners to standardize image acquisition, 
reconstruction, and data analysis so that any 
interinstitutional variability and systematic errors 
can be eliminated. This would help in correlating 
values among different clinics, building up large- 
scale database and providing more statistical 
power in data analysis. Now there are many 
quantitative measures that can be used in patient 
stratification, prognosis, and predicting tumor 
response to therapy; however, a universal guid-
ance or general consensus from international 
societies should be in place to support and opti-
mize the efforts toward finding the best approach 
for each malignancy.
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Compartmental Modeling in PET 
Kinetics

Hiroshi Watabe

Abstract

In this chapter, we explain how positron emis-
sion tomography (PET) data are analyzed to 
estimate behavior of radiotracer injected. For 
this purpose, compartmental model and its 
kinetic parameters are introduced, and con-
cept, mathematical basis, and biological inter-
pretation of the compartmental model and the 
kinetic parameters are described. General 
form of the compartmental model is brought 
for comprehensive understanding of the 
model. Several approaches for fast estimation 
of the kinetic parameters are introduced based 
on general compartmental model. The input 
function for the compartmental model is 
important for quantitative analysis of PET 
data, and the reference region model is one 
approach to avoid acquisition of the input 
function.

14.1  Introduction

Positron emission tomography (PET) enables us 
to quantitatively detect radiopharmaceuticals 
injected into a patient with very high sensitivity. 
The most widely used application for PET is the 
study with 18F-fluorodeoxyglucose (18F-FDG) for 
detecting tumor and monitoring cancer therapy. It 
uses the property of 18F-FDG to accumulate cells 
in high energy demand. Usually in the 18F-FDG 

H. Watabe, PhD
Division of Radiation Protection and Safety Control, 
Cyclotron and Radioisotope Center, Tohoku 
University, 6-3 Aoba, Aramaki, Aoba,  
Sendai 980-8578, Japan
e-mail: hwatabe@m.tohoku.ac.jp

14

Contents

14.1    Introduction   323

14.2    Basic Concepts for PET Data Analysis   324

14.3    Compartmental Model   325
14.3.1  Definition and Assumptions of a 

Compartmental Model   325
14.3.2  Solutions of Compartmental Models   326
14.3.3  Parameter Estimation of Compartmental 

Model for PET Data   329
14.3.4  Linearization   333

14.4    Physiological and Biological Basis of 
Compartmental Model   338

14.4.1  Blood Flow and Oxygen Consumption   339
14.4.2  Partition Coefficient and Distribution 

Volume   340
14.4.3  In Vitro Receptor Binding Experiment 

and Binding Potential   340

14.5    TAC and Input Function   343
14.5.1  Acquisition of TAC   343
14.5.2  Acquisition of Input Function   344

 Conclusions   349

 References   349

mailto:hwatabe@m.tohoku.ac.jp


324

studies, only one static scan is performed at the 
certain time point after the administration of 18F- 
FDG, and the medical doctor visually interprets 
the 18F-FDG image whether the region of high 
uptake of 18F-FDG exists or not, which is subjec-
tive and uses minimal advantages of PET. In this 
chapter, we describe several quantitative 
 techniques for PET, which maximize potentials 
of PET. Especially basic idea and some applica-
tions for “compartmental modeling” will be 
discussed.

14.2  Basic Concepts for PET Data 
Analysis

For PET data analysis, it is important to under-
stand the concept of “radiotracer” or, in short, 
“tracer.” The “tracer” represents radiopharma-
ceutical used in general. PET study is initiated 
after injection of the tracer. If we consider the 
radiopharmaceutical as “tracer,” we assume the 
amount of the tracer injected must be small 
enough, and it does not influence physiological 
processes and molecular interactions in the liv-
ing body. Recently, PET microdosing studies 
have been introduced as a powerful tool of drug 
development [1]. In the microdosing studies, 
the pharmacokinetics of a new drug in the tis-
sue targeted can be determined using PET with 
less than 1/100th of the dose of a test substance 
to yield a pharmacological effect or a maximum 
dose of ≤100 μg. To realize how small amount 
we inject, let’s see the case of 18F-FDG. The 
weight of 18F- FDG is 181 g/mol, and if we 
inject 100 MBq of 18F-FDG, the injected mole 
of 18F-FDG is 100 × 106/(λ · NA) = 1.58 × 10−12 
[mol] where λ is the decay constant of 18F 
(1.05 × 10−4 [s−1]) and NA is the Avogadro con-
stant (6.02 × 1023 [mol−1]).1 Therefore, the 
injected dose of 18F-FDG corresponds to 
181 × 1.58 × 10−12 = 0.286 [ng], which is far 
below 100 μg of maximum microdosing dose. 
Another aspect of “tracer” is that the  tracer’s 

 1 We can also calculate the molar mass if we know the 
specific activity [GBq/nmol] of the tracer at the injection 
time.

behavior represents behavior of the substance 
itself. Although the dose linearity in the micro-
dosing studies is still an issue [1], we generally 
accept this assumption, and the quantitative 
outcomes from the tracer will represent the 
properties of the substance itself. However, the 
assumption may be invalid for brain receptor 
study. The specific activity (SA) is defined as 
the radioactivity per unit of substance (unit 
often used is GBq/nmol). In receptor study, if 
the tracer injected has very low SA, there are 
many nonradioactive molecules (carrier), and 
the carrier binds to the receptor, which conse-
quently produces no signal from the tracer.

The standard uptake value (SUV) is the sim-
plest and the most frequently used quantitative 
outcome of PET data analysis. The SUV is 
defined as the tissue concentration (Bq/kg) of 
tracer measured by PET scanner divided by the 
injected radioactivity (Bq) divided by body 
weight (kg) and unitless [2]. The SUV represents 
how much the tracer uptake exceeds under 
assumption of uniform distribution. Although 
the SUV is sometimes useful for diagnosis, the 
user of the SUV must pay caution to the meaning 
of SUV value. The SUV is actually referred to as 
semiquantitative parameter because there are 
many sources of variability such as subject’s 
size, tracer concentration in blood, and time to 
be measured.

In principle, PET scanner detects 511 keV 
γ-rays emitted from the positron emitters and 
determines amounts and positions of the γ-ray 
sources, but it cannot distinguish physical and 
chemical properties of positron sources, and its 
signal in a voxel of PET image is composed of 
mixture of several photons from various sources 
such as the tracer binding to certain proteins, 
nonbinding tracer in plasma, and metabolized 
tracer which is altered in chemical form. In order 
to extract useful outcome from the mixed signal 
in a voxel, we must use temporal information of 
the tracers. To get the temporal information, 
dynamic data acquisition of PET must be 
 performed, which results in time-activity curve 
(TAC) representing time course of radioactivity 
concentration of the tracer (Fig. 14.1. See 
Sect. 14.5 how to obtain TAC from PET image). 
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Figure 14.2 shows scheme of PET data analysis. 
TAC of PET data is considered to be generated by 
input function under a mathematical model. The 
input function is the time course of radioactivity 
concentration of injected tracer in blood or 
plasma after the administration of the tracer and 
must be separately measured. The mathematical 
model consists of some parameters associated 
with certain physiological or biochemical infor-
mation, and these parameters will be estimated 
by fitting the model to the observed TAC. It is 
important to choose the proper mathematical 
model to obtain meaningful results. The follow-
ing section describes the most commonly used 
mathematical model, “compartmental model,” 
[3] in detail.

14.3  Compartmental Model

This section describes compartmental model in 
mathematical point of view. Nomenclature and 
units in the text are tried to be consistent with 
recent consensus nomenclature [4].

14.3.1  Definition and Assumptions 
of a Compartmental Model

Figure 14.3 shows schematic drawings of three 
important compartmental models, namely, one- 
tissue compartmental model (1TC model), two- 
tissue compartmental model (2TC model), and 
three-tissue compartmental model (3TC model). 
As shown in this figure, several boxes are 
assumed to describe tracer’s behavior inside the 
living organism. Each box is called “compart-
ment” and represents a pool of homogeneous 
tracer substance. A tracer is transferred between 
compartments with a first-order rate constant (K1, 
k2, k3, k4, k5, k6 in Fig. 14.3) which is proportional 
to the concentration of the tracer in the compart-
ment. The “compartment” is fairly conceptual 
and could be a spatial region or a chemical state.

A(t) [Bq/mL] in Fig. 14.3 is time course (a 
function of time t [min]) of radioactivity con-
centration of the tracer, which delivers the 
tracer in the system and is called input function. 
The input function A(t) is usually referred to the 
 radioactivity concentration in blood or plasma 
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and measured by frequent sampling of blood 
after administration of the radiotracer. The 
magnitude and shape of the input function are 
highly influenced by the manner of injection of 
the radiotracer. C(t) [Bq/mL] in Fig. 14.3 is 
time course (a function of time t [min]) of the 
radiotracer in tissue measured by PET. Even 
though there are  several compartments in tissue 
such as 2TC model and 3TC model in Fig. 14.3, 
PET can only measure total radioactivity con-
centrations of multiple compartments. We 
could refer C(t) as a response of the system for 
the input function A(t) (Fig. 14.2). The pharma-
cokinetics of most PET tracer can be expressed 
by either 1TC, 2TC, or 3TC model. Before ana-
lyzing PET data, we must choose the most 
proper model for the tracer of interest. It will be 
discussed how we select the proper model in 
the following sections.

14.3.2  Solutions of Compartmental 
Models

14.3.2.1  1TC Model
In 1TC model (Fig. 14.3a), the following differ-
ential equation is written between A(t) [Bq/mL] 
and C(t) [Bq/mL]:

 

dC t

dt
K A t k C t

( )
= ( ) - ( )1 2

 
(14.1)

where rate constant from blood to tissue is K1 
[mL/cm3/min] and rate constant from tissue to 
blood is k2 [1/min]. Note that K in K1 is capital-
ized to distinguish other rate constants which 
have unit of [1/min]. K1 is unit of volume of blood 
(or plasma) (mL) per volume of tissue (cm3) per 
minute. To solve differential equation with linear 
first-order parameters such as Eq. 14.1, Laplace 
transform can be utilized to solve the differential 

a b

c

A(t)

K1

K1

K1 K3

K4K2K2

K2

K5 K6

K4

K3

A(t)

F(t)A(t)

F(t)C(t) B(t)

C(t)

C(t)

B(t)

N(t)

Fig. 14.3 Examples of compartmental models. (a) 1TC 
model, (b) 2TC model, and (c) 3TC model. A(t) input 
function, F(t) TAC in free (nondisplaceable) compart-

ment, B(t) TAC in specific binding compartment, N(t) 
TAC in nonspecific binding compartment
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equation (Eq. 14.1) under the condition of 
C(0) = 0 as follows:

 
C t K A t e k t( ) = ( )Ä -

1
2

 
(14.2)

where e is exponential function and ⊗ represents 
the convolution operation and is equivalent to

 
C t K e A d

t
k t( ) = ( )ò - -( )

1

0

2 t t t
 

(14.3)

Figure 14.4a shows an example of generated C(t) 
from observed input function A(t) by 1TC model 
(Eq. 14.2 or 14.3) with K1 = 0.5 [mL/cm3/min] 
and k2 = 0.2 [1/min]. For intuitively interpreting 
convolution operation, the above equation can be 
written as
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which indicates the C(t) at time t is influenced by 
A(t) in the past, i.e., A(0) and A(1) in Eq. 14.4. 
Figure 14.4b shows situation of Eq. 14.4 at time 
t = 10 [min]. It is also noticed K1 is scaling the 
input function and determinant of the magnitude 
of C(t).

14.3.2.2  2TC Model
As shown in Fig. 14.3b, 2TC model has two com-
partments, and we often refer the first compart-
ment as free compartment or nondisplaceable 
compartment (see detail in Sect. 14.4.2) and the 
second compartment as binding compartment, 
and their TACs are denoted F(t) [Bq/mL] and B(t) 
[Bq/mL], respectively. In 2TC model, two differ-
ential equations are derived with four parameters, 
K1 [mL/cm3/min], k2 [1/min], k3 [1/min], and k4 
[1/min] as follows:

dF t

dt
K A t k k F t k B t

( )
= ( ) - +( ) ( ) + ( )1 2 3 4

 
(14.5)

 

dB t

dt
k F t k B t

( )
= ( ) - ( )3 4

 
(14.6)

Time (min)

R
ad

io
ac

ti
vi

ty
 c

o
n

ce
n

tr
at

io
n

 (
kB

q
/m

L
)

Time (min)

R
ad

io
ac

ti
vi

ty
 c

o
n

ce
n

tr
at

io
n

 (
kB

q
/m

L
)

0
0

10

700a b

TAC TAC
Input function

100

200

300

400

500

600

700

100

200

300

400

500

600

20 30 40 50 60 0
0

10 20 30 40 50 60

Fig. 14.4 (a) Input function (red curve) and generated 
TAC (black curve) by 1TC model (Eq. 14.2) with K1 = 0.5 
[mL/cm3/min] and k2 = 0.2 [1/min] and (b) the input curve 

is scaled and shifted according to Eq. 14.4. Summed input 
curves at time 10 [min] generate TAC at time 10 [min]

14 Compartmental Modeling in PET Kinetics



328

PET cannot distinguish between F(t) and B(t) 
and can only detect summation of two compart-
ments C(t) expressed as

 
C t F t B t( ) = ( ) + ( )  

(14.7)

Using Laplace transform and combining Eqs. 14.5, 
14.6, and 14.7, C(t) can be solved as follows:
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where β1 and β2 are defined as

b1 2 2 3 4 2 3 4
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2 4
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 (14.9)

There is a special case when k4 is zero, which 
is often used for 18F-FDG, and we call it 

 irreversible model because the tracer will be 
trapped in one compartment (see Fig. 14.7c) (in 
contrary, the tracer which is not trapped in the 
compartment is called reversible tracer). For the 
irreversible model, Eq. 14.8 becomes by setting 
k4 = 0

C t
K

k k
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2 3
3 2

2 3

 
(14.10)

14.3.2.3  3TC Model
As shown in Fig. 14.3c, 3TC model has three 
compartments in the tissue. TACs in the three 
compartments are often referred to as F(t) [Bq/
mL] for free compartment, B(t) [Bq/mL] for spe-
cific binding compartment, and N(t) [Bq/mL] for 
nonspecific binding compartment. The following 
three differential equations are given:

 

dF t

dt
K A t k k k F t k B t k N t
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dt
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(14.11)

and the tissue TAC C(t) [Bq/mL] observed by 
PET is the summation of three compartments as 
follows:

 
C t F t B t N t( ) = ( ) + ( ) + ( )  

(14.12)

By using Laplace transform, the relationship 
between A(t) and C(t) can be expressed as

C t K e e e

A t
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1 1 2 3

1 2 3a a ab b b

 
(14.13)

where β1, β2, and β3 are three solutions of the 
cubic function below:
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(14.14)

Several methods have been proposed for solving 
the cubic function, such as Cardano’s method. 
The α1, α2, and α3 are defined as
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3TC model with six parameters can be theoreti-
cally solved; however, in practical, it is too 
complicated to apply 3TC model for the actual 
PET data that the reduction of parameters and 
some assumptions to constrain parameters are 
required [5].

14.3.2.4  General Solution 
for Compartmental Model

Generally if there are n compartments in tissue, 
relationship between input function as A(t) and 
TAC as C(t) can be expressed as follows [6]:

 
C t A t e

i

n

i
ti( ) = ( )Ä

=

-å
1

a b

 
(14.16)

The input function A(t) is impulse or Dirac delta 
function, which is an infinite height at time 0 with 
an integral of one. If we define R(t) as follows

 
R t e
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=
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a b

 
(14.17)

Equation 14.16 can be rewritten as

 
C t A t R t( ) = ( )Ä ( )  

(14.18)

We call the function R(t) impulse response func-
tion (IRF) which is a system response against 
impulse input function. The αi and βi in R(t) are 
combinations of several rate constants as shown 
in Eqs. 14.8 and 14.9 for 2TC model and 
Eqs. 14.14 and 14.15 for 3TC model. IRF 
describes the behavior of the compartmental 
model which reflects properties of the injected 
tracer and the tissue of interest (see Fig. 14.5 for 
two examples of IRF). On the other hand, the 
shape of the input function is highly dependent 
on how the radiotracer is injected. As shown in 
Fig. 14.6, two input functions (Fig. 14.6a) 
 produce very different TACs from a unique 
IRF. It is also worth to note that there are many 
possibilities of compartmental models to produce 
the same IRF. Figure 14.7a, c shows conventional 
2TC models (one is reversible and the other is 
irreversible) and Fig. 14.7b, d models of two 
independent compartments inside. Their biologi-
cal contexts are very different, but they share 
equivalent IRF in mathematical sense. The rate 
constants such as K1, k2, k3, and k4 are called 

micro-parameters and sometimes difficult to esti-
mate with high precision due to noise in PET 
data, and only macro-parameters which are αi, βi, 
or combinations of αi and βi are available. For 
example, one of the most frequently used macro- 
parameters, total distribution volume VT [mL/
cm3], is defined as below using Eq. 14.17 (see 
Sect. 14.4.2 for physiological definition of VT):

 
V R t dt
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¥
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(14.19)

14.3.3  Parameter Estimation 
of Compartmental Model 
for PET Data

We will estimate rate constants or macro- 
parameters which explain the time course of the 
measured PET data. Generally, from input func-
tion A(t) and n data of TAC CPET(ti) (i = 1, …, n) 
measured by PET, the parameters will be esti-
mated by minimizing χ2 in equation below:

 
c w2

0

2
= ( ) - ( )( )

=
å
i

n

i i iC t C tPET

 
(14.20)

where C(ti) is the estimated TAC at time ti calcu-
lated by Eq. 14.18 and ωi is the weighting factor 
at time ti and is inversely proportional to the vari-
ance of measured data C(ti) (discussed below). 
Figure 14.8a shows examples of observed TAC 
and estimated TACs by 1TC model and 2TC 

Impulse Input Function

0
Time IRF from 1TC modal

IRF from 2TC modal

Fig. 14.5 Impulse input function and two response func-
tions. Dotted line is generated from 1TC model and 
dashed line is generated from 2TC model
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model. Figure 14.8b shows plots of 
(CPET(ti) − C(ti)). So the minimum χ2 in Eq. 14.20 
has the smallest offset from zero line in Fig. 14.8b.

The problem to minimize χ2 is called the 
weighted least squares problem. Especially, in 
the case of Eq. 14.18, ∂R/∂βi in Eq. 14.17 is not 
independent to βi, and we must deal with nonlin-
ear least squares problem or nonlinear fitting 
problem. In general, to solve the nonlinear fitting 
problem, we must give the initial guesses of esti-
mated parameters and iteratively calculate 
Eq. 14.20 until no further improvement is 
achieved. There are several techniques to update 
estimated parameters at each iteration. One major 
approach is to go to the steepest descent direction 
for each parameter by computing gradient of the 
parameter against Eq. 14.20. Another major 
approach known as the Gauss-Newton approach 
is to use the first-order Taylor series expansion 
which results in a linear function and can be 
solved by linear regression technique. The 
Marquardt-Levenberg algorithm is a composition 
of the steepest descent approach and Gauss- 
Newton approach [7]. The techniques mentioned 
above require calculation of derivatives, which 
sometimes introduces source of error since there 

is no analytic solution for the derivatives and 
numerical computation of derivatives must be 
carried out. Another approach, the downhill sim-
plex method [8], requires no derivative calcula-
tion although the method itself is very slow.

The ωi in Eq. 14.20 must be set before the 
parameter estimation. The variance of PET data 
is related to many factors, including events of 
random coincidence and scattered photon inside 
the field of view (FOV), reconstruction algo-
rithm, size of region, time duration of data acqui-
sition, and time passed after the injection of 
radiotracer. Therefore, ωi must be set under 
assumption. The uniform weighting factor is 
often used, but this assumption must be used with 
caution especially for radiotracer with short half- 
lives such as 15O (about 2 min of half-life) and 11C 
(about 20 min of half-life), which have lower 
count rate at later time frames due to radioactive 
decay. By accounting for radioactive decay and 
frame duration, the weighting factor can be 
approximated as follows [9]:
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where Δti [min] is the frame duration of PET data 
at time ti and λ is the decay constant (0.340 
[min−1] for 15O, 0.0340 [min−1] for 11C, and 
0.00631 [min−1] for 18F). Alternatively, the inverse 
of noise equivalent counts (NEC) as a good guess 
of variance in PET data is employed for approxi-
mation of ωi [10].

In contrast to the linear regression which has 
a unique solution without iterations, the nonlin-
ear fitting does not guarantee to have one unique 
solution. Figure 14.9 shows schematic drawings 
to represent to search the solution in the nonlin-
ear fitting. If the squared sum computed by given 
parameters looks like Fig. 14.9a, the solution is 

only one at the bottom of the valley. In the case 
of Fig. 14.9b, the sum of squares has many val-
leys (local minima), and estimated results are 
highly dependent on the starting point. In 
the case of Fig. 14.9c, there is only one valley of 
the squared sum, but many solutions are possible 
(Fig. 14.9).

In Fig. 14.8a, b, it is apparent the 2TC model is 
better than the 1TC model for fitting the PET data. 
Generally a model with more parameters (four 
parameters for 2TC model versus two parameters 
for 1TC model) gives better fitting results. 
However, it is not always implying a model with 
more parameters can describe more precisely 

a b c

Fig. 14.9 Schematic drawings of solutions of nonlinear fitting. (a) Only one solution exists, (b) multiple local minima 
exist, and (c) many solutions are possible
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physiological or biological properties than simpler 
model. There are several statistical tests that have 
been proposed to compare between the models 
such as the AIC (Akaike information criterion), 
SC (Schwarz criterion, also called Bayesian infor-
mation criterion (BIC)), or F-test [11]. Impulse 
response fraction [12] can be employed to predict 
the reliability of the model with more than one 
compartments over the 1TC model. The impulse 
response fraction for 2TC model is defined as

f
T

T T
=
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−  + − 
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− −

a b
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b b
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e
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(14.22)

where α1, α2, β1, and β2 are from Eq. 14.16 under 
condition of β1 < β2 and T is the duration of data 
acquisition. This equation implies the relative 
contribution of the second compartment against 
the first compartment. If this fraction is close to 
0, it is difficult to distinguish two compartments 
separately. It is also important to be aware of the 
identifiability of each micro-parameter. If the 
cross correlation between two parameters is high 
and these parameters are not independently iden-
tified, only macro-parameters must be utilized 
with confidence, or the simpler model is recom-
mended to be used. It often happened that the 
1TC model must be employed for analysis even 
though 2TC and 3TC models are a biochemically 
proper choice [5].

14.3.4  Linearization

As described above, nonlinear fitting to estimate 
parameters has several drawbacks including 
computational burden, large parameter variation, 
and poor parameter identification due to local 
minima. To overcome these problems, “lineariza-
tion” techniques have been proposed, in which 
linear least fitting procedure is performed instead 
of the nonlinear fitting.

14.3.4.1  1TC Model
Equation of 1TC model is relatively easy to lin-
earize due to simplicity of the model. Integration 
of Eq. 14.1 from time zero to time t yields
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(14.23)

It is purposeful to use integration operation 
because PET scanner does not have enough 
temporal resolution to measure C(t) instanta-
neously, and the scanner actually measures the 
integration of C(t) over time. From the above 
equation, K1 and k2 can be solved by multiple 
linear regression technique between the depen-
dent variable C(t) and two regressors, 

0
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A dò ( )t t , Eq. 14.23 can be 
rewritten [13]:
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a regression line is computed, intercepts of y-axis 
and x-axis are K1 and VT = K1/k2, respectively.

Another popular linearization technique for 
1TC model is an autoradiographic technique 
[14]. This technique is often used for measuring 
blood flow with 15O-H2O. Here, we assume the 
ratio of tissue concentration C to concentration of 
input function A at equilibrium is constant. 
p = C/A [mL/cm3] at equilibrium is called parti-
tion coefficient and p can be expressed as K1/k2 
for 1TC model. If p is constant and known, inte-
gration of Eq. 14.2 from time t1 to t2 becomes

 t t

e
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2 1

1

t t K
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(14.25)

The right side of Eq. 14.25 is precomputed within 
reasonable range of K1 using measured input 
function A(t) and fixed p value. By using this 

table (look-up table) and measured 
t

t

C d
1

2

∫ ( )t t , K1 
is uniquely determined (Fig. 14.11).
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14.3.4.2  Logan Plot
The most frequently employed linearization 
for reversible tracer is so-called Logan plot 
[15]. The Logan plot is a model-free approach 
since it does not require any assumption about 

the number of compartments. In this section, 
the formula of the Logan plot is derived from 
model with two independent compartments 
(Fig. 14.7b), but it is easily extendable for 
general model expressed in Eq. 14.16. For 
each compartment, the following differential 
equation can be written as similar as 1TC 
model:
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As same as Eq. 14.23, integration of both sides 
from 0 to time t yields
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By arranging the above two equations and 
 considering C(t) = C1(t) + C2(t), we will get the 
following equation:
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Both sides of the above equation is divided by 
C(t), and the equation becomes
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where VT is called the total distribution volume 
as defined by Eq. 14.19. If the Logan plot is the 

plot of 0

t

A d

C t

ò ( )

( )

t t
 as x and 0

t

C d

C t

ò ( )

( )

t t
 as y as 

shown in Fig. 14.12b), d, the plot is fitted well to 
straight line, and the slope of the line  represents 
VT. Equation 14.29 indicates two particular cases 

dependent on the second term on the left side of 
the equation. If β2 has a similar range to β1 and is 
relatively large (fast kinetics Fig. 14.12a, b), 
C2(t)/C(t) in the third term of Eq. 14.29 becomes 
constant. In this case, the Logan plot shows lin-
earity from the beginning of the point 
(Fig. 14.12b). On the other hand, if β2 is small 
and the tracer has slow kinetics (see TAC of C2(t) 
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in Fig. 14.12c), only later points of the Logan 
plot become linear as shown in Fig. 14.12d. The 
time beyond which the Logan plot becomes lin-
ear is called t*. The t* must be carefully 
 determined. The wrong t* results in the underes-
timation of VT [16]. Another pitfall of the Logan 
plot is the problem of noise in the data [17]. The 

C(t) is in the denominators of both sides of 
Eq. 14.29, which introduces noise not only in the 
dependent variable (y) but also in the indepen-
dent variable (x). To overcome these pitfalls, 
some attempts have been applied such as “multi-
linear analysis [16]” and “principle component 
analysis (PCA) [18].”
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Fig. 14.12 Two cases (fast and slow kinetics) of TACs (a, 
c) and Logan plots (b, d). For fast kinetics, TACs of C1(t), 
C2(t), and C(t) were generated with parameters of α1 = 0.6, 

α2 = 0.3, β1 = 0.07, β2 = 0.11, and for slow kinetics, TACs of 
C1(t), C2(t), and C(t) were generated with parameters of 
α1 = 0.2, α2 = 0.1, β1 = 0.15, β2 = 0.01
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14.3.4.3  Patlak Plot
The Patlak plot2 is another important lineariza-
tion approach for irreversible tracer [19, 20]. As 
same as the Logan plot, the Patlak plot is a 
model- free approach, but here we use model 
with two individual compartments for deriva-
tion of  formula of the Patlak plot (Fig. 14.7d). 
Differential equations for the model are as 
follows:
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Integration from time 0 to t for the above equa-
tions yields

 2 It is sometimes called Gjedde-Patlak plot named after 
two authors describing this approach.
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The above equations are divided by A(t):
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Combination of the above two equations with 
C(t) = C1(t) + C2(t) makes the following equation:
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If time passes and 
C t

A t
1 ( )
( )

 becomes constant 

(expected constant value is α1/β1), Eq. 14.33 will 

be linear between 0

t

A d

A t

ò ( )

( )

t t
 and 

C t

A t

( )
( )

. If we 

can consider the tracer’s kinetics follows 2TC 

model, α2 corresponds to 
K k

k k
1 3

2 3+
 in Eq. 14.10, 

and it is often denoted as Ki and called 
metabolic rate.

Figure 14.13 shows two examples of Patlak 
plots (large k3 and small k3). Ki can be written as 

K
K
k

k

i =
+

1

2

3

1
; therefore, if the system has large k3

 

(high affinity), Ki becomes highly dependent on 
K1 (blood flow or transport of tracer from blood) 
and less sensitive against change of k3. In the 
case of small k3 (Fig. 14.13c, d), Ki value 
increased to 83 % when k3 is changed from 0.01 
to 0.02 [1/min]. And in the case of large k3 
(Fig. 14.13a, b), Ki value increased to only 33 % 
when k3 is changed from 0.1 to 0.2 [1/min]. 
These phenomena are called “delivery/flow limi-
tation effect.”
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14.3.4.4  Spectral Analysis
Spectral analysis is a model-free method and 
even one can estimate how many compartments 
the system has by the spectral analysis [21, 22]. 
General compartmental model can be written 
according to Eq. 14.16:
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(14.34)

Bi(t) is called basis function, and if Bi(t) is pre-
defined with N sets of discrete βi values, the esti-
mation of αi becomes a linear equation. Strictly, 
αi must not be negative, and nonnegative least 
squares (NNLS) algorithm and simplex algo-
rithm are employed for estimation of αi. Usually, 
a discrete set of βi is chosen in physically and 
physiologically available range from physical 
decay constant (e.g., 0.000105 [s−1] for 18F) to 1 
[s−1]. Due to a large range of βi, the range is 
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 logarithmically divided. The estimated αi for 
each βi is plotted as a spectrum (Fig. 14.14b, d). 
The number of peaks in the spectrum corre-
sponds to the number of compartments in the 
system. The peak at the far left in Fig. 14.14d is 
trapped compartment. Although the spectral 
analysis has no ability to estimate micro-param-
eters of each compartment, the IRF R(t) and VT 
of the system can be calculated from results of 
the spectral analysis using Eqs. 14.17 and 14.19, 
respectively. Although the spectral analysis is a 
very powerful tool to estimate the number of 
compartments without any prior knowledge, the 

user must carefully interpret the spectrum 
because the spectral analysis is sensitive to the 
noise on the PET data, and the noise causes 
many peaks in the spectrum.

14.4  Physiological and Biological 
Basis of Compartmental 
Model

In this section, some physiological and biological 
concepts behind the compartmental model are 
discussed.
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Fig. 14.14 Examples of spectral analysis. TAC of 1TC model (a) and its spectrum (b). TAC of irreversible 2TC model 
(c) and its spectrum (d)
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14.4.1  Blood Flow and Oxygen 
Consumption

Delivery of radiotracer into tissue is the first step 
for PET measurement. The transport of the radio-
tracer from blood to tissue is represented as K1 in 
the compartmental model. K1 is actually the prod-
uct of blood flow or perfusion F [mL/min/cm3] 
and first-pass extraction fraction E.

 K F E1 = ×  (14.35)

F is the volume of blood passing through unit tis-
sue volume per unit time, and E can be expressed 
according to Renkin-Crone capillary model [23, 
24], which considers the capillary as a cylindrical 
tube (Fig. 14.15a) as follows:

 E e
P S

F= -
-

×

1  (14.36)

where P is the permeability of the tracer across 
the capillary membrane and S is the capillary sur-
face area per unit tissue volume. As shown in 
Eq. 14.36, E is a function of F and influenced by 
F (Fig. 14.15b). According to Eq. 14.36, when 
P · S is large relative to F, E reaches to one and 
K1 ≃ F. The typical high E tracer is 15O-water and 
often utilized for blood flow measurement. On 
the other hand, if P · S is small relative to F, the E 
becomes P · S/F and K1 ≃ P · S. The example of 
the low P · S is 18F-FDOPA [25].

Consumption of molecular oxygen in tissue 
can be described as shown in Fig. 14.16 [26]. 
The left side of Fig. 14.16 corresponds to the 
intravascular space, and it is assumed when oxy-
gen enters the tissue, oxygen is immediately 
metabolized to water and no oxygen in the extra-
vascular tissue (Fig. 14.16 right). If the arterial 
and venous concentrations of oxygen ( AO2

 and 
VO2

, respectively) and blood flow are measured, 
metabolic rate of oxygen, MRO2, can be calcu-
lated [27] as

 
MRO O O2 2 2

= × -( )F A V
 

(14.37)

Measurements of the arterial and venous concen-
trations of oxygen are invasive, and in order to 
measure MRO2 by PET, not only 15O-oxygen but 
also concentrations of 15O-water (or 15O-CO2) 
and 15O-CO are required to quantify metabolite 
of oxygen and vascular space, respectively [28].

a

b

Fig. 14.15 (a) The Renkin-Crone capillary model. (b) 
Relationship between blood flow F and K1 according to 
the Renkin-Crone model
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Fig. 14.16 Model to describe behavior of oxygen and 
water of metabolism
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14.4.2  Partition Coefficient 
and Distribution Volume

The partition coefficient p is defined as the ratio 
of concentrations of two compartments at equi-
librium condition. The distribution volume V 
[mL/cm3] is numerically identical to p and one of 
the most frequently used macro-parameters. V 
implies the volume of blood that contains the 
same activity as unit volume of tissue. Especially, 
the ratio between radiotracer in tissue and radio-
tracer in blood at equilibrium condition is called 
“total distribution volume” VT and can be 

expressed as V
C

AT =  at equilibrium condition. 

The relationship between micro-parameters and 
VT depends on the compartmental model. For the 
1TC model, VT is equal to K1/k2. For the 2TC 
model, after becoming equilibrium condition, 
exchanges of substance between compartments 
are balanced, and we will see K1A = k2F and 
k3F = k4B (see Fig. 14.3b). Therefore, VT for 2TC 
model is written as
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Similarly, VT for 3TC model is expressed as
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The distribution volume for each compartment is 
also written as follows:

 
V

B

A

F

A

B

F

K

k

k

kS = = × = ×1

2

3

4  
(14.40)

 
V

N

A

F

A

N

F

K

k

k

kNS = = × = ×1

2

5

6  
(14.41)

V
F N

A

F

A

N

A

K

k

k

kND =
+

= + = +
æ

è
ç

ö

ø
÷1

2

5

6

1
 

(14.42)

where summation of free (F) and nonspecific 
bound (N) compartments is called nondisplace-
able and is denoted as suffix ND because, unlike 
ND compartment, binding compartment B is 
saturable and displaceable by nonradioactive 

molecules of same chemical form. As mentioned 
in Sect. 14.3.2.3, 3TC model is impractical for 
actual PET data, and compartments F and N are 
not distinguishable in most cases. For this rea-
son, free compartment F in 2TC model is often 
referred to as nondisplaceable compartment 
ND. The fraction of free component in ND at 
equilibrium is defined as f

F

F NND =
+

.

14.4.3  In Vitro Receptor Binding 
Experiment and Binding 
Potential

It is worth to review in vitro receptor binding 
experiment and its concept to understand PET 
neuro-receptor studies. Usual procedures for 
in vitro receptor binding experiments involve 
homogenizing and centrifuging tissue, adding 
radiotracer, and incubating to observe the ligand- 
receptor interaction. In in vitro binding assay, 
“the law of mass action” is used to describe reac-
tion between ligand and receptor. This law states 
that the rate of reaction between unbound ligand 
and unbound receptor (association) is dependent 
on the concentrations of the ligand [L] (nM) and 
the receptor [R] (nM), and the rate of dissociation 
of the ligand-receptor complex is proportional to 
the concentration of ligand-receptor complex 
[LR] (nM):

 
L R LR

k

k

+ Û
on

off

 
(14.43)

The rate constants for association and dissocia-
tion are kon (nM−1 · min−1) and koff (min−1), respec-
tively. By the “the law of mass action,” the 
association and the dissociation rates are defined 
as kon [L] [R] and koff [LR], respectively. Initially 
when the ligand is added to the receptor pool, the 
association rate is greater than the dissociation 
rate because [LR] is zero and gradually [L] and 
[R] decrease and association rate decreases as 
well. After some time, the association and disso-
ciation rates are equal, which we call “equilib-
rium state.” Actually, this state is a dynamic 
equilibrium because the association and dissocia-
tion rates are not zero and the ligand still binds to 
the receptor and unbinds from the receptor. 
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During the equilibrium state, the following rela-
tion is obtained:

 

k R L k LR

R L
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(14.44)

where KD is called the equilibrium dissociation 
constant and the unit of KD is nM. As the equation 
implies, KD is inversely related to the affinity of 
the ligand for the receptor, and a high KD value 
corresponds to low affinity to the receptor, and a 
low KD value corresponds to high affinity to the 
receptor.

Here, we introduce other nomenclatures to 
connect between in vitro experiments and PET 
neuro-receptor studies. Bmax is the total receptor 
concentration (bound to ligand and unbound to 
ligand) and defined as Bmax ≡ [R] + [LR]. F is free 
ligand as [L] and B is bound ligand as [LR]. By 
substituting these symbols in Eq. 14.44, the equa-
tion becomes as follows:
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F B B
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(14.45)

which is rearranged for B as follows:
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(14.46)

The above equation is called Michaelis-Menten 
equation which originally states the relationship 
between reactions of enzyme and substrate. As 
shown in Fig. 14.17a, when B is plotted as a func-
tion of F, the curve is hyperbolic with an asymp-
tote at Bmax. This curve tells if enough amount of 
ligand is supplied, the ligand finally saturates all 
receptors and B will equal to the maximum con-
centration of receptor Bmax. The amount of free 
ligand for saturation is dependent on KD value as 
shown in this figure (see KD = 10 (nM) for black 
line and KD = 3 (nM) for red line). If B B=

1

2 max  
is substituted in Eq. 14.48, the equation becomes 
F = KD, which means KD corresponds to the con-
centration of free ligand required to saturate half 
of receptors. In the the case of Fig. 14.17a, 3 
(nM) of free ligand is required to occupy 50 % of 
receptors for KD = 3 (nM) (red line), and 10 (nM) 

of free ligand is required to occupy 50 % of recep-
tors for KD = 10 (nM) (black line). Thus, the case 
of KD = 3 (nM) has more affinity than the case of 
KD = 10 (nM).

Equation 14.45 is also rewritten as follows:
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which implies that at low concentration of F and 
B, initial slope (dashed lines in Fig. 14.17a) will 

be B

K
max

D

. As shown in this figure, the ligand with 

higher affinity (KD = 3 (nM) (red dashed line)) has 
larger slope than the ligand with lower affinity 
(KD = 10 (nM) (black dashed line)). Finally 
Eq. 14.47 becomes
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K K
B= -max

D D

1

 
(14.48)

As shown in Fig. 14.17b, if bound/free ligand 
(B/F) is plotted as a function of B, the plot 
becomes a straight line with a slope of (1/KD) and 
an intercept of (Bmax/KD), which is called 
Scatchard plot. The intercept of y-axis for the 
black line in Fig. 14.17(b) corresponds to 
Bmax/KD = 100/10, and the intercept of y-axis for 
the red line in Fig. 14.17b corresponds to 
Bmax/KD = 100/3. The intercepts of x-axis for both 
plots are equal to Bmax = 100 (nM). If we obtain at 
least two data points by receptor binding experi-
ments, we will be able to estimate Bmax and KD 
separately using the Scatchard plot.

As mentioned above, the slope (B/F) at low F 
and B corresponds to the ratio of Bmax and KD. 
Most PET neuro-receptor studies are performed 
at the portion in which there is linear relationship 
between F and B. Thus, B/F is constant, and if F 
becomes doubled, B is also doubled. The con-
stant B/F is regarded as product of Bmax and affin-
ity (1/KD), and in PET neuro-receptor study, we 
call the constant “binding potential” (BP), and it 
is considered as one of the most important param-
eters in PET neuro-receptor study. Actually, since 
concentrations of free ligands and bounding 
ligands in PET neuro-receptor study are very low, 
we will not solely estimate Bmax value by PET 

14 Compartmental Modeling in PET Kinetics



342

data (see Fig. 14.17a) but only estimate BP value. 
Because BP value is a product of Bmax and 1/KD, 
the one with a high BP value implies either high 
Bmax value or low KD value.

The discussion above is for in vitro experi-
ment, and in order to interpret in vivo PET data, 
some conversions are required. Only subset of 
receptors is available in PET study due to occu-
pation of receptors by endogenous transmitter 
and it is called Bavail instead of Bmax. Also regard-
ing to the input function A, only free radiotracer 
in the plasma must be considered, and fraction 
between free and protein binding radiotracers is 

called “plasma free fraction” fp. Analogy to the 
in vitro experiment, BP observed by PET under 
assumption of 3TC model is

 
BPF

avail

D

= =
B

K

B

F  
(14.49)

However, we usually observe PET data as 2TC 
model, and the following relationships are 
derived with definitions of BPF (binding potential 
against free tracer), BPND (binding potential 
against nondisplaceable tracer), and BPp (binding 
potential against plasma arterial input function):
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Fig. 14.17 (a) The relationship between free and bound 
ligand concentration as expressed in the Michaelis- 
Menten equation with two situations of Bmax = 100 (nM) 
and KD = 10 (nM) (black line) and Bmax = 100 (nM) and 
KD = 3 (nM) (red line). The dashed lines are initial slopes 

of two curves which correspond to B
K
max

D

 (b) Scatchard 

plot. The Michaelis-Menten equation (Eq. 14.46) is lin-
earized as Eq. 14.48
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where we assume fND · N D = fp · A, which implies 
the free radiotracer in plasma equals to free 
radiotracer in tissue after reaching equilibrium. 
We rather employ the fp because the fND is com-
monly not detectable from PET data, but fp is 
measurable from sampled blood. Moreover, nor-
mally we will not achieve equilibrium condition 
during PET study, and BP must be determined 
from estimated micro-parameters. If the micro- 
parameters of 2TC model are estimated, the fol-
lowing equations are obtained (see Eqs. 14.40, 
14.41, and 14.42):
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If only the macro-parameters VT and VND are 
available, we also estimate BP from Eqs. 14.39 
and 14.42 as
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(14.52)

14.5  TAC and Input Function

14.5.1  Acquisition of TAC

TAC C(ti) . One common method to obtain TAC is 
getting averaged value inside a priori defined 
region of interest (ROI)3 (ROI-based method) 
(Fig. 14.18). Alternatively, TAC can be generated 
for each pixel (voxel), which results in so-called 
parametric image (voxel-based method). The TAC 
by the ROI-based method has less noise than the 
voxel-based method, and estimated parameters by 
the ROI-based method have less variance. The 
ROI-based method is, however, a time-consuming 
task to manually delineate many ROIs and there is 
large interoperator variability. There have be 

 3 If the region is in three-dimensional volume, it is called 
volume of interest (VOI).

 several attempts to do automatic delineation of 
ROIs especially in brain image [29], in which stan-
dardized ROIs are employed after normalizing 
PET image to anatomical standard template from 
magnetic resonance image. In heart study, the PET 
image is often reoriented to short-axis image 
(slices perpendicular to the line from the apex to 
the mitral valve), and automatically segmented 
cardiac ROIs (for instance, 17 segmented ROIs 
proposed by the American Heart Association, 
AHA) are generated. By the voxel- based method, 
we will get an image of function, which makes 
easy for researchers to visually interpret the 
results, and it is further possible to perform voxel-
by-voxel statistical test by using software package 
such as SPM (statistical parametric mapping, 
http://www.fil.ion.ucl.ac.uk/spm/). However, com-
pared to the ROI-based method, the voxel-based 
method requests more computational burden, and 
the TAC by the voxel- based method has large 
noise, and it is difficult to reliably estimate micro-
parameters. Therefore, in order to apply the voxel-
based method, we must use simpler model, reduce 
parameters, or utilize acceleration techniques such 
as linearization (Sect. 14.3.4). Either while apply-
ing the ROI- based method or voxel-based method, 
we assume homogeneous distribution of radio-
tracer inside the region or voxel of interest; how-
ever, in reality, even one voxel contains many cells 
with different functions, and voxel counts are 
influenced by neighbor voxels due to limited spa-
tial resolution of PET scanner (we call this phe-
nomena partial volume effect, PVE). Although 
many techniques have been proposed to correct 
PVE [30], bias due to inhomogeneous region of 
interest should be acknowledged.

It is sometimes important to consider blood 
component in voxels of PET image. If CB is the 
radioactivity concentration of the whole blood 
and VB (0 ≤ VB ≤ 1) is fraction of blood compo-
nent in the ROI, the measured total radioactivity 
concentration ROI(t) in the ROI is

14 Compartmental Modeling in PET Kinetics
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ROI B B Bt V C t V C t( ) = -( ) ( ) + ( )1
 

(14.53)

It is possible to include VB as one of estimated 
parameters during the fitting procedure. In brain 
study, the VB is about 5 % and the influence of the 
blood component is not serious, and sometimes 
fixed value is used especially in the voxel-based 
method. However, if the target region has large 
contribution from blood component such as the 
heart, kidney, and liver [31], the consideration of 
the blood volume is required. Note that CB(t) is 
radioactivity concentration in whole blood, and it 
is not necessary to match to the input function 
A(t) (see further discussion of A(t) in the next 
section).

14.5.2  Acquisition of Input Function

As already mentioned, the accurate input func-
tion is essential for the success of PET tracer 
analysis. In order to measure the input function, 
arterial blood must be frequently sampled after 
injection of radiotracer. If it is required to get 
radioactivity concentration in plasma, the sam-
pled blood must be cetrifugated to separate 

plasma from whole blood. Moreover, in case that 
radioactive metabolites in the blood must be 
considered, the fraction of metabolites in the 
plasma must be measured usually by high-pres-
sure liquid chromatography (HPLC). Because 
the data from the manual sampling are often 
sparse and discrete, the input function may be 
determined by being fitted to a mathematical 
form such as [32]

A t A t A A A At t t( ) = - -( ) + +1 2 3 2 3
1 2 3e e el l l

 
(14.54)

where A1, A2, A3, λ1, λ2, and λ3 are parameters to 
be estimated.

Manual sampling of blood (usually from the 
radial artery) is labor intensive, and automatic 
sampling technique is sometimes preferable 
although this technique only obtains radioactivity 
in whole blood, and if needed, another blood sam-
ples for separation of plasma and metabolites must 
be performed. In this technique, after the catheter 
is inserted into the artery, the arterial blood is con-
tinuously withdrawn through tube by pump during 
PET study, and the concentration of the radioactiv-
ity in the arterial blood is monitored by means of 
radiation detector [33, 34]. Some calibration 
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 procedures are essential for this approach. The 
cross calibration between radioactivity concentra-
tion measured by PET scanner and the radiation 
detector for the blood sampling must be performed 
routinely. The difference between arrival time of 
tracer at the target organ and time of detection by 
the radiation detector (delay time) must be cor-
rected. Especially the correction of the delay time 
is important for 15O tracer due to its short physical 
half-life of 2 min. Moreover, the dispersion of 
shape of input curve is observed for the time pass-
ing through tube (see Fig. 14.19), and the disper-
sion correction must be applied. Often used 
dispersion function [35] is defined as

 

A t A t
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o e( ) = ( )Äæ

è
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ö

ø
÷

-1

t
t

 

(14.55)

where Ao(t) is the observed input curve and τ [s] 
is the dispersion time constant. The deconvolu-
tion operation is required to solve the above 
equation, which introduces noise on the input 
function. Alternatively, parameters of the delay 
and dispersion are included in the model; both 
parameters are simultaneously estimated with 
other kinetic parameters [36]. This approach is 
attractive; however, more parameters to be solved 

result in large variance in the estimated parame-
ters, and the careful attention to the obtained 
results must be paid.

There have been several attempts to extract 
input function from PET images. By this method-
ology, blood sampling is not required (or only 
one point blood sample is enough for scaling the 
input function), and error due to delay and dis-
persion could be minimized. If the left ventricle 
(LV) is in the field of view (FOV) of the PET 
scanner, the input function can be directly esti-
mated from VOI on the LV of PET images [37]. 
The image of the descent aorta is also used to 
extract the input function because the descent 
aorta is a relatively isolated region and expected 
to have minimum influence from surrounding tis-
sue [38]. But, generally, due to limited spatial 
resolution of PET scanner, PVE must be cor-
rected in some extent. In brain study, carotid 
artery is often a target region for the extraction of 
input function [39]. Image segmentation algo-
rithms such as principle component analysis, fac-
tor analysis, and independent component analysis 
are applied to separate signal of blood from tissue 
[40–43]. As same as the automatic sampling 
technique, image-based input function can only 
represent radioactivity from whole blood, and if 
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one requires separation of plasma and whole 
blood or non-metabolite fraction in blood, addi-
tional blood sampling is necessary. Another 
attempt to estimate the input function is the com-
partmental model with PVE correction. In myo-
cardium blood flow (MBF) study with 15O-water, 
the following model equation of 1TC model is 
employed with MBF f [44, 45]:

C t fA t
f

p
t V A t( ) = ( )Ä -

æ

è
ç

ö

ø
÷ + ( )a exp a

 
(14.56)

where α is the so-called perfusable tissue fraction 
which implies fraction of available tissue in the 
ROI and Va is the fraction of vascular component 
in the ROI. The p is the partition coefficient with 
fixed value. Three unknown parameters α, f, and 
Va will be estimated by means of the nonlinear 
least squares technique. The true f value is under-
estimated due to PVE and only apparent K1 (αf) 
value is only observed. But under assumption 
that washout of water can be observed without 
influence of PVE by washout rate of f

p
, the 

MBF f without PVE can be determined.
An alternative approach to get the input func-

tion invasively is to use population-based input 
function [46, 47]. In this approach, blood  samples 
were carried out previously for certain numbers 
of patients or normal volunteers, and averaged 
input function is computed as the population- 
based input function. The population- based input 
function must be used in caution if the group par-
ticipated for the PET study is different from the 
group in which the blood sampling was carried 
out.

14.5.2.1  Continuous Infusion
Compartmental model generally consists of 
series of differential equations such as Eq. 14.1, 
and if the TAC along time becomes constant, the 
left side of the differential equation is equal to 
zero, and solving the compartmental model will 
be easier. If the input function is constant, only 
one blood sample is enough to determine the 
input function. The so-called steady-state tech-
nique, the continuous administration of 15O 
labeled gasses of CO2, O2, and CO, is one of the 
classical applications of PET to measure cerebral 

blood flow (CBF), oxygen extraction fraction 
(OEF), cerebral metabolic rate of oxygen 
(CMRO2), and cerebral blood volume (CBV) [28, 
48]. For example, by the steady-state technique 
according to Eq. 14.1, CBF(f) can be computed 
by a blood sample AC and PET count CC as fol-
lows (A(t) and C(t) are not decay corrected):
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where λ and p are fixed value as the physical 
decay constant of 15O and the partition coefficient 
of water, respectively.

In neuro-receptor study, as described at 
Sect. 14.4.3, several physiological parameters 
including BP and VT can be obtained at equilibrium 
condition. The “bolus + infusion” (B/I) approach 
was developed to make the equilibrium condition 
during PET study. In order to rapidly make equilib-
rium condition, the radiotracer is first delivered as a 
bolus followed by a continuous infusion [49]. In 
order to determine how the radiotracer is infused 
during PET study, first we will carry out PET study 
with bolus injection in order to obtain the IRF Ri(t)
(i = 1…M) of regions of interest (ROI) or input 
function (M is numbers of regions of interest). 
Infusion protocol H(t) of the radiotracer for B/I 
approach can be defined as a combination of bolus 
plus continuous infusion over time T and written as

H t
K t t t T

K T
( ) = ( ) + ( ) - -( )

+
bol

bol

d q q

 
(14.58)

where δ(t) is the Dirac delta function represent-
ing bolus injection and θ(t) is a step function (0 
for t < 0, 1 for t > 0) representing infusion phase. 
Kbol is the magnitude of the bolus component 
with unit of time and implies that bolus dose cor-
responds to Kbol minutes of infusion. The Ci(tj) 
(j = 1..N), N numbers of points of TAC by B/I pro-
tocol, can be written as similar to Eq. 14.18
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Optimized Kbol is guessed by minimizing Φ in the 
following equations by means of the least squares 
fitting approach:
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Examples of TAC after B/I protocol are shown in 
Fig. 14.20. The B/I approach is easily extended to 
neurotransmitter-change experiment by perturb-
ing the endogenous neurotransmitter after reach-
ing the equilibrium condition [50].

14.5.2.2  Reference Region Model
To avoid arterial blood sampling, there are sev-
eral approaches which have been already dis-
cussed in the above section such as employment 
of the image-based input function. The refer-
ence region (tissue) model approach described 
in this section is an approach to eliminate com-
ponent of the input function by assuming two 
regions (target region which has specific bind-
ing of the tracer and reference region which has 
no specific binding of the tracer) share the same 

input function. Although the “full reference 
region model” is referred to as 2TC model for 
the target region and 1TC model for the refer-
ence region [51], there are many variations of 
the reference region model by how we define the 
compartmental model for the target region and 
the reference region (Fig. 14.21). The simplified 
reference region model (often called simplified 
reference tissue model, SRTM) [52, 53] is the 
most popular reference region model which 
uses 1TC models for both the target and the ref-
erence regions (Fig. 14.21c). Let’s derive the 
operation equation for the SRTM. We start as 
we did in the section of Logan plot 
(Sect. 14.3.4.2):
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From the above equations, common term A(t) can 
be eliminated:
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Fig. 14.20 Bolus + infusion approach (a) observed TACs after bolus injection of 11C-raclopride and (b) expected TACs 
after B/I protocol with optimal Kbol obtained using Eq. 14.60
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If we define R1 = K1/K′1 and Laplace transform is 
employed to solve the differential equation above
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Total distribution volumes for the target 
region (VT) and the reference region (V′T) can 
be written as
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where BPND and VND are binding potential and 
distribution volume for nondisplaceable com-
partment defined in Sect. 14.4.3. If we assume 
the target region and reference region have same 
VND, from the above equations, BPND is derived as
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Three parameters of R1, k2, and k′2 can be esti-
mated using Eq. 14.63 by means of nonlinear 
least squares fitting. For voxel-by-voxel compu-
tation, basis function method (BFM) [54] as sim-
ilar manner as the spectral analysis (Sect. 14.3.4.4) 
is often employed, in which the convolution term 
in Eq. 14.63 is once calculated within available 
range of k2, and other parameters are rapidly 
solved by the linear least squares fitting.

Alternatively, the SRTM can be solved by 
integration as same as we did in Sect. 14.3.4.2. 
Integration over time is applied for both equa-
tions in Eq. 14.61 as follows:
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Eliminating common term 
0
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above equations results in
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Equation 14.68 is a multiple linear form and R1, 
k2, and k′2 can be directly derived by multilinear 
regression technique. The technique is utilized 
for neuro-receptor study [55] but is also applica-
ble for CBF estimation [56]. Equation 14.68 can 
be rearranged as
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which is another popular noninvasive approach 
called “Logan reference tissue model” [57] and 

R k
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 is called “distribution volume ratio” 

(DVR). Here k′2 is a tracer clearance rate constant 
from the reference region and must be deter-
mined prior to the Logan analysis.

The reference region approach is very attractive 
since no blood sampling and metabolite correction 
are required, and if the reference region is avail-
able, the reference region analysis is nowadays the 
first choice in clinical study. However, due to the 
discrepancy between real data and assumption of 
the reference region model, the biases of estimated 
parameters are often observed and the model must 
be employed with caution [58].

 Conclusions

In this chapter, we have explained how PET 
data are analyzed to estimate behavior of 
radiotracer injected. The PET data only repre-
sent distribution of positron emitter, and the 
SUV is not enough parameter to properly 
interpret PET data. The compartmental model 
is introduced to explain behavior of the radio-
tracer. Mathematical basis and biological 
meaning of the compartmental models includ-
ing 1TC, 2TC, and 3TC models have been 
described. Several methodologies such as 
Logan plot, Patlak plot, B/I approach, spectral 
analysis, and reference region approach have 
been explained in this chapter, and we have 
seen that the root of methodologies to analyze 
PET data is common among many radiotrac-
ers and can be understandable by concept of 
general compartmental model with combina-
tion of IRF and input function. For the selec-
tion of the compartmental model and analyzed 
approach, we need not only biological and 
physiological background of the tracer but 
also basic concept and limitation of the com-
partmental model.
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Abstract

Spill over of data between different regions in a PET image is known as 
the “partial volume effect” (PVE) and leads to errors in the quantification 
of local tracer concentration. PVE can be a confounding factor in clinical 
studies if the effect changes over time or between subjects, and it is then 
important to correct for PVE. Such a correction procedure is known as 
“partial volume correction” (PVC). Since the PVE depends on the spatial 
resolution of the PET images, some degree of compensation can be 
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obtained using resolution recovery or deconvolution algorithms. However, 
these algorithms should not be considered as PVC algorithms, as they sim-
ply provide alternative bias vs. noise trade-off solutions from the same 
measured data. More accurate correction methods can be implemented by 
utilising high-resolution anatomical information from co-registered MRI 
or CT images, which would typically first be segmented into a number of 
regions. Different PVC methods have been developed, which are based on 
different assumptions. The corrected values should therefore be regarded 
as approximations of the true values. Also, the results are sensitive to 
errors in co-registration and segmentation of the anatomical images, as 
well as in the estimation of the system point spread function. Despite these 
limitations, the importance of PVC has been demonstrated in a number of 
clinical neurology, oncology and cardiology studies.

15.1  Introduction

15.1.1  Background

“Unclear medicine” – This is a term sometimes 
used jokingly when referring to nuclear medi-
cine. The basis for the joke is the blurry appear-
ance of PET and SPECT images when compared 
to CT or MRI images due to the relatively poor 
spatial resolution. The consequence of this quali-
tative blurry appearance, from a quantitative 
point of view, is known as the “partial volume 
effect” (PVE). This effect results in spill over of 
data between different image regions. With 
respect to a particular region, two separate PVEs 
can be distinguished: spill-in and spill-out (see 
Fig. 15.1). However these are not separate effects, 
as spill-in to one region is spill-out from another 
region or regions. This chapter will discuss meth-
ods to correct for PVEs, which are known as par-
tial volume correction (PVC) methods.

In order to obtain accurate quantitative values 
from PET data, it is necessary to correct for a num-
ber of physical effects, including random coinci-
dences, electronic dead time, detector efficiency 
variations, photon attenuation, Compton scatter-
ing, patient motion and PVE. Most of these effects 
are well understood, and correction methods have 
been developed and are being used routinely. Also 
PVE is a well- understood effect and a number of 
correction methods have been developed over the 
years. However, these are not generally being used 

routinely. There are several reasons for this: addi-
tional data are required, complex image process-
ing is involved, and the result is sensitive to small 
errors at various stages of processing.

The PVE can be described using the point 
spread function (PSF) of the system, which essen-
tially corresponds to the image of a point source. 
The PSF is often characterised mathematically by 
a Gaussian function, and the amount of blurring is 
determined by the full width at half maximum 
(FWHM) of this function. If every point in the 
actual distribution is blurred by the same amount, 
then the measured image is described as a convo-
lution between the true image and the 
PSF. Convolution is a mathematical integral oper-
ation between two functions (see, e.g. [1]).

15.1.2  The Partial Volume Effect

Figure 15.2 shows an illustration of the PVE in 
3D. The true object was a cylindrical phantom 
(20 cm in diameter) containing six spherical 
inserts (diameters 6, 9, 12, 15, 18 and 24 mm) 
with a sphere-to-background contrast1 of 4. The 
phantom was blurred with a 3D Gaussian PSF 
with a 6-mm FWHM (typical for the resolution of 
current PET systems). The figure includes cross 
sections of the original and blurred phantoms, as 

1 Contrast is defined as C = (T − B)/B, where T and B are 
the target and background values, respectively.
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well as a circular profile through the spheres. In 
the largest spheres, there is a section where the 
measured values coincide with the true values. In 
the smaller spheres, on the other hand, the maxi-
mum measured value is reduced in comparison to 
the true value. There is therefore a limit in terms 
of object size, above which the measured max 
value can be used as an estimation of the true 
mean value (under the assumption that the object 

is homogeneous and noise-free). In fact, to use the 
maximum value in a region is one way to mitigate 
the effect of PVE. This is a simple method that 
may work for relatively large, uniform objects, 
although it is very sensitive to noise. The max and 
mean values in each sphere are shown in Fig. 15.3 
as a function of sphere diameter. It can be seen 
that the point at which the max value starts to drop 
below the true value is ~3⋅FWHM. The mean 
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value always underestimates the true mean value, 
but it is less noise sensitive than the max value, 
and the amount of underestimation can be 
predicted.

15.1.3  The Point Spread Function

In PET, the PSF can often be modelled as a 
Gaussian function, and the FWHM is sometimes 
assumed to be constant over the field of view 
(FOV). In general, the PSF actually varies over 
the FOV due to the geometry of the detector sys-
tem. The resolution is determined by the “tubes 
of response”, defined by two opposing detectors. 
The scintillation crystals used in PET scanners 
typically have a small cross section in order to 
give high resolution, but are quite long in the 
radial direction for high sensitivity. This means 
that, as you move away from the centre of the 
scanner, the photons can hit the crystals at an 
oblique angle, leading to what is known as the 
“parallax effect” and resulting in broadening of 
the tubes of response and degradation of the spa-
tial resolution (Fig. 15.4a).

In SPECT, the PSF also varies over the FOV, 
but for a different reason. The resolution is 

defined mainly by the geometry of the collima-
tor, resulting in a “cone of response” for a given 
detector position. This means that the resolution 
becomes worse with increasing distance from 
the detector, as the cone becomes wider 
(Fig. 15.4b). In SPECT, it is easier to model the 
resolution during forward and back projection, 
and it can therefore be advantageous to perform 
PVC during the reconstruction process (see, e.g. 
[2]). If the image space PSF can be accurately 
estimated, then post-reconstruction PVC can 
also be performed in SPECT, using the same 
methods as in PET.

15.1.4  The Tissue Fraction Effect

PVEs are also said to occur in MRI and CT 
images. However, in this context, the term does 
not refer to the effect of the limited spatial 
resolution of the system, but to the effect of the 
finite size of the image voxels. Those voxels 
which are on the boundaries between different 
organs or tissues would in principle correspond 
to a mixture of tissue types. We will refer to this 
sub-voxel effect as the “tissue fraction effect” 
(TFE). PET images would also be affected by 
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this, but the main cause of PVE in PET is the 
system PSF. The TFE can usually be addressed to 
some extent by simply using smaller voxels 
(although it is arguably always present).

15.1.5  Clinical Implications

In clinical studies, if no correction for PVEs is 
performed, an implicit assumption is made that 
the PVE is either negligible or constant in space 
or in time or across subjects.

In neurological studies, most PET tracers 
used are primarily taken up in grey matter (GM). 
The GM layer in the cerebral cortex is only a 
few mm thick, resulting in a significant amount 
of PVE. In elderly patients suffering from 
dementia, there is often a certain degree of atro-
phy, which further reduces the cortical thick-
ness. In this situation, it is not possible to 
determine whether a reduction in image inten-
sity is due to reduced tracer concentration in 
GM or is a result of increased PVE due to 
reduced cortical thickness.

In cardiac studies, various tracers are used that 
are taken up in the myocardium. The myocardial 
wall has a thickness of ~10 mm, but it changes 
over the cardiac cycle, the wall being thicker at 
end systole as compared to end diastole. This 
leads to a change in PVE and, consequently, in 
image intensity. This “systolic brightening” can 
actually be clinically useful, as it provides indi-

rect information about the myocardial wall 
thickening.

In oncology, PET studies are often acquired 
before and after therapy, in order to monitor 
the effect of the therapy on the tumour. The 
follow-up study would typically be done a few 
weeks after the baseline study, during which 
time the tumour size may have changed and 
therefore also the PVE. The change in image 
intensity will be a combination of both the 
change in tracer uptake and in tumour size. 
Reduction in tracer uptake or in tumour size 
both results in reduced image intensity and is 
an indication of a positive therapy outcome. 
Therefore, it is not always considered neces-
sary to correct for PVE in this type of study. 
On the other hand, it may be more useful to 
obtain the information about tumour size and 
tracer uptake separately, rather than as a com-
bined outcome measure, as the change in 
tumour volume may conceal preserved or 
incremented activity concentration in a small 
sub-volume that may merit further treatment.

15.1.6  Partial Volume Correction

Methods to correct for PVE are known as “partial 
volume correction” (PVC) method, although 
sometimes the term “partial volume effect 
correction” has been used. The basic principle 
behind PVC is to utilise the high-resolution 

a bFig. 15.4 PSF 
variation in (a) PET 
with a scanner, 
consisting of a ring of 
detectors (only a small 
number are shown), and 
(b) SPECT using a 
rotating scintillation 
camera (The effects 
have been exaggerated 
for illustration 
purposes)
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anatomical structural information from CT or 
MRI data to improve the quality of the PET 
images, with the assumption that the tracer 
uptake is controlled by the anatomical boundar-
ies. The anatomical image has to be aligned with 
the PET image, and it usually also needs to be 
segmented/parcellated into anatomical regions 
that can be assumed to be relatively uniform in 
terms of tracer uptake. PVC methods can be 
divided into region-based and voxel-based meth-
ods, depending on whether they provide only 
corrected regional mean values or a corrected 
image. In both cases, anatomical regions need to 
be defined. A number of PVC methods have been 
proposed over the years, but we will not attempt 
to cover all of them in this chapter. Instead, we 
will primarily focus on the most commonly used 
methods, but we also will describe some of the 
more advanced techniques that may have future 
appeal. A recent review of PVC methods can be 
found in [3].

15.2  Theory

15.2.1  Deconvolution

As mentioned above, PVEs are caused by 
convolution of the true object distribution with 
the system PSF. Therefore, it would seem 
reasonable to believe that PVC could be 
performed by an inverse convolution, or 
deconvolution, procedure. Such a procedure can 
be implemented either during or after the image 
reconstruction and can provide a certain degree 
of resolution recovery, resulting in a reduction of 
PVEs. However, a full correction cannot be 
achieved with these methods, partly due to 
information that is lost and cannot be recovered 
and partly due to an increased noise level and 
image artefacts.

Convolution of the true image by the PSF 
results in an attenuation of mid-range frequency 
information and a loss of high-frequency 
information. The former can be restored by 
various types of deconvolution of inverse-filtering 
techniques, but the latter can never be recovered 
from the blurred data. At higher frequencies, the 

data is usually dominated by noise, and any 
attempt to restore the high-frequency compo-
nents will result in noise amplification. Sharp 
boundaries in images are represented using high- 
frequency components. If these are lost from the 
image, any algorithm attempting to restore the 
sharp boundaries will attempt to do so using 
components from lower frequencies, resulting in 
oscillations, with over- and undershoots on both 
sides of the boundaries. This is the so-called 
Gibb’s effect.

Since no new information is introduced, 
deconvolution algorithms can only provide alter-
native solutions with different resolution vs. 
noise trade-offs, based on the original data. The 
procedure is therefore analogous (but with 
opposite effect) to smoothing with a low-pass 
filter. These algorithms should be regarded as 
optional steps in the image reconstruction process 
and not as PVC algorithms. Here we will use the 
term “PVC algorithm” only for those algorithms 
that utilise structural anatomical information 
from CT or MRI images (sometimes known as 
“anatomically guided PVC algorithms”). The 
role of the anatomical data is to provide local 
high-frequency information, corresponding to 
anatomical boundaries.

Figure 15.5 shows the effect of applying an 
iterative deconvolution algorithm [4] to the 
blurred image from Fig. 15.2. It can be seen that 
this algorithm results in ring artefacts in the larger 
spheres, overcorrection at the centre of the 
medium-size spheres and under-correction in the 
smallest sphere. For comparison, the image 
obtained by using the anatomically guided PVC 
algorithm region-based voxel-wise correction 
(RBV) [5] is also shown. This image is identical 
to the original phantom, which shows how 
powerful PVC, based on anatomical information, 
can be. It should also be said that iterative 
deconvolution algorithms can be improved by 
incorporating so-called edge-preserving 
smoothness constraints. This corresponds to 
utilising a priori information about the expected 
image, assuming that it should be piecewise 
constant. The information about the location of 
the edges must, however, be extracted from the 
PET data itself.
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15.2.2  Motion

Blurring in PET images can also be caused by 
motion, such as respiratory, cardiac or patient 
body motion. However, this is a different effect to 
the blurring caused by the system PSF and should 
be treated differently. The blurring caused by 
motion cannot, in most cases, be described by a 
simple Gaussian function and cannot be assumed 
to be uniform. There is no way to avoid the PSF 
blurring, but motion blurring, on the other hand, 
can be reduced or even eliminated completely by 
simply using shorter time frames. It then becomes 
a motion correction problem (see Chap. 16). The 
two effects are independent and can be treated 
separately; motion correction should be applied 
first and then PVC.

15.2.3  Region-Based PVC

We will now describe a series of PVC methods to 
correct for the system PSF only. (A more detailed 
mathematical description can be found in the 
appendix.) Figure 15.6 shows a scheme repre-
senting the early developments of PVC methods, 
including some still commonly used ones. In 
1979, Hoffman et al. introduced the term PVE 
and proposed a method for correcting the mean 
value in a volume of interest (VOI), assuming a 
uniform distribution within the VOI and no back-
ground activity [6]. The true mean value is 
obtained by simply dividing the measured mean 
value within the VOI by a recovery coefficient 
(RC), precalculated based on the shape and size 

of the VOI and the system PSF. This method is 
therefore corrected for spill- out but not for spill-
in. Later, Kessler et al. calculated RC values for 
cases with a non-zero background activity [7]. In 
this way, correction could be done for both spill-
in and spill-out at the same time, but it was neces-
sary to know the true target-to-background 
contrast in order to select the correct RC values.

A different approach was chosen by Henze 
et al. for cardiac studies [8] (see also [9]). They 
developed a method to correct for the crosstalk 
between two different VOIs, corresponding to the 
myocardium of the left ventricle (LV) and the 
blood pool inside the LV. The contributions from 
each VOI to the other one and to itself were 
calculated based on the system PSF. A system of 
two linear equations was then set up, which could 
easily be solved by matrix inversion, resulting in 
the true mean values in the two VOIs.

The same principle was later used by Rousset 
et al. for neurological studies [10]. In this case, 
the brain was parcellated into multiple VOIs, 
based on MRI data. This method can in princi-
ple handle any number of VOIs, although the 
matrix inversion operation can become numeri-
cally unstable with too many VOIs. The authors 
called the crosstalk matrix the “geometric 
transfer matrix” (GTM), and the method 
became known as the GTM method. Another 
method, proposed by Labbé et al., was based on 
a slightly different formulation with a much 
larger crosstalk matrix [11]. In the original 
paper, the authors used an algorithm based on 
singular value decomposition to calculate the 
matrix inverse; however, a more practical solu-

Fig. 15.5 Restoration of 
the blurred image in 
Fig. 15.2 using an iterative 
deconvolution algorithm 
(left) and an anatomically 
guided PVC algorithm 
(right) (intensity scale, 
0–6.5)
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tion is obtained by using the Moore- Penrose 
pseudo-inverse instead. The method then 
becomes very similar to the GTM method. In 
both cases, the image is parcellated into a num-
ber of VOIs. In the GTM method, the image is 
then sampled using the original VOIs, while in 
the Labbé method, the VOIs are first blurred by 
the system PSF. This leads to a different cross-
talk matrix, but the output from both methods 
will be the corrected mean values in the origi-
nal VOIs. The theoretical difference between 
these two methods is that the Labbé method in 
principle utilises all the data corresponding to 
each VOI in the estimation of their mean val-
ues, resulting in a slightly different accuracy vs. 
precision trade-off.

A simple region-based PVC method was 
developed by Hofheinz et al. for oncology [12]. 
It is based on the definition of three regions 
(VOIs) for each tumour: a target region, corre-
sponding to the actual tumour; a “spill-out” 
region, surrounding the target region; and a 
background region, surrounding the spill-out 
region. First a background term is estimated 
using the background region and subtracted 
from the spill- out region. The true activity con-
centration in the target region is then determined 

as the total activity in the target and spill-out 
regions divided by the volume of the target 
region. The advantage with this method is that it 
is not very sensitive to an accurate estimation of 
the PSF.

15.2.4  Voxel-Based PVC

In the methods described above, the image was 
divided into a number of regions (or VOIs), and 
the goal of the PVC was to estimate the true mean 
value within these regions. For voxel-based PVC, 
it is still (in general) necessary to divide the 
image into regions, but the correction is then 
applied to each voxel within these regions 
separately, thereby producing a new, corrected 
image. The basic idea is to correct for the spill 
over from one region to another, but the correction 
is different for each voxel, as the spill over is not 
uniformly distributed.

The first voxel-based PVC method was pre-
sented by Videen et al. [13]. It was essentially 
an extension of the Hoffman method. One tar-
get VOI was defined and RC values were cal-
culated for each voxel within this VOI, 
correcting for spill-out but not spill-in. The 

1979
Hoffman

VOI, no bkg

1984
Kessler

VOI, varying contr

1988
Videen

voxel, 1 reg, no bkg

1983
Henze

VOI, 2 regions

1990
Meltzer

voxel, 1 reg, no bkg

1996
Yang

vox, known contr

1992
Muller-Gartner

voxel, 1 reg, k-bkg

1998
Labbé

VOI, mult regs

1998
Rousset

VOI, mult regs

Fig. 15.6 Development of traditional PVC techniques
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method was intended for neurological studies 
and was based on a CT image, segmented into 
brain and non- brain regions. The brain region 
included both grey matter (GM) and white 
matter (WM). This method was later imple-
mented by Meltzer et al. [14], using MRI 
instead of CT data, and is often cited through 
this reference.

Later, Müller-Gärtner et al. improved the 
method by incorporating spill-in correction 
[15]. In this case, the brain was segmented into 
three regions: GM, WM and cerebrospinal fluid 
(CSF). The target region was GM, while WM 
was considered as a background region. The 
activity concentration in CSF was assumed to 
be zero, but it was necessary to know the true 
value in WM for the spill-in correction. This 
could be estimated from a WM region, less 
likely to be affected by PVE. The spill-in from 
WM to GM was calculated and subtracted, 
before using the voxel-based RCs to correct for 
spill-out. This is an additive- multiplicative 
method, in which PVC is applied to the target 
region (GM) only.

An alternative approach was used by Yang 
et al. in their voxel-based PVC method [16]. This 
method can be seen as an extension of the Kessler 
method. Multiplicative correction factors are 
generated for each voxel in the whole image, 
correcting for both spill-in and spill-out 
simultaneously. This method requires prior 
knowledge of the contrast between the different 
regions. In Yang et al. [16] the method was 
implemented for brain studies with a 3-class 
segmentation into GM, WM and CSF, assuming 
relative activity concentrations of 4, 1 and 0, 
respectively.

15.2.5  Combined PVC Methods

The PVC methods mentioned above have certain 
advantages and disadvantages: the region-based 
methods can only provide mean regional values, 
while the voxel-based ones require various types 
of prior information. However, by combining the 
two approaches, you can get the best of both 
worlds. Figure 15.7 shows a schematic illustration 

for how this can be done. The procedure consists 
of the following four steps:

 1. The anatomical image is segmented/parcel-
lated into a number of VOIs.

 2. Region-based PVC is applied to obtain the 
mean values in each VOI.

 3. A piecewise constant pseudo-image is 
generated, where all voxels in each region 
contain the corresponding mean value.

 4. The pseudo-image is finally used to perform a 
voxel-based PVC.

In step 2, either the GTM method or the Labbé 
method can be used. In step 4, either a Müller- 
Gärtner- type or a Yang-type correction can be 
used. Two such algorithms have been proposed: 
the “multi-target correction” (MTC) method [17] 
and the “region-based voxel-wise correction” 
(RBV) method [5]. Another alternative is a 
method known as “iterative Yang” (iY), proposed 
in [3], in which the regional mean values are 
estimated in an iterative procedure with a Yang- 
type correction, avoiding the GTM step.

Recently a new PVC method was introduced, 
called “single target correction” (STC) [18]. This 
method only requires segmentation of the region 
to be corrected and does not need any a priori 
information regarding the activity distribution. It 
operates using region-based spill-out correction 
and voxel-based spill-in correction, which are 
applied to both target and background regions.

15.3  PVC Examples

15.3.1  Data Generation

We simulated PET data corresponding to various 
digital phantoms using the following procedure: 
(1) the true activity distribution was blurred in the 
image domain with a 3D Gaussian function with 
a FWHM of 6 mm, representing the system PSF; 
(2) the resulting image was forward projected 
into 180 angles over 180° and multiplied by a 
forward projected attenuation map; (3) a uniform 
background was added, representing randoms 
and scattered events, corresponding to 33 % of 
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the data; (4) the projection data were scaled so as 
to obtain a realistic total number of counts, and 
Poisson distributed data were generated using a 
random number generator; (5) images were 
reconstructed using FBP, after background and 
attenuation correction; and (6) the reconstructed 
images were smoothed with a 3D Gaussian with 
a FWHM of ~5.3 mm for noise-reduction 
purposes. For each phantom, the simulations 
were repeated with 30 different noise realisations.

15.3.2  Example 1: Oncology

We simulated data corresponding to an oncology 
study using the NCAT torso phantom [19], 
including respiratory and cardiac motion with 
periods of 5 s and 1 s, respectively. Data was 
generated for 40 frames (gates) over one 
respiratory period. Two spherical tumours 
(20 mm diameter) were added to the phantom, 
one in the lung and one in the liver. After 
reconstructing each frame independently, motion 
correction (MC) was applied, using an estimated 
motion pattern. PVC was then applied to each 
tumour using STC [18].

Figure 15.8 shows a coronal section of the true 
distribution as well as the reconstructed image 
without correction, after MC only and after both 
MC and PVC. Profiles through the tumours are 
shown in Fig. 15.9, and the mean values in the 
tumours are presented in Table 15.1, including 
results obtained with the Hofheinz method [12].

In the uncorrected image, the tumours are 
elongated due to motion blurring. MC restores 
their round shape and increases the intensity. 
PVC improves the uniformity in the tumours and 
further increases the intensity. Quantitatively, the 
correction is not perfect. This could be due 
approximations in the motion pattern or in the 
PSF. The Hofheinz method seems to give slightly 
higher accuracy than STC in the liver tumour. 
This could be because it is less dependent on the 
PSF. However, it relies on a uniform background 
and does not produce a new image.

15.3.3  Example 2: Cardiology

The same phantom was used as in the previous 
example, but without tumours. MC was applied 
and the image frames were merged into eight 
cardiac gates. PVC was applied to the myocardium 
using STC [18]. The heart was reoriented into 
standard short- and long-axis sections.

Images with and without correction are shown 
in Fig. 15.10 for the end systole (ES) and end 
diastole (ED) phases of the cardiac cycle, and 
quantitative results are presented in Table 15.2.

In the uncorrected images, there is underesti-
mation of the myocardial image intensity, and 
there is a difference between ES and ED. After 
MC, the intensity is increased and the ES-ED dif-
ference is reduced. After MC + PVC, there is fur-
ther increase in intensity, and the difference is 
reduced to <1 %.

MRI/ CT

PET VOI-PVC image-PVC

VOIs PSF

pseudo
image

Fig. 15.7 Schematic illustration of the combination of 
region- and voxel-based PVC. Region-based PVC is per-
formed first, using VOIs defined in the MRI or CT image 
and the system PSF. Voxel-based PVC can then be per-

formed, using a piecewise constant pseudo-image, gener-
ated based on the corrected VOI mean values, resulting in 
a corrected image (See text for step-by-step description)
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a b

c d

Fig. 15.8 Simulated oncology study. (a) Original phantom (single frame), (b) simulated PET image including motion 
blurring and PVE, (c) image after MC, (d) image after MC and PVC (STC)
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15.3.4  Example 3: Neurology

We used a brain phantom [20] for testing several 
of the PVC methods developed for neurology 
studies. The phantom contained a number of 
cortical and subcortical regions (Fig. 15.11). The 
matrix size was 256 × 256 × 128 and the voxel 
size 1.1 × 1.1 × 1.4 mm. From the original 
phantom, we generated a segmented version, 
containing regions for grey matter (GM), white 
matter (WM) and cerebrospinal fluid (CSF) 
(Fig. 15.11), and also an activity distribution, 
with values of 0.8–1.2 in the GM regions, 0.25 in 
WM and 0.01 in CSF. A sinusoidal pattern was 
added to the image, in order to introduce some 
intra-regional variation (Fig. 15.12). We applied 
five different PVC methods to the reconstructed 
image: (1) Videen/Meltzer (V/M) [13, 14], (2) 
Müller-Gärtner (MG) [15], (3) GTM [10], (4) 
MTC [17] and (5) RBV [5].

The resulting images are shown in Fig. 15.12 
and some quantitative results in Fig. 15.13. The 
V/M method gives a very limited correction, as it 
does not separate between GM and WM (no 
image shown). The GTM method produces only 
regional mean values, so all intra-regional 
variation is lost. The MG method performs a 
voxel-wise correction and therefore retains some 
of the original intra-regional variation, but only 
within the GM region. (It assumes the true WM 
mean value can be estimated separately.) Also, it 
only corrects for spill over between GM and 
WM, not between different GM regions. 
Therefore, the quantitative accuracy is limited 
(see, e.g. the insula region). The MTC and RBV 
methods both perform voxel-wise correction of 
the entire image, retaining some intra-regional 
variation (see, e.g. the putamen region). Both 

methods also give accurate regional mean values, 
but the RBV results are less noisy.

15.4  Practical Considerations

15.4.1  Accuracy

The PVC procedure consists of a number of 
separate steps, and many things can go wrong 
along the way. As mentioned previously, the final 
result of PVC is sensitive to small errors in 
various steps of the process. The key steps are (1) 
estimation of the system PSF, (2) co-registration 
of the PET and anatomical images and (3) 
segmentation and/or parcellation of the 
anatomical image into different tissue types and 
anatomical regions.

One way to deal with the possibility of 
misregistration is to use blurred anatomical labels 
instead of the original ones, to reflect the 
uncertainty in the co-registration [21, 22]. This 
would reduce any potential artefacts, but also the 
accuracy of the correction. Various groups have 
investigated the robustness of different PVC 
methods [23–25]. Validation of PVC methods is 
usually performed with simulated data, as it 
requires knowledge of ground truth in terms of 
activity concentration. It can, however, be 
difficult to simulate data that are clinically 
realistic and also independent of the PVC meth-
ods used.

15.4.2  Resolution

The PSF of the system depends on several factors: 
the range of the positrons before annihilation, the 
non-colinearity of the annihilation photons, the 
geometry and intrinsic resolution of the detector 
system and the image reconstruction algorithm.

The magnitude of the positron range depends 
on the radionuclide used. It is not very large for 
18F, but becomes a more important factor for 
other radionuclides, such as 82Rb. The range also 
depends on the tissue density, being longer in the 
lung and air and shorter in the soft tissue and 
bone. Johnson et al. looked at the difference in 

Table 15.1 Quantitative results of the oncology simula-
tion experiment (%, mean ± SD)

Corrections

Method Lung tumour Liver tumour

Mean ± SD Mean ± SD

Uncorrected 46.97 ± 0.34 58.49 ± 0.36

MC 57.22 ± 0.28 71.11 ± 0.37

MC + PVC Hofheinz 89.75 ± 0.76 96.49 ± 1.15

STC 89.79 ± 0.50 93.69 ± 0.70
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PVC factors in cardiac studies between 18F and 
82Rb [26]. They found an average whole heart 
cycle PVC factor of 1.23 for 82Rb, as compared to 
1.14 for 18F.

In most PET scanners, the resolution is spa-
tially variant, i.e. it depends on the position in the 
field of view (FOV). This is due to the parallax 
effect, which results in a PSF that becomes more 
and more elongated in the radial direction, as you 
move further away from the central axis of the 
scanner. For brain studies, it may be adequate to 
assume a spatially invariant PSF (for simplicity), 
although higher accuracy is achieved by taking 
this variability into account [27].

If the PET scanner has a very good spatial 
resolution, then the PVE will be small and PVC 
may not even be necessary. For example, Uchida 
et al. found that serotonin-2A receptor binding, 
measured with the HRRT PET scanner, 
decreased with age, consistent before and after 
PVC, suggesting that PVC may not be neces-
sary with the HRRT scanner, which has a reso-
lution of ~2.8 mm [28].

The PSF also depends on the reconstruction 
algorithm used: whether it is analytical or itera-
tive; whether or not any low-pass filter was used 
before, after or during reconstruction; and 
whether resolution recovery was included or not. 
Analytical reconstruction algorithms (such as 
FBP) are linear, and the PSF can be accurately 
estimated using point source measurements. 
Iterative algorithms (such as ML-EM, OS-EM or 
MAP-EM), on the other hand, are nonlinear, and 
the PSF in the reconstructed image will depend 
not only on the number of iterations and number 
of subsets used but also on the activity distribu-
tion in the object being imaged. The speed of 

Fig. 15.10 Cardiac 
phantom for end 
diastole (left panel) and 
end systole (right 
panel) gates, including 
vertical long-axis (first 
column) and short-axis 
(second column) 
sections. The top row 
shows true activity 
distribution with MC; 
the second row, 
uncorrected images; the 
third row, images after 
MC only; and the 
bottom row images 
obtained after MC and 
PVC (STC)

Table 15.2 Quantitative results from the cardiac phan-
tom simulation experiment

End 
diastole

End 
systole

Difference 
(%)

True values 100 100 0

Uncorrected 65.0 70.0 7.53

MC 75.5 78.5 3.88

MC and PVC 93.2 94.0 0.84
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convergence of the algorithm will also be object 
dependent. Further details on image reconstruc-
tion can be found in Chap. 11.

