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INTRODUCTION: FROM MEDICAL TO MOLECULAR
IMAGING

Medical imaging conventionally refers to the non invasive
or minimally invasive techniques employed to view inter-
nal organs of the body, typically for diagnosing disease. In a
broader sense, it refers to a field that enables acquisition,
processing, analysis, transmission, storage, display, and
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archiving of images of internal body parts for interpreta-
tion and patient management (diagnosis, disease staging
and evaluation, treatment planning and follow-up). Med-
ical imaging was practically born with the discovery of the
X rays by W. C. Roentgen in 1895 and has since based its
success on observation and the accumulated experience of
the examining physician.

Molecular imaging is a natural out grown of the medical
imaging field. Recent advances in molecular biology have
resulted in an improved understanding of many disease
and natural processes. Consequently, molecular imaging
links the empirical diagnostics and experimentally tried
treatment management protocols with the fundamental
understanding of the underlying processes that generate
the observed results. As discoveries of the molecular basis
of disease unfold, one top research priority is the develop-
ment of imaging techniques to assess the molecular basis of
cell dysfunction and of novel molecular therapy. Molecular
imaging techniques are ideally based on technologies that
have an intrinsically high resolution (spatial and temporal)
and allow the detection of low concentrations of target
biomolecules involved, such as nuclear medicine imaging
(Positron Emission Tomography, PET; Single-Photon
Emission Tomography, SPET), magnetic resonance ima-
ging (MRI) and spectroscopy (MRS), optical tomography,
autoradiography, or acoustical imaging.

The examination of biochemical processes with an ima-
ging technology is of vital importance for modern medicine.
As, in most cases, the location and extent of a disease is
unknown, the first objective is an efficient means of
searching throughout the body to determine its location.
Imaging is an extremely efficient process for accomplishing
this aim, because data are presented in pictorial form to the
most efficient human sensory system for search, identifica-
tion, and interpretation: the visual system. Recognition
depends on the type of information in the image, both in
terms of interpreting what it means and how sensitive it is
to identifying the presence of disease.

PET stands in the forefront of molecular imaging and
allows the quantitative evaluation of the distribution of
several pharmaceuticals in a target area in vivo. PET is a
unique diagnostic imaging technique for measuring the
metabolic activity of cells in the human body. It produces
images of the body’s basic biochemistry and biological
activity in a noninvasive way, combining techniques
applied in nuclear medicine with the precise localization
achieved by computerized image reconstruction. PET is
therefore a powerful diagnostic test that is having a major
impact on the diagnosis and treatment of disease, as well as
on patient management.

PET images can demonstrate pathological changes and
detect and stage tumors long before they would be revealed
with other conventional imaging modalities. Traditional
diagnostic techniques, such as X rays, computerized tomo-
graphy (CT) scans, or MRI, produce anatomical images of
what the internal organs look like. The premise with these
techniques is that a visible structural change exists in
anatomy caused by disease. However, biochemical pro-
cesses are also altered with disease and may occur before
a change in gross anatomy occurs. Furthermore, PET can
provide medical doctors with important early information

POSITRON EMISSION TOMOGRAPHY 407

about very subtle changes of function in the brain and
heart, due to disease-related modifications in tissue perfu-
sion, cell metabolic rates heart disease, or neurological
disorders (Alzheimer’s, Parkinson’s, epilepsy, dementia,
etc.), allowing physicians to diagnose and treat these dis-
eases earlier and, consequently, more efficiently and accu-
rately, according to the axiom “the earlier the diagnosis,
the better chance for treatment.” PET can also help phy-
sicians monitor a patient’s response to treatment, as well
as identify distant metastases that can affect treatment,
helping curtail ineffective treatments and reduce unneces-
sary invasive procedures. The field of PET has been emer-
ging today into clinical diagnostic medicine and is approved
by many insurance carriers for coverage.

HISTORY OF PET

The positron emission and detection of the radiation pro-
duced was a known technique that dates back to the early
days of the twentieth century. However, it is only in the last
few decades, with the booming development of fast electro-
nic circuits and powerful computer systems, that this
knowledge could be used in practice as a valuable diag-
nostic tool: The electronic circuits used in PET should be
able to detect the coincidental arrival of two high energy
photons (a timing resolution of the order of few nanose-
conds), and the image reconstruction requires modern
computer systems in order to produce an accurate image
of the activity distribution within a clinically reasonable
time.

In the beginning of the 1950s, researchers at the Mas-
sachusetts General Hospital (MGH) in Boston and the
Duke University in Durham proposed the idea that, in
spite of the short half-lives of the, by that time recently
discovered, positron-emitting radionuclides, they offered
an attractive method for the regional study of metabolism
due to their commonality. A single-detector pair brain
probe was then developed at MGH and used in experi-
ments. However, it was not until the early 1960s that these
positron-emitting radionuclides began to gain popularity,
when a number of centers such as the MGH in Boston, the
Sloan Kettering Institute in New York, Ohio State
University, and the University of California at Berkeley
began to use cyclotrons. At the same time, the first image
reconstruction techniques were proposed by researchers at
MGH, and, in the early 1970s, the concept of computerized
tomography (CT) was presented by Hounsfield, who later
was awarded with the Nobel Prize.

In the early 1970s, the first PET scanners were devel-
oped at the MGH, the Brookhaven National Laboratory,
the Washington University, and the Montreal Neurological
Institute in Canada, used then as research tools. At the
same time, a private company (EG&G OTREC, Oak Ridge,
TN, USA) got involved in the developments of the first ring
PET scanners, joined in the market a couple of years later
by TCC (The Cyclotron Corporation, Berkeley, CA, USA),
and in 1976 the first commercial PET scanner was deliv-
ered at the University of California, Los Angeles (UCLA). A
year later, Scanditronix from Sweden brought Europe into
PET. The first PET scanners used single slices when



408 POSITRON EMISSION TOMOGRAPHY

performing tomographs, with transaxial resolution greater
than 2 cm full-width half-maximum (FWHM) and used
Nal crystal material. Such systems were installed at sev-
eral research institutions, apart from the ones mentioned
above, like the University of California at Berkeley, the
Lawrence Berkeley Laboratory, and the University of
Pennsylvania.

