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Let'sPlay PET - Main Menu

Use the "Menu" button to jump to this Main Menu or click on the Next and Previous buttons to
proceed sequentially through the topics and tutorials. Or, you can return to the Department of
Molecular and Medical Pharmacology's Home Page.

Select one of the following categoriesto begin the tutorials/topics:

1. Overview of PET

2. Radioisotope Production

Production of Radioisotopes
Topics:

o Cyclotron Operation

o TheCarouse

o Target Chamber

o Computer Control

o Biosynthesis of Radionuclides

PET Tracers: Structure and Function

Select atracer from one of the following isotope groups:
1 Oxygen
B Carbon Dioxide

H Oxygen
B Water

2. Nitrogen
B Ammonia
3. Carbon
B Acetate
B Carfentanil
B Cocaine
B Deprenyl
B | eucine
B Methionine
B N-Methylspiperone
B Raclopride
4. FEluorine

W Haloperidol
B Fluorinelon
B Fluorodeoxyglucose (EDG)
B Fluorodopa

B Fluoroethylspiperone
W Fluorouracil

5. Rubidium_
B 82-Rubidium
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3. Nuclear Physics and Tomography

Positron Emission and I mage Reconstruction
o Positron Emission
o Annihilation

| nstrumentation and Quality Control
Topics:

o Resolution Requirements
Count Rate Performance
Acquisition Software
Processing Software
Archiving
Display of Image Data
Hardware Artifacts
Acquisition Artifacts
Processing Artifacts

O O O O O O O o

http://www.crump.ucla.edu/I pp/l pphome.html

4. Principles of Tracer Modeling

Kinetic Imaging
Topics:

o |ntroduction

o Tracer Distribution in Brain over Time
Tracer Distribution in Heart over Time
ROl Analysis
Tissue Curve
Blood Curve

o

O O O

image Quantitation

Topics:
o Qualitative vs. Quantitative Image Analysis
o Approachesto Quantitative Image Analysis

o Criteriafor Quantitative Image Analysis
o Parameter Estimation Flowchart

Mathematical M odeling
o Single Compartment M odel

o Discrete Sampling
o Plasma Curve
(o]
(o]

Two Compartment M odel
Plasma and Tissue Curves

PET Tracers: Models
Topics:
o Mathematical Modelsof PET Tracers
Select one of the following tracers:
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Acetate

Ammonia

Carbon Dioxide
Fluorinelon

Fluor odeoxyalucose (FDG

Fluor odopa
Fluor oethylspiperone
Leucine

Oxyagen
ater

'—\
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5. Clinical Applications of PET

Clinical PET - Cardiology

Topics:

Cardiac Scan Evaluation

Dietary Effectson FDG Metabolism
Parametric Imaging

Polar Maps
Single Vessd Disease

Double Vessel Disease

Myocardial Viability - Mismatch
Myocardial Viability - Match

| schemic Dilated Cardiomyopathy
|diopathic Dilated Cardiomyopathy

0O O O O O O O o o o

Clinical PET - Neurology

Topics:

Neur ological Scan Evaluation

PET and Brain Function

M etabolic Development of the Brain
alzheimer's Disease

Brain Tumors

Developmental Errors

| nfantile Spasms

Parkinson's Disease
Trauma

O O O O O O o o o

Clinical PET - Oncology

Topics:

Oncological Scan Evaluation
Abdomen and Pelvis

Brain Tumors
Head and Neck

Musculoskeletal System
Thorax

O O O O O o

6. Clinical Case Examples
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Clinical PET-Cardioloay

o Casel
Case 2 (under _construction)
Case 3 (under _construction)
Case 4 (under_construction)

Caseb
Case b
Credits and References

O O O O O o

Clinical PET-Neurology
o Casel

Case?2
Case3
Case4
Caseb
Caseb
Case?
Case8
Case9
Case 10
Casell
Casel2
Credits and References

0O O O O O o 0O 0O O o o o

Clinical PET-Oncoloagy
o Casel

Case?2

Case3

Case4

Case5

O O O O O o

Credits and References

7. Credits

8. References
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Overview of PET

Positron emission tomography (PET) has enhanced our understanding of the biochemical basis
of normal and abnormal functions within the body, and permitted biochemical examination of
patients as part of their clinical care. These capabilities are important because:

1. Thebasisof all tissue function is chemical.

2. Diseases result from errorsintroduced into its chemical systems by viruses, bacteria,
genetic abnormalities, drugs, environmental factors, aging, and behavior.

3. The most selective, specific, and appropriate therapy is one chosen from a diagnostic
measure of the basic chemical abnormality.

4. Detection of chemical abnormalities provides the earliest identification of disease, evenin
the presymptomatic stages before the disease process has exhausted the chemical reserves
or overridden the compensatory mechanisms of the brain.

5. Assessment of restoration of chemical function provides an objective means for
determining the efficacy of therapeutic interventionsin the individual patient.

6. The best way to judge whether tissue is normal is by determining its biochemical
function.

Another principle relates to the value of examining these biochemical processes with an
imaging technology. Because 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 am, because data are presented
in pictorial form to the most efficient human sensory system for search, identification, and
interpretationcthe visual system. Recognition depends upon 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 provides the means for imaging the rates of biologic processesin vivo. Imaging is
accomplished through the integration of two technologies, the tracer kinetic assay method and
computed tomography (CT). The tracer kinetic assay method employs a radiolabeled
biologically active compound (tracer) and a mathematical model that describes the kinetics of
the tracer asit participatesin abiological process. The model permits the calculation of the rate
of the process. The tissue tracer concentration measurement required by the tracer kinetic model
is provided by the PET scanner, with the final result being athree-dimensional (3-D) image of
the anatomic distribution of the biological process under study.

Radiolabeled tracers and the tracer kinetic method are employed throughout the biological
sciences to measure such processes as blood flow, membrane transport, metabolism, synthesis,
and ligand-receptor Interactions; for mapping axonal projection fields through anterograde and
retrograde diffusion; measurement of cell birth dates; marker assays using recombinant DNA
techniques; radioimmunoassays; and the study of drug Interactions with chemical systems of the
body. The tracer technique continues to be one of the most sensitive and widely used

methodol ogies for performing assays of biological systems. PET allows the transfer of the tracer
assay methodology to the living subject, particularly humans. PET builds a bridge of
communication and investigation between the basic and clinical sciences, based upon a
commonality of methods used and problems studied.

http://iwww.crump.ucla.edu/Ipp/pet_overview.html
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The transfer of tracer methods from the basic biological sciences to humans with PET is made
possible by the unique nature of the radioisotopes used in PET to label compounds: 11C, 13N,
150, and 18F. These are the only radioactive forms of the natural elements (I8F isused asa
substitute for hydrogen) that emit radiation that will pass through the body for external
detection. Natural substrates, substrate analogs, and drugs can be labeled with these radio
isotopes without altering their chemical or biological properties. This allows the methods,
knowledge, and interpretation of results from tracer kinetic assays used in the basic biological
sciences to be applied to humans by the quantitative measurement abilities of the PET scanner.

[Excerpted from: Phelps, M.E., Positron Emission Tomography. In: Mazziotta, J. and Gilman,
S, Eds,, Clinical Brain Imaging: Principles and Applications, 1992, F.A. Davis Company,
pp71-107]

[MENU]
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TUTORIAL: Radioisotope Production

Production of Radioisotopes

Use the "Menu" button to jump to the Let's Play PET Main Menu or click on the [Next] and
[Previous] buttons to proceed sequentially through the topics and tutorials. Or, you can return to
the Department of Molecular and Medical Pharmacology's Home Page.

Contents:
Topics:

e Cyclotron Operation

The Carousel

Target Chamber

Computer Control Unit
Biosynthesis of Radionuclides

Click on image aboveto view full-size image.

Shown here are the three mgjor components of a radioisotope delivery system (RDS). The
cyclotron is a particle accelerator used for the production of radioisotopes. These radioisotopes
are then attached to biologically relevant molecules using a biosynthesizer unit. The entire
processis controlled by a personal computer.

Cyclotron Operation

Click on image above to view full-size image.

A cyclotron consists of apair of hollow, semicircular metal electrodes (called "dees’ because of
their shape), positioned between the poles of alarge electromagnet (not shown). The dees are
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separated from one another by anarrow gap. Near the center of the deesis an ion source
(typicaly an electrical arc device in agas) that is used to generate charged particles.

Click on image above to view full-size image.

During operation, particles, such as the hydrogen ion depicted here, are generated in bursts by
the ion source. A filament located in the ion source assembly creates a negative charge on the
hydrogen ions through the addition of two electrons to the hydrogen (the el ectrons are depicted
in yellow in the following screens).

Asthe negative ions enter the vacuum tank, they gain energy due to a high-frequency alternating
electric field induced on the dees. Asthe negative ions flow from the ion source, they are
exposed to this electric field as well as a strong magnetic field generated by two magnet poles,
one above and one below the vacuum tank. Because these are charged particlesin a magnetic
field, the negative ions movein acircular path.

Click on image above to view full-size image.

When the negative ions reach the edge of the dee and enter the gap, the RF oscillator changes
the polarities on the dees. The negative ions are repelled as they exit the previoudy positive but
now negatively charged dee. Each time the particles cross the gap they gain energy, so the
orbital radius continuously increases and the particles follow an outwardly spiraling path.The
particles are "pushed” from the first dee and drift along a circular path until they are attracted or
"pulled” by the second dee which has become positively charged.The result is a stream of
negative ions which are accelerated in a circular path spiraling outward.

The Carousd

Ho.

Click on image aboveto view full-size image.

The stream of negative ionsis directed towards the first carousel positioned between the

http://www.crump.ucla.edu/I pp/radioi sotopes/radioi soprod.html
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accelerators and target chamber A. The carousels contain thin carbon foils that strip each H- ion
of its two electrons. When the negative ions |ose both electrons, they become H+ ions or protons
(indicated by the loss of the electrons, shown in yellow). Through computer-controlled
movement of an extractor assembly, the proton beam can be split and directed to two separate
targets. The stripping foil is positioned partway into the beam so that a portion of the beam is
extracted. The remainder of the particles continuein a circular path completing an additional
orbit.

Sk Birpping ol

Click on one or both of the images above to view full-size image(s).

In the negative ion systems, the proton beam is extracted by passing the (H-) ion beam through a
thin carbon foil, located on one of the four carousels. The extraction foils strip each (H-) atom

of its two electrons. When the negatively-charged hydrogen ions lose both electrons, they
become (H+) ions or protons. The protons proceed through the foil; however because they now
have the opposite charge, yet are still under the influence of the magnetic field, they follow a
circular path, tangent to their former orbit away from the center of the cyclotron. This proton
stream is directed toward atarget chamber. Extraction foils range in thickness from 5 to 25 pm
and have about a 100 hour lifetime.

Target Chamber

Click on image aboveto view full-size image.

The target chambers are integrated into the total RDS system to optimize performance of both
the targets and the other RDS elements (cyclotron, beam transport lines, shielding, and
computer control). The target chambers feature compact size for economical shielding, ease of
removal and installation for maintenance, and asimple, reliable design.

