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Introduction

Inflammation is part of the non-specific immune response that occurs in
reaction to any type of body injury and that the cardinal signs of
inflammation can be explained by increased blood flow, elevated cellular
metabolism, vasodilatation, release of soluble mediators, extravasation of
fluids and cellular influx. In some disorders the inflammatory process,
which under normal conditions is self-limiting, becomes continuous and
chronic inflammatory disease develops (1).

Inflammation has very specific characteristics, whether acute or chronic,
and the innate immune system plays a pivotal role, as it mediates the first
response. Infiltration of innate immune system cells, specifically
neutrophils and macrophages, characterizes the acute inflammation,
while infiltration of T lymphocytes and plasma cells are features of
chronic inflammation. Monocytes/macrophages play a central role in
both, contributing to the final consequence of chronic inflammation which
is represented by the loss of tissue function due to fibrosis develops
subsequently (1).

Positron emission tomography is a tomographic scintigraphic technique
in which a computer-generated image of local radioactive tracer
distribution in tissues is produced through the detection of annihilation
photons that are emitted when radionuclides introduced into the body
decay and release positrons.

Combined positron emission tomography/computed tomography
devices provide both the metabolic information from 18-fluoro-2-deoxy-D-
glucose PET and the anatomic information from CT in a single
examination. As shown in some clinical scenarios, the information
obtained by PET/CT appears to be more accurate in evaluating patients
with known or suspected malignancies than does the information
obtained from either PET or CT alone or the results obtained from PET
and CT separately but interpreted side by side (2).

Timely identification and localization of infectious and inflammatory

process are of critical importance in the treatment of patients presenting
1




with suspicion of infection and inflammation. Whilst other radiological
techniques (CT, MRI, US) are used for the localization of infectious foci,
they rely merely on anatomical changes. Therefore, there has to be a
reasonable elapse of time before the infection is diagnosed. In contrast,
scintigraphic detection of infection and inflammation is a non-invasive
method of whole-body scanning based on functional tissue changes.
Several radiopharmaceuticals are currently employed for the
scintigraphic imaging of infection and inflammation (3).

Nuclear medicine plays an important role in the evaluation of infection
and inflammation. Fluorine 18 fluorodeoxyglucose (FDG) is a readily
available radiotracer that offers rapid, exquisitely sensitive high-resolution
tomography. In patients with acquired immunodeficiency syndrome, FDG
PET accurately helps localize foci of infection and is particularly useful for
differentiating central nervous system lymphoma from toxoplasmosis (3).

FDG PET can also help localize the source of fever of undetermined
origin (FUO), thereby guiding additional testing. In the musculoskeletal
system, FDG PET accurately helps diagnose spinal osteomyelitis, and in
inflammatory conditions such as sarcoidosis and vasculitis, it appears to
be useful for defining the extent of disease and monitoring response to
treatment. FDG PET may be of limited usefulness in postoperative
patients and in patients with a failed joint prosthesis or a tumor.
Nevertheless, this relatively new imaging technique promises to be
helpful in the diagnosis of infection and inflammation. FDG PET will likely
assume increasing importance in assessing FUO, spinal osteomyelitis,
vasculitis, and sarcoidosis and may even become the radionuclide
imaging procedure of choice in the evaluation of some or all of these
pathologic conditions (3).




Aim of work:

1- To review clinical applications & uses of FDG-PET/CT in diagnosis
and localization of infectious and inflammatory sites.

2- To view the recent advances in accurate diagnosis of infection and
inflammation by FDG-PET/CT in comparison to other diagnostic
modalities




Pathology of Inflammation

Introduction:

Inflammation was described as early as 3000 BC in an Egyptian
papyrus and is still a common problem despite continuous
advancements in prevention and treatment methods. The delineation of
the site and extent of inflammation is crucial to the clinical management
of infection and for monitoring the response to therapy. This issue is
relevant to nuclear medicine since physiologic along with morphologic
imaging has an important role in achieving this goal (4).

Inflammation is a complex tissue reaction to injury. Injury may be
caused by living microbes, i.e., bacteria, viruses, or fungi, leading to
infection, or by injurious chemical, physical, immunological, or radiation
agents:

Physical agents:
—Trauma.
—Heat.
Chemical agents:
—Chemotherapy.
—Industrial accidents.
Immunological agents:
-Antigen-antibody reactions.
Radiation:
-Radiotherapy.
-Nontherapeutic radiation exposure.

Inflammation is fundamentally a protective reaction against the cause of
cell injury as well as the consequence of such injury. However,
inflammation is harmful and may even be life threatening. Inflammation is
generally considered a nonspecific response, because it happens in the
same way regardless of the stimulus and the number of exposures to the
stimulus (4).




Classification of Inflammation:

Inflammation may be classified as acute or chronic.

Acute inflammation:

Is the immediate or early response to injury and is of relatively short

duration. It lasts for minutes, hours, or at most a few days.
Chronic inflammation:

On the other hand, is of longer duration and may last from weeks to
years. The distinction between acute and chronic inflammation, however,
depends not only on the duration of the process but also on other
pathological and clinical features.




Pathophysiological Changes of Inflammation

Local Pathophysiological Changes of Inflammation

Acute Inflammation:

Acute inflammation continues only until the threat to the host has been
eliminated, which usually takes 8-10 days, although this is variable.
Inflammation is generally considered to be chronic when it persists for
longer than 2 weeks. Many regional and systemic changes accompany
acute inflammation, are mediated by certain chemicals produced
endogenously called chemical mediators and are behind the spread of
the acute inflammatory response following injury to a small area of tissue
into uninjured sites (5).

These chemical mediators include mediators released from cells such
as histamine and prostaglandins and others in plasma which are
released by the systems contained in the plasma; these are the four
enzymatic cascade systems, the complement system, the kinins, the
coagulation factors and the fibrinolytic system, which produce several
inflammatory mediators (5).

Table 1 summarizes the main chemical mediators of inflammation.
Acute inflammation is characterized by the following major regional
components.




Chemical mediators of inflammation:

Mediator Characteristics and role in inflammation

A. Cell factors

Histamine Stored in mast cells, basophil and eosinophil leukocytes, and platelets.
Release from sites of storage is stimulated by complement components C3a and C5a, and by lyso-
somal proteins released from neutrophils.
Responsible for vasodilatation and the immediate phase of increased vascular permeability

Lysosomal compound ~ Released from neutrophils and includes cationic proteins, which may increase vascular permeabili-
ty, and neutral proteases, which may activate complement

Prostaglandins Long-chain fatty acids derived from arachidonic acid and synthesized by many cell types. Some
prostaglandins potentiate the increase in vascular permeability caused by other compounds

Leukotrienes Synthesized from arachidonic acid, especially in neutrophils, and have vasoactive properties

5-Hydroxytryptamine A potent vasoconstrictor present in high concentrations in mast cells and platelets

(serotonin)

Lymphokines Released by lymphocytes and may have vasoactive or chemotactic effects

B. Plasma factors

Products of comple-

ment activation:

C5a Chemotactic for neutrophils; increases vascular permeability; releases histamine from mast cells.

C3a Similar to but less active than C5a.

C567 Chemotactic for neutrophils.

(56789 Cytolytic activity.

(C4b, 2a,3b Facilitates phagocytosis of bacteria by macrophages (opsonization of bacteria)

Kinin system Bradykinin included in the system is the most important vascular permeability factor, also a medi-

ator for pain which is a major feature of acute inflammation

Coagulation factors ~ Responsible for the conversion of soluble fibrinogen into fibrin, a major component of the acute
inflammatory exudate

Fibrinolytic system  Plasmin included in the fibrinolytic system is responsible for the lysis of fibrin into fibrin degrada-
tion products, which have a local effect on vascular permeability

Tablel. Chemical mediators of inflammation (5).

Local Vascular Changes

1. Vasodilation following transient vasoconstriction is one of the most
important changes that accompany acute inflammation and it persists
until the end of the process. It involves first the arterioles and then
results in the opening of new capillary beds in the area.

2. Increased vascular permeability due to:

— Contraction of endothelial cells with widening of intercellular gaps
— Direct endothelial injury, resulting in endothelial cell necrosis and
detachment




— Leukocyte-mediated endothelial injury: Leukocytes adhere to the
endothelium, which becomes activated, thereby releasing toxic oxygen
species and proteolytic enzymes and causing endothelial injury.

— Angiogenesis: With inflammation, endothelial cells may proliferate
and form new capillaries and venular beds (angiogenesis). These
capillary sprouts remain leaky until endothelial cells differentiate.

. Stasis (slowing of circulation):

Increased permeability with extravasation of fluid into the extravascular
spaces results in concentration of red blood cells in the small vessels
and increased viscosity of blood, with slowing of circulation in the local
vessels. Figures 1 illustrate the main vascular changes.

Normal Acute inflammation

Fig.1l. Vasodilation of vessels and opening of the intercellular gaps in
inflammation (6).




Local Cellular Events

Granulocyte Physiology:

Mature granulocytes are highly specialized, short-lived, non-dividing
cells with a multi-lobulated nucleus, numerous cytoplasmic granules and
a diameter of 12-15um.Thematuration time of granulocytes in
hematopoietic bone marrow is about 15 days. The mean residence time
in the circulation is about 10h. And survival time in tissues (if they
migrate into them) up to about 4 days. The factors controlling
granulocyte maturation and their release from, bone marrow are poorly
understood (6).

The leukocytosis caused by epinephrine (adrenaline) is largely a result
of the release of granulocytes from the marginating granulocyte pool;
hydrocortisone and endotoxin, however, probably cause leukocytosis by
multiple mechanisms including accelerated release of young
granulocytes from bone marrow (6).

In response to an acute infection, as an example of an inflammatory
process, the following sequence of events occurs:

1. Margination:
After stasis develops, leukocytes will be peripherally oriented along the
vascular endothelium, a process called leukocytic margination (Figure
2).

2. Diapedesis: (emigration)
Leukocytes emigrate from the microcirculation and accumulate at the
site of injury.

3. Chemotaxis:

Once outside the blood vessel, the cells migrate at varying rates of
speed Iin interstitial tissue towards a chemotactic stimulus in the
inflammatory focus. Through chemoreceptors at multiple locations on
their plasma membranes, the cells are able to detect where the highest
concentrations of chemotactic factors are and to migrate in their
direction (6).




Granulocytes, including the eosinophils, basophils, and some
lymphocytes, respond to such stimuli and aggregate at the site of
inflammation. The primary chemotactic factors include bacterial
products, complement components C5a and C3a, kallikrein and
plasminogen activators, products of fibrin degradation, prostaglandins,
and fibrin peptides (6).

Histamine is not a chemotactic factor but facilitates the process. Some
bacterial toxins, particularly from gram-negative bacteria and
streptococcal streptolysins, inhibit neutrophil chemotaxis (6).

4. Phagocytosis:

The polymorph nuclear leukocytes and macrophages ingest debris
and foreign particles. Various factors, collectively called opsonins, bind
to foreign material including damaged autologous cells (opsonization),
thereby identifying them for phagocytosis by granulocytes. The principal
opsonins are serum immunoglobulin and activated components of the
complement system. The latter include components of the classical
pathway, activated by specific antibody binding to the foreign cell
surface, and components of the alternative pathway which can be
activated in the absence of specific antibody. Both pathways go through
C3, which is therefore of crucial importance (5).

Granulocytes express Fc receptors which bind the Fc region of
antibody, while the Fab region, the end conferring the antibody’s
specificity, binds to the foreign cell (the antigen). They also express C3b
receptors and, with the Fc receptor. After ingestion a phagocytic
vacuole, termed the phagosome, containing the particle is formed (5).

The next stage involves the digestion of the foreign particle by the
liberation into the phagosome of a variety of enzymes. Some of these
enzymes are also released extra-cellularly and these may contribute to
the tissue injury sustained during the inflammatory process (5).

Granulocytes are metabolically stimulated during phagocytosis. The
first step in the process is granulocyte priming, during which the cell

changes its shape, Priming is important in the context of imaging
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because recent evidence suggests that it is the process most closely
linked to the uptake of fluorodeoxyglucose (5).

Because primed cells are less deformable, they display a prolonged
transit through the pulmonary vasculature and this is the basis for the
sustained high lung uptake seen in labeled leukocyte studies in patients
with severe systemic inflammation.

The main metabolic consequence of priming is a greatly amplified
secretion of hydrogen peroxide and other highly reactive oxygen
species (such as the hydroxyl radical and superoxide) in response to
appropriate “secretagogues”. This, the “respiratory burst”, results in an
increase in oxygen uptake by the granulocyte.
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Fig.2. Sequence of cellular changes that accompany inflammation. (6)
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Lifespan in the Circulation:

Granulocytes have a mean residence time in blood of about 10 h
(corresponding to a half-life of 7 h). Their clearance from blood is
essentially exponential, i.e. their removal is random rather than age-
dependent. This seems inconsistent with programmed cell death and it
may be that granulocyte apoptosis is relevant only to the resolution of
inflammation. Since labeled granulocytes are cleared from the blood
within 24 h of injection, uptake of activity into an inflammatory focus is
essentially complete by this time. It is possible that there is a proportion
of granulocytes that is longer lived than 10 h, as suggested by the
presence of a slower exponential in radiolabeled granulocyte clearance
studies (6).

Granulocyte Kinetics

Granulocyte kinetics can be subdivided into granulocyte distribution,
lifespan in blood, and disposal sites.
Distribution:

Granulocytes in blood are in dynamic equilibrium between two pools,
the marginating (MGP) and circulating (CGP) granulocyte pools.
This is based on that within about 20 min of intravenous administration,
50% of labeled granulocytes have left the circulation, and that this can be
increased up to 80%, by administration of epinephrine (adrenaline) or by
strenuous exercise. Granulocyte migration in the form of endothelial
rolling is the prelude to migration, is induced by the activation of E-
selectin, and is pathological. Most of the MGP is accounted for by
granulocyte pooling within organs (7).

Local Sequel of Acute Inflammation

Acute inflammation has several possible local squeal. These include
resolution, suppuration (formation of pus), organization and progression
to chronic inflammation.

Resolution means complete restoration of tissues to normal.
Organization of tissues is their replacement by granulation tissue with
formation of large amounts of fibrin, new capillaries growing into fibrin,
macrophages migrating into the zone and proliferation of fibroblasts
resulting in fibrosis and the consequent organization of exudate.
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Chronic Inflammation:
Acute inflammation may progress to a chronic form characterized by
reduction of the number of polymorph nuclear leukocytes but proliferation
of fibroblasts with collagen production.

Commonly, chronic inflammation may be primary with no preceding
acute inflammatory reaction. Chronic inflammation, whether following
acute inflammation or not, is characterized by a proliferative (fibroblastic)
rather than an exudative response with predominantly mononuclear cell
infiltration (macrophages, lymphocytes, and plasma cells). Vascular
permeability is also abnormal, but to a lesser extent than in acute
inflammation with formation of new capillaries.

Abscess Formation:
Abscess is defined as a collection of pus in tissues, organs, or confined
spaces, usually caused by bacterial infection.

The abscess formation starts by a phase of cellulitis, characterized by
hyperemia, leukocytosis, and edema, without cellular necrosis or
suppuration.

It may be followed by necrosis, liquefaction and formation of pyogenic
membrane surrounding the pus, which results in abscess formation that
can be present with both acute and chronic inflammation.

Systemic Pathophysiological Changes of
Inflammation:

Three major systemic changes are associated with inflammation:
Leukocytosis, fever, and an increase in plasma proteins.

-Leukocytosis is an increased production of leukocytes due to
stimulation by several products of inflammation such as complement
component C3a and colony-stimulating factors.

-A febrile response is due to the pyrogens.

-The increase in plasma proteins is due to stimulation of the liver by
some products of inflammation, leading to increased synthesis of certain
proteins referred to as acute-phase reactants which include C-reactive
protein, fibrinogen- and haptoglobin and are anti-inflammatory (8).
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Inflammation Imaging

Timely identification and localization of infectious and inflammatory
processes is a critical step toward appropriate treatment of patients with
known or suspected of such disorders. Diagnosis and localization of
infection by clinical and laboratory methods is often difficult. The results
frequently are nonspecific and imaging is usually needed (9).

Radiologic techniques including computed tomography, magnetic
resonance imaging, X-ray, and ultrasonography have been frequently
utilized for this purpose. However, these techniques rely solely on
structural changes, and therefore discrimination of active infectious and
inflammatory processes from alterations following surgery or other
intervention remain difficult with these modalities (9).

Also, infectious and inflammatory disorders cannot be detected in the

early stages of their development because of the lack of substantial
structural derangements, which render anatomic techniques insensitive
for early diagnosis. Furthermore, these techniques, based on current
standards, provide information on only a limited part of the body.
However, because of advance made in recent years, it becomes feasible
to scan the entire body within a short period of time (9).

Imaging of infection can be also achieved by either nuclear medicine or
other strictly morphological methods. Several nuclear medicine
modalities are used to diagnose and localize inflammation and infections.
These include **In-labeled white blood cells, ®’Ga citrate, IgG polyclonal
antibodies labeled with **In or **"Tc, monoclonal antibodies such as
anti-granulocyte antibodies, **"Tc HMPAO-labeled white blood cells,
¥MTc  Nano-colloid, **"Tc  DMSA, *™Tc  glucoheptonate,
¥MTcMDPmultiphase bone scan, 'in-labeled chemotactic peptide
analogs (10).

Conventional nuclear medicine modalities, such as ®’Ga imaging and
labeled leukocyte studies, have been useful in diagnosing some
infectious disease and have contributed significantly to the management
of such patients during the past three decades. Non-specific radiolabeled

14




compounds such as ®'Ga-citrate and radiolabeled polyclonal human
immunoglobulin  accumulate in inflammatory foci due to enhanced
vascular permeability. Specific accumulation of radiolabeled compounds
in inflammatory lesions results from binding to activated endothelium
(e.g., radiolabeled anti-E selectin), the enhanced influx of leukocytes
(e.g., radiolabeled autologous leukocytes, anti-granulocyte antibodies or
cytokines), the enhanced glucose uptake by activated leukocytes (*°F-
fluorodeoxyglucose) or direct binding to microorganisms (e.g.,
radiolabeled ciprofloxacin or antimicrobial peptides). However, these
techniques suffer from many shortcomings (10).

Recent developments in the field have substantially improved the ability
of the radiotracer imaging techniques to detect infectious disease. These
new methods are based on utilizing radiolabeled chemostatic peptides
radiolabel liposomes , Avidin-mediated agents radiolabeled antibodies,
radiolabeled antibiotics, and positron-emitting compounds, such as [*°F]
fluorodeoxyglucose (FDG) (11).
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Imaging of Soft Tissue Inflammation
No Localizing Signs Present:

When no localizing clinical signs are present, which is common in
cancer and immunosuppressed patients, nuclear medicine procedures
are often the imaging modalities chosen. The ability to screen the entire
body is particularly important for many such cases. The optimal choice
of radiotracer again depends on the duration of infection (Fig. 3) (12).

‘ Suspected Soft Tissue Infection
Localizing Signs ] [ No localizing Signs }IZ’,>
Scintigraphy
IT £rapi
| US, CT, MRI rl:% Inconclusive Findings }I:l>
] [
'\n7 R " < 2 weeks [ >2 weeks
| Definite Diagnosis duration duration
Treat Labeled WBC, Ga-67, Labeled
Labeled Antibodies Antibodies, PET

Fig.3. Suggested diagnostic algorithm for soft tissue infections. Note that in
case of suspected renal infection, 99mTc DMSA scan is preferred; in infections
of relatively long duration, labeled WBC may be used, but if negative, ®’Ga or
other labeled antibodies should follow before excluding chronic active infection
due to possible false-negative results with labeled WBC (12).

Indium-111-labeled white blood cells are the most specific for acute
infections, but false-positive results have been reported with some
tumors, swallowed infected sputum, Gl bleeding, and sterile
inflammation. False-negative results have been reported in infections
present for more than 2 weeks. More rarely, such false-negative results
occur for infections present for only 1 week. Gallium-67 is less specific
than labeled WBCs, as it is taken up by many tumors, and by sterile
inflammation. Labeled antibodies and peptides have the potential for a
specific diagnosis of infection when the localizing signs are present (table
2) (12).
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Correlation with morphological modalities after successful radionuclide
localization of infection can be of great help. For example, this correlation
provides anatomical information prior to surgical interventions. X-rays,
CT, MRI, and US usually yield fast results but unfortunately may not
distinguish infected from non-infected tissue. Figure3. lllustrates
suggested algorithms for the diagnosis of soft tissue infections (12).

Pathological change at the sife of infection ~ Scintigraphic pattern

Hyperemia Locally increased accumulation of several radiotracers, increased flow
and blood pool activity on bone scan; hyperemic pattern on delayed bone
images may be present with soft tissue infection

Increased vascular permeability Increased migration of WBCs, increased accumulation of Ga, increased

uptake of radiolabeled antibodies
Increased migration of WBCs and chemotaxis  Increased accumulation of labeled WBCs

Increased secretion of iron-containing globulin  Increased accumulation of Ga
by injured and stimulated WBCs

Localized areas of renal parenchymal damage in  Areas of reduced or absent DMSA uptake
pyelonephritis

Dilatation of PC system in pyelonephritis Prominent pelvocalyceal system on DMSA images

Formation of woven bone Increased uptake of *"Tc-MDP with prolonged accumulation of radio-
tracer

Increased expression of glucose transporters on  Increased uptake of "F-FDG
cell surface

Table 2. Correlation of pathophysiological features and scintigraphic findings of infection

(12).

