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1. Introduction
Inflammatory diseases are a heterogeneous class of

diseases that may be divided into acute and chronic forms.
They can affect multiple organs (systemic) or can be
localized to one specific organ. Inflammatory diseases are
often relapsing, invalidating, and may require life-long
treatment. Acute and chronic forms of inflammation are
characterized by a cluster of immunological and histopatho-
logical events. These events may occur years before the
appearance of specific symptoms, on which the clinical
diagnosis can be settled, and may last for years after the
clinical diagnosis and the onset of treatment. The complex
inflammatory response to these events can be classified in
six different phases, a useful classification from the diagnostic
point of view with molecular imaging techniques. These
phases are not necessarily always consecutive in time and
may also coexist in different parts of an affected organ,
because most inflammatory conditions are asynchronous.
Optical imaging with fluorescent probes has very promising
and useful features for the study of inflammation and to
develop new probes, proof of concept, and physiopathologi-
cal studies. It can be considered a preliminary and comple-
mentary technique to studies with radiolabeled probes. Its
use, however, should not be limited to animals, as it is now,
but expanded to humans for the study of superficial areas
such as imaging of cutaneous lesions, endoscopic, and
intraoperative use. Few studies are ongoing in this direction.
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Radiological imaging procedures computed tomography (CT)
and ultrasonography (US), with the exception of functional
magnetic resonance imaging (MRI), have high sensitivity
but lack in specificity. Nuclear medicine techniques, by
contrast, allow the in vivo detection in humans and animals

of different physiologic and pathologic phenomena. In the
field of inflammation, it may offer noninvasive tools to detect
early pathophysiological changes, before the development
of anatomical changes, detectable by conventional radio-
graphical techniques, and before the clinical onset of
disease. Moreover, it offers a way to evaluate disease
activity and efficacy of therapy. Here, we focus on targets
in different phases of inflammation for which radiophar-
maceuticals are used or will be used in nuclear medicine
imaging particularly for drug discovery. Furthermore, an
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overview of the current state of nuclear medicine and
optical imaging techniques is given.

1.1. Acute and Chronic Inflammation
Inflammation is not synonymous of infection. An infection

is caused by an exogenous pathogen, while inflammation is
the response of the organism to the pathogen or tissue injury.
Acute inflammation lasts hours or days and is usually
resolved without residual lesions; chronic inflammation can
last from a few weeks to many years and usually causes late
complications. There are several clinical and histopathologi-
cal differences between acute and chronic inflammation that
are mainly determined by the cause of the inflammation and
its duration. Furthermore, two main types of chronic inflam-
mation can be recognized: primary and secondary chronic
inflammation.

1.1.1. Acute Inflammation

Acute inflammation is a reaction of tissues to injuries, in
a way that is independent of the different possible pathogenic
exogenous noxae. The presence of nonself antigens or tissue
degradation products activates mechanisms, like the release
of histamine and serotonin, the increase of vascular perme-
ability, hyperexpression of adhesion molecules on endothelial
cells, and secretion of chemotactic factors. All of these
phenomena induce leukocyte rolling along endothelium and
migration of these leucocytes through the capillary wall.
Complement and antibody production together with the
release of mediators amplify the local response by the
continuous recruitment of cells from the peripheral blood,
such as granulocytes, lymphocytes, monocytes, as well as
several plasma proteins. The inflammation persists until
elimination of the pathogenic noxa. If the noxa persists, a
chronic type of inflammation arises.

Imaging targets in this phase are neutrophils and pathogens
but also activated endothelial cells.

1.1.2. Primary Chronic Inflammation

This immune response follows after infection from intra-
cellular microorganisms or viruses, after generation of
autoimmunity, and after cancer or transplantation. In this type
of chronic inflammation, a distinctive chronic reaction is
observed from the onset with little increased vascularity and
permeability and little or no neutrophil infiltration. This is
usually observed in cell-mediated immune responses against
cells of the body that become the target of the immune
system. Autoimmune diseases can give rise to different
histological characteristics ranging from a typical lympho-
cytic infiltration, as in thyroiditis, to a mixed cell population
consisting of T and B cells, plasma cells, and neutrophils,
as in rheumatoid arthritis. Tumors also show infiltration by
lymphomononuclear cells, and in graft rejection a typical
infiltration by cytotoxic lymphocytes is observed.

Imaging targets in this phase are T- and B-lymphocytes
but also monocyte/macrophages and apoptotic cells.

1.1.3. Secondary Chronic Inflammation

This type is due to the persistence of the stimulus that
caused the acute inflammation. If an inflammatory agent
persists, the character of the inflammatory lesion changes
into chronic inflammation. Polymorphonuclear cells migrate
out of the lesion; vasodilatation, vascular permeability, and
endothelial activation tend to normalize. The infiltrate
becomes predominantly mononuclear, consisting of lym-
phocytes and cells of the monocyte-macrophage series, and
further progression of the process is mainly via proliferation
of infiltrating cells. Examples of this type of inflammation
are chronic infections such as tuberculosis, leading to the
formation of chronic granulomas, sarcoidosis, and contact
dermatitis.

Imaging targets in this phase are predominantly
T-lymphocytes and monocytes.

2. Optical and Nuclear Medicine Imaging
Instrumentation

2.1. Optical Imaging
In vivo optical imaging represents an interesting current

and future new approach to molecular imaging. It allows
imaging of internally generated light linked to specific
biological functions, including pathogenic infections and
inflammation in living small animals. This noninvasive
technique, combined with pathogens engineered to express
luciferase, allows quantification in the same animal of the
spatial and temporal progression of the infection and
identification of animal-to-animal variations in pathogen
replication and dissemination. Very relevant are ongoing
studies designed to develop imaging strategies to detect not
only pathogen dissemination, but also cellular and tissue host
reactions. Furthermore, this noninvasive imaging technique
will potentially facilitate the discovery and development of
new antimicrobial drugs.

One strategy to use optical imaging in living animals is
the use of luciferase reporter genes as internal sources of
light. This strategy, called bioluminescence imaging (BLI),
enables real-time noninvasive imaging of infections and gene
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expression in living organisms. The sensitivity of detecting
internal light generated by luciferase in an intact animal is
dependent upon many parameters. One crucial issue is the
depth of the luciferase-labeled cells (host or pathogen) within
the body. In other words, the distance that the photons must
travel through tissues to exit the mouse’s body surface
strongly influences the sensitivity of the system. The light
emitted by luciferase is able to penetrate tissue depths of
the order of several millimeters to centimeters; however,
photon intensity decreases 10-fold for each centimeter of
tissue depth.1 Experimental attenuations due to skin effects
of a factor of 2-10 have been recently demonstrated. It
seems that about 12% of the in situ luminescence appeared
available for noninvasive imaging due to scattering and
absorption in subcutaneous tissue and skin.2,3 In addition to
attenuation of light by overlying tissues, BLI is decreased
by pigmentation of fur. Shaving mice with electric clippers
or removing fur with a depilatory agent can minimize this
problem. Alternatively, mice can be bred into an albino
background, or mice without skin pigmentation can be
employed.4,5 Moreover, the limit of detection will vary
between different strains of luciferase-expressing pathogens
due to the varying strength of the promoter used to drive
luciferase expression. It is reasonable to suppose that, because
of the limitations in detecting light produced in deep tissues,
BLI is unlikely to be used in humans in the near future,
although it is possible to envision it could be used to image
superficial biological processes such as dermatitis and skin
infections. Another difficulty could be the necessity to alter
the genetic code of human cells or tissues for luciferase
expression.

The sensitivity of detection devices used is also an
important variable that influences the sensitivity of this
noninvasive optical imaging technique. To acquire images
of small animals expressing luciferases, instruments have
been developed equipped with cooled charge-coupled device
(CCD) cameras (Figure 1). Varieties of charge coupled
device (CCD) cameras have been used for BLI and are now
commercially available. Supercooling the CCD camera
reduces the thermal noise of the systems, increasing signal-
to-noise ratio and preserving spectral sensitivity. Indeed,
these cameras are sensitive to light across the entire visible
spectrum and into the near-infrared. CCD cameras used for
in vivo imaging of living mice are mounted inside a light-

tight box in which the anesthetized mice are placed and
imaged. Typically, the camera is accompanied with computer
software for image data acquisition and analysis. The
software converts electron signals into a two-dimensional
image, quantifies the intensity of the emitted light (number
of emitted photons striking the detectors), and converts these
numerical values into a pseudocolor graphic. The actual data
are measured in photons, but the pseudocolor graphic enables
rapid visual interpretation. The data are quantified by region-
of-interest (ROI) analysis, measuring photon flux from
bioluminescence. For quantification purposes, it is important
to bear in mind that there is a variable attenuation of light
by different organs and tissues. For example, less light will
be detected from the same number of molecules of luciferase
in the liver as compared to the lung.6 Most commercially
available CCD cameras are equipped to generate an anatomi-
cal image, as well as the optical emission image, and the
software superimposes these images for visualization and
interpretation.7 Several companies have developed systems
specifically designed to measure light emission from small
animals. Among these, the most commonly used is the IVIS
imaging system, Xenogen Corp.8 Other CCD-based imaging
systems have been developed including devices from Ber-
thold Technologies, Roper Scientific, Hamamatsu Photonics,
and Biospace. The last has recently developed a new imaging
device that permits studies with subsecond temporal resolu-
tion in nonanaesthetized and unrestrained mice expressing
firefly luciferase or green fluorescent protein.9 The system
is based on an intensified CCD camera (ICCD) in a photon
counting mode and includes a video monitoring function to
track the animals. Unlike cooled CCDs, this technique
enables fast kinetic imaging, which makes this method
convenient for imaging moving animals. This new instrument
would allow BLI where anesthetics are suspected to cause
physiological interference, such as studies monitoring neu-
rological process or calcium signaling.

Overall, BLI is a simple and rapid imaging technique as
compared to others for preclinical studies, with accessible
costs, making this technique relatively inexpensive and
available for most research laboratories.

It is important to keep in mind that all conventional devices
produce 2D images. The optical signals coming from a given
ROI may therefore represent the summation of overlapping
anatomic structures. Moreover, because the spatial resolution
of BLI is 2-3 mm, the technique cannot differentiate
between sources of light emanating from anatomical sites
that are close together. Recently, a device has been developed
that allows a 3D diffuse luminescence tomography (DLIT).
DLIT is a method that takes into account the scattering and
absorption of light in tissue and provides an estimate of the
3D location and brightness of the light-emitting sources (IVIS
200 Imaging System).

Another strategy for optical molecular imaging in living
animals uses fluorescent proteins, endogenous fluorochromes,
or injected optical contrast agents that incorporate visible
light fluorophores, near-infrared fluorophores, or activatable
fluorophores.10,11 In this strategy, called fluorescence imaging
(FLI), an external light of appropriate wavelength is used to
excite a target fluorescent molecule, followed almost im-
mediately by emission of longer-wavelength, lower-energy
light for imaging. The use of fluorescent proteins as reporter
genes such as green fluorescent protein (GFP) and related
molecules, or fluorescent molecules such as optical contrast
agents, allows noninvasive FLI.

Figure 1. The instrument used for luminescence is based on an
ultrasensitive cooled CCD camera connected with a dark box. In
the box, there is a shelf heated at 37 °C where the mice are
positioned and a manifold system to deliver isoflurane to sedate
the mice during imaging. The CCD camera detects light coming
from reporter cells or transgenic mice tagged with luciferase. The
images are collected and quantified by advanced dedicated software.
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Therefore, the use of fluorescent probes is conceptually
similar to the use of radiolabeled probes in molecular nuclear
medicine imaging.

In particular, FLI is accomplished by trans-illumination
or reflection at single or multiple excitation wavelengths.
Emission and excitation filters in the range from 450 to 800
nm enable fluorescent imaging from the visual region, such
as of GFP, up to the near-infrared region. Image analysis
software is able to distinguish different fluorescent reporters
by using software for spectral unmixing, eliminating auto-
fluorescence and reducing crosstalk between reporters.12 In
the IVIS system, an integrated fluorescence system (excita-
tion filters from 400 to 900 nm are available) allows FLI of
fluorescent proteins generated by pathogens. Similar to
bioluminescence, tomographic optical imaging techniques
have been developed, such as fluorescence molecular to-
mography (FMT), that overcome the 2D limitations and
improve the accuracy of data analysis.13,14 Quantitative
tomography systems, based on VisEn’s FMT technology,
allow researchers to achieve a high quality and accurate
quantification of images in vivo. VisEn has developed and
optimized for use in the near-infrared spectral region a range
of biocompatible fluorescence agents, which when working
within the near-infrared spectral region (600-900 nm)
minimize the background coming from tissue autofluores-
cence. An imaging system optimized for NIR fluorescence
is the fluorescence time-domain (TD) imaging system
produced by GE Healthcare to visualize, characterize, and
quantitate biological processes in living animals.

Finally, fluorescence lifetime imaging microscopy (FLIM),
which provides spatial variations in fluorescence lifetime of
the probe, has become established as an extremely powerful
technique in the physical and life sciences. The image is
largely independent by concentration and intensity but is
sensitive to the environmental surroundings of the fluoro-
phore, for example, pH and/or viscosity.15 While in cell
biology FLIM is commonly used for measuring protein-
protein interactions via Förster resonance energy transfer
(FRET) in intact cells, this technique in living animals is
not yet commonly used.

One caveat in the implementation of FLI is the natural
autofluorescence of tissues. To partially resolve this problem,
manufacturers have developed filter sets and algorithms for
unmixing spectra of several different fluorescent signals,
resulting in greater sensitivity for detecting multiple fluo-
rescent reporters in vivo. Another crucial issue is the
wavelength of emitted light that substantially affects trans-
mission through tissues. Wavelengths from 650-900 nm
preferentially transmit through tissues because absorption by
hemoglobin, lipids, and water is lowest in this range.

2.2. Nuclear Medicine Imaging
Nuclear medicine imaging is characterized by the use of

radiopharmaceuticals (radiolabeled probes) that, administered
in pico- and nanomolar amounts, take part in biochemical
and physiological processes and in this way allow assessment
and visualization and quantitation of these processes in vivo.
Radiopharmaceuticals will be discussed in detail in another
section of this Review. Briefly, a radiopharmaceutical
consists of a targeting compound (the drug or probe) labeled
with a radionuclide (an unstable isotope). Depending on the
radionuclides used, positron emitters or single photon emit-
ters, the tomographic equipment specifically designed ac-
cording to the intrinsic physical characteristics of these

radionuclides is classified as positron emission tomography
(PET) or single photon emission computed tomograpy
(SPECT), respectively. Decay of SPECT isotopes by single
photon emittion results in the production of γ rays, while
PET isotopes emit �+ particles (positrons), which, upon
collision with electrons, produce two colinear γ rays of 511
keV that are then detected. This signal is captured by external
detectors, allowing in vivo assessment of the aforementioned
processes.

2.2.1. PET

PET radionuclides are mostly produced by irradiation of
target material with highly accelerated protons or deuterons
using a cyclotron. Commonly used radionuclides in PET
imaging are carbon-11, nitrogen-13, oxygen-15, and fluo-
rine-18 with relatively short half-lives varying from 2 to 110
min. As these radionuclides resemble building blocks of
biological life, they may be incorporated into relevant
molecules using radiochemical methods. Radioactive decay
takes place through emission of a positron. Following
administration to a patient, the positron interacts after a short
distance with an electron from surrounding tissues resulting
in annihilation. During the annihilation, the masses of
positron and electron are converted into energy according
to Einstein’s formula E ) mc2. The energy appears as two
photons with energy of each 511 keV emitted under an angle
of 180° from each other.16 For the coincident detection of γ
rays, the PET camera disposes of an annular configuration
of crystals coupled to an electronic circuitry. This allows
coincidence detection of two simultaneously emitted photons
within 10 ns. As a result of the coincidence detection process,
two fundamental physical limits can occur in PET imaging.
The first is due to the small deviation from perfect colinearity
(180 ( 0.25°) that results from the residual momentum of
the positron and electron before annihilation. The second
results from the finite distance traveled by the positron before
annihilation, commonly referred to as the positron range.17

PET shows a higher spatial resolution (full width at half-
maximum) of 4-5 mm as compared to conventional SPECT
with a resolution of approximately 8-15 mm. So-called
micro-PET cameras used for small animal imaging reach a
resolution of 1-2 mm.18 Challenges and limitations of small
animal PET have to do among others with relative volumetric
differences in organs and tissues between humans and small
animals and herewith related the need for specific detector
designs and adequate specific activity, allowing meaningful
sensitivity and resolution.19

Over the past 30 years, detector technologies for PET have
progressed from the simple photomultiplier scintillator as-
sembly to advanced block and Anger readout schemes with
solid-state detectors, such as avalanche photodiodes. The
arrival of high-luminosity scintillators, such as LSO-like
cerium-activated materials and LaBr3, and improved elec-
tronics have made time-of-flight (TOF) PET clinically
realistic.17 With conventional (non-TOF) data acquisition,
the emission position between coincident detectors is not
known, and all pixels along the line-of-response must be
incremented by the same amount during image reconstruc-
tion. With TOF PET, the emission position can be ap-
proximated along the line-of-response, and each pixel on the
line-of-response can be incremented accordingly by the
probability that the source is located in a few pixels.17 A
trend in recent years has been toward the development of
large axial aperture systems that can collect data in a full

3116 Chemical Reviews, 2010, Vol. 110, No. 5 Signore et al.



3D geometry. Extending the axial field of view is more
efficient rather than improving detector efficiency to increase
sensitivity and reduce imaging time, especially for whole
body imaging. Although the larger axial extent increases
the number of detectors and electronic channels, it makes a
more efficient use of the detector volume and, more
importantly, of the injected dose to the patient.17 After
injection of the radiopharmaceutical, the distribution can be
followed in time in a part of the body (dynamic scan) or by
moving the bed into several positions (static whole-body
scan).16 A general approach to dynamic PET imaging consists
of independently reconstructing tomographic data with each
dynamic frame. Recent work has indicated that the avail-
ability of list-mode acquisition in modern PET scanners in
which the time of detection of each event is also stored can
be used to further improve temporal resolution.20

Human and small animal PET technologies, when properly
calibrated, provide quantitative images of radionuclide
concentrations. There are a number of methods to convert
these quantitative image data sets into estimates of tissue
biology (such as estimates of protein concentrations and
ligand binding characteristics). Most of these techniques
require the acquisition of a temporal sequence of images to
characterize regional PET tracer kinetics. Knowledge of the
time course of the PET tracer concentration in the arterial
blood is often necessary as an input function for mathematical
tracer kinetic models that are fit to regional tissue time
activity curves providing estimates of biological parameters.19

Molecular imaging agents coupled with advanced data
analysis methods support the application of PET for the
assessment of normal biological processes, the assessment
of changes in biological processes associated with disease
formation and progression, and the ability to monitor the
response of healthy and diseased tissue to therapeutic
intervention. PET imaging is also utilized in the drug
discovery process to provide information about novel drug
distribution, drug occupancy at specific biological targets,
and biological responses to drug exposure.19

With this regard, although most PET radiopharmaceuticals
are relatively short-lived, longer lived PET radionuclides such
as copper-64, iodine-124, or even zirconium-89, with a half-
life of 78.4 h, are now being explored for labeling antibodies
to get the best of both worlds: PET resolution and sensitivity
and an adequate half-life.21

2.2.2. SPECT

SPECT is similar to PET in its use of radiopharmaceuticals
and detection of γ rays. Unlike PET, however, the radiop-
harmaceuticals used in SPECT emit γ radiation, which is
measured directly. Also, the levels of energy of the emitters
used in SPECT are lower than those used in PET. SPECT
radionuclides are single photon emitters with a half-life in
the order of magnitude of several hours. Technetium-99m
with a half-life of 6 h is the most commonly used single
photon emitter and is available as the product of a generator.
The generator consists of a mother isotope molybdenum-99
attached onto a column and decaying to the aforementioned
daughter isotope (Figure 2). The half-life of 66 h of the
mother isotope produces a source of technetium-99m being
continuously available on demand. Other frequently used
SPECT tracers are the cyclotron products iodine-123 with a
half-life of 13.1 h and indium-111 with a half-life of 2.8
days. Unlike the substitution and incorporation of the
positron-emitters in PET, single photon emitters such as

technetium-99m are mostly attached with a radiochemical
process using so-called spacers and chelators, while iodine-
123, for example, can be directly bound to thyrosin residues
of proteins. Because of the longer half-life of some single
photon emitters, SPECT offers the possibility to widen the
observational time window, thus allowing observation of
biological processes in vivo several hours or days after
administration of the labeled compound.20,21 This may be
relevant for the assessment of substances with a longer
biological half-life such as antibodies and labeled cells.

