
F
F

A
m
c
p
a
s
m
n
o
l
a
m
n

*

†

‡

A

0
d

uture Diagnostic Agents
ilip Gemmel, MD,* Nicolas Dumarey, MD,† and Mick Welling, PhD‡

Timely and specific diagnosis of infectious diseases can be clinically challenging but
essential for the patient’s outcome. Laboratory tests, such as a blood culture or urine
specimen, can detect the responsible micro-organism but cannot discriminate between
sterile inflammatory disease and truly infectious disease. Imaging tests, like scintigraphic
techniques, can pinpoint the infection in the body. There are a number of clinical scinti-
graphic tests from which to choose, and no single test is optimal for the various presen-
tations of clinical infectious disease. The currently available radiopharmaceuticals often are
not capable of distinguishing between sterile inflammation, and bacterial or fungal infec-
tions. Neutrophil-mediated processes, characteristic for both inflammatory and infectious
processes, can be targeted in situ by radiolabeled leukocytes, antibodies or fragments, or
even by cytokines and 18F-fluorodeoxyglucose. Unfortunately those techniques are not
infection-specific markers, and ongoing research is in progress to tackle this problem. The
most promising option in this respect is directly targeting bacteria or fungi with radiola-
beled antibiotics or antimicrobial peptides. These theoretically highly infection-specific
radiopharmaceuticals could be used for monitoring the success of antimicrobial therapy of
infectious disease. Although results from preclinical experiments and pilot studies in
patients are promising, radiolabeled anti-infective agents are not currently in routine
clinical use and studies are continuing to prove their effectiveness for diagnostic imaging
of infections in the future.
Semin Nucl Med 39:11-26 © 2009 Elsevier Inc. All rights reserved.
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ccurate and prompt diagnosis of infectious disease is
crucial for initiating appropriate therapy and patient

anagement. Although superficial lesions can be readily ac-
essed and rapidly diagnosed, deep-seated sites of obscure or
ersistent infection pose a serious challenge to the clinician
nd result in the use of procedures that may reveal inconclu-
ive findings. This difficulty is commonly encountered in the
anagement of disorders such as pulmonary, intra-abdomi-
al, and cerebral processes, but also in fever of unknown
rigin, spinal infections, and complicated osteomyelitis. The
atter conditions are more observed frequently in the elderly
nd oncological patients, both of which are immunocompro-
ised populations.1-5 In view of the increasing use of immu-
osuppressive agents in patients who receive transplants,
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ore intensive anticancer therapies, and patients with acquired
mmunodeficiency syndrome (AIDS), far more knowledge and
reater awareness of the presence of opportunistic infections
ust be acquired.
Detecting and monitoring infectious processes can be

chieved with the use of various techniques, including con-
entional radiography (radiograph), ultrasonography, com-
uted tomography (CT), or magnetic resonance imaging
MRI). The cross-sectional imaging techniques, such as CT
nd MRI have proven useful in detecting organ infections and
usculoskeletal infections.6,7 Because of their excellent spa-

ial resolution, these methods have allowed clinicians to as-
ess more accurately the depth of a superficial infection,
hereby aiding in diagnosis and surgical planning.8 However,
hese techniques rely solely on morphological changes and,
herefore, most abnormalities can only be detected at ad-
anced stages of disease and diagnosis of early infections and
ifferentiation between active and structural but indolent al-
erations following surgery or other interventions can be dif-
cult. Furthermore, in situations in which normal anatomy is
istorted by postsurgical changes, scarring, or the presence of

mplants and/or vascular grafts, the diagnostic role of these
echniques is limited. Morphological imaging methods can-

ot differentiate between sterile inflammation and infection
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12 F. Gemmel, N. Dumarey, and M. Welling
nd do not allow for monitoring the success of antimicrobial
herapy.9

In these settings, functional imaging procedures can in
any cases provide useful and complementary information.

n contrast to morphological imaging studies like computed
omography (CT) and magnetic resonance imaging (MRI),
uclear medicine procedures can determine the location and
he degree of disease activity in infectious processes based on
hysiologic and/or metabolic changes that are associated
ith these diseases. Today, there remains a need for a diag-
ostic radiopharmaceutical agent that can distinguish be-
ween infection and sterile inflammation.10 To quote from a
0-year-old seminal article on infection imaging, Rubin and
oworkers11 state:

. . . the need for techniques for anatomically delineating
the primary and metastatic sites of infection; the need
for noninvasive imaging techniques that could be per-
formed repetitively to assess the response to therapy; the
need for a noninvasive technique for in vivo, specific
diagnosis that would obviate the need for invasive biopsy
procedures; and the need for targeted therapy of such
infections as those caused by fungi that would permit
more aggressive therapy of the process with lesser
amounts of systemic toxicity.

This statement is still valid in patients with infection. The
eed for such an infection-specific imaging tracer is even
merging as the result of several reasons. First of all, the
pectrum of involved micro-organisms is changing as the
esult of the intensive treatments in cancer patients but also
ecause of the increased use of devices, shunts, and im-
lants.5,12 Second, increasing aging of the global population

s a major risk factor for developing iatrogenic and opportu-
istic infections. Third, HIV and tuberculosis infections are

Figure 1 Schematic representation of the role of antimicr

the pathogenesis of bacterial infection. LPS, lipopolysaccharid
apidly increasing, especially in developing countries. Last,
ut not least, inappropriate use and overuse of antibiotic
reatment in developed countries induces the major problem
f bacterial resistance to antibiotics. In these cases, imaging
tudies assume a major role in diagnosing/delineating the
nfectious focus and in planning appropriate/targeted antibi-
tic therapy.
Recent developments in the field have substantially im-

roved the ability of nuclear techniques to detect infectious
isease. These new methods include single-photon emission
omputed tomography (SPECT) tracers such as radiolabeled
hemotactic peptides,13 radiolabeled liposomes,14 avidin-
ediated imaging,15,16 radiolabeled antibiotics (eg, cipro-
oxacin),17,18 and monoclonal antibodies. Some of these
gents also can be labeled with positron emitters such as
uorine-18 (18F) and gallium-68 (68Ga) and can be applied
or positron emission tomography (PET) imaging.19

It is crucial to understand the pros and the cons of each of
hese future diagnostic agents. It depends on several factors
hat are based on the knowledge of the pathophysiological
spects of different forms of infection and also the cascade of
ellular and immunological reactions in inflammation and
nfection (Fig. 1).20 This overview focuses mainly on the de-
elopment and testing of new infection-targeting radiophar-
aceuticals dedicated to specific imaging of infectious dis-

ases and their possible role in the future.

maging of Infectious Disease
y New SPECT and PET Tracers

nfection imaging may appear simple but is actually quite
omplicated because of a multitude of factors influencing and
nterfering with the imaging process by the choice and design

eptides on the complex network of innate immunity in
obial p

es. (Reprinted with permission from Lupetti et al.20)



o
f
i
o
M
t
r
t
i
r
p

e
m
w
i
c
p
a
t
r
t
fi
c
d
m
i
a
r
a
m
o
i
p
d

T
A
b
v
s
s
a
t
c
n
s
i
f
t
d
n
p
c
o
c
A
M
l

a
t
r
t
i
L
c
w
t
b
b
m
b
i

i
d
A
9

t
t
n
s
t
u
g
b
I
p
t
m

T
I

1

Future diagnostic agents 13
f radiopharmaceuticals.21 Superimposing factors from in-
ection and inflammation further complicate their use in clin-
cal infectious diseases, leading frequently to a combination
f different techniques. Following the pioneering work by
cAfee and Thakur, who used labeled leukocytes for infec-

ion imaging, new radiopharmaceuticals have emerged on a
egular basis.21 Nevertheless, although not specific for infec-
ion, the visualization of radiolabeled leukocytes (with label-
ng both by in vivo and in vitro methods) have taken a central
ole in infection imaging during the last decades in clinical
ractice.9,22-24