By the end of 1970s, PET had shown its potential for
application to clinical medicine. The following generation
of PET scanners reduced detector size and added addi-
tional rings to allow for simultaneous acquisition of multi-
ple slices. The slice resolutions improved from greater than
2 em FWHM to less than 1 cm FWHM. As time progressed,
more detectors and photomultiplier tubes (PMTs) were
added to these machines to increase their sensitivity and
resolution. In the mid-1980s, the first BGO pixelated
detector blocks were presented. At the same time, the first
dedicated medical PET cyclotron units with automated
radiopharmaceutical delivery systems were commercially
available.

At the end of 1980s, the major medical imaging compa-
nies (mainly Siemens with CTI PET, Inc., and General
Electric with Scanditronix) began investing in PET. The
first whole-body PET scanners have been presented and
research in new detector materials led to significant dis-
coveries (LSO, etc.) in the beginning of the 1990s. Since
then, PET has shown a steady increase in acceptance for
clinical application, both medically and administratively,
and PET centers are being installed worldwide at an
increasing pace. PET is now a well-established medical
imaging technique that assists in the diagnosis and man-
agement of many diseases.

More details on the history of PET instrumentation
and the related developments can be found in References
1 and 2.

PHYSICAL PRINCIPLES OF PET

PET images molecules of substances with a specific biolo-
gical activity. In order to monitor their distribution, kinetic
characteristics, and behavior of (pharmaceuticals) within
the body, these substances are tagged with radioactive
compounds (with short half-life and at extremely low con-
centrations) (3). These radiopharmaceuticals are chosen to
have a desired biological activity, depending on the meta-
bolic activity of the organ under study, and are introduced
to the subject by injection or inhalation.

The most commonly used radionuclides are listed in
Table 1 and are compounds that constitute, or are con-
sumed by, the living body, like carbon, nitrogen, and oxy-

Table 1. The Most Commonly Used Radionuclides in PET

Radionuclide Half-life
Carbon-11 20.3 min
Nitrogen-13 9.97 min
Oxygen-15 2.03 min
Fluorine-18 1.83 h
Gallium-68 1.83h
Rubidium-82 1.26 min

Table 2. Major PET Radiopharmaceuticals and their
Specific Medical Applications

Agent Images

Regional glucose metabolism

Bone tumors

Amino acid uptake/protein
synthesis

Cell membrane proliferation

Regional brain metabolism

Metabolic rate of oxygen use/OEF

Cerebral blood volume

Cerebral blood volume

F-18 fluorodeoxyglucose
F-18 sodium fluoride
C-11 methionine

C-11 choline

C-11 deoxyglucose
0O-15 oxygen

C-11 carbon monoxide
0-15 carbon monoxide

0-15 water Cerebral blood flow

0-15 carbon dioxide Cerebral blood flow
(Inhaled)

C-11 butanol Cerebral blood flow

Dopamine D2 and Serotonin
S2 receptors
D2 and S2 receptors
D2 receptors
D2 receptors
D2 receptors
Opiate mu receptors
Benzodiazepine (GABA) receptors

C-11 N-methylspiperone

F-18 N-methylspiperone
C-11 raclopride

F-18 spiperone

Br-76 bromospiperone
C-11 carfentanil

C-11 flumazenil

gen. They are isotopes of biologically significant chemical
elements that exist in all living tissues of the body and in
almost all nutrients. Therefore, the above radionuclides are
easily incorporated in the metabolic process and serve as
tracers of the metabolic behavior of the body part, which
can be studied in vivo.

Table 2 shows a list of the major radiopharmaceuticals
used as PET agents with their specific medical applica-
tions. The most common radiopharmaceutical used in PET
studies today is fluorodeoxyglucose (FDG) (4), a chemical
compound similar to glucose, with the difference that one of
the -OH groups has been replaced by F-18. Carbon-11 can
also be used as a radiotracer to glucose. The short half-lives
of these particles allow the subject and the people handling
them to receive only a low radiation dose.

The identification and detection of the presence of the
molecules of the radiotracer in a specified location within
the source (i.e., the body under study) is performed by a
chain of events, based on physical principles and data
processing techniques, which are schematically depicted
in Fig. 1 and briefly described below.

A positron is emitted during the radioactive decay pro-
cess, annihilates with an electron, and, as a result, a pair of
vy rays is emitted (two high energy photons of 511 keV
each). The two y rays fly off in almost opposite directions
(according to the momentum conservation laws), penetrate
the surrounding tissues, and can be recorded outside the
subject’s body by scintillation detectors placed on a circular
or polygonal detector arrangement, which forms a PET
tomograph. When the vy ray hits a scintillation detector
material, it then deposits its energy in that crystal by
undergoing photoelectric effect, which is an atomic absorp-
tion process where an atom totally absorbs the energy of
an incident photon (5). This energy is then used to eject
an orbital electron (photoelectron) from the atom and is,
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Figure 1. This schematic depicts the chain of events that
described the physical properties of high energy gamma pair
emission from positron-emitting radioisotopes. All radioisotopes
used with PET decay by positron emission. Positrons are positively
charged electrons. Positron emission stabilizes the nucleus of
unstable radioisotopes by removing a positive charge through
the conversion of a proton into a neutron. An emitted positron
travels a short distance (positron range, which depends on the
energy of the positron) and collides with an ordinary electron of a
nearby atom in an annihilation reaction. When the two particles
annihilate, their mass turns into two 511 keV gamma rays that are
emitted at 180° to each other. When detected, the 180° emission of
two gamma rays following the disintegration of positronium is
called a coincidence line. Coincidence lines provide a unique
detection scheme for forming tomographic images with PET.

therefore, transformed in visible light. This light can be
detected by specialized devices (photomultiplier tubes,
PMT) that capture and transform it into an electronic
signal, shaped at a later stage by the electronic circuits
of the tomograph to an electronic pulse, which provides
information about the timing of the arrival of the incident
v ray and its energy. Figure 2 summarizes the principles
of gamma ray event detection in PET described here.