In the case of iterative reconstruction, the PSF 
can be estimated using the perturbation technique 
[29], which can be described as follows: a point 
source with a very low intensity (a perturbation) 
is added to an image, which is then forward pro-

jected, and a new image is reconstructed. By sub-
tracting the image reconstructed without the 
perturbation, an image of the point source is 
obtained, which should represent the PSF corre-
sponding to the original image at a specific loca-
tion, for a particular reconstruction procedure. A 
similar approach has been described for directly 
estimating regional crosstalk coefficients [30].

Fig. 15.12 Results of the brain phantom experiment, from left to right and top to bottom: the true activity distribution, 
the uncorrected image and images corrected using the GTM, MG, MTC and RBV methods

Fig. 15.11 Left: mask 
of the brain phantom 
with different colours 
for different regions, 
including the frontal 
cortex (FC), putamen 
(Put), insula (Ins) and 
white matter (WM). 
Right: segmentation of 
the brain phantom into 
CSF (dark grey), GM 
(light grey) and WM 
(white)
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15.4.3  Co-registration

A fundamental step for the correction is to co-
register the PET and anatomical images. This 
typically involves maximising a measure of simi-
larity (cost-function) between a transformed 
image and a fixed image. There are a number of 
choices that have to be made: which should be 
the transformed and which should be the fixed 
image? Should a rigid, affine or nonlinear trans-
formation be used? What cost-function and inter-
polation method should be used? In general, the 
best procedure to follow will depend on the type 
of data involved. You need to consider that, if a 
transformation is applied to the PET image, the 
interpolation will introduce some extra blurring, 
causing more PVE. For brain studies, a rigid 
transformation would in principle be sufficient. 
However, it could be necessary to use an affine 
transformation, e.g. to take into account possible 
MRI distortions. For non-brain studies, a nonlin-
ear transformation is usually required. With 
regard to the cost-function, when co-registering 
images from different modalities, the best choice 
would be to use either mutual information (MI) 
[31] or normalised MI [32].

With dual-modality scanners such as PET/CT 
or PET/MRI, you might think that no co-registra-
tion would be needed, as the two images should 
be automatically registered. However, even if the 
patient does not leave the bed, there can still be 

some patient motion between the acquisitions of 
the two data sets, and even a small misregistra-
tion can cause significant errors in the PVC. Also, 
the FOV can be different for the two modalities, 
and PVC will only be possible in the region 
where there is an overlap. For further information 
on image registration, see one of the following 
reviews [33–37].

15.4.4  Segmentation

In cardiac studies, the anatomical image needs to 
be segmented into the myocardium and blood 
pool, which are of primary interest for PVC, and 
also neighbouring structures such as the lungs and 
liver, for background activity [38]. It may also be 
important to segment severe uptake defects as 
independent regions [39]. If a CT image is used, it 
will be necessary to use contrast enhancement in 
order to distinguish the myocardium and the 
blood pool [39, 40], but this is not needed with 
MRI [41]. There is therefore an advantage in 
hybrid PET/MR over PET/CT for quantitative 
cardiac imaging. To reduce motion blur in cardiac 
studies, ECG and respiratory gating can be used.

In neurological studies, the MRI image, first 
of all, has to be segmented into different tissue 
types: GM, WM and CSF. This type of segmenta-
tion can be done based on the voxel intensities in 
the MRI image and is sufficient for some PVC 
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methods. Other methods require further subdivi-
sion into various cortical and subcortical anatom-
ical brain structures. This is known as parcellation, 
and it cannot be done using intensity information 
only. However, automatic methods have been 
developed using probabilistic atlases, based on 
manual labelling [42–44].

Zaidi et al. and Gutierrez et al. performed a 
comparative evaluation of various algorithms for 
segmentation of brain MRI images for PVC using 
simulated and clinical data [45, 46]. They found 
substantial differences between algorithms and 
concluded that a careful choice of the segmenta-
tion algorithm for PVC is needed.

15.4.5  Sampling

The sampling rate required in a digital image 
depends on the highest frequency present in the 
data. According to the Nyquist sampling theo-
rem, the sampling rate should be 1/d = 2⋅νmax, 
where d is the distance between samples (voxels) 
and νmax is the highest frequency [1]. As CT and 
MRI images have better spatial resolution than 
PET images, they need smaller voxel sizes. Due 
to the difference in the voxel size, it will be nec-
essary to resample either the PET or the anatomi-
cal image for the purpose of PVC. Usually, the 
anatomical image is down-sampled, and the PVC 
is applied with the original PET voxel size. In 
this case, it is possible to utilise the higher origi-
nal sampling of the anatomical image to produce 
a “fuzzy” segmentation [38]. This means that 
voxels at the edge between two regions have a 
certain probability, p (0 ≤ p ≤ 1), to belong to one 
of the regions and a probability (1-p) to belong to 
the other. (There could also be more than two 
regions involved.) On the other hand, if you con-
sider that the fundamental purpose of PVC is to 
improve the spatial resolution in the PET image 
(at least locally), it should make more sense to 
use a smaller voxel size for the corrected image. 
From this point of view, it would be better to up-
sample the PET images to the voxel size of the 
anatomical image. This also allows for the use of 
a binary rather than a fuzzy segmentation, which 
simplifies the correction procedure. The down-

side is that it will be slower and require more 
space for data storage. It will also be necessary to 
consider which interpolation method to use for 
resampling the PET image. Due to the usually 
noisy nature of PET images, the safest choice 
would typically be trilinear interpolation.

15.5  Advanced Topics

15.5.1  Alternative Correction 
Approaches

We have so far only considered PVC methods that 
are applied to the reconstructed PET image, i.e. 
post-reconstruction methods. An alternative 
approach is to incorporate the anatomical data as 
prior information in the reconstruction process (see 
Ref. [47] for a review). This approach can produce 
better results than post-reconstruction algorithms, 
but is more complex and requires access to the raw 
projection data. (See also Chap. 11.)

15.5.2  Alternative Correction 
Methods

The fundamental objective of PVC can be 
described as transfer of high-frequency 
information from a high-resolution anatomical 
image to a lower-resolution PET image. All 
voxel-based PVC methods mentioned above do 
this. An alternative way to achieve the same 
objective has been proposed, based on the multi- 
resolution property of the wavelet transform [48, 
49]. In this method, high-resolution components 
of the PET image are replaced, in part, with those 
of the anatomical image after appropriate scaling.

15.5.3  Alternative Classification 
Methods

For PVC we need to subdivide an image into dif-
ferent image components or tissue classes. 
Previously we have assumed that this is achieved 
by segmentation of an anatomical image. However, 
there are other ways in which this can be done.
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If one of the components is blood, it is possible 
to obtain an image of the blood distribution by 
doing a separate PET scan with a tracer that stays 
in the intravascular space, such as C15O [50].

With dynamic data, it is also possible to sepa-
rate between different components or tissue types 
by the shape of the corresponding time- activity 
curves. In this case, the crosstalk coefficients can 
be incorporated into a kinetic model and esti-
mated together with the standard kinetic parame-
ters. This has been utilised to distinguish blood 
and myocardium in cardiac studies [51] and 
between GM and WM in brain studies [52].

If, on the other hand, a standard PVC method 
is applied to dynamic PET data, it is important to 
take into account the fact that since the activity 
distribution in the object changes with time, so 
does the PVE. This means that the PVC must be 
performed before the kinetic modelling, rather 
than being applied to a parametric image [27].

Several methods have been proposed for 
performing resolution recovery combined with 
anatomically guided smoothing procedures, 
which do not require segmentation or parcellation 
of the anatomical data. These methods use a 
neighbourhood defined around each image voxel. 
Ardekani et al. proposed a method based on 
smoothing kernel with weights determined based 
on the difference in the MRI image values [53]. 
Bowsher et al. proposed a method, in which 
voxels are chosen within the neighbourhood, 
such that the difference between the anatomical 
image values is minimised [54]. Yan et al. 
proposed another method, in which a linear 
relationship is assumed to exist between the 
anatomical image values and the PET values 
within the neighbourhood [55]. The first two 
methods are reconstruction based, while the third 
one is a post-reconstruction method.

15.6  Clinical Applications

Below is a summary of some of the studies, in 
which the clinical usefulness of PVC has been 
investigated. Most of the clinical studies with 
PVC have been in neurology, and in most of 
these, the MG method [15] was used. PVC has 

also been used in a number of oncological studies, 
mostly using a RC method, with or without the 
background being taken into account. In 
cardiology, there have only been a few clinical 
studies, using a range of different PVC methods. 
In most cases, PVC was found to be clinically 
useful, but not always. Sometimes PVC improved 
the diagnostic accuracy of a method, and 
sometimes it changed a clinical finding.

15.6.1  Cardiology

Herrero et al. applied the Henze PVC method [8] 
to dynamic H2

15O PET data from dog studies to 
obtain quantitative estimations of myocardial 
blood flow [9]. They used data from a study with 
Cl50 (which labels only red blood cells) to 
estimate the dimensions of the ventricular cavity 
and an average literature value for the myocardial 
wall thickness. Their results correlated closely 
with flow values obtained with a standard tech-
nique using radiolabeled microspheres.

Iida et al. compared two different methods of 
correcting for PVE in cardiac PET studies, based 
on the measurement of tissue fraction and 
extravascular density, respectively [50]. The 
tissue fraction was determined from dynamic 
H2

15O PET studies, by assuming it was directly 
proportional to the volume of distribution of 
water. The extravascular tissue density was 
obtained by subtraction of a blood volume image, 
derived from the C150 PET scan, from a tissue 
density image, obtained from a transmission scan 
[56]. They found that the tissue fraction was 
~10 % larger than the extravascular density in 
normal tissue regions, but that this ratio was 
reduced in regions of infarction, and concluded 
that the combined use of these two techniques 
may aid in the differentiation between perfusable 
and non-perfusable tissue in the infarcted 
myocardium.

Johnson et al. demonstrated the importance of 
PVC in quantitative myocardial perfusion stud-
ies, using clinical data from ECG-gated 82Rb PET 
studies [26]. First, diastolic PVC was performed 
relative to systole, based on the systolic/diastolic 
activity ratio, and then systolic PVC was per-
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formed, based on phantom data combined with 
the systolic left ventricular wall thicknesses. 
They determined a whole heart cycle PVC factor 
for ungated images of 1.23.

15.6.2  Neurology

Meltzer et al. found a mild but significant inverse 
correlation between age and cortical CBF in the 
uncorrected data but not in the data corrected for 
PVE using an MRI-based method [57]. The 
authors concluded that the decline seen in the 
uncorrected data was caused by increased PVE 
due to age-related cerebral atrophy rather than a 
real decrease in CBF.

Giovacchini et al. evaluated the effect of 
healthy ageing on brain incorporation of 
11C-arachidonic acid [58]. They found reduction 
in tracer uptake in the frontal lobe in old subjects 
as compared to young ones, which were signifi-
cant before but not after PVC.

Bencherif et al. studied the influence of PVC 
on analysis of age effects on μ-opioid receptor 
(μ-OR) binding using 11C-carfentanil PET in 
healthy subjects [59]. Without PVC, they found 
no significant relationship with age. However, 
after PVC, they found that μ-OR binding in the 
left temporal cortex increased with age, which is 
consistent with the results from autoradiographic 
studies.

Yanase et al. investigate the effects of atrophy 
correction on 18F-FDG PET studies in the context 
of normal ageing [60]. They found that significant 
negative correlations between age and relative 
FDG activity, observed before PVC, were largely 
resolved after PVC.

Curiati et al. performed a study in order to 
test whether there is regional cerebral age-
related hypometabolism in later stages of life, 
using 18F- FDG PET studies in cognitively 
healthy elderly subjects [61]. Their study 
revealed significant sex-specific age-related 
metabolic decrease in various brain regions 
before PVC, which did not remained significant 
after PVC. They concluded that age-related 
functional brain variability is largely secondary 
to regional brain atrophy.

Samuraki et al. investigated the effects of PVC 
on 18F-FDG PET studies in patients with mild 
Alzheimer’s disease (AD) [62]. They found that 
FDG uptake in the posterior cingulate gyri and 
parietotemporal lobes was reduced in AD 
regardless of whether or not PVC was applied, 
supporting the notion that the reduced FDG 
uptake in these areas was not the result of atrophy. 
In this study, PVC also revealed that FDG uptake 
in medial temporal lobe, including hippocampal 
areas, was relatively preserved, despite grey 
matter loss, as revealed by voxel-based 
morphometry.

15.6.3  Oncology

Vesselle et al. examined the relationship between 
18F-FDG uptake and surgical stage in non-small 
cell lung cancer (NSCLC) [63]. Tracer uptake 
was quantified by maximum standardised uptake 
value (SUVmax) in the tumour. PVC was 
performed using recovery coefficients (RC), with 
background correction. The RC values were 
dependent on lesion size, which was estimated 
from CT images. They found an association 
between tumour stage and FDG uptake before, 
but not after PVC.

Vesselle et al. compared primary NSCLC 18F- 
FDG uptake in PET with tumour Ki-67 
proliferation index [64]. There was a significant 
positive correlation between FDG uptake and 
Ki-67 scores. Partial volume correction increased 
the strength of this correlation while also 
diminishing the positive correlation between 
FDG uptake and tumour size.

Tsujikawa et al. investigated the relationship 
between 18F-FDG uptake in PET and the clinical 
aggressiveness of non-Hodgkin’s lymphoma 
[65]. FDG uptake was quantified by SUVmax 
values, and PVC was performed using RC values. 
They found that the diagnostic accuracy was 
higher without than with PVC. The authors 
assumed this was because the uncorrected values 
contain information about lesion size as well as 
FDG uptake. These two quantities would have 
similar effects on the image values: a reduced 
lesion size leads to increased PVE and hence 
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reduced image values and vice versa. On the 
other hand, after PVC, the image values depend 
only on 18F-FDG uptake. (The lesion size 
information would still have been available 
separately, of course, but this was not considered.)

Sakaguchi et al. investigated the diagnostic 
ability of 18F-FDG PET for lymph node metastasis 
[66]. FDG uptake was quantified by SUVmax and 
PVC was performed using RC values dependent 
on lesion size, as measured from CT images, as 
well as lesion-to-background ratio. They found 
that the difference in SUVmax between malignant 
and benign lymph nodes became more prominent 
after correction, so that PVC improved the 
diagnostic accuracy.

Maruoka et al. evaluate the clinical usefulness 
of PVC in 18F-FDG PET/CT studies for predicting 
accumulation of 131I in metastatic lymph nodes 
during 131I-therapy [67]. Uptake of FDG was 
quantified by SUVmax and PVC was performed 
using RC values. They found that the accuracy in 
predictability for 131I accumulation was 
significantly better with than without PVC.

15.7  Summary

PVC is important when absolute quantification of 
activity concentration is required. It is also 
important in situations in which there is a change 
in PVE between two studies. This could happen 
if the dimensions of organ or tissue of interest 
changes due to, e.g. atrophy, muscular contraction 
or disease progression, or if the activity 
distribution changes due to tracer kinetics. In 
these situations, the PVE could be a confounding 
factor, resulting in misinterpretation of the data.

Resolution-recovery or deconvolution algo-
rithms can reduce the PVE, but a more accurate 
correction can be obtained when high- resolution 
anatomical information from CT or MRI is avail-
able. A number of PVC methods that utilise ana-
tomical information have been proposed over the 
years, based on different assumptions and data 
requirements (see Erlandsson et al. [3] for review).

In this chapter, various PVC methods for PET 
have been described, but we have largely ignored 
all the work that has been done on PVC for 

SPECT. The reason for this was to avoid having 
to introduce extra complexities, as there are 
several technical issues related to PVC in SPECT, 
which are not relevant for PET.

The PVC procedure is sensitive to errors in 
various data processing steps, such as PSF 
estimation, anatomical segmentation and 
parcellation and image co-registration. It is 
therefore worthwhile putting some care into each 
of these steps. It should also be remembered that, 
due to some of the assumptions involve (e.g. 
regional uniformity), PVC is in general just an 
approximate correction.

Different methods tend to be used for different 
type of studies, e.g. the MG method or the GTM 
method is often used in neurology, while in onco-
logical studies, various RC techniques are typi-
cally applied (see Soret et al. [68]). These methods 
all have limitations, and it could be advantageous 
to use a method such as RBV [5], which provides 
a voxel-based correction of the whole image.

Comparison of different PVC methods is not 
trivial, as assumptions made when generating the 
test data may favour one method over another one 
[69]. In order to facilitate this type of comparison, 
Thomas et al. propose a methodology for simula-
tion of PET and MR images, based on real patient 
data [70]. This methodology attempts to avoid 
assumptions about the activity distribution, so as 
to allow a fair comparison between methods.

The availability of PET/MRI greatly improves 
the logistics of acquiring well-registered PET 
and MRI data in individuals and so should 
encourage routine PV correction in the future.
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15.8  Appendix: PVC Methods

A PET image, g(⋅), can be described by a convo-
lution operation between the true image, f(⋅), and 
the system PSF, h(⋅):

 
g f h d f hx x x x x x( ) = ( ) −( ) ⊗{ }( )′ ′ ′∫ 
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where x and x' are coordinates in 3D space.
In the Hoffman PVC method [6], the mean 

value, mV, in a region, V, in the uncorrected image 
is first calculated:

 
m gV

V
= ( )

Î
x

x  

Next, a region-specific recovery coefficient, CV, 
is calculated:
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where JV(⋅) is a blurred version of the indicator 
function, IV(⋅), for region V:
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The correct mean value, mV , can then be esti-
mated as

 
mV

V
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The Henze method [8] corrects for crosstalk 
between two regions, V1 and V2, by solving a sys-
tem of linear equations:
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The solution is obtained by matrix inversion:
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where C is a 2 × 2 matrix with elements cij.

The Kessler method [7] is an extension of 
the Hoffman method with a non-zero back-
ground. The recovery coefficient can then be 
calculated as
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where V1 is the target region and V2 the back-
ground region. It is necessary to know the true 
target-to-background ratio, μ1/μ2.

The Videen method [13] is a voxel-by-voxel 
implementation of the Hoffman method and can 
be described as

 

f
g
J

V
V

 x
x
x

x( ) = ( )
( )

∈;
 

This correction is only valid for voxels inside V, 
and it corrects for spill-out only.

The Müller-Gärtner method [15] is an exten-
sion of this method that incorporates spill-in cor-
rection and can be described as follows:

 

f
g b

J
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b Jx x( ) = ( )m2 2  

The correction is valid for voxels inside region 
V1, and the spill-in correction is performed as a 
background subtraction due to activity in the 
background region V2. It is necessary to know the 
true background mean value, μ2.

The Yang method [16] starts with the genera-
tion of a pseudo-image, y ×( ) :

 
y  mx x( ) = ( )

=
∑
i

i iI
1

N


 
And the correction can then be described as

 

f g
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x
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This method corrects for both spill-out and 
spill-in and is valid in the entire image, but it is 
necessary to know the relative mean values, µi , 
in the N different regions.

The GTM method [10] is similar to the Henze 
method described above, but with a larger number 
of regions. An alternative description is given 
below. The original image is first sampled, based 
on N different regions:
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s g I d i Ni i= ( ) ( ) = …∫ x x x; ,1

 

Next, a system of linear equations is set up:
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The solution can then be obtained as
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where A is an N × N matrix with elements aij.
The Labbé method [11] is very similar to the 

GTM method. The difference is that the sampling 
of the original image is done using the blurred 
regions instead of the original ones:
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And the solution is given by
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where B is an NxN matrix with elements bij:
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The MTC method [17] is an extension of the 
Müller-Gärtner method, which allows correction 
of the entire image using a large number of 
regions. It starts by using the GTM method to 
obtain an estimate of the true mean values, m



i , in 
each region. It then applies the Müller-Gärtner 
correction to each region, one at a time, while 
treating all other regions as background regions:
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The RBV method [5] is an alternative to MTC, 
which also starts with the GTM method, but then 

applies the Yang method to obtain a corrected 
image. The iterative Yang method [3] is similar, 
but avoids the use of GTM by estimating the 
mean values from the current image within an 
iterative loop, in which the Yang correction is 
applied repeatedly with increasingly more 
accurate mean values. Typically, 5–10 iterations 
are sufficient.

Finally, the novel STC method can be 
described as follows:
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f
k
 ⋅( )  is the corrected image after k iterations, 

and i = 1/2 refers to the target and background 
regions, respectively.
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      Motion Artifacts and Correction 
Techniques in PET/CT                     

     Tinsu     Pan     

     Abstract  

  PET/CT is a very important imaging tool in 
the management of the oncology patients. 
PET/CT hardware registration between the 
sequential imaging of CT and PET with the 
same imaging table has signifi cantly improved 
the registration between the anatomy in CT 
and the functional information in 
PET. However, registration between the CT 
and PET images remains an issue in the thorax 
and the abdomen, where the anatomy moves 
with the respiratory motion and the snapshot 
CT images may not register well with the 
average PET images. Respiratory gating has 
been proposed for CT and PET, but its adap-
tion in the clinic can only be found with the 
respiratory-gated CT or 4D-CT in radiation 
therapy treatment planning. Majority of the 
PET/CT practices are not using any CT or 
PET gating due to the complexity of gating 
and the challenge of fi nding the right patient 
for gating before PET/CT imaging. In this 
chapter, we will not only cover the more com-
plex gated CT and gated PET techniques but 
also introduce the simple average CT tech-
nique of less than 1 mSv to improve the regis-
tration of CT and PET and to provide the 
important CT data for dose calculation and 
image guidance in radiation therapy.  
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16.1       Introduction 

 PET/CT was developed in 1998 [ 1 ]. The fi rst 
commercial PET/CT scanner was available in 
2001 [ 2 ]. Since 2005, stand-alone PET scanners 
have not been in production [ 3 ]. Today, PET and 
PET/CT are synonymous to each other. Prior to 
PET/CT, the CT and PET data were acquired 
in two different scanners and in two differ-
ent sessions. Fusion of the PET and CT data 
was performed with software techniques [ 4 ]. 
Registration of the PET and CT data was more 
successful for brain studies with rigid transla-
tion but not very successful for the other regions 
of the body, in particular in the thorax or the 
abdomen, due to the diffi culty in repositioning 
the patient in two separate sessions and the non-
rigid nature of the organs. The advent of PET/
CT scanners made it possible for the fi rst time 
that a single imaging table transports the patient 
between PET and CT to hardware-fuse the PET 
and CT data without a repeat of patient setup. 
Hardware fusion is more accurate than software 
fusion, in particular in the area of tumor infi l-
tration of adjacent structures that could not be 
conclusively assessed using the separate CT and 
PET data [ 5 ]. 

 Application of PET/CT is over 90 % on oncol-
ogy with  18 F-FDG [ 6 – 10 ] and less than 5 % on 
cardiology with  82 Rb or  13 NH3 for myocardial 
perfusion imaging [ 11 ]. PET/CT also plays an 
important role in image-guided radiation therapy 
[ 12 ] and treatment response assessment [ 13 ]. 
Integration of functional PET data with anatomi-
cal CT data is critical in radiation therapy [ 8 ]. 
However, it remains a challenge to quantify the 
improvement of simulation with PET/CT over CT 
in treatment planning for radiation treatment as 
conclusive clinical data are not yet available. 
Early studies have found PET/CT has advantages 
over CT in standardization of volume delineation 
[ 14 ,  15 ], in reduction of the risk for geometrical 
misses [ 16 ], and in minimization of radiation dose 
to the nontarget organs [ 7 ,  9 ,  17 ]. Utilization of 
PET/CT is expected to grow as more molecular-
targeted imaging agents are being developed [ 18 ]. 

 There are still some challenges in PET/CT 
imaging. PET needs CT data for tumor localiza-

tion, attenuation correction, and quantifi cation. 
Incorporation of CT for PET attenuation correc-
tion improves the throughput of PET/CT scan 
and patient comfort by replacing the long trans-
mission scan time of rotating rod sources with the 
short scan time of CT. Application of PET/CT in 
diagnosis is a task of detection and quantitation 
based on standardized uptake value (SUV) [ 19 , 
 20 ]. A physician can sometimes mentally recon-
struct the suppose-to-be images in his/her brain 
even if the images were with artifacts. If the arti-
facts are not signifi cant, they could simply be 
read through. Inconsistency between the CT and 
PET data in PET/CT may compromise localiza-
tion and quantifi cation of the PET data and may 
impact the diagnostic accuracy of a PET/CT 
scan. Patient motion between the CT and PET 
scans is another source of artifact because the 
scans are taken in a sequential order of mostly 
CT followed by PET. Registration with the rigid 
translation and/or rotation of the CT images to 
match with the PET images may be suffi cient to 
fi x the brain images such as the patient study in 
Fig.  16.1 . An example of misregistration at the 
heart and the liver, corrected by two stages of reg-
istration, one for the heart and the other one for 
the liver, is in Fig.  16.2 . This example indicated 
that a patient motion could cause different com-
plexities of misregistration, and a simple rigid-
body registration might not be able to fi x the 
problem. We will focus this chapter on the atten-
uation correction strategies in PET/CT to miti-
gate the respiration-induced artifacts in PET/CT, 
which are more diffi cult to correct with post-pro-
cessing registration software.

16.1.1        Causes of Artifacts 
from Respiratory Motion 

 CT is mostly a 2D whereas PET is a 3D imaging 
device. A CT scanner is composed of an X-ray 
source and a bank of detector modules arranged 
in fan beam, which needs to rotate at least 180° 
plus 60° fan angle to produce a tomographic 
image. The detector coverage along the cranio-
caudal or table direction at the imaging center or 
isocenter is 2 cm for a 16-slice or 4 cm for a 
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  Fig. 16.1    Incorrect 
quantifi cation of the 
 18 F-FDG activity in the 
brain due to the head 
motion causing 
misregistration between 
the CT and PET on the 
 left . Software 
registration of the CT to 
the PET data improves 
the quantifi cation 
(Reproduced from the 
Pan and Zaidi [ 61 ]; with 
permission)       

  Fig. 16.2     Top panel  
shows the coronal and 
axial view of a patient 
study whose CT and 
PET data were not 
registered in the heart 
and the liver due to 
patient motion.  Bottom 
panel  shows the results 
of a two-stage 
registration: one for the 
heart and one for the 
liver. There were 
discontinuities marked 
by the  arrows  on the rib 
cage to indicate the 
improved registration for 
the heart and the liver at 
the expense of rib cage 
registration       

64-slice GE CT scanner. 1  A helical CT scan of 
100 cm from the orbit to the mid-thigh in a typi-
cal PET/CT scan can be performed in less than 
20 s on a 16-slice or less than 10 s on a 64-slice 

1  It is a 19.2-mm detector coverage on a 20-, 40-, or 
64-slice Siemens mCT scanner. 

PET/CT. The speed of helical CT is determined 
by the following three components: gantry rota-
tion cycle time, width of X-ray collimation, and 
pitch factor defi ned as the ratio of table transla-
tion distance per rotation to the width of X-ray 
collimation. A faster CT scan can be accom-
plished with a fast gantry rotation cycle time of 
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0.5 s, the X-ray collimation of 2 cm for a 16-slice 
or 4 cm for a 64-slice CT, and a pitch factor of 
1.375 for the scan speed of 5.5 and 11 cm/s for a 
16-slice and 64-slice CT, respectively. On the 
other hand, combination of a slow gantry rotation 
cycle time of 1 s, a smaller X-ray collimation of 
1 cm for a 16-slice or 2 cm for a 64-slice CT, and 
a pitch factor of 1 would make the scan speeds of 
1 and 2 cm/s for a 16-slice and 64-slice CT, 
respectively. Note that the pitch factor closest to 
1 on the GE CT scanner is 0.9375 ( 15/16 on a 16 
slice), 0.96875 ( 31/32 on a 64 slice), or 0.984 
( 63/64 on a 64 slice). 

 The 3D volume of a CT scan is composed of a 
stack of 2D CT images acquired in the craniocau-
dal direction. Fast CT gantry rotation time of sub-
second improves the temporal resolution of the 
CT image to sub-second, making the CT image 
almost free of respiratory motion artifacts. 
However, these 2D CT images, almost free of 
respiratory motion artifacts, cannot guarantee 
consistency of the 3D CT anatomy in the cranio-
caudal direction because each CT image is a snap-
shot of the anatomy at a particular phase of a 
respiratory cycle when the patient free-breathes 
during the CT data acquisition of a PET/CT scan. 
A phase is determined as a percentage in a breath 
cycle between two consecutive end-inspiration 
phases, which typically correspond to a local 
maximum in amplitude. On the other hand, end-
expiration phases correspond to a local minimum 
in amplitude. End-inspiration phase is 0 % and 
end- expiration phase is around 40–60 %. The 
maximum and minimum amplitudes are by con-
vention assigned to end-inspiration and end- 
expiration phases, respectively. An example of the 
inconsistence is illustrated in the sagittal view CT 
image of a patient in Fig.  16.3 , where the respira-
tory and cardiac motion artifacts are highlighted.

   Most of the PET acquisitions today are in the 
3D acquisition mode without the septa to improve 
the sensitivity of detecting annihilation photons 
of 511 keV. The scan coverage of a GE PET 
detector module in the craniocaudal direction is 
15.4 cm, much larger than the CT detector mod-
ule of 2 cm for the 16 slice or 4 cm for the 64 
slice. The PET detectors are arranged in a ring 
geometry without space or gap to improve also 
the sensitivity. The duration of a PET scan at each 

bed position is typically 2–3 min, and it can be 
shortened by utilizing a larger axial fi eld of view 
such as the 21.6 cm detector on the Siemens mCT 
scanner to further improve the sensitivity of PET 
imaging. There is no guarantee that the CT 
images from a fast scan CT at the temporal reso-
lution of sub-second would match temporally 
with the PET images of a slow PET scan. It is this 
mismatch in temporal resolution between the CT 
and PET data acquisitions that causes misregis-
tration between the CT and PET images in PET/
CT imaging of a patient at free breathing. 

 The current design of PET/CT only matches 
the spatial resolution of the CT and PET data by 

  Fig. 16.3    A sagittal view of a CT scan in PET/CT with 
the helical CT protocol of 16 × 0.625 mm, 0.8 s gantry 
rotation, and pitch 1.375:1. There were three skinfold 
artifacts on the abdomen and some pulsating artifacts on 
the heart. The speed of CT scan in the table direction is 
17.2 mm/s (Reproduced from Zaid and Pan [ 62 ]; with 
permission)       
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blurring the CT images so that the spatial 
resolution of the CT images matches with the 
spatial resolution of the PET images. There has 
been no attempt from manufacturers to match the 
temporal resolutions of CT and PET for a routine 
whole-body PET/CT scan. For any measure to 
match the temporal resolution of the PET and CT 
data, additional acquisition time cannot be too 
long and post-processing cannot be too 
cumbersome. It is because the patient normally is 
asked to position his/her arms over the head 
during data acquisition of the CT and PET data in 
order to improve the image quality of the thorax 
and abdomen. In this position, an average person 
can maintain stationary for about 15–20 min and 
not more than 30 min at maximum. Any scan 
over 30 min is susceptible to patient motion due 
to discomfort at a still location for a prolonged 
period of time.  

16.1.2     Misregistration of Fast Helical 
CT and PET 

 Misregistration between the CT and the PET data 
is typically identifi ed by a curvilinear white band 
or photopenic region near the diaphragm in the 
PET images (Fig.  16.4 ). Existence of a white 
band suggests a misregistration near the 
diaphragm. It is possible to have a combination 
of good or misregistration at the tumor location 
and good or misregistration at the diaphragm 
position. The combination depends on the tumor 
location, the CT scan speed (cm/s), and the time 
at which the tumor (at one phase of a breath 
cycle) was scanned by CT. A tumor may become 
smaller (or larger) than it really was if the CT 
scan is in the same (or opposite to the) direction 
of the tumor motion when the CT scans the 
tumor. In cardiac imaging, the heart is always 
nearby the diaphragm. The problem of 
misregistration can be more of an issue in cardiac 
PET than in oncological PET.

   Since we tend to spend more time in expira-
tion than in inspiration, the PET data averaged 
over several minutes is closer to end expiration 
than end inspiration. If the CT data is acquired 
near the end expiration, then the CT and PET 

data will have a better chance of registration with 
each other. On the other hand, if the CT data is 
acquired in or near end inspiration, the infl ated 
lungs from inspiration of more air will be larger 
than the defl ated lungs at expiration. The larger 
area of the infl ated lungs in CT renders less atten-
uation correction in the reconstruction of the PET 
data near the diaphragm where the infl ated lungs 
push the diaphragm lower toward the feet in CT 
than the average diaphragm position in PET. The 
result is a white band region identifi ed as a 
misregistered region or a photopenic region. 

 It was reported that respiration-induced 
artifacts can be reduced in both magnitude and 
prominence for a free-breathing PET/CT scan by 
employing CT components of six or more 
detector rows [ 21 ]. The number of skinfolds 
shown in Fig.  16.3  can be reduced with a fast CT 
scan by spreading the skinfolds further apart with 
more CT detector rows. However, a fast helical 
CT scan of six or more detector rows cannot 
eliminate misregistration between the CT and the 
PET data. 

 Coaching the patient to hold breath at mid- 
expiration during the CT acquisition was sug-
gested as an alternative to improve the registration 
between the CT and PET data [ 22 ]. However, the 
outcomes were mixed because coaching the 
patient to hold breath at a certain state during CT 
data acquisition is not very reliable from both the 
perspectives of the patient and the technologist 
operating the PET/CT scanner. In our study of 100 
patients coached to hold breath at mid-expiration, 
50 patient data sets exhibited a misregistration of 
more than 1 cm between the CT and PET data 
[ 23 ]. It was because interpretation of a mid-expi-
ration position can vary from patient to patient. It 
may not be easy to train a patient or technologist 
that the breath-hold CT to best match with PET 
should be taken at the mid-expiration in light 
breathing not in deep breath in and deep breath out 
as shown in Fig.  16.5 . Adding to the diffi culty is 
that the technologist does not have any measure to 
ensure the patient follows his/her instructions. 
However, in a cardiac PET imaging session of 
only one bed position, it is possible to observe the 
patient’s breathing pattern in light breathing and 
to ask the patient to breath- hold at mid- or near 
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end expiration because the CT scan can be com-
pleted in 3 to 4 s to scan the single bed position of 
about 15.4 cm on the GE PET/CT scanner.

   As long as the CT scan is conducted when the 
patient is free breathing, there is always a 

 possibility that the CT and the PET data may be 
misaligned due to the fact that some CT slices are 
taken at inspiration and some at expiration, 
whereas the PET data is averaged over several 
minutes. The distance between two consecutive 

  Fig. 16.4    ( Left panel ) A patient breath-held at mid- 
expiration when the CT data had a lower (inferior) 
diaphragm position than the PET average data of free 
breathing, resulting in a photopenic region with an 
underestimation of  18 F-FDG uptake. ( Right panel ) After 

correction with the average CT data, the photopenic 
region disappeared, and the SUV max  of the tumor (above 
the diaphragm) increased by 57 % from 2.3 to 3.6 
(Reproduced from Zaidi and Pan [ 62 ]; with permission)       

  Fig. 16.5    A breathing trace of a patient exercising mid- 
expiration breath-hold during the helical CT scan. The dura-
tion of X-ray for both the scout and helical CT is shown at 
the top. The patient was free-breathing during the scout 
scan and remained so until a breathing instruction of “breath 
in, breath out, and hold your breath at mid- expiration” was 

given to the patient. Although the patient was holding at the 
mid-expiration in deep breath in and breath out, the mid-
expiration state during the helical CT was at a very different 
breathing state from the average breathing state in free 
breathing where the patient’s PET data was taken 
(Reproduced from Pan et al. [ 23 ]; with permission)       
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end-expiration phases can become longer (or 
shorter) with a faster (or slower) speed helical CT 
scan typically realized by more CT detector rows. 
Let us go back to the example in Fig.  16.3 , which 
shows the CT images taken when the patient was 
free breathing during a CT scan at the speed of 
1.72 cm/s. There were skinfold artifacts on the 
abdomen and cardiac pulsation artifacts on 
the heart. These artifacts may not be obvious in 
the review of each individual CT slice. By mea-
suring the distance between the adjacent peaks of 
the respiratory (cardiac pulsation) artifacts and 
dividing the distance by the table translation 
speed of the CT scan, one can estimate the breath-
ing cycle and the heart rate of the patient to be 
about 4.7 s and 50 beats per minute, respectively. 
These artifacts were due to the respiration and the 
heart beatings of the patient. 

 Three more clinical examples of misregistra-
tion in the lungs are shown in Figs.  16.6 ,  16.7 , 
and  16.8 . It was not always the case that the 
SUV max  will increase with correction of the mis-
registration artifact with average CT. The changes 
in SUV max  in Figs.  16.6  and  16.8  potentially indi-
cated a partial response with the same PET data 
attenuation correction with the free-breathing 
helical CT and the free-breathing average 
CT. Figure  16.7  shows an improvement on local-
ization of a lung tumor in both the average CT 
and the PET data.

16.1.2.1         Frequency of Misregistration 
and Its Impact 

 The rate of misregistration can be as high as 68 % 
[ 24 ] to 84 % [ 25 ] and may only impact 2 % of 
diagnosis in the whole-body  18 F-FDG PET/CT 
imaging [ 26 ]. However, in the cardiac PET/CT 
studies, since the heart is adjacent and superior to 
the diaphragm, it has been shown to cause a false- 
positive rate of up to 40 % without software 
registration of the CT and PET data [ 27 ]. In a 
whole-body PET/CT, the tumor(s) of interest 
may not be close to the diaphragm where most 
misregistrations occur, and the task of diagnosis 
may not be compromised by misregistration 
between the CT and PET data. Since the heart is 
right above the diaphragm and the diagnostic 
quality of the cardiac PET imaging is dependent 
on accurate quantifi cation of the PET data, a 
more stringent requirement in registration is 
needed for the cardiac PET/CT than for the 
whole-body PET/CT. 

 Most of the modern PET/CT scanners pro-
vide a rigid-body registration software utility to 
help mitigate the problem of misregistration 
between the CT and PET data. An automatic reg-
istration tool has become commercially avail-
able to tackle the misregistration issue for the 
cardiac PET/CT studies [ 28 ]. It was found that 
automatic registration can perform just as well 
as manual registration and can save time for the 

  Fig. 16.6    ( Left panel ) The PET/CT data of a patient free- 
breathed during the helical CT. The panel shows the CT, 
PET, PET MIP, and fused PET/CT in clockwise. After 
correction with the average CT, the SUV max  of the tumor 

increased by 27 % from 10.8 to 13.7 in addition to a 
consistent registration of the tumor shown in both the CT 
and the PET images       
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technologist to register the CT and PET data. 
However, it was also noted that automatic regis-
tration should be performed only with supervi-
sion and when there was misregistration between 
the CT and PET data to avoid false-negative 
cases [ 28 ]. 

 For radiation therapy, we have reported a study 
of 216 patients in quantifi cation with SUV and 
gross target volume (GTV) delineation [ 24 ]. 
There were 68 % of the patients with at least one 
respiratory artifact, and 10 % of the misregistra-
tions in PET/CT studies could cause an SUV 

  Fig. 16.7    ( Left panel ) The PET/CT data of a patient free- 
breathed during the helical CT. The panel shows the CT, 
PET, PET MIP, and fused PET/CT in clockwise. The CT 
shows the tumor in the lungs, whereas the PET shows the 

tumor in the chest walls. After correction with the average 
CT, the SUV max  of the tumor decreased by 5 % from 3.9 to 
3.7. The CT and PET tumor locations were consistent in 
the lungs       

  Fig. 16.8    ( Left panel ) The PET/CT data of a patient free- 
breathed during the helical CT. The panel shows the CT, 
PET, PET MIP, and fused PET/CT in clockwise. The CT 
shows an  18 F-FDG uptake in the low CT density region of 
the lung parenchyma and by the chest walls. After 

correction with average CT, the SUV max  of the tumor 
increased 62 % from 4.6 to 7.5. The uptake is now 
supported by the soft tissues not in the lung parenchyma, 
and the tumor against the chest walls was more elevated       
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change of over 25 %, which can be a threshold 
indicating a partial response to therapy [ 29 ]. The 
small tumors of <50 cm 3  in size near the dia-
phragm could have a shift of the centroid tumor 
location of 2.4 mm and a GTV change of over 
154 % and an SUV change of 21 %. It is clear that 
many whole-body PET/CT exams are with mis-
registration between the CT and PET data, but 
only a small portion of the scans with small 
tumors near the diaphragm could be impacted by 
misregistration.   

16.1.3     Average CT (ACT) of Less 
Than 1 mSv to Reduce 
Misregistration 

 One approach to improve registration between 
the CT and PET data is to bring the temporal 
resolution of the CT images to that of the PET 
data [ 23 ]. Recognizing that a PET image is 
averaged over many breath cycles, a CT image 
averaged over one breath cycle could approach 
the temporal resolution of the PET image and 
register better with the PET image. Figure  16.4  
shows an example of misregistration between the 
CT and PET data and correction of the 
misregistration by the use of average CT. This 
concept of average CT is very similar to the one 
on a stand-alone PET scanner whereby two to 
three rotating transmission rod sources of  68 Ge 
were used to obtain the transmission map for 
attenuation correction of the PET data. The 
transmission map has been shown to register well 
with the emission PET data [ 30 ]. Since most 
PET/CT scanners are not equipped with 
transmission rod sources, average CT can serve 
as an alternative for the transmission rod sources. 
The advantages of average CT over transmission 
rod sources are (1) short acquisition time, 1 min 
for average CT and 10 min per bed position for 
transmission imaging, and (2) high photon fl ux 
and less noisy attenuation maps. The 
disadvantages are (1) radiation dose of <1 mSv 
from average CT than about 0.13 mSv from the 
transmission rod sources [ 30 ]. Average CT has 
been shown to be effective in attenuation 
correction of the PET data not only in oncological 

imaging with  18 F-FDG but also in cardiac imaging 
as we demonstrated in reference [ 31 ] and 
confi rmed by others [ 32 ,  33 ]. 

 Acquiring cine CT images for average CT can 
be accomplished by scanning at the same location 
with a fast gantry rotation of sub-second over a 
breath cycle of 3–5 s. It does not need to record 
the respiratory signal while acquiring this type of 
data on the GE scanner, but GE needs the user to 
purchase their 4D-CT in order to derive average 
CT. Other vendors do not even allow data 
acquisition of a low-pitch helical CT to mimic 
the cine CT scan mode on the GE CT scanner 
without 4D-CT. There are two key components in 
the implementation of the average CT: one is to 
scan at a fast gantry rotation to achieve high 
temporal resolution and to minimize motion 
artifacts in each CT image; the other one is to 
scan over one breath cycle of 3–5 s to produce 
suffi cient samples of the CT images across the 
multiple phases of a respiratory cycle to achieve 
the averaging effect like PET (Fig.  16.9 ). There is 
no need to have a respiratory monitoring device 
in acquiring the cine CT data for average CT as 
we have demonstrated with an in-house software 
on the GE CT or PET/CT scanners [ 31 ]. 
Unfortunately, all manufacturers require the 
purchase of 4D-CT to enable average CT. The 
conventional approach of using a slow-scan CT 
of several seconds per gantry rotation to generate 
slow CT to mimic average CT is not effective and 
should be discouraged [ 31 ,  34 ]. The slow-scan 
CT acquires data over one CT gantry rotation of 
several seconds, typically 2 or 4 s on the GE CT 
scanner. This scan technique could cause severe 
reconstruction artifacts. Figure  16.10  shows a 
clinical example of a patient scanned with the 
slow-scan CT of 4 s per gantry rotation and the 
average CT by the cine CT of fast gantry rotation 
of 0.5 s for 4 s. There were severe reconstruction 
artifacts caused by the respiratory motion in the 
images of the slow 4-s gantry rotation because 
the projection data of the slow 4-s CT were not 
consistent over one revolution of the CT scan due 
to the breathing motion, in violation of the basic 
tomographic image reconstruction principle 
which requires the imaged object to be stationary 
during data acquisition. Except some blurring at 
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the boundary of the liver, there were no artifacts 
in the average CT over a breath cycle of the CT 
images of high temporal resolution. The average 
CT and PET data are similar in temporal 
resolution and the average CT is without the arti-
facts in the slow CT.

    Scan with either cine CT on the GE scanner or 
low-pitch helical CT (pitch <0.1) on the PET/CT 
scanners of the other manufacturers can be 
adopted to obtain average CT and has been 
available in 4D-CT imaging [ 35 – 37 ]. However, it 
is not clear whether the setup of 4D-CT imaging 
primarily for the assessment of tumor motion in 
radiation therapy with a respiratory monitoring 
device is ideal for obtaining the average CT when 
the majority of PET/CT scanners are in diagnostic 
imaging and are not equipped with 4D-CT with a 
respiratory monitoring device. 

 We have designed a practical approach to 
acquire average CT without a respiratory moni-

toring device and without 4D-CT to improve 
quantifi cation of the PET data [ 31 ,  38 ] because 
the cine CT scan mode is available on any GE 
PET/CT scanner. We averaged the cine CT 
images for average CT and replace the portion 
of the helical CT data corresponding in location 
to the average CT data for attenuation correc-
tion of the PET data. The radiation exposure 
with average CT is about 4.4 mGy for the tech-
nique of 120 kV, 10 mA, 0.5 seconds gantry 
rotation, 8 × 2.5 mm collimation, and 5-s cine 
duration or 0.86 mSv for the coverage of 14 cm 
on the GE CT scanner (suffi cient to cover the 
heart). In comparison, the low-dose lung screen-
ing CT has a higher effective dose of 1.4 mSv 
[ 39 ]. The scan time of the cine CT for average 
CT is less than 1 min. Software processing for 
average CT can be automated in the clinic. For 
example, once the cine CT scan is completed 
after a cardiac stress perfusion PET scan, the 

  Fig. 16.9    Cine CT data acquisition of multiple table 
positions of 2 cm to generate many phases of a respiratory 
cycle for average CT. The thoracic region of misregistration 
was replaced with the average CT images for attenuation 
correction. The effective radiation dose for average CT is 

less than 0.87 mSv for 14 cm coverage, much less than the 
average lung screening CT dose of 1.4 mSv. The 
implementation does not need gating. However, GE 
requires 4D-CT which requires gating in order to generate 
average CT       
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technologist enters the scanner room to unload 
the patient from the imaging table. By the time 
the technologist is back to the scanner console 
in a couple of minutes, the task of computing for 
average CT is already fi nished, not impacting 
the overall scan time of a PET/CT procedure. 

 In a whole-body PET/CT scan, the CT images 
are typically acquired before PET. The 
technologist can determine if a cine or average 
CT scan is needed when the CT and PET images 
of the thorax and abdomen, which are more likely 
to be impacted by the mismatch of the CT and 
PET images, are available for review before 
completion of the PET scan. Therefore, not every 
patient data needs an average CT, and radiation 
dose can be further reduced or targeted to the 
patient data with misregistration. The coverage of 
14 cm can be further reduced to save radiation 
dose if the target tumor area is small. 

 There was an approach of interpolated average 
CT to reduce radiation dose of average CT by only 
acquiring the end-inspiration and end- expiration 
phases and interpolating the between phases from 

the two acquired phases [ 40 ]. This interpolated 
average CT approach requires gating, patient 
coaching, and complex deformable image regis-
tration. Its application may be limited as the aver-
age CT from over one respiratory cycle does not 
require gating or patient coaching and has been 
utilized in cardiac PET for over 6,000 patients 
with automation since its clinical use in 2006 [ 27 ]. 

16.1.3.1     Benefi ts of Average CT 
for Radiation Therapy 

 Radiation therapy has embraced the use of 
average CT for dose calculation for conventional 
radiation therapy [ 41 ] and in particular for proton 
beam therapy [ 42 ] when the respiratory motion 
may alter the dose calculation. Average CT has 
also been shown to benefi t the alignment with the 
cone-beam CT images taken right before 
radiation treatment in image-guided radiation 
therapy [ 43 ]. Average CT can be generated from 
the cine CT scan by averaging the cine CT images 
without a respiratory gating device [ 38 ,  44 ,  45 ], 
which means that it can be derived on all GE 

  Fig. 16.10    The average CT and the slow-scan CT images 
of a patient with an average breath cycle of 4 s. The slow- 
scan CT images in ( a ) were taken with one single CT 
gantry rotation of 4 s, and the two images were 2.5 mm 
apart and 2.5 mm thick. The corresponding average CT 

images in ( b ), obtained by averaging the cine CT images, 
were averaged from 4 s of data collection over 8 gantry 
rotations. The average CT images were almost free of 
reconstruction artifacts, which were observed in the SSCT 
images (Reproduced from Pan et al. [ 31 ]; with permission)       
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PET/CT scanners for the purposes of attenuation 
correction of PET images, dose calculation for 
radiation therapy with photon and proton in 
particular, and alignment with cone-beam CT for 
image-guided radiation therapy. Unfortunately, 
most manufacturers only offer average CT in 
4D-CT, i.e., average CT can only be generated in 
4D-CT with the optical sensing device of the 
real-time position management (RPM) 
respiratory gating system (Varian Medical 
Systems, Palo Alto, CA), the pressure sensor 
device AZ-733V (Anzai Medical Corporation, 
Tokyo, Japan), or the air bellow combined with a 
pressure sensor (Philips Medical Systems, 
Andover, MA). Although we have developed in 
house the software for average CT, many PET/
CT sites are limited by the availability of average 
CT only from 4D-CT. 

 From the same scan data for average CT, the 
maximum intensity projection (MIP) CT images 
can be derived by fi nding the maximum pixel 
value at each pixel location from all the images of 
cine CT or 4D-CT [ 36 ,  38 ]. It has been shown 
that MIP CT images are effective in depicting the 
extent of tumor motion [ 46 ,  47 ]. For peripheral 
lung tumors (surrounded by the lower density air 
in the lungs), MIP CT images can be used to 
assist the determination of the tumor target 
volume and to avoid ambiguity in using a 
threshold of SUV to determine the target volume 
in PET. Any  18 F-FDG uptake in the lungs should 
be supported by the soft tissues depicted in the 

MIP images. Any PET GTV determined with an 
SUV threshold should not exceed the soft-tissue 
boundary in the MIP images. Their application 
for treatment planning for stereotactic body radi-
ation therapy has been demonstrated in [ 48 ]. The 
MIP CT images can help determine the tumor 
volume in the thorax. Figure  16.11  shows an 
example of determining the extent of PET GTV 
with MIP CT to avoid the uncertainty of thresh-
olding a functional tumor with SUV. A similar 
concept has been attempted with the regular heli-
cal CT data for peripheral non-small cell lung 
cancer (NSCLC) by Biehl et al. [ 49 ], when the 
boarder of the tumor can be identifi ed by the CT 
data.

   Figure  16.12  shows an example of misregis-
tration that caused a false-negative diagnosis and 
a change of the gross target volume for radiation 
therapy when the misregistration was removed 
with average CT. In the era of image-guided radi-
ation therapy to deliver a very high dose of radia-
tion at a great precision, it is very important to 
pay attention to any misregistration between the 
CT and the PET images during tumor delineation 
when PET/CT images are used in the treatment 
planning. At the MD Anderson Cancer Center, 
we routinely use 4D-CT data for treatment simu-
lation with the fusion of the PET/CT data from 
patient diagnosis and staging in diagnostic imag-
ing. The most ideal approach is to conduct PET/
CT and 4D-CT in the same simulation session. 
However, insurance providers only pay for one 

a b

c d

  Fig. 16.11    The MIP CT and PET images of a patient. 
The MIP CT in ( a ) is displayed with (window, level) = (400, 
40) and PET in ( b ) with a threshold of 40 % of the 
maximum SUV of the tumor. The images of ( a ) and ( b ) 

are displayed again with (1000,−700) in ( c ) and the 
threshold of 20 % in ( d ), respectively. The tumor contour 
in ( c ) is superimposed in ( a ,  b ), and ( d ) to demonstrate the 
effect on tumor size by display parameters       
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a

b

c

  Fig. 16.12    The PET/CT images of a 69-year-old female 
patient with an esophageal tumor after an induction che-
motherapy. ( a ) shows an axial slice of the fused clinical CT 
and PET image at the level of the esophageal tumor ( left ) 
and the PET image in coronal view ( right ). The radiology 
report indicated the patient had a positive response to the 
chemotherapy. After removal of misalignment by the aver-

age CT, the tumor reappeared in the same PET data set in 
( b ). The  arrows  pointed to the tumor location. The gross 
target volumes drawn in the images of ( a ) and ( b ) are 
shown in blue and in green, respectively, in ( c ). The patient 
was treated with the tumor volume in green, and the radiol-
ogy report was corrected by the average CT (Reproduced 
from Pan and Mawlawi [ 63 ]; with permission)       
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PET/CT before cancer treatment, and this issue 
has resulted in a decline of interest in application 
of PET/CT for radiation therapy simulation.

16.1.4         4D-PET 

 4D-PET was fi rst developed for cardiac imaging 
to assess myocardial motion and to obtain 
ejection fraction [ 50 ]. 4D-PET was adopted for 
tumor imaging of the thorax [ 51 – 54 ] at about the 
same time when 4D-CT was developed [ 35 – 37 , 
 55 ,  56 ]. Today, 4D-PET for cardiac imaging is 
routinely practiced, and 4D-CT is standard in CT 
simulation of the tumor motion for radiation ther-
apy. 4D-PET for tumor imaging is still mainly a 
research tool because (1) its impact on diagnosis, 
staging, or treatment planning over the conven-
tional PET/CT has not been established and (2) 
its workfl ow in setup for acquisition and data 
processing is relatively cumbersome. It could 
take several minutes to ensure (1) the scan fi eld 
of view covering the target tumor, (2) the respira-
tory monitoring device on the patient producing 
triggers to the scanner, and (3) the gating param-
eters such as the number of bins for amplitude or 
phase binning properly set according to the 
patient’s breathing pattern. A 4D-PET scan of an 
average duration of 10 min conducted after a 
whole-body PET/CT would lengthen the total 
time of a patient on the imaging table over 
30–40 min. The setup of gating, binning, and 
post-processing can be intimidating to the 
technologist. As the patient is often instructed to 
hold his/her arms over the head to avoid 
attenuation by the arms for 30–40 min, patient 
motion or irregular respiratory cycles due to 
patient discomfort are likely to happen and could 
degrade the value of 4D-PET imaging. 

 In 4D-PET, the data are split into several 
exclusive bins. There can be 8 bins of 500 ms for 
an average respiratory cycle of 4 s. Because of 
insuffi cient photons per bin obtained in PET 
imaging of 2–3 min in each bed location, the 
duration of a 4D-PET scan has to be over 10 min 
to ensure suffi cient counts recorded in each bin. 
It may be necessary to scan for two bed positions 
if a tumor is not at the center of the PET detector 

fi eld of view to account for the high sensitivity at 
the center and low sensitivity at the edge of the 
PET detector in the 3D data acquisition without 
the septa. 

 Image reconstruction of 4D-PET is performed 
on the data of each bin, and the result is a set of 
3D PET images over a respiratory cycle for 
assessment of tumor motion and quantifi cation. 
Even though the number of photons in each bin 
can be small in 4D-PET, resulting in higher noise 
in the 4D-PET images, the 4D-PET images can 
potentially be used for accurate assessment of 
 18 F-FDG uptake [ 54 ]. 

 Most modern PET/CT scanners are equipped 
with the list-mode data acquisition whereby 
events from each coincidence pair of 511 keV 
photons can be stored in a list stream for subse-
quent static, dynamic, or gated reconstruction 
(Fig.  16.11 ). List-mode data acquisition can be 
performed with either cardiac or respiratory trig-
gering during a normal static image acquisition 
[ 57 ]. This functionality offers the capability of 
retrospectively mapping the coincidence events 
into multiple phases/bins for the reconstruction of 
4D-PET images. The PET scanners can be confi g-
ured to acquire the list- mode data which can pro-
duce prospectively static PET data as a standard 
data set and retrospectively 4D-PET data to freeze 
the tumor motion. Although it is still cumbersome 
to acquire 4D-PET data due to its prolonged 
acquisition time, it is expected that both large 
detector coverage and new digital photomultipli-
ers may allow easy positioning of a tumor near the 
center of fi eld of view and short acquisition time 
to make 4D-PET a clinically feasible solution to 
improving the quantifi cation accuracy of a tumor 
or the heart in motion. 

 One important logistical issue with 4D-PET is 
that it is not clear which patients are going to ben-
efi t from 4D-PET. The tumors near the diaphragm 
such as some lung tumors, liver tumors (typically 
from the colorectal cancer), or esophageal tumors 
near the gastroesophageal junction may benefi t 
from the 4D-PET imaging by reducing the impact 
of blurring on the PET images from the respira-
tory motion. However, as most PET/CT scans are 
conducted in a diagnostic setting of covering the 
orbit to the mid-thigh, we may not know the loca-
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tions of the targeted tumors prior to the fi rst PET/
CT scan to determine the application of 
4D-PET. The setup of a respiratory monitoring 
device for sending triggers in 4D-PET has to be 
read on the patient before the patient scan. This is 
a dilemma in the application of 4D-PET, which 
requires 10 more minutes in data acquisition and 
likely equal amount of time in locating a bed posi-
tion to cover the tumor and setting up a 4D-PET 
acquisition. On the other hand, 4D-CT has 
become a standard clinical procedure for the treat-
ment simulation of a lung or liver tumor because 
the physician needs the 4D-CT data to determine 
the envelope of tumor motion in treatment plan-
ning. The diagnosis has been made, and the tar-
geted area is local for radiation therapy, which is 
different from whole- body PET/CT.  

16.1.5     4D-PET/CT = 4D-PET + 4D-CT 

 4D-CT [ 35 – 37 ] may be needed for accurate 
quantifi cation of 4D-PET data as each phase of 
PET data may need its own CT data for attenuation 
correction [ 54 ]. 4D-CT has found its acceptance 
in radiation therapy for providing the gated CT 
images of multiple phases over a respiratory 
cycle to assist contouring the envelope of tumor 
motion. 4D-CT takes less time in data acquisition 
than 4D-PET does. It normally takes less than 
2 min to cover 35 cm in the craniocaudal direction 
on an 8- or 16-slice CT. The scan coverage of 
4D-CT for radiation therapy is typically the 
whole lungs, whereas the coverage for average 
CT for diagnostic PET/CT should be limited to 
the tumor or the heart region. Radiation dose for 
4D-CT is about 50 mGy and should be less than 
5 mGy for average CT for diagnostic PET/CT. 

 Two data acquisition modes can be used in 
4D-CT. One is cine CT and the other one is low- 
pitch helical CT. Both acquisitions need to scan 
a prescribed volume for over one breath cycle to 
produce the multiple phases of 4D-CT images 
over a respiratory cycle. Both require the respi-
ratory monitoring devices. Cine 4D-CT uses 
less radiation and generates thinner slices than 
low-pitch helical 4D-CT. On the other hand, 
helical 4D-CT is faster than cine 4D-CT because 
it does not pause between two table positions as 
in the cine 4D-CT [ 58 ]. The cine 4D-CT is 
available on the GE 4-, 8-, 16-, or 64-slice CT 
scanners, and the helical 4D-CT is only avail-
able on newer 16- or 64-slice CT scanners. 
There has been no PET/CT scanner with more 
than 64 slice. The Siemens 128-slice PET/CT 
has only 64 slice, and its claim of 128 slice was 
from the fl ying focal spot, which simulates the 
effect of 128 slice. However, the 128-slice mode 
is typically used to obtain the high-resolution 
CT images of 0.3 mm and is not applicable for 
4D-CT. Figure  16.13  illustrates an example of 
4D-PET/CT in 6 bins over 13 min of data acqui-
sition. Quantifi cation of the tumor in SUV 
changed from 5 to 8.5 at the end-expiration 
phase in this example. Image reconstruction can 
also be applied on 4D-PET, based on the tumor 
motion from 4D-CT, to deform/register the mul-
tiple phases of PET data to a single “motion 
freeze” PET data set to reduce the noise in 
4D-PET data and to improve tumor quantifi ca-
tion [ 59 ]. There has been no clinical data to sug-
gest this single freeze PET image can be 
accomplished in the clinical setting because it 
relies on the motion information either from 
4D-CT or 4D-PET. As most 4D-PET is con-

  Fig. 16.13    A 4D-PET/CT patient study. The acquisition 
time for the 4D-PET was 13 min, and the PET data were 
gated into 6 phases. Attenuation of the 4D-PET data was 
corrected with the corresponding 4D-CT data. 

Quantifi cation of the tumor in SUV went from 5.0 in the 
static PET without gating to 8.5 in the end-expiration 
phase of the 4D-PET (Reproduced from the Pan and Zaidi 
[ 61 ]; with permission)       
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ducted without 4D-CT, the reliability of motion 
information from 4D-PET is questionable.

16.2         Summary 

 In the early days of PET/CT, misregistration of 
the CT and PET data was recognized as a new 
artifact from the combined PET/CT scanner 
sharing the same imaging table [ 60 ]. Since it was 
not possible to slow down the CT gantry rotation 
(currently at 2 s and was at 4 s per revolution) to 
mimic the slow scanning with transmission rod 
sources like in a stand-alone PET scanner, other 
approaches to coach the patient to hold breath at 
the average PET position and to use a fast CT 
scanner of more than six detector rows have been 
proposed with limited success. The misregistra-
tion artifacts due to the respiration have been 
understood and can compromise tumor quantifi -
cation. However, the artifacts can be effectively 
fi xed by average CT or 4D-PET/CT. 

 Average CT is a viable solution without 
excessive radiation on the patient (less than 
1 mSv) or without too much imaging time (less 
than 1 min) to match the temporal resolution of 
the CT data and the temporal resolution of the 
PET data without an elaborated gating scheme 
of 4D-PET or 4D-PET/CT. Average CT can be 
derived from the cine CT scan, available on all 
the GE PET/CT scanners, to help improve the 
registration of the CT and PET data and to help 
calculate the radiation dose in radiation therapy 
with photon and in particular with proton beam 
which requires a more stringent requirement to 
account for uncertainty. Average CT derived 
from averaging the CT images of high temporal 
resolution acquired over a respiratory cycle at 
sub-second gantry rotation has been shown to be 
effective in improving the registration of the CT 
and the PET data, resulting in improvement on 
quantifi cation of the PET data both for tumor 
imaging and cardiac imaging. In addition, aver-
age CT can also be applied in dose calculation 
and image-guided radiation therapy. Its compan-
ion MIP images, derived from the same cine CT 
or 4D-CT data for average CT, play a very 
important role in tumor delineation of a moving 

lung tumor in treatment simulation and are likely 
the fi rst image data set out of 4D-CT in tumor 
delineation by a radiation oncology physician. 
Radiation dose of average CT is <1 mSv, and 
application of average CT can be limited to only 
the patients whose PET data and CT data do not 
register. With the development of 4D-CT, the 
diffi culties in imaging the tumor motion with CT 
in the thorax or the abdomen have been largely 
eliminated. 

 List-mode data acquisition, although not new, 
has been very useful to allow the post-processing 
of the 4D-PET data for static PET as a baseline 
data. 4D-PET and 4D-PET/CT are emerging as 
the next frontier for researchers and clinicians to 
put into the clinical use. The bottleneck in 
4D-PET and 4D-PET/CT is the long acquisition 
time for acquiring the 4D-PET data. It is hoped 
that future instrumentation can signifi cantly 
improve the sensitivity of PET imaging so that 
every whole-body PET imaging can become a 
4D-PET imaging without a signifi cant increase 
of the scan time.     
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     Abstract  

  Over the last 25 years, PET has seen the 
 progress from a research tool mainly for neu-
rological applications to becoming one of the 
major imaging methods for assessing cancer. 
Whilst FDG remains the most commonly used 
PET tracer to measure tumour glucose trans-
port and glycolysis, there are a number of 
tumours that are not FDG avid and a number of 
important underlying biological events in the 
cancer cell that can be more directly reported 
with alternative tracers. Beyond tumour gly-
colysis, other underlying processes, including 
proliferation, amino-acid transport, cell mem-
brane and phospholipid metabolism, apopto-
sis, angiogenesis and hypoxia, are all highly 
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 relevant aspects of tumour biology that can be 
imaged and quantifi ed with PET. Many of 
these tracers are used primarily for research 
applications, but a number have been trans-
lated into clinical practice, either for tumours 
that are not FDG avid, e.g. choline tracers in 
prostate cancer and somatostatin receptor 
imaging in neuroendocrine tumours, or when a 
more specifi c biomarker is required to interro-
gate underlying changes in tumour biology. 

 In tandem with the development and trans-
lation of novel tracers, there is improvement in 
hardware, e.g. PET/CT and PET/MRI, and 
software, e.g. reconstruction algorithms, that 
have allowed PET to become one of the essen-
tial and leading imaging modalities in clinical 
and research cancer applications.  

17.1       Introduction 

 Cancer is one of the leading causes of death 
worldwide [ 1 ]. Optimising the patient’s thera-
peutic management needs accurate diagnosis, 
staging, therapeutic response assessment and 
restaging of the disease [ 2 ]. Imaging plays an 
indispensable role in the management of cancer 
patients [ 3 ]. Imaging modalities such as plain 
radiography, computed tomography (CT) and 
magnetic resonance imaging (MRI) provide ana-
tomical detail that helps to detect and localise 
tumours. Of late, biochemical, molecular and 
functional imaging technologies such as positron 
emission tomography (PET) play a complemen-
tary role to the anatomical information gained 
from other imaging modalities such as CT and 
MRI and has signifi cant impact on individualised 
cancer care and management [ 4 ,  5 ]. 

 Biologically important small molecules such 
as glucose, amino acids and peptides, nucleic 
acids, water and receptor ligands labelled with 
positron-emitting radionuclides form the basis of 
PET imaging [ 6 ]. The radioactive decay resulting 
in a positron that interacts with an electron to 
produce subsequent annihilation radiation (two 
511 KeV gamma ray photons), which are detected 
by a PET scanner, allows the spatial and temporal 

distribution of these compounds to be measured 
to create “physiological maps” of the functional 
and molecular processes relevant to the labelled 
biological target molecule [ 7 ]. 

 There are numerous radioactive tracers used for 
PET imaging, but the most important, which is 
used for the majority of clinical oncological PET 
imaging, is the analogue of glucose, 18F-2- fl uoro-
2-deoxy- d -glucose (FDG) [ 8 ]. First made 75 years 
ago, FDG as a PET tracer images tumour glucose 
metabolic rate by taking advantage of malignant 
cells having higher rates of glucose transport and 
glycolysis than normal cells [ 9 ]. FDG was the fi rst 
Food and Drug Administration (FDA)-approved 
PET radiopharmaceutical and is used in 90 % of 
oncological studies [ 7 ,  10 ]. Though FDG is not a 
perfect oncology imaging tracer (some malignant 
lesions are not FDG avid and some benign lesions 
show FDG avidity), it still proves to be very useful 
in most malignant tumours of clinical importance 
[ 10 – 12 ]. Recently the FDA has approved 
11C-choline for prostate cancer and Sodium 
Fluoride F18 for bone imaging [ 11 – 13 ]. 

 FDG-PET/CT imaging is primarily applied for 
staging and restaging of tumours to guide clinical 
patient care. Other important applications include 
assessment of response to drug therapy, often pos-
sible before actual tumour size reduction occurs 
[ 14 ,  15 ]. In certain tumours, such as lymphoma, 
oesophageal cancer and non- small- cell lung can-
cer, FDG-PET/CT has become the primary imag-
ing modality for clinical management decision 
making and shows signifi cant correlation with 
clinical endpoints and survival [ 14 ,  15 ]. 

 FDG-PET/CT is also particularly useful for 
detecting recurrence, especially in asymptomatic 
patients with rising tumour marker levels and 
those with negative or equivocal conventional 
imaging fi ndings [ 15 ,  16 ]. Yet there are some 
limitations and areas of uncertainty, mainly 
regarding the lack of specifi city of FDG uptake 
and the variable avidity of some cancers for this 
tracer [ 7 ]. This has led to the development of 
more tumour-specifi c non-FDG-PET tracers that 
have been extensively studied in understanding 
the tumourigenesis-related pathways such as 
tumour proliferation, metabolism, hypoxia, 
angiogenesis and apoptosis. These tracers have 
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been found to have a role in imaging tumours 
with low avidity for FDG [ 17 ,  18 ].  

17.2     Why PET/CT? 

 To understand the role of biological imaging in 
cancer patient management in the present era, it 
is important to recognise the unmet diagnostic 
needs. These include accurate detection and stag-
ing, better understanding of tumour biology and 
phenotype, early and predictive therapeutic 
response assessment and personalised manage-
ment of patients [ 19 ]. 

 Over the last 20 years, CT has been the cor-
nerstone of cancer imaging but is limited in its 
ability to delineate the critical differences in 
physiology and biology of tumours. Whilst prog-
ress with MRI allows whole-body imaging and 
the addition of functional information to anatom-
ical data (e.g. diffusion-weighted imaging), PET 
imaging shows advantages, particularly its sensi-
tivity in determining the physiology and meta-
bolic activity of tumours, but lacks anatomical 
information [ 20 ,  21 ]. Integrated data sets from 
hybrid PET and CT or MRI offer the best of the 
available imaging modalities for oncologic imag-
ing and signifi cantly improve diagnostic accu-
racy [ 20 – 22 ]. For example, the diagnostic 
accuracy of detecting lymph node metastases is 
improved with the use of combined anatomical 
imaging by CT and increased glucose uptake on 
FDG-PET [ 23 ]. 

 Before combined PET/CT scanners, the meta-
bolic information was visually fused with the 

anatomical information by reviewing the separate 
PET and CT images and mentally synthesising the 
combined information [ 24 ,  25 ]. Fusion software 
helped to some extent, but the availability of com-
bined hybrid PET/CT scanners has revolutionised 
the role of PET in oncologic imaging [ 26 ,  27 ]. 
More recently, hybrid PET/MRI scanners have 
become available allowing the combination of 
anatomical, functional and molecular imaging in a 
single acquisition. Whilst PET/CT has remained a 
sequential modality, PET/MRI scanners allow 
simultaneous data acquisition [ 13 ] (Fig.  17.1 ).

17.3        Underlying Tumour Biology 
and FDG 

 The progression from a few cancer cells to the 
formation of macroscopic solid tumours is a 
complex process of activation of specifi c meta-
bolic pathways providing oxygen, glucose, other 
nutrients and growth factors which are critical for 
the growth of cancer cells [ 28 ]. Sokoloff et al. 
were the fi rst to report FDG in their work on mea-
suring regional cerebral glucose metabolism in 
animals using 14C-deoxyglucose autoradiogra-
phy [ 29 ]. Subsequently FDG was developed for 
PET imaging which provided similar quantifi ca-
tion of regional concentrations in humans. It was 
the Warburg observations in the 1930s, showing a 
high rate of glycolysis in cancer cells, which led 
to use of FDG as a tumour imaging agent. There 
is a complex process which regulates the multiple 
factors that infl uence the rate of glucose fl ux 
which can be measured by FDG-PET [ 30 ]. 

a b

  Fig. 17.1    A young male patient with a mediastinal germ cell tumour. 18F-FDG-PET/CT ( a ) and PET/MRI ( b ) trans-
axial images through the upper thorax       
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 Membrane transporters for glucose are 
involved in the uptake of FDG by the cell. FDG is 
then phosphorylated by hexokinase to form 
FDG-6-phosphate in the cell. Unlike glucose- 6- 
phosphate, FDG-6-phosphate is metabolically 
trapped and does not undergo further signifi cant 
enzymatic reactions [ 31 ]. The primary exception 
to metabolic trapping of FDG is in the liver, 
where a large concentration of phosphatase 
enzymes results in dephosphorylation of FDG-6- 
phosphate and clearance of FDG from hepato-
cytes [ 32 ,  33 ]. Being a polar molecule, it cannot 
easily pass through the cell membrane to be 
redistributed out of the cell. With high levels of 
glucose-6-phosphatase, the phosphate group is 
cleaved off to regenerate FDG which can diffuse 
out of the cell and is redistributed elsewhere. 
Studies have shown FDG uptake for most 
tumours is mediated by (Fig.  17.2 ):

     (a)    Increased levels of membrane transporters 
for glucose (especially GLUT-1)   

   (b)    Increased levels of hexokinases (HK-II)   
   (c)    Stable or low levels of glucose-6- phosphatase 

(G-6-Pase) [ 34 ]    

  It has been shown that aberrant glycolysis 
decreases metabolic stress-induced apoptosis and 
leads to uncontrolled proliferation of cancer cells 
which is essential to the malignant tissue pheno-
type [ 35 ]. There is debate on the relative impor-
tance of glucose transporters versus the 
hexokinase activity in predicting the FDG uptake 
rate in cancer cells [ 36 ]. However, both in vitro 
and in vivo studies have shown that it is the phos-
phorylation status, and not the membrane trans-
porters, that determine the rate of FDG uptake in 
most circumstances [ 37 ,  38 ]. 

 As the tumour grows, hypoxia occurs and this 
is usually present 100–150 μm from the nearest 
blood supply. Hypoxia and rapid tumoural cell 
growth force the cells to be dependent on the 
anaerobic metabolism of glucose. This adaptive 
behaviour of tumour cells is one of the most cru-
cial steps in tumour survival and progression 
[ 39 ]. There are various proposed molecular 
 targets which are involved in tumourigenesis, and 
one such factor is hypoxia-inducible factor 
(HIF)-1, also known as pro-survival transcription 
factor. HIF-1 has two subunits, HIF-1α and 
HIF-1β, of which HIF-1α undergoes rapid 

  Fig. 17.2    Principles of 18F-FDG metabolism and signal 
amplifi cation: like glucose, 18F-FDG is transported into the 
cells by the glucose transporter ( GLUT-1 ); however, this 
happens at a much higher rate. This is then phosphorylated 
by hexokinase II ( HK-II ) to form 18F-FDG-6-PO4. Unlike 
glucose, further metabolism is arrested due to the presence 

of fl uorine at the carbon-2 position of the ring instead of the 
hydroxyl group in glucose. 18F-FDG- 6-PO4 does not enter 
the standard metabolism that glucose- 6-PO4 does, and 
hence it remains trapped within the cell. This “metabolic 
trapping” of 18F-FDG-6-PO4 within the cell leads to signal 
amplifi cation and forms the basis of the analysis of PET data       

 

A. Mahajan and G. Cook



403

 degradation under normoxic conditions and the β 
subunit is the one which is constitutively 
expressed [ 40 ]. However, under hypoxic condi-
tions, HIF-1α is stable and undergoes dimerisa-
tion with HIF-1β to form an active transcription 
factor. This dimer binds to the promoter of target 
genes, i.e. DNA sequence 5′-RCGTG-3′ (hypoxia 
response element, HRE), which leads to activa-
tion of angiogenic pathways, tumoural progres-
sion pathways and overexpression of glycolytic 
enzymes and vascular endothelial growth factor 
(VEGF) [ 39 ,  41 ]. Tumour hypoxia is one of the 
most important factors leading to an increased 
rate of FDG metabolism by anaerobic glycolysis 
[ 40 ]. The understanding of active molecular 
pathways involved in accelerated cellular prolif-
eration such as mitogen-activated protein kinases 
and reduced apoptosis like AKT (alpha serine-/
threonine- specifi c protein kinase) in carcinogen-
esis are shown to be responsible for rapid glucose 
uptake for glycolysis [ 42 ]. These pathways are 
well known to stimulate glycolysis. Studies have 
shown that as the AKT activity decreases, there is 
associated decline in the transcription of glyco-
lytic enzymes, including GLUT transporter 
expression [ 43 ,  44 ]. 

 There are other features which have led to 
widespread use of FDG in the clinical setting [ 8 ]. 
Unlike glucose, FDG is fi ltered and excreted by 
the kidneys leading to substantial clearance of 
FDG within 1 h of administration. Increased lev-
els of the highly active hexokinase enzyme effec-
tively trap FDG from the blood pool and are 
responsible for FDG retention in tumours in a 
short period after injection. This combined effect 
of increased tissue uptake and rapid blood pool 
clearance of FDG forms the basis of the resultant 
high-contrast images [ 45 ]. Most clinical oncol-
ogy PET imaging protocols allow 60–90 min 
after the injection of FDG for tissue uptake and 
background and blood pool clearance before 
image acquisition [ 46 ]. 

 Regional glucose metabolism can be quanti-
fi ed in detail using the dynamic PET imaging 
method which measures FDG accumulation in the 
tissue of interest for 60–90 min after injection to 
produce a tissue uptake curve [ 46 ]. This can be 

combined with direct arterial activity sampling or 
image-derived arterial activity (e.g. left ventricle 
or aorta) so that physiological rate constants can 
be estimated by applying compartmental model-
ling to these data sets [ 47 ,  48 ]. The metabolic rate 
of FDG can then be quantifi ed in mmol/min/g 
[ 29 ,  33 ]. Dynamic imaging of FDG is time con-
suming and diffi cult for patients in clinical prac-
tice, and it is not possible to extend acquisitions 
over the whole body with current scanners fi eld of 
view [ 46 ]. Whilst dynamic imaging and arterial 
sampling is valuable for research applications, the 
most commonly used clinical imaging method is 
a single image acquisition of FDG uptake after 
60–90 min after injection over a number of con-
secutive bed positions to cover the required extent 
of the body [ 46 ]. This static uptake image gives an 
approximate indicator of glucose metabolism [ 29 , 
 33 ]. The uptake can be measured semi-quantita-
tively as the standardised uptake value (SUV) 
which can be calculated as SUV = Ct/(i.d./wt), 
where Ct is the tissue FDG uptake from the image 
(kBq/mL or μCi/ml), i.d. is injected dose (e.g. 
MBq) and wt is the patient weight (kg). A uniform 
distribution of tracer is represented by an SUV of 
1, and SUV > 1 is an indicator of specifi c accumu-
lation of tracer [ 46 ,  48 ]. Tumours show variable 
uptake but most untreated lesions have SUVs of 3 
or higher [ 49 ]. However, there is overlap between 
benign and malignant tumours and other non-
malignant pathological processes including 
infl ammation [ 49 ,  50 ]. The 110 min half-life of 
18F allows regional distribution of FDG from a 
central cyclotron and radiochemistry facility. 
Keeping in mind all these attributes, FDG is the 
most commonly used clinical oncological imag-
ing agent [ 51 ]. 

 Currently the Centers for Medicare and 
Medicaid Services (CMS) recommends the clin-
ical applications of FDG-PET in initial and sub-
sequent treatment strategies of most common 
cancers such as colorectal, oesophagus, thyroid, 
head and neck, lymphoma and non-small-cell 
lung cancers. A few other cancers such as cer-
vix, melanoma and breast are covered with 
exceptions and are reimbursable under CMS 
[ 10 ,  11 ].  
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17.4     Beyond FDG 

 Over decades FDG has played an indispensable 
role in clinical oncology. However, other PET 
tracers contribute to the molecular imaging 
abnormal tumour biology as there are known 
limitations of FDG [ 8 ]. Apart from imaging 
FDG-based energy metabolic changes related to 
tumour growth, there are various other biologi-
cal pathways such as tissue repair, hypoxia, 
angiogenesis, apoptosis, cell invasion and migra-
tion which are not directly refl ected with FDG-
PET imaging [ 52 ]. The future of oncological 
therapy includes targeted therapies and individu-
alised management which may need more spe-
cifi c PET radiopharmaceuticals that will help us 
guide personalised patient treatment by predic-
tion and quantifi cation of therapeutic response 
and identifi cation of factors causing therapeutic 
resistance [ 53 ,  54 ]. Many more isotopes/mole-
cules/markers and techniques are being con-
stantly studied and are set to revolutionise 
personalised medicine. These have most poten-
tial in oncology, immunology and neurological 
disorders [ 19 ,  55 ]. 

17.4.1     PET Tracers for Imaging 
Tumour Amino-Acid 
Metabolism 

 Similar to increased glucose uptake and metabo-
lism, tumour cells also have upregulation of pro-
tein synthesis and increased expression of the cell 
membrane transporters involved in transport of 
the amino acids [ 56 ]. Upregulated amino-acid 
metabolism forms the basis of amino-acid-based 
targeted PET imaging. The radiolabelled amino- 
acid tracers are metabolised and transported 
across the cellular membranes in a similar way to 
endogenous amino acids [ 57 ]. The major route 
providing amino-acid transport is the sodium- 
independent amino-acid transport system L, and 
studies have shown that tumour cells exhibit 
upregulation of L-type amino-acid transporter 1 
(LAT1) expression. Increased LAT1 as a target 
has been used for PET tumour imaging [ 58 ]. PET 
imaging using amino acids includes natural and 
synthetic amino acids.  

17.4.2     Natural Amino Acids 

 Of the various natural amino acids which are 
radiolabelled, the role of L-[methyl-11C] methi-
onine (11C-Met) has been extensively evaluated 
in oncology [ 59 ]. 11C-Met was fi rst developed 
by Comar et al. in 1976 [ 60 ]. Kubota et al. 
reported the fi rst study which showed the poten-
tial role of 11C-Met in the diagnosis of lung can-
cer [ 61 ]. Following this, Sasaki et al. demonstrated 
the potential role of 11C-Met in differentiating 
various grades of astrocytomas. A recently pub-
lished study from Koizumi et al. found that 11C-
Met has a predictive role in recurrent rectal 
cancer treated with carbon ion radiotherapy 
(CIRT) [ 62 ]. 11C-Met-PET imaging has shown 
promising results in detection and delineation of 
viable tumour, especially in low-grade gliomas. 
Recent studies have shown that 11C-Met-PET 
imaging has a promising role in the clinical man-
agement of cerebral gliomas, not only for initial 
diagnosis, grading, prognostication and therapy 
planning but also for differentiation of tumour 
recurrence, biopsy planning, surgical resection, 
radiotherapy planning and assessment of response 
to therapy [ 63 – 65 ] (Fig.  17.3 ). Other clinical 
indications which are under evaluation include 
the differentiation of benign and malignant 
lesions in head and neck cancer, melanoma, ovar-
ian cancer and other tumours [ 66 ,  67 ]. However, 
the short physical half-life of 11C-Met prevents 
its use in most nuclear medicine departments 
unless there is an on-site cyclotron [ 7 ].

17.4.3        Synthetic Amino Acids 

 Due to inherent limitations of labelled natural 
amino acids, synthetic labelled amino-acid ana-
logues have been developed. These synthetic 
amino-acid tracers can be classifi ed into two 
groups: aromatic amino acids and non-aromatic 
amino acids. These are non-metabolisable com-
pounds which show limited or no effl ux from the 
cellular compartment leading to high accumula-
tion and better imaging properties [ 68 ,  69 ]. 

 Radiolabelled aromatic amino-acid tracers are 
usually tyrosine or phenylalanine primarily  system 
L substrates. These include L-3-18F-alpha-methyl 
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tyrosine (18F-FMT), 2-18F-fl uoro-L-tyrosine (18F-
TYR), O-(2-18F- Fluoroethyl)-l-tyrosine (18F-FET) 
and 6-18F-fl uoro-L-3,4-dihydroxyphenylalanine 
(18F-FDOPA) [ 70 ]. 18F-FET and 18F-FDOPA 
have been extensively evaluated in humans. 18F- 
FET and 18F-FDOPA-PET/CT have demonstrated 
promise for assessing brain tumours, particularly 
low-grade gliomas where FDG shows limitations. 
18F-FET-PET is found to be 92 % specifi c and 92 % 
sensitive for differentiating grade I and II recurrent 
gliomas from grade III and IV recurrent lesions 
[ 71 ]. 18F-FET-PET is also found to be a valuable 
prognostication marker in operated cases of glio-
blastoma multiforme [ 72 ]. 

 Similarly, 18F-FDOPA-PET has shown utility 
in clinical brain tumour imaging and is found to 
have a sensitivity of 96 %, as opposed to 61 % for 
FDG for detection of primary and recurrent brain 
tumours [ 73 ,  74 ]. 18F-FDOPA has potential to 
differentiate low-grade from high-grade tumours 
and has been used to evaluate extracranial neuro-
endocrine tumours [ 75 ,  76 ]. 

 Another category of synthetic amino-acid trac-
ers includes alicyclic amino acids and 1-amino-
cycloalkane-1-carboxylic acids; they are neither 
metabolised nor readily incorporated into protein 
[ 77 ]. There are various alicyclic amino-acid trac-
ers that have demonstrated value in human imag-
ing including 1-amino- cyclobutane- 1-carboxylic 
acid (ACBC) and its 3-fl uoro analogue anti-1-
amino-3-18F-  fl uorocyclobutane-1-carboxylic acid 
(anti-18F- FACBC) and 1-amino-cyclopentane-
1-carboxylic acid (ACPC). Anti-18F-FACBC, a 
leucine analogue, has been studied in human glio-
blastoma multiforme lesions with promising 

results [ 77 ]. Due to its minimal renal excretion 
compared to FDG, it has also shown promise in 
genitourinary cancer imaging, including prostate 
cancer, renal cell carcinoma and pelvic malignan-
cies [ 78 ,  79 ]. Increased uptake of anti-18F-FACBC 
in renal papillary cell carcinoma is shown to dif-
ferentiate it from clear cell carcinoma [ 80 ]. There 
is growing evidence to support the potential utility 
of 18F-FACBC as it has shown superior ability to 
target prostate cancer when compared to 
ProstaScint and 11C-choline PET/CT [ 79 ,  81 ]. In 
detecting recurrent disease in prostate cancer, 
18F-FACBC has shown improved sensitivity com-
pared to 11C-choline PET/CT [ 79 ]. Anti-3- 18F-
FACBC is found to be 89 % sensitive (36 patients) 
for detecting tumours in the prostate bed and 
100 % sensitive in detecting an extraprostatic 
recurrence (10 patients) [ 82 ]. Studies in animals 
have shown that 18F-FACBC-PET imaging is not 
only useful in detecting prostatic cancers but also 
in differentiation of tumoural lesions from infl am-
matory pathologies and benign prostatic hyperpla-
sia [ 83 ].   