The ideal radiopharmaceutical (Table 1) should enable
arly diagnostic imaging, a low absorbed radiation dose, and
ake a distinction between inflammation and infection,
hich is of paramount importance in the field of various

nfections, including musculoskeletal, soft-tissue, and paren-
hymal infections. Furthermore, it should be nontoxic, inex-
ensive, readily available, and rapidly cleared from the blood
nd the body. Finally, it should not accumulate in major
arget organs, and its preparation should be simple and
apid.25-27 Many of our currently available radiopharmaceu-
icals share some of these criteria, but all of them lack speci-
city.28 Most importantly, until now, no single radiopharma-
eutical has emerged in the clinical routine that can clearly
istinguish infection from sterile inflammation.9,21 Further-
ore, in the modern era of multiresistant organisms and

mmunosuppressed patients, any new “perfect” diagnostic
gent needs to be effective in an environment with leukocytes
educed in numbers and functioning.28 There are 3 main
reas of development, namely the introduction of specific
icro-organism–targeted agents such as radiolabeled antibi-

tics, antifungals, and antimicrobial peptides; secondly the
ntroduction of monoclonal antibodies against specific com-
onents of micro-organisms; and last but not least, the intro-

able 1 Requirements for An “Ideal” Radiopharmaceutical for
maging Infection: Magic Bullet Concept

1. Rapid localization and good retention at site of
infection

2. Rapid clearance from noninfected tissues (high target
to background ratios)

3. Uptake in infection not in sterile inflammation,
identifying bacterial, viral and fungal infections

4. The uptake of the radiotracer should be proportional to
the degree of infection, therapy response can be
monitored

5. No pharmacological effect/immunological response,
safe use, repeated injection is feasible

6. Labeling should be simple and uncomplicated and well
characterized

7. Preferably 99mTc-labeling, positron-label is still
experimental.

8. Does not depend on host leukocyte functions
9. Less expensive than other combined modalities
0. Radiation dosimetry should be acceptable
uction of PET technology with 18F and 68Ga. f
argeting the Leukocyte
fter activation by leukocytes residing at the site of infection,
lood leukocytes expressing several receptors become acti-
ated and migration from the bloodstream into the interstitial
pace can take place (diapedesis). Small diffusible molecules,
uch as proteins and peptides, which can readily cross the
ctivated endothelium, include radiolabeled chemokines, cy-
okines, and somatostatin analogs, targeting respectively cir-
ulating and migrated neutrophils, lymphocytes, and mono-
uclear cells.29 These receptor-based imaging tests are not
olely specific for infectious processes but also are positive in
nflammatory diseases. Nevertheless, they can be used in the
uture as a useful inflammation-seeking radiotracer, similar
o ex vivo radiolabeled leukocytes, which are the gold stan-
ard for imaging inflammation and infection.22 Unfortu-
ately, some of these, such as cytokines and chemotactic
eptides, even at low doses, are highly immunogenic and
ytotoxic, which can be a major limitation when these types
f agents are used in the future.21,30 Furthermore, their radio-
hemistry is still unclear and, according to Food and Drug
dministration regulations, this prevents it’s clinical use.
ore promising nowadays is the acute phase cytokine inter-

eukin-8 (IL-8).
IL-8 is a member of a family of proinflammatory cytokines,

nd its best-characterized activities include the chemoattrac-
ion and activation of neutrophils.31 Holmes and coworkers31

eported the IL-8 receptor, which is a member of the G pro-
ein-coupled super family, is partially identical to receptors
nvolving other neutrophil chemoattractants, such as fMet-
eu-Phe and C5a. Moreover, they found that mammalian
ells transfected with the IL-8 receptor cDNA clone bind IL-8
ith high affinity. The binding mechanism of this small pro-

ein (8.5 kDa) to neutrophil receptors CXC1 and CXC2 has
een quite extensively studied in vitro.32,33 Two major draw-
acks of the model are the use of an enormous amount of
icro-organisms (1011 CFU) and the choice of Escherichia coli

acteria for soft-tissue infections, which are both clinically
rrelevant.

The Nijmegen group has recently developed a pulmonary
nfection rabbit model, exploring the feasibility of targeting 3
ifferent pulmonary infections experimentally induced by
spergillus, Streptococcus, and Escherichia coli species with

9mTc-labeled IL-8.1 They demonstrated excellent visualiza-
ion of localization and extent of pulmonary infection in all
he 3 models, which was to be expected because of the large
umber of bacteria and infiltrating leukocytes present at the
ite of infection. Moreover, further analysis confirmed a rela-
ionship between the amount of circulating neutrophils and
ptake of 99mTc-labeled IL-8 in the affected tissues, reflecting
reater uptake in immunocompetent versus neutropenic rab-
its, also compatible with the neutrophil-driven power of
L-8 agents. Therefore, the lower levels of IL-8 receptor-ex-
ressing cells in immunosuppressed animals makes this
racer unsuitable for infection imaging in immunocompro-
ised patients, who are the major group of patients eligible
or infection imaging. Finally, the authors emphasized the
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14 F. Gemmel, N. Dumarey, and M. Welling
otential to cover a broad range of future clinical applications
n detection of human pulmonary infections.1

Subsequently, the same group tested the safety of a 10 �g
9mTc-labeled IL-8 in humans and assessed the value of
9mTc-labeled IL-8 scintigraphy in patients with suspected
usculoskeletal infections, including prosthetic joint and os-

eomyelitis.34 Scintigraphy with 99mTc-labeled IL-8 correctly
dentified the infection after 4 hours in 10 of the 12 patients
eing tested for an infection, 2 patients being scored as false-
egative (1 with vertebral osteomyelitis and 1 with a low-
rade knee prosthesis infection). There were no false-positive
ases. Together for the 20 patients in this study, the sensitiv-
ty, specificity, and accuracy of 99mTc-labeled IL-8 scintigra-
hy were calculated as 83%, 100%, and 90%, respectively. In

able 2 Physical, Radiochemical Properties, Presumed Upt

Agent Interleukin-8

roposed
mechanism of
uptake/activity

Receptor mediated (CXC1 and 2);
Chemoattraction and activation
of neutrophils; thus migration of
in vivo labeled WBCs

Rece
on
ne
in

iodistribution
routes of
excretion

Kidney, bone marrow, liver, spleen Kidn
(va

reparation/
labeling
procedure

In vivo labeling/HYNIC In vi

ose (adult) 400 MBq
hysical
properties

Generator Gen
T½ � 6 hours T½ �
Photopeak: 140 keV Phot

ffective dose
equivalent
(mSv/dose)

2.7

iming/imaging
characteristics

4 to 24 hours

nstrumentation Gamma camera Gam

dvantages High specific activity, no risks of
infection or cross contamination

High
inf
co

imitations/
disadvantages

Lack of in vivo studies testing the
affinity; Neutrophil-tracer,
present in acute infections, less
useful in neutropenic and/or
non-neutrophil-mediated and/or
low-grade infections, possible
side-effects, no differentiation
from fungi infections; until now
human results comparable to in
vitro WBCs

Spec
no
pr
les
an
me
inf
eff
fro
mo

B (antibiotic) fluoroquinolones (ciprofloxacin-norfloxacin-sparfloxac
ddition, in 3 patients with coexisting malignant disease, s
9mTc-labeled IL-8 uptake was observed in none of them,
eflecting the specificity for bacterial infections over malig-
ancy of this agent. Early biodistribution analysis showed
hysiologic uptake of 99mTc-labeled IL-8 in the kidneys, bone
arrow, liver, and spleen with rapid clearance from the

lood pool and nontarget tissues. Later images showed mi-
ration of radioactivity that accumulated earlier in the bone
arrow to the infected tissues indicating migration of radio-

abeled leukocytes to the site of infection. Most importantly,
here were no significant side effects after the injection of
9mTc-labeled IL-8 and no significant adverse effect was noted
n the peripheral leukocyte counts. In summary, technetium-
L-8 is an interesting candidate to replace radiolabeled leu-
ocytes by in vivo labeling of neutrophils (Table 2). Clinical

echanisms, Advantages, and Disadvantages of Various

-4 Antagonist AB Fluoroquinolones

ediated, expressed
ated/infiltrated
ils, thus migration of
beled WBCs

Blocking bacterial DNA replication
by inserting itself between DNA
and the enzyme DNA gyrase,
causing double-stranding breaks
in the bacterial chromosome

ne marrow
), liver, spleen

Kidney, spleen

eling/HYNIC Kit

— 370 MBq
Generator

urs T½ � 6 hours
: 140 keV Photopeak: 140 keV

— 3

— 4 to 24 hours SPECT

mera Gamma camera

ratio; no risks of
or cross

nation

Low bone marrow uptake, low
accumulation in liver and
intestines; PET derivates

ceptor mechanism is
n; Neutrophil-tracer,

in acute infections,
ful in neutropenic
on-neutrophil-

d and/or low-grade
s, possible side-
no differentiation
gi infections;

not available

No exact radiochemical structure;
a-specific binding (wash-in/out)
thus responsible for accumulation
in bacterial infected tissues as
well in sterile inflammatory
lesions; no differentiation from
fungi/tuberculous infections

ofloxacin-levofloxacin-pefloxacin-lomefloxacin-ofloxacin).
ake M

LTB

ptor m
activ

utroph
vivo la

ey, bo
riable

vo lab

erator
6 ho

opeak

ma ca

T/NT
ection
ntami

ific re
t know
esent
s use
d/or n
diate
ection
ects,
m fun
lecule
tudies with larger numbers of patients with various infec-
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Future diagnostic agents 15
ions are warranted in the future but the lack of radiochem-
cal characterization and the possible dangers of side effects

ay, according to Food and Drug Administration regula-
ions, prevent its use in humans.34