SPECT imaging is performed using a γ camera to acquire
multiple 2D images from multiple angles. Most commercially
available SPECT systems nowadays consist of dual-head
systems, using two opposite detectors. A computer then
applies a tomographic reconstruction algorithm to the
multiple projections, yielding a 3D data set. This data set
may then be manipulated to show slices along any chosen
axis of the body, similar to those obtained from any other
tomographic techniques. To acquire SPECT images, the γ
camera is rotated around the patient, and projections are
acquired at defined points during the rotations.18

To obtain spatial resolution, single photon emitters also
impose the need for a mechanical solution using collimators
at the expense of sensitivity. Obviously, a trade-off between
sensitivity and resolution has to be found for any given type
of acquisition. The total performance of a collimator depends
on the size of the collimator holes, the thickness and the
length of the septa, and the source.22 This results in a
sensitivity that is 2 or 3 orders of magnitude lower than for
PET. In SPECT, the use of specialized collimators, for
example, slant-hole, is viewed as a technique for improving
sensitivity without degrading image resolution. Furthermore,
pinhole SPECT technology is seen as an area of interest,
particularly due to its ability to enhance resolution capabilities
in SPECT (to submillimeter range) and to offer the possibility
of stationary small animal SPECT imaging.20 There are
several problems one has to deal with in an attempt to present
a correct image. The reconstruction from the acquired data
is based on a mathematical model for the acquisition process.
Because of the complexity of that process (scatter, attenu-
ation, depth-dependent resolution, partial volume, noise, etc.),
some approximations have to be introduced. The resulting
deviations between the mathematical model and the true
acquisition process cause artifacts in the reconstructed image.
Correction techniques can be applied to both filtered back
projection (FBP) and iterative reconstructions. The recon-
struction is always based on a mathematical model, and the
main difference between both techniques lies in the calcula-
tion of inverse operator. In FBP, the inverse operator is
analytically calculated assuming certain approximations; in
iterative reconstruction, however, the inverse problem is
calculated numerically. With the latter method, the model

Figure 2. Decay scheme of technetium-99m.
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can be incorporated in more accurate way.22 While using
SPECT FBP may still be the clinical reality, iterative
reconstruction is considered the standard in PET reconstruc-
tion. Besides primary detected photons, the system will also
detect photons, which have interacted with the object with
resulting loss of energy. The scatter contribution will depend
on the distribution of the scatter material in the field of view.
Correction techniques should take into account these proper-
ties. In the dual and triple window techniques, windows are
used to calculate scatter fraction under the main photopeak.
It is also possible to use energy-based scatter corrections,
while convolution-deconvolution techniques try to model
the scatter component in the acquisition.22 Incorporation of
nonuniform attenuation in SPECT as well as collimator
detector response and scatter modeling into statistical iterative
image reconstruction algorithms is seen as an area of
considerable potential toward artifact-free quantitative SPECT
imaging. Finally, while simultaneous dual tracer imaging is
impossible to perform using PET because all of its detected
photons are of the same energy (511 keV), multiple energy
windows can be used in SPECT for simultaneous imaging
of radiotracers of different energies.20

2.3. Hybrid Imaging
Hybrid approaches have become popular in biomedical

imaging because they provide complementary synergistic
information, with the patient being in the same position.

2.3.1. Software

In addition to simple visual alignment or the use of
stereotactic frames that are undesirable or inconvenient in a
diagnostic setting, sophisticated image fusion software was
developed from the eighties onward. For relatively rigid
objects, such as the brain, software can successfully align
images from MRI, CT, and PET, whereas in more flexible
environments such as the rest of the body, accurate alignment
is more difficult because of the large number of the possible
degree of freedom. Software fusion is also dependent on
matching common features that are extracted from the image
or from markers placed on the patient. Functional imaging
modalities such as PET and SPECT often lack reliable
anatomic correlation and have coarser spatial resolution and
greater noise levels than CT or MRI.23 Various types of
algorithms are available for the matching of medical images
from the same or from different modalities; co-registration
algorithms based on voxel properties consist of similarity
or dissimilarity measures and an iterative or non iterative
method minimizing the dissimilarity or maximizing the
similarity between the two images by a transformation of
one image relative to the other.24

2.3.2. PET-CT

A combined or multimodality scanner such as PET-CT
can acquire coregistered structure and function in a single
study. A further advantage is that the anatomical information
of CT can be used to further improve quantitation of
functional images through more accurate attenuation, scatter,
and partial volume corrections. CT-based attenuation cor-
rection has become the de facto standard for PET-CT. Since
the commercial introduction of the technology in PET-CT
in 2001, adoption of the technology has been rapid,
particularly in oncology. The improvement in accuracy of

PET-CT as compared to PET or CT for staging and restaging
is statistically significant and averages 10-15% over all
cancers.23 Although the benefits of CT-based attenuation are
now well-known and documented, a number of challenges
have emerged. There are two main concerns: The first is the
presence of materials in the patient with Zeff (effective atomic
number) values that do not conform to the basic assumptions
in the bilinear model, used to convert CT numbers (Houn-
sfield units) to linear attenuation coefficients (µ) at 511 keV.
Examples include metallic objects, dental hardware, calcified
lymph nodes, intravenous, and oral contrast. The second is
mismatch between the CT caused by patient respiration,
cardiac motion, and bowel movement. Regarding breathing,
currently the simplest and most widely used protocol is
shallow breathing for both CT and PET. With the incorpora-
tion of fast CT into PET-CT, the incidence of related artifacts
has been greatly reduced.

Despite the aforementioned problems, the advantages of
hybrid imaging, which include convenience and short
acquisition times, largely outweigh the drawbacks. Finally,
as with human PET imaging, there are ongoing efforts to
integrate micro-PET with complementary imaging modali-
ties, including optical and bioluminescence imaging, high
resolution CT, and MRI.19

2.3.3. SPECT-CT

The advantages and disadvantages of SPECT-CT parallel
those of PET-CT in many ways. Using a combined system,
one can now sequentially acquire both anatomic and
functional information that is accurately fused in a single
examination. For imaging infection, early reports indicate
that SPECT-CT increases specificity and may significantly
affect disease management. A second important feature is
the ability to correct the nuclear emission images for
attenuation and scatter to obtain more accurate image data.
The benefits of using CT for attenuation correction as
opposed to a radionuclide transmission source include less
noise, faster acquisition, no influence on CT data by the
SPECT radionuclide, and no need to replace decayed
transmission sources.

Unfortunately, a potential disadvantage is that there is a
sequential acquisition of CT data and SPECT data; therefore,
misregistration can occur with patient movement, leading
to an artifact on the corrected scintigraphic images. This not
only affects anatomic localization but also produces an
incorrect attenuation map, causing defects on the attenuation
corrected images. Furthermore, movement can result from
respiratory and cardiac motion or sagging of the emission
table. Other sources of error include CT truncation, metal
artifacts, and beam hardening artifacts. Truncation, which
occurs because the smaller CT field of view may not account
for part of the patient beyond the field of view, can result in
an incorrect attenuation correction map and reduce image
quality, particularly in large patients. Quality control pro-
grams should ensure correct alignment, and patient motion
should be corrected for.25

2.3.4. PET-MRI

PET-MRI adds the major advantage of combining bio-
chemical information with the strength of MRI for defining
soft tissue and providing additional biomedical parameters.
As compared to other multimodality imaging approaches
such as PET-CT and SPECT-CT, PET-MRI is still at an early
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stage. The first prototype systems clearly show that, as
compared to SPECT-CT and PET-CT, PET-MRI is engi-
neered to allow simultaneous data collection, which is so
far a unique feature and allows a temporal correlation of the
measured data sets. It seems that the technical hurdles of
engineering an MR compatible PET system that can be fully
integrated into an MRI are understood. These include among
others the influence of magnetic and radiofrequency (RF)
fields on the imaging properties of both devices by using
avalanche photo diodes (APD) and adding proper RF
shielding. The next steps are to concentrate on the design of
adequate PET inserts comparable to the commercial animal
PET modules and in the development of software tools and
imaging protocols.26 Hence, the first commercially available
whole-body PET-MRI systems are expected in 2011.

3. Probes and Animal Models for Optical Imaging
of Inflammation/Infections

3.1. Molecular Reporter Probes for Optical
Imaging
3.1.1. Bioluminescence Imaging

Recently, BLI has emerged as a powerful technique for
monitoring microbial pathogenesis in living animals. BLI
technology has been applied in studies to monitor dissemina-
tion and progression of viral and bacterial infections, chronic
and acute inflammation, cell transplantation, tumor growth
and metastasis, response to therapy, drug discovery, and gene
expression.1,27-29

BLI detects light produced by the enzymatic reaction of a
luciferase enzyme with its substrate in the context of living
animals. This enzymatic production of visible light is a
naturally occurring phenomenon in many nonmammalian
species, and there are a variety of luciferase enzymes coming
from different organisms. Many of these have been used to
transfect both pathogens and host cells.30

Bioluminescence can be isolated from organisms like the
firefly (Photinus pyralis) or the sea pansy (Renilla renili-
formis) or can be aquired from bacterial lux operons
(Photorhabdus luminescens, Xenorhabdus luminescens).29

Interestingly, all identified species of naturally occurring
marine and terrestrial bioluminescent bacteria are Gram-
negative. Lux operons from bacteria, such as Photorhabdus
luminescens and Xenorhabdus luminescens, have been used
to image the pathogenesis of a plethora of Gram-negative
bacteria strains, such as Salmonella and Escherichia coli.6,31

While the lux operon of P. luminescens has been expressed
successfully into a variety of Gram-negative bacteria to
confer a bioluminescent phenotype, the transformation of
Gram-positive bacteria to a light phenotype has been limited

due to the different genetics of these Gram-positive bacterial
groups. Indeed, the lux operon is expressed poorly in Gram-
positive bacteria, and to be expressed the promoter of the
operon has been modified and a redesigned lux operon
containing Gram-positive transcriptional start sites has been
used in Gram-positive bacteria such as Staphylococcus
aureus and Streptococcus pneumoniae.32,33 Bacterial lux
operons contain all five genes required for bioluminescence,
so bacteria do not require an exogenous substrate to produce
blue light. In particular, luxAB operon, codify for the
expression of the luciferase enzyme and the luxCDE operon,
is responsible for biosynthesis of the polypeptides substrate
for the luminescence reaction.34 Bacterial luciferase catalyzes
the oxidation of reduced flavin mononucleotide (FMNH2)
and a long-chain fatty aldehyde (R-CHO), resulting in the
emission of a blue-green light at 490 nm (Figure 3).
Bioluminescent bacteria could be detected in vivo in murine
models, and the bioluminescence is closely correlated with
the number of viable bacteria. However, it has been observed
that bioluminescence could be influenced by temperature as
well as by the oxygen concentration during growth.32 Indeed,
luciferase is an oxygenase enzyme and requires oxygen to
function as a reporter. Moreover, another important factor
of bioimaging variability is the growth phase-dependent
metabolic state of organisms that may result in differential
expression of luciferase and luciferase substrates and light
emission. A growth phase dependence of bacterial lumines-
cence, showing a dramatic decrease in bioluminescence in
the stationary phase, has been described.33 Although there
are efforts to use these operons in eukariotic cells, so far
they have been successfully used in the yeast Saccharomyces
cereVisiae and with limited success in mammalian cells.35

The most common reporter used in eukariotic cell mo-
lecular imaging is the firefly (Photinus pyralis) luciferase,
normally a heat-unstable enzyme with a biological half-life
of approximately 2 h. Heat-stable variants of firefly luciferase
have been recently produced.36 These mutant enzymes are
very promising due to their greater light emission, but they
are not yet used routinely. However, the short half-life of
the wild type firefly luciferase allows studies of the dynamics
of biological processes such as changes in pathogen replica-
tion, promoter activation, etc. Mammalian cells do not
produce the substrate for the light producing process, the
luciferine, and it must be delivered systemically. The
substrate (luciferin) distributes throughout the animal rapidly
after intraperitoneal (i.p.) or intravenous (i.v.) injection at
saturating levels for the luciferase reaction (about 2.5 mg
per 25 g in mice38). Moreover, it has been demonstrated that
luciferase passes across blood-tissue barriers including
placenta.39 It can therefore be imaged in any organ. The
enzyme oxidizes luciferin in a reaction that requires oxygen

Figure 3. LuxAB form the R- and �-subunits of the luciferase enzyme that catalyzes the oxidation of reduced flavin mononucleotide
(FMNH2) and a long-chain fatty aldehyde (R-CHO), generated by the LuxCDE proteins. This results in the emission of a blue-green light
at 490 nm.
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and adenosine triphosphate (ATP), emitting light with a broad
emission spectrum with a peak at approximately 560 nm
(Figure 4A). Because of tissue attenuation, only the red
component of the emission spectra is useful for imaging.
Studies of photon diffusion through tissues have indicated
that as few as one hundred bioluminescent cells could be
detectable at subcutaneous tissue sites.4 Recently, the genera-
tion of red-shifted variants of these enzymes has been
described.37

Light from firefly luciferase peaks 10-12 min after
injection of luciferin and decreases slowly over the next 60
min,38 providing a broad time window for image acquisition.
Typically, imaging begins 8-10 min after injection.

Other luciferases such as Renilla from sea pansy40 and
luciferase from marine copepod react with a different
substrate, coelenterazine, to produce blue light with an
emission peak at approximately 480 nm (Figure 4B). They
are ATP-independent and are smaller than firefly luciferase,
giving them an advantage for integrating into host genomes
to produce fusion proteins.41 The substrate is injected into
the vascular systemic by intravenous or intracardiac route,
and imaging begins as soon as possible. Indeed, Renilla
luciferase peaks at 1 min after injection of coelenterazine
and then declines in 10 min. These enzymes have been used
successfully for BLI studies; however, the high background
due to the blue emission wavelength of these enzymes, the
poor distribution, and the rapid kinetics of coelenterazine in
small animals have limited their application.40,42 The genera-
tion of red-shifted variants of these enzymes will probably
improve their use in the future.43 Although Renilla luciferase
has begun to be used, so far the firefly luciferase is the most
commonly used in experimental bioluminescent imaging
applications.

Renilla luciferase and the bacterial lux operon luciferase
have peak emissions at 480 and 490 nm, respectively, while
firefly luciferase is at 560 nm. This raises the possibility of
simultaneously imaging two different biological processes
using spectral filters to distinguish light produced by each
enzyme. Moreover, as described above, firefly and Renilla
luciferase use different substrates, and the lux operon does
not require a substrate allowing further discrimination of the
light produced by these three enzymes. The use of two of
these reporter genes to image two different biological
processes is described in a very interesting study on S.
pneumoniae where the authors have combined the two

bioluminescent systems to simultaneously image bacterial
replication and host response.44 It is clear that this multicolor
strategy to image both the pathogen and the host response
will allow important comprehensive studies of the pathogen-
host interaction biology in the future. However, it is
important to note that the depth-dependent spectral shifts in
the emitted light of the different luciferases could affect
quantification of imaging data.

3.1.2. Fluorescence Imaging

In fluorescence imaging, in contrast to bioluminescence
imaging, an excitation light illuminates the subject, and a
camera detects the emitted fluorescence. Cells can be labeled
with fluorescently labeled antibodies or express GFP. Like
bioluminescence, the procedure generally involves transduc-
tion of the GFP gene into cells or tissues. To improve
fluorescence imaging in deeper tissues, there are ongoing
research efforts to develop fluorescent proteins in the far red
or near-infrared spectrum.45-47 Indeed, absorption and fluo-
rescence of GFP in the visible region, coupled with increased
light scattering, may hinder the use of GFP for high-
resolution imaging of deep tissues in vivo. Nonetheless,
varieties of microbes have been transformed with GFP
variants and have shown significant promise for the study
of pathogenesis.48,49

Because of the high tissue penetration of light as well as
poor autofluorescence, there is significant interest in applica-
tions of exogenous optical contrast agents conjugated with
fluorophores. Exogenous contrasts could be either organic
fluorophores (NIR fluorophores) or inorganic fluorescent
semiconductor nanocrystals, called quantum dots (QDs).
Molecules that absorb in the near-infrared (NIR) region,
700-1000 nm, can be efficiently used to visualize in vivo
molecular targets because most tissues generate little NIR
fluorescence. The most common organic NIR fluorophores
are polymethines, among which the indocyanines are the
most widely used with a peak excitation at 760-800 nm
and peak emission at 790-830 nm. Their applications for
in vivo fluorescence imaging have been summarized in a
recent review.50

Another approach with exogenous agents involves the use
of activated optical probes. Upon proteolysis these fluoro-
phores are released into the surrounding environment,
enabling the generation of florescence signals. An example

Figure 4. Bioluminescent reactions catalyzed by firefly and renilla luciferases. (A) Firefly luciferase, in the presence of oxygen and in an
ATP-dependent manner, catalyzes the oxidation of luciferin to oxyluciferin, which yields light at 560 nm. (B) Renilla luciferase, in the
presence of oxygen, catalyzes the oxidation of coelenterazine to coelenteramide, which yields light at 480 nm.
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of these agents is the ProSense 680 probe that is a composite
polymer containing a poly-L-lysine backbone on which
quenched NIR fluorophore and several polyethyleno-glycol
side-chains are attached. ProSense 680 is preferentially
hydrolyzed by cathepsin B. Recently, Gounaris et al. have
reported that this cathepsin inducible fluorescent probe is
useful to image the local density of pro-inflammatory cells,
infiltrating the lesions in a mouse model of hereditary colon
cancer.51

Organic fluorophores are highly susceptible to photo-
bleaching, which limits the sensitivity of detection, while
QDs are remarkably resistant to photobleaching. QDs are
synthesized in organic solvents, and typically comprise an
inorganic core and inorganic shell of metal; and, for in vivo
imaging, they are additionally coated with an aqueous
compatible organic layer. QD fluorescence emission can be
tuned to virtually any discrete wavelength, and absorption
is broadband. QDs that emit at several different wavelengths
can be excited with a single wavelength, and thus are suitable
for multiplex detection of multiple targets in a single
experiment.52

A recent development of probes for molecular imaging is
the construction of a triple fusion gene that codifies for a
bioluminescent, fluorescent, and positron emission reporter
fusion protein.53,54 Although this strategy has not yet been
used for pathogenic diseases, it is likely that it will become
an important tool for determining location, magnitude, and
time variation of infections in small animals in the future.

3.2. Cellular and Animal Models for BLI
Infectious and Inflammatory Diseases

The imaging strategies used so far to monitor bacterial
and/or viral infections are based on the possibility to engineer
bacterial or viral strains to express luciferase genes.

As already described above, bacteria strains can be
manipulated to express genes from bacterial lux operons. The
lux operon encodes all proteins required for bioluminescence,
including the luciferase and the substrate. Bacteria that
express a lux operon constitutively produce bioluminescence
without the need for an exogenous substrate.