With Localizing Signs:
This will be discussed in details in the following chapters.
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Instrumentation and Principles of
Imaging: PET/CT

Positron emission tomography is a noninvasive modality that produces
tomographic images of the distribution of a radionuclide-labeled tracer
injected in the body. PET imaging is based on radionuclides that decay
by positron emission (Figure 4-A) For example, fluorine-*® (**F) decays to
oxygen-*2 (**0), emitting a positron (") and a neutrino (Ve) :

18F N 180 + B+ + Ve [1]

The positron and an electron then undergo a process known as positron
annihilation and are converted into a pair of gamma-ray photons.
Because total energy is conserved, each gamma ray has energy of 511
keV, which is equivalent to the mass of the positron and of the electron
according to the well-known relationship E = mc? Because total
momentum is conserved, the two gamma rays travel in opposite
directions with a relative angle very close to 180 degrees (13).

Thus, if a coincident pair of 511 keV gamma rays is detected, the line of
coincidence connecting the two detected coordinates passes near the
point in space where the annihilation event occurred and also where the
positron decay occurred. When many such event pairs are detected, the
activity distribution of the positron-emitting radionuclide within the volume
of interest may be reconstructed. This process is the basis of PET
imaging (13).
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FIG. 4. Overview of PET event detection. (A) Annihilation radiation (pair of
511 keV gamma rays) results from the interaction of an electron and positron
emitted by a PET radionuclide (*®F in this example, which decays to 180).
The positron rapidly slows down due to numerous collisions with electrons
along its path, traveling only a short distance prior to annihilation. (B)
Schematic of a PET scintillation detector and associated event processing (in
conjunction with a coincident event recorded in an opposing detector) (13).
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PET Detectors:

Detectors used in PET scanners are designed for optimal detection of
511 keV coincident gamma rays under clinical imaging conditions. A
schematic of a typical PET scintillation detector is shown in Figure 4-B; it
consists of several elements. First, the incident gamma ray is absorbed in
a scintillation crystal and produces energetic electrons¢ which in turn
produce a cascade of visible photons. This flash of visible light exits the
crystal and is shaped by a light guide before reaching an array (often a
2x2block) of photomultiplier tubes (PMTs) (13).

The PMTs convert the flash of light into electronic pulse signals that are
processed by front-end amplifiers and other electronics. The integrated
signal from the group of PMTs is measured and is proportional to the
total energy deposited in the crystal. The scintillation event is rejected if
the detected energy is outside the allowed range for 511 keV gamma
rays, set by the lower level discriminator (LLD) and upper-level
discriminator (ULD) values (approximately 400 keV and 650 keV,
respectively). By restricting the acceptable energy range« the number of
scattered events (those interacting within the body before being detected)
IS minimized because the scattered gamma rays have energies lower
than 511keV. In addition, a position-weighted signal is processed in order
to determine the crystal of interaction, which specifies the detected
location of the event (14).

The spatial resolution of the detector is limited largely by the physical
size of the individual scintillation crystals. After being processed by the
front-end electronics, the electronic signals associated with the
scintillation events are then processed by coincidence electronics (13).

The coincidence electronics sample all detectors and accurately
determine the time of each detected event, within time resolution 1. The
timing pulses from all electronics banks then are compared. If two time
pulses overlap, the two associated events are considered to be
simultaneous and are designated as a coincidence pair. The definition of
simultaneity is limited by the coincidence timing window 271, which is in
the range of 4 to 16 ns on clinical PET scanners (13).

The coincidence timing window is set to be as small as possible so that
nearly all true coincidence events are detected and as many “random”
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coincidence events as possible are rejected. Random coincidences arise
when two 511 keV gamma rays originating from different positron decay
events are detected by chance within the coincidence timing window. For
a pair of detectors having “singles” count rates of S1 and S2 for individual
511keV gamma rays, the random coincidence rate R for the pair of
detectors depends linearly on the coincidence timing window and is given

by:
R= 271 Sl Sz [2]

The random coincidence rate is proportional to the square of the source
activity whereas the true coincidence rate is linear with respect to the
source activity.Thus, the relative contribution of random coincidences
rises for increasing injected dose. Both random and scatter events lead
to erroneous back projection (Figure 5) and should be minimized through
appropriate detector design and configuration.

An important consideration in PET detector design is the scintillation
crystal material« whose characteristics directly affect PET imaging
performance. The crystal’s mass density, elemental composition, and
thickness together determine its ability to fully absorb 511 keV gamma
rays. Since a pair of gamma rays must be detected to produce a
coincident event, the PET coincidence sensitivity depends on the square
of the detector sensitivity, and thus the crystal's “stopping power”
(attenuation coefficient at 511 keV) is a significant property. The
scintillation light output of the crystal affects the accuracy in determining
the gamma-ray energy and crystal of interaction and thereby affects the
scatter rejection and intrinsic spatial resolution. In addition, the
scintillation decay time of the crystal specifies the duration of the light
pulse, which impacts both the dead time and timing resolution per event.
A crystal with a shorter scintillation decay time is able to sustain higher
count rates without saturating the detector and allows for improved
rejection of random events through a more precise coincidence window.
Thus, scintillation crystals with high attenuation coefficient at 511 keV,
high light output, and short decay time are most appropriate for PET
detectors. Modern commercial PET scanners utilize crystals of bismuth
germinate (BGO), Ilutetium oxyorthosilicate (LSO), or gadolinium
oxyorthosilicate(GSO) and more rescently Ilutetium  yettrium
oxyorthosilicate (LYSO) (15).
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FIGURE 5. Detector configuration in PET scanners. (A) Front view showing a
circular arrangement of block detectors around a patient cross section.
Examples of true (T), random (R), and scatter (S) coincidence events are
shown. For true events, the line of coincidence connecting the two points of
detection passes near the point where the positron decay occurred. The
random and scatter events result in erroneous lines of coincidence (dashed
lines) and contribute to background counts. (B) Side view cross section
(expanded view) illustrating the individual N rings and the (2N-1) slices
defined by the ring geometry. Solid lines denote central slices; dashed lines
denote in-between slices (15).

PET Scanner Design:

Modern PET scanners consist of a large number of crystals (4000 to
24,000) in a cylindrical arrangement of discrete rings (Figure 5), with
typical ring diameter of 85 cm and axial field of view of 16 cm.

The N crystal rings define a total of 2N-1 slices (at the ring centers and
at the midpoints between the rings). The detector geometries of PET
scanners vary: Some designs use compact block detector modules and
others use fewer but larger flat-panel detector components. Most PET
scanners are of full ring design; however, some models employ partial
rings of detectors with a rapidly rotating gantry in order to reduce cost, at
the expense of reduced count sensitivity.The physical size of each crystal
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is typically 4 to 8 mm in cross section and 20 to 30 mm in thickness. The
crystal arrays are backed by PMTs and front-end electronics, which
connect to the remaining coincidence electronics within the temperature-
stabilized gantry (15).

Because imaging is based on electronic collimation, the spatial
resolution of the PET scanner is limited mainly by the intrinsic spatial
resolution of the detectors. Since an event location is resolved to a
specific crystal, the spatial resolution is approximately that of the cross-
sectional size of the crystal (4 to 8 mm). While this is true near the center
of the trans-axial field of view, the spatial resolution does worsen slightly
with increasing radius due to the unknown depth of interaction of the
events within the thick crystals, typically increasing by 1 mm at a radius
of 10 cm and by more at larger radii (15).

Many PET scanners employ axial septa to restrict the axial angle of
incidence to a smaller range (Figure 6). The septa are tungsten or lead
annuli located along the ring boundaries of the crystal array. The septa
absorb most axially obligue gamma rays and provide some degree of
collimation in the axial direction only. However, the septa are not true
collimators in that electronic collimation still specifies the axial and trans-
axial angles of the coincident event pairs. In several scanner models, the
septa can be in the extended position (for two-dimensional (2D)-imaging
mode) or in the retracted position (for 3D-imaging mode).7 other scanner
models operate exclusively either with fixed septa in 2D mode or without
septa in 3D mode, with the latter situation being common for newer
PET/CT scanners (15).

There are advantages and disadvantages associated with PET imaging
in 2D with septa as opposed to imaging in 3D without septa. Imaging with
septa means that simpler 2D image reconstruction algorithms may be
used since most axially oblique events are not recorded. This is done at
the expense of greatly reduced count sensitivity« however. In 3D mode, a
typical fourfold increase in count sensitivity is attained by recording the
axially oblique events, allowing for shorter imaging times with reduced
injected dose. An unwanted side effect of imaging in 3D mode is that
many random and scatter coincident events arising from outside the axial
field of view, which would have been absorbed by the septa, instead are
detected and recorded (Figure 4, 6) Thus, use of axial septa may be
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warranted in imaging situations where the high background event rate
would impact image quality or quantitative accuracy (15).
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FIGURE 6. Imaging with and without axial septa. In 2D mode (A), the septa prevent most ol
events from being detected, and only coincidence events within the same ring or between a
rings are recorded. In 3D mode (B), the septa are removed and a much larger number of lin
coincidence are detected, greatly increasing the sensitivity of the scanner. However, the rer
septa in 3D mode allows random events (C) and scatter events (D) arising from activity outs
axial field of view (FOV) also to be recorded, thereby increasing background counts (15).

Image quality is often characterized by noise equivalent counts (NECs) acquired.

NEC is defined as:

TZ

NEC = ——— [3]

~ (T+S+kR)

Where T, S, and R represent true counts, scatter counts, and random
counts, respectively. The factor k depends on the method of random
correction applied and is equal to 2 for the most common case (using the
delayed coincidence method and with the object being imaged occupying

most of the scanner field of view).

As can be seen in this equation for NEC, true counts add beneficially to
image quality, whereas random and scatter counts detract from image
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guality. An important characteristic of PET scanner design is the count-rate
capacity of the detectors. At low activity levels, the true coincidence rate is
proportional to the activity. However, each event requires a processing time
that depends on the crystal’s scintillation decay time and the design of the
front-end electronics. At higher event rates, an increasing fraction of events
overlap in time to produce erroneous effects known as pulse pileup.

Detector saturation from pulse pileup contributes to dead-time loss, thereby
reducing the total counts recorded. As a result, the count rate depends
nonlinearly on activity as the degree of pulse pileup increases, eventually
reaching a point above which the count rate begins to decrease. Optimal
imaging generally is attained when the injected dose is such that the scanner
operates on the upward slope and near the peak of the NEC curve.

NEC and imaging time are affected by many factors such as injected dose,

body habitus, and activity outside the region of interest, whether septa are
used, and detector dead-time characteristics. Therefore, optimal scan
protocols can vary substantially among patients, studies, and scanners.
Performance tests using standard phantoms are performed to assess
differences in scanner characteristics (15).

Data Corrections:

In addition to excellent image quality, a goal of PET imaging is to
achieve a high degree of quantitative accuracy. This goal is particularly
important in cardiac imaging since relative or absolute perfusion or
viability, or both, are being assessed in all regions of the myocardium.
PET imaging achieves quantitative accuracy through applying corrections
for many factors: detector normalization, dead-time loss, random events,
body attenuation, and scatter events. Figure 7 shows a schematic of PET
data processing and illustrates the steps where these corrections are
implemented (15).
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FIGURE 7. Flowchart of PET data processing and image reconstruction (15).

Detector Corrections

Detector normalization and dead-time loss corrections are based on
scanner-specific calibrations done prior to imaging. Normalization data
reflect the relative sensitivity of each scintillation crystal element in the
scanner, which can differ substantially among crystal elements. A
normalization calibration scan using a uniform source of known activity is
performed at regular intervals and after tuning or servicing the detectors
(15).

On a daily basis, a quality assurance scan is performed and checked
against the previous system normalization data to ensure that significant
drift in the detector electronics has not occurred. Detector dead-time loss
is the fraction of counts lost to pulse pileup and is reflected in the count-
rate characteristics of the scanner. The dead-time loss of a detector block
commonly is estimated as a function of the measured singles event rate,
based on prior calibration tests of the detector count rate curve. To
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achieve quantitative accuracy, the raw data must be rescaled by the
appropriate normalization and dead-time loss correction factors. Applying
the normalization factors ensures uniform detector sensitivity and allows
the reconstructed images to be expressed in terms of activity
concentration or in terms of standardized uptake values (SUV), if data
are normalized to injected dose and body weight or lean body mass.
Applying the dead-time loss factors ensures a linear relationship between
the actual count rate and the absolute activity in the field of view. These
corrections serve to accurately reflect the true flux of gamma rays
impinging on the crystal elements and are necessary for quantitative
image reconstruction (16).

Random Correction:

PET scanners record all “prompt” coincident events that occur
simultaneously within_the timing resolution of the detector electronics.
The prompt events (P) consist of true

(T), random (R), and scatter (S) coincident events:
P=T+R+S [4]

Since the recorded prompt events contain background events (random
and scatter), they do not represent the true activity distribution.
Corrections for the background events must be applied to ensure the
guantitative accuracy of reconstructed images (16).

Correction for random events often is achieved by direct measurement
using the delayed coincidence technique, which is based on the principle
that events occurring at time intervals much longer than the detector
response time are uncorrelated. A separate coincidence processor is
configured to detect pairs of events occurring at a relatively large time
difference compared to the event processing time.

Unlike event pairs recorded by the prompt coincidence processor, those
recorded by the delayed coincidence processor are due solely to random
coincidences. For each line of coincidence (LOC), the number of delayed
events (D) is subtracted from the number of prompt events, thus
canceling the random events (on average):
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(P = D)avg = (T + S)avg [S]

It is important to note that this does not exactly cancel out the random
events on a specific LOC because of count fluctuations (Poisson noise).
During image reconstruction, there is an averaging effect over many
LOCs, and the delayed subtraction method for random correction
becomes quantitatively accurate in the resultant image. However, the
direct subtraction of delayed coincidence counts increases the relative
noise level in the images because the count fluctuations in the prompt
and delayed data are additive. The noise introduced by this method can
be mitigated by filtering the delayed coincidence data prior to subtraction
(16).

Attenuation Correction:

A positron decay event is detected only if both 511 keV gamma rays
reach the detectors and are fully absorbed by the scintillation crystals. If
either of the gamma rays is scattered or absorbed by the body, then a
true coincidence event is not recorded. Such count losses from body
attenuation depend on the body habitus and can be surprisingly large.
For example, if the total path length of the LOC through the body is 20
cm and assuming uniform attenuation equal to that of water, only 15% of
511 keV gamma-ray pairs along this LOC escape the body without
absorption or scatter. If the total path length is 40 cm (as in many heavier
patients), the fraction of non-attenuated gamma-ray pairs is only 2%.
Because of body attenuation, regions near the edge of the body would
appear much more intense in images, since the average degree of
attenuation over all LOCs there is less than in the central regions of the
body (16).

Fortunately, the body attenuation can be measured and corrected in a
straightforward fashion. An interesting property of PET imaging is that the
fraction of attenuated events along a specific LOC is constant, no matter
where along this line the positron decay occurred (even from within a
source placed outside the body). An external gamma-ray source
produces a transmission shadow profile of the body, and by measuring
the position-dependent transmission data, the attenuation factors along
each LOC are measured. By rotating the transmission source around the
body, tomographic attenuation data are acquired. By weighting the PET
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emission data according to the attenuation data during image
reconstruction, the resultant images then are corrected for attenuation
(16).

Transmission sources are present in virtually all dedicated PET
scanners. Many models use germanium-% (®Ge) rod sources that emit
511 keV gamma-ray pairs from positron decay of gallium-*® (®*Ga, the
daughter radionuclide of ®®Ge). The transmission data are distinguished
from the emission data by knowledge of the rod source location. Other
PET scanners use cesium-"*" (**’Cs) point sources instead, which emit
(non-coincident) 662 keV gamma rays (17).

During the transmission scan, the detectors operate in singles mode
instead of coincidence mode, and the higher-energy **’Cs transmission
gamma rays are distinguished from the 511 keV annihilation gamma rays
by energy windowing. New hybrid PET/CT scanners often do not have
radionuclide transmission sources and instead use the x-ray CT scanner
to generate transmission data. Count statistics in transmission scans
must be considered, since noise in the transmission data propagates
through image reconstruction and may affect the resultant image quality.
Sufficient transmission counts must be acquired to produce an
attenuation map of sufficient quality, and the transmission acquisition
time should account for patient body habitus and for transmission source
activity as the sources decay. Depending on scanner design, the
transmission acquisition time may range from 1 to 15 minutes. To further
reduce noise, segmentation image processing is often performed (16).

The segmentation algorithm first distinguishes regions in the attenuation
map as body tissue, lung tissue, air, or the patient table. The algorithm
then assigns adjusted values to these regions based on the
corresponding known or typical attenuation coefficients and produces a
new and less noisy attenuation map (16).

Scatter Correction:

After the delayed coincidences are subtracted, the resultant data
contain both true and scatter events. Thus scatter correction is needed
for quantitative imaging, and several methods and algorithms for scatter
correction have been proposed and implemented. A common
implementation is to model the contribution of scattered counts based on
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the theory underlying Compton scatter of gamma rays. Using the
transmission attenuation map and an initial estimate of the reconstructed
emission images, the corresponding scatter distribution is computed (17).

Certain approximations are made in the scatter model algorithm to
accelerate computation for practical clinical use. The distribution of
background counts outside the body is useful for normalizing the
computed distribution with respect to the actual emission data. After
subtracting the scatter contribution, the data are reconstructed once
again to yield the scatter-corrected images (17).

The accuracy of scatter correction of course depends on the specific
algorithm used and its ability to accurately model the actual scatter
processes in the body. Usually better results are obtained with increasing
sophistication of the scatter model in the algorithm. The absolute
accuracy also depends on the scatter fraction (SF), that is, the relative
contribution of scatter in the reconstructed image:

SF = —— [6]

A high scatter fraction has the effect of amplifying errors from scatter
correction, because a larger fraction of the data must be subtracted. The
scatter fraction of a particular data set depends on several factors,
including the energy window (LLD and ULD values, which are set
according to the energy resolution of the detectors at 511 keV), the
region of the body scanned, and body habitus. In many cases, a major
factor is whether axial septa are used and also the degree of side
shielding of the detectors, since the septa and shielding are very effective
in blocking axially oblique scatter events. For example, a standard 20 cm
cylindrical phantom may exhibit a scatter fraction of 20% in 2D mode and
45% in 3D mode, and the scatter fraction in patients may be considerably
higher.

Furthermore, scatter in 3D mode is significantly more complex and more
difficult to model because of cross-plane events and events arising from
outside the axial field of view. In situations in which a high degree of
guantitative accuracy is required, imaging may be better performed in 2D
mode, for which scatter correction generally is more accurate.
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Data Processing and Image Reconstruction:

Sinogram Representations:

As the PET coincidence events are acquired, they are binned into data
arrays according to their detected coordinates in space. First, consider
the simpler 2D case of a single slice and imaging with axial septa, in
which a slice is defined by events occurring within the same crystal ring
or adjacent crystal rings. Each line of coincidence connecting two crystal
elements within the slice is described in terms of coordinates (R, 8),
which are the distance from the center and the trans axial angle. The
histogram of all events binned in (R, 8) space is called a sonogram.
Since the raw data from each slice produces a sinogram, a multi-ring
PET scanner with axial septa produces a stack of 2D sinograms indexed
by the slice axial coordinate z. Each sinogram is reconstructed
separately, resulting in a stack of 2D tomographic images that may be
displayed as a volume image. (Although the end result is a 3D volume,
this mode of acquisition and reconstruction is commonly referred to as
“2D imaging,” since each slice is independently acquired and
reconstructed.) For a multi-ring PET scanner operating without axial
septa, coincident events arising from detected gamma rays on
nonadjacent crystal rings also are recorded. In addition to the sinogram
and slice coordinates (R, 8, z), the axial angle ¢ (or alternatively the ring
difference) is another coordinate that must be specified, thus adding a
fourth dimension to the complete description of the sinogram data (18).

As discussed earlier, the benefit of including multi-ring events is that the
sensitivity of the PET scanner is greatly increased; however, the
requirements for data storage and the complexity of image reconstruction
also are increased (18).

Techniques for “fully 3D reconstruction” have been well researched,
but many algorithms are too computationally intensive for routine clinical
imaging. Instead, repining methods often are used to transform the
complete four dimensional sinogram representations into an approximate
stack of 2D sinograms. The commonly used Fourier repining algorithm
has been shown to preserve the fully 3D nature of the data over a wide
range of axial angles. After repining is performed, each slice may be
reconstructed independently, allowing for the use of 2D image
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reconstruction algorithms that are computationally much faster and more
practical than fully 3D reconstruction algorithms (18).

Reconstruction:

The typical steps involved with image reconstruction and processing are
summarized in (Figure 7.) Sinogram data for the emission and
transmission scans are acquired separately. Random correction is
applied by subtracting delayed coincidence data from the prompt
coincidence data. Calibration data from a prior normalization scan and
dead-time loss factors are applied, as well as a decay correction factor
based on the radionuclide half-life of the injected tracer. The transmission
data are reconstructed first to produce attenuation correction factors,
which are then applied during subsequent reconstruction of the emission
data. Scatter correction is applied using both the emission and
transmission images to compute and subtract the estimated scatter
component. Afterward, a smoothing filter is applied to reduce high-
frequency noise and produce optimal image quality. Image reconstruction
often is done using the conventional filtered back projection (FBP)
algorithm, in which an apodizing filter is applied in the frequency domain
to the sinogram data, followed by back projection into image space (19).

Since the FBP algorithm involves a single back projection step, it is
exact and requires little computational time. However, in situations with
low count density or with wide variations in activity concentration, FBP is
prone to artifacts and may not produce the best-quality images. Iterative
reconstruction algorithms differ from FBP in that multiple projection and
Back projection steps are performed with the goal of converging toward
an optimal image estimate. A common iterative algorithm is the
maximume-likelihood expectation maximization (ML-EM) method, in which
an image estimate first is projected and compared to the actual sinogram
data, and appropriate scaling factors are computed and back projected to
produce a new and more accurate image estimate. The process is
repeated for a number of iterations until a final image estimate is
obtained (20).