Scintillator

9,

Photomultiplier

Figure 2. Scintillation detectors coupled to photomultiplier tubes
are placed around the detector ring of the scanner. An annihilation
event () inside the field of view (FOV) produces two y rays that get
detected by a pair of detectors. The event is identified to occur
inside a specific detector tube (dashed stripe) by the electronic
devices (constant fraction discriminators, CFD, and the
coincidence detection circuit) that connect every pair of detectors.
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By measuring a coincidence photon, the detector array
in a PET system identifies that an annihilation event
occurred inside the volume defined between the surfaces
of the pair of detectors that registered the coincidence
event. At the end of a PET scan, for each pair of detectors,
a number of coincidence events that have been identified
exist. This information represents the radioactivity in the
subject viewed at different angles, when sorted in closely
spaced parallel lines. In order to reconstruct the activity
density inside the source from its projections (events regis-
tered at each detector pair), a mathematical reconstruction
algorithm is applied by computer. The collected data are
corrected for scatter, attenuation, and accidental coinci-
dences; normalized for the differences in detector efficien-
cies, and reconstruct the spatial distribution of the
radioactivity density inside the organ or the system under
study in the form of a 2D or 3D image. The result is a digital
image of the source, where the value of each picture ele-
ment (pixel) or, in modern 3D tomograph systems, volume
element (voxel) is proportional to the activity density inside
the source at the area (or volume) that corresponds to this
pixel/voxel. This image can be directly displayed on a
screen. Further analysis of the data and processing of
the produced images can be carried out with the use of a
computing system.

A high energy photon produced by an annihilation event
can deviate from its original trajectory if it gets involved in
Compton scattering inside the subject’s body, a collision
between a photon and a loosely bound outer-shell orbital
electron of an atom. In this case, because the incident
photon energy greatly exceeds the binding energy of the
electron to the atom, the interaction can be considered as a
collision between the photon and a “free” electron. The
photon does not disappear in Compton scattering, but it is
deflected through a scattering angle 6 and some of its
energy is transferred to the electron (recoil electron) (5).
In the case this ray gets detected in coincidence with the
second gamma produced at the same event, then this event
will be counted to have occurred in a detector tube that will
not contain the original annihilation site: This is an erro-
neous event (scattered event).

It is also possible that this ray will never reach a
detector crystal and, therefore, get lost. This type of Comp-
ton scattering, along with photoelectric absorption of the
produced gamma rays inside the source, where they have
been generated, are the major sources of attenuation of the
emitted radioactivity.

The physics of positron emission allow for attenuation
correction of the collected data, which can produce a quan-
titatively (but also qualitatively) accurate image that may
resolve small lesions, especially when these lie deep within
the body. In order to correct for attenuation, two additional
measurements are typically performed: the blank scan and
the transmission scan. The blank scan is recorded using an
external source without the patient, representing the unat-
tenuated case. For the transmission scan, the patient and
the bed are placed into the scanner and the attenuated data
are measured using the external source. The attenuation
correction factors (ACF) can be calculated as the ratio of the
measured counts without and with the attenuating object.
The disadvantages of attenuation correction are that it
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requires more time for image acquisition and the potential
exists to add noise to the image if the attenuation measure-
ments become misaligned by patient motion or if inade-
quate statistics in the transmission scan are collected.
As aresult of noise, transmission measurements are usually
smoothed prior to the division. Otherwise, the noise in the
ACF propagates to the corrected emission sinogram. The
drawback of smoothing is that the resulting blurring of
ACFs propagates to the emission sinogram as well. Tech-
niques for the reduction of noise propagation include, as an
example, classification techniques for the main tissue cate-
gories observed in the transmission images (segmentation)
or the use of iterative methods for the reconstruction of the
transmission images (6).

Compton scattering can also occur inside the detector
crystal before the ray undergoes (the desirable) photoelec-
tric effect. In that case, it is possible that the ray will escape
the detector material and deposit its energy in an adjacent
scintillator, causing the detected event to be mispositioned.
Another source of erroneously counted events is the coin-
cidental arrival at the detector ring of two single gamma
rays coming from two different annihilation events (ran-
dom or accidental coincidence). When three or more vy rays
arrive at the detector ring within the time coincidence
window set by the electronic circuitry of the scanner for
the coincidence detection, then these gammas must be
rejected, because it is not possible to recognize, in that
case, the pairs of photons that came from the same anni-
hilation event (7).

The high energy gamma rays have increased penetrating
abilities and can be detected coming from deep-lying
organs better than o particles or electrons (B particles),
which can penetrate only a few millimeters of tissue and,
therefore, cannot get outside the body to the radiation
detector (5). Imaging system detectors must, therefore,
have good detection efficiency for y rays. It is also desirable
that they have energy discrimination capability, so that vy
rays that have lost energy by Compton scattering within
the body can be rejected and a good timing resolution to
accurately measure the time difference of the arrival of
two photons. Sodium iodide (Nal), BaFy (barium fluoride),
and BGO (bismuth germanate oxide) provide both of these
features at a reasonable cost (5). Research for new scintil-
lator materials, like LSO (lutetium oxyorthosilicate) (8),
GSO (germanate oxide) (9), PbCO;3 (lead carbonate) (10),
PbSO, (lead sulfate) (11), CeF5 (cerium fluoride) (12), YalO
(13), and LuAlO (14), is very active in an effort to produce
faster detector crystals with good stopping power and light
output.

Table 3 summarizes some of the main physical proper-
ties of the scintillators used for PET: NaI(T1), BGO, BaFs,

Table 3. Scintillation Crystal Characteristics

CsF, GSO, and LSO. In order to interpret this table,
assume the following:

- An elevated density guarantees a high stopping
power for the high energy 511 keV annihilation
photons and consequently assures elevated detection
efficiency. High stopping power also allows the use of
crystals of small dimensions, which means an
improved spatial resolution of the tomograph.

- High scintillation efficiency, due to a good intrinsic
energy resolution of the crystal, leads to a good
energy resolution of the detection system, which
leads to a better discrimination of scatter.

- A fast scintillation (described by a short scintillation
constant decay time) translates to a low dead time of
the system and, therefore, to good count rate perfor-
mance. Moreover, this property directly influences
the temporal resolution (uncertainty of the moment
of detection), on which depends the choice of the
length of the time coincidence resolution window
and, therefore, the rate of accidental coincidences.

The comparison of the characteristics of scintillation
crystals shows that the ideal scintillator for PET must
have the temporal characteristics (decay time) of BaFs,
the density (stopping power) of BGO, and the scintillation
efficiency (light output) of NalI(TD) (15). It also reveals that
the newest crystals GSO and LSO are very promising for
PET applications.