17.5     PET Tracers for Imaging 
Phospholipid Metabolism 

 Choline is a precursor of phosphatidylcholine 
and uptake correlates with cell proliferation [ 84 ]. 
Choline is an essential component of cell 
 membrane phospholipid synthesis. Tumours, 
including prostate cancer, have an increased 
requirement for cell membrane synthesis, and it 
has been shown that prostate cancer cells have an 

  Fig. 17.3    A patient with a 
low-grade left frontal gli-
oma. There is low 18F-
FDG uptake ( left ) compared 
to normal brain cortex but a 
much greater tumour-to-
background ratio with the 
11C-methionine scan 
( right )       
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increased intracellular transport of choline, 
increased choline kinase expression and increased 
choline metabolism [ 85 ,  86 ]. This led to intro-
duction of carbon-11 choline (11C-choline) as a 
promising PET tracer for evaluation of various 
malignancies such as brain tumours, lung cancer, 
gastrointestinal and genitourinary malignancies 
and particularly prostate cancer. 11C-choline 
overcomes some of the limitations of FDG which 
is excreted through the urinary system which 
leads to increased background activity in the 
 pelvis [ 87 ]. At the same time, it matches FDG in 
differentiating benign from malignant patholo-
gies. All these features make 11C-choline an 
important tracer for imaging prostate cancer [ 88 , 
 89 ] (Fig.  17.4 ). Other applications include menin-
giomas, head and neck and primary hepatic 
malignancies [ 88 ,  90 ]. Another choline tracer is 
18F-choline which has a longer half-life in com-
parison to that of C-11 and is extensively used to 
study patients with biochemical recurrence of 
prostate cancer and has potential to be used as a 
marker of therapeutic response in prostate cancer 
with bone metastases [ 91 ,  92 ].

17.6        PET Tracers for Imaging 
Tumour Angiogenesis 

 Angiogenesis which is pivotal for tumourigene-
sis is defi ned as the formation of new blood ves-
sels from existing vascular structures [ 93 ]. The 
increased cellular proliferation in tumours needs 
an increased supply of metabolites and at the 
same time removal of metabolic waste products. 
Tumour hypoxia is the key factor which triggers 
neoangiogenesis and is found to be caused by 
proangiogenic growth factors [ 94 ]. The resultant 
neovasculature is disordered and usually does not 
meet the needs of the growing tumour leading to 
deoxyhaemoglobin and lactacidosis [ 93 ,  94 ]. 

 Tumour angiogenesis is a complex multistep 
process which involves multiple growth factors 
which are involved in the activation of endothe-
lial cells, degradation of basement membrane, 
migration of endothelial cells and angiogenic 
remodelling and vessel formation [ 95 ]. Some of 
the most important factors which are involved in 

neoangiogenesis are vascular endothelial growth 
factor (VEGF), epidermal growth factor receptor 
(EGFR), the acidic and basic fi broblast growth 
factors (aFGF and bFGF) and platelet-derived 
endothelial cell growth factor (PD-ECGF); these 
growth factors are secreted by tumour cells or by 
the fi broblast and endothelial cells in the peritu-
moural environment and extracellular matrix 
(ECM) [ 96 ]. Overexpression of the dimeric 
transmembrane integrin αvβ3 by activated endo-
thelial cells occurs with angiogenesis. This inte-
grin regulates endothelial cell migration and the 
matrix metalloproteinase (MMPs) family in 
matrix degradation, facilitating cell invasion, 
and angiogenesis. These molecules form the 
basis for targeted imaging of angiogenesis and 
the  development of tracers for tumour angiogen-
esis imaging [ 97 ]. 

 Dynamic 15O-water PET has been used to 
study tumour blood fl ow in vivo, as a pharmaco-
dynamic marker to study the mechanism of novel 

  Fig. 17.4    11C-choline MIP image. A man with meta-
static prostate cancer showing abnormal 11C-choline 
activity in a large primary prostate tumour with lymph 
node metastases in the pelvis and multiple bone 
metastases       
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anticancer drugs such as endostatin and to moni-
tor delivery of radiolabelled drugs to the target 
[ 98 ,  99 ]. 15O-water is the gold standard for 
assessment of blood fl ow/tissue perfusion and 
provides a physiological measure. 15O-water 
PET not only provides information regarding the 
pharmacokinetics but also assess whether single 
agent of combination therapies have different 
effects on tumour perfusion [ 100 ,  101 ]. Other 
molecules used for imaging tumour vascularity 
include 11C-carbon monoxide but has logistic 
issues and low signal-to-noise. 11C-carbon mon-
oxide PET is reported to measure blood volume 
up to approximately 0.1–0.2 ml blood ml −1  tissue 
in renal cancer which is characterised by a high 
vascular phenotype [ 102 ]. Anderson and co- 
workers reported the rapid changes in blood vol-
ume following treatment with combretastatin A4 
phosphate (CA4P) [ 103 ]. 

 Integrins are a family of heterodimeric cell 
surface receptors (24 subtypes) composed of two 
non-covalently bound α- and β-subunits involved 
in cell-extracellular matrix and cell-cell interac-
tions [ 104 ]. Integrins mediate these by transduc-
ing signals into the cells and out of the cells 
directly or indirectly regulating cellular functions 
such as cell survival, proliferation, adhesion, 
migration and invasion as well as angiogenesis, 
thrombosis, apoptosis and differentiation in vari-
ous pathological processes [ 104 ,  105 ]. Many 
cancer cells have been found to overexpress the 
integrin αvβ3, which binds to arginine-glycine- 
aspartic acid (RGD)-containing components of 
the interstitial matrix such as vitronectin, fi bro-
nectin and thrombospondin [ 104 ]. Upregulation 
of these pathways has been shown in melanoma, 
ovarian cancer and late-stage glioblastomas. 
Based on these fi ndings, linear as well as cyclic 
RGD peptides, which show very high binding 
affi nity and selectivity for integrin αvβ3, have 
been labelled with positron-emitting radionu-
clides to serve as PET radiotracers [ 105 ,  106 ]. 
Initial studies revealed tumour-specifi c uptake 
but also signifi cant hepatobiliary elimination 
leading to high background activity in the hepatic 
parenchyma and small bowel. To improve the 
pharmacokinetics of these radiohalogenated pep-
tides, several modifi cations have been attempted, 

including labelling with sugar moieties, hydro-
philic amino acids and polyethylene glycol 
(PEG) [ 107 ]. One such example is a glycopeptide 
based on cyclo (Arg-Gly-Asp-D-Phe-Lys). In an 
integrin-positive M21 melanoma xenograft 
model, 18F-galacto-RGD showed integrin αvβ3- 
specifi c tumour uptake. Initial safety studies of 
18F-galacto-RGD in humans have been per-
formed, and it is found to specifi cally delineate 
integrin-positive lesions, and its good tumour-to- 
background ratio suggests that it can be used as a 
surrogate marker of angiogenesis [ 108 ]. In vari-
ous tumour studies, no obvious correlation was 
found between FDG and 18F-galacto-RGD, and 
it was shown that integrin αvβ3 expression and 
glucose metabolism were not closely correlated 
in tumour lesions. Hence, imaging based on these 
traces provides complementary information in 
cancer patients [ 109 ,  110 ]. Newer tracers such as 
18F- and 64Cu-labelled RGD-containing pep-
tides have shown better pharmacokinetics, 
tumour uptake and retention of the RGD peptides 
[ 111 ,  112 ]. For example, compared to a non- 
PEGylated ligand 64Cu-DOTA-RGD, PEGylated 
RGD peptide 64Cu-DOTA-PEG-3400-RGD is 
found to have low hepatic and small bowel uptake 
with no signifi cant change in tumour-specifi c 
uptake and retention and hence was suitable for 
visualising lesions above the liver [ 113 ]. 
PEGylation using 18F-FB-PEG3400-RGD 
PEGylation showed signifi cant and prolonged 
tracer retention in tumour without any comprise 
on the desired rapid clearance [ 113 ]. 

 A series of multimetric RGD peptides labelled 
with 18F have been developed for PET imaging 
and have improved pharmacokinetics, tumour 
uptake and retention patterns. One such example 
is the dimeric RGD peptide-based tracer 18F-FB- 
E[c(RGDyK)]2 (18F-FRGD2) [ 114 ]. In small- 
animal imaging, it showed predominant renal 
excretion, and when compared with the mono-
meric tracer 18F-FB-c(RGDyK), it showed 
nearly twice as much tumour uptake. A compari-
son of monomeric and dimeric RGD analogues 
with tetrameric RGD peptide-based tracer, 
18F-FB-E[E[c(RGDfK)]2]2 in xenograft- bearing 
mice revealed signifi cantly higher receptor bind-
ing affi nity and faster clearance from blood pool, 
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better metabolic stability, predominant renal 
excretion and signifi cant receptor-mediated 
tumour uptake providing better tumour contrast 
[ 115 ,  116 ]. 

 Recent advances in radiolabelled nanoparti-
cles, including inorganic and organic nanoparti-
cles targeting integrin αvβ3, are a newer class of 
probes shown to have a potential role in research 
as well as clinical oncology [ 117 ]. Examples of 
these tracers include inorganic single-walled car-
bon nanotubes (SWNTs) coated non-covalently 
with PEG and with cyclic RGD peptides and 
DOTA for 64Cu chelation which have unique 
size, shape and physical properties [ 118 ,  119 ]. 
These properties of SWNTs make them a promis-
ing material that can be used for multimodality 
imaging, such as PET/CT, PET/MRI and PET/
optical imaging [ 120 ]. 

 Another important angiogenic process studied 
and used for imaging is the VEGF/VEGF recep-
tor signalling pathway. The development of 
VEGF- or VEGFR-targeted PET imaging probes 
could serve as an important tool for understand-
ing VEGF/VEGFR in angiogenesis-related 
tumourigenesis and drug delivery and assessing 
response to therapy with anti-angiogenic agents 
[ 121 ,  122 ]. Tracers such as 124I-labelled VG76e, 
which is an IgG1 monoclonal antibody against 
human VEGF, have been used in PET imaging of 
solid tumour xenograft models. However, this 
had the limitation of poor immune reactivity 
[ 123 ]. Another tracer, 124I-labelled HuMV833, 
has shown success in the phase I trials [ 124 ]. 
Recent development of bevacizumab labelled 
with 111In and 89Zr for SPECT and PET imag-
ing, respectively, has led to better understanding 
of angiogenesis in human ovarian cancer xeno-
graft models [ 125 ]. VEGF121 labelled with 
64Cu has been used for VEGF receptor expres-
sion, and 1,4,7,10-tetraazacyclododecane-
N,N′,N″,N″′-tetraacetic acid (DOTA)-VEGF121 
has been used for receptor-specifi c imaging for 
VEGFR-2 [ 126 ]. Small-animal PET imaging 
using 64Cu-DOTA-VEGF121 has been validated 
in small U87MG tumours showing increased 
expression of VEGFR-2 [ 127 ]. Tracers such 
as15O-water and 13N-NH3 are used for dynamic 
PET blood fl ow imaging and have been applied 

in brain tumours to study anti-angiogenic therapy 
and grading of tumours [ 128 – 130 ].  

17.7     PET Tracers for Imaging 
Tumour Hypoxia 

 The presence of hypoxic/anoxic regions is a char-
acteristic feature of 50–60 % of locally advanced 
solid tumours and has been described in a wide 
range of human malignancies, including cancer 
of the breast, uterine cervix, vulva, head and 
neck, prostate, rectum and pancreas as well as in 
brain tumours, soft tissue sarcomas and malig-
nant melanomas [ 131 ,  132 ]. Tumour hypoxia is 
orchestrated by the transcription factor hypoxia- 
inducible factor (HIF)-1, which has been verifi ed 
as a master regulator of oxygen homeostasis 
under hypoxic conditions. The resulting adaptive 
changes in the proteome and genome of the 
tumour cells are believed to lead to more aggres-
sive clones which are better adapted to survive in 
the compromised environment. Subsequent 
selection and clonal expansion of these cells lead 
to a more adapted and aggressive tumour cell 
population [ 133 ]. 

 Hypoxia has also been shown to reduce che-
motherapeutic and radiotherapeutic effi cacy by 
causing cells within hypoxic regions to cycle 
more slowly and by providing a selection mecha-
nism for cells with reduced susceptibility for 
apoptosis [ 134 ]. As therapeutically modifying 
hypoxia may have potential to change therapy 
outcome in patients, non-invasive PET imaging 
for identifi cation and quantitation of tumour 
hypoxia status could play a key role in predicting 
and monitoring treatment response [ 135 ,  136 ]. 

 Of the non-invasive imaging modalities to 
image hypoxia, radionuclide studies using PET 
tracers are the most extensively studied [ 137 ]. 
Parametric PET hypoxia imaging of tissue using 
inhalation of 15O 2  by measuring regional oxygen 
extraction fraction and metabolic rate is shown to 
be more accurate than the invasive methods [ 137 , 
 138 ]. 15O 2  PET imaging is currently a “gold 
standard” for non-invasive imaging of tissue oxy-
gen levels; however, because of logistics and 
technical issues such as very short half-life of 
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15O 2  (∼2 min) and also being an expensive tech-
nique, it is not widely used in experimental or 
clinical settings [ 139 ]. Nitroimidazoles have 
shown very high selectivity in targeting hypoxic 
tissue and also have radiosensitising properties 
[ 140 ]. Nitroimidazole derivatives such as pimo-
nidazole or 2-(2-nitro-1H-imidazol-1-yl)-N-
(2,2,3,3,3-pentafl uoropropyl) acetamide (EF5) 
can be analysed using invasive methods such as 
immunohistochemical analysis or cell-sorting 
techniques [ 141 ]. The fi rst reported PET tracer 
used for hypoxia imaging focused on radiola-
belled 2-nitroimidazole analogues. Intracellular 
reductases reduce these tracer analogues into 
reactive intermediary metabolites, accumulation 
of which shows an inverse correlation with the 
level of tissue oxygenation. The formed interme-
diary molecules form covalent bonds with thiol 
groups of the intracellular proteins and tend to 
accumulate in hypoxic cells. Many nitroimid-
azole compounds with varied properties have 
been developed and tested in imaging hypoxia 
[ 142 ,  143 ]. 

 18F-labelled fl uoromisonidazole (18F-FMISO) 
was the fi rst hypoxia PET tracer which was found 
to have tumour specifi city. It has been extensively 
used both in preclinical and clinical studies [ 144 ]. 
Preclinical studies in the 36B10 glioma rat xeno-
graft model have evaluated the role of 18F-FMISO 
uptake in hypoxic tumours and assessment of 
hypoxic fraction. It was found that retention of the 
18F-FMISO correlated with the degree of tissue 
hypoxia [ 145 ]. Another study performed in a rhab-
domyosarcoma rat xenograft model correlated 
18F-FMISO uptake with other markers of hypoxia 
such as pimonidazole and carbonic anhydrase IX 
(CA IX). 18F-FMISO-PET was found to be accu-
rate in measuring hypoxia and correlated well with 
the hypoxic volumes derived from pimonidazole- 
and CA IX-stained tumour sections [ 146 ]. Clinical 
studies evaluating the role of 18F-FMISO and 
FDG in head and neck cancer patients found no 
correlation between pO 2  measurements and FDG 
uptake but good correlation with 18F-FMISO 
uptake. No correlation was found between FDG 
and 18F-FMISO uptake suggesting different 
tumour uptake mechanisms and characteristics 
[ 147 ,  148 ]. Another study in head and neck cancer 

showed the potential role of pre- therapy 
18F-FMISO-PET imaging as an independent 
prognostic marker and that post-therapy changes 
in the uptake of 18F-FMISO-PET may predict dis-
ease free and overall survival [ 149 ]. Although 
18F-FMISO has been studied extensively for 
imaging tumour hypoxia, its widespread applica-
tion is limited by slow tumour-specifi c accumula-
tion and nonspecifi c washout. 

 In an attempt to overcome the disadvantages 
of 18F-FMISO, second-generation 2-nitroimid-
azole tracers like 18F-fl uoroazomycin arabino-
side (18F-FAZA), 18F-fl uoroerythronitroimidazole 
(18F-FETNIM) and 18F-tri-fl uoroetanidazole 
(18F-FETA) were developed which showed bet-
ter clearance and hydrophilicity characteristics. 
Preclinical studies have compared 18F-FMISO 
and 18F-FAZA in tumour xenograft models and 
found that 18F-FAZA has better pharmacokinet-
ics than 18F-FMISO with higher tumour-to-
background and tumour-to-muscle and tumour-
to-blood ratios [ 150 ,  151 ]. Clinical studies 
 evaluating the role of 18F-FAZA imaging in 
identifying tumour hypoxia in head and neck 
cancer have found it to have a potential role in 
dose painting for radiotherapy planning [ 152 ]. 

 Third-generation hypoxia tracers such as 
18F-fl ortanidazole (18F-HX4) have been devel-
oped with a 1,2,3-anti-triazole moiety that makes 
it more hydrophilic than 18F-FMISO [ 153 ]. It is 
found to have tumour-to-reference tissue values 
similar to 18F-FMISO at relatively early time 
points and hence a potential advantage of shorter 
acquisition times. It has also been evaluated in a 
preclinical rhabdomyosarcoma tumour model, 
and the uptake was confi rmed to be dependent on 
tumour oxygenation status. Phase I clinical stud-
ies have demonstrated that hypoxia imaging using 
18F-HX4 is feasible and nontoxic [ 154 ]. A recent 
comparative study in preclinical animal models 
showed a clear relationship between the immuno-
histochemical staining for perfusion, hypoxia and 
carbonic anhydrase IX and the level of uptake of 
18F-FMISO, 18F-FAZA and 18F- HX4. It has 
been shown that both the 18F-FAZA- and 
18F-FMISO-based PET tumour hypoxia uptake 
for patients in clinical studies have prognostic 
potential [ 155 ]. 
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 Other tracers for hypoxia imaging include 
64Cu-bis(thiosemicarbazone) complexes 
(64Cu-ATSM and 64Cu-ATSE). Similarly 
64Cu(II)-ATSM has shown promising results in 
studying tumour hypoxia. Being a neutral lipo-
philic molecule, it has high membrane permeabil-
ity, and after cellular uptake, it is converted to 
[Cu(I)-ATSM] which is negatively charged in 
hypoxic cells and is trapped [ 156 ,  157 ]. Preclinical 
studies in R3230 mammary adenocarcinomas, 
fi brosarcomas and 9L gliomas have shown corre-
lations of 64Cu-ATSM PET hypoxia imaging 
with other hypoxia markers such as EF5, pimoni-
dazole and CA IX [ 158 ]. Preclinical and clinical 
studies comparing 64Cu-ATSM with 18F-FMISO 
have shown that regional distribution of 
18F-FMISO at 2 h correlates well with the distri-
bution of 64Cu-ATSM at 10 min or 24 h in 9L 
gliosarcoma tumours and 64Cu-ATSM has been 
shown to be a safe radiopharmaceutical for imag-
ing tumour hypoxia in human cancers [ 159 ,  160 ].  

17.8     PET Tracers for Imaging 
Apoptosis 

 Apoptosis or type I programmed cell death is a 
hallmark of cancer cells and has been exten-
sively exploited to develop novel drug therapies 
[ 161 ]. The various steps in the process of pro-
grammed cell death are triggered by appropriate 
internal and/or external signals leading to pre-
programmed cytoplasmic shrinkage and forma-
tion of membrane blebs. The process does not 
incite any infl ammatory response [ 162 ]. Both 
radiation therapy and chemotherapy can induce 
apoptosis in tumour cells, and the rate and extent 
of apoptosis can be imaged by PET. This infor-
mation is therefore of great potential interest in 
monitoring the effi cacy of anticancer treatment 
[ 163 ]. Resistance to apoptosis or programmed 
cell death, a hallmark of cancer cells, has been 
exploited to develop novel drug therapies. 
Apoptosis is triggered by endogenous and exog-
enous stimuli leading to activation of intrinsic 
and extrinsic pathways of cell death, respec-
tively. These pathways lead to activation of sub-
sets of proteases such as caspase-3, 6 and 7 

which target the intracellular proteins involved 
in DNA damage repair. These agents binding to 
cell surface proteases have been used to image 
apoptosis [ 164 ,  165 ]. Annexin-V is a protein that 
strongly binds phosphatidylserine residue that is 
externalised to the outer surface of apoptotic 
cells and is one of the most important probes 
used in optical and radionuclide imaging. 
Radiolabelled caspase tracers have also been 
recently developed [ 166 ]. 

 The main methods for imaging apoptosis have 
been through targeting phosphatidylserine pre-
sentation or caspase activation. Recent advances 
for apoptosis imaging include radiolabelled cas-
pase- 3 substrates and inhibitors and monoclonal 
antibodies targeted to human annexin-V [ 167 ]. 

 Agents binding to cell surface proteases that 
help dying cells to attract phagocytes have been 
used to image apoptosis. Annexin-V and its deriv-
atives are extensively studied probes targeting 
apoptosis. 99mTc-labelled annexin-V was the fi rst 
tracer used to detect cell death in the blood clots of 
patients who had atrial fi brillation [ 168 ]. The fi rst 
reported use was in an experimental mouse lym-
phoma model treated with cyclophosphamide. 
Compared to the untreated mouse, the treated ones 
showed a 300 % increase in annexin-V uptake 20 h 
after chemotherapy. Other newer tracers include 
99mTc-N2S2-rh annexin-V, used in the clinical 
setting of lung cancer and lymphomas. 99mTc-
labelled annexin-V has also been applied to testing 
response to radiotherapy. 99mTc-labelled annexin-
V scintigraphy [TAVS] was performed in 11 
 follicular lymphomas patients, and posttreatment 
TAVS fi ndings matched with posttreatment cytol-
ogy in 10 patients, confi rming TAVS to be a non-
invasive imaging modality to detect in vivo 
apoptosis following radiotherapy [ 169 ]. Another 
annexin-V-labelled tracer is 124I-annexin-V 
(124I-Anx5) which has been investigated for 
studying Fas-mediated hepatic cell death in BDF-1 
mice using PET. An alternative to annexin-based 
probes for imaging apoptosis- targeting peptide-1 
(ApoPep-1), a hexapeptide that binds to the his-
tone H1 protein in the nucleus, was labelled with 
131I to study the biodistribution in normal rats and 
labelled with 124I for the detection of apoptosis in 
A549 cell tumours in nude mice [ 170 ]. 
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 Another molecule which has been extensively 
studied for PET-based apoptosis imaging is cas-
pase- 3. One of the fi rst caspase probes investi-
gated for apoptosis imaging was 131I-labelled 
benzyloxycarbonyl-Val-Ala-DL-Asp(O-methyl)-
fl uoromethyl ketone (Z-VAD-fmk) which is a 
pan-caspase inhibitor. It was studied in Morris 
hepatoma cells (MH3924Atk8), which showed 
expression of the herpes simplex virus thymidine 
kinase (HSVtk) gene. Ganciclovir-induced apop-
tosis in these cells showed a twofold increase in 
131I-Z-VAD-fmk uptake at the end of treatment 
[ 171 ,  172 ]. Other potential tracers are isatin sul-
fonamide analogue -based PET probes such as 
18F-WC-II-89 and 18F-ICMT-11. 18F-WC-II-89 
using micro-PET imaging has been used for 
studying caspase-3 inside the cell. Preclinical 
studies have evaluated the role of 18F-ICMT-11 
as a caspase-3 specifi c PET imaging radiotracer 
and have shown its potential for the assessment 
of tumour apoptosis in anticancer drug develop-
ment and the monitoring of early responses to 
therapy [ 171 ]. Though the isatin-based PET 
probes have shown promising results in imaging 
of apoptosis, the specifi city of these tracers needs 
to be validated in in vivo models as most of the 
studies are in a preclinical setting and need vali-
dation in a clinical setting [ 173 ]. 

 Other radiolabelled imaging targets which have 
tested in preclinical studies include 99mTc- labelled 
C2A for studying apoptosis induced by paclitaxel 
treatment in lung carcinoma and 18F-ML-10-
targeted amphipathic apoptosis markers (ApoSense – 
targeting the cell membrane of apoptotic cells) have 
been used for clinical imaging and have progressed 
to phase I/II clinical trials [ 174 ,  175 ].  

17.9     PET Tracers for Imaging 
Tumour Cell Proliferation 

 Upregulation of cellular proliferation is another 
hallmark of malignant transformation. PET 
imaging has played a signifi cant role in imaging 
cellular proliferation and assessment of 
 therapeutic interventions. One of the fi rst PET 
radiotracers used for imaging cellular prolifera-
tion in tumours was 11C-thymidine [ 176 ]. 

Thymidine is a native nucleoside and is  integrated 
into deoxyribonucleic acids to form DNA. It is 
taken up by the nucleoside transporters present 
in the cellular membranes. Once it enters the 
cell, the enzyme thymidine kinase 1 (TK1) 
 phosphorylates it to thymidine monophosphate. 
Overexpression of the enzyme TK1 is commonly 
seen in proliferating tumours and forms the basis 
of thymidine- based radiolabelled imaging. 
However, the short 20 min half-life of 11C is the 
main limiting factor for use of 11C-thymidine in 
routine clinical practice. Hence, a variety of alter-
native radiolabelled thymidine tracers have been 
developed; these include 18F-labelled analogues, 
3′-deoxy-3′-18F-fl uorothymidine (18F-FLT) and 
1 - ( 2 ′ - d e o x y -  2 ′ - 1 8 F - f l u o r o - β - d -
arabinofuranosyl) thymine (18F-FMAU) [ 177 ]. 
Once taken up by the cell, 18F-FLT is phosphor-
ylated by TK1 to 18F-FLT monophosphate and 
further to 18F-FLT triphosphonate by nucleotide 
diphosphate kinase, which does not get assimi-
lated into the growing DNA chain as the 3′-posi-
tion is substituted by 18F and hence undergoes 
intracellular trapping. Intracellular 18F-FLT 
retention is quantifi ed and used for measuring the 
cellular TK1 activity and is an indirect measure 
of the cellular proliferation rate [ 178 ]. It has been 
shown that the uptake of 18F-FLT increases with 
increasing TK1 activity in human tumour cell 
lines, and this uptake was validated with an inde-
pendent measure of DNA synthesis in tissue. The 
protein Ki-67 which is a histopathological marker 
of cellular proliferation, identifi ed by MIB-1 
antibody staining, correlates with the level of 
18F-FLT uptake measured by PET. This forms 
the basis of its use as a surrogate marker as an 
early quantitative measure of drug-induced 
changes in cellular proliferation [ 179 ,  180 ]. 

 Several studies have shown the promise of 
18F-FLT in in vivo imaging, one such example is 
non-invasive in vitro measurement of growth 
inhibition of tumour cells caused by a novel his-
tone deacetylase inhibitor (LAQ824) in HCT-116 
colon carcinoma xenografts [ 181 ]. Several stud-
ies concluded that 18F-FLT uptake correlated 
with histopathological Ki-67 expression and was 
identifi ed to be an indirect measure of tumour 
proliferation in non-small-cell lung cancer [ 180 ] 
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(Fig.  17.5 ). Similar results were seen in newly 
diagnosed/recurrent high-grade gliomas, and 
18F-FLT was found to be more sensitive than 
FDG for detection of tumours in this setting. Also 
18F-FLT correlated better with Ki-67 prolifera-
tion index and was found to be a better predictor 
of tumour progression and survival [ 182 ]. A clin-
ical study in patients with primary/metastatic 
breast cancer treated with chemotherapy or hor-
monal therapy and imaged with 18F-FLT and 
FDG before, 2 weeks after therapy and at the end 
of treatment or after 1 year if the therapy was not 
terminated, revealed that the treatment-induced 
changes were consistent in both the tracer imag-
ing studies. However, the changes in serum 
tumour markers correlated more strongly with 
18F-FLT uptake than with FDG uptake, and 
2-week 18F-FLT uptake correlated with long- 
term treatment effi cacy [ 183 ]. Similar results 
were found in a study reported by Kenny et al. in 

stage II–IV breast cancer. They concluded that 
18F-FLT-PET imaging can predict therapy 
response to 5-fl uorouracil, epirubicin and cyclo-
phosphamide 1 week after initiation of the ther-
apy [ 184 ]. Results have been reproduced in 
several clinical studies in a variety of tumours 
treated with single or combination therapies. The 
uptake of 18F-FLT of tumours is dependent on 
the TK1 activity. Therapy-induced activation of 
salvage pathways and nucleoside transporter 
expression also determines the 18F-FLT uptake 
[ 185 ,  186 ]. Hence drugs such as cytostatic agents 
which cause cell cycle arrest in the S-phase may 
increase 18F-FLT uptake [ 187 ]. Similarly, agents 
blocking the endogenous pathway can lead to 
upregulation of the salvage pathway and increase 
tumour 18F-FLT uptake. Agents that block both 
the pathways lead to reduction in 18F-FLT uptake 
[ 188 ]. Despite the promising preclinical and clin-
ical data, limitations are noted in 18F-FLT imag-

  Fig. 17.5    18F-FLT-PET/CT scan of a patient with NSCLC showing increased uptake in the primary tumour as well as 
hilar and mediastinal lymph nodes (seen on the MIP image)       
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ing such as the complex metabolism of 18F-FLT, 
heterogeneous uptake in tumour tissue, reduced 
sensitivity in tumours having low expression of 
TK1 and high background activity in bone mar-
row and hepatic parenchyma making it more dif-
fi cult to use in these regions. The clinical 
utilisation for imaging response of primary and 
metastatic tumour lesions to therapy therefore 
remains unclear [ 189 – 191 ] (Table  17.1 ).

    Other cell proliferation imaging tracers 
include 18F-FMAU which is manufactured by 
labelling either the 5-methyl group of the pyrimi-
dine base with 11C or at the 2′-fl uoro position of 
the sugar with 18F. Preclinical data on the role of 
18F-FMAU in tumour imaging has shown its 
uptake and retention in both tumour and non- 
tumour tissue refl ecting that it gets incorporated 
into DNA [ 192 ]. It is highly resistant to in vivo 
catabolism, and maximum activity is seen within 
the fi rst hour after injection [ 193 ,  194 ]. Compared 
to 18F-FLT, clinical studies of 11C- or 
18F-FMAU have shown comparable tumour 
uptake with higher renal, hepatic and myocar-
dium uptake yet relatively lower uptake in bone 
marrow and rate of urinary excretion. Studies 

have also shown rapid blood clearance of 11C- or 
18F-FMAU and tumour uptake reaching a pla-
teau by about 10 min after bolus injection of the 
radiotracer. These properties have been exploited 
for its clinical application in assessment of bone 
metastasis and in pelvic tumours [ 195 ,  196 ]. 
Overall, because 18F-FMAU can be incorporated 
into DNA, it appears to be a promising PET 
tracer to directly measure cell proliferation and a 
potential biomarker for evaluation of anticancer 
treatment response in both preclinical and clini-
cal settings. 

 Another important cell proliferation bio-
marker for tumour detection and monitoring 
treatment is sigma-2 (σ2) receptors. Their expres-
sion is 10 times greater in tumour cells than in 
normal cells [ 197 ,  198 ]. The fi rst radiolabelled 
σ2 receptor which showed tumour binding speci-
fi city was a benzamide radioligand with σ2 
receptor [ 199 ]. Sigma-2 receptors imaging using 
 N -(4-(6,7-dimethoxy-3,4-dihydroisoquinolin-2- 
1H-yl)butyl) and 2-(2-18F-fl uoroethoxy)-5- 
methylbenzamide have shown potential for cell 
proliferation-based tumour imaging and assess-
ment of targeted therapies [ 200 ,  201 ].  

   Table 17.1    Clinical experience with 18F-FLT   

 Tumour  Preclinical and clinical application of 18F-FLT  Comments 

 Breast cancer  Signifi cant correlation with histopathology for 
assessment of proliferation with Ki67 

 Limited clinical studies with small 
population data 

 Gastrointestinal cancers  More specifi c than FDG for metastatic nodal 
assessment in oesophageal cancers 
 Better gross tumour volume delineation for 
radiation treatment planning in oesophageal 
cancer 

 Physiological uptake in the liver, 
marrow and kidneys limits it 
widespread clinical use 

 Genitourinary cancers  Challenging in the urinary tract (route of 
excretion) 
 Promising results in areas such as identifying 
malignancy in renal cysts 

 Potential clinical use in cystic 
renal, ovarian and testicular 
tumours 

 Head and neck cancers  Preclinical and clinical studies have shown its 
role in planning radiation treatment, and early 
follow-up may help with prediction of outcome 

 Large population studies needed in 
this area 

 Central nervous system 
cancers 

 Studies have shown promise in imaging recurrent 
high-grade tumours, and it is found to correlate 
better with Ki-67 values and is a more powerful 
predictor of tumour progression and survival 

 Limited experience and more 
studies needed in this area 

 Sarcomas  Studies have shown its role in differentiating 
low-grade from high-grade soft tissue sarcomas 
and have found that uptake of 18F-FLT 
correlates well with the proliferation rate. High 
18F-FLT uptake – better response to treatment 

 Limited experience and more 
studies needed in this area 
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17.10     PET Tracers for Imaging 
Epidermal Growth Factor 
Receptors 

 Epidermal growth factor receptor (EGFR) is a 
well-known and extensively studied proto- 
oncogene associated with tumour progression 
[ 202 ]. It belongs to the structurally similar ErbB 
family of receptor tyrosine kinases and includes 
four receptors: HER1 (ErbB1), HER2 (ErbB2), 
HER3 (ErbB3) and HER4 (ErbB4) [ 203 ,  204 ]. 
Once activated, EGFR modulates many pathways 
in tumourigenesis, and its overexpression is 
found to be a prognostic indicator and predictive 
marker of poor survival. Recent studies have 
found that the monoclonal antibodies (mAbs) 
towards EGFR receptor that block the binding of 
EGF to its extracellular ligand-binding domain 
have potential both for targeted therapy and PET 
imaging [ 205 ]. 

 Erbitux (cetuximab, ImClone LLC, New York, 
NY) was the fi rst US Food and Drug 
Administration (FDA)-approved mAb targeted 
against EGFR used for treating EGFR-expressing 
metastatic colorectal carcinoma [ 206 ]. The 
64Cu-labelled DOTA-cetuximab conjugate 
(64Cu-DOTA-cetuximab) is a novel radiola-
belled tracer used for EGFR-based tumour imag-
ing and has been studied in seven xenograft 
tumour mouse models [ 207 ]. Its uptake was com-
pared in major organs and was tested in seven 
tumour models (U87MG human glioblastoma, 
PC-3 human prostate carcinoma, CT-26 murine 
colorectal carcinoma, HCT-8, HCT-116, SW620 
human colorectal carcinoma and MDA-MB-435 
human breast cancer). Good correlation was 
noted between tumour uptake and EGFR expres-
sion tested by the Western blot method. U87MG 
and PC-3 tumours showed the highest uptake 
(13.2 % ID/g and 12.8 % ID/g, respectively). 

 Panitumumab (ABX-EGF) is another impor-
tant radiolabelled mAb targeted against EGFR 
[ 208 – 210 ]. Recently reported small-animal PET 
studies with 64Cu-labelled panitumumab in nude 
mice bearing human head and neck squamous 
cell carcinoma (HNSCC) from three cell lines 
with different levels of EGFR expression and 

antibody distribution confi rmed by ex vivo 
immunostaining showed that UM-SCC-22B 
tumours with the lowest EGFR protein expres-
sion had the highest 64Cu-DOTA-panitumumab 
accumulation, whereas SQB20 tumours with the 
highest EGFR expression showed the lowest 
64Cu-DOTA-panitumumab accumulation. The 
results from this study provide evidence for dif-
ferential effi cacy and rate of complications of 
anti-EGFR mAb therapy for HNSCC and other 
malignancies [ 208 ,  211 ]. 

 In vitro studies have shown promising results 
for the recombinant human EGF DOTA conjugate 
(68Ga-DOTA-hEGF) PET imaging of HER1 and 
68Ga-labelled F(ab′)2 fragment of herceptin 
(68Ga-DOTA-F(ab′)2-herceptin) PET imaging of 
HER2 [ 212 ]. 68Ga-DOTA-hEGF tracer has high 
binding affi nity, rapid internalisation of radio-
tracer and good retention in EGFR- expressing 
cell lines such as U343 glioma and A431 cervical 
carcinoma. Biodistribution studies in tumour 
xenografts revealed a tumour-to-blood ratio at 
30 min postinjection of 4.5 (2.7 % ID/g in tumour) 
with excellent tumour localisation. Similar results 
were seen in 68Ga-DOTA- F(ab′)2-herceptin-
based HER2 imaging in BT474 breast tumour 
xenografts downregulated by heat shock protein 
(Hsp90) inhibitor [ 213 ]. PET imaging before and 
after treatment with the Hsp90 inhibitor 
17-allylamino-17- demethoxygeldanamycin (17-
AAG) revealed a signifi cant reduction in expres-
sion of HER2 within 24 h, and it was noted that 
tumour uptake of FDG remained unchanged. The 
study concluded that the 68Ga-DOTA-F(ab′)2-
herceptin- based HER2 PET imaging is superior 
to FDG imaging for evaluating tumour response 
to 17-AAG therapy. 

 Other novel PET probes such as 89Zr-trastuzumab 
can serve as an early biomarker for HSP90 inhibi-
tion in HER2-positive metastatic breast cancer 
patients and can potentially be used to provide 
whole-body insights into response of HER2-
amplifi ed breast cancer to NVP-AUY922 [ 214 ]. A 
further application of 89Zr-trastuzumab PET is in 
predefi ning areas within the tumour that may not 
respond to targeted treatment with HSP90 inhibi-
tors such as NVP-AUY922 [ 215 ,  216 ].  
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17.11     PET Tracers for Imaging 
Somatostatin Receptors 

 Neuroendocrine tumours (NETs) have secretory 
granules which can produce biogenic amines and 
polypeptide hormones, and all of them share fea-
tures of the neuroendocrine cell system [ 217 ]. 
NETs have particular characteristics that include 
low incidence, low proliferation rate as well as 
hypersecretion of biologically active substances. 
The commonest primary tumour sites are in the 
gastrointestinal and bronchopulmonary tracts. 
The clinical spectrum includes functioning and 
non-functioning tumours. The presence of pep-
tide receptors and transporters at the cell mem-
brane and the neuroamine uptake mechanisms of 
NETs is the principle behind clinical use of spe-
cifi c radiolabelled ligands for imaging and ther-
apy [ 218 ,  219 ]. 

 Somatostatin (SST) exists in two isoforms: a 
short peptide that has 14 amino acids and a sec-
ond peptide that has 28 amino acids, both bind 
with high affi nity to fi ve receptor subtypes 
[ 220 ]. A majority of malignant tumours, such as 
neuroendocrine tumour (NET), small-cell lung 
cancer, breast cancer and malignant lymphoma, 
show overexpression of multiple somatostatin 
receptor subtypes. Of all the somatostatin recep-
tor subtypes, the somatostatin receptor 2 (SST2) 
subtype is the commonest. Imaging of SST sub-
type 2 (SST2) NETs has been developed and has 
had extensive clinical applications for almost 
two decades [ 221 ]. Octreotide and octreotate 
are widely used as SST analogues and are radio-
labelled with various radioisotopes for imaging 
of these tumours. Various studies have shown 
the impact of somatostatin receptors in the man-
agement of neuroendocrine tumours [ 222 ,  223 ]. 
Tumour grading is of pivotal importance in 
prognostic risk stratifi cation and has been fre-
quently utilised for treatment decision making 
[ 224 ]. In this regard, the Ki-67 labelling index 
(depicting Ki-67-positive tumour cells that rep-
resent the fraction that is in the proliferative 
phases of the cell cycle, i.e. G1, S, G2 and mito-
sis) or the MIB-1 labelling index, which has the 
advantage of being estimated on formalin-fi xed, 

 paraffi n- embedded sections, are the common 
 determinants [ 225 ,  226 ]. Both somatostatin 
receptor-targeted molecular imaging and FDG- 
PET/CT imaging have been utilised for the eval-
uation of NETs though the former is used for 
evaluating somatostatin receptor positivity and 
deciding upon the suitability of peptide receptor 
radionuclide therapy (PRRT) [ 227 ]. On the 
other hand, FDG-PET/CT gives assessment of 
glycolytic metabolism, and its higher uptake is 
associated with tumour aggressiveness. 
Dichotomous behaviour has been observed 
between both of these tracers in well-differenti-
ated and poorly differentiated NETs [ 228 ]. 

 68Ga is a generator-produced positron emitter 
and does not therefore depend on a cyclotron. The 
68 min half-life is suitable for tumour imaging, 
and 68Ga-labelled SST analogues have great 
potential for PET imaging of NETs and their 
metastases. Studies have shown superiority of 
68Ga-labelled peptides to 111In-DTPA- 
octreotide, and 68Ga-labelled SST is used 
as a tracer in the diagnosis, staging and 
restaging of patients with NETs. 68Ga-
DOTA0-Tyr3- octreotide (68Ga-DOTATOC), 
6 8 G a - D O T A 0 , 1 N a I 3 - o c t r e o t i d e 
(68Ga-DOTANOC) and 68Ga-DOTA0-Tyr3- 
octreotate (68Ga-DOTATATE) are three 
68Ga-labelled SST analogues widely utilised in 
NET imaging [ 229 – 231 ]. These tracers demon-
strate slight differences in the affi nity for 
the somatostatin receptor (SSTR) subtypes. 
68Ga-DOTATATE has high affi nity for the SSTR2 
subtype with a 10-fold higher affi nity for SSTR2 
than that of 68Ga-DOTATOC which is selective 
for SSTR2 and SSTR5 subtypes. The sensitivity 
and specifi city of labelled peptide PET or PET/
CT have been reported to be 93 % and 91 %, 
respectively, in detecting thoracic and/or GEP-
NETs [ 229 ]. The reported sensitivity and specifi c-
ity of 68Ga-DOTATATE PET/CT in the diagnosis 
of primary or metastatic lesions in NETs range 
from 80 to 100 % and 82 to 90 %, respectively. 
Compared to 111In-DTPA-octreotide, MIBG 
scintigraphy and conventional imaging, 
68Ga-DOTATATE PET/CT is reported to provide 
additional information which results in change in 
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clinical management in 70.6–81 % of patients 
[ 230 ]. A signifi cant impact has been seen in the 
following areas: a modifi ed stage leading to a 
change in treatment plan, potential to prevent 
unnecessary intervention (surgery/PRRT) and 
potential to predict therapy response earlier in 
tumours [ 231 ]. Surgery is still the therapy of fi rst 
choice when feasible but a majority of NETs still 
require further treatment with SST analogues and/
or interferon [ 232 ]. The predominant expression 
of SST2 receptors in NETs is essential for the 
application of radiolabelled octapeptide SST 
 analogues, as well as for PRRT using 90Y- and 
177Lu-DOTATATE/DOTATOC [ 233 ]. SSTR 
PET positivity is an important criterion for selec-
tion of candidates for PRRT [ 234 ]. Decreased 

68Ga-DOTATATE uptake after the fi rst cycle of 
PRRT correlates with improvement of clinical 
symptoms and predicts time to progression in 
well-differentiated NET patients [ 235 ]. PRRT is a 
promising new method in the treatment of patients 
with inoperable or metastasised NETs because of 
fewer side effects, less toxicity and better thera-
peutic effect [ 236 ] (Fig.  17.6 ).

17.12        PET Tracers for Imaging 
Bone Metabolism 

 PET imaging of bone metabolism using 
18F-fl uoride (18F-NaF) may augment bone imag-
ing in the future, particularly if the supply of 

  Fig. 17.6    A 35-year-old man presented with abdominal 
pain and vomiting and ultrasound and contrast-enhanced 
CT detected multiple large hepatic metastases from pan-
creatic NET (mass at body and tail). MIB-1 (or the Ki67) 
index less than 2 %. The patient was being evaluated for 

feasibility of PRRT. 68Ga-DOTATATE PET-CT (MIP and 
multiplanar images) demonstrating intense tracer uptake 
(signifying somatostatin receptor positivity) in the meta-
static lesions with central necrosis       
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99m-technetium becomes more problematic [ 237 ]. 
18F-NaF uptake shares similar mechanisms to 
99mTc-radiolabelled diphosphonates and corre-
lates with osteoblastic metabolism and local bone 
turnover [ 238 ]. 18F-NaF imaging has a number of 
advantages over routine bone scintigraphy. High-
contrast 18F-NaF images can be acquired as soon 
as 1 h after injection and show better image quality 
in view of the higher spatial resolution of PET 
compared to gamma camera imaging [ 239 ,  240 ]. 

 Bone imaging using 18F-NaF has shown prom-
ise in staging various malignancies such as prostate 
cancer and lung and breast tumours and is found to 
have a very high diagnostic accuracy compared 
with bone scintigraphy, by reaching maximal rates 
(100 %) of sensitivity and  specifi city versus 92 % 
and 82 %, respectively, for 99mTc-MDP scintigra-
phy [ 241 ] (Fig.  17.7 ). It has shown high sensitivity 
for detecting both sclerotic and lytic bone lesions. 
However, 18F-fl uoride for clinical oncological 
imaging lacks specifi city for differentiating benign 

from malignant lesions although this is largely 
overcome by the use of combined morphological 
and functional imaging, as in hybrid PET/CT sys-
tems that may help to overcome potential false- 
positive fi ndings [ 242 ,  243 ].

17.13        PET Tracers for Imaging 
Agents Targeting 
Chemokine Receptor 

 Chemokine receptor CXCR4 and its ligand 
CXCL12 mediated tumour cell migration, and 
hence metastasis is a key pathway in tumourigen-
esis [ 244 ,  245 ]. They are responsible for leuko-
cyte traffi cking and homing, and studies have 
shown that CXCR4 expression is responsible for 
metastatic progression in breast and head and 
neck cancers [ 246 ,  247 ]. CXCR4 imaging is a 
potential biomarker for studying metastases in 
distant organs. These chemokine receptors have 
been radiolabelled with various molecules such 
as peptides, mAbs, CXCL12 and anti-CXCR4 
[ 248 ]. Because of low stability and slow blood 
clearance of peptides and antibodies in in vivo 
studies, they have not yet shown as much promise 
in clinical use. The recently developed bicyclam 
CXCR4 compound, AMD3100, is the only clini-
cal agent to target CXCR4, which can be effi -
ciently radiolabelled with metals, such as Cu-64, 
through cyclam chelation. However, its sensitiv-
ity and pharmacokinetics to effectively detect 
small metastatic foci is still under investigation 
[ 249 ,  250 ]. Another novel F-18-labelled small 
non-cyclam CXCR4 PET tracer (18F-M508F) 
has a faster clearance from blood and better sen-
sitivity and is convenient for patients with a 
shorter waiting period between injection of radio-
tracer and image acquisition [ 251 ].  

17.14     PET Tracers for Imaging 
Multidrug Resistance 
in Cancer 

 Multidrug Resistance (MDR) is defi ned as resis-
tance of tumour cells to structurally unrelated drugs 
including taxanes and anthracyclines amongst 

  Fig. 17.7    18F-fl uoride MIP image. A man with metastatic 
prostate cancer (same patient as Fig.  17.4 ) showing abnor-
mal 18F-fl uoride activity in multiple bone metastases       
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others [ 252 ]. There are many mechanisms which 
are involved in MDR for chemotherapeutic drugs 
including drug effl ux pumps, P-glycoprotein (Pgp) 
and multidrug resistance- associated protein (MRP) 
[ 253 ]. Functional imaging of MDR in cancer using 
SPECT or PET helps to identify clinically unfa-
vourable prognoses and patients who will be more 
susceptible to develop drug toxicities and resis-
tance. Radiolabelled metallic complexes and small 
organic molecular targets have been used to nonin-
vasively study the Pgp transport substrates by PET 
or SPECT [ 254 ]. 99mTc-sestamibi and 99mTc-
tetrofosmin have been used to study the Pgp-
mediated transporter activity in vivo in humans 
[ 255 ]. Other novel tracers include gallium (III)-
(bis(3-ethoxy-2-hydroxy-benzylidene)-N, 
N′-bis(2,2-dimethyl-3-amino-propyl) ethylenedi-
amine) (Ga-[3-ethoxy-ENBDMPI])(+) for SPECT 
(67Ga) and generator-produced 68Ga for PET 
imaging. Some other radiolabelled agents such as 
11C-colchicine and 11C-verapamil for PET imag-
ing can be used to quantify Pgp- mediated transport 
in vivo [ 256 ,  257 ]. Other studied MDR proteins 
which are being evaluated include multidrug resis-
tance protein 1 (MRP1, gene symbol ABCC1), 
MRP2 (gene symbol ABCC2) and breast cancer 
resistance protein (BCRP, gene symbol ABCG2) 
[ 253 ,  254 ]. 99mTc-sestamibi is a lipophilic cat-
ionic radiotracer commonly used for studying 
MDR proteins in cancer and has been used in 
in vivo studies for breast, head and neck, hepatobi-
liary, gastric and lung cancers [ 258 ]. In a study of 
lung cancer patients, it has shown sensitivity, speci-
fi city and accuracy of 94, 90 and 92 %, for predict-
ing response to chemotherapy [ 259 ]. 

   Conclusion 

 In the modern era of cancer imaging, molecu-
lar and functional imaging by PET has an 
increasingly important role and evidence con-
tinues to accumulate. Utility includes clinical 
applications ranging from cancer staging to 
response evaluation and personalised medi-
cine. Though FDG as a PET tracer has shown 
great success in oncological imaging, it has 
some limitations that make non-FDG-PET 
tracers important in a number of clinical set-
tings. Various non-FDG-PET tracers have 

been developed based on other features of 
tumour biology, tumour metabolism and the 
tumour microenvironment such as prolifera-
tion, hypoxia, angiogenesis and apoptosis. 
Better understanding of tumourigenesis and 
the discovery and validation of these novel 
PET tracers for imaging biomarkers will lead 
us nearer to the development of personalised 
patient care.      
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     Abstract  

  FDG-PET, and more recently PET/CT, has 
become an established clinical tool for aiding 
cancer management. Despite a number of new 
tracers that have specifi c clinical and research 
applications, FDG remains the most com-
monly used radiopharmaceutical for tumour 
characterisation, staging, response assessment 
and surveillance. FDG-PET/CT is now a rou-
tine investigation in many common cancers, 
including lung, lymphoma, oesophageal and 
colorectal cancers, affecting management 
decisions at a number of points in the treat-
ment pathway. 

 In addition, FDG-PET/CT, as a down-
stream marker of drug effect, is now more 
commonly adopted into clinical trials as an 
imaging biomarker to determine early thera-
peutic response to novel cancer therapeutics 
with the development of quantitative and 
semiquantitative methods for objective mea-
surements and response categorisation. 
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 With continued improvements in scanner 
design, reconstruction and analysis software, 
as well as the introduction of hybrid PET/
MRI, it is highly likely that FDG-PET will 
remain an important clinical cancer imaging 
tool for years to come.  

18.1       Introduction 

 In the previous chapter, we illustrated that non- 
FDG- PET tracer imaging using positron-emitting 
radioisotopes coupled to specifi c ligands is 
emerging as a sensitive molecular imaging tech-
nique. A wide range of biological pathways and 
molecular aberrations can be imaged with these 
radiolabelled ligands. However FDG-PET/CT 
still remains the bedrock imaging modality that 
provides combined anatomic and functional 
information and plays an intricate role in onco-
logical imaging. With the extensive clinical expe-
rience with FDG for varied applications in 
oncology, FDG is an important agent in the 
assessment of tumour biology and therapy 
response assessment. We will highlight the main 
applications, advantages and limitations of FDG- 
PET/CT in oncology that will provide guidance 
for medical/radiation/surgical oncologists and 
other imaging and oncological specialists on the 
use of FDG-PET/CT in oncology.  

18.2     FDG-PET for Tumour 
Detection and Monitoring 
Tumour Response 

 FDG-PET/CT has a wide application in clinical 
oncology ranging from tumour detection to stag-
ing of disease and diagnosis of residual or recur-
rent cancer [ 1 ]. The most common cancers 
imaged include lymphoma, lung, oesophagus, 
breast, colorectal, melanoma, head and neck, cer-
vical and thyroid [ 2 – 4 ]. Tumours such as mela-
noma, high-grade lymphomas and most lung 
cancers show high FDG avidity [ 2 ,  3 ,  5 ]. In con-
trast tumours such as well-differentiated hepato-
cellular carcinoma and prostate cancers generally 

show low uptake making FDG-PET imaging of 
limited clinical utility in the detection and stag-
ing of these tumours [ 6 ,  7 ]. Some other tumours 
such as breast and thyroid cancers and sarcomas 
have variable FDG uptake, which, in addition to 
differences in underlying histological subtype 
and level of differentiation, is dependent on a 
number of biological factors which are not all 
completely understood [ 8 – 11 ]. 

 For example, differentiated thyroid cancer that 
retains iodine avidity and androgen-sensitive dif-
ferentiated prostate cancer tend to have low FDG 
uptake. In contrast, their dedifferentiated types, 
i.e. iodine negative thyroid cancers and androgen 
refractory prostate cancers, are typically FDG 
avid and easily detected by FDG-PET imaging 
[ 12 ,  13 ]. As the increased rate of metabolism is 
not specifi c to malignant cells, many non- 
malignant tissues may show avid FDG uptake 
causing potential false-positive diagnoses [ 14 , 
 15 ]. Examples include infl ammation, activated 
brown fat and active skeletal muscles. Though 
combined PET and CT fused images enhance 
specifi city in sites unrelated to malignant tissue, 
substantial expertise is needed to accurately 
interpret FDG-PET/CT data. Low sensitivity and 
moderate specifi city for detecting early-stage 
tumours, in general, limit the use of FDG-PET 
imaging for cancer screening. However, the judi-
cial use of FDG in the appropriate clinical setting 
makes FDG-PET/CT a valuable clinical imaging 
tool [ 16 ]. 

 Evidence for the utilisation of FDG-PET 
imaging to monitor response to therapy was 
delayed in comparison to its use for pretherapy 
staging [ 1 ]. One of the earliest reported studies 
which evaluated the role of FDG-PET in response 
assessment evaluated the role of FDG-PET to 
assess response to chemotherapy in advanced 
breast cancer and correlated it with response on 
histopathology [ 17 ,  18 ]. Currently in the United 
States, the use of FDG-PET is approved only for 
initial antitumour treatment strategy evaluation 
for breast cancer [ 1 ]. 

 Following this, many studies have supported 
the role of FDG-PET in response assessment in a 
variety of malignancies treated with various sin-
gle or combination therapies. In a number of 
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studies, it showed correlation with outcome, such 
as progression-free, disease-free and overall sur-
vival [ 1 ,  19 – 23 ]. FDG-PET is found to have the 
ability to discern post cytotoxic chemotherapy 
response after a single cycle of chemotherapy in 
some cancers such as lymphomas, breast cancers 
and gastrointestinal cancers [ 17 ,  19 ,  20 ,  24 – 26 ]. 

 The biology behind regression of FDG uptake 
after chemotherapy is not completely understood. 
However, a reduction in the number of viable 
tumour cells and the rate at which glucose is con-
sumed per cell has shown correlation with reduc-
tion in FDG uptake [ 25 ]. Early data using 
C11-thymidine PET in small-cell lung cancer 
and high-grade sarcoma have revealed that 
tumour proliferation declines prior to changes 
seen in glycolysis. Recent studies on the mecha-
nism of alteration in FDG uptake after imatinib 
therapy for gastrointestinal stromal tumours 
which inhibits the c-kit pathway revealed that 
regression in glycolysis and hence FDG uptake 
takes place within 1–2 days after initiation of 
therapy [ 27 – 30 ]. In this case, changes in FDG 
uptake were found to precede changes in tumour 
proliferation and tumour cell death. These mech-
anisms are not completely understood; recent 
studies have implicated a rapid decline of glucose 
transporter expression for it [ 31 ]. However, fur-
ther studies are needed to elucidate the precise 
mechanisms underlying changes in FDG-PET 
and its role in evaluating early response to this 
class of drugs [ 31 ,  32 ]. 

 Rather than a decrease in FDG uptake, some 
studies have shown a fl are of FDG uptake after 
therapy which predicts a response to therapy. 
Mortimer et al. evaluated the role of FDG-PET in 
biopsy-proven advanced ER-positive {ER(+)} 
breast cancer treated with tamoxifen and found 
increased uptake of FDG uptake 1–2 weeks after 
commencing therapy. This increased FDG uptake 
indicated early agonist or “fl are” associated with 
tamoxifen therapy [ 33 ]. Similar fi ndings are noted 
in assessing response to radiotherapy where FDG 
uptake may increase early after radiotherapy [ 34 ]. 
The mechanism underlying this fi nding was found 
to be associated with a different and more pro-
longed period of cell viability and attempted 
repair before cell death for radiotherapy versus 

chemotherapy in addition to an infl ammatory 
response to radiotherapy with associated white 
cell FDG activity [ 16 ,  35 ]. An increase in FDG 
uptake following radiotherapy is seen to be a pre-
dictive marker of better outcome in high-grade 
gliomas [ 35 ]. An increase in FDG metabolic rate 
from pre- to post-RT in adults with malignant 
gliomas having longer survival was postulated to 
be due to one or more of the following reasons: (a) 
apoptosis of tumour cells in response to RT 
requires energy; (b) decreased tumour cell density 
by the RT leaves normal cells with higher metabo-
lism; or (c) infl ammatory cells infi ltrate and take 
up glucose or FDG where tumour cells are dying 
[ 35 ]. 

 Interpreting response data from FDG-PET 
needs caution, as most of the data is from smaller 
trials that have compared the fi ndings with stan-
dard size-based response criteria. Some studies 
did have relevant end points, correlating the post- 
therapy FDG-PET fi ndings to time to progres-
sion, disease-free survival and overall survival [ 7 , 
 19 ,  20 ,  36 – 38 ]. For response, FDG-PET is most 
commonly used in lymphoma and breast cancer, 
where it has approval for Medicare payment for 
response evaluation. Multicentre trials are being 
undertaken to evaluate the predictive role of 
serial FDG-PET imaging in head and neck can-
cer, sarcoma, lung cancer and other tumours [ 34 ].  

18.3     Lung Cancer 

 Lung cancer is the leading cause of cancer-
related death in both men and women. Nearly 
80 % of lung cancers are non-small-cell lung 
cancer (NSCLC). Otherwise diffi cult to treat 
with signifi cant morbidity and mortality, early-
stage NSCLC has the potential to be radically 
cured by surgery. The role of FDG-PET has 
been extensively evaluated in lung cancers, and 
it has been found to be of value in not only diag-
nosing and staging early disease (e.g. solitary 
pulmonary nodule characterisation, nodal and 
distant metastasis detection) but has a very high 
overall sensitivity, specifi city and accuracy in 
detecting residual and recurrent lung cancer 
[ 39 – 42 ]. The use of FDG-PET for initial and 
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subsequent treatment strategies of NSCLC is 
covered under CMS. The clinical indication of 
FDG-PET/CT indeterminate solitary pulmonary 
nodules (SPNs) is reserved for cases where 
CT-guided fi ne- needle biopsy either is techni-
cally diffi cult or has been non-diagnostic [ 43 ]. 
The sensitivity of FDG-PET is comparable to 
CT. However, FDG-PET has shown higher 
specifi city for depicting malignancy in SPNs, 
the reported values ranging from 81 % to 100 % 
and from 63 % to 100 %, respectively [ 44 – 46 ]. 

 FDG-PET/CT imaging is shown to be the 
most accurate imaging modality for staging 
NSCLC, with accuracies for tumour (T), nodal 
(N) and metastases (M) staging of 70–97 %, 
78–93 % and 83–96 %, respectively [ 47 ,  48 ]. In a 
systematic review, the pooled sensitivity and 
specifi city of FDG-PET for differentiating benign 
from malignant pulmonary nodules in over 1200 
patients were found to be 96 % and 80 %, respec-
tively, and for nodal staging it was 88 % and 92 % 
[ 49 ]. The PET in Lung Cancer Staging (PLUS) 
study showed that FDG-PET is more accurate 
than conventional imaging for staging workup 
and signifi cantly improved the management of 
the patients with unresectable disease. Compared 
to patients staged by conventional imaging, the 
overall healthcare costs and morbidity were 
reduced by preventing futile thoracotomies in 
patients with locally advanced disease or meta-
static disease staged by using FDG-PET [ 50 ]. For 
predicting mediastinal nodal disease, FDG-PET 
was reported to have a sensitivity and specifi city 
of 67–92 % and 82–99 %, respectively, which 
was signifi cantly higher than that for CT alone 
(25–71 % and 66–98 %, respectively). Overall, 
correct staging by FDG-PET was documented in 
85–96 % and was seen to be 58–59 % by conven-
tional CT alone [ 51 – 53 ]. FDG-PET had a nega-
tive predictive value of 97 % for mediastinal 
nodal disease, and this high NPV of FDG-PET/
CT is the basis of the current recommendations to 
omit mediastinoscopy in patients with FDG- 
PET/CT-negative mediastinal nodes [ 54 – 57 ]. 
However, central tumours have a higher inci-
dence of occult N2 disease and this needs consid-
eration while staging with FDG-PET/CT [ 58 ,  59 ]. 
Another study evaluating the role of FDG- PET 

for monitoring therapy response and prediction 
of patient outcome after neoadjuvant radio-
chemotherapy in 70 patients with NSCLC 
showed sensitivity, specifi city and overall accu-
racy of 95 %, 80 % and 91 %, respectively, for the 
detection of viable residual primary tumour and 
77 %, 68 % and 73 %, respectively, for detecting 
lymph node metastases [ 60 ]. As it allows more 
accurate initial staging, FDG-PET is strongly 
recommended for guiding radiation therapy plan-
ning. This potentially reduces the elective radia-
tion to the uninvolved nodal stations and allows 
inclusion of otherwise occult nodal disease as well 
as changing management in patients who have 
occult distant metastases [ 61 – 63 ]. See Chap.   22     
for further details. 

 FDG-PET also has a role in the detection of 
recurrence and restaging of lung cancers after 
therapy. Studies on the use of FDG-PET in dif-
ferentiation of recurrent or small residual tumours 
from post-therapy changes, which may appear 
identical on conventional CT imaging, have 
revealed very high overall sensitivity, specifi city 
and accuracy. Combined FDG-PET/CT has sig-
nifi cantly improved the detection of extrathoracic 
metastatic disease involving the liver, bones and 
adrenal glands [ 64 ,  65 ] (Fig.  18.1 ).

   FDG-PET has also shown promise in early 
assessment of targeted therapies [ 66 ,  67 ]. Post- 
therapy residual FDG uptake in the tumour is a 
poor prognostic marker [ 68 ]. Irrespective of the 
cell type or neoadjuvant treatment, regression of 
baseline SUVmax by 80 % is a predictive marker 
of complete pathological response and with a 
sensitivity, specifi city and accuracy of 90 %, 
100 % and 96 % [ 69 ].  

18.4     Lymphoma 

 Lymphomas are the most common and most 
curable form of primary haematological can-
cer. Surgery has a limited role in management 
of these patients and the mainstay of treat-
ment is chemotherapy and radiotherapy. With 
overall survival rates as high as 90 %, early 
detection and accurate staging are crucial for 
appropriate treatment planning, and FDG-PET/CT 
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  Fig. 18.1    A 67-year-old man had a right upper lobe 
NSCLC resected. ( a ) FDG-PET/CT scan (i) MIP, (ii) PET, 
(iii) CT and (iv) fused PET/CT axial images through the 
thorax demonstrating an active right upper lobe carci-
noma with ipsilateral hilar nodal involvement. One year 

later he complained of bone pain and a follow-up FDG- 
PET/CT scan ( b ) (i) MIP, (ii) PET, (iii) CT and (iv) fused 
PET/CT axial images through the right femur showed 
bone ( right  femur,  left  pelvis,  right  scapula, L2;  arrows ) 
and left adrenal gland metastases         

ai aii
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is recommended for initial staging, assessing 
response to therapy and post-therapy staging 
of patients with Hodgkin’s disease and high-
grade non-Hodgkin lymphomas [ 70 ,  71 ] 
(Fig.  18.2 ).

   Overall sensitivity and specifi city for staging 
and restaging of Hodgkin’s lymphoma are 86 % 
and 96 %, respectively, which is signifi cantly 
higher than that by conventional CT imaging 
(81 % and 41 %, respectively) [ 72 ]. Nodal and 
organ involvement can be predicted with a sensi-
tivity and specifi city of 94 % and 100 % with 
FDG-PET compared to 88 % and 100 % with CT, 
respectively [ 73 ]. FDG-PET/CT is routinely used 
in diffuse large B-cell lymphoma staging and 
helps in detecting nodal and extranodal disease 
sites such as the skeleton, liver and lung [ 74 – 76 ]. 
In a retrospective review conducted on 130 

diffuse large B-cell lymphoma (DLBCL) patients, 
compared to bone marrow trephine biopsy, FDG- 
PET/CT was found to have higher overall accu-
racy in detecting bone and bone marrow (B/BM) 
involvement by lymphoma, with a sensitivity and 
specifi city of 40 % and 100 % and 94 % and 
100 %, respectively. The negative and positive 
predictive values were 98 % and 100 %, respec-
tively [ 74 ]. Low-grade lymphomas, e.g. MALT 
(mucosa-associated lymphoid tissue) and low- 
grade follicular lymphoma, are not highly FDG 
avid and may show higher false-negative rates 
than in high-grade lymphomas [ 77 ,  78 ]. 

 FDG-PET is useful in differentiating residual 
tumour from posttreatment fi brosis within 
 residual radiographic masses [ 79 ]. Such lesions 
are seen in up to 50 % of non-Hodgkin’s lym-
phoma and 66 % of Hodgkin’s disease, and of 

i ii
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  Fig. 18.2    A 27-year-old male with a new diagnosis of 
Hodgkin’s lymphoma showing FDG-avid nodal disease 
in the mediastinum with no evidence of extranodal 

disease. FDG-PET/CT scan (i) MIP, (ii) PET, (iii) CT and 
(iv) fused PET/CT axial images through the 
mediastinum       
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these only up to 25 % of non-Hodgkin’s lym-
phoma and 30 % of Hodgkin’s disease patients 
eventually relapse [ 80 ,  81 ]. A prospective study 
of 58 patients of which 43 were Hodgkin’s dis-
ease with posttreatment residual disease moni-
tored using FDG-PET showed that SUV ≤3 
predicts lack of recurrence ( P  = 0.004) and longer 
progression-free survival (PFS) ( P  < 0.00001) 
[ 82 ]. Studies have shown that response assessed 
on mid-treatment FDG-PET is a prognostic indi-
cator for disease-free and overall survival in HL 
and aggressive NHL, as early as after one to 
three cycles of chemotherapy. Residual post-
therapy disease is seen up to 85 % of cases of HL 
and up to 40 % of the cases of NHL. Early 
interim imaging after 2–4 cycles using FDG-
PET/CT is found to correlate well with event-
free survival in HL and high-grade NHL [ 83 , 
 84 ]. FDG-PET imaging is used to tailor thera-
pies by categorising patients with a worse prog-
nosis into subgroups who will benefi t from 
different types of treatment, such as additional 
radiotherapy to areas of bulky disease or myelo-
ablative chemotherapy followed by stem cell 
transplantation [ 79 ,  85 ,  86 ].  

18.5     Breast Cancer 

 Breast cancer is the commonest malignancy in 
females and is the second leading cause of death. 
The 5-year survival for localised cancers is 
approximately 96 % which decreases signifi -
cantly with regional and distant metastases. 
FDG-PET is mostly used in the evaluation of 
recurrent or advanced breast cancer. Other poten-
tial clinical applications include staging of axil-
lary lymph nodes and monitoring of response to 
chemotherapy [ 87 ,  88 ]. 

 Studies have shown no proven role in detect-
ing small and non-invasive primary carcinomas; 
the overall sensitivity is shown to be only 68 % 
for tumours of size <2 cm [ 88 ,  89 ]. Dense glan-
dular tissue has relatively high uptake of FDG 
when compared to adipose tissue within the 
breast, and hence the tumour contrast is less reli-
able in dense breast parenchyma [ 90 ,  91 ]. Clinical 
utility has been shown in the detection of primary 

invasive breast cancers, mainly infi ltrating ductal 
carcinomas, and in the detection of internal mam-
mary and mediastinal metastases [ 92 ]. Further 
studies reported that the sensitivity of FDG-PET/
CT for primary lesions <5 mm was 53 % and 
92 % for lesions >20 mm [ 92 ]. In large primary 
cancers with a mean tumour size of 4.3 ± 1.4 cm, 
the reported sensitivity and specifi city of FDG- 
PET/CT was 77 % and 80 %, respectively [ 87 ]. 
Nodal status is a prognostic and predictive marker 
of survival in patients with breast cancer. Many 
clinical studies have evaluated the accuracy of 
PET imaging in axillary nodal staging of opera-
ble breast cancer [ 93 – 95 ]. A systematic review 
and meta-analysis in 2,460 breast cancer patients 
revealed that FDG-PET has a wide range of sen-
sitivity ranging from 20 to 100 % and specifi city 
ranging from 65 to 100 % for detecting axillary 
node metastases [ 96 ]. Variable sensitivity (79–
94 %) and specifi city (86–92 %), and hence insuf-
fi cient predictive accuracy for axillary nodal 
staging, preclude the use of FDG-PET as a 
modality for routine use [ 97 ]. 

 For detection of relapse, FDG-PET/CT is 
found to be more sensitive than the serum tumour 
marker CA 15-3. It has shown high overall sensi-
tivity, specifi city and accuracy for the detection 
of locoregional recurrence (89 %, 84 % and 87 %, 
respectively) and distant metastases (100 %, 97 % 
and 98 %, respectively) [ 98 ] (Fig.  18.3 ). Despite 
limitations in identifying micrometastases, FDG- 
PET has an important role in the assessment of 
breast cancer response to chemotherapy as well 
as other treatments such as hormonal therapy and 
radiation [ 99 ,  100 ]. FDG-PET has been used to 
evaluate response to chemotherapy, and studies 
have demonstrated that responding tumours have 
a 40 % or more regression of SUVmax, whereas 
nonresponding tumours may show increased, 
stable or a slight decline of SUVmax which is not 
more than 24 %. The prognosis also correlates in 
a similar pattern, and patients who show more 
than a 40 % decrease in SUVmax are found to 
have a better prognosis [ 24 ,  87 ,  98 ,  101 ]. 
Reduction in FDG activity in cases of bone 
metastases with associated sclerosis in the CT 
component of FDG-PET/CT is a sign of response 
and bone healing [ 102 ,  103 ].
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  Fig. 18.3    A 39-year-old female with a 3-year history of 
breast cancer and known relapse referred for restaging. 
The FDG-PET/CT scan (i) MIP, (ii) PET, (iii) CT and (iv) 
fused PET/CT axial images through the right breast ( a ) 

and right pelvis ( b ) shows right breast recurrence with 
several bone metastases including the sternum, pelvis and 
femora. There is some physiological brown fat activity but 
also some right axillary nodal recurrence (ai)         
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   Another important PET tracer is 18 F-fl uo-
roestradiol (FES) which is found to correlate 
with oestrogen receptor (ER) expression has been 
used to localise ER-expressing tumours. It has 
been shown to predict response to salvage hor-
monal treatment in heavily pretreated metastatic 
breast cancer patients [ 104 ]. In a study of 47 
patients with recurrent or metastatic breast can-
cer with ER-positive tumours, the treatment 
selection-based quantitative FES-PET showed 
that the response rate increased from 23 to 34 % 
overall and from 29 to 46 % in patients lacking 
HER2/neu overexpression suggesting that quan-
titative FES-PET can be used for guiding treat-
ment selection [ 105 ].  

18.6     Malignant Melanoma 

 Malignant melanomas are known to metasta-
sise extensively anywhere in the body includ-
ing unusual sites such as meninges, the 
gastrointestinal tract and myocardium [ 106 , 
 107 ]. As these tumours show high FDG uptake, 
FDG-PET is a sensitive modality for staging 
patients with high- risk melanomas [ 108 – 110 ]. 
The reported sensitivity of FDG-PET for 
detecting visceral and abdominal nodal metas-
tases is as high as 100 % with an accuracy of 
100 % for superfi cial lymph node metastases. 
However, it has a lower sensitivity for pulmo-
nary metastases, and the CT component of a 
combined FDG-PET/CT scan allows better 
evaluation of small pulmonary metastases [ 111 ]. 
A known limitation is in detecting metastases in 
the brain where normal parenchyma has a high 
background activity. As compared to CT imag-
ing alone and PET alone, the overall diagnostic 
accuracy for M staging is signifi cantly higher 
for FDG-PET/CT (84 %, 93 % vs. 98 %, respec-
tively) (Fig.  18.4 ). Similarly for N staging, the 
diagnostic accuracy of CT alone is reported to 
be 86 %, whereas for FDG-PET/CT, it is 98 %. 
Baseline PET/CT staging in stage I–IV patients 
may change treatment in 48.4 % of patients 
[ 108 ,  111 – 113 ].

18.7        Head and Neck Cancer 

 PET imaging using FDG has a signifi cant role in 
both newly diagnosed as well as treated patients 
with head and neck cancers [ 114 ]. Compared to 
CT imaging alone, FDG-PET/CT changes the 
initial clinical stage and TNM category of 
tumours in 14–57 % of patients with a diagnostic 
accuracy of approximately 90 % compared with 
86 % for conventional CT [ 115 – 118 ]. For lymph 
node metastases, the per-patient sensitivity and 
specifi city of FDG-PET/CT are reported as 94 % 
and 84 %, respectively, in comparison to 78 and 
84 % for CT alone [ 119 ]. FDG-PET/CT imaging 
has been reported to change the initial manage-
ment in 18–37 % of patients. It may detect 
 synchronous lesions in 8.1 %, the site of unknown 
primaries in 73 % and distant metastatic lesions 
in 15.4 % of patients with head and neck cancer 
[ 117 ,  120 ]. It also has implications in radiother-
apy planning and may infl uence changes due to 
the gross tumour volume (GTV) planned by 
FDG-PET/CT in 57 % of patients leading to a 
change in the planning radiotherapy fi eld in 
approximately 29 % of patients [ 121 ,  122 ]. The 
sensitivity, specifi city and accuracy of FDG- 
PET/CT in restaging patients with head and neck 
cancer have been reported to be 88 %, 78 % and 
86 %, respectively [ 123 ]. 

 The pretreatment SUV of the tumour on FDG- 
PET may have prognostic potential. Machtay 
et al. found that patients whose lesions showed 
maximum SUV <9 had 72 % disease-free sur-
vival compared to 37 % in patients with lesions 
having SUV >9. FDG-PET is found to have a 
very high negative predictive value for the detec-
tion of post-therapy recurrence [ 124 ]. However, 
in this setting FDG-PET has a low predictive 
value in detecting occult nodal metastases with a 
low positive predictive value due to false-positive 
lesions related to infective and infl ammatory 
lesions or posttreatment effects. This limitation 
is partially overcome by FDG-PET/CT, as the 
posttreatment changes, infl ammatory lesions and 
physiological structures such as brown fat are 
easily distinguishable from abnormalities on 
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FDG-PET/CT images, yet are more challenging 
to differentiate by PET or CT alone [ 125 – 127 ]. 
For the detection of primary site residual/recur-
rent disease and nodal recurrence, FDG-PET/CT 
is found to have higher sensitivity (88–100 %) 
and specifi city (75–100 %) than CT alone (sensi-
tivity, 38–90 %; specifi city, 38–85 %) [ 128 ].  

18.8     Thyroid Cancer 

 Approximately 90 % of thyroid malignancies are 
papillary and follicular carcinomas with well- 
differentiated morphology [ 129 ]. As the tumours 
become dedifferentiated, they tend to lose sodium 
iodide symporter expression; this causes inability 
of the cells to concentrate radioiodine. Similar 
features are seen in recurrent thyroid cancers and 
metastatic tumours [ 130 ]. In a multicentre trial in 

patients with increased levels of thyroglobulin 
and negative whole-body 131-iodine scans, FDG-
PET/CT has shown a sensitivity of 85 % and it 
changed clinical management in 23–51 % of 
patients [ 131 ]. In iodine-refractory thyroid can-
cer, FDG-PET is found to be a predictive marker 
for tumour aggressiveness [ 132 – 135 ] (Fig.  18.5 ).

18.9        Oesophageal Cancer 

 FDG-PET/CT is recommended for initial M stag-
ing of oesophageal cancer and detects unexpected 
metastatic foci which are present in up to 30 % of 
patients [ 136 – 138 ]. Synchronous primary oesoph-
ageal tumours are detected in 5.5 % of patients 
which otherwise were not identifi ed on conven-
tional imaging [ 139 – 141 ]. It results in downstag-
ing of disease in 5–7 % and upstaging in 15–20 %. 
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  Fig. 18.4    A 30-year-old male with a previous history of a 
back melanoma referred for routine follow-up imaging. 
The FDG-PET/CT scan, (i) MIP, (ii) PET, (iii) CT and (iv) 

fused PET/CT axial images through the thorax, shows a 
small recurrent skin lesion on the back       
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For the detection of distant metastases, FDG-
PET/CT has an overall sensitivity, specifi city and 
accuracy of 43–78 %, 93–99 % and 62–86 %, 
respectively, which is better than CT and endo-
scopic ultrasound (EUS) [ 142 ,  143 ] (Fig.  18.6 ). 
FDG-PET has a diagnostic accuracy of 85 % in 
assessment of therapeutic response to neoadju-
vant chemotherapy and is found to be an impor-
tant prognostic factor [ 144 ,  145 ]. Thirty percent 
or more regression in the SUVmax is found to be 
a predictive marker of response to the chemother-
apy, and 50 % or more decrease in SUVmax cor-
relates with long-term disease-free survival and 
overall survival [ 146 ,  147 ]. For inoperable cases 
FDG-PET has been found to help in radiotherapy 
planning and has shown 56 % modifi cation of 
gross tumour volume leading to alteration of treat-

ing volume in 53 % patients [ 148 ]. FDG-PET is 
highly sensitive in detecting regional and distant 
recurrent lesions with a reported sensitivity, speci-
fi city and accuracy of 94 %, 82 % and 87 %, 
respectively, in comparison to 81 %, 82 % and 
81 % for conventional imaging [ 149 ].

18.10        Colorectal Cancer 

 FDG-PET/CT has a role in therapy assessment, 
imaging of recurrent disease, localisation of 
recurrent disease in unexplained raised serum 
carcinoembryonic antigen (CEA) levels and stag-
ing before surgical resection of local recurrence 
and distant metastatic disease in colorectal malig-
nancy [ 150 – 152 ]. Routine use of FDG-PET/CT 
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  Fig. 18.5    A 62-year-old male with undifferentiated thyroid cancer demonstrating many FDG-avid pulmonary metasta-
ses. 131-iodine scans were negative. (i) MIP, (ii) PET, (iii) CT and (iv) fused PET/CT axial images through the thorax       
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  Fig. 18.6    A 74-year-old male with carcinoma of the 
gastro- oesophageal junction. FDG-PET/CT shows in creased 
activity in the primary tumour ( black arrow ) ( a ) as well as 

an involved coeliac lymph node ( red arrow ) ( b ). (i) MIP, 
(ii) PET, (iii) CT and (iv) fused PET/CT axial images 
through the primary tumour ( a ) and upper abdomen ( b )         

i ii
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iv

a

in the initial staging is not usually justifi ed and is 
reserved as a problem solving tool for evaluation 
of high-risk patients such as CEA levels >10 ng/
ml with locally advanced disease or equivocal 
fi ndings on conventional imaging [ 153 – 155 ]. 
FDG-PET/CT not only detects unsuspected met-
astatic disease but also helps determine the nature 
of indeterminate lesions, and in turn it is found to 
change management in 18–24 % of these 
 high- risk category patients [ 156 – 158 ]. In patients 
with raised CEA and negative or equivocal con-

ventional imaging, FDG-PET/CT has shown a 
sensitivity of 88 %, specifi city of 94 % and accu-
racy of 92 % for the detection of extrahepatic 
intra- abdominal colorectal recurrence and 95 %, 
100 % and 99 %, respectively, for extra-abdomi-
nal and/or hepatic recurrences (Fig.  18.7 ). The 
overall sensitivity, specifi city and accuracy for 
diagnosing recurrent colorectal disease are 89 %, 
92 % and 90 %, respectively [ 159 ].

   Furthermore FDG-PET/CT is a potentially 
valuable technique in radiotherapy planning and 
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b

Fig. 18.6 (continued)

increases the gross tumour volume estimation in 
25 % patients and clinical target volume in 4 % 
patients. It is also useful in the prediction and 
evaluation of response to radiotherapy [ 160 ,  161 ].  

18.11     Gynaecological Cancers 

18.11.1     Cervical Cancer 

 In advanced cervical cancer, FDG-PET/CT has an 
established role in preoperative staging and 
post-therapy restaging [ 162 ,  163 ]. For the detection 
of para-aortic nodal disease in advanced cervical 
cancer with negative conventional CT imaging, 
FDG-PET has shown a sensitivity, specifi city and 
accuracy of 86 %, 94 % and 92 %, respectively. 
Preoperative FDG-PET imaging has been found to 
infl uence patient management in 18 % of patients 
[ 164 ]. For the detection of recurrent disease, FDG-
PET imaging has an overall sensitivity and specifi c-

ity of 86–94 % and 76–100 %, respectively. 
Post-therapy absence of FDG uptake is found to 
correlate with 2-year progression- free survival 
(86 % compared to 40 % in patients who showed 
persistent residual FDG uptake) [ 165 ,  166 ].  

18.11.2     Ovarian Cancer 

 FDG-PET/CT is not routinely used for the detec-
tion of ovarian cancer [ 167 ,  168 ]. Studies have 
reported a sensitivity of 87 % and specifi city of 
100 % for differentiating benign from malignant 
ovarian cancer. However, it has a low diagnostic 
value in differentiating between borderline and 
benign tumours. Lesions up to 5 mm can be 
diagnosed [ 169 ]. Though it has a high specifi c-
ity, its sensitivity is much lower than that of 
sonography [ 170 ,  171 ]. FDG-PET/CT is useful 
in evaluating distant metastatic disease. 
Pretreatment staging accuracy of FDG-PET/CT 
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is found to be 69–75 %, compared with 53–55 % 
with CT alone [ 172 ,  173 ]. High sensitivity has 
been reported for identifying peritoneal deposits 
larger than 1 cm and lymph nodes larger than 
7 mm [ 174 ]. FDG- PET/CT identifi es patients 
who are not suitable candidates for optimal deb-
ulking and would need preoperative chemother-
apy. Early diagnosis of recurrence and exact 
anatomic localisation of metastatic disease are 
crucial for determination of the best treatment 
strategy [ 175 – 177 ]. There are limited data avail-
able regarding the role of FDG-PET or FDG-
PET/CT to monitor therapy response in ovarian 
cancer. In one study sequential FDG-PET/CT 
used to predict patient outcome showed a signifi -
cant correlation between changes in tumour 

FDG uptake after the fi rst and third cycles of 
neoadjuvant chemotherapy in advanced-stage 
(International Federation of Gynecology and 
Obstetrics stages IIIC and IV) ovarian cancer, 
but not with conventional clinical or CA-125 
response criteria [ 178 ,  179 ]. High rates of com-
plete tumour resection were achieved in cases 
which showed more than 20 % regression in 
SUV from baseline after the fi rst cycle and 50 % 
after the third cycle than in nonresponders. Also 
the rate of macroscopic tumour- free surgical 
resection was 33 % in metabolic responders vs. 
only 13 % in nonresponders [ 179 ]. In recurrent 
ovarian cancers with raised serum CA-125 and 
negative conventional imaging, FDG-PET/CT 
has a reported sensitivity and PPV of 83.3 % and 
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  Fig. 18.7    A 58-year-old male with a history of rectal can-
cer with a rising CEA during follow-up. FDG-PET/CT 
scan shows active peritoneal metastases. (i) MIP, (ii) PET, 

(iii) CT and (iv) fused PET/CT axial images through the 
upper abdomen. A left ureteric stent is present as the 
patient had presented with hydronephrosis       
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93.8 %, respectively, for the detection of recur-
rent disease at least 1 cm in size [ 180 ].   

18.12     Pitfalls 

 Important pitfalls of FDG-PET/CT imaging can 
be seen during interpretation of scans. The fac-
tors which have been proved to cause variation 
in the detection of tumour include tumour size, 
tumour metabolic activity, background activity 
of surrounding tissue and serum glucose levels. 
False-negatives are commonly found in smaller 
lesions (<7 mm), tumours having low metabolic 
rate, interference from cytostatic treatments 
which cause a decrease in the tumour FDG 
uptake in the presence of viable tumour and sub-
optimal patient preparation, especially in 
patients with glucose intolerance or diabetes 
leading to a decrease in FDG uptake in tumours 
owing to competitive inhibition with glucose. 
Other known limitations are high background 
physiological FDG activity such as in the brain 
parenchyma and the genitourinary tract which 
may mask malignant pathologies and hence 
reduce lesion detection. Benign pathologies 
such as infections, infl ammatory processes and 
postoperative and post-radiation changes may 
lead to increased FDG uptake and false-positive 
results.  