Firefly and/or Renilla luciferase enzymes are widely used
in BLI strategies to visualize infection, replication, and
dissemination of recombinant viruses engineered to express
them. Until today, there are few literature reports of the use
of fluorescent reporter genes or molecules to image infections
and/or inflammation by optical imaging. Recently, NIR
fluorescent probes, having strong affinity for the surfaces of
bacteria, were used to image infections of Gram-positive
Staphylococcus aureus in living mice. In particular, the
fluorescent imaging probe was composed of a bacterial
affinity group conjugated to a near-infrared dye. The affinity
group is a synthetic zinc(II) coordination complex that targets
the anionic surfaces of bacterial cells. The probe allows
detection of S. aureus infection in a mouse leg infection
model using whole animal NIR fluorescence imaging.55,56

Interestingly, the same group has also developed fluorescent
quantum dots that can selectively stain a rough Escherichia
coli mutant permitting optical detection in an infected mouse
thigh.57

Here, we review the most relevant recent papers describing
the use of BLI and luciferase enzymes for imaging infection
and inflammation. For additional references, readers can refer
also to other recent reviews.28,29

3.2.1. Bacterial Infections

The first example of BLI applied to bacterial infection is
described in the paper by Contag and colleagues.31 Using
BLI, they were able to compare, in intact mice, the virulence
of three strains of Salmonella typhimurium, which carried
the lux genes of P. luminescens on a multicopy plasmid. A
few years later, a different group, using the same lux operon,
conferred bioluminescence on a clinically isolated Escheri-
chia coli strain. They used this strain to quantitatively validate
in vivo that BLI could be used to detect bacterial replication
and to measure antibiotic efficacy.6 The P. luminescens lux
operon is not useful for Gram-positive bacteria, but Francis
and colleagues modified the P. luminescens lux operon and
used it to generate bioluminescent Staphylococcus aureus
and clinically isolated Streptococcus pneumoniae strains
capable of producing high levels of light.32,33,58 With these
studies, they opened the route for the development of in vivo
imaging of antibiotic efficacy studies designed to monitor
gram-positive infections in animal models. Later, biolumi-
nescent S. aureus and Pseudomonas aeruginosa models were
used for monitoring catheter-related chronic biofilm infec-
tions and to evaluate the therapeutic efficacies of antimicro-
bial agents as well as post antibiotic effects and regrowth of
biofilm bacteria in living animals by bioluminescent
imaging.59,60 Bioluminescent S. aureus strains have also been
used to evaluate the therapeutic efficacies of a single dose
of daptomycin in live mice and to compare this bacterial
killer with that of other commonly used antibiotics. The
authors used methicillin-susceptible S. aureus (MSSA) and
methicillin-resistant S. aureus (MRSA) strains genetically
modified to express the lux operon in a model of peritonitis
in healthy and neutropenic mice. The bactericidal activity
of daptomycin was greater and more rapid than the compara-
tive drugs in both healthy and neutropenic mice.61 A study
by Hardy et al.62 emphasizes the ability of BLI to reveal
unexpected microbial replication. The authors generated
bioluminescent Listeria monocytogenes and showed that
upon oral infection, it enters a latent period followed by re-
emergence some days later. They observed that the re-
emergence of the signal in orally infected mice can occur in
various organs such as the gut, the liver, or the gallbladder.
Interestingly, their results also support the hypothesis that
during the latent period the bone marrow is a niche for L.
monocytogenes. A recent study by Cronin and colleagues63

reported the use of a Lux operon-based reporter system for
Bifidobacterium species. They observed in intact mice the
colonization potential and persistence of this probiotic species
and identified the cecum as a niche environment for
Bifidobacterium in mammalian hosts. The impact of the
bioterrorism event in the U.S. after 2001 provided the
impetus for researchers to study the early steps in establish-
ment of pulmonary anthrax. For this purpose, they trans-
formed Bacillus anthracis with the lux operon under control
of the spore small acid-soluble protein B (sspB) promoter.
After intranasal infection of mice with spores that harbored
the germination reporter, they observed that the primary site
of B. anthracis spore germination is the lung.64

A transgenic mouse model has been developed to study
the host inflammatory response to infections in living animals
by BLI. Glial fibrillary acidic protein (GFAP) is considered
to be a biomarker for monitoring neuronal activity under
development and pathological conditions. Transgenic mice
carry the luciferase gene under the transcriptional control of
the mouse GFAP promoter and have been used to monitor
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the host response to S. pneumoniae infections. In this
interesting study, the bacterial strain was engineered with
the lux operon. On the basis of the different spectra of light
emission and substrate requirements for bacterial and firefly
luciferase, the authors were able to separately monitor both
the pathogen and the host neuronal damage and recovery
following antibiotic treatment. This study is one of the few
that combines the use, as report genes, of two different
luciferases.44

3.2.2. Viral Infections

Viruses can also be engineered to encode luciferase.
Several reports of bioluminescent herpes simplex Virus
models have been reported by Luker and colleagues. First,
they have engineered herpes simplex Virus type 1 (HSV-1)
using both firefly and Renilla luciferases. Viral infection,
replication, and spread in a mouse model were then evalu-
ated. While firefly luciferase activity was detectable in the
footpads, peritoneal cavity, brain, and eyes after systemic
administration of the luciferase substrate, the Renilla lu-
ciferase activity was only detectable in the eyes, demonstrat-
ing the increased usefulness of firefly luciferase as compared
to Renilla.65 Indeed, it seems that the pharmacokinetics and
bioavailability of the Renilla substrate, coelenterazine, after
systemic administration limit the in vivo bioluminescent
reaction. This limitation potentially could be overcome by
increasing the dose of coelenterazine, but, from a practical
perspective, the high cost of coelenterazine represents a
disadvantage.

Next, using this model, they have dissected the effects of
different interferons in limiting systemic dissemination of
HSV-1, further validating the use of bioluminescence imag-
ing for studies of viral pathogenesis.66 Finally, as an
alternative approach to facilitate BLI studies of HSV-1, they
have developed a transgenic reporter mouse that expresses
firefly luciferase in response to HSV-1.67 The transgene
comprises a fragment of the promoter from HSV-1 thymidine
kinase linked to firefly luciferase. In these mice, the expres-
sion and the activity of the enzyme reproduce the spatial
and temporal progression of HSV-1 infection observed using
the luciferase engineered HSV-1 strain, indicating that this
reporter mouse can be used to quantify HSV-1 viral infection
in vivo without constructing reporter virus.

Antimicrobial compounds often progress into clinical trials
based on demonstration of in vitro activity in cell-based
assays. For evaluating antiviral compounds against hepatitis
C virus (HCV) in living animals, Zhu and colleagues68 have
reported the development, validation, and application of a
xenograft bioluminescent HCV mouse model. The model
utilizes a hepatoma cell line expressing a luciferase reporter
linked to the HCV subgenome. These cells are implanted
subcutaneously or directly into the liver of gamma (γ)-
irradiated SCID mice, and a significant reduction in the viral
replication levels was observed by BLI after treatment with
interferon. Bioluminescence imaging has also been success-
fully used for real-time monitoring of the dynamic interaction
of different luciferase-expressing γ herpes viruses with their
hosts.69,70 These studies have identified the salivary glands
as novel sites of viral replication as well as the nose as an
entry point. Moreover, continuous monitoring of infection
in individual mice allows the assessment of the dynamics
of transition to different organs and the local clearance. A
bioluminescent model for studying the infection and dis-
semination of a RNA virus has been developed by Cook

and Griffin.71 These authors have used a luciferase-expressing
recombinant Sindbis Virus for studies of viral entry into the
central nervous system. They have demonstrated that the
amount of light generated directly reflected the amount of
infectious virus in the brain and that this imaging strategy
can quantitatively substitute for traditional methods of
assaying virus replication. Interestingly, they observed that
after viremic spread the virus entries into the nervous system
by retrograde axonal transport from neurons innervating the
initial site of the virus replication. Recently, Zaitseva et al
have employed whole-body bioimaging to follow the dis-
semination of vaccinia virus expressing luciferase in live
animals. Interestingly, the measurements of photon fluxes
have been shown to correlate in linear fashion with viral
loads in internal organs in vaccinia virus-infected mice,
suggesting that bioluminescence provides a direct measure
of viral dissemination.72

3.2.3. Transgenic Mouse Models of Inflammation

Several transgenic mouse models have been developed to
study inflammatory and/or immune processes in living
animals by BLI. These mice are useful tools for tracking
various inflammatory processes in vivo, and also for testing
the efficacy of therapeutic compounds that target inflamma-
tory and/or immune diseases. NF-kB is a transcription factor
that is associated with inflammatory responses and immune
disorders. To produce an early and sensitive detection marker
of autoimmune disease in intact animals, transgenic mice
that express luciferase driven by three NF-kB response
elements (NF-kB-luc mice) have been developed. In these
mice, in the absence of stimulation, strong, intrinsic lumi-
nescence is evident in lymph nodes, in the neck region, and
in the thymus. Treating mice with stressors, such as TNF-
R, IL-1R, or lipopolysaccharide (LPS), increases the lumi-
nescence in a tissue-specific manner.73 Using this mouse
model, the impact of inflammatory signaling in airway
epithelial cells of host defenses against P. aeruginosa, a
major cause of nosocomial pneumonia, has been studied. By
BLI, the authors showed that airway instillation of P.
aeruginosa resulted in NF-kB activation in the lungs.74 In
another study using these mice, it has been demonstrated
that NF-kB plays a critical role in the early stages of the
host immune response toward coliform intramammary infec-
tions, both at the local and at the systemic level.75 Finally,
NF-kB-luc mice crossed with autoimmune mouse models
have provided a useful tool to demonstrate the role of NF-
kB activation as an early in vivo marker for detection of
autoimmune disease.76 The inducible NO synthase gene
(iNOS) plays a role in a number of chronic and acute
conditions, including septic shock and contact hypersensitiv-
ity, and autoimmune diseases such as rheumatoid arthritis,
gastrointestinal disorders, and myocardial ischemia. A trans-
genic mouse (iNos-luc) has been developed, providing a
valuable tool for studying processes in which the iNOS gene
is induced and for screening anti-inflammatory compounds
in living animals.77

Acute phase serum amyloid A proteins (A-SAAs) are
multifunctional apolipoproteins produced in large amounts
during the acute phase of inflammation and during the
development of chronic inflammatory diseases. A SAA1
promoter-driven luciferase expression transgenic mouse
(Saa1-luc) has been developed. Using these Saa1-luc trans-
genic mice, a SAA induction in liver and other organs by
many inflammatory agents has been shown, suggesting that
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locally produced A-SAA may contribute to amyloid deposi-
tion in these organs and the pathogenesis of these inflam-
matory diseases.78

The expression of glial fibrillary acidic protein (GFAP)
increases in acute autoimmune encephalomyelitis due to a
rise in its transcription. A model for noninvasive imaging
of autoimmune encephalomyelitis has been developed using
a reporter mouse in which the injury-responsive GFAP
promoter is fused to luciferase (GFAP-luc mice). In these
mice, bioluminescence from the brain and spinal cord
correlates strongly with the severity of clinical disease.79 The
cyclooxygenase-2 (Cox-2) gene plays a role in a variety of
normal and pathophysiological conditions including both
chronic and acute inflammation. The generation of two
knock-in mice has been reported in which the firefly or the
Renilla luciferase reporter enzyme is expressed at the start
site of translation of the endogenous Cox-2 gene, providing
tools to analyze Cox-2 expression in inflammation.80,81

3.2.4. Vaccines

A very interesting new field is the application of BLI in
the study of the development and evaluation of DNA
vaccination. DNA vaccines, encompassing a bacterial plas-
mid encoding a variety of viral, bacterial, and parasitic
antigens, are emerging as a useful immunotherapy modality
for small animals and humans. Immunization with the DNA
vaccine results in effective humoral and cellular immune
response that protect against disease in preclinical models
of infectious disease and autoimmunity. In an interesting
paper from Jeon and colleagues,82 firefly luciferase has been
used to determine the localization, intensity, and duration
of gene expression of naked DNA vaccines in living animals.
They demonstrated that, when a DNA encoding luciferase
(pcDNA3.1-firefly luciferase) is injected into the bilateral
posterior flanks, bioluminescence is present at the injection
site and at inguinal lymph node from 10 to 24 h postinjection.
However, when the same DNA is injected into the mid-
dorsum, bioluminescent signals are observed at the injection
site for up to 14 days postinjection, but no bioluminescent
signals are detected in inguinal lymph nodes, suggesting that
optical reporter genes could be used to determine optimal
injection sites for DNA vaccines. In another paper, Schwe-
ichel and colleagues83 have used a recombinant adenovirus
encoding an antigen-luciferase fusion protein and have
compared the immune response after injection of recombinant
adenovirus or recombinant adenovirus-transduced dendritic
cells (DC). They observed that intravenous injection of
adenovirus-transduced DC stimulates the strongest cytotoxic
T-lymphocyte (CTL) responses, although it delivers 2 orders
of magnitude less antigen in vivo when compared to direct
injection of recombinant adenovirus. Finally, the distribution
of two recombinant poxvirus vectors, potentially useful for
preclinical and clinical vaccine development, has been
reported by Gómez and colleagues84 in a study employing
BLI. They compared the virus dissemination in mice
inoculated by the mucosal or systemic route with replication-
competent (Ankara strain of vaccinia virus) and attenuated
recombinant viruses (derived from Ankara and Copenaghen
strains of vaccinia virus) expressing the luciferase gene. BLI
experiments showed that, in contrast to the replication-
competent, the attenuated recombinants express the reporter
gene transiently for most of the routes assayed.

4. Radiopharmaceuticals for Molecular Imaging of
Inflammation/Infection

Radiopharmaceuticals are designed to interact with a
biological process, pathway, or target molecule in the body.
They consist of two essential components, a nonradioactive
“vector”, which interacts with the desired target following
administration to the subject, and a radionuclide “tag”, which
emits radiation that can be detected externally and provides
noninvasive information on the distribution of the radiop-
harmaceutical in the body. The mechanisms by which the
radiopharmaceuticals interact with their targets are very
varied and include physical trapping in blood vessels or
lymphatic vessels, passive diffusion into body cavities and
compartments, active secretion or excretion by various
organs, ion-exchange onto bone surfaces, and binding to
receptors, transporters, or structural components on cells.
External imaging of the emitted radiation therefore gives
information on the distribution or the concentration of the
biological target, which may be altered in diseased states.
In the case of imaging of infection and inflammation,
examples of target mechanisms include interactions with
cytokine receptors on invading white cells, physical trapping
in the increased extravascular volume that accompanies
inflammation, binding to invading microorganisms, and
others that are described elsewhere in this Review.

It follows that for each different biological target, the
vector portion of the radiopharmaceutical must be different.
Their chemical nature includes insoluble particles of various
sizes, large and small proteins and peptides, sugars, simple
ions, and metal chelates and complexes. The design of the
vector will be tailored to optimize its interaction with the
desired biological target and to minimize those with other
undesired processes. So taking, for example, a radiophar-
maceutical based on a biologically active peptide, the amino-
acid sequence of the peptide will be optimized to increase
its binding affinity for its complementary receptor and to
minimize binding to other related or unrelated receptors that
may be present in the body. However, the actual binding of
the vector to the molecular target is actually a late step in
the process of delivery of the radiopharmaceutical. The
compound must be first administered to the subject. This is
normally done by intravenous injection but may also be given
by other routes such as oral, intradermal, or by inhalation.
The tracer must then reach the tissues where the molecular
targets are located. Most commonly it will travel via the
bloodstream where it may bind to circulating proteins or cells
or be degraded by enzymes. It may be rapidly excreted by
organs, preventing its ultimate delivery to the tissue of
interest. Once there, it must still be able to physically access
its target. The most accessible of these are those located
within the blood vessel itself, but normally the radiophar-
maceutical will have to leave the vasculature, diffuse through
surrounding tissues, and, in the case of intracellular targets,
through the cell wall to arrive at its final destination. The
design of the radiopharmaceutical must therefore take these
factors into account. The compound must be sufficiently
stable and its physicochemical parameters tailored to ensure
maximum delivery at the final destination.

The radioactive portion of the radiopharmaceutical is that
which enables its location in the body to be determined by
external imaging. It follows therefore that the radionuclide
must emit radiation of sufficient energy to pass through the
overlying tissues and out of the body so they can interact
with the detector. Because all radioactivity is ionizing and
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therefore potentially hazardous, a balance must be found
between the benefits of the diagnostic information obtained
from the diagnostic imaging procedure and the risk implied
by the magnitude of the radiation dose received. The need
for this balance is a major factor in the choice of radionuclide
for diagnostic nuclear medicine. The properties required of
radionuclides for incorporation into radiopharmaceuticals are
summarized in Table 1.

Every radiopharmaceutical has its own advantages and
disadvantages. Despite that we now have very accurate
radiopharmaceuticals for imaging inflammation and infection,
there is always a need for more specific and sensitive
radiopharmaceuticals, which can specifically detect the levels
of different activation markers, adhesion molecules, and
receptors, as well as there is a need for more resolute imaging
devices. The improvement of nuclear medicine images,
indeed, stands on the progression of both aspects: radiop-
harmaceutical probes and devices. Nevertheless, the informa-
tion provided by radiopharmaceuticals is already extremely
useful not only for “receptor mapping” of the inflammatory/
infectious lesions, but also for therapy decision making and
follow-up of the treatment. This is further discussed below.

Radionuclide imaging can be divided into single photon
(planar scintigraphy and SPECT) and positron (PET) imag-
ing, and the radionuclides used for each of these modalities
will differ.

4.1. Principles of SPECT Radiopharmaceuticals
A list of the most commonly used radionuclides for planar

scintigraphy or SPECT imaging is shown in Table 2. These
typically emit X- or γ-rays with energies in the range of
100-250 keV, although photons with energies lower and
higher than these limits can be employed with lower
efficiency because lower energy emissions are attenuated to
a greater extent by body tissues, while higher energy γ rays
interact less efficiently with γ cameras.

It can be seen that most of these radionuclides fulfill the
requirement of a lack of particulate emissions and that they

have half-lives ranging from a few hours to a few days. These
relatively long half-lives mean that SPECT imaging can be
employed to image processes, which are long-lived such as,
for example, the biodistribution of a radiopharmaceutical with
slow pharmacokinetics. The long half-life also facilitates
distribution of the radionuclides to imaging centers because
the logistics of reliable distribution of radionuclides with
short half-lives from a central production site are difficult.
However, the down-side of a long half-life is a higher
radiation dose as described above. The preferred radionuclide
for SPECT studies is, therefore, that with the shortest half-
life in the table, technetium-99m.85 The 6 h half-life is long
enough for imaging procedures that can be completed within
a working day, and the logistical problem of isotope supply
is overcome by the fact that 99mTc can be obtained from a
radionuclide generator.

99mTc is produced by the decay of its parent radionuclide
99Mo as shown in the decay equation in Figure 2. A
radionuclide generator consists essentially of a chromato-
graphic column composed of alumina onto which the 99Mo
is loaded. As the 99Mo decays, it produces 99mTc, which binds
less strongly to the alumina, and it can therefore be separated
from the parent isotope by passing a dilute salt solution down
the column. The eluted 99mTc can be incorporated into the
desired radiopharmaceutical, while the 99Mo remains on the
column and continues to decay to more 99mTc that can be
eluted on a subsequent occasion.

Technetium-99m therefore complies with the requirements
listed in Table 1 so far as physical decay characteristics and
availability are concerned. It also has a highly versatile
chemistry that allows it to be incorporated into a wide range
of radiopharmaceuticals. This chemistry is highly redox
dependent and involves reduction of the sodium pertechnetate
provided by the generator into lower oxidation states, which
may then be complexed by a variety of ligands for
incorporation into radiopharmaceuticals.85 Because radiop-
harmaceuticals are intended for immediate clinical use and
will be administered to patients after preparation, this places
high demands on their medicinal quality. Most medicines
are manufactured by industrial processes and extensively
tested and quality controlled before being released for use
by patients. The short half-life of the radionuclides used in
most radiopharmaceuticals means that this is not possible.
The product must be prepared on site in the hospital and
used within a few hours of preparation, which does not allow
sufficient time for extensive testing to be undertaken. It is
essential, therefore, that a means of preparation is developed,
which ensures that the radiopharmaceutical can be reliably
manufactured in such a way as to ensure that high pharma-
ceutical, chemical, and radionuclidic standards are maintained.