Originally, Nal was the detector of choice for nuclear
medicine imaging cameras and is still in use by some
manufacturers of gamma cameras, SPET, and even PET
systems. Nal is a scintillation crystal discovered in 1949
with very high scintillation efficiency but a stopping power
too low for high energy photons; therefore, Nal has very
low sensitivity. In the 1980s, BGO emerged as the detector
of choice for PET scanners, a material with considerably
lower light output than Nal but, on the other side, twice as
dense and, therefore, able to detect high energy photons
more effectively. LSO was discovered in the early 1990s
and exhibits a very fast scintillation time (40 ns), which
provides significantly reduced detector dead time and con-
sequently higher count-rate capabilities, which is essential
in clinical PET imaging in order to use the injected activity
most efficiently and to make the emission scan time as
short as possible, meaning the patient spends less time
immobile on the tomograph’s bed without compromising
the image quality.

In the optimization of the design of a PET tomograph, an
important aspect is the way crystals are assembled and the

Nal BGO BaF, CsF LSO GSO
Density (g/em®) 3.67 7.13 4.87 4.64 7.40 6.71
Relative scintillation efficiency 100 20 16 6 75 30
Decay constant (ns) 250 300 0.6 2.5 40 60
Hygroscopic Yes No No Yes No No




way they are coupled to the photomultiplier tubes. Various
strategies have been developed, including:

- one-to-one connection crystal-PMT (5);

- detector blocks, where a crystal array (mainly BGO
or LLSO) is coupled to a smaller number of PMTs
(15,16);

- Nal(T]) crystals of large dimensions coupled to a grid
of PMT (Anger logic, common to gamma cameras)
17,

- the most recent design of a system of GSO crystals
coupled to light guides to a PMT grid (18).

Scintillation detectors have been the dominant element
in high energy gamma ray detection for PET. However,
other technologies have also been applied, explored, and
developed for this purpose. One of the oldest alterantive
technologies is the High Density Avalanche Chamber
(HIDAC) PET system (19), which consists of a Multiwire
Proportional Chamber (MWPC) with the provision of lami-
nated cathodes containing interleaved lead and insulating
sheets and mechanically drilled with a dense matrix of
small holes. Ionization resulting from photons interacting
with the lead is trapped by, amplified in, and extracted
from, the holes by a strong electric field into the MWPC. On
arrival at an anode wire, further avalanching occurs.
Coordinate readout may be obtained from orthogonal strips
on the cathodes. The result is precise, 2D localization of the
incident gamma rays. Every hole on the cathodes acts as an
independent counter. By stacking these MWPCs, millions
of these counters are integrated to form a large-area radia-
tion camera with a high spatial resolution.

The resolution of a PET scanner primarily depends on
the size of the detectors and on the range of positrons in
matter (distance traveled by the positron in the tissue
before interacting with a free electron, see also Fig. 1). For
most of the positron emitters, the maximum range is
2-20 mm. However, the effect on spatial resolution is
much smaller, because positrons are emitted with a spec-
trum of energies and only a small fraction travel the
maximum range, and, in addition, in case of 2D acquisi-
tions, the range of the third dimension is compressed.
Another limitation in the resolution is that the paired
annihilation photons are not emitted precisely 180° from
each other, because the e"—e~ system is not at complete
rest. Other components of the system resolution are the
sampling scheme used, the interactions between more
than one crystal due to intercrystal scatter, the penetra-
tion of annihilation photons from off-axis sources to the
detector crystals, the reconstruction technique used, the
filters applied, and the organ and patient motion during
the scan.

Three types of spatial resolution exist in a typical ring
PET system, defined by a full-width at half-maximum
(FWHM): the radial, tangential, and axial resolutions.
The radial, or in-slice, resolution deteriorates as we move
from the center of the FOV and is best at the center. The
same happens for the tangential resolution, which is mea-
sured along a line vertical to a radial line, at different
radial distances. In systems with more than one detector

POSITRON EMISSION TOMOGRAPHY 411

ring, the axial resolution, or slice thickness, is measured
along the axis of the tomograph.

A major source of error during the coincidence detection
is the fact that not all the annihilation events are regis-
tered correctly as mentioned earlier. Additional accidental
coincidences can result from poor shielding or backscatter
and from ordinary v rays from the radionuclide adminis-
tered. The random and scattered coincidences are regis-
tered together with the true coincidences, obtained when a
pair of gammas is correctly identified and classified to the
appropriate detector tube, and are sources of background
noise and image distortion.

In order to keep the number of scattered coincidences
low, a discriminator should be used. A discriminator pri-
marily generates timing pulses upon the arrival of a
photon, but also can verify the total energy of the illumi-
nating ray is above a preset energy threshold. Scattered
rays have already deposited part of their energy and,
therefore, can be identified.

Furthermore, the choice of the appropriate time coin-
cidence (or coincidence resolving time) window is essential:
It has to be narrow enough to keep the number of random
coincidences as low as possible but also wide enough to
include all valid coincidence pulses. In the existing PET
units, the timing accuracy is of the order of tenths of
nanoseconds.

A PET scanner can be designed to image one single
organ, such as the brain or the heart, or can be able to
image any organ in the body, including whole-body scans.
Whole-body studies with F-18-FDG consist of repeated
PET acquisitions at contiguous bed positions in order to
provide 3D images (axial, sagittal, coronal, and oblique cut
planes) covering one considerable portion of the patient’s
body (Fig. 3), which facilitates the search for metastases in
oncological diagnostics (20).

. it kidneys

.‘_bladder

Figure 3. A whole-body F-18-FDG PET image of a normal subject
(no pathological situation diagnosed). Areas with high metabolic
activity (brain, myocardium) or with high concentration of the
radioactive tracer (bladder) are visible. [Courtesy of A. Maldonado
and M.A. Pozo from the Centro PET Complutense, Madrid, Spain.]
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Figure 4. Sequential images from an F-18-FDG PET brain study of a normal individual. Red-
yellow areas correspond to the high metabolic activity in the gray matter (cortex). [Courtesy of A.
Maldonado and M.A. Pozo from the Centro PET Complutense, Madrid, Spain.]