However, image noise is amplified with increasing number of iterations,
and thus stopping criteria, regularization methods, or post filtering, or
some combination of the three, is implemented to prevent excessive
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noise in the final image. ML-EM assumes a Poisson statistical model and
performs relatively well for low-count sinogram data. Since there are
multiple projection and back projection steps, the algorithm is more local
in nature compared to FBP and is less prone to streaking and spillover
artifacts (19).

To accelerate the convergence of iterative reconstruction and to reduce
computation time, the ordered-subsets expectation-maximization (OS-
EM) algorithm (a modified version of ML-EM) uses ordered subsets of
sinograms, such that only a fraction of the data must be processed
before updating the image estimate per iteration. In recent years, OS-EM
iterative reconstruction has become computationally practical in clinical
settings and has become the most common reconstruction algorithm
used in PET oncology studies (21).

For dynamic PET imaging using kinetic modeling to estimate absolute
perfusion values, FBP is usually considered to be the better choice
because of its exact nature, even though image quality often is poorer
than with OS-EM. In summary, careful selection of algorithm and
associated parameters should be made based on the scanner
characteristics and the imaging protocol used.
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PET/CT Radiopharmaceuticals in
Inflammation and Infection

PET imaging differs from conventional SPECT imaging in that short -
lived positron-emitting radionuclides are used as radiolabels. This has
several important implications:

-First, because of the physics of positron decay, coincidence circuitry
can be used, which facilitate acquisition of high resolution images
with accurate attenuation correction.

-Additionally, most of the elements used as positron emitting labels are
attached via covalent bonds and are commonly founding several
biochemical and drug structures. This leads to much greater
versatility in the development of noval PET radiopharmaceuticals
(22).

For PET imaging of inflammation several radiotracers can be used such
as 68Gallium (®*Ga) which is produced by °®Ga/*®Ge generator and
68Gallium-labelled vascular adhesion protein-1 (VAP-1) which is an
adhesion molecule that plays a key role in recruiting leucocytes into sites
of inflammation but disadvantaged by its short metabolic half-life and
rapid clearance. It is hypothesized that prolonging the metabolic half-life
of ®®Ga-DOTAVAP-P1 could further improve its imaging characteristics
(23).

Somatostatin tracers can be used in case of intestinal inflammation
Gonkowski and Catka (24) have demonstrated a modulation of SST
immuno-reactivity in the nervous structures of the porcine descending
colon under experimental pathological conditions. In situations of
intestinal inflammation, one can find changes in the concentration of SST
as well as of SSTR (25).

But most commonly used radiotracer is FDG.

FDG synthesis:
8F_.FDG can be produced as a multi dose batch suitable for use
throughout the workday or for distribution to imaging sites remote from
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the production location. Tetraacetylmannose triflate is reacted with the
fluoride ion and the acetyl protection groups are removed by basic
hydrolysis. By starting with mannose, the desired optical isomer, D-
glucose, is produced (23).

Mechanism of FDG uptake:

Inflammatory cells have increased glucose utilization due to over
expression of membrane glucose transporters and up regulation of
hexokinase activity. FDG, like glucose, is taken up by inflammatory cells
via glucose transporters (GLUT) and undergoes phosphorylation (by
hexokinase) within the cell to form FDG-6-phosphate; however, unlike
glucose, it does not undergo further metabolism, thereby becomes
trapped in metabolically active cells, accumulating in most tissues at a
rate proportional to glycolysis Most tissues and tumors, apart from the
liver, have relatively low level of glucose-6-phosphatase activity and
therefore little **F-FDG-6-phosphate escapes the cell (26).
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Technical Aspects of PET/CT
Examination

Patient preparation:

A key to a successful *F-FDG PET/CT oncologic examination is
adequate patient preparation. Several instructions should be
followed strictly to achieve acceptable blood glucose level, minimize
physiologic FDG uptake and reduce artifacts. The main goal is to
achieve a good quality images and minimize false positive results
(27).

Achieving acceptable blood glucose levels

Blood glucose level should be < 150mg/dL. High glucose levels will
compete with FDG uptake, degrading image quality, thus patients
are required to fast for 4-6 hours to minimize insulin secretion in
order to reduce background uptake of FDG by muscle and adipose
tissue. So °F-FDG. PET/CT examination should not be performed if
Blood glucose is >200mg/dL. Diabetic patients require special
attention and are usually rescheduled if the blood glucose level is
greater than 8-11mmol/l as giving insulin immediately before the
examination is to be avoided as this encourages uptake of FDG into
background tissues rather than tumor (3).

Physiologic uptake:

For skeletal muscle uptake: In the intervening period between
injection and imaging, patients are requested to be still in order to
minimize muscular activity, which may otherwise be a source of
artifact uptake (28).

For myocardial muscle uptake: Minimizing myocardial activity is of
particular importance while evaluating mediastinal or pericardial
nodules. It can be done by fasting for at least 4-6 hours prior to the
exam and maintaining a low carbohydrate/high protein and fat diet a
day before the exam. Caffeine, nicotine and alcohol should also be
avoided for 24 hours before the exam; however the caffeine effect on
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myocardial uptake is variable. It may decrease myocardial activity by
stimulating myocardial fatty acid metabolism (29).

For brown fat uptake: It can be reduced by decreasing the
sympathetic drive and keeping the patient warm. Decreasing the
sympathetic activity can be achieved by using anti adrenergic drugs
such as diazepam. Drugs which stimulate the sympathetic activity
(e.g. nicotine and ephedrine) should also be avoided (26).

Patient Positioning

For PET/CT it is preferable to scan the patient with the arms above
the head if tolerated to avoid beam hardening artifacts which will
degrade images of the upper abdomen. The exception is separate
head and neck scans where the arms should be down (29).

Controlling Respiration

CT scans are acquired within a short period of time during
continuous table movement, typically covering of a large axial scan
range in a single breath-hold. PET scans are performed step-wise
with sequential bed positions, each of them typically covering an
axial FOV of approximately 15 cm. The examination time per bed
position may vary from 1 to 5 min, depending on the amount of
tracer applied and on the image quality desired. Thus, examination
time may range between 10 and 30 min to cover a field of view from
the head to the upper thighs. This necessitates the PET scan to be
performed in shallow breathing (27).

Recently, respiratory gating is introduced in modern PET/CT
scanners to allow a free breathing examination (Four - dimensional
PET/CT) and hence, avoiding misregistration artifacts (30).

Image acquisition
A PET/CT imaging protocol usually calls for acquisition of a CT
scout scan first, followed by a CT scan and a PET scan. The CT
scout scan serves as an anatomic reference for the PET/CT scan.
The technologist uses the scout scan to define the starting and
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ending locations of the actual CT and PET acquisitions. Upon
completion of the CT scan, the bed is automatically moved to
position the patient in the field of view of the PET scanner. The
patient is positioned so that the PET scan matches the same
anatomic extent imaged during the CT acquisition. PET emission
data are then acquired for 3—5 minutes per bed position covering the
area of interest. The PET raw data are then reconstructed using the
CT images for attenuation correction. CT scans are usually
reconstructed in a 512 x 512 image matrix, whereas PET images are
reconstructed in a matrix of 128 x 128. Upon reconstruction, both the
PET images and the CT images are displayed side by side and
overlaid (fused) in axial, lateral and sagittal frames together with
maximum intensity projection (MIP). This process can be done either
on the same acquisition computer or on different workstation,
depending on the manufacturer (31) .
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Clinical Introduction for Role of PET in
Inflammation

8F_Fluoro-D-deoxyglucose (FDG) positron emission tomography (PET)

has developed into an accepted tool in clinical imaging. The ability to
image glucose metabolism has proved to be the key to the current
success of PET in different fields of medicine (32).

FDG is currently the most commonly used PET tracer. Increased
glucose metabolism is often present in inflammation (33).

FDG PET is reported to be a sensitive and not specific technique in
oncological imaging (32). In the early years of clinical FDG PET imaging
in oncology, cases of false-positive uptake in a wide variety of infections
were described. What at first seemed as a disadvantage which has been
exploited in a positive manner over the last years, resulting in a number
of promising reports on the potential of FDG PET imaging in different
types of infection and inflammation (34).

In an experimental rat model of turpentine-induced inflammation,
Yamada et al. have shown that FDG uptake is high in inflammatory tissue
and that uptake is higher in chronic than in acute inflammation (36).

In another rat model of Escherichia coli infection, it has been
demonstrated that FDG uptake is higher than that of other radiotracers
such as 67-gallium, radiolabelled thymidine, methionine and human
serum albumin. Moreover, high target-to-background ratios are reached
within the first hour after FDG injection, allowing for early imaging. It was
shown auto radio-graphically that FDG uptake is highest in the area of
inflammatory cell infiltration surrounding the necrotic region, especially in
those regions with the highest number of macrophages and
polymorphonuclear leukocytes (37).

In addition, studies are demonstrating the value of FDG-PET for the
evaluation of non-oncologic conditions. Based on the literature,
conditions such as osteomyelitis, fever of unknown origin (FUO),
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acquired immunodeficiency syndrome (AIDS), vasculitis, and
inflammatory bowel disease can be successfully imaged with FDG-PET.
With the approval of additional PET radiotracers in the future, there will
be more widespread applications of PET for inflammatory and infectious
disorders (37).

Unlike anatomic imaging modalities such as computed tomography
(CT), magnetic resonance imaging (MRI), and ultrasound, PET is a
molecular imaging modality that detects metabolic abnormalities present
in the disease before structural abnormalities become evident.
Advantages of FDG-PET as compared with the conventional nuclear
medicine radiopharmaceuticals for the imaging of inflammation and
infection include the ability to provide a result as early as 11/2 to 2 hours
after tracer injection, the relatively low radiation dose, and the excellent
spatial resolution and lesion-to-background contrast. These advantages
contribute to the superior accuracy of FDG-PET for the diagnosis or
exclusion of infections (37).

Indications for the use of FDG in _infectious or_inflammatory

diseases, namely:

1. Localization of abnormal foci to guide the etiological diagnosis in the
presence of fever of unknown origin (FUO)

2. Diagnosis of infection in: suspected chronic infection of bone and/or
adjacent structures (osteomyelitis, spondylitis, discitis or osteitis
including presence of metallic implants), diabetes with suspicion of
Charcot’s neuroarthropathy, osteomyelitis and/or soft tissue infection,
painful hip prosthesis, vascular prosthesis, and fever in AIDS

3. Detection of the extent of inflammation in: sarcoidosis, inflammatory
bowel disease, and vasculitis involving the great vessels.

4. Therapeutic follow-up of unresectable alveolar echinococcosis, in
which it may be used in the search for active localization of the parasite
during medical treatment and after treatment discontinuation. (32).

40




Diagnosis of FDG-PET in FUO

Fever of unknown origin (FUO) and unexplained signs of inflammation
are challenging medical problems which are predominantly caused by
infections, malignancies, autoimmune diseases and other noninfectious
inflammatory diseases (38).

FUO is defined as a temperature higher than 38.3°C on several
occasions and lasting longer than 3 weeks, with a diagnosis that remains
uncertain after at least 1 week of investigation in a hospital (39).

Etiology of FUO :

Infections were the most frequent causes of FUO, followed by
malignancies, and then noninfectious inflammatory diseases.
However, in is a more common cause of FUO than in adults, accounting
for 30% to 50% of the cases, followed by connective tissue diseases
(CTDs) and then neoplasm (7% to 13%). Most cases of FUO in children
as well as in adults represent unusual manifestations of common
diseases, rather than a common manifestation of a rare disease. The
most common systemic infections in the United States that are implicated
in children with FUO are salmonellosis, tuberculosis, rickettsial infections,
spirochetal infections, cat-scratch disease, infectious mononucleosis,
cytomegalovirus (CMV) infection, and viral hepatitis (40).

Autoimmune diseases occur with equal frequency in adults and children
(10% to 20% of cases), but certain diseases such as systemic lupus
erythematosus (SLE), Wegener's granulomatosis, and polyarteritis
nodosa are more common in adults, whereas juvenile rheumatoid arthritis
(JRA, now called juvenile idiopathic arthritis, JIA) is particularly common
in children . Juvenile rheumatoid arthritis accounts for >90% of
connective tissue diseases that cause FUO, followed by SLE and other
types of vasculitis (40) .

Lymphoma and leukemia are the two most common malignancies
presenting as FUO in children. The frequency of neoplasms decreased.
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In two series, which was attributed to improved diagnostic imaging
techniques (41).

Diagnosis of FUO :

Despite the fact that most children with FUO have a self-limited disease,
it is still a very serious clinical problem, with mortality reaching 6% to 9%
in two series studies of children with FUO. The diagnostic approach in
children with FUO starts with a thorough history and physical
examination, supplemented by laboratory and radiographic tests.
Repeated histories and physical examination are important to better
elucidate the etiology of FUO (40).

The age of the patient, history of exposure to wild or domestic animals,
history of unusual dietary habits or travel, medication history, and ethnic
background are very helpful in evaluating FUO. After the screening
laboratory and radiographic tests, additional tests should be guided by
the history and physical examination (40).

Radiographic Evaluation of patient with FUO :

After obtaining a regular chest radiograph, further radiographic
examination of specific areas such as the nasal sinuses, mastoids, and
gastrointestinal (Gl) tract should be performed following special
indications. Inflammatory bowel disease should be excluded in children
with abdominal complaints, persistent fever, and elevated erythrocyte
sedimentation rate (ESR), anorexia, and weight loss (42).

Echocardiograms are useful to evaluate the heart when suspecting
infective endocarditis. Ultrasonography (US) is often used to investigate
fluid collections, abscesses , and thrombophlebitis (42).

Computed tomography (CT) or magnetic resonance imaging (MRI) is
helpful in the detection of neoplasms and abscesses in the abdomen and
in the investigation of lesions in the head, neck, and chest , as well as for
osteomyelitis .Magnetic resonance imaging is rarely used in the initial
evaluation of FUO except in certain cases such as spinal epidural
abscesses (43).
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Laparotomy has been nearly replaced by noninvasive imaging
techniques, especially in the search for occult abscesses or hematomas
in patients with FUO. However, laparotomy is very helpful when
noninvasive imaging measures are non-diagnostic and CT- or
ultrasound-guided aspiration or biopsy fails to make the diagnosis (44).

Radionuclide Scans :

Gallium-67— and indium-111-labeled leukocytes have a higher overall
yield than CT or US in diagnosing FUO because the images cover the
whole body. In patients with FUO, gallium 67 is useful for the detection of
malignancies and of granulomatous and inflammatory disorders, whereas
indium-111-labeled leukocytes are more useful for detecting localized
infectious and inflammatory processes (45).

Different technetium-99m (**"Tc)-labeled compounds are being studied
for potential clinical use in patients with FUO, such as *™Tc-
hexamethylpropylene-amine-oxime (HMPAO)-labeled leukocytes, *™Tc-
ciprofloxacin, and *™Tc-labeled monoclonal antibodies (46).

FDG-PET Scan :

Rationale for the Use of FDG-PET in FUO :
Many metabolically active infectious and inflammatory disorders can be
readily visualized by FDG-PET scanning (Table. 3) (47).

Infections Inflammatory/granulomatous Neoplasms
Subphrenic Takayasu's arteritis Hodgkin's disease
abscess Rheumatoid arthritis Non-Hodgkin's
Pneumonia Wegener's granulomatosis lymphoma
Osteomyelitis Sarcoidosis Colon carcinoma
Vascular graft Thyroiditis Renal cell carcinoma
infection Enterocolitis Sarcoma
Tuberculosis Myositis Pheochromocytoma
Sinusitis Gastritis
Mastoiditis Giant cell arteritis

Table 3. Common causes of FUO reportedly detected by FDG-PET (47)
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FDG-PET has a high accuracy in detecting chronic osteomyelitis,
especially in the central skeleton, which was found to be superior to
antigranulocyte antibody scintigraphy and to indium-111-labeled
leukocytes. Although CT and MRI provide excellent anatomic details,
they have limited capacity to differentiate postsurgical changes from
infection, and, in contrast to FDG-PET, they are hindered by metal
implants. Fluorodeoxyglucose-PET can differentiate between normal
bone healing following a fracture or surgical intervention and
osteomyelitis or malignancy. In patients with prostheses, FDG-PET can
assess the presence of a superimposed infection, especially in hip
prostheses and, to a lesser extent, in knee prostheses (48).

FDG-PET can be used to diagnose infections related to diabetes,
especially in the evaluation of the diabetic foot (49).

FDG-PET was able to differentiate lymphoma from nonmalignant
lesions in the central nervous system in HIV-positive patients (50).

Although FDG-PET cannot clearly distinguish between granulomatous
diseases such as sarcoidosis and lymphoma, it can localize the active
lesions, which can be biopsied for a timely and minimally invasive
diagnosis (51).

The early diagnosis of vasculitis, especially large-vessel vasculitis,
prevents progression to the occlusive phase of the disease. In this
regard, FDG-PET has demonstrated high specificity and high sensitivity
to detect and assess the activity of large-vessel vasculitis. It can
noninvasively detect and quantitatively assess the disease activity in
inflammatory bowel disease (52).

Fluorodeoxyglucose uptake in the synovium measured using the
standard uptake values (SUVs) facilitates the quantitative assessment of
synovial activity, which has been particularly helpful in assessing the
disease activity in patients with rheumatoid arthritis (53).

The increase in SUV and the number of PET-positive joints correlated
with swelling and tenderness of the joints, ultrasonography, synovial
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thickness, and inflammatory serum markers (ESR and C-reactive
protein). This facilitates the measurement of disease activity in the joints
of patients with rheumatologic diseases (54).

Other infectious or inflammatory processes that can be visualized with
FDG-PET are thrombophlebitis, infected implantable devices, and pleural
diseases (55).

FDG-PET and Biopsy :

As opposed to the other noninvasive diagnostic approaches in FUO,
biopsy is a directed invasive intervention, which is often required to make
a diagnosis. The most common biopsies performed in an FUO scenario
are bone marrow, liver, lymph node, temporal artery, pleura, and
pericardium. However, biopsy has spatial limitations, and a negative
biopsy result may well be a false-negative finding due to sampling errors.
The combination of anatomic imaging and FDG-PET either through a
software fusion or a combined PET-CT scanner leads to better
localization of functional abnormalities. The registration of anatomic and
functional images can be used to guide biopsies to the metabolically
active area, which can increase the yield of this approach and decrease
the need for unnecessary procedures (56).

Advantages of FDG-PET Over Anatomic Imaqing:

Timely identification and localization of the source of FUO is critical for

the management of patients. Therefore, FDG-PET scanning is very
helpful in this regard because it can detect early changes at the
molecular level before they become apparent on anatomic imaging FDG
-PET images the whole body in one study. Post-therapy tissue changes
such as scarring, edema, and necrosis may alter the identification of
recurrent tumor with anatomic imaging. Regardless of anatomic
changes after chemotherapy and radiation therapy, FDG-PET can
detect residual disease and has a high negative predictive value for
viable disease in a residual anatomic abnormality, reaching 97% in
some cases. Therefore, equivocal radiographic findings can be
accurately characterized with FDG-PET (57).
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There is also increasing concern about the risk of radiation, radio
contrast-induced nephropathy, and allergic reactions to patients imaged
with CT. Furthermore, FDG-PET is able to detect early inflammatory
and infectious lesions when anatomic imaging modalities reveal no
abnormalities (58).

Advantages of FDG-PET over Other Nuclear Medicine

Techniques:

Currently, gallium-67 scanning is the most commonly used radiotracer
for the evaluation of FUO. However, FDG-PET has many advantages
over conventional nuclear medicine techniques. It offers a better tracer
kinetic, a favorable 110-minute half-life, better spatial resolution (5 to
8mm resolution for PET vs. 10 to 15mm for single photon emission
computed tomography, SPECT), better lesion-to-background ratio , low
dose to the patient, and the possibility for quantification decreasing the
variability between readers (59).

Whole-body FDG-PET scanning is completed approximately 2 hours
from the injection, which results in earlier reporting than with other
radiotracers (60).

An important safety factor is that, in contrast to labeled leukocytes, in
FDG-PET there is no handling of blood products. FDG-PET is more
sensitive in chronic, low-grade infections, has high accuracy in the
central skeleton, and a high inter-observer agreement (61).

Another major advantage of FDG-PET over gallium in the evaluation of
FUO patients is the ability to visualize and assess the degree of activity
in a variety of inflammatory vessel diseases (60).

It has been reported that FDG-PET can clearly visualize sarcoid

lesions in the lungs and brain when concurrent gallium scans are
negative (62).
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Studies Regarding FDG-PET and FUO :

FDG-PET was more helpful in the diagnostic process of patients with a
suspected focal infection or localized inflammation than in FUO. Only one
study found that indium-111-labeled granulocyte scintigraphy had a
superior diagnostic performance compared to FDG-PET in the evaluation
of FUO, but in the 19 patients studied, only one patient was diagnosed
with malignancy (Hodgkin’s disease) (63).