18.13     PET in Clinical Trials 

 There is increasing interest in using functional 
imaging biomarkers in clinical trials as 
surrogate end points of drug effect. This has fre-
quently been an exploratory objective in clinical 
trial design, but with greater confi dence and 
more data to support functional imaging end 
points, PET is being considered more frequently. 
There has been development of quantitative 
response measures for FDG-PET from the 
relatively straightforward EORTC criteria [ 181 ] 
to the more recent introduction of PERCIST cri-
teria [ 182 ]. Lymphoma trials have developed 
alternative Deauville criteria which are straight-
forward, semiquantitative and reproducible 

[ 183 ]. Key to multicentre trials is standardisa-
tion of image acquisition and quality as well as 
subsequent analysis. This has been pioneered in 
the United Kingdom by the National Cancer 
Research Institute PET core lab [ 184 ] and in the 
United States by the American College of 
Radiology Imaging Network. There are early 
examples of trials where FDG-PET has been 
used for response-adapted therapy in lymphoma 
[ 185 ,  186 ], 18F-fl uoride for response assess-
ment of bone metastases in prostate cancer 
[ 187 ] and 18F-FLT PET for assessment of pri-
mary brain tumours [ 188 ].  

18.14     The Future 

 Possible future directions include exploring the 
use of FDG-PET/CT in predicting early response 
to therapy with hard end points, such as time to 
progression or overall survival. Well-designed 
large clinical studies are likely to answer this 
question and will lead to formulation of guide-
lines for more widespread approved clinical indi-
cations in this context. At the same time with the 
changing demands of clinical practice, there is a 
need to evaluate other areas of tumour biology 
such as tumour angiogenesis, hypoxia, cell prolif-
eration and tumour receptors and incorporation of 
targeted tracers into clinical trials that will lead to 
greater clinical acceptance with time. Other future 
directions include development of higher- 
resolution PET scanners, the introduction of PET/
MRI scanners as well as organ-specifi c scanners 
(such as breast PET scanners) and improvement 
in the speed of acquisition of studies, which will 
improve patient comfort and scanner throughput. 

   Conclusion 

 Over the past decade, combined FDG-PET/
CT has become the cornerstone and standard 
of imaging care for many oncology indica-
tions. It not only has improved the localisation 
of tumours with greater confi dence but has 
also impacted the staging and follow-up of the 
disease. Moving from its primary indication in 
tumour staging and restaging, FDG-PET/CT 
has proved to be a seminal tool for disease 
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prognostication and compass for tailoring 
treatment in clinical oncology. However, the 
current challenges in its role as a unit for mea-
suring tumour burden and quantifi cation of 
disease load have led to foundation of new 
frontiers in the fi eld of molecular imaging 
research.      
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      Cardiac PET Imaging: Principles 
and New Developments                     

     Ran     Klein       and     Robert     A.     deKemp     

     Abstract  

  A growing interest in cardiac physiology, dis-
ease, and treatment has fuelled the develop-
ment of cardiac PET applications both for 
research and clinical use. Imaging of the heart 
poses unique challenges, including the pres-
ence of cardiac, respiratory, and organ motions 
and complex anatomy. As with other organs, 
common challenges include physiologic inter-
actions from the systematic level down to the 
molecular level and a broad range of diseases. 
Since cardiology includes mechanical, electri-
cal, blood fl ow, metabolic, neurohormonal, 
immunological, and genetic aspects, cardiac 
imaging is a broad fi eld with a wide range of 
tracers and applications designed to probe all 
of these mechanisms. This chapter provides 
an overview of existing applications and 
recent developments of cardiac PET imaging.  

19.1       Background 

 Cardiac imaging has typically been a distinct 
subfi eld of radiology or nuclear medicine, and 
PET is no exception. Imaging of the heart poses 
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unique challenges due to its anatomy,  physiology, 
and function. At the macroscopic level, the heart 
is a large, highly-perfused muscle that contracts 
around large blood pools in order to pump blood 
to the body tissues and lungs. The heart is 
encased in a thin layer of pericardial fl uid that is 
contained within the pericardial sac. The heart is 
mostly surrounded by aerated lung tissue with 
the anterior region pressed against the sternum 
and the inferior region resting against the 
 diaphragm and in close proximity to the liver, 
upper stomach, or spleen, which can all be 
potential sources of PET signal contamination 
due to partial volume averaging and spillover 
effects. Likewise tracer activity in the blood, 
including the right and left ventricles and atrial 
blood pools, as well as the arterial blood perfus-
ing the myocardial tissue, may impact accurate 
quantifi cation of tracer concentrations in the 
myocardium. 

 The left ventricle (LV) myocardium is the 
largest structure in the heart and has a wall thick-
ness of approximately 1 cm at end diastole, which 
is on the order of the spatial resolution of 
PET. The right ventricle (RV) wall is approxi-
mately one-third to one-half the LV thickness and 
feature in cardiac PET images, but with more 
substantial partial volume loss. The atrial walls 
are thinner still (1–2 mm) and have therefore not 
been amenable to PET imaging until the most 
recent PET technologies, with improved spatial 
resolution and lower image noise. Therefore, the 
LV has been of major interest in cardiac PET, but 
imaging of the RV and the atria is of increasing 
interest. 

 A key challenge in cardiac imaging is motion. 
The human heart contracts roughly one to three 
times per second at rest or peak stress, resulting 
in cardiac motion blurring in PET images which 
are acquired over several seconds to several min-
utes. A secondary source of motion in cardiac 
PET is associated with respiratory motion of the 
heart, as the diaphragm pushes against the infe-
rior wall of the LV myocardium. Heart creep may 
also be present as the heart settles in the thorax as 
a result of soft tissue compliance to the force of 
gravity after the patient has transitioned from 
upright to a supine position, as the patient relaxes 

during the imaging procedure, or as they recover 
from deep breathing following treadmill exercise 
stress. A fi nal source of motion, as with all PET 
imaging, is voluntary and involuntary patient 
body motion (e.g., coughing, fi dgeting, and repo-
sitioning due to discomfort). 

 Because all PET projection data is acquired 
simultaneously (as opposed to single-photon 
emission computed tomography – SPECT), 
motion is manifested as incremental blurring in 
the reconstructed images, and the associated par-
tial volume effects adversely impact quantifi ca-
tion of tracer concentrations. Furthermore, 
motion can result in partial misregistration 
between the emission and transmission images 
used for attenuation correction. Misregistration 
artifacts are especially noticeable in regions with 
sharp attenuation changes such as the interface 
between the heart and the lungs (e.g., lateral wall 
of the LV). While PET data are acquired over all 
phases of the cardiac and respiratory cycles, 
x-ray CT data for attenuation correction is cap-
tured mid-breath and even mid-cardiac stroke, 
and therefore perfect alignment is uncommon. 
However, during regular breathing, more time is 
spent in the end-expiration phase, which has 
become the standard target for PET-CT attenua-
tion correction. Attenuation misregistration arti-
facts may manifest as either an over- or 
underestimation of tracer concentration depend-
ing on the direction of misalignment, and there-
fore quality assurance prior to reconstruction is 
essential. A large amount of research is devoted 
to reducing motion artifacts, but current guide-
lines recommend acquisition of attenuation CT 
without ECG triggering, at mid-to-end exhala-
tion, low current, and high pitch in order to freeze 
the effects of respiratory motion and reduce 
patient dose [ 1 ]. Motion artifacts and correction 
techniques are discussed in Chap.   16    . 

 On a smaller scale, the heart structure appears 
less uniform, with the coronary vasculature argu-
ably producing the most signifi cant effects in the 
context of cardiac PET. The heart muscle is 
 perfused by a large amount of blood (up to 15 % 
of the cardiac output) through a fractal network 
of arteries originating at the root of the aorta and 
branching out on the epicardial surface of the 
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ventricles. Distal branches penetrate the surface 
of the muscle delivering blood to the tissue via a 
fi ne mesh of capillaries. While a typical pattern is 
demonstrated in Fig.  19.1 , a wide spectrum of 
anatomies can exist. Imaging all individual ves-
sels is not possible with PET; however, their net 
effect on tracer distribution to territories supplied 
by these vessels is the basis of cardiac PET perfu-
sion imaging for the diagnosis of coronary artery 
disease (CAD).

   While cardiac SPECT is the workhorse of 
nuclear cardiology with an estimated 20,000 pro-
cedures per day in the USA alone being 
 performed, cardiac PET is fi rmly established for 
state-of-the-art research applications and is expo-
nentially expanding into clinical use. With the 
expected increases in SPECT radiopharmaceuti-
cals costs, it is expected that the clinical use of 
cardiac PET will continue to grow in the coming 
decade [ 2 ]. Other imaging modalities (i.e., MRI, 
x-ray CT, and ultrasound) for  cardiac applica-
tions are inherently different in their ability to 
image anatomy and tissue characterization, but 
less so for imaging molecular function, and 
therefore complement PET, hence the continued 
interest in hybrid imaging solutions such as 
PET-CT and PET-MR in cardiology.  

19.2     Instrumentation 

 While most PET instrumentation has been 
designed with oncology application in mind, sev-
eral adaptations have been crucial to enable car-
diac PET. In the early 2000s, recognizing the 
increasing prevalence of obese patients, PET 
design shifted toward larger gantries with >60 cm 
diameter openings and beds capable of supporting 
upward of 200 kg patients. Faster, multislice diag-
nostic CT scanners became available as part of 
hybrid systems enabling coronary CT angiogra-
phy and PET in a single imaging session – how-
ever, the routine clinical application remains rare. 

 ECG gating was introduced as a means to bin 
data into several (e.g., 8–24) phases of the car-
diac cycle. Each coincidence event is placed in a 
bin corresponding to its cardiac contractile phase, 
and each bin is reconstructed individually pro-
ducing a cine image of the beating heart. By 
viewing a single cardiac phase, a motion-free 
image is produced, offering greater spatial 
 resolution. The greater the number of bins how-
ever, the fewer counts are available in each bin 
resulting in noisier images. In research applica-
tions, visualization of the mid-to-end diastolic 
(e.g., 70–80 % of the R–R interval) phase has 
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been utilized as a relatively simple method to 
maximize image spatial resolution as the heart is 
nearly dilated (highest feature separation) and 
least moving (reduced motion blur). 

 The adoption of 3D PET acquisition highly 
benefi ted cardiac applications due to the two- to 
fi vefold increase in camera sensitivity overall and 
as much as an order of magnitude increase in the 
central planes, which enables improved image 
quality especially with ECG-gated imaging [ 3 ]. 
Dynamic imaging with short imaging time 
frames also benefi ted from the improved count 
statistics of 3D PET. In static imaging, the 
increased camera sensitivity could be leveraged 
for shorter imaging times, radiation dose reduc-
tions, and/or reduced image noise. The addition 
of iterative statistical reconstruction and time-of- 
fl ight technologies has complemented 3D PET 
acquisition to further improve the effective sensi-
tivity of cardiac PET. 

 With the exponential increase in data storage 
capacity, list-mode data acquisition has become a 
clinical reality and is offered by all vendors. In 
cardiac PET list-mode acquisitions were instru-
mental in enabling simultaneous acquisition of 
static, gated, and dynamic image series, primarily 
benefi ting myocardial perfusion imaging (MPI) 
tests which is the most widely used application of 
cardiac PET [ 4 ]. A routine MPI exam consists of 
static and ECG-gated imaging of the tracer 
uptake for evaluating perfusion and cardiac func-
tion, respectively. An increasing number of cen-
ters also acquire a dynamic image sequence from 
the start of tracer administration to the end of ini-
tial distribution which is used to quantify myo-
cardial blood fl ow (MBF), requiring early start of 
the image acquisition to measure the fi rst-pass 
transit of tracer through the heart. 

 With the recent introduction of PET-MR 
hybrid scanners, new cardiac applications are 
being explored. One clinically relevant applica-
tion of these hybrid systems is simultaneous PET 
and MR acquisition to reduce patient body and 
organ motion [ 5 ]. The MR images can be used to 
detect and characterize the motion, which is then 
incorporated into the PET image reconstruction 
to produce motion-free images. Furthermore, 
integration of PET acquisition with sophisticated 
cardiac MR protocols promises simultaneous 

acquisition of physiologic function from PET 
and high-quality anatomical and tissue character-
ization information from MR [ 6 ]. 

 On the small animal imaging front, cameras 
have evolved to become extremely sensitive using 
longer bores and tightly packed detectors, enabling 
the use of lower tracer activities, even in the con-
text of mice and rat imaging, keeping PET at the 
forefront of molecular imaging. Meanwhile, with 
continued improvements in imaging hardware and 
reconstruction algorithm, submillimeter imaging 
resolution is possible, but remains limited by the 
range of positrons leaving the atomic nucleus 
before combining with a free electron to produce 
the annihilation photons for PET imaging.  

19.3     Cardiac PET Tracers 

 Cardiac PET applications are entirely dependent 
on the range of available molecules that can be 
imaged in vivo and therefore remains an active 
research fi eld [ 7 ]. A unique advantage of PET over 
other noninvasive imaging modalities is the ability 
to image and quantify tracer concentrations in 
miniscule amounts due to the specifi c signal of the 
tracer and the very high sensitivity of PET instru-
mentation [ 8 ]. The molecular amount of radiola-
beled molecule required for routine imaging is 
therefore in the pico- to femtomolar range, which 
is crucial to achieving trace quantities that do not 
invoke a physiologic response from the patient, 
organs, or cells [ 9 ,  10 ]. This property of PET is 
especially advantageous when probing mecha-
nisms with limited binding capacity such as recep-
tor signaling. Table  19.1  lists some of the more 
commonly used cardiac PET tracers, their charac-
teristics, and their applications.

19.4        Perfusion 

19.4.1     Myocardial Perfusion Imaging 

 Myocardial perfusion imaging (MPI) with 
SPECT is widely used to diagnose epicardial 
coronary artery disease (CAD), to prognosticate 
for risk stratifi cation, and to guide therapy [ 11 ]. 
PET has been shown to be cost-effective 
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   Table 19.1    Common cardiac tracers and their indicators   

 Tracer 
 Radioactive 
half-life (min) 

 Mean 
positron 
range in 
water (mm)  Production  Indications  Comments 

  82 Rb-rubidium chloride  1.27  2.60  Generator 
( 82 Sr) eluate 

 Myocardial 
perfusion and 
blood fl ow 
quantifi cation 

 Reasonable 
uptake-to-fl ow 
relationship 
 Requires direct 
injection system 
 Suitable for rapid 
serial imaging 

  13 N-ammonia  10.0  0.57  Cyclotron – 
purifi ed 

 Myocardial 
perfusion and 
blood fl ow 
quantifi cation 

 Excellent uptake-to-
fl ow relationship 

  15 O-water  2.05  1.02  Cyclotron – 
synthesized 

 Myocardial 
blood fl ow 
quantifi cation 

 Requires direct 
injection from 
bedside synthesis 
unit 
 Ideal uptake-to- fl ow 
relationship 
 MPI not possible 

  18 F-fl urpiridaz  109.8  0.23  Cyclotron – 
synthesized 

 Myocardial 
perfusion and 
blood fl ow 
quantifi cation 

 Excellent uptake-to-
fl ow relationship 

  62 Cu-pyruvaldehyde 
bis(N-methyl- 
thiosemicarbazone) 
 (PTSM) 

 9.67  4.39  Generator 
( 62 Zn) eluate 

 Myocardial 
perfusion and 
blood fl ow 
quantifi cation 

 Short parent isotope 
half-life has limited 
application 

  18 F-fl uorodeoxyglucose 
(FDG) 

 109.8  0.23  Cyclotron – 
synthesized 

 Myocardial 
viability 
 Infl ammation 
(e.g., cardiac 
sarcoidosis, 
vulnerable 
plaque, device 
infection) 
 Glucose uptake 

 Nonspecifi c cell 
target – explored for 
many biomarkers 

  11 C-glucose  20.3  0.42  Cyclotron – 
synthesized 

 Myocardial 
viability 
 Glucose 
metabolism 

 Radiolabeled 
metabolites 
complicate 
quantifi cation 

  18 F-fl uorodeoxymannose 
(FDM) 

 109.8  0.23  Cyclotron – 
synthesized 

 Macrophage 
activity 
 Glucose 
metabolism 

 Early studies for 
infl ammation and 
oncology 
applications 

  11 C-acetate  20.3  0.42  Cyclotron – 
synthesized 

 Oxygen 
consumption 
myocardial 
perfusion and 
blood fl ow 
quantifi cation 

 Indirect oxidative 
metabolism 

  18 F-fl uorothia-6-
heptadecanoic acid 
(FTHA) 

 109.8  0.23  Cyclotron – 
synthesized 

 Fatty acid uptake 

(continued)
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 compared to alternative imaging modalities [ 12 ]. 
Patients are imaged at rest and following either 
exercise or pharmacologic stress. The recon-
structed images are evaluated in conjunction to 
evaluate rest perfusion, stress perfusion, stress- 
rest reversibility (ischemia), and stress-rest fl ow 
reserve (the capacity to increase perfusion). MPI 
with PET has been shown to have improved diag-
nostic accuracy [ 13 ] and prognostic value [ 14 , 
 15 ], largely due to improved image quality and 
robust attenuation correction. A recent meta- 
analysis of the current literature concluded that 
 82 Rb-PET was superior to  99m Tc-SPECT for 
detection of obstructive CAD (as defi ned by inva-
sive coronary angiography) with 90 % vs. 85 % 
sensitivity and 88 % vs. 85 % specifi city [ 16 ]. 
Consequently the use of PET to guide CAD 
patient management has been demonstrated to 
result in up to 50 % fewer invasive procedures, 
30 % cost savings, and favorable outcomes when 
compared to SPECT [ 17 ]. However, due to the 
higher cost of PET, it has not been widely applied 

for MPI. The increasing availability of lower-cost 
PET cameras, the adoption of generator- produced 
 82 Rb in high-throughput clinics, and the increas-
ing costs of  99m Tc isotope for SPECT tracers are 
fuelling the growth of the cardiac PET MPI mar-
ket. Currently,  82 Rb,  13 N-ammonia, and  15 O-water 
are approved for myocardial perfusion indica-
tions in some jurisdictions, with new tracers in 
various stages of regulatory review.  

19.4.2     Stress Protocols 

 In general, exercise stress (e.g., treadmill) is pre-
ferred clinically, unless contraindicated, as it most 
accurately simulates real-life exertion and patient 
symptoms [ 18 ]. However, due to the short half-life 
of PET tracers, pharmacologic stress is routinely 
used for MPI studies. A variety of  pharmacologic 
agents are available for inducing hyperemic fl ow 
during imaging, as listed in Table  19.2 . 
Pharmacologic stress PET is advantageous for 

Table 19.1 (continued)

 Tracer 
 Radioactive 
half-life (min) 

 Mean 
positron 
range in 
water (mm)  Production  Indications  Comments 

 16-[ 18 F] fl uoro-4-thia-
palmitate (FTP) 

 109.8  0.23  Cyclotron – 
synthesized 

 Fatty acid uptake 
and metabolism 

 Hypoxia- dependent 
tissue uptake 

 Trans-9(RS)-18F-fl uoro- 
3,4(RS,RS)-
methyleneheptadecanoic 
acid (FCPHA) 

 109.8  0.23  Cyclotron – 
synthesized 

 Fatty acid uptake  High cardiac tissue 
uptake and retention 

  11 C-palmitate  20.3  0.42  Cyclotron – 
synthesized 

 Fatty acid 
metabolism 

 Diffi cult kinetics due 
to metabolites 

  11 C-lactate  20.3  0.42  Cyclotron – 
synthesized 

 Lactate 
metabolism 

  15 O 2   2.05  1.02  Cyclotron – 
purifi ed 

 Oxygen 
consumption 

  11 C-carbon monoxide  20.3  0.42  Cyclotron – 
synthesized 

 Blood volume 
imaging 

  15 O-carbon monoxide  2.05  1.02  Cyclotron  Blood volume 
imaging 

 Requires direct 
inhalation from 
bedside synthesis 
unit 
 Often used in 
conjunction with 
 15 O-water perfusion 
scans 

  11 C-hydroxyephedrine 
(HED) 

 20.3  0.42  Cyclotron – 
synthesized 

 Sympathetic 
innervation 
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imaging at peak stress, as opposed to post-stress 
imaging which is performed with treadmill exercise 
and SPECT imaging. Some agents are designed to 
stimulate the sympathetic nervous system both 
directly and indirectly, and others induce vasodila-
tion of coronary vessels, resulting in increased car-
diac output to maintain arterial blood pressure. 
Since caffeine is a competing vasodilation agonist, 
absence of caffeine intake for >12 h is recom-
mended to achieve maximum response between 
rest and stress [ 19 ].

   Combined use of different stress agents can be 
used to evaluate individual contributing mecha-
nisms to myocardial fl ow reserve. A common 
example is the use of the cold pressor test (CPT), 
in which a limb is submerged into ice-cold water, 
invoking a systemic vascular response which is 
dependent on endothelial function through adren-
ergic stimulation. The endothelium-mediated 
vasodilation represents a fraction of the total 
maximal fl ow obtained from stress agents above 
[ 20 ]. CPT and rest fl ow measurement have been 
used to demonstrate endothelial dysfunction in 
smokers compared to nonsmokers and that endo-
thelial function may be rapidly restored with 
smoking cessation [ 21 ]. CPT can be unpleasant 
and diffi cult to endure, and alternative agonists of 
the sympathetic system such as induced hyper-
capnia [ 22 ] or salbutamol [ 23 ] are under 
investigation. 

19.4.2.1     MPI Interpretation 
 Regional myocardial perfusion is evaluated visu-
ally by comparing tracer uptake in different 
regions of the myocardium against a reference 
region of maximum uptake, which is assumed to 
be normally perfused. Regions with homoge-
neous uptake at rest and stress are interpreted as 
normal. Regions with relatively reduced tracer 
uptake at stress that normalize at rest are inter-
preted as ischemic, while regions with relatively 
reduced uptake at both rest and stress are inter-
preted as myocardial scar [ 18 ]. The rest and stress 
images are reoriented to a standard orientation 
that can be viewed as a series of short-axis (SA) 
slices transecting the LV from apex to base as 

demonstrated in the top rows of Fig.  19.2 . 
Orthogonal slices may be displayed to generate 
horizontal and vertical long axis (HLA and VLA, 
respectively) views of the heart (middle and bot-
tom row on images). A more concise presentation 
of the LV is using polar maps (right bottom) 
which sample the mid myocardium contour. The 
apex is presented at the center of the polar map 
with the base at the radial extreme; the septum 
and anterior, lateral, and posterior walls are on the 
left, top, right, and bottom, respectively, as illus-
trated in Fig.  19.1 .

   LV polar maps can be segmented into regions 
which are each scored individually to generate a 
semiquantitative score of defect severity. Most 
commonly a 17-segment model is used with 
scores ranging from 0 to 4 corresponding to nor-
mal perfusion, mild reduction, moderate reduc-
tion, severe reduction, and an absence of tracer 
uptake [ 24 ]. Summation of the segment scores 
produces summed stress and rest scores (SSS and 
SRS) which are global metrics of defect extent 
and severity. The summed difference score (SDS) 
is a global indicator of reversible ischemia. SSS 
>3 is a commonly used threshold for the presence 
of disease with SRS >3 and SDS >1 indicating 
the presence of nonreversible scar. A limitation 
of these scores is the dependence on segment 
alignment and visual assessment (including over-
riding of automatically generated scores) which 
reduces their reproducibility [ 25 ]. The total per-
fusion defi cit (TPD) is a quantitative alternative 
which does not rely on polar map segmentation 
[ 26 ] and is therefore increasing in popularity. 

 Relative uptake image interpretation, how-
ever, is susceptible to misdiagnosing or underdi-
agnosing CAD in patient with uniform reduction 
in perfusion such as in balanced disease in mul-
tiple coronary vessels and in distributed disease 
of the microvasculature (e.g., associated with 
diabetes mellitus). Furthermore, since the most 
commonly used PET MPI tracer ( 82 Rb) is 
extracted nonlinearly with blood fl ow, mild per-
fusion defi cits may be diffi cult to detect. Absolute 
quantifi cation of myocardial blood fl ow helps to 
address these limitations of relative-scale MPI.  
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19.4.2.2     Myocardial Blood Flow 
(MBF) and Flow Reserve 
(MFR) Quantifi cation 

 With dynamic PET imaging, absolute myocardial 
blood fl ow (MBF) can be quantifi ed at peak stress 
and at rest in units of mL/min per g of tissue (mL/
min/g) (Fig.  19.4 ). The ratio of the two is termed 
the myocardial fl ow reserve (MFR) and indicates 
the capacity to increase blood fl ow to the heart in 
order to meet demand with exercise [ 4 ]. Flow dif-
ference (delta), the difference between MBF at 
stress and rest, may also be used to describe 
reserve in absolute terms (mL/min/g). MFR has 
been shown to increase sensitivity for detection 
of balanced multivessel disease, where the rela-
tive perfusion is normalized to the area of highest 
perfusion which is itself underperfused and 
therefore would appear normal on standard rela-
tive MPI. MBF and MFR in this region would be 
low, thereby unmasking ischemia [ 27 – 29 ]. In 
addition MFR has been shown to detect diffuse 
disease of the microvasculature as well as endo-
thelial dysfunction which are markers of incipi-
ent epicardial CAD [ 30 ]. As a result, MFR has 
demonstrated prognostic value incremental to 
relative MPI for prediction of both mortality and 
major adverse coronary events [ 29 ]. Normal 
human populations have been used to defi ne 
thresholds for abnormal MBF and MFR values. 
Typically MFR values >2.5 are associated with 
normal myocardial perfusion and blood fl ow. 
Conversely, an MFR <2 is associated with CAD 
and/or microvascular disease [ 31 – 33 ]. 

 Stress MBF and MFR have been proposed as 
potential differentiators between functionally 
signifi cant and benign coronary lesions. MBF at 
maximum hyperemia decreases progressively 
once the stenosis is greater than 40–50 % of the 
vessel diameter, while resting MBF remains nor-
mal until there is a diameter stenosis of 80–90 % 
[ 34 ], leading to the use of invasive assessment of 
fractional fl ow reserve (FFR) to guide invasive 
interventions with better specifi city and out-
comes [ 35 ]. MBF can be increased with revascu-
larization [ 34 ], but in diabetics with focal 
narrowing, revascularization leads to only mildly 
improved blood fl ow [ 36 ]. These fi ndings con-
fi rm that MFR is determined by a combination of 

epicardial vessel fl ow, functional microvascula-
ture, and cell integrity [ 34 ]. While it has been 
demonstrated that spatial patterns of MPI along 
with other information can result in better patient 
outcomes when used to guide therapy [ 14 ], the 
same has not yet been demonstrated for absolute 
MBF and MFR quantifi cation. 

 Quantifi cation of MBF requires dynamic 
imaging from the time of tracer administration 
until distribution is achieved (typically 5–10 min). 
The acquisition is binned into predefi ned time 
frames ranging from several seconds long in the 
early time frames, where rapid dynamics are 
occurring, to a few minutes in length in the late 
time frames, where the dynamics are slow and 
count rates are relatively low. The dynamic image 
sequence is then processed using specialized soft-
ware that models the tracer kinetics in the myo-
cardial tissue and the arterial blood that perfuses 
it. In most cases myocardial regions of interest 
(ROI) are automatically, semi- automatically, or 
manually defi ned using an uptake image in which 
the myocardium is clearly visible. Likewise an 
arterial ROI is defi ned in the left ventricle, left 
atrium, or aorta. The ROIs are then used to sample 
the dynamic sequence to measure time-activity 
curves (TAC) of the blood (input) and myocar-
dium (output). A parameterized kinetic model is 
used to describe the relationship between the 
blood and myocardium TACs. The model param-
eters are fi t to the  measured TACs. Typically a 
two-compartment (blood and tissue) model is suf-
fi cient [ 37 ], of which the blood-to-myocardium 
uptake parameter ( K1 ) is related to MBF [ 4 ,  38 ]. 
A tissue washout parameter ( k2 ) may be associ-
ated with tissue integrity, viability, or perfusion, 
depending on the tracer.  K1  values must be cor-
rected for fl ow-dependent extraction as discussed 
in the MPI tracer section in order to estimate 
MBF. See Chap.   14    . 

 Special considerations must be given to tracer 
administration with dynamic PET imaging espe-
cially with short-lived isotopes such as  82 Rb. 
Early in the imaging process, the tracer activity is 
concentrated in a relatively small blood volume, 
but is then distributed throughout the entire body 
and undergoes radioactive decay. Thus, early 
time frames may experience count rates of 3–4 
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orders of magnitude greater than those at late 
time frames as demonstrated in Fig.  19.3 .

   MBF and MFR analysis of the same patient as 
in Figs.  19.2  and  19.4  is shown in Fig.  19.5 . 
While the MPI interpretation suggests ischemia 
in much of the LV territory that is resolved at rest, 
MBF and MFR paint a more severe picture of 
abnormally low MBF at stress in almost the 
entire LV and uniformly low rest MBF as well. 
Abnormal MFR (<2) and delta (<1 mL/min/g) 
are indicated in a larger territory (58 % of the 
myocardium) than with MPI, suggesting involve-
ment of more tissue than indicated by 
MPI. Finally, cardiac steal (lower fl ow at stress 
than at rest) is indicated in 26 % of the LV also 
demonstrating severe obstruction of the blood 
supply in the territory of LAD artery.

    Using automated classifi cation rules [ 32 ], the 
territories associated with the left anterior 
descending (LAD) and mid to distal left circum-
fl ex (LCx) and right coronary arteries (RCA) 
were suspected to have obstructive stenoses. 
These fi ndings were confi rmed using invasive 
angiography as shown in Fig.  19.6  which indi-
cated 100 % obstruction of the mid-LAD artery, 
90 % stenosis in the fi rst diagonal, >70 % steno-
ses in the proximal LCx and its branches, and 
>80 % stenoses in the distal RCA branches.

   In MPI imaging, patient, organ and respiratory 
motions is manifested as a blur in the direction of 
motion which can lead to artifactual uptake defi -
cits in opposing cardiac walls [ 39 ]. In MBF quan-
tifi cation these same motions can further result in 
inconsistent ROI sampling and attenuation mis-
alignment artifacts that propagate to inaccurate 
TACs and MBF measurement errors. Quality 
assurance at each processing step can often expose 
the presence to motion clewing the reader to 
potentially unreliable MBF estimates. Robust 
motion detection and correction algorithms are an 
active area of research, but are complicated by 
rapid changes of the tracer distribution in the early 
time frames of the dynamic image sequence. 

 The effects of cardiac motion on MBF quanti-
fi cation are assumed to be small due to partial 
volume correction and due to improved normal- 
to- defect wall contrast as a result of tracer extrac-
tion correction. However in MPI, cardiac motion 
can produce regionally varying partial volume 
effects that can mask defects. For example, a 
hypokinetic wall region with mild uptake defi cit 
may appear as bright as a normally perfused 
region with preserved wall motion and partial 
volume loses. For this and other reasons, MPI 
images should be interpreted in conjunction with 
ECG-gated imaging.   

  Fig. 19.3    Blood and myocardial time-activity curves of a 
 82 Rb stress scan with and without isotope decay correc-
tion. While for kinetic modeling decay correction is 
required, in practice the PET camera measures the activity 

without decay correction, which varies over several orders 
of magnitude during the scan due to tracer distribution and 
radioactive decay       
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19.4.3     ECG-Gated Imaging 

 Whenever possible, ventricular function with 
gated imaging should be interpreted as part of 
MPI, as wall motion and wall thickening can be 
used to differentiate between ischemia and resid-
ual attenuation artifacts in regions with reduced 
tracer uptake [ 13 ]. Hypoperfused regions associ-
ated with wall motion abnormalities often signify 
scarred, stunned, or hibernating myocardium. 
However, if wall motion is preserved, apparent 
perfusion defects may be artifacts (e.g., attenua-
tion misregistration, motion). Areas of normal 
perfusion with hypokinesis may be markers of 
myocardial stunning after an acute ischemic 
insult [ 11 ] or markers of mild perfusion defi cit 
that are masked by lower regional partial volume 
losses (associated with reduced motion) com-
pared to normal reference regions. 

 All current PET scanners offer the possibility 
of ECG gating and list-mode acquisition and 
therefore are able to reconstruct cine-gated 
images, dynamic images, and static (ungated) 
uptake MPI from a single injection and acquisi-
tion. An important advantage of physiologic 
stressing and image acquisition at peak stress is 
that wall motion abnormalities can be observed at 
peak stress, making PET more sensitive than con-
ventional SPECT practice to detect regional and 
global wall motion abnormalities, which may 
otherwise resolve with post-stress imaging [ 13 ]. 
For the example case in Figs.  19.4 ,  19.5 , and 
 19.6 , the gated stress image indicated hypokine-
sis of the septal wall and dyskinesis of the apex, 

consistent with the fi ndings of severe ischemia 
and steal from the MPI and MBF interpretations 
(Fig.  19.7 ).

19.4.4        MPI Tracers 

 As Table  19.2  demonstrates, several PET perfu-
sion tracers are available, of which  82 Rb is the 
most widely used.  82 Rb is generator produced, 
and therefore does not require an on-site cyclo-
tron compared to  13 N-ammonia,  11 C-acetate, or 
 15 O-water. Flurpiridaz, as with other  18 F-based 
MPI tracers, has a 2-h physical half-life and 
therefore may be distributed over large distances 
as is common with FDG and thus may become a 
clinically relevant alternative in the future. 

 The short half-life of  82 Rb implies low radia-
tion dose to the patient [ 40 ] and staff, but can 
contribute to low count statistics in late uptake 
images. Furthermore  82 Rb has a relatively high 
positron range which can degrade the image spa-
tial resolution slightly.  82 Rb is extracted from the 
blood into perfused tissue both through diffusion 
and active ion transport, as it is a potassium ana-
logue. Consequently, tracer extraction from the 
blood into the tissue space is limited (Table  19.3 ) 
and decreases nonlinearly with fl ow as demon-
strated in Fig.  19.8 . This effect must be accounted 
for in MBF quantifi cation using an extraction 
correction function [ 4 ,  33 ,  41 – 43 ]. Thus  K1  esti-
mation error is amplifi ed during conversion to 
MBF, especially at high stress fl ow values. As 
demonstrated in Fig.  19.8 , several extraction 

  Fig. 19.6    Angiography 
for the same case as in 
Figs.  19.2 ,  19.4 , and 
 19.5 , indicating severe 
100 % obstruction of 
the mid-LAD artery, 
90 % stenosis in the fi rst 
diagonal, >70 % 
stenoses in the proximal 
LCx and its branches 
( left ), and >80 % 
stenoses in the distal 
RCA branches ( right ). 
Location of stenoses are 
indicated by  red arrows        
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correction functions have been reported in the 
 literature; their differences likely demonstrate 
the use of different imaging equipment, analysis 
software, experimental approaches, and patient 
cohorts, and therefore the extraction function 
can also be interpreted as a calibration function 
of  K1  to MBF (Fig.  19.8 -right). Nevertheless, 
equivalent results have been demonstrated across 
commercially available software packages when 
using the one-tissue compartment model and the 
Lortie extraction function [ 44 ,  45 ]. The move to 
3D PET imaging with higher count-rate capa-
bilities is expected to improve the precision and 
accuracy of MBF using  82 Rb in particular.

     15 O-water PET is regarded widely as the gold 
standard for noninvasive MBF quantifi cation. 
Water is freely diffusible through the capillary 
cellular membranes and therefore has 100 % 
extraction, eliminating the need for extraction 
correction. Likewise, water freely diffuses out of 
the cellular space, and therefore a simple one- 
tissue kinetic model with proportional  K1  and  k2  
parameters can be resolved robustly to quantify 
MBF. Since the tracer is not trapped in the myo-
cardium, however, late uptake images have no 
contrast between blood and tissue, so standard 
MPI interpretation is not possible. Likewise 

gated images of the beating heart are not readily 
available to assess cardiac function. Compounded 
by the need for an on-site cyclotron with direct 
line to the patient, water PET has mostly been 
applied in research settings. 

  13 N-ammonia is avidly extracted and retained 
in the myocardium making for an excellent per-
fusion agent; however, it too requires an on-site 
cyclotron making it less than ideal for widespread 
use. Ammonia is taken up by the liver (and to a 
lesser extent by the lungs), and images often 
result in diffi cult interpretation of the inferior 
wall of the heart due to inadequate spatial resolu-
tion or separation. Finally, ammonia metabolites 
accumulate in the blood which can have a small 
effect on blood-to-myocardium contrast and need 
to be corrected for accurate MBF quantifi cation. 
 13 N-ammonia also has a reported normal variant 
reduction of tracer retention in the lateral wall 
that complicates the interpretation of disease in 
the LCX artery [ 46 ]. 

  18 F-fl urpiridaz is a relatively new tracer, 
developed specifi cally for PET MPI and MBF. It 
has almost ideal imaging properties including 
high extraction and retention, low positron 
energy, and slow radioactive decay. However, 
due to the long radioactive and biological life of 

  Fig. 19.7    Cardiac wall 
motion at peak stress 
for the same patient 
example as in 
Figs.  19.2 ,  19.4 ,  19.5 , 
and  19.6 . The  white 
mesh  indicates LV 
cavity contours at end 
diastole and the color 
surface at end systole. 
The  surface color  
indicates the extent of 
cardiac wall motion of 
the respective territory. 
The septal wall is 
hypokinetic, and the 
apex is dyskinetic 
corresponding to the 
MPI and MBF fi ndings       
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the tracer, rest- stress imaging must be performed 
either on separate days or with correction of the 
second image for residual activity from the fi rst 
image or by overdosing the second injection. As 
expected, the radiation dose is relatively high 
compared to other PET perfusion tracers, but 
remains well below that of current SPECT trac-
ers [ 47 ]. Other  18 F-based perfusion tracers (e.g., 
(4-[ 18 F]fl uorophenyl) triphenyl phosphonium 
( 18 F-FTPP) and  18 F-fl uorobenzyl triphenyl phos-
phonium ( 18 F-FBnTP)) have shown similar 
promise, but are in less advanced stages of clini-
cal validation. 

  62 Cu-PTSM has favorable kinetic properties 
including high fi rst-pass extraction, rapid blood 
clearance, and long myocardial retention. 
However, the short half-life of the parent iso-
tope  62 Zn ( t  1/2  = 9.1 h) required daily supply of 
generators, which has limited widespread 
adoption. 

 Image intensity in MPI is dependent on tracer 
retention in the cardiac tissue. Since retention 
depends on both uptake (measured by  K1 ) and 
washout ( k2 ) rates, tracer retention fractions are 
always lower than  K1 . For this reason,  K1  
uptake polar maps produce higher normal-to-
defect region contrast than MPI uptake polar 
maps. The nonlinear extraction correction of  K1  
to estimate MBF further increases this contrast, 
making defect severity and extent more 

 pronounced with MBF quantifi cation compared 
to MPI, as demonstrated in the polar maps of 
Fig.  19.4 .   

19.5     Metabolic Imaging 

 Cardiac myocytes can utilize a number of 
 substrates for their energy needs including fatty 
acids, carbohydrates, lactate, and ketones [ 48 ]. 
To elucidate metabolic pathways, evaluate meta-
bolic rates, and interrogate metabolic alterations 
with disease and therapies, a wide variety of trac-
ers have been developed as demonstrated in 
Fig.  19.9 . Diet and hormones (e.g., insulin) can 
be controlled to condition the patient’s metabolic 
state to achieve a wide range of imaging applica-
tions, using even a subset of the available 
tracers.

19.5.1       Carbohydrate Metabolism 

 FDG as a glucose analogue is taken up into 
 metabolically active cells using active glucose 
transporters (of which GLUT4 is the primary 
variety in myocytes) and mediated by insulin. 
Upon phosphorylation, however, FDG-6-
phosphate cannot be further metabolized, unlike 
native glucose, and the radiolabeled FDG-P 

  Fig. 19.8    Tracer extraction by myocardial tissue versus myocardial blood fl ow ( MBF ) and resulting rate of uptake ( K1 )       
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becomes trapped in the cell. Therefore, FDG is 
an  excellent marker of glucose uptake, and it is 
convenient to use due to its widespread availabil-
ity. Alternatives to FDG include  11 C-glucose 
which is metabolized like the non-radiolabeled 
molecule and is therefore considered to be the 
most accurate marker of glucose utilization. 
However, its kinetic modeling is complicated by 
the production of radioactive metabolites (e.g., 
 11 CO 2,   11 C-pyruvate,  11 C-lactate) that propagate 
the metabolic pathways including washout of 
wastes, making quantifi cation challenging. 
 18 F-mannose is an isomer of glucose and has 
been gaining interest as an alternative to FDG 
imaging since its affi nity may be more specifi c 
than that of FDG to certain cell types such as 
infl ammatory macrophages [ 49 ], and it is less 
sensitive to plasma glucose levels [ 50 ]. The fea-
sibility of PET imaging of  11 C-lactate, a carbo-
hydrate energy source for the heart, has also 
been demonstrated under a range of metabolic 
alterations [ 51 ]. FDG is by far the most com-
monly used tracer for glucose metabolic 
imaging.  

19.5.2     Fatty Acid Metabolism 

 Free fatty acids (FFA) are the preferred source of 
energy by myocytes (60–90 % at fasting state), so 
long as suffi cient oxygen is available to support 
β-oxidization in the mitochondria. FFAs, such as 
palmitate, are extracted from the blood and there-
fore can be labeled for metabolic imaging. 
 11 C-palmitate is metabolized rapidly and fully 
producing radiolabeled metabolites that compli-
cate quantifi cation of FA utilization.  18 F-FTHA 
( 18 F-fl uorothia-6-heptadecanoic acid) is the most 
commonly used PET tracer to measure FA 
uptake. It is not ideal, as retention levels have 
been shown to be insensitive to hypoxia [ 52 ]. 
FTP (16-[ 18 F] fl uoro-4-thia-palmitate) was devel-
oped as a hypoxia-sensitive alternative and has 
been shown to be an accurate indicator of fatty 
acid oxidation [ 53 ].  18 F-FCPHA (trans-9(RS)-
 18 F-fl uoro-3,4(RS,RS)-methyleneheptadecanoic 
acid) is another fatty acid analogue that under-
goes rapid cardiac uptake and clearance from the 
blood, but does not readily oxidize, resulting in 
high myocardial to blood contrast [ 54 ]. Fatty acid 
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(GLUT)  
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18F-FTHA

15O-Oxygen

11C-Glucose

11C-Palmitate

18F-FDM

β-oxida�on
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Pyruvate
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18F-FTP
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  Fig. 19.9    Cardiomyocyte metabolism diagram demon-
strating fatty acid and glucose energy substrates and 
related PET tracers for probing metabolic activity.  Yellow - 

labeled molecules are positron emitting tracers of rele-
vance to metabolic imaging       
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imaging has been performed for over three 
decades using  123 I-BMIPP SPECT, and clinical 
results have demonstrated its ability to detect 
ischemia and predict adverse cardiac events; it is 
reasonable to expect that PET imaging will have 
similar benefi ts with the added benefi t of accu-
rate quantifi cation and improved image quality.  

19.5.3     Oxidative Metabolism 

 FFA metabolism requires oxygen, which is 
replenished by the perfusing blood, and produces 
waste CO 2  which is carried away by the blood. 
Myocardial oxygen consumption (MVO 2 ) can be 
measured directly using  15 O 2  or indirectly using 
 11 C-acetate [ 55 ] to interrogate the metabolic state 
of cardiac tissue.  

19.5.4     Viability Imaging 

 Viability imaging is used to predict cardiac func-
tion recovery and patient outcome benefi t after 
revascularization. When considering viability, 
the clinician is most concerned with identifying 
myocardium that has potential for recovery. 
Resting myocardial dysfunction may be attrib-
uted to ischemic or non-ischemic causes. 
Ischemic causes can be due to ongoing ischemia 
(hibernating), resolved ischemia (stunning), or 
previous ischemic injury (scar). Hibernation is a 
state of metabolic downregulation due to repeated 
episodes of ischemia but is potentially reversible 
with adequate revascularization [ 56 ]. 

 FDG is taken up avidly by hibernating myo-
cardium in which the myocytes favor anaerobic 
glucose utilization over oxygen-dependent FFA 
metabolism. FDG-PET is performed in conjunc-
tion with a rest perfusion scan (using  82 Rb or 
 13 N-ammonia) and is recognized as the most sen-
sitive means of identifying hibernating myocar-
dium, the amount of which has been shown to be 
the best predictor of outcome benefi t from revas-
cularization [ 57 ]. FDG-PET is typically per-
formed with either oral glucose loading or 
euglycemic insulin clamp (especially in diabetics) 

to induce a metabolic state favoring glucose use 
as a primary energy source and increasing the sen-
sitivity of the test. Regions of normal perfusion 
are presumed viable. Regions with reduced rest-
ing perfusion and  matched  reduced metabolic 
activity (uptake) are presumed to be fi brotic scar 
that will not recover function, while regions with 
 mismatch  (hibernating) metabolic uptake are via-
ble and hypoperfused. Regions with preserved 
perfusion and  reverse-mismatched  reduced meta-
bolic activity may be seen after an acute ischemic 
event or in the case of left bundle branch block 
and is of uncertain clinical signifi cance [ 1 ]. 
Figure  19.10  demonstrates interpretation of a per-
fusion-viability mismatch study.

   Observational studies have shown that FDG- 
PET can successfully identify patients that may 
benefi t from revascularization [ 58 – 61 ]. The 
PARR-2 study was a prospective randomized 
trial where patients being considered for revascu-
larization due to ischemic cardiomyopathy were 
assigned to undergo an FDG-PET scan or not 
(standard care). A trend toward better outcomes 
(cardiac death and major adverse cardiac out-
comes) in the PET cohort was noted, but did not 
reach statistical signifi cance in the original multi-
center analysis [ 62 ]. However, a follow-up analy-
sis of only the patients who adhered to the 
recommendations of the PET scan for interven-
tion showed a signifi cant reduction in adverse 
cardiac events versus those that did not undergo 
FDG-PET [ 63 ]. 

 Various FDG imaging protocols have been 
developed; all with the common goal of switching 
the metabolic state to favor glucose utilization 
prior to FDG administration. In general the patient 
is fasted for >6 h and a baseline blood glucose 
measurement is used to guide glucose loading. 
For simplicity, oral glucose loading (25–100 g) to 
drive endogenous production of insulin is most 
commonly used clinically, but IV glucose (dex-
trose) infusion enables more accurate control of 
blood glucose levels. In diabetics glucose loading 
is more challenging due to low levels of endoge-
nous insulin or cellular insensitivity to insulin. In 
most cases administration of insulin with glucose 
results in good image quality, but euglycemic 
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hyperinsulinemic clamp enables more precise 
control to achieve superior imaging quality. A 
detailed protocol is available in [ 1 ]. 

 Multimodal imaging including metabolic car-
diac PET is instrumental for elucidating mecha-
nistic and adaptive changes in new diseases such 
as heart failure, right ventricular hypertrophy, 
and pulmonary artery hypertension both in 
human populations and in animal models.  

19.5.5     Metabolic Alteration Studies 

 Complete metabolism of FA substrates requires 
oxidation and therefore is almost immediately 
downregulated under conditions of ischemia, 
while anaerobic glucose and lactate utilization is 
upregulated. This metabolic shift leads to less 
effi cient production of ATP and can lead to 
reduced contractile function of the myocytes. FA 
utilization may be restored with reperfusion of 
ischemic tissue, but the phenomenon of “isch-
emic memory” has been well observed in which 
stunned myocardial tissue continues to operate in 
an anaerobic state favoring glucose utilization 
even after reperfusion [ 64 ]. FA imaging has 
therefore been shown to correlate well with per-
fusion imaging, but with higher prognostic power 
in acute myocardial ischemia [ 65 ]. With pro-
longed ischemia, little FA utilization recovery is 
to be expected. Thus, cardiac applications have 
thus leveraged radiolabeled metabolic substrates 
to differentiate ischemic and stunned myocar-
dium and thus identify viable myocardium that is 
characterized by the presence of FDG uptake and 
reduced FTHA uptake, from normal myocardium 
having both FTHA and FDG uptake [ 48 ]. 

 Metabolic shifts from FA metabolism to gly-
colysis (e.g., Randall cycle) have been associated 
with diabetes, obesity, non-ischemic dilated car-
diomyopathy, and chronic kidney disease. While 
FA metabolism may be reduced with downregu-
lation of β-oxidation (e.g., diabetes, dilated car-
diomyopathy), circulating FA may remain high 
leading to elevated FA uptake and lipid storage 
within the myocytes and production of toxic, 
non-oxidized FA intermediates. FA imaging in 
conjunction with oxidative imaging ( 11 C-acetate) 

can differentiate between FA metabolism and 
storage (increased and reduced uptake, 
respectively).  

19.5.6     Quantifi cation of Metabolism 

 As with perfusion imaging, one of the key advan-
tages of PET over competing modalities is the 
ability to quantify biochemical rates. 
Quantifi cation of metabolic rates is instrumental 
to detect metabolic changes with disease progres-
sion, response to therapy, and differentiation 
between cohorts and to quantify the ratios 
between substrate utilizations. Commonly, a two- 
tissue compartment model (Fig.  19.11 ) is utilized 
to model blood plasma to tissue extraction ( K1 ) 
and washout back into the plasma ( k2 ). The 
parameter  k3  may represent the rate at which the 
tracer is metabolized or trapped. The  k4  parame-
ter may represent back conversion of the trapped 
tracer or set to 0 if the conversion is known to be 
unidirectional. The interpretation of these param-
eters must be performed within the context of the 
tracer and its assumed metabolic mechanism. 
Tracer uptake ( K1 ) is dependent on myocardial 
blood fl ow and the initial (fi rst-pass) extraction 
fraction. More complex kinetic models may be 
required to fully model a tracer that is metabo-
lized in cascade [ 66 ].

   Since tissue TACs are contaminated by blood 
signal, due to actual perfusion and partial volume 
effects, tissue partial volume must be accounted for. 
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  Fig. 19.11    Two-tissue compartment model used for 
quantifi cation of metabolic rates       
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The tissue partial volume recovery coeffi cient (RC) 
is often assumed constant on the order of 70 % and 
used to correct  K1 . A commonly used alternative is 
to model the blood partial volume (BPV) fraction in 
the myocardial TAC as part of the compartmental 
model, and RC is estimated as (1 − BPV) [ 67 ]. See 
Chaps.   14     and   15     for further details. 

 The simpler Patlak graphical analysis model 
has also been employed to quantify pharmacoki-
netics, but without the need to assume a complex 
compartmental model. With FDG-PET, Patlak 
analysis is most frequently used to quantify 
regional myocardial glucose uptake (rMGU) 
[ 68 ]. As with compartmental modeling, a blood 
ROI is used to sample the arterial blood tracer 
concentration, while myocardial ROIs sample the 
tracer concentrations in the myocardial tissue. 
Parametric maps of glucose uptake rate ( Ki ) can 
be obtained quickly and account for arterial blood 
partial volume. A lumped constant must be 
applied to calibrate FDG uptake to that of glu-
cose which is dependent on the metabolic state of 
the patient [ 69 ], emphasizing the need to control 
patient glucose and FFA levels.   

19.6     Myocardial Infl ammation 

 Infl ammatory cells which often accumulate in 
response to infection also utilize glucose as a pri-
mary energy substrate, enabling infl ammation 
imaging using FDG-PET. Preliminary studies 
indicate that FDM may be a more specifi c marker 
of certain macrophage types [ 49 ]. In the cardiac 
PET context, systemic infl ammatory disease with 
cardiac involvement such as myocarditis, sar-
coidosis [ 70 ], and psoriasis are possible, but only 
with suppression of glucose utilization by the 
myocytes. Glucose suppression is achieved using 
a low-carbohydrate, high-fat diet which upregu-
late FFA utilization. Myocardial infl ammation 
may present as focal lesions dispersed through-
out the myocardium. 

 Other possible fi ndings with cardiac FDG- 
PET may include noncardiac infl ammation such 
as aortitis, vasculitis, pneumonia, as well as can-
cer. With increased use of implanted medical 
devices, FDG-PET is also increasingly used to 
detect infections associated with implanted pace 

makers, cardiac resynchronization therapy 
devices, cardioverter defi brillators (ICD), and 
artifi cial valves. These fi ndings often require the 
use of fused CT image interpretation to localize 
the lesion and additional clinical information to 
differentiate the cause of infection.  

19.7     Vascular Infl ammation 

 Sudden rupture of unstable atherosclerotic plaque 
in the coronary arteries is the process underlying 
the vast majority of acute coronary syndromes 
[ 71 ]. Detection of these unstable plaques prior to 
rupture is therefore highly desirable and could 
result in specifi c preventive intervention, but 
requires tools to distinguish unstable from stable 
lesions. Currently, it is hypothesized that unsta-
ble plaques are characterized by a thin fi brous 
cap, covering a large necrotic core with macro-
phage and T-lymphocyte infi ltration [ 72 ] and 
spotty calcium deposition. 

 The primary substrate for metabolic activity in 
macrophages is glucose, primarily due to the 
anaerobic environment of the plaque; thus, FDG 
can be used for imaging active infl ammation 
mediated by macrophages within atherosclerotic 
plaques. FDG plaque imaging has been demon-
strated to be feasible in carotid arteries and large 
systemic arteries [ 73 ], but is more challenging in 
the coronary vasculature due to FDG uptake in the 
myocardium and the reduced image resolution 
due to cardiac and respiratory motion blurring. To 
achieve FDG image contrast between infl amma-
tion sites and the surrounding  myocardium, a low-
carbohydrate, high-fat diet is prescribed prior to 
imaging to promote fatty acid utilization by the 
myocytes and downregulating FDG uptake. In 
preliminary studies, arterial FDG uptake has been 
related to the rates of cardiac events [ 74 ,  75 ], 
microemboli [ 76 ] and stroke [ 77 ]. 

 It is apparent that FDG uptake is a nonspecifi c 
marker of infl ammation, and there has been 
increasing interest in other markers of plaque 
instability. F-18-sodium-fl uoride (Na 18 F), a cal-
cium analogue, has recently been demonstrated 
to detect unstable and recently ruptured plaques, 
while FDG signifi cantly underperformed in the 
same patients [ 78 ]. Alternative biomarkers for 
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processes such as plaque neovascularization or 
apoptosis may prove more capable of identifying 
high-risk/vulnerable plaques [ 71 ]. Early research 
suggests that  18 F-FDM (2-deoxy-2-[ 18 F] fl uoro- 
D- mannose) may be a more specifi c metabolic 
substrate alternative to FDG for labeling sites of 
active macrophage aggregation, which may not 
only indicate the presence of plaques but also 
their vulnerability to rapture [ 49 ]. 

 Other more specifi c targets have been sought, 
for the most part in small animal models. The 
somatostatin receptors have been suggested as 
specifi c macrophage targets in atherosclerosis 
that can be imaged with  68 Ga-DOTATATE [ 79 ]. 
Newer compounds include  11 C-PK11195 and 
 18 F-FEDAA that target translocator proteins that 
are upregulated in macrophages [ 80 ] are at very 
early stages of small animal research.  64 Cu-CANF-
conjugated nanoparticles target natriuretic pep-
tide clearance receptor and have been shown to 
target atherosclerotic sites with a human feasibil-
ity study currently underway (NCT02417688).  

19.8     Cell Signaling 

 In cardiovascular diseases, PET imaging is used 
to study all aspects of intercellular signaling 
including neurocrine (neuronal), endocrine (hor-
monal), paracrine (local endocrine), autocrine 

(e.g., immune), juxtacrine (cell adhesion), and 
matricrine (extracellular matrix adhesion) path-
ways as illustrated in Fig.  19.12 .

19.8.1       Neurocrine (ANS, RAAS) 
and Endocrine (Adrenalin, 
Angiotensin) 

 Neuronal signaling in the heart is achieved 
mainly through the autonomic system, comprised 
of the sympathetic and parasympathetic nervous 
systems as shown in Fig.  19.13 . Abnormal acti-
vation of the sympathetic nervous system (SNS) 
is commonly found in patients with heart failure; 
therefore, imaging of SNS neuronal function in 
the left ventricle myocardium is important in this 
population. During SNS activation of the “fi ght- 
or- fl ight” response, the neurotransmitter norepi-
nephrine (NE) also known as noradrenaline is 
released from nerve terminals within the myocar-
dium and the arterial vessel walls, binding to 
“adrenergic” receptors in the sinoatrial (SA) and 
atrioventricular (AV) conduction nodes, as well 
as the arterial vascular endothelium to increase 
heart rate, contractility, and coronary blood fl ow 
while at the same time increasing systemic blood 
pressure by peripheral vasoconstriction. There 
are several adrenergic receptor subtypes within 
the cardiac sympathetic neurons as shown in 

Basis of signal transduction

Autocrine Paracrine Endocrine

Cell adhesion Nervous system

Signal molecule Receptor

Cell morphology,
motility, and functions

Cell morphology,
motility, and functions

Intracellular signal
transduction molecule

Gene
Transcription

Activation

a b

  Fig. 19.12    ( a ) Types of intercell cardiac signaling 
include neurocrine (nerve-to-cell), endocrine (circulating 
hormone-to-cell), paracrine (local cell-to-cell), autocrine 
(same cell-to-cell), juxtacrine (cell-to-cell adhesion), and 
matricrine (extracellular matrix-to-cell adhesion)  systems. 

( b ) Signaling molecules that are released from the origi-
nating source (cell or neuron) diffuse and bind to a spe-
cifi c receptor on the target cell (Adapted from The 
University of Tokyo/CSLS with permission)       
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Fig.  19.14  and associated PET tracers as listed in 
Table  19.4 . In the normal coronary artery circula-
tion, the vasodilating effect of the beta- adrenergic 
receptors (βAR) is balanced by the constricting 
effect of the alpha adrenergic receptors (αAR) to 
autoregulate blood fl ow according to the local 
demands of the heart muscle [ 82 ].  11 C-HED is 
most commonly used to evaluate cardiac sympa-
thetic innervation (nerve density); it enters the 
nerve terminal via the NE reuptake transporter 
(NET) and is retained in the synaptic vesicles. 
The kinetics of HED can be described using a 
one-tissue compartment model or a simplifi ed 
model to measure the %/min retention rate 
(Fig.  19.15 ). Other  11 C- and  18 F-labeled tracers 
are under active development to provide improved 
quantifi cation of SNS density and function 
(e.g., less dependent on blood fl ow) and wider 
distribution outside of academic research 

 facilities [ 84 ]. Sympathetic denervation in ICD 
patients with advanced ischemic heart disease 
has been shown to predict the risk of cardiac 
arrest or sudden death [ 85 ].

      The cold pressor test (CPT) is often used in 
clinical research studies to evaluate the vasodila-
tor response to central SNS stimulation (sympa-
thetic stress) as a measure of coronary vascular 
health [ 86 ]; a normal myocardial blood fl ow 
increase of 40–50 % is typically observed in 
response to CPT, whereas the response is absent 
or even negative (decreased) in patients with 
advanced atherosclerosis and severe endothelial 
dysfunction. A secondary endocrine response is 
also produced by NE (and epinephrine) secretion 
into the circulating blood by the adrenal glands 
(Fig.  19.13 ) in response to sympathetic stress. 
These circulating catecholamine hormones also 
act to dilate the coronary vessels by activating the 

SYMPATHETIC PARASYMPATHETIC

Dilates pupils

Inhibits
salivation

Bronchial
dilation

Inhibits digestion

Stomulates glucose
release by liver

Stimulates epinephrine &
norepinephrine release
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      contractility
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Peripheral vasodilation

  Fig. 19.13    The sympathetic and parasympathetic compo-
nents of the autonomic nervous system ( ANS ) acting through 
the sinoatrial ( SA ) node to control heart rate (chronotropy), 

through the myocardium to control contractility (inotropy) 
and through the peripheral vasculature to control blood pres-
sure (Source:   http://www.qmedical.com/dtr_ans.htm    )       
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βAR on the vascular endothelium, and their effect 
on MBF can be measured using any of the vali-
dated PET fl ow tracers (Table  19.3 ). 

 Sympathetic stress also causes the liver to 
release glucose stores into the circulation, thereby 
prompting the endocrine function of the pancreas 
to release insulin hormone, which promotes 

uptake into the heart and other body organs to 
increase cellular energy levels. Disturbances in 
insulin-glucose metabolic signaling, e.g., diabe-
tes mellitus, can be investigated using  11 C-glucose, 
 18 F-FDG, or other analogues as described in the 
section on metabolic tracers. 

 Activation of the parasympathetic nervous 
system (pSNS) generally opposes the effects of 
the SNS described above, lowering heart rate, 
contractility, and systemic blood pressure as part 
of the “rest-and-digest” response. There is high 
density of parasympathetic nerves in the atrial 
tissues of the heart, particularly in the SA and AV 
nodes that regulate heart rate. The PET tracers 
 11 C-MQNB and  18 F-FEOBV have been used to 
evaluate left atrial (LA) innervation in patients 
and animal models of atrial fi brillation [ 87 ]. 

 The recent success of heart failure therapies tar-
geted at the renin-angiotensin-aldosterone system 
(RAAS), specifi cally the combination drug nepri-
lysin/angiotensin II type I receptor (AT1R) blocker 
(ARB) sacubitril/valsartan [ 88 ] and similar com-
pounds, is prompting a renewed interest in the use 
of PET imaging for the management of these 
patients. The components of the RAAS are shown 
in Fig.  19.16 , with several PET tracers available to 
probe the endocrine functions through receptor 
binding and angiotensin- converting enzyme 
(ACE) activity. The circulating hormone angioten-
sin II (Ang II) signals a number of cardiovascular 
responses, including increased blood pressure by 
activating the AT1 and AT2 receptors in the adre-
nal glands and peripheral vasculature; however, 

   Table 19.4    PET tracers for molecular imaging of neuro-
receptors in the heart   

 PET probe name  Isotope  Biological target 

 Hydroxyephedrine 
(HED) 

  11 C  Presynaptic 
catecholamine 
reuptake transporter 

 Epinephrine (Epi)   11 C  Presynaptic 
catecholamine 
uptake and storage 

 Phenylephrine (PE)   11 C  Presynaptic 
catecholamine 
uptake and 
metabolism 

 Benzylguanidine 
(MFBG, LMI-1195) 

  18 F  Presynaptic 
catecholamine 
reuptake transporter 

 Dopamine (DA), 
tyrosine (Tyr) 

  18 F  Presynaptic 
sympathetic function 

 CGP12177, 
CGP12388 

  11 C  β-Adrenergic 
receptor 

 GB67, yohimbine   11 C  α-Adrenergic 
receptor 

 MQNB, MOBV, 
OMV, MABV 

  11 C  Muscarinic ACh 
receptor 

 FEOBV, FBPT, 
FBMV 

  18 F  Muscarinic ACh 
receptor 

  Adapted from Dobrucki and Sinusas [ 81 ] with Permission  

Human heart Pig heart
Rat

heart

Blood
Myocardium

0 20 40 60

Time (min)
1cm

a b

  Fig. 19.15    11C-HED PET images showing normal sympathetic innervation in multiple species ( a ), and representative 
tracer kinetics in the normal rat heart ( b ) (Reproduced with permission from Refs. [ 8 ,  83 ])       
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there are also AT1 receptors in the heart as shown 
recently in Fig.  19.17 . AT1R-ligand binding and 
receptor occupancy studies may be useful for dose 
titration in heart failure to maximize clinical effi -
cacy and minimize unwanted side effects.

19.8.2         Paracrine (e.g., Nitric Oxide) 
and Autocrine (Immune) 

 Local cell-to-cell (paracrine) signaling occurs in 
many parts of the cardiovascular system and is 
particularly relevant in the pathophysiological 

development of atherosclerotic plaque as shown 
in Fig.  19.18 . A classic example of this local 
endocrine signaling is through the messenger 
molecule nitric oxide (NO). It is produced in vas-
cular endothelial cells by endothelial nitric oxide 
synthase (eNOS) and diffuses rapidly to the adja-
cent smooth muscle cells to signal vessel wall 
relaxation and dilatation. Reduced bioavailability 
of NO is associated with endothelial dysfunction 
in early subclinical disease and has also been 
investigated with the tracer  18 F-NOS in cardiac 
transplant rejection mediated by autocrine signal-
ing of the immune system response [ 90 ].

  Fig. 19.16    Renin-angiotensin-aldosterone system ( RAAS ) 
with associated PET tracers (enzyme inhibitors and recep-
tor blockers) shown in  blue  text. Renin is an enzyme 
secreted by the kidney which converts angiotensinogen to 
angiotensin I (AI or Ang I) in the blood, which is then con-
verted to angiotensin II (AII or Ang II) by ACE in the lungs. 

Circulating Ang II signals the adrenal glands to release 
aldosterone (Aldo), the pituitary gland in the brain to 
release antidiuretic hormone (ADH), and the peripheral 
vasculature to constrict (↑SVR), all leading to increased 
systemic blood pressure (Modifi ed with permission from 
cvphysiology.com (A) and Harrison and Guzik [ 89 ] (B))       

  Fig. 19.17    PET-CT images demonstrating AT1 receptor 
distribution in the left ventricle myocardium of a healthy 
normal subject using  11 C-KR31173 ( left ). Specifi c binding 

is demonstrated by blocking the receptors with pre- 
injection of AT1R antagonist olmesartan ( right )       
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   The infl ammatory response of monocyte 
recruitment and infi ltration can be studied using 
cell labeling techniques that include reporter- 
probe/gene transfection systems such as the 
 18 FHBG/HSVtk combination [ 91 ] or simpler 
methods such as direct ex vivo labeling with 
 18 FDG and reinjection to evaluate endogenous 
cell homing to sites of injury or disease.  18 FDG 
uptake by activated macrophages has also been 
shown to correlate well with histochemical 
 staining by CD68. However, this tracer is rather 
nonspecifi c, whereas new tracers targeting mac-
rophages more specifi cally are under develop-
ment such as choline (cell membrane formation), 
octreotate (somatostatin receptors), and PK11195 
(benzodiazepine receptor/translocator protein) 
ligands and analogues [ 92 ]. 

 FDG-PET infl ammation imaging is fi nding 
new applications in areas outside of the vascula-
ture, including sarcoidosis, myocarditis, aortitis, 
and endocarditis, as well as detection of the local 
infl ammatory response/infections around 
implanted devices.  18 F-fl uoride (NaF) uptake has 
been demonstrated at the site of acute ruptured 
plaques, refl ecting the process of active calcifi ca-
tion, and may also be a marker of atherosclerotic 
plaque that is prone or vulnerable to rupture [ 78 ]. 
This tracer also has potential for application in 
valvular diseases where calcifi cation is a frequent 
cause of dysfunction, e.g., in aortic valve 
stenosis. 

 A comprehensive listing of cardiovascular imag-
ing tracers can be found in the Molecular Imaging 
and Contrast Agent Database (MICAD) [ 93 ].   

19.9     Cardiac PET in Clinical Trials 

 As demonstrated in this chapter, the role of car-
diac PET in clinic is changing. Large-scale, mul-
ticenter clinical trials are necessary to evaluate 
the value of PET for prognosis, diagnosis, ther-
apy planning, and overall disease management 
costs. These studies are diffi cult to achieve due to 
relatively small number of cardiac PET studies 
currently being performed and the wide range of 
patient demographics, disease etiologies, thera-
pies, and confounding factors. Therefore, multi-
site collaboration research is required and is 
being increasingly applied by the cardiac PET 
community. Fortunately, cardiac PET imaging 
protocol standardization between sites is rela-
tively simple to achieve (due to the relative sim-
plicity of the protocols) and validate. 

 Due to its exquisite sensitivity to detect min-
ute physiologic and increasing number of bio-
markers, cardiac PET plays an important role in 
detecting disease progression and responses to 
therapies. With wider acceptance, cardiac PET 
will be increasingly used to evaluate new thera-
pies with the goal of accelerating their develop-
ment. At time of writing of this chapter, the World 

  Fig. 19.18    Cell signaling PET probes have been used to examine the molecular processes in the progressive develop-
ment and rupture of atherosclerotic plaque (Modifi ed from [ 94 ])       
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Health Organization International Clinical Trials 
Registry (via   http://www.nhs.uk/    ) lists 49 clinical 
trials using cardiac PET which are actively 
recruiting participants.  

19.10     Future Directions 

 Cardiac PET has developed steadily over the past 
three decades and continues to evolve. 
Instrumentation has matured to the point where 
routine clinical application use is feasible for evalu-
ation of perfusion, functional assessment, and via-
bility. It is expected that myocardial blood fl ow 
quantifi cation will become more readily applied, 
primarily using  82 Rb and  13 N-ammonia imaging 
and possibly with  18 F-fl urpiridaz. The development 
of more advanced image reconstruction algorithms, 
particularly those employing more precise time-of-
fl ight information and motion correction, holds the 
promise of higher effective count statistics which 
could be leveraged to achieve higher spatial resolu-
tion, improved image contrast, reduced image 
noise, and higher temporal resolution. 

 Nevertheless, it is the availability of novel 
tracers that will open the door to new clinical and 
research applications. Already researchers have 
begun using PET for stem cell tracking and via-
bility assessment, angiogenesis, apoptosis, and 
metabolic diseases. With advancements of our 
understanding in the fi elds of proteomics, cell 
signaling, cellular metabolism, and disease pro-
cesses, we are able to identify more specifi c mol-
ecules for cardiac imaging. Developments in the 
fi elds of radiochemistry including faster chemis-
try and micro-volumes enable production of a 
wider range of molecules with greater purity. 
Small animal imaging and rapid translation to 
human studies have accelerated in vivo character-
ization and validation of these molecules. 
Synergetic interaction with experts in multiple 
disciplines is the key ingredient to achieving 
future applications. 

 The emergence of PET-MR hybrid systems is 
another active fi eld of development. While these 
systems are currently prohibitively expensive for 

widespread cardiology, future integrated PET 
and MR protocols offering comprehensive infor-
mation (e.g., rest-stress MBF, viability, tissue 
characterization, angiography, anatomy, and car-
diac function from a 1-h imaging session) and 
appropriate reimbursement may become more 
common. In the research setting, the demand for 
PET-MR systems is well established due to com-
prehensive imaging and the ability to correct PET 
motion artifacts using MRI motion tracking. 

 Cardiac small animal PET and PET hybrid 
imaging has become common for elucidating dis-
ease mechanisms, evaluation of therapies, and 
accelerating development of new imaging tar-
gets. The development of new PET tracers is 
especially benefi tting from these developments 
by accelerating feasibility, radio-distribution and 
dosimetry studies. The ability to use the same 
image analysis software and techniques for clini-
cal and small animal PET has further accelerated 
knowledge translation.     
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     Abstract  

  This chapter resumes applications of PET in 
neurological and psychiatric disease and 
research. Routine applications and recent 
developments in [ 18 F]FDG-PET are dealt 
with, followed by the role of amyloid PET as 
inclusion parameter in clinical trials. A large 
series of PET tracers do target neurotransmit-
ter signaling at various steps. This serves as a 
tool to decipher the pathophysiology of dis-
ease as well as to conduct pharmacokinetic 

and dose-fi nding studies of new drug candi-
dates. After presenting the different types of 
experimental approaches, an overview of tar-
gets is given that had been imaged thus far by 
PET in the human brain. Taken together, PET 
imaging always accompanied and catalyzed 
the emergence of new technologies – may it 
be deep brain stimulation or new biomarkers – 
at the threshold to routine.  

20.1       Introduction 

 From a practical point of view, as mentioned in 
previous chapters, the virtues of PET over SPECT 
are the higher sensitivity and broader range of 
possible radionuclides and radiotracers. Under 
the dose and time limitations for human imaging, 
a higher spatial resolution can be realized using 
PET. For by far most of SPECT methods intro-
duced to clinical routine, there is today a PET 
analogue available. In some cases even for the 
identical molecule SPECT and PET isotopo-
logues are available. Therefore, in the range of 
cyclotrons, SPECT methods may be progres-
sively replaced by PET methods. Especially the 
neuropsychiatric domain has been fueling PET 
applications since the beginning. When it comes 
to neuropharmacological research and drug 
development, PET is almost unique as in any 
organic compound a  12 C can be replaced by 
 11 C. So, besides pure diagnostic applications, 
PET has its place at the threshold of drug devel-
opment, monitoring of molecular targets, as – 
mostly secondary – outcome parameter/end point 
in the frame of clinical studies and basic patho-
physiological research. When it comes to the 
upcoming fi eld of multifunctional probes (ther-
anostics) in cancer research and therapy, the 
reader is referred to Chaps.   4     and   17     and related 
publications. The same applies for reporter 
probes for gene therapy and the fi eld of 
neuro-oncology. 

 Especially in the brain, PET does not yield 
direct quantitative measures, but a series of indi-
rect measures has been established. From static 
data, some quotients can be derived using 
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regional or blood radioactivity concentration as a 
reference. After dynamic data acquisition, kinetic 
models can be applied, and several parameters 
are fi tted to the data points. In the case of com-
partment models, primarily transition rate con-
stants are inferred. 

 Depending on the molecular behavior, tracer 
uptake may be characterized by one of the follow-
ing types or a combination thereof: solely deter-
mined by perfusion (such as [ 15 O]H 2 O), 
irreversible into a “deep compartment” (such as 
[ 18 F]FDG or [ 18 F]DOPA), or, last, reversible (such 
as [ 11 C]fl umazenil or [ 18 F]altanserin). Kinetic 
models for each of these have been designed. 
When a new tracer is established, typically 
dynamic data are acquired over a rather long time 
starting from tracer injection, and arterial blood is 
sampled and fractionated at tenths of time points 
to constitute an input function. On this data, a 
dozen of these models are applied, and then one 
looks which fi ts best. In subsequent approaches, 
acquisition time may be shortened and blood sam-
pling simplifi ed or omitted. In case of a reversible 
tracer kinetics, equilibrium conditions may be 
obtained a priorily by applying a loading dose of 
the tracer followed by a continuous maintenance 
infusion. Background and application of quantita-
tion and modeling are extensively dealt with in 
Chaps.   13     and   14    . Of highest biological and clini-
cal signifi cance are the dimensionless parameters 
tracer distribution volume and ligand receptor 
binding potential ( BP ), which best correlates with 
the ex vivo measure of maximum binding capac-
ity ( B  max  the concentration of all available binding 
sites also termed receptor density, typically nM). 
In ideal cases in vivo  BP  equals in vitro 
 BP  =  f  ×  B  max / K  D ; with  K  D  equilibrium dissociation 
constant of the receptor-ligand complex;  f , free 
fraction of radioligand which is not protein bound. 

 With a special focus on brain PET, a consensus 
conference in 2007 proposed the following 
nomenclature of in vivo measures of  BP  [ 1 ]:  BP  
referenced to the total plasma concentration of 
intact radioligand is  BP  P  =  V  T  −  V  ND  =  K  1  ×  k  3 /( k  2  ×  k  4 ); 
with  V  T  =  C  T / C  P , total distribution volume, quotient 
of tissue, and plasma radioactivity concentrations; 
 V  ND , non-displaceable distribution volume; and 
 k  1–4 , rate constants of two- compartment model, 

and  K  1  infl ux constant from blood space.  BP  refer-
enced to the non- displaceable uptake equaling 
radioactivity concentration in a reference region is  
 BP  ND  =  V  T / V  ND  − 1 = DVR −1 =  k  3 / k  4 , with DVR dis-
tribution volume ratio. 

 Other parameters characterizing ligand mole-
cules are the 50 % inhibition concentration 
 IC  50  =  K  i  (1 +  C / K  D ) with  K  i , inhibition constant [ 2 ]; 
 C , ligand concentration and the octanol water 
equilibrium partition quotient log P  =  C  Octanol / C  Water ; 
and  C  x , ligand concentrations. 

 As a special constraint, accessibility of brain 
tissue is restricted by the blood-brain barrier 
(BBB) if there is no specifi c channel such as for 
selected ions and nutrients such as glucose and 
amino acids or specifi c endocytosis such as for 
transferrin. Broad experience leaded to Lipinski’s 
rule of fi ve (RO5) which describes molecular fea-
tures necessary for high probability solubility and 
intestinal permeability, also as precondition for 
BBB passage. The compound should have not 
more than 5 H-bond donors and 10 H-bond accep-
tors, a molecular weight smaller than 500, and a 
log P  smaller than 5 [ 3 ]. A more recent adaption 
claimed a number of nitrogen plus oxygen atoms 
(N + O) not exceeding 5 and log P  – (N + O) > 0 as 
predictors of BBB permeability [ 4 ]. 

 Even fulfi lling these preconditions, molecules 
which initially penetrated into the endothelial 
intracellular space may be secondarily secreted 
back to the capillary via effl ux pumps localized 
in the luminal membrane. Of these the most 
prominent is permeability-glycoprotein 1 (p-gp, 
MDR1) coded by the ATP-binding cassette 
(ABC) transporter gene family. A smaller contri-
bution to drug effl ux comes from multidrug resis-
tance protein (MRP4) and breast cancer resistance 
protein (BCRP). Candidate drugs are nowadays 
routinely tested as p-gp substrates before enter-
ing further in vivo development [ 5 ]. 

 Anatomical structures mentioned in this 
chapter are illustrated in Fig.  20.1 . With a spe-
cial scope on the PET literature, the nonfamiliar 
reader may retain some defi nitions: synonyms 
of the orthogonal directions anterior-posterior 
are rostral-caudal and of superior-inferior, 
dorsal- ventral. The plain spanned in lateral and 
up-down direction is termed coronal, the plain 
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spanned in front-back and up-down direction 
sagittal, and the plain spanned in lateral and 
front-back direction axial or longitudinal. 
Striatum is the sum of caudate nucleus and puta-
men. The ventral part of the caudate nucleus is 
also termed nucleus accumbens or ventral stria-
tum. The hippocampus is composed of cornu 
ammonis (segments CA1–4) and fascia dentata.

20.2        New Aspects 
of Longstanding Diagnostic 
Applications 

 Since the beginning of the PET era in the 1980s, 
cerebral blood fl ow and metabolism have been 
studied using [ 18 F]FDG and [ 15 O]tracers in key 
neurological conditions such as stroke, epilepsy, 
or degenerative disease. [ 18 F]FDG and [ 15 O]trac-
ers have also been the diagnostic gold standard in 
the broad fi eld of neurophysiological and psycho-
logical activation studies. Also the dopaminergic 
system has been acceded by SPECT and PET 

since a long time. Whenever [ 18 F]FDG is used for 
serial measurements with partially investigatory 
purposes, absolute quantitation of regional cere-
bral metabolic rate of glycolysis (r CMR  Glc ) is 
desirable in order not to neglect global effects. 
Therefore, an arterial input function is required. 
Here, as an easy alternative to circumvent arterial 
blood sampling, emission data acquisition from 
the cardiac blood pool at a thoracic bed position 
during 35 min following injection is established. 
Some venous blood  samples serve for calibration 
[ 6 ,  7 ]. Many changes of r CMR  Glc  due to interven-
tions or disease are global and local. At rest glu-
cose consumption in the brain, in average 
29–32 μmol/min/100 g tissue, amounts to about 
25 % of that of the total body. The local range 
spans from 15 to 22 μmol/min/100 g in white mat-
ter to 45–50 μmol/min/100 g in the visual cortex 
[ 8 ]. The following sections 3-7 deal with these 
new aspects of “old” applications. Sections 8-13 
present new applications. Sections 14 and 15 give 
an overview by disease and by target, 
respectively.  

  Fig. 20.1    For orientation, macroanatomical structures 
are delineated on the left hemisphere of the Collin stan-
dard brain. Shown are a view from mesial ( left ), two axial 
sections 11 mm below and 6 mm above the anterior com-
missure – posterior commissure (ac-pc) plain ( middle ) 
and a view from lateral ( right ). The set of regions follows 
the one (“atlas”) implemented in the Pmod 3.1 software 
tool (Pmod, Zürich, Switzerland).  Abbreviations :  1  cau-
date nucleus,  2  globus pallidus,  3  epiphysis,  4  lowest 
extension of the mesial parietal lobe,  5  lingula or gyrus 
lingualis,  6  corpora mammillaria,  7  substantia nigra 
(brown stripe inside the mesencephalon),  A  amygdala, 
 ACC  anterior cingulate cortex,  Ang  angular gyrus,  BA  
Brodmann area,  CC  corpus callosum,  Cereb  cerebellum, 
 F1  superior frontal gyrus,  F2  medial frontal gyrus,  F3  
inferior frontal gyrus subdivided into F3orb, pars orbit-
alis, F3tg, pars triangularis containing BA45, F3op, pars 

opercularis containing BA44, BA44 and 45 make up the 
Broca region,  Fus  fusiform gyrus,  Heschl  transversal tem-
poral gyrus, containing the primary acoustic cortex,  Hip  
hippocampus composed of fascia dentata and cornu 
ammonis; Mes, mesencephalon,  O1  superior occipital 
gyrus,  O2  middle or lateral occipital gyrus,  OFC  orbito-
frontal cortex (gyrus rectus and gyrus supraorbitalis),  P1  
superior parietal gyrus,  P2  inferior parietal gyrus,  PoG or 
postcentralG  postcentral gyrus,  PrG or precentralG  pre-
central gyrus,  PrGop  opercular part of the precentral 
gyrus,  Put  putamen,  Supramarg  gyrus supramarginalis, 
 T1  superior temporal gyrus containing at its posterior 
upper face the Wernicke region (posterior part of BA22), 
 T2  middle temporal gyrus,  T3  inferior temporal gyrus, 
 Thal, thalamus  Tpol, temporal pole composed of the ros-
tral parts of T1 and T2,  U  uncus or gyrus uncinatus,  X-opt  
chiasma opticum       
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20.3     Role of [ 18 F]FDG 
in Neurodegenerative 
Disease 

 For more than a decade, [ 18 F]FDG-PET was an 
in vivo “gold standard” in the differential diagno-
sis among the different entities of dementia and 
mild cognitive impairment. However, the advent 
of reliable pathobiochemical markers, refi nement 
of the neuropsychological phenotype and of MRI 
acquisition, and analysis techniques fundamen-
tally changed the clinical and diagnostic approach 
to and concept of neurodegenerative disorder. 

20.3.1     New Concept of Amyloid 
Pathology and Alzheimer’s 
Disease (AD) 

 Especially for amyloid pathology, cerebrospinal 
fl uid markers and PET amyloid ligand imaging 
markers have been validated in larger biopsy and 
autopsy cohorts. This enables diagnosis of pro-
dromal AD (synonym MCI due to AD) in a large 
quantity of unambiguous cases especially for 
highly enriched study cohorts. The current con-
cept of the International Working Group (IWG) 
around Bruno Dubois [ 9 ,  10 ] requests:

    1.    A gradual deterioration of memory over more 
than 6 months with an amnestic syndrome 
where delayed cued recall is compromised   

   2.    A pathophysiological marker, CSF, or amy-
loid PET   

   3.    A topographical marker, either medial tempo-
ral lobe atrophy (assessed by volumetry/mor-
phometry) or hypometabolism in [ 18 F]
FDG-PET in parietotemporal regions includ-
ing posterior cingulum (PCC) and precuneus    

  CSF is to be sampled in polypropylene tubes 
to minimize adsorption and displays low Aβ 1–42  
(<550 pg/ml [ 11 ]), low ratio Aβ 1–42 /Aβ 1–40  (<0.1 
[ 11 ]), high tau (>614 pg/ml [ 11 ]), high serine 
181 phospho-tau (>61 pg/ml [ 12 ]), and high 
ratio tau/Aβ 1–42 . Knowledge of the individual sta-
tus of the apolipoprotein E (APOE) polymor-
phism (isoforms ε2, ε3, or ε4, whereby ε4 

carriers have increased risk of developing AD 
amounting to 10-30-fold in homozygous) con-
siderably contributes information. 

 In addition, the familiar genetic mutations of 
amyloid precursor protein (APP) presenilin 1 or 
2 (PS1 or PS2) are highly orientating. In up to 
80 % of AD cases, there is a familial genetic 
background, the penetration of which is not 
obligatory and may vary in a wide continuum 
[ 13 ].  

20.3.2     Other Dementias and Mixed 
Pathology 

 One reason for the incomplete specifi city (about 
94 %) and limited sensitivity (about 84–96 %) of 
[ 18 F]FDG-PET in the diagnosis of AD is that the 
pattern of moderate parietotemporal hypometab-
olism including PCC and precuneus is also found 
in cognitively normal subjects affected by athero-
sclerosis, diabetes, and obesity. In non-demented 
Parkinson’s disease (PD), lateral parietal hypo-
metabolism prevailed, whereas in the continuum 
of PD with dementia (PDD) and Lewy body dis-
ease (LBD), hypometabolism was observed in 
the occipital cortex (BA18) in addition to PCC 
and precuneus. In LBD, specifi city and sensitiv-
ity of [ 18 F]FDG-PET were estimated at 67 % and 
83–99 %, respectively, and in frontotemporal 
lobe dementia (FTLD) about 89 % and 97–99 % 
[ 14 ,  15 ]. 

