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Abstract: Diabetic foot infections (DFIs) are associated with increased morbidity, an economic burden on patients, their families and
healthcare systems and increased mortality. Early diagnosis with prompt, appropriate and adequate treatment of the infected diabetic foot is
crucial. The determination of DFIs, however, may be quite perplexing and invasive. Imaging is useful in the evaluation of certain cases
of DFIs, especially in suspected instances with no overt clinical features, or in the diagnosis of osteomyelitis. Nuclear medicine imaging is
currently used in the evaluation of DFIs; however, like all the imaging techniques now available, it has its limitations. Several
radiopharmaceuticals presently available play useful roles in the management of DFIs, while new ones are being evaluated. Optical imaging
techniques have recently demonstrated promising results in the evaluation of many infections including DFIs. Using the same molecule, a
tracer can be labeled with a radioisotope or an optical imaging dye. This enables infections to be evaluated both pre- and intra-
operatively when surgery is required in their management. In some cases, tracers have been simultaneously labeled with both a radioisotope
and an optical imaging dye to produce a hybrid tracer. These new tracers potentially provide powerful and new opportunities in the
management of DFIs. In this review, we briefly examine tracers that have been used in the evaluation of the infected diabetic
foot. We then explore the potential of new imaging tracers currently under development for infection that may be useful in the

management of DFIs.
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1. INTRODUCTION

Diabetic foot infections (DFIs) have high morbidity and are
associated with a high financial burden on patients, their relatives,
and healthcare delivery systems worldwide [1]. DFIs also fre-
quently result in lower extremity amputation, which has been asso-
ciated with increased mortality [2]. The worldwide prevalence of
diabetes mellitus (DM) is estimated to be 425 million, far exceeding
previous estimates, with an exponential increase projected in the
coming years [3, 4]. The foot of patients with DM may be compli-
cated by neuropathy and peripheral artery disease. These conditions
frequently lead to a pedal ulcer, which is the usual portal of entry of
infection in the diabetic foot. A pedal ulcer in a diabetic patient is
the most common risk factor for amputation. The risk of amputation
and other morbidities associated with DFIs make the diagnosis of
the infection crucial [5]. Furthermore, osteomyelitis which may be
present in DFIs and it is frequently overlooked [6]. Diabetic foot
osteomyelitis (DFO) is associated with increased and prolonged
hospitalization, and the risk of amputation. If DFIs are not recog-
nized early and prompt appropriate treatment is not started, mortal-
ity may occur due to overwhelming sepsis. [7]. In the evaluation of
the diabetic foot by metabolic imaging, the clinician usually wants
to know whether there is an infection, and if an infection is present
whether it involves only the soft tissue or if there is an associated
osteomyelitis. If the infection is limited to soft tissue, the clinician
wants to know whether abscesses, gangrene and other features that
suggest a complicated infection are present, as these would require
surgical intervention [8]. Imaging plays an important role in assess-
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ing the diabetic foot. In this review, we give a brief overview of
imaging agents that have been evaluated or used in DFIs. We then
focus on the new or emerging tracers that would potentially play a
role in the management of DFIs.

1.1. Diagnosis of DFIs
1.1.1. Clinical Diagnosis

The diagnosis of DFIs is essentially clinical [9]. The presence
of two classic signs of inflammation in a patient with DM often in
the presence an ulcer establishes the diagnosis. A DFI may also be
diagnosed when a diabetic ulcer is discharging purulent fluid.
Unfortunately, many factors may confound the diagnosis of a DFI.
Clinical diagnosis may not be able to determine if there is osteo-
myelitis present. In some cases, the ulcers overlying an infected
bone may have healed resulting in a DFO with no overlying ulcers.
Clinical assessment can easily miss DFO in the absence of a pedal
ulcer. Again, patients with DM may have neuro-osteoarthropathy or
other pathology that may have signs of inflammation, which may
mimic an infection even in the absence of a DFI. Furthermore, pe-
ripheral neuropathy or peripheral arterial disease may diminish the
signs of inflammation of a DFI [10, 11]. Imaging assumes an im-
portant role in these intricate clinical scenarios.

1.1.2. Assessment of Osteomyelitis

Clinicians use the probe-to-bone test to determine the presence
of DFO when it is suspected. In this test, after proper debridement
of a wound, a sterile metal is probed into a diabetic pedal ulcer. If a
hard, gritty surface is felt when the probe is moved in the wound,
the test is said to be positive. This test, while being very helpful,
has several limitations. The test is about sixty to eighty percent
sensitive and has a relatively low negative predictive value [12, 13].
Furthermore, the inter-observer concordance is relatively low, espe-
cially, among inexperienced clinicians [14]. The pre-test probability



of osteomyelitis as determined by clinical data or imaging is impor-
tant in the interpretation of the test [10]. Imaging is therefore valu-
able in evaluating patients with suspected DFO not only in the ab-
sence of pedal ulcers but also when pedal ulcers are present which
is more common in the clinical setting.

1.1.3. Serum Inflammatory Markers

Serum inflammatory markers are useful supportive tools in the
management of DFIs. These markers appear to be more useful in
systemic infections and osteomyelitis. Like most other superficial
infections, serum inflammatory markers do not appear to correlate
with soft tissue infections in DFIs. The erythrocyte sedimentation
rate (ESR) is useful in the evaluation of DFO, with values above
60-70mm fall per hour found to be a useful cut-off [11]. Procalci-
tonin and C-reactive protein demonstrated some usefulness in dis-
tinguishing uninfected ulcers from infected ones. However, these
markers are not recommended as diagnostic tools, but rather they
are used to support the diagnosis suspected DFIs [15]. Other serum
inflammatory markers such as alkaline phosphate, bone sialopro-
tein, amino-terminal peptide, and cytokines have varying degrees of
suitability in different situations in the evaluation of DFIs [16, 17].

1.1.4. Culture

The gold standard for infection diagnosis is the recovery of
offending microorganism from a usually sterile site usually deep
soft tissue or even bone. The method of collection of samples for
culture in DFIs is crucial as colonized bacteria could easily con-
taminate it. The microbiologic culture of wound swabs and wound
dressing, which are relatively easy may grow microorganisms, that
colonize the wound or are present on the surrounding skin. Sam-
pling deep soft tissues as in most infection is invasive but usually
more representative [18]. The growth of the microorganism by
culture allows drug susceptibility testing of these organisms to help
in directing therapy. The results of culture may take at least two
days to be available which is not ideal. The delay in identification
and susceptibility testing leads to the initiation of empiric therapy
which has been found to be inappropriate in a substantial proportion
of patients worsening the already existing problem of microbial
resistance. Moreover, in DFIs, there may be sampling errors in
which the biopsy may miss the site of infection; on the other hand,
the sampling method may result in contamination of the sample
with microorganisms that colonize a diabetic ulcer.