In a retrospective study a review of 30 FDG-PET scans of 30 patients
(aged 13 to 73 years) who were evaluated for FUO during the period
between 1999 and 2004. Clinical follow-up, which included subsequent
conventional imaging studies and/or pathology results, was compared to
the FDG-PET scan results. FDG-PET contributed to the diagnosis of 71%
of the cases. The causes of fever detected by FDG-PET included
pneumonia, non-Hodgkin’'s lymphoma (Fig. 8), Hodgkin’s disease (Fig.9),
Crohn’s disease (Figl0.), surgical wound infection, infected liver cysts,
leukemia, and metastatic renal cell carcinoma. FDG-PET was falsely
negative in three cases of colitis, peritonitis, and rejected renal transplant.
Two FDG-PET scans were falsely positive in two patients with suspected
abnormal activity in the abdomen; one of them had an eventual diagnosis
of endocarditis (64).
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Figure 8. Intense FDG uptake is seen in the spleen, which is markedly enlarged, and
two foci of abnormal uptake are visible in the upper abdomen, representing
lymphadenopathy. The patient was diagnosed with non-Hodgkin's lymphoma. (64)

48




RIGHT ) LEFT
)
. .
’ ' ' ' l
@ 3 = s
FOOT 302-306 306-310 310-314 314-318
] B
» - , ,
) ) S -
. ’ ’
’ ’ ’
’ “ ’ "
318-322 322-326 326-330 330-334
» -
- -
', Fy oy
.
. ) . ’ L
s ’ ’

Figure 9. Abnormal FDG uptake is seen in the bone marrow, as well as in

supraclavicular and mediastinal lymph nodes of a patient with FUO. The patient was
diagnosed with Hodgkin’s disease. (64)
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Figure 10. Diffuse FDG activity in the bowel. Although this pattern can be seen in normal
adult patients, this finding was the only suspicious source of FUO in this patient, with a
history of renal transplant. Subsequent colonoscopies and bone marrow biopsies were
negative. The patient underwent a laparotomy; after segmental resection of the terminal

ileum and cecum, he was diagnosed with Crohn’s disease. (64)
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Studies Regarding PET/CT and FUO :

In a study investigates the diagnostic value of *F-fluorodeoxyglucose
positron emission tomography/computed tomography (**F-FDG PET/CT)
in patients with 109 classical fever of unknown origin (FUO). Of the 48
8F_.FDG PETI/CT scans, 41 (85.4%) were interpreted as abnormal, and
25 (52.1% of all scans) were considered clinically helpful. The final cause
of fever was determined in 41 patients (85.4%); infection (25%),
malignancy (12.5%), non-infectious inflammatory disease (16.7%) and
miscellaneous causes (31.3%). ®F-FDG PET/CT contributed to the final
diagnosis of FUO in 65.8% (65).

In a 2-year retrospective cohort study at the Nimes University Hospital,
France, A total of 79 patients with FUO underwent **F-FDG-PET/CT. A
final diagnosis was established in 61 (77.2 %) cases. Etiologies of FUO
were determined using 18F-FDG-PET/CT findings in 45 (73.8 % of
patients with diagnosis) cases. The sensibility and specificity value were
98 % and 87 %, respectively. The presence of adenopathy, low
hemoglobin and increased C-reactive protein (CRP) were predictors of
high-yield *F-FDG-PET/CT. *®*F-FDG-PET/CT may help to detect most
causes of FUO. The predictors of high-yield **F-FDG-PET/CT found in
this study can help identify patients likely to benefit from specific and
early imaging techniques (66).
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Role of FDG-PET IN Skeletal
Inflammation

Diagnosis of Skeletal Infection

Diagnosis Using Morpholoqgic Imaging Modalities:

Standard X-ray, although useful if they show the classic findings of bone
destruction and periosteal reaction, may not show abnormalities until 10—
21 days after the onset of infection. A 30-50% loss of bone density must
occur before X-ray show any abnormalities, and radiographs are
therefore relatively insensitive to the presence of acute bone infections
(67).

Additionally, X-ray findings are unreliable in establishing the diagnosis of
osteomyelitis among patients with violated bone. In these situations X-ray
findings are non-specific, being diagnostic in as low as 3-5%of culture-
positive cases.Nevertheless, X-ray should be the initial modality for the
work-up of skeletal infection. Standard X-ray is relatively inexpensive,
easily obtained, may determine that another underlying pathological
condition exists, and frequently aid physicians in deciding what sort of
additional imaging studies are required. Osteomyelitis in infants and
children predominantly affects the growth intensive end regions of the
long bones. This is because the inflammatory process commonly affects
the articular regions adjacent to the metaphyseal and epiphyseal sites.
Ultrasound accordingly may be of benefit in this group of patients and
can be helpful in planning the management (68).

The common ultrasonography findings of osteomyelitis are intra-articular

fluid collection and sub-periosteal abscess formation. These findings
were found to precede any radiological changes by several days.
Ultrasonography is also helpful in guiding aspiration for immediate
microscopic and later bacteriological examinations (68).

The most helpful role of ultrasonography, however, is in the diagnosis
and management of septic arthritis. In particular, ultrasonography is very
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sensitive in detecting joint effusions and may clearly define the extent of
septic arthritis, differentiate septic arthritis from soft tissue abscesses, or
tenosynovitis, and help avoid unnecessary joint aspirations (68).

Following the highly successful introduction of MRI, CT has no major
role in the diagnosis of osteomyelitis. However, it is a complementary
procedure that is useful in sensitively detecting sequestra and can be
useful in chronic osteomyelitis, in particular when determining the
presence, or absence, of the sequestra is important for decision-making
(regarding possible surgical intervention) (69).

MRI offers excellent depiction of both bone and soft tissue infection.

Accordingly, MRI is often used instead of CT for the diagnosis of
osteomyelitis. The results indicate that MRI is excellent in vertebral
osteomyelitis and encouraging in diabetic foot osteomyelitis. The
advantages of MRI over CT include improved soft-tissue contrast
resolution, absence of beam-hardening artifacts from bone, and
multiplanar capabilities. The sensitivity and specificity of MRI for
osteomyelitis range from 60% to 100% and from 50% to 95%
respectively (70).

Although the average overall accuracy of MRI for the diagnosis of
osteomyelitis is approximately similar to that of multi-phase bone scans, it
is not used routinely as it is more expensive and less available. It is used
on an individual basis particularly when vertebral involvement is
suspected; in complicated cases of chronic osteomyelitis when it is
important to determine the extent of infection; in suspected diabetic foot
osteomyelitis; and in situations when anatomical details are necessary for
planning surgical intervention (70).

Diagnosis by Scintigraphic Methods :

Multi-phase bone scanning is the imaging modality of first choice for
suspected osteomyelitis. These studies become positive within 24-48 h
after the onset of symptoms (71).

The classic findings of osteomyelitis in the multiphase bone scan are
increased regional perfusion as seen in flow and blood pool images and
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a correspondingly increased uptake on delayed images. Bone
scintigraphy is very sensitive in the early diagnosis of osteomyelitis.
When the bone is not previously affected by other pathological conditions
(non-violated), the bone scan has a high specificity as well and is an
efficient and cost-effective modality in the diagnosis of osteomyelitis (72).

The overall sensitivity and specificity of bone scans for osteomyelitis in
non-violated bone is 90-95%. When bone is violated the bone scan
remains generally sensitive (90-95%) but is non-specific (30%). Four-
phase bone scans improve the specificity which was demonstrated by
Alazraki et al (73).

The bone scan alone may not establish the diagnosis, requiring a
complementary radionuclide modality, such as **In leukocyte or ®'Ga;
this improves the specificity. In this situation, the main benefit of the bone
scan is to exclude the presence of osteomyelitis if it is unequivocally
negative and to localize the abnormality better than other studies such as
labeled leukocytes or gallium-67 (74).

Although the bone scan becomes positive very early in the course of the
disease, it may not be useful in evaluating the response to treatment as it
may remain positive for months after clinical resolution of the disease
(75).

The gallium-67 scan also becomes positive in osteomyelitis 24-48 h
after the onset of symptoms (74).

In the clinical setting of acute osteomyelitis, gallium-67 scans are 80—
85% sensitive. On the other hand, positive gallium-67 scans are seen
also with primary and metastatic neoplasms, chronic infections, and
aseptic inflammatory and traumatic lesions. Specificity accordingly is
approximately 70% (76).

To improve specificity, Tumeh et al. suggested that osteomyelitis is
more likely to be present when ®’Ga uptake exceeds that of Tc-99m MDP
or differs in distribution. If ®’Ga localization is less than Tc-99mMDP
localization, infection is unlikely. If the two uptake patterns are equivalent,
the findings may be indeterminate (77).
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Combined *™ Tc-MDP/*’Ga yielded higher specificity than Tc-99m
MDP alone in the group of patients with violated bone: the specificity for
Tc-99m MDP bone scan was 25% but, when combined with ®’Ga, it was
63%. Causes of °’Ga false positives included fractures and juvenile
rheumatoid arthritis (78).

Indium-111 oxime and Tc-99m HMPAO leukocyte studies are widely
used in the diagnosis of osteomyelitis as specific agents for infection.
Overall, In-111 leukocyte studies are sensitive (88%) as well as specific
(91%) for osteomyelitis and are particularly useful in excluding infection
in a previously violated site of bone such as post-traumatic, diabetic,
and post-surgical conditions and in some patients with pressure sores
(79).

Bone scintigraphy should be performed in conjunction with labeled
leukocyte imaging for anatomical localization. Tc-99m HMPAO labeled
leukocytes have been reported to yield an accuracy similar to that of In-
111 leukocyte studies in the diagnosis of osteomyelitis but have the
additional benefit of providing results on the same day. This technique
may be particularly useful in children as the radiation dose is much
lower than that of In-111 leukocyte technique (80).

Its disadvantage, however, is the inability to acquire dual Tc-99m-MDP
and labeled WBC simultaneously. Indium-111 labeled leukocyte scans
are not generally useful in the diagnosis of vertebral osteomyelitis as the
images may show normal or decreased uptake and their accuracy is low
(72).

Results of IgG immunoscintigraphy are encouraging in both acute and
chronic osteomyelitis, including those cases associated with orthopedic
appliances, with an average sensitivity of 95% and a specificity of 83%.
It has been found to be as useful as labeled leukocytes in diagnosing
infections and when it was compared directly to °’Ga citrate it was found
to be more sensitive and specific for infection than °’Ga (81).

On the other hand, Tc-99m anti-granulocyte antibody which is reactive
against NCA-90 antigen present on the surface of leukocytes was found
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to be 84-93% sensitive and 72%specific for non-vertebral osteomyelitis.
This agent is not useful in the diagnosis of vertebral osteomyelitis and
hip replacement. In a manner similar to the patterns of labeled white
blood cells, this agent also showed cold lesions in vertebral
osteomyelitis (82).

A number of studies have evaluated the efficacy of Tc-99m nano-
colloid imaging of infections including osteomyelitis. The sensitivity of
this method ranges from 87% to 95%and specificity ranges from 77% to
100% (83) .

['°F]-FDG PET appears to be especially helpful in those cases in which
MRI cannot be performed or is non-diagnostic and as an adjunct in
patients in whom the diagnosis is inconclusive (84).
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Spinal infection:

['°F]-FDG PET offers several potential advantages over conventional
nuclear medicine tests in the evaluation of musculoskeletal and Sl (Table
4) (84).

Advantages Disadvantages

Early imaging and reporting Currently not widely
available

High-resolution images Relatively high cost

High target-to-background ratio Limited anatomic
information

Low bone marrow uptake Not infection specific

No significant uptake in degenerative
bone disease/older vertebral
fractures

Not immunogenic

Sensitive in chronic osteomyelitis
High interobserver agreement
Minimal labor intensity

Acceptable radiation dose

Table 4. Advantages and disadvantages of FDG PET in spinal infection as
compared to conventional nuclear medicine techniques, such as bone
scintigraphy, gallium scanning, and leukocyte scintigraphy (84).

Clinical studies :

Schmitz et al. and Bredella et al. investigated the FDG avidity in various
types of vertebral compression fractures and concluded that, in general,
benign fractures demonstrated significantly less FDG uptake than
malignant fractures or Sl and that recent and older fractures
demonstrated, respectively, moderate and no or only mildly increased
FDG uptake .It indicate that [*®F]-FDG PET is useful for diagnosing Sl
(Fig. 11) (85).
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Fig. 11- Chronic hematogenous spondylodiscitis of the thoracic spine.

A 45-year-old man with multiple myeloma presents with severe back pain and
prolonged fever in combination with increased inflammatory parameters.
Sagittal T2-weighted MRI study (a) demonstrates abnormal signal at T11-12,
but, nevertheless, the differential diagnosis with a vertebral compression
fracture or even a spinal malignancy cannot reliably be made. Selected PET
images (b transverse, ¢ coronal, d sagittal view) demonstrate increased FDG
uptake at the level of T11-12 vertebral disc, confirming a Staphylococcus
aureus spondylodiscitis (85).

Guhlmann et al. studied 15 patients with suspected chronic
osteomyelitis of the central skeleton, including the spine, and compared
[*°F]-FDG PET to a radiolabeled anti-granulocyte antibody (AGA) (86).
Two readers reviewed images independently. [**F]-FDG PET was
significantly more accurate than the AGA for reader 1 (93 vs. 70%) and
reader 2 (100 vs. 80%) (86).

Schiesser et al. evaluated [*°F]-FDG PET in the diagnosis of metallic
implant-associated infection in 22 patients (29 scans) with prior history of
trauma (87). In a subgroup of six patients with clinically suspected spinal
implant infection, ['*°*F]-FDG PET was true negative for implant infection in
all six patients (including three patients with fracture non-union and one
patient with osseous necrosis). One of the six patients had a soft tissue
infection, correctly detected and localized with [**F]-FDG PET. In this

study the degree of overall inter-observer agreement was high (87).
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Kalicke et al. evaluated the clinical usefulness of [*®F]-FDG PET in acute
and chronic osteomyelitis in 21 patients; including 7 with spondylitis and
reported that [*®F]-FDG PET vyielded true-positive results in all 7 cases
(88).

Stumpe et al. prospectively compared [**F]-FDG PET to MRI for
diagnosing SI in 30 patients with substantial vertebral end-plate
abnormalities of the lumbar spine detected on MRI (89). A total of 38
sites were evaluated; there were 5 sites of infection in four patients. [*®F]-
FDG PET was true-positive in all 5 foci of infection and true negative in
all 33 uninfected sites (100% sensitivity and 100% specificity) (88). The
sensitivity and specificity of MRI for detecting disc space infection were
50 and 96%, respectively (88).

They found [*®F]-FDG PET to be very helpful in the differentiation of
severe degenerative changes of intervertebral discs from infective discitis
(n = 5). These investigators concluded that [*®F]-FDG PET may be useful
for differentiating degenerative from infectious end-plate abnormalities
detected on MRI (89).

In perhaps the largest series reported to date, de Winter et al.
investigated [*®*F]-FDG PET in 73 patients (90). The overall accuracy of
[*®F]-FDG PET in this prospective study was good (86%), and the
negative predictive value (100%) was excellent. The authors concluded
that chronic postoperative Sl can be excluded when the PET study is
negative. In the patient with spinal hardware, however, a positive study
must be interpreted cautiously (Table 5) (91).
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Benefits Risks

No major metallic artifacts FDG uptake 1n infection, inflammation (e.g. instability) and tumor
Postoperative FDG uptake in the spine for up to 4 months Possible inflammatory reaction incited by spinal hardware
Faint or no FDG uptake in the degenerative spine Limited anatomic information (co-registration with in-line CT needed)

Faint or no FDG uptake in older compression fractures

High negative predictive value

Table 5. Benefits and risks of FDG PET in spinal-fusion surgery patients (91)

A limitation of PET imaging in general is that despite a relatively high
spatial resolution, the anatomic information available with PET images
remains limited. To improve this, integrated in-line PET/CT systems (49,
87) (Fig. 12). offer excellent anatomic localization of the actual site of
uptake, minimizing misinterpretation of localization from areas of clear-
cut arthritic bony disease and infection, such as demonstrating the
uptake to be associated with an arthritic facet joint rather than with the
vertebral body or interspace (93).
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PET Fused PET/CT

Fig. 12. high metabolic uptake localized in the right iliopsoas region (dashed lines, resp. a
sagittal, b transverse, and c coronal CT, PET, and fused PET/CT images), indicating an occult
spondylodiscitis complicated by a secondary psoas abscess; eventually the portal of entry was
confirmed to be the urinary tract with a Staphylococcus aureus infection (49).

So, Hartmann et al. investigated the diagnostic value of ['*F]-FDG PET
co-registered with in-line CT (PET/CT device) in patients with trauma and
suspected chronic osteomyelitis in the axial and appendicular skeleton,
including patients with metallic implants and prosthetic devices, at a
minimum interval of 6 months after surgery (94).For the subgroup
analysis of nine spinal regions (all of them involving the lumbar spine),
[*®F]-FDG PET/CT was true positive in all seven cases of Sl, and true
negative in the two patients who did not have Sl (100% accuracy). These
investigators found that the precise anatomical localization provided by,
and the extent of increased FDG uptake detected on, combined PET/CT
were especially useful for planning surgical intervention, and, in the
cases in which infection was limited to the soft tissues, for initiating
antibiotic treatment (94).
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Kim et al. performed dual time point [**F]-FDG PET/CT in 22
consecutive patients with a high suspicion of spondylitis (based on clinic-
radiography and bone scan findings), both pyogenic as well as
tuberculosis (95). They imaged the patients, at 1 h and at 2 h after
injection of FDG. Although the test was very sensitive for detecting Sl,
neither visual nor semi-quantitative analysis, using dual time point
imaging, could reliably differentiate pyogenic from tuberculous infection
(95).

In a retrospective study of 150 patients, Rosen et al. were the only one
describing significant focal FDG uptake (of varying degree) in more than
half of the patients, corresponding to degenerative spinal disease,
primarily in the lumbosacral spine.

In a prospective study that made to determine whether *F-FDG PET/CT
follow-up imaging after treatment in patients with spinal infection (SI)
could provide useful prognostic information and determine the residual
Sl. It is found that The SUV, . and the SUV i, Were significantly
declined after treatment in both of residual and non-residual *°F- FDG
PET/CT is useful for discrimination of residual and non-residual Sl after
treatment (92).

Overall, the results of [*®F]-FDG PET for diagnosing Sl that have been
reported by various investigators are very encouraging. PET studies,
however, are dealing with a mixture of hematogenous and postoperative
Sl. Therefore, it is quite difficult to give sensitivity and specificity figures
for the different types of Sl (96).

There are, nevertheless, limitations to the test since FDG uptake reflects
enhanced glucose metabolism in general, not infection specifically, while
uptake is significantly higher in infection than in normal bone or benign
compression fractures, there are few data comparing FDG uptake in Sl to
uptake in spinal tumors.

Infection and malignancy are not mutually exclusive and it is likely that
the test will be less reliable for differentiating infection from tumor and
detecting infection superimposed on tumor. Also in spinal-fusion surgery,
especially in the presence of metallic implants, the test suffers from a
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lower specificity. Increased FDG uptake, in the absence of infection, has
been described in foreign body reactions, and aseptic loosening of
orthopedic hardware (97).

Prosthetic joint infection:

Peri-prosthetic infection following total hip or knee arthroplasty is
associated with significant morbidity and costs (98).The infection rates
following primary implantation and revision surgery are approximately 1%
and 3% for hip prostheses and 2% and 5% for knee prostheses,
respectively. Differentiating prosthetic joint infection from aseptic
loosening is of crucial importance for appropriate patient management;
the treatment of an infected joint prosthesis generally involves both
systemic antibiotics for an extended period and exchange arthroplasty in
one or two stages, whereas aseptic loosening usually requires a single
revision arthroplasty (98).

Diagnosing prosthetic joint infection is difficult; clinical signs and
symptoms, laboratory tests, radiography, and joint aspiration are
insensitive, nonspecific, or both. In addition, cross-sectional imaging
modalities such as CT and MRI are hampered by artifacts produced by
the prosthetic devices themselves (99).

Radionuclide imaging is less affected by metallic implants and may be
more useful. Combined leukocyte—marrow scintigraphy has been
reported to achieve a diagnostic accuracy of 90% or greater and is
currently regarded as the imaging modality of choice for diagnosing
prosthetic joint infection (99). However, combined leukocyte—marrow
scintigraphy is labor-intensive, time-consuming, not widely available, and
potentially hazardous because of direct handling of blood products (99).

FDG-PET enables visualization of hyper-glycolytic inflammatory cells
(leukocytes, macrophages, and other immunologically active cells) during
infection; it may be an attractive alternative to combined leukocyte—
marrow scintigraphy because it requires only one injection and scan and
is more widely available. Furthermore, treatment with antibiotics is not
likely to affect the sensitivity of FDG-PET in delineating sites of infections
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because FDG does not rely on leukocyte migration, in contrast to
combined leukocyte—marrow scintigraphy (99).

Data on FDG-PET in patients with infected prosthetic devices are
controversial. Zhuang et al. found PET to be more accurate in detecting
infections in patients with hip replacements than in patients with knee
replacements. There were ten false positive findings in 36 patients with
total knee replacements using peri-prosthetic FDG uptake as a criterion.
The sensitivity, specificity and accuracy of PET for detecting infection in
patients with total knee replacements were 91%, 72% and 78%. The
authors assumed that in addition to postsurgical changes, other factors
must have contributed to the false positive results (100).

Love et al. showed that a peri-prosthetic FDG uptake pattern was
neither sensitive nor specific for infection. Peri-prosthetic uptake was
found both in infection and in aseptic loosening. One possible
explanation for peri-prosthetic uptake in the absence of infection might
be aberrant but otherwise normal bone marrow. Bone marrow
distribution may be altered by an orthopedic device (101).

Van Acker et al. used focal FDG uptake at the bone—prosthesis
interface as the criterion for infection. FDG-PET had a sensitivity of
100% and a specificity of 73% for the diagnosis of infection but offered
no added benefit in comparison to white blood cell scintigraphy in
combination with bone scintigraphy (102).