In preparation for bombardment, a stable chemical isotope is loaded into the target chamber.
The proton beam from the cyclotron enters the target chamber and by means of a nuclear
reaction, changes the stable target material into aradioactive isotope. These radioisotopes are

unstable and decay by a processinvolving positron emission. It isthisfeature that is utilized in
imaging studies involving Positron Emission Tomography.

Computer Control Unit

All functions of the RDS, including the cyclotron and biosynthesizer units, are controlled
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through the use of a persona computer.

Production of a specific radioisotope is accomplished by stepping though a set of menu
selections on the terminal display. The operator selects an item from the menu to produce the
desired radioisotope. All other processes are carried out automatically. Operation of the RDSis
oriented toward production of the final product rather than intermediate accelerator parameters.
A separate "maintenance” mode is provided for monitoring and controlling the separate system
components.

Complete computer control allows for a significant reduction in personnel requirements,
allowing more time for other, more important tasks.

Biosynthesis of Radionuclides

Click on image above to view full-size image.

The biosynthesizer unit depicted above can be used to produce a variety of clinically useful
radiolabeled compounds. Radioisotopes produced with the cyclotron are transfered to the
biosynthesizer unit and attached to clinically useful biological markers.

Return to Top of Tutorial

[Menu] [Previous| [Next]
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TUTORIAL: Radioisotope Production

PET Tracers. Structure and Function

Use the "Menu" button to jump to the Let's Play PET Main Menu or click on the Next (right
arrowhead) and Previous (left arrowhead) buttons to proceed sequentially through the topics and
tutorials. Or, you can return to the Department of Molecular and Medical Pharmacology's Home

Page.

Contents:
Topics:

e PET Tracers
Select atracer from one of the following isotope groups:

1. Oxygen
B Carbon Dioxide
m Oxygen
m Water

2. Nitrogen
B Ammonia

3. Carbon
B Acetate
B Carfentanil
B Cocaine
B Deprenyl
B |eucine
B Methionine
B N-Methylspiperone
B Raclopride

4. Fluorine
B Haloperidol
B Fluorinelon
B Fluorodeoxydlucose (FDG)
B Fluorodopa
B Fluoroethylspiperone
B Fluorouracil

5. Rubidium
B 82-Rubidium

I. Oxygen
Oxygen-15 has a half-life of 2.1 minutes.

e Carbon Dioxide
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Radiolabeled water and carbon dioxide have both been used to study local cerebral blood
flow.

Oxygen

Po—c

[150]-1abeled water and oxygen are being evaluated for the quantification of myocardial
oxygen consumption and oxygen extraction fraction. [ 150]-labeled oxygen can also be
used to measure tumor necrosis.

Water

rl 55, /'rl

150-labeled water and oxygen are being evaluated for the quantification of myocardial

oxygen consumption and oxygen extraction fraction. 150-water is also used by many PET

centers as atracer for myocardial blood perfusion (in contrast to 13N-ammonia). Use of
[150]water has the advantage of a nearly 100% extraction fraction in myocardium. The
extraction is unaffected by metabolism, which conceivably could modify the extraction
fractions of other tracers such as [82Rb] or [13N]ammonia; a disadvantage is the high
[150] activity concentrations in the vascular compartment of myocardium, the cardiac
chambers, and the lungs. Accurate measurements of the tracer concentrations in
myocardial tissue are therefore difficult.

I. Nitrogen
Nitrogen-13 has a half-life of 10.0 minutes.

e Ammonia

20f 6
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Click on image above to view full-size image.

[13N]-labeled ammonia can be used to measure blood flow. This tracer moves from the
vascular space to tissue by both active transport (sodium-potassium pump) as well as by
passive diffusion. Once inside cells, this tracer is primarily metabolized by the glutamic
acid-glutamine pathway. [ 13N]-ammonia has been found to be an excellent measure of
regional myocardial perfusion in both normal and diseased states. An added advantage of
[13N]ammoniais the relatively short physical half-life, which allows for repeat studies.
Clearance of [13N]Jammoniafrom blood is rapid, with high tissue retention fractions,
resulting in high-contrast cross-sectional images of the myocardium. [13N]ammonia
studies are often combined with [18F]FDG to compare myocardia blood flow with
glucose metabolism in an effort to detect "mismatch”, an index of viable but

http://www.crump.ucla.edu/l pp/radioi sotopes/tracers.html
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compromised tissue.

[11. Carbon
Carbon-11 has a half-life of 20.4 minutes.

e Acetate
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Click on image above to view full-size image.

11C-labeled acetate is used for measuring oxidative metabolism. The primary metabolic
fuel for the myocardium are fatty acids, and therefore this tracer is very useful in assessing
the metabolic status of the heart.

o Carfentanil
B

Click on image above to view full-size image.

Carfentanil is a mu-opiate receptor agonist that is approximately 8000 times more potent
than morphine. [11C]-labeled carfentanil is use with PET to study opiate receptorsin the
brain (Dannals, et al., 1985, 1993).

e Cocaine

|
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Click on image above to view full-size image.

PET can be utilized for the identification and characterization of drug binding sitesin the
brain. [11C]-labeled cocaine has been utilized in human and monkey brain to study the
distribution and pharmokinetics of this agent. For example, it was demonstrated that
cocaineisrapidly taken up and cleared from the striatum, and the time course of this
parallels the temporal pattern of the "high" experienced with cocaine. PET has also been
used to study the biochemical effects of cocaine. It has been demonstrated that while
acute doses of cocaine have little, if any, effect on dopamine D2 receptor availability
(measured with [11C]N-methylspiroperidol), chronic cocaine results in a down regulation
of D2 receptors. Dopamine metabolism is also reduced in chronic cocaine abusers
(measured with 6-[ 18F]fluoro-L-DOPA). (See Fowler, et a. for review).

e Deprenyl
N
Sind

Click on image above to view full-size image.

The distribution of monoamine oxidase (MAO) type B, the isoenzyme that catabolizes
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dopamine, has been monitored in the human brain by PET following injection of
radioactive [11C]-deprenyl (Fowler, et al., 1987). Deprenyl is a potent MAO B inhibitor
and has been shown to be effective in the treatment of early Parkinson's disease.

e |Leucine
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Click on image above to view full-size image.

[11C]-1abeled methionine and leucine can be used to evaluate amino acid uptake and
protein synthesis, providing an indicator of tumor viability.

e Methionine
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Click on image above to view full-size image.

[11C]-labeled methionine and leucine can be used to evaluate amino acid uptake and
protein synthesis, providing an indicator of tumor viability.

e N-Methylspiperone
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Click on image above to view full-size image.

N-methylspiperone (N-methylspiroperidol) binds to dopaminergic D2 receptors.
[11C]-labeled N-methylspiperone has been used to study the neurochemical effects of
various substances on dopaminergic function.

e Raclopride
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Click on image above to view full-size image.

[11C]-labeled racloprideis used in PET to study the function of dopaminergic synapses.
Raclopride binds to dopamine D2 receptors and is a selective, reversible inhibitor of
dopaminergic D2 receptor function (Farde, et al., 1986).

V. Fluorine
Fluorine-18 has a half-life of 109 minutes.

e Haloperidal
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Click on image above to view full-size image.

PET has been used to study the binding sites of haloperidol, awidely used antipsychotic
and anxiety reducing drug. Haloperidol is a potent antagonist of the neurotransmitter
dopamine, and acts on dopamine D2 receptors. Recent evidence suggests that hal operidol
may also act on other types of dopamine receptors, since [18F]-haloperidol binding is
seen in the cerebellum, a structure devoid of D2 receptors (Fowler, et a., 1990).

Fluorinelon
%;—

Radiolabeled fluorine ion [18F-] was once a standard agent for clinical bone scanning.
The pattern of skeletal uptake of [18F-] is similar to that of
Technetium-99m-diphosphonate (conventional gamma cameratracer); normal bone
structures demonstrate uniform uptake of [18F-]. Both [18F]- and [99mTc] are quite
sensitive indicators of skeletal pathology but are limited in terms of pathological
specificity (i.e., benign and malignant processes both result in stimulated osteoblastic
activity and increased uptake). However, because [ 18F-] has a better bone-to-soft-tissue
uptake ratio compared to [99mTc] diphosphonate, awhole-body PET bone scan may be
both more anatomically accurate and more numerically precise than a comparable gamma
camera study.

Fluor odeoxyglucose

iz

Click on image above to view full-size image.

[18F]-labeled 2-deoxyglucose (FDG) is used in neurology, cardiology and oncology to
study glucose metabolism. In cardiology, [18F]-labeled FDG can be used to measure
regional myocardial glucose metabolism. Although glucoseis not the primary metabolic
fuel of the myocardium, glucose utilization has been extensively studied as a metabolic
marker in both diseased and normal myocardium. Because [18F]-labeled FDG measures
glucose metabolism it is also useful for tumor localization and quantitation. FDG is
potentialy useful in differentiating benign from malignant forms of stimulated
osteoblastic activity because of the high metabolic activity of many types of aggressive
tumors.

Fluor odopa
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Click on image above to view full-size image.

18F-labeled PET tracers are used in neurology to study metabolism, neurotransmission,
and cell processes. L-[18F]DOPA can be used to examine the presynaptic distribution of
stored neurotransmitter. L-DOPA is the precursor for the neurotransmitter dopamine and
radiolabeled L-DOPA istaken up by dopaminergic terminals and becomes incorporated
into the neurotransmitter. L-[18F] DOPA has been used clinically in the study of
Parkinson's disease.
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e Fluoroethylspiperone
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Click on image above to view full-size image.

18F-labeled PET tracers are used in neurology to study metabolism, neurotransmission,
and cell processes. [18F]-labeled fluoroethylspiperone is a radioligand used to probe
dopamine D2 recepors. [18F]-FESP binds to D2 receptors with high affinity; up to 10x
higher than raclopride, for example. PET studies of dopaminergic function have been
used to monitor hormonal effects (Wong, et a., 1988), aging (lyo, et a., 1989), and
neuropathological conditions such as Parkinson's disease and Schizophrenia.

e Fluorouracil
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Click on image above to view full-size image.

[18F]-labeled fluorouracil has been used to measure the delivery of chemotherapeutic
agentsin the treatment of cancer (reviewed in Fowler, et a., 1990).

V. Rubidium
Rubidium-82 has a half-life of 1.25 minutes.

e 82-Rubidium

°2nb

82Rb isused for myocardia perfusion studies, where its short half-life (76 sec) allows for
rapid rest/stress paired studies to be performed. One of the distinct advantages of this
tracer isthat it can be produced without a cyclotron from a column generator. It has the
limitation, however, of poor resolution images due to the relatively long positron range of
this positron emitter. 82Rb has also been used to identify blood-brain-barrier deficits. The
short half-life of 82Rb requires high-efficiency tomographsin order to obtain statistically
adequate images, but offers in exchange the advantage of serial measurements in the same
patient. Hence, the study of short-term effects of physiologic alterations or of drugs, for
example, is possible.