1.1.5. Microscopy

Microscopy may identify the organisms earlier. However, the
diagnostic yield tends to be lower than culture, and drug suscepti-
bility testing is not possible.

1.1.6. Histology

In the evaluation of bone, histology may help establish the di-
agnosis of DFO. Histology sampling of bone is however also inva-
sive [19]. Histological assessment of samples may not be standard-
ized and may also be confounded by bone changes that can occur in
DM patients in the absence of infection [10]. The results from his-
tology must be combined with results from culture to identify the
offending organism and identify susceptibility to antimicrobial
therapy.

1.1.7. Molecular Techniques in Microbiology

Advances in microbiology have led to the use of molecular
techniques that can determine parts of microorganisms such as their
nucleic acid sequence. Microbiologic molecular techniques can
differentiate colonizing organism from infective organisms. These
molecular laboratory methods can provide results in minutes, detect
molecular sequences that can predict drug resistance and even de-
tect mutations that may have occurred in existing colonies [20].
These advances in microbiology open an entirely new chapter in the
diagnosis of DFIs [21]. Molecular imaging has potential to com-
plement these methods. Molecular imaging may determine the most
appropriate biopsy site for the diagnosis by the microbiologic mo-

lecular techniques. Furthermore, the molecular characteristics of the
microorganism detected by molecular techniques may be tagged
with an imaging agent to provide an in vivo evaluation of the infec-
tion. The combination of molecular imaging with microbiology
molecular techniques will provide a real-time assessment the infec-
tion. This may allow monitoring of therapy in DFIs and detect re-
sistance much earlier than the currently available techniques.

1.1.8. Microorganism in DFIs

The most common microorganism present in acute uncompli-
cated DFIs with no previous exposure is gram-positive cocci of
which Staphylococcus aureus (S. aureus) is the most predominant.
S. aureus is present in about 30% of acute uncomplicated DFIs.
This percentage rises to over 60% when osteomyelitis in DFIs is
considered. In warmer tropical climates, or when patients have been
previously exposed to antibiotic therapy, a polymicrobial flora is
usually present with an increasing presence of gram-negative or-
ganisms such as the Pseudomonas aeruginosa (P. aeruginosa) and
Escherichia coli (E. coli) [9]. When necrotic tissue is present, an-
aerobic bacteria are likely to be encountered. In addition to bacteria,
other microorganisms such as fungi may cause superficial or deep
infections in DFIs. The knowledge of the type of microorganisms
occurring in DFIs is essential because the development of new trac-
ers for infection imaging is increasingly moving in the direction of
targeting specific organisms. This trend has both advantages and
disadvantages. A specific tracer may miss another organism that
may be the cause of infection or it may not visualize a particular
organism when the microbe develops resistance to the mechanism
of uptake of the tracer. On the other hand, once the microorganism
is identified, imaging to localize infection, determine disease exten-
sion, pre-and intraoperative imaging, monitoring therapy and evalu-
ating for recurrence of an infection can be done.

1.2. Current Imaging Practice for the Diabetic Foot

Several imaging modalities are available to the clinician to
evaluate the infected diabetic foot. The plain radiograph of the foot
should be the first imaging investigation requested and can provide
information on both the bone and soft tissue. Early changes of os-
teomyelitis may not be detected, as it needs more than 30-50% of
bone mineralization to be lost before changes are visible [22]. Mag-
netic resonance imaging (MRI) is currently considered to be the
imaging modality of choice providing excellent anatomic resolution
and also defining bone structures. This method is unable to reliably
distinguish neuro-osteoarthropathy from osteomyelitis, and the
procedure may be unsuitable for some patients with metallic pros-
thesis or who are claustrophobic. Nuclear medicine has been used
to image diabetic foot with changes in the tracers used as newer
tracers that are more specific for DFIs have emerged. A recent
meta-analP/sis of the literature showed two of the currently used
tracers [ F]fluorodeoxyglucose (['*FJFDG) and *’™Tc-labeled
white blood cells used as hybrid imaging usually integrated with
computed tomography (CT) cells had similar sensitivity and even
higher specificity than MRI [23].

1.3. Metabolic Imaging in DFIs

Nuclear medicine imaging has been used in the diagnosis of
infections including DFIs for more than half a century [24]. The use
of hybrid imaging and dual time point imaging has dramatically
improved diagnostic accuracy in nuclear medicine evaluation of
DFIs [7, 25]. Optical imaging provides a desirable alternative to
imaging of infections [10]. Recent studies using optical imaging in
infection have produced some promising results for diabetic wound
healing and infection [26, 27]. The use of a radiopharmaceutical or
optical imaging agent for evaluation of infection is dictated by
some factors that include:

« Type, site and extent of infection
+ Pathology of the infection



« Pathophysiology of concomitant conditions

* Clinical problem clinicians encounter in a particular infection

1.4. Nuclear Imaging Tracers

Many nuclear medicine tracers used in clinical medicine such
as *’"Tc-labeled bisphosphonates have the limitation of non-
specificity. Others such as [*’Ga]citrate have multiple gamma pho-
tons and require a long duration (48 hours or more) to complete
imaging. As a result, tracers like **™Tc-labeled bisphosphonate and
[’Ga]citrate have been supplanted by tracers such as [°™Tc] hex-
amethylpropyleneamine oxine ([gngc]HMPAO) labeled white
blood cells or ['®F]JFDG which are currently the most frequently
used radiopharmaceuticals in the evaluation of DFIs. Some other
less commonly used radiopharmaceuticals that have been used in
DFIs include anti-granulocyte antibodies. Newer tracers such as
4Cu-labeled white blood cells have been evaluated. Tracers such as
[®Galcitrate as a PET tracer and specific antibiotic labeled ra-
diotracers may be useful in imaging DFIs. Many tracers that hold
promise in infections in general and most likely DFIs are still in the
preclinical stage. The radiopharmaceuticals that have been used or
evaluated for the role of infection with emphasis on DFIs have been
summarized in Table 1 and discussed below.

1.4.1. ”"Tc-labeled Bisphosphonates

Bone scintigraphy using **™Tc-labeled bisphosphonates was
used in the past for evaluating the diabetic foot. Soft tissue infec-
tions were distinguished from bone infection by doing a 3-phase
bone scan and finding a positive first and second phase for soft
tissue with mild or no uptake on the third phase while with osteo-
myelitis it was positive on all three phases. The bone scan is sensi-
tive for detecting osseous pathology but is not specific to DFIs.
Many conditions in a diabetic foot may mimic osteomyelitis on
diabetic foot, so bone scintigraphy is no longer used to evaluate
osteomyelitis in DFIs. Bone scan has been used in combination
with other tracers such as radiolabeled white blood cells or radiola-
beled antimicrobial peptides in an attempt to increase specificity or
to exclude osteomyelitis [28, 29]. With the use of hybrid imaging
and the advent of more specific tracers, the incremental value of the
bone scintigraphy is minimal and is no longer recommended [6].