Apparently, the level of FDG uptake does not improve the performance
of PET in diagnosing infection in patients with total knee replacement.
FDG uptake has been shown to be even stronger in patients with
aseptic prosthetic loosening (101).

Manthey et al. examined 28 patients with 14 hip and 14 knee
prostheses with FDG-PET in order to differentiate different sources of
pain in orthopedic prostheses. Nine of the 14 patients with painful knee
prosthesis had synovitis diagnosed with PET. Synovitis was found more
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frequently in patients with total knee replacement than in patients with
total hip replacement (nine knees versus four hip prostheses) (103).

In another investigation with 21 consecutive patients with painful total
knee replacements, diffusely increased FDG uptake in the synovial
membrane was found. The authors reported that comparison of FDG-
PET with bone scintigraphy facilitated the detection of focal FDG uptake
at the bone—prosthesis interface, which is easily overlooked owing to
intensified adjacent synovial uptake (102).

In Stumpe et al. study, 27 of 28 patients had increased synovial FDG
uptake (Fig. 13) (104).

-

Fig. 13. Maximum intensity projection (MIP) PET (a), axial PET (b), axial PET/CT (c)
and CT measurement of component rotation (d) in a 79-year-old man with knee
replacement on the right. Pain at pes anserinus. There is strongly increased FDG
accumulation in the synovial membrane of the right knee, including the suprapatellar
recess. FDG accumulation is also seen in the contralateral left joint with painful
osteoarthritis. Rotational CT demonstrates 10° internal rotation of the femoral
component (104)

In addition, four of 12 patients in Stumpe et al. study showed
granulomatous tissue with giant cells and macrophages at the knee
prosthesis—bone interface. A foreign body reaction due to polyethylene
and metal wear with shedding of particles was most likely to be
responsible for this reaction (104) .
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A study was done to identify the ability of **F-FDG-PET/CT to identify
latent infections at the site of an interim hip spacer after resection
arthroplasty for hip prosthesis infection. It was found that FDG-PET/CT
is highly sensitive to detect latent infections in prosthetic hips and in
interim hip spacers. The high negative predictive value of PET/CT scans
is useful to rule out infections in patients with persistently elevated CRP
levels. PET/CT might serve as an auxiliary tool to exclude latent
infections in patients posing a clinical diagnostic dilemma (105).

Rheumatoid Arthritis:

RA is an autoimmune disease of unknown etiology which leads to
chronic progressive systemic inflammation and synovial changes (106).

For a long time, RA has been a challenging disease for diagnosis.
Current RA biomarkers have lacked sensitivity and specificity for
diagnosis at an early stage of disease since many patients (up to 30%)
may have no elevation in usual biomarkers such as rheumatoid factor
(RF), anticyclic citrullinated peptide (anti-CCP), erythrocyte sedimentation
rate (ESR), or C-reactive protein (CRP) (107).

The paradigm of RA treatment currently rests upon early detection and
initiation of aggressive therapy which has shown to improve clinical
outcomes and disease-associated morbidity (108).

Like MRI and diagnostic ultrasound (US) which are capable of detecting
early synovitis prior to exam, FDG is able to detect it earlier in acute
phase. PET is able to detect changes in synovium at the molecular level.
This observation was made when RA patients with cancer, undergoing
FDG PET scans for assessing disease activity, additional FDG uptake in
the areas localized to their joint were noted. As a result, studies
evaluating FDG PET for the diagnosis of RA have been performed (109).

A study by Lin and Sicuro recently demonstrated the diagnostic
possibilities of FDG PET at a molecular level in RA. These investigators
found that FDG uptake correlates well with synovial fluid TNF-alpha
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concentration and provides an accurate means of detecting early disease
in animal models of RA (110).

Likewise Matsui et al. demonstrated the ability of FDG-PET to detect
early synovial inflammation using a collagen-induced arthritis model in
rats. On day 14 when clinical signs of RA developed, the swollen joints
were detected by FDG- PET as well. When histologic findings were
compared with those of FDG PET, increased FDG uptake was seen to
correspond with regions of bone destruction and pannus formation (111).

Disease burden assessment:

The quantitative evaluation of RA has always been very challenging.
Detection based on changes seen on plain film radiography is not always
sensitive and structural alterations such as osseous erosions in general
lag behind clinical improvements. Use of semi-quantitative measures
such as ESR and CRP are not always directly correlated with disease
activity and are at best weak predictors of the clinical course of RA in any
individual patient (112).

FDG-PET, however, may be very useful in the individual quantitative
assessment of RA disease activity and its course. FDG PET also allows
the use of soft tissue inflammation throughout the body as a direct
evidence for disease activity. Numerous studies have highlighted the
possibility of employing this technique for this purpose (112).

Beckers et al. compared FDG uptake in patients with RA to healthy
control subjects and showed that SUV of the synovium in arthritic
patients is correlated with US measurements of synovial thickness (Fig.
14) (53).
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Fig. 14. ®F-FDG PET images of healthy control subject (a and b) and RA patient
with active disease (c and d). a 3-D projection image of normal tracer distribution in
knee. b Normal distribution in hand and wrist. C Rheumatoid knee. d) Rheumatoid
hand and wrist (53).

Twenty-one patients with RA as defined by the American Rheumatism
Association (ARA) criteria, three healthy subjects and ten patients, who
were being staged for melanoma, underwent FDG PET imaging. The
maximum SUV (SUV ..) of joints of both the upper and lower
extremities were measured. A significant linear correlation between the
SUVs and synovial thickness was found for all affected joints
investigated except for those of the metatarsophalangeal (MTP) joints.
The cumulative SUV (defined as the sum of SUVSs) of all PET-positive
joints, as well as the number of positive joints in each patient,
correlated significantly with clinical parameters as well (including the
number of tender and swollen joints, the patient's and physician’s
global assessment scores, biologic measures such as ESR and CRP,
US findings such as number of US-positive and Doppler-positive joints,
and composite indices such as 28 joint counts and the simplified
disease activity index) (53).

Likewise, Roivainen et al. conducted a study to examine the
usefulness of PET imaging in the assessment of synovial inflammation
and compared MRI measurements of synovial thickness with the
degree of FDG uptake. Ten patients with established inflammatory joint
disease and with clinical signs of joint inflammation (nine patients with
knee joint involvement and one patient with ankle joint involvement)

were studied. The SUVs in the inflamed synovia were measured and
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then compared to synovial volumes measured on T1l-weighted MR
images. All patients showed a high accumulation of FDG at sites of
clinically apparent arthritic change, and SUV correlated highly with
synovial volume (54). This is an important point since MRI assesses
vascularity and capillary permeability, whereas FDG PET measures
glucose utilization and metabolic activity in the inflammatory cells
(113).

RA is a disease which predominately affects small joints, and therefore
Elzinga et al. examined FDG uptake in the hand and wrist joints in RA
patients. A total of 25 patients were included (14 with RA, 6 with
osteoarthritis, and 5 with fiboromyalgia, which served as the control group
since there are no associated anatomic abnormalities in this disorder). All
RA patients had active synovial swelling at the time of scanning and all
OA patients had at least one joint involved. They found that 29% of RA
joints with clinical signs of inflammation demonstrated increased FDG
uptake compared to 6% of the OA patients and 0% of the fibromyalgia
controls (112).

In a more recent report, the inflammatory activity of the synovium in RA
was assessed by FDG PET/CT, which was found to be superior in
delineating inflammatory changes when compared to conventional
radiographic techniques (114).This is especially important in RA when
the FDG uptake by ligaments and tendenous attachments to bone must
be discriminated from synovitis (115).

Lastly, FDG PET/CT may allow for highly accurate assessment of
atlanto-axial instability in patients with RA. This is an important
application since the cervical spine is a common site of synovitis in RA
leading to nerve root compression and instability (116). FDG PET/CT can
also be used to detect high-risk disease complications, such as atlanto-
axial joint involvement, at an early stage (117).

Response assessment:

An important point has been raised by Brenner who stated if the cost-
effectiveness of PET was high it would allow this modality to be
translated to everyday clinical practice in rheumatology. PET, whish is
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currently a relatively expensive modality, must provide additional critical
information that is not attainable by the clinical or other laboratory based
assessments for its routine clinical application and potential impact. The
critical approach would require demonstrating that PET can serve as a
tool to assess changes in disease activity in response to therapy (106).

One of the first studies to conclude that contrast-enhanced MRI and
FDG-PET allow for comparison of efficacies of treatment was reported by
Palmer et al. in 1995. Through performance of FDG PET of the wrist
joints in 12 patients with inflammatory arthritis (9 of whom had RA),
Clinical and imaging parameters were acquired before and after 2 weeks
of no treatment, before and after 2 weeks of treatment with non-steroidal
anti-inflammatory drugs (NSAIDS) or steroidal drugs, or before and after
12—-14 weeks of treatment with methotrexate (MTX) (113).

FDG uptake and pannus volume decreased with therapy and were
linearly correlated. In addition, both PET and MRI data were significantly
correlated with improvement of clinical parameters in the wrist (p <
0.002). However, neither modality was associated with treatment success
or failure as measured by the Paulus index (118).

Beckers et al. compared FDG PET (qualitatively and semi-
guantitatively), dynamic contrast-enhanced MRI, and US in the
assessment of RA synovitis before and after treatment with anti-TNF-
alpha. In addition, CRP and matrix metalloproteinase (MMP) 3 were
evaluated as markers of inflammation. They evaluated 16 knees in 16
patients at baseline and 4 weeks after initiation of anti-TNF-alpha
treatment. FDG PET was positive in 69%, MRI in 9%, and US in 75% of
knees. As expected, PET-positive knees had significantly higher Gd
contrast enhancement and greater synovial thickness than PET-
negatives knees. Importantly, changes in SUVs after 4 weeks were
correlated with changes in MRI parameters and in serum CRP and MMP-
3 levels, but not with changes in synovial thickness. Synovial tissues, in
turn, took 6 weeks to decrease in thickness. This demonstrates the
predictive capacity of molecular imaging with FDG PET which occurs
earlier than morphologic changes and predicts the outcome (119).
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In addition, Goerres et al. showed matched clinical and FDG PET
results in 78% of joints of RA patients responding to infliximab therapy.
Unlike other studies which used semi-quantitative methods of FDG
assessment, this study developed a qualitative visual assessment scale
between 0 and 4 and involved the assessment of multiple joints in each
patient. In 12%of joints, PET was able to document a decrease of
disease activity, whereas clinical evaluation did not, and in 16% the
clinical evaluation revealed a decrease of disease activity, which was not
detected by visual scoring of PET images (120).

Treatment outcomes as a whole are difficult to assess in RA and rely
heavily on the definition of success. This difficulty, paired with a limited
number of studies available, makes it challenging to truly assess the
utility of PET for treatment assessment. Measuring one joint vs. overall
joint activity in systemic diseases such as RA may provide greater insight
into the impact of therapy (121).

Likewise, RA and other inflammatory processes have long suffered from
a lack of objective criteria for response assessment. As a result,
improvement in joint inflammation due to a therapeutic intervention may
be masked by patients’ reports of pain or stiffness, which may be
responsible for disconnect between scales that involve patient reports of
symptoms and objective PET findings. (121)

A recent study made to evaluate whether there is a correlation between
the differences in joint uptake of 18F-FDG PET/CT and the improvement
of clinical findings in RA patients undergoing anti-TNF therapies, it is
found that the FDG uptake observed in the inflamed RA joints may reflect
disease activity. The FDG-PET response was correlated with the clinical
response to the biologic treatment of RA. (122).

Osteoarthritis:

The pathogenesis of OA is poorly understood. This disorder is thought
to result from both mechanical and biochemical effects of aging and
degenerative changes (123).

71




More recently, OA has been recognized as having an important
inflammatory component. The disease process affects the entire joint
structure, including the synovial membrane, subchondral bone,
ligaments, and peri-articular muscles. It is thought, however, that the
initiation of the process occurs at the chondrocyte level (124).

The synovium in OA is infiltrated with a mixed population of
inflammatory cells and this leads to synovial hyperplasia and
hypertrophy. This is reflected in certain clinical symptoms of OA, namely
swelling and tenderness of the joints (125).

Currently, plain film radiography and clinical correlation serve as the
standard practice for diagnosis and evaluation of the severity of OA,
which is generally assessed by cartilage destruction. MRI is also able to
accurately assess cartilage volume. However, as in RA, PET may
provide a means of detecting early metabolic changes in OA as a result
of the high concentrations of cartilage glycosaminoglycan's that are
maintained by glucose metabolism in chondrocytes (115).

The theory that PET can detect metabolic changes in glucose
metabolism at the chondrocyte level was first recognized when the PET
portion of FDG-PET/CT scans of subjects referred for cancer imaging
showed uptake at sites of OA that had been diagnosed on the CT portion
of the examination as joints demonstrating OA. In addition, FDG PET has
demonstrated increased radiotracer uptake in a wide variety of joints
affected by OA including those of the spine (126).

Rosen et al. assessed the relationship between the severity of
degenerative joint disease (DJD) and anatomic variations of the spine by
comparing FDG PET and CT images. They noted that incidental findings
suggesting DJD were common on FDG PET primarily in the lumbosacral
area, and that the severity of disease as assessed by FDG PET
corresponded with that of CT findings. More importantly, they were able
to differentiate metastatic spinal lesions from degenerative changes using
FDG PET/CT. Of note, the correlation of the degree of FDG uptake to the
severity of CT findings although significant was weak, and therefore the
authors hypothesized that this observation is related to the occurrence of
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metabolic changes preceding structural changes, which are delayed for
an extended period of time (127).

One of the first studies to show that the FDG PET findings precede
symptomatic findings in OA was that of von Schulthess et al. The authors
found a strong correlation of FDG uptake with age, and attributed this to
subclinical chronic inflammation in the early stages of OA. Of note, FDG
uptake did not correlate with joint symptoms, and the authors felt that this
observation demonstrated the high sensitivity of PET in the detection of
joint disease (128).

Wandler et al. took this one step further and identified FDG uptake
patterns on PET for specific types of joint disease. They observed FDG
uptake in 21 patients after a clinical diagnosis of shoulder disease had
been established by clinical examination. Of these 21 patients, 14 had
clinical findings consistent with a specific diagnosis in the abnormal
shoulder. It was primarily shown that diffuse shoulder uptake on FDG
PET was associated with OA, and in addition numerous other findings
were made. For instance, two of four patients with focal greater tuberosity
uptake of FDG had findings of rotator cuff injury, and two of four patients
with focal glenoid uptake had findings of a frozen shoulder. This study
thus raised the possibility that FDG uptake patterns may elucidate the
type of joint disease (129).

One of the potential problems with using PET in the assessment of
arthritis is that there are few studies that have scientifically analyzed age-
matched controls. Thus, it is not clear how much the normal aging
process may contribute to the appearance of OA-related uptake. This
point is brought up by von Schulthess et al. who recognized that without
histologic evidence, there was no way to confirm that the strong
correlation of FDG uptake and age could be attributed to osteoarthritic
changes alone (128).

Another problem of using FDG PET in the diagnosis of OA-related joint
damage is a possible lack of specificity. The reason for this is that
although the etiology of arthritis may be multifactorial, the degree of FDG
uptake may be similar for many processes. This was reported in a study
by Elzinga et al. By assessing smaller joints, they found that the number
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of PET-positive joints in RA patients was significantly higher than that in
OA patients (29 vs. 6%). These numbers reflect the incidence of
pathologic uptake among all joints studied, including those with no clinical
evidence of inflammation. In RA and OA patients, respectively, 76 and
100% of joints with clinical evidence of inflammation showed increased
FDG uptake. Conversely, no increased uptake was found in the joints of
control patients with fioromyalgia. The authors concluded that FDG
uptake alone is difficult to use for differentiation between RA and OA
since secondary OA or OA-induced synovitis may falsely contribute to
joint uptake in RA (112).

Additionally, it is difficult to differentiate septic from aseptic inflammatory
uptake. Some studies have even used FDG uptake as an indicator of
infection and to exclude DJD in a given setting. For instance, Stumpe et
al. concluded that FDG uptake was 100% sensitive and 100% specific for
infection of a joint, and used this approach to differentiate between
infectious and inflammatory processes (130).

Disease burden assessment:

Although there are only few studies which have assessed FDG PET as
a means to measure the disease burden in OA, FDG PET has the
potential to measure both disease burden and the extent of OA-related
changes throughout joint structures in the body.

Nakamura et al. were one of the first groups to study FDG PET in the
evaluation of OA. They established that FDG uptake is higher in knees
involved by OA than in normal knees. They concluded that PET provides
specific in vivo regional information about the inflammation associated
with OA (131).

Despite the correlation of SUV with age and presumed osteoarthritic
changes, there are few studies which have been able to show a
correlation of SUV with clinical parameters. Parsons et al., examined
patients with OA and painful knee joints. Of the 18 knees reported to be
painful, 78% had knee joint space SUV .x Which exceeded the average
SUVax Of control knees. Similarly, 83% of painful knees had synovial
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SUV,ax that exceeded that of control knees. The difference between the
two groups was found to be significant for both joint space and synovial
uptake of FDG. The authors concluded that pain in the joint due to
inflammation is associated with increased metabolic activity as seen on
FDG PET (132).

Ankvylosing spondyvlitis:

Ankylosing spondylitis (AS) is a chronic inflammatory joint disease
which has a predilection for the spine, sacroiliac joints, and pelvic joints,
leading eventually to spinal fusion. Aseptic spondylodiscitis is a classic
complication of AS. This entity has been shown to correlate with FDG
uptake (133).

Wendling et al. studied three patients with MRI documented lumbar
aseptic spondylodiscitis requiring anti-TNF-alpha treatment. They were
studied before and after 6 weeks of therapy using FDG PET in parallel
with MRI and clinical evaluation. FDG uptake was evident at all sites of
discitis in the three patients. Overall, PET was less capable of correctly
identifying clinical response when compared to MRI, which was attributed
to global FDG uptake in the red marrow of the lumbar spine (134).

A study included 15 patients with AS according to the modified New
York criteria (AS group) and with active disease and 13 patients with
mechanical low back pain (MLBP; control group) who were investigated
with whole-body *®F-PET/CT. The ratio of the uptake in the sacroiliac joint
and that in the sacrum (SIJ/S) was calculated for every joint. It was found
that quantitative *°F-PET/CT may play a role in the diagnosis of sacroilitis
in active AS and is an alternative to conventional bone scintigraphy in
times of molybdenum shortage (135).

Juvenile idiopathic arthritis:

Juvenile idiopathic arthritis (JIA) is a childhood rheumatic disease
defined as a clinically heterogeneous group of disease involving one or
more joints with swelling, pain, or limited range of movement for at least 6
weeks, with age of onset younger than 16 years. It is the most common

75




form of arthritis that affects children and differs significantly from the
types of arthritis seen in adults (136).

JIA can be divided into three categories: systemic, oligo-articular, and
poly-articular. As implied by the name, the cause is unknown. However,
with proper treatment, individuals can recover and lead normal lives. As
with other arthritic assessments described above, therapy in JIA is
currently guided by changes detected via structural imaging, even though
radiography is insensitive to detect acute erosive changes in the
cartilage. This suggests that FDG PET may be a promising modality for
optimal patient management through earlier detection of JIA (136).

Tateishi et al. conducted a retrospective study to examine the clinical
validity of FDG PET in JIA. They found that joint tenderness and swelling
had a positive association with abnormal FDG uptake in the joint [odds
ratio (OR) 5.37 and 7.12, respectively]. The SUV,,,x correlated with the
neutrophil count, serum CRP and ESR. Joint erosion (OR 6.17), soft
tissue swelling (OR 3.77), major joint involvement (OR 3.50), tenderness
(OR 5.22), and serum CRP concentration (OR 1.81) were also
associated with the FDG uptake as measured by SUV,,.x (137).
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Fig. 15. A 9-year-old girl with polyarticular JIA. Whole-body 18F-FDG PET performed
at presentation shows abnormal uptake of six major joints (arrows). The SUVmax of
the involved joints ranged from 0.9 (left elbow) to 2.3 (left hip and right ankle).
Physical examination revealed tenderness and swelling in elbows, wrists, knees, and
ankles as well as limited range of motion in elbows (137).

Polymyalgia rheumatica:

Polymyalgia rheumatica (PMR) is a clinical syndrome characterized by
stiffness and proximal muscle pain, usually afflicting patients over 50
years of age. PMR is often diagnosed by exclusion of other disorders that
can cause similar complaints and by its rapid response to low-dose
corticosteroids. The exact nature of PMR is unknown, but it is thought to
either be due to vasculitis limited to the subclavian or axillary arteries or a
synovitis of the shoulder and/or hip joints (138).

While many studies have documented increased FDG uptake in the
major vessels, several studies and case reports have recently
demonstrated more consistent uptake in the large joints in these patients
(138).
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In a prospective study by Blockmans et al.,, 35 patients with isolated
PMR underwent FDG PET imaging before, 3 months after, and 6 months
after treatment with corticosteroids. Total vascular score (TVS) was
calculated as well as joint FDG uptake in the shoulders, hips, and
spinous processes of the vertebrae. Overall, it was found that while mean
TVS was low, FDG uptake in the shoulders, hips, and spinous processes
was high (94, 89, and 51%, respectively) (139).

In another study, a similar finding was noted, although 32% of the
control patients, who were matched for age and inflammatory parameters
with 25 giant cell arteritis (GCA)/PMR patients, demonstrated increased
FDG uptake. In retrospect, five of these control patients were found to
actually suffer from RA, reactive arthritis, or psoriatic arthritis, and
therefore may not be considered normal controls. It was concluded that
FDG uptake in the shoulders or hips has a low specificity for PMR, but a
high sensitivity (140).