The leukotriene (LT) B4 receptors, expressed on polymor-
honuclear granulocytes, are involved in leukocyte function
uring the inflammatory response, chemotaxis, and chemo-
inesis, and are therefore not specific for the detection of

nfections.35,36 Several studies have been performed with
11In-labeled LTB4 antagonist to visualize infection and in-
ammation by targeting specific receptors expressed on the
embrane of activated and infiltrated neutrophils.37 The BLT

ubtype 1 receptor is of the high-affinity type and is found
rimarily on neutrophils.35 The receptor–interaction process

romising Infection-Specific Future Diagnostic Agents Teste

Antimicrobial Peptides 18F-F

erforation of membranes (bacteria, viruses.
fungi, parasites), membrane instability,
and bacteriolysis intracellular: DNA and
mitochondrial inhibition
immunostimulatory activity

Up-regulatio
granulocyt
macrophag
WBCs (dia

ariable to low accumulation in the liver, no
bowel deposits, kidney

Brain, heart,
(mildly), G

it WBCs in vit

4 to 222 MBq (children) 370 MBq
enerator Cyclotron

½ � 6 hours T½ � 110 m
hotopeak: 140 keV Photopeak: 5

<2

to 2 hours Fast (2 to 4

amma camera PET camera
gamma ca

pecific and fast targeting living
micro-organisms; low affinity for host cells
(not tumors); development of resistant
bacteria unlikely; suitable for therapy
monitoring; UBI well tolerated, kit
formulation; can be prepared synthetically
in large amounts and lack immunological
side-effects; PET derivates

Superior ima
high targe
low bone m
for FDG; a
(with CT);
agreement
uptake

annot discriminate between bacterial or
not-bacterial infection; bacteriolysis;
eliminating the target antigen; not able to
detect intracellular infectious sources;
anti-viral peptides still under research

Poor specific
leucocytes
poor availa
WBCs not
(WBC < 2
labor-inten
infection; c
Tc-HMPAO
as highlighted by adding excess cold molecules in experi- l
ents.38,39 Moreover, the same Nijmegen group showed that
n infected animals, there is an increasing accumulation in
he abscess and a decreasing accumulation in the bone mar-
ow, in contrast to an increasing accumulation in the bone
arrow of healthy control animals. This observation indi-

ates specific migration of labeled LTB4 labeled bacteria
nd/or white blood cells into the inflamed region.37 111In-
abeled DPC11870 (a bivalent DTPA-conjugated LTB4 oli-
opeptide) rapidly revealed infectious and inflammatory le-
ions in several rabbit models of acute inflammation.40

iodistribution analyses demonstrated physiologic uptake in
idney, bone marrow, and spleen and also substantial uptake

n the infected region.
Recently, 2 new 6-hydrazinonicotinic-conjugated 99mTc-

h In Vitro, in Animals and Results in Human Trials

DG-WBC Bacteriophages

LUT in activated
phocytes and

igration of
is/chemotaxis)

Viruses, attachment to specific surface
receptors, transferring their genetic
material into the host cell for
reproduction

bone marrow
t, GI tract

Liver, lung, gut

ling by HMPAO Kit/MAG-3

—
Generator
T½ � 6 hours

V Photopeak: 140 keV
10 —

, CT if available —

ncidence gamma camera

haracteristics;
ckground ratio,
/bone uptake

ne technique
nterobserver
tifying FDG

Specific targeting bacterial cells, and
not mammalian cells, cocktail of
phages for each bacterial strain;
some of them high T/NT ratio

ctivated
lastic cells);
high cost;
l in leukopenia
m3);

risks of
contamination
table complex

Binding both living and heat-killed
bacteria, partly non-specific diffusion
across the endothelial lining; safety
and efficacy have yet to be validated
d Bot

DG/F

n of G
es, lym
es, m
pedes

liver,
U trac

ro labe

inutes
11 ke
8 to

hours)

or coi
mera
ging c

t-to-ba
arrow

ll-in-o
high i
; quan

ity (a
/neop
bility;
usefu
000/m
sive;
ross
: uns
abeled compounds structurally related to DPC11870 were
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16 F. Gemmel, N. Dumarey, and M. Welling
eveloped with similar success to the 111In-labeled derivate,
voiding the unfavorable radiation characteristics of 111In.41

omparison of the 99mTc-labeled bivalent and labeled mono-
alent LTB4 antagonists revealed that images after injection
f the monovalent 99mTc-labeled MB88 allowed, compared
ith the bivalent 99mTc-labeled-MB81, superior abscess visu-

lization because of rapid clearance from nontarget tissues
nd preserved accumulation in the abscess. Additionally, the
uscle abscess was delineated earlier with 99mTc-labeled
B88 than with the bivalent analog 99mTc-labeled MB81.
lso compared with the 111In-labeled DPC11870 molecule,
espite similar pharmacology in abscess and kidney uptake,
etter images were obtained because of lower radioactivity
oncentrations in the bone marrow of animals injected with
he monovalent 99mTc-labeled MB88 LTB4 antagonist than
or the bivalent analog 99mTc-labeled-MB81. Therefore,
mong the 3 LTB4 antagonists, the monovalent 99mTc-labeled
B88 is the most potent and promising agent for visualizing

nd evaluating infection and inflammation in patients, allow-
ng further a fair comparison with the other currently studied
gents by this group (Table 2).41

argeting the Micro-Organism
totally different strategy is to target micro-organisms di-

ectly in vivo without the need for intervening leukocytes, an
pproach that has been adopted in the development of new
adiopharmaceuticals such as radiolabeled ciprofloxacin and
ntimicrobial peptides.21 Since the 1980s, several groups
ave reported on the potential role of using radiolabeled
ntibiotics as SPECT or PET tracers,42 18C- and 3H-labeled
ntibiotics,43 18F-fluconazole,44 99mTc-erythromycin, and
9mTc-streptomycin.45

Still controversial, one of the most tested radiolabeled
ntibiotics is 99mTc-labeled ciprofloxacin (Infecton; Draxim-
ge Inc, Quebec, Canada), introduced by Britton and col-
eagues.46 Ciprofloxacin is a fluoroquinolone antibiotic in
hich the antimicrobial activity is mediated by insertion be-

ween DNA and the bacterial DNA gyrase and/or topoisom-
rase IV enzymes, which are present in all dividing bacteria,
ven in those resistant to ciprofloxacin for the pathogens
ested.17,47 99mTc-labeled ciprofloxacin (Infecton) has been
eported to successfully evaluate various infectious diseases
n humans.48,49 It has a favorable biodistribution because it is

ainly excreted by the kidneys and shows has low liver me-
abolism. Consequently, low nonspecific bowel uptake is sel-
om a problem for abdominal imaging.18 Moreover, the lack
f bone marrow uptake is particularly useful for the detection
f osteomyelitis.50 Although the exact chemical structure of
9mTc-labeled ciprofloxacin has never been determined, the
adiolabeled compound is believed to retain most of the
harmacokinetic and pharmacodynamic properties of unla-
eled ciprofloxacin and accumulates in vivo within bacterial
ells in a nonspecific fashion.49