Return to Top of Tutorial

[Menu] [Previous| [Next]
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TUTORIAL: Nuclear Physics and
Tomography

Positron Emission and | mage Reconstruction

Use the "Menu" button to jump to the Let's Play PET Main Menu or click on the Next (right
arrowhead) and Previous (left arrowhead) buttons to proceed sequentially through the topics and
tutorials. Or, you can return to the Department of Molecular and Medical Pharmacology's Home

Page.

Contents:
Topics:

e Positron Emission
e Emission Detection

Positron Emission

Murlruz (Fratane + Mr.lnr.'.rm]

Click on image aboveto view full-size image.

This schematic represents a positron-emitting radioisotope. Positrons (3+) are positively
charged electrons. They are emitted from the nucleus of some radioisotopes that are unstable
because they have an excessive number of protons and a positive charge. Positron emission
stabilizes the nucleus by removing a positive charge through the conversion of a proton into a
neutron. In doing this, one element is converted into another, the latter having an atomic number
one less than the former. For radioisotopes used in PET, the element formed from positron
decay is stable (i.e., not radioactive). All radioisotopes used with PET decay by positron
emission. A positron (3+) emitted from a decaying nucleus travels a short distance before
colliding with an electron of anearby atom.

http://iwww.crump.ucla.edu/I pp/nucl earphysi cs/imagerecon.html
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Click on image aboveto view full-size image.

The distance that a positron travels is dependent on its energy.

orilreninm

Click on one or both images above to view full-size images.

The positron combines with an ordinary electron of a nearby atom in an annihilation reaction,
forming positronium as an intermediate.

Click on image aboveto view full-size image.

When a positron comes in contact with an electron, the two particles annihilate turning the mass
of the two particlesinto two 511-keV gamma-rays that are emitted at 180-degree to each other.
These photons easily escape from the human body and can be recorded by external detectors.
When detected, the 180-degree 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.

Emission Detection

Pastran
w7 annindaticn

Click on image above to view full-size image.

Now let's examine how the tomograph detects the 511-keV gammarays emitted from the
annihilation of positrons with electrons. In a PET study, one administers a positron-emitting
radlioisotope by injection or inhalation. The isotope then circulates through the bloodstream to
reach, for example, brain tissue or cardiac muscle. As positron annihilation occurs, the
tomograph detects the isotope's |ocation and concentration.

The line that appears after a positron annihilation event represents the emission of two 511-keV
gammarays at approximately 180-degree apart from one another. The tomograph'sjob isto
detect these coincident rays, which indicates that positron annihilation has occurred somewhere
along that coincidence line.

When the 511-keV gamma rays interact with scintillation crystals composed of bismuth
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germanate (BGO), they are converted into light photonsin the crystals.

Click on image aboveto view full-size image.

Shown here in schematic form, the light photons are converted to electrical signalsthat are
registered by the tomograph's electronics. This conversion and recording process happens
almost instantly, so that the scintillation events can be compared among all opposing detectors
(along many coincidence lines).

The spatial and temporal distribution of the positron-emitting radioisotope depends on how the
organ being scanned handles it biochemically and physiologically. Visualized here are the
positron annihilation events and the subsequent gamma-ray emissions.

Having visualized the positron emission detection and recording process, let's look briefly at the
image reconstruction process.

Click on image above to view full-size image.

The ring of squares schematically represents one ring of detectorsin a PET scanner, which may,
for example, have fifteen such rings for simultaneous tomography of many transaxial slices.

Click on image aboveto view full-size image.

Each detector can be operated in multiple coincidence with many detectors across from it,
thereby defining coincidence sampling paths over many angles (fan-beam response).

Click on image aboveto view full-size image.

http://iwww.crump.ucla.edu/I pp/nucl earphysi cs/imagerecon.html
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Also, at any given angle many parallel coincidence sampling paths can be defined, resulting in
high "linear sampling." These sampling features affect final image quality.

Click on image above to view full-size image.

The tomograph's reconstruction software then takes the coincidence events measured at all
angular and linear positions to reconstruct an image that depicts the localization and
concentration of the positron-emitting radioisotope within a plane of the organ that was scanned.

Return to Top of Tutorial

[Menu] [Previous] [Next]
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TUTORIAL: Nuclear Physics and
Tomography

| nstrumentation and Quality Control

Use the "Menu" button to jump to the Let's Play PET Main Menu or click on the Next (right
arrowhead) and Previous (left arrowhead) buttons to proceed sequentially through the topics and
tutorials. Or, you can return to the Department of Molecular and Medical Pharmacology's Home

Page.

Contents:
Topics:

¢ Resolution Requirements
Count Rate Performance
Acquisition Software
Processing Software
Archiving

Display of Image Data
Hardware Artifacts
Acquisition Artifacts
Processing Artifacts

Resolution Requirements

Patient Throughput
Field of View (FOV)
Retractable Rings
Retractable Septa

e Ring Planes

Theuse of PET inaclinical setting requires different characteristics and performance of the
instrumentation, computer hardware and processing software than a system used in aresearch
environment. The resolution in PET aways has to be balanced against acceptable levels of
image noise and patient throughput. For most clinical PET applications the intrinsic resolution
of approximately 6 mm in al spatial directions seen today in most PET systemsis adequate. At
this resolution high quality images can be reconstructed at a final image resolution of 8-10 mm.
These systems also have a sampling distance of approximately 3 mm in all spatial directions.
The relatively uniform resolution and sampling in these systems makes them suitable for true
3-D volumetric imaging. This becomes a very important feature in, for instance cardiac imaging,
where it necessary to reorient the image data into long axis views.

|. Patient Throughput
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In aclinical setting, one of the most important factorsis patient throughput. One would like to
set up the scanner quickly for anew patient, acquire the necessary data, reconstruct and process
the data, generate afilm for readout and reporting and, eventualy, to archive the data. The
system should also be able to collect datain a multitude of modes, including simple static,
dynamic, gated, and rectilinear scans.

I1. Field of View (FOV)

A PET scanner should not only be designed to image one single organ, such as the brain or the
heart, but should be able to image any organ in the body, including whole-body scans. Most
PET systemstoday are whole-body systems, i.e., they have atypical transaxial FOV of 60 cm.
This FOV is adeguate to handle most patients. The axial FOV of most PET systemstoday is
limited to approximately 10 cm. Thisrelatively narrow axial FOV imposes some limitation on
the imaging procedures that can be performed clinically. It aso 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. Thiswould, for
instance, alow full brain and heart imaging in a single frame and more efficient whole body
imaging. Since the detectors contribute a significant portion of the total cost of the scanner,
however, this would bring into question what woult be an acceptable cost for the PET scanner.

I11. Retractable Rings

Retractable ring (rodsources) sources reduce the radiation dose to the technologist by decreasing
the handling of the source.

V. Retractable Septa

Although retractable septa are not amust for a clinical system, with this feature the efficiency of
the PET system can be improved through the acquisition of more coincidence planes. However,
given the requirements of short processing timein aclinical setting, this technology has yet to
reach maturity.

V. Ring Planes

Current PET systems have up to 16 ring planes, producing atotal of 31 transaxia planes. The
resolution is about 5 mm in al directions. This resolution is adequate for most clinical
applications. With asampling of 3 mm in al directions, one can perform studies without any
detector motions.

Count Rate Performance

A PET system used in aclinical setting should be able to handle wide range of count rates,
without serious losses in resolution and count rate linearity. In most clinical study protocols,
such as brain FDG scans or cardiac viability studies using FDG and NH3, the injected activity
does not produce count rates high enough to reach the count rate limitations of the scanner. In
high count rate studies, such as 82-Rb cardiac studies, the injected activity produces high
enough count rates to produce significant dead time in the system. Most systems do have
built-in dead time corrections, thus producing alinear response to injected activity. However, at
these high count rates there might be some losses in resolution due to event pile-up.

Acquisition Software

http://www.crump.ucla.edu/l pp/nuclearphysics/qualitycontr.html
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Inaclinical setting typicaly only alimited set of well defined study protocols are used. Itis
therefore desirable, for these procedures to set up standard protocols which automatically
configures the scanner for acquisition and subsequent processing. By using these pre-defined
configuration procedures, a study can be started quickly. The technologist does not have to enter
alarge number of parameters, such as scanning times, number of frames, reconstruction
parameters and other processing parameters. By using these pre-defined protocols, the system is
also less susceptible to human typing errors. In defining these "canned" protocolsit is, however,
important to allow some flexibility in changing parameters for special cases (e.g., study time,
reconstruction parameters)

Processing Software

An important aspect of clinical PET (that is many times neglected) is the necessity of fast and
efficient processing software and hardware. After acquisition completion, the processing
software should be able to produce a set of preliminary images before the patient leaves. The
final images should, for most basic studies, be finished within 1 hour after scan completion.
This requires that the processing software be highly automated and requires as little technol ogist
interaction as possible. Inaclinical PET center where 8-10 patients are scanned per day, itis
very likely that there will be very little CPU time |eft on the acquisition computer system for
processing of previously acquired studies. In order to be able to process al of the patient data,
additional processing capabilities are necessary in the form of additional workstation(s). Thisin
turn requires that the computers be networked to allow the data to be interchanged between the
acquisition and processing systems.

Data Flow and Archiving
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Click on image above to view full-size image.

The accompanying diagram depicts atypical network for Nuclear Medicine. The flow of data
generally proceeds from acqusition to archiving and, finaly, to image analysis. In abasic PET
study, such as a static FDG brain scan with 15 images, approximately 24 megabytes (MB) of
data are produced (including attenuation correction, normalization, emission data, and images).
Of thisdata only 0.5 MB contains the final image data (e.g. reconstructed images). In aclinical
setting, it is unlikely that the raw data will be reprocessed after the final images have been
produced. Image datais, however, frequently retrieved, usually for comparing multiple studies
performed on a patient. It should, therefore, be necessary to store only image data in aform that
can be retrieved within afew minutes. Raw data can, in contrast, be stored on mediawith a
greater access time. For long-term storage of all files, including the raw data, high density,
slower media such as 4 mm tape can be used. Tape allows for fast archiving and provides
reliable storage at avery low cost. At the present time, the most logical choice for storage of
image datais optical (or magneto-optical) disk. These disks are easily handled, and data can
typically be retrieved within seconds after the disk is mounted. The ability to have fast access to
the data becomes especially important in a setting where films have been replaced with
computer displays. Image analysis and other application programs running on workstations (e.g.,
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Macintoshes or SUNs) can query the archive database for file information. Individual files can
then be copied to alocal disk on the workstation.The system should be able to collect datain a
multitude of modes, such asimple static, dynamic, gated, and rectilinear scans.

Display of mage Data

One of the final stepsin the processing chain of the PET study isto produce afina layout of the
images for the diagnosing physician. The conventional way of presenting the image datais 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 |abelled with demographic data about the study such as
patient name and scan type. Since thisinformation 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 networks, 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; this can be accomplished using x-ray films. With
recent improvements in printer technology, high quality color output may also be alow cost
aternative to the traditional film.