Most PET systems today are whole-body systems (i.e.,
they have a typical transaxial FOV of 60 cm). This FOV is
adequate to handle most patients. The axial FOV of most
PET systems today is limited to approximately 10—15 cm
(21). This relatively narrow axial FOV imposes some lim-
itation on the imaging procedures that can be performed
clinically. It also requires more accurate positioning of the
patient in comparison with conventional nuclear medicine
procedures. For a clinical system, it would be desirable to
extend the axial FOV to 15-20 cm, which would, for
instance, allow full brain (Fig. 4) and heart imaging in a
single frame and more efficient whole-body imaging. As the
detectors contribute a significant portion of the total cost of
the scanner, however, this would bring into question what
would be an acceptable cost for the PET scanner.

MANUFACTURING OF RADIOPHARMACEUTICALS

A cyclotron is a particle accelerator that produces positron-
emitting elements or short-lived radioisotopes. These
radioisotopes can then be incorporated into other chemical
compounds that are synthesized into a final product that
can be injected into a person. These radioisotopes are used
to “label” compounds so it can later be identified where in
the body the radiopharmaceutical is being distributed. The
compounds that are being labeled are organic molecules

normally used in the body, such as sugar, neurotransmit-
ters, and so on (22).

First, the cyclotron bombards nonradioactive elements in
the target with accelerated particles, which converts these
elements into positron-emitting radioactive isotopes of
fluorine, nitrogen, oxygen, or carbon. The major radio-
active isotope produced at almost all sites is fluorine-18
(F-18), which has a half-life of 110 min. F-18 thus produced
from the cyclotron is delivered to a chemical synthesis unit
called the chemical processing unit, which is where F-18 is
incorporated into a precursor to produce the final product
FDG, the labeled sugar molecule. This entire process is fully
automated and performed in the cyclotron lab. When a dose
is needed, it is transported to the PET scan room by various
means, depending on the distance between the production
site and the PET tomograph and ranging from a dedicated
pneumatic tube system to long-distance transport via air or
road.

APPLICATIONS OF PET

Molecular imaging opens the way for medical doctors to
successfully pursue the origin of disease. As long as disease
is of unknown origin, more tests and exams are needed,
something that means increased health-care costs, in
addition to the patient’s discomfort and pain. PET can



accurately identify the source of many of the most common
cancers, heart diseases, and neurological diseases, eliminat-
ing the need for redundant tests, exploratory surgeries, and
drug overload of the patient. PET produces powerful images
of the body’s biological functions and reveals the mysteries
of health and disease (23).

PET can be used to obtain information about the
tissue perfusion using inert tracers (e.g., O-15 labeled
water), the metabolism with metabolically active tracers
(e.g., F-18-FDG@G), or the kinetic of a cytostatic drug (e.g.,
F-18-Fluorouracil).

In cardiology (22), this imaging technique represents
the most accurate test to reveal coronary artery disease or
rule out its presence. Traditionally, when a patient shows
signs or symptoms of heart disease, his or her physician
will prescribe a thallium stress test as the initial diagnostic
study. The conventional thallium stress test, however, is
often not as accurate as a PET scan. PET images can show
inadequate blood flow to the heart during stress that can
pass undetected by other noninvasive cardiac tests. A PET
study could enable patients to avoid cardiac catheteriza-
tion when a conventional perfusion or echocardiographic
stress test is equivocal. A PET scan shows myocardial
viability in addition to perfusion abnormality. More speci-
fically, PET exams for metabolism and perfusion of the
heart tissues can determine the need for heart transplant,
in case both are absent in a large area of the heart, or
confirm with certainty that simple bypass surgery would be
enough, when metabolism is maintained even if blood flow
is significantly reduced. As metabolism indicates that tis-
sue is still alive, complicated heart transplantation can be
avoided and coronary bypass would have great chances to
improve cardiac function. Documented studies have shown
that thallium stress testing overestimates irreversible
myocardial damage in at least 30% of cases, which can
result in the patient being placed on the transplant list
rather than receiving bypass surgery or angioplasty. No
other diagnostic test can more precisely assess myocardial
viability than PET. The most recent developments in car-
diac PET have been summarized in Reference 3.

PET can reveal abnormal patterns in the brain and is,
therefore, a valuable tool for assessing patients with var-
ious forms of dementia (3,22). PET images of the brain can
detect Parkinson’s disease: A labeled aminoacid (F-DOPA)
is used as tracer at a PET examination in order to deter-
mine if the brain has a deficiency in dopamine synthesis. If
it does not, Parkinson’s disease can be ruled out and
possible tremors in the patient’s muscles will be treated
in a different manner. Although the only definitive test for
Alzheimer’s disease (AD) is autopsy, PET can supply
important diagnostic information. When comparing a nor-
mal brain versus an AD-affected brain on a PET scan, a
distinctive and very consistent image pattern appears in
the area of the AD-affected brain, where certain brain
regions have low metabolism at the early stages of the
disease, allowing early detection several years before diag-
nosis can be confirmed by a physician. PET can also help to
differentiate Alzheimer’s from other confounding types of
dementia or depression (29). Conventionally, the confirma-
tion of AD was a long process of elimination that averaged
between two and three years of diagnostic and cognitive
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testing. PET can help to shorten this process by identifying
distinctive patterns earlier in the course of the disease.
Furthermore, PET allows the accurate identification of
epileptogenic brain tissue (because of its reduced glucose
metabolic rates) and can successfully lead the surgical
removal of the epileptic foci.

In oncology (3,22), in which the clear majority the total
PET examinations refer, this technique inspects all organs
and systems of the body to search for cancer in a single
examination. PET is very accurate in distinguishing malig-
nant tumors from benign growths. It can help detect
recurrent brain tumors and tumors of the lung, breast,
lymph nodes, skin, colon, and other organs. The informa-
tion obtained from PET studies can be used to determine
what combination of treatment is most likely to be success-
ful in treating a patient’s tumor, as it can efficiently
determine the resistance of a specific cancer to the drugs
applied and, consequently, can dynamically optimize the
treatment management and follow-up of the patient on an
individual basis. With this technique, it is possible to
evaluate if a tumor has been successfully destroyed after
therapy, as anatomical follow-up imaging is often not in the
position to assess if a residue is still active or has definitely
been eliminated after chemotherapy, radiation, or surgery.