It has been suggested that Infecton only binds to living
acteria and, thus, it has been proposed as an agent that is
ble to distinguish sterile inflammation from bacterial infec-

ion. However, since its introduction in 1993, this has never t
een confirmed. Initial clinical studies showed high accuracy
n various infectious conditions, including orthopedic infec-
ions, arthritis, pelvic inflammatory disease, and a variety of
acterial and nonbacterial infections. The largest trial for In-
ecton in about 900 patients was conducted in the framework
f an International Atomic Energy Agency Coordinated Re-
earch Project. In this study, the overall calculated sensitivity
or this tracer was 88%, whereas the specificity was deter-
ined at 82%.48 Other clinical work showed a lower speci-
city of this radiopharmaceutical for infections than data ob-
ained with earlier studies.50-52 Unfortunately, there are still a
ot of controversial data for imaging in vitro, both in animals
nd in human studies on the infection-specific targeting ca-
acity of Infecton. Possible explanations for these contradict-

ng results in both the preclinical and clinical settings include
he presence of ciprofloxacin-resistant bacteria, insufficient
umbers of viable intralesional bacteria and nonspecific
inding to dead intralesional bacteria, and the similar use of
ntibiotic therapy before imaging.53 Additionally, there is
lear evidence that the part of the ciprofloxacin molecule that
nteracts with bacterial DNA is also responsible for binding to

ammalian DNA abundantly present in infiltrating leuko-
ytes (Table 2).54

Siaens and coworkers of the Ghent group reported on the
inding of 99mTc-labeled ciprofloxacin and 99mTc-labeled en-
ofloxacin in vitro in a rat model of intramuscular infection
ersus inflammation.55 Similar to the results of Alexander
nd coworkers, they confirmed that neither of the 2 tracers
howed specific binding to living or heat-killed bacteria.
oreover there was no difference in fluoroquinolone uptake

etween infectious and inflammatory lesions. Siaens and co-
orkers argued that this was possibly the result of vital

hanges in the conformation of the fluoroquinolone mole-
ules or modification of active sites as the result of complex-
tion with technetium. Differences in labeling conditions
annot be excluded.55 The exact binding potential mecha-
ism of the ciprofloxacin complex was recently revealed by
anger and coworkers and Zijlstra and coworkers. They la-
eled ciprofloxacin with a fluorine positron tracer, thereby
reserving the pharmacokinetic and pharmacodynamic
roperties.56,57 Furthermore, they used 18F-ciprofloxacin
ET both in vitro and in a clinical study with a small group of
atients presenting with soft-tissue bacterial infections.58

heir results demonstrate low uptake of 18F-ciprofloxacin by
acteria and poor retention in granulocytes as well.
Moreover, as others have suggested, the specific binding to

acterial DNA/DNA gyrase was masked by a high level of
onspecific binding.57,58 It was suggested that increased local
lood supply, together with increased vascular permeability,
xpansion of the extracellular space, and probably an in-
rease in leukocyte accumulation, may enhance transudation
f the radiolabeled (both SPECT and PET) ciprofloxacin at
he inflammatory-postsurgical sites, as is commonly reported
or the other currently available SPECT tracers, like 67Ga-
itrate and radiolabeled leukocytes (Table 2).9,55,58,59 Given
hat the structure of the investigational agent Infecton is still
nknown, controversial results could be attributed mainly to

he formation of various radiolabeled species and stability of
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Future diagnostic agents 17
he complex. Draximage recently published data on a Phase
I clinical study performed in the United States. Despite these
mprovements in the standardization of preparation of 99mTc-
abeled ciprofloxacin, this radiopharmaceutical showed poor
pecificity and accuracy in patients with osteomyelitis at
-hour (early) as well as at 24-hour (late) images.9 In their
xperience, the tracer disappeared from sites of infection as
ell as from inflammation with equal rapidity. This results

aises again the issue of whether the uptake is specific or only
blood pool effect.9

Because Infecton showed the detection of bacterial infec-
ions with poor specificity and accuracy, Palestro and co-
orkers considered that it is unlikely that this radiolabeled

ntibiotic will ever be a valid method for imaging infection.
oreover, a recent press release from Draximage clearly

tated that formulation development of Infecton targeting
rthopedic indications has not been successful and Draxim-
ge will allocate the resources devoted to this product to
ther projects (http://www.draxishealth.com/pdf/Draxis_
3_PR_US_GAAP.pdf). Differences in the outcome in the

pecificity of detecting micro-organisms may be the result of
1) inability of the compound to discriminate infection from
terile inflammation; (2) different ways of reading the scans;
3) differences in the performance of the labeling procedure,
hich lead to the formation of different complexes; or (4)

nsufficient quality control.54 Taken together, these findings
ndicate that both 99mTc-labeled ciprofloxacin (Infecton) and

able 3 Imaging Experimental Infections With (Directly) Labe
99mTc-Labeled

Antibiotics Mechanism

acrolides Binding to the 50S subunit of the bacteria
complex, inhibiting protein synthesis an
replication

rythromycin
treptomycin
ephalosporins Disrupt the synthesis of peptidoglycan lay

thus the structural integrity of the bacte
walls

eftizoxime
efoperazone
anamycin Frameshift mutation and prevents the tran

RNA
soniazid Inhibits the synthesis of mycolic acid in th

mycobacterial cell wall

able 4 Imaging Experimentally Infections With Other (Direct

Anti-infective Mechanism
25I-FIAU Nucleoside analogue used in th

infections acting via inhibition
kinase involved in nucleic acid

9mTc-labeled fluconazole Inhibits cytochrome P450 enzym
14�-demethylase and fungal c
membrane synthesis

23I-labeled ornidaole Entrapment by hypoxic cells
8F-ciprofloxacin are not suitable as bacteria-specific infec-
ion imaging agents.9,55,58,59 Finally, before introducing Infec-
on or any other new compound into clinical routine, some
edicated preclinical experiments should be performed to
how its usefulness. For instance in vitro studies of binding
echanism and affinity of 99mTc-labeled compounds to
athogens and host cells answered many of these questions
elated to the controversial results obtained. Of course, each
ompound needs to be tested in experimental infection mod-
ls in animals in comparison with animals having sterile in-
ammatory lesions to evaluate its usefulness.
Current studies focus on developing other well-defined

9mTc-labeled complexes that carry fluoroquinolone antibiot-
cs (Tables 3 and 4).60 Preliminary studies with sparfloxacin,
orfloxacin, pefloxacin, lomefloxacin, and ofloxacin deri-
ates have shown significant in vitro uptake in bacteria as
ell as accumulation in sterile inflammatory sites. Critical

valuation (eg, interaction with host cells and adequate con-
rol experiments) of these investigational compounds is war-
anted to ultimately prove their value for specific imaging of
nfections.3

The concept of handling radiolabeled antimicrobials has
een further extended to include antifungal agents. This may
e of particular interest in the severely immunocompromised
atient, especially in and around the time of bone marrow
ransplantation.61 Fungal infections are life-threatening in
mmunocompromised patients, and early recognition and

nfluoroquinolone Antibiotics

Evaluation

rRNA Accumulation in inflammatory and infected tissues.
High uptake in bile and liver with intestinal
deposits.

d
ll

Accumulation in inflammatory and infected tissues.
High uptake in bile and liver with intestinal
deposits.

n of Accumulation in S. aureus infected tissues. No
deposits in intestines.