 There is a large spectrum of mixed pathology 
and overlap in amyloid deposition, dopaminergic 
defi cit (revealing Lewy body pathology), and 
vascular pathology. Therefore, the evolution goes 
away from setting a singular diagnostic etiquette 
rather to determining the contribution of each 
pathology to a given case using CSF markers, 
amyloid PET, dopamine transporter (DAT) 
SPECT or PET, and morphological MRI (search-
ing for macro- and microinfarcts, microbleed-
ings, and perivascular edema). 

 In FTLD there is less overlap with amyloid 
pathology. Typically, glucose hypometabolism 
involves the frontal, anterior temporal, and ante-
rior cingulate cortex. See Fig.  20.2  for different 
patterns of hypometabolism. A similar frontal 
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pattern can be observed in cases of amyotrophic 
lateral sclerosis (ALS), also essentially a ubiqui-
tin pathology and of progressive supranuclear 
palsy (PSP), a tau pathology with accompanying 
frontal syndrome. In addition, tau radioligands 
are upcoming, while imaging markers of ubiqui-
tin pathology – coming with disturbance and pre-
cipitations of TAR-DNA binding protein 43 
(TDP43) and fused in sarcoma protein (FUS) – 
are not yet in view.

   Vascular dementia (VaD) is primarily diag-
nosed upon the one- or multi-stepwise discontin-
uous evolution and MRI or cranial computed 
tomography (cCT). However, metabolic defects 
or defi cits may considerably exceed MRI lesions. 
As a function of the subcategory of VaD, in mul-
tinfarct VaD, an overlapping pattern of multifocal 
hypometabolism may be observed corresponding 
to the respective areas of (silent) infarcts or mal-
perfusions. In states of subcortical VaD/multi- 
lacunar infarcts/leukoaraiosis, [ 18 F]FDG uptake 
may be decreased in the basal ganglia, cerebel-
lum, and diffuse cortical areas. Occasionally, the 
state after so-called “strategic” infarcts, e.g., in 
the gyrus angularis, inferomedial temporal lobe, 
dorsomedian thalamus, or basal forebrain, can 

mimic features of dementia. In the latter cases, 
[ 18 F]FDG may reveal large cortical areas of deaf-
ferentation [ 16 ].  

20.3.3     Use and Technical Aspects 
of [ 18 F]FDG-PET in the Frame 
of Clinical Trials 

 Notwithstanding, [ 18 F]FDG-PET proved highest 
sensitivity as a progression marker [ 17 ] in longi-
tudinal AD trials studying pharmacological [ 18 –
 20 ] and other interventions. Amyloid PET proved 
unsuitable for this purpose as amyloid ligand 
binding slowly responds to interventions and 
amyloid deposition occurs early in the sequence 
of pathological events. Furthermore, in any atypi-
cal or gray cases, [ 18 F]FDG-PET still contributes 
to the characterization of the neurofunctional 
state. 

 In the recent years, a composite index (PALZ) 
of [ 18 F]FDG-PET-evidenced hypometabolism 
comprised within the PMOD software package 
(PMOD, Zurich, Switzerland) has been increas-
ingly used for quantitation purposes in studies. 
The Minoshima tool (3D-SSP/Neurostat) is 

  Fig. 20.2    Clinical cases of dementia syndromes assessed 
by [ 18 F]FDG-PET. Given are orthogonal maximum inten-
sity projections of pixelwise Z-statistics of relative 
regional cerebral metabolic rates of glucose (r CMR  Glc ). 
The individual and an age-matched normative control 
cohort are compared. The decrease versus controls is rain-

bow color coded, blue codes minor, and red most intense 
decreases.  AD  Alzheimer dementia,  FTLD  frontotemporal 
dementia,  LBD  Lewy body dementia. The diagnosis was 
further confi rmed by measurements of amyloid and tau in 
CSF and clinical follow-up. Given are the individual dis-
ease durations       
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widely established for fast calculation of individ-
ual parametric Z-score datasets in comparison to 
an integrated control cohort. The visualization of 
Z-scores in maximum intensity projection 
increases accuracy especially of non-experienced 
raters (c.f. Fig.  20.2 ) [ 21 ]. 

 The superiority of [ 18 F]FDG-PET over perfu-
sion SPECT using [ 99m Tc]HMPAO has been 
clearly evidenced in direct comparison [ 14 ]. 

 Usually non-partial volume corrected [ 18 F]
FDG-PET are used which refl ect the composite 
of functional compromise and atrophy and thus 
are more sensitive. In order to identify areas of 
compensatory relatively upregulated metabo-
lism, partial volume corrected PET were ana-
lyzed. In AD, the left and to a less extent right 
amygdala were identifi ed as sites of highest met-
abolic compensation, whereas hypometabolism 
was most overproportional to loss of parenchyma 
in the PCC [ 22 ]. 

 It has to be kept in mind that corticoids, any 
CNS-depressing drug (e.g., psychotropic, nar-
cotic, sedative, antipsychotic), or state (postsur-
gical, previous chemo- or radiotherapy) will not 
only reduce global  rCMR  Glc  but also affect the 
regional distribution pattern, while stimulants, 
e.g., caffeine, nicotine, cocaine, and amphet-
amine, may rather increase global  rCMR  Glc  while 
activity and sensorial stimuli may increase local 
 rCMR  Glc  [ 23 ]. 

 Nuclear imaging techniques recently have 
been included into guidelines for the diagnostics 
of dementia disorders, e.g., of NIH, Alzheimer’s 
association, AHRQ, NICE etc.   

20.4     [ 18 F]FDG in Various 
Conditions 

20.4.1     Movement Disorders 
and Functional Disorders 

 PET can contribute valuable information in the 
characterization of various movement disorders 
such as dystonias, tics, tremors, etc. Especially 
[ 18 F]FDG may help to differentiate central and 
peripheral origins. For example, a patient with up 
to 100 faciobrachial dystonic seizures per day 

consecutive to an autoimmune encephalitis 
showed intense bilateral putaminal hypermetabo-
lism [ 24 ]. 

 [ 18 F]FDG-PET may contribute additional ori-
entation among atypical parkinsonian syndromes. 
In corticobasal degeneration, typically highly 
asymmetrical [ 18 F]FDG uptake is observed with 
hypometabolism including the cerebral cortex, 
striatum, and thalamus [ 23 ,  25 ]. In multisystem 
atrophy, parkinsonian variant (pMSA), there is 
isolated striatal hypometabolism and in PSP 
bilateral frontal hypometabolism [ 23 ,  25 ]. See 
 20.3.2  for PD and LBD. 

 In several cases, the functional or somatic 
nature of a symptom is not clear. Here [ 18 F]FDG- 
PET can reveal, e.g., areas of cortical under- 
function. For example, cortical deafferentations 
after punctiform thalamic infarctions can be 
detected, and aphasia can be differentiated from a 
pure functional aphasia in the context of a reac-
tive depressive episode [ 26 ]. In a cohort of 11 
patients with unilateral pain-related nondermato-
mal somatosensory defi cits, hypometabolism in 
the contralateral postcentral gyrus, posterior 
insula, and putamen was observed [ 27 ].  

20.4.2     Major Depressive Disorder 
(MDD) 

 A large meta-analysis on resting state [ 18 F]FDG 
in depressed episodes within major depressive 
disorder (MDD) [ 28 ] evidenced hypometabolism 
in the pregenual and posterior cingulum, the BA9 
part of middle frontal gyri (or dorsolateral pre-
frontal cortex, DLPFC) and insula bilaterally, 
and the left superior temporal gyrus. 
Hypermetabolism, in turn, was observed bilater-
ally in the BA10 area situated in the most rostral 
portion of superior and medial frontal gyrus, in 
the thalamus and the left caudatus. The outcome 
of these clinical cohorts is (necessarily) heteroge-
neous as various and different etiopathologies 
may underlie MDD. Especially, active infl amma-
tory pathology would rather come with hyperme-
tabolism, while degeneration implies 
hypometabolism. Subjects may have been 
scanned at various time points in the course of 
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undulating symptoms, i.e., at the beginning of or 
during a depressive episode, in the recovery 
phase, or in (relative) remission. Furthermore, 
specifi c activation patterns could be closely cor-
related to specifi c individual symptoms so that 
the fi nal picture may refl ect an overlay of symp-
tom correlated (state) and disease or pathology 
immanent (trait) metabolism/activation. 

 A series of studies investigated [ 18 F]FDG 
uptake or perfusion at baseline and after treat-
ment. Whatever type of treatment was applied, 
fi ndings converged to a compensation of hypo-
frontality and disappearance of the subgenual 
anterior cingulate cortex (sgACC) activation in 
responders. 

 In detail, selective serotonin reuptake inhib-
itors (SSRI) increased metabolism in dorsal 
anterior and posterior cingula, both middle 
frontal gyri (BA8/9, 46, 47), and the gyrus 
supramarginalis, while activity in sgACC, 
parahippocampal gyri, right insula, and left 
putamen was decreased [ 28 ]. In this meta-anal-
ysis, 9 [ 18 F]FDG studies were included with 22 
patients treated by fl uoxetine, 51 patients 
treated by paroxetine, and 6 by citalopram. 
Further studies directly compared paroxetine 
versus interpersonal psychotherapy [ 29 ], ven-
lafaxine versus cognitive behavioral therapy 
[ 30 ], and double-blind fl uoxetine versus pla-
cebo [ 31 ]. In all studies prefrontal and dorsal 
cingulum hypometabolism recovered, while 
r CMR  Glc  decreased in sgACC, parahippocam-
pus, and thalamus [ 31 ]. In addition, medication 
involved additional metabolic changes in the 
striatum [ 30 ,  31 ], brainstem, and hippocampus 
[ 31 ]. A single total sleep deprivation was most 
effective in normalizing anterior cingulate cor-
tex (ACC) hyperactivity, while left prefrontal 
hypoperfusion normalized after the fi nal recov-
ery assessed by a third scan [ 32 ]. 
Electroconvulsive therapy increased ACC per-
fusion in responders (vide infra 4.3.2) [ 33 ]. 
Light therapy has only been assessed in 6 
patients insuffi cient to detect changes in [ 18 F]
FDG uptake [ 34 ]. A recent [ 18 F]FDG study 
absolutely quantifi ed  rCMR  Glc  using a venously 
calibrated cardiac input function 2 h after the 

infusion of subanesthetic ketamine (35 mg) or 
placebo in 21 depressed BD patients. After ket-
amine, r CMR  Glc  was nonsignifi cantly decreased 
globally by 0.3 % and locally in posterior brain 
regions such as the lingual and fusiform gyri, 
occipital cortex, and cerebellum and further-
more in both hippocampi and the left thalamus. 
The only signifi cant fi nding was an increase by 
2 % in sgACC, the amplitude of which further-
more correlated with the clinical response. The 
inverse correlation was observed in the right 
ventral striatum [ 7 ]. 

 Conversely, re-induction of depression in 
remitted patients by nutritional tryptophane 
depletion was accompanied by a re-apparition of 
prefrontal hypometabolism [ 35 ]. 

 A third type of studies measured the response 
amplitude of metabolism/perfusion to diverse 
behavioral, especially emotional stimuli. Positive 
emotional stimuli elicited less activation in MDD 
compared to controls in the left posterior orbital 
gyrus and left cerebellar posterior lobe and more 
activation in sgACC and inferior frontal gyrus 
(areas 47 and 11). The response to negative stim-
uli was increased in the right superior temporal 
gyrus [ 28 ]. 

 A fourth type of analysis aims at extracting 
predictors for the response to a given type of 
treatment from baseline scans of those patients 
where thorough, in-depth, and long-term clini-
cal follow-up is available. Also in view of the 
abovementioned fi ndings, the sgACC was con-
sidered an indicator of treatment response [ 36 ] 
and a promising target for deep brain stimula-
tion in progressive secondarily refractory 
MDD, which has been realized meanwhile in at 
least 45 published cases. However, a controlled 
randomized double-blinded trial was discon-
tinued in 2014 because of ineffi ciency [ 37 ]. 
Further  neuroimaging biomarkers as predictors 
for differential treatment response are under 
investigation [ 38 ]. Moreover, the response 
amplitude to a decision- making activation task 
was higher in the ACC in maniac and lower in 
the frontal pole of depressed patients versus 
controls, even more accentuating the cortico-
limbic divergence.  
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20.4.3     Bipolar Disorder (BD) 

 In BD cohorts, during depressive episodes, simi-
lar to MDD, prefrontal (DLPFC and dorsal ACC) 
under-function and over-function of limbic struc-
tures within the ACC, anterior temporal cortex, 
amygdala, and parahippocampus were observed 
[ 39 ]. About 2 dozens of r CMR  Glc  and r CBF  stud-
ies using PET and SPECT of patients in depres-
sive, euthymic, or maniac state of BD converged 
toward the following fi ndings: frontal metabo-
lism is low compared to controls in euthymic, 
lower in depressive, and lowest in maniac state, 
while ACC metabolism is high compared to con-
trols in depressed, higher in euthymic, and high-
est in maniac BD patients [ 40 ]. This activation 
pattern was the substance of the (fronto-) cortico-
limbic theory of mood disorders. Moreover, the 
amplitude of response to a decision-making task 
was higher in maniac patients which presented 
even higher  CMR  Glc  in the ACC and in depressed 
patients with even lower  CMR  Glc  in the frontal 
pole [ 41 ].  

20.4.4     Schizophrenia 

 Current clinical criteria of schizophrenia, e.g., 
in the ICD-10 2004 (edited by the World Health 
Organization), section F20, comprise distortion 
of thinking, perception, and inappropriate or 
blunted affects. Specifi cation still relies on the 
fi rst rank criteria formulated by Kurt Schneider 
in 1938 [ 42 ] which are also termed “positive 
symptoms”: thought echo, thought insertion or 
withdrawal, thought broadcasting, delusional 
perception and delusions of control, infl uence 
or passivity, and hallucinatory voices comment-
ing or discussing the patient in the third person. 
“Negative symptoms” may precede and persist 
after an acute episode and comprise avolition; 
cognitive, emotional, and speech defi cits; and 
psychomotor poverty. In the DSM V, more gen-
eral terms are used and further clarifi cation 
shifted to the footnotes. Schizophrenia is a 
diagnosis by exclusion of any somatic origin 
and developmental disorders and excluding 

especially psychoactive drugs. No instrumental 
or biochemical test is established so far. 

 A seminal study investigated resting state [ 18 F]
FDG-PET with absolute quantifi cation by an 
input function of arterialized blood radioactivity 
concentrations in 26 drug-naive schizophrenic 
(SZ) patients versus 32 controls. A global reduc-
tion of cerebral glucose metabolism by about 
5–6 % was observed, particularly in medial and 
left prefrontal areas BA9 and 10 (−6 %), primary 
sensory cortex (−8 %), precuneus (−7 %), and 
both thalami (−10 %), reaching signifi cance here 
( T -value 2.5 and 21) [ 43 ]. 

 A comparison of 67 drug-naive fi rst-episode 
schizophrenic patients and 103 healthy controls 
in [ 18 F]FDG-PET under activation by a serial ver-
bal learning test revealed dramatic hypometabo-
lism engaging the entire prefrontal, posterior 
parietal, and lateral temporal cortex, caudate 
nuclei, and mediodorsal thalamic nuclei. Relative 
hypermetabolism was detected in the pregenual 
ACC and anterior temporal lobe, including the 
gyrus uncinatus. As usual in clinical cohorts, no 
arterial blood samples were available, and there-
fore, uptake values were only relative and not 
absolute. Furthermore, the entire brain and not, 
i.e., the pons or cerebellum, served as reference 
region. Therefore, it is probably a technical side 
effect that relative white matter SUVs were 
almost globally increased in SZ. Rather, glucose 
metabolism may have been globally decreased 
with frontoparietal, caudate, and thalamic accen-
tuation [ 44 ]. 

 When it comes to later states of schizophrenia, 
the bias of medication compromises any com-
parisons to healthy controls. However, it is of key 
interest to investigate states dominated by posi-
tive symptoms such as delusions, acoustic verbal 
hallucinations (AVH), mental disorganization, 
and reality distortion well separated from states 
of pure negative symptoms. Therefore, it was an 
innovative approach of a Milan-based group to 
compare a cohort of patients with negative symp-
toms with a cohort of BD, treated by similar 
doses of the same atypical antipsychotics. Drug 
load was accounted for as covariate. A voxel- 
wise SPM8 comparison of SUV images revealed 
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at best insignifi cant differences in cortical and 
gray matter uptake pattern, while relative white 
matter metabolism was signifi cantly higher com-
pared to BD. This again can be interpreted as sign 
of globally lower r CMR  Glc  in negative-symptom 
schizophrenic patients compared to MDD [ 45 ]. 
Inputs to SPM8 were unreferenced SUV values, 
but in the intrinsic algorithms of SPM, there are 
global normalizations at one or two steps in data 
processing, and a ROI wise measurement of 
absolute values may have yielded constant white 
matter r CMR  Glc . 

 In schizophrenia research the same patients 
were scanned during acoustic verbal hallucina-
tions (AVH) and in intervals free of hallucina-
tions. Other studies compared hallucinators and 
non-hallucinators. Findings converged to activa-
tions of primary and secondary acoustic cortices 
and, surprisingly, not necessarily activation of the 
Wernicke region but even more of the Broca 
region, furthermore of supplementary motor cor-
tices, ACC, and striatum, as reviewed by Bossong 
and Allen [ 46 ]. Targeted individualized repetitive 
transcranial magnetic stimulation (rTMS) onto 
left temporolateral areas hyperactive during hal-
lucinations could considerably alleviate halluci-
natory pathology [ 47 ].  

20.4.5     Other Neuropsychiatric 
Disorders 

 In anxiety-spectrum disorders including specifi c 
phobia and social anxiety disorder, a series of 
activation studies under provocation conditions 
evidenced hyperperfusion/metabolism of a “fear 
network” [ 48 ] comprising the amygdalae, mid-
brain (periaqueductal gray) insula, and ACC, 
while activity in the orbitofrontal cortex (OFC) 
decreased as a function of fear [ 49 ]. In posttrau-
matic stress disorder, a related pattern was 
observed but with inconstant and rather inversed 
behavior of ACC and OFC [ 49 ]. 

 In obsessive compulsive disorder (OCD), 
common fi ndings were glucose hypermetabolism 
in ACC, caudatus, and OFC. Successful SSRI or 
cognitive behavioral therapy normalized metabo-
lism in caudatus and OFC [ 50 – 52 ]. 

 In multiple sclerosis, [ 18 F]FDG showed gray 
matter hypometabolism in MS which longitudi-
nally progressed, and the site of which was well 
related with dominating symptoms such as tha-
lamic and hippocampal hypometabolism with 
memory dysfunction and scattered frontal hypo-
metabolism with frontal syndrome [ 53 ]. 

 In ALS, if the primary motoneurons are 
affected, hypometabolism of the motor cortex is 
observed as a “stripe” sign. Furthermore, fre-
quently frontal glucose hypometabolism is 
observed [ 23 ]. In both, most cases of FTLD and 
most cases of ALS ubiquitin pathology are 
observed coming with inclusions of TDP-43 and 
more rarely of FUS, which can spread into the 
frontal lobes. In Creutzfeldt-Jakob disease, 
fronto-parieto-occipital hypometabolism was 
reported, while temporal [ 18 F]FDG uptake was 
comparatively preserved [ 54 ].  

20.4.6     Risk Assessment of Carotid 
Plaques/Chronic Ischemia 

 The advent of PET-CT combination enabled also 
the combination of CT contrast angiography and 
PET. In such combined datasets acquired after 
prolonged washout, 90 min after injection of 
370 MBq [ 18 F]FDG, it was possible to resolve 
active and non-active sectors of carotid plaques. 
The respective target-to-background ratio (TBR) 
may be further established as sensitive parameter 
of plaque activity, vulnerability, and infl amma-
tion which promises a closer link to the 
pathomechanism compared to purely morpho-
logic measures of lumen obstruction. [ 18 F]FDG 
TBR allowed good discrimination of asymptom-
atic plaques with and without microembolic tran-
scranial Doppler signals registered over 60 min 
[ 55 ]. Also TBR was higher in the 60 symptomatic 
compared to the 63 asymptomatic patients 
 examined. In a clinical trial of the anti-athero-
sclerotic drug dalcetrapib, carotid plaque [ 18 F]
FDG-PET/CT TBR obtained at baseline and in 3 
and 6 months served as longitudinal readout bio-
marker in 92 patients. Dalcetrapib is a cholesteryl 
ester transfer protein (CETP) modulator. 
Unfortunately, none of the plaque measures 
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changed differentially in the verum and placebo 
group [ 56 ]. Smaller precedent studies were con-
cordant [ 57 ,  58 ]. This method could fully exploit 
its strengths when combined with a measurement 
of the cerebrovascular reserve such as [ 15 O]H 2 O-
PET with and without acetazolamide challenge, 
see  20.7.2 .   

20.5     Contribution of [ 18 F]FDG 
and other PET Tracers 
to the Characterization 
of Epilepsies 

 In the clinical workup of epilepsy, the key inter-
est is on focus localization. Highest accuracy can 
be achieved by comparing measurements of ictal 
and interictal brain functional state. Beyond elec-
trophysiological techniques such as EEG and 
MEG, neuroimaging may contribute estimates of 
focus volume and shape and localize deep foci. In 
a considerable number of cases, extracranial 
EEG does not clearly localize the focus; here 
nuclear medicine techniques are of special value. 
As (i) the duration of most seizures is short within 
a time range of about 2 min and (ii) imaging 
“online” during clonic activity is hardly possible, 
an ideal tracer for seizure neuroimaging must 
have a (i) short uptake phase and (ii) a delayed 
washout behavior, ideally with trapping for sev-
eral hours. Unfortunately the uptake period of 
[ 18 F]FDG lasts for 30–45 min [ 59 ] so that it is 
unsuitable for ictal versus interictal comparisons. 
[ 99m Tc]ECD (Neurolite™) in turn has proven 
almost ideal properties – high fi rst-pass tissue 
extraction followed by metabolic trapping – and 
allows literally to freeze the functional state fol-
lowing the 60 s postinjection and to acquire the 
SPECT even 4 h later. This procedure has been 
established under the acronym of SISCOM (sub-
traction ictal SPECT coregistered to MRI) yield-
ing spatial resolutions full width of half maximum 
(FWHM) of about 7 mm [ 60 ,  61 ]. In principle, 
the higher resolution of PET (FWHM down to 
2 mm) could benefi t established [ 99m Tc]tracers 
(half-life, 6.0 h) when using [ 94m Tc] (half-life 
4.9 h), but, this cyclotron nuclide is rarely avail-
able and emits additional gamma at 703, 850, and 

871 KeV, warranting special data correction algo-
rithms. As there is no reactor PET nuclide with 
suitable half-lives – 67.6 h of  68 Ga would be too 
long and 1.3 min of  82m Rb too short – upcoming 
subtractive ictal versus interictal PET applica-
tions will be restricted to very specialized centers 
and research rather than routine applications. 
Cases of induced or very frequent seizures may 
be most suitable for such subtractive PET 
studies. 

 The second interest in epilepsy research is 
imaging the interictal state solely rather with a 
pathophysiological research purpose than in clin-
ical routine. Only [ 18 F]FDG found some larger 
dissemination and displays – in negative con-
trast – areas of interictal hypometabolism usually 
larger than the epileptogenic focus and of vague 
delimitation. [ 18 F]FDG-PET/MRI is of special 
value in the search for focal cortical dysplasias 
and extra-temporal foci which are not apparent 
on MRI alone [ 59 ]. A recent Spanish study sys-
tematically acquired and compared MRI, coreg-
istered [ 18 F]FDG-PET, video-scalp EEG 
monitoring, [ 99m Tc]HMPAO-SISCOM, and intra-
cranial EEG in patients with refractory epilepsy 
[ 62 ]. Of all 35 patients, MRI, [ 18 F]FDG-PET, and 
video-scalp EEG were available. In 11 of 15 
patients with an MRI rated normal and in 19 of 
20 patients with a lesion visible in MRI, [ 18 F]
FDG-PET/MRI could localize lesions concor-
dant with the fi nal EEG focus, making a sensitiv-
ity of 86 %. Remarkably, in three cases scalp 
EEG was discordant with intracranial EEG, while 
PET was in only one of these. In total intracranial 
EEG as a gold standard was available in ten 
cases, in which PET was concordant in eight 
cases and discordant in one and showed hypome-
tabolism considerably exceeding the focus in 
another case. SISCOM in turn was acquired in 25 
cases. In 16 (64 %) of these, SISCOM was con-
cordant with best EEG fi ndings, while SISCOM 
was non-localizing or normal in six and discor-
dant in another three cases because of too late 
injection or artifacts. In 7 of these 25 cases, intra-
cranial EEG as a gold standard were acquired, 
yielding concordant results in 4 cases, a non- 
localizing SISCOM in 1 case, and discordant 
fi ndings in 2 cases, thus making a sensitivity of 
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57 % [ 62 ]. This study underlines that a rational 
diagnostic algorithm should fi rst acquire interic-
tal [ 18 F]FDG-PET which should imperatively be 
coregistered to MRI and on a second-level 
SISCOM. 

 A New England-based study reported on 53 
patients with refractory epilepsy which all had 
[ 99m Tc]ECD-SISCOM injected within 30 s 
after seizure onset and interictal [ 18 F]FDG-
PET but without coregistration to MRI [ 63 ]. 
Upon isolated visual inspection, only 23 (43 %) 
PET showed hypometabolic zones concordant 
with EEG foci, while 4 were discordant and in 
26 cases PET was normal or non-localizing. 
Forty- seven SISCOMs revealed concordant 
areas of ictal hyperperfusion, while in the other 
six, there was discordance to even intracranial 
EEG. Consequently, of 48 cases with intracra-
nial EEG recordings available, 42 confi rmed 
SISCOM, corresponding to a sensitivity of 
88 %. 

 A recent study showed the feasibility of pre-
surgical combined hybrid [ 18 F]FDG-PET/MRI 
and MR-compatible 256-electrode 
EEG. Structural MRI, resting state functional 
MRI correlated to interictal epileptic dis-
charges, PET coregistered to MRI, and electri-
cal source imaging were performed. No MRI 
acquisition was performed during the about 
30 min uptake period of [ 18 F]FDG in order not 
to stimulate auditory areas. In total, 12 patients 
were studied; complete datasets of all four 
modalities were obtained in fi ve patients and 
partial data in the other. In 8 of 11 patients, 
[ 18 F]FDG-PET coregistered to MRI- detected 
focal hypometabolism. Key advantages are 
simultaneity and thus observation of an identi-
cal functional and medication state of the brain, 
precise coregistration of PET and MR, option-
ally exact imaging, and easy integration of the 
electrode positions [ 64 ]. 

 For visual interpretation, tilting of 3D datasets 
not ac-pc but parallel to the temporal lobe may be 
helpful so that within a double-banana-shaped 
aspect the contour of the temporal cortex can be 
followed entirely while minimizing overlay with 
the orbitofrontal cortex. Partial volume correc-
tion and simultaneous acquisition in hybrid sys-

tems may further increase the sensitivity of [ 18 F]
FDG-PET/MRI. 

 [ 11 C]fl umazenil has been used – as in cerebro-
vascular disease and stroke – to image the viabil-
ity of brain tissue. Reduced [ 11 C]fl umazenil 
binding helped to detect epileptic foci in MRI- 
negative cases and yielded results concordant 
with EEG, e.g., in 7 of 16 patients [ 65 ].  

20.6     [ 18 F]F-DOPA and [ 11 C]
raclopride 

 [ 18 F]DOPA as presynaptic marker of dopamine 
reuptake transporters (DAT) and aromatic 
L-amino acid decarboxylase (AADC) and [ 11 C]
raclopride as postsynaptic D 2  ligand have been 
established since decades in the differential diag-
nostics of movement disorders and particularly 
parkinsonian syndromes and Lewy body disease 
(LBD). In clinical routine, imaging the dopami-
nergic system is of particular interest for cases of 
mixed or unclear pathology, i.e., when there is no 
clear response to L-DOPA/dopamine agonist 
treatment and the contribution of a – potentially 
treatable – dopaminergic defi cit to a complex 
pathology is in question. [ 18 F]DOPA has mean-
while an EU market admission and in addition to 
the advantages of PET over SPECT is selective 
for dopaminergic terminals in contrast to the tro-
pane derivative DAT ligands [ 18 F]FP-CIT or [ 123 I]
FP-CIT, [ 123 I]β-CIT, and [ 99m Tc]TRODAT which 
show also some binding to serotonin reuptake 
transporters (SERT) and norepinephrine reuptake 
transporters (NET). 

 As a large panel of neuroactive drugs and 
especially the agonists used in PD act on D 2 R and 
have long terminal or brain tissue elimination 
half-lives, imperatively individual washout times 
have to be respected at least so that cerebral con-
centrations can be expected below 1/10  K  D . 
Therefore, a large part of D 2 R imaging in clinical 
routine, also using [ 123 I]IBZM, has to be inter-
preted with big care. Moreover [ 11 C]raclopride is 
one of the rare exceptional receptor radioligands 
which is susceptible to displacement by the 
endogenous neurotransmitter and suitable for the 
measurement of transmitter release (c.f. 6.1). 
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Therefore, [ 11 C]raclopride has been used in a 
large number of interventional (c.f. 5) and activa-
tion studies. In addition to its D 2 R binding capac-
ity, [ 11 C]raclopride is well suitable as a perfusion 
marker, and a fi rst-pass tissue extraction radioli-
gand delivery rate  R1  can be fi tted from dynamic 
datasets. This additional information has been 
exploited to increase the discriminatory power 
between PD and multisystem atrophy [ 66 ]. 
Dopamine receptor imaging in PD has been 
reviewed recently [ 67 ].  

20.7     rCBF by [ 15 O]H 2 O or [ 15 O]CO 2 , 
OEF by [ 15 O]O 2 , rCBV by [ 15 O]
CO or [ 11 C]CO, rCMRO 2 , 
and Tissue Viability by [ 11 C]
Flumazenil 

20.7.1     General 

 The circulatory and blood supply state of brain 
tissue has been characterized by the key para-
meters cerebral blood fl ow (CBF, ml/min/100 g 
of tissue), oxygen extraction fraction (OEF or E, 
unitless), and cerebral blood volume (CBV, 
ml/100 g). [ 15 O]H 2 O–, [ 15 O]O 2 –, and [ 15 O]
CO-PET, respectively, are still considered and 
used as the gold standard for the quick and accu-
rate quantitation thereof. A typical setting 
involves injection of, e.g., 555 MBq [ 15 O]H 2 O 
and dynamic image acquisition for 80 s. Absolute 
quantitation necessitates arterial blood sampling 
to constitute the input function. Traditionally 
emission scans are acquired over about 80–120 s 
post start of injection and entirely put into statis-
tical analysis. Recently the infl uence of length 
and position of the time interval p.i. selected for 
analysis was systematically investigated in datas-
ets from a motor task versus baseline. Highest 
statistical power and thus sensitivity of compari-
sons could be reached using 20–50 s p.i. for all 
regions [ 68 ]. Rather historical is the steady-state 
method for measuring CBF by continuous inha-
lation of constantly delivered [ 15 O]CO 2  which 
within about 10 min equilibrates into blood. 
Images were acquired over 20–30 min necessitat-
ing very high radioactivity doses but only few 

arterial blood samples. [ 15 O]O 2  and [ 15 O]CO are 
applied by single inhalation of a tracer dose 
which very quickly enters the blood and equili-
brates within. Signal acquisition also lasts over 
about 80 s. For correction, not only full-blood 
activity but also plasma activity has to be mea-
sured. As [ 15 O]O 2  virtually completely binds to 
hemoglobin, plasma activity almost exclusively 
accounts for the metabolic product [ 15 O]H 2 O and 
has to be subtracted from the full-blood input 
function. For calculation of CBF and OEF, the 
CBV fraction has to be subtracted from the 
respective time-activity curve [ 69 ]. 

 The cerebral metabolic rate of oxygen con-
sumption (CMRO 2 , in average 3.2 mL/min/100 g, 
gray matter 6 mL/min/100 g, white matter 2 mL/
min/100 g) is a derived parameter: 
CMRO 2  = CBF × OEF. As an alternative to deriv-
ing CMRO 2  from a triple tracer experiment using 
[ 15 O]H 2 O, [ 15 O]O 2 , and [ 15 O]CO, a kinetic model 
has been established which allows calculating 
CMRO 2 , CBF, and CBV from a single dynamic 
[ 15 O]O 2  acquisition [ 70 ]. 

 In this context, it should be kept in mind that 
the brain takes about 20 % of the total body basal 
oxygen consumption and about 15 % of the car-
diac output, equaling 750 ml/min and globally 
50–55 mL/100 g/min (20 in white matter and 
80 in gray matter). The oxygen consumption of 
the entire brain is 50 mL/min which burn 60 mg/
min glucose [ 26 ]. Average glucose consumption 
is estimated at 100 mg/min.  

20.7.2     Measuring 
the Cerebrovascular Reserve 

 Perfusion measurements, preferentially by 
[ 15 O]H 2 O-PET, are applied in clinical neurol-
ogy in some situations to support decisions 
before interventions. Before revascularization 
interventions (e.g., carotid endarterectomy) in 
atypical cases or ventricular shunt placement, 
cerebral hemodynamics and reserve capacity 
of blood supply may be assessed while com-
paring scans at baseline and scans under induc-
tion of a luxury perfusion in well-perfused 
regions using acetazolamide [ 71 – 73 ]. Atypical 
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cases comprise, e.g., those with comorbidity or 
not fulfi lling standard time and gravity criteria 
or cases with complex anomalies of vascular 
anatomy or arteriovenous malformations. For 
this indication, also perfusion SPECT can be 
applied, nowadays preferentially with [ 99m Tc]
ECD which is superior to [ 99m Tc]HMPAO. 
[ 99m Tc]ECD is more stable in vitro; the cerebral 
distribution is more stable allowing to freeze 
the state at injection and readout 4 h later and 
more. The dosimetry is more favorable. 
However, [ 99m Tc]ECD to some part refl ects cel-
lular metabolic uptake, while [ 99m Tc]HMPAO 
purely correlates to blood fl ow arrival [ 26 ]. 
Thus, images will differ in states of perfusion- 
metabolic uncoupling. Both tracers slightly 
underestimate rCBF as fi rst-pass tissue extrac-
tion is incomplete versus [ 15 O]H 2 O. Luxury 
perfusion can alternatively be induced by 
hypercapnia (CO 2 ) or – more common in myo-
cardial scintigraphy – by adenosine.  

20.7.3     Preoperative Identifi cation 
of “Speaking” Brain Tissue 

 Before neurosurgical removal of brain tissue or 
endovascular interventions with unavoidable 
obliteration of blood vessels, “speaking areas” of 
the individual brain may be identifi ed by indi-
vidual activation studies while comparing scans 
at baseline with scans during a task assumed to 
involve the operation area and its neighborhood 
such as motor, speech, recognition, etc. On an 
individual level, [ 15 O]H 2 O-PET is superior to 
fMRI due to its considerably higher sensitivity, 
dynamical range, and spatial accuracy [ 74 ]. The 
big advantage of [ 15 O]H 2 O-PET is that on an indi-
vidual level, typically 6–18 tracer injections and 
scans (“shots”) can be performed, yielding high 
statistical power [ 74 ]. Just very recently, PET/
MRI combinations offered the possibility to 
simultaneously acquire [ 15 O]H 2 O-PET in combi-
nation with blood oxygen level-dependent 
(BOLD) or arterial spin labeling (ASL) MRI 
sequences and thus validate the latter. Thereby, 
e.g., ASL correlated better with [ 15 O]H 2 O-PET 
than did BOLD.  

20.7.4     Quantifying Damage Extent 
and Rescue in Stroke 

 Classical work studied the perfusion defect in 
stroke and the extent of the center of irreversibly 
damaged tissue and the penumbra of salvageable 
tissue therein. The survival perfusion threshold 
could be experimentally determined at 17–18 mL/
min/100 g for infi nity, 15 for 80 min, 10 for 
40 min, and 0 mL/min/100 g for 25 min. Large 
series of [ 15 O]H 2 O-PET obtained typically few 
hours after stroke allowed a classifi cation of a 
core zone with CBF below 12 mL/min/100 g 
with regularly infarction on later cCTs, the pen-
umbra with CBF between 12 and 22 mL/
min/100 g with some chances of infarction and 
some chances of recovery, and, third, a solely 
functionally and temporarily compromised area 
with CBF > 22 mL/min/100 g. In the penumbra, 
OEF is compensatorily increased to a maximum, 
while in irreversibly damaged tissue, OEF is low. 
OEF thus is the marker of the penumbra. In the 
subacute phase after ischemic infarct, a luxury 
hyperperfusion was particularly observed in 
areas with secondary loss of initially increased 
OEF [ 8 ]. This corresponds to malignant infarc-
tion with edematous propensity [ 8 ]. 

 PET was at the origin of understanding the 
pathophysiological cascade after acute ischemia 
and elaborating the salvageable penumbra con-
cept and deepened the understanding of timing 
and effect of i.v. thrombolysis. With the advent of 
MRI technology, at the end of the 1990s, diffu-
sion and perfusion-weighted MRI (PWI and 
DWI) took the relay [ 8 ]. The perfusion-diffusion 
mismatch thereby corresponds to the penumbra 
but, however, tends to overestimate it depending 
on fi ne-tuning of PWI parameters [ 75 ]. When it 
comes to absolute quantitation of tissue gain and 
loss, PET and SPECT are still unrivalled. A study 
assessed the perfusion defi cit before thromboly-
sis by [ 15 O]H 2 O-PET and the fi nal infarct size by 
DWI-MRI 3 weeks later [ 75 ]. However in clini-
cal trials on revascularization, they are largely 
replaced by MRI techniques. As  [123] ECD SPECT 
allows to “freeze” the state at injection and the 
signal can be read out hours later, a cCT and 
tracer injection can save some minutes time ver-
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sus MRI before revascularization. [ 18 F]fl uoromi-
sonidazole ([ 18 F]FMISO) selectively enriches 
within hypoxic tissue. The “cold” compound was 
initially developed as radiosensitizer for tumor 
therapy. [ 18 F]FMISO has been proposed as an 
alternative marker of the penumbra with selective 
enrichment in hypoxic tissue with residual perfu-
sion [ 8 ,  76 ]. However, [ 18 F]FMISO-enriching 
areas where not as accurately delimited as hyper- 
OEF areas [ 8 ]. 

 The GABA A  ligand [ 11 C]fl umazenil ([ 11 C]
FMZ) turned out to be a good marker of salvage-
able tissue within the penumbra and for irrevers-
ibly damaged tissue in negative contrast, 
respectively. Reliable thresholds for core, pen-
umbra, and intact tissue could be set. The PWI- 
DWI mismatch showed good correlations with 
[ 11 C]FMZ uptake.   

20.8     Amyloid Imaging May Guide 
Inclusion into Clinical Trials 

 The development of tracers for cerebral protein 
deposits of Aβ-amyloid, protein tau, α-synuclein/
Lewy bodies, ubiquitin/TDP43, etc., has been 
driven by the interest in early etiologic therapies. 
Therefore, the gold standard for evaluation of 
these tracers cannot be a vague clinical semiol-
ogy but  postmortem  neuropathological verifi ca-
tion and quantitation. In about 20 % of autopsies, 
a previous purely clinical diagnosis of AD could 
be falsifi ed. In autopsy series a mixed pathology 
of Aβ-amyloid and α-synuclein was rather the 
rule (50–80 %) in the continuum of DLB-PDD, 
while mixed pathology was rather the exception 
in frontotemporal lobe dementia (FTLD) where 
isolated tau was found in about 40 % (FTLD-tau) 
and isolated TDP-43 in about 60 % of cases 
(FTLD-U). Isolated α-synuclein pathology was 
detected in multisystem atrophy (MSA) [ 77 ]. 

20.8.1     Generations of Amyloid 
Tracers 

 At the beginning, a series of studies used the 
fi rst- generation marker of cerebral protein 

deposits [ 18 F]FDDNP which is not specifi c and 
recognizes Aβ and tau [ 78 ]. A breakthrough was 
achieved with the introduction of the 
2- phenylbenzothiazole and thiofl avin-T deriva-
tive [ 11 C]PiB. This compound is virtually 
Aβ-selective. Unspecifi c white matter uptake is 
comparatively low. A high discriminatory power 
is provided between amyloid carriers and non-
carriers, as confi rmed by biopsy or autopsy. Still 
[ 11 C]PiB is the amyloid tracer with the most 
measurements reported in the literature. In the 
recent years, three “3rd- generation” [ 18 F] 
Aβ-amyloid tracers obtained admission to the 
market after extensive phase I–III validation, 
including biopsy or autopsy confi rmation. These 
are the 3′-[ 18 F]fl uoro-analogue of PiB, [ 18 F]
fl utemetamol (GE067, GE Healthcare), and the 
stilbene [ 18 F]fl orbetabene (Piramal) in the EU 
and USA and its pyridine analogue [ 18 F]fl or-
betapir (AV45, Amyvid, Eli Lilly) in the USA 
and UK. An example of [ 18 F]fl orbetabene PET 
scans is given in Fig.  20.3 . Unfortunately, the 
white matter uptake of all these three [ 18 F]-tracers 
is higher than of [ 11 C]PiB, and accordingly the 
discriminatory power is reduced [ 77 ]. A cohort 
of 10 controls and 10 AD patients received [ 11 C]
PiB and [ 18 F]fl orbetabene subsequently, yield-
ing differences of SUVR of 75 % and 56 % and 
Cohen’s d as a measure of diagnostic discrimi-
natory power of 3.3 and 3.0, respectively [ 79 ]. 
[ 18 F]NAV4694 (Navidea, formerly [ 18 F]
AZD4696) which is in advanced P-IIb and P-III 
development at the threshold to market admis-
sion displays considerable lower white matter 
uptake. [ 18 F]NAV4694, as fl utemetamol and 
PiB, is a heteroaromatic planar analogue of 
thiofl avin-T [ 80 ].

20.8.2        White Matter Uptake 

 As a consequence of unspecific white matter 
uptake, amyloid imaging is particularly sensi-
tive to motion artifacts. Due to partial volume 
effects coming with limited spatial resolution, 
brain areas with high atrophy risk to be rated 
as unaffected. This is not the case for the hip-
pocampus, which almost regularly displays 
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little amyloid deposition and only in state IV 
in histopathological examinations [ 81 ]. For 
precise detection of very early and localized 
cortical amyloid deposits, an accurate coreg-
istration of structural MRI and PET is war-
ranted which may best be provided by 
simultaneous acquisition at hybrid scanners. 
A high challenge and still matter of debate is 
also the choice of a (white matter) reference 
region which is little subdued to longitudinal 
changes [ 82 ]. In healthy controls amyloid 
tracer uptake reflects white matter distribu-
tion with perfect congruency. To turn this 
shortage into a virtue, amyloid imaging has 
been proposed for white matter quantitation 
in MS [ 83 ].  

20.8.3     Uptake Pattern of Amyloid 
Tracers 

 In a typical AD case, homogeneous confl uent 
white and gray matter uptake of the amyloid 
tracer or even prevailing cortical uptake is 
observed especially in the precuneus, PCC, lat-
eral parietal lobe, and lateral temporal lobe in 
nearly perfect congruency to glucose hypome-
tabolism in [ 18 F]FDG scans. Notwithstanding, 
also in the dorsolateral prefrontal cortex, strong 
amyloid signals are observed. The comparatively 
preserved  rCMR  Gluc  there may be due to lower 
neuronal vulnerability or compensatory mecha-
nisms such as upregulated cholinergic or dopami-
nergic signaling [ 77 ]. In most cases, visual 

  Fig. 20.3    Exemplary PET scans of a 69-year-old AD 
patient symptomatic since 5 years and a healthy control 
person aged 22 years using the amyloid ligand [ 18 F]fl orbe-
taben, acquired 90–110 min postinjection of 342 MBq 

and 253 MBq, respectively. Note the gray matter uptake 
equaling and partially exceeding white matter in AD 
while there is exclusive white matter uptake in the 
control       
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inspection allows already identifying a positive 
measurement, but quantitative analysis could 
considerably improve accuracy [ 84 ]. 
Interpretation should regard APO-ε4 status. The 
of APO-ε4 genotype is associated with higher 
amyloid burden. In AD populations >50% are 
carriers of at least one e4 allel versus 30% and 
less in control populations.  

20.8.4     Validation of Amyloid Tracers 

 The specifi city of amyloid tracers has been val-
idated in large autopsy/biopsy series. 
Correlations of amyloid load determined 
in vivo and ex vivo were almost perfect. In the 
validation European Medicines Agency 
(EMEA) subcohort of the [ 18 F]fl obetaben phase 
III study, a total of 74 brains were collected. Aβ 
was histopathologically detected in 47, all of 
which had a positive PET. Within the 27 
Aβ-negative cases, only one had a false-posi-
tive PET [ 85 ,  86 ]. Resuming the sum of trials, 
sensitivity and specifi city of [ 18 F]fl obetaben are 
indicated at 98 and 89 % [ 86 ]. 

 Furthermore, large series assessed the accu-
racy of clinical diagnosis of AD based on exami-
nation and structural MRI/CT by neuropathological 
verifi cation. For instance, of 34 patients initially 
presenting with amnestic MCI and later having 
converted to dementia, fi nally 10 (29 %) of cases 
had non-AD pathology [ 87 ].  

20.8.5     Applications of Amyloid 
Tracers in Clinical Settings/
Gray Cases 

 In cognitively normal elderly control popula-
tions, about 30 % of amyloid-positive scans were 
reported, in mild cognitive impairment 60 %, and 
in clinical AD 80–90 %. Equal numbers were 
reported from autopsy series [ 81 ]. 

 Smaller investigatory studies shed light onto 
caveats and shortcomings in practical settings 
especially in front of non-Alzheimer and mixed 
pathology/gray cases. In a very recent trial, eight 
FTLD cases showed a [ 18 F]fl orbetapir SUVR 

relative to cerebellar cortex of 1.20 in PCC versus 
1.31 in 10 controls and 1.94 in 10 AD cases. One 
FTLD case homozygous for APOE-ε4 was posi-
tive; two AD cases and all controls were amyloid 
negative upon quantitative analysis. Visual 
inspection alone yielded high uncertainty; only 
two of the eight FTLD scans were unanimously 
rated negative by all four raters. All cases were 
defi ned clinically and underwent additional diag-
nostic [ 18 F]FDG-PET; CSF data were not pro-
vided [ 84 ]. It should be kept in mind that FTLD 
clinically may manifest as behavioral variant or 
more rarely as semantic dementia (SD) involving 
a rather Wernicke-like aphasia with diffi culties of 
object naming and knowing the meaning of sin-
gle words. SD is mostly associated to TDP43. 
The genetic background of FTLD is heteroge-
neous; mutations of the progranulin (GRN), the 
C9orf72, the TARDP, or the valosin-containing 
protein (VCP) gene corresponding to subtypes 
A-D are detected in TDP43 pathology including 
the overlap with ALS. Also FUS pathology 
accounts for a continuum of FTLD and ALS. Tau 
pathology includes strict sense Pick’s disease 
(PiD, with round tau-positive Pick bodies) and 
the overlap of FTLD with corticobasal degenera-
tion (CBD), PSP and parkinsonism linked to 
chromosome 17 due to mutations of the microtu-
bule-associated protein tau (MAPT). FTLD-UPS 
(tau and TDP43-negative ubiquitinated inclu-
sions due to mutations of the CHMP2B gene) and 
FTLD-ni (no inclusions) account for the smaller 
number of other FTLD cases [ 88 ]. Classical CSF 
markers tau and 181-phospho-tau are slightly 
increased and can be even decreased in FTLD 
irrespective of TDP43 or tau pathology. Aβ is 
normal in FTLD [ 88 ]. Other CSF parameters 
such as TDP43 in conjunction with [ 18 F]FDG-
PET and MRI are under development, e.g., in the 
prospective LOF cohort [ 89 ]. 

 Atypical Alzheimer variants with more focal 
cortical dysfunction and almost regularly wide-
spread amyloid detection comprise (i) primary 
progressive nonfl uent aphasia, rather resembling 
a Broca phenotype with agrammatism and 
apraxia of speech but spared single word com-
prehension (this type is however grouped to 
FTLD by some authors and mostly associated to 
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tau pathology [ 88 ]), (ii) logopenic progressive 
aphasia, resembling the conduction aphasia type 
with impaired single word repetition but spared 
spontaneous speech production with some pho-
nologic errors, (iii) frontal variant of AD, and 
(iv) posterior cortical atrophy [ 10 ,  90 ]. 

 In DLB defi ned clinically – and confi rmed by 
the occurrence of a L-DOPA-sensitive parkinso-
nian syndrome in the follow-up or DAT imag-
ing – positive amyloid scans were reported in 54 
of 92 cases (59 %) coming from 8 studies in the 
years 2007 and 2012 [ 91 ]. Remarkably, also iso-
lated striatal amyloid deposition was observed in 
DLB-PDD [ 92 ]. An equal amount of amyloid 
binding may not account for an equal contribu-
tion to the functional defi cit in DLB versus AD, 
as in DLB-PDD rather diffuse plaques may pre-
vail and in AD rather the more malignant neuritic 
plaques, which of course cannot be discriminated 
by imaging [ 92 ,  93 ]. 

 In a cohort of 39 patients with Down syndrome, 
[ 18 F]FBB PET was positive for amyloid deposi-
tions in 90 % aged over 50 years, in 53 % aged 
45–49 years, and in 7 % aged 40–45 years [ 86 ]. 

 Meanwhile a multitude of diagnostic possi-
bilities came up in the fi eld of dementia and 
Alzheimer’s disease. Ongoing prospective and 
registry studies and expert panels/study groups 
such as the “Amyloid Imaging Task Force of the 
Society of Nuclear Medicine and Molecular 
Imaging and the Alzheimer’s Association” 
(AITF) or Alzheimer’s Disease Neuroimaging 
Initiative (ADNI) aim to conduct studies and 
identify most appropriate algorithms for applying 
sequences of diagnostic tests in front of a given 
setting of clinical symptoms. 

 In pure clinical routine, the symptoms are in 
the foreground, and the question of discriminat-
ing AD from FTLD in a case of aphaso-agrapho- 
agnosic symptom in progressed state seems 
academic. Rather fruitful applications of amyloid 
diagnostics may be cases of comorbidity where 
the detection of amyloid pathology implies clini-
cal consequences. In a person affected since 
decades by major depressive disorder and recent 
complaints of memory loss, discrimination of 

depressive pseudodementia from degenerative 
dementia and discontinuation of antidepressants 
with anticholinergic side effect plus addition of 
an AChE inhibitor may be in question. When 
DLB is suspected, an eventual presynaptic dopa-
minergic defi cit is accessible to effective therapy 
and may be scanned fi rst (e.g., [ 123 I]iofl upan 
SPECT) before Aβ. In those cases, it is however 
the question whether to use CSF or PET 
diagnostics.  

20.8.6     Amyloid PET and/or 
CSF-Aβ/ Tau 

 It is of key interest to defi ne indications for per-
forming amyloid PET instead of or in addition to 
CSF analytics in clinical routine. As of the state 
of today, it can be stated that CSF has the advan-
tage of multi-analyte capability, able to detect 
also non-degenerative, e.g., infl ammatory 
pathology, and manometry can be performed 
upon sampling. Amyloid PET thus may be 
applied in patients who refuse lumbar puncture 
or where interruption of antiaggregation/antico-
agulation therapy seems risky. The fi gures of 
merit of CSF versus PET seem quite compara-
ble: e.g., the ratio t-tau/Aβ1-42 could discrimi-
nate autopsy- confi rmed cases of FTLD ( n  = 30) 
from AD ( n  = 19) with 90–100 % sensitivity and 
82–96 % specifi city [ 88 ] compared to 98 and 
89 % reported for [ 18 F]FBB (in autopsy 47 AD, 4 
normal, 23 diverse other neurodegenerative 
pathology) [ 86 ].  

20.8.7     Amyloid Diagnostics 
in Clinical Trials 

 In the settings of clinical studies, it is plausible 
that the combination of amyloid PET and CSF 
analytics yields higher sensitivity and specifi city 
than any method alone. In the presymptomatic 
course preceding AD, PET may convert more 
early than CSF and defi ne the asymptomatic at- 
risk state of AD. This may be especially the case 
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when localized cortical deposits can be detected 
in perfectly coregistered PET/MRI hybrid datas-
ets. Both CSF analytics and amyloid PET can 
separate AD from other pathology with high accu-
racy but can neither discriminate among other 
pathologies nor other pathologies from normal 
cases [ 88 ]. Therefore, a key interest of amyloid 
PET is to clean up FTLD cohorts from contamina-
tions with CSF-negative cases of atypical AD 
pathology. 

 Conversely, in recent AD trials, 36 % (14/39) 
of APOE-ε4-negative subjects and even 7 % 
(7/115) of APOE-ε4 carriers initially clinically 
diagnosed as AD revealed to be amyloid negative 
[ 94 ]. Therefore, including only double PET and 
CSF-positive subjects obviously yields higher 
enriched cohorts. This may be of special interest, 
when amyloid-modifying drugs are studied (c.f. 
4.2). Thus, amyloid PET is paramount as exclu-
sion marker in FTLD studies and as inclusion 
marker in AD studies.  

20.8.8     Longitudinal Change 
of Amyloid Tracer Versus [ 18 F]
FDG Uptake and Others 

 Occurrence and levels of biomarkers in AD 
likely follow a stereotype sequence or cascade 
as formulated by Jack [ 58 ]. Thereby, levels are 
saturable and follow a sigmoid kinetics which, 
meanwhile, has been empirically confi rmed. 
Very early in the presymptomatic at-risk phase, 
Aβ 1–42  CSF levels decrease, and amyloid PET 
tracer uptake (SUV) increases. As second step 
with ongoing neurodegeneration, t-tau and 
p-tau levels increase and [ 18 F]FDG uptake 
decreases. Third morphological changes such 
as hippocampal atrophy occur, and lastly clini-
cal symptoms – fi rst amnestic than aphaso-
apraxo-agnostic – arise (c.f. Fig.  20.4 ). 
Therefore, the rate of change observed in a 
given biomarker much depends on the clinico-
pathological stage.

   However, we guess it noteworthy to give an 
idea of some annual rates of change observed in 

pathological cohorts versus controls assembled 
in Table  20.1 

   Across several studies, a longitudinal increase 
of amyloid tracer uptake – however with wide 
variability in annual rates of change – has been 
evidenced in MCI, while several studies found 
stable levels in AD [ 96 ,  100 – 103 ]. This variabil-
ity may be due to different stages included in the 
respective cohorts.   

20.9     PET as Inclusion/Progression 
Parameter in Clinical Trials 

 Principally in large trials, PET can serve for 
cross-sectional cohort characterization during 
inclusion or as a longitudinal progression marker 
readout and secondary endpoint. Some ongoing 
AD studies defi ned amyloid PET as obligatory 
inclusion parameter (c.f. 2). 

20.9.1     Longitudinal (Phases IIb 
and III) Drug Studies: 
Outcome Parameter 

 Amyloid imaging was used to monitor the effect 
of therapeutic anti-amyloid antibodies. In a phase 
III study, 2452 patients stratifi ed for APO-ε4 
received bapineuzumab or placebo. In subgroups 
(115 carriers and 39 noncarriers), [ 11 C]PiB PET 
were obtained at baseline and at week 45 and 
week 71. Amyloid levels clearly rose over time 
under placebo and stayed constant under verum 
in APO-ε4 carriers. In noncarriers, this effect on 
imaging parameters could only be detected tran-
sitorily at week 45. In contrast, clinical benefi t 
was only observed at the disability assessment in 
dementia (DAD) scale in the mildly affected sub-
group (MMSE >20) of noncarriers [ 94 ]. As this 
study was conducted from 2007 to 2012, amyloid 
PET was not yet a criterion of eligibility, and 13 
of the 39 noncarriers were amyloid negative at 
baseline. 

 Before and after 1½ years of solanezumab or 
placebo in a total of 2052 patients, 266 patients 
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received a [ 18 F]fl orbetapir scan without yielding 
any signifi cant change vs. placebo. In the entire 
study population, 59 % were APO-ε4 carriers, 
while this number was not given for the PET sub-
sample. Details about the PET data are not 
reported yet [ 104 ]. 

 It is highly interesting to see forthcoming 
refi ned analyses of these phase III data especially 
differentiating patients with amyloid-negative 
versus amyloid-positive scan at baseline and con-
verters versus nonconverters. The spectrum of 
clinical response may be plotted as a function of 
baseline amyloid load and of baseline cognitive 
scores. 

 In the REAL-PET study, [ 18 F]F-DOPA PET 
was the key measurement to detect an eventual 
neuroprotective effect of the D-agonist ropinirole 
versus L-DOPA [ 105 ]; of 162 patients, at least 2 
PET within 2 years of follow-up were available, 
and putaminal [ 18 F]F-DOPA uptake decreased less, 
by 13 % under ropinirole versus 20 % under 
L-DOPA. An analysis by voxel-wise statistics 
revealed also signifi cantly less decline in the sub-
stantia nigra. Whether these fi ndings really refl ect a 

higher density and inventory of dopaminergic 
branches and terminals or are due to less downreg-
ulation of DAT under more constant dopaminergic 
tonus is however questionable [ 105 ]; see also 1.2.6.  

20.9.2     Studying Effects of Medical 
Devices/Various Therapeutic 
Interventions 

20.9.2.1     Deep Brain Stimulation 
 The metabolic effects of deep brain stimulation 
(DBS) for various indications at various sites 
have been studied using [ 18 F]FDG. Here acute 
and chronic effects in the neighborhood of 
active electrode contacts and at distance have to 
be discriminated. The best established applica-
tion, the inhibitory 180 Hz stimulation of the 
nucleus subthalamicus (STN), in PD has the 
disadvantage that the intensive [ 18 F]FDG uptake 
in the thalamus outshines the tiny subjacent 
STN. A series of novel targets are recently on 
the way of being established for indications 
such as refractory depression, obesity, 

  Fig. 20.4    Biomarkers in AD each follow a saturation 
kinetics and occur in a stereotypic sequence or cascade. 
Hypothetic plot of the evolution of biomarkers over time 
scaled from zero equalling normal to 100 % meaning 
maximum pathological level and time zero denoting phe-
noconversion/clinical onset (adapted from Jack et al. 
[ 81 ]). It is an open question whether genetic risk factors 
such as APOE ε4 or familiar variants Alzheimer (APP, 

PS1, PS2) shift the course of all biomarkers in parallel 
toward younger age of onset or whether the delay from 
pathological amyloid markers to neurodegeneration (tau, 
FDG, MRI) is shortened.  Aβ1-42  tau, CSF parameters, 
 Amyl-PET  amyloid PET,  clinics HR  clinical symptoms in 
subjects “high risk” with low compensatory capacity,  clin-
ics LR  clinical course at “low risk” in subjects with high 
compensatory capacity       
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Alzheimer’s disease, heroin addiction, Tourette 
syndrome, etc. Here mostly an about 30 Hz 
stimulation with stimulatory effect onto the sur-
rounding is chosen. Indeed, PET fi ndings actu-
ally seem to confi rm a net stimulatory effect on 
the cube centimeters around the active contacts 
and also in distant cortical areas and basal gan-
glia [ 106 ,  107 ]. As psychiatric parameters do 
not respond as quickly as Parkinson symptoms 
to changes of stimulation parameters and are 
infl uenced by a series of confounders, the 
potential of PET in optimization of targets and 
of parameter selection – once an electrode is 
implanted – is promising.  

20.9.2.2     Convulsive Therapy 
 A large series of metabolic and perfusion stud-
ies assessed the response to convulsive therapy 
for refractory depression mostly in the postictal 
and in one seminal study also in the ictal phase 
[ 108 ]. It could be demonstrated that the ictal ter-
ritory after conventional electrode position, 
dimension, and polarization involved large 
fronto-parieto- temporal areas. In the immediate 
postictal phase, there was global cortical depres-
sion, while later (than 1 week) frontal metabo-
lism recovered, exceeding the baseline and 
reaching control levels. The same behavior was 
observed after seizures induced inductively 

   Table 20.1    Annual rate of change for different AD PET markers   

 Radioligand 
 Region or index, 
parameter   n , state 

 APO-ε4 
status + 

 Follow-up, 
years 

 % annual 
change  Reference 

 [ 18 F]FDG  PCC, temporal 
cortex, angular 
gyrus a  

 104 Ctrl  <27 %  0–3  −0.9  Lo et al. [ 95 ] 

 203 MCI  <53 %  0–3  −2.3 

 97 AD  <66 %  0–2  −5.0 

 [ 18 F]FDG  PCC, temporal, 
parietal b  

 11 Ctrl  18 %  0–(2–4)  0.6  Ossenkoppele et al. 
[ 96 ]  12 MCI  67 %  0–(2–4)  −1.4 

 8 AD  75 %  0–(2–4)  −3.5 

 [ 11 C]PiB  PCC- SUV r b   11 Ctrl  18 %  0–(2–4)  0.7  Ossenkoppele et al. 
[ 96 ], identical 
subjects 

 12 MCI  67 %  0–(2–4)  0.9 

 8 AD  75 %  0–(2–4)  −1.3 

 [ 11 C]PiB  PCC- SUV r  10 MCI  4 +  0–2 
 2–5 

 5.3 
 4.4 

 Kemppainen et al. 
[ 97 ] 

 6 AD,  All +  0–2 
 2–5 

 4.7 
 3.3 

 [ 11 C]PiB  GCA- SUV r  40 AD  All +  0–0.8 
 0–1.4 

 1.6 
 4.2 

 Salloway et al. [ 94 ], 
Bapineuzumab 

 15 AD  All −  0–0.8 
 0–1.4 

 4.0 
 −2.4 

 [ 18 F]fl orbetapir  Frontal, parietal, 
temporal ctx, 
cingulum c  

 14 Ctrl. A−  All −  0–2  0.2  Landau et al. [ 82 ] 

 37 Ctrl. A+  41 %  0–2  1.8 

 54 eMCI  63 %  0–2  1.1 

 [ 18 F]fl orbetapir  Composite  20 mild 
AD 

 n.d.  1.9  −0.6  Roche [ 98 ,  99 ] 

  In Kemppainen et al. [ 97 ] each subject was scanned three times, at the beginning and after 2 and 5 years follow-up. In 
Salloway et al. [ 94 ] each subject was scanned three times at 0, 41, and 71 weeks. Rates of change in the 41–71 weeks 
interval were too much scattered and therefore not reported here 
  GCA  global cortical average, a composite VOI of anterior and posterior cingulum, frontal, parietal, and lateral temporal 
gyrus was analyzed with cerebellar vermis and pons as reference,  PCC  posterior cingulate cortex,  A−  amyloid negative, 
 A+  amyloid positive,  eMCI  early MCI 
  a Reference were vermis and pons 
  b Reference was cerebellar gray matter 
  c Reference was cerebellar white matter  
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(termed “magnetic seizure therapy”) in the ver-
tex region [ 109 ].    

20.10     Drug Development: Dose 
Finding by Occupation/
Displacement 

20.10.1     P-II Studies of Successful 
Candidates 

 The partial D 2 - and 5-HT 2A  antagonist and partial 
5-HT 1A  agonist aripiprazole introduced in 2002 
has become a blockbuster among antipsychotics. 
D 2 -receptor occupation at the daily doses 0.5, 1, 
2, 10, and 30 mg had been studied using [ 11 C]
raclopride. At 1 mg, 54 % of striatal D 2 R were 
occupied, at 10 mg 85 %, and at 30 mg 89 %. 
Indeed, in most patients, 10 mg/day exert the full 
antipsychotic effect, and 20 or 30 mg/day con-
tribute no additional effect [ 110 ]. 

 The SERT inhibitor and 5-HT 3A -antagonist 
vortioxetine (Lu AA21004) introduced in 2013 
− with less affi nity on some other 5-HTR – has 
been dosed at 2.5, 5, 10, 20, and 60 mg before 
measuring SERT occupancy with [ 11 C]MADAM 
and [ 11 C]DASB. Both tracers yielded similar sat-
uration curves [ 111 ]. The  K  D  calculated from 
human PET data was 16.7 nM corresponding to 
the oral dose of 8.5 mg [ 112 ]. Twenty milligrams 
yielded 90 % occupancy in [ 11 C]DASB PET and 
60 mg 70 and 93 % in [ 11 C]MADAM PET [ 111 ]. 
No signifi cant occupancy of 5-HT 1A R could be 
detected after 30 mg over 9 days using [ 11 C]
WAY100635 [ 112 ].  

20.10.2     P-II Studies of Unsuccessful 
Candidates 

 Spending enormous effort in the clinical devel-
opment of candidate compounds, which fail 
at the end brings some frustration. However, 
it is encouraging in the aftermath to have cer-
tainty that suffi cient doses have been applied. 
So, a well-conducted initial PET dose-fi nding 
trial which yielded saturated receptor occupa-
tion after a single dose can help to avoid mul-

tiple useless subsequent studies at higher doses 
and eventually multiple dose applica-
tions. Some examples are the neuroleptic 
N-desmethylclozapine, ACP104 which had 
been studied using D 2 R-ligand PET [ 113 ] or the 
allosteric mGluR5 antagonist AZD2066. It was 
developed for neuropathic pain and depression 
and was studied at the doses 3.5 mg, 6.9 mg, 
and 13.5 mg using [ 11 C]ABP688- PET. About 
50 % occupation was observed after 6.9 mg 
and plasma  K  i  calculated at 1.2 μM [ 114 ]. A 
similar dose-fi nding study was conducted for 
the allosteric antagonist AFQ056 developed 
for levodopa-induced dyskinesias [ 115 ]. The 
mGluR5 negative allosteric modulator STX107 
is being studied with [ 11 C]FPEB and [ 11 C]SP203 
(NCT01896843).  

20.10.3     Post-marketing Receptor/
Target Occupation Studies 

20.10.3.1     Occupation Studies 
at Monoamine Receptors 

 Paradigmatic for this type of PET application 
was the systematic study of D 2 -receptor occupa-
tion by typical and atypical neuroleptics using 
the radioligands [ 11 C]raclopride and [ 18 F]fal-
lypride. A broad series of typical and atypical 
neuroleptics proved to occupy 65–85 % of D 2 R 
in vivo at therapeutic doses [ 116 ]. For most 
other ligand receptor systems, therapeutic doses 
are selected that come with receptor occupation 
in this range, but several exceptions do exist. 
Clozapine behaved exceptionally as already at 
65 % occupancy a ceiling effect was observed 
[ 117 ]. In vitro, receptor-ligand association and 
dissociation, expressed by the dynamic rate 
constants  K  on  and  K  off , was considerably faster in 
atypical neuroleptics [ 118 ]. Additional D 1 R 
occupation was absent in haloperidol and sul-
piride but amounted to 36–44 % in fl upentixol 
and 38–52 % in clozapine [ 117 ]. The mixed 
D 2 R/D 3 R agonist ligand [ 11 C](+)PHNO unex-
pectedly showed increased  BP  ND  in the D 3 -rich 
structures globus pallidus and substantia nigra 
after 2.5 weeks treatment with olanzapine and 
risperidone [ 119 ]. 
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 As an example of a large series of neuropsychi-
atric drugs binding to 5-HT 2A  receptors, we show a 
case before and after olanzapine and a case after 
having taken as little as 25 mg  amitriptyline 
(Fig.  20.5 ). Zolmitriptan in the dose 10 mg caused 
4–5 % occupation of 5-HT 1B R as measured with 
[ 11 C]AZ10419369 [ 120 ], and only 5-HT 1D,F R 
blockade may be retained as mode of action.

20.10.3.2        Occupation Studies 
at Monoamine Transporters 

 SERT was occupied to 83 % in  n  = 7 subjects after 
4 weeks treatment with 20 mg/day of the SSRI 
paroxetine, whereby a ceiling plateau was 
reached at 85 % at plasma concentrations exceed-
ing 28 μg/L. The SSRI citalopram yielded 77 % 
SERT occupation after 4 weeks at 20 mg/day in 
 n  = 4 subjects [ 121 ]. 

 NET occupation by quetiapine was shown to 
amount to 19 and 35 % after 150 mg and 300 mg 
using (S, S)-[ 18 F]FMeNER-D 2  [ 122 ]. 

 Occupation of NET and SERT was studied in 
monkeys using [ 11 C]MRB and [ 11 C]AFM, respec-
tively. Four different doses of atomoxetine in the 
range 0.03–3 mg/kg i.v. revealed  IC  50  for NET 
and SERT at plasma concentrations of 121 and 
388 nM [ 123 ]. 

 A signifi cant contribution of DAT blockade to 
the action of bupropion could be ruled out as only 
22 % of DAT were occupied at chronic 300 mg/
day and plasma levels of 90 μg/L bupropion and 
1107 μg/L hydroxyl-bupropion, as demonstrated 
by [ 11 C]RTI32-PET [ 124 ]. So the initial classifi -
cation of bupropion as NET/DAT inhibitor had to 
be revised.  

20.10.3.3     Occupation Studies 
at Other Targets 

 A dose of 450 mg caffeine, corresponding to 
about 4.5 cups of coffee, caused 50 % displace-
ment of [ 18 F]CPFPX from A 1 AR receptors in a 
70 kg human [ 125 ]. 

 The occupation of acetylcholinesterase by the 
antagonist galantamine admitted for Alzheimer’s 
disease therapy was studied using [ 11 C]PMP 
[ 126 ]. Doses of 5 mg and 10 mg of donepezil, 
introduced as acetylcholinesterase inhibitor, 
occupied 60 and 75 % of σ1-receptors in the brain 

of 8 volunteers as assessed by [ 11 C]SA4503. The 
 IC  50  of donepezil was reported at 15 nM. [ 11 C]
SA4503 uptake showed a global gray matter dis-
tribution [ 127 ]. 

 These post-marketing occupation studies help 
to think over and understand therapeutic strate-
gies. Especially the comprehensive study of D 2 - 
ligand neuroleptics corroborated the abandon of 
typical neuroleptics in general and appealed for 
the strict contraindication in Parkinson’s disease. 
They are paramount for the choice of suffi cient 
washout times and further characterization of mar-
keted drugs used as comparators/positive controls 
in clinical crossover trials. Finally, the sum of data 
permits a comprehensive overview and enables the 
understanding of structure, function, and relation-
ship and serves as a basis for in silico modeling.    

20.11     Drug Development: 
Biodistribution 
of Radiolabeled Candidate 
Compounds 

20.11.1     Phase 0 Microdosing or P-I 
Studies Using Radiolabeled 
Candidate Drugs 

 The FDA “critical path” concept paper from 2004 
[ 128 ] and Lappin and Garner [ 129 ] introduced 
the concept of microdosing to foster pharmacoki-
netic studies of drug candidates in humans. The 
methods in view were explicitly the use of 
[ 14 C]-labeled compounds and detection by accel-
erator mass spectrometry – here about 4 KBq is a 
suffi cient dose for a 70 kg human – and use of 
[ 11 C]- or [ 18 F]-labeled compounds and 
PET. Microdose was considered a dose undercut-
ting the pharmacological threshold by more than 
a factor of 100. In absolute terms a microdose 
should be at least below 100 μg. In contrast to the 
EMEA, the US Food and Drug Administration 
(FDA) set an additional absolute threshold of 
30 nmol for proteins and peptides. 

 For a series of drugs meanwhile admitted to 
the market, PK data – as part of the application 
dossier – were obtained using PET and innumer-
able of failed candidates studied by PET. 
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  Fig. 20.5    Occupation studies of 5-HT 2A -receptors using 
[ 18 F]altanserin. Images were acquired at distribution equi-
librium 120–180 min after the start of a loading bolus fol-
lowed by a maintenance infusion whereby the bolus 
equaled the dose infused over 2.1 h ( K  Bol ). Color coded is 
the binding potential  BP  P  which is the quotient of specifi c 
cerebral (voxel – cerebellar reference region) and plasma 
radioactivity concentration attributable to parent com-

pound. Of note is the extreme high-affi nity and high cere-
bral persistence of numerous current neuropsychiatric 
drugs necessitating washout times of several weeks after 
standard doses. This compromises the interpretation of 
numerous patient studies and still keeps urgent questions 
such as the behavior of 5-HT receptors under chronic 
selective serotonin reuptake inhibitors (SSRI) in the realm 
of speculations       
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  Candidates admitted to the market 
 With [ 11 C]zolmitriptan, the intranasal application 
pathway was studied. Zolmitriptan has been 
admitted to the market since 1998 and is one of 
the more potent 5-HT 1(B),D,F  agonist antimigraine 
drugs. Nasopharynx deposition decreased to 
50 % in 20 min, distribution in the upper abdo-
men reached 25 %, and a small amount of radio-
activity corresponding to a SUV of 0.02, 10 % of 
blood levels, more than the cerebral blood vol-
ume of 3 % would explain, could be detected in 
the brain. The maximum plasma concentration 
was attained after 15 min [ 130 ].  

 The biodistribution of [ 11 C]vortioxetine (c.f. 
Sect. 4.1) was studied in the mini-pig. The BBB 
penetrance was excellent and uptake highest in 
the thalamus followed by the cortex, cerebellum, 
and striatum and slightly lower in the hippocam-
pus [ 131 ]. 

  Discontinued candidates or candidates in 
development 
 Omigapil – such as rasagiline – is a planar poly-
cyclic propargylamine derivative and promised 
as inhibitor of the glutaraldehyde-3-phosphate 
dehydrogenase an anti-apoptotic and neuropro-
tective action. [ 11 C]omigapil and PET revealed 
BBB penetrance but an unspecifi c cerebral distri-
bution pattern [ 132 ].  

 The M1 muscarinic positive allosteric modu-
lator [ 11 C]GSK1034702 displayed good brain 
penetrance, reaching brain to plasma ratios ( V  T ) 
up to 5 and  BP  P  up to 0.9 and good metabolic 
stability. The uptake pattern with global enrich-
ment in gray matter with a slight maximum in the 
amygdalohippocampal region differed from 
those established for orthosteric M1 antagonist 
ligands. This may be due to the fact that different 
receptor populations were labeled, e.g., mono-
mers by the allosteric and dimers by the ortho-
steric ligand. On the basis of this phase 0/phase 1 
PET study, GSK1034702 entered further devel-
opmental steps [ 133 ]. 

 Inhibitors of the multidrug effl ux transporter 
p-gp are in development in order to increase the 
concentration of cytostatics in resistant tumors. 

The biodistribution of tariquidar and elacridar 
has been studied using their  11 C-labeled isotopo-
logues without and with p-gp blockade [ 134 ]. 

 Taken together, application of traces of 
[ 11 C]-labeled candidate drugs is an elegant way to 
study absorption, distribution, metabolism, and 
elimination (ADME) in humans without dose 
exposition. For a typical phase 0/phase I study, 
only 8–12 volunteers are required.  

20.11.2     Compounds Secondarily 
Used as Radioligands 
Post-marketing 

 This is an atypical inverse fate of compounds. 
Typically well-working neuroreceptor PET 
radioligands are compounds that failed as drugs 
such as raclopride, altanserin, MPPF, etc. 

 [ 11 C]clozapine showed an intense ubiquitous 
cerebral gray matter uptake of 4.4–6 % ID/kg. 
The highest binding was in the striatum and 
insula and the lowest in the hippocampus. After 
3½ h, cerebral concentrations had decreased to 
about 58 %. The excretion was to the largest part, 
hepatobiliary [ 135 ]. 

 Donepezil was the fi rst acetylcholinesterase 
inhibitor marketed for Alzheimer’s disease. 
Only recently it had been labeled with [ 11 C] to 
[ 11 C]methoxy-donepezil and proved useful to 
demonstrate parasympathetic denervation in 
peripheral organs, such as the small intestine 
(35 % reduction of uptake) and pancreas (22 % 
reduction of uptake), in Parkinson’s disease 
thus complementing sympathetic imaging 
(typically of the myocardium) using [ 123 I]
MIBG [ 136 ].   

20.12     Studying Indirect 
Neurochemical Effects 
of Acute Pharmaceuticals 
and Interventions 
onto Radioligand Targets 

 PET is also frequently used not to study the 
direct drug target but indirect downstream neu-
rochemical effects typically after acute single 
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applications of old or recent candidate drugs. In 
this context, knowledge of the binding behavior 
of the radioligand at its target is paramount, espe-
cially whether radioligand binding is sensitive or 
not to changes of endogenous neurotransmit-
ter levels. As an exception rather than the rule, 
some few neuroreceptor radioligands are sen-
sitive to concentration changes of their endog-
enous neurotransmitter analogue. Mechanisms 
may be direct displacement/occupation from/
of the binding site, allosteric interactions, or the 
switch between high- and low-affi nity receptor 
populations, i.e., monomers/dimers/clusters of G 
protein- coupled receptors (GPCR) high-affi nity 
state or uncoupled low-affi nity state receptors 
and fi nally rapid changes of receptor concen-
trations by de novo translation, activation (e.g., 
by glycosylation) from pre-existing reservoirs, 
deactivation/degradation, or externalization/
internalization. A second line of research looks 
at the perfusion- metabolic response after acute 
or chronic drug treatment and has considerably 
contributed to the understanding of the action 
of the entire classes of pharmaceuticals such as 
anesthetics. 

20.12.1     Assessing Endogenous 
Neurotransmitter Release 

 As a kind of external validation or calibra-
tor, transmitter levels can be directly measured 
locally by microdialysis in the animal or intra-
operatively in humans. With the caveats of arti-
facts through local tissue lesion and cicatrization 
around the probe, this method can be seen as 
gold standard to verify hypothesis derived from 
indirect observations made by PET. Especially 
acute pharmacological stimuli which provoke 
high neurotransmitter release can be validated 
and compared with changes of radioligand bind-
ing potential. For example, 100 % increase in 
DA release corresponded to about 1 % change of 
[ 11 C]raclopride  BP  ND  [ 137 ]. 

 For assessing neurotransmitter changes due to 
a challenge by PET, two timing schedules exist. 
Either two separate measurements with and with-
out stimulus premedication are conducted as 

occupation experiment. Or, in a displacement 
experiment, fi rst distribution equilibrium of the 
radioligand is achieved and then the stimulus 
applied. 

 Observations of decreased radioligand 
receptor availabilities after release of endoge-
nous transmitter are not necessarily a conse-
quence of one step occupation/displacement 
but also can account for a switch of receptors to 
different states or populations. For G protein-
coupled receptors, the high-affi nity Gαβγ-
GDP- bound receptive state is well described. 
Ligand binding causes the exchange of GDP by 
GTP which hydrolyses the G protein-receptor 
complex and the trimeric G protein into the 
subunits Gα-GDP and Gβγ. Without G protein, 
the receptor is in its low-affi nity state. In vitro, 
the γ-thio or γ-imino analogue of GTP, 
Gpp(NH)p or GTPγS, respectively, allows to 
quantitatively transform all receptors into low-
affi nity state. 

 Agonist radioligands rather tend to prefer-
entially recognize the high-affi nity state of 
receptors. Allosteric radioligands, e.g., the 
A 1 AR antagonistic ligand [ 18 F]CPFPX, can 
paradoxically show higher binding to the low-
affi nity state. 

 Classically, dopamine release is achieved with 
amphetamine and serotonin release with fenf–
luramine, eventually in combination with 
SSRI. Extracellular glutamate can be increased 
by  N -acetylcysteine, which causes an intra-/
extracellular shift via the glial cystine/glutamate 
anti-porter or by ketamine. Glutamate can be 
decreased by ceftriaxone which activates the glial 
GLT1 transporter. 

 In addition to [ 11 C]raclopride or [ 18 F]fallypride 
(c.f. 1.4) also the μ-opioid ligands [ 11 C]diprenor-
phine and [ 11 C]carfentanil [ 138 ] and the SERT 
ligand [ 11 C]DASB [ 139 ] proved sensible to 
endogenous transmitter changes in many studies. 
Recently, the decrease of mGluR5 radioligand 
[ 11 C]ABP688  BP  ND  in response to  N - 
acetylcysteine or ketamine could be evidenced 
[ 140 ,  141 ]. Conversely, decreasing extracellular 
glutamate levels by stimulation of GL transport-
ers with ceftriaxone was followed by an increase 
of [ 11 C]ABP688  BP  ND  [ 142 ].  
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20.12.2     Ketamine 

 Ketamine, at subanesthetic doses, has been in 
the focus of psychiatrists since a long time as it 
induces, e.g., feelings of de-realizations, per-
ceptual changes, and mostly visual hallucina-
tions. As the so induced state was considered 
as model psychosis, some researchers hoped to 
better understand the real pathology when 
looking at a mimicked one. Some years ago, 
the immediate and impressive antidepressant 
effect of ketamine infusions was discovered, 
which usually lasts about 2–3 weeks. Nowadays 
ketamine for depressions refractory to at least 
one precedent treatment trial has broadly 
entered clinical routine. Racemic ketamine 
(57 mg for a 70 kg person) globally reduced 
the availability of mGluR5 by 20 % in 7 and by 
>40 % in three subjects as measured by double 
[ 11 C]ABP688 PET [ 143 ]. S-ketamine at 29 mg 
yielding plasma concentrations of 135 μg/L did 
neither infl uence 5-HT 2A R binding as measured 
by an equilibrium study using [ 18 F]altanserin 
[ 144 ] nor did 8 mg change [ 18 F]fallypride bind-
ing to D 2 /D 3 R [ 145 ] nor did racemic ketamine 
at target controlled infusion yielding a serum 
concentration of 350 μg/L change [ 11 C]fl uma-
zenil binding to the BZD site on GABA A R 
[ 146 ]. Differential brain metabolic effects of 
R- and S-ketamine were detected [ 147 ]. The 
acute metabolic effect was at 326 μg/L, an 
absolute increase of thalamic (by 15 %), fron-
tal (by 14 %), and parietal (by13 %) r CMR  Glc  
[ 148 ], for the subacute effect (c.f. 1.2.2 and 
Ref. [ 7 ]). Brain perfusion was studied at three 
different dosages, coming with plasma levels 
of 37, 132, and 411 μg/L, respectively, that 
yielded rCBF increases of up to 38 % in ACC, 
29 % in the thalamus, 27 % in the putamen, and 
25 % in the frontal cortex. rCMR O2  was 
unchanged, and rCBV only increased in the 
frontal cortex by 4 % [ 149 ].  

20.12.3     Oxytocin 

 Intranasal oxytocin (OXT) is today being devel-
oped as an add-on drug for psychiatric disease. 

In the vole rodent, the dopaminergic system as 
mediator of the cerebral and especially psycho-
social effect of oxytocin has been established by 
(i) autoradiographic detection of high densities 
of OXT receptors in the entire striatum and (ii) 
microinjection studies of DA agonists and 
antagonists before OXT application. However, 
mechanisms of actions of OXT in humans are 
still enigmatic. A [ 11 C]raclopride study could 
not detect any evidence of even slight displace-
ment [ 150 ]. An analogue result was obtained 
with [ 18 F]fallypride. The 5-HT 1A R  BP  ND  in the 
raphé nuclei region increased by 7 % under 
OXT, as measured by [ 18 F]MPPF. This is the 
inverse of what was observed in anxiety states, 
corroborating the additive anxiolytic potential 
of OXT.  

20.12.4     Assessing the Kinetics 
of a Drugs Effect 
on Perfusion 

 Here, the option to obtain serial images in [ 15 O]
H 2 O-PET is of particular benefi t. For example, 
the kinetics of the perfusional effect of rapid 
release rizatriptan were studied at baseline and 
40, 50, 60, 70, and 80 min after application 
showed a peak 13 % reduction in CBF at 60 min 
and return to baseline at 80 min. Spatial distribu-
tion of the effect was strictly global [ 151 ].   

20.13     Pressing Diagnostic 
Questions Acceded by Early 
Investigatory Tracers 

20.13.1     Protein Tau and Alpha- 
Synuclein Markers 

 Currently, tau pathology is missed in as much as 
70 % of cases [ 152 ]. However, specifi c treat-
ments for these conditions such as glucagon syn-
thase kinase 3β-inhibitors are coming up. Here, 
algorithms have to be improved. In order to iden-
tify “clean” cases and not to dilute the cohort by 
AD cases, the exclusion of amyloid pathology is 
paramount. The fi rst proper tau tracers have 
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shown promising results in humans. For exam-
ple, in a cohort of 8 clinical probable AD cases, 
[ 18 F]THK5105 showed signifi cant 21 % 
(5.8 × SD) higher inferotemporal uptake com-
pared to 8 controls [ 153 ]. Moreover, when plot-
ting individual uptake in this region, all 8 AD 
cases were fully separated from all 8 controls. 
Also superior temporal and parietal uptake were 
signifi cantly increased by 17 %, whereas non-
specifi c white matter uptake in pons and subcor-
tical was perfectly reproducible. The white 
matter and gray matter contrast was by far not as 
pronounced as in amyloid imaging. Interestingly, 
in AD the hippocampal formation which is 
spared out by amyloid tracers could clearly be 
labeled by tau tracers [ 153 ]. 

 [ 11 C]PBB3 showed a tau-specifi c pattern and 
promising qualities in three controls, three AD, 
and one [ 11 C]PIB-negative patient with cortico-
basal degeneration. In AD, the highest binding 
was observed in the hippocampi and ACC with 
different cortical spread and, interestingly, in 
both striata, thalami, and PCC of the patient with 
CBD [ 154 ]. 