For routine use in the practice of nuclear medicine, such
a requirement is provided by the use of radiopharmaceutical
“kits”. These kits are industrially developed and manufac-
tured and essentially provide all of the nonradioactive
components required for preparation of the desired radiop-
harmaceutical in a sterile (normally freeze-dried) formulation.
A pharmaceutically acceptable supply of the radionuclide is
also obtained either from a radionuclide generator or (in the
case of longer-lived radionuclides) direct from a supplier,
and the radiopharmaceutical is prepared by combining the
two components together. Often the subsequent radiolabeling
reaction occurs within a few minutes of incubation at room
temperature, although sometimes heating is required. The
aim of the process is a product of high quality, which is

Table 1. Desired Properties of Radionuclides for Diagnostic
Imaging

(1) X-rays or γ-photons must be emitted in the range of 100-500 keV
preferably with high abundance

(2) no particulate (R or � particles) should be emitted because these add
to the radiation dose without providing any diagnostic information

(3) the half-life of the radionuclide should be long enough to enable the
imaging procedure to be performed, but no longer, because radiation
dose received thereafter provides no benefit

(4) the chemistry of the radioactive element should be versatile to allow
it to be tagged to various targeting vectors of interest

(5) there must be a means of providing the radionuclide at the imaging site
(typically a hospital) in sufficient quality and quantity at acceptable cost

Table 2. Radionuclides for SPECT Imaginga

energy (MeV)

radionuclide
type of
decay E�max Eγ (abundance) half-life

123I EC 0.159 (84%) 13 h
131I �-,γ 0.61 (86%)

0.33 (13%)
0.364 (80%)
0.284 (6%)

8.04 days

111In EC 0.173 (91%)
0.247 (94%)

2.8 days

99mTc IT 0.141 (89%) 6.02 h
67Ga EC 0.093 (35%)

0.185 (21%)
0.300 (17%)

78 h

201Tl EC 0.068-0.80 (95%) 73.1 h

a Abbreviations: EC ) electron capture; IT ) isomeric transition.
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safe for administration to patients, and in the great majority
of cases this will be achieved. However, to be absolutely
sure that the radiopharmaceutical will function as desired, it
is desirable to undertake a small number of simple tests to
check the purity of the product before use. These checks
should be simple and rapid so they can be performed within
the time frame imposed by the decay of the radionuclide
and the practical constraints of the operation of the imaging
department.

“Kits” are only widely used when the labeling chemistry
employed results in high labeling efficiencies so that no
purification is needed before the resultant radiopharmaceu-
tical is injected into the patient. This is often true of
compounds labeled with techntium-99m as described above
and also with indium-111, another widely used SPECT
imaging agent (see “trivalent metals”). Other radionuclides,
in particular, isotopes of iodine such as iodine-123 and
iodine-131, have also been widely used (see “halogens”),
but, in general the lower labeling efficiencies obtained using
this chemistry means that postlabeling purification is required
and a “kit” labeling approach cannot therefore be used.

While “kits” are available for many routinely undertaken
nuclear medicine investigations, they are not available for
developing and experimental procedures. For such prepara-
tions, it is normally necessary to combine varying quantities
of several components to undertake the labeling procedure,
and a purification step may be required before a sufficiently
high purity can be obtained. It remains essential, however,
that the final quality of such preparations is of the high
standards required for clinical use, and this will normally
require a more extensive quality control process before they
can be administered.

4.2. Principles of PET Radiopharmaceuticals
The radionuclides most commonly used in PET imaging

are listed in Table 3. With the exception of 124I, these positron
emitting radionuclides are characterized by short half-lives,
in the order of hours at most or sometime just a few minutes.

This means that PET is most useful for monitoring process
that are complete within a short time frame and are most
commonly used for tracers that have rapid pharmacokinetics
such as small molecules and small peptides but are less useful
for imaging at later times when a significant proportion of
the radioactivity will have decayed resulting in poor count
statistics. Because of the higher sensitivity of PET detection
systems, they are particularly useful for dynamic acquisitions
of tracer distribution over the first few minutes after
administration because the high count rates obtained provide
the good statistics needed for modeling of pharmacokinetic
parameters from this data. Using such approaches, it is

possible to quantitatively determine the concentrations of
PET radiopharmaceuticals in body compartments. However,
the difficulties outlined above for the use of shorter half-life
SPECT radionuclides are accentuated even more in the PET
domain. For those with the shortest half-lives 15O, 14N, and
11C, there is no alternative other than on-site production.
Longer-lived radionuclides such as 18F, 64Cu, and 124I can
be distributed from a central producer, although the distribu-
tion radius for 18F in particular is limited. 68Ga is available
from a radionuclide generator in an analogous manner to
99mTc, although the parent radionuclide in this case is 68Ge
that has a half-life of 271 days.86

With the exception of 68Ge, all of these radionuclides must
be produced with a cyclotron. Many hospitals with PET
centers possess cyclotrons with limited production capacities
but dedicated to the manufacture of 14N, 11C, and 18F, while
industrial suppliers and larger academic centers possess larger
cyclotrons with a broader manufacturing capacity. The very
short half-life of 15O and 14N means that the time available
for their incorporation into radiopharmaceuticals is extremely
limited and their use is essentially limited to two agents,
14NH3, which is produced in situ within the cyclotron target
itself, and H2

15O, which is made in a dedicated online
synthesizer. The 20 min half-life of 11C also imposes severe
restrictions on the preparation of radiopharmaceuticals, and
its use is limited to relatively few specialized centers, while
the 2 h half-life of 18F provides greater time for labeling
chemistry resulting in wider usage. A characteristic of all
PET radionuclides is the 511 keV photon produced on
annihilation of the emitted positron. This radiation is highly
penetrating and represents a considerable radiation safety
hazard to operators. The short half-lives and (sometimes)
low yields from radiolabeling procedures means that very
large starting amounts of radioactivity are sometimes required
for the preparation of these radiopharmaceuticals, and this
further exacerbates the radiation safety issue. For this reason,
automated methods are generally employed for PET radiop-
harmaceuticals. For the most commonly used tracers (such
18F-2-fluoro-2-deoxyglucose (FDG)), the process is fully
automated and increasingly uses cartridge-based systems,
which seek to emulate the “kit” approach for 99mTc radiop-
harmaceuticals. Apart from the radiation safety advantages,
such methods reduce the effects of operator variability and
human error and provide the reliability essential for com-
pounds that will almost immediately be in clinical use. A
restricted level of quality control (QC) testing can again be
applied to such products. For less routinely used radiophar-
maceuticals, the degree of automation employed ranges from
complete to semiautomation, and cartridge-based systems are
not available, resulting in the need for more extensive QC
testing before use.

4.3. Radiochemistry of SPECT and PET
Radiopharmaceuticals

A detailed description of radiopharmaceutical chemistry
is outside the scope of this Review, and the intention is to
give a brief overview of the methods used and to direct the
reader to more detailed reviews where possible. The chem-
istry by which the vector portion of the radiopharmaceutical
is tagged by the radionuclide will vary depending on the
chemical properties of the element concerned. In general
terms, the desire is to achieve a highly efficient radiolabeling
method, which results in a bond that remains stable once
administered into a biological environment. Four main

Table 3. Radionuclides for PET Imaginga

energy (MeV)

radionuclide type of decay E�+max Eγ (abundance) half-life
15O �+ 1.74 0.511 (100%) 2 min
14N �+ 1.20 0.511 (97%) 10 min
11C �+ 0.97 0.511 (99%) 20 min
18F �+ 0.64 0.511 (97%) 110 min
68Ga �+ 1.90 0.511 (89%) 68 min
64Cu EC, �+ 0.65 0.511 (18%) 12.7 h
124I �+ 2.14 0.511 (25%) 4.2 days

a Numerous other radionuclides such as yttrium-86, technetium-94m,
and zirconium-57 have also been explored but are not in as widespread
use as those listed above.
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categories of labeling methods are employed: those used for
labeling with C-11, for the halogens (iodine and fluorine),
for trivalent metallic ions such as indium and gallium, and
group VII elements such as technetium. As described above,
SPECT imaging is most useful for monitoring relatively long-
lived processes, and the vectors employed for such ap-
proaches are normally relatively large in molecular terms.
They are often described as “biomolecules” of which the
most commonly used type are polypeptides, either proteins
or peptides. Methods for radiolabeling biomolecules are often
classified as either “direct” or “indirect”. In direct methods,
the radioactive atom forms either covalent or coordinate
bonds directly with the constituent atoms of the vector, while
indirect methods rely on an intervening prosthetic moiety,
which is first conjugated to the biomolecule.

4.3.1. Carbon-11

A major advantage of C-11 chemistry is the possibility to
produce compounds that are chemically identical to their
“cold” counterparts, whereas labeling with most other
radioactive elements produces tracers that must be considered
as analogues to the reference compounds. 11C-based PET is
a powerful research tool but (with few exceptions) is not
employed in routine clinical practice. 11C labeling can
therefore be considered a much specialized area of radiop-
harmaceutical chemistry. Its use is based on the in situ
generation in the cyclotron target of either 11CO2 or 11CH4

from which a small range of reactive labeled synthons, most
commonly methyl iodide, hydrogen cyanide, and carbon
monoxide, can be readily prepared for incorporation into
small molecules.87,88

4.3.2. Halogens

Radioiodine has, in particular, been widely used for
radiolabeling of proteins for which direct labeling by
electrophilic substitution is by far the most widely practised
method.89 The labeling is mediated by oxidation of the iodide
ion to the positively charged iodous ion (H2OI+), which
labels the phenolic ring of the tyrosine amino acid side chain
in the ortho- and para- positions. Many oxidizing systems
have been used for this purpose, but the most popular are
chloramine-T and Iodogen. Chloramine-T is a powerful
oxidant and if exposed to the fragile proteins for long periods
may oxidize the side chains of its constituent amino acids,
while the Iodogen method provides milder oxidizing condi-
tions, and other enzyme-based methods are gentler still.
Radiolabeling is performed by the addition of the protein
and the radioiodine to the oxidant and incubation for a few
minutes. At the end of this time, a labeling efficiency
typically ranging from 30-80% will be achieved, and the
unreacted “free” iodine can be removed either by gel-
filtration, ion-exchange, or reverse-phase chromatography.

Radioiodination is much less commonly used for peptides
than for proteins.90 One reason for this is that iodinated
peptides are relatively hydrophobic and are excreted via the
hepatobiliary tract (see below). Nevertheless, peptides con-
taining tyrosine residues can also be labeled by the same
methods. Peptides lacking tyrosine or larger proteins (in
which electrophilic substitution results in a loss of biological
activity) can also be labeled by indirect iodination methods,
although these are rarely employed due to their low labeling
yields.

Radioiodine is also used for labeling smaller molecules
for which alternative methods are required. For compounds
in which a high specific activity is not required, exchange
methods, in which a nonradioactive atom is substituted by
radioiodine, may be used, but the resulting product will
necessarily contain many molecules still labeled with stable
iodine. When high specific activity is required, demetalation
approaches (followed by HPLC purification) are the methods
of choice.

Fluorine-18 is the most widely used radionuclide for PET
imaging. It is most commonly used for labeling small
molecules, but, in recent years, has also been used for
labeling biomolecules such as small peptide by the use of
18F-labeled synthons. Small molecules and synthons may be
labeled using either electrophilic or nucleophilic methods,
but the former are less widely used due to the lower specific
activity of the compounds generated and the fact that not all
cyclotrons are set up to produce the electrophilic 18F2

precursor. Nucleophilic methods based on 18F-fluoride there-
fore dominate. These are performed mainly in anhydrous
dipolar aprotic solvents such as acetonitrile and DMSO using
a cryptand (most commonly Kryptofix 2.2.2.) in combination
with an appropriate cation (normally K+) to exclude water
from the F- sphere. 18F can readily substitute a variety of
leaving groups such as bromo, iodo, tosyl, nosyl, or sulfonate
from aliphatic systems, less readily from heterocyclic ring
systems, and only from aromatic rings that are activated by
strong electron withdrawing substituents.91,92

4.3.3. Trivalent Metals

The radiochemistry of these elements is dominated by
coordination chemistry, but such elements do not form stable
complexes with amino-acid side chains. Accordingly, a
chelating group is first inserted into the biomolecule to form
a stable binding site for the radionuclide. This is normally
achieved by the use of bifunctional chelating agents, which
are compounds containing a chelating group capable of
forming a strong complex with the metallic radionuclide plus
a chemically reactive group that allows the chelator to be
attached to a functional group on the biomolecule, typically
an amino group.93 Such bioconjugates can be prepared in
two ways. For small peptides prepared by chemical synthesis,
the preferred method is to attach the chelator while the
peptide is on the resin; this improves reaction efficiency and
simplifies purification, and it also allows the chelator to be
placed at any desired point in the peptide sequence, which
is essential to reduce the possibility of inhibition of receptor
binding of the biomolecule by the chelate.94 For proteins
prepared by biosynthesis such as antibodies and cytokines,
such a specific placement of the chelator is rarely possible.
Conjugation is therefore performed after production of the
protein, and the bifunctional chelator may react with any
amino group present in the molecule such as at any lysine
side chain or the N-terminus of the protein.95 This results in
a heterogeneous distribution of the chelating moieties
throughout the bioconjugate with the result that it is very
difficult to predict effects on the receptor binding properties
of the molecule. It is, however, also possible to generate
bifunctional chelating agents that react with other function-
alities on amino acid side chains, in particular carboxylic
acids (e.g., glutamic acid) and thiols (cysteine). This latter
chemistry does often allow a more site-specific conjugation,
especially if there is only a single free thiol group available
in the molecule.
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The most widely used chelating groups are those based
on diethylenetriaminepentaacetic acid (DTPA) and tetraaza-
cyclododecanetetraacetic acid (DOTA), for which a variety
of bifunctional forms exist.96 Although DOTA has the
advantage of forming metal complexes with higher stability
constants and therefore radiopharmaceuticals with higher
stability in vivo, heating is normally required to prepare the
chelate, and this limits its use for thermolabile biomolecules
such as proteins. For thermostable compounds such as small
peptides, however, it is the chelator of choice.

4.3.4. Group VIIA Elements: Technetium

Technetium-99m (Figure 2) is a useful radionuclide for
labeling small peptides and proteins, and although it has a
relatively short half-life, it does not match the long blood
clearance times of large proteins such as intact immunoglo-
bulins, and technetium-labeled antibodies have been used
in clinical practice.97

Biomolecules can be labeled with technetium-99m using
either direct or indirect approaches.98 Technetium forms
stable complexes with sulfur-containing compounds and can
bind to free thiols in proteins. This method has been most
widely exploited to label the thiol groups in the hinge region
of immunoglobulins. Normally these thiol groups are in the
oxidized, disulfide form and are unavailable for labeling.
However, in the presence of mild reducing conditions, free
thiols can be exposed to form a stable complex with
technetium. The antibody is labeled by the addition of
technetium, stannous ion, and a weak complexing agent such
as methylene diphosphonate.99 This ensures that any labeling
of the protein occurs via the exposed thiol groups and not at
other low-affinity binding sites in the protein. Labeling
efficiencies of at least 95% can be routinely achieved without
the need for any further purification of the radiopharmaceu-
tical. Although this is a very simple and reliable method, its
use is limited to disulfide-bridged proteins in which reduction
of this bond does not compromise the biological function of
the molecule. This is the case for very few types of protein
because in many instances reduction of disulfide bridges
results in a change in conformation that disturbs interaction
with the receptor, and also many proteins lack disulfide
bridges completely.

For most proteins and all small peptides, therefore this
direct labeling method is unsuitable and an indirect labeling
method based on the use of bifunctional complex agents must
be used. Although similar in principle to the methods
described above for trivalent metals, the chelating agents of
choice for technetium will be different from those used for
indium and gallium. The most widely used chelating agents
are those based on amino- or amido-thiol chelators such as
mercaptoacetyltriglycine (MAG3) and hydrazinonicotinic
acid (HYNIC).

A further labeling method that falls somewhere between
the categories of direct and indirect is that based on the
tricarbonyl Tc(I) precursor.100 In this complex, the technetium
or rhenium is bonded to three stable carbonyl bonds and three
unstable bonds with water. These later unstable bonds can
be replaced by coordinate bonds with suitable donors in the
peptide side chains. Pyridine nitrogen atoms in the side chains
of histidine amino-acids have the potential to form strong
complexes with this agent, and it has been used for labeling
recombinant proteins containing the hexahistidine tag. How-
ever, the conformation of histidine as presented in a normal
amino acid sequence does not provide the most ideal binding

site, and “artificial” binding sites are normally inserted into
the peptide sequence during synthesis.

4.4. The Effect of Labeling on in Vivo
Performance

The in vivo characteristics of radiopharmaceuticals are
influenced by their physicochemical properties, in particular,
molecular size and hydro/lipophilicity.101 Large molecules
such as proteins with a size that exceeds the molecular weight
cutoff of the renal glomerular filtration system (around
50 000 Da) have long circulation times in the blood. This
includes intact antibodies and many larger antibody frag-
ments. As a result of this, blood background activity remains
high with such agents for many hours or even days after
administration. There is often significant uptake into non-
target organs such as liver, and metabolism in these organs
results in the formation of radiolabeled metabolites. The fate
of these metabolites depends on the radiolabeling method
employed. Metabolism of radioiodinated proteins results in
the formation of iodotyrosine and free iodide, which are
rapidly secreted out of the liver cells and then either excreted
via the kidneys or (in the case of iodide) accumulated in
thyroid and stomach. Metabolism of proteins labeled with
metallic radionuclides results in labeled lysine adducts, which
are trapped in the lysosomal compartments of the cells and
are only slowly eliminated, while the metabolism of tech-
netium-labeled antibodies follows a pattern somewhere
between these two extremes. After administration of such
large molecules, target uptake gradually increases, reaching
a maximum (with intact antibodies) at about 24 h after
injection, although maximal target to nontarget ratios may
not be achieved until some time later. Unless it is located
within the lumen of the blood vessel, target uptake in many
tissues is limited by poor physical access of the labeled
antibody to its cellular binding sites because such large
proteins leave the vasculature with difficulty and diffuse only
slowly into the surrounding tissues, although this may be
increased in inflammation.

While antibody-based compounds show high stability in
the blood, many naturally occurring neuropeptide hormones
are unstable in the bloodstream and are rapidly degraded by
serum proteases. This is a natural mechanism for limiting
the duration of their normal pharmacological action. In
addition, this pharmacological activity can lead to undesirable
side effects even at very low doses. To improve the stability,
the sequence of the natural peptide can be modified by
insertion of unnatural amino acids or modification of peptide
bonds, provided that this does not disrupt their interaction
with the receptor. The pharmacological activity can be
viewed from both negative and positive angles. The fate of
most pharmacological agonists after binding to the receptor
is that the receptor-ligand complex is internalized and
packed in intracytoplasmic vesicles from which the receptor
is recycled to the cell surface but in which the ligand is
degraded. Depending on the radionuclide being used, this
can result in it being trapped within the cell for the duration
of its physical decay. This long retention time can greatly
enhance the imaging or therapeutic performance of the
radiopharmaceutical. The downside of the pharmacological
activity is that receptor binding also results in transmission
of a secondary intracellular message, which has some
biological consequence. Depending on the nature of the
biological effect, it may or may not be an acceptable side-
effect of the nuclear medicine procedure. If it is considered
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unacceptable, then either doses below the pharmacological
limit must be used (if possible) or a peptide with antagonist
actions be employed, even if these lack the desirable property
of internalization.