Specific tracer for the detection of M. tuberculosis
infected lesions especially in the lungs

led Antiinfectives

Evaluation

ment of viral
midine

cation

(Late) imaging of bacterial-infected tissues;
elaborate synthesis and purification
steps; risk of liver failure

smatic
Specific marker for fungal infections

Cannot discriminate between infections
led No

l 70S
d

er an
rial ce

slatio

e

) Labe

e treat
of thy
repli

e
ytopla
and sterile inflammatory lesions

http://www.draxishealth.com/pdf/Draxis_Q3_PR_US_GAAP.pdf
http://www.draxishealth.com/pdf/Draxis_Q3_PR_US_GAAP.pdf
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18 F. Gemmel, N. Dumarey, and M. Welling
ppropriate treatment are extremely important.61 Further-
ore, the distinction between bacterial versus fungal infec-

ion is crucial for tailored treatment and has led to the devel-
pment of 131I-labeled MoAb and F(ab=)2 fragments directed
gainst cell wall glycoproteins of Candida albicans in guinea
igs and more recently the development of 99mTc-labeled
uconazole.62 Fluconazole, the fungal antibiotic, is specifi-
ally taken up by fungi and retained inside by binding to
ytochrome P450. After labeling with 99mTc, it is not taken up
n tissues infected with bacteria or by mammalian cells and
oes not accumulate in inflammatory processes.62 Further-
ore, the Leiden group found also a good correlation be-

ween the accumulation of 99mTc-fluconazole in Candida al-
icans-infected thigh muscles in mice and the number of
iable yeast present at the site of infection, indicating that
9mTc-fluconazole may be suitable for monitoring the efficacy
f antifungal therapy in Candida albicans infections. Flucon-
zole has also been labeled with 18F, and although the initial
esults are promising, further research is warranted to con-
ider this compound suitable for imaging fungal infections in
atients (Table 2).44

Recently, the Ghent group has developed a new antifungal
maging agent, chitinase labeled with iodine-123, for specif-
cally targeting fungal and not bacterial or human cell walls. It
as tested for specificity in a mouse model to localize fungal

nfections with both Candida and Aspergillus species. Further-
ore, the chitinase uptake appears to correlate well with the
umber of viable fungal cells.61,63 However, the radioligand
as dehalogenated, resulting in high uptake in the thyroid

nd stomach. Therefore, the same group reported on the
ossible use of chitin-binding proteins in vitro and in vivo,

ike CBP21. Because the binding of 99mTc-HYNIC-CBP21 to
ungi, and not to Escherichia coli, could be altered by previous
ncubation in the presence of a 50-fold molar excess of cold
BP21, it was concluded again that the binding was caused
y a specific interaction of the compound with fungi, pre-
umably by binding of the tracer to chitin in the cell wall.

In muscle thigh infections induced in leukocytopenic
ice, the target/nontarget (T/NT) ratios for Aspergillus fu-
igatus were significantly greater than those for Candida al-

icans, Escherichia coli, and also compared to sterile inflam-
ation, reaching a maximum between 5 and 7 hours after

njection. Biodistribution analysis demonstrated typical char-
cteristics of 21-kDa molecular weight labeled proteins with
redominant renal and rapid blood clearance. Unfortunately,
rominent stomach uptake was observed, indicating instabil-

ty of the tracer-binding in vivo. Because CBP21 has no en-
ymatic function and binds chitin with high affinity, this
rotein seemed an interesting experimental compound for
he development of a novel fungi-specific tracer. Its possible
dvantages included binding widespread fungi or yeasts, its
mmunity to resistance development, and its ability to be
abeled with technetium as favorite radionuclide.64 Finally,
ecause a diagnosis of fungal infection, particularly in pa-
ients undergoing chemotherapy, is a major challenge in the
linical setting, there is good reason to believe that fungi-

elated diagnostic agents will be developed in the future.61 f
Another application of the antimicrobial principle is the
ntroduction of radiolabeled antituberculosis agents, such as
9mTc-isoniazid and 99mTc-ethambutol. Those products bind
o the cell walls of living mycobacteria. Singh, Verma, and
oworkers reported the promising imaging results of Myco-
acterium tuberculosis cold abscesses in rabbits, suggesting
hat both agents may be very useful in the future for the
etection and follow-up of tuberculous lesions in hu-
ans.65,66

A new class of radiopharmaceuticals that specifically target
acteria, fungi, and viruses are the antimicrobial peptides.20

hey are found in abundance in mammals, birds, amphibi-
ns, and insects, and they protect these animals against in-
ection.67 They exhibit different chemical features. Most of
hem are cationic and interact with negatively charged bac-
erial phospholipids or with other compounds such as lipo-
eichoic acid present on the bacterial cell wall. They are pro-
uced mainly by macrophages and polymorphs and act by
he production of pores into the bacterial membrane that
ause their death. The specificity of these interactions for
icro-organisms is caused by the differences in charge and

omposition of bacterial and human cell membranes.68 Var-
ous natural and synthetic peptides have been investigated
or the imaging of bacterial infections, such as synthetic pep-
ides derived from domains on human antimicrobial peptide
biquicidin (UBI), human lactoferrin (hLF), and natural pep-
ide human defensin.

The hLF peptides and defensin, even at low doses, also
emonstrated chemoattractive activity for monocytes and

ymphocytes, although this was not observed for UBI and
BI-derived peptides. The Leiden group reported that radio-

abeled human neutrophil defensin accumulates rapidly
within 5-15 minutes) at sites of infection in mice infected
ntramuscularly with Gram-positive and Gram-negative bac-
eria.69 Moreover, binding of this peptide to bacteria is the
ajor factor contributing to its accumulation in foci of bac-

erial infection in mice.70 Biodistribution studies in these an-
mals have revealed that the radiolabeled peptide is rapidly
leared from the circulation and excreted in the urine, with
imited accumulation in kidney and liver. A major drawback
f the application of radiolabeled antimicrobial peptides for
maging infections could be that, by successfully attacking
he infectious agent, they eliminate the target for the labeled
eptide.68

To circumvent this, one could develop synthetic peptides
epresenting the microbial binding domain of antimicrobial
eptides without the domain encompassing microbicidal ac-
ivities. UBI and synthetic fragments were chosen because
his antimicrobial peptide is produced and stored inside the
ell independent from microbial triggering. It is believed to
e the first defense against cell-penetrating micro-organisms
nd therefore acts as a broad-spectrum antimicrobial pep-
ide. Furthermore, Welling and coworkers synthesized small
eptides based on 10 to 18 amino acid residues from various
omains of a recently discovered human antimicrobial pep-
ide called UBI. Some of these oligopeptides, labeled with
9mTc, accumulated in mice bearing sites of bacterial and

ungal infection but not at sites where heat-killed or ultravi-
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Future diagnostic agents 19
let-inactivated bacteria, endotoxins, serum, or other inflam-
atory agents were injected. 99mTc-labeled synthetic frag-
ents UBI 18-35 and UBI 29-41 showed favorable in vitro

nd in vivo behavior over radiolabeled human natural anti-
icrobial peptides defensins and hLF.
Furthermore hLF and synthetic peptides hLF 1-11 and

LF 21-31, representing 2 n-terminal domains on hLF and
or defensin, show a greater binding affinity to bacteria than
o activated leukocytes in vitro and in vivo.71,72 Most tested
BI peptides do not accumulate in sterile inflammatory foci.
hey can be prepared synthetically in large amounts and do
ot provoke immunological side-effects. After intravenous

njection in mice, 99mTc-labeled UBI peptides accumulate
pecifically in tissues infected by bacteria or by Candida albi-
ans and can be potentially used for the detection of both
acterial and fungal infections.72 In general, antimicrobial
eptides can be synthesized or produced by genetically en-
ineered bacteria and animals. It is believed that the cationic
omain of the peptide and the anionic charge of the outer
embrane of the micro-organism are responsible for the

inding potential between the 2 systems and that subsequent
ore formation leads to insertion in the membrane. Intracel-

ular targeting of mitochondria and DNA cannot be excluded
Tables 2 and 5).73

Among the human-derived antimicrobial peptides tested,
he UBI 29-41 showed the greatest promise. 99mTc-labeled
BI 29-41 is a small synthetic peptide (amino acid sequence
GRAKRRMQYNRR; 1693 D), derived from human UBI and
inds preferentially to bacteria in vitro and not to activated

eukocytes.74 This small peptide demonstrated the ability to
istinguish bacterial infections from inflammation with
reater specificity than other UBI peptides. The UBI 29-41
as also shown specificity for Candida albicans and Aspergillus

umigatus infections.72 Other studies revealed that this agent
s able to distinguish Staphylococcus aureus infections better
han Escherichia coli infections, although the mechanism of
his selectivity is not understood.75 Probably, a difference in
he outgrowth (virulence) of the pathogen is the most plau-
ible explanation of these findings. Recently, in a rabbit
odel of prosthetic joint infection inoculated with Staphylo-