1.4.2. [V Gajcitrate

[67Ga]citrate has been used in combination with bone scintigra-
phy in the evaluation of diabetic foot. The interpretation is based on
both the intensity and spatial distribution of the two tracers. If there
was more intense tracer uptake on the [*’Ga]citrate but spatially
congruent with the bone scan or if there was spatial incongruence
between the [’Ga]citrate and the bone scan it was considered posi-
tive. The multiple gamma rays emitted by ’Ga results in high ra-
diation burden and the need to wait at least 24 hours post-injection
is undesirable. Also, the resulting sensitivities and specificities for
DFIs were modest at best. This led to the replacement of this agent
with agents with more favorable characteristics. Using SPECT/CT
and bedside percutancous biopsy some investigators used [*'Ga]
citrate to diagnose or exclude osteomyelitis in patients with sus-
pected DFIs in the absence of soft tissue infection. This prevented
unnecessary use of antibiotics in more than half of the patients stud-
ied [30].

1.4.3. " Tc]JHMPAO or ['''In]Oxine Labeled White Blood Cells

The most common tracer being currently in DFIs is radiola-
beled white blood cells that accumulate at the infectious sites as a
result of the immune response. [*™Tc]JHMPAO labeling is more
often used than ['''In]Oxine [31, 32]. This imaging method (leuko-
cyte-SPECT) is specific for infection imaging; however, the leuko-
cyte labeling procedure is quite laborious and time-consuming as it
requires dual-time-point imaging with SPECT/CT. Furthermore, the
procedure requires the manipulation and re-injection of blood prod-
ucts which carries the risk of transmission of highly infectious
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agent originating from body fluids to both the patient and the per-
sonnel involved in the labeling process. Radiolabeled white blood
cells may accumulate at sites of sterile inflammation, and oM.
sulphur colloid has been shown to improve the sensitivity. A crite-
rion for imaging radiolabeled white blood cells without any addi-
tional tracer using early and late (24 hours) time point with decay
correction and semi-quantitative analysis has been developed and
validated for infection imaging [33, 34]. This criterion has led to the
improved specificity of the radiolabeled blood cell imaging of in-
fection and been used in DFIs [35].

1.4.4. [*FIFDG-PET/CT

[le]FDG—PET offers advantages over leukocyte-SPECT; there
is no manipulation with blood, short acquisition time and high im-
age resolution [36]. [le]FDG has been used extensively in the
management of cancer. In last decade ['®*F]FDG has been increas-
ingly used to image inflammatory processes. ['*FJFDG is easily
available through distribution networks and can be Iproduced daily
in high amounts. The main disadvantage is that ["®F]JFDG as an
infection imaging agent is that it is a not specific and will accumu-
late in other pathology. There is currently no consensus how to
discriminate bacterial infection from other causes of increased ['*F]
FDG uptake. A recent meta-analysis demonstrated ['*F]FDG-PET/
CT to be as sensitive as radiolabeled white cells with and also
found a higher specificity than MRI for osteomyelitis in DFIs [23].

1.4.5. Anti-granulocyte Monoclonal Antibody Fragments

An alternative to radiolabeled leukocytes that are labeled in
vitro are the anti-granulocyte antibodies resulting in in vivo labeling
of leukocytes. The obtained results are comparable to imaging re-
sults from leukocytes without handling, manipulation, and reintro-
duction of the patient's blood [37-39]. These have been used in the
clinical setting but have not gained prominence probably due to the
cost and the withdrawal of one of such agents from the market due
to adverse events [40].

1.5. Potential Improvements of Currently Used Imaging Agents
for the Diabetic Foot

1.5.1. **Cu-radiolabeled White Blood Cells

To address part of the limitations of the traditional imaging
agents, potential improvements can be made to existing tracers. As
an example, PET imaging has the advantage of better spatial resolu-
tion over SPECT imaging. Radiolabeled leukocyte-based imaging
may be improved by radiolabeling the leukocytes with the PET-
radionuclide ®*Cu. Dual-time-point imaging on consecutive days
which has been validated with SPECT tracers can be done with
84Cu labeled leukocytes PET/CT because of **Cu’s half-life of 12.7
hours [33, 34]. An exploratory study demonstrated the labeling
efficiency of **Cu-leukocytes was comparable to '''In-leukocytes,
but leakage from the cells was somewhat higher for 84Cu [41]. The
amount of **Cu retained in the labeled leukocyte however is suffi-
cient to justify the use of this tracer in the clinical setting.

1.5.2. [*®*Gajcitrate PET/CT

Again, the use of [8Ga]citrate to substitute [*’Ga]citrate is an-
other logical choice based on the better resolution of PET over
SPECT. [®*Galcitrate has already been tested in 31 patients with
bone infection, and overall accuracy of 90% was observed [42].
The anatomic localization provided by the CT component of the
study allows PET/CT with [68Ga] citrate to discriminate between
bone and soft tissue uptake. This is important in DFIs as in deter-
mining whether the is osteomyelitis present. [**Ga]citrate, however,
is not specific and accumulates in malignancy and other non-
infective inflammatory processes [43]. [®Galcitrate has potential to
become a widely used tracer due to the availability of Good manu-
facturing practice (GMP) compliant ®*Ga-generators and the rela-
tive ease of preparation of tracer within nuclear medicine facilities
[44].



Table 1.

Table summarizing past, current and potential tracers for imaging DFIs.

Molecule

Label

Tracer Used at the
Clinical Stage

Organisms to be Imaged/

Process Imaged

Remarks

Author (Year) Journal

Tracers used currently or previously in DFIs

monoclonal anti-

body fragment

lation at infected sites

usefulness in DFIs

Bisphosphonates #mTe Yes No specific organism/ osteoblastic Replaced by more specific Palestro et al. (2009) Semin Nucl
reaction of bone due to infection tracer Med [6]
Citrate Ga Yes No specific organism/ iron carrying Replaced by more specific Palestro et al. (2009) Semin Nucl
proteins like transferrin and sideropho- agent with better dosimetry Med [6]
res at sites of infection properties
Radiolabeled #mTe, 'n Yes No specific organism/ WBC accumu- Widely used tracer, proven Familiari et al. (2011) J Nucl
WBCs lation at infected sites usefulness in DFIs Med [35]
FDG SF Yes No specific organism/ increased Widely used tracer, proven Familiari et al. (2011) J Nucl
glucose utilization by inflammatory usefulness DFIs Med [35]
cells
Anti-granulocytes #mTe Yes No specific organism/ WBC accumu- Not widely available, proven Dominguez-Gadea et al. (1993)

Nucl Med Commun [39]

Potential tracers based on tracers that are currently in use or previously used

proteins like transferrin and sideropho-

res at sites of infection

but not specifically in DFIs

Radiolabeled white ¥Cu - No specific organism/ WBC accumu- Human WBC labeled but no Bhargava et al. (2009) Nucl Med
blood cells lation at infected sites imaging done Biol [41]
Citrate %Ga Yes No specific organism/ iron carrying Evaluated in osteomyelitis Nanni et al. (2010) J Nucl Med

[42]

Tracers imaging specific inflammatory response

animals

as an infection tracer.