 [ 18 F]T808 was fi rst tested in 3 controls and 4 
mild and 4 severe AD patients and showed con-
siderably higher uptake in the hippocampus in 
AD at a target-to-cerebellum ratio of 1.22–1.49 
versus 0.97–1.06 and one overlap case [ 155 ]. 
Image acquisition was best 80–100 min postin-
jection, and some uptake in the skull bone pointed 
to defl uorination which may be overcome by pre-
medication with “cold” fl uoride. The selectivity 
of tau over Aβ was >27. More early, [ 18 F]T807 
and [ 18 F]THK523 have been successfully 
assessed in humans. [ 18 F]T808 was of faster 
kinetics than [ 18 F]T807 and therefore preferable 
[ 155 ]. 

 [ 11 C]BF-227 in vitro showed equal affi nity for 
Aβ and α-synuclein [ 77 ] and therefore may serve 
as lead for more specifi c α-synuclein probes. In 8 
multisystem atrophy (MSA) patients – MSA is 
the α-synucleinopathy less contaminated by 
cases of mixed pathology – versus 8 controls, 
cingular, mediotemporal, motor cortex, and basal 
ganglia distribution volumes were increased by 
15–16 %. In the putamen 18 % were reached, in 
subcortical white matter 32 %, while in the mes-

encephalon binding was constant and in the cer-
ebellar cortex by 7 % smaller [ 156 ].  

20.13.2     P-Glycoprotein Imaging 

 The transmembrane ATP-binding cassette 
(ABC) transporter p-glycoprotein (p-gp) 
accounts for by far the largest part of drug 
effl ux pump capacity across the BBB outward 
of the brain. BCRP, MDR4, or MRP1 are 
reported to play only a minor role. P-gp pumps 
many radioligands and drugs out of the brain 
and is the reason for their effective net none or 
low BBB penetration. Overexpression of effl ux 
transporters is particularly relevant for phar-
macoresistance of tumors and epilepsies. 
R-[ 11 C]verapamil has revealed as useful and 
specifi c inhibitor/substrate marker for p-gp. 
[ 11 C]verapamil uptake correlates inversely with 
p-gp performance. In controls, distribution 
volumes  V  T  of about 0.72 were achieved, while 
under presumed total blockade of p-gp by 
225 mg tariquidar before tracer injection fol-
lowed by a maintenance infusion of another 
225 mg over 1 h yielded  V  T  of about 2.63 in 
whole brain gray matter [ 157 ]. Only in the 
pituitary, there was very high uptake under 
both conditions ( V  T  of 3.66 and 3.06). As 
parameter most close to p-gp function, the 
extraction fraction  E  =  K  1 / CBF  has been pro-
posed. Analogous p-gp radiotracers are [ 11 C]
N-desmethyl-loperamide ([ 11 C]dLop) [ 157 ] 
with considerable lower unspecifi c binding, 
[ 11 C]phenytoin [ 158 ] or [ 11 C]laniquidar [ 159 ]. 
P-gp has recently came into the focus of 
research as also Alzheimer amyloid Aβ 1–42  
apparently is a substrate as suggested by 
genetic knockout, pharmacological blockade 
and induction in hAPP Alzheimer model mice. 
Medicament-free AD patients displayed sig-
nifi cantly higher [ 11 C]verapamil extraction 
fraction compared to matched controls [ 160 ]. 
P-gp under-function was comparable in AD 
patients with and without microbleeds [ 161 ]. A 
further practical application of p-gp imaging 
may be drug refractory epilepsies where high 
levels of p-gp may have been induced.  
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20.13.3     Markers of Infl ammation 

 The 18-kD translocator protein (TSPO, for-
merly termed peripheral benzodiazepine recep-
tor) is expressed on activated microglia and 
macrophages. These, for instance, infi ltrate MS 
lesions, starting from the perivenous space. 
After a long era of [ 11 C]PK11195, a series of 
second- generation PET ligands – such as [ 18 F]
PBR111 [ 162 ], [ 11 C]PBR28 [ 163 ], [ 11 C]
DAA1106, [ 18 F]fl uoroethyl-DAA1106, or [ 11 C]
vinpocetin [ 164 ] – have been established which 
come with higher signal to background ratios. 
Quantitation could considerably be improved by 
stratifi cation for the rs6971 TSPO gene poly-
morphism. The low- affi nity haplotype (bearing 
the Ala147Thr substitution) virtually did not 
bind the tracers at all. In manifest MS patients, 
TSPO binding was especially pronounced at the 
hypercellular edge of T2 hyperintense lesions. 
Moreover, TSPO tracer uptake was detected in 
T2-negative areas which displayed reduced 
magnetization transfer ratio interpreted as pre-
active lesions. Those could also be detected in 
patients classifi ed as having clinically isolated 
syndrome, a term used for a fi rst symptomatic 
episode at risk for converting into MS. At the 
same brain locations, T2 hyperintensities 
showed up in MRI conducted some months 
later. TSPO radioligand PET thus allows imag-
ing the disease activity attributable to the innate 
branch of the immune system even before mani-
festing demyelination [ 165 ]. 

 No imaging detection method is so far estab-
lished for T cells, which constitute less total mass 
but higher functional relevance [ 165 ]. 

 As formulated, e.g., in the classifi cation of 
Lassmann and Lucchinetti [ 166 ], in the major-
ity of MS cases, there is a clear preference of 
one of several distinct infl ammatory mecha-
nisms, i.e., MS is not one but rather three dis-
eases. Furthermore, well-defi ned autoantigenes 
can be identifi ed, distinct in each individual 
case. Distinct antigens are available for thera-
peutic tolerance induction – a sort of desensiti-
zation – e.g., glatiramer acetate and differential 
action of several therapeutics as function of the 
pathomechanism is established. Newer theories 

assume neuronal damage to precede infl amma-
tion. Therefore, there is an urgent need for 
methods allowing in vivo classifi cation of the 
infl ammatory subtype, in vivo detection and 
quantifi cation of major target antigens in the 
individual case, and detection of early not yet 
infl ammatory neuronal damage. [ 11 C]PK11195 
has also been used to monitor the effect of 1 
year treatment with glatiramer acetate. 

 Apart from MS, microglial activation could 
also be detected in the caudal brainstem in 
Parkinson’s disease, in the thalamus and motor 
cortex in motor neuron disease, and in the thala-
mus, brainstem, cerebellum, and association cor-
tices in Alzheimer’s disease [ 167 ]. 

 Alternatively to TSPO, cyclooxygenase 1 and 
2 (COX 1 and COX2) may be attractive markers 
of infl ammation. COX ligands ([ 11 C]celecoxib, a 
[ 18 F] derivative of celecoxib and [ 11 C]ketopro-
fen), thus far, are in preclinical development. 
Since a long time also adenosine (A 1 , A 2A ) recep-
tors have been discussed, starting from immuno-
histochemistry fi ndings. Recently, a 37 % 
upregulation was observed in rat experimental 
HSV1 encephalitis using the A 1 AR ligand [ 11 C]
MPDX [ 168 ]. 

 Taken together, the position of PET in diagno-
sis and therapeutic monitoring of MS remains 
highly experimental and did not exceed the level 
of pilot studies. 

 In MS CSF is collected routinely for the deter-
mination of oligoclonal bands and differential 
diagnosis of other infl ammatory pathologies. 
However, it is paramount to identify the autoanti-
gen maintaining infl ammatory plaques. As the 
CSF is only the effl ux compartment (the “urine” 
of the brain), there is a high need to directly 
assess the pathobiochemistry and immunology 
within the brain parenchyma.  

20.13.4     Myelin Imaging 

 Amyloid tracers such as [ 11 C]PIB or [ 18 F]FBB 
display comparatively high and homogeneous 
binding to white matter in healthy volunteers 
only in installed amyloid pathology. Binding 
spreads into gray matter where it reaches higher 
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levels. The binding in white matter has been used 
as a measure of myelin content in MS and might 
become a marker of the degenerative pathologi-
cal load and its progression [ 83 ]. Some dedicated 
tracers which also intercalate into the beta-sheath 
conformation of myelin proteins are in preclini-
cal development, e.g., [ 11 C]CIC and [ 11 C]
MeDAS. 

 αB-crystalline aggregates form in the debris 
of myelin sheaths and is considered a marker of 
the demise of oligodendrocytes. However, up to 
now there is no specifi c marker.  

20.13.5     Astroglia Imaging 

 MAO-B is exclusively expressed on astrocytes 
(c.f. 9.4). The irreversible MAO-B ligand N-[ 11 C- 
methyl]L-deuterodeprenyl ([ 11 C]DED) serves as 
marker of astrocytosis. Deuterodeprenyl dis-
played considerably slower association onto 
MAO-B than did deprenyl, and therefore, its 
kinetics is not so much limited by perfusion. The 
quotient [ 18 F]FDG/[ 11 C]DED uptake therefore 
was sensitive to neuronal cell loss such as in 
Creutzfeldt-Jakob disease (CJD) [ 54 ]. Already 
[ 18 F]FDG was decreased by two standard devia-
tions (SD) and [ 11 C]DED increased by two SD in 
the cerebellar, frontal association, inferoparietal, 
and visual occipital cortex. CJD was confi rmed 
by autopsy in 8 patients. Increased DED uptake 
was colocalized with [ 11 C]PIB- labeled amyloid 
deposits in prodromal Alzheimer’s [ 169 ].  

20.13.6     Open Questions Regarding 
the Pathophysiology 
of Neuropsychiatric Disease 

 The neurocognitive effects of the neuropitu-
itary peptides adiuretin/vasopressin (AVP) 
and oxytocin have come into focus of behav-
ioral neuropsychopharmacological research. 
Unfortunately, although widespread, the densi-
ties OXT1, OXT2, V1a, V1b, and V2 receptors 
are quite low (below 300 fmol/mg protein) so 
that a radioligand following classical principles 
is hardly envisageable.   

20.14     (Patho)Physiological 
Studies 
of Neurotransmission 

 Key challenges in assessing the state of neu-
rotransmitter receptors in neuropsychiatric dis-
ease are the accuracy of the diagnosis 
(neuropathological confi rmation was available in 
a small minority of cases), the bias by pre- 
existing medication (which was present in many 
published studies), and conversely the diffi culty 
to recruit completely drug-naive patients or the 
impossibility to assess later disease states. This is 
especially the case for the monoaminergic sys-
tems and major psychiatric disease (major 
depressive disorder, schizophrenia, major forms 
of (i) personality disorder, (ii) posttraumatic 
stress disorder, (iii) attention defi cit hyperactivity 
disorder) as here treatment by neuroleptics or 
antidepressants, almost all with a monoamine 
antagonistic component is considered as ethical 
imperative. The same holds true for Parkinson’s 
disease and dopamine agonists. 

 In the past, the search for diagnostic applica-
tions for neurotransmitter radioligands resem-
bled the search for the needle in the haystack. 
While honestly looking back, contributions to 
understanding the pathophysiology were very 
limited in the big majority of studies. Several 
thousands of patients with more or less well-
defi ned pathology have undergone PET studies. 
Mostly, only small changes of radioligand bind-
ing in the range of 15–30 % or lower versus 
healthy controls were detected. Almost always 
healthy and diseased populations considerably 
overlapped, the discriminative power was low, 
and the interindividual variability was high. 
Rather the exception than the rule was the strik-
ing fi nding of presynaptic dopaminergic defi cit 
in all PD and of postsynaptic dopaminergic defi -
cit only in atypical PD. 

 Conversely, it is not surprising to see a degen-
eration of multiple neurotransmitter (NT) sys-
tems in various more or less localized 
neurodegenerative diseases. For example, a 
decrease of tenths of NT was observed in the cau-
date nucleus in Huntington’s disease, the 
 cholinergic defi cit in Alzheimer’s disease had 
been known for decades from neuropathological 
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studies, and cholinergic drugs had been intro-
duced years before PET studies confi rmed com-
paratively slight reductions of acetylcholinesterase 
(AChE) and α 4 β 2 -nicotinic receptors in AD. 

 The monoaminergic hypothesis in depression 
and schizophrenia could not be confi rmed in a 
way that monoaminergic changes would be more 
than a downstream feature or susceptibility factor 
in the etiopathology of these diseases. 

 One of the major drawbacks of especially 
antagonist receptor radioligands is that they rec-
ognize not only the membrane-bound non- 
refractory high-affi nity G protein coupled ready 
to receive fraction of receptors but the total inven-
tory including the reserve stored at vesicles and 
refractory receptors. It has to be assumed that 
from individual to individual, the same net level 
of signal transduction can be realized with a dif-
ferent total inventory of receptors. The net amount 
of signal transduction arises from fi ne- tuning 
every component of the system. Among these are 
presynaptic reuptake, synthesis, and storage 
capacity and postsynaptic total inventory of recep-
tors versus non-refractory membrane- bound 
receptors ready to receive and transmit a signal. 

20.14.1     Huntington’s Disease (HD) 

 As mentioned above, HD has been the subject of 
PET imaging with almost every second radioli-
gand studied in humans. The big advantage is 
that (i) by genotyping, the diagnosis can be con-
fi rmed with almost 100 % certainty; (ii) there is a 
well-established relationship between the genetic 
dose of CAG trinucleotide expansions and the 
age of disease onset or the extent of pathology at 
a given age [ 170 ], respectively; and (iii) due to 
the autosomal dominant inheritance and preva-
lence, numerous premanifest gene carriers have 
been identifi ed and followed up by specialized 
centers. Although comparatively rare, HD shares 
many features of neurodegenerative mass dis-
eases, such as intracellular inclusions of protein 
aggregates (truncated huntingtine in HD), a tem-
porospatial sequence of cellular dysfunction and 
death, and unfortunately a lack of curative treat-
ment. Therefore, HD has been considered a 

model neurodegenerative disease. DAT, VMAT2, 
D 1 R, D 2 R [ 171 ], and GABA A R [ 172 ] have been 
found considerably diminished in the striatum, 
starting already in the presymptomatic stage 
[ 171 ], while A 1 AR showed a bimodal behavior 
with increase in early premanifest and decrease 
in the manifest state. Also microglial activation 
has been evidenced [ 173 ]. 

 Phosphodiesterase 10a (PDE10a) is almost 
exclusively localized in the striatum and has 
turned out as an attractive target and biomarker, 
as it is highly enriched in the striatal medium 
spiny neurons preferentially affected by the HD 
pathology. PDE10a is the subject of ongoing 
treatment studies and accessible to PET imaging 
with a well-functioning radioligand, [ 18 F]
MNI659. [ 18 F]MNI659 PDE10a binding turned 
out to be considerably reduced in premanifest 
gene carriers some years before disease onset. A 
cohort of 9 affected subjects was scanned twice 
with a delay of about 1 year. Uptake was 50 % 
lower versus controls, and annual decreases were 
17 % in the caudatus, 7 % in the putamen, and 
6 % globus pallidus [ 174 ,  175 ].  

20.14.2     Alzheimer’s Disease 

 Using tracers for neurotransmitter systems, the 
cholinesterase (AChE) has been found consider-
ably decreased in AD using [ 11 C]MP4A, e.g., by 
12 % in the amygdala and 23 % in the occipital 
cortex, while in the cholinergic nucleus basalis of 
Meynert, a 7 % increase was observed [ 176 ]. 
[ 11 C]PMP is an alternative AChE tracer. The 
ligand for nicotinic α 4 β 2 R [ 18 F] A85380 shows 
essentially thalamic and discrete frontotemporal 
uptake, while parieto-occipital binding is very 
low. The distribution kinetics of this ligand is 
extremely slow so that images are acquired, e.g., 
6–7 h p.i. One study found  BP  ND  (referenced to a 
white matter region) decreased by 0.15 and 0.18 
(45 % and 54 %) in the temporal cortex of MCI 
and AD and by 0.3 or 16 % in the thalamus in AD 
while unchanged in MCI [ 177 ]. Another study 
observed decreases by 5 % and 7 % in the 
 temporal cortex and by 8 % and 10 % in the thala-
mus, respectively, of [ 123 I]I-A85380  V  T  values 
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referenced to plasma radioactivity [ 178 ]. [ 11 C]
nicotin is an alternative tracer for α 4 β 2 R and 
yielded similar results of decreased binding in 
MCI and AD with correlations of binding to the 
performance of attention [ 179 ]. [ 11 C]nicotin 
needs shorter scan time (1 h) but additional mea-
surement of CBF for quantitation by the estab-
lished kinetic model [ 179 ]. [ 18 F]Flubatine has 
successfully been established in human PET and 
was metabolically highly stable. A reliable quan-
tifi cation is possible after only 90 min of scan 
time yielding thalamic  BP  ND  of 3.4 [ 180 ]. 

 Few other transmitter systems have been 
investigated in AD. 5-HT 2A R were reduced by 
69 % temporal and frontal, by 55 % parietal and 
temporoparietal, and by 35 % occipital in 9 
unmedicated AD versus 12 matched controls. It 
is highly plausible that this reduction exceeds 
atrophy effects and, to some part, refl ects neuro-
chemical changes [ 181 ]. Binding of the MAO-B 
ligand [ 11 C]deprenyl was found increased refl ect-
ing astrocytosis [ 182 ]. DAT and VMAT2 binding 
was preserved and therefore enables differential 
diagnosis to LBD and PD [ 77 ], as shown for DAT 
in phase III of the radiotracer development [ 183 ]. 

 Memantine is – at concentrations reached 
in vivo – an α 7 -nicotinic antagonist and has been 
widely used in AD. Series of neuropsychiatric 
assessments showed improvement of executive 
functions but deterioration of memory in healthy 
volunteers and AD patients [ 184 ]. The 
α7-radioligand [ 11 C]NS14492 has recently been 
established in mini-pigs showing a parieto- thalamic 
maximum of uptake. Drug occupancy with two dif-
ferent developmental ligands was studied yielding 
60–81 % occupation at 10 mg/kg [ 185 ].  

20.14.3     Schizophrenia 

 In view of the legendary effi ciency of dopamine 
(DA) antagonists, it was a surprising fi nding that 
D 2 R and DAT were constant in unmedicated 
schizophrenic patients as evidenced by resting 
state [ 11 C]raclopride, [ 123 I]IBZM or [ 18 F]CFT, [ 123 I]
FP-CIT, and [ 99m Tc]TRODAT-1 PET or SPECT 
studies, respectively. Notwithstanding, resting 
state [ 18 F]F-DOPA uptake was increased pointing 

to a selective increase of neuronal aromatic amino 
acid decarboxylase (AADC) [ 186 ]. Furthermore, 
the amplitude of DA liberation after amphetamine 
challenge was considerably increased as inferred 
from measuring D 2 R occupation with [ 11 C]raclo-
pride [ 187 ]. Taken together, this points to an 
increased DA production, storage, and liberation 
capacity per presynaptic terminal, at constant 
number of available terminals. It suggests constant 
arborization and sprouting of DA neurons. 

 A study evidenced an upregulation of canna-
binoid CB1 receptors using [ 18 F]MK9470 [ 188 ] 
confi rming an earlier case report using [ 124 I]
AM281 [ 189 ].  

20.14.4     Bipolar Disorder, 
Depression, and Seasonal 
Affective Disorder 

 A consistent fi nding in BD was decreased SERT in 
the brainstem in all cohorts and increased SERT in 
the thalamus in euthymic or only mildly depressed 
BD, while thalamic, hippocampal, ACC, and 
putaminal SERT was decreased in considerably 
depressed BD [ 40 ]. The effect of season, sunlight 
exposure, and seasonal depression on the seroto-
nergic system was studied in several works [ 190 ]. 
In healthy controls scanned throughout the year by 
[ 11 C]DASB, cortical and thalamic SERT availabil-
ity ( BP  ND ) was about 20 % higher in the winter 
compared to the summer [ 190 ,  191 ]. These fi nd-
ings would be in line with an overtuning of the 
serotonergic system (c.f. 8.5). However, this depen-
dency was only present in carriers of the S-allele of 
the 5-HTTLPR polymorphism of the SERT, asso-
ciated with lower SERT expression and higher sus-
ceptibility to mood disorders [ 191 ]. Interestingly 
the S-allele was not directly associated with a 
poorer response to SSRI but eventually with lower 
optimal plasma levels of SSRI [ 192 ]. Furthermore, 
the daily sunshine duration inversely correlated 
with the SERT availability [ 193 ]. An analogous 
study using [ 11 C]McN5652 yielded concordant 
results [ 194 ]. Corticolimbic 5-HT 1A R were 
decreased by 20–30 % in a group with lower light 
exposition in the last 5 days versus a high exposi-
tion group [ 195 ]. Similarly, higher [ 18 F]F-DOPA 
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uptake was observed in the winter compared to the 
summer – pointing to higher DAT and higher 
DOPA synthesis capacity [ 196 ] – and D 2 R avail-
ability was lower in darker times [ 197 ]. In MDD, 
globally 34 % higher cerebral density of MAO-A 
was detected using [ 11 C]harmin. Seventeen patients 
with at least 5 months of washout after the last 
treatment were studied versus 17 matched controls. 
As MAO-A is localized in neurons and not glia and 
degrades all monoamines, norepinephrine, dopa-
mine, and serotonin, this fi nding may refl ect 
increased presynaptic turnover and faster clearance 
of monoamines or even a higher density of mito-
chondria. It had been hypothesized that MAO-A 
elevation may be the primary monoamine lowering 
process in MDD which seems too simplistic in 
view of more recent fi ndings. Phosphodiesterase 4 
(PDE4), the enzyme degrading the second messen-
ger cAMP, has been proposed as target for antide-
pressant drugs as some evidence pointed to 
increased cAMP signaling in MDD. PDE4 was 
downregulated globally by 22 % in 28 unmedicated 
MDD patients versus 25 controls as measured 
using [ 11 C]rolipram-PET [ 198 ].  

20.14.5     Anxiety Disorder 

 Social anxiety disorder was investigated in a dual-
tracer study by Frick and coworkers. Eighteen 
medicament-naive, fasted nonsmoking and non-
caffeinated patients displayed (i) signifi cantly 
higher serotonin synthesis rates, as measured by 
[ 11 C]HTP in the raphé nuclei, dorsal ACC(cg24), 
and right amygdala; (ii) signifi cantly higher SERT 
binding potential  BP  ND , as measured by [ 11 C]
DASB, in both thalami, the right striatum, and 
raphé nuclei, to a lower degree also in the amygda-
lae versus 18 matched controls [ 199 ]; and (iii) posi-
tive correlation of anxiety severity and [ 11 C]HTP 
infl ux in the right amygdala. An increase in SERT 
in striatum and cortical regions had also been 
observed by two other groups [ 49 ]. The amplitudes 
of change were not indicated but appear as about 
12 and 20 % in the color-coded illustrations. In 
other studies a decrease of 5-HT 1A R in the raphé 
nuclei, ACC, amygdala, and sometimes also in 
insula and OFC was reported as reviewed by 

Fredrikson [ 49 ]. DLPFC 5-HT 2A R were positively 
correlated with harm avoidance personality – an 
anxiety-prone trait – in healthy controls assessed 
by [ 123 I]5-I R91150 PET [ 200 ]. All these fi ndings 
would be in line with a constitutive overtuning of 
the serotonergic system: feedback inhibition of 
serotonin synthesis is diminished in the raphé 
nuclei – particularly here and also elsewhere, 
5-HT 1A R are of somatodendritic localization acting 
as autoreceptors [ 201 ,  202 ]. Cortical and amygda-
lar presynaptic uptake and synthesis capacity are 
increased. Lastly, postsynaptic 5-HT 2A R in the 
cerebrum are increased [ 202 ]. Conversely, in a 
patient who was largely incapable of fear and anxi-
ety because of selective underdevelopment and cal-
cifi cation of the amygdale (Urbach-Wiethe 
disease), we observed cortical postsynaptic 
5-HT 2A R globally decreased by 71 %, pointing to a 
considerable under-tuning of the serotonergic sys-
tem [ 203 ]. In this view the anxiolytic effect of SSRI 
can also be explained by presynaptic serotonin 
depletion as chronic effect of SSRI. Also the anxio-
lytic effect of mirtazapine (combined 5HT 1A  ago-
nist and 5HT 2A , SERT, and NET antagonist) and of 
buspirone (5-HT 1A  agonist) is explained by their 
action on the raphé and other autoreceptors. 

 In this context, some revision of an old view 
in the light of new experimental evidence seems 
warranted: chronic monoaminergic reuptake 
inhibitors (RI) such as SSRI were repeatedly 
believed to increase extracellular monoamine 
concentrations as it is the case after acute appli-
cation. For example, 45 min after an acute dose 
of only 10 mg of the SSRI citalopram signifi cant 
up to 7 % increase in 5-HT 1A  binding could be 
observed using [ 11 C]CUMI-101 [ 204 ]. However, 
monoamines are soaked off the extracellular 
space and the synaptic cleft with high effi ciency 
by glial organic cation transporters (OCT) which 
remain unblocked under therapy. Therefore, as 
net steady-state effect of RIs rather depletion in 
neuronal terminals can be expected. As in glia 
there is no synapto-vesicular storage, serotonin 
is rapidly degraded there. Indeed a very well-
conducted study in rats receiving chronic citalo-
pram via osmotic minipumps, 6 mg per day 
per animal yielding plasma levels of 361 nM, 
over 17 days, analyzed serotonin and metabolites 
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in dissected pieces of brain tissue. Serotonin was 
signifi cantly decreased to 13 % of the level of the 
placebo group in ACC, to 70 % in the dorsal, to 
42 % in the medial raphé nucleus, to 60 % in the 
amygdale, and to 38 % in the dorsal hippocam-
pus. Also the 5-hydroxytryptophane content 
decreased signifi cantly and comparably [ 205 ]. 

 Concerning other neurotransmitter systems, 
[ 11 C]fl umazenil and [ 123 I]iomazenil binding to 
GABA A /BZD-R was found decreased in the tem-
poral pole and prefrontal cortex in anxiety disor-
der [ 49 ]. DAT could be slightly decreased. Two 
studies found decreased NK 1 R (for the endoge-
nous ligand substance P) in the amygdala [ 49 ], 
both using [ 11 C]GR205171 [ 206 ].   

20.15     Targets of Radioligands/
Radiosubstrates 

 In this section radiotracer targets mentioned above 
and some more are listed following a classifi ca-
tion by biochemical function. If available addi-
tional data/remarks/examples are given, otherwise 
only the respective text subsection is indicated. 
We restrict on those tracers established in humans 
and only selected promising preclinical candi-
dates. Further examples of radiopharmaceuticals 
may be found in Chap.   4     of this book. Full records 
of any radiotracer may be obtained from the 
Molecular Imaging and Contrast Agent Database 
(MICAD) online at   www.ncbi.nlm.nih.gov/
books/NBK5330     also accessible via   www.
pubmed.org    . Dissociation and inhibitory con-
stants may be obtained from the PDSP Ki 
Database at   http://pdsp.med.unc.edu/pdsp.php    . 
Radioligand/radiosubstrate binding is guided by 
the protein structure and conformation of their 
targets. Some particular features of radioligand 
for particular targets can be understood from pro-
tein structure. 

20.15.1     G Protein-Coupled Receptors 
(GPCR) 

 GPCR are characterized by their 
7- transmembrane domain. In their receptive 
high-affi nity state, they bind at their intracellu-

lar face a trimeric GTP- hydrolyzing protein (G 
protein) occupied by GDP (Gαβγ-GDP). 
Ligand binding leads to the exchange of GDP 
by GTP and dissociation of the G protein-
receptor complex and of the G protein itself 
into the subunits Gα-GTP and Gβγ. Without G 
protein, the receptor is in its low-affi nity state. 
Both Gα-GPT and Gβγ act as second messen-
ger at intracellular and membrane-bound sec-
ondary targets. Recycling comprises 
dephosphorylation of Gα-GPT and reconstitu-
tion of the receptor – Gαβγ-GDP complex (c.f. 
6.1). A series of G-protein subtypes is known, 
21 of Gα, 5 of Gβ, and 12 of Gγ. Gα q  and Gα 11  
activate phospholipase C β 1  and β 4 ; Gα 12  and 
Gα 13  activate protein Rho which in turn stimu-
lates Rho-kinase; Gβγ activate phospholipase C 
β 2  and β 3 , phosphatidylinositol −3-kinase, volt-
age-gated Ca 2+ -channels, or acetylcholine 
opened K + -channels; Gα S  stimulates and Gα i  
inhibits adenylatcyclase. Instead of Gα i, s, q  the 
abbreviations G i, s, q,  etc., are common. The 
localization of GPCR can be postsynaptic, pre-
synaptic axonal, or presynaptic somatoden-
dritic, and this infl uences the mode of action, 
e.g., a frequent feature is feedback inhibition by 
axonal inhibitory autoreceptors. 

 By their conformation and amino acid 
sequence, GPCR can be subdivided into families 
which traditionally involve classes A-F over all 
biological organisms. Based on sequence homol-
ogy studies, Frederikson and coworkers [ 207 ] in 
2003 alternatively proposed for the human GPCR 
the GRAFS system which may more adequately 
meet relevance in humans (c.f. Table  20.2 ). The 
structure and size of receptors between families 
are fundamentally different. A schedule of rela-
tionship and homology by amino acid sequence 
is given in Fig.  20.6 . Virtually all GPCR to which 
PET radioligands are directed belong to the rho-
dopsin family, such as all monoamine receptors. 
An important exception is the family of metabo-
tropic glutamate receptors (mGluR).

20.15.1.1        Serotonergic System 
 A total of 13 GPCR subtypes are described in 
humans which comprise 5-HT 1A, B, D, E, F , 5-HT 2A, B, 

C , 5-HT4, 5-HT5 A, B , 5-HT 6 , and 5-HT 7 . 5-HT 3  is 
an ion channel. 5-HT 1 R are G i /G 0  coupled. 
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  5-HT 1A R 
 The radioligand [ 18 F]MPPF is currently most 
frequently used. [ 18 F]MPPF binding is sensitive 
to changes in serotonin levels in line with 
log P  = 2.81 and  K  D  = 3.2 nM as the affi nity of 
serotonin on h5HT 1A R has been measured at 
 K  D  = 4.7 nM [ 208 ]. However, the brain uptake of 
[ 18 F]MPPF is suboptimal due to a considerable 
clearance by p-gp. [ 11 C]CUMI-101 is a more 
recent partial agonist ligand [ 204 ]. About 80 
human studies were also performed using [ 11 C]
WAY100635, which has been labeled at the 
O-methyl or better at the carbonyl position. Also 
the [ 18 F]-version, [ 18 F]FCWAY, has been estab-
lished but underlies defl uorination in vivo. 
WAY100625 is not only a 5-HT 1A  antagonist but 
has also D 4  agonistic properties [ 209 ]. The 
kinetic modeling of [ 11 C]WAY100625 radiotrac-
ers is compromised by its fast degradation to 
radiometabolites. In line with its high affi nity 
( K  D  = 0.32 nM) and high lipophilicity 
(log P  = 2.81), it is not displaceable by endoge-
nous serotonin. The distribution of 5-HT 1A  is 
highest in the hippocampus and opercular region.  

  5-HT 1B R 
 [ 11 C]AZ10419369 has been established in 
humans. 5-HT 1B R showed a cortico-striatal dis-
tribution with clear occipital maximum and only 
lower binding in the thalamus [ 120 ]. This distri-
bution may be one candidate substrate of the pro-
pensity of the posterior cerebral region to certain 
pathology such as the visual aura in migraine. 
5-HT 1B R has been shown as the most relevant 
presynaptic inhibitory receptor, while the effect 
of 5HT 1A R and 5-HT 2C R was negligible [ 205 ]. 

Alternatively, [ 11 C]P943 has been used in over 
three human studies [ 210 ].  

  5-HT 2A R 
 For imaging these G Q -coupled receptors, mostly 
[ 18 F]altanserin, [ 11 C]MDL100907, and [ 18 F]seto-
perone have been used. [ 18 F]altanserin has the 
disadvantage of a brain-penetrating hydroxyl- 
metabolite [ 18 F]altanserinol presumably pro-
duced by unspecifi c tissue ketoreductases. [ 18 F]
setoperone has in addition to 5-HT 2A R some 
affi nity to D 2 R and α 1 R. An alternative tracer was 
[ 123 I]5-I R91150 [ 200 ,  210 ]. [ 11 C]CIMBI36 has 
recently been introduced into human imaging 
and yielded  BP  ND  up to 1.5 in the frontal cortex, 
slightly lower than [ 18 F]altanserin yielding values 
>2.0. 5-HT 2A R are of global cortical distribution 
and absent in the cerebellum and very rare in 
basal ganglia and hippocampus. Highest densi-
ties were found in the primary sensory cortices 
(BA3, 17, 22, own PET data and [ 211 ]). This 
may corroborate the hallucinogenic potential of 
the agonist LSD.  

  5-HT 4 R 
 5-HT 4 R are coupled to G S . 5-HT 4 R have been 
proposed as cumulative markers of chronic sero-
tonin levels, with inverse relationship. [ 11 C]
SB207145 has been established and proved 
insensitive to acute citalopram, and binding was 
9 % lower in carriers of the S-allele of the 
5-HTTLPR polymorphism in the promoter region 
of the gene coding the SERT which comes with 
lower expression of SERT [ 212 ].  

  5 - HT   6   R  have been labeled in humans using 
[ 11 C]GSK215083 [ 210 ].  

   Table 20.2    Phylogenetic families of G protein-coupled receptors   

 Traditional a   GRAFS a   GPCR classes according to Fredriksson 

 A  R  Rhodopsin 

 B1  S  Secretin 

 B2  A  Adhesion 

 C  G  Glutamate (metabotropic) 

 D  Fungal mating pheromone 

 E  Cyclic AMP 

 F  F  Frizzled/smoothened/TAS2 

   a Alternative classifi cations, “GRAFS” standing for the initials of the fi ve families  
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  Fig. 20.6    Phylogenetic map of human G protein-coupled 
receptors (GPCR) calculated according to a maximum 
parsimony bootstrap method and visualizing gene 
sequence homology. According to space limitations the 
association of clusters in the map is not perfectly propor-
tional. Within a cluster, however, the distance on a branch 
corresponds to the difference in the sequence (Adapted 
from Fredriksson et al. [ 207 ]). Note that GPCR cluster 
into the families  Glutamate ,  Rhodopsin ,  Adhesion , 
 Frizzled/TAS2  and  Secretion  according to the “GRAFS” 
schedule. The Rhodopsin group, by far the largest and 
most relevant in pharmacology, is further subdivided into 
branches α, β, γ, and δ. Names of subbranches are given in 
 gray color . In the abbreviations listed in the following, the 
“R” for receptor was systematically omitted. Receptors of 
high relevance for neuro-PET are highlighted.  5-HTR   2A   
5-hydroxytryptamin (=serotonin) 2A,  α  α-adrenergic, 
 AVP  arginine-vasopressine,  β  β-adrenergic,  BAI  brain- 
specifi c angiogenesis inhibitor,  BS  uterinbombesin,  C3A  
complement factor 3,  CALC  calcitonin,  CAS  calcium 
sensing,  CB  cannabinoid,  CCK  cholecystokinin,  CELS  

EGF LAG seven-pass G type,  CRH  corticotropin- 
releasing hormone,  CYSLT  cysteinyl-leukotriene,  D   1   
dopamine-1,  EDN  endothelin related,  EMR  EGF-like 
module containing,  FSH  follicle-stimulating hormone, 
 GCG  glucagon,  GIP  gastric inhibitory polypeptide, 
 GHRH  growth hormone-releasing hormone,  GLP  
glucagon- like peptide,  GnRH  gonadotropin-releasing hor-
mone,  GRP  gastrin-releasing peptide,  H  histamine,  LEC  
lectomedin,  LH  luteinizing hormone,  LT-B4  leucotrien-
 B4,  M  muscarinic acetylcholine,  MAS  the MAS onco-
gene,  MC  melanocortin,  mGluR  metabotropic glutamate, 
 MTN  melatonin,  NPFF  neuropeptide FF,  NPY  neuropep-
tide Y,  OPRL1  opioid receptor-like 1,  OXT  oxytocin,  P2Y  
purine receptors,  PACAP  pituitary adenylate cyclase- 
activating protein,  PPY  pancreatic polypeptide,  PrP  
prolactin- releasing peptide,  PTAF  platelet activating fac-
tor,  PTH  parathyroid hormone,  SCT  secretin,  TAR  trace 
amine receptor,  TAS1  taste sensing 1,  TRH  thyrotropin- 
releasing hormone,  TSH  thyroid-stimulating hormone, 
 VIP  vasoactive intestinal peptide       
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20.15.1.2     Dopaminergic System 
 D x R are grouped into the D1 family with D 1  and 
D 5  coupled to G S  and localized among others at 
the “direct-loop” GABAergic striatopallidal pro-
jection neurons in the striatal matrix which use 
dynorphin and substance P as cotransmitter. The 
D2 family comprises the G i -coupled D 2  and D 3 . 
D 2  is preferentially localized in striosomes and at 
the “indirect loop” GABAergic striatopallidal 
projection neurons which use enkephalin as 
cotransmitter. 

  D 1 R 
 [ 11 C]SCH23390 is the classical D 1 R model 
ligand. Also, [ 11 C]NNC112 has been frequently 
used. Both these antagonist ligands are not infl u-
enced by endogenous dopamine even not after 
amphetamine challenge. Alternative D 1  ligands 
tested in humans performed poorer in terms of 
striatum/cerebellum ratio and uptake kinetics. In 
addition to a clear striatal enrichment, some D 1 R 
occurred in the substantia nigra and very little in 
the cortex [ 211 ].  

  D 2 R/D 3 R 
 Classical ligands are [ 11 C]raclopride and [ 18 F]fal-
lypride with complementary bandwidth of sensi-
tivity; benzamide-type ligands such as [ 11 C]
raclopride, [ 18 F]FLB457, or [ 123 I]IBZM are more 
suitable to quantify high concentrated D 2 R in the 
striatum; and butyrophenone-type ligands such as 
[ 18 F]fallypride, [ 18 F]desmethoxyfallypride, [ 11 C]
N-methylspiperone ([ 11 C]NMSP), and [ 18 F]fl uo-
roethyl-spiperone ([ 18 F]FESP) are better suited 
for quantifying low concentrated extrastriatal D 2 R 
(see also 1.4 [ 67 ]). Also the agonists [ 11 C]NPA 
and [ 11 C]MNPA have been used in humans [ 67 ]. 
D 2 R form functional heterodimers with several 
other GPCR, e.g., with 5-HT 2A  or A 2A .  

 [ 11 C](+)PHNO has higher affi nity to D 3 R and 
thus preferentially binds to the ventral striatum 
and globus pallidus [ 67 ].  

20.15.1.3     Noradrenergic System 
 Here the G q  or less frequently G 12/13 -coupled α 1A , 
α 1B , and α 1D , the G i -coupled postsynaptic autore-
ceptors α 2A , α 2B , and α 2C , and the G s -coupled β 1 , β 2 , 
and β 3  are described. Among others radioligands 

established in humans are the α 2C - antagonist [ 11 C]
ORM-13070 with a prominent striatal (reaching 
 BP  P  of 0.7 and  V  T  of 1.6) and thalamic and a slight 
cortical distribution beneath absence in the cerebel-
lum [ 213 ]. The non- subtype selective α 2 R-ligand 
[ 11 C]yohimbine showed highest uptake cortically 
in the cingulum and in parietal and occipital cortex 
with  V  T  around 0.8, in the striatum and cerebellum 
with 0.6, and in white matter with 0.46 [ 214 ]. 
Notwithstanding, autoradiography showed – as far 
as available – selectively high α 2 R binding in areas 
BA3, BA22, and the hippocampus [ 211 ] Alpha-1 
and beta- adrenoceptor radioligands have not yet 
surpassed preclinical stage.  

20.15.1.4     Cholinergic System 
 One has to note that central cholinergic neurons 
release galanin as cotransmitter. Beneath the ion 
channel nicotinic receptors, at least fi ve isoforms 
of GP-coupled muscarinic receptors exist. 

  Muscarinic acetylcholine receptors (M x R) 
 Nonselective muscarinic antagonism was the 
principle of the fi rst antiparkinsonian drugs. 
Acetylcholine was considered a general counter-
balance of dopamine in the striatum, and the 
essentially anti-tremor action is today believed to 
relay on cholinergic interneurons which are 
inhibited by the nigrostriatal dopaminergic pro-
jections via D 1 R. Nonselective muscarinergic 
antagonism is also hallucinogen – desired effect 
of belladonna, thorn apples, and toadstools – and 
an inconvenient side effect in elderly people 
especially of almost all tricyclic antidepressants 
and phenothiazine neuroleptics. M 1 R, M 1 R, and 
M 1 R are generally coupled to G q -stimulating 
PLC.  

  M   1   R  occur in high density in the striatum, hip-
pocampus, and in the outer layers of parietal and 
superior temporal cortex and localize to neurons 
[ 211 ]. (+)-N-[ 11 C]methyl-3-piperidinyl benzilate 
([ 11 C]MPB) have recently been introduced to 
human studies. The highest binding with  BP  ND  up 
to 5 was observed in the striatum and the occipi-
tal cortex; considerable binding in other cortices 
was absent in the cerebellum. In a cohort of 
chronic fatigue syndrome, patients producing 
anti-M1 autoantibodies (AB) binding was 
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reduced globally by 20 % versus patients without 
AB and versus controls, while acetylcholine 
esterase levels measured by [ 11 C]MP4A were 
constant [ 215 ]. Also [ 11 C]benzatropine had been 
used for M1R imaging in humans and perfectly 
reproduced the autoradiographic distribution 
[ 216 ]. For the allosteric agonist [ 11 C]
GSK1034702 [ 133 ], see 5.1. 

  M   2   R  are particularly highly expressed in pri-
mary somatosensory areas (BA3, 17, 22), in the 
striatum, and in the dorsomedian thalamus. Low 
levels are found in the hippocampus [ 211 ,  217 ]. In 
the cortex M 2 R act stimulatory while in the stria-
tum preferentially as inhibitory autoreceptors. 
The selective M 2 R agonist ligand [ 18 F]FP- TZTP 
proved metabolically suffi ciently stable (41 % 
parent after 40 min) and sensible to occupation/
competition by endogenous acetylcholine, sug-
gested by applications of the acetylcholine ester-
ase inhibitor physostigmine in humans. The native 
biodistribution showed a uniform gray matter dis-
tribution maximal in the striatum and cerebellum, 
while lowest binding was observed in the thala-
mus. This is in clear disagreement with autoradio-
graphic data, suggesting bias by brain-penetrating 
radiometabolites or regionally considerably dif-
ferent levels of acetylcholine [ 218 ]. 

  M   4   R  are coupled to G i /G 0  and act as inhibitory 
autoreceptors.  

20.15.1.5     Other Receptors 
of the Rhodopsin Family 

  Adenosine 
 Adenosine can act as neuromodulator and leaks 
to the extracellular space when cells operate 
beyond their energy homeostasis. It can also orig-
inate from extracellular ADP degraded by 
diphosphatases. [ 18 F]CPFPX [ 125 ] and [ 11 C]
MPDX are established A 1 R ligands and show a 
ubiquitous gray matter distribution sparing the 
cerebellum and partially the hippocampus (own 
PET and autoradiography data). With [ 11 C]
TMSX, the striatal distribution of A 2a R has been 
demonstrated. A 1 R are coupled to G i1/2/3  or G 0 , 
A 2A R to G S . A 2A R seem to be particularly “sticky” 
as they tend to form heterodimers with a series of 
other GPCR. Less frequent in the CNS are A 2B R 
and A 3 R.  

  Opioid μ-, κ-, δ-, orphan, receptors 
 The endogenous ligand of μ-R  is  β-endorphin 
(posttranslationally processed from the prohor-
mone pro-opio-melanocortin, POMC), of κ- R is  
dynorphin from prodynorphin, and of δ- R  is 
enkephalin from proenkephalin or alternatively 
from prodynorphin. All three opioid receptors are 
coupled to G i . [ 18 F]fl uoroethyl-diprenorphine and 
[ 11 C]diprenorphine are non-subtype selective 
strongest available opioid receptor antagonists. 
[ 11 C]carfentanil is an extremely potent μ-agonist. 
Already 1 μg are pharmacologically active in 
humans; therefore, specifi c activities have to be 
particularly high to fulfi ll the tracer criterion. 
Subjects homozygous for the A allele of the 
OPMR1 A118G polymorphism had about 20 % 
higher  BP  ND  for [ 11 C]diprenorphine [ 219 ].  

  Tachykinin receptors 
 Neurokinin receptors NK 1 , NK 2 , and NK 3  are G q  
coupled and sensitive to the endogenous ligands 
substance P, neurokinin A, and neurokinin B. 
[ 11 C]R116301-PET showed highest binding in 
the striatum, and some few bindings in the fron-
tal, parietal, and temporal cortex, none in thala-
mus and occipital lobe (c.f. end of  20.14.5 ).  

  Cannabinoid receptors 
 [ 18 F]MK9470 or [ 123 I]AM281 (see  20.14.3 ).  

  Histamine receptors 
 Four isoforms H 1 R–H 4 R are described. H 1 R are 
coupled to G q ; H 2 R to G S , H 3 R, and H 4 R couple to 
G i . A H 1 R ligand established in humans is [ 11 C]
doxepin, which shows global gray matter 
 distribution relatively sparing the cerebellum. A 
series of occupation studies were conducted with 
classical antihistaminics others determined the 
antihistaminic side effect of some antipsychotics 
and antidepressants [ 220 ]. Notwithstanding in 
healthy volunteers single doses of 5 mg levoceti-
rizine and 60 mg fexofenadine lead both to only 
8 % H 1 R occupation and no sedation [ 221 ]. One 
has to note that serious allergic disorders come 
with a systemic infl ammatory state where the 
tightness of the BBB is compromised, and usu-
ally non- brain- penetrating drugs may penetrate. 
H 3 R could be labeled using [ 11 C]GSK189254. In 
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the putamen  V  T  values of 70 were reached and 
30–37 in amygdalae, cingulum, and insula. In the 
thalamus, cerebellum, and parietal and occipital 
cortex, an uptake corresponding to  V  T  of 20 was 
observed. Cerebral binding could be reduced to 
6–9 after occupation with the full dose and 
120 μg of the cold ligand GSK239512 which was 
also tested at 6 and 14 μg [ 222 ]. Already before-
hand [ 11 C]MK8278 had been established for H 3 R 
neuroimaging showing predominant striatal 
uptake ( V  T  17,  BP  ND  2.2) and also signifi cant spe-
cifi c binding in all other gray matter areas in 
humans ( V  T  ranging 7–10 and  BP  ND  0.5–1.2) 
which could be blocked by a cold candidate drug 
[ 223 ]. The others, H 2 R and H 4 R, are of consider-
able low cerebral expression, and no PET neuro-
imaging has been described.   

20.15.1.6     Metabotropic Glutamate 
Receptors 

 As mentioned above and in Fig.  20.6 , mGluR 
constitute a completely distinct family of GPCR, 
characterized by unique conformational features 
including a comparatively large extracellular and 
a small intracellular domain. In mGluR two sub-
units are connected via a disulfi de bond to dimers. 
The dimeric conformation is obligatory for gluta-
mate binding which takes place at the extracellu-
lar venus fl y trap domain. Rhodopsin-type 
receptors in turn bind their endogenous ligand in 
the transmembrane domain. In mGluR, a 
cysteine- rich repeat domain makes the connec-
tion to the canonic 7-transmembrane domain. As 
the binding pocket is very similar in all subtypes 
mGluR1-mGluR8, subtype selectivity cannot be 
assured by orthosteric ligands but via allosteric 
sites at the cysteine-rich repeat domain. 
Therefore, only allosteric subtype selective 
ligands are available which preferentially recog-
nize monomers [ 224 ]. 

  mGluR5 
 For mGluR5 a large series of diaryl-ethinyl deriv-
atives has been synthesized of which [ 11 C]
ABP688 has been applied in a series of physio-
logical and pathological conditions in humans. 
The distribution of [ 18 F]FPEB and [ 18 F]FP203 
was studied in healthy volunteers, the latter also 

in the frame of a dose-fi nding trial (c.f. 6.1 [ 142 ]). 
MGluR5 had a ubiquitous cortical distribution 
and was absent in the cerebellum. In basal gan-
glia mGluR5 levels decreased in the order cauda-
tus, putamen, and thalamus.    

20.15.2     Ion Channel-Coupled 
Receptors 

20.15.2.1     Glutamate 
 The ionotropic glutamate receptors NMDA-, 
AMPA-, and kainate-R are all heterotetrameric 
pores, structurally distinct from pentameric nico-
tinic and GABA A -receptors. While AMPA and 
Kainate transmit only small cations, Na +  and K + , 
NMDA in open state is also permeable for Ca 2+ , 
and it lets pass comparatively large portions of 
ions until becoming refractory. The tryptophan 
metabolite kynuric acid acts as endogenous antag-
onist at glycine site of NMDA-R and at AMPA 
and kainate-R. No AMPA and no Kainate recep-
tor-ligand has thus far been established in humans. 

  NMDA-R 
 NMDA-R are nonselective cation channels 
with – in addition to the glutamate site on the 
NR2A subunit – several distinct modulatory 
binding sites for glycine or D-serine at the NR1 
and NR3 subunit leading to signal potentiation 
and for Zn 2+  which blocks conductance. As a 
special feature, in basic state (at −50 to −80 mV 
membrane voltage), the conductive pore is 
clogged by a Mg 2+  cation. A predepolarization is 
necessary to remove this “lid” and to give free 
the channel. Two NMDA ligands have recently 
been established in humans but not yet tested in 
a larger spectrum of conditions. [ 11 C]CNS5161 
showed increased striatal uptake upon L-DOPA 
application in dyskinetic versus not dyskinetic 
Parkinson’s disease patients [ 225 ] and recently 
favorable dosimetry [ 226 ]. Uptake in controls 
was highest in the thalamus followed by the 
striatum and frontal and lateral temporal cortex, 
while it was low in the occipital cortex. This is in 
contrast to autoradiographic studies show-
ing highest binding in hippocampus, insular, 
and opercular cortex and particularly low tha-
lamic binding [ 211 ,  217 ]. [ 18 F]GE179 proved 
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advantageous tracer kinetics in 9 healthy volun-
teers [ 227 ]. Another NMDA ligand is [ 11 C]GSK-
931145. Efforts to image the glycine binding site 
of NMDA were undertaken using [ 11 C]AcL703 
the cerebral uptake of which was small at 0.6 % 
ID/L but exceeded white matter uptake in cer-
ebellar cortex by a factor of 2 [ 228 ].  

 The following four receptors GABA A R, 
nAChR, GlycinR, and 5-HT 3 R share a heteropen-
tameric structure.  

20.15.2.2     Gamma-Amino Butyric 
Acid, GABA A  

  Benzodiazepine (BZD) sites at GABA A R- 
chloride channel 
 This is the target of the classical ligand [ 18 F]fl uma-
zenil which proved as a general viability marker of 
neuronal tissue (c.f.  20.7 ). The distribution is of 
cortical predominance including the cerebellum 
and highest in the occipital and in the opercular 
region. Basal ganglia are relatively spared (own 
data). At the BZD site do also act halogenated gas 
anesthetics such as halothane, sevofl urane, etc., 
and the injection anesthetics propofol and etomi-
date. Besides the BZD site, the GABA A R has dis-
tinct binding sites for barbiturates.   

20.15.2.3     Nicotinic Acetylcholine 
Receptors (nAChR) 

 NAChR are nonselective small cation channels 
(for Na +  and K + ) in the shape of a pore composed 
of fi ve subunits with the general confi guration 
2αβγδ or 2α3β. The α-subunits bind the ligand 
and with their isoforms α 1 –α 10  most contribute to 
ligand selectivity. Of β isoforms 1–4 are known 
of γ the alternative ε in the muscular nAChR and 
of δ only one. While α 1  and β 1  are restricted to the 
muscle, subunits α 2 –α 7  and β 2 –β 4  occur in the 
brain. NAChR are the site of action of the ago-
nists nicotine and cytisine. 

  Nicotinic α 4 β 2 R 
 This is the most frequent nAChR (mostly 2 α   4   3β   2  ) 
of almost ubiquitous cerebral distribution and 
target of the partial agonist varenicline used to 
assist nicotine withdrawal. Particularly high 
receptor densities were observed in the thalamus 

and high densities in the mesencephalon. The 
uptake in cortex was lower with a parietotempo-
ral dorsal- frontal accentuation and lowest occip-
ital and in the dorsal cerebellum. Most PET 
ligands showed a high white matter uptake [ 229 ]. 
2-[ 18 F]A85380 (synonym 2-FA), 6-[ 18 F]A85380, 
[ 123 I]A85380, [ 11 C]nicotine, and recently [ 18 F]
fl ubatine have been used to study AD (c.f. 
 20.14.2 ). [ 18 F]AZAN recently entered human 
use [ 230 ]. Seminal studies for understanding 
kinetics and mechanism of tobacco addiction 
were conducted using these nAChR radioli-
gands. While acute tobacco/nicotine caused 
occupation/displacement of/from  α   4   β   2   R- sites, 
 α   4   β   2   R  were upregulated in subacute withdrawal 
(e.g., 36 h after cessation) by up to 80 % every-
where except in the thalamus. A driving interest 
is here to  a priorily  predict the response to dif-
ferent types of withdrawal treatment. High  α   4   β   2   R  
binding potentials were associated with higher 
risk of relapse in a study on 81 subjects. In the 
successfully abstinent group  α   4   β   2   R-BP  P  were 
only 20–29 % over normal, while in the group 
who restarted smoking  α   4   β   2   R  were upregulated 
by 66–80 % [ 229 ].  

  Nicotinic α 7 R 
 The ligand [ 18 F]ASEM was the fi rst one tested in 
humans [ 231 ]. It showed a global gray matter distri-
bution with  BP  ND  around 1, somewhat lower in the 
cerebellum and amygdalohippocampal area. [ 11 C]
NS14492 is in preclinical development; see 8.2.   

20.15.2.4     Others 
  Glycine receptors (GlR) 
 GlR are heteropentameric pores similar to nico-
tinic and GABA A -receptors with conductance for 
Cl −  anions and thus inhibitory effect in adults.  

  5-HT   3   R  are also pores composed of 5 subunits 
with conductance for Na +  and K +  and thus 
stimulatory. 

  P2X purine receptors  for ATP an ADP are het-
erotrimeric pores with conductance for Na +  and 
some Ca 2+ . 

 For these targets, no radioligand studies in 
humans are reported yet.   
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20.15.3     Enzymes 

20.15.3.1     Extracellular Enzymes 
  Acetylcholinesterase 
 [ 11 C]MP4A and [ 11 C]PMP are well established 
and were used to study AD (c.f.  20.14.2 ).   

20.15.3.2     Intracellular Enzymes: 
Signal Transduction 

  MAO 
 The distribution of MAO-A in humans is ubiqui-
tous in gray matter, relatively sparing the striatum 
and with maxima in thalamus, occipital cortex, 
and brainstem. MAO-B, in turn, is more selec-
tively distributed to the striatum (especially cau-
date nucleus), thalamus, and ACC. In smokers, 
both MAOs were considerably decreased, and this 
effect could be attributed to the tobacco alkaloid 
harman, which is a MAO inhibitor of slow clear-
ance from tissue. During withdrawal from smok-
ing, MAO levels inversely correlated with plasma 
harman levels [ 232 ].  

  MAO-A 
 [ 11 C]chlorgylin, as a “suicide” inhibitor, binds 
irreversibly. [ 11 C]harmine binds reversibly to 
MAO-A with  K  D  = 2.0 nM and thus is well suited 
for occupation/competition studies, i.e., with 
moclobemide. The same applies for [ 11 C]befl oxa-
ton [ 232 ]; See also  20.14.4 .  

  MAO-B (c.f.  20.13.5 ) 
     Aromatic amino acid decarboxylase (AADC)  
 AADC catalyzes the last step in the synthesis of 

dopamine and serotonin and can be measured 
by modeling [ 18 F]DOPA or [ 11 C]tryptophan 
scans (c.f.  20.6 ,  20.14.5  and  20.15.4 ).  

   Phosphodiesterase – PDE4  
 PDE4 can be acceded by [ 11 C]rolipram. It showed 

a global cortical and thalamic distribution, 
while binding was low in the central region 
and mesial temporal lobe and almost absent in 
the cerebellum [ 198 ] (c.f.  20.14.4 ).  

   Phosphodiesterase – PDE10  
 A PDE10 ligand, [ 18 F]MNI659, proved as most 

sensitive early progression marker in 
Huntington’s disease (c.f.  20.14.1 ).  

   Synapto-vesicular protein 2A (SV2A)  

 SV2A enables the fusion of mature synaptic 
GABA and glycine vesicles with the mem-
brane as precondition for exocytosis. It 
revealed as the molecular target of leveti-
racetam. This widely used broad-spectrum 
anticonvulsive enhances the effi ciency of 
SV2A. Concerning [ 18 F]UCB-H, the fi rst 
SV2A ligand tested in humans up today a 
dosimetry study on fi ve subjects is available 
which showed good brain penetrance with 
1.2 % of injected activity remaining in the 
brain 2 h postinjection. There seems to be a 
global cortical distribution, slightly lower in 
the cerebellum [ 233 ].       

20.15.4     Membrane Transporters 

  DAT 
 Beneath the commercialized and widely distrib-
uted [ 123 I]FP-CIT (Iofl upan, DATSCAN), there 
are also [ 123 I]βCIT, [ 99m Tc]TRODAT 1, [ 18 F]CFT, 
[ 11 C]RTI32, and [ 18 F]FP-CIT that have been fre-
quently applied. All these tropane derivatives are 
not perfectly DAT selective but display some 
binding to SERT and NET explaining some tha-
lamic, mesencephalic, and amygdala binding in 
humans, respectively. Therefore, not only dopa-
minergic treatment but also medication with anti-
depressants (tricyclic, SSRI, etc.) should be 
acknowledged for better interpretation. [ 18 F]
F-DOPA in contrast is selective for dopaminergic 
terminals (c.f.  20.6 ).  

  SERT or 5-HTT 
 Here [ 11 C]DASB is reported more stable and 
selective as [ 11 C]McN5652, [ 11 C]MADAM, or 
[ 123 I]ADAM. [ 11 C]DASB has a comparably fast 
tissue uptake kinetics and low plasma protein 
binding [ 234 ]. [ 11 C]DASB is sensitive to changes 
in serotonin levels. SERT also makes the selec-
tivity of 5-hydroxy-L [β- 11 C]-tryptophan, ([ 11 C]
HTP), or [ 18 F]HTP which is intracellularly 
decarboxylized by the nonselective AADC and 
the uptake of which best refl ects AADC activity 
in serotonergic terminals [ 235 ]. Irreversible 
intracellular trapping and thus kinetic modeling 
are analogous to [ 18 F]F-DOPA [ 199 ]. 
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Pretreatment with carbidopa in order to inhibit 
degradation by peripheral AADC may be given.  

  NET 
 [ 123 I]metaiodobenzylguanidine ([ 123 I]MIBG) 
crosses the NET as “false substrate” and enriches 
in peripheral sympathetic fi bers. It is in wide-
spread clinical use for early recognition of PD 
and LBD where myocardial sympathetic dener-
vation occurs, and therefore tracer uptake is 
absent. Some BBB penetrating NET radioligands 
have been used in human brain PET.  

 (S, S)-[ 11 C]O-methyl-reboxetine ([ 11 C]MRB) 
showed almost exclusive uptake in the dorsolat-
eral thalamus and pulvinar, locus coeruleus and 
raphé nuclei, and hypothalamic regions [ 236 ]; 
 BP  ND  of up to 0.45 are reached. 

 (S, S)-[ 18 F]FMeNER-D 2  yields a slightly dif-
ferent distribution with also  BP  ND  up to 0.5 in the 
entire thalamus [ 122 ] [ 11 C]MRP (c.f.  20.10.3.2 ). 

  Glycine transporter (GlyT1) 
 For GlyT1 recently the radiotracer [ 18 F]MK6577 
has been established in humans, and specifi city 
was proved by an occupation study evidencing a 
homogenous distribution of unspecifi c binding. 
Specifi c binding was restricted to brainstem, cer-
ebellar nuclei, and thalamus reaching  V  T  values 
of 4–8, while cortical  V  T  did not exceed 40 % of 
pontine  V  T  [ 237 ]. Similar results had been 
obtained before using [ 11 C]RO5013853 with  V  T  
values ranging from 0.9 in the cortex to 2.6 in the 
pons. Here in addition slight uptake in the globus 
pallidus could be resolved and autoradiography 
permitted localization to the granular layers of 
the cerebellar cortex and the fascia dentata as 
well to selected white matter structures such as 
the alveus or cerebellar fi bers [ 238 ].  

  Vesicular monoamine transporter 2 
(VMAT2), 
 VMAT2 actively pumps monoamines into syn-
aptic vesicles. The substrate selectivity is not 
strict, and serotonin, dopamine, noradrenalin, 
and histamine are transported. The isoform 
VMAT1 is exclusively localized in neuroendo-
crine cells. [ 11 C]DTBZ yielded a striatal distribu-

tion complemented by uptake in the substantia 
nigra, by the noradrenergic amygdala, and by the 
serotonergic raphe nuclei. Recently the fl uoro-
propyl-analogue on [ 18 F]FP-DTBZ (synonym 
[ 18 F]AV133) had been established. DTBZ-PET 
was used in cohorts of AD, PD, and 
HD. Apparently VMAT2 is the most stable 
marker of monoaminergic neurons, little sub-
dued to regulatory changes [ 239 ].   

20.15.5     Others 

     18KD translocator protein (TSPO)  (c.f.  20.13.3 )  
   Aβ-Amyloid  deposits (c.f.  20.8  and  20.9 )  
   Protein-tau (τ)  (c.f.  20.13.1 )  
  Alpha-synuclein (c.f.  20.13.1 )  
   P-glycoprotein (p-gp)  (c.f.  20.13.2 )  
   Myelin  (c.f.  20.13.4 )  
  σ 1 -Receptors    

 σ 1 R are intracellular chaperon proteins local-
ized at the endoplasmic reticulum which modu-
late Ca2+ signaling through the IP3 receptor. 
Fluvoxamine, opipramol, dextromethorphan, 
haloperidol, and others show affi nity for this 
receptor. The σ1R ligand [ 11 C]SA4503 is estab-
lished in humans [ 127 ] (c.f.  20.10.3.3 ). 

  Estrogen receptors (EstR) 
 The majority of EstR are transcription factors 
localized intracellularly. The non-α/β-selective 
ligand [ 18 F]fl uoroestradiol proved promising for 
the detection of small cerebral metastases of 
breast cancer [ 240 ].  

   Conclusion 

 PET since its existence played a pivot role at the 
junction of basic neuroscience, pathophysiolog-
ical and preclinical research, and introduction of 
new treatment methods into clinical routine. In 
the scope of the inverse way from bedside to 
bench, PET served to the metabolic and neuro-
chemical characterization of rare, instructive, or 
new cases. PET accompanied and corroborated 
the introduction of poststroke thrombolysis, 
deep brain stimulation, and electroconvulsive 
therapy. Almost every second central-acting 
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drug is today assessed by PET in the frame of 
clinical P-0 to P-III trials, for biodistribution and 
dose fi nding or as longitudinal readout. PET 
studies of neurotransmitter systems could cor-
roborate and show the limits of the monoamine 
hypothesis of psychiatric disease. The same is 
actually underway concerning the glutamate 
hypothesis. A very recent ascent of PET appli-
cations came with tracers for Aβ-amyloid 
deposits in the brain. Tracers for tau and 
α-synuclein are in view. These advances in diag-
nostics parallel the advent of fi rst etiologic cura-
tive treatment options in this fi eld.       
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     Abstract  

  Positron emission tomography (PET)/com-
puted tomography (CT) is emerging as an 
important noninvasive imaging modality for 
assessing a wide variety of malignancies in 
both adults and children. However, a different 
approach may be needed in children than that 
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of adults due to vulnerability of children to 
radiation, different types of  malignancies in 
pediatric population comparing with adults, 
and special technical issues and pitfalls in 
pediatric PET/CT imaging. In this chapter, we 
discuss special considerations in pediatric 
PET/CT imaging and explore the use of FDG-
PET in pediatric malignancies, including lym-
phomas, sympathetic nervous system tumors, 
bone and soft tissue sarcomas, neuroblasto-
mas, and the less-common tumors, such as 
thyroid cancers, Wilms’ tumors, and 
hepatoblastomas.  

21.1       Introduction 

 Although the incidence of childhood malignancy 
is quite low, approximately 130 per million chil-
dren in the United States [ 1 ], cancer remains the 
second most common cause of death in children 
age 1–14 years [ 2 ], second only to accidental 
death. The International Classifi cation of 
Childhood Cancer (ICCC) categorizes pediatric 
malignancy into 12 major groups [ 3 ] including 
leukemias, brain and central nervous system 
malignancy, lymphomas, soft tissue sarcoma, 
tumors of the sympathetic nervous system, renal 
tumors, bone tumors, carcinoma and melanoma, 
germ cell tumors, retinoblastoma, hepatic tumors, 
and other or unspecifi ed tumors (Table  21.1 ). 
Leukemia, central nervous system cancer, and 
lymphoma are the three most common forms of 
childhood cancer, accounting for 30, 20, and 
14 % of overall incidence [ 4 ]. Outcome in these 
three particular malignancies has improved 
markedly in past decades and has contributed to 
an overall increase in 5-year survival from 58 % 
in 1977 to 83 % in 2007 [ 5 ].

   The overall incidence of pediatric malig-
nancy is increasing and has escalated from 
0.5 % to approximately 1 % over the past 30 
years with most of this increase having 
occurred in carcinoma, lymphoma, and germ 
cell tumors [ 4 ]. The reasons for this increase 
are not understood, and the pessimistic natural 
history of most pediatric cancers weighs 

against improvements in tracking and docu-
mentation of statistics as the sole cause. 

 Nuclear medicine and specifi cally positron 
emission tomography (PET) imaging have played 
a major role in the improved detection and stag-
ing of malignancy [ 6 ]. Thus PET/CT imaging is 
of pivotal importance in all pediatric cancer cen-
ters for most malignancies. A wealth of new PET 
tracers is on the horizon which promises to sig-
nifi cantly expand the molecular imaging toolbox 
[ 7 – 9 ]. (See Chap.   17     for more details about new 
emerging PET tracers.)  

21.2     Functional Versus Anatomic 
Imaging in Pediatric 
Malignancy 

 Although ultrasound is widely used in the initial 
detection of pediatric malignancy, CT and MR 
imaging remain the standard of care for the ini-
tial staging of most tumors, with the possible 
exception of leukemia as discussed below. As 
opposed to “emission tomography” which is 
common in nuclear medicine, computed tomog-
raphy is a form of “transmission tomography” 
relying upon X-rays with energies generally 
between 60 and 140 keV depending primarily on 
the body habitus of the patient. As an X-ray 
imaging modality, CT images the spatial distri-
bution of density, which is often signifi cantly 
altered by malignancy. In addition, iodinated 
contrast enables the assessment of both the vas-
cularity and, generally in a nonquantitative fash-
ion, capillary permeability of structures under 
examination. 4D CT, which can potentially rig-
orously calculate perfusion and capillary leak in 
malignancy [ 10 ], is seldom used in the pediatric 
population due to the implicit relatively high 
radiation exposure and the short time over which 
that dose is applied. Where iodinated contrast is 
employed, the tube energy is often set to approx-
imate the 32 keV K-edge of iodine [ 11 ] to maxi-
mize visibility of the agent as closely as possible 
while maintaining acceptable image quality. 
Dual energy CT, an old technique with fairly 
recent implementation in clinical practice, 
enables multi-element decomposition and can 
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potentially supplement structural imaging with 
“iodine maps” which may offer improved rou-
tine assessment of these functional parameters at 
routine dose [ 12 ]. In CT, because the acquisition 
is so fast, problems such as patient motion or a 
mistimed contrast bolus which are common in 
pediatric imaging can only be corrected by 
repeat scanning which entails a second radiation 
dose. Low-dose CT is however extensively used 
in nuclear imaging for anatomic localization and 
attenuation correction and being an attenuation-
based modality carries a technical advantage 
over MRI in this regard [ 13 ]. 

 Conventional MR images the spatial distribu-
tion of hydrogen in water molecules using a 
hydrogen coil and strong magnetic fi elds. Unlike 
CT images, which can be acquired in seconds, a 
complete MRI requires several minutes to some-
times over an hour to acquire depending on the 
size of the imaging fi eld, number and type of 
sequences chosen, and whether gadolinium- 
enhanced images are required. Thus sedation is 
often necessary in children, in our experience, 
under the age of 6 even with a skilled technolo-
gist. Although exquisite contrast resolution is 
available in MRI (unlike CT which offers better 
spatial resolution), MRI does not image tissue 
density directly and so carries limitations in 

terms of attenuation correction of nuclear images 
including PET. These limitations can potentially 
be overcome with appropriate software [ 14 ]. 
MRI is capable of high-end functional imaging 
including perfusion imaging, the imaging of 
molecular motion, intravascular fl ow assessment, 
and blood-oxygen-level-dependent (BOLD) 
imaging and offers numerous extensively 
described though more experimental techniques 
such as arterial spin labeling to assess perfusion 
without contrast, as well as thermometry to assess 
metabolic activity in the form of heat. It is impor-
tant to note however that from a clinical point of 
view, none of these advanced tools has been 
shown to outperform PET/CT imaging clinically 
for the staging of disease or assessment of treat-
ment response. Despite the power of MRI par-
ticularly in the brain, PET has remained a useful 
tool in addition to MRI to assess brain tumors for 
histologic grade, response to therapy, and recur-
rence [ 15 – 17 ]. In addition, because MRI is 
affected by signal dropout next to air, metal, or 
dense calcium, MRI is limited to assess the lung 
parenchyma, mucosal interfaces, or bone/tissue 
adjacent to orthopedic hardware [ 18 – 20 ]. 

 Conversely nuclear imaging, especially PET 
when coupled with CT, excels in these techni-
cally challenging situations. In addition, PET 

   Table 21.1    Age-adjusted and age-specifi c SEER Cancer Incidence Rates, 2005–2009 by the International Classifi cation 
of Childhood Cancer (ICCC)   http://seer.cancer.gov/csr/1975_2009_pops09/results_merged/sect_29_childhood_can-
cer_iccc.pdf       

 No.  Type of malignancy  Percentage (%)  0–14 a   0–19 a   5-year survival b  

 1  Leukemias  30  51.6  47.1  80.7 

 2  Brain and CNS tumors  20  42.2  43.1  72.1 

 3  lymphomas  14  16.6  25.1  90.0 

 4  Soft tissue sarcomas  7  10.9  12.4  71.0 

 5  SNS tumors  7  10.2  7.8  75.4 

 6  Renal tumors  6  7.8  6.3  88.8 

 7  Osseous tumors  5  7.3  9.2  69.0 

 8  Carcinomas  3  6.7  17.1  92.7 

 9  Germ cell tumors  3  5.7  11.9  91.2 

 10  Retinoblastomas  3  4.1  3.1  97.8 

 11  Hepatic tumors  1  2.5  2.2  68.2 

 12  Others  1  0.5  0.5 

   a Rates are per 1,000,000 and are age adjusted to the 2000 US Std Population (19 age groups – Census P25-1130) 
  b 5-Year Relative Survival (Percent), 2002–2008 by International Classifi cation of Childhood Cancer(ICCC) Selected 
Group and Subgroup and Sex and Age. Benign brain and myelodysplastic syndromes are excluded  
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images which are limited by problems such as 
motion artifact can often simply be reacquired 
without additional dose to the patient. All imag-
ing modalities including CT, MRI, conventional 
nuclear imaging, and PET should be regarded as 
complimentary tools in a well-equipped imaging 
department, each with their own strengths.  

21.3     Special Considerations 
in the Pediatric Population 

 Obtaining high-quality studies in children is both 
challenging and rewarding. It is important to 
understand that in pediatric nuclear medicine, the 
staff is working with both frightened child and 
anxious parents. Careful planning (including a 
fl exible scheduling), communication appropriate 
for the child’s stage of development, appropriate 
injection techniques, paying attention to the 
imaging environment (including the use of 
immobilization devices or safety restraints, dis-
traction techniques, and the possibility of seda-
tion when necessary), and a friendly atmosphere 
are the key factors to deal with children and their 
parents. In general, it takes about twice as long to 
complete a procedure on a pediatric patient as on 
an adult. 

21.3.1     Radiation Dose 

 Although the oncogenic potential of ionizing 
radiation is a function of age, with younger 
patients being at higher risk than older patients, 
the likelihood of secondary malignancy arising 
as a result of diagnostic medical radiation expo-
sure, even in children, is so low as to be statisti-
cally diffi cult to calculate [ 21 ]. Studies published 
to date claiming an association between medical 
radiation and cancer are infl uenced by controver-
sial statistical assumptions or selection bias [ 6 ]. 

 Studies assuming a linear no-threshold model 
of radiation injury deemed to be a conservative 
view by the International Commission on 
Radiological Protection and back-projecting 
atomic bomb and nuclear accident cancer risks 
are deemed by some authors as inappropriate [ 6 ]. 

These studies are contradicted by many years of 
high-dose I131 therapy data for hyperthyroidism 
which has failed to demonstrate any defi nite 
increase in cancer risk [ 22 ,  23 ]. 

 Two principles can however be universally 
agreed upon:

    1.    Test only when truly medically indicated.   
   2.    When testing, use as low a radiation dose as is 

reasonably achievable (ALARA).     

 ALARA applies to technologists and physi-
cians as much as it applies to patients [ 24 ]. 

 Although children are more radiosensitive 
than adults [ 25 ], nuclear medicine tracers have an 
advantage over X-ray imaging techniques such as 
CT in that the dose is applied over a longer dura-
tion [ 26 ]. Double-stranded DNA breaks, which 
are repaired over 1–4 h at diagnostic doses, may 
not compound with each other as readily in any 
given cell if a patient is radiated over hours (i.e., 
 18 F-FDG PET), days (i.e., Tc 99m), or weeks 
(i.e., Ga 67) for any given cumulative dose in 
mSv [ 27 ]. 

 Shorter half-lives result in decreased cumula-
tive dose. It is preferable for diagnostic purposes 
to avoid isotopes which emit beta or alpha par-
ticles, and as such I123 is strongly favored over 
I131 for scintigraphic applications. PET imag-
ing in general employs shorter half-life tracers 
than conventional nuclear medicine imaging 
and benefi ts, on the whole, from a correspond-
ing dose reduction, particularly where many of 
the on-site cyclotrons produced short half-life 
isotopes are concerned. PET dosimetry is dis-
cussed in Chap.   3    . 

 An important caveat to the above however is 
in special populations, for example, children with 
known mutations inhibiting proper DNA repair. 
A classic example is retinoblastoma, where 
patients are so radiosensitive as to avoid sun and 
X-ray exposure as well as other sources of oxida-
tive injury [ 28 ,  29 ]. In adults, the classic example 
is BRCA mutation, which is likely associated 
with increased radiosensitivity [ 30 ,  31 ]. Such 
special populations do become a major issue in 
specialized tertiary and quaternary pediatric hos-
pitals. In these patients, there may be particularly 
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aggressive application of ALARA, and MRI with 
sedation may in some instances be preferable to 
ionizing radiation exposure. 

 In 2015, it is no longer reasonable to assume 
that iodinated contrast media and gadolinium- 
based contrast agents do not produce oxidative 
DNA injury [ 32 ]. These agents produce the same 
double-stranded DNA injury as does radiation 
exposure, alcohol consumption [ 33 ], toxin expo-
sure including smoking, and excessive exercise 
[ 34 ], all of which are discouraged in children and 
young adults. 

 The pediatric injected dose are usually calcu-
lated from the adult dose based on different for-
mulas adjusting for weight ((body mass 
(kg) × adult dose)/70 kg), body surface area 
((BSA (m 2 ) × adult dose)/1.73 m 2 ), age (Webster’s 
formula; (age (years) + 7) × (adult dose)/(age 
(years) + 1)), or the European Association of 
Nuclear Medicine (EANM) Paediatric Dose Card 
[ 35 – 37 ]. With the new technology and improved 
instrumentation, the optimum doses for children 
should be changed. This was addressed in the 
new North American consensus guidelines pub-
lished in 2010 [ 38 ]. However, the selection of the 
appropriate dose depends on the patient popula-
tion, choice of equipment, specifi c requirements 
of the clinical protocols, and the physician’s 
judgment [ 35 ]. Thus, deviation from the adminis-
tered activities listed in the consensus guidelines 
can be considered appropriate when clinically 
indicated [ 35 ].  

21.3.2     Sedation 

 Pharmacologic sedation can be kept to a mini-
mum with adequate patient preparation, patient 
and parent education, as well as technologists 
that are experienced in the care of children. 
When absolutely necessary, the most commonly 
used drugs include midazolam, oral chloral 
hydrate, and pentobarbital [ 39 ,  40 ]. Patients 
> 15 kg with developmental delay are also most 
commonly sedated with either midazolam or 
pentobarbital [ 39 ,  40 ]. Pentobarbital, as all bar-
biturates, is contraindicated in patients with por-
phyria. Seizure patients subjected to pentobarbital 

may require dose adjustments or tapering of 
dose [ 40 ]. 

 In addition to its sedative and anxiolytic 
effects, benzodiazepines such as midazolam have 
useful amnestic effect which can be particularly 
helpful if a patient must be exposed to multiple 
repeat tests in an imaging department [ 40 ]. In 
general each center will have its own guidelines 
on the sedation of children. For reference, the 
American Academy of Pediatrics (AAP) also 
publishes useful guidelines which guide best 
practices. Institutional protocols should be devel-
oped in collaboration with anesthesiology and 
include the availability of reversal drugs [ 39 ]. 
The continuing support and availability of anes-
thesiology is of immense benefi t to a nuclear 
medicine department specializing in the care of 
children. 

 Patients with risk factors for anesthesia, 
including but not limited to airway obstruction, 
snoring, cardiorespiratory illness of any kind, 
asthma, intracranial pressure abnormality, or 
altered neck biomechanics, would benefi t the 
most from real-time monitoring by a qualifi ed 
anesthetist. Risks such as malignant hyperther-
mia should also be considered [ 40 ]. Playing with 
the patient; providing a pacifi er, bottle, or (pref-
erably non attenuating) toy; the use of distractors 
including nap time and room decorations; the 
availability of experienced and qualifi ed technol-
ogists; and booking adequate time for imaging of 
diffi cult cases will signifi cantly reduce the need 
for sedation in an imaging department.  

21.3.3     Special Considerations 
in  18 F- FDG PET/CT 

 The use of PET/CT was less frequent than adults 
for several reasons, including the concern about 
the radiation dose, less common frequency of 
children malignancy, and the lack of availability 
of PET/CT in pediatric centers. However, the 
usefulness of PET/CT in pediatric malignancy 
has been shown in many studies during the last 
decade. Although the basis of PET/CT in 
 children is the same as adult, there are some 
physiologic variation in  18 F-FDG biodistribution 
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and potential pitfalls in pediatric population 
which are needed to be addressed for correct 
interpretation of the images. Some of these 
issues are discussed in this section.  

21.3.4     Isotopes 
and Radiopharmaceuticals 

 PET isotopes are generally cyclotron produced 
and have shorter half-lives than their conven-
tional nuclear medicine counterparts. Fluorine 18 
(F18), with a half-life of 110 min, is among the 
longer lived PET tracers. The most common F18 
tracer is fl uorodeoxyglucose ( 18 F-FDG).  18 F-FDG 
has found numerous applications in the assess-
ment and staging of cancers throughout the body, 
assessing response to treatment, and is used 
widely in the assessment of organ metabolism 
particularly in the heart and brain. 

 F18′s half-life is long enough to permit off- 
site production and compounding into a radio-
pharmaceutical of interest. Other commonly used 
PET isotopes include N13 (half-life ~10 min) and 
O15 (half-life ~2 min) which are used in N13 
ammonia and oxygen 15 water studies, respec-
tively. The half-life of these isotopes is so short 
that they necessitate production in an on-site 
cyclotron. Such cyclotrons have dropped dramat-
ically in price in recent years. Negative ion cyclo-
trons are entirely self-shielded and have a small 
footprint in an imaging department. On-site com-
pounding and synthesis of PET tracers can be 
semiautomated but does usually require dedi-
cated personnel including, ideally, a 
radiopharmacist.  

21.3.5     Protocols 
for Fluorodeoxyglucose PET 

 As in adult, reviewing the history, clinical indica-
tion, history of diabetes, fasting states, recent 
infection, patient ability to lie still during the 
acquisition, and the need for sedation should be 
reviewed before the study [ 41 ]. Patients are 

instructed to fast and not consume beverages, 
except for water, for at least 4–6 h before the 
administration of  18 F-FDG to decrease physio-
logic glucose levels and to reduce serum insulin 
levels to near basal levels. Insulin levels greatly 
affect the biodistribution of  18 F-FDG, and where 
 18 F-FDG is used, care should be taken to ensure 
that a patient has not eaten in the 4–6 h preceding 
a study. Blood glucose should be checked before 
the administration of  18 F-FDG and should be in 
the range of approximately 3–11 μmol/
mL. Diabetic children pose a special problem and 
may, if they are signifi cantly hyperglycemic, 
administer a weight-based sliding scale dose of 
insulin and wait at least an hour prior to injection. 
It would be better to rebook the case if possible to 
a day when euglycemia is achieved. Weight, 
height, and blood glucose concentrations are 
recorded for all patients. 

 Image acquisition for the whole body PET 
scan usually starts approximately 60–90 min 
after injection of 5.18 MBq/kg (0.14 mCi/kg)  18 F- 
FDG, at doses ranging from 37 MBq (1 mCi) to 
370 MBq (10 mCi). Patients were imaged from 
skull base to mid-thighs (approximately 3 min 
per bed position). The number of bed positions 
depends on the size of the patient, and it is usu-
ally less than 7 bed positions in small children 
and 7–10 bed positions for adolescents. In gen-
eral, the arms are elevated over the head to avoid 
beam-hardening artifacts over the torso [ 41 ]. 
However, for optimal imaging of the head and 
neck, the arms should be positioned along the 
side [ 41 ]. The patient should void before the 
acquisition of the images to limit the radiation 
dose to the kidneys and bladder and also to be 
able to lie still on the bed for the acquisition time. 
Metallic objects and any other unnecessary 
objects should be removed from the patient 
whenever possible [ 41 ]. 

 Dual-time point  18 F-FDG PET imaging usu-
ally consists of initial imaging at 60 min after 
tracer injection and then reimaging later at 2–4 h 
postinjection. Dual-time point image is based on 
the premise that  18 F-FDG uptake in infl ammatory 
cells usually washes out, while  18 F-FDG tends to 
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be retained in malignant cells [ 42 ,  43 ]. Dual-time 
protocols have been used in pediatric population 
but for logistic reasons are not frequently applied 
in practice [ 44 ]. 

 In children and adolescents and particularly 
when the weather is cold, it can be helpful to pro-
vide an ambient room for approximately 1 hour 
prior to injection of  18 F-FDG to decrease metabo-
lism in brown fat [ 45 ]. Patients who had recently 
undergone diagnostic CT scans are imaged using 
a low-dose helical CT scan (in our protocol: 
5 mm/slice, 90 kV; 20 and 30 mA for patients 
weighing < 30 and ≥ 30 kg, respectively) prior to 
the PET scan for attenuation correction and ana-
tomic localization. Diagnostic CT scans were 
obtained when clinically indicated and when 
patients do not have a recent CT scan. In those 
cases, the attenuation correction is calculated 
based on the correlative diagnostic CT images (in 
our protocol: 5 mm/slice, 120 kV, and a weight- 
based range for the mA, with dose modulation).  

21.3.6     F18-FDG PET Normal 
Variants and Pitfalls 
in Children 

 The normal distribution of  18 F-FDG uptake in 
children is unique and may differ from that in 
adults. A number of physiologic variants are 
commonly seen, including normal physiologic 
activity in the head and neck, heart, breast, thy-
mus, liver, spleen, gastrointestinal tract, genital 
system, urinary collecting system, bone marrow, 
muscles, and brown adipose tissue [ 46 ]. Benign 
lesions with increased  18 F-FDG activity are also 
frequently seen and can be misinterpreted as 
malignancies [ 46 ]. Other parameters such as the 
standardized uptake value (SUV) can also be dif-
ferent in pediatric population.  

21.3.7     Standardized Uptake Values 

 The standardized uptake value (SUV) is a mea-
surement unique to PET and is defi ned as 

attenuation- corrected activity in a region of 
interest divided by decay-corrected injected 
activity divided by body mass [ 47 ,  48 ]. It is also 
important to note that activity in a region of 
interest does change somewhat with different 
devices and reconstruction algorithms [ 49 ]. Still, 
standardized uptake value is the key semiquanti-
tative parameter on which PET quantifi cation is 
based and can be presumed to be reasonably reli-
able when patients are reimaged on the same 
device with the same dose of tracer over a time 
frame such that body weight is reasonably 
consistent. 

 SUVmax, or the largest SUV value in an ROI, 
is often chosen due to its reproducibility between 
readers (i.e., cancers are generally hotter on PET 
toward their center of mass, due to both cellular 
density and partial volume effects). Changes in 
SUV or SUVmax can indicate the aggressiveness 
of disease or response to therapy. In general, can-
cer responding to therapy will show a decrease in 
SUVmax, with the exception of radiation treat-
ment of tumor which will often go through a 
short-term hypermetabolic phase followed by a 
gradual decline (see below). Measurement of 
SUV in small ROIs can be made less reliable by 
partial volume effects [ 50 ] (see Chap.   15     for fur-
ther details). 