Hardwar e Artifacts

¢ Coincidence Detection
e Detector Failure

e Memory Failure

* Processing Hardware

The most common sources of artifacts can be divided into three maor groups. hardware,
acquisition and processing-induced artifacts. In order to identify the sources of image artifacts
seen in PET images, it isimportant to have a good understanding of the acquisition and
processing hardware used and the different processing steps involved in producing the final PET
image.

|. Coincidence Detection

G0 Ak oo Dapasshn

Click on image above to view full-size image.

When avalid event is detected by a pair of detectorsit is sorted into a sinogram. The sinogram
isaway of storing the data in a suitable way for the image reconstruction. If we look at all
coincidence linesthat are parallel at a certain angle, thisforms asingle projection view. Thisis
stored in the sinogram as asingle row. If welook at another set of paralel coincidencelinesat a
different angle, these then are sorted into a different row in the sinogram. All rowsin the
sinogram are projection views at different angles.

http://www.crump.ucla.edu/| pp/nucl earphysicsg/qualitycontr.html
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Click on image above to view full-size image.

If welook at all the coincidence lines for a particular detector we see that these form afan. In
the sinogram, it turns out that the data is stored along a diagonal line. Depending on the location
of the detector, it will have a positive or negative slope.

Il. Detector Failure

B Detector  Bid Bock  Bed Comeitkr

Click on image above to view full-size image.

The hardware induced artifactsin PET is most of the time caused by afailure in the detection
system or the subsequent sorting system. The cause of these types of artifactsis most easily
identified in the unprocessed sinogram data (above). The most commonly seen hardware
induced artifact in PET is caused by detector failures. Thisisusually caused by afailurein the
PMTs coupled to the scintillation crystals.

Click on image above to view full-size image.

The artifact a detector failure produces in the imageis afan like ripple. This pattern corresponds
to the fan of coincidence lines that a single detector forms with its opposing detectors. In the
sinogram (right), the failure of a single detector is seen asa single diagonal line (either cold or
hot in comparison with its neighbors). The intensity of the artifact is dependent on the number
of detectorg/ring in the system. In a system with alarge number of detectors, the dropout of a
single detector is not likely to produce any serious artifacts.

In PET systems using modular detector systems (i.e., detection systems where a group of
scintillators are coupled to a common group of PMTSs), the failure of asingle PMT will affect
more detector channels. In the reconstructed image thisis again seen as afan likeripple, but is
more pronounced in comparison with a single detector failure. In the sinogram, the failureis
seen as awide diagonal band (cold or hot, depending on the type of PMT failure). As opposed
to asingle detector failure, afailing detector module resultsin artifacts in multiple image
planes.

The detectorsin a PET system are typically grouped together in buckets or cassettes. The data
flow from the detectorsin a bucket is usually managed by a bucket controller. If the bucket
controller fails, alarger number of detectors are affected and is again seen in the sinogram as a
broad band. The artifact seen in the reconstructed image can sometimes be less apparent than in
the case of a single module dropout due to the superposition of several fan-like ripples.

http://www.crump.ucla.edu/| pp/nucl earphysicsg/qualitycontr.html
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[11. Memory Failure

After the detection of a coincidence event in the PET scanner, the event is sorted and counted in
a histogram memory. Failure in the sorter and the histogram memory is another potential source
of artifact in PET. Thistype of problem typically occurs when one or more memory cells are not
properly initialized and are filled with an erroneous number of events. In the sinogram, thisis
seen as single or multiple hot spots. When this data is reconstructed, these hot spots will
produce single streaks across the image.

These artifacts can be removed by manually removing these hot spots from the sinogram and
re-reconstructing the data. This can, however, be avery tedious task depending on the extent of
the problem. One of the best checks to determine whether the PET system is functional before
an acquisition, isto acquire a data set with arotating plane source. A visua inspection of the
acquired sinograms usually reveals any kind of serious hardware problem. This check should be
apart of any daily QC of the PET system.

V. Processing Hardware

ole

Click on image above to view full-size image.

Thisis an example of an artifact introduced by the processing hardware. On the |eft is an image
of auniform cylinder, reconstructed using a dedicated array processor. In the middle is shown
the sinogram from which the image was reconstructed. The ring pattern seen in the
reconstructed image resembles the ring artifacts seen in x-ray CT systems with rotating detector
banks, where one or more of the detectors has failed. However, in acircular PET system any
detector failure produces afan-like artifact. If the sorting hardware fails, vertical streaks will be
seen in the sinograms; thisis not the case in the above example. Theimage on theright isa
reconstructed image of the same data set, but without the array processing. In this case the
artifact is gone, which provides further validation that there isindeed a problem in the array
processor.

Acquigition Artifacts

e Patient Movement
e Gantry Induced Artifacts

Astheir name implies, acquisition artifacts are introduced during the acquisition of the PET data
and are usually caused by patient movements. The appearance of the artifacts can vary from a
lossin resolution to, in aworst case, patterns that could be interpreted as pathological changes.
Even though most modern PET systems provide some means of fixation devices to prevent
patient motion, these types of artifacts cannot be completely eliminated. A second category of
artifact (gantry-induced), is caused by failuresin the gantry itself, excluding the detector
hardware. These include failuresin repositioning of ring sources in the same position between
blank and transmission scans, inaccurate bed motions, or other inaccuracies in the motion
system of the gantry.

|. Patient M ovement

6 of 10 4/27/00 2:12 PM



Nuclear Physics and Tomography http://www.crump.ucla.edu/| pp/nucl earphysicsg/qualitycontr.html

In brain studies, the image artifacts caused by patient motion istypically limited to alossin
gpatial resolution. The effect of patient movements can be reduced by acquiring the datain a
dynamic sequence. After the study the dynamic frames can be viewed in a cinematic mode to
determine whether or not the patient moved during the acquisition. If the patient moved, only
the frames that are properly aligned are summed and used in the final image formation.

s . T- T -T.] Do 1

Click on image above to view full-size image.

This image shows the effect of summing all the framesin the previous study (upper images)
compared to summing only those frames where the patient remained motionless (lower images).
We see that by summing only a part of the study, the image contrast and resolution are
improved. In thisway, information can be salvaged by relatively simple means.

Il. Gantry Induced Artifacts

Click on image above to view full-size image.

This cardiac FDG scan is an example of an artifact introduced by the image reconstruction. The
artifact seen in the image is a set streaks across the image, similar to the fan like pattern
produced by afailing detector. The sinogram on the right does, however, does not reveal any
failing detectors. The high intensity sine wave across the sinogram indicates that there is an area
in the FOV with very high uptake.

Click on image above to view full-size image.

If the same data set is reconstructed at a smaller zoom (i.e., the full FOV isreconstructed), we
See an area at the edge of the FOV with very high intensity (arrowhead, middle image). This
could possibly be caused by retention of the activity at the injection site or a poorly flushed
injection line. If theimage is re-scaled, we see that the streaks across the myocardium originate
from the high intensity region. The streaks themselves are caused by a combination of statistical
noise and shortcomings in the image reconstruction algorithm. Unfortunately, in this case the
intensity of the high activity areais such that the intensity of the streaks are of the same
magnitude as the uptake in the myocardium, which causes the visible interference pattern.
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Click on image above to view full-size image.

A possible way to salvage this particular study isto mask out the high intensity areain the
sinogram prior to reconstruction, which removes the artifact. Although, the stresk artifacts are
removed, the quantitative information in the image will most likely to be compromised or lost.

Processing Artifacts

Processing artifacts originate during the production of the final image from the acquired
emission data. These types of artifacts are typically introduced by the individual processing the
data; for instance, the wrong processing parameters might be entered (e.g., no attenuation
correction, wrong reconstruction filter etc.). Since most of the processing steps require a
minimum of operator interaction, these types of artifacts occur less frequently.

Effict i bdlaalgred A-=ranwta 1 Camrectng

Click on image above to view full-size image.

One processing step that does require substantial operator interaction is the ellipse definition of
the head outline when using cal culated attenuation correction in brain studies. If not done with
great care, this step can introduce serious artifacts. The above image shows a simulated cylinder
with a profile drawn through it, with the ellipse incorrctly aligned and 1 cm offset (right side).
With this offset we see that a eclipse type artifact is introduced.

|- el

Click on image above to view full-size image.

This side shows the same type of artifact in a FDG scan of a normal vounteer. By offsetting the
attenuation ellipse by 1 cm (right image) we introduce an apparent asymmetry in activity uptake,
which can be interpreted as a pathological change. The asymmetry shows an over and under
estimation of activity by 11%.

http://www.crump.ucla.edu/| pp/nucl earphysicsg/qualitycontr.html
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Click on image above to view full-size image.

Another possible artifact introduced by the ellipse definition is the ellipse diameter. Shown here
isasimulated cylinder used to demonstrate the effect of under and over estimating the ellipse
dimension. We see that the over and under estimation maintains the uniformity fairly well but
we see aover and under correction at the edge.

Effect 7 Incsreess Elipre anezes

-, ﬁ

Click on image above to view full-size image.

Thisis again the same normal volunteer where the attenuation ellipse has been under and
overestimated by 1 cm all directions. We see that no uniformity artifacts are introduced. The
scalp uptake is dightly under and over estimated as expected. |If we look at the data
quantitatively, alarger differenceisrevealed. An error of up to 20% is seen when estimating the
uptake activity when using an ellipse of the wrong dimensions.

Click on image above to view full-size image.

If the wrong attenuation coefficient, or p-value, is assigned to the area defined by the ellipse, an
artifact similar to that which occurs with an incorrect ellipse diameter is seen. Thisisillustrated
using the simulated cylinder, where the correct p-value is 0.095 cm-1. If the p-value istoo high
or too low, we see a slight over and under estimation of the activity distribution.
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Click on image above to view full-size image.

Thisis again the images of the normal volunteer, where the ellipse dimensions remain constant,
but the p-value used in the different images are 0.095, 0.090 and 0.100 respectively. Again we
see that by using a 1 value that is too high or too low, the result is an over and under estimation
in the activity levels.

Return to Top of Tutorial
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TUTORIAL: Principlesof Tracer Modeling
Kinetic Imaging

Use the "Menu" button to jump to the Let's Play PET Main Menu or click on the Next (right
arrowhead) and Previous (left arrowhead) buttons to proceed sequentially through the topics and
tutorials. Or, you can return to the Department of Molecular and Medical Pharmacology's Home

Page.

Contents:
Topics:

| ntroduction

Tracer Distribution in Brain over Time
Tracer Distribution in Heart over Time
ROI Analysis

Tissue Curve

Blood Curve

| ntr oduction

Kinetic imaging 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 distribution and then using tracer kinetic modeling to extract useful information is
termed image analysis. The tracer kinetic method with radiolabeled compoundsis a primary and
fundamental principle underlying PET and autoradiography. It has also been essential to the
investigation of basic chemical and functional processesin biochemistry, biology, physiology,
anatomy, molecular biology and pharmacology. Tracer kinetic methods also form the basisin in
vivo imaging studies in nuclear medicine.

Tracer Distribution in Brain over Time

Fu sreotbyleasipa-cas

Click on image above to view full-size image.