In both of these studies, FDG uptake was not useful for monitoring
response to corticosteroid therapy. Instead, after 3 and 6 months,
laboratory tests such serum CRP and ESR decreased and provided the
same amount of information as FDG uptake levels which also decreased.
Thus, the authors concluded that repetitive PET scans in PMR patients
offered no advantage for assessing response. Four patients with PMR
were studied, '°F- FDG PET/CT demonstrates uptake in the shoulder and
hip joints and also interspinous and supraspinous focal and diffuse
uptake. The authors propose that diffuse uptake may reflect ligament
inflammation with focal uptake in adjacent interspinous bursitis (141).

Diabetic neuropathic arthropathy:

FDG PET appears to be of significant value in patients with complicated
diabetic joint disease.

A study by Basu et al. demonstrated that FDG PET may help distinguish
neuropathic osteo-arthropathy in the setting of the complicated diabetic
foot, which is diagnostically challenging, by using clinical assessment and
structural imaging techniques. This prospective study was designed to

78




investigate the usefulness of FDG PET in the complicated diabetic foot
and specifically to determine if PET can show a difference between the
uptake patterns in osteomyelitis vs. Charcot’s neuropathy. In this study,
63 patients (17 patients with clinical diagnosis of Charcot’s neuropathy,
21 patients with uncomplicated diabetic foot, 5 patients with osteomyelitis
secondary to a complicated diabetic foot, and 20 non-diabetic patients
with normal lower extremities) were examined with FDG PET and MRI
consecutively. Abnormal uptake patterns were identified visually by
comparison to the contralateral foot and by detecting areas of focal
abnormality in the foot. Quantitative assessment was performed by
measuring SUV . Of the affected sites. Imaging findings were compared
with histopathologic results and clinical outcome when possible (Fig. 16).
A low degree of FDG uptake was noted in Charcot joints which was
greater than that in normal joints. SUV,,, in osteomyelitis of the foot as a
complication of diabetes mellitus was significantly higher than in Charcot
joints. The SUV,,a in Charcot joints ranged from 0.7 to 2.4 (mean 1.3+
0.4), whereas the SUV,. of normal mid-foot joints and of the
uncomplicated diabetic foot ranged from 0.2 to 0.7 (Mean 0.42+0.12) and
from 0.2 to 0.8 (mean 0.5£0.16), respectively (142).

Fig.16. FDG PET in one patient with Charcot’s neuro-arthropathy with foot
ulcer. Note the focal uptake in the ulcer and the relatively low-grade diffuse
uptake in the neuropathic osteo-arthropathy (arrows) (142).

Importantly, in the setting of a diabetic foot ulcer, PET was able to
exclude the presence of osteomyelitis and had an overall accuracy and
sensitivity for the diagnosis of Charcot foot greater than those of MRI.
Overall sensitivity and accuracy in the diagnosis of Charcot foot were 100
and 93.8%, respectively, for FDG PET without co-registered CT and for
MRI were 76.9 and 75%, respectively (142).
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FDG PET also showed focal abnormalities which suggested soft tissue
inflammation (n=7), which were proven histopatologically to be secondary
to infection (142).
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Role of FDG PET in Cardiovascular
Inflammation

The underlying pathologic mechanism of most acute coronary
syndromes is atherosclerotic plaque rupture. One cause of rupture is
plague inflammation, leading to fibrous cap destabilization (143).

Role of FDG PET in Atherosclerosis:

Atherosclerosis is the leading cause of death in developed countries in
both men and women (143). A significant portion of health resources is
placed to identify and treat those patients at high risk for developing
cardiovascular events. The underlying pathologic mechanism of most
acute unstable clinical syndromes is plaque rupture secondary to
inflammatory cell infiltration (144).

Currently, imaging is generally used in patients who are symptomatic,
although there is growing interest in identifying subjects at high risk
before their first cardiovascular symptom. Imaging techniques used to
identify atherosclerosis include x-ray coronary angiography, multi-
detector CT, MRI, and ultrasound. These yield either a silhouette of the
vessel lumen (angiography) or can image the artery wall directly (CT,
MRI, and ultrasound) (145).

However, none of the above modalities give a direct noninvasive
readout of plaque inflammation.

Biology of Atherosclerosis as It Relates to FDG PET:

Inflammation plays a key role in the initiation and progression of
atherosclerosis and in triggering plaque rupture. It is believed that
inflammation exerts its detrimental effects by degrading the fibrous cap,
increasing apoptosis of the resident smooth muscle cells, and increasing
the neovascularity of the plaque. The plaque type most associated with
plaque rupture is the thin-cap fibroatheroma. These plagques are
characterized by the presence of heavy macrophage infiltration. Patients
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with acute ischemic events wusually harbor multiple ruptured
atherosclerotic plaques. Therefore, one approach to identify high-risk
patients is noninvasive targeted inflammation imaging across several
vascular beds. Quantifying such inflammation is useful for two reasons.
First, it might allow refinement of current risk scores and target therapy to
those most at risk. Second, serial noninvasive inflammation imaging
would allow testing of novel anti-atherosclerotic drugs for efficacy (146).

For FDG PET to be able to image atherosclerosis there must be glucose
usage by key cell types within the plaque. This seems to be the case, at
least with inflammatory cells. Although macrophages can use fatty acids
as fuel, an inflamed plague has a macrophage-rich core that has a high
metabolic rate, so it is often restricted to anaerobic metabolism. Given
these anaerobic conditions, inflammatory cells favor production of
adenosine triphosphate via the glycolytic pathway. Therefore, the greater
the degree of inflammation in a plaque, the greater the rate of glucose
consumption (147).

Atherosclerosis Imaqging with FDG:

Atherosclerosis imaging with FDG PET has been demonstrated across
multiple vascular beds, since the first prospective study. These include
the carotid arteries, vertebral arteries, aorta, iliac, femoral, and popliteal
arteries as well as the coronary circulation (148).

Generally, the degree of FDG uptake increases with the number of
cardiovascular risk factors, including diabetes. The strongest predictors
of FDG uptake appear to be male sex and advancing age, particularly if
these are combined with the metabolic syndrome. Vascular FDG uptake
appears to be linked with the presence of other high-risk imaging features
of plaque instability, including echolucency on ultrasound, plaque
hemorrhage or lipid-rich plague on MRI, and the uptake of a
macrophage-specific CT contrast agent (149).

Additionally, in a prospective study in subjects with recent transient
Ischemic attack, patients with micro-emboli on trans-cranial Doppler
imaging had carotid plaques with significantly higher FDG uptake (150).
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FDG uptake in vessels has been shown to correlate to quantitative gene
expression of known markers of inflammation and plaque vulnerability
(eg CD68) (151).

There are also positive associations with several pro-inflammatory
biomarkers including matrix metalloproteinase 1, 3, and 9, along with
negative correlations with the athero-protective adiponectin (152).

One study also reported a positive correlation with C-reactive protein
levels (149).

Prognostic Implications of Vascular FDG Uptake:

In the absence of definitive prospective studies, information about the
prognostic importance of arterial FDG uptake has been derived from
cohort studies of patients undergoing imaging for oncological reasons.

In a study by Paulmier et al. arterial wall FDG uptake was compared in
two patient groups matched for cardiovascular risk. In the high FDG
uptake group, old cardiovascular events (>6 months before or after PET
imaging) and recent cardiovascular events (<6 months before or after
PET imaging) were significantly more frequent than in the low FDG
uptake group (48% vs 15%, respectively [P=0.0006], and 30% vs 1.8%,
respectively [P=0.0002]). In addition, high FDG uptake patients had a
significantly higher calcification index than low FDG uptake patients.
However, the localization of vascular calcifications and FDG hot spots did
not match, with FDG hot spots often located between areas of
calcification (153).

In a similar oncological prospective study by Rominger et al. the
investigators excluded patients with known cardiovascular disease at
baseline. During a 29-month follow-up of 900 subjects, there were 15
adjudicated cardiovascular events. When those subjects with events had
their PET scans compared to the asymptomatic cohort, they had a
significantly higher arterial FDG score. The authors established a cutoff
of a target-to-background ratio of 1.7 for prediction of cardiovascular
events. It was also suggested that the combination of arterial FDG uptake
and calcification was the best predictor of future vascular events (154).
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Arauz et al. suggested an SUV cut-off of 2.7 for predicting adverse
events in the carotid circulation, when FDG imaging was performed prior
to carotid intervention (155).

A study was done for quantification of FDG uptake in atherosclerotic
plaque involves measurement of the standardized uptake value (SUV) of
an artery of interest and of the venous blood pool in order to calculate a
target to background ratio (TBR), which is calculated by dividing the
arterial SUV by the venous blood pool SUV. This method has shown to
represent a stable, reproducible phenotype over time, has a high
sensitivity for detection of vascular inflammation, and also has high inter-
and intra-reader reliability (156).

Reproducibility of FDG PET Atherosclerosis Imaqing:

Reproducibility statistics for FDG PET compare favorably with those
published for MRI and ultrasound measures of plaque burden. In the
longer term, there seems to be a degree of progression of FDG uptake in
arterial segments, with smaller changes noted in calcified segments in
the same patients. This situation may be due to active, FDG-avid plaques
becoming burned out, with calcification a manifestation of this late phase
of atherosclerosis (157).

Tracking Vascular Inflammation with Therapy Using FDG PET:

After publication of an intriguing preclinical intervention study using
probucol (158), Tahara et al. (159) investigated whether low-dose
simvastatin attenuated plaque inflammation. They studied 43 consecutive
subjects undergoing FDG PET imaging for cancer work-up. Subjects
were randomized with half receiving simvastatin (n=21) and the other half
receiving dietary management without medication (n=22). Simvastatin
significantly attenuated plagque FDG uptake by around 10% in this statin-
naive population. Of interest, the decrease in FDG uptake correlated with
high density lipoprotein (HDL) cholesterol elevation, and not with the
degree of low-density lipoprotein cholesterol reduction (160).

In a similar study of 60 healthy (non-oncology) patients, Lee et al.
demonstrated that baseline vascular FDG uptake correlated with several
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atherogenic risk factors, and could be significantly lowered by intensive
lifestyle modification alone. Once again, the magnitude of inflammation
reduction closely correlated with the extent of increase in plasma HDL
(161).

FDG PET and Coronary Atherosclerosis:

Given the previous data, it is logical to expect that FDG PET imaging
might generate useful data about inflamed plaques within the coronary
arteries. However, there are several challenges. The coronary arteries
are small and constantly in motion, especially their distal portions. In
addition, the respiratory cycle can mean mismatch between CT and PET
data sets, which are acquired asynchronously (162).

The myocardial muscle itself can use glucose as a fuel, and it therefore
accumulates FDG, swamping any such uptake within the coronary artery
unless attempts are made to switch myocardial metabolism to fatty acids.
This can be achieved, at least in some subjects, by administration of a
high-fat, low-carbohydrate diet to suppress glycolysis and thereby
decrease myocardial FDG uptake (162).

Despite these obstacles, coronary artery plague imaging with FDG has
been reported by several groups.

Dunphy et al. showed that FDG PET imaging was possible within the
proximal coronaries. In addition, they found that patients with coronary
FDG uptake were four times more likely to have documented coronary
artery disease and also noted a correlation between an abnormal
myocardial perfusion scan and coronary artery FDG uptake (163).

In a prospective study in a non-oncology cohort of patients, Rogers et
al. demonstrated that plaque activity within recently stented culprit lesions
in acute coronary syndrome patients was significantly higher than within
recently stented plaques in stable patients. Importantly, they also noted
that ascending aorta FDG uptake correlated with coronary artery FDG
uptake this finding may negate the need to attempt coronary artery
imaging if substantiated by other studies (148).
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Wykrzykowska et al. observed a correlation between the presence of
angiographic disease and FDG uptake signal in the coronary arteries
(P=0.07; 80 vessels examined) (162).

Saam et al. (164) conducted a retrospective analysis of almost 300
cancer patients and measured FDG uptake in the coronary arteries. The
authors reported that they could evaluate coronary artery FDG uptake in
about half of the subjects; the others had myocardial FDG uptake that
precluded this. In those with coronary FDG uptake, there was a
correlation between the number of several cardiovascular risk factors, the
pericardial fat volume, and the quantity of calcified plague present in the
coronary arteries (164).

Aortic inflammation & FDG-PET/CT :

Aortic pulse wave velocity (PWV) is the velocity by which the arterial
pulse wave travels along the aorta. It mainly depends on the elasticity of
the arterial walls, which leads to a dilation at the time of inflow. This
precise index of aortic stiffness has also been established as a strong
indicator of the risk of cardiovascular events in various study populations
(165). It has additionally been shown to be related:

- To the amount of aortic calcifications, giving evidence of the role of

arterial structural damages (166).

- To biological signs of inflammation, especially CRP plasma levels
(167), another indicator of cardiovascular risk. It may be questioned
therefore whether aortic stiffness may also be influenced by inflammation
of the aortic walls (168).

Presently, aortic inflammation can be detected and monitored in vivo by
using hybrid imaging systems, where CT imaging of FDG. It is not
known, however, whether this sign of inflammatory infiltrate is associated
with an enhancement in arterial stiffness.

In a population of patients routinely referred for hybrid PET/CT imaging,
A pilot study was planned in order to analyze the relationship between
arterial stiffness, assessed by PWV, and the respective amounts of aortic
calcification and inflammation in patients routinely referred for oncologic
causes (169).
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It's showed that aortic stiffness is also influenced by aortic inflammation,
identified by hybrid FDG-PET/CT imaging, even if this influence appeared
to be limited compared with that related to aortic calcifications. The
rationale of the use of PET imaging in this setting is that FDG is actively
trapped by activated inflammatory cells. This point was previously
established in cell cultures and in studies where the results of vascular
FDG-PET imaging could be correlated with histological analyses of
atherosclerotic lesions (170).In that study (169), the best prediction of the
central aortic PWV was achieved by averaging the SUV,,., of each artery
slice over the first half of thoracic aorta (ascending portion and arch), in
addition to the determination of the calcium volume on the same aortic
segments. Under normal conditions, indeed, the initial part of aorta
shows higher elasticity because of the higher density of elastin fibers. It is
therefore in this initial part that the parietal damage is likely to have the
most deleterious effects on global compliance and elasticity of the aorta
(171).

In previous human studies, FDG activity in the aorta has generally been
guantified using mean or maximal SUV values expressed in absolute
values or relative to the activity from a venous blood region. All these
parameters were tested in the present pilot study and the best
relationship with central PWV was achieved with maximal SUV values.
This remains to be assessed in a much larger series, but it may be
hypothesized that such maximal values might better reflect the activity
achieved within the thin parietal foci of FDG, as documented in the
examples in (Fig. 17) (172, 173).
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Fig. 17. Representative CT images
(lefty and fusion of CT and PET
images (right) obtained in the same
slices, orientated in a sagittal
oblique direction and including the
aortic arch:

a) a 56-year-old patient with low
aortic PWV (8 m.s-1), no aortic
calcifications and a low level of FDG
activity (average SUVmax on initial
half of thoracic aorta 1.5); b) a 66-
year-old patient with a higher aortic
PWV (13 m.s—1), a high level of
FDG activity (average SUVmax 2.5)
but a low amount of calcifications;

c) a 67-year-old patient with an
even higher aortic PWV (20 m.s-1)
and both a high amount of
calcifications (red arrows) and a
high level of FDG activity (average
SUVmax 2.5). FDG activity is
represented with a colour scale
starting just upon the aortic blood
activity and with a maximum set to
200% of this blood activity. In this
way, parietal foci of FDG can be
seen in the two patients who
exhibited high levels of aortic activity
(white arrows) (173).

In agreement with the previous studies, which were conducted in
comparable populations of patients referred for an oncological PET
investigation (163, 174-176), it's found that aortic FDG activity was
related to age and to the number of cardiovascular risk factors. The
original observation of a relationship between aortic stiffness, assessed
by aortic PWV, and aortic FDG activity is not surprising since
inflammation is commonly involved in the active stages of atherosclerosis
development (177). Moreover, this inflammation is known to induce
functional and structural changes, which are likely to enhance arterial
stiffness. These changes include impairment in the nitric oxide dependent
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endothelial relaxation (178) and an increased activity of certain matrix
metalloproteinase leading to breakdown of the elastin network (179).

Such mechanisms might be expected to significantly enhance aortic
stiffness, but not at the level reached by the massive arterial calcifications
that are detected by CT. This is presumably the reason why VCa was a
much stronger predictor of aortic PWV than aortic FDG activity. A strong
relationship between PWV and arterial calcifications has already been
documented in experimental animal models, as well as in particular
populations of patients showing high rates of vascular calcification, in
patients with diabetes or end-stage renal disease, i.e. in subjects at very
high cardiovascular risk (166).

This relationship has never been previously assessed in patients not
belonging to these specific high-risk groups

In a multivariate stepwise model, SUV o« Was an important determinant
of central aortic PWV adding 11% of the variability of the central aortic
PWV. Interestingly, contrary to the fixed areas of aortic calcifications, a
high level of aortic FDG activity is likely to give evidence of a still ongoing
parietal process involving activated inflammatory cells (169).

Further follow-up studies are required to assess the effects on aortic
stiffness of a subsequent healing process which might involve arterial
fibrosis and calcification.

Calcifications are indeed generally considered to occur at a final and
relatively stable stage of arteriosclerosis, whereas FDG trapping by
inflammatory cells may provide evidence of a much more transient and
earlier stage (174).

In a previous FDG-PET/ CT study, certain aortic foci with high levels of
FDG activity were shown evolving through a calcification process, which
was detectable by CT imaging at a median time of only 13 months. Such
a relationship might offer new opportunities for preventing subsequent
aortic stiffening, especially by statins, which have recently been shown to
lower the arterial FDG uptake in humans (159).
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Large vessel vasculitis & FDG PET(/CT):

Two forms of primary large vessel vasculitis (LVV) were distinguished:
giant cell arteritis (GCA) and Takayasu arteritis (TA) (180).

GCA is the most common form and has an incidence of 20 per 100,000
in the population aged over 50 years. Women are affected twice as often
as men (181). Characteristically, it affects the temporal artery, resulting in
temporal arteritis as a synonym for GCA. Temporal arteritis does not
cover the whole clinical spectrum however; since the entire aorta and all
its branches can be affected .The clinical presentation is variable and
includes typical signs of temporal arteritis (e.g., headache, jaw
claudication, and scalp tenderness) but also several nonspecific
symptoms, such as fever, malaise, fatigue, and myalgia (182).

The diagnostic reference method for GCA is a temporal artery biopsy,
but the test results can be false negative. A false negative rate of 15—
70% is reported; therefore, the incidence of GCA might be
underestimated (183).

TA is the second form of primary LVV and primarily affects the aorta and
its main branches as well as the coronary and pulmonary arteries. It has
an incidence of only 2 per 1,000,000. The mean age of onset is 35 years
and the prevalence in women is 2 to 25 times higher than in men,
depending on the series considered (184). The clinical picture is
somewhat similar to that of giant cell arteritis (185), but many of the
typical signs of temporal arteritis are not commonly found in TA (186). TA
can have a quite devastating course, reflected in a mortality rate as high
as 35% at 5 years, similar to that seen in malignancies (187).

Several findings however, suggest that GCA and TA may be two
processes within the spectrum of the same single disease (185). Despite
that in the course of the disease stenosis, occlusions, and aneurysms
may occur, it is reported that early diagnosis and monitoring of TA are
both hampered as serological and inflammation parameters are
unreliable (188).
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Both fluorodeoxyglucose positron emission tomography (**F-FDG PET)
and pathology studies revealed that the inflammation of TA affects mainly
the aorta and its branches, but in a more focal and localized,
inhomogeneous pattern than seen in GCA and with more intense FDG
uptake than GCA. TA may also present as isolated involvement of renal
arteries, pulmonary arteries, vertebral arteries, or coronary arteries (189).

Imaging studies play an important role in diagnosing and monitoring
LVV. Angiography, ultrasonography, CT, and MRI used to be the most
commonly employed imaging techniques. The differential diagnosis with
accompanied atherosclerotic development can be very difficult however.
Even if vasculitis can be diagnosed by angiography, differentiation
between active vasculitic lesions and plaque formation is difficult.

In more recent years °F-FDG PET has become an increasingly
important diagnostic tool for diagnosing LVV (190). Because the
morphological changes in the vessel wall are preceded by inflammatory
activity, LVV can be diagnosed in an earlier stage than with the
conventional imaging techniques (191). ®*F-FDG PET also identifies
more regions of the aorta and its branches involved in the inflammatory
process than MRI (192). Hybrid *®F-FDG PET/CT seems to be superior to
BF_.FDG PET alone in this; by fusing the functional images of the '°F-
FDG PET with the anatomical images of the CT, it is easier to localize
regional *® F-FDG uptake (Figs. 18) (193).
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Fig. 18. Left image is a maximum intensity projection of the PET investigation
showing pathological activity in aortic arch and abdominal aorta until the
bifurcation, and in both subclavian arteries and art. brachialis on both sides.
SUV nmax 4.3. Right image is a transverse CT slice showing wall thickening of
the aorta at the level of the crus of the diaphragm (193).

Hybrid *F-FDG PET/CT is able to identify focal vascular inflammation
and focal vascular calcification as different phases of atherosclerosis in
order to exclude this as the cause of the increased **F-FDG uptake As a
result, the number of false positive test results will be reduced, thereby
increasing the specificity of the technique (194).

On the other hand, due to the low incidence, a high proportion of
negative test results of **F-FDG-PET/CT for LVV can be expected. This
is undesirable from cost-effectiveness point of view, although a negative
test result for LVV can still be of use, if it provides clues to other
diagnoses (e.g., lymphoma, infection).
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Few studies have been published to identify clinical and analytical
parameters that may improve the effectiveness of the use of ®F-FDG
PET (/CT) scans vs. biopsies of the temporal artery for diagnosing GCA.