Peptides and proteins with a molecular weight below
around 50 000 Da can be filtered through the glomerulus
and show a much more rapid blood clearance. The behavior
of such conjugates is much more dependent on their relative
hydro-/lipophilicity than their size. Lipophilic peptides,
typically those labeled with radioiodine or F-18, show a
mixed route of excretion, being eliminated by the hepato-
biliary tract as well as the kidney.102 As a result, there is
generalized accumulation of radioactivity in the gastrointes-
tinal tract, and this obscures any target tissue uptake in the
abdomen. More hydrophilic peptides, typically those labeled
with bifunctional chelates, show little excretion through the
hepatobiliary tract and are excreted solely by the renal tract.
However, they also show a variable degree of retention in
the kidneys.103 After filtration, many valuable substances in
the primary urine such as vitamins, ions, and peptides are
reabsorbed in the proximal tubules. They are catabolized in
the lysosomes, and the constituent amino-acids are trafficked
back to the blood where they are reabsorbed and recycled.
Radiometabolites show a variable pattern of behavior
depending on their characteristics. Radioiodinated com-
pounds may be secreted out of the cells into the bloodstream,
but radiometalated compounds are again trapped in the
tubular cells, resulting in renal retention of radioactivity. The
degree of renal retention varies considerably from compound
to compound and can, to some extent, be reduced by
coadministration of substances process such as positively
charged amino-acids and gelofusine that compete for the
renal reabsorption mechanisms.

4.5. Monoclonal Antibodies and Their Fragments
Radiolabeled monoclonal antibodies (mAbs) and their

fragments have been successfully used for imaging inflam-
mation and infection. Despite that the gold standard for
imaging infections remains the use of radiolabeled white
blood cells, mAbs have several advantages as compared to
radiolabeled autologous leukocytes. These are easier to use,
and there is no need to handle potentially hazardous
biological specimens; moreover, labeled mAbs bind to their
target with high specificity. Several mAbs and their fragments
including anti-TNF-R, anti-CD25, anti-CD20, anti-DR, anti-
CD3, anti-CD4, anti-MIF, antigranulocyte, and anti-E-
selectin antibodies have been radiolabeled mainly with
99mTc, 111In, or 123I and used for imaging of inflammation/
infection. A comprehensive list of radiopharmaceuticals
with their clinical applications is provided (Table 4).
Scintigraphic study with these radiolabeled mAb offers
an exciting possibility for the detection of their specific
target molecule on different cell populations including
lymphocyte scintigraphy. This technique allows whole
body imaging and detects inflammation or infection in an
early stage of disease that might be difficult to assess
clinically or by means of radiography. A long time interval
is often required between the administration of labeled
mAb and the acquisition of images (6-24 h) to have a
good target/background ratio. Indeed, once injected, i.v.
mAbs have a long plasmatic half-life and slow concentra-
tion in the affected site. Radiolabeled mAbs or their
fragments are always injected in a tracer (nonpharmaco-
logical) dose for scintigraphic imaging, which rarely

induce any clinical or side effects in patients. The only
side effect that has been described in some cases of murine
mAb administration is the induction of human antimurine
antibodies (HAMA), a host response to foreign antigens.
If mAbs are injected in patients with HAMA, they may
affect mAb biodistribution, image quality, and clinical
relevance of images.

A commercially available 99mTc-labeled antigranulocyte
IgG1 murine antibody BW250/183 (Besilesomab, Scintimun)
recognizes the nonspecific cross-reacting antigen 95 (NCA-
95) expressed on human granulocytes, promyelocytes, and
myelocytes.271 This mAb has been used in the study of
chronic inflammatory bowel disease,130 bone infections,131

lung abscesses,131diabetic foot infections,132 and in infected
pseudoaneurysm (Figure 5). Dominguez-Gadea et al. per-
formed a study with a radiolabeled BW 250/183, for the
diagnosis of pedal osteomyelitis in 25 diabetic patients.132

In the study, the radiopharmaceutical demonstrated a sen-
sitivity and specificity of 93% and 78%, respectively. A study
performed by Becker et al. with 99mTc-antigranulocyte
antibody in 34 fever of unknown origin (FUO) patients
demonstrated that an overall specificity and sensitivity for
infection of 92% and 40%, respectively.272 The positive
predictive value was 88%, and the negative predictive value
was 52%; moreover, in 59% of the patients, an infectious
cause for the fever was found, and no cause of the fever
could be found in 11% patients. In another study, 51 patients
with FUO underwent 99mTc-BW250/183 mAb immunoscin-
tigraphy.273 In this study, immunoscintigraphy was positive
in 12 (out of 18) patients with infectious diseases and in 2
(out of 4) patients with malignant diseases. Therefore, only
in 27% of patients, this radiopharmaceutical was found to
be useful. Nevertheless, using this radiolabeled mAb, a
HAMA production problem has been seen during studies
that limits the use of this immunoscintigraphic technique.

Another commercially available SSEA-1 murine mAb,
called 99mTc-fanolesomab (LeuTech), an IgM, has been
developed that binds with high affinity to the CD15 antigen
expressed on neutrophils. Scintigraphy with 99mTc-SSEA-1
has been proposed for diagnostic purposes in equivocal cases
of appendicitis.133 A study was performed in 25 diabetic
patients for diagnosis of pedal ulcers.274 The authors evalu-
ated sensitivity, specificity, and accuracy of the radiolabeled
mAb were 90%, 67%, and 76%, respectively. In another
study, it shows a similar diagnostic accuracy when compared
to the white blood cell (WBC) scan.275 A transient neutro-
penia has been noted after the use of 99mTc-SSEA-1275;
nevertheless, in most of these cases it does not represent a
clinical problem and does not impair imaging quality.
Unfortunately, as a consequence of serious and potentially
fatal cardiopulmonary reactions associated with its use,
99mTc-SSEA-1 has been suspended from the market.

Controversial results have been obtained using the
99mTc-labeled sulesomab (Leukoscan, Immunomedics
GmbH), an antigranulocyte, murine IgG1 antibody Fab’
fragment of antibinding to NCA-90 on granulocytes.
Immunoscintigraphy with 99mTc-sulesomab enables a rapid
localization of osteomyelitis, a negligible HAMA response
rate, and accuracy comparable to WBC scan.134-136

Encouraging results have been obtained in the detection
of suspected endocarditis137 and appendicitis.138 In a large
study, 122 diabetic patients with foot ulcers were evaluated
by radiolabeled sulesomab scintigraphy.136 In the study,
labeled mAb fragment showed a high sensitivity of 91% but

3128 Chemical Reviews, 2010, Vol. 110, No. 5 Signore et al.



Table 4. Radiopharmaceuticals for Imaging Inflammation/Infection

radiopharmaceutical target isotopes application in molecular imaging ref

Monoclonal Antibodies and Fab’ Fragments
Infliximab (Remicade) [Chimeric IgG1 mAb] TNF-R 99mTc Crohn’s disease, rheumatoid arthritis imaging 104-106
Adalimumab (Humira) [Fully human

IgG1 mAb]
TNF-R 99mTc rheumatoid arthritis imaging 107, 108

1D09C3 [Humanised IgG4 mAb] HLA-DR 99mTc lymphoma imaging (experimental stage) 109, 110
Basiliximab (Simulect) [Chimeric IgG1 mAb] CD25 211At T-cell leukemia imaging 111
Daclizumab (Zenapax) [humanized IgG1 mAb] CD25 18F, 99mTc,

111In, 125I,
212Bi, 67Ga

T-cell leukemia imaging 112-115

OKT-3 (Muromonab) [Murine IgG2a mAb] CD3 99mTc rheumatoid arthritis and renal transplant
rejection imaging

116, 117

Visilizumab (Nuvion) [humanized IgG2 mAb] CD3 99mTc T-lymphocyte imaging in animal model 118
MAX.16H5 [Murine IgG1 mAb] CD4 99mTc rheumatoid arthritis imaging 119-121
anti-MIF mAb MIF 125I inflammation imaging in animal model 122
anti E-Selectin [Murine IgG1 mAb] E-Selectin 111In rheumatoid arthritis imaging 123-127
Rituximab (Mabthera) [Chimeric IgG1 mAb] CD20 99mTc sentinel lymph node (SLN) and rheumatoid

arthritis
128, 129

BW250/183 (Antigranulocyte) [Murine
IgG1 mAb]

nonspecific cross-reacting
antigen 95 (NCA-95)

99mTc bowel disease, bone infections,lung abscesses,
and in diabetic foot infections

130-132

SSEA-1 (LeuTech) [Murine IgM] CD15 99mTc appendicitis imaging 133
antigranulocyte mAb (Sulesomab, Leukoscan)

[Murine IgG1 mAb Fab’ fragment]
human granulocytes 99mTc, 111In imaging of fever of unknown, acute inflammatory

disorders, osteomyelitis, endocarditis,
appendicitis

134-140

EP1645 [human anti-CD4 mAb fragment] CD4 99mTc imaging of rheumatoid
arthritis

141

Peptides, Cytokines, Chemokines, Interferons, and Growth factors
IL-1 R/� IL1RIa ) B, Mo, N; IL1RII

) En, Fi, He, Ke, T
123I, 125I inflammatory process imaging in animal model 142-144

IL-1ra (receptor antagonist) IL-1R 123I, 125I rheumatoid arthritis, inflammatory process 145, 146
IL-2 T, B, NK 123I, 125I,

99mTc, 35S, 18F
Graves’ ophthalmopathy, Type 1 diabetes,

celiac disease, Crohn’s disease, thyroid autoimmune
disease, kidney graft rejection, cutaneous melanoma,
kidney allograft, atherosclerosis

147-159

IL-8 N, Ba, T 99mTc, 123I,
125I, 131I

infectious foci imaging, including osteomyelitis,
liver abscess,joint prosthesis infection, and soft tissue
infections imaging

160-165

IL-6, IL-10 G-CSF T, B, Mφ, He, HP, N,
phagocytes

125I infectious foci imaging in animal model 166

IL-12 T, NK 125I T-lymphocytes and lymphocytic infiltrates
imaging in animal models

167

MCP-1 Mo, Mφ, Gr 99mTc subacute inflammation imaging in animal model 168, 169
IFN-γ many different cells 123I lung inflammatory diseases imaging 170
epidermal growth factor (EGF) EGFR 123I, 111In, 125I metastatic lymph nodes in humans, imaging of

breast cancer, study of skin wounds
171-173

tumour growth factor beta (TGF-�) TGF-RI-V, many different
cells

125I imaging study of angiogenesis 174

leukotriene (LTB4) receptor antagonist
(RP517; DPC 11870-11; MB88, fMLFK)

BLT1, BLT2 99mTc, 111In inflammation/infection imaging in animal model 175-183

platelet factor (PF4) (P482, P1827) human leukocytes 99mTc bacterial infections 184-186
IIa-IIIb receptor antagonist (DMP444) IIa-IIIb 99mTc imaging of infective experimental endocarditis 187
neutrophil elastase inhibitor (EPI-HNE-2/4) neutrophil elastase 99mTc inflammation/infection imaging in animal model 188-190
antimicrobial peptides (UBI 29-41, P483H,

HNP1-3, hLF)
bacteria and fungi infection 99mTc infection imaging 191-197

f-Met-Leu-Phe formyl-peptide receptor on
granulocytes and monocytes

99mTc, 111In bacterial infection imaging 142, 198, 199

complement factor 5a (C5a) neutrophils, monocytes 99mTc intramuscular infection imaging in animal model 200
bacteriophage bacteria 99mTc infection imaging in animal model 201

Antibiotics
ciprofloxacin (infecton) prokaryotic topoisomerase IV

and DNA gyrase
99mTc, 18F microbial infection imaging 196, 202-207

sparfloxacin gram-positive and
gram-negative bacteria

99mTc bacterial infection imaging in animal model 208

ceftizoxime bacterial wall 99mTc bacterial infection imaging 209
isoniazid mycobacteria 99mTc Mycobacterium tuberculosis infection

in animal model
210

ethambutol mycobacteria 99mTc mycobacterial infection imaging
in animal model

211

fluconazole microbial infections 99mTc fungal infection imaging in animal model 212
enrofloxacin bacterial infection 99mTc infection imaging 213, 214
levofloxacin bacterial infection 99mTc infection imaging 215
norfloxacin microbial infections 99mTc infection imaging 216
ofloxacin bacterial infection 99mTc infection imaging 217
lomefloxacin bacterial infection 99mTc, 18F infection imaging with PET 218
fleroxacin bacterial infection 18F infection imaging in animal model 219
trovafloxacin bacterial infection 18F infection imaging in animal model 220

Other Radiopharmaceuticals
human polyclonal immunoglobulin

(HIG)
nonspecific 99mTc, 111In inflammation/infection imaging 221-225

fluorodeoxyglucose (FDG) activated lymphocytes,
monocytes, and granulocytes

18F imaging in animal model and humans for
inflammatory disorders such as lymphoma,
vasculitis, sarcoidosis, rheumatoid arthritis,
Alzheimer’s and Parkinson’s disease, etc., and
in infections such as osteomyelitis,
spondylodicitis, prosthetic joint
infection, etc.

226-230

67Ga-citrate transferrin receptors (CD71) 67Ga imaging in animal tumor model and imaging of
fever of unknown origin in HIV patients

231-233

human autologous leukocytes active migration in
inflammatory lesion

99mTc-HMPAO,
111In, 18F

acute inflammation imaging 234-238

albumin nanocolloids nonspecific extravasation 99mTc rheumatoid arthritis, and other inflammatory
lesion imaging

239-241
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specificity of only 56% for reasons mentioned before.
Another group performed an investigation in 25 diabetic
patients with 31 sites of suspected pedal osteomyelitis to
compare the utility of combined sulesomab/bone scan versus
combined bone/gallium scan.276 This study showed the
sensitivity and specificity of sulesomab/bone scan were 67%
and 85%, whereas the sensitivity and specificity of bone/
gallium scan were 44% and 77%, respectively. Another study
demonstrated the utility of 99mTc-labeled antigranulocyte
mAb scintigraphy for the diagnosis of patients with infective
endocarditis.277 Scintigraphy was found to be 100% sensitive
and 82% specific, when used in combination with echocar-
diography. However, in the study SPECT was more accurate
than planar scans. Another study was performed in patients
with infected endocarditis using SPECT with the radiolabeled
antigranulocyte mAb.137 Authors reported 71% sensitivity
and 94% specificity for the detection, while, together with
trans-esophageal echocardiography, it accurately identified
all patients with infected endocarditis but missed the
diagnosis in patients receiving long-term antibiotic therapy.

Radiolabeled anti-TNF-R mAbs infliximab (Remicade,
Centocor) and adalimumab (Humira, Abbott) also demon-
strated their prognostic value, to determine the benefit of

anti-TNF-R therapy, in patients with Crohn’s disease (CD)
and arthritis patients. A recent study was performed on 10
patients with active Crohn’s disease with 99mTc-labeled anti-
TNF-R mAb (99mTc-infliximab), to detect the presence of
TNF-R within the gut mucosa of patients.106 In the study,
radiolabeled mAb scintigraphy showed the presence of little
TNF-R in the affected bowel of patients with active CD;
therefore, authors concluded that the clinical benefit that
patients have from anti-TNF-R mAb therapy is unlikely the
consequence of a local reduction of TNF-R, and maybe the
mechanism of action of anti-TNF-R mAb in therapeutic doses
needs further investigation. This kind of scintigraphy also
holds the promise for therapy decision making and disease
follow-up, with a view to assessing whether the therapeutic
target receptor/molecule is present in the lesion, before using
the same unlabeled monoclonal antibody for therapeutic
purposes. Another study with anti-TNF-R mAb (99mTc-
infliximab) was performed by Conti et al., in patient with
arthritis to assess the degree of TNF-R mediated inflamma-
tion in the affected joints.104 Patients underwent scintigraphic
examination with 99mTc-infliximab before and 4 months after
the intra-articular Infliximab therapy. After the injection of
99mTc-infliximab (15 mCi), planar images of the inflamed

Table 4. Continued

radiopharmaceutical target isotopes application in molecular imaging ref

JOO1X CD11b, CD14
(macrophages, monocytes)

99mTc arthritis, chronic berilliosis, and other inflammatory
lesions imaging in animal model

242-244

octreotide (octreoscan) somatostatin receptor 111In, 123I, 99mTc imaging of granulomatous and
chronic inflammation

245-252

liposomes cells of reticulo-endothelial
system

111In, 99mTc small animal models of osteomyelitis, experimental
colitis, and focal infection

253-259

biotin nonspecific extravasation 111In osteomyelitis and endocarditis imaging 260-263
2′-fluoro-5-[124I]iodo-1-�-D-

arabinofuranosyluracil (124I-FIAU)
herpes simplex virus

thymidine kinase (HSVtk)
124I herpes virus infection imaging in animal model 264, 265

9-[(3-[18F]fluoro-1-hydroxy-2-
propoxy)methyl]guanine (18F-FHPG)

herpes simplex virus (HSV) 18F herpes simplex encephalitis in animal model 266

9-[4-[18F]fluoro-3-(hydroxymethyl)butyl]
guanine (18F-FHBG)

herpes simplex virus (HSV) 18F herpes simplex encephalitis in animal model 267

(R)-N-methyl-N-(1-methylpropyl)-1-(2-
chlorophenyl)isoquinoline-3-carboxamide
(11C-PK11195)

peripheral benzodiazepine
receptors (PBR)

11C imaging of HSV encephalitis, Rasmussen’s
encephalitis, AIDS patients

268-270

a IL1RI, IL1RII, TNF-R1, TNF-R2: receptor types I and II. Abbreviations: B ) B lymphocytes; Ba ) basophils; EGFR ) epidermal growth
factor receptor; Ep ) epithelial cells; En ) endothelial cells; Fi ) fibroblast; Gr ) granulocyte; He ) haematopoietic cells; HP ) haematopoietic
precursor; Ke ) keratinocyte; Lym ) lymphocytes; Mo ) monocytes; Mφ ) macrophage; T ) T lymphocytes; N ) neutrophil; NC ) neoplastic
cells; NK ) natural killer cells; SMS ) smooth cell muscle.

Figure 5. (A) Sagittal and (B) coronal views of the abdominal region in a patient with suspected vascular graft infection, 4 h after i.v.
administration of 99mTc-scintimun (antigranulocyte antibody). Images show physiological uptake in the bone marrow and a site of pathological
uptake in correspondence with an infected pseudoaneurysmal of the descending carotid (courtesy of Dr. J. Meller, Germany).
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joint were acquired at 6 and 24 h. Scintigraphy showed
intense accumulation of 99mTc-infliximab in the affected knee,
probably reflecting the high levels of intralesional TNF-R.
These preliminary studies in humans showed the specific
targeting of this radiopharmaceutical in the inflamed joints.
Moreover, these studies also demonstrate that the selection
of the candidates for infliximab therapy and prediction
of therapy response could be possible by using 99mTc-
infliximab scintigraphy before initiating anti-TNF-R therapy.
Also, another anti-TNF-R monoclonal antibody (adali-
mumab) was labeled with 99mTc and used for the molecular
scintigraphic imaging in rheumatoid arthritis (RA)
patients.107,108 Preliminary published results with this
radiolabeled mAb showed that arthritis patients with
painful joints but negative (low target to background
(T/B) ratio) at pretherapy scintigraphy with 99mTc-anti-
TNF-R mAb do not benefit from unlabeled anti-TNF-R
mAb therapy, whereas patients with positive (high T/B
ratio) at pretherapy scintigraphy in joints showed most
clinical benefit from therapy.108 This kind of scintigraphy
thereby offers the possibility to perform “evidence-based
biological therapy” of autoimmune inflammatory diseases.
The results obtained so far are highly encouraging and hold
promise for therapy decision making and follow-up, with a
view to assessing whether an antibody will accumulate in
an inflamed joint before using the same unlabeled antibody
for therapeutic purposes. This methodology is also known
as the “pretherapy receptor mapping approach” for therapy
decision making, and this approach may also provide a cost-
effective solution for highly expensive biological therapies.
A pharmaceutical company (Tecnonuclear, Argentina) has
recently produced a good manufacturing practice (GMP) kit
for radiolabeling anti-TNF-R mAb that will probably be
commercialized.