Let'sfirst look at an example of tracer distribution over time. With our trusting patient on the
scanner bed, we'll inject her with aradiolabeled D2 dopaminergic receptor ligand, 18F-1abeled

http://www.crump.ucla.edu/l pp/tracermodeling/kineticimag.html
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fluorethylspiperone (FESP). We will then monitor the temporal sequence of PET scans,

following FESP injection, through a plane that contains the striatum (caudate & putamen).
F"I:l;r.'n

:
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Click on image above to view full-size image.
Initially, the FESP tracer is distributed in plasma component of the brain. Then the ligand enters

thetissuein afree state. Finally, at the end of three hours, nearly all of the FESP present in the
brain is bound to the striatum, as indicated by the red pixels of the pseudo-color scale used here.

Tracer Distribution in Heart over Time

Click on image above to view full-size image.

Kinetic imaging is also used in cardiology. This sequence shows N-13 ammonia activity images
from aPET scanner asthe activity distributes itself in the heart and lungs over time. The first
sign of activity isin the right ventricle, and then the activity is present in the left ventricle, and
finaly the activity is seen in the myocardial wall surrounding the left ventricle (the donut of
activity). Note also the uptake of N-13 ammonia by the lungs which surround the heart image.

We will now examine how atissue time activity curve is obtained from a dynamic study. Shown
above is a N-13 ammonia canine myocardial scan acquired over approximately 3 minutes. Each
image represents counts that were acquired over 10 seconds, with the last two images
representing counts that were acquired over 30-60 seconds. The mid-point time values of the
acquisition are listed beneath each image. Note that the activity is primarily in the right ventricle
at 25 seconds, and moves into the left ventricle at 35-55 seconds, and then in later images the
activity slowly distributes in the myocardial tissue (or wall) surrounding the left ventricle.

ROI Analysis
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Click on image above to view full-size image.

A region of interest (ROI), indicated above by the shadowed white outline, can be drawn over a
segment of the myocardial wall on the last image (where the heart is well-defined) and then
copied to all previousimages so that the activity in that segment of the myocardia wall can be
tracked over time.

Tissue Curve

Tlaaue Tiesue Tigals

Tire Tirre Tirmes

Click on one or more of the images above to view full-size image(s).
Data obtained through ROI analysis of dynamic images produces a tissue time-activity-curve.

This curve represents the counts/second/pixel (or counts/second/ml, if a calibration cylinder
scan is available) in agiven region as afunction of time.

Blood Curve
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Click on image above to view full-size image.

Data obtained from an ROI drawn over the left ventricle produces a blood time-activity curve. A
biochemical or physiological model can be fitted to the blood curve in conjunction with a
regional tissue curve to estimate one or more model parameters (e.g., myocardia blood flow) in
that tissue region. The processing of PET images through ROI analysis and time-activity curve
fitting with a particular model are a major component of image analysis. This processing of PET
images can often be facilitated by semi-automated software packages and can often be fully
automated to produce parametric images. These images represent a parameter (e.g., glucose
metabolism, blood perfusion) and convey more information than just the distribution of
radioactivity in an organ.

Return to Top of Tutorial
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TUTORIAL: Principlesof Tracer Modeling

| mage Quantitation

Use the "Menu" button to jump to the Let's Play PET Main Menu or click on the Next (right
arrowhead) and Previous (left arrowhead) buttons to proceed sequentially through the topics and
tutorials. Or, you can return to the Department of Molecular and Medical Pharmacology's Home

Page.

Contents:
Topics:

Qualitative vs. Quantitative Image Analysis

Approaches to Quantitative Image Analysis

1. Radioactivity Image

2. Mean Vauein Region of Interest

3. Time-Activity Curvefor ROI

4. Normalized ROI Curve

5. Tracer Modeling of ROI Curve

Criteriafor Quantitative Image Analysis

1. Speed

B Radioactivity Image

B Mean Vauein Region of Interest
B Time-Activity Curvefor ROI

B Normalized ROI Curve

B Tracer Modeling of ROI Curve

2. Precision

B Radioactivity Image

B Mean Vauein Region of Interest
B Time-Activity Curve for ROI

B Normalized ROI Curve

B Tracer Modeling of ROI Curve

3. Comparability with Other PET Studies

B Radioactivity Image

B Mean Vauein Region of Interest
B Time-Activity Curvefor ROI

B Normalized ROI Curve

B Tracer Modeling of ROI Curve

4. Comparability with Other Kinds of Results

B Radioactivity Image

B Mean Vauein Region of Interest
B Time-Activity Curve for ROI

B Normalized ROI Curve

B Tracer Modeling of ROI Curve

Parameter Estimation Flowchart
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Qualitative vs. Quantitative Image Analysis
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Click on image above to view full-size image.

Image analysis approaches span the spectrum from what we would call "Qualitative" to what we
would call "Quantitative." Thistutoria focuses on quantitative approaches to image analysis.

Approachesto Quantitative Image Analysis

Listed below are PET image analysis approaches, which, from top to bottom, incorporate
increasing degrees of quantitation. The greatest degree of quantitation involves modeling of the
PET tracer in thetissue. Before learning about tracer modeling, one needs to understand the
simpler analysis approaches.

1. Radioactivity Image

Click on image above to view full-size image.

With the "Radioactivity images’ approach, "what you seeiswhat you get." Immediately
following reconstruction, PET images are in units of counts per minute per pixel (or counts per
second per pixel). However, the images are typically calibrated in units of counts per minute per
milliliter of tissue. This calibration can be performed by scanning a tracer-filled cylinder of
known activity and volume. The PET images are then displayed on a computer display, with
each pixel assigned a display color according to a color look-up table. Throughout this tutorial
"radioactivity image" will be used interchangeably to refer to images with units of
counts/time/pixel or with units of counts/time/volume.

2. Mean Valuein Region of Interest

Click on image above to view full-size image.

In the "Mean value in region of interest” approach, one uses a computer to draw aregion (ROI)
around a contiguous set of pixelsin the PET image. The computer then computes the mean
value of the pixelsin the ROI. In the above image, the left striatum is outlined. Note that one
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just as appropriately could have reported the ROI mean value in counts per minute per pixel.

3. Time-Activity Curvefor ROI

Click on one or more of the images above to view full-size image(s).

The "Time-activity curve for ROI" approach generates a plot of the mean radioactivity valuein
an ROI across a sequence of PET images (i.e., across time). For example, one might plot aleft
striatal time-activity-curve, asillustrated above. Each data point corresponds to the mean pixel
value in acommon region of interest at a given time. In this example, eight sequential PET
scans were made. Thus, there are eight data points. Review "Mean value in region of interest” to
learn how one data point would be cal cul ated.

4. Normalized ROI Curve

Hi-uw 3 —

Click on image above to view full-size image.

The"Normalized ROI curve" approach involves plotting, across time, the ratio of one ROIl's
time-activity curve to another ROI's time-activity curve. The above example shows a
hypothetical plot of the ratio of |eft-striatal activity to whole-brain activity; i.e., the left striatal
time-activity curve has been "normalized" to the radioactivity in the whole brain in thisimaging
plane.

5. Tracer Modeling of ROI Curve

[IRL]

Click on one or more of the images above to view full-size image(s).

In the "Tracer modeling of ROI curve" approach, one fits a mathematical model to an ROI
time-activity curve, based on a known input function (e.g., from well-counted arterial plasma
samples taken during the PET study). The fitting produces estimates of the model's parameters.
These parameters might be rate constants, blood flow, or receptor density.

Criteriafor Quantitative Image Analysis
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ﬁ High Poor Difficult | Difficult
:'% Moderate Fair Impossible | Impossible
'f Moderate Fair Crude Impossible
E Moderate Fair Reasonable| Unlikely
ﬁ Low Good Excellent | Excellent

Each of the five listed approaches to quantitative image analysis can be described according to
four criteria. A sixth approach to quentitative image analysis is parametric imaging, which as
illustrated in the Clinical PET Cardiology tutorial. Briefly, the value of each pixel of a
parametric image represents the mobel estimate of the parameter of interest at that location in
theimage. To generate such an image, the tracer model is applied individually to each pixel of
the radioactivity image.

1. Speed

o Radioactivity Image "Radioactivity image" is the fastest among the five analysis
approaches. Thisiswhat the reconstruction (+ calibration) process gives us.

o Mean Valuein Region of Interest "Mean valuein region of interest” requires a
moderate amount of time. Thisinvolves drawing, with the aid of a mouse, trackball,
or joystick, aregion around a structure of interest in a PET image and then
commanding the computer to compute the mean of the values of the pixels within
the region of interest (ROI).

o Time-Activity Curvefor ROI "Time-activity curve for ROI" requires only dightly
more time than "Mean value in region of interest.” It involves commanding the
computer to apply ROI analysisto atemporally sequential set of PET images and to
plot that sequence of mean values over the time intervals during which the PET
images were obtained.

o Normalized ROI Curve "Normalized ROI curve" requires only slightly more time
than "Time-activity curve for ROI." It involves plotting the ratio of the
structure-of-interest's ROI curveto a"normalizing” structure's ROI curve. (For
example, the cerebellum is often used as the normalizing or "reference" structure.)

o Tracer Modeling of ROl Curve "Tracer modeling of ROI curve" isthe slowest
among the five analysis approaches. Based on a plasma curve (which acts as the
model input function), the ROI time-activity curveisfitted by atracer model to
estimate parameters that are biochemically or physiologically meaningful.

2. Precision

o Radioactivity mage Among the approaches, "Radioactivity image" suffersfrom
the poorest precision. Given identical subject and experimental conditions, the
value of agiven pixel in agiven plane at a given scan will vary from study to study
due to the Poisson nature of radioactive decay. The other analysis approaches use
more information, resulting in relatively better precision.

o Mean Valuein Region of Interest "Mean value in region of interest,” relative to
the other analysis approaches, enjoysfair precision. Statistical theory demonstrates
that the mean from repeated samples of a population (e.g., of pixelsin aregion) has
less variance (i.e., greater precision) than does the sample operator itself (e.g., of
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individual pixelsin areconstructed image).

o Time-Activity Curvefor ROI "Time-activity curve for ROI" hasfair precision,
dueto the fair precision of "Mean value in region of interest,” from whichiitis
derived.

o Normalized ROI Curve"Normalized ROI curve' hasfair precision, due to the fair
precision of "Time-activity curve for ROI," from which it is derived.

o Tracer Modeling of ROI Curve "Tracer modeling of ROI curve" has the best
precision among the five analysis approaches. For this approach, precision refers to
the reproducibility of the parameter estimates. Because these estimates derive from
the ROI curve and from the plasma curve, one could think of this approach as using
the most information from a study. As arule of thumb, more information means
better reproducibility.