The results of the ®F-FDG PET scans were compared to biochemical
markers of inflammation; the intensity of **F-FDG uptake appeared to be
significantly correlated with CRP, ESR, and thrombocytes (195). On the
contrary, it has also been reported that the levels of biochemical markers
of inflammation do not always correlate with the results of the °F-FDG
PET scan (196).

In Hooisma et al. study (197) which identify clinical and analytical
parameters that may improve the effectiveness of the use of *F-FDG
PET(/CT) scans for diagnosing LVV , something similar is seen all
patients with a positive test result for LVV had an elevated CRP, only one
of the patients had a normal ESR. The aorta and its main branches are
not suitable for routine histological examination; direct proof of vascular
inflammation is therefore not possible. However, the hypothesis that a
homogeneous/smooth linear pattern of *F-FDG uptake in the aorta and
its main branches, with intensity higher than the liver uptake, is highly
suggestive for GCA has considerable indirect evidence:
-There is an established close association between polymyalgia
rheumatica and GCA; cytokine mRNA levels (mainly IL-2) are almost
identical in specimens (198). Interestingly; moderately increased *®F-FDG
uptake in the large vessel walls as a sign of vasculitis in patients with
active PMR is reported (139).

Role of FDG PET in hemorrhoids:

Hemorrhoids are present in healthy individuals. The main observations
of hemorrhoids are hemorrhage, thrombosis, and prolapse. Several
theories have been proposed for the mechanisms of hemorrhoidal
development including the varicose vein theory, the sliding anallining
theory and the vascular hyperplasia theory, and the neovascularization
theory (199).

These pathological changes result in prolapsed anovascular cushions,
which subsequently interfere with venous return. Decreased venous
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return, thought to be the mechanism of action, induces dilation of the
venous plexus, venous stasis, and/or thrombosis (200).

Thrombosis in the venous plexus may elicit an inflammatory response.
Moreover, vascular proliferation has been reported to cause an important
pathologic change in hemorrhoids, which might be due to thrombosis
formation. Therefore, thrombosis, inflammation, and vascular proliferation
should be considered in the pathogenesis of hemorrhoids (200).

In a study, eight (5.1%) subjects with hemorrhoids had SUV .« higher
than 4.1, which was the highest SUV,,, for the anal region in the normal
group. The highest SUV s in the hemorrhoid was 8.3 which was similar
to the case reported by Lu et al. In their report, the SUV, . Iin the
hemorrhoids was 8.0 (201).

In 2004, Kikuchi et al. found marked accumulation of FDG in internal
and external jugular vein thrombosis (202).

In addition, Miceli et al. reported that FDG—PET may be useful in
evaluating response to treatment (203).

In 2010, Khosa et al. (204) reported an increased FDG uptake not only
within the vein but also the thrombus itself and concluded FDG-PET/CT
appropriately shows venous thrombosis and might play a prominent role
in the future. Recently, the relationship between angiogenesis and FDG
uptake has been discussed (205).

In an animal study, Calcagno et al. found a positive correlation between

neovessel count in atherosclerotic plaques and '®F-FDG uptake. They
concluded that FDG—PET could be used as a clinical tool in the
evaluation of lesion prognosis and monitoring of anti-angiogenic
therapies (205).
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Role of FDG PET in GIT inflammation

Imaging Abdominal Inflammation:

Abdominal Abscess:

Rapid and accurate diagnosis of an abdominal abscess is crucial.
The mortality from untreated abscesses approaches 40% and may
reach 100% in some series. The mortality among patients treated
reaches. Delayed diagnosis is associated with higher mortality in
spite of treatment. If localizing signs suggest abdominal infection,
morphological modalities, predominantly ultrasound and CT may be
used first, depending on the location of suspected infection in the
abdomen. Standard radiographs have low sensitivity, although when
seen, findings are specific (206).

The advantages of these modalities are numerous, but most
importantly they provide quick results and adequate anatomical
details. These studies can be used to guide needle aspiration and
abscess drainage. Ultrasound can be used portably for critically ill
patients. (206)

One of the major limitations of these modalities is the inability to
differentiate infected from non-infected tissue abnormalities,
particularly in early stages of infection (phlegmon) before formation
of abscesses. (206)

When the results of the morphological modalities are inconclusive,
nuclear medicine techniques may be used to detect abdominal
infections (206)

In one study, 16% of patients suspected of having abdominal
infection in fact had extra-abdominal infections as seen on **In
leukocyte scans (207). Accordingly, negative morphological
modalities, when used first, may be followed by whole-body nuclear
imaging. Labeled WBC studies are the most specific for acute
infections. Ga-67 is more suitable for infection of longer duration.
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PMTcHMPAO-labeled WBCs frequently used in critically ill patients
after US and/or CT have yielded inconclusive results (208).

It is worthy of note that *"Tc HMPAO-labeled WBCs provide
quicker results than 67Ga- or *!In-labeled WBCs. Minoja et al. (209)
reported a sensitivity of 95%, a specificity of 91%, and an accuracy
of 94% for *™Tc-labeled WBC scanning in intensive care unit
patients with occult infections. The gallium-67 scan has been
reported to have a better diagnostic specificity than the C-reactive
protein test for abdominal infections (210).

Role of FDG PET in Inflammatory Bowel Disease IBD:

Upright chest radiography and abdominal series, barium enema and
upper Gl, CT scanning, MRI and ultrasonography are the main imaging
modalities used for the diagnosis. The assessment of the intestinal lumen
has traditionally been done by conventional barium studies including
barium meal follow through and small bowel enteroclysis. While
enteroclysis provides information on the size and site of intestinal
strictures, it fails to provide information on the activity of the strictures and
surrounding structure (211).

Much interest has been focused on computerized tomography (CT)
enteroclysis and magnetic resonance (MR) enteroclysis in recent times to
overcome the individual deficiencies of CT/MRI (no distention of the small
intestine) and conventional enteroclysis (no extra-luminal information)
(211).

Both the CT enteroclysis and MR Enteroclysis are reported to be highly
accurate in depicting mucosal abnormalities and extra-intestinal
complications in patients with inflammatory diseases of the intestine CT
scanning and ultrasonography are best for demonstrating complications
such as intra-abdominal abscesses and fistulas. Evaluation of the extent
of the disease and disease activity is often difficult. Although these
techniques provide excellent anatomical information, they fail to show the
metabolic status of the disease activity (211).
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Small intestinal endoscopic techniques such as capsule endoscopy and
double balloon enteroscopy hold a lot of promise for evaluation of the
intestinal lumen; however, they fail to provide information on the intestinal
wall and surrounding structures. Therefore, they are combined with a
cross-sectional imaging technique such as CT enteroclysis or more often
MR enteroclysis (212).

Conventional tracers like radiolabelled leukocytes have been well-
established noninvasive scintigraphy techniques and are still widely used
for evaluation of the extent and activity of the disease in patients with IBD
(213). Leukocyte scintigraphy demonstrated sensitivity of 80% to 98%
and specificity of 90% to 100% for the detection of IBD in untreated
patients (214).

Scintigraphy using autologous leukocytes, labeled with **!In or **"Tc, is
still considered the “gold standard” nuclear medicine technique for the
imaging of infection and inflammation, including evaluation of IBD activity.
However, leukocyte scintigraphy suffers from substantial shortcomings of
the tedious, time-consuming cell labeling procedure. In addition, this
technique has false positive results in patients with mesenteric ischemia,
carcinoma of the colon and intestinal bleeding (214).

PET has been used for assessment of various inflammatory disorders
and has shown encouraging results (215). The interpretation of
abdominal PET images is often difficult due to physiologic uptake of FDG
in a variety of abdominal/pelvic organs, which makes it difficult to
distinguish normal from abnormal uptake. As the intestine remains in a
collapsed state, the resolution of the intestine remains very poor on
PET/CT. Therefore, distension of the intestine is required for better
resolution on imaging.Combining PET with CT enteroclysis, we proposed
to evaluate the intestine after its inflation with negative contrast, a
technique called PET-CT enteroclysis(216).

In Chandan et al. pilot study (217) including 17 patients with
inflammatory diseases of the intestine, the feasibility and diagnostic yield
of PET/CT enteroclysis is assessed. In this study, PET/CT enteroclysis
as a single test showed significantly more lesions in the intestine in
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comparison to those seen by conventional barium studies and
colonoscopic examination in combination. In this study (217), reported
the feasibility of PET/CT enteroclysis. The feasibility and accuracy of CT
enteroclysis in patients with Crohn’s disease has been well documented
in the literature (211) .

At times, it may be difficult to differentiate malignant lesions from
inflammatory diseases based on the activity seen on PET/CT. For such a
differentiation, using dual point FDG-PET imaging, Zhuang et al.
observed that the SUVs of delayed images increased significantly over
time in malignant lesions, whereas the SUV of inflammatory lesions
decreased significantly over time(218).

Segmental pattern of FDG uptake has been reported in patients with
proctitis, infectious colitis, lymphocytic colitis and hemorrhagic colitis,
whereas a nodular focal or multifocal pattern is seen in polyps, adenoma,
and colonic cancer (219).

Diffusely increased FDG uptake has been described in patients with
inflammatory enterocolitis (220). FDG uptake has even detected in
histologically confirmed mildly inflamed lesions in patients with Crohn’s
disease where colonoscopic examination appeared normal (220).

A combination of typical patterns of intestinal wall enhancement as seen

at contrast-enhanced CT and a diffuse FDG uptake within the small
intestine at PET suggests the presence of an inflammatory or an
infectious disease with greater certainty (221).

PET has been used in the evaluation and monitoring of children patients
with IBD in whom a colonoscopic examination is difficult to carry out.

In a study including 38 patients with Crohn’s disease (17 ileal, 12 ileo-
colic, 5 pan-colonic, 3 left-sided disease, 1 right-sided disease) and 17
with ulcerative colitis (15 pancolitis, 2 left-sided colitis), Lemberg et al.
assessed the value of PET in identifying active intestinal inflammation
and compared the results with those seen on conventional endoscopic
and radiological studies. PET correctly identified active inflammatory
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diseases in 80% of children with IBD (81.5% with Crohn’s disease, 76.4%
with ulcerative colitis) and correctly showed no evidence of inflammation
in children with recurrent abdominal pain. FDG accumulation
corresponded with sites of active disease at colonoscopy in 83.8% and
with small bowel follow-through with pneumo-colon in 75% of patients
(222).

In a retrospective study, Loffler et al. using histology as the standard of
reference, reported sensitivity, specificity and accuracy of 98%, 68% 83%
with PET-CT as compared that with endoscopic examination (90%, 75%,
82%). For small intestinal lesions, FDG-PET was more reliable (223).

In the evaluation of inflammation in the colon and terminal ileum in
patients with Crohn’s disease, Neurath et al. reported a sensitivity of
85%, 67% and 41%, respectively, and specificity of 89%, 93% and 100%,
respectively, of PET, hydro-MRI and granulocyte scintigraphy with
labeled antibodies in a comparative study(224).

Pio and colleagues reported a good correlation between the intensity of
activity as quantified by FDG-labeled WBCs PET and histo-pathologic
grading of the degree of inflammation (52).

One of the main advantages of PET/CT enteroclysis in the evaluation of
intestine is the ability to acquire CT enteroclysis scans during the same
scanning session as PET scans. It is a non-invasive test that can
evaluate both small and large intestine in the same sitting. This test has a
potential to differentiate the active form of disease from the fibrostenotic
form, especially in Crohn’s disease, and therefore can guide treatment.
One major issue with the use of PET/CT enteroclysis is radiation
exposure where patients are subjected to the ionizing radiation of the CT-
scan along with the radioactivity of FDG. However, radiation exposure to
a patient undergoing complete intestinal evaluation (enteroclysis and CT-
scan of the abdomen) is 12-15 mSV (enteroclysis 3 mSV and CT
abdomen 10 mSV), which is more than that given by PET/CT
enteroclysis alone (225).

The major limitation of this study is the lack of an endoscopic evaluation
of the small intestine for comparison. There was however a correlation
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between the lesions seen at colonoscopy and PET/CT enteroclysis.
Secondly, there is a lack of follow-up in this study.

Role of FDG PET in post treatment follow up:

Bret et al study evaluates resolution of the appropriate FDG-PET
determination after clinical improvement in IBD, showed that PET
scanning did show reduced activity following induction of remission in
IBD (fig. 19). In this study, patients have active segments on PET scan
with no clinical symptoms. Thus, PET can show residual active
inflammation in patients who are otherwise in clinical remission, there
was no correlation between persistent areas of the appropriate FDG-PET
determination and risk for relapse of the disease (i.e., presence of
inflammation just below the threshold of clinical symptoms), although this
was a small pilot study (226).

Fig. 19. PET/FDG scan: Anterior view of the MIP image of a patient with ulcerative
colitis before (a) and after (b) therapy. The rectosigmoid area continues to be abnormal,
but the ascending, transverse and descending colon are now normal. (226)

The time course for reduction of the appropriate FDG/PET
determination has also not been studied, criteria for repeat PET scan was
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based on improvement of symptoms and not a specified time period after
the initial scan.

Duration to repeat PET scan ranged from 77 to 807 days, and in this
timeframe, there was no difference in PET results.

Role of FDG PET in autoimmune pancreatitis (AlIP) :

Autoimmune pancreatitis (AIP) is a unique form of chronic pancreatitis
with a pathogenesis which may involve an autoimmune mechanism
(227). It has been reported that AIP is occasionally associated with other
autoimmune diseases (228). It is characterized by irregular narrowing of
the main pancreatic duct, enlargement of the pancreas, increased levels
of serum y-globulin, 1gG or IgG4, the presence of autoantibodies and
responsiveness to steroid therapy (229).

The histological features of AIP include a dense lymphoplasmacytic
infiltrate of the pancreatic parenchyma and secondary fibrosis. AlIP
patients frequently have various extra pancreatic lesions EPLs. (230).

Nakamoto et al. carried out FDG-PET studies on six patients with AIP
and reported that AIP caused intense uptake of FDG in the pancreas.
They also reported that the follow-up PET scans of three patients who
had received steroid therapy showed the disappearance of this intense
uptake in the pancreas. These researchers performed early (1 h) and
delayed (2 h) dual time point imaging to examine the changes in SUV in
AIP and found that the SUVs increased with time in three of four patients
with AIP. They therefore concluded that the addition of delayed scanning
would not help in differentiating malignant tumors from AIP. However,
they did not study FDG uptake features of EPLs in AIP (231).

In Nakajo et al. Study, the initial PET scan revealed that all six patients
with AIP had intense FDG uptake (grade 3) in the pancreas, which
disappeared during and following steroid therapy or spontaneously (232).

A recent study concluded that FDG-PET/CT may be helpful to
differentiate AIP from PC (pancreatic cancer) by assessing FDG-uptake
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patterns in the pancreas and extra-pancreatic lesions, it may have the
potential to assess the disease activity of AIP and its extra-pancreatic
lesions, and it may be useful as a monitoring marker for tapering or
stopping steroid therapy. (233)

e e

Fig. 20. FDG-PET/CT images of a 53-year-old man with AIP, sclerosing sialadentitis and
lymphadenopathy prior to and following steroid therapy (Patient 5). The early whole-body FDG-PET
coronal MIP image prior to steroid therapy (a) shows abnormal FDG uptake not only in the entire
pancreas (arrow), but also in the bilateral submandibular glands and mediastinal, bilateral hilar and
abdominal lymph nodes (arrowheads).The early whole-body FDG-PET coronal MIP image taken
during steroid therapy (b) shows no abnormal FDG uptake in the pancreas, submandibular glands and
lymph nodes. The early PET/CT images taken prior to(c—f) and during (g—j) steroid therapy show
more clearly these changes(c—j). The bilateral submandibular glands, mediastinal lymph nodes and
pancreas are reduced in size on CT scans taken during steroid therapy (234)

The value of two-point imaging in the assessment of inflammatory status
in AIP and EPLs remains to be elucidated.

When the FDG uptake is noted in the systemic organs or tissues of a
patient who has abnormal FDG uptake in the pancreas, AIP should be
included in the differential diagnosis of pancreatic diseases. Indeed, in
three, the morphological or serological examinations were performed
after the initial PET scan, and the diagnosis of AIP was then made. Thus,
whole-body FDG PET or PET/CT may be a useful approach for detecting
AIP and associated EPLs and for monitoring their disease activity
following steroid therapy (234).
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Role of FDG PET in pulmonary
inflammatory diseases

The role of the chest X-ray cannot be overemphasized. The chest X-ray
should be used as the initial imaging modality for most chest pathologies.
In many instances, however, an additional modality is needed to evaluate
certain chest conditions including infections.

Although CT often clearly depicts chest pathology including infections,
®’Ga still is commonly used in such cases. **'In leukocytes have limited
utility for chest infections. Siemon et al. studied ®’Ga imaging in a variety
of pulmonary disorders and found excellent sensitivity and specificity
(235).

Gallium-67 has also been widely used in AIDS patients to detect PCP. It
is highly sensitive and correlates with the response to therapy. In a study
comparing ®’Ga, bronchial washing, and trans-bronchial biopsy in 19
patients with PCP and AIDS, ®’Ga and bronchial washing were 100%
sensitive compared with 81% for trans-bronchial biopsy (236). ®’Ga is
also valuable in idiopathic pulmonary fibrosis, sarcoidosis and
amiodarone toxicity (237).

It is also useful in monitoring response to therapy of other infections
including tuberculosis. 'In WBC imaging is less helpful, as the
specificity of abnormal pulmonary uptake (either focal or diffuse) is very
low.

Non-infectious problems that cause abnormal uptake include congestive
heart failure, atelectasis, pulmonary embolism, ARDS, and idiopathic
conditions (238).

FDG-PET is a non-invasive imaging technique that has significant
potential to quantify pulmonary inflammation with high sensitivity.
Pulmonary FDG—-PET imaging has demonstrated enhanced FDG uptake
in chronic obstructive pulmonary disease (239) and acute lung injury
Also, high pulmonary uptake of FDG has been observed in patients with
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head injury, who are at risk of developing acute respiratory distress
syndrome, but who had no lung symptoms at the time of the scan. It is
suggested that FDG—PET imaging can be successfully exploited to study
various inflammatory pulmonary disorders and is likely to provide
objective means to assess alveolar inflammation in a wide variety of
diffuse lung diseases. The feasibility to monitor the extent and activity of
the alveolitis during the course of the disease can be utilized for follow-up
evaluation to therapy and also can be employed as a biomarker in new
drug development (240).

FDG—-PET Characteristics Indicating Inflammatory Etiology in

Non-specific Mediastinal and Hilar Foci:

Several investigators have examined the variables for determining
benign or malignant nature of non-specific uptake in the mediastinum and
hilar nodes on FDG—PET scan .The parameters or factors that have been
utilized include:

(a) The maximum standard uptake value (SUV..), especially after
partial volume correction of the measured value,

(b) dual-time-point PET imaging,

(c) Symmetry,

(d) Site of the primary tumor,

(e)Node size and characteristics as revealed by the computed
tomography

(f) absence/presence of FDG-avid foci in non-hilar and hilar mediastinal
nodes, and

(g) The degree of stability of uptake between the scans in those who
participated in more than two studies in their disease course (240).

Role of FDG PET in Tuberculosis:

Tuberculoma is discrete nodule, usually less than 3 cm in diameter, in
which repeated infection has caused a core of caseous necrosis
surrounded by zone of epithelioid cells and collagen with peripheral
round cell infiltration. Small, discrete shadows in the vicinity of the main
lesion, known as “satellite lesions”, are observed in as many as 80% of
cases (241).
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The promising features of FDG—PET imaging in the management of
patients with this disorder are

(a) Its potential role for assessing therapeutic response,

(b) Its ability to detect unsuspected distant sites of infection because of
the whole body nature of this imaging technique,

(c) Its role in guiding for a biopsy site (combined PET/CT, in particular,
may be very useful for this purpose), and

(d) Diagnosis of suspected recurrence and residual disease following
successful therapy (241).

It is important to note that this role for FDG—-PET has a geographical
relevance as developing countries have high prevalence of tuberculosis
and, therefore, the probability of false-positive FDG—PET results are high
in the Asian population compared to that of the Europeans or North
Americans (241).

In a study aimed to evaluate the diagnostic value of dual time point
imaging (DTPI) of '®F-FDG/CT for detecting the infective lesions in
patients with extra-pulmonary tuberculosis (EPTB), it was found that early
whole body PET/CT imaging may be sufficient for the detection of the
EPTB lesions and DTPI of PET/CT may also not be a useful technique in
differentiating between EPTB and non-EPTB lesions. (242)

Another study was made to describe patterns of pulmonary tuberculosis
on FDG-PET/CT. It identified two distinct patterns of pulmonary TB on
FDG-PET/CT. The lung pattern related to a restricted and slight hyper-
metabolic infection and the lymphatic pattern related to a systemic and
intense infection. Combined interpretation of PET and CT findings
improves the specificity of images, especially for the lung pattern. (243)

Role of FDG PET in Sarcoidosis:

Sarcoidosis is a chronic granulomatous multiorgan disease of unknown
etiology that most frequently involves the lungs which is the major cause
of morbidity in these patients. The disease is characterized in affected
organs by an accumulation of T Ilymphocytes and mononuclear
phagocytes, non-caseating epithelioid granulomas, and derangements of
the normal tissue architecture.
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Disease activity in sarcoidosis can be best assessed by detecting and
guantifying the degree of inflammatory and granulomatous reactions that
occur in the lungs. Since both sarcoidosis and lymphomas affect
lymphoid systems throughout the body, the pattern noted on the FDG-—
PET images is non-specific and cannot differentiate between the two
distinct entities (Fig. 21) (244).
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Fig. 21. Whole-body FDG-PET demonstrating avid FDG uptake in the
mediastinal nodes and bilateral lungs in a proven case of sarcoidosis. (244)

To evaluate the role of FDG—PET/CT in sarcoidosis, Braun et al.
retrospectively assessed 20 consecutive patients with biopsy-proven
sarcoidosis. For thoracic, sinonasal, and pharyngo-laryngeal
localizations, the sensitivity of FDG—-PET/CT was 100%, 100%, and 80%,
respectively, for these sites. Overall sensitivity for all 36 biopsy-proven
localizations improved from 78% to 87% after excluding skin involvement.
When ®’Ga scintigraphy and '®F-FDG PET/CT were compared for the 12
patients who underwent both examinations, the overall sensitivity of ®’Ga
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scintigraphy was 58% and 79%, and by using FDG—PET improved to
67% and 86% after excluding all sites of skin involvement (244).