AMPs
UBI 29-41 e, ®Ga, Yes Wide array of gram-positive, gram- 9mTc-UBI 29-41 has been Assadi et al. (2011) Nucl Med
i ("¢ and *Ga only) negative bacteria and fungi, “Ga UBI used in DFIs, ®*Ga citrate Commun [61]
o~ 29-41 showed some specificity to S. used in imaging infections in
’ aureus humans.
MPA
Cys,
NP
Other AMPs e No Array of bacteria Welling et al. Eur J Nucl Med
(2000) [67]
Cytokines 15y, 12 No Tested in S. aureus and E.coli infected | Not being vigorously pursued Signore et al. (2000) Cytokine

[70]

Tracers imaging substances released from or presented by bacteria

Radiolabeled antibiotics

Ciprofloxacin

99mTc

Wide spectrum of gram-positive and
gram-negative bacteria/ DNA gyrase
inhibitor but factors affecting uptake

poorly understood.

S. aureus and E. coli were the com-
monest organisms detected in a study

specifically for DFIs

Variable results with differ-
ent bacteria in different

studies.

Sensitivity and specificity of
66.7% and 85.7% respec-
tively for the diagnosis of

DFIs

Britton et al. (2002) J Clin Pathol

[76]

Dutta et al.(2006) Foot Ankle Int

[77]




Molecule Label Tracer Used at the Organisms to be Imaged/ Remarks Author (Year) Journal
Clinical Stage Process Imaged
Other e.g. si- #mTe No S. aureus is biological target/ DNA Tracers can distinguish Qaiser et al. (2010) J Radioanal
tafloxacin 18p gyrase inhibitor between infection and in- Nucl Chem [78]
oG flammation.
a
Sitafloxacin has highest
target-to-nontarget ratio
Trimethoprim SF No S. aureus, E. coli, P. aeruginosa/ folic High target-to-background Sellmyer et al. (2017) PNAS [79]
acid synthesis inhibitor
Sulfonamides #mTe No S. aureus/ inhibits folic acid synthesis Uptake was 2-fold higher in Essouissi et al. (2015) Radio-
infected muscle chemistry [80]
Vancomycin e No S. aureus/ inhibition of bacterial cell Specific for gram-positive van Oosten et al. (2013)Nat
IRD- wall synthesis not gram negative Commun [81]
ye800CW
Beta-lactam based #mTe No Gram-positive and gram-negative Labeling in some cases uses Shahzadi et al. (2015) Arabian J
agents bacteria/ bacteria cell wall synthesis direct method giving rise to a Chem [83]
inhibition mixture of compounds and
unpredictable behavior
Puromycin % Ga, '*F No S. aureus for *Ga compound/ protein Biological evaluation of the Eigner et al (2013) J Nucl Med
synthesis inhibitor '8F compound is still pending [85]
Aminoglycosisde #mTe No S. aureus for kanamycin/ protein Direct labeling resulting in Ercan ez al. (1992) Int J Rad Appl
synthesis inhibition with irreversible mixture of compounds Instr [88]
uptake of tracer
Doxycycline e No E. coli/ protein synthesis inhibition Further studies needed to see Ozdemir et al. (2014) J. Lab
if it selectively images bacte- Compnds Radiopharm [91]
rial infections
Lincosamides e No S. aureus/ protein synthesis inhibition 9mT¢ labeled erythromycin a Hina et al. (2014) Appl Biochem
member of this class showed Biotechnol [92]
uptake in inflammatory
lesions
Oxazolidinones B No S. aureus/ protein synthesis 5-fold higher in infection Lambrecht ¢ al. (2009) J Ra-
compared to control dioanal Nucl Chem [94]
Nitrofuran #mTe No No specific bacteria published/protein - Shah et al. (2010)J Radioanalyti-
synthesis cal Nucl Chem [95]
Rifampicin %mre, 1'C No An anti-mycobacterial agent but has May be useful in other infec- Iseri et al. (1991) Boll Chim Farm

activity against S. aureus/ RNA syn-

thesis inhibitors

tions

[96]

Tracers imaging substances presented by bacteria other than antibiotics

Nucleoside ana- L, Yes S. aureus/ substrate for bacteria Initial studies in a small Diaz et al. (2007) PLoS One [100]
logues (FIAU) thymidine kinase group of patients was prom-

ising but a more recent study

showed poor images in
prosthetic joints
Zinc- ", Cys3, No Wide range of gram-positive and The tracer also binds to Liu et al. (2012) Nucl Med Biol
dipicolylamine NIR dye gram-negative bacteria/ positively apoptotic and necrotic mam- [103]
charged molecule interacts with bacte- malian cells.
ria
Concanavalin A NIR dye No Gram-positive and gram-negative Advantage is the tracer is Tang et al. (2014) J Biomed
IR750 bacteria/ lectin-binding protein with applied superficially Nanotechnol [105]