3. Comparability with Other PET Studies

o Radioactivity | mage Using the "Radioactivity image" approach, it is difficult to
compare one study with other PET studies. The only comparability available is of a
"global" nature B one can compare the overall pattern (of low-to-high pixel values)
of one PET image to that of one or more other PET images (e.g., to decide whether
the pattern matches a pattern that is characteristic of a disease).

o Mean Valuein Region of Interest Using the "Mean value in region of interest”
approach, it isimpossible to compare one study with other PET studies. The
inherent variability in aPET system (e.g., tomograph calibration) preventsthis.

o Time-Activity Curvefor ROI Using the "Time-activity curve" approach, one can
crudely compare one study with another PET study. How is this possible, given that
this approach is derived from the "Mean value in region of interest" approach?
Although absolute values of curves from two PET studies cannot be compared,
shapes of curves can be compared.

o Normalized ROI Curve The"Normalized ROI curve" approach provides for
reasonable comparability of one PET study with another such study. A normalized
ROI curveisthe plot of aratio across time, and biological ratios have been found to
be reasonably comparable throughout biochemistry and physiology.

o Tracer Modeling of ROI Curve The "Tracer modeling of ROI curve" approach
allows for excellent comparability among PET studies. With this approach, what is
being compared are the estimates of the model parameters. Assuming that the
model is sensitive & specific for the PET tracer, the parameter estimates are easily
compared from study to study.

4. Compar ability with Other Kinds of Results

o Radioactivity Image The "Radioactivity image" approach makesit difficult to
compare a PET study with other kinds of results. The only comparability available
isof a"global" nature B one can compare the overall pattern (of low-to-high pixel
values) of the PET image, perhaps known to be characteristic of a disease, with
other results (e.g., aneurological test battery or atreadmill test).

o Mean Valuein Region of Interest The "Mean value in region of interest"
approach produces a value that isimpossible to compare with results from other
kinds of studies. For example, how can one compare mean counts per pixel over a
scan duration, from a PET study, with, say, heart rate on atreadmill? Even
correlative indicators would be sensitive to administered dose of PET tracer, etc.

o Time-Activity Curvefor ROI Using the "Time-activity curve" approach, one
cannot compare a PET study with quantitative results from another kind of study.
Too much is not known about the PET study - plasmainput function, tomograph
calibration, and so forth.

o Normalized ROI Curveltisunlikely that one would be able to compare the
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results from taking the "Normalized ROI curve" approach to a PET study with
results from other kinds of studies often performed to complement the PET study
because these other kinds of studies do not often deal with ratios.

o Tracer Modeling of ROl Curve "Tracer modeling of ROI curve" produces results
- parameter estimates - that are easily compared with results from other kinds of
exams, tests, and studies. For example, the regional blood flow estimate from a
PET study can be compared with blood flow estimates from a SPECT study or a
catheterization exam.

Parameter Estimation Flowchart
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Click on image above to view full-size image.

This flowchart shows how the components of a PET study lead to the estimate of a biochemical
or physiological parameter for atissue region of interest. In adynamic cardiac study, a
left-ventricular blood-pool region can be analyzed across a sequence of images to generate a
blood-curve input-function in substitution for a plasma curve obtained by drawing blood

samples.

Return to Top of Tutorial
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TUTORIAL: Principlesof Tracer Modeling
Mathematical M odeling

Use the "Menu" button to jump to the Let's Play PET Main Menu or click on the Next (right
arrowhead) and Previous (left arrowhead) buttons to proceed sequentially through the topics and
tutorials. Or, you can return to the Department of Molecular and Medical Pharmacology's Home

Page.

Contents:
Topics:

Single Compartment Model
Discrete Sampling

Plasma Curve

Two Compartment Model
Plasma and Tissue Curves

Single Compartment Model
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Click on image above to view full-size image.

Suppose we inject a bolus of some inert substance into avolume, where it undergoes
instantaneous mixing with the liquid in the volume. If we could observe the concentration of the
substance in the compartmental volume continuously over time, then the curve would look
something like the graph on the image above.

Discrete Sampling
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Click on image above to view full-size image.
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If we could observe the concentration of the substance in the compartmental volume only at
discrete time points (e.g., by drawing small samples with a needle), then we might obtain a plot
similar to that shown above.

Plasma Curve

*

Click on image aboveto view full-size image.

Now suppose we inject abolus of an inert substance into the human body. Initially, it would
exist only in the plasma - the liquid of the circulatory system. Because of this, aplot of the
initial concentration values over time would appear similar to injection into a one-compartment
system.

Click on image above to view full-size image.

If the tracer could not cross the capillary wallsinto the tissues of the body, the rest of the kinetic
curve would show a constant concentration. An example of what one might observe in arterial
plasma at later time points is shown above.

[F =

Click on image above to view full-size image.

However, assuming that the tracer could cross the capillary walls into the tissues of the body,
the rest of the kinetic curve would show adrop in concentration after that initial peak. An
example of what one might observein arterial plasma at later time points is shown above.

Two Compartment Model
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Click on image above to view full-size image.

In its ssimplest form, the human body could be treated as a plasma compartment and a tissue
compartment. Simulating a bolus injection into the plasma, we see that the PET tracer
concentration would initially peak in the plasma compartment and later peak in the tissue
compartment. The downward arrow from the plasma compartment to the tissue compartment
represents the transfer of tracer from the former to the latter. Note that the instantaneous mixing
assumption in any compartmental-model is only approximately satisfied in aliving system.

Plasma and Tissue Curves

Click on image above to view full-size image.

If we could observe these two compartments (plasma and tissue) continuously over time, then
we might obtain kinetic concentration curves such as those shown above.

Click on image above to view full-size image.

With PET, following abolus injection of a positron-emitter-labeled tracer into the plasma, we
might obtain the measurements plotted above. The plasma radioactivity concentration
measurements would come from well-counted blood samples, and the tissue measurements
would come from regional analysis of a sequence of PET images obtained over scan intervals of
various lengths.

Return to Top of Tutorial
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TUTORIAL: Principlesof Tracer Modeling
PET Tracers: Models

Use the "Menu" button to jump to the Let's Play PET Main Menu or click on the Next (right
arrowhead) and Previous (left arrowhead) buttons to proceed sequentially through the topics and
tutorials. Or, you can return to the Department of Molecular and Medical Pharmacology's Home

Page.

Contents:
Topics:

Mathematical Modelsof PET Tracers
Select one of the following tracers:
Acetate

Ammonia

Carbon Dioxide

Fluorine lon

Fluorodeoxyglucose (FDG)
Fluorodopa

Fluoroethyl spiperone

Leucine

Oxygen
Water
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Tracer kinetic models in quantitative PET provide a mathematical framework for calculating the
concentration of reactants and products, and the rate of biological processes. Compartmental
models are the most common tracer kinetic models used in PET. These models represent
simplifications of biological systems. The models are formulated by differential equations
describing exchange between compartments. Compartmental models describe biochemical
systems and therefore require extensive biochemical studiesto define them, aswell as
simplifying approximationsin their practical formulations. Once amode isformulated, a tracer
kinetic assay can provide very sensitive and accurate measurements of the rates of the process.

Acetate M od€l

There does not yet exist aworkable model of C-11 acetate for the study of oxidative metabolism
with PET.

Ammonia M odel
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Click on image above to view full-size image.
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Click on image above to view full-size image.
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Shown above is the three compartment model of skeletal [18F|fluoride ion kinetics. Cp, Ce and
Cb refer, respectively, to the plasma, extravascular and bound bone compartments. K1, K2, K3
and K4 arefirst order rate constants describing the potential directional exchanges between
compartments. Physiologically, Ce represents [18F]fluoride ion in an extravascular space
unbound to bone, while Cb refers to the activity bound to bone (either on the bone surface or
fully incorporated into the hydroxyapatite crystalbfluoride ion exchanges with the hydroxyl
groups in the hydroxyapatite crystal of bone). See hawkins, et al., 1992 for further details.

Fluor odeoxyglucose M odel

Click on image above to view full-size image.

The first three compartments in the metabolism of glucose are shown above. After its transfer to
the tissue, glucose is phosphorylated into glucose-6-phosphate (G-6-P). The arrow projecting
from the right of the third compartment symbolizes that G-6-P is further metabolized in the
glycolytic pathway. (Dephosphorylation of G-6-P is not shown.)

[F-18]Fluoro-2-deoxy-glucose (FDG), an F-18-labeled analog of glucose, is used in PET to
study glucose metabolism. After a bolusinjection into the blood, FDG entersthetissue and is
phosphorylated into FDG-6-phosphate (FDG-6-P). Because of the missing oxygen at the second
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carbon position, FDG-6-P can not be further metabolized in the glycolytic pathway.

During an FDG PET study (typically after a patient has fasted) the endogenous glucose level is
relatively constant (i.e., at a steady state). Using a gray scale, with black indicating lowest
concentration and white indicating highest concentration, the filled compartments in the glucose
model reflect the steady-state nature of this system.

At the beginning of an FDG PET study, FDG is absent in both blood and tissue, as shown by the
color black in the above FDG model. In such astudy, FDG istypically injected as a bolus into
the blood.

Following a bolusinjection, FDG initially peaks in the blood and then accumulates in the tissue.
The blood curve would come from well-counted blood samples taken during a PET study. The
tissue-curve represents a corresponding plot of FDG concentration from analysis of atissue
region over a sequence of PET scans taken during a 45-minute study.

Fluorodopa Model

Click on image above to view full-size image.

Fluroethylspiperone Model

Click on image above to view full-size image.

L eucine M odd

Click on image above to view full-size image.

Oxygen M odel
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Click on image above to view full-size image.
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Click on image aboveto view full-size image.
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TUTORIAL: Clinical PET - Cardiology

Use the "Menu" button to jump to the Let's Play PET Main Menu or click on the Next and
Previous buttons to proceed sequentially through the topics and tutorials. Or, you can return to
the Department of Molecular and Medical Pharmacol ogy's Home Page.

Contents:
Topics:

e Cardiac Scan Evaluation

Dietary Effects on FDG Metabolism
Parametric Imaging

Polar Maps

Single Vessel Disease

Double Vessel Disease

Myocardia Viability - Mismatch
Myocardial Viability - Match
|schemic Dilated Cardiomyopathy
|diopathic Dilated Cardiomyopathy

Cardiac Scan Evaluation

Cardiac Anatomy
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Click on one or more of the images above to view full-size image(s).

Cardiac PET images are normally obtained as a set of transverse cross-sectional images. In
general, the heart and tomograph long axes deviate so that obligue images are obtained. Shown
above is an example of atypical PET image obtained approximately one hour after the injection
of FDG, with some anatomic |abeling.
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Click on one or more of the images above to view full-size image(s).

Shown above is an example of an image obtained from re-slicing the original PET data set. This
isuseful in obtaining short-axis views, so that all portions of the myocardium can be visualized

properly.
Image I nter pretation

Various forms of cardiac pathology can be characterized with PET. In the following section we
will provide a framework for how to analyze a cardiac PET scan to determine if pathology is
present. Let us begin by ssmplifying all cardiac PET images so that they are comprised of only
three colors: red for high pixel values, green for normal values, and blue for low values. This
simplified color scale is shown above. Furthermore, let us assume that all images are normalized
to this scale, so that images from different studies are comparable. Often PET images are not
normalized to each other. A direct qualitative comparison is only possible when images from
different studies have been normalized to the same scale.
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Click on image above to view full-size image.

A tracer study of anormal myocardium is schematically illustrated above. The left ventricle
(LV) is shown, and the tissue (myocardial wall) is represented as aring. The homogeneous
green color indicates that there is normal tracer uptake over al regions of the myocardium.
Thus, this might represent a normal flow or normal metabolism study.
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Click on image above to view full-size image.