A study was done to develop a prediction rule that can be used to
identify symptomatic sarcoidosis patients who have a high probability of
PET-positivity. It concluded that **F-FDG PET/CT is a useful adjunct to
other diagnostic methods for detecting active inflammatory sites in
chronic sarcoidosis patients with persistent symptoms, especially those
with normal ACE levels. '®F-FDG PET/CT proved advantageous for
determining the spread of active disease throughout the body and
influenced the decision to adjust the therapy (245).

Another study done to develop a prediction rule that can be used to
identify symptomatic sarcoidosis patients who have a high probability of
PET-positivity. It concluded that the derived and internally validated
clinical prediction rule, based on slL-2R levels and HRCT scoring results,
appeared to be useful to identify sarcoidosis patients with a high
probability of inflammatory activity. Using this rule may enable a more
effective use of PET scan for assessment of inflammatory activity in
sarcoidosis (246).

Role of FDG PET in Occupational Pleuropulmonary
Disorders:

Pneumoconiosis includes coal worker's pneumoconiosis, silicosis, and
asbestosis of which silicosis and asbestosis are the two major types.
Data on the PET appearance of pneumoconiosis has been reported in
the literature. FDG uptake has been observed in pneumoconiosis and
progressive massive fibrosis. This uptake may be related to the presence
of inflammatory cells such as macrophages, as well as fibroblasts (247).

In a prospective evaluation study. 55 consecutive patients referred for
the evaluation of suspected malignant pleural mesothelioma (MPM) and
recurrence of MPM underwent two sequential PET scans (dual-time-point
imaging). The mean =SD of the SUV 51, SUVhax2, and A% SUV . in
both newly diagnosed and recurrent MPM were significantly higher than
those of benign pleural disease group (PG0.0001). It was also observed
that there is increasing uptake of '°®F-FDG over time in pleural
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malignancies, whereas the uptake in benign pleural disease generally
stays stable or decreases over time. The study results indicated that the
dual-time-point imaging may help in differentiating benign from malignant
pleural disease by increasing the sensitivity and is also helpful for guiding
the biopsy site for diagnosis (248).

FDG-PET in the idiopathic interstitial pneumonias (IIPs):

The idiopathic interstitial pneumonias (IIPs) are a heterogeneous group
of disorders resulting from damage to the lung parenchyma due to
varying patterns of inflammation and fibrosis. ldiopathic pulmonary
fibrosis (IPF), nonspecific interstitial pneumonia (NSIP) and cryptogenic
organizing pneumonia (COP) comprise the majority of IIP cases.
Distinguishing different types of IIP is important because COP is known
to show a better prognosis than IPF and NSIP.

In Umeda et al study of 50 patients with IIP, It is found that the early
SUV (cut-off: 1.5) in COP was significantly higher than that in IPF and
NSIP with reasonable sensitivity and specificity, although no significant
difference between IPF and NSIP was observed. On the other hand, a
positive value of RI-SUV (cut-off: 0%) predicts the deterioration of
pulmonary function within a 1-year observation period in patients with IIP.
However, early SUV was not a significant predictor of disease
progression. With regard to image diagnosis of IIPs, the early SUV level
of ®F-FDG PET could be useful for distinguishing COP from IPF and
NSIP. The main histopathologic feature of COP is a patchy process
characterized primarily by organizing pneumonia involving variable
numbers of inflammatory cells, such as lymphocytes, macrophages and
neutrophils, with a lower degree of interstitial fibrosis, as compared to IPF
and NSIP (249).

Nagai et al. noted that increased cell recovery and percentage of
lymphocytes in BAL fluid were found in patients with COP compared to
those with IPF These findings suggest that the degree of inflammatory
cell infiltrates has an effect on early SUV in |IP (250).
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The results of Umeda et al also indicate that RI-SUV is useful for
determining disease activity as a predictor of disease progression.

Since RI-SUV could predict the deterioration of pulmonary function after
12 months of follow-up examinations, it has potential as a predictor of
survival in IPF and NSIP patients at the time of diagnosis (fig. 22, 23)
(249).

B 0

Fig. 22. A 70-year-old woman with pathologically diagnosed NSIP. Deterioration of
pulmonary function was seen at 3 months after *®FFDG PET scanning and she died 3
years after the initial diagnosis because of respiratory dysfunction. a Chest HRCT
showing ground-glass opacities and reticular shadows in both lung fields. b Trans axial
1BF_FDG PET (early imaging) showing *®F-FDG accumulation in lesions with abnormal
shadows on corresponding CT images. ¢ *FFDG PET (delayed imaging) showing
increased 18F-FDG accumulation compared to early imaging (RI-SUV=24.3%) (251)
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Fig. 23. A 73-year-old woman with pathologically diagnosed NSIP. No deterioration of
pulmonary function was seen 1 year after ®F-FDG PET scanning. a Chest HRCT
showing ground-glass opacities and reticular shadows in both lung fields. b Transaxial
BF.FDG PET (early imaging) showing *®F-FDG accumulation in lesions with abnormal
shadows on corresponding CT images. ¢ ®F-FDG PET (delayed imaging) showing

decreased '®F-FDG accumulation compared to early imaging (RI-SUV=-22.0%) (251)

Although malignhant FDG uptake does not reach its maximum value until

5 h after administration (251), whereas benign inflammatory lesions and
physiological FDG uptake lesions show a stable pattern or a slight
decline (252). Activation of inflammatory cells causes a sustained
increase in FDG accumulation over time. These findings suggest that
inflammatory cell activity is associated with sustained FDG uptake
(positive RI-SUV value) in progressive IIP lung (fig. 31, 32)(254).

Based on the data presented, it might be possible to use dual-time-point
F.FDG PET imaging to classify IIPs into four groups, and for
management of 1IPs , as follows:

(1) High early SUV level (> 1.5) and positive RI-SUV (> 0%) correspond
to progressive COP patients. Since it is predicted that patients will have
deterioration of pulmonary function in the short term and good response
to corticosteroid therapy, corticosteroid therapy is required.

(2) High early SUV level (> 1.5) and negative RI-SUV (< 0%) could
correspond to stable COP patients, and patients could be expected to
show improvement within a 1-year observation period.

(3) Low early SUV level (< 1.5) and positive RI-SUV (> 0%) are
progressive IPF and NSIP patients. Since it is predicted that patients will
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have deterioration of pulmonary function within 12 months and poor to
moderate response to corticosteroid therapy, other treatment options
may be required (e.g. immunosuppressant).

(4) Low early SUV level (< 1.5) and negative RI-SUV (< 0%) are stable
IPF and NSIP patients. Since it is predicted that patients will not show
deterioration of pulmonary function within 12 months and usually have
poor response to corticosteroid treatment, immediate corticosteroid
therapy may not be required.

FDG-PET in Bleomycin-induced pneumonitis (BIP):

Bleomycin-induced pneumonitis (BIP) has emerged as one of the
leading causes of death in Hodgkin lymphoma (HL) treated with
adriamycin, bleomycin, vinblastine, and dacarbazine (ABVD) (255).

BIP is related to the lack of bleomycin in activating enzyme (bleomycin
hydrolase) in the lungs. The central event in the development of BIP is
endothelial damage due to bleomycin-induced release of cytokines and
free radicals, followed by recruitment of inflammatory cells into lung
parenchyma, and subsequently of fibroblasts leading to fibrosis (256).

With clinical BIP, Buchler et al. also suggested that FDG-PET imaging
could monitor the inflammatory phase of BIP, independently of
conventional CT scanning (257).

In Connerotte et al study the researchers extend these findings by
reporting two patients with HL treated with ABVD, in which early interim
PET showed pulmonary FDG uptake, in the absence of pulmonary
symptoms. PET alterations resolved after cessation of bleomycin as the
only intervening process. These cases illustrate the potential of FDG-PET
to detect BIP at an early preclinical stage (258).

Promising Future Role of FDG—-PET in the Assessment of

Lung and Airway Inflammation:

FDG-PET is a non-invasive imaging technique that has significant
potential to quantify pulmonary inflammation with high sensitivity.
Pulmonary FDG—PET imaging has demonstrated enhanced FDG uptake

111




in chronic obstructive pulmonary disease (239) and acute lung injury.
Also, high pulmonary uptake of FDG has been observed in patients with
head injury, who are at risk of developing acute respiratory distress
syndrome, but who had no lung symptoms at the time of the scan. It is
suggested that FDG—PET imaging can be successfully exploited to study
various inflammatory pulmonary disorders and is likely to provide
objective means to assess alveolar inflammation in a wide variety of
diffuse lung diseases. The feasibility to monitor the extent and activity of
the alveolitis during the course of the disease can be utilized for follow-up
evaluation to therapy and also can be employed as a biomarker in new
drug development (240).

Therapeutic Response Monitoring:

As in malignancies, FDG—PET holds great promise for determining the

effects of therapy for a variety of benign disorders. Hence, in several
reports, FDG-PET has been proposed as an effective tool in the
evaluation of the therapeutic efficacy in infectious disease (259).
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Pre-treatment Early-treatment After completion of
therapy
Fig. 24. FDG-PET maximum intensity projection images (antero-posterior view)
demonstrating the FDG uptake during the treatment course in a patient with
Mycobacterium avium—intercellulare (MAI) infection. (259)
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The change of FDG activity following antibiotics has been postulated as
an effective way to determine the efficacy of the anti-tuberculosis therapy
(Fig. 24). (259).

Chamilos et al. (260) examined the utility of this modality in 16 non-
neutropenic patients with invasive mold infections. The results indicated
the importance of FDG—PET in guiding the duration of treatment in most
patients (n=8). The role of FDG—PET in monitoring therapeutic efficacy
has also been described in the setting of invasive aspergillosis (261),
candidal lung abscess following antifungal therapy (262), and
Pneumocystis carinii pneumonia (263).
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Role of FDG-PET in Renal Inflammation

Imaging Renal Infections:

The CT scan has good sensitivity and specificity in the diagnosis of
renal infections.

IVP has a very limited value when the question is urinary tract infection,
with a sensitivity of only 25% (264).

Ultrasound has been used frequently to evaluate the kidneys with
suspected infections.The sensitivity of US has been shown to be 40%-—
55%, which is inferior to the result for cortical scintigraphy (sensitivity of
86%, specificity of 81% using 99mTc-glucoheptonate) (265).

Positive ultrasonography can obviate the need for DMSA; however,
because of a large number of false negative results with reported
sensitivities of 42%-58%and underestimation of the pyelonephritis
lesions, ultrasonography cannot replace **"Tc-DMSA (266).

In a comparative study with IVP and US (24% and 42% sensitivity,
respectively) (267), cortical scintigraphy was the modality of choice for
detecting and following pyelonephritis. Renal ultrasonography is not
sensitive for detecting renal parenchymal infections (268).

To date **"Tc-DMSA is considered the most sensitive method for the
detection of acute pyelonephritis in children. Furthermore it permits the
photopenic area to be calculated as the inflammatory volume which
correlates with the severity of infection and the possibility of scar
formation (269) although some of the defects detected might be too small
to be clinically significant (270).

The pathophysiologic basis of the ability of Doppler sonography in
detecting acute pyelonephritis is the fact that the acute phase of
pyelonephritis is the focal decrease of renal perfusion due to edema,
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which causes vascular compression, intravascular granulocyte
aggregation or both, leading to capillary and arteriolar occlusion
facilitating the detection of these hypo-vascular areas (271).

Spiral CT and MRI with contrast have been found to be sensitive in
detecting acute pyelonephritis (272). MRI is not practical because of the
cost and the need for sedation for the longer periods required for imaging
(266).

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is the most
common monogenic severe kidney disease, with an average incidence of
1 in 800 live births (273).

In spite of its high frequency, its clinical management is still
controversial and even some of the most common clinical threats, such
as intracystic infection, may represent an unmet challenge (274).

Conventional imaging methods, including ultrasounds, CT and MR
scans, are valuable in discriminating between non-complicated and
complicated cysts, but are often unable to clearly discriminate between
bleeding and infection or, in particular in acquired cystic disease,
neoplasia (275). The concomitance of renal function impairment limits the
potential of CT or MR scans, due to the relative or absolute
contraindications for contrast media. Furthermore, the presence of
several “complicated” cysts is common in severely enlarged liver or
kidneys in ADPKD, and a complex structural derangement is usual in
“acquired uremic cysts”, often impairing the precise localization of the
infectious process (273).

The use of scintigraphy with leucocytes labeled with indium or gallium
has been reported as a promising diagnostic tool (276). The limits of this
technique are the lack of prompt availability, the high costs and the
relatively poor spatial discrimination (277). The first two limits are partly
shared by FDG-PET and PET/CT, able to identify metabolically active
tissues, including infection, vasculitis and several types of neoplasia
(278).
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Several recent case reports and two larger case series have suggested
that FDG-PET is a very promising tool in the diagnosis of the infected
kidney and liver cysts in ADPKD, probably superior to DMSA scan on
account of its better spatial discrimination, particularly when combined
with CT scanning. In spite of the high potential interest, few studies have
investigated the use of FDG-PET/CT in the diagnosis and follow-up of
infected kidney cysts (275).

In Piccoli et al .a case series study, the researcher report on 10
consecutive patients with suspected cystic infection (6 with ADPKD and 4
affected by multiple kidney cysts), in which the diagnosis was based and
the clinical management was tailored upon the results of FDG-PET.
FDG-PET was positive in 6 cases (5 kidney and 1 liver cyst), was
repeated during follow-up in 4 patients and was negative in 4 cases. In
the positive cases, FDG-PET guided the therapeutic choices; in
particular, the duration of therapy was supported by imaging data in the 4
cases with multiple scans. No relapse was recorded after discontinuation
of antibiotic therapy in the treated patients. The negative cases did not
develop clinical signs of cystic infection over follow-up (279).

Figure 25. FDG-PET scan: intracystic kidney infection in ADPKD. (275)
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Summary and Conclusion

Inflammation is part of the non-specific immune response that occurs in
reaction to any type of bodily injury and that the cardinal signs of
inflammation can be explained by increased blood flow, elevated cellular
metabolism, vasodilatation, release of soluble mediators, extravasation of
fluids and cellular influx. In some disorders the inflammatory process,
which under normal conditions is self-limiting, becomes continuous and
chronic inflammatory disease Inflammation has very specific
characteristics, whether acute or chronic, and the innate immune system
plays a pivotal role, as it mediates the first response. Infiltration of innate
immune system cells, specifically neutrophils and macrophages,
characterizes the acute inflammation, while infiltration of T lymphocytes
and plasma «cells are features of chronic inflammation.
Monocytes/macrophages play a central role in both, contributing to the
final consequence of chronic inflammation which is represented by the
loss of tissue function due to fibrosis develops subsequently.

Timely identification and localization of infectious and inflammatory
process are of critical importance in the treatment of patients presenting
with suspicion of infection and inflammation. Whilst other radiological
techniques (CT, MRI, US) are used for the localization of infectious foci,
they rely merely on anatomical changes. Therefore, there has to be a
reasonable elapse of time before the infection is diagnosed. In contrast,
scintigraphic detection of infection and inflammation is a non-invasive
method of whole-body scanning based on functional tissue changes.
Several radiopharmaceuticals are currently employed for the
scintigraphic imaging of infection and inflammation.

Fluorine 18 fluorodeoxyglucose (FDG) is a readily available radiotracer
that offers rapid, exquisitely sensitive high-resolution tomography. FDG
PET can also help localize the source of fever of undetermined origin
(FUO), thereby guiding additional testing. In the musculoskeletal system,
FDG PET accurately helps diagnose spinal osteomyelitis, and in
inflammatory conditions such as sarcoidosis and vasculitis, it appears to
be useful for defining the extent of disease and monitoring response to

treatment. FDG PET may be of limited usefulness in postoperative
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patients and in patients with a failed joint prosthesis or a tumor.
Nevertheless, this relatively new imaging technique promises to be
helpful in the diagnosis of infection and inflammation. FDG PET will likely
assume increasing importance in assessing FUO, spinal osteomyelitis,
vasculitis, and sarcoidosis and may even become the radionuclide
imaging procedure of choice in the evaluation of some or all of these
pathologic conditions.

In patients with acquired immunodeficiency syndrome, FDG positron
emission tomography (PET) accurately helps localize foci of infection and
is particularly useful for differentiating central nervous system lymphoma
from toxoplasmosis.

Conclusion:

Advantages of FDG-PET as compared with the other conventional
radiologic and scintigraphic methods for the imaging of inflammation and
infection include the ability to provide a result as early as 11/2 to 2 hours
after tracer injection, the relatively low radiation dose, and the excellent
spatial resolution and lesion-to-background contrast. These advantages
contribute to the superior accuracy of FDG-PET for the diagnosis or
exclusion of infections.

PET and PET/CT in FUO:

FDG-PET is a valuable new imaging technique that has the potential for

a major role in patients with FUO. It can detect malignancies as well as
infectious and noninfectious inflammatory processes at an early stage of
the disease. It has proven its superiority to other currently used
conventional nuclear medicine imaging techniques.
When ordered early in the diagnostic workup, FDG-PET has the potential
to identify the area of abnormal activity where the cause of fever is likely
to be found. This adds valuable information that can be used to focus the
investigation and to eliminate unnecessary procedures, resulting in better
management of the patients.
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PET and PET/CT in Skeletal Infection:

-While FDG uptake in uninfected fractures may normalize more rapidly
than gallium or bisphosphonate uptake, differentiating infection from
tumor may still be problematic.

-Also, PET/CT has an expanding role in diagnosing osseous infection,
especially in patients with MRI contraindications and in the postoperative
spine.

-In prosthetic joint infection and spinal infection PET/CT may be an
attractive alternative to combined leukocyte—marrow scintigraphy
because it requires only one injection Furthermore, treatment with
antibiotics is not likely to affect the sensitivity of FDG-PET/CT in
delineating sites of infections because FDG does not rely on leukocyte
migration, in contrast to combined leukocyte—marrow scintigraphy.

-In rheumatoid arthritis FDG is able to detect early synovitis earlier in
acute phase. PET is able to detect changes in synovium at the molecular
level. PET/CT may be very useful in the individual quantitative
assessment of RA disease activity and its course.

-It was found that quantitative °F-PET/CT may play a role in the
diagnosis of sacroilitis in active AS and is an alternative to conventional
bone scintigraphy.

- PET/CT may be a promising modality for optimal patient management
through earlier detection of JIA.

- In case of a diabetic foot ulcer, PET was able to exclude the presence
of osteomyelitis and had an overall accuracy and sensitivity for the
diagnosis of Charcot foot greater than those of MRI.

PET and PET/CT in Cardiovascular Inflammation:

BF.FDG PET (/CT) is increasingly used in patients with elevated
inflammatory parameters and clinical characteristics compatible with
LVV. In a certain amount of these cases, ®F-FDG PET (/CT) will directly
point to LVV, thereby avoiding several time-consuming and sometimes
unpleasant tests. On the other hand, due to the low incidence, a high
proportion of negative test results of **F-FDG PET (/CT) for LVV can be
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expected. This is undesirable from cost-effectiveness point of view,
although a negative test result for LVV can still be of use, if it provides
clues to other diagnoses (e.g., lymphoma, infection).

-In atherosclerosis of large vessels and coronaries, it was suggested
that the combination of arterial FDG uptake and calcification was the best
predictor of future vascular events because baseline vascular FDG
uptake correlated with several atherogenic risk factors.

PET and PET/CT in GIT Inflammation:

-PET-CT enteroclysis detects a significantly higher number of lesions
both in small and large intestine in comparison to that detected by
conventional barium and colonoscopy combined together. This technique
IS non-invasive, feasible and very promising.

- PET/CT may be a useful approach for detecting AIP and associated
EPLs and for monitoring their disease activity following steroid therapy

PET and PET/CT in pulmonary Inflammation:

“8F_-FDG PET can provide noninvasive information for characterization
of IIP as well as a prediction of disease progression and responsiveness
to treatment with corticosteroids at the time of initial presentation.

-In TB it was found that early whole body PET/CT imaging may be
sufficient for the detection of the EPTB lesions and DTPI of PET/CT may
also not be a useful technique in differentiating between EPTB and non-
EPTB lesions.

-In sarcoidosis '®F-FDG PET/CT proved advantageous for determining
the spread of active disease throughout the body and influenced the
decision to adjust the therapy, especially in patients with normal ACE
levels.

-In . pneumoconiosis dual-time-point PET /CT imaging may help in
differentiating benign from malignant pleural disease by increasing the
sensitivity and is also helpful for guiding the biopsy site for diagnosis

PET and PET/CT in Renal Infection:

FDG-PET is confirmed as a promising diagnostic tool for detecting
intracystic infection in ADPKD and in multiple kidney cysts, and a

potential guide for tailoring therapy.
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