occus aureus, 99mTc-UBI 29-41 scintigraphy permitted the
arly detection of acute infection and excluded infection in
hronic sterile prosthetic joint inflammation.76 Rapid kidney
learance within 24 hours and absence of adverse effects are
ositive properties of this agent, allowing it to be entered into
hase I clinical trials.20 In a small series of 18 patients with
uspected bacterial bone or soft-tissue infections of the limbs
including prosthesis), Akhtar and coworkers discovered
rst in rabbits, and then in humans, the absence of adverse
ffects or significant changes in vital signs.67 Biodistribution
nalysis demonstrated renal clearance and liver uptake, rap-
dly decreasing after 2 hours, as showed in animals by Well-
ng and coworkers71,72 and Akhtar and coworkers75 and also
n humans as observed by Melendez-Alafort and coworkers77

n infected cases, both visual and quantitative analysis
T/NTs of mean 2.75) were significantly positive at 30 min-
tes after intravenous injection. A sensitivity and a specificity

f 100% and 80% were calculated.
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20 F. Gemmel, N. Dumarey, and M. Welling
The fact that the amount of accumulated radiolabeled UBI
9-41 depends on the number of viable bacteria present at
he site of infection could make this tracer suitable for mon-
toring the success of antimicrobial therapy even of drug-
esistant pathogens in animals with compromised immune
ystems.78 Furthermore, in a very recent study of Akhtar and
oworkers,79 99mTc-labeled UBI 29-41 was tested as potential
herapy monitoring agent in an infectious rabbit model. After
nduction of thigh muscle infection with increasing bacterial
oncentrations of viable and drug-sensitive Staphylococcus
ureus, 9 rabbits were imaged with 99mTc-labeled UBI 29-41
efore and after ciprofloxacin treatment at different time
oints. Similar to the findings of Nibbering and coworkers,68

khtar and coworkers found specific accumulation of radio-
abeled UBI 29-41 in the infected region with the highest
ptake at 1 hour after injection, in contrast to a poor accu-
ulation in the animals of the control group, ie, mice with

terile inflammatory lesions. Furthermore, they found a sig-
ificant correlation between the tracer accumulation and the
umber of viable bacteria present at the site of infection in-
icating a direct relationship between the number of viable
acteria and 99mTc-labeled UBI 29-41 uptake. Moreover, it
as demonstrated clearly that ciprofloxacin treatment of in-

ections with drug sensitive Staphylococcus aureus signifi-
antly reduced the mean T/NT ratios in these animals, show-
ng that effective antibacterial therapy could lower the
ensitivity of an infection-specific agent like 99mTc-labeled
BI 29-41. They concluded that serial imaging can predict

he optimum duration of antibacterial therapy, and that
9mTc-labeled UBI 29-41 could serve as a potential very use-
ul, noninvasive radiopharmaceutical for monitoring efficacy
f any anti-infectious therapy, possibly reducing resistance
mergence and lowering the global costs.79 Despite the lack
f distinction between bacterial and fungal infections, some
f these peptides may fulfill the criteria of an ideal infection
racer in the future.67,75,80 Further studies are warranted to
elect pathogen-specific antimicrobial peptides.

UBI 29-24 derivate also was synthesized recently with
8F.57 Zijlstra and coworkers reported pharmacokinetic anal-
ses and in vitro experimentation with 18F-UBI 29-41 and
ound a substantial binding to Staphylococcus aureus. More
ecently, the same group compared the distribution of re-
pectively 99mTc-labeled UBI 28-41, 18F-labeled UBI 29-41,
nd 18F-labeled UBI 28-41, and 3H-deoxyglucose in a rat
bscess model, inoculated with Staphylococcus aureus suspen-
ion, to that of anti-Staphylococcus aureus immunofluorescent
maging.81 Different antibodies against the bacteria and mac-
ophages were used to delineate the infected region with an
mmunofluorescence technique. The additional radiolabeled
eoxyglucose permitted dual tracer autoradiography of the

nfected tissue. They used various time intervals (1-6 days)
or scanning the region of interest. They found that radiola-
eled UBI derivates in vivo exhibited variably increased up-
ake in the area of bacterial abscesses, but did not show
ongruity with areas that were highly positive for bacteria on
mmunofluorescent imaging. Moreover, the uptake pattern
artly matched deoxyglucose uptake and macrophage infil-

ration. This was in contrast to in vitro results, where clear m
nd significant binding was demonstrated for the different
adiolabeled UBI derivates, but they found no specific bind-
ng in vivo although the number of experiments was too low
o draw a consistent conclusion from these results. Most
ikely, the rat model is not comparable to mice as the healthy
at eliminates bacterial infections quickly. Thus at the inter-
als of testing most of the viable bacteria could be phagocy-
ized and were not detectable with 99mTc-labeled UBI 29-41.
nfortunately, the viability of the bacteria at the site of infec-

ion was not assessed which might clarify this hypothesis.
owever some other groups have successfully tested the

9mTc-labeled UBI 29-41 peptide in humans.67,77 UBI deri-
ates should be further analyzed in the future, hopefully re-
ealing the exact binding mechanism and their possible ap-
lications in clinical infectious disease.81

Another application of a potential infection-specific imag-
ng agent is the introduction of radiolabeled bacteriophages,
hich are highly specific for bacterial species. In contrast to

adiolabeled antibiotics and antimicrobial peptides, bacterio-
hages (phages) are viruses that show no specificity for mam-
alian cells and infect bacteria exclusively.10 Furthermore,
ost phages infect several bacterial species, but in a more
arrow range than that exhibited by antibiotics, eg, showing
pecificity toward a single bacterial strain. The binding mech-
nism consists of the attachment of the phages to specific
urface receptors or domains located on the surface of the
acterium, subsequently transferring their genetic material

nto the host cell dedicated for phage replication/reproduc-
ion. Before the antibiotic era, phages were used clinically in
he 1920s, and they are presumably nontoxic, although their
afety and efficacy have yet to be validated in modern toxi-
ology studies.

Rusckowski and coworkers described the first investiga-
ions of a 99mTc-labeled bacteriophage M13 in vitro and in
ivo in an infection/inflammation mouse model, infected
ith 2 Escherichia coli strains that are susceptible to this strain
f phages.10 They have shown that the labeling technique
ith 99mTc using a chelator MAG3 is feasible, and that the

adiolabeled phage binds immediately and essentially equally
o both living and heat-killed bacteria. Also the complex is
ighly stable. Biodistribution analysis in normal mice
howed the highest accumulation in the liver followed by a
apid decrease from this organ and subsequent rapid accu-
ulation of radioactivity in the lungs that also decreased

apidly shortly thereafter. When tested in the mouse infec-
ion/inflammation model, significantly greater accumula-
ions in the target (bacterially infected) thigh muscle than in
he nontarget (control and/or inflamed) contralateral thigh
uscle were noted. The differences in biodistribution pat-

erns between normal and inflamed thigh muscle in mice,
ith lung and gut uptake, need further investigation.
Recently, the same group investigated the promising role

f 4 99mTc-labeled bacteriophages against different micro-
rganisms as potential infection-specific imaging tracers.82 In
ach case, specific binding to bacteria was demonstrated in
itro. Subsequently, in a bacteria-infected mouse model, the
uthors emphasized difficulties in explaining the results,

ainly attributable to the variable role of each of the infection
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Future diagnostic agents 21
odels in the pharmacokinetics of the radiolabeled phage. In
eneral, they showed that for each of the 4 animal models, the
nfected thigh had a substantial increase in weight of approx-
mately 1.5- to 2.5-fold compared with the weight of the
ormal thigh muscle, explaining partly the nonspecific diffu-
ion across the endothelial lining resulting in nonspecific
ccumulation of the radiolabeled phages. Nevertheless the
ost encouraging results were obtained with a Pseudomonas

eruginosa bacteriophage, demonstrating that 1.93% of the
njected dose accumulated in the infected thigh muscle with
T/NT ratio dose of 14.2. They concluded that the increased
ccumulation in infection therefore argues in favor of a
echanism, that at least in part, involves specific binding

o bacteria, but this hypothesis needs to be further tested.
s suggested before, extensive toxicology experiments are
arranted before human studies can be considered.10,82

argeting Hypermetabolism
s the result of work substantially performed and reviewed a

ew years ago by the Gent University Group,19,83 PET with
8F-fluorodeoxyglucose (18F-FDG) has been introduced as a
romising imaging modality for the evaluation of various
linical infectious conditions. The most challenging patient
opulations are those in the postoperative or post-traumatic
usculoskeletal setting. Therefore, 18F-FDG can easily com-

ete with 67Ga-SPECT and, on the other hand, with MRI or
T, especially in the presence of orthopedic devices or spinal

mplants.84,85 Since the 1990s, it is known that, in AIDS pa-
ients, 18F-FDG accurately localizes foci of infection as well as
umor and is particularly useful for differentiating central
ervous system lymphoma from toxoplasmosis.86,87 In-
reased 18F-FDG uptake in inflammation and infection is
hought to be caused by an increased number and expression
f transmembrane glucose transporters by activated inflam-
atory cells.88 The affinity of glucose transporters for deoxy-

lucose is apparently up-regulated in inflammatory processes
y various cytokines and growth factors.89