As far as lymphocyte imaging, in the 1990s, Kinne et al.
performed several studies with 99m-technetium-labeled anti-
CD4 mAb and its Fab’ fragments and demonstrated its
specific imaging capability in comparison with radiolabeled
nonspecific immunoglobulin and nonspecific mAb, for
rheumatoid arthritis patients.119-121 Yet, unfortunately, even
after numerous studies that proved the sensitivity and
specificity of this radiopharmaceutical for immunoscintig-
raphy, this useful technique is not commonly used in clinical
practice and until now has remained a research tool inside
selected laboratories. Recently, a phase I clinical trial has
been performed by a commercial company (Biotectid GmbH,
Germany) with a 99m-technetium-labeled anti-CD4 mAb
fragment (EP 1645), showing very promising results for the
immunoscintigraphy of rheumatoid arthritis patients.141

The use of a 99mTc-labeled mAb (OKT3) has been
described in patients with rheumatoid arthritis;116 in this
study, the accumulation of the radiolabeled mAb correlated
with the intensity of the inflammation, and also detected
active joints that were clinically asymptomatic. The use of
this antibody was, however, associated with side effects due
to the release of cytokines following binding of the mAb to
the CD3 molecule. In a recent study, 99mTc labeled anti-CD3
mAb has been successfully used for monitoring synovitis in
38 patients with RA, without causing any side-effect.117

Although radiolabeled mAbs are an interesting class of
radiopharmaceuticals, they show some disadvantages, like
any other radiopharmaceutical, that are mainly due to their
high molecular weight.101 Indeed, a radiopharmaceutical with
low molecular weight may show nonspecific accumulation

in inflammed sites just because of passive diffusion into peri-
vascular space in inflamed tissues with increased blood flow,
capillary exudate, and edema. On the other hand, if the
molecular weight is too high (like most mAbs), sequestration
by reticulo-endothelial cells and liver Kupfer cells may occur,
and little mAb remains available for binding to the target.
In both cases, we have a reduction in specificity and
diagnostic accuracy. The diagnostic use of radiolabeled
antibody fragments (e.g., Fab’ or F(ab’)2) with intermediate
molecular weight (40-80 kDa) could overcome these
limitations; indeed, they show a lower immunogenicity, a
more rapid blood clearance, a higher accumulation in
inflamed tissues, and possibly a higher specificity, because
of the absence of the Fc portion that nonspecifically binds
the Fc receptor expressed on monocytes. However, often
mAb fragments have an intrinsically lower affinity for the
target antigen, and this may increase nonspecific accumula-
tion due to nonspecific capillary extravasation.

4.6. Cytokines, Chemokines, Interferons, and
Growth Factors

Radiolabeled cytokines, chemokines, interferons, and
growth factors provide a novel mean for the characterization
of different cell populations and their receptors in inflam-
matory and/or infectious lesions. Cytokines are proteins or
glycoproteins and members of a family of overlapping and
interdependent molecules with important roles in the ho-
meostatic control of the immune system and other organs,
in physiology and pathology. Most cytokines are between 6
and 25 kDa, and they are often similar in size, charge, and
glycosylation.

The molecular weight is therefore lower than that of mAb
and Fab fragments, but they do not show significant
nonspecific accumulation in the inflamed site. The reason
for this excellent performance as radiopharmaceuticals
depends on their rapid blood clearance and high binding
affinity to specific receptors.

The major sources of cytokines are T cells and macroph-
ages, but their production varies depending on the individual
cytokine. For example, Interleukin-2 (IL-2) is produced
mainly by activated T cells, whereas Interleukin-1 (IL-1) can
also be produced by macrophages, endothelial cells, large
granular lymphocytes, fibroblasts, epithelial cells, astrocytes,
keratinocytes, and osteoblasts. Cytokines act via the interac-
tion with specific cell surface receptors expressed on known
cell populations; cytokine receptors, usually of high affinity,
are generally expressed at low levels on resting cells, but
their expression can be up-regulated during activation. In
summary, labeled cytokines have optimal characteristics as
radiopharmaceuticals as they are characterized by (i) low
molecular weight as compared to other proteins, (ii) rapid
half-life and plasma clearance, (iii) high-affinity binding to
specific receptors, (iv) ready availability by DNA recombi-
nant technique, and (v) human recombinant origin and lack
of immunogenicity.

IL-2 has a very high affinity for IL-2 receptors (hetero
trimers of an R, �, and γ subunit, named CD25, CD122,
and CD132, respectively) expressed by activated lympho-
cytes during inflammation. IL-2 is a growth-promoting factor
of T-lymphocytes and has effects on a wide variety of cells
such as CD4+ T cells, CD8+ T cells, B cells, and natural
killer cells. Most prominently, it is important in T cell
activation and inflammatory consequences thereof.278 Both
99mTc- and 123I-labeled IL-2 have been successfully used
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for imaging lymphocytes in several autoimmune and
inflammatory diseases characterized by a chronic lym-
phocytic infiltration, such as Crohn’s disease, celiac
disease, type-1 diabetes, and autoimmune thyroid dis-
eases.147-159,279

In a recent study, in patients with Hashimoto’s thy-
roiditis, it was possible to highlight the presence of
activated lymphocytes by γ-camera imaging using
99mTc-labeled IL-2. No correlation was detected between
the degree of thyroid accumulation of 99mTc-IL-2 and the
autoantibody titer. This interesting finding suggests that
the humoral immunity and cell-mediated immunity are not
directly related, and that both should be evaluated for the
assessment of disease activity. Another study in asymp-
tomatic sjogren syndrome patients, salivary gland scin-
tigraphy by 99mTc-IL-2, showed clear pathological uptake
in patients with biopsy proven infiltrated glands. Also, in
this study, no correlation was found with anti SSA or anti
SSB antibodies and the degree of IL-2 uptake in glands,
indicating that t-cell mediated phenomena are not always
coupled with B-cell mediated phenomena.280

Iodine-123-labeled IL-2 has also been tested in animal
models of human autoimmune diabetes, in Bio Breeding
Worcester (BB/W) rats and in Non Obese Diabetics (NOD)
mice. These studies in prediabetic animals have shown that
there was uptake and retention of 123I-IL-2 in the pancreatic
region between 5 and 15 min after injection. These data were
confirmed by various experiments such as single organ
counting after sacrifice of animals. Ex-vivo autoradiography
confirmed that radioactivity was associated with infiltrating
cells bearing IL-2R. Histological examination of pancreata
revealed a positive correlation between radioactivity and the
degree of lymphocytic infiltration. A preliminary study with
radiolabeled IL-2 in high-risk subjects showed that this
technique may be useful for early diagnosis of pancreatic
infiltration and possibly for monitoring the efficacy of
preventive treatments (Figure 8). A study performed in newly
diagnosed type 1 diabetes using 99mTc-IL-2 showed that the
imaging of inflammation in the pancreas at diagnosis (a sign
of insulitis and an indirect sign of the presence of residual
�-cell mass) can be detected and be a marker to identify

those patients to be treated with nicotinamide (50 mg/kg) to
protect the residual �-cell mass present at diagnosis. Similar
findings were previously reported using radiolabeled non-
specific human immunoglobulin-G (HIG) showing uptake
in the pancreas of approximately 50% of newly diagnosed
type 1 diabetic patients,281 probably as a consequence of the

Figure 6. NMR and SPECT fusion images (transaxial view) of
the pancreas in a patient with latent autoimmune diabetes in adults
(LADA) 1 h after i.v. administration of 99mTc-IL-2. The image
shows uptake in the pancreatic region, indicating the presence of
activated T-lymphocytes in the endocrine pancreas (insulitis). Figure 7. Antero-posterior images of the head and neck of a patient

with bilateral carotid atherosclerotic plaques, 1 h after i.v. admin-
istration of 99mTc-IL-2. The image shows uptake of the radiophar-
maceutical only in the right plaque (arrow), indicating the presence
of active T-lymphocytes in the plaque, a sign of vulnerability. No
significant uptake is detectable in the left plaque, indicating that
this is at lower risk of rupture.

Figure 8. (A) Coronal, (B) sagittal, and (C) transaxial sections of
the leg as detected by CT (upper panel), SPECT (middle panel),
and fusion images (lower panel), in a patient with postsurgical
spondylodiscitis after i.v. injection of 111In-biotin. The images show
intense pathological uptake by the vertebral body, as a sign of
bacterial infection (courtesy of Dr. E. Lazzeri, Italy).
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presence of immune complexes or secondary to increased
vascular permeability. This may help identify patients who
may benefit from adjuvant immunotherapy at the time of
diagnosis, with an aim to induce clinical remission.

Radiolabeled IL-2 was successfully used also to detect
inflamed atherosclerotic carotid plaques, those most vulner-
able to rupture and prone to cause strokes.

Indeed, high serum IL-2 levels are associated with
increased carotid artery thickness, a predictor of stroke and
vascular disease.282 99mTc-IL-2 was therefore also used for
imaging carotid atherosclerosis in humans (Figure 7).
Fourteen patients (16 plaques) eligible for endarterectomy
underwent 99mTc-IL-2 scintigraphy before surgery. Another
nine patients (13 plaques) received atorvastatin or a standard
hypocholesterolaemic diet, and scintigraphy was performed
before and after 3 months treatment. 99mTc-IL-2 accumulated
in vulnerable carotid plaques and the accumulation corre-
lated with the amount of IL-2R+ cells within the plaque
(measured ex vivo by histology). Also, the amount of 99mTc-
IL-2 within the plaque was influenced by lipid-lowering
treatment with a statin.157 99mTc-IL-2 is a very promising tracer
that could provide useful information for the selection of
infiltrated vulnerable plaques at risk of rupture. There are
no significant biological side effects at the low dose used
for imaging purposes. However, it is not yet commercially
available, and a major drawback, of in house preparation, is the
complexity of the labeling procedure, as it has been described.279

123I-IL-12 was successfully tested in a mouse model of
autoimmune colitis and could be a possible alternative to
IL-2.279 A pharmaceutical company (POLATOM, Poland),
recently, prepared an IL-2 radiolabeling kit, which hopefully
will soon be commercially available for the diagnosis of
patients with inflammatory autoimmune diseases.

Other cytokines have been labeled with iodide, but the
applications remain uncertain. 125I-IL-3 has only been tried
for in vitro binding studies without further application in
humans. 123I-IL-6 was compared to iodinated IL-1. The
degree of IL-6 uptake in different animal models of acute
inflammation was much lower than IL-1.166 Therefore, the
use of radioiodinated IL-6 was abandoned.

IL-1 is also a proinflammatory cytokine with a high affinity
to a specific receptor expressed on monocytes and lympho-
cytes. It was one of the first cytokines developed for imaging
acute inflammation.142-146 Labeled with 123I or 125I, IL-1 was
tested in different animal models of infection or sterile
inflammation.283 There was a highly specific uptake at the
infection site, but due to side effects (hypotension, headache)
even in low doses, the radioiodinated IL-1 has never been
tried in humans.

Consequently, a radiolabeled IL-1 receptor antagonist (IL-
1ra) was developed, with the same binding affinity for IL-1
receptors but without any biological activity. However, in
mice the abscess uptake of IL-1ra was much lower than that
of IL-1 because of interaction with serum proteins.145 This
was also seen in a rabbit infection model; however, the
observation of radiolabeled IL-1ra in the infectious focus
was important.142 After these results, 123I- IL-1ra has been
studied in patients with rheumatoid arthritis and to assess
whether it is suitable for scintigraphic visualization of
synovitis. 123I-IL-1ra was able to image inflamed joints, but
autoradiographic studies did not indicate that the joint
accumulation of radiolabeled IL-1ra was due to specific IL-1
receptor targeting.146 The uptake behavior was similar to
those of nonspecific labeled agents, so it seems that radio-

labeled IL-1ra is not suitable for scintigraphic detection of
inflammation.

Chemokine receptor ligands have also been labeled for in
vivo imaging of inflammatory sites. Studies have extensively
investigated IL-8 in the preclinical setting. IL-8 is a member
of the CXC family of chemokines, which binds with high
affinity to the type I and II CXC receptors abundantly
expressed on neutrophils and monocytes. Radiolabeled IL-8
reveals high and specific accumulation at the focus of acute
infection within a few hours after injection both in animals
and in humans.160-164,284-286 In a recent study, Bleeker-Rovers
et al. evaluated 99mTc-labeled IL-8 in 20 patients with various
suspected localized infections, including osteomyelitis, liver
abscess, joint prosthesis infection, and soft tissue infec-
tions.165 This study demonstrated a specific accumulation of
this radiopharmaceutical in 10 of 12 patients with infection
at 4 h after injection, without any significant side effects.

Monocytes and macrophages, predominant cell types in
acute and chronic inflammation, are attracted to and activated
by monocyte chemotactic peptide-1 (MCP-1). 125I-MCP-1
has been tested in normal mice and in atheroma-rich rabbits,
and the uptake was correlated with the number of macroph-
ages per unit area.287 In another study in rats, 99mTc-MCP-1
was found to localize only in zones of subacute inflammation,
reflecting the density of macrophages and monocytes.172

Radiolabeled MCP-1 may be a useful tracer for imaging
monocyte/macrophage-rich atherosclerotic lesions in the
stage of subacute inflammation.168,169

125I-labeled tumor growth factor beta (TGF-�) has been
used for the study of angiogenesis and radiolabeled epidermal
growth factor (EGF) has been used for the study of metastatic
lymph nodes, for imaging breast cancer and for the study of
skin wounds.171-174 123I-interferon-gamma has been proposed
for investigation of lung disease.170

In conclusion, most of these labeled cytokines and
chemokines have been tested only in preclinical setting.
Radiolabeled IL-2 is the only cytokine that showed optimal
characteristics and has been deeply investigated in several
human diseases. The message that can be drawn from these
studies is that small biologically active proteins (hormones,
cytokines, chemokines, and growth factors) are good can-
didates as imaging probes for inflammation and infection
because of their human recombinant origin, high receptor
affinity, and fast blood half-life, which increase the target
to background radioactivity ratio. However, most have
pharmacological effects when administered i.v. and are not
applicable to humans. They remain of pivotal interest for in
vivo histological characterization of inflamed tissues but may
have a commercial interest only if they can provide relevant
diagnostic information and may guide physicians in therapy
decision and follow-up.

4.7. Other Peptide Radiopharmaceuticals
As compared to larger molecules, such as mAbs, chemok-

ines, and cytokines, small peptides are rapidly taken up and
retained in target tissues, in accordance with the usually rapid
plasma clearance due to the renal excretion. They also
generally show high receptor binding affinity and are
internalized into the cells. Other important features of small
proteins include the possibility of modification of the
excretion route, modifiable biologically activity, and lack of
immunogenicity. Radiolabeling of peptides is usually per-
formed using a bifunctional chelating agent. For both
monoclonal antibodies and small peptides, the choice of
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radioisotope and radiolabeling method can play a major role
in the overall in vivo distribution and in the target to
nontarget ratios achieved.

The somatostatin analogue 111In-labeled octreotide (Oc-
treoscan) was officially introduced in 1994, and its use to
visualize various somatostatin receptor-positive tumors and
tissues is widely accepted. Somatostatin receptors are
expressed on normal and activated lymphocytes and mac-
rophages. A study was performed with 111In-octreotide in
patients with sarcoidosis, aspergillosis, tuberculosis, and
Wegener’s granulomatosis. Whole body images were ac-
quired after administration of 111In-octreotide. In this study,
granuloma localizations were clearly visualized in all patients
studied. Binding of 111In-octreotide at sites of granulomatous
inflammation has also been verified by in vitro autoradiog-
raphy.246 In contrast to the potential of octreotide for detection
of chronic inflammation, studies in animal models of
Staphylococcus aureus induced foci in rats revealed that
111In-octreotide is not suitable for the detection of experi-
mental abscesses, as lower accumulation than control 111In-
HIG was noted with no retention with time.

A recent study has described the use of a new somatostatin
analogue 99mTc-HYNIC-tyr(3)-octreotide for the diagnosis
of the state of activity in patients with rheumatoid arthritis
and secondary Sjogren syndrome before and after treatment
with infliximab. Results showed that inflamed parotid glands
could be diagnosed by this radiopharmaceutical. Inflamed
joints were also detected in patients with active rheumatoid
arthritis.106 Interestingly, after treatment with infliximab,
normalization of the uptake in most inflamed joints was noted
but not in salivary glands, probably reflecting the different
nature of the two diseases.

111In-pentetreotide has been used in imaging of Graves’
disease, obtaining different contrasting results: a few studies
have reported that this radiopharmaceutical accumulates in
the thyroid and in the retro-orbital space in patients with
exophtalmos, and there is a positive correlation with the
activity of disease,288,289 in disagreement with other au-
thors.290,291 Further studies are required to help elucidate the
potential value of this compound in Graves’ disease.

A hypothesis has been formulated on mechanisms of
accumulation of octreotide: uptake occurs in the early phases
of Graves’ ophthalmopathy when active infiltration is present;
in the later stage of the disease, there is fibroblastic activity
with subsequent fibrosis in the retro-orbital region without
expression of somatostatin receptors.292,293

A study was performed with 111In-pentetreotide orbital
scintigraphy on patients with severe ophthalmopathy caused
by Graves’ disease. Authors concluded that 111In-pentet-
reotide scintigraphy allows one to select patients for oct-
reotide therapy, which seems to be adequate in active,
moderately severe thyroid eye disease, especially when it
involves soft tissues.294,295

Indeed, to date, octreotide scintigraphy in inflammatory
diseases is only used for therapy follow-up in those patients
treated with unlabeled somatostatin analogues.

4.8. Antibiotics and Other Bacteria Imaging
Agents

Imaging agents that target cell receptors expressed on the
cells infiltrating inflamed tissue, which are recruited during
the inflammatory response, and accumulate in the focus due
to a common feature of infection and inflammation, often
cannot be used to differentiate between infection and

inflammation. Agents that specifically target the infectious
organism (e.g., bacteria, fungi, or viruses) have the potential
to distinguish microbial from nonmicrobial inflammation.
During the past decade, a number of agents have been
proposed, which aim to specifically visualize infectious foci
by targeting the infectious organism. In the search for an
infection diagnostic agent, antibiotic radiolabeling was first
introduced by Solanki et al. in the early 1990s.296 Ideally,
the radiolabeled antibiotic should be metabolized and specif-
ically incorporated by the microorganisms present in the
infection, so that accumulation of radioactivity is directly
proportional to the number of microorganisms. Several
antibiotics have been radiolabeled so far, such as ciprof-
loxacin (Infecton), sparfloxacin, ceftizoxime, isoniazid, etham-
butol, fluconazole, enrofloxacin, levofloxacin, norfloxacin,
and ofloxacin, and most of these are members of the
quinolones class.

The most exhaustively studied radiopharmaceutical in this
group is 99mTc-ciprofloxacin, a synthetic broad spectrum
fluoroquinolone antibiotic that binds to prokaryotic topoi-
somerase IV and DNA gyrase, expressed in proliferating
bacteria.297,298 99mTc-labeled ciprofloxacin has been particu-
larly evaluated for the diagnosis of osteomyelitis. Several
studies published, until now, showed a mixed overview for
its appropriate use in such patients.191,207,299-301 A large
multicenter study was coordinated by the International
Atomic Energy Agency (IAEA) to evaluate the efficacy of
99mTc-ciprofloxacin for imaging infections. The overall
sensitivity and specificity for infection, in a total of 879
patients, were reported to be 85.5% and 81.6%, respec-
tively.196 The sensitivity and specificity varied according to
the type of infection imaged; for example, the sensitivity
and specificity in prosthetic joint infections were 96% and
91%. However, in an animal model of infected and unin-
fected knee prosthesis and in patients with osteomyelitis or
with septic arthritis, specificity of 99mTc-ciprofloxacin for
bacterial infection was much lower than that previously
mentioned.205,206 Other studies have also confirmed a low
specificity for this radiopharmaceutical, and overall there is
not convincing evidence of its efficacy. A new kit formula-
tion for 99mTc-ciprofloxacin (Infecton) has been produced by
Draximage Inc. (Kirkland, Canada), and this preparation is
currently in phase II clinical trials.