Depicted above are scans from two studies. The study on the left reveals low tracer uptake (blue
color), and the study on the right reveals high tracer uptake (red color). Such images could be
obtained from either aflow (e.g., NH3) or metabolic (FDG) study of the myocardium.
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Click on image above to view full-size image.
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The above represents atracer study in which there isnormal tracer uptake in all but the superior
septal portions of the myocardium, where there is low tracer uptake. If thiswere aflow study, it
would represent decreased perfusion in the superior septal region. The next several segments
will show various pathological patterns encountered in PET cardiac images (using the simplified
three color scale).
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Click on image above to view full-size image.

The image on the left represents anormal flow study, and the image on the right represents a
normal metabolic study. Together these two images support a diagnosis of a normally
functioning myocardium, with no perfusion defects or metabolic abnormalities.
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Click on image above to view full-size image.

The flow image on the |eft is consistent with a perfusion defect (low flow) in the superior septal
segment. The FDG metabolic study on the right reveals alow metabolic state, also in the
superior septal segment. The flow pattern and the metabolic pattern are identical, and this
condition isthus referred to as a"matched” study. The decreased metabolic state in the superior
septal region suggests that little viable tissue is present in this region of the myocardium.
FDG-PET isuseful for caseslike this one in that non-viable tissue which would not benefit
from re-establishment of blood flow can be identified.
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Click on image above to view full-size image.

The flow image on the left is consistent with a perfusion defect (low flow) in the superior septal
segment. The FDG metabolic study on the right reveals a high metabolic state in the same
superior septal segment. The flow pattern and the metabolic pattern are inversely related, and
this condition isthus referred to as a"mismatch" study. The high metabolic state is consistent
with viabletissue, asthistissue is primarily dependent on glycolysis. PET can thus be useful in
identifying viable tissue which might benefit from re-establishment of flow.
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Click on image above to view full-size image.

In the studies shown above, both flow and FDG metabolism are normal. However, the left
ventricleis enlarged relative to anormal patient. This pattern represents a condition known as
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idiopathic dilated cardiomyopathy. The term idiopathic is applied because there is no apparent
reason why the LV isdilated. No medical mangagement other than a transplant would be helpful
in the case of idiopathic dilated cardiomyopathy. If the dilatation were due to ischemia
(ischemic dilated cardiomyopathy), then one would expect the flow pattern to be low in some
portions of the myocardium.

Click on image above to view full-size image.

The flow study above shows several patchy perfusion defects (decreased tracer uptake). The
FDG metabolic study isnormal. Note that the LV is enlarged. This pattern is indicative of
ischemic dilated cardiomyopathy, since thereis alow flow state (ischemia) and dilatation of the
myocardium. Revascularization is a possible management approach in this case. Note that a
metabolism study might show alow metabolic state, in which case revascularization would be
of little benefit. PET is useful for distinguishing idiopathic from ischemic dilated
cardiomyopathy.

Click on image above to view full-size image.

The image on the left represents aflow study performed with no exertion by the patient (a
resting study). Note that tracer uptake is normal normal. The image on the right represents a
flow study performed after the patient is asked to run on atreadmill (a stress study). Note that in
the stress condition a perfusion defect is evident in the superior septal region, whereas the rest

of the myocardium shows increased flow. This pattern is consistent with a stress-induced defect.
One would see thistype of stress-vs.-rest flow study in a case where a coronary blood vessel had
a sufficently small stenosis such that under resting condition there was normal flow to the
supplied region and under increased myocardial demand the flow to that same region was
inadequate.
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Click on image above to view full-size image.

The primary substrates for the myocardium are fatty acids and not glucose. Therefore the dietary
state of the individual can affect the FDG metabolic images obtained. Shown above are the
fasting and glucose loaded FDG metabolic studiesin a study where the superior septal region is
still viable. Under fasting conditions, normal myocardium utilizes glucose, and ischemic
myocardium also utilizes glucose, but at a higher rate than normal myocardium (if it isviable).
After loading the patient with glucose, the ischemic portion still utilizes glucose at a higher rate
than normal myocardium, but now the normal portions of myocardium have normal, as opposed
to low, utilization rates. Most FDG PET studies are performed under loaded conditions.
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Click on image above to view full-size image.
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Shown aboveis an example of flow and FDG metabolism studies typical of hibernating
myocardium. In this case the flow is normal to all regions, but the metabolism in the
antero-septal segment is high. This antero-septal region is being perfused properly, but
metabolism isincreased indicating hibernating myocardium. This may be seen if the region of

myocardium has previously had abnormal perfusion.
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Use the "Menu" button to jump to the Let's Play PET Main Menu or click on the Next and
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Dietary Effectson FDG Metabolism

Click on image above to view full-size image.

In general, myocardial utilization of FDG depends on the dietary status of the individual. The
normal myocardium uses fatty acids as a primary metabolic fuel. Under conditions of high
glucose availability, however,the myocardium does use glucose. Under conditions of low
glucose availability, normal tissue relies primarily on fatty acids, whereas abnormal tissue relies
on glucose as afuel for glycolysis. Shown above are studies obtained after having the patient
fast for approximately 12 hours. The flow images on the |left show decreased perfusion to the
anterior and septal regions. The FDG metabolism images show a corresponding
hypermetabolism in these same regions. Thisis due to these hypoperfused areas being primarily
dependent on glucose as a metabolic fuel. The other portions of myocardium are adequately
perfused and under fasting conditions are primarily dependent on fatty acids.
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Click on image above to view full-size image.

The above represent the flow and metabolism polar maps obtained from the previous images.
Note that the flow map shows hypoperfusion in the anterior and septal regions. The metabolism
polar map shows increased metabolism (relative to other regions) in the anterior and septal
regions.

Click on image above to view full-size image.

Shown above are the NH3-minus-FDG normalized polar map (left) and the NH3-minus-FDG
matched (i.e., normalized to anormal patient data base) polar map (right). The red colors
indicate mismatch between NH3 and FDG. Note that there is a definite mismatch in the anterior
and septal regions. The severity of this mismatch compared to normals is made very clear in the
NH3-FDG matched polar map on the right (very dark red regions).

Click on image above to view full-size image.

The same patient was now given glucose, and the FDG uptake study was repeated. Note that in
the set of images on the | eft there is now more homogeneous uptake of FDG by the rest of the
myocardium, and the poorly perfused septal/anterior region isrelatively hypometabolic. Thisis
also reflected on the polar map on the right. Thisillustrates that glucose loading allows the
normal portions of myocardium to utilize glucose, and these regions actually utilize glucose
much better than do the poorly perfused regions. Thus, dietary status significantly affects the

FDG metabolic images. Note that FDG studies are normally performed under loaded conditions.

Click on image above to view full-size image.

Shown above are the NH3-minus-FDG normalized polar map (left) and the NH3-minus-FDG
matched polar map (right). Note that there is now little mismatch (i.e., few red regions). This
study, performed under loaded conditions indicates that viable tissue is present in the
antero-septal regions.

Credits

Material for this section was kindly provided by:

http://www.crump.ucla.edu/I pp/clinpetcardio/dietary.html

4/29/00 2:33 PM



Clinical PET - Cardiology http://www.crump.ucla.edu/I pp/clinpetcardio/dietary.html

Johannes Czernin, M.D.
Dept. of Molecular and Medical Pharmacology
UCLA School of Medicine

Heinrich R. Schelbert, M.D., Ph.D.

Dept. of Molecular and Medical Pharmacology
UCLA School of Medicine

Return to Top of Tutorial

[Menu] [Previous] [Next]

30f 3 4/29/00 2:33 PM



Clinical PET - Cardiology http://www.crump.ucla.edu/l pp/clinpetcardio/parametric.html

lof3

[Menu] [Previous| [Next]

TUTORIAL: Clinical PET - Cardiology

Use the "Menu" button to jump to the Let's Play PET Main Menu or click on the Next and
Previous buttons to proceed sequentially through the topics and tutorials. Or, you can return to
the Department of Molecular and Medical Pharmacol ogy's Home Page.

Contents:
Topics:

e Cardiac Scan Evaluation

Dietary Effects on FDG Metabolism
Parametric Imaging

Polar Maps

Single Vessel Disease

Double Vessel Disease

Myocardia Viability - Mismatch
Myocardial Viability - Match
|schemic Dilated Cardiomyopathy
|diopathic Dilated Cardiomyopathy

Parametric | maging

The myocardial metabolic rate of glucose (MMRGIc) can be measured with positron emission
tomography (PET) and 2-[18F]FDG using an appropriate modification of the technique
originally developed by Sokoloff et al. for the measurement of cerebral glucose utilization. The
method employs serially acquired images of FDG uptake and a Patlak graphical analysis of the
image data. The approach is computationally fast enough to be used in aclinical environment.
The MMRGI ¢ parametric images improve myocardial contrast relative to non-parametric
images, especially in studies with poor myocardia uptake of FDG. In addition, MMRGIc
parametric images consolidate the large amount of datain a dynamic PET study into aclinically
usable image set.

Click on image above to view full-size image.

Shown above are two images. The image on the left isfrom an FDG scan obtained at about 50
minutes after injection, and isreferred to as an FDG uptake image. Note that the units of this
image are counts/pixel/min. The image on the right is of atype known as a parametric image.
This image represents myocardial metabolic rate of glucose utilization (MMRGIc). The image
on the right was obtained by using an FDG tracer-kinetic-model and a sequence of scans during
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which FDG distribution occurred. Note that the units of the image on the right are pmol/min/g
of tissue. Note the increased contrast, especially between blood pool and myocardium, in the
parametric image. The advantage of a parametric image over a conventional tracer activity
imageisthat it is quantitative and represents a specific biochemical or physiologic parameter (in
this case myocardial metabolic rate of glucose utilization). Parametric images can have regions
of interest (ROI's) placed on them, and regional parameter values thus can be ascertained
directly. (Parametric images of blood flow can be obtained from N-13 ammonia dynamic scans.)
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Click on image above to view full-size image.

The above left image represents NH3 distribution at approximately 10 minutes after injection.
Note that the units for thisimage are counts per pixel per second. The image on the right
represents a parametric image of myocardial blood flow (MBF). The image on the right was
derived by using the information from a dynamic NH3 scan in conjunction with the NH3 tracer
kinetic model to obtain a parametric image quantitating myocardial blood flow on a pixel by
pixel basisin agiven plane. Note that the units of the parametric image on the right are
milliliters per minute per gram of tissue.

Click on image above to view full-size image.

Shown above are FDG tracer activity images at approximately 50 minutes post-injection. The
image on the left was obtained by fasting the patient for 12 hours prior to the study, and the
image on the right was obtained after the patient was a given a glucose rich supplement. The
images appear relatively similar, except that the image on the left is somewhat noisier due to
lower uptake of FDG by the myocardium.

Click on image above to view full-size image.