 It is important to recognize that fat has a rela-
tively low metabolic rate, and so some authors 
prefer to normalize to lean body mass or body 
surface area in the SUV calculation, particularly 
in obese patients, where normalized to body 
weight SUV can be artifactually overestimated in 
non-adipose tissue [ 48 ]. The percentage of fat is 
changing in pediatric patients from 11 % in the 
newborn to about 26 % during the following 5 
months and then decreases gradually until 12 
months of age [ 51 ]. After that the percentage of 
fat depends on many factors including diet, phys-
ical activity, and genetics [ 51 ]. Thus, pediatric 
SUV normalized to body weight is not exactly 
the same as that of adults. Moreover, the clinical 
signifi cance of SUV values in different patholo-
gies and normal versus suspected malignancy 
reference numbers in children cannot be simply 
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extrapolated from the adult values and should be 
interpreted cautiously. The optimal method for 
calculating SUV in children may be different 
from that used in adults due to the body changes 
and growth that take place during childhood. 
Therefore, it has been suggested that, in pediatric 
patients, SUV calculated on the basis of body 
surface area would serve as a better metabolic 
activity marker than would SUV calculated on 
the basis of body weight.  

21.3.8     Thymus 

 Thymic tissue persists in children and often per-
sists into early adulthood. Thymus is often mildly 
to moderately  18 F-FDG avid on PET and can be 

mistaken for mediastinal tumor (Fig.  21.1 ). 
Thickness of the thymus gland, measured per-
pendicular to a lobe, should be less than 1.8 cm in 
children under twenty and 1.3 cm in older patients 
[ 52 ,  53 ]. The shape of the thymus is quadrilateral 
during childhood and triangular during adoles-
cence. Morphologic features such as thickness of 
the gland and its homogeneity are used on either 
diagnostic or low-dose localizer CT to determine 
the presence of disease [ 53 ].

   Thymus uptake of  18 F-FDG can increase fol-
lowing chemotherapy which is a frequent conse-
quence of chemotherapy, especially in young 
patients undergoing chemotherapy for lymphoma, 
leukemia, or testicular cancer. The reasons for this 
hyperplasia are debated. An important function of 
the thymus is to “train” lymphocytes toward adap-

a b c

  Fig. 21.1    Physiologic activity in a 13-year-old female. 
( a ) Physiologic activity in the palatine and lingual 
( small arrow ) tonsils and normal uptake in the thymus 
( long arrow ). ( b ) Physiologic activity in the vocal 

cords or muscles in the vocal cord region ( arrow ). ( c ) 
Normal uptake of the bone marrow. Foci of activity in 
the pelvic region due to follicular activity of ovaries 
( arrows )       
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tive immunity. Chemotherapy is associated with 
decreased white counts and thymus atrophy. 
Steroids, frequently concomitant with chemother-
apy for the treatment of lymphoma, can also 
induce thymus atrophy which then “rebounds” 
with subsequent marrow hyperplasia [ 54 ]. 

 It can be challenging to differentiate benign 
from malignant thymus  18 F-FDG activity. In gen-
eral, homogeneous thymic uptake at post-therapy 
 18 F-FDG PET and the absence of uptake at pre-
therapy  18 F-FDG PET indicate post-therapy thy-
mic hyperplasia. To some extent the SUV of 
thymus tissue can guide decisions. Brink et al. 
reported a mean SUV of 2.8 and max of 3.8 in 
thymic hyperplasia [ 54 ]. Ferdinand et al. indi-
cates that thymic SUV > 4 warrants further inves-
tigation to exclude malignancy [ 55 ]. 

 Thymic carcinoma is a rare malignancy in 
children and in general is associated with signifi -
cantly increased  18 F-FDG uptake. Sasaki et al. 
reported SUV of 7.2 ± 2.9 in thymus carcinoma, 
which is in turn signifi cantly higher than activity 
found in invasive thymoma (3.8 ± 1.3) and nonin-
vasive thymoma (3 ± 1) [ 56 ]. Thymoma can 
therefore not be reliably differentiated from thy-
mus hyperplasia. Morphologic features on CT 
are helpful in these cases to differentiate benign 
change from malignancy.  

21.3.9     Tonsils 

 The tonsils are very metabolically active in chil-
dren and can demonstrate signifi cant  18 F-FDG 
avidity on PET scan (Fig.  21.1 ). The palatine and 
lingual tonsils, in part because of their size, are 
particularly avid. Upper respiratory tract infec-
tions can cause tonsillar hypertrophy and 
increased thymus metabolism. The symmetry of 
tonsil activity is an important means of differen-
tiating benign from malignant processes [ 57 ]. 
Lymphoma in the head and neck, oropharyngeal 
malignancy, and posttransplant lymphoprolifera-
tive disorder (PTLD) are all associated with 
increased  18 F-FDG activity and can mimic or be 
diffi cult to differentiate from normal functioning 
tonsillar tissue. Comparison to any prior  18 F-FDG 
PET imaging and correlation to CT, ultrasound, 

or MR imaging can be helpful in the assessment 
of challenging cases.  

21.3.10     Marrow Hyperplasia 

 Marrow suppression is a frequent complication 
of chemotherapy with or without colony- 
stimulating factor administration and can also 
result from tumor infi ltration of bone marrow. 
After treatment, most often by chemotherapy 
or steroids, suppressed marrow can subse-
quently rebound and demonstrate diffuse 
hypermetabolism, with increased activity on 
 18 F-FDG PET that can be confused for diffuse 
malignant change [ 58 – 60 ]. Anemia, including 
thalassemia, medications such as interferon 
can also cause diffuse increased bone activity 
and represent an important cause of false-posi-
tive fi ndings [ 61 ,  62 ]. Treatment with hemato-
poietic cytokines such as granulocyte 
colony-stimulating factor (CSF), hematopoi-
etic growth factor, or erythropoietin can also 
produce diffuse skeletal  18 F-FDG accumula-
tion. Increased activity can persist for up to 3 
weeks after the discontinuation of granulocyte 
CSF treatment. Increased activity in the spleen 
is also frequently noted in association with 
increased marrow activity (Fig.  21.2 ). Normal 
bone marrow is mildly  18 F-FDG avid that is 
less intense than liver activity (Fig.  21.1 ).

21.3.11        Brown Fat 

 Physiologic high uptake from activated adrener-
gic innervation of adipocytes is a normal variant 
especially in children. This brown fat, rich in 
mitochondria, is more common in children than 
adults and is typically found in the neck, supra-
clavicular regions, axillae, mediastinum, and 
paravertebral and perinephric regions. The distri-
bution of brown fat is usually symmetric. 
However, focal and asymmetric uptake can occur 
in the neck or mediastinum, leading to false- 
positive results. 

 Brown fat because of its  18 F-FDG avidity can 
present a considerable problem in the interpretation 
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of  18 F-FDG PET studies (Fig.  21.3 ). The most 
practical way to control brown fat activity is to con-
trol the temperature of the patient before injection 
and in the period between injection and image 
acquisition [ 45 ,  63 ]. Some authors have also used 
medication, most commonly propranolol and diaz-
epam, to decrease activity in brown fat [ 63 ].

   Fusion imaging with CT enables to differenti-
ate between  18 F-FDG uptake corresponding to 
fat-attenuation tissue at CT and uptake from 
pathologic causes.  

21.3.12     Posttreatment Change 

 It is generally recommended to wait at least 4–6 
weeks after surgery and at least 1–2 weeks after 
biopsy prior to performing  18 F-FDG PET [ 64 ]. A 
shorter interval than this has been associated with 
physiologic increased uptake in healing tissues 
which could be mistaken for a false positive. It is 
important for institutions to develop a practice 
pattern in conjunction with the treating 
physician. 

 Radiation therapy is associated with infl am-
mation and the recruitment of white blood cells 
which are intensely  18 F-FDG avid. Thus, tumors 

subjected to radiotherapy can demonstrate 
marked increased  18 F-FDG uptake which can per-
sist for weeks. It is ideal to wait 6 weeks after 
radiation therapy prior to PET imaging to assess 
response [ 64 ]. Reduced bone marrow  18 F-FDG 
uptake can be noted several months after external 
beam radiation therapy. This phenomenon has 
been attributed to the replacement of bone mar-
row by fatty tissue.  

21.3.13     Other Pitfalls 

 If children are signifi cantly active before  18 F- 
FDG administration or in the interval between 
 18 F-FDG administration and imaging, uptake in 
metabolically active muscles may limit assess-
ment. It is best for patients undergoing  18 F-FDG 
PET imaging to avoid strenuous exercise or 
vigorous sports in the days which precede 
imaging. Chewing of gum or sucking pacifi er 
after  18 F- FDG injection can cause symmetric 
intense uptake in the masseter muscles. Uptake 
in the diaphragm, the crura of the diaphragm, 
and the intercostal muscles can be detected in 
children who have been crying during the 
uptake phase. 

a b c d

  Fig. 21.2    18F-FDG PET/CT in a 17-year-old patient 
with lymphoma after two cycles of chemotherapy and one 
day after injection of GCSF. ( a ) Maximum intensity pro-
jection (MIP), ( b ) Axial and coronal PET, ( c ) Axial- and 

coronal-fused PET/CT, and ( d ) CT scan showed marked 
improvement of the activity previously visualized in the 
mediastinum (not shown here). Increased activity in the 
spleen and bone marrow is due to GCSF effect       
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 A common source of a false negative in  18 F- 
FDG PET scan is altered biodistribution caused 
by improper patient preparation. Usually this is 
due to increased circulating insulin and charac-
terized by decreased uptake in tumor, decreased 
uptake in the brain, and increased uptake in 
peripheral skeletal muscle. Repeating the exam 
may be indicated in such a situation [ 72 ]. 

 A second common cause of a false negative is 
the collision of tumor activity with the normal 
biodistribution of activity and can be a problem 
particularly in the genitourinary system on  18 F- 
FDG PET as  18 F-FDG is cleared by the kidneys 
[ 72 ]. Visibility of cancers in the genitourinary 
tract can be limited on  18 F-FDG PET. If possible 
and age appropriate, patients should empty the 
bladder prior to  18 F-FDG PET image acquisition.  

21.3.14     Other 
Radiopharmaceuticals 

 Studies on the use of other PET tracers beyond 
 18 F-FDG in pediatric population are limited. 
 18 F-sodium fl uoride ( 18 F-NaF) has been exten-
sively used in adult for detection of bone metas-
tases in different tumors and can also potentially 
be useful in pediatric patients [ 65 ,  66 ]. 
Accumulation of  18 F-NaF in the skeletal system 
is similar to that of 99mTC-MDP based on local 
blood fl ow and osteoblastic activity. However, 
the protein binding is lower allowing for earlier 
images than conventional bone scan. The extrac-
tion of  18 F-NaF is also higher than 99mTC- 
MDP. Thus the image contrast is better with 
 18 F-NaF. PET images also provide better spatial 

a b c

  Fig. 21.3    Axial and coronal PET ( a ), fused PET/CT ( b ), 
and CT ( c ) of 18F-FDG PET/CT in a 12-year-old boy 
diagnosed with large B-cell lymphoma 3 years before, 
referred for evaluation of recurrence. Multiple foci of 
FDG activity are noted in the neck, supraclavicular region, 

and chest bilaterally corresponding to the hypodense 
regions on CT due to brown fat uptake. The patient had 
positive neck lymph nodes, an FDG-avid lesion in the 
right lung, and lumbar spine involvement which were not 
shown here       
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resolution than conventional gamma cameras. 
However, the radiation dose is higher than the 
bone scan. The recommended dose of  18 F-NaF is 
approximately 2.2 MBq/kg, with a minimum of 
11.1 MBq and a maximum of 148 MBq [ 67 ]. 
Imaging starts 45–60 min after the radiotracer 
administration. The biodistribution of the tracer 
is similar to the 99mTC-MDP and depends on the 
patient’s age with more activity in the growth 
plates. 

 3′-Deoxy-3′-[F18]-fl uorothymidine ( 18 F-
FLT) FLT is an analog of thymidine and the 
uptake refl ects cellular proliferation. Thus 
increased activity with  18 F-FLT is more sugges-
tive of tumor proliferation than infl ammation. 
FLT is retained in proliferating tissues and 
malignant tumors through the activity of thymi-
dine kinase 1 (TK1), an enzyme that is highly 
expressed during the DNA synthesis phase of the 
cell cycle [ 68 ]. TK1 phosphorylates FLT to form 
negatively charged FLT-monophosphates which 
are impermeable to the cell membrane. Since 
most tumor cells have a much higher TK1 activ-
ity than normal cells, the intracellular trapping 
of FLT and accumulation of radioactivity occurs 
[ 68 ]. Current published literature have demon-
strated the feasibility of using FLT PET imaging 
in patients with lung cancer [ 69 – 72 ], gastroin-
testinal cancer [ 73 ,  74 ], melanoma [ 75 ], lym-
phoma [ 76 ,  77 ], breast cancer [ 78 ,  79 ], soft 
tissue sarcomas [ 80 ], as well as primary malig-
nant brain tumors in adults and children [ 81 – 85 ]. 
 18 F-FLT has been safely administered to children 
between the ages of 2–13 years with no observ-
able adverse effects [ 81 – 85 ].  18 F-FLT minimally 
crosses intact blood–brain barrier [ 86 ,  87 ], thus 
the high background activity which is typically 
visualized with  18 F- FDG is not seen using  18 F-
FLT. Published literature related to the use of 
 18 F-FLT PET in the evaluation of CNS tumors in 
the pediatric population is limited and restricted 
only to studies involving children with glioblas-
toma [ 81 – 85 ]. The recommended dose is 
5.18 MBq/kg (0.14 mCi/kg) using a minimum 
dose of 37 MBq (1 mCi) up to a maximum of 
370 MBq (10 mCi). Imaging is usually per-
formed 45–60 min after the radiotracer 
administration. 

 Tumors have varying degrees of hypoxia. 
Tumor hypoxia may be related to chaotic vascu-
lature in some tumors or rapid growth in others. It 
is usually associated with increase angiogenesis 
and tumor aggressiveness [ 88 ,  89 ]. Studies have 
shown that tumor hypoxia increases the risk of 
metastases and decreases the sensitivity to 
chemo/radiation therapy [ 90 – 93 ]. This may be 
due to the aggressiveness of the tumor or abnor-
mal vasculature that may diminish delivery of 
anticancer therapy. Using hypoxia-selective cyto-
toxins may increase the effect of chemo/radiation 
therapy [ 94 – 97 ]. Tumor hypoxia has been also 
reported to be associated with increased risk of 
recurrence and a poorer prognosis [ 89 ,  98 ]. 
Detection of hypoxic components of tumors is 
possible with histologic evaluation. However, 
due to the patient situation, tumor type, location, 
etc., surgical resection of tumors is not recom-
mended in all malignancies. Moreover, in some 
instances, information of hypoxic component of 
tumor is needed before the surgical resection 
(e.g., before neoadjuvant treatment in osteosar-
coma). Tissue biopsy is inaccurate in these situa-
tions since it may not refl ect the whole tumor. 
Imaging is a surrogate marker of histological 
assessment to detect these hypoxic components 
as it is noninvasive and repeatable and represents 
the whole tumor. 1-α-D-(5-deoxy-5-[18 
F]-fluoroarabinofuranosyl)-2-nitroimidazole 
( 18 F-FAZA) is a 2-nitroimidazole-based molecule 
that undergoes reductive metabolism under 
hypoxic conditions, producing reactive interme-
diates that bind to intracellular macromolecules. 
Studies in adult population and different tumors 
have shown that 18F-FAZA is a promising radio-
tracer for detection of hypoxic components in 
tumors [ 96 ,  99 ]. The recommended dose is 
5.2 MBq/kg (0.14 mCi/kg) using a minimum 
dose of 37 MBq (1 mCi) up to a maximum of 
370 MBq (10 mCi). Imaging is usually performed 
2–3 h after the radiotracer administration 
(hypoxia tracers are reviewed in Chap.   17    ). 

 11C-Methionine (11C-METH) is an amino 
acid PET tracer mainly used in brain imaging 
tumors. The uptake in brain tumor is probably 
related to passive diffusion from the altered 
blood–brain barrier and active uptake by the 
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tumor due to increased amino acid metabolism. 
Similar to the  18 F-FLT, the background activity is 
very minimal with 11C-METH, allowing detec-
tion of small viable brain tumors. The pediatric 
studies were limited; however, they showed a 
higher sensitivity of 11C-METH for the detec-
tion of viable brain tumor than that of  18 F-FDG 
[ 100 ,  101 ]. The pediatric dose and protocol are 
not well established. In general, due to the short 
half-life of C11, imaging will start 20 min after 
the administration of 5.5 MBq/kg of the radio-
tracer [ 101 ]. 

 68Ga-DOTA-conjugated peptides [68Ga-
DOTA0-Tyr3]octreotide (68Ga-DOTATOC, 
68Ga-edotreotide), [68Ga-DOTA0-1NaI3]octreo-
tide (68GaDOTA- NOC), and [68Ga-DOTA0 
-Tyr3]octreotate (68GaDOTA-TATE) have been 
used to detect somatostatin receptor-positive 
tumors. Somatostatin receptors are positive in a 
variety of tumors [ 102 ]. The activity administered 
ranges from 100 to 200 MBq in adults [ 102 ]. The 
exact dose in pediatric patients is not well estab-
lished; the dose in children should be reduced 
according to the recommendations of the 
EANM Paediatric Task Group [ 102 ]. Imaging is 
usually obtained 45–90 min after the radiotracer 
admin istration depending on the type of analog 
used [ 102 ]. 

 Other radiotracers like 11C-hydroxyephedrine 
(HED), 11C-epinephrine, and 18-F-dihydroxy-
phenylalanine (DOPA) have been also used for 
sympathetic nervous system and neuroendocrine 
tumors. 11C-HED is similar to norepinephrine 
(NE), but unlike NE it is not metabolized and is 
used for sympathetic nervous tumors imaging 
[ 103 ]. 11C-Epinephrine has been used in pheo-
chromocytoma and neuroblastoma [ 104 ]. 
 18 F-DOPA has been also used in pheochromocy-
toma, hyperinsulinemia, and brain tumors [ 105 ].   

21.4     Image Fusion 

 Nuclear medicine image techniques benefi t 
strongly from attenuation correction to mitigate 
the effects of photon absorption by the patient. 
Although historically transmission attenuation 
correction was used for this purpose [ 106 ], the 

widespread dissemination and reduced cost of 
CT led to the coupling of PET and SPECT to 
low-dose CT exams for anatomic localization 
and correction. Attenuation, itself a function of 
density, is ideally corrected by the density 
maps produced in CT. Acquisition of CT data 
with PET data usually minimizes the registration 
problem. 

 Increasingly in pediatric nuclear medicine 
practice, where a diagnostic CT is required, PET 
imaging can be acquired simultaneously with 
diagnostic CT on a hybrid device supporting a 
multi-slice CT scanner [ 107 ]. PET/MRI is a more 
recent development which enables the simultane-
ous acquisition of PET and MRI data, though at 
considerable expense and with potentially longer 
acquisition times. Pediatric centers, which usu-
ally have to sedate children undergoing MRI 
[ 108 ], often cite both this fact and the limitations 
of MRI for attenuation correction as a reason not 
to opt for a hybrid PET/MRI device. Using mul-
tisequence MRI to perform attenuation correc-
tion reliably is an area of active investigation, and 
signifi cant advances have been recently made 
[ 109 – 112 ].  

21.5     Tumors of the Sympathetic 
Nervous System 

21.5.1     Neuroblastoma 

 Sympathetic nervous system (SNS) tumors 
account for about 7 % of all pediatric malignan-
cies. Neuroblastoma, including ganglioneuro-
blastoma, is the most common form of all SNS 
tumors in children (approximately 97 %). 
Neuroblastoma (NBL) is a common lesion in 
young children and unfortunately associated with 
signifi cant mortality. NBL accounts for 20 % of 
malignancy in children diagnosed below the age 
of 1 year and is especially common during the 
fi rst 3 months of infancy. NBL is the second most 
common, after brain tumors, solid malignancy in 
childhood. 

 The long-term survival of NBL patients 
remains challenging. Age remains among the 
most important predictors of survival in NBL 
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patients, with presentation beyond 5 years associ-
ated with a 5-year survival of approximately 
40 %. Survival in younger children, especially 
less than 1 year, has improved dramatically since 
1975, from approximately 35–83 % today as a 
result of improved therapy. Aside from age, stage 
at diagnosis is a very important prognostic indi-
cator, with complete resection of a local tumor 
and negative margins indicating a more optimis-
tic long-term prognosis. Molecular and cytoge-
netic factors including DNA content, 
proto-oncogenes, and catecholamine synthesis 
are all linked to prognosis. 

 The etiology of neuroblastoma is unclear. The 
predilection of the tumor in infants has impli-
cated genetic factors or in utero toxicity, for 
example, alcohol [ 113 ] or other drug exposure, as 
potentially playing a role in causation [ 114 ,  115 ]. 
The effects of maternal substance and/or environ-
mental exposures on the development of neuro-
blastoma is however controversial [ 116 ]. 

 Diagnosis of neuroblastoma is usually enabled 
by a combination of imaging fi ndings and ele-
vated serum or urine catecholamines. There is a 
spectrum of catecholamine metabolites including 
dopamine, homovanillic acid, and vanillylman-
delic acid which can be represented in neuroblas-
toma patients [ 117 ]. 

 The natural history of neuroblastoma is quite 
variable, with some patients demonstrating spon-
taneous regression and some patients demon-
strating differentiation of tumor into mature 
nonmalignant tissue. Other NBLs demonstrate 
aggressive behavior despite multimodality treat-
ment and are associated with poor outcomes. 

 The International Neuroblastoma Staging 
System (INSS) uses the distribution of disease as 
evidenced by imaging studies, operability, lymph 
node metastases, and bone marrow metastases as 
factors infl uencing prognosis (Table  21.2 ). The 
more recent International Neuroblastoma Risk 
Group (INRG) system describes 13 potential 
prognostic factors to categorize patients into four 
groups (5-year survival of <50 %, 50–75 %, 
75–85 %, and >85 %) [ 118 ].

   Metastases are unfortunately common at pre-
sentation, and hence multimodality imaging is 
important in the initial assessment of neuroblas-

toma [ 119 ]. Ultrasound is a frequent fi rst test in a 
child with typical symptoms of abdominal mass, 
pain, anemia, fever, weight loss, paraneoplastic 
syndrome, and occasionally blindness. 
Ultrasound is usually followed by diagnostic CT 
or MRI. With positive biochemistry, scintigraphy 
is generally employed I123 MIBG for defi nitive 
workup [ 120 ,  121 ]. 

 MIBG scintigraphy has been extensively 
described for the workup of NBL and remains 
standard of care at even quaternary pediatric 
oncology centers [ 120 ,  121 ]. MIBG has been 
used in prognostication and in assessment of 
response to therapy, with a decrease or absence of 
MIBG activity following therapy indicative of a 
good prognosis. Similarly, as bone metastases are 
quite common in NBL, the Tc 99m MDP bone 
scan has been used extensively for the assess-
ment of osseous metastases [ 122 ]. However, in 
approximately 10 % of cases, NBL is not MIBG 
avid (Fig.  21.4 ).

    18 F FDGPET-    has shown utility in NBL 
patients, and both the primary tumor and metas-
tases may be  18 F-FDG avid (Fig.  21.5 ), even in 

   Table 21.2    International Neuroblastoma Staging System 
(INSS)   

 Stage  Description 

 1  Localized tumor with complete gross excision 
(with or without microscopic residual disease) 
with no ipsilateral lymph nodes involvement 

 2a  Localized tumor with incomplete gross 
excision and no ipsilateral lymph involvement 

 2b  Localized tumor with or without complete 
gross excision, with ipsilateral lymph nodes 
involvement 

 3  Unresectable unilateral tumor crossing the 
midline (with or without regional lymph node 
involvement); or localized unilateral tumor 
with contralateral regional lymph node 
involvement; or midline tumor with bilateral 
extension which is unresectable or with 
positive lymph nodes 

 4  Any primary tumor with involvement of 
distant lymph nodes, bone, bone marrow, liver, 
skin, and/or other organs (except as defi ned 
for stage 4S) 

 4s  Localized primary tumor (as defi ned for stage 
1, 2A, or 2B), with metastases limited to the 
skin, liver, and/or bone marrow (limited to 
infants 1 year of age) 
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a b

  Fig. 21.4    Twelve-year-old male with neuroblastoma in 
the left abdomen. ( a ) Anterior and ( b ) posterior MIBG 
scan showed mild MIBG activity in the region of the 

tumor ( arrow ). The liver uptake was inhomogeneous with 
no defi nite focal increased activity       
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occasional MIBG-negative NBL. A study of 60 
patients by Sharp et al. comparing  18 F-FDG to 
I123 MIBG documented the superiority of  18 F- 
FDG for early-stage disease and the potential 
benefi ts of MIBG for evaluation of higher-stage 
disease [ 123 ]. MIBG demonstrated superiority 
for the evaluation of stage 4 disease. In addition, 

 18 F-FDG can provide helpful information in cases 
of mildly MIBG avid tumor at major decision 
points in therapy, such as prior to bone marrow 
transplantation or major surgery (Figs.  21.4  and 
 21.5 ).  18 F-FDG is advantageous in that the test 
can be performed in one day. The other benefi ts 
of  18 F-FDG are the higher photon energy and the 

a b

d

c

  Fig. 21.5    18F-FDG PET/CT in the same patient as 
described in Fig.  21.3 , with a left paravertebral mass with 
very mild MIBG uptake. ( a ) Coronal PET showed a heter-
ogenous intense uptake in the left abdominal paraverte-
bral lesion as well as multiple foci of increased activity in 
the liver suggestive of metastases. A superimposed infec-

tious process in the liver could not be excluded. Biopsy 
proved the diagnosis of metastatic neuroblastoma. ( b ) 
Axial CT from the upper abdomen and ( c ) axial PET 
showed multiple lesions in the liver. ( d ) Axial CT from the 
abdomen shows the left abdominal paravertebral mass       
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better attenuation correction characteristics of 
PET in abdominal imaging, especially in obese 
patients. In another study by Choi et al. on 30 
neuroblastoma patients,  18 F-FDG PET was more 
sensitive than CT in the evaluation of distant 
lymph node involvement [ 124 ].

    18 F FDG-    does however have important 
caveats. Firstly,  18 F-FDG can be a nonspecifi c 
tracer, showing uptake in infl ammatory lesions or 
any of the false positives indicated above. 
Secondly,  18 F-FDG has been shown to be less use-
ful than MIBG for the evaluation of osseous/bone 
marrow disease [ 123 ]. There is some evidence 
however that  18 F-FDG can have better accuracy 
for the detection of soft tissue metastases than 
MIBG [ 103 ,  125 ]. Thus, until larger studies can 
be performed,  18 F-FDG and MIBG are perhaps 
best considered complimentary tools in NBL. 

 11C-Hydroxyephedrine, the PET equivalent 
of MIBG, has been used in a small number of 
patients and was found to be comparable though 
potentially limited in the assessment of perihe-
patic disease due to high background activity in 
the liver on hydroxyephedrine PET [ 103 ]. 
 18 F-FDOPA is another tracer which has shown 
considerable promise in NBL, with Piccardo 
et al. showing higher sensitivity in FDOPA com-
pared to paired I123 MIBG in 28 scans over 19 
patients [ 126 ]. FDOPA detected distant lesions in 
94 % of cases rather than 65 % of cases with 
MIBG. Management was hence changed in 9/28 
or 32 % of scans. 

 NBL does demonstrate somatostatin receptors 
and hence gallium 68 DOTA is of potential in 
PET imaging. Ga 68 DOTATOC has been shown 
to be superior to planar indium 111 octreotide in 
a series of neuroendocrine tumors [ 127 ]. In a 
small series, Ga 68 DOTATOC PET was found to 
have a sensitivity (97.2 %) superior to MIBG 
(90.7 %) [ 128 ], a result which will hopefully be 
confi rmed in a larger study.  

21.5.2     Pheochromocytoma 

 The pheochromocytoma arises from chromatin 
cells of the adrenal medulla or, occasionally, 
from extra-adrenal paraganglionic tissue. 

Approximately 85 % of cases arise from the adre-
nal medulla. The organ of Zuckerkandl and gan-
glionic tissue surrounding the kidney can also 
give rise to pheochromocytoma. The pheochro-
mocytoma is much more common in adolescents 
than children, with 11 years being the mean age 
of presentation. 

 When pheochromocytoma arises in children, it 
is often in association with a genetic syndrome, 
most commonly von Hippel–Lindau, multiple 
endocrine neoplasia, neurofi bromatosis 1, and 
familial paraganglioma syndrome [ 129 ,  130 ]. Thus, 
the presentation of a child with pheochromocytoma 
should prompt further investigation for other abnor-
malities within the spectrum of these syndromes 
and might include further imaging of the head, thy-
roid, skeleton, and abdomen [ 130 ,  131 ]. 

 Elevated levels of circulating plasma cate-
cholamines or urine catecholamines in the cor-
rect clinical presentation are essentially 
diagnostic [ 132 ]. Paraganglioma, conversely, is 
less likely to be associated with biochemical 
abnormality, and so in syndromes where both 
pheochromocytoma and paraganglioma may be 
present, a negative serum or urine catecholamine 
level should not dissuade from further imaging 
including imaging of the sympathetic nervous 
system [ 131 ]. 

 Ultrasound, CT, and/or MRI is often employed 
in the initial evaluation of pheochromocytoma, 
with signal and enhancement characteristics of 
the latter being essentially diagnostic in the cor-
rect clinical and biochemical context [ 131 ]. 
MIBG imaging, usually bound to I123, confi rms 
the diagnosis and is used to evaluate for any 
additional sites of involvement or distant meta-
static disease [ 133 ]. Approximately 90 % of 
pheochromocytomas are MIBG avid. 

 Although pheochromocytoma is usually  18 F- 
FDG avid (Fig.  21.6 ), some lesions will not accu-
mulate  18 F-FDG, and hence where PET is 
performed, an adrenergic PET imaging agent such 
as 11C hydroxyephedrine may be preferable where 
available to a glucose analog [ 134 ]. 
Pheochromocytomas frequently express somatosta-
tin receptors and thus excellent preliminary results 
have also been obtained with gallium 68 DOTA 
somatostatin analogs in a limited literature [ 135 ].
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21.6         Lymphoma 

 Lymphoma is the third most common type of child-
hood malignancy after leukemia and brain tumors, 
accounting for approximately 15 % of pediatric 
cancers. The peak age is 15–19 years old. 
Lymphoma makes up almost 24 % of the childhood 
malignancy for the age 15–19, while it accounts 
only 3 % of the pediatric cancers below the age of 

5. Lymphoma is categorized into Hodgkin’s dis-
ease (HD) and non-Hodgkin’s lymphomas (NHL). 

21.6.1     Hodgkin’s Disease 

 HD is more common in young adults. It is more 
common in 15–30 years of age. The other peak 
age for HD is >55 years old. The 5-year survival 

a b c

e fd

  Fig. 21.6    Axial PET ( a ), fused PET/CT ( b ), and CT ( c ), 
coronal PET ( d ), fused PET/CT ( e ), and CT ( f ) of 18F-
FDG PET/CT in an 18-year-old female, clinically and 
biochemically suspicious for recurrence or metastases of 
pheochromocytoma. Right suprarenal pheochromocy-

toma was resected a year ago. A focal intense FDG activ-
ity is noted in the left suprarenal region corresponding to 
the soft tissue density on the CT suggestive of pheochro-
mocytoma. No other FDG-avid lesions were detected to 
suggest metastasis       
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is more than 90 % for the patient younger than 20 
years old. The exact etiology of HL is not well 
known. Both genetic predisposition and environ-
mental factor (prior viral infection) have been 
suggested to be responsible for HD. According to 
the Revised European–American Lymphoma 
Update of the WHO classifi cation, HD is catego-
rized into two main groups: (1) nodular lympho-
cyte predominant Hodgkin’s lymphoma 
(NLPHL) and (2) classical HD. 

 NLPHL accounts for approximately 10 % of 
all HD and has a very good prognosis. It fre-
quently involves the cervical and axillary lymph 
nodes; mediastinal and extra-nodal involvements 
are rare. Classical HD is categorized into four 
histologic subtypes:

    1.    Nodular sclerosis: the most common type in 
North America and Western Europe; approxi-
mately 70 % of cases, with good prognosis   

   2.    Mixed cellularity: the second most common 
in North America and Western Europe and 
probably most common in underdeveloped 
areas; characterized by pleomorphic cellular 
infi ltrate of plasma cells, eosinophils, lym-
phocytes, histiocytes, and Reed–Sternberg 
cells; has intermediate prognosis   

   3.    Lymphocyte rich: characterized by small lym-
phocytes with occasional and probably atypi-
cal form of Reed–Sternberg cells 
(lymphocytic–histiocytic); has a good 
prognosis   

   4.    Lymphocyte depleted: rare in children; more 
common in HIV patient and positive EBV; has 
the worst prognosis      

21.6.2     Non-Hodgkin’s Lymphoma 

 NHL is more common in younger children. The 
5-year survival is approximately 72 %. The inci-
dence of NHL is less variable with age in chil-
dren comparing with HD. Congenital 
immunodefi ciency disorders (CIDs) and HIV are 
reported to be associated with an increased risk 
of NHL. NHLs are a heterogeneous group of dis-
ease, usually with higher proliferative neoplastic 
cells and aggressive behavior compared with the 

HD [ 136 ]. NHL can be categorized into many 
subgroups. The major subgroups are:

    1.    Burkitt and Burkitt-like lymphomas (more 
common in 5–14 years old; often occur in the 
abdomen)   

   2.    Lymphoblastic lymphoma precursor T (usu-
ally mediastinal)   

   3.    Anaplastic large cell lymphoma   
   4.    Diffuse large B-cell lymphoma (DLBCL; 

most common subtype among 
15–19-year-olds)   

   5.    Follicular lymphoma    

  The NHLs can also categorize into slow- 
growing types (e.g., follicular lymphoma), more 
aggressive types (e.g., DLBC), and fast-growing 
types (e.g., Burkitt and Burkitt-like lymphomas). 

 The clinical presentation varies and depends 
on the type of lymphoma, location, and systemic 
presentations. Peripheral lymphadenopathy is the 
most common fi nding. Cough or shortness of 
breath secondary to the mediastinal mass, B 
symptoms (fever, weight loss, anorexia, and night 
sweats), tiredness, pruritus, neurologic symp-
toms, anemia, and bone pain are other sign and 
symptoms. Clinical history, physical examina-
tion, laboratory tests, chest X-ray, and CT scans 
are among the initial evaluation. Histopathology 
will confi rm the diagnosis. Accurate staging of 
disease is important for prognosis and treatment 
management. On one hand, it is necessary to use 
appropriate intensive chemotherapy and radio-
therapy (especially for HD) to achieve a good 
response, and on the other hand, it is essential to 
avoid unnecessary treatment to minimize the 
complications of therapy [ 137 ,  138 ]. For HD, 
Ann Arbor staging or Cotswold classifi cation (a 
modifi cation of Ann Arbor) is usually used, and 
for NHLs of the children, St. Jude Children’s 
Research Hospital is the preferred staging system 
(Tables  21.3  and  21.4 ).

    Nuclear medicine has an important role in 
evaluation of lymphoma. Bone scan with  99m Tc- 
MDP is useful in detection of bone metastasis 
especially in HD. 67Ga citrate scan has been 
used for a long time as functional imaging modal-
ity for the staging and response to therapy with a 
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sensitivity and specifi city of approximately 80 % 
and 90 %, respectively [ 139 ].  67 Ga scan is more 
positive in high-grade B-cell or Burkitt lym-
phoma [ 140 ]. Due to increased radiation expo-
sure, lower resolution, and the need to image the 
patient for a longer time,  67 Ga scan has been 
replaced by  18 F-FDG PET/CT for initial staging 
and evaluation of response and recurrence in 
children.  

21.6.3     Initial Staging with  18 F-FDG 
PET/CT 

21.6.3.1     Hodgkin’s Disease 
 Classic HD is strongly  18 F-FDG avid in more than 
97 % of cases [ 141 ,  142 ] (Fig.  21.7 ). The  18 F-FDG 
avidity is slightly lower in NLPHL [ 143 ]. London 
et al. found a sensitivity and specifi city of 98 and 
99.6 % for  18 F-FDG PET/CT at initial staging of 
HD compared with 77 and 98.7 % for conven-
tional anatomical modalities [ 144 ]. The high sen-
sitivity and specifi city of  18 F- FDG PET/CT at 
initial staging of HD are also confi rmed by other 
authors [ 145 ,  146 ].  18 F-FDG PET/CT has a higher 
sensitivity than bone marrow biopsy in both adults 
and children [ 147 – 149 ]. This is probably due to 
the biopsy site which is usually done from poste-
rior iliac spine. The bone marrow involvement 
may be patchy or multifocal on  18 F-FDG PET/CT 
[ 148 ]. The sensitivity of  18 F-FDG PET/CT is 
lower than chest CT scan for the lung lesions 
especially if the nodules are less than 5 mm in size 
[ 146 ].  18 F-FDG PET/CT can also be useful for 
radiotherapy planning. In a study by Girinsky 
et al., pre-chemotherapy  18 F- FDG PET data were 
essential for correctly implementing the involved-
node radiotherapy concept [ 150 ]. The other pur-
pose of initial study is to have a baseline for the 
evaluation of response to therapy.  18 F-FDG PET/
CT at initial evaluation may be also of interest to 
guide biopsy [ 146 ,  151 ].

21.6.3.2        Non-Hodgkin’s Lymphoma 
 The risk of bone marrow involvement and presen-
tation at a higher stage (usually stage 3 or 4) is 
higher in NHL than HD [ 149 ,  152 ]. The aggres-
sive form of NHL is more prevalent in pediatric 
population than adults; thus, the risk of false- 
negative  18 F-FDG PET study in pediatric NHL is 
very low [ 153 ,  154 ]. However, since involvement 
of the brain, kidneys, abdomen, and diffuse bone 
marrow is relatively common in different types of 
NHL, the accuracy of  18 F-FDG PET/CT may be 
affected by the physiologic uptake in these organs 
[ 155 ,  156 ]. Based on the Revised Response 
Criteria for Malignant Lymphoma (RRCML),  18 F-
FDG PET is recommended (although is not man-
datory yet) at diagnosis, for routine evaluation of 

   Table 21.3    Hodgkin’s disease staging   

 Stage  Description 

 Stage 
I 

 A single lymph node group involvement or 
localized involvement of an extralymphatic 
organ 

 Stage 
II 

 More than one lymph node group 
involvement or localized involvement of an 
extralymphatic organ (all on the same side of 
the diaphragm) 

 Stage 
III 

 Involvement of lymph nodes on both sides of 
the diaphragm with or without localized 
involvement of an extralymphatic organ 

 Stage 
IV 

 Diffuse involvement of one or more 
extralymphatic organs 

    Table 21.4    St. Jude’s staging for childhood NHL 
staging   

 Stage  Description 

 Stage 
I 

 Single tumor outside the lymph nodes or 
nodal involvement in one group of lymph 
nodes (not in the mediastinum or abdomen) 

 Stage 
II 

 A single extra-nodal tumor with regional 
node involvement 

 More than one group of nodes on the same 
side of the diaphragm 

 Two extra-nodal tumors on the same side of 
the diaphragm 

 A primary gastrointestinal tract tumor with or 
without involvement of associated mesenteric 
nodes and can be completely resected by 
surgery 

 Stage 
III 

 Two single extra-nodal tumors or two or 
more nodal groups on the opposite sides of 
the diaphragm 

 All the primary chest tumors 

 Unresectable extensive primary intra- 
abdominal disease 

 All paraspinal or epidural tumors 

 Stage 
IV 

 Central nervous system and/or bone marrow 
involvement 
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 18 F-FDG-avid lymphomas which are curable 
[ 157 ]. There are many reports in which the extra-
nodal involvement is missed by conventional CT 
scan, particularly in anaplastic large cell lympho-
mas, DLBC, and Burkitt lymphoma [ 155 ,  158 , 
 159 ].  18 F-FDG PET/CT is also very accurate to 
detect splenic lesions [ 145 ,  160 ].   

21.6.4     Evaluation of Therapy 
Response with  18 F-FDG PET/
CT 

21.6.4.1     Hodgkin’s Disease 
  18 F-FDG PET has an important role in response 
assessment following chemotherapy in lym-
phoma even early after a course of therapy 
(Fig.  21.7 ). CT scan is a reliable method for stag-
ing and restaging of lymphoma. However, the 
specifi city for evaluation of response to therapy is 
relatively low, especially in patients with bulky 

disease before treatment [ 161 ]. 18F- 18 F-FDG 
PET has a high negative predictive value for 
detection of hypermetabolic tissue after treat-
ment which makes it a reliable method to exclude 
the presence of any viable residual tumor or 
recurrence [ 162 ]. 

 According to RRCML, although  18 F-FDG 
PET is recommended after completion of chemo-
therapy, it is not routinely recommended during 
the therapy [ 157 ]. However, the early interim 
  18 F- FDG PET seems to have a prognostic value 
for therapy response and recurrence [ 163 ,  164 ]. 
In the EuroNet-PHL-C1 trial (EudraCT 
2006- 000995- 33) that started in 2007, patients 
will receive the standard treatment including 
radiotherapy when there is residual viable tissues 
on the  18 F-FDG PET scan after two cycles of che-
motherapy [ 153 ]. Those with a negative  18 F-FDG 
PET do not receive the radiotherapy at the end of 
chemotherapy [ 153 ,  165 ]. It should be empha-
sized that the exact criteria for interpretation of 
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  Fig. 21.7    Eight-year-old female with a bulky anterior 
mediastinal mass diagnosed with Hodgkin’s lymphoma. 
( a ) Axial CT, ( b ) axial PET, ( c ) axial-fused PET/CT, ( d ) 
sagittal PET, and ( e ) coronal PET from the 18F-FDG 
PET/CT performed at initial diagnosis showed a large 
FDG-avid mass in the anterior mediastinum with multiple 
foci of increased FDG activity in the supraclavicular 
regions, spleen, T12, and abdominal lymph nodes (only 
the anterior mediastinal mass is shown here). The patient 

is upstaged based on the PET result. After two doses of 
chemotherapy, ( a2 ) axial CT, ( b2 ) axial PET, ( c2 ) axial- 
fused PET/CT, ( d2 ) sagittal PET, and ( e2 ) coronal PET 
showed marked improvement with minimal residual 
activity in the mediastinum less than the liver activity sug-
gestive of very good response to therapy. Note is made of 
multiple foci of FDG activity in the neck and chest corre-
sponding to the hypodense areas on the CT due to brown 
fat uptake       
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 18 F-FDG PET fi ndings after two cycles of chemo-
therapy have not been fully established, and 
many factors may affect the interpretation includ-
ing the time of study, type of tumor, and type of 
chemotherapy [ 153 ]. In a recent study published 
in New England Journal of Medicine on 602 
patients (53.3 % male; median age, 34 years) 
with Hodgkin’s disease, PET scan was performed 
in 571 patients after third cycles of chemother-
apy. The results of PET were negative in 426 of 
these patients (74.6 %); 420 of those patients 
were randomly enrolled in two study groups (209 
received radiotherapy, and 211 did not receive 
any further therapy). The results of this study did 
not show the non-inferiority of the strategy of no 
further treatment after chemotherapy with regard 
to progression-free survival based on the PET 
fi ndings. Moreover, both groups (i.e., with nega-
tive PET results after three cycles of chemother-
apy), regardless of receiving radiotherapy or not, 
had a very good prognosis [ 166 ].  

21.6.4.2     Non-Hodgkin’s Lymphoma 
 Because of limited resolution of PET system and 
higher prevalence of neoplastic cells in an NHL 
tumor than HD, a negative PET study at the end 
of chemotherapy does not necessarily mean there 
is no viable residual tissue. The interim response 
to chemotherapy (after two cycle) has probably 
more prognostic value in this respect [ 153 ]. This 
is important to differentiate those patients who 
need more intensifi ed chemotherapy versus those 
who need less therapy to avoid therapy complica-
tions [ 167 ]. In NHL, a negative interim  18 F-FDG 
PET scan is indicative of a good response and 
good prognosis [ 6 ,  168 ]. However, this is not 
confi rmed in all types of NHL. In a study by 
Bakhshi et al., neither interim  18 F-FDG PET nor 
interim CT scan could predict survival [ 169 ]. 
Further studies in different types of NHL in pedi-
atric are needed to clarify the exact role of PET in 
therapy response of NHL.   

21.6.5     Evaluation of Relapse or 
Recurrence 

  18 F-FDG PET/CT has a sensitivity of 90–100 % 
to detect residual tissue after therapy. However, 

the specifi city is relatively low with approxi-
mately 16–18 % of the cases. False- positive 
results are due to fi brosis, abdominal wall hernia, 
infl ammation, thymus, and HIV- associated 
lymphadenopathy [ 170 ]. In order to avoid false-
positive result due to post- therapeutic infl amma-
tion, the study should be done at least 3 weeks 
after chemotherapy and 2–3 months after radio-
therapy. A negative  18 F-FDG PET study is a 
strong indicator of the absence of relapse, while a 
positive study sometimes warrants further inves-
tigation with other imaging modalities or biopsy 
to confi rm the recurrence or relapse [ 6 ,  162 ] 
(Fig.  21.8 ).

   In summary,  18 F-FDG PET is recommended 
for staging of lymphoma at diagnosis and eval-
uation of treatment response after completion 
of therapy.  18 F-FDG PET will probably play 
more roles in the future for the evaluation of 
therapy response during the treatment (between 
cycles 1 and 4) and for monitoring the patients, 
planning the radiation fi eld, and biopsy 
planning.  

21.6.6     Posttransplant 
Lymphoproliferative 
Disorder 

 Posttransplant lymphoproliferative disorder 
(PTLD) is a relatively uncommon but serious 
complication of both solid organ and bone mar-
row transplantation [ 171 ,  172 ]. PTLD comprises 
of a heterogeneous group of lymphoproliferative 
diseases, ranging from benign hyperplasia to 
malignant lymphoma [ 173 ]. It is the most com-
mon malignancy affecting children after trans-
plantation [ 174 ]. The risk of PTLD is higher in 
children than in adults, probably because of the 
greater incidence of Epstein–Barr virus (EBV) 
infection [ 175 ,  176 ]. The overall mortality rate is 
relatively high [ 177 ,  178 ], but prognosis is likely 
better in children than in adults [ 179 ]. 

 PTLD can be categorized into four major his-
topathologic types:

    (a)    Early lymphoid hyperplasia/infectious 
mononucleosis-type lesions   

   (b)    Polymorphic PTLD   
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   (c)    Monomorphic PTLD, including types 1 and 
2, with type 1 including diffuse large B-cell 
lymphoma (DLBCL), Burkitt lymphoma, 
and plasma cell myeloma/plasmacytoma- 
like lesions and type 2 including peripheral 
and hepatosplenic T-cell lymphomas   

   (d)    Classical Hodgkin-type lymphomas [ 180 ]     

 Although PTLD may occur at any time, it is 
more common in the fi rst year after transplanta-
tion and declines over time [ 178 ]. The diagnosis 

of PTLD is based on histopathology confi rmation 
in following clinical and biochemical suspicion. 

 Evaluation of the extent of disease is impor-
tant for the patient treatment management rang-
ing from immunosuppressive therapy during the 
early phase or surgery on localized lesions to sys-
temic chemotherapy in patients with monomor-
phous and classical Hodgkin lymphoma-type 
PTLD. Children with PTLD are usually staged 
according to the St. Jude staging system of non- 
Hodgkin’s lymphoma (Table  21.4 ). Computerized 
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  Fig. 21.8    Fifteen-year-old male with Hodgkin’s disease 
after two cycles of chemotherapy. 18F-FDG PET/CT 
showed mild hilar uptake (not shown here) as well as mild 
activity in the right basal lung likely due to infection 
(shown in ( a1 ) MIP, ( b1 ) coronal PET, ( c1 ) coronal-fused 
PET/CT, ( d1 ) axial PET, and ( e1 ) axial-fused PET/CT). 

The right basal lung did not show any increased activity 
on 18F-FLT (shown in ( a ) MIP, ( b ) coronal PET, ( c ) 
coronal- fused PET/CT, ( d ) axial PET, and ( e ) axial-fused 
PET/CT) suggestive of infection rather than tumoral 
involvement. Note intense activity in the bone marrow on 
18F-FLT scan       
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tomography (CT), bone marrow biopsy, and, 
occasionally, magnetic resonance imaging (MRI) 
are often used to stage the disease. 

 Recently  18 F-FDG PET/CT showed promising 
results for staging and response to therapy in 
PTLD both in adults [ 181 – 187 ] and children 
[ 183 ,  184 ,  188 ]. Takehana et al. showed that  18 F- 
FDG PET/CT is useful in the management of 
patients with PTLD since both nodal and extra- 
nodal lesions demonstrated intense  18 F-FDG 
uptake in children [ 184 ]. In this study, one of the 
potential benefi ts of  18 F-FDG PET/CT was the 
ability to detect occult lesions not visualized on 
other imaging modalities, particularly extra- 
nodal lesion. Other studies showed the usefulness 
of  18 F-FDG PET/CT to evaluate response to ther-
apy in children [ 183 ,  188 ] (Fig.  21.9 ). Further 
prospective studies are needed to defi ne the exact 
role of  18 F-FDG PET/CT in staging, response to 
therapy, and prognosis in pediatric PTLD.

21.7         Leukemia 

 Leukemias account for 25 % of childhood malig-
nancy and are therefore the most common cause 
of childhood cancer. Acute lymphoid leukemia 
(ALL) is the most common form representing 
approximately 75 % of cases, while acute myeloid 
leukemia (AML) accounts for most of the remain-
der. The incidence of ALL peaks at 2–4 years, 
while AML is most common in neonates or ado-
lescents. There is a Caucasian preponderance. 

 Ionizing radiation exposure and genetic pre-
disposition have been implicated in the develop-
ment of ALL. Today ALL has a reasonably good 
prognosis, particularly in children age 1–10, with 
overall survival of approximately 80–90 %. 
Improved treatments are responsible for the dra-
matic improvements in survival in what was gen-
erally a fatal disease in the 1970s. AML carries a 
more guarded prognosis. Multiple factors have 
been implicated in the development of AML 
including genetic predisposition, radiation, medi-
cations, and environmental exposures. 

 The skeleton is commonly involved in leuke-
mia; however imaging is generally not indicated 
prior to treatment and does not signifi cantly alter 

management. PET/CT with  18 F-FDG usually 
demonstrates increased skeletal activity due to a 
combination of tumor infi ltration and marrow 
hyperplasia [ 189 ].  18 F-FDG PET has been 
described to investigate relapse where clinically 
appropriate or to assess the complications of 
bone marrow transplant [ 190 ]. Caution has been 
advised in the interpretation of  18 F-FDG PET for 
the workup of ALL in patients receiving high- 
dose steroid therapy [ 191 ], as steroid can alter the 
biodistribution of  18 F-FDG.  

21.8     Tumors of the Brain 
and Central Nervous System 

 Cancers of the central nervous system make up 
the most common solid tumors in children and 
constitute the second most common pediatric 
malignancy, accounting for 16–20 % of all can-
cers in children and adolescents. Brain tumors, 
unfortunately, remain the leading cause of death 
in children with cancer. Astrocytoms, including 
the aggressive poorly differentiated astrocytoma, 
account for 52 % of childhood pediatric malig-
nancies, which primitive neuroectodermal tumors 
(PNETs) account for 21 % (Fig.  21.10 ), other 
tumors of glial origin for 15 %, and ependymo-
mas for 9 % (Table  21.5 ). Astrocytoma is the 
most common supratentorial brain tumor in chil-
dren, many of which can be low grade, and hence 
there is particular interest and utility in deducing 
tumor histology from functional imaging. In the 
third ventricle, hypothalamic gliomas, craniopha-
ryngiomas, and germ cell tumors are most com-
mon. In the posterior fossa, medulloblastoma, 
cerebellar astrocytoma, ependymoma, and brain 
stem glioma are the most common malignancies. 
In general, with the major exception of the juve-
nile pilocytic astrocytoma, the prognosis for cen-
tral nervous system malignancy in children is 
poor and is particularly poor in infants with 
PNET or ependymoma.

    Imaging of pediatric brain malignancy is a 
particularly strong example of the complimen-
tary aspects of all neuroimaging modalities. MRI, 
with exquisite contrast resolution, is standard in 
the workup of these patients, as is CT for the 
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evaluation of calcifi cations and for rapid periop-
erative assessment. Nuclear medicine continues 
to fi nd a niche in clinical practice to assess cel-
lular metabolism in these lesions and in adjacent 
brain parenchyma which often suffers from post- 
therapeutic change. 

 PET tracers have been extensively described 
in the workup of brain and spine malignancy.  18 F- 
FDG PET has been, due to its wide availability, 
the most widely studied tracer.  18 F-FDG activity 
in a brain tumor has been shown to correlate to 
histologic grade which in turn infl uences progno-
sis [ 192 – 194 ], assesses recurrent tumor [ 195 ], as 

well as determines whether a low-grade tumor is 
undergoing transition to higher grade [ 195 ,  196 ]. 
 18 F-FDG however suffers to some extent from 
nonspecifi city, as well as uptake in normal brain 
tissue. Hence an extensive literature has devel-
oped in predominantly C11-labeled amino acids 
in PET imaging [ 15 ,  101 ] as well as choline 
[ 197 ]. C11 methionine is commonly used, and 
because it is not taken up by brain tissue, it pro-
vides excellent target to background ratio and can 
be used for initial staging/grading, to guide sur-
gery (usually fused to CT or MRI), to assess 
response to treatment, and to differentiate 
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  Fig. 21.9    A 7-year-old boy with the diagnosis of PTLD 
in the tonsils 1 year after lung transplant. 18F-FDG PET/
CT was performed to evaluate the extent of the disease. 
( a ); MIP image showed multiple foci of increased activity 
in the tonsil, a neck lymph node, spine, and abdomen 
( arrows ). ( b ) Coronal PET, ( c ) sagittal PET, and ( e ) axial 
PET showed the spine lesion. ( d ) Axial PET showed the 

neck lymph node. 45 days later after a trial of decreased 
immune-suppression therapy, the lesions were resolved 
suggestive of a good response to therapy (see ( a2 ) MIP, 
( b2 ) coronal PET, ( c2 ) sagittal PET, ( d2 ), axial PET from 
the neck, and ( e2 ) axial PET from the abdomen, after 
reduced immune-suppression therapy)       
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residual/recurrent tumor from scar or other thera-
peutic changes [ 198 – 200 ]. 

 Since corticosteroids, chemotherapy, and radi-
ation therapy all change cerebral glucose uptake, 
evaluation of response to chemotherapy with  18 F- 
FDG PET is not very straightforward in pediatric 
brain tumors [ 6 ]. Since  18 F-FDG PET and MR 
spectroscopy have a complementary role in the 
assessment of brain tumor metabolic activity, the 
introduction of integrated PET/MR scanners may 
open new windows for the clinical value of  18 F- 
FDG PET imaging in pediatric brain tumors [ 6 , 
 201 ]. Other radiotracers such as  18 F-FLT or 
 18 F-DOPA are probably more useful for pediatric 
brain tumor imaging [ 82 ].  

21.9     Osseous and Soft Tissue 
Malignancy 

 Ewing’s sarcoma and osteosarcoma together 
constitute approximately 6 % of childhood 
malignancy. The 5-year survival of children 
with primary bone cancer is improving, with 
one author citing an increase in survival from 
49 % in 1984 to 63 % in 1994. The 5-year sur-
vival rate today is generally at or greater than 
70 %. The incidence of osteosarcoma is 
approximately twice that of Ewing’s sarcoma, 
with the incidence of these cancers beginning 
at age 5 and increasing to peak at approxi-
mately age 18. 
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  Fig. 21.10    Eleven-year-old boy with PNET. 18F-FDG 
PET/CT showed multiple FDG-avid lesions in the liver 
(( a ) coronal PET and ( c ) axial PET), brain (not shown 
here), spinal cord (( a ) coronal PET and ( b ) axial PET), 

and right iliac crest (nor shown here) suggestive of meta-
static disease. Biopsy from the liver lesions confi rmed the 
diagnosis of metastatic PNET       

 

J. Barfett et al.



563

21.9.1     Osteosarcoma 

 The peak incidence of osteosarcoma in children 
is between 11 and 18 years, with a 5-year survival 
of between 70 and 80 %. Survival has improved 

with a combination of neoadjuvant chemother-
apy and aggressive surgery. Osteosarcoma is 
thought to originate in primitive bone-forming 
mesenchymal stem cells and often arises from the 
metaphyseal aspect of long bones. The distal 
femur and proximal tibia/fi bula account for half 
of cases. An association with ionizing radiation, 
Paget’s disease, and genetic susceptibility has 
been hypothesized. Advances in surgery have 
improved functional outcome, though surgical 
resection is still often disfi guring. 

 The detection of distant metastases is the most 
important component of the imaging workup as 
metastases strongly negatively infl uence progno-
sis. Grading of the tumor is the next most impor-
tant aspect of the workup, including the detection 
of any extension of tumor outside the anatomic 
compartment. The majority of osteosarcomas are 
high grade but remain confi ned to one anatomic 
compartment. Children and adolescents com-
monly present with pain and swelling. 

 Musculoskeletal plain fi lm is usually followed 
by MRI for initial diagnosis, which is generally 
followed by biopsy correlation, bone scan includ-
ing SPECT of the thorax, and CT of the thorax, 
abdomen, and pelvis. Plain fi lms often show an 
aggressive lesion with expansion of the bone and 
extensive periosteal reaction. MRI of the affected 
bone is crucial in determining the extent of local 
spread and the presence of skip lesions. The CT 
thorax and bone scan SPECT detect metastatic 
disease to the thorax. Lung and bone are the two 
most common sites of metastases in osteosar-
coma. The surgical staging system of osteosar-
coma is provided in Table  21.6 .

   Prior to the more widespread implementation 
of  18 F-FDG PET, Tc 99m MDP was often the 

   Table 21.5    WHO histopathologic classifi cation of CNS 
tumors   

 Tumor origin  Tumor cell type (examples) 

 Neuroepithelial 
tissue 

  Astrocytic tumors  (astrocytoma, 
anaplastic astrocytoma, 
pilocytic astrocytoma, 
pleomorphic 
xanthroastrocytoma, 
subependymal giant cell 
astrocytoma) 

  Oligodendroglial tumors  
(oligodendroglioma, anaplastic 
oligodendroglioma) 

  Ependymal tumors  
(ependymoma, anaplastic 
ependymoma, myxopapillary 
ependymoma) 

  Neuronal tumors  
(gangliocytoma, ganglioma, 
desmoplastic infantile 
neuroepithelioma, 
dysembryoplastic 
neuroepithelial tumor) 

  Choroid plexus tumors  (choroid 
plexus papilloma, choroid 
plexus carcinoma) 

  Pineal tumors  (pineocytoma, 
pineoblastoma) 

 Embryonal origin   Primary neuroectodermal 
tumors  (medulloblastoma, 
neuroblastoma, 
ependymoblastoma) 

  Other embryonal cells  
(medulloepithelioma, 
neuroblastoma, 
ependymoblastoma) 

 Germ cell   Germinoma  

  Embryonal carcinoma  

  Endodermal sinus tumor  

  Choriocarcinoma  

  Teratoma  

  Mixed germ cell tumors  

  Ependymoblastoma  

 Tumors in the sella 
turcica 

  Pituitary adenoma  

  Craniopharyngioma  

   Table 21.6    Surgical staging for osteosarcoma   

 Stage  Description 

 Stage IA  Low grade, intra-compartmental 

 Stage IB  Low grade, extra-compartmental 

 Stage IIA  High grade, intra-compartmental 

 Stage IIB  High grade, extra-compartmental 

 Stage III  With metastases 
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tracer of choice for total body scan in the osteo-
sarcoma patient. Primary tumor is generally 
hyperemic on blood fl ow and pool images and 
intensely MDP avid on delayed skeletal phase 
images. Both distant bone and lung metastases 
are generally MDP avid [ 202 ]. Occasionally, 
bone scan shows changes of associated hypertro-
phic osteoarthropathy when lung disease is pres-
ent. Radiotherapy has limited role in the therapy 
of osteosarcoma for curative intent and is hence 
reserved for inoperable tumors. Irradiated osteo-
sarcomas can remain MDP avid for months after 
therapy, and hence other tracers such as  18 F-FDG 
PET or thallium 201 are preferred for this indica-
tion. Thallium 201 is an excellent tracer to stage 
and assess response to treatment in osteosarcoma, 
as is Tc 99m sestamibi in a more limited litera-
ture, where failure of appropriate response tends 
to indicate more aggressive surgery [ 203 ,  204 ]. 

  18 F FDGPET-    was described in a prospec-
tive study by Volker et al. in 46 patients 
(Ewing = 23, osteosarcoma = 11, rhabdomyosar-
coma = 12) to demonstrate that  18 F-FDG PET was 
as accurate as the combination of all other modal-
ities including MRI and conventional nuclear 
imaging [ 205 ]. Although CT showed better sensi-
tivity to lung metastases (100 % vs. 25 %), PET 
was superior to all modalities for the detection of 
metastatic adenopathy (95 % vs 25 %) and osse-
ous lesions (90 % vs. 57 %). A combination of 
MDP bone scan and  18 F-FDG PET was shown to 
have a higher sensitivity (100 %) for the detection 
of bone metastases compared to  18 F-FDG PET 
(92 %) or bone scan (74 %) alone [ 206 ].  18 F-FDG 
PET may be of less value than conventional trac-
ers in predicting response to chemotherapy, as a 
study by Huang et al. demonstrated a tumor 
necrosis rate of 22 % by  18 F-FDG PET compared 
to 55 % necrosis on pathology in the same series 
of ten patients [ 207 ]. Thus, though some authors 
have had better success [ 208 ,  209 ],  18 F-FDG PET 
may underestimate response to therapy and 
should be used with caution for this indication in 
the osteosarcoma patient. 

 Fluorine-18-labeled sodium fl uoride ( 18 F- 
NaF) has also been used in pediatrics in different 
clinical indications. The biodistribution of  18 F- 
NaF is similar to that of  99m Tc-MDP [ 67 ]. 

However, there are some advantages with  18 F- 
NaF PET compared with the conventional bone 
scan. First, the extraction of the  18 F-NaF by bone 
is faster than  99m Tc-MDP due to its lower protein 
binding. Thus, it allows for earlier imaging. 
Secondly, the extraction of the radiotracer is 
greater than MDP, so the target to background 
ratio is higher. Finally, the resolution of PET sys-
tem is better than that of conventional gamma 
cameras. All these factors allow for obtaining 
higher-quality images with  18 F-NaF 
PET. Although there are many reports showing 
promising results with  18 F-NaF PET/CT to detect 
bone metastases in different tumors in adults, to 
our knowledge, there is no report focusing on 
using  18 F-NaF in detecting bone metastases in 
children. However, it seems that it can be very 
useful in children especially for tumors with 
lesser uptake on bone scan such as LCH. Further 
studies are needed to evaluate the exact role of 
 18 F-NaF PET/CT in pediatric oncology. The radi-
ation absorbed dose is similar or only slightly 
more than that of  99m Tc-MDP bone scan [ 67 ].  

21.9.2     Ewing’s Sarcoma 

 Ewing’s sarcoma is the second most common 
bone tumor in children, representing 3 % of child-
hood malignancies, and represents a family of 
small round cell tumors. Ewing’s sarcoma can 
occur in intraosseous or extraosseous form or as 
a peripheral primitive neuroectodermal tumor, 
neuroepithelioma, or Askin tumor. Ewing’s most 
likely originates from neural crest cells and can 
arise in either the appendicular or axial skeleton. 
There is a predilection to Caucasians. 

 The overall 5-year survival for Ewing’s is 
70 %, with younger children demonstrating better 
overall survival than older children or adults. 
Approximately 25 % of patients have distant 
metastases at the time of treatment. Prognosis is 
a function of resectability of the primary (i.e., 
appendicular versus axial skeletal involvement), 
presence of distant metastases, and response to 
chemotherapy. The lymph nodes, bone, and lungs 
are the most common sites of distant metastases, 
though any organ can be affected. 
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 The diagnosis is usually made by tissue biopsy 
after a lesion is worked up by X-ray and 
MRI. MRI is warranted to assess the entire bone 
occupied by tumor for skip lesions. Bone scan 
demonstrates a more homogenous pattern of 
uptake than the generally more heterogenous 
uptake seen in osteosarcoma. The distribution of 
tumor is generally more diaphyseal or metadi-
aphyseal compared to osteosarcoma which is 
usually situated at the metaphysis. Diagnostic 
chest CT is the modality of choice for the assess-
ment of lung metastases [ 205 ]. 

 Bone metastases are ultimately detected in 
33–45 % of patients who were free of metastatic 
disease at presentation. Thus serial  18 F-FDG PET 
scans or bone scans are usually performed in the 
fi rst 2 years after diagnosis to detect any occult 
disease. Erlemann et al. demonstrated that assess-
ment of the primary tumor on MRI provided a 
more accurate assessment of therapeutic response 
than did bone scan (85 % versus 50 %) and thus if 
bone scan does not demonstrate improvement 
with therapy, MRI is indicated for further assess-
ment [ 210 ]. Defi nite decrease in MDP uptake at 
the tumor site does indicate response. 

 Although as in osteosarcoma,  18 F-FDG PET 
has value equal or exceeding conventional tracers 
for the initial staging of Ewing’s sarcoma, for 
Ewing in particular  18 F-FDG PET does not have 
value for the assessment of response to treatment 
[ 211 ]. Both responders and nonresponders can 
have decreased  18 F-FDG activity at tumor sites. 
As in osteosarcoma, CT thorax has greater sensi-
tivity than  18 F-FDG PET for the detection of pul-
monary metastases, and so diagnostic CT thorax 
is needed in addition to PET/CT if the CT com-
ponent of the PET is not of diagnostic quality 
[ 205 ].  

21.9.3     Rhabdomyosarcoma 

 Rhabdomyosarcoma (RMS) is an aggressive 
tumor demonstrating bimodal peaks of incidence 
between the ages of 2–5 years and 15–19 years 
(Table  21.7 ). The survival rate has improved from 
20 % in the 1960s to 70 % today, mainly due to 
accurate imaging of the local disease extension 

and effective surgical resection. There is a role 
for radiotherapy in the treatment of local disease. 
Distant metastases are associated with poor prog-
nosis. Other factors associated with poor progno-
sis include unfavorable sites of primary disease 
such as the meninges, bladder/prostate, retroperi-
toneum, extremities, and abdomen, as well as 
alveolar type, poorly differentiated histology, 
large tumor size (i.e., > 5 cm), nodal  involvement, 
elderly age, and local/nodal or bone mets. RMS 
accounts for 4–8 % of malignancy in children 
less than 15 years old. The etiology of RMS is 
poorly understood with some association docu-
mented between incidence and other genetic dis-
eases including neurofi bromatosis 1, Gorlin 
syndrome, retinoblastoma syndrome, Costello 
syndrome, Rubinstein–Taybi syndrome, and 
Beckwith–Wiedemann. Maternal substance 
abuse has also been linked to the development of 
RMS.

    18 F FDGPET-    has been described for the 
workup of RMS.  18 F-FDG uptake widely varies 

   Table 21.7    TNM Staging of rhabdomyosarcoma   

 Stage  Description 

 Stage 
I 

 T1 or T2 (a or b), N0/1/x and M0 and in 
favorable site: head and neck (excluding 
parameningeal), orbit, genitourinary 
(non-bladder/non-prostate), biliary tract 

 Satge 
II 

 T1 or T2 a (not b), N0 or Nx (not N1) and 
M0; site: bladder and/or prostate, extremity, 
cranial parameningeal, other areas including 
trunk, retroperitoneum, etc. 

 Satge 
III 

 T1 or T2 a, N1, M0 in bladder and/or 
prostate 
 or 
 T1 or T2b, N0 or N1 or Nx, M0 in extremity, 
cranial parameningeal, and others including 
trunk, retroperitoneum, etc., except the 
biliary tract 

 Stage 
IV 

 M1 (irrespective of T and N and the site of 
tumor) 

  T1 = Confi ned to anatomic site of origin ((a) if diameter is 
≤ 5 cm; (b) if diameter is > 5 cm) 
 T2 = Extension and/or invasion to surrounding tissue ((a) 
if diameter is ≤ 5 cm; (b) if diameter is > 5 cm) 
 N0 = Regional nodes not clinically involved 
 N1 = Regional nodes clinically involved by tumor 
 Nx = Clinical status of regional nodes unknown (espe-
cially sites where lymph node evaluation is not possible) 
 M0 = No distant metastasis 

 M1 = With distant metastasis  
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in RMS [ 212 ]. Increased  18 F-FDG activity at the 
site of primary tumor is associated with poor dif-
ferentiation and hence overall more aggressive 
tumor and worse prognosis [ 213 ,  214 ].  18 F-FDG 
also shows excellent sensitivity to the detection 
of local disease and distance metastases, includ-
ing metastatic adenopathy and bone metastases. 
Several authors have shown  18 F-FDG PET to be 
superior in terms of the accurate detection of dis-
tance metastases to a combination of conven-
tional modalities including CT, MRI, and bone 
scintigraphy [ 94 ,  215 ]. The exception is in the 
detection of pulmonary metastases, to which  18 F- 
FDG PET can be insensitive. Therefore, diagnos-
tic CT is indicated in the RMS patient.  18 F-FDG 
PET is also capable of accurately detecting recur-
rent disease or relapse where there has been prior 
treatment.   

21.10     Nephroblastoma (Wilms’ 
Tumor) 

 The Wilms’ tumor is the most common form of 
pediatric renal malignancy, accounting for 95 % 
of renal cancers in children and 6 % of all child-
hood cancer (Table  21.8 ). The peak age of inci-
dence for Wilms’ tumor is 3–4 years, and the 
cancer is generally felt to most commonly affect 
children less than years old. Due to a slow indo-

lent growth pattern, earlier detection, and aggres-
sive surgical management, the 5-year survival 
rate of children with Wilms’ tumor is approxi-
mately 90 %. The etiology of Wilms’ tumor is 
unknown and likely sporadic; however a minority 
of cases (~5 %) are associated with genetic 
defects including Beckwith–Wiedemann, Denys–
Drash, and Perlman syndromes. When metasta-
ses are present, the lung and liver are most 
commonly involved.

   The workup of Wilms’ tumor at time of pre-
sentation usually includes an initial abdominal 
ultrasound followed by CT scan with contrast. 
Patients often present with an asymptomatic 
abdominal mass; however it can also present with 
abdominal pain, hypertension, fever, hematuria, 
anemia, and weight loss. The extent of local inva-
sion and venous extension is generally deter-
mined by conventional imaging modalities such 
as ultrasound and CT.  18 F-FDG PET, because of 
renal excretion of  18 F-FDG and consequent poor 
target to background, can be less useful than con-
ventional imaging for the assessment of the pri-
mary renal mass.  18 F-FDG PET/CT however may 
have some role in the assessment of liver and 
lung metastases or other distant spread [ 216 ]. 
One author has used  18 F-FDG PET to assess 
response to therapy [ 217 ].  

21.11     Hepatoblastoma 

 The hepatoblastoma and hepatoma are the two 
most common hepatic malignancies in children, 
with hepatoblastoma occupying the majority 
(~2/3) of cases. Hepatoma occupies most of the 
remaining cases. Hepatic malignancy is uncom-
mon in children, representing approximately 1 % 
of childhood cancer. 

 Hepatoblastoma is most common in children 
under the age of 5 years. The pathophysiology of 
hepatoblastoma is not well characterized, likely 
in part due to the rarity of the tumor. With a com-
bination of aggressive surgery, chemotherapy, 
and sometimes radiotherapy, the 5-year survival 
rate for hepatoblastoma is 60 %. 

 Hepatocellular carcinoma generally affects 
children over the age of 10, and due to a 

   Table 21.8    Staging system used for Wilms’ Tumor   

 Stage  Description 

 Stage 
I 

 Tumor limited to kidney (completely 
excised) 

 Stage 
II 

 Tumor extends beyond the kidney (but is 
completely removed) 

 Stage 
III 

 More than one of the following criteria must 
be met: 

   1. Unresectable primary tumor 

   2. Lymph node involvement 

   3. Positive surgical margins 

   4. Tumor spillage involving peritoneal 
surfaces either before or during surgery or 
transected tumor thrombus 

 Stage 
IV 

 Hematogenous metastases 

 Stage 
V 

 Bilateral renal involvement at initial 
diagnosis 
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combination of local aggressiveness and meta-
static spread prior to detection, it is associated 
with a more pessimistic prognosis. 

 The liver normally demonstrates mild diffuse 
 18 F-FDG activity. Fatty infi ltration, which is not 
uncommon in children, can demonstrate  18 F-FDG 
accumulation which can be confused with malig-
nancy. Conventional imaging modalities such as 
ultrasound, CT, and MRI are generally used more 
extensively than PET for the workup of hepatic 
tumors. Where  18 F-FDG PET has been utilized, 
increased  18 F-FDG uptake is associated with 
more aggressive tumor grade and poor prognosis 
[ 218 ,  219 ]. There has been meaningful progress 
in the combination of  18 F-FDG uptake and alpha 
fetoprotein to detect recurrence of tumor after 
therapy [ 218 ]. A decrease in  18 F-FDG uptake in a 
tumor post-therapy is associated with response 
[ 219 ]. In addition, if alpha fetoprotein is nega-
tive,  18 F-FDG PET can be used for a systemic 
screening for poorly differentiated distant metas-
tases in a manner analogous to thyroid malig-
nancy [ 219 ]. 

 The PET literature in pediatric hepatic malig-
nancy is limited, partially due to the rarity of the 
tumor, and consists primarily of small case series. 
There would be signifi cant benefi t to the future 
examination of larger series of cases.  

21.12     Thyroid Malignancy 

 Thyroid cancer is the most common type of 
endocrine cancer accounting for 1–1.5 % of all 
pediatric malignancies. Thyroid cancer is very 
rare in early childhood; the peak age is in the 
15–19-year-old group. The majority of thyroid 
cancers are of differentiated type, mainly papil-
lary (85 %) and to a lesser extent follicular cancer 
(10 %). The exact cause is unknown; however, 
there are many risk factors that may increase the 
risk of thyroid cancers, including ionizing radia-
tion, family history of thyroid cancer, female 
gender, and sex hormones. The incidence is 
higher in females; however, the prognosis is 
slightly worse in males. 

 131-I has a major role in the management of 
the thyroid cancer for both diagnosis and abla-

tion therapy. The role of PET in thyroid cancer is 
limited to the cases of negative iodine scan and 
positive serum thyroglobulin level. The spec-
trum of well differentiated to undifferentiated 
thyroid cancer corresponds to the spectrum of 
iodine versus  18 F-FDG avidity, respectively 
[ 220 ]. That is, while well-differentiated thyroid 
cancers are generally hot on iodine scintigraphy, 
more clinically aggressive undifferentiated 
tumors tend to be hot on  18 F-FDG PET. Thus, 
 18 F-FDG PET is generally the imaging tool of 
choice for the workup of a patient with elevated 
or rising thyroglobulin where iodine imaging has 
been negative [ 221 ,  222 ]. In this clinical sce-
nario, it has been the author’s experience that 
metastatic adenopathy can demonstrate  18 F-FDG 
avidity, and hence morphologic features on cor-
responding CT are important to assess along 
with activity. 

 The incidence of medullary thyroid cancer is 
very rare in children (about 2 % of thyroid can-
cers). The information about the diagnosis and 
treatment of medullary thyroid cancer in children 
is very limited and is usually extrapolated from 
the adult data. Laboratory examination (serum 
calcitonin level, CEA measurement, etc.), ultra-
sound, CT scan, 99mTc(pentavalent)-DMSA 
study,  18 F-FDG PET/CT, and  18 F-DOPA PET/CT 
have been used to detect and follow up lesions 
[ 223 ,  224 ]. 

   Conclusion 

 Combined  18 F-FDG PET/CT is being used 
more frequently in the evaluation of various 
malignancies in pediatric patients including 
lymphomas, soft tissue tumors, and bone sar-
comas. PET/CT can provide valuable infor-
mation that is not apparent on anatomical 
imaging for staging and monitoring response 
to therapy. The growing evidence supports the 
continued investigation of PET and PET/CT 
imaging in the management and surveillance 
of pediatric malignancies. 

 Using  18 F-FDG PET/CT in children requires 
an awareness of the technical and logistical 
issues unique to children such as sedation or 
anesthesia. Adequate preparation of patients 
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and families is essential. A thorough knowledge 
and understanding of the normal distribution of 
 18 F-FDG uptake in children, normal variants of 
pediatric  18 F-FDG PET/CT, and artifacts are 
necessary for accurate image interpretation of 
pediatric PET/CT imaging that differs from 
those of adults. 

 With the introduction of new imaging tech-
niques such as PET/MR or diffusion MRI, it is 
expected to have an emerging role in pediatric 
oncology imaging with lower radiation burden 
compared to PET/CT. However, the exact role 
and value are not well established yet and further 
investigation is needed. Newer radiotracers such 
as  68 Ga-DOTA,  18 F-DOPA,  18 F-FAZA, and  18 F- 
FLT may be used in specifi c pediatric tumors. 
 18 F- NaF can be used for skeletal imaging in 
malignant disease. Tumor receptor imaging has 
the potential to improve tumor detection and 
characterization.      
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     Abstract  

  This chapter focuses on the rationale, target 
validation, dose prescription verifi cation and 
evaluation, and recent clinical achievements 
in the fi eld of integrating positron emission 
tomography imaging into radiotherapy treat-
ment planning. Application of functional 
imaging to radiotherapy is a rapidly expand-
ing fi eld with the development of new modali-
ties and techniques. Functional imaging of 
positron emission tomography in conjunction 
with radiotherapy provides new avenues 
toward the clinical application of dose paint-
ing as a new radiotherapy strategy delivering 
optimized dose redistribution according to the 
functional imaging information to further 
improve tumor control. 

 New biological imaging methodologies 
mainly based on positron emission tomogra-
phy/computed tomography, magnetic reso-
nance imaging, and magnetic resonance 
spectroscopy imaging, in conjunction with 
radiotherapy, make dose painting possible. It 
can be used to draw a three-dimensional map 
of radiobiological relevant parameters as its 
inherent potential to trace the real target vol-
ume, consisting of tumor cells that require a 
therapeutic dose to control the disease. 
Positron emission tomography/computed 
tomography is outstanding and widely used in 
daily clinical practice. It offers molecular bio-
logical information on the tumor microenvi-
ronment in addition to anatomical imaging 
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and shows signifi cant biological heterogeneity 
of tumors, such as metabolism, proliferation, 
hypoxia, radioresistance cell density, and 
perfusion.  

  Index Acronyms 

   3D    Three dimensional   
  AC    Attenuation correction   
  ACE    11C-acetate   
  AMT    Alpha-[11C]methyl-L-tryptophan   
  ART    Adaptive radiotherapy   
  ATSM    Copper-64 diacetyl-bis (N4-methy-

lthiosemicarbazone)   
  BTV    Biological target volume   
  CECT    Contrast-enhanced computed 

tomography   
  CH    Chemotherapy   
  CHO    11C/18F-choline   
  CMR    Complete metabolic response   
  CRC    Colorectal carcinoma   
  CRT    Chemo radiation therapy   
  CT    Computed tomography   
  CTV    Clinical target volume   
  DLBCL    Diffuse large B-cell lymphoma   
  DPBC    Dose painting by contours   
  DPBN    Dose painting by numbers   
  EBRT    External beam radiation therapy   
  EORTC    European Organization for 

Research and Treatment of Cancer   
  EP    Extramedullary plasmacytoma   
  FAZA    18F-fl uoroazomycinarabinoside   
  FDA    Food and Drug Administration   
  FDG    18F-fl uorodeoxyglucose   
  FDOPA     18F-3,4-dihydroxy-6- 18 F-fluoro-l-

phenylalanine   
  FES    18F-fl uoroestradiol   
  FET    18F-fl uoro-ethyl-tyrosine   
  FIGO    International Federation of 

Gynecology and Obstetrics   
  FL    Follicular lymphoma   
  FLIPI    Follicular Lymphoma International 

Prognostic Index   
  FLT    18F-fl uorothymidine   
  FMISO    18F-fl uoromisonidazole   
  GTV    Gross tumor volume   
  HL    Hodgkin’s lymphoma   

  HNC    Head and neck cancers   
  IMAT    Intensity-modulated arc therapy   
  IMRT    Intensity-modulated radiation therapy   
  INRT    Involved node radiation therapy   
  ISRT    Involved site radiation therapy   
  LARC    Locally advanced rectal cancer   
  LC    Lung cancer   
  LN    Lymph node   
  LRC    Locoregional control   
  MET    11C-methionine   
  MM    Multiple myeloma   
  MRI    Magnetic resonance imaging   
  NHL    Non-Hodgkin’s lymphoma   
  NPV    Negative predictive value   
  NSCLC    Non-small-cell lung cancer   
  OAR    Organ at risk   
  OS    Overall survival   
  PCa    Prostate cancer   
  pCR    Pathological complete response   
  PET    Positron emission tomography   
  PMR    Partial metabolic response   
  PP    Paraprotein   
  pPR    Pathological partial response   
  PPV    Positive predictive value   
  PTV    Planning target volume   
  RC    Renal cancer   
  RECIST    Response criteria in solid tumor   
  RIWGRC    Revised IWG response criteria   
  ROI    Region of interest   
  RT    Radiation therapy   
  SBP    Solitary bone plasmacytoma   
  SBRT    Stereotactic body radiation therapy   
  SIB    Simultaneous integrated boost   
  SMD    Stable metabolic disease   
  SP    Solitary plasmacytoma   
  SUV    Standardized uptake values   
  T1-gad    Gadolinium-enhanced T1 weighted   
  TCP    Tumor control probability   
  TVD    Target volume delineation   

22.1         Introduction 

 Radiation oncology plays an important role in can-
cer management [ 1 – 3 ]. Radiation therapy (RT) 
and diagnostic radiology have always enjoyed a 
close relationship. Advances in diagnostic 
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imaging have resulted in parallel changes in the 
planning of RT. In parallel, RT treatment planning 
and delivery have benefi ted from new technology 
and techniques. Intensity-modulated radiation 
therapy (IMRT) techniques have been developed 
to allow higher doses to be delivered in a highly 
conformal manner. IMRT is based on the use of 
numerous radiation beams with optimized nonuni-
form intensities resulting from inverse treatment 
planning, which can achieve much better dose 
conformity than conventional RT techniques. The 
net effect is that IMRT is usually capable of deliv-
ering a dose pattern that uniformly irradiates the 
target while sculpting and redistributing the dose 
outside the target to reduce irradiation of critical 
organs. A direct consequence of this more confor-
mal method of treatment planning and delivery is 
that volumes must be more precisely defi ned. 
Radiation oncologists have had to rethink what is 
absolutely required to be within the irradiated vol-
ume and what can be safely spared. Therefore, 
much attention recently has been focused on which 
are the appropriate volumes and how they are gen-
erated via segmentation or contouring. Image-
guided techniques allow for these treatments to be 
delivered accurately on a daily basis and are able 
to appropriately control for target motion within 
the body, whether it is due to respiration or disten-
sion/emptying of organs. 

 In the era of high precision RT, accurate tumor 
volume delineation regarding tumor boundaries, 
shape, and volume is crucial. Quantifi cation is 
necessary for characterizing partial metabolic 
response (PMR) or stable metabolic disease 
(SMD). The European Organization for Research 
and Treatment of Cancer (EORTC) and positron 
emission tomography (PET) response criteria in 
solid tumors (PERCIST) criteria for quantifying 
response yield very similar response classifi ca-
tions of patients [ 4 ]. For target volume selection 
and delineation, anatomic imaging modalities 
such as computed tomography (CT) and mag-
netic resonance imaging (MRI) remain the most 
widely used modalities. CT is widely available, 
does not have geometric distortion, and provides 
intrinsic information on the electronic densities 
of various tissues. However, CT lacks contrast 
resolution for normal soft tissue structures and 

tumor extent, which has led to signifi cant inter- 
and intra-observer variations in delineation of the 
gross tumor volume (GTV) in lung, head and 
neck, esophageal, and prostate cancer and 
 gynecologic and brain tumors. MRI has been 
shown to be more accurate than CT for evaluat-
ing the soft tissue or bone extent of nasopharynx, 
prostate, and brain tumors with smaller interob-
server variations in delineation of the GTV. 
However, for pharyngeal-laryngeal tumors, both 
MRI and CT have limitations with signifi cant 
interobserver variability in target volume delin-
eation [ 5 ,  6 ]. 