Several antibiotics including ciprofloxacin, fleroxacin,
lomefloxacin, and trovafloxacin have also been radiolabeled
with 18F for PET imaging.207,218-220 Most of these antibiotics
are members of the fluoroquinolones class that inhibit
bacterial DNA gyrase and topoisomerase IV. However, only
for 18F-fleroxacin and 18F-trovafloxacin, the evaluation of the
tracer in an animal model of infection was published.220,302

Both labeled antibiotics were investigated in rat and rabbit
animal models that were injected with E. coli in a thigh
muscle. 18F-fleroxacin was administered at a dose of 10 mg/
kg in both species, and tissue distribution was determined
by ex-vivo biodistribution or PET imaging.303 These studies
showed that sufficiently high drug concentrations could be
obtained in all extra-cranial tissues to achieve antimicrobial
activity. The drug concentration in the brain was low,
suggesting that CNS toxicity is unlikely. In both species,
uptake of the radiolabeled drug in the infected muscle was
not significantly different from uptake in the control muscle,
although it should be emphasized that a pharmacological
concentration of the labeled drug was used and not a tracer
dose. Similar results were obtained in a comparable study
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with 18F-trovafloxacin.220 Overall, these animal studies and
also studies in humans suggest that PET imaging of radio-
labeled antibiotic is a promising noninvasive tool for
determining pharmacokinetic parameters of the drug; how-
ever, still more investigations are required to confirm its
utility in clinical setting.

A cationic human antimicrobial protein fragment, ubiqui-
cidin 29-41 (UBI 29-41) (MW 1.69 kDa) with the
aminoacid sequence Thr-Gly-Arg-Ala-Lys-Arg-Arg-Met-
Gln-Tyr-Asn-Arg-Arg, and 6 positively charged residues (5
Arg +1 Lys), has been labeled with 99m-technetium. In
animal studies, 99mTc-UBI 29-41 showed rapid visualiza-
tion of infection with gram-positive and gram-negative
bacteria, but little accumulation was found in sterile
inflammation processes. Furthermore, a very recent study
described the quantitative uptake of 99mTc-UBI 29-41 in
rabbits with S. aureus infections during treatment with
ciprofloxacin. The results showed that the uptake of the
radiotracer was significantly decreased after treatment and
was proportional to the number of bacteria, suggesting
that the tracer might be used for monitoring the efficacy
and duration of treatment.193 Meléndez-Alafort et al.
evaluated this peptide in 6 children with suspected bone
infection (confirmed by 67Ga-citrate scan but not microbio-
logically). The agent cleared rapidly from the body (85% in
24 h); however, uptake in the infectious lesions was low,
and target-to-background ratios were 2.18 ( 0.74.195

Avidins are a family of proteins present in the eggs of
amphibians, reptiles, and avians; streptavidin, produced by
Streptomyces aVinii, is also part of the same family. Both
avidin and streptavidin (MW 64-60 kDa) have four sites
for the binding of biotin with very high affinity (Kd ) 1015).
Biotin, also known as vitamin H, is a compound of low
molecular weight that can be radiolabeled with a variety of
different radiometals. The avidin-biotin system has been
used for the in vivo labeling of mAbs for the radioimmu-
nodiagnosis and therapy of tumors. Radiolabeled biotin
readily accumulates in the inflamed tissue where it binds
irreversibly to streptavidin, while nonbound biotin is rapidly
cleared through the kidneys with minimal accumulation in
normal tissues. Although they are of heterologous origin and
can cause immune responses, there is no evidence to date
that avidin or streptavidin are toxic. The use of the
avidin-biotin system has been studied in animal models of
acute infection where it accumulated in the infected focus
more than 111In-HIG; moreover, it was also found to be very
specific in the patients with suspected vertebral osteomyelitis,
vascular graft infection, and spondylodiscitis (Figure 6).260-263

The major advantages of this approach are increased
concentration of the radiotracer at the target tissue, a good
target to background ratio, and early acquisition of images.

In conclusion, radiolabeled antibiotics opened a new and
promising approach in the search of an infection specific
imaging agent, but the published results are controversial,
and still more studies are required to understand the efficacy
of this radiopharmaceutical in differentiating infection foci
from sterile inflammation.

4.9. Other Radiopharmaceuticals for Imaging
Inflammation/Infection
4.9.1. 99mTc- or 111In-Labeled HIG

Human polyclonal immunoglobulin-G (HIG) is a nonan-
tigen specific IgG antibody that can be labeled with 99mTc

or 111In and has been proposed for the detection of acute
and subacute inflammation/infections; because HIG are of
human origin, they do not produce allergic reactions;
furthermore, they are commercially available as kits. The
mechanisms of HIG uptake in inflamed tissues are not yet
completely elucidated. Among various hypotheses, the
increase of vascular permeability seems to be the main
mechanism of their accumulation. Nevertheless, alternative
binding mechanisms such as to the Fc receptor expressed
by infiltrating cells, to the extracellular matrix proteins, and
to bacteria have been described. HIG have proven to be very
useful in lung inflammation imaging, for the detection of
joint and bone inflammations and infections, and the study
of fever of unknown origin.221-225 In a very interesting
comparative study in patients with RA, 99mTc-HIG, 99mTc-
nanocolloid, and 99mTc-HMPAO-labeled leucocytes showed
a similar diagnostic accuracy.242 In some countries, 99mTc-
HIG are still routinely used as the radiopharmaceutical for
imaging infections.

4.9.2. 67Ga-Citrate and 68Ga-Citrate
67Ga-citrate was discovered in 1971, for imaging infection

and inflammation. 67Ga-citrate binds in ionic form to
circulating transferrin as an analogue of iron. It uses
transferrin receptors (CD71) to access the cell and then
becomes highly stable within the cells. It is still the best
sold radiopharmaceutical for imaging infections in the world
despite its very low specificity. During acute inflammation,
67Ga-citrate extravasates at the site of inflammation due to
the locally enhanced vascular permeability, where it binds
with high affinity to lactoferrin excreted by leukocyte or to
siderophores, produced by microorganisms grown in a low-
iron environment. Approximately, 25% of the total injected
dose is excreted through the urinary system, and the rest is
retained in bone, bone marrow, liver, and soft tissues. This
radiopharmaceutical is mainly used for the study of chronic
osteomyelitis, lung infection, and for FUO in HIV patients.232

Indeed, this technique could be very helpful for scintigraphic
imaging of FUO patients, due to its diagnostic potential for
both chronic and acute inflammations,304 albeit not so many
well designed studies are performed. A study was performed
with 67Ga-citrate scintigraphy in 145 patients with FUO; final
diagnosis was established in 68% of total patients.305 In this
study, 43% scans were normal, and 57% were abnormal;
only 51% of abnormal scans (29% of total scans) were
considered useful in the diagnosis. Thus, 49% of abnormal
scans were considered noncontributory in the diagnosis.
However, the radiopharmaceutical has a long physical half-
life (78 h) and high energy γ radiation, which are unfavorable
characteristics for scintigraphic imaging and cause an
increased radiation absorbed dose.306,307

The same authors have therefore started using the PET
equivalent for Ga-citrate, the 68Ga-citrate, with excellent
detection of inflammatory and infective sites. Despite that
more studies are required to confirm preliminary finding,
these results deserve a comment.308 It was really unexpected
that using 68Ga-citrate-PET the optimal time for infection
imaging was within few hours after injection and that target-
to-background ratio was clearly much higher than using 67Ga-
citrate-SPECT. By contrast, using 67Ga-citrate-SPECT, the
best target-to-background ratio is normally achieved after
48-72 h. Therefore, the change of isotope in this radiop-
harmaceutical not only has improved image resolution and
sensitivity (mainly because PET is more resolute than
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SPECT) but has improved biodistribution and possibly
affinity, and therefore specificity. A similar finding has been
described for several other peptide radiopharmaceuticals but
never for a small molecule such as citrate.

4.9.3. Radiolabeled Autologous Leukocytes

Radiolabeled leukocytes are considered as the “gold
standard” method for imaging infections in nuclear medicine
and can be labeled using 111In-oxine or 99mTc-HMPAO (see
Table 5). These autologous leukocytes are characterized by
high specificity, because they only accumulate as a conse-
quence of active migration into inflamed tissues.234-238 After
intravenous injection, radiolabeled leukocytes show rapid
clearance from lungs and blood-pool, with progressive
migration into spleen, liver, and bone marrow and, of course,
in sites of infection where a neutrophilic infiltrate predomi-
nates. Radiolabeled leukocytes first adhere to vascular
endothelium and then migrate toward the inflammatory focus
through endothelium and basal membrane. Thus, this ra-
diopharmaceutical is a specific indicator for leukocytic
infiltration. There is only one major possibility of false
positivity due to the fact that radiolabeled leukocytes also
migrate in activated bone marrow, particularly after inplant
of prostheses and in diabetic Charcot foot. In this case,
however, a differential diagnosis between expanded bone
marrow and infection can be made by using radiolabeled-
WBC scintigraphy combined with a bone marrow scintig-
raphy using 99mTc-labeled nanocolloids. There is no major
kidney, bladder, or bowel excretion shown by 111In-leuko-
cytes, so the whole abdomen presents an excellent field for
localization of infections. In contrast, 99mTc-HMPAO is
released from the leukocytes, which starts within a few
minutes after administration and is excreted by kidneys up
to 7% of the label per hour and mainly by the liver and gut,

thus disturbing imaging of abdomen after 3 h. Indium-111
has a long half-life of 67 h and radiation energy of 173 and
247 keV that increases the radiation burden, whereas 99mTc
has a short half-life of 6 h and ideal γ-radiation energy of
140 keV.

Leukocyte labeling must be performed in sterile conditions
with a complicated and time-consuming procedure (about
3 h). First, leukocytes are separated from other blood cells
before labeling, because 111In/99mTc-HMPAO being lipo-
philic, it labels all cell types indiscriminantly, then leukocytes
are incubated 15 min with the radiopharmaceutical, then cells
are washed by gentle centifugation and finally reinjected into
the patient. Recently, the availability of a sterile medical
devise for leukocyte labeling in a closed system (Leukokit,
GI Pharma, Italy) has highly improved the quality and
easiness of the labeling procedure.

Both 111In- or 99mTc-labeled autologous leukocytes have
been successfully used in nuclear medicine for the study
of several infectious processes including FUO. A study
with 111In-labeled leukocytes in 68 FUO patients demon-
strated its 90.5% specificity, 85.1% sensitivity, with 86.8%
accuracy.309 The 111In-leukocyte scintigraphy was helpful in
reaching a final diagnosis in 28% of these patients. Another
study by MacSweeney et al. in 25 FUO patients with 111In-
labeled leukocytes showed that the accuracy did not correlate
with symptoms duration, leukocytosis, or clinical suspicion
index.310 The authors found an overall accuracy of 67%,
whereas a subgroup of patients with “spontaneous” FUO
showed only 52% accuracy; therefore, the authors concluded
that 111In-leukocyte scintigraphy “is not particularly useful”
in these patients. A study performed by Kjaer et al. in 31
patients with FUO311 demonstrated that the use of 111In-
labeled leukocytes was helpful in the diagnosis of 19%
patients, whereas the probability of reaching a diagnosis was

Table 5. Results of Meta-analysis Performed on All Published Papers between 1990 and 2005 in the Field of Radiopharmaceutical for
Imaging Infectiona

sensitivity (%) specificity (%) accuracy (%)
99mTc-WBCs

occult infections (n ) 100) 89.0 94.0 92.0
diabetic foot infection (l ) 283) 85.8 84.5 85.9
infections of peripheric bone and prosthetic joint implants (l ) 1453) 89.0 89.1 89.1
prosthetic graft infection (s ) 434) 97.7 88.6 94.6

111In-WBCs
inflammatory bowel diseases (n ) 682) 87.9 93.4 91.7
appendicitis (s ) 128) 89.5 95.0 92.9
prosthetic graft infection (s ) 397) 84.1 79.4 81.5

67Ga-Citrate
occult infection (n ) 310) 87.0 81.0 85.0
infections of peripheric bone and prosthetic joint implants (l ) 569) 70.1 81.8 78.2

18F-FDG-PET
fever of unknown origin (n ) 168) 78.0 59.0 77.0
occult infection (n ) 112) 95.0 88.0 92.0
infections of peripheric bone and prosthetic joint implants (l ) 413) 94.1 87.3 91.9

99mTc-MDP Bone Scan
diabetic foot infection (l ) 719) 90.3 46.4 65
infections of peripheric bone and prosthetic joint implants (l ) 1527) 85.4 75.2 75.5

99mTc/111In-HIG
infections of peripheric bone and prosthetic joint implants (l ) 537) 95.2 78.7 86.0

99mTc-mAb BW 250/183
fever of unknown origin (n ) 115) 66.0 92.0 78.0
infective endocarditis (l ) 194) 65.3 86.0 79.9
infections of peripheric bone and prosthetic joint implants (l ) 258) 81.7 80.1 83.2
appendicitis (s ) 629) 90.8 87.3 89.0

a Abbreviations: n ) number of patients; l ) number of lesions; s ) number of scans. Accuracy >90% is shown in bold. Only results with more
than 100 patients/lesions are mentioned in this table. Complete meta-analysis results are published in refs 330, 363-365.
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relatively high (71%). Specificity was 83%, sensitivity 75%,
positive predictive value 60%, and negative predictive value
90%. CRP (C-reactive protein) level was, however, elevated
in all patients with positive scans, but in only one-half of
the patients with true-negative scans. Another more recent
study by the same authors in 19 FUO patients showed that
111In-labeled leukocytes scintigraphy was 71% sensitive and
92% specific, which was significantly higher than 18F-FDG-
PET (50% and 46%, sensitivity and specificity, respec-
tively).139 In the study, authors concluded that 111In-
leukocytes scintigraphy has a superior diagnostic performance
as compared to 18F-FDG-PET for diagnosis of a localized
infectious/inflammatory or neoplastic cause of FUO. More-
over, most of the data about FDG-PET are published after
2005 and therefore not present in meta-analysis articles until
now, and are consequently also not shown in Table 5. If
these recent data are added to statistics, the diagnostic
accuracy of FDG-PET for prostheses infection and osteo-
myelitis detection declines far below 90%. Therefore, the
only radiopharmaceutical with more than 90% diagnostic
accuracy for bone infections, evidence based, is 99mTc-
labeled or 111In-labeled WBC. Also, for the diagnosis of
diabetic foot infection, radiolabeled autologous leukocytes
could be considered as a “gold standard” for scintigraphic
imaging. For diagnosing diabetic pedal osteomyelitis, 111In-
labeled autologous leukocytes demonstrated a sensitivity
ranging from 72% to 100%, and specificity ranging from
67% to 100%,312-316 whereas the 99mTc-HMPAO-labeled
autologous leukocyte showed sensitivity ranging from 86%
to 93%, and specificity ranging from 80% to 98%,274,317-319

in a number of investigations mentioned below. In a large
prospective study performed by Newman et al., 35 diabetic
patients (41 foot ulcers) underwent 4 and 24 h radiolabeled
leukocyte imaging.319 In this study, an increased activity of
the focal site with approximately the same intensity on the
dorsal and planar views was the norm for osteomyelitis. Out
of a total 41 diabetic foot ulcers, 28 (68%) showed the
presence of osteomyelitis. The sensitivity of 4 and 24 h
leukocyte imaging was 77% and 89%, respectively, whereas
specificity was 77% and 69%, respectively. In comparison
with bone scan, authors found 24 h leukocyte imaging was
more sensitive (89% versus 69%) and more specific (69%
versus 39%). Using the same criteria as Newman et al.,319 a
recent study performed by Palestro et al. for the evaluation
of pedal ulcers in 25 diabetic patient demonstrated 80%
specificity and 67% sensitivity for the diagnosis.274 Several
other studies, to evaluate 111In-labeled autologous leukocytes
scans in diabetic patients with suspected pedal osteomyelitis,
demonstrated a high sensitivity of 79% to 100% and
specificity of 70-78%.312-314 99mTc-HMPAO-labeled leu-
kocytes scintigraphy, however, was also evaluated at 4 h p.i.
in 42 diabetic patients with 56 foot ulcers.317 In this study,
authors evaluated the labeled leukocytes scintigraphy together
with bone scan, and those studies in which the distribution
of abnormal uptake was spatially similar on both studies were
considered positive for osteomyelitis. This study demon-
strated a sensitivity of 88% and specificity of 97% for
99mTc-HMPAO-labeled leukocyte scintigraphy. Using the
similar criteria, Poirer et al. examined 83 sites of suspected
diabetic pedal osteomyelitis with 99mTc-HMPAO-labeled
leukocytes scintigraphy.316 The 4-5 h p.i. scans were
interpreted in conjunction with bone scans. This study
showed a sensitivity of 92.6% and a specificity of 97.6% of
labeled leukocytes for diagnosis of diabetic pedal osteomy-

elitis. In another study, Blume et al. investigated the potential
of 99mTc-HMPAO-labeled leukocytes scans for diagnosing
pedal osteomyelitis in 27 patients, including 20 patients with
diabetes.318 Scans were acquired at 3-4 h p.i. and were
considered as positive for osteomyelitis when focally in-
creased bony uptake at the site of suspected infection was
greater than surrounding soft tissue uptake. Using this
criterion, authors concluded a sensitivity of 90% and a
specificity of 80%. Another study, in 52 diabetic patients,
concluded a sensitivity of 86% and a specificity of 90% for
the diagnosis of suspected pedal osteomyelitis; however, any
specific criteria for scan evaluation and scan acquisition time
were not mentioned.314

Several studies also demonstrated the use of 111In-labeled
leukocytes for the detection of myocardial abscess in
infective endocarditis patients.320,321 Recently, Erba et al.
evaluated 78 patients with suspected endocarditis or infection
of cardiac devices, with 99mTc-HMPAO-labeled autologous
leukocytes SPECT/CT, and this study concluded that the
SPECT/CT allows an accurate diagnosis of cardiac and
additional unsuspected extra-cardiac infection sites.322

The radiolabeled autologous leukocytes scan demon-
strated its high sensitivity (ranged from 82% to 100%)
and specificity (ranged from 75% to 100%) for the
diagnosis of vascular graft infection.323 A study performed
in 82 patients with suspected infection including 24 patients
related to vascular graft demonstrated very promising results
for diagnosis and localization of infection in suspected
vascular graft infection by using 111In-labeled leukocytes
SPECT/CT.324 99mTc-HMPAO-labeled leukocytes, nowadays,
are preferred for scintigraphy due to its short half-life, low
radiation dose to the patient, and easy availability properties.
Recently, leukocytes have been labeled also with 18F-FDG
and with 64Cu for PET imaging. The 64Cu seems to be
retained inside the cells with no evident toxicity and allowing
imaging up to 18-24 h after reinjection in patients, thus
overcoming one of the major limitations of 18F-FDG-labeled
WBC that can be imaged only up to 3-4 h after injection.
This is possible because of the longer physical half-life of
64Cu (12.7 h) as compared to 18F (2 h). Indeed, in most
clinical situations, imaging at late time points (24 h postin-
jection) is mandatory because of the slow leukocyte ac-
cumulation in infected sites as compared to bone marrow.