Now examine the fasting and postglucose tracer activity images (top) and their corresponding
MMRGIc parametric images (bottom). Note that the parametric images clearly show the
different glucose utilization rates in the fasting and postglucose states. MMRGIc for the global
myocardium increased from 0.145 in the fasted state to 0.459 umole/min/g after glucose as
demonstrated by the parametric images. The postglucose MMRGI ¢ values are much higher
because glucose is available for myocardial utilization in this state. These images illustrate the
usefulness of parametric images in effectively studying the myocardium; MMRGIc parametric
images will be clinically useful, particularly in conditions where estimates of the severity and
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geometric extent of metabolic abnormalities are important to define.
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Polar Maps

Click on image above to view full-size image.

Shown above are NH3 images for various planes and the corresponding polar map with the
coronary blood vessel supply regions superimposed. Polar maps are derived by combining
images from multiple planes (designated by the circle around the myocardium in the above
images) so that information about the entire myocardium can be displayed in asingle image.
Polar maps can be thought of as the image that would be obtained if one took a 3-D cone-shaped
heart activity image and projected it onto a single plane. Each image plane forms an annulusin
the polar map (i.e. the outer annuli of the polar map correspond to the proximal regions of
myocardium, whereas the inner rings are derived from the apex). The annulus from each plane
isdivided into an arbritrary number of sectors (usually 60) which tends to smooth the data (the
polar map appears to be constructed from little rectangular blocks). Polar maps can also be
normalized to each other, or can be normalized to a database so that direct comparsions can be
made. The NH3 polar map above shows normal flow in al regions, with no apparent perfusion
defects.
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Click on image above to view full-size image.

Shown above is the relationship between the coronary blood supply and the polar map image.

The regions (proximal, mid, distal and apex) of the heart that comprise the polar map are also

indicated. (RCA=Right Coronary Artery;LAD=Left Anterior Descending Artery; LCx=Lateral
Circumflex Artery)
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Single Vessel Disease

Click on image above to view full-size image.

The re-sliced NH3 perfusion and FDG metabolism images shown above are relatively normal.
There is homogeneous distribution of tracer, without any significant defectsin any of the
imaged planes.

Click on image above to view full-size image.

The polar maps derived from the previous images are shown above. Note that they are
consistent with a homogeneous flow pattern, as well as arelatively homogeneous metabolism
pattern. The scales for each polar map are shown, and they differ. The hotter yellow areasin the
lateral regions of the metabolism polar map are not significantly different from normal.
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Click on one or both of the images above to view full-size image(s).

The same patient is now given a stress-perfusion study to look for any perfusion abnormalities
under states of increased myocardial demand. The results of this study, shown above, revea a
small defect in one of the planes (look for ared arrow in the series of images in the bottom
row). The polar map shows the same defect (the green pixels) in the antero-septal region.
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Double Vessa Disease

Click on image above to view full-size image.

This study represents a case where there is disease in two cardiac blood vessels. The flow
images on the left show decreased flow in the anterior and septal regions. The FDG metabolic
images on the right show low metabolic activity in the corresponding regions.

Click on image above to view full-size image.

The polar maps above were obtained from the previous images. The flow polar map shows a
clear deficit involving the anterior and septal regions of the myocardium. The FDG metabolic
polar map shows hypometabolism in the corresponding regions (a match). Note that both the
LAD and RCA vessels areinvolved in this case. The LCX territories seem well perfused. Thisis
an example of double-vessel disease, with little viable tissue remaining (suggested by the low
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FDG metabolism in the poorly perfused regions).

Click on image above to view full-size image.

Seen here are the flow-minus-metabolism polar map from the previous study (left image) and
the flow-minus-metabolism polar map normalized to a database of normals (right image). Note
that thereislittle evidence of mismatch (red color), indicating both decreased perfusion and
decreased metabolism (amatch). Thuslittle viable tissue is apparent in the supply territories of
the LAD and RCA vessels.
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Myocardial Viability - Mismatch

Cardiac PET isavery useful tool for the assessment of myocardia metabolism and perfusion.
Two tracers serve as the mainstay for clinical diagnosis:

e Ammoniafor the assessment of regional perfusion, which allows for the detection of
regions of myocardium with decreased blood flow.

e FDG for the assessment of regional glucose metabolic rate, which is one measure of the
metabolic activity of the myocardium.

Click on image above to view full-size image.

Mismatch is aterm that refersto differencesin tracer distribution when comparing images
obtained using two different tracers. Mismatch is often used to designate regions of myocardium
where there is a decrease in blood flow and a corresponding increase in glucose metabolism.
Such regions are important clinically, because they signify areas where there is viable tissue (as
evidenced by persisting glucose metabolism) despite the decreased blood flow. Through
intervention, these areas can have perfusion re-established, and in time the metabolic pattern of
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the myocardium can again become more homogenous. An area where there is both decreased
blood flow and decreased or absent metabolism (a match) signifies aregion where thereis
probably little viable tissue. Such an area would be unlikely to benefit from re-establishment of
flow. Patients with the most pronounced perfusion-metabolism mismatches are expected to have
the greatest improvement in ventricular function following revascul arization.

Click on image above to view full-size image.

Mismatch is characterized by aregion of diminished flow (ischemia) and corresponding
hypermetabolism. This pattern is shown above in an N-13 ammonia scan (blood flow) and a
corresponding FDG scan (metabolism). This pattern indicates that the region of tissue with
decreased flow is still viable.
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Click on one or both of the images above to view full-size image(s).

Shown above are N-13 ammoniaimages from a patient scanned over the course of 50 days.
Initially the patient isischemic in the lateral myocardia wall. After surgical intervention, there
is good restoration of flow to the ischemic region, with areturn to nearly normal flow values.
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Click on one or both of the images above to view full-size image(s).

Shown above are FDG images from the same patient scanned over the course of 50 days. The
lateral myocardial wall shows an area of hypermetabolism relative to the rest of the
myocardium. After surgical intervention, there is return to near normal for the metabolic pattern
of the lateral wall. Surgically treated patients with mismatches have significantly better
ventricular function, symptoms and prognoses than medically treated patients.

Using Polar Mapsto Detect Mismatch

Now, let's examine how polar maps can aso be used to enhance the visualization and
localization of areas of mismatch. The polar maps that follow are derived by combining images
from multiple planes so that information about the entire myocardium can be displayed in a
single image. These polar maps can be thought of as the image that would be obtained if one
took a 3-D cone shaped heart activity image and projected it onto a plane.
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Click on image above to view full-size image.

Shown above are late-acquisition images of flow (NH3) and metabolism (FDG) through
adjacent short-axis planes. The flow images show alack of tracer uptake in the lateral wall,
while the metabolic images show enhanced FDG utilization in the lateral wall. This patternis
known as a mismatch pattern and indicates the presence of viable tissue that is metabolically
active, despite the poor perfusion.

Click on image above to view full-size image.

The two images above are polar maps of blood flow and metabolism. They are obtained by
combining information from all of the imaging planes. In these polar maps the FDG activity is
normalized to the NH3 activity, so that they can be directly compared. The red areas represent
highest activity, and the blue areas represent lower activity. The flow polar map indicates areas
of decreased perfusion in the lateral and inferior portions of the myocardium. The metabolism
polar map shows increased FDG uptake in these same regions. This pattern indicates a
mismatch in flow and metabolism in the lateral and inferior portions of the myocardium. Note
that by using polar maps the entire myocardium can be visualized in one image, as opposed to
viewing images on a plane by plane basis.
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Click on image above to view full-size image.

Shown above is a polar map obtained by subtracting the flow polar map from the metabolism
polar map. The red segments indicate areas of highest mismatch, whereas the blue areas
represent areas of minimal mismatch (near-normal areas). This type of polar map isreferred to
as a flow-minus-metabolism polar map. In this case it is obvious that there is mismatch in the
lateral and inferior segments of the myocardium.
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Click on image above to view full-size image.

The imagesin the top row are from a NH3 perfusion study, and the images in the bottom row
are from a 18FDG metabolic study. Both the flow and metabolic images show a matching defect
in the antero-septal wall. Thisis consistent with a perfusion deficit in the antero-septal wall. The
hypometabolism supports the conclusion that there islittle viable tissue in the antero-septal wall
of this patient.

Click on image above to view full-size image.
The left image represents the polar map obtained from the previous flow images, and the right

image represents the polar map obtained from the previous metabolic images. Note that the
antero-septal wall in each polar map shows a deficit. Thisis a matched study indicating little
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viable tissue in the poorly perfused antero-septal wall.

Click on image above to view full-size image.

Depicted above is the flow-minus-metabolism polar map obtained from the flow and
metabolism polar maps shown previously. Areas in red indicate mismatch. Note that this polar
map is consistent with a matching defect, because there are essentially no red regions. This
would once again support the conclusion that very little viable tissue is present in the poorly
perfused antero-septal wall segment.
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Click on image above to view full-size image.

Ischemic dilated cardiomyopathy is a condition in which there is poor perfusion of the
myocardial wall resulting in poor contractile function. The myocardial compensation resultsin a
large dilated myocardium with an enlarged LV. Shown above are flow and FDG metabolic
studies from an ischemic dilated cardiomyopathy patient. Note the enlarged heart size with the
largeLV. It isalso evident that there is decreased perfusion to the anterior, septal, and other
portions of the heart. Thereis also increased glucose metabolism in these same regions. Thisis
an important finding, because it must be differentiated from idiopathic dilated cardiomyopathy,
where there is no ischemia and no hope for direct re-vascularization.

Click on image above to view full-size image.

http://www.crump.ucla.edu/l pp/clinpetcardio/ischemic.html
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Shown here are the polar maps obtained from the previous studies. The flow polar map shows
decreased perfusion to the septal and antero-lateral regions. The FDG polar map shows
enhanced metabolism in these same regions. Note that anatomical information about a dilated
heart is not directly apparent in a polar map.
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Click on image above to view full-size image.

This polar map above was obtained by subtracting the metabolism polar map from the flow
polar map. The areasin red represent the greatest mismatch. It is apparent that large areas of
myocardium show a mismatch between flow and metabolism. Thisis consistent with an
ischemic dilated cardiomyopathy condition, in which there are regions of low perfusion and
hypermetabolism. Intervention with angioplasty or bypass surgery can be useful in these patients
because flow can be restored and myocardial function improved. Thisisin contrast to
(non-ischemic) dilated cardiomyopathy, where no intervention other than a transplant would be
of significance.
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Click on image aboveto view full-size image.

Shown above are adjacent-plane images from an ammonia study. One can immediately note that
the left ventricle (LV) seems larger than in normal studies. Perfusion isrelatively homogeneous
throughout the myocardium. This condition is referred to as idiopathic dilated cardiomyopathy.
Its cause is unknown (idiopathic: arising spontaneously or from an obscure or unknown cause);
in contrast to ischemic dilated cardiomyopathy, in which there is an underlying perfusion deficit.
PET can be useful in distinguishing idiopathic vs. ischemic dilated cardiomyopathy because
flow studies will be normal in the idiopathic case but not in the ischemic case. The dilated
cardiomyopathies are characterized by ventricular enlargement with systolic dysfunction
eventually leading to congestive heart failure. Ischemic cardiomyopathies can be potentially
treated with revascularization, whereas the only treatment for idiopathic dilated cardiomyopathy
is cardiac transplantation.
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