high affinity for cell-surface residues




acid biosynthesis pathway

species. A very promising tracer

to translate to the clinic

Molecule Label Tracer Used at the Organisms to be Imaged/ Remarks Author (Year) Journal
Clinical Stage Process Imaged
Prothrombin #Cu, No S. aureus/ activation of prothrombin Developed for endocarditis Panizzi et al. (2011) Nat Med
Alex- by staphylocoagolase 2011 [106]
aFluor680
Peptidoglycan e No S. aureus/ complex molecule specific Capable of distinguishing S. Ferreira et al. (2017) Biomed
aptemers to outer membrane of bacteria cell aureus from fungal infections Pharmacother [109]
wall (Candida sp.)
Siderophores %Ga No Aspergillus sp. and bacteria/ a sidero- TAFC has shown excellent Petrik et al. (2017) Clin Transl
phore -an iron concentrating protein imaging features for Aspergillus Imaging [110]
unique to fungi and bacteria sp.
Bacteria specific %Cu No Yersinia sp., P. aeruginosa/ antibodies More research to produce Wiehr et al. (2016) Oncotarget
antibodies smaller molecules with a better 2016 [111]
imaging profile needed
Bacteriophage e, No E. coli high affinity for E.coli By modifying it can be applied Hernandez et al. (2014) Nat
to different bacteria and differ- Med 2014 [115]
ent methods such as FRET can
be used in imaging
Tracers imaging metabolites of bacteria
Bacteria carbohydrates
Glucose-6- NBD No Specific bacteria/ transported UHPT Was also labeled with NIR-dye O’Neil et al. (2005) Mol
phosphate fluorescent which is only present in certain bacte- was unable to image bacteria Imaging Biol [118]
dye ria including E. coli and S. aureus
Sorbitol '8E, Yes Gram-negative bacteria E. coli, Kleb- No fluorescent analogues are Weinstein et al. (2014)  Sci
siella pneumonia, P. aeruginosal currently available Transl Med [119]
metabolite used by these bacteria
Amino sugars SF No E. coli/ component of cell wall of Can discriminate infection from Martinez et al. (2011) Nucl
gram-positive and gram-negative inflammation Med Biol [121]
bacteria
Maltohexaose NIR dye No Both gram-positive and gram-negative Can discriminate between dead Huang et al. (2015) Anal
IR786, bacteria and life bacteria and can as low Chem [123]
18p as 10° colonies in vivo
D-mannitol '8E, No S. aureus and E. coli Used as an Ordonez at al. (2017) J Nucl
H energy source in some bacteria or Med [53]
intermediate product of energy me-
tabolism
Vitamins
Biotin "', 'F No Possibly S. aureus, involved in fatty Selective uptake in S. aureus Shoup et al. (1994) J Nucl
acid synthesis colonies Med [130]
Vitamin B12 #mTe No S. aureus, E. coli accumulates in Discriminates infection from Baldoni et al. (2015)Mol
derivative rapidly proliferating cells for trans- inflammation with high target - Imaging Biol [131]
methylation reaction to-nontarget ratios
PABA '8, *H No Wide range of bacteria species/ folic Also shows binding to resistant Ordonez at al. (2017) J Nucl

Med [53]

1.6. Potential New Imaging Agents to Selectively Image Bacte-

rial Infections

Bacteria are the most common microorganisms causing DFIs.
Developing new imaging agents for bacterial infections is an impor-
tant field of research. The field makes use of knowledge of specific
metabolic pathways and bacterial structures, e.g., unique cell wall

properties that give opportunities for imaging. These unique proper-

ties offer promising opportunities for specific imaging of bacterial

infections in the diabetic foot. Different imaging modalities are
used to image bacterial infections (Fig. 1). These different medical
imaging modalities have their pros and cons with regard to costs,
sensitivity, and spatial resolution. Hybrid imaging can further in-
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crease the possibilities for bacterial imaging. As a further applica-
tion, these imaging tracers can be combined with antibiotics to al-
low targeted delivery of antibiotics to sites of infection or labeled
with a therapeutic radioisotope for radioimmunotherapy in infec-
tious disease which can transform the treatment of DFIs [45]. By
far, most of the work is still in the preclinical stage. Research ef-
forts have been going on for many years, and yet to be translated to
humans. The long time for the translation from the preclinical to the
clinical stage is a reflection of the challenges encountered in devel-
oping bacteria-specific methods for clinical use. Several excellent
review papers have recently been published on targeted imaging of
bacterial infections [46, 47]. This current review provides an over-
view of the current status of optical and nuclear imaging tracers for
DFIs and reviews new tracers that could potentially be used imag-
ing in the DFIs.

Bacteria-specific imaging is essential in DFIs because:

1. In DFlIs, early and accurate diagnosis is crucial to reduce mor-
bidity and even mortality associated with the infection. Bacte-
ria-specific imaging is vital as it helps in the diagnosis of DFIs
which may not be clinically apparent as in some cases of os-
teomyelitis.

2.  The duration of treatment of DFIs varies depending on the
type and severity of the infection. The duration of treatment is
shorter for uncomplicated soft tissue infection typically about
a week or two and usually with oral antibiotics. On the other
hand, in complicated soft tissue infection or osteomyelitis may

involve surgery and antibiotic treatment is usually given for
longer periods and may initially require intravenous admini-
stration. Specific bacterial imaging is a useful clinical tool in
determining the type and duration of therapy.

3. The growing prevalence of antibiotic-resistant pathogens has

resulted in bacterial infections that have shown to be a huge
threat to human health worldwide. Treatment of drug-resistant
microorganisms is quite challenging. DFIs caused by methicil-
lin-resistant S. aureus (MRSA) are more difficult to treat and
the treatment more expensive than methicillin-susceptible S.
aureus infections (MSSA). Specific bacterial imaging may
help in the early diagnosis of these resistant species and allow
appropriate treatment to be initiated.

4. Bacteria preferentially form biofilms that promote drug resis-

tance. Bacterial biofilms consist of clusters of bacteria, em-
bedded in a self-secreted matrix of extracellular polymeric
substances forming a three-dimensional structure. Recent stud-
ies have demonstrated biofilm formation in DFIs with colo-
nized flora aggregating and causing chronic inflammation [48-
50]. Specific bacterial imaging may in combination with mi-
crobiology molecular technology help identify bacteria that
would have otherwise considered as ‘innocent bystanders’
(colonizers) in DFIs.

The following aspects of DFIs may be assessed with bacteria-
specific imaging tracers:

e  pathophysiology of the infection



e identification of the tissues or cells involved
e  detection of specific bacterial targets
e  quantification pathogenic bacteria

Bacteria-specific imaging agents may help appropriate treat-
ment to be chosen, and the therapeutic effect can be assessed and
tailored to patients need if required. Furthermore, bacteria-specific
imaging may help to distinguish infective foci from other lesions
due to other pathology.

Specific bacteria imaging has its challenges. These challenges
have been expressed in some published letters and opinions with
some even suggesting it is not worth the effort [51, 52]. Studies
condusted by other researchers have showed however that bacteria-
specific imaging is beneficial with some tracers being singled out as
more favorable candidates [53-55].

Bacteria-specific imaging is challenging because:

e  There are many different bacterial species meaning a lot of
different tracers would need to be developed

e  The number of colonies present and the dimension of infective
foci may be below the detection threshold or resolution of im-
aging system

e  Bacteria may be difficult to reach as a result of low blood per-
fusion in infective lesion

e  Condition of the host (immune system) has an impact on the
status of microorganisms

e Imaging agents should be able to discriminate bacteria lesions
from sterile inflammation and cell proliferation processes such
as cancer

Different imaging modalities are used in the research of bacte-
ria-specific imaging. Imaging with PET, SPECT and optical is
uniquely placed for bacteria-specific in imaging. Based on their
mechanism of action these tracers can be divided into several cate-
gories:

e inflammatory responses of the host
e  substances released from or presented by the bacteria
e metabolism specific for bacteria.

In each category and subheading, we will address both tracers
for nuclear imaging and optical imaging, because of similar chemi-
cal "backbone" to target bacteria.