 Over the last few decades, molecular imaging, 
particularly PET, has been widely used for cancer 
diagnosis, staging, restaging, monitoring therapy 
response, and RT planning [ 7 ,  8 ] (Figs.  22.1  and 
 22.2 ). As a highly sensitive and accurate nuclear 
medicine imaging technology based on molecular 
biology, PET has a unique ability to assess the 
functional and biochemical processes of the tis-
sues, which are potentially altered in the earliest 
stages of diseases. PET detects changes often 
before anatomical or structural changes have 
occurred or evident on MRI/CT. It compares nor-
mal and abnormal tissues at a functional rather 
than morphological level. PET promises to 
improve the target defi nition by defi ning a meta-
bolically active biological target volume (BTV). 
The advent of hybrid PET/CT scanners has 
allowed hardware fusion of functional and ana-
tomic imaging; this provides better localization of 
the functional imaging and decreases the interob-
server variations in identifying target volumes, 
which has proven to be a major advance for RT 
planning.

    18F-fl uorodeoxyglucose (FDG) is the most 
commonly used and the only oncologic PET 
tracer approved by the Food and Drug 
Administration (FDA) for routine clinical use. 
More than 90 % of oncologic PET imaging is per-
formed by FDG-PET due to the increased 
 metabolism of glucose by tumor cells in most 
cancers. In addition to diagnosis, staging, restag-
ing, and monitoring response to cancer treatment, 
FDG- PET can be useful for selection or delinea-
tion of RT target volumes [ 9 ]. However, FDG is 
not a tumor-specifi c substance; its accumulation 
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in benign lesions, such as infl ammation, may 
cause false-positive results which lead to low 
tumor specifi city. 

 In addition to glucose, amino acids and 
 choline have also shown increased tumor con-
sumption and tumor specifi city. Radiolabeled 
radiotracers, such as 11C-methionine (MET) and 
11C/18F-labelled choline (CHO), may in fact 
have signifi cant potential for tumor detection in 
organ sites with an undesirable FDG-PET back-
ground such as with brain tumor or in tumors 
with low intrinsic FDG uptake, such as prostate 
cancer (PCa). Also, 11C-acetate (ACE) acts as a 
probe of tissue metabolism through entry into 
catabolic or anabolic metabolic pathways as 
mediated by acetyl-coenzyme A, and it is also a 
useful PET tracer for various cancer types, such 
as lung cancer (LC), hepatocellular carcinoma, 
renal cancer (RC), PCa, and astrocytomas, which 
makes it a potential substitute for FDG in target 
volume selection and delineation in RT planning 
[ 10 ,  12 – 14 ]. 

 In RT treatment, it is reported that there is a 
strong correlation between locoregional control 
(LRC) and overall survival (OS) [ 15 – 18 ]. A 
straightforward way to improve local tumor con-
trol, as proved by large bodies of evidence, is to 
increase the radiation dose further [ 19 ,  20 ]. 
Current treatment prescriptions are already close 
to patient tolerance making it nearly impossible 
to raise the dose prescription of the whole target 
tumor. New biological imaging methodologies 
such as PET can be used to draw a three- 
dimensional (3D) map of radiobiological relevant 
parameters as its inherent potential to trace the 
real target volume – volume consisting of tumor 
cells that requires a therapeutic dose to control 
the disease. The RT prescription usually takes 
larger target region to some primary dose and 
then boosts the GTV (including high-uptake 
regions) to a higher dose. The primary and boost 
doses are typically planned for spatially homoge-
neous delivery to their respective target regions. 
There has been also increasing clinical interest in 

4D-CT 4D-PET

4D-PET/CT

  Fig. 22.1    Image fused 4D-PET/CT of patient with pan-
creatic tumor for radiotherapy planning. Standard plan-
ning target volume (STD-PTV) is correlated with 4D-CT 
image ( red outlines ) and 4D-planning target volume (4D- 

PTV) with 4D-PET image ( yellow outlines ). The use of 
information obtained from 4D studies allows the defi ni-
tion of target volumes as 4D-PTV reduced compared to 
those obtained with STD-PTV       
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delivering a nonhomogeneous dose to the target 
based on FDG-PET uptake, with the aim of 
improving LRC [ 21 ]. 

 An increased precision of target subvolume 
localization by using PET/CT information plus a 
therapeutic dose delivered by dose painting may 
have an additional effect to improve LRC and 
further reduce the potential of tumor recurrence. 

 Metabolic PET can provide information that 
impact RT planning in several ways, by detecting 
a tumor that is missed by CT or MRI, by detect-
ing additional tumor regions outside the tumor 
volume as defi ned by CT or MRI, and by show-
ing subregions with increased or altered metabo-
lism within the GTV that could be preferentially 
targeted and treated with escalated radiation 
doses. 

22.1.1     Lung Cancer 

 LC is the leading cause of cancer death in both 
men and women. Eighty percent of LC is non- 
small- cell lung cancer (NSCLC). While diffi cult 
to treat, the best opportunity to cure NSCLC is by 
radical surgical resection in the early stages of 
disease. RT is a key treatment modality in the 
curative treatment of patients with LC (Figs.  22.3  
and  22.4 ). Recent progress in combined modality 
treatments incorporating chemotherapy (CH) and 

PET/CT

PTVs and OARs

Tomotherapy plan

  Fig. 22.2    Patient with pancreatic adenocarcinoma (his-
tological grade: T4N0) previously treated with chemo-
therapy (5-FU). Helical tomotherapy planned on planning 
target volume ( PTV ) based on PET/CT image with the 
dose of 60 Gy, 2 Gy/f       

  Fig. 22.3    PET/CT images contoured with organ motion 
in patient with lung cancer for radiotherapy treatment 
planning       
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radiation, with or without surgery, as well as 
technical advances in radiation delivery, has led 
to signifi cant improvements in treatment out-
comes. Accurate evaluation of lymph node (LN) 
metastases is crucial for planning curative RT.

    FDG-PET has been widely used in evaluation 
of patients with LC. The overall sensitivity, spec-
ifi city, and accuracy of FDG-PET for detection of 
LC are very high for primary, residual, and recur-
rent disease. FDG-PET scan is more sensitive 
than CT in detection of LN involvement and dis-
tant metastases in NSCLC [ 9 ,  22 ]. Changes in the 
target volumes of over 20 % and stage alteration 
of 20–50 % have been consistently observed 
when FDG-PET was incorporated in target vol-
ume delineation (TVD). Most prominent changes 
are often associated with the presence of atelecta-
sis in the treated areas, or the identifi cation of 
additional LN disease, which may be diffi cultly 
visualized on CT [ 23 – 29 ]. In addition, incorpora-
tion of FDG-PET in the delineation of regional 

LN disease may lead to a decrease in the 
LN-GTV. This has been demonstrated in patients 
with N2-N3 disease by van Der Wel et al., who 
showed a PET-related decrease of the LN-GTV 
from 13.7 ± 3.8 to 9.9 ± 4.0 cm 3  ( p  = 0.011) [ 29 ]. It 
led to signifi cant decrease in radiation dose to the 
esophagus (V55 decreased from 30.6 ± 3.2 to 
21.9 ± 3.8 %,  p =  0.004) and the normal lungs 
(V20 decreased from 24.9 ± 2.3 to 22.3 ± 2.2 %, 
 p =  0.012). As a result, dose escalation from 
56.0 ± 5.4 to 71.0 ± 13.7 Gy ( p =  0.038) became 
feasible, which led to improved tumor control 
probability (TCP), that is, the probability that a 
given dose of radiation will provide tumor con-
trol or eradication considering the specifi c bio-
logical cells of the tumor, from 14.2 ± 5.6 to 
22.8 ± 7.1 % ( p =  0.026) without accounting for 
geometric misses, and improved TCP from 12.5 
to 18.3 % when it is accounted. 

 These fi ndings further demonstrate the advan-
tage of incorporating FDG-PET information in 
TVD especially for stage III NSCLC, which 
makes dose escalation possible. The theoretical 
dose escalation level was addressed in many 
planning studies. Different dose-painting strate-
gies to shape the radiation dose according to the 
functional image information have been pro-
posed recently: dose escalation and dose redistri-
bution. Dose escalation applies an additional 
dose to the functional subvolumes of the target, 
whereas dose redistribution consists of increas-
ing the dose to the radioresistant areas while 
reducing the dose to the rest of the tumor in a way 
to keep the mean dose constant. 

 There are two strategies for the realization of 
dose escalation: dose painting by contours 
(DPBC) and dose painting by numbers (DPBN). 
DPBN intends to increase the additional dose 
gradually, according to the local PET voxel 
intensities, while a homogeneous dose of BTV 
which contoured by a threshold created in PET 
image is given in DPBC. For both DPBC and 
DPBN plans, strict planning constraints set for 
the organ at risk (OAR) should be complied. In 
addition, as the feasibility of technique is largely 
proved [ 30 – 36 ], both are therefore considered 
clinically acceptable and alternatives for boost-
ing subvolumes. 

  Fig. 22.4    Tomotherapy treatment planned in an 88-year- 
old man with lung cancer. The plan has 39 fractions 
defi ned for a planned delivery of 70.2 Gy. This dose was 
given on area in  red line  and is defi ned as planned target 
volume       
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 MacManus et al. reported that metabolic 
response correlated well with RT outcome. 
Complete metabolic response (CMR) predicted 
good RT outcome: 1-year survival for CMR and 
non-CMR patients was 93 % and 47 %, respec-
tively, and 2-year survival was 62 % and 30 %, 
respectively [ 37 ]. Additionally, PET/CT scans 
have been shown to detect distant metastases that 
are missed by conventional scans, which is of 
obvious benefi t to patients who may require addi-
tional treatment [ 38 ]. 

 Respiratory motion can have a signifi cant 
impact on static oncological PET / CT imaging 
where standardized uptake values (SUV) and / or 
volume measurements are important. The impact 
is highly dependent upon motion amplitude, 
lesion location and size, attenuation map, and 
respiratory pattern. To overcome the motion 
effect, motion compensation techniques may be 
necessary in clinical practice to improve the 
tumor quantifi cation for determining the response 
to therapy or for RT treatment planning. PET / CT 
imaging of the lung and abdomen region is gen-
erally affected by patient respiratory motion, 
which can lead to underestimation of maximum 
SUV (SUV max ) of a region of interest (ROI), 
overestimation of tumor volume, and mismatched 
PET and CT images that yield attenuation correc-
tion (AC) errors, registration errors, and tumor 
mislocalization [ 39 ]. It has been reported that 
various respiratory motion correction methods 
can cause tumor SUV max  to increase as much as 
159 % and tumor volume to decrease as much as 
43 % compared to those of the conventional mea-
surement in patient studies [ 40 ,  41 ]. 

 Currently hypoxia is deeply evaluated with 
the use of different PET tracers such 
as 18F-fl uoromisonidazole (FMISO), 
18F-fl uoroazomycinarabinoside (FAZA), and cop-
per-64 diacetyl-bis (N4-methylthiosemicarbazone) 
(ATSM). A crucial advantage of PET imaging for 
studying tumor hypoxia is its capacity to provide 
in vivo 3D images of the distribution of positron 
emitting tracers that selectively bind to hypoxic tissue 
in a safe and noninvasive manner [ 42 ]. Postema et al. 
published results using FAZA in NSCLC patients 
reporting an incidence of baseline hypoxia in 7 of 
13 patients (54 %) [ 43 ].  

22.1.2     Head and Neck Cancers 

 Oncologic imaging plays an important role in head 
and neck cancers (HNC) in detection, staging, 
restaging, and therapy response assessment of 
these tumors. Accurate staging at the time of diag-
nosis is critical for selecting the appropriate treat-
ment strategy. Unfortunately, at the time of initial 
diagnosis, more than 50 % of patients already pres-
ent with regional LN metastases or even distant 
metastases. In this population, RT plays a critical 
role when surgery is contraindicated. However, 
radical treatment is associated with increased tox-
icity, particularly when concomitant CH or altered 
fractionation strategies are used. A meta-analysis 
of both combined chemoradiation (CRT) and 
altered fractionation confi rmed signifi cant LRC 
and survival benefi ts overall but were unable to 
demonstrate a survival benefi t in the >70 age 
group [ 44 ]. 

 FDG-PET can provide important complemen-
tary information for RT planning in HNC 
(Fig.  22.5 ), and its role has been reviewed in sev-
eral publications [ 45 – 48 ]. Although there are 
some contradictory results [ 49 ,  50 ], many clini-
cal studies have shown that the uptake of FDG, 
usually measured as the SUV max , is a signifi cant 
predictor of prognosis for many tumor sites, 
including HNC [ 51 – 53 ]. Moreover, high FDG 
uptake is correlated with increased local failure 
and shorter survival [ 54 – 56 ]. The precise mecha-
nism causing tumors with higher SUV values to 
present a poorer treatment response is unknown. 
Tumors with a high SUV may:

     (i)    consist of a higher tumor cell density or 
greater tumor/stroma cell ratio [ 57 ]   

   (ii)    be more metabolically active and conse-
quently exhibit a higher proliferation rate   

   (iii)    be more hypoxic [ 58 ,  59 ]   
   (iv)    exhibit a higher DNA repair capacity [ 60 ]     

 or some combination of these options. 

 The vast majority of recurrences seem to be 
the result of insuffi cient dose delivered to por-
tions of selected target volumes. Therefore, dose 
painting becomes a compelling strategy if a spa-
tial variation in LRC can be established. Based 
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on clinical outcomes, the FDG-avid region in a 
tumor is recognized as a possible target for dose 
escalation. Several planning and optimization 
studies have assessed the feasibility of dose 
boosting on a subvolume of a tumor, based on a 
FDG-PET image, using IMRT [ 36 ,  61 ]. Some 
clinical data suggest that to reach equal response 
rates, FDG-avid tumors are likely to require at 
least 10–30 % more dose than FDG non-avid 
tumors. However, due to the confounding effect 
of tumor volume/T-stage and other prognostic 
factors, tests of the estimated dose-modifying 
effect, using high-quality prospective clinical 
trial data, are needed. 

 Changes in the tumor and surrounding normal 
tissues during RT for HNC support treatment 
adaptations [ 62 – 64 ]. Adaptive radiotherapy 
(ART) appears to be superior over nonadaptive 
treatment: it increases minimum doses in the tar-

get structures and decreases the cumulative maxi-
mum dose in dose-painted areas. It also readjusts 
the dose-painting patterns. However, there is a 
disagreement over benefi ts of ART [ 65 ,  66 ] that 
originates from variations in timing and fre-
quency of adaptive procedures, methods of plan 
adjustments to anatomical and biological 
changes, and methods of dose accumulation. 

 FDG-PET/CT can play various roles in the 
treatment of HNC including staging, restaging, 
and defi ning BTV for high-dose RT boost. 
Potentially, the GTV can be changed on the basis 
of PET information, facilitating sparing of nearby 
normal tissues and allowing dose escalation to 
relatively small subvolumes. In addition, biologi-
cal imaging using FDG-PET may identify areas 
of tumor spread not recognized by morphological 
imaging, potentially improving the accuracy of 
GTV defi nition [ 67 ,  68 ].  

  Fig. 22.5    Radiotherapy treatment planning in a patient 
affected by head and neck cancer. Helical tomotherapy 
radiation treatment was delivered with the simultaneous 
integrated boost approach at different dose escalated to 

metabolic sub volume. A boost – 69 Gy – was given on 
FDG-PET-positive volume ( red area ); clinical target vol-
ume and clinical negative neck received 66 Gy ( orange 
area ) and 54 Gy ( green area ), respectively       
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22.1.3     Esophageal Cancers 

 The incidence of esophageal cancer ranks in the 
top ten worldwide with a relatively high mortal-
ity rate. Esophageal cancers consist primarily of 
two subtypes, adenocarcinoma (comprising 
50–80 % of all esophageal cancer cases) and 
squamous cell carcinoma (comprising most of 
the remaining cases). 

 RT is one of the primary treatments for esopha-
geal cancer. Combined CH and RT has proven 
superior to either therapy alone as primary treat-
ment for esophageal cancer. Esophageal IMRT is 
associated with signifi cantly better OS, LRC, and 
noncancer-related death compared with 3D con-
formal RT [ 69 ]. There are no prospective data yet, 
but retrospective series suggest that treatment is 
well tolerated and may allow delivery of a higher 
tumor dose, of signifi cant interest for the treatment 
of medically inoperable elderly patients [ 70 ]. 

 FDG-PET is not generally used for the initial 
diagnosis of esophageal cancer due to signifi cant 
FDG uptake in infl ammatory esophagitis, 
Barrett’s esophagus, and other benign diseases. 
FDG-PET plays also a limited role in the evalua-
tion of regional LN disease in patients with esoph-
ageal cancer but has a high sensitivity for 
evaluation of local recurrence and a high sensitiv-
ity and specifi city for detection of distant disease 
occurring outside the initial surgical fi eld [ 71 ,  72 ]. 

 Accurate delineation of GTV is a prerequisite 
for a successful treatment of this cancer with 
RT. In esophageal cancer, the determination of 
cephalic and caudal tumor extent by CT is rather 
uncertain. Drudi et al. found that the lengths of 
esophageal carcinoma measured by CT scan and 
esophagogram corresponded to the lengths of 
surgical specimens in only 32 % and 59 % of 
cases, respectively. Therefore, methods to 
increase the accuracy of TVD are needed. Several 
studies have reported that PET/CT could improve 
primary tumor and LN detection [ 73 ]. 
Furthermore, clinicopathological studies in sur-
gically treated patients showed that CT scanning 
is reasonably good in showing radial tumor extent 
but poor in assessing longitudinal extent and that 
CT is often inaccurate when it is used to estimate 
the extent of LN involvement. PET is better than 
CT in showing tumor longitudinal extent. PET 

may be the only way to estimate the lower tumor 
border when an endoscope cannot be passed 
through a stenosed esophagus. Therefore, inte-
grated PET/CT imaging aids the estimation of 
more accurate tumor volume and the distinction 
of precise anatomical barriers. 

 In a prospective trial of PET for RT planning 
in esophageal cancer, Leong et al. [ 74 ] showed 
that PET has a signifi cant impact on GTV by 
identifying unsuspected LN involvement. 
Moureau-Zabotto et al. [ 75 ] showed that the 
addition of PET information to CT-based RT 
planning altered GTV values in 19 of 34 patients 
(56 %); GTV was reduced in 12 and increased in 
7 (21 %). Han et al. [ 76 ] reported that an SUV 
cutoff of 2.5 provided an accurate estimation of 
GTV length. Vali et al. [ 77 ] reported that the use 
of a threshold of approximately 2.5 may be con-
sidered the best strategy for the delineation of 
GTV in esophageal cancer. 

 The use of FDG-PET/CT has been shown to 
change target volumes contoured by radiation 
oncologists in a considerable proportion of 
patients (20–90 %) with consequent changes in 
treatment planning [ 78 ,  79 ].  

22.1.4     Breast Cancer 

 Breast cancer is the most common cancer in 
female patients and carries a signifi cant risk for 
recurrence and metastases. Breast cancer is the 
second leading cause of death in women. For 
localized cancers, the 5-year survival rate is more 
than 96 %, but survival decreases dramatically 
with regional or distant metastatic disease. 
Strategies in managing breast cancer include var-
ious combinations of surgery, RT, and CH regi-
mens. RT is mainly applied in three areas:

    (i)    adjuvant RT after breast surgery   
   (ii)    RT for isolated recurrence after surgery   
   (iii)    RT for metastatic disease     

 Breast cancer has several known characteris-
tics that determine aggressiveness and can be used 
as therapeutic targets as well as a means for moni-
toring responsiveness to therapy. Published 
reports are limited in assessing the utility of FDG-
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PET in breast cancer RT planning [ 72 ]. At pres-
ent, FDG-PET has not shown signifi cant utility in 
RT planning after breast-conserving surgery. 
Whole breast irradiation after breast-conserving 
surgery is one of the standard treatments for the 
patients with early-stage breast cancer [ 80 ,  81 ]. 
After the whole breast irradiation, additional 
boost to the tumor bed has demonstrated consid-
erable improvement in local control rate [ 82 ,  83 ]. 
In the modern era, CT-based planning has been 
used to individualize treatment and tailor RT 
treatment fi elds to encompass the breast and 
draining lymphatic while minimizing dose to the 
heart, lungs, and spinal cord. 3D planning has also 
enabled more accurate demarcation of the 
lumpectomy cavity at depth rather than relying 
solely on the surgical scar at the skin’s surface. 

 Preoperative PET/CT may provide the more 
reliable diagnostic tool to localize the tumor bed 
in breast cancer RT (Fig.  22.6 ). Other studies 
reported that the FDG-PET/CT can improve the 
delineation of lumpectomy cavity for partial 
breast irradiation. The PET/CT-derived planning 
target volumes (PTVs) are larger than the 
CT-derived PTVs and are not well-covered dosi-
metrically by CT-based treatment plans. A PET/
CT-based treatment plan covers both PET/CT 
and CT PTVs with only a modest increase in the 
dose to the normal tissue, being able to infl uence 
treatment planning for partial breast irradiation 
[ 84 ]. While the importance of RT technique in 
preventing locoregional recurrence has been pre-
viously established in other malignancies such as 
cervical and HNC [ 85 ,  86 ], no studies have sys-
tematically examined the importance of RT fi eld 
design with modern imaging modalities and 
treatment planning in preventing locoregional 
recurrence in breast cancer patients.

   In patients with clinical stages II and III, PET/
CT was documented to be superior to conven-
tional imaging modalities for the detection of 
extra-axillary regional metastatic LN (infracla-
vicular, supraclavicular, and internal mammary 
LNs) and distant metastases [ 87 – 92 ]. The role of 
FDG-PET is especially prominent in the man-
agement of oligometastatic disease; a state of 
limited metastatic spread of disease is poten-
tially curable with local therapy. This is an area 

in which RT is emerging as an important treat-
ment modality [ 93 ]. 

 Novel tracers, such as CHO, 
18F-fl uoroestradiol (FES), 18F-fl uorothymidine 
(FLT), and progesterone-receptor in breast can-
cer, have the potential to add meaningful bio-
markers to clinical imaging and treatment trials, 
to study tumor molecular physiology with the 
potential to improve diagnosis, treatment selec-
tion, drug development, and pharmacodynamic 
monitoring of the effects of treatment. These 
tracers are likely to move closer to clinical use 
and to become a useful tool for personalized 
treatment [ 94 ].  

PET/CT

PTVs and OARs

Tomotherapy plan

  Fig. 22.6    A 50-year-old woman with metastatic breast 
cancer previously treated with hormone therapy and che-
motherapy. Patient performed radiotherapy on left breast, 
supraclavicular fossa, internal mammary lymph node 
(1991), and chest wall (2003). At follow-up control 
patient presents recurrence in mediastinal lymph node. 
Helical tomotherapy was planned on planning target vol-
ume ( PTV ) based on PET/CT image with a dose of 60 Gy, 
2 Gy/fraction       
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22.1.5     Lymphomas 

 Lymphomas often respond well to therapy, and 
survival rates are generally 90 % or higher when 
diseases are detected at early stages, making it 
one of the most curable forms of cancer [ 95 ]. The 
primary therapeutic modalities are CH and RT, as 
surgery does not often play a role in the manage-
ment of this disease. Accurate imaging is crucial 
to treatment strategy, and FDG-PET has become 
a useful imaging modality in the staging and 
treatment evaluation algorithm for lymphoma by 
providing unique metabolic information. 

 Most of the existing evidence in the literature 
on the contribution of PET/CT in lymphoma stag-
ing comes from studies performed in Hodgkin’s 
lymphoma (HL). PET/CT proved to be more sen-
sitive and specifi c than other conventional modal-
ities, including CT, for the evaluation of extent of 
LN and extra-LN disease. Stage variation occurs 
in nearly 25 % of patients, mostly to upstage dis-
ease, leading to a change in treatment strategy in 
nearly 10–15 % of them [ 96 ]. The role of a con-
trast-enhanced CT (CECT) performed simultane-
ously in the same diagnostic session with the PET 
scan is still a subject of debate. PET/CECT may 
be useful in patients with abdominal and pelvic 
involvement for delineating LN from adjacent 
bowel loops and vasculature [ 97 ]. 

 Prognostic value of PET/CT in baseline stag-
ing also has been reported in follicular lym-
phoma (FL), which is the most common indolent 
(slow- growing) form of non-Hodgkin’s lym-
phoma (NHL) (grade 3 more specifi cally). Le 
Dortz et al. found that a score value ≥2, what-
ever the Follicular Lymphoma International 
Prognostic Index (FLIPI) score, was the only 
predictive factor in multivariate analysis on 
treatment outcome. 

 In conclusion, PET/CT is strongly recom-
mended before treatment onset for patients in 
routine staging workup in most lymphoma subset 
with the exception of marginal extra-LN lym-
phoma, cutaneous lymphoma, and small lympho-
cytic lymphoma [ 98 ]. In HL, FDG-PET enables 
an early evaluation of the metabolic changes 
occurring during the induction treatment as early 
as after the fi rst [ 99 ], the second [ 100 – 103 ], and 

the third [ 104 ] cycle of CH (interim PET). In this 
regard, PET/CT yielded highly promising results 
as a surrogate of chemosensitivity for predicting 
tumor response and progression-free survival 
(PFS), with a sensitivity and specifi city of 
43–100 % and 67–100 %, respectively [ 105 ], 
even superseding the prognostic role of the 
International Prognostic Score [ 106 ]. 

 In April 2009 at a workshop on interim PET in 
lymphoma, simple and reproducible rules have 
been proposed for interim PET visual interpretation 
[ 107 ,  108 ], and these criteria have been recently ret-
rospectively validated [ 109 ]. Briefl y, the adopted 
rules include the following statements:

    (i)    visual assessment is preferred, but SUV 
determination can be used in some cases   

   (ii)    interim-PET interpretation should always be 
made by comparing the single foci of FDG 
uptake to those recorded in the baseline 
study   

   (iii)    intensity of FDG uptake should be graded 
according to a fi ve-point scale in which two 
reference organs, the mediastinal blood pool 
structures and liver, are used to defi ne differ-
ent grades of FDG uptake    

  Two recent meta-analysis, reviewing 34 stud-
ies comprehensive of 882 HL and 604 diffuse 
large B-cell lymphoma (DLBCL-NHL) patients, 
showed that FDG-PET performed after treatment 
is highly predictive of treatment outcome in 
terms of PFS and OS both in HL and DLBCL 
patients with and without residual masses, with a 
higher sensitivity for HL and a higher specifi city 
for DLBCL [ 110 ,  111 ]. Despite the good response 
to therapy, a residual mass can be demonstrated 
by radiological means in up to 80 % of HL and up 
to 40 % of NHL patients after completion of 
treatment [ 112 ,  113 ], even if only less than half 
of these masses will harbor residual disease. In 
advanced-stage HL, before the advent of func-
tional imaging for treatment response evaluation, 
involved fi eld RT was proposed for LN lesions or 
residual masses, as an integral part of a combina-
tion CH for HL, in particular ABVD (doxorubi-
cin, bleomycin, vinblastine, and dacarbazine) 
treatment [ 114 ]. 
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 More recently, PET/CT performed at the end 
of treatment for lymphoma proved effective in 
discriminating residual active disease from 
fi brotic masses, with a sensitivity of 43–100 % 
and a specifi city of 67–100 % [ 111 ]. Not surpris-
ingly, the negative predictive value (NPV) of the 
end-treatment PET depends on the effi cacy of 
the administered CH, as high as 94 % after an 
aggressive regimen, such as bleomycin, etopo-
side, doxorubicin, cyclophosphamide, vincris-
tine, procarbazine, and prednisone (BEACOPP) 
escalated in advanced-stage HL or as low as 
75 % after the low-intensity regimen vincristine, 
epidoxorubicin, bleomycin, cyclophosphamide, 
etoposide, prednisone (VEBEP) [ 115 ]. Another 
relevant role played by post-CH PET scan is to 
guide RT both in HL and DLBCL. Accurate 
TVD has become an essential component of 
radiation fi eld design, owing to treatment strate-
gies that now incorporate reduced radiation fi eld 
sizes and targeted conformal therapies [ 116 , 
 117 ]. In particular, radiation using involved node 
RT (INRT) or involved site RT (ISRT) restricts 
RT to the initially involved LNs with a margin, 
thus requiring more precision in identifying 
involved disease. FDG-PET information for 
defi ning target volumes for RT planning has also 
drawn great interest and has signifi cant value in 
monitoring response to therapy and predicting 
outcomes for patients with lymphoma. 
Pretreatment PET is required for the application 
of ISRT or INRT principles to early-stage HL 
and NHL [ 116 ,  118 ,  119 ], even if it is unfortu-
nately often logistically diffi cult to acquire a 
PET study in pre-CH phase. ISRT similarly 
restricts RT to the initially involved LN but 
allows for a larger margin to account for uncer-
tainties [ 116 ]. 

 Multiple studies have demonstrated that target 
volume alterations can occur when PET is 
obtained at the time of simulation for HL. Few 
studies, however, have specifi cally examined 
PET for radiation planning in a predominantly 
NHL population including other hematologic 
malignancies. The implications on TVD may dif-
fer for HL and NHL. Most studies examining the 
use of PET for radiation planning in HL have 

fused pretreatment PET scans obtained in the 
treatment position to posttreatment CT simula-
tion scans because PET is often negative at the 
completion of CH. In NHL, patients are often 
referred for defi nitive therapy; in that case, they 
are likely to have positive PET at time of radia-
tion. Although sensitivity and specifi city of PET 
is well defi ned in HL, its utility is more contro-
versial for low-grade NHL [ 120 – 122 ]. 

 Consistent data from multiple studies have 
established the role of post-therapy FDG-PET 
imaging for the prediction of recurrent HL and 
DLBCL [ 123 ]. An NPV and a positive predictive 
value (PPV) of 80 and 100 % were reported, 
respectively, for FDG-PET in the identifi cation 
of residual aggressive NHL after completion of 
fi rst-line CH [ 124 ,  125 ]. More recently, it was 
emphasized that end-of-treatment PET was 
highly predictive of PFS and OS, regardless of 
interim PET result in early-stage HL and per-
formed better than interim PET in the low-risk 
HL population [ 101 ,  126 ]. The revised IWG 
response criteria incorporated FDG-PET to 
accurately assess end-therapy persistent masses 
in both NHL and HL. Filippi et al. investigate the 
role of RT in patients affected with primary 
mediastinal B-cell lymphoma (PMBCL) with 
residual FDG- PET- positive disease after ritux-
imab CH, and their result indicates that approxi-
mately 50 % of PMBCL patients show residual 
disease at  FDG- PET scan after CRT. RT is able 
to convert to CR approximately 85 % of these 
patients, but those with a Deauville score of 5 
(10 %) appear at high risk of progression and 
death, and they might be candidates for intensi-
fi ed programs [ 127 ].  

22.1.6     Myelomas 

 Multiple myeloma (MM) is a hematologic neo-
plasm characterized by bone marrow invasion of 
a neoplastic clone of plasma cells, presence of 
bone lytic lesions, and extramedullary organ 
invasion in later stages of the disease. The dis-
ease course is heterogeneous with a patient sur-
vival ranging from a few months to more than a 
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decade. In this perspective, a still unfi lled need 
exists for reliable prognostic tool identifi cation 
in order to predict the individual disease out-
come in a single- patient basis. As in other solid 
and hematologic cancers, one of the most impor-
tant prognostic factors is tumor dissemination 
(or stage) at baseline; the most frequently 
involved organ is the bone and bone marrow 
[ 128 ,  129 ]. 

 The MM staging system was introduced in 
1975 by Durie and Salmon to allow patient 
stratifi cation with different tumor bulk by calcu-
lating the measurable theoretical myeloma cell 
mass. MM is yet incurable, and local therapies 
are frequently used to treat MM-induced lesions 
in the palliative setting and solitary osseous or 
extra- osseous plasmacytomas in the defi nitive 
setting. RT is used to treat bone pain, to manage 
areas at risk for pathologic fracture, and to ster-
ilize residual disease after surgery. MM is highly 
responsive to RT owing to its radiosensitivity, 
with clinical response rates as high as 97 % 
[ 130 – 132 ]. However, the emergence in the last 
decade of new imaging techniques, such as 
FDG-PET/CT and MRI, has provided new 
insights on tumor spread at disease onset and 
gradually revolutionized staging system devel-
oping a more integrating clinical and imaging 
approach, the Durie/Salmon PLUS myeloma 
staging. 

 Sensitivity of FDG-PET/CT proved very 
high for detection of extraskeletal lesions, while 
MRI outperforms FDG-PET/CT for detecting 
bone and bone marrow invasion by disease, 
especially for spine and pelvic localizations. 
PET/CT detected bone lesions mainly on the 
basis of their increased metabolic activity 
instead of any anatomical alteration. Moreover, 
it provided an accurate identifi cation of tumor 
viability that is useful for treatment planning 
and monitoring. FDG-PET/CT proved a power-
ful prognosticator in MM: metabolic target vol-
ume measurement at baseline and longitudinal 
studies aimed at assessing the role of minimal 
residual disease detection by FDG-PET/CT are 
the most innovative aspect of functional imag-
ing in this disease [ 133 ]. 

 Solitary plasmacytoma (SP) is potentially cur-
able malignant neoplasms of plasma cell lineage, 
often accompanied by a serum paraprotein (PP) 
or by urinary free light chain (Bence-Jones pro-
tein) excretion. They comprise approximately 
10 % of all plasma cell tumors, occurring as 
either solitary bone plasmacytoma (SBP) or as 
extramedullary plasmacytoma (EP) [ 134 ,  135 ]. 
Although RT can result in local control rates in 
excess of 80 % in both SPB and EP [ 136 ,  137 ], 
MM will ultimately develop in 50–70 % [ 138 –
 141 ] and <50 % [ 135 ,  140 ,  142 ,  143 ] of patients 
with SBP and EP, respectively. The majority of 
SBP will progress to MM within 3–4 years [ 144 ]. 
Prognostic factors for progression of SBP to MM 
include older age [ 145 ], increasing tumor size 
[ 146 ], and persistence of PP after RT [ 147 ]. 

 The frequent progression of SP to MM after 
defi nitive RT suggests that the staging workup 
has been insuffi ciently sensitive to detect occult 
systemic disease at presentation. FDG-PET/CT 
can play a useful role in the evaluation of patients 
with SP who are candidates for defi nitive RT or 
who have been treated with RT (Fig.  22.7 ). PET 
infl uenced the initial clinical management in 
35 % of patients who underwent staging PET 
scans as part of their workup before defi nitive 
RT. There is some indication in the literature that 
PET may be useful for response assessment in 
MM, but there is little information on response 
assessment on SP [ 148 ]. Persistence of FDG 
uptake for some months after RT in an irradiated 
SP does not necessarily indicate a bad prognosis 
or by itself constitute an indication for further 
treatment. In the absence of new lesions or a ris-
ing PP level, a period of observation may be the 
most appropriate course of action. PET can 
 reliably image known deposits of malignant 
plasma cell disorders and can image new sites of 
disease that are not apparent using other imaging 
modalities such as CT or MRI [ 149 ].

   Schirrmeister et al. [ 150 ,  151 ] reported that 
PET infl uenced patient management in 4 (27 %) 
of 15 cases of SP, by changing diagnosis or by 
accurately restaging disease. In patients with SP 
and negative PP levels, biochemical studies may 
not be useful for monitoring disease status after 
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local RT. In a rise of PP after therapy, imaging 
may distinguish local from distant disease 
 progression. PET/CT images can be directly 
imported into planning systems for contouring at 
the RT workstation, facilitating 3D BTV determi-
nation. PET can provide clear images of the 
extent of soft tissue extension of SP, even when 
the tumor edge is isodense with surrounding nor-
mal tissue on CT, and may be the best modality 
for planning treatment of a boosting dose of RT 
to the GTV after an initial wider fi eld treatment. 
Most series report the use of doses in the 
40–50 Gy range. 

 The radiation target volume for SP typically 
includes the whole affected bone and any soft tis-
sue extension. It is common practice to treat a 
smaller volume around the GTV with a boosting 

dose after an initial dose has been given to a 
wider fi eld. There is evidence for a dose-response 
effect for local control. Frassica et al. [ 138 ] 
reported a series in which 11 % of SPB cases 
developed local recurrences following treatment 
with a median dose of 39.75 Gy, but no cases of 
local failure occurred if ≥45 Gy was used. 
Mendenhall et al. [ 152 ], in a review of 81 cases, 
reported a 94 % local control rate with ≥40 Gy 
vs. a 69 % control rate with doses <40 Gy.  

22.1.7     Brain Tumors 

 Brain tumors include all tumors that arise inside 
the cranium, especially gliomas, which are inher-
ently serious and life-threatening because of their 

PET/CTCT

a b

c d

  Fig. 22.7    Patient with sternal solitary bone plasmacy-
toma undergone to radiotherapy treatment (30 Gy/10 frac-
tions). The comparison between CT and PET/CT before 

( a ,  b ) and after ( c ,  d ) radiotherapy treatment showed mini-
mal residual uptake ( red arrow ) on the treated lesion       
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invasive and infi ltrative character in the limited 
space of the intracranial cavity. Surgery, CH, and 
RT are the main treatment modalities for glio-
mas. RT as a primary treatment modality is 
mainly reserved for the inoperable cases; how-
ever, it is often employed in an adjuvant setting, 
particularly if there is residual tumor left behind 
after surgical resection. 

 RT continues to play an important role in the 
treatment of brain tumors. As an initial step in RT 
planning, patients undergo a CECT scan in the 
treatment position. MRI has been used to improve 
the accuracy of outlining tumors owing to the 
superiority of MR in identifying intracranial ana-
tomic structures. 

 Standard planning for RT relies on both 
gadolinium- enhanced T1-weighted (T1-Gad) 
and T2-weighted fl uid-attenuated inversion 
recovery sequences to image the contrast- 
enhancing portion of the tumor and peritumoral 
edema, respectively. By introducing MR fusion 
to CT planning, MR increased the clinical target 
volume (CTV) compared with that seen on CT 
and felt that the integration of MR data with CT 
information was of signifi cant practical value in 
treatment planning. In the RT of high-grade glio-
mas, the target volume is identifi ed using postop-
erative CT and MRI with intravenous contrast. 
The area of T1-Gad MRI is often used to defi ne 
the extent of GTV radiologically. However, sev-
eral pathologic studies have shown that the con-
trast enhancement may not represent the outer 
tumor border because infi ltrating glioma cells 
can be identifi ed well beyond the area of enhance-
ment [ 153 ]. Gadolinium contrast enhancement is 
also a nonspecifi c sign of blood-brain barrier dis-
ruptions and cannot accurately differentiate non-
specifi c postsurgical changes from residual tumor 
[ 154 ]. 

 Normal brain cells consume large amounts of 
glucose due to their high metabolic demand; 
therefore, FDG-PET alone is not suitable for 
brain tumor evaluation. Multimodality images 
including MRI or CT and FDG-PET are essential 
for accurate evaluation of brain tumors. However, 
due to increased proliferation and protein synthe-
sis, brain tumors also have increased amino acid 
uptake and upregulated amino acid transporters. 

Radiolabeled amino acid and its analogs are a 
class of tumor imaging agents that may be more 
suitable for tumors with high FDG background 
imaging. 

 PET imaging with MET, FLT, and CHO is a 
good option for functional imaging in brain 
tumor RT planning. MET, 18F-fl uoro- ethyl-
tyrosine (FET), and 18F-3,4-dihydroxy-6-  18 F-
fl uoro-l-phenylalanine (FDOPA) have been 
comparatively studied and produce very similar 
quality images for brain tumors [ 155 ], except that 
there is normal physiologic uptake of FDOPA in 
the basal ganglia. Uptake of MET and FET does 
not accumulate in normal anatomic structures of 
the brain. In a prospective study of the treatment 
of primary glioblastomas, poor coverage of MET 
uptake (which was not used for TVD) was associ-
ated with an increased risk of noncentral recur-
rence [ 156 ]. However, a prospective study of 
patients treated using FET-PET target volumes 
showed the observed pattern of failure to be pre-
dominantly central [ 157 ]. 

 Uptake of FET has been used to delineate 
radiation boost volumes. In a phase II trial of 
dose escalation for glioblastomas, a simultaneous 
integrated boost of 72 Gy in 30 fractions deliv-
ered to an FET-PET-defi ned PTV, concurrent 
with 60 Gy in 30 fractions delivered to a tradi-
tional MRI defi ned PTV, did not lead to a survival 
benefi t [ 158 ]. In a retrospective series relating the 
results of MRI and FET-PET to the outcome of 
biopsy, Pauleit et al. found a higher sensitivity 
and specifi city of combined MRI and FET-PET 
for biopsy selection as compared to MRI only 
[ 159 ]. Data previously published by Niyazi et al., 
showed that targets delineated by means of FET 
uptake were 30 % larger than those solely based 
on MRI [ 160 ]. Piroth et al. conducted a phase II 
trial investigating the possible benefi t of FET 
adapted local dose escalation [ 161 ]. In their 
cohort ( n  = 22), the FET-PET volume was almost 
twice as large as the Gad-enhanced MRI volume. 
Both groups used fi xed LN thresholds of 1.5 and 
1.6, respectively. Moreover, Grosu et al. pub-
lished data of improved but enlarged target vol-
umes for both meningioma and glioma when 
integrating MET-PET into the planning proce-
dure [ 162 ]. 
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 Creating the PTV without integrating FET- 
PET would have resulted in missing a mean vol-
ume proportion of 17 % of the FET-positive 
tissue. However, to date, there is no evidence 
from prospective randomized and controlled tri-
als that inclusion of this volume would convert 
into a clinical benefi t. If all FET-positive lesions 
are considered to be tumor tissue not visible in 
MRI, it is essential to include these regions into 
the target volume. Knowing that most glioma 
recurrences are located within or at the margin of 
the initial RT fi eld, this fi nding may emphasize 
the importance of conducting FET-PET/CT prior 
to RT. Currently, a randomized controlled trial 
evaluating MRI-based contouring in comparison 
to FET-PET for recurrent glioma is being planned 
under the auspices of the German Neuro- 
Oncology Group. 

 Biologically based treatment planning with 
FDOPA-PET may also be possible because there 
is a correlation between FDOPA uptake, cell den-
sity, and cell proliferation in newly diagnosed 
tumors [ 163 ]. FDOPA provides equivalent visual 
and quantitative SUV information to MET but 
offers a signifi cantly longer physical half-life of 
18F (109 min) compared with 11C (20 min). This 
is signifi cant, as 11C tracers can be used only at 
institutions with an on-site cyclotron, limiting 
their use to essentially large academic centers 
and not generally applicable in practice. Normal 
uptake of FDOPA in the basal ganglia can present 
challenges when trying to distinguish between 
normal brain and adjacent tumor, which is absent 
with FET-PET uptake. Pafundi et al. reported that 
FDOPA-PET may more accurately identify 
regions of higher-grade/higher-density disease in 
patients with astrocytoma and will have utility in 
guiding stereotactic biopsy and RT targeting 
[ 164 ]. Future studies will investigate the role of 
FDOPA-PET with relative cerebral volume in 
perfusion MRI for targeting the most aggressive 
disease components and to determine whether 
biologically based treatment planning with 
FDOPA-PET/CT can improve outcomes for 
high-grade gliomas. 

 Finally, the amino acid PET tracer alpha-
[11C]methyl-L-tryptophan (AMT) is trans-
ported in tumor tissue by the L-type amino acid 

transporter but is not incorporated into proteins 
[ 165 ]. Instead, AMT is utilized by the kynuren-
ine immunomodulatory pathway [ 166 ,  167 ]. 
Under pathologic conditions, induction of this 
pathway’s rate-limiting enzyme, indoleamine 
2,3-dioxygenase, leads to increased metabolism 
of tryptophan and thus AMT accumulation via 
the kynurenine pathway [ 168 ,  169 ]. This path-
way plays an important role in brain tumor 
pathogenesis [ 170 ]. Christensen et al., found 
that retrospectively created GTVs based on 
 preoperative AMT-PET, either alone or in con-
junction with postoperative MRI fi ndings, dem-
onstrating signifi cant discordance with the 
standard clinical high-risk GTV generated via 
T1-Gad fi ndings alone. Importantly, there was 
no signifi cant difference in volumetric size of 
the GTVs determined by AMT-PET relative to 
those determined by MRI alone. Despite this, 
the investigational AMT volume offered supe-
rior coverage of the volume of initial progres-
sion when compared to the standard MRI-based 
GTV. Ideally, increased accuracy of GTV defi -
nition would allow for smaller empiric safety 
margins for microscopic spread that determines 
the CTV. 

 These fi ndings and the associated methodol-
ogy need to be prospectively confi rmed and 
refi ned in a larger patient population, which will 
also allow inclusion of known predictors of glio-
blastoma progression, prior to attempts to affect 
clinical outcome with PET-driven escalation of 
therapy fi elds.  

22.1.8     Gynecological Malignancies 

 The potential role of PET was largely recognized 
and integrated into the RT treatment for some 
gynecological malignancies (Fig.  22.8 ). In par-
ticular FDG-PET has been demonstrated to be 
useful in patients with cervical cancer candidate 
to RT; preliminary data suggest a potential use 
also in patients with endometrial cancer, uterine 
sarcoma, and ovarian cancer. In cervical cancer 
stage IB1-IIA, patients may be treated with either 
radical hysterectomy or CRT, which is associated 
with similar cure rates [ 171 ]. In accuracy unfor-
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tunately, most of the present diagnostic modali-
ties have limitations leading to discrepancies 
between pre- and postoperative evaluation and 
staging [ 172 ]. This may result in the necessity to 
refer patients to chemo-RT following radical hys-
terectomy. Several studies have demonstrated a 
high incidence of short- and long-term side 
effects of combined therapy (i.e., surgery and 
RT), as compared to RT alone, with no signifi cant 
benefi t in OS.

   There are a few major indications for referring 
patients to RT following surgery. The fi rst indica-
tion occurs when positive LN is diagnosed during 
the postoperative pathological examination. This 
may be due to the relatively low sensitivity of 
MRI, PET/CT, and CT scans in detecting pelvic 
and para-aortic affected small LN (40–70 %) 

[ 172 ]. PET/CT has been extensively used for LN 
assessment during the last decade and has proved 
valuable in accurate assessment of LN metasta-
ses. Various studies reported the specifi city, sen-
sitivity, PPV, and NPV of PET/CT for diagnosis 
of extracervical lesions to be 94–100 %, 60–77 %, 
90 %, and 74 %, respectively, with an accuracy of 
94 % [ 173 ]. Other indications include high tumor 
grade, tumor invasion into the cervical stroma, 
lymph and vascular space invasion, and involved 
or close margins. 

 Few studies have investigated the utility of 
SUV max  in patients with cervical cancer. In a large 
study involving 240 patients, Kidd et al. and 
Grigsby et al. showed a correlation between 
SUV max  and tumor grade. Other studies have 
attempted to establish the use of SUV max , in para-
aortic LN as a predictor of recurrence and death 
[ 173 ]. Others have attempted to correlate SUV max  
at the primary tumor site with outcome and with 
recurrence [ 174 ]. Some have attempted to iden-
tify SUV max  cutoff values for predicting treatment 
response and prognosis. This is now used by 
some medical centers in order to estimate resid-
ual tumor following primary RT [ 175 ,  176 ]. To 
date, however, no studies have attempted to 
adjust treatment modality based on SUV max . PET/
CT in the primary evaluation of operable cervical 
cancer can help in the optimal selection of 
patients for surgery such that multimodality treat-
ment with its attendant increase in morbidity is 
avoided. 

 For International Federation of Gynecology 
and Obstetrics (FIGO) stages IIB to IVA cervical 
cancer, CRT is the standard treatment [ 177 ]. A 
randomized trial showed that hysterectomy after 
CRT does not increase toxicity and improves 
LRC [ 178 ]. For tumors larger than 4 cm, there 
might be a survival benefi t in favor of extrafascial 
hysterectomy after CRT [ 178 ]. IMRT and 
intensity- modulated arc therapy (IMAT) have 
major advantages compared to conventional 
RT. There is proof of improved cause-specifi c sur-
vival and signifi cantly reduced dose received by 
small bowel, rectum, bladder, and bone marrow 
[ 179 ]. The implementation of IMAT has been 
facilitated by incorporating MRI and FDG- PET/
CT in the RT planning [ 180 ,  181 ]. MRI is 

  Fig. 22.8    Patient with vaginal tumor relapse performed 
tomotherapy treatment on pelvis and inguinal lymph node 
with simultaneous integrated boost to 66 Gy/28 fractions 
and showed a complete response at 11 months (data not 
shown)       
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 considered almost as a necessity in modern RT 
planning for cervical cancer, although the 
American College of Radiology Imaging Network 
Intergroup study recognized the low accuracy of 
MRI to diagnose minimal parametrial extent 
[ 182 ]. Recently, Vincens et al. published their 
experience with MRI performed on 44 patients 
treated with CRT, brachytherapy, and subsequent 
surgery for FIGO IB2-II cervical cancer. Their 
results demonstrate that surgery is safe after CRT 
and that MRI performs excellent in predicting 
resectability of the tumor. The sensitivity, speci-
fi city, and NPV for MRI concerning the end point 
“no residual disease or only isolated cells” was 
80 %, 55 %, and 83 %, respectively [ 183 ]. 

 It is well known that FDG-PET/CT is superior 
in detecting LN to CT alone leading to improved 
coverage of target volumes and modifi ed radiation 
fi elds in 20 % of patients [ 184 ]. SUV max  at diagno-
sis has been reported to predict disease- free sur-
vival and OS [ 175 ]. Post-therapy FDG uptake is 
inversely correlated with cause-specifi c survival 
and OS [ 185 ]. The use of FDG-PET/CT during RT 
to predict outcome is not unequivocally proven 
[ 186 ]. There is mounting evidence that FDG-PET/
CT has an increasing role in the management of 
ovarian cancer, with its main indication to detect 
tumor recurrence in presence of rising CA-125 
serum values and negative conventional imaging 
studies. The benefi ts of the use of FDG-PET/CT in 
these settings have been largely reported, with a 
sensitivity of more than 90 % in detecting occult 
metastases. Zimny et al. documented that FDG-
PET/CT preceded the conventional diagnosis by a 
median of 6 months in patients considered clini-
cally free of disease [ 187 ]. It has been recently 
reported in a prospective multicenter with a cohort 
of 90 patients the impact of FDG-PET/CT in sus-
pected recurrent ovarian cancer, affecting disease 
management decisions in 60 % of the cases with a 
much higher detection rate compared to conven-
tional imaging [ 188 ].  

22.1.9     Colorectal Cancer 

 Colorectal carcinoma (CRC) is the third most 
common cause of malignancy in both men and 

women and the second most common cause of 
death in the Western world. Rectal cancer is chal-
lenging because of its unique anatomical charac-
teristics (i.e., partial covering by peritoneum), 
critical position, and therapeutic options (aimed 
at preserving pelvic fl oor integrity, sphincter con-
tinence, and genitourinary functions) [ 189 ]. The 
study of rectal cancer showed that CRT provides 
preoperative best results in terms of local control 
and toxicity compared with postoperative 
CRT. The preoperative CRT has thus become 
standard of care in the treatment of advanced but 
operable rectal cancer [ 190 ]. 

 Two recent phase III trials have shown that the 
addition of 5-fl uorouracil to preoperative RT 
improves local control and roughly triples the 
pathological complete response (pCR) rate com-
pared to RT alone [ 191 ,  192 ]. The obtaining of a 
pCR is of great importance because it is strongly 
associated with a good prognosis [ 193 ]. The rate 
of pCR is now considered the primary focus of 
many studies of phases II and III. In an attempt to 
improve the pCR rate and the overall progress of 
the disease, researchers have associated with the 
RT new drugs such as capecitabine, oxaliplatin, 
irinotecan, raltitrexed, or “targeted agents” such 
as bevacizumab, cetuximab, or gefi tinib. Most 
patients are subject to signifi cant shrinkage of the 
primary tumor during CRT, and recent results 
suggest that the degree of response during CRT 
according to both morphologic and functional 
parameters may be predictive of good outcome 
after surgery. The idea of exploiting tumor shrink-
age to condense an adaptive boost to the residual 
tumor could permit a larger dose escalation with-
out signifi cantly increasing toxicity [ 194 ]. 

 To fi nd a better therapeutic approach, PET 
was also considered. FDG-PET/CT evaluates the 
metabolic activity being useful in the process of 
staging, restaging, and assessment of response to 
treatment [ 195 ]. In a meta-analysis of 3080 
patients with CRC from 111 datasets, Kinkel 
et al. [ 196 ] found that the mean weighted sensi-
tivity for detecting hepatic metastases was 55 % 
for ultrasound, 72 % for CT, 76 % for MRI, and 
90 % for FDG-PET. A prospective study of 73 
patients with liver metastatic CRC [ 197 ] showed 
that CECT missed extrahepatic disease in 33 % 
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of the cases, whereas PET/CT failed to detect dis-
ease in only 11 % of the cases. A limitation asso-
ciated with PET/CT is inability to distinguish 
between chronic infection and tumor because as 
both associated with increased FDG uptake. In 
addition, in a number of small studies analyzing 
the ability of PET/CT and MRI to detect subcen-
timeter liver metastases, MRI resulted superior 
than PET/CT with a higher sensitivity and speci-
fi city for detection, particularly with the use of 
newer MR hepatobiliary-specifi c contrast agents 
[ 198 ]. Hence, MRI appears to be the modality of 
choice for detecting hepatic metastases smaller 
than 10 mm. 

 Some studies also document the positive 
impact of PET/CT on tumor delineation for RT 
planning in rectal cancer [ 199 ,  200 ]. The PET- 
derived GTV strongly correlated with the 
CT-derived GTV ( r  2  = 0.84;  p  < 0.01) and with the 
volume determined by subsequent anatomic- 
pathologic analysis ( r  2  = 0.77;  p  < 0.01). The use 
of PET/CT-derived GTV allowed external beam 
therapy to adequately cover N1 LN stations in the 
perirectal soft tissues. Studies of GTV delinea-
tion by MRI compared with PET/CT have shown 
that MRI tends to overestimate GTV. However, 
the clinical signifi cance of GTV variance between 
MRI and PET on management has yet to be 
established [ 200 ,  201 ]. In patients with rectal 
cancer, preoperative hypofractionated RT results 
in an improved local tumor control, whereas pre-
operative treatment with CRT results in a signifi -
cant down staging of the tumor [ 202 ]. In 15–30 % 
of the patients being preoperatively treated with 
CRT, even complete tumor regression is observed 
6–8 weeks after completion of the CRT [ 203 ]. 
Patients with a pCR after preoperative treatment 
with CRT have better long-term outcome than 
patients presenting with a pathological partial 
response (pPR). pCR might be indicative of a 
prognostically favorable biological tumor profi le 
with a lower probability for local or distant recur-
rence and improved survival. 

 An important strategy to improve local tumor 
control might be escalating the radiation dose, in 
view of the fact that a higher radiation dose has 
been shown to yield a higher local control rate. 
However, the increase of radiation dose is limited 

by the toxicity to surrounding normal tissues. 
One possibility to achieve a higher radiation dose 
to the tumor without additional damage to nor-
mal tissues would be to increase the dose to par-
ticular subparts of the tumor based on the 
intra-tumor heterogeneity visualized using func-
tional imaging [ 204 ]. There is a growing interest 
in nonuniform dose distribution techniques like 
dose painting or subvolume boosting to increase 
the rate of local tumor control [ 205 ]. Selective 
irradiation of tumor subvolumes of potentially 
radioresistant regions within the tumor along 
with a decrease in radiation dose to less resistant 
regions could even increase local tumor control 
rates with equal or decreased levels of side 
effects. However, before the potential of nonuni-
form dose distributions can be used in clinical 
practice for rectal cancer patients, the regions in 
the tumor with an increased resistance to treat-
ment should be defi ned accurately. Especially for 
subvolume boosting with RT, accurate knowl-
edge about the orientation and location of the 
tumor is required prior to each RT fraction. 

 For rectal cancer, pCR after preoperative treat-
ment with CRT was found to result in better 
 long- term outcome, a low probability for local 
and distant recurrence, as well as improved sur-
vival when compared to the patients presenting 
with a pPR. Relationships between residual met-
abolic uptake and long-term outcome and the 
probability for recurrence have not yet been 
proven for rectal cancer. Therefore, a  multicentric 
study on response prediction for rectal cancer is 
started using multivariate analysis with nomo-
grams [ 206 ]. Preliminary results show that one of 
the criteria found to be highly predictive for the 
probability on distant metastases and local recur-
rence within 5 years was the presence of residual 
(PET- positive) disease after preoperative treat-
ment with CRT. One of the limitations of FDG-
PET- based response monitoring is the increased 
FDG uptake in (peritumoral) infl ammatory cells 
induced by RT treatment [ 203 ]. For the patients 
with a visually observed peritumoral infl amma-
tory response on the PET images, the infl amma-
tory response was also reported by the pathologist 
after examination of the resected specimen. High 
FDG uptake regions within rectal tumors prior to 
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CRT can identify the location of the residual met-
abolic active areas after treatment. If those zones 
may be located with high accuracy, dose escala-
tion in high FDG uptake zones within the tumor 
is expected to result in a higher rate of local 
tumor control or even a pCR after preoperative 
treatment with CRT [ 207 ]. 

 FDG-PET/CT is a reliable technique for the 
assessment of response to CRT in locally 
advanced rectal cancer (LARC); the combination 
of the visual and semiquantitative analysis 
increases the diagnostic validity, in order to con-
sider the most conservative surgical treatment 
[ 208 ]. The prognostic and predictive impact of 
FDG-PET/CT baseline in patients with LARC 
treated with neoadjuvant CRT as an alternative 
approach was documented [ 209 ]. Furthermore, 
Calvo et al. [ 210 ,  211 ] assessed that FDG-PET 
may be useful in assessing the response of CRT 
in LARC and suggested that the initial SUV max  
may be of prognostic value with regard to the 
outcome of the patient in the long term. Denecke 
et al. [ 212 ] published that FDG-PET is superior 
to CT and MRI in predicting response to preop-
erative treatment of LARC. Furthermore, the fea-
sibility of the inclusion of MRI and FDG-PET/
CT, performed before, during, and after chemo 
preoperative RT in treatment planning in the 
course of therapy was also demonstrated [ 213 ].  

22.1.10     Prostate Cancer 

 PCa is an age-related disease and is most com-
mon in men age 65 and older. The natural history 
of PCa is very slow, and typically, patients with 
early-stage disease are asymptomatic. However, 
advanced-stage PCa with metastases is life- 
threatening. Hormonal therapy, surgery, and RT 
are the mainstays of PCa treatment. For RT plan-
ning in PCa patients, accurate mapping of the 
primary tumor, LN, and possible distant meta-
static sites is critical for delivering an effective 
treatment while minimizing treatment-associated 
morbidity. The specifi city of CHO-PET/CT in 
the detection of primary PCa has shown in 
numerous studies to be limited due to its limited 
potential in differentiating between benign pros-

tatic lesions and PCa [ 214 ]. Nevertheless, CHO-
PET/CT has been reported as a promising 
imaging biomarker in PET/CT imaging for RT 
planning in primary PCa by enabling identifi ca-
tion of dominant intraprostatic regions, and a 
boost dose can be delivered (range 84–100 Gy); 
in particular, simultaneous integrated boost (SIB) 
IMRT, which might improve tumor control in 
comparison to a standard IMRT plan, allows dose 
escalation to intraprostatic regions with only 
minor increases in the probability of normal tis-
sue complications in OAR [ 215 ]. SIB was defi ned 
in some studies as a tumor-to-background uptake 
value ratio of >2 [ 216 ], in others as a threshold 
value of 60 % of the CHO SUV max  that was also 
the best threshold showing the highest overlap 
between the PET volume and histopathology 
[ 217 ]. 

 SUV mean  and SUV max  were dependent on prog-
nostic risk factors such as T-stage and Gleason 
score. More aggressive PCa (with high Gleason 
scores) can be more readily detected using CHO-
PET/CT. This has also been shown for MRI and 
MR spectroscopy [ 218 – 220 ]. 

 CHO-PET signals for the prostate provided 
adequate spatial information for delineation of 
the whole prostate for external beam radiation 
therapy (EBRT). However, CHO-PET signals 
within the prostate present limitations for defi n-
ing subvolumes for internal boost because of 
insuffi cient differentiation between normal pros-
tate tissue and cancer. The use of CHO-PET/CT 
for RT planning in the primary setting with 
respect to irradiation of LN metastases is diffi cult 
due to limitations in CHO-PET/CT for LN stag-
ing. It was reported a limited sensitivity of 60 % 
for the detection of LN metastases [ 221 ] due to a 
false-positive fi ndings in the presence of infl am-
matory changes [ 222 ]. Thus, detection of every 
single LN metastases is challenging [ 223 ], which 
limits its feasibility for irradiation of single 
LN. PET/CT prior to RT might be useful in high-
risk PCa to detect LN metastases which might be 
included in the conventional irradiation fi eld 
(instead of irradiation of single LN). 

 RT is commonly used in the treatment of pri-
mary and metastatic PCa lesions [ 224 – 226 ] 
(Fig.  22.9 ). Among various imaging modalities 
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available for localizing the site of recurrence, the 
use of CHO-PET/CT has proved to be a valuable 
tool for restaging patients with PCa with bio-
chemical failure and particularly for detecting 
LN recurrences in providing better results than 
conventional imaging modalities, even in those 
with low serum PSA values [ 227 ,  228 ]. Some 
studies validated by open pelvic/retroperitoneal 
lymphadenectomy have shown good specifi city 
and PPV of CHO-PET/CT in restaging LN 
metastases [ 229 ]. Several studies have investi-
gated the potential value of CHO-PET/CT-guided 
RT in patients with PCa recurrence [ 11 ], espe-
cially pertaining to local and LN recurrence 
reporting a biochemical relapse-free survival of 
40 % with a median follow-up of 2-years [ 230 ] 
and 75 % with median 3.8-years follow-up after 

salvage RT [ 231 ]. In the majority of patients (84 
%), no or mild late side effects were observed 
[ 232 ]. In addition, the majority of the authors 
reported that 18F- labelled CHO-PET/CT plan-
ning could be helpful in dose escalation allowing 
boost doses higher than 60 Gy to metastatic LN 
regions [ 232 ]. Stereotactic body RT was investi-
gated to treat limited LN recurrences, as detected 
by CHO-PET with good results: 3-year follow-
up, OS, disease-free survival, and local control 
rates were 92 %, 17 %, and 90 %, respectively 
[ 233 ]. In addition SRT has shown the best results 
with respect to the outcome in patients with a 
PSA level <1 ng/ml in those with biochemical 
recurrence after RP [ 234 ].

   Taking into account the limited lesion-based 
sensitivity of CHO-PET/CT for detecting LN 

a b

c d

  Fig. 22.9    11C-choline PET/CT performed in patient 
with prostate cancer recurrence as a guide for treatment 
planning. Helical tomotherapy high dose moderately 
hypofractionated (67.2 Gy/28 fractions) was performed 

on common iliac lymph node ( red arrow ) resulted positive 
at 11C-choline PET/CT ( a ,  c ). Four months after treat-
ment 11C-choline PET/CT could detect a complete meta-
bolic response ( b ,  d )       
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recurrence as well as its inability to identify micro-
metastases due to its limited spatial resolution, the 
approach which includes lymphatic drainage in 
the irradiation fi eld with an additional boost to 
PET-positive LN seems to be conceptually more 
useful than irradiation of single LN. However, 
there are very few data on the irradiation of oligo-
metastases in recurrent disease [ 235 – 237 ]. 

 Radiation can be delivered with external beam 
radiation therapy (EBRT) or stereotactic body RT 
(SBRT). EBRT is usually delivered to wider vol-
umes using 3D Conformal RT or IMRT. IMRT is 
now commonly employed in radical or post- 
prostatectomy setting, in particular if a pelvic LN 
irradiation is necessary. As far as salvage setting 
is concerned, prophylactic irradiation of pelvic 
LN area might play a potential role owing to the 
risk of occult LN metastases. The role of adju-
vant RT after salvage surgery for a LN relapse 
has been investigated with promising results as 
prognostic role [ 230 ,  238 ]. The utility of CHO-
PET/CT for patient stratifi cation prior to RT in 
differentiating between patients with local dis-
ease and those with systemic disease has been 
assessed. Since an early diagnosis of recurrent 
PCa and the exact localization of the site of recur-
rence (local recurrence, LN involvement, or sys-
temic recurrence including bone metastases 
which is related to a poor prognosis) have a direct 
infl uence on therapeutic strategy, CHO-PET/CT 
can aid in detection and localization of recurrent 
PCa for disease management and selection of 
individualized therapy strategies. 

 In addition to 11C- labelled CHO, also 18F- 
labelled CHO [ 239 ,  240 ] and ACE [ 241 ], may be 
considered in planning RT of PCa patients. 18F- 
labelled CHO presents a very similar behavior to 
11C- labelled CHO in PCa patients. The most 
striking difference between the two tracers is the 
urinary elimination that is high for 18F- labelled 
CHO, being an important disadvantage for imag-
ing prostate region. Conversely, 18F- labelled 
CHO imaging has the advantage of a longer half-
life (approximately 110 min vs. 20 min of 11C- 
labelled CHO) allowing transportation from one 
single cyclotron center to several PET centers. In 
studies of RT dose escalation, 18F- labelled CHO 
has been used to delineate GTV and to generate 
the PTV in patients with intraprostatic lesion, 

attempting to reduce irradiation dose to the blad-
der and the rectum. A recent meta-analysis about 
the diagnostic performance of 18F- labelled CHO 
and 11C- labelled CHO-PET/CT in the LN stag-
ing of PCa showed a pooled sensitivity of 49.2 % 
(95 % confi dence interval [CI], 39.9–58.4) and a 
pooled specifi city of 95 % (95 % CI, 92–97.1) 
[ 242 ]. 

 Analogously, ACE also is a valuable PET 
tracer for imaging PCa, being used both for pri-
mary PCa and metastatic sites. The role of ACE as 
an image guide for RT planning has been evalu-
ated in patients with intracapsular PCa with prom-
ising results [ 243 ]. However, data are still limited 
to establish its clinical role in RT planning.  

22.1.11     Imaging Hypoxia 
in Radiotherapy 

 Hypoxia in tumors occurs because the oxygen 
demands exceed the oxygen supply. The growth 
and development of solid tumors requires the for-
mation of a functional vascular supply, which 
evolves from the normal host vascular network 
by the process of angiogenesis. Although chronic 
hypoxia obviously depends on a diffusion limita-
tion of oxygen, the actual distance from the blood 
vessel at which it exists can be highly variable, 
and even cells next to the blood vessel can be at 
intermediate levels of hypoxia and show a 
reduced radiation sensitivity [ 244 ,  245 ]. The 
most obvious way is to identify those patients 
whose tumors contain signifi cant levels of 
hypoxia and thus require some additional treat-
ment to overcome the hypoxic cell-induced radi-
ation resistance. Another potential application of 
imaging would be in using it to decide the radia-
tion dose delivered to the tumor [ 246 ]. Two strat-
egies have been suggested [ 21 ,  247 ]: one strategy 
simply involves increasing the radiation dose 
homogenously to the GTV, in which a substantial 
hypoxic fraction has been identifi ed. However, 
raising the dose uniformly has the potential to 
increase the dose to the surrounding normal tis-
sue and thereby to increase proportionally the 
risk for adverse reactions. The second strategy 
uses hypoxia imaging data to defi ne a BTV. In 
this situation, one could then keep the total radia-
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tion dose constant, but redistribute the dose 
within the GTV, thus raising the dose to the 
hypoxic areas with a compensatory dose- 
reduction to the non-hypoxic regions. 

 Hypoxia is one of the most important prog-
nostic factors in RT of several types of cancer, for 
example, HNC, sarcoma, and cancer of the cer-
vix uteri, infl uencing long-term survival as well 
as local tumor control [ 248 – 250 ]. A variety of 
methods for measuring oxygen levels in tumor 
tissue and assessing hypoxia have been devel-
oped [ 251 ,  252 ]. A promising noninvasive 
method for measuring hypoxia is PET with 
FMISO showing specifi c uptake in hypoxia [ 58 , 
 253 ,  254 ]. An analysis of FMISO kinetics and 
uptake prior to RT in HNC revealed a prognostic 
value of typical kinetic patterns [ 255 ,  256 ]. 

 More recently, FAZA has been proposed as 
hypoxia radiotracer; FAZA was improved with 
respect to FMISO for its behavior, such as lower 
lipophilicity than that of FMISO [ 257 ]. As a con-
sequence, FAZA rapidly enters cells where it is 
readily available for accumulation in hypoxic tis-
sues and shows more rapid clearance from non- 
target tissues [ 258 ]. 

 An alternative range of compounds for 
hypoxia imaging has been developed based on 
ATSM being the most extensively evaluated, 
with applications in tumor and myocardial 
hypoxia imaging [ 259 – 261 ]. Importantly, ATSM 
has shown greater sensitivity to changes in tissue 
oxygen concentration than FMISO [ 262 ]. PET 
tracers, and particularly nitroimidazoles, are 
probably the most proper method to directly 
identify the presence of hypoxia. Conversely, 
those based on blood perfusion provide indirect 
measurements thus being less specifi c. Although 
PET imaging with specifi c hypoxia tracers are 
very promising, clinical data confi rming their 
role in predicting patient outcome are still needed. 
In addition, there is also the need to establish the 
clinical role of the use of hypoxia tracers for 
increasing radiation dose delivered to hypoxic 
tumor subvolumes, representing this topic a rele-
vant clinical implication in radiation oncology. 

   Conclusions 

 During the last 20 years, the continuous tech-
nological progress has revolutionized the role 

of PET scan also in radiation oncology. 
Moving from its original role for tumor stag-
ing and restaging PET/CT has become a cru-
cial modality for tumor prognostication: as a 
new tool for tumor volume and spread mea-
surement at baseline and for treatment tailor-
ing. Challenges for its use with MRI in a 
single-shot scan (PET/MRI) with the use of 
innovative PET tracers are opening new fron-
tiers for the radiation medical imaging 
research. In parallel, technologic advances in 
RT planning and delivery have made highly 
conformal and accurate treatments a reality. 
Integration of PET into RT planning is thus a 
natural evolution of both technologies, as a 
method of accurate target defi nition both at 
the beginning and at the end of treatment but 
also during potentially adaptive treatment that 
is dependent on tumor response.       
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 defi nition and assumptions , 325–326  
 impulse input function , 329  
 impulse response function , 329, 330  
 input function 

 continuous infusion , 346–347  
 dispersion function , 345  
 HPLC , 344  
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 parameters , 49  
 projection radiography , 49–50  
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   Data correction 
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56–57  
 SSDE , 56–57  
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  Electromagnetic (EM) radiation 
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 electric and magnetic fi eld , 4  
 electromagnetic spectrum , 4–5  
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   Epidermal growth factor receptor 
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   Events , 175–176  
   Ewing’s sarcoma , 564–565  
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 optimisation , 43–46  
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 instantaneous dose rates , 41–42  
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 residual solvents , 120  
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 biomolecules    (see  Biomolecules )  
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 CGMP    (see  Current good manufacturing practice 
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 drug product , 147  
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 process verifi cation , 165  
 QA , 163  
 QC , 163  
 radioactive drug , 162  
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 bacterial endotoxins , 125  
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 radiochemical identity , 124  
 radiochemical purity , 126  
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 sterility , 125  
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 half-life , 94  
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   Gamma model , 270  
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 ionization chamber , 29–30  
 ionization region , 28  
 ion pairs , 28  
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   Gel-clot technique , 110  
   Gibb’s effect , 360  
   Good manufacturing practice (GMP) 

 challenges , 137–138  
 clinical trial , 131  
 components , 136  
 documentation , 131–132  
 drug development 

 clinical studies , 133  
 EMA , 134–135  
 preclinical development , 132  
 toxicology , 132–133  

 equipment , 136  
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 materials , 136  
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 personnel , 136  
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 regulatory agencies , 128–129  
 risk assessment , 139–140  
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 dopaminergic system , 521  
 metabotropic glutamate receptors , 523  
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 rhodopsin family , 522–523  
 serotonergic system , 518–520  
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  Image reconstruction 

 backprojection fi ltering , 261, 263–264  
 central slice theorem , 261–262  
 data correction 

 acquisition pro-cess , 275–276  
 attenuation correction , 276  

 normalization , 276  
 scattered and random events , 276–277  

 data formation and storage , 260–261  
 image calibration , 277  
 line integral model , 261–262  
 model-based statistical reconstruction 

 clinical datasets , 264  
 image noise , 274  
 image property measurement , 

274–275  
 image resolution , 273–274  
 MAP estimator    (see  Maximum-a-posteriori 

(MAP) estimator )  
 maximum likelihood , 267–270  
 noise model , 265–266  
 system model , 266–268  

 parametric reconstruction , 279–280  
 3D data , 263–265  
 TOF , 277–279  

   Independent Gaussian model , 270  
   Instrumentation 

 coincidence processor , 230  
 data acquisition , 180  
 datafl ow , 230–231  
 detector design , 178–180  
 detector fl ood maps , 231–233  
 photosensor , 178  
 scintillation detector , 176, 178  
 signal processing , 180  
 sinogram 

 crosshatch pattern , 235  
 detector controller , 235–236  
 detector failure , 235–236  
 electronics , 235–236  
 FOV , 234  
 image reconstruction , 233–234  
 LOR , 233–234  
 uni-form cylinder phantom , 235  
 visual inspection , 236  

 system design , 180  
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   Intensity-volume histogram (IVH) , 
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   Ion channel-coupled receptors 
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   Line integral model , 261–262  
   Line of response (LOR) , 233–234  
   Locoregional control (LRC) , 580–581  
   Lung cancer (LC) , 581–583  
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   Lymphoma , 432, 434–435, 587–588  
  18 F-FDG 

 initial staging , 556–557  
 relapse/recurrence , 558  
 response assessment , 557–558  

 Hodgkin’s disease , 554–555  
 non-Hodgkin’s lymphoma , 555–556  
 PTLD , 558–560  

    M 
  Major depressive disorder (MDD) , 491–492  
   Marketing authorisation (MA) , 130–131  
   Markov random fi eld (MRF) , 271  
   Maximum-a-posteriori (MAP) estimator 

 anatomical prior , 271–272  
 non-convex function , 271  
 prior function 

 Gibbs distribution , 270–271  
 independent Gaussian and Gamma model , 270  
 MRF , 271  
 regularization function , 269–270  
 smoothness/anatomical information , 270  
 total variation , 271  

 reconstruction algorithm , 272–273  
   Maximum likelihood (ML) , 267–270  
   MIASYS , 289  
   Morphological features , 287  
   Motion artifacts 

 application , 380  
 average CT 

 end-inspiration , 389  
 4D-CT imaging , 388, 393–394  
 GE scanner , 387  
 radiation therapy , 389–392  
 slow-scan , 387, 389  
 transmission rod sources , 387  
 whole-body , 389  

 brain images , 380, 381  
 causes of , 380, 382, 383  
 4D-PET , 392–394  
 hardware fusion , 380  
 heart and liver , 380, 381  
 misregistration 

 breathing trace , 384  
 end-expiration phases , 383, 384  
 frequency , 385–387  
 lungs , 385, 386  
 photopenic region , 383, 384  
 respiration-induced artifacts , 383  
 skinfold artifacts , 385  

   Multidrug resistance (MDR) , 417–418  
   Multimodality PET/CT 

 attenuation correction , 184–186  
 fusion imaging , 183  
 hardware approach , 183–185  
 limitations and issues , 187–189  
 low-dose , 187, 189–190  
 randoms correction , 187  
 scatter correction , 186–187  

   Multimodality PET/MR , 193–194  
   Multiple myeloma (MM) , 588–590  
   Multiple slice average dose (MSAD) , 50–51  
   Multi-target correction (MTC) method , 364, 366, 367  
   Myocardial blood fl ow (MBF) , 460–464  
   Myocardial fl ow reserve (MFR) , 460–464  
   Myocardial perfusion imaging (MPI) 
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  18 F-fl urpiridaz , 465, 467  
 intensity , 467  
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  15 O-water , 465  
 properties , 465, 466  
  82 Rb-PET , 456, 464, 467  
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  Nephroblastoma , 566  
   Neuroblastoma (NBL) 

 11C-hydroxyephedrine , 553  
 diagnosis , 550  
 etiology , 550  
  18 F-FDG , 550, 552, 553  
 history , 550  
 INSS , 550  
 long-term survival , 549–550  
 metastases , 550  
 MIBG scintigraphy , 550, 551  

   Neuroendocrine tumour (NET) , 415–416  
   Neurological disorder 

 acetylcholinesterase , 507  
 acute pharmaceuticals and interventions 

 ketamine , 511  
 neurotransmitter release , 510  
 oxytocin , 511  
 perfusional effect , 511  

 amyloid imaging 
 clinical settings , 501–502  
 clinical trials , 502–503  
 CSF-Aβ/ Tau , 502  
  vs.  [ 18 F] FDG uptake , 503  
 generations , 499  
 uptake pattern , 500–501  
 validation , 501  
 white matter uptake , 499–500  

 anatomical structures , 487, 488  
 binding potential , 487  
 blood-brain barrier , 487  
 convulsive therapy , 505–506  
 [ 11 C] raclopride , 496–497  
 DBS , 503–504  
 diagnostic , 488  
 early investigatory tracers 

 alpha-synuclein markers , 511–512  
 astroglia imaging , 514  
 infl ammation, markers of , 513  
 myelin imaging , 513–514  
 pathophysiology , 514  
 P-glycoprotein imaging , 512  
 protein tau , 511–512  
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 estrogen receptors , 526  
 extracellular enzymes , 525  
 [ 18 F]DOPA , 496–497  
 [ 18 F]FDG 

 ALS , 494  
 Alzheimer’s disease , 489  
 amyloid pathology , 489  
 anxiety-spectrum disorders , 494  
 bipolar disorder , 493  
 carotid plaques/chronic ischemia , 

494–495  
 clinical trials , 490–491  
 dementias , 489  
 epilepsy , 495–496  
 FTLD , 489–490  
 functional disorders , 491  
 MDD , 491–492  
 movement disorders , 491  
 multiple sclerosis , 494  
 OCD , 494  
 schizophrenia , 493–494  
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 cholinergic system , 521–522  
 conformation and amino acid , 518  
 dopaminergic system , 521  
 metabotropic glutamate receptors , 523  
 noradrenergic system , 521  
 rhodopsin family , 522–523  
 serotonergic system , 518–520  

 ion channel-coupled receptors , 523–524  
 kinetic models , 487  
 membrane transporters , 525–526  
 monoamine receptors , 506–507  
 monoamine transporters , 507  
 neurotransmission 

 anxiety disorder , 517–518  
 bipolar disorder , 516–517  
 depression , 516–517  
 diagnosis , 514  
 Huntington’s disease , 515  
 monoaminergic hypothesis , 515  
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 outcome parameter , 503–504  
 P-II Studies , 506  
 radiolabeled candidate drugs , 507–509  
 radioligands post-marketing , 509  
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   Noise model , 265–266  
   Non-small cell lung cancer (NSCLC) , 372  
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 aliphatic fl uorination , 84–86  
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 radiotracers , 83–84  
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  Obsessive compulsive disorder 

(OCD) , 494  
   Oesophageal cancer , 438–439  
   Oncology 
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 clinical trials , 443  
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 gynaecological cancers , 441–443  
 head and neck cancer , 437–438  
 lung cancer , 431–433  
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   Ordered subsets EM (OSEM) , 
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   Organ-specifi c imaging , 194  
   Osteosarcoma , 563–564  
   Ovarian cancer , 441–443  
   Overall survival (OS) , 580–581  
   Oxygen-15 , 93  
   Oxytocin (OXT) , 511  
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  Parametric reconstruction , 279–280  
   Partial volume correction (PVC) 

 cardiology , 364, 367, 371–372  
 classifi cation methods , 370–371  
 clinical implications , 359  
 co-registration , 369  
 correction approaches , 370  
 correction methods , 370  
 data generation , 363–364  
 deconvolution , 360–361  
 defi nition , 359–360  
 motion , 361  
 neurology , 366, 368, 369, 372  
 oncology , 364–366, 372–373  
 PSF , 356, 358, 359  
 PVE , 356–358  
 region-based , 361–364  
 resolution , 366–368  
 sampling , 370  
 segmentation , 369–370  
 spill-in and spill-out , 356, 357  
 tissue fraction effect , 358–359  
 voxel-based , 362–364  

   Partition coeffi cient , 340  
   Patlak graphical method , 307–309  
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   Pediatric malignancy 
 brain and central nervous system , 560–563  
 brown fat , 545–546  
  18 F-FDG , 541–543, 546–547  
 fl uorodeoxyglucose , 542–543  
 functional  vs.  anatomic imaging , 538–539  
 hepatoblastoma , 566–567  
 image fusion , 549  
 isotopes , 542  
 leukemia , 560  
 lymphoma    (see  Lymphoma )  
 marrow hyperplasia , 545  
 nephroblastoma , 566  
 osseous and soft tissue malignancy 

 Ewing’s sarcoma , 564–565  
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 posttreatment changes , 546  
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 radiopharmaceuticals 
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  18 F-NaF , 547–548  
 F18’s half-life , 542  
 68Ga-DOTA-conjugated peptides , 549  
 tumor hypoxia , 548  

 sedation , 541  
 SNS    (see  Sympathetic nervous system (SNS) )  
 SUV , 543–544  
 thymus , 544–545  
 thyroid cancer , 567  
 tonsils , 545  

   PET response criteria in solid tumors (PERCIST) , 316  
   Pharmaceutical Inspection Cooperation Scheme (PIC/S) , 

129  
   Photomultiplier tube (PMT) , 178, 207  
   Point spread function (PSF) , 266–268, 356, 358, 359  
   Positron annihilation , 174  
   Positron emission tomography/magnetic resonance 

(PET/MR) 
 acceptance testing , 249  
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 APD , 207–209  
 atlas-based attenuation correction , 215–216  
 data acquisition , 218–222  
 gradient fi eld , 210  
 high-fi eld strength magnet , 211  
 high temporal resolution , 224  
 image quantitative accuracy , 213–215  
 image segmentation , 216–218  
 liver disease , 223  
 magnetic fi eld , 210  
 magnetic shielding , 211  
 multimodal hybrid imaging , 224  
 myocardial blood fl ow and fl ow reserve , 223–224  
 neurology and psychia-try , 223  
 patient man-agement , 222–223  
 PMT , 207  
 radioactive trans-mission sources , 214  

 SiPM , 205, 209–210  
 small animal hybrid system , 212–214  
 soft tissue contrast , 223  
 superior contrast resolution , 223  
 technical and clinical advantages , 221–222  
 template-based attenuation correction , 215  
 transmis-sion coil , 210–211  

 PET/CT , 200–201  
 system design 

 block detector , 207  
 challenges , 203, 205–206  
 data acquisition , 202–203  
 detector blocks , 203  
 fringe magnetic fi eld , 206  
 GE healthcare , 203, 205  
 larger-bore magnet , 203  
 manufacturers , 203, 205  
 model implementation , 201–202  
 sequential system , 201–202  
 Siemens Verio 3-T MRI scanner , 203–204  
 solid-state semi-conductor photodetector , 

206–207  
 steel/mu-metal , 206  

   Posttransplant lymphoproliferative disorder (PTLD) , 
558–560  

   Processing and analysis 
 characteristics , 294  
 CT/MR , 289–291  
 dynamic features , 287–288  
 FDG-PET , 286  
 outcome models , 296–297  
 radiotherapy 

 biological target , 291–295  
 radiomics , 291–292, 296  

 robustness and stability , 295–296  
 static features , 286–289  

   Prostate cancer (PCa) , 596–598  
   Psychiatric disorders   . See  Neurological disorder 

    Q 
  Qualifi ed person (QP) , 130  
   Quality assurance (QA) , 150, 151, 163  
   Quality by design (QbD) , 140–141  
   Quality control (QC) , 150, 163  

 analytical techniques 
 accuracy , 116  
 characteristics , 116  
 linearity , 116  
 LOD , 116–117  
 LOQ , 116–117  
 precision , 116  
 range , 116  
 robustness , 117  
 specifi city , 116  
 types , 115  

 chemical purity , 108–109  
  11 C-methionine 

 appearance , 121  
 bacterial endotoxins , 122  
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 chemical purity , 122  
 enantiomeric purity , 123  
 pH , 122  
 radiochemical identity , 121–122  
 radiochemical purity , 123  
 radionuclidic purity , 122, 123  
 residual solvents , 123  
 sterility , 122  

  18 F-FDG 
 appearance of , 117  
 bacterial endotoxins , 120  
 chemical purity , 119–120  
 pH , 119  
 quality control tests , 117–118  
 quality requirements , 117  
 radiochemical identity , 119  
 radiochemical purity , 120–121  
 radionuclidic identity , 118–119  
 radionuclidic purity , 120  
 residual solvents , 120  
 sterility , 120  

  68 Ga-edotreotide 
 appearance , 123  
 bacterial endotoxins , 125  
 chemical purity , 125  
 monograph tests , 123–124  
 pH , 125  
 radiochemical identity , 124  
 radiochemical purity , 126  
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 radionuclidic purity , 125–126  
 residual solvents , 125  
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 gamma spectrometry , 107  
 amplifi cation and digitization , 114  
 radionuclides , 114–115  
 radiopharmaceutical fi eld , 114  

 gas chromatography , 113–114  
 half-life , 107  
 HPLC , 111–112  
 monographs , 106  
 parameters , 109–110  

 pH control , 107  
 radiochemical purity , 108  
 radionuclidic purity , 108  

 positron-emitting radionuclide , 107  
 separation methods , 110–111  
 TLC , 112–113  
 visual inspection , 107  

   Quality management system (QMS) , 137  
   Quantitation 
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