A summary of the current status and future aspects
of PET for cancer detection, as it has been recently
presented by the Health Technology Advisory Committee
is as follows (23):

Brain Cancer: F-18-FDG PET in brain tumor imaging
may be useful, but its clinical application has yet to be
established. F-18-FDG PET does not appear to be able to
define tumor histology. Additional studies are warranted
regarding the value of F-18-FDG PET in detecting Central
Nervous System (CNS) and nonCNS brain metastasis,
differentiating malignant from nonmalignant lesions,
detecting disease recurrence in subjects who have under-
gone intensive radiotherapy, and in pediatric brain
tumors. As a result of the paucity of data on radiotracers
other then F-18-FDG, further studies will be required to
validate the use of PET brain scanning with these radio-
tracers.

Head and Neck Cancer: Studies suggest that F-18-FDG
PET is superior to MRI but comparable with CT in identi-
fying the presence, absence, or recurrence of cancer.

Pituitary Cancer, Thyroid Cancer, Urinary Cancer, Kid-
ney Cancer: The paucity of data on the use of PET in
pituitary tumors, thyroid tumors, urinary cancer, and
kidney cancer prevents conclusions regarding its value
at this time.

Lung Cancer: Numerous studies evaluating PET for
lung cancer applications demonstrate that PET, using F-
18-FDG as a radiotracer, is effective and may be more
effective than other noninvasive techniques, particularly
CT, in differentiating benign and malignant pulmonary
lesions. Thus, F-18-FDG PET appears to be an effective
means of diagnosing lung cancer, whether a primary dis-
ease or a secondary metastatic disease, and detecting
disease recurrence following lung cancer therapy.

Breast Cancer: Preliminary data suggest that F-18-FDG
PET can differentiate benign from malignant breast
lesions, when used in breast cancer staging, and can
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determine the presence of axillary node involvement.
Although data are scarce regarding the use of PET in
monitoring the effects of breast cancer therapy, available
data suggest that both F-18-FDG PET and C-11-MET PET
may be useful for breast cancer and may show response
earlier than conventional methods. Regardless, due to the
small study samples and limited amount of available data,
further studies will be required to confirm the efficacy of
PET for breast cancer imaging.

Esophageal Cancer: F-18-FDG PET may be valuable in
the staging of esophageal cancer. Evidence is limited by the
small number of subjects in each study and the lack of
additional trials.

Pancreatic Cancer: Studies indicate that PET may have
a role in the imaging of pancreatic tumors, but further
study is needed to verify this indication.

Renal Cancer: F-18-FDG PET shows promise for eval-
uating renal masses, but confirmation is required.

Ovarian Cancer: Preliminary data suggest a potential
role for F-18-FDG PET in ovarian cancer; however, further
studies are required to confirm these findings.

Prostate Cancer: Although F-18-FDG PET has been
used in certain prostate cancer cases, it is possible that
the use of radiotracers other than F-18-FDG may be of
more value. However, insufficient data exists at this time to
draw conclusions regarding the use of PET in prostate
cancer.

Testicular Cancer: With limited data, no conclusions can
be made at this time.

Malignant Melanoma: Additional studies are needed to
determine the role of PET in the imaging of malignant
melanoma.

Colorectal Cancer: F-18-FDG PET may be a valuable
tool for colorectal cancer in diagnosis, preoperative staging,
and monitoring for recurrent disease or treatment
response. However, further study is required to confirm
these findings.

Neuroendocrine Gastrointestinal Cancer: PET proved
superior to CT in detecting, delineating, and visualizing
lesions. The study claimed that PET had a superior role,
but further study is required to confirm this finding.

Malignant Lymphoma: Studies comparing F-18-FDG
PET with alternative techniques found PET to be more
accurate than CT, 99mTc-MIBI SPET, and 111In-soma-
tostatin scintigraphy in detecting untreated and treated
lymphoma. Supportive evidence is limited to a few trials
that are hampered by small study samples. No conclusions
can be drawn at this time regarding the efficacy of PET for
malignant lymphoma.

A major use of PET is its ability for kinetic imaging
analyses. This term refers to the measurement of tracer
uptake over time. An image of tracer activity distribution is
a good starting point for obtaining more useful information
such as regional blood flow or regional glucose metabolism.
The process of taking PET images of radioactivity distribu-
tion and then using tracer kinetic modeling to extract
useful information is termed image analysis. The tracer
kinetic method with radiolabeled compounds is a primary
and fundamental principle underlying PET and autoradio-
graphy. It has also been essential to the investigation of
basic chemical and functional processes in biochemistry,

biology, physiology, anatomy, molecular biology, and phar-
macology. Tracer kinetic methods also form the basis in in
vivo imaging studies in nuclear medicine (24).

Besides its direct clinical applications, PET imaging is
emerging as a powerful tool for use by the pharmaceutical
industry in drug discovery and development (25). The role
of small animal PET imaging (26) studies in rodents for
the discovery of PET tracers for human use is significant,
as it has the potential for permitting higher throughput
screening of novel tracers in transgenic mice as well as
the confounding effects resulting from potential species
differences on receptor affinity, blood-brain barrier (BBB)
transport, metabolism, and clearance. This setting is
expected to allow new and unique experimental labora-
tory studies to be performed.

Other recent developments include dedicated mammo-
graphy devices (known as positron emission mammo-
graphs, PEM) for breast functional imaging (27).
Furthermore, the first PET/CT tomographs have made
their way to the market (28). These are devices that house
a positron tomograph and a CT scanner in a single device,
allowing the acquisition and visualization of registered
images detailing both anatomy and biological processes
at the molecular level of internal organs and tissue, with-
out the need of multiple examinations and further image
processing to achieve similar results.

IMAGE INTERPRETATION

One of the final steps in the processing chain of the PET
study is to produce a final layout of the images for the
diagnosing physician. The conventional way of presenting
the image data is to produce a transparency film (X-ray
film) of the images on the computer display. In addition to
the image data, the film should also be labeled with demo-
graphic data about the study, such as patient name and
scan type. As this information is usually stored in the
image files together with the image data, the labeling
and layout of the images on the display can be automated
in software. With the rapid development of local area net-
works, films may soon no longer be necessary. Instead, the
images can be read from a display system located in the
reading room, which has access to the PET image data
through a computer network. Referring physicians do, in
most cases, require a hard copy of the study, which can be
accomplished using X ray films. With recent improvements
in printer technology, high quality color output may also be
a low cost alternative to the traditional film.