Other groups demonstrated by autoradiography that the
reatest FDG uptake, in experimental bacterial abscesses in
ats, was observed in areas of inflammatory cell infiltrates.
oreover the FDG uptake was predominantly associated
ith neutrophils in the acute phase and with macrophages in

he chronic phase of soft-tissue infection.90 PET has several
otentially important advantages over conventional camera

maging that use SPECT agents.9,19,91 First, PET intrinsically
s a high-resolution tomographic technique that enables the
recise localization of suspected sites of infection, further

mproving in the future by the use of coregistered PET-CT
echnique. Second, semiquantitative analysis or handling a
ual-imaging acquisition method could be useful for differ-
ntiating infectious from noninfectious conditions and for
onitoring a patient’s response to therapy. These are some of

he reasons it would be useful to have an infection-specific
ET tracer available for use in clinical practice.9,19

Unfortunately, 18F-FDG is of limited value for differentia-
ion between infectious bacterial and nonbacterial inflamma-

ory processes, such as autoimmune conditions, including r
asculitis, fever of unknown origin, fungal, tuberculosis in-
ections, and cancer. Nevertheless, in the right clinical per-
pective, 18F-FDG can be a very good alternative to conven-
ional radiopharmaceuticals and morphological imaging
ethods to image various clinical infectious diseases, as re-
orted in numerous reports from different centers. In partic-
lar, PET and combined PET/CT will have a role in imaging
ifficult-to-manage patient populations and/or in the evalu-
tion of infection in a difficult and complex region, such as
omplicated orthopedic conditions, diabetic foot infections,
ever of unknown origin, the immunosuppressed patient,
nd probably also in vascular graft infection.2,4,85,92-94

The role of the CT devices in PET or SPECT/CT machines
s not negligible.9,93 Indeed, the superior anatomic detail pro-
ided by the CT portion also provides valuable information
o aid in differentiation of inflammation from infection, such
s the anatomic distribution and overall appearance of up-
ake (eg, in the paravertebral soft tissues and/or paraspinal
uid collection rather than the bone in case of spinal infec-
ion, collapse of a vertebra in case of osteoporotic fracture),
ssociation with osteolysis (in case of any malignancy,
hronic osteomyelitis or implant loosening), and/or solely
oft-tissue reaction/cellulitis (in the case of diabetic foot in-
ection or chronic osteomyelitis), soft-tissue air (suggesting
bscess in the case of vascular graft infection) and possible
rainage tracts (in case of prosthetic joint infection or chronic
steomyelitis).
Mahfouz and coworkers2 reported 165 sites of verified

nfection in 143 patients with multiple myeloma predomi-
antly undergoing treatment with myelo-ablative chemo-
herapy in preparation for stem cell transplantation. They
ound pneumonia in 60% of the cases and in the other 40%
usculoskeletal infections, septic thrombophlebitis, colitis

nd periodontal abscesses with various verified etiologies of
nfection including bacteria, mycobacteria, viruses, and
ungi. Moreover 18F-FDG-PET and PET/CT scanning was
pecifically able to detect and localize infection associated
ith severe pancytopenia and also identified occult infection,
hich is highly relevant for patients who will undergo stem

ell transplantation, avoiding possible life-threatening infec-
ions afterward. They concluded that 18F-FDG-PET and
ET/CT have a definite role in the detection of a wide range of
elevant infections under clinically adverse conditions and
emonstrated the usefulness of both techniques in making a
ignificant contribution to the clinical management of immu-
ocompromised patients.2

Unfortunately, less-promising news was reported in a re-
ent issue of the Journal of Nuclear Medicine that, according to
he Centers for Medicare and Medicaid Services, “evidence is
nadequate to conclude that 18F-FDG-PET for chronic osteo-

yelitis, infection of the hip arthroplasty, and FUO improves
ealth incomes.”95 The main reason for this conclusion is the
bsence of “any systematic reviews” in the literature evaluat-
ng the use of 18F-FDG-PET for the requested indications, a
aucity of data supporting the ability of PET imaging to im-
rove treatment or enhance long-term outcomes, and the
bsence of evidence-based guidelines for the use of PET in the

equested indications. Articles submitted for support of ex-
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anded approval were criticized for small sample sizes and
ethodological and statistical flaws. A lack of interest was
oted in this issue by practicing orthopedic surgeons or their
rofessional societies and physicians, generally infectious
isease specialists, who would routinely be consulted in cases
f fever of unknown origin. Finally, some research centers
romote dual-time point imaging for differentiating FDG
vid inflammatory/infectious lesions from malignancy, but
his topic is still under investigation, both in animal models
s well as in human studies.96-99

Attempts have been made to combine the neutrophil-me-
iated power of human leukocytes with the tomographic
esolution of PET technology, but until now, human studies
n 18F-FDG-labeled white blood cells (18F-FDG-WBCs) are
carce in the literature.91,100,101 Early in the 1990s, Osman
nd coworkers demonstrated the feasibility of in vitro label-
ng of human leukocytes with 18F-FDG.102 The influence of
lucose concentration was very important for a successful
abeling. In 2000, Forstrom and coworkers also demon-
trated a good leukocyte labeling efficiency with predomi-
antly labeled granulocytes.103 Two years later, the same
roup reported the results of biodistribution and
osimetry studies on normal volunteers showing that the

eukocyte activity primarily was distributed in the reticuloen-
othelial system as expected.104 Recently, Pellegrino and co-
orkers compared the relative uptakes of 18F-FDG with 18F-
DG-WBCs in a rat muscle inflammation-infection model.105

hey demonstrated a better specific binding mechanism of
8F-FDG-WBCs compared with 18F-FDG. They suggested
hat the enhanced imaging properties of 18F-FDG-labeled
eukocytes over 18F-FDG could have clinical implications.

Dumarey and coworkers recently reported their initial ex-
erience with 18F-FDG-WBC PET/CT in a small series of 21
atients with various infections.100 Using a visual score of at

east 2 as positive for infection, sensitivity, specificity, and
ccuracy were each 86% on a patient-per-patient basis and
1%, 85%, and 90% on a lesion-per-lesion basis. The ab-
ence of gastrointestinal and renal uptake and the faint brain
nd myocardial uptake makes 18F-FDG-WBCs likely to do
ell in the assessment of intra-abdominal, renal, intracere-
ral, and cardiac infectious diseases.100 As described previ-
usly, ex vivo radiolabeling of WBCs either labeled with 18F-
DG or with 99mTc does not contribute to the issue of specific

maging of infections. Hybrid 18F-FDG-WBC PET/CT delin-
ated the infection with high precision. Moreover, the 100%
egative predictive value virtually excluded infection when
he study was negative.