4.9.4. 99mTc-Albumin Nanocolloids

As the name indicates, these are albumin-derived small
particles of 30-80 nm diameter. Nonspecific extravasation
due to increased vascular permeability causes the leakage
of 99mTc-nanocolloid into inflamed tissue followed by ac-
cumulation through phagocytosis by macrophages in the
reticulo-endothelial system.239-241 They are characterized by
rapid blood clearance and a satisfactory target-to-background
ratio early after administration, which allows completion of
study usually within 1 h. This technique is easy to perform
and inexpensive.

99mTc-labeled nanocolloid demonstrated a high sensitivity
(100%) but very low specificity (<60%) for diagnosis of
osteomyelitis in diabetic patients with neuropathic foot
disease. This radiopharmaceutical, nowadays, is not used for
diagnosis of infection but rather to exclude infection.325 It
has recently reported, and confirmed by several authors, that
radiolabeled colloids (sulfur colloids in particular) are trapped
by reticulo-endothelial cells in bone marrow, and they can,
therefore, be useful to differentiated infection from active
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bone marrow in all suspected osteomyelitis in patients with
implants or prostheses that may cause bone marrow displace-
ment and activation. In these patients, a dual scan with
radiolabeled WBC or antigranulocyte antibodies and with
labeled colloids allows one to make a differential diagnosis.
A mismatch of the two scans with lower uptake of colloids
is indicative of infection, whereas a match of the two scans
or a higher uptake of colloids is indicative of bone marrow
activation.

4.9.5. 99mTc- or 111In-Labeled Liposomes

Liposomes are microscopic lipid vesicles that are usually
used as drug carriers to increase their solubility and to
achieve selective deposition or to reduce toxicity. These are
rapidly taken by reticuloendothelial (RES) cells. Liposomes
can be radiolabeled with 99mTc and have been used for the
detection of infection and inflammation. Sterically stabilized
liposomes have been formulated, which show decreased
uptake by the RES, a longer half-life, and enhanced localiza-
tion in tumors and site of infection. Several studies with 111In-
or 99mTc-labeled liposomes in different small animal models
have demonstrated their ability for the scintigraphic detection
of infection and inflammation, such as focal infection in rats
and experimental colitis in rabbits.253-259

4.9.6. 18F-FDG

The FDG accumulation in activated lymphocytes, mono-
cytes, and granulocytes is based on the fact that these cells
use glucose as an energy source only after activation during
the metabolic burst. Transport of FDG across the cellular
membrane is mediated by the GLUT glucose transporter
proteins. 18F is a positron emitter with a physical half-life
of 110 min. Intracellular FDG is subsequently phosphorylated
to 18F-FDG-6 phosphate by the enzyme hexokinase, and the
phosphorylated molecule remains trapped inside the cell in
contrast to phosphorylated glucose that enters the glycolysis
cycle. 18F-FDG is, however, an unspecific tracer for imaging
inflammation/infection and can show uptake in any kind of
cell with high glycolytic activity and may provide a false-
positive result. Other disadvantages are the relatively high
cost and the currently limited availability.

Several recent studies with 18F-FDG-PET (18F-fluorode-
oxyglucose positron emission tomography) have demon-
strated very promising results for imaging in different
inflammation/infection, including vasculitis, CD, sarcoidosis
and RA, and infections such as osteomyelitis, spondylodicitis,
and prosthetic joint infection, etc. Recently, Beckers et al.
performed a study using 18F-FDG PET on 16 patients with
active RA.226 They found PET was positive in 69% of the
knees, while MRI and US were positive in 69% and 75%,
respectively. A study demonstrated that visual identification
of RA knee synovitis by 18F-FDG PET is related to its visual
identification with MRI and US. The standardized uptake
values also correlated with serum CRP and MMP-3 (matrix
metalloproteinase-3) levels.

Studies in patients with spondylodiscitis proved FDG PET
to be superior to MRI, 67Ga-citrate scintigraphy, and three-
phase bone scan for visualization.227,228 Moreover, FDG PET
is also able to differentiate between mild infection and
degenerative changes.229 These studies conclude that FDG
PET is a highly sensitive tool to detect suspected osteomy-
elitis of the central skeleton, spondylodiscitis, or chronic low-
grade infections of the peripheral skeleton.

Although FDG PET is a useful tool for detection of
inflammation and infection in many disorders, it also has
some limitations. FDG PET does not seem suitable for
detection of every inflammation such as insulitis in the
pancreas of diabetic patients. Although ex-vivo studies in
NOD mice demonstrated enhanced FDG uptake in islets of
Langerhans that were affected by insulitis, the relatively small
difference between diseased and healthy islets and the small
size of the islets combined with the limited resolution of the
PET camera will most likely prevent successful application
in patients.326 Besides FDG, no validated PET tracers for
imaging of peripheral inflammation are available, and thus
more sensitive tracers for PET imaging of insulitis are
urgently awaited.

For the diagnosis of FUO, nowadays, 18F-FDG-PET and
PET/CT is the most promising technique, and more than 300
patients with FUO have been already evaluated in different
studies by using FDG-PET scans.327-335 A study was
performed in 10 patients with FUO, to evaluate the usefulness
of FDG-PET/CT.327 In the study, FDG-PET/CT was found
to be useful in 50% of patients, in the final diagnosis. FDG-
PET/CT was considered essential in 23% patients, because
no other diagnostic examinations, such as abdominal and
chest CT, were helpful. Furthermore, Meller et al.328 compare
the diagnostic potential of FDG-PET with 67Ga-citrate
scintigraphy in patients with FUO. In 18 patients, who were
investigated both with 67Ga citrate and FDG, the sensitivity
and specificity were 81% and 86% for FDG, whereas 67Ga
citrate SPECT yielded a sensitivity of 67% and a specificity
of 78%. This study and one other study performed on 40
patients with the same objective329 both concluded that, in
67Ga-citrate and FDG-PET, the diagnostic yields were at least
comparable; however, FDG-PET has a significant advantage
in terms of rapidity over 67Ga-citrate scintigraphy; therefore,
FDG-PET can substitute 67Ga-citrate scintigraphy for the
diagnosis of patients with FUO, in hospitals, where this
technique is available. Cascini et al. performed a meta-
analysis of peer-reviewed articles published between 1981
and 2005, related to the use of nuclear medicine imaging of
FUO.330 Authors evaluate a total of 33 series of patients, in
which 14 examined series classified as occult infection and
19 were defined as FUO. Analysis demonstrated, however,
all of the radiopharmaceuticals used in these studies have
an overall good diagnostic accuracy (Table 5), although
specific agents like 99mTc- or 111In-labeled leukocytes and
99mTc-labeled mAbs showed a higher specificity than 67Ga
and 18F-FDG-PET. This study, interestingly, showed an
overall increase in the accuracy with both specific and
nonspecific agents in patients with occult infections.
Therefore, 18F-FDG-PET could be considered the tech-
nique of choice for the diagnosis of FUO patients, due to
their high negative predictive value, although we still need
to stabilize a final diagnosis to calculate the specificity
and sensitivity for the patients with FUO.

For the use of 18F-FDG-PET and PET/CT in the diagnosis
of diabetic foot infection, not much data are presented until
now, and, at present, it is too early to predict its imaging
potential. Keidar et al. published their initial data on the use
of 18F-FDG-PET/CT in patients with diabetic foot infec-
tion.336 They performed this study in 18 suspected sites of
14 patients (ranging from 29 to 70 years). Authors made
their final diagnosis on the basis of histopathologic findings
and bacteriologic assays obtained at surgery or at clinical
and imaging follow-up. This study demonstrated increased
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FDG uptake in 14 of the 18 sites, but found that PET alone
could not differentiate soft tissue from bone uptake. PET/
CT localized uptake to bone in 9 out of the 14 sites, including
8 sites of osteomyelitis. PET/CT correctly localized FDG
uptake to the soft tissues in five cases, and one site of mildly
increased uptake occurred at a focus of diabetic osteoarthr-
opathy. Moreover, the overall accuracy of FDG-PET/CT in
this study was 94.4%.

A recent study was performed by Schwegler et al. in 20
diabetic patients with a chronic foot ulcer, to compare the
value of MRI, 18F-FDG PET, and 99mTc-labeled monoclonal
antigranulocyte antibody scintigraphy.337 Ulcers were present
for at least 8 weeks in all patients, and no patient had received
antibiotic treatment before imaging. Osteomyelitis was
confirmed by biopsy in 7 patients of the 20 clinically
unsuspected foot ulcers. In the study, authors found MRI
superior to 18F-FDG PET and 99mTc-labeled antibody scan
in the diagnosis of foot ulcer-associated osteomyelitis,
being positive for 6 of the 7 patients with proven
osteomyelitis. 18F-FDG PET and 99mTc-labeled antibody
scans were positive in only 2 of the 7 patients. Two recent
studies, however, demonstrated that FDG-PET had a high
negative predictive value for excluding osteomyelitis in
the setting of the neuropathic joint, and, therefore, it can
reliably differentiate osteomyelitis from neuropathic
lesions.338,339

Studies demonstrated that 18F-FDG-PET allows precise
localization of abnormal uptake in the vascular graft
infection.340-354 Therefore, the possibility of exact anatomic
localization of pathologic uptake seems as important as the
choice of radiopharmaceutical. A prospective study was
performed, by Fukuchi et al., on 33 consecutive patients with
suspected arterial prosthetic graft infection to compare the
effectiveness of 18F-FDG-PET for the diagnosis of vascular
graft infection relative to CT.345 PET images were assessed
visually as per uptake density. In this study, authors reported
a higher sensitivity of PET than CT (91% versus 64%,
respectively), whereas specificity was found lower in PET
than CT (64% versus 86%, respectively), for the diagnosis
of aortic graft infection. However, considering focal uptake
as a criterion for positivity in PET, the specificity and positive
predictive value significantly increased to 95%. A recent
study was performed by Keidar et al. to evaluate the role of
18F-FDG-PET for the detection of suspected vascular graft
infections in 39 patients.349 This study demonstrated 93%

sensitivity and 91% specificity for the diagnosis; moreover,
positive and negative predictive values were 88% and 96%,
respectively.

In a recent publication, Burroni et al. analyze all published
data on the use of 18F-FDG-PET in vascular graft infections
(Table 6); in this investigation, authors concluded that the
combined use of PET and CT improves diagnostic accuracy
by allowing image interpretation based on morphologic
criteria and also reducing the rate of false-positive cases.355

In conclusion, radiolabeled autologous leukocytes are still
considered a “gold standard”, because of their sensitivity and
specificity, for such infections; however, 18F-FDG-PET and
PET/CT may provide a valid substitute for leukocyte scan.

The brain is another organ in which the application of FDG
PET for detection of inflammation or infection is limited.
Because the brain uses glucose as its source of energy, basal
FDG uptake in healthy brain is high, and consequently
increased FDG uptake as a result of inflammation can be
hard to detect. Moreover, changes in FDG uptake are not
specific for inflammation, but can also be induced by other
physiological causes, such as activation of a specific brain
region by an external stimulus or a specific task.356 In
addition, the inflammation-induced increase in FDG uptake
can be obscured by neurodegeneration, which leads to a
reduction in glucose consumption. Consequently, neurode-
generative diseases that are associated with chronic inflam-
mation, such as Alzheimer’s disease and Parkinson’s disease,
show characteristic patterns of glucose hypometabolism on
PET scans due to destruction of brain tissue,230 whereas acute
encephalitic disorders usually exhibit distinct areas of glucose
hypermetabolism, sometimes accompanied by hypometabo-
lism in atrophic brain regions.357

4.9.7. 124I-FIAU, 18F-FHPG, 18F-FHBG, and 11C-PK11195

Viral thymidine kinase is an attractive target for imaging
of herpes virus infections, because this enzyme is only
expressed in replicating viruses. Several tracers are currently
available for imaging of herpes simplex virus thymidine
kinase (HSVtk) activity,264 which are specifically phospho-
rylated by the viral thymidine kinase. Bennett et al. have
shown that imaging of replication-competent herpes simplex
virus type 1 viruses is possible by PET using 2′-fluoro-5-
124I-iodo-1-�-D-arabinofuranosyluracil (124I-FIAU) tracer.265

The authors injected virus particles into subcutaneous tumors

Table 6. Summary of Results from Published Studies Using 18F-FDG-PET for Detection of Infected Vascular Graftsa

study year
no. of patients

(*grafts)
18F-FDG

dose (MBq)
acquisition time

(min after injection)
interpretation

criteria TP TN FP FN

Stumpe et al.340 2000 7 300-400 30-40 qualitative 2 5 0 0
Krupnick et al.341 2003 1 187 50 qualitative 1 0 0 0
Chacko et al.342 2003 3 2.55/kg 60 qualitative 2 1 0 0
Keidar et al.343 2003 1 370 60 qualitative 1 0 0 0
Stàdler et al.344 2004 1 375 90 qualitative 1 0 0 0
Fukuchi et al.345 2005 33 185 60 semiquantitative 10 14 8 1
Jaruskova et al.346 2006 7 279-717 40-165 (mean, 70) qualitative 6 0 1 0
Tsunekawa et al.347 2007 1 185 60 qualitative 1 0 0 0
Tegler et al.348 2007 1 qualitative 1 0 0 0
Keidar et al.349 2007 39 185-370 90 qualitative 14 22 2 1
Lauwers et al.350 2008 5 259 90 qualitative 3 2 0 0
Wasselius et al.351 2008 16 4/kg 60 semiquantitative 1 5 10 0
Marion et al.352 2009 1 qualitative 1 0 0 0
Spacek et al.353 2009 96* 256-565 85 qualitative 43 38 3 12
Gardet et al.354 2010 1 qualitative 1 0 0 0

a Abbreviations: TP ) true positive; TN ) true negative; FP ) false positive; FN ) false negative. (Reprinted with permission from ref 355.
Copyright 2007 Society of Nuclear Medicine.)
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in the flanks of rats and could clearly visualize the HSV-
infected tumors with 124I-FIAU-PET, whereas control tumors
could not be discerned. Moreover, in the study, tracer uptake
also correlated with the HSV-1 dose and with the interval
between virus infection and PET imaging. These results
indicate that 124I-FIAU-PET is a competent technique for
diagnosis of virus infection and for monitoring oncolytic viral
treatment of cancer.

The acyclic guanosine derivatives 9-[(3-18F-fluoro-1-
hydroxy-2-propoxy)methyl]guanine (18F-FHPG) and 9-[4-
18F-fluoro-3-(hydroxymethyl)butyl]guanine (18F-FHBG) are
radiolabeled analogues of the antiviral agents ganciclovir and
penciclovir, respectively. 18F-FHPG and 18F-FHBG have been
investigated in animal models of herpes simplex encephalitis
as potential PET tracers for detection of replicating herpes
simplex virus (HSV) in the brain.266,267 Ex-vivo autoradiog-
raphy and consecutive metabolite analysis demonstrated that
18F-FHPG selectively accumulated in infected brain regions,
where it was phosphorylated by the virus.266 In the same
animal model, comparable selective accumulation of
18F-FHBG was observed in ex-vivo biodistribution and PET
imaging studies, although uptake was very low, even in
infected brain regions.267 18F-FHPG and 18F-FHBG are both
hydrophilic tracers that poorly penetrate the intact blood-
brain barrier, but might enter the brain when the blood-brain
barrier is disrupted during infection and inflammation.
However, 18F-FHBG-PET imaging studies could not dem-
onstrate any enhanced tracer uptake in the HSV-infected
brain by visual analysis, which is possibly due to a
combination of low brain uptake and technical limitation of
the imaging method, such as partial volume and spillover
effects.

11C-PK11195 is a validated PET tracer, for imaging
peripheral benzodiazepine receptors (PBR, also called trans-
locator protein) on the outer mitochondrial membrane of the
microglia cells, for the measurement of inflammation-induced
microglia activation. The expression of the PBR is low in
the healthy brain, but is highly upregulated in neuroinflam-
mation.

PET with 11C-PK11195 ((R)-N-methyl-N-(1-methylpro-
pyl)-1-(2-chlorophenyl)isoquinoline-3-carboxamide) has been
successfully applied in a variety of neurological disorders.
In patients with viral encephalitis, for example,
HSV encephalitis, Rasmussen’s encephalitis, and AIDS,
11C-PK11195-PET could clearly identify brain areas with
activated microglia.268-270 Indeed, increased uptake was also
detected in brain areas that appeared normal on MRI at the
time of investigation, but which developed marked atrophy
several months later. 11C-PK11195-PET could also be applied
successfully in dementia. In a PET study on patients with
Alzheimer’s disease, including patients with mild disease,
increased 11C-PK11195 binding was observed in affected
brain regions.358 Brain regions with high 11C-PK11195 uptake
exhibited signs of atrophy on follow-up MRI and FDG PET
scans. 11C-PK11195-PET could also demonstrate microglia
activation in other forms of dementia, like frontotemporal
dementia.359 In drug-naive patients with early Parkinson’s
disease, 11C-PK11195-PET revealed enhanced microglia
activation in midbrain, as compared to healthy controls.268

The uptake of 11C-PK11195 in midbrain positively correlated
with the severity of motor deficits. An inverse correlation
was found between midbrain 11C-PK11195 uptake and nerve
terminal loss in striatum. In patients suffering from multiple
sclerosis, enhanced 11C-PK11195 uptake seems to correlate

with new lesions, whereas old lesions show little tracer
uptake.360 Focal 11C-PK11195 binding in structures that
appeared normal by MRI and asymmetric increased tracer
uptake in thalamus and brain stem were also observed. T2-
weighted MRI lesions with elevated 11C-PK11195 binding
showed an increase in tracer uptake during relapse.361 In
stroke patients, areas with enhanced 11C-PK11195 uptake
overlap areas with abnormalities on MRI, but tend to be
bigger. Several months after the stroke, the area of 11C-
PK11195 binding has extended from the primary infarction
site into connected areas in the same hemisphere and the
contralateral thalamus, whereas atrophy has developed in the
areas that originally exhibited the highest tracer uptake.362

As follows from above, 11C-PK11195-PET can reveal early
inflammatory responses, before abnormalities are visible by
MRI. Increased 11C-PK11195 binding in areas that appear
normal on MRI was shown to develop atrophy afterward,
suggesting that microglial activation precedes neurodegen-
eration.

5. Conclusions
In the last decades, increasing interest and research efforts

have been invested in search of specific probes (fluoresci-
nated or radiolabeled) for imaging different molecular events
in inflammation and infection. This has led to early detection
of diseases, deeper understanding of pathogenetic mecha-
nisms, therapy decision making, and therapy follow-up.

Optical imaging and fluorescence imaging are the methods
of choice for preclinical studies and proof of concept in the
development of new imaging probes. They have been proved
to be also very useful in drug development to test the efficacy
of new antibiotics or biological drugs on bacterial and viral
growth and dissemination. By contrast, nuclear medicine
imaging offers the possibility to study in vivo different
aspects of inflammatory process by the use of radiolabeled
molecules that bind to specific recetor targets on cells and
tissues. We have now a wide panel of fluorescinated and
radiolabeled probes for studying bacteria and virus replication
and spread, neutrophyl and lymphocyte trafficking, as well
as their homing in inflamed tissues as signs of infection and
inflammation, respectively. Molecular imaging in this field
goes beyond diagnosis of infection or inflammation. It allows
us to histologically characterize pathological processes,
highlight the cell type and subtypes that are involved in the
process, quantify the presence of bacteria and biologically
active molecules, such as cytokines and chemokines, and
detect the presence of apoptotic cells and autoreactive cells.
All of this information is more and more useful to clinicians
for defining a personalized tailored therapy and to follow
up its efficacy.

These probes can also be used for early diagnosis of
diseases, in susceptible subjects, for detection of disease
relapse and radioguided surgery. In some cases, diagnostic
probes have also been tested for therapeutic use in larger
amounts or labeled with appropriate isotopes. This is the
proof of concept that a good diagnostic probe can open new
perspectives for therapeutic purposes.
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