PROCEDURE FOR A PET SCAN

Most patients will be in the PET center for 2 or 3 h,
depending on the type of study being conducted. The patient
is informed as to when to stop eating before the test.
Drinking lots of water is recommended before the scan.
The patients also need to inform the PET center if they
are diabetic or claustrophobic. In general, before the scan is
performed, a catheter is placed in the arm so that the
radioactive tracer can be injected. A glucose test will also
be performed. Depending on the type of study conducted,



scanning may take place before and after the injection is
given. After the tracer is given, the patient waits for approxi-
mately 40-60 min before the final scan is done.

PET SCAN AND ASSOCIATED RISKS

The radiation exposure of PET is similar to that of having a
CT scan or any other standard nuclear medicine procedure
involving heart or lung scans. No pain or discomfort results
from the scan. The half-life of F-18 is so short that by the
time the patient leaves the PET center, almost no activity
remains in the body. Patients typically do not experience
any reactions as a result of the PET scan, because the
tracer material is processed by the body naturally. There-
fore, no side effects are expected. Of course, as with any
other nuclear medicine procedure, when breast-feeding or
pregnant, a PET scan must be performed under special
conditions.

CURRENT STATUS AND FUTURE ASPECTS IN PET
INSTRUMENTATION

Technological developments and research in the field of
PET instrumentation are currently marking a fast evolu-
tion (30). New PET systems have been designed and devel-
oped with whole-body scanning capabilities. These systems
are clearly designed for oncological studies (currently
almost entirely performed in the clinical practice with
the use of F-18-FDG), which represent maybe more than
80% of the total PET examinations performed worldwide.
Therefore, a clear shift has occurred from the earliest
systems, which were then mostly oriented to neurological
applications.

The main requirement, which drive current R&D activ-
ities both in academia and in industry, is to increase the
diagnostic accuracy (lesion detectability) of the technique
and, at the same time, decrease the cost of a PET system
installation, operation, and maintenance, which would
allow the widespread use of PET in the clinical practice.
In order to achieve this goal, an optimal balance should be
found between high performance specifications and cost
efficiency for the newly designed tomographs.

In particular, very high resolution 3D PET imaging
(with applications in brain imaging, positron emission
mammography, as well as small animal imaging) has
demanded further advances in scintillation detector
development, image reconstruction, and data correction
methodology.

Table 4 lists the major performance characteristics of
some last-generation tomographs for human whole-body
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studies, based on different design architectures and oper-
ating in 3D acquisition mode. For 2D acquisitions, lead or
tungsten septa are placed between the detectors to absorb
scattered radiation (out of slice activity). The septa reduce
the amount of scatter to 10-15% of the total counts
acquired and improve image contrast. For 3D acquisitions,
the septa are removed and each individual detector is
sensitive to radiation from a much larger area (30). This
mode allows a significant increase of the detection effi-
ciency of the order of a factor 5-6 over the 2D mode and
therefore, provides an increase of the SNR in the produced
images, an aspect of extreme importance in whole-body
studies. 3D PET imaging can, in addition, significantly
reduce the amount of tracer activity needed for the exam
and shorten the acquisition time, thus reducing the time
during which the patient must remain immobile on the
tomograph’s bed.

A limitation of the 3D mode, however, is an increase of
the scatter component (almost one out of every two of the
detected events has been scattered in the source or even
inside the scintillation detectors) as well as of the number
of the detected accidental coincidences (randoms) (30). A
good energy resolution is therefore imperative in 3D PET
systems, in order to reduce the scatter component (by
correctly identifying detected y rays with deposited energy
lower than 511 keV). Furthermore, these systems must be
able to manage high count rates in order to match the
radioactivity present in the FOV. High temporal resolution
in PET (high count rate) also permits dynamic imaging
(repeated studies at short time intervals). With high count
rates, pulses receiving a detector block can “pile-up” and
the detector may become paralyzed, which decreases the
sensitivity and detection efficiency of the tomograph. In
addition, when scanning in a high counting rate environ-
ment, the random counting rate increases much more
rapidly than does the true counting rate as a function of
radioactivity in and near the FOV. In general, in 3D mode,
an increased number of random events is detected, which
degrades the image quality. Appropriate scatter and randoms
corrections must therefore be applied to 3D-acquired data
(31). Considering the nature of the scatter correction process
and the heterogeneity of the activity distribution in the
thoracic and abdominal areas (which are of particular
interest for whole-body F-18-FDG PET studies), the use
of scatter correction techniques is not yet consolidated and
their effectiveness regarding the quality and quantitative
accuracy of whole-body PET studies demands more
research work.

The performance of a 3D-enabled PET tomograph is,
therefore, the result of a compromise between the var-
ious physical parameters considered (spatial resolution,

Table 4. Performance Characteristics of PET Scanners in 3D Mode (15)

Philips C-PET GE Advance ECAT HR+ ECAT Accel Philips Allegro
Crystal Nal BGO BGO LSO GSO
Crystal dimensions (mm) 500 x 300 x 25 4.0 x 8.2 x 30 4.0 x 4.4 x 30 6.8 x 6.8 x 20 4.0 x 6.0 x 20
Spatial resolution FWHM, mm (10 cm) 6.4 5.4 5.4 6.7 5.9
Efficiency (kpcs/Ci/cc) 450 1060 900 900 > 800
% Scatter fraction 25 35 36 36 25
50% Dead time (kcps/Ci) 0.2 0.9 0.6 - 0.6
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detection efficiency, energy resolution, and linearity of
count rate). In the modern design of such systems, the
primary objective evolves from the optimization of the
spatial resolution and the efficiency (typical of tomographs
for cerebral applications) to the optimization of the balance
between energy resolution and count rate performance. The
size of the scintillation detector crystals, which together
with the photomultiplier tubes constitute the main elements
in the design of a PET system, determines the intrinsic
spatial resolution of the tomograph. The volume of each
crystal has a minimum, defined by the current technological
limitations, but, at the same time, should be large enough to
include a sufficient mass of material so that a significant
number of the incident high energy y rays are absorbed and
converted to visible (detectable) light. A very small detector
crystal could result transparent to vy rays, which would
decrease the system’s sensitivity.