Palestro and coworkers studied 43 patients who were sus-
ected of having infection by using both coincidence PET

maging with 18F-FDG-WBCs and conventional 111In-labeled
eukocyte scintigraphy.101 Overall accuracies of 18F-FDG-

BC and 111In-labeled leukocyte scintigraphy were similar,
pproximately 80%, but were disappointingly low in the sub-
roup of patients with suspected osteomyelitis. For the sub-
roup of patients with suspected infection of a prosthetic
oint, accuracies were highly promising, and values �90%
ere calculated for both radiolabeling techniques. The au-
hors found an important difference between the 2 modalities r
oncerning the labeling efficiency, which was significantly
ower for 18F-FDG-WBCs versus 111In-labeled WBCs. In ad-
ition, 6 patients were excluded from the study because their

8F-FDG-WBC labeling efficiencies were unacceptably low.
hese effects need further investigation in the future, but
robably high serum glucose levels or the nonfasting state at
he time of labeling can, as for imaging infections with 18F-
DG itself, result in a different uptake mechanism of the
adiopharmaceutical.101 Also, the same group hypothesizes
n other possible drawbacks involving the usefulness of 18F-
DG-WBCs in the future. Mainly, the short half-life of 18F, in
omparison with 111In, and the application in chronic mus-
uloskeletal infections, limiting late imaging with PET to not
uch later than up to 5 to 6 hrs after injection, can be a
rawback for FDG-labeled WBC imaging in the future.9

Besides the nonspecificity of the 18F-FDG label, the prob-
em is further that an early healing process in the body in-
olves an inflammatory phase that represents a highly acti-
ated state of cell metabolism and glucose consumption,
ubsequently mimicking an infection on FDG-PET imag-
ng.106 Therefore, the Turku group introduced 68Ga, which is
positron-emitting radionuclide with a short half-life of 68
inutes. In a recent rabbit osteomyelitis model, bone infec-

ion could be distinguished from aseptic bone healing by
eans of PET using 68Ga-chloride as soon as 2 weeks after

nset of the osteomyelitis.107 Moreover, they found that 68Ga
ould better discriminate than 18F-FDG between bacterial
nfections and normal bone healing. Very recently, the same
roup explored the application of 68Ga-DOTA-labeled
AP-P1, a new PET radiopharmaceutical, for the assessment
f the physiological inflammation process in bone healing
nd osteomyelitis in a standardized animal model.106

The hallmark question was the accurate differentiation be-
ween bacterial superimposed infection and inflammatory
eactions associated with the early phases of bone healing.
herefore, they introduced an endothelial marker VAP-1,
hich is an inflammation-inducible dual function endothe-

ial glycoprotein with adhesion properties and amine oxidase
ctivity. It plays a critical role in lymphocytic trafficking and,
n humans, the expression of VAP-1 is up-regulated on
ndothelial cells at sites of inflammation as is reported in
umerous diseases. The authors observed a significant differ-
nce in the immunohistological evaluation of VAP-1 expres-
ion between the osteomyelitis and control animals at 24
ours after surgery but, unfortunately, this difference was not
eflected on PET. Furthermore, although they found that this
ew peptide complex is capable of accurately demonstrating
he phase of inflammation in healing bones and the progress
f bacterial infection in osteomyelitis sites, they argued that
he tracer does not specifically accumulate to infectious sites.
inally, maybe the most important question answered is that
his novel imaging agent allowed for the differentiation of
one infection as the result of Staphylococcus aureus and nor-
al bone healing at 7 days after surgery. High-resolution
edicated animal PET should be used in the future to accu-
ately delineate periosteal inflammation from that of sur-

ounding soft tissues. From the clinical point of view, this
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ew PET tracer could be valuable for the detection of infec-
ion in its early stages.106

Recently, the influence of antibiotic treatment, using ceftri-
xone on 18F-FDG uptake, was investigated by histological
nalysis and high-resolution small animal PET in experimen-
al soft-tissue infections.108 Unfortunately, 18F-FDG uptake
n treated and untreated animals on consecutive days did not
eveal any significant difference, indicating that 18F-FDG is
ot suitable either for the specific detection of infections nor
or therapy monitoring.

More recently, different radiotracers based on uracil
ucleosides, labeled with different SPECT and PET tracers,
ave been synthesized.109,110 These radiopharmaceuticals al-

ow the noninvasive detection of bacteria or viruses by tar-
eting thymidine kinase (tk), whose substrate is distinct from
hat of the major human tk. Because those uracil nucleoside
erivates are incorporated into bacteria rather than into in-
ammatory cells, it should be specific for the infectious pro-
ess, as demonstrated in a pilot study of musculoskeletal
acterial infection in patients.111 Recently, in the United
tates, 124I-FIAU has become commercially available and
herefore should be relatively simple to test as an imaging
gent for various infections. Another application is the non-
nvasive detection of Herpes simplex or Varicella zoster viruses
ype 1 thymidine kinase (HSV1/VZV-tk) reporter gene ex-
ression.109,112 These new radiopharmaceuticals have been

ntended to be used to image successful gene transfer; never-
heless, potentially they could be used to image HSV infec-
ions in immunocompromised patients.113 Targeting micro-
rganismal tk with radiolabeled nucleoside analogs such as
IAU provides an unique approach to the noninvasive diag-
osis and therapeutic monitoring of infection.111

onclusions and
uture Perspectives
uclear medicine techniques have a lot to offer in the visu-

lization of infectious foci. Quite often, these techniques do
ot immediately lead to a definitive diagnosis, ie, histological
r a microbial diagnosis.9 However, they point to parts in the
ody in which a particular metabolic process is ongoing,

eading to increased uptake of a dedicated radiopharmaceu-
ical.23 With the help of other complementary techniques,
uch as CT/MRI, and more invasive tests, such as aspiration,
iopsy, and culture, a definitive diagnosis can be made.9,23

here are several reasons to explain why imaging of infection
as become increasingly important in the past decades. The
opulation is aging, with subsequent increasing use of ortho-
edic or cardiovascular devices, implants, or grafts. The
umber of immunocompromised patients is still growing in the
ra of HIV and tuberculosis, and neutropenic fever is frequently
ncountered as the result of cytotoxic treatments, such as che-
otherapy and transplantation. Furthermore, multidrug-resis-

ant micro-organisms are a global burden because of an ineffi-
ient use of some of the broad-spectrum antibiotics.

To improve the clinical management of patients with com-

licated osteomyelitis and also to confirm the presence of
neumonia and to define the precise etiology, the availability
f a SPECT or PET imaging diagnostic agent that is able to
ifferentiate between infection and sterile inflammation
ould be desirable.114 Among the myriad of imaging tests

urrently available, none are truly specific for infection, and
he search continues for new and better agents.9,115 The cur-
ently available radiopharmaceuticals do not have a perfect
rofile for infection detection due to disadvantageous kinet-

cs (slow clearance, delayed imaging capability), possible side
ffects (HAMAs, radiation burden, immunomodulatory ef-
ects) and, moreover, some of them are time-consuming in
reparation and may encompass a risk due to blood han-
ling.116 The requirements for infection-specific tracers are of
tmost importance especially the interaction with the patho-
ens and not with the host cells, and also a well defined
adiochemistry, predominantly lacking in current experi-
ental agents.
During the past decade, the focus in the development of

ew radiopharmaceuticals has gradually shifted from large
roteins with a nonspecific uptake mechanism via large re-
eptor-specific proteins to receptor-specific small proteins
nd peptides, such as radiolabeled antibiotics and antimicro-
ial peptides.117 According to the 10 criteria for an ideal
adiopharmaceutical for infection imaging and based on the
roperties of antimicrobial peptides, those small peptides
ould be considered as the most promising infection-specific
maging agent, already used in a few human trials.67,77 Fur-
hermore, some synthetic UBI derivates, especially, are prob-
bly the most promising vehicles to monitor the efficacy of
ntibiotic treatment in patients because they give further in-
ight into the minimum numbers of bacteria that can be
etected (approximately 104 to 105) on monitoring the effect
f antimicrobial therapy-using radiolabeled antimicrobial
BI peptides are now available.78,79

Unfortunately, some of the published data on diverse an-
ibiotics are contradictory, ie, the in vitro and animal studies
annot be easily translated to human studies. In conclusion,
he challenges for the development of future infection imag-
ng agents are multiple. First, optimization and characteriza-
ion of 99mTc and 18F radiochemistry is urgently needed. Sec-
nd, in vitro tests and preclinical imaging without any
vidence of nonspecific binding (wash-in/out) is of utmost
mportance. Therefore, control experiments are greatly
eeded for this proof of principle. Further, more work is
arranted on the role of 18F-FDG, 18F-FDG-WBCs or 68Ga
olecules and other possible PET infection-specific com-
ounds. Finally, last but not least, the fusion of hybrid imag-

ng, ie, SPECT or PET/CT, will play an important role in
elineating infections. By providing information on patho-
hysiological and pathobiochemical processes, nuclear med-

cine has an important and increasing role to play in over-
oming these difficulties encountered in noninvasive
nfection imaging.118
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