1.6.1. Imaging Specific Inflammatory Responses
1.6.1.1. Antimicrobial Peptides (AMPs)

AMPs are produced as a result of the immune response of the
infected host/organism towards bacterial infections. AMPs have
broad-spectrum activity, low toxicity and a lower rate of resistance
developed by pathogens. It is theoretically possible that these bio-
logically active compounds may exert a biologic effect on the im-
mune system. However, the human studies in which these peptides
do not seem to suggest this. There is little data available on the
safety profile of AMPs in humans [56]. One meta-analysis raised
concerns about nephrotoxicity and neurotoxicity when AMPs are
used as therapeutic agents [57]. AMPs, however, are considered to
have a good safety profile compared to small drug molecules based
on the short half-life and the degradation products which are natu-
rally occurring amino acids [56, 58]. A well-studied AMP is
ubiquicidin. This 51-amino acid peptide has a cationic character
and preferentially binds to the cell wall of bacteria. Fragments of
ubiquicidin (UBI 29-41) have been labeled with radionuclides,
optical dyes and nanoparticles.

Radiolabeled UBI 29-41

UBI29-41 has been labeled with *™Tc¢ and *®*Ga [59]. The
9™Tc-analog was prepared by *™Tc-labeling of the HYNIC-UBI
29-41 precursor [60]. This tracer has been evaluated in 20 patients
with osteomyelitis with more than 50% due to DFIs [61]. The tracer

was found to be 100% accurate exceeding all other modalities it
was compared to including MRI. The **Ga-analog was prepared by
radiolabeling of the NOTA-UBI 29-41. [®*Ga]Ga-NOTA-UBI 29-
41 showed specificity towards S. aureus and distinguished between
infection and inflammation. Another PET-analog ['*F]fluoro-UBI
29-41 prepared by S['*F]FB showed significant defluorination and
specific binding towards S. aureus could unfortunately not be con-
firmed in vivo [62]. More studies are required to determine the role
of these radiolabeled in DFIs. In a recent ex vivo study in which the
9mTe Jabeled analog was compared to other tracers, the **™Tc-
labeled analog showed good in vivo binding to E. coli although
there was poor in vitro binding to E. coli [63]. This study demon-
strates how in vitro studies may not reflect what the tracer does in
vivo.

Optical Imaging of UBI 29-41

In optical imaging UBI 29-41, has been labeled with the Near
Infrared (NIR) dyes ICG02 and MPA [64]. Specific binding to bac-
teria, as opposed to sterile inflammation, was demonstrated as
proved by blocking experiments and controls with dyes only.

Hybrid Nuclear and Optical Labeling of UBI 29-41

UBI 29-41 has been labeled simultaneously with both optical
imaging tracer Cy5 and '''In. This hybrid UBI 29-41 tracer has
been investigated for infection in a preclinical setting. The hybrid
tracer accumulated at sites of bacterially infected tissue. This hybrid
tracer may enable the pre-operative assessment of infection with
whole-body SPECT/CT scan and intraoperative visualization of
infected tissue with optical imaging [65]. This could potentially
improve the management of DFIs by providing a pre-operative
assessment of infection and real-time visualization of infected tis-
sue during the debridement of infected and necrotic tissue.

Similar studies combining PET-analogues of UBI-29-41 with
optical tracer are highly recommended. As PET/MRI is increasingly
gaining prominence, it is conceivable that using this hybrid tracer
with multimodality PET/MRI imaging, management of DFIs can be
greatly enhanced as functional and anatomical information can be
combined. Overall, the various UBI-based imaging agents give
encouraging results and several options are available to choose the
right multimodality imaging combination.

Nanoparticles (NPs) Labeled with UBI 29-41 and Conjugated Anti-
biotics (Therapeutic Role of UBI 29-41 in Infection)

The role of UBI 29-41 has been explored as a therapeutic agent.
For this purpose, UBI 29-41 was linked to functionalized selenium
nanoparticles (NPs) or quantum dots [66]. This enhanced the stabil-
ity of the antimicrobial peptide. This nanoparticle labeled UBI was
then conjugated of vancomycin to specifically target bacterial in-
fection. This directed the antibiotic to the site of infection and en-
hanced the potency of the vancomycin. The resulting nanoprobes
were injected into mice by intravenous injection. They were found
to be effective to treat sites of bacterial infection. Multifunctional
UBI-based NPs offer many opportunities to further fine-tune prop-
erties for selective imaging and targeted therapy. This will enable
delivery of high concentration antibiotic to the infective site at
lower serum concentration reducing toxicity due to the antibiotic.
This may enable the theranostic use of UBI 29-41 based molecules
in the management of DFIs if these preclinical results can be trans-
lated to humans.

Other Radiolabeled AMPs

Other AMPs like human neutrophil peptide (HNP), neutrophil
clastase inhibitors peptide, human-beta-defensin (HBD), human
lactoferrin-derived peptide (hLF) have been labeled with "¢ and
showed bacterial specificity in mouse models [67]. These AMPs
may have a role similar to UBI 29 in the evaluation of infection, but
the evidence is lacking. Further evaluation is required to assess their
ability to image infection in general and DFIs in particular. To im-
prove these imaging agents, it would be useful to label these AMPs




with the PET-radionuclides ®*Ga or '*F as the availability both radi-
onuclides and the radiolabeling options for peptides have improved
dramatically in the last decade.

1.6.1.2. Cytokines

Cytokines are small proteins or peptides released by immune
cells to regulate immune and inflammatory response. Early work
done with radiolabeled cytokines demonstrated that they are useful
for specific infection imaging in animal models [68, 69]. Interleukin
1 alpha (IL 1a), interleukin 1 beta (IL 1p), interleukinl receptor
antagonist (IL ra) and the chemotactic peptide formyl-methionyl-
leucyl-phenylalanine were radiolabeled with 1 and compared
[70]. The radiolabeled IL 1P was found to offer the best imaging
characteristics, but differences in imaging characteristic between
species were found (mouse vs. rabbit) when tested with E. coli in-
fected animal models [71]. The IL ra was considered potentially
useful because of the absence of biological activity causing side
effects. 11 1B, IL 6, IL 8 and IL 10 have been radiolabeled with 1251
and investigated for imaging infection in animal models [70]. The
'5]_radiolabeled IL 8 is reported to have visualized infective foci in
a pilot study of 8 patients with osteomyelitis [72] Radiolabelled
cytokines have not been explored as infection agents to the same
extent as AMPs [46].

1.6.2. Imaging Substances Released from or Presented by Bacte-
ria

1.6.2.1. Antibiotic Binding

Using antibiotic derivatives as imaging agents is a widely stud-
ied approach. Most of the studies done with labeled antibiotics are
in the preclinical setting. There are several categories of antibiotics
with different mechanisms of action (Fig. 2). One drawback of
using labeled antibiotics is that bacteria that are already resistant to
the drug will give an unpredictable response. While some resistant
bacteria may accumulate tracer others may not depending on the
mechanism of uptake of tracer and resistance of the bacteria.