Spatial resolution, an area of interest in the design of
PET systems, refers to the development and implementa-
tion of techniques for the correction of the effect of “depth of
interaction” (DOI) parallax error, which limits the unifor-
mity of the spatial resolution in the FOV for PET tomo-
graphs with rings of detector block arrays (18). In such
systems, the length of the detector crystals is about ten
times as long as their width in order to improve detection
efficiency. Therefore, PET measurements exhibit shift-
variant characteristics, such as broadened sensitivity func-
tions of each detector pair from center to edge of FOV and
for oblique lines of response. Spatial uniformity can be
restored if the DOI of the incident photons is known. A
number of techniques for deriving DOI information from
PET detectors have been proposed, including the use of a
phoswich technique (32) (detector arrangements, com-
posed from scintillation crystal layers; e.g., LSO/GSO phos-
wich block detector, where the distinct temporal
characteristics of the crystals used allow to identify the
DOI), extracting the DOI information by controlling the
light-sharing between two crystals, coupling of two ends of
the detection crystals to separate photodetectors, and
extracting DOI information from a 3D matrix detector
(33). Other approaches include the application of a light-
absorbing band around each crystal, the introduction of a
light-absorbing material between sections of the detector
or use of a Multipixel Hybrid Photomultiplier (M-HPD)
(34). When fully available in commercial tomographs, the
implementation of correction techniques for DOI will allow
the improvement of the spatial resolution and an ultimate
optimization in the design of scintillation detection systems.

In order to draw a full advantage from the increase of
the detection efficiency offered by 3D PET, developments in
the field of the image formation are equally necessary. The
acquired PET data are not an image of the activity dis-
tribution in the source but rather projections of it. The
unknown image must be estimated from the available data
computationally. Great interest is turned nowadays to
completely 3D iterative image-reconstruction techniques
(21). The more interesting feature of iterative techniques
consists of the possibility to incorporate to the reconstruc-
tion process the statistical model of the process of acquisi-
tion and detection. In spite of their high computational
cost, iterative techniques offer greater flexibility in the

data processing, particularly of data with elevated statis-
tical noise. The implementation of these reconstruction
algorithms on clusters of workstations, grid platforms, or
other high performance computing systems is an area of
state-of-the-art research (35).

In spite of the fact that the clinical impact of the
attenuation correction for whole-body F-18-FDG PET stu-
dies is still under discussion and study, iterative image-
reconstruction techniques combined with correction for
measured attenuation seem to offer various advantages:

- anatomical localization and spatial definition of
lesions are improved,

- the geometric distortions observed can be compen-
sated and corrected (requirement for being able to
proceed to the co-recording with anatomical images —
CT, MRI, and so on),

- the tracer update can be quantified.

An issue of greater technological interest for its major
impact on oncological diagnosis is the development of
integrated multimodality systems PET/CT (36). A PET/
CT system consists of a PET tomograph and a CT tomo-
graph, both of the last generation, assembled in a single
gantry, controlled from a single workstation, with one
unique patient bed. A PET/CT system allows the acquisition
of PET and CT images in a unique examination with sig-
nificant advantages:

- reduction of the examination time,

- integrated diagnosis by means of combined use of
information from PET and CT,

- accurate interpretation of the PET functional images
based on anatomical CT images (functional-anatomic
correlation),

- improvement of the PET functional image quality
using the anatomical information from CT (recon-
struction with iterative techniques of the PET data
with the use of the anatomical CT information as a
priori information, for attenuation correction, and
for accurate scatter correction, and for the correction
of the partial volume effect),

- elimination of the radionuclide source for transmis-
sion scanning and elimination of the need for periodic
replacement of decayed transmission sources.

The development of commercial PET/CT systems is
quite recent, and the number of such systems installed
and operational is still limited. Beyond the evaluation of
the clinical effectiveness of such systems, various technical
aspects still demand additional studies based on the clin-
ical experience. The techniques of patient positioning must
be optimized (arm position, etc.). The correction for
attenuation based on CT studies must be validated (cali-
bration of the attenuation-correction coefficients based on
CT to the 511 keV energy window). The alignment of CT
and PET studies must be verified, in particular regarding
the acquisition protocols (conditions of apnea in CT studies
and free respiration in PET studies). Furthermore, the



performance of these complex and expensive systems
should be compared with the performance of currently
available software-based solutions for the co-registration
and fusion of multimodality images (PET with CT, but also
PET with MRI, ultrasound, etc.), which are shown to
produce very accurate results, at least for brain studies.

Apart from whole-body human examinations, a challen-
ging area of state-of-the-art research at the limits of cur-
rent PET technology is the development of dedicated
tomographs for small animal studies (25). In such systems,
spatial resolution plays a crucial role as they are applied
in the investigation of new pharmaceuticals and the
development of new PET probes, as well as in the field
of modern molecular biology, a scientific area that is cur-
rently focusing its interest toward imaging of laboratory
mice and rats. As both the resolution and the sensitivity of
small animal PET scanners are still limited by detector
technology, image reconstruction algorithms, and scanner
geometry, significant improvements may be expected in the
performance of small animal PET scanners, whether pro-
totype or commercial systems. In addition, multimodality
imaging systems that will provide biological and anatomical
information in an integrated setting, according to the model
of PET/CT (or even PET/MR, etc.) systems already commer-
cially available for human studies, should soon become
available. The role of small animal PET in modern biology
and pharmaceutical discovery and evaluation is in the
process of being established, and it is likely that in vivo
information of great value will be obtained. In addition, it is
probable that the demanding requirements that small
animal studies place on PET will result in technical
advances and new technologies, which will dramatically
improve the spatial resolution and image quality of clinical
PET scanners for humans.

People today expect quality medical care at a reason-
able cost, with accurate diagnosis and treatment, without
having to undergo multiple exams and painful surgical
exploration, and with fast and reliable results. Molecular
imaging techniques, such as PET, display the biological
basis of function in the organ systems of the human
body unobtainable through any other means (37). PET
is changing the way doctors manage care of their
patients for some of today’s most devastating medical
conditions.
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