Antibiotics interfering with nucleic acid synthesis and therefore
inhibiting bacterial DNA-synthesis have been quite extensively
studied as imaging agents. The most studied antibiotic imaging
agent is [gngc]ciproﬂoxacin. The development of this tracer dates
back to the 90s, followed by the development of other radiolabeled
fluoroquinolones [70]. It was found that different chelators for la-
beling [*™Tc]ciprofloxacin resulted in radiopharmaceuticals dis-
playing different target-non-target ratios. Some antibiotic molecules
have been modified, and the resulting compounds were tested for
imaging bacterial infections. An example is [*°™Tc]ciprofloxacin
dithiocarbamate which was modified from ciprofloxacin. [gngc]
ciprofloxacin dithiocarbamate was found to have higher uptake at
infective sites and better abscess to muscle and abscess to blood
ratios compared to [**™Tc]ciprofloxacin [73].

1.6.2.1.1. Radiolabeled DNA Synthesis Inhibitors

" Tejciprofloxacin

[*™Tc]ciprofloxacin and derivatives could be considered as a
general identifier of gram-positive and gram-negative bacteria, but
in vivo, the biological evaluation gave variable results. Also, the
imaging agents showed the variable capacity to discriminate be-
tween infection and sterile inflammation. Dead bacteria were also
found to accumulate [*™Tc]ciprofloxacin making it diffi-
cult/impossible to distinguish treated and dead bacteria from ac-
tively replicating microorganisms [46]. Moreover, drug-resistant
bacteria may or may not accumulate [ ™Tc]ciprofloxacin depend-
ing on the mechanism of resistance [74, 75]. A large multicenter
trial found high sensitivity and specificity for both soft tissue and
osteomyelitis [76]. Another study evaluated 25 patients with diabe-
tes mellitus with foot ulcers using [*™Tc]ciprofloxacin. The study
found a sensitivity, specificity and accuracy in diagnosing DFIs as
66.7%, 85.7% and 72% respectively. They authors concluded that
[gngc]ciproﬂoxacin was both sensitive and specific in diagnosing
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osteomyelitis in DFI. However, they suggested that fastidious and
ciprofloxacin-resistant bacteria flora may result in false-negative
results [77]. A recent review noted that the uptake mechanism and
the factors affecting ciprofloxacin uptake are not entirely under-
stood, more research is needed to determine the appropriate use of
[*™Tc]ciprofloxacin [46].

Other Radiolabeled Fluoroquinolones

Other fluoroquinolones have been investigated as next-
generation radiopharmaceuticals for infection imaging. Several
compounds (such as ofloxacin, levofloxacin, gemifloxacin, lome-
floxacin) were labeled with different radionuclides like 99mTe, 18F,
and ®*Ga. These radiolabeled quinolones were able to distinguish
between infection and inflammation. Of all tested fluoroquinolones,
sitafloxacin has shown the highest target-to-non-target ratios (23 at
two h post injection) resulting in higher image contrast [78]. The
biological target was an S. aureus infection. This radiopharmaceuti-
cal should be further evaluated, and it will be worth testing PET-
analogs of sitafloxacin as well. The antibacterial spectrum and re-
sults in the preclinical setting suggest a possible role of the tracers
in the management of DFIs.

1.6.2.1.2. Radiolabeled Folic Acid Synthesis Inhibitors
Radiolabeled Trimethoprim

Trimethoprim inhibits the formation of tetrahydrofolic acid,
which is an essential precursor in the biosynthesis of the nucleic
acid thymidine. This antibiotic compound was labeled with a
['*F]fluoropropyl group [79]. ['*F]fluoropropyl-trimethoprim, or
['®*F]FPTMP, showed a greater than 100-fold increased uptake in
vitro in live bacteria (S. aureus, E. coli, and P. aeruginosa) relative
to controls and did not accumulate in sterile inflammatory tissues
and cancer. In a rodent myositis model, [le]FPTMP identified
active bacterial infection without any confounding uptake in the
same animal resulting from chemical inflammation (turpentine) and
cancer (breast carcinoma). Additionally, the biodistribution of
['"®F]FPTMP in a nonhuman primate showed low background up-
take in many tissues that are the usual sites of infection such as the
lungs and soft tissues. The antibiotic spectrum suggests this tracer
may have a potential role in DFI imaging, but there are no clinical
studies.

Radiolabeled Sulfonamides

Sulfonamides inhibit synthesis of folic acid and are used as
broad-spectrum gram-positive and gram-negative antibiotics. One
sulphonamide, sulfadiazine, was labeled with [gngc]pertechnetate
directly resulting in various complexes formed by the interaction of
electron donating nitrogen groups and the reduced [*"™Tc¢] pertech-
netate core. Uptake of [*™Tc]sulfadiazine was more than 2-fold
higher in S. aureus-infected muscles compared to controls [80]. The
spectrum of activity suggests a potential role in the evaluation of
DFIs, but clinical studies are lacking.

1.6.2.1.3. Radiolabeled Bacteria Cell wall Synthesis Inhibitors

Radiolabeled Vancomycin

Antibiotics interfering with the bacterial cell wall synthesis
have been much less studied. Vancomycin binds to the D-ala-D-ala
moiety of a lipid in the cell wall of gram-positive bacteria that re-
sults in the inhibition of cell wall (peptidoglycan) synthesis. Prom-
ising results were obtained with IRDye800CW vancomycin that
accumulates at the bacterial site of infection of gram-positive S.
aureus but not of gram-negative E. coli [81]. The imaging agent
might offer the possibility to detect biofilms on implanted medical
devices. The amino group of vancomycin that is used to conjugate
the IRDye800CW can be a versatile handle to attach a variety of
tags for imaging. For SPECT-imaging, [*™Tc]vancomycin, not
regioselectively labeled using chelators but by direct labeling,
showed an affinity for S. aureus infection foci. Vancomycin was
also labeled through [®™Tc]Te-HYNIC tetrazine click chemistry. A
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3-fold uptake at the S. aureus infection site compared to control
was found [82].

For PET imaging, options like attaching a chelator followed by
radiolabeling with a metal, or conjugation to a '®F-labelled acti-
vated ester offer great possibilities for further research. As vanco-
mycin is sometimes used in the treatment of DFIs, using an analog
for imaging purposes is clinically very relevant to assess whether
the therapeutic antibiotic agent reaches its target at sufficient dose
to become effective. In DFIs, S. aureus is usually the offending
pathogen and vancomycin is used in the treatment of some infec-
tions. The antibacterial spectrum of vancomycin suggests that its
radiolabeled compound may be useful in the management of DFIs.

Radiolabeled Beta-lactam Based Agents

Beta-lactam based imaging has been evaluated at the preclinical
stage. Beta-lactams inhibit synthesis of the bacterial cell wall. The
molecules contain a heterocyclic four-membered beta-lactam ring
and selectively inhibit DD-transpeptidase, an enzyme that is in-
volved in prokaryotic cell wall synthesis. Beta-lactams are broad-
spectrum antibiotics that affect both gram-positive and gram-
negative pathogens. Beta-lactams include penicillins and cepha-
losporins. The structural differences are found in the fused ring
connected to the beta-lactam ring. Cephalosporins are less suscepti-
ble to beta-lactamases and therefore more stable as compared to
penicillins.

Within the family of penicillin derivatives: an aminopenicillin,
amoxicillin, was labeled with *™Tc. The *™Tc-core forms a com-
plex with two amoxicillin molecules and this dimer was only pre-
liminary evaluated in vivo. Biodistribution studies in rabbits showed
rapid excretion via kidney to the bladder and in vivo binding to
Streptococcus pneumoniae was observed [83]. Another penicillin
analog tazobactam was labeled with 99mTe, [99mTc]Tazobactam can
be used to diagnose bacterial infection and to discriminate between
infected and inflamed tissues [84].

Some cephalosgorins (ceftizoxime, cefuroxime, cefoperazone)
were labeled with **™Tc using the direct method and showed spe-
cific uptake in bacterial infections in animal models. The disadvan-
tage of the direct labeling method is that mixtures of **™Tc-
complexes can be formed. Therefore, the radiopharmaceutical can
display unpredictable behavior regarding its binding properties.

All beta-lactam derived radiopharmaceuticals have only been
tested in vitro or in animal models. The obtained target-to-non-
target ratios were very variable. With [*™Tc]ceftriaxone the highest
target-to-non-target ratio 12.66 was found. Beta-lactams are used to
treat DFIs suggesting that radiolabeled beta-lactams may play a role
in the management of diabetic foot but there is currently no clinical
data to support this.



1.6.2.1.4. Radiolabeled Protein Synthesis Inhibitors

Radiolabeled Puromycin

Puromycin is a protein synthesis inhibitor acting by inhibition
of the translation process from RNA. Puromycin causes chain ter-
mination during the translation in the ribosomes. [®Ga]Ga-DOTA-
puromycin showed highly selective uptake in S. aureus-infected
foci in comparison to sterile inflammation, and its uptake was very
low in lung, brain, abdomen and the musculoskeletal system, which
are potential organs for bacterial infections [85].

Recently, a '®F-fluorinated puromycin analog has been synthe-
sized by '"*F-fluorination of a tosylate precursor, but the publication
of biological evaluation is still pending [86]. Although

no clinical data is available, the spectrum of antibacterial activity
suggests that it could play a role in the management of DFIs.

Radiolabeled Aminoglycosides

Another class of molecules is the aminoglycosides that are
polycationic entities that are protein synthesis inhibitors. Amino-
glycosides block ribosomes and prevent translation of proteins, and
there is an irreversible uptake of the antibiotic. Kanamycin, strep-
tomycin and gentamicin were labeled with **™Tc by direct labeling
of the parent aminoglycoside with [**™Tc]TcO, in the presence of
tin chloride. The compounds contain oxygen atoms, amino and
hydroxyl groups that can coordinate to the "MTe-core. Again, this
direct gngc—labeling method (})roduced mixtures of different **™Tc-
complexes. Although mixed *™Tc-complexes were used in imag-
ing, [*™Tc]kanamycin showed a 2-fold higher uptake in S. aureus-
infected muscle of animals (rats and rabbits) compared to controls
[87]. [gngc]streptomycin was only evaluated in turpentine-infected
mice where it was shown that uptake in the inflamed lesion was 2-
fold increased [88]. [gngc]gentamicin was only evaluated as renal
functional imaging agent [89].

Radiolabeled Tetracycline

Tetracyclines prevent binding of aminoacyl-tRNA to the ribo-
some resulting in inhibition of protein synthesis. [*"Tc]doxy-
cycline which is a tetracyclic compound with several functional
groups that can coordinate to **™Tc was evaluated in rats and dis-
played higher uptake in infected muscle comgpared to sites of sterile
inflammation [90]. In another article, [’ "Tc]doxycycline was
evaluated for its potency to image bacterial infection and displayed
increased (2-fold) uptake in E. coli infection sites [91]. Again,
though no human studies have been performed the spectrum of
antibacterial activity suggests it may be useful in the management
of DFIs.

Radiolabeled Lincosamides

The class of lincosamides binds to the 50S-unit of bacterial
ribosomes and thereby blocks the exit of newly formed peptides.
Two examples of this class of antibiotics are clindamycin and lin-
comycin. Both antibiotics were labeled using the direct method
with [*™Tc]TcO, in the presence of a reducing agent. Slightly
higher accumulation in S. aureus-infected lesion in Sprague-
Dawley rats was found [92].

Radiolabeled Macrolides

Macrolides are structurally different than lincosamide both have
the same mechanism of action. Erythromycin is a representative of
this family of molecules containing a macrocyclic ring of 14 atoms
with sugar-like side chains and several oxygen-based functional
groups. As described above erythromycin was directly labeled with

™Tc¢O, in the presence of SnCl,. The radiopharmaceutical was
only evaluated in turpentine-induced inflammation animal models
and showed increased uptake in the sterile inflammatory lesions
[88]. Clarithromycin has also been labeled with 9mTe. The uptake
of the labeled clarithromycin was higher in S. aureus lesions as
compared to sterile inflammation [93].
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Oxazolidinones, like linezolid, inhibit bacterial protein synthe-
sis initiation by disrupting translation of mRNA into protein in the
ribosomes. They act against the gram-positive bacteria. Linezolid
was labeled with '*'I by the iodogen method and used for imaging
S. aureus in a rat infection model in comparison with a sterile in-
flammation [94]. Uptake in the S. aureus infected lesion was higher
than the turpentine-induced inflammation was 5-fold higher as
compared to control. Linezolid is a small molecule containing an
aromatic fluorine atom and two carbonyl functionalities that would
make the compound interesting for labeling with either '°F or ''C.

Radiolabeled Nitrofurans

Nitrofurans target and damage DNA and act in the control of
translation from mRNA to proteins. To be effective nitrofurans are
reduced by flavoproteins. Nitrofurantoin was labeled with **™Tc in
which it was used to image E. coli. In a rat model [95]. This radio-
labeled antibiotic may play a role in the management of DFIs.

1.6.2.1.5. Radiolabeled RNA Synthesis Inhibitors

Anti-mycobacterial agents like rifampicin (inhibition of RNA-
synthesis by inhibiting DNA-dependent RNA polymerase) and
ethambutol (disturbance of cell wall synthesis) were radiolabeled
with *™Tc and evaluated as tuberculosis imaging agents [96, 97].
Also, some compounds were produced with ''C: rifampicin was
prepared by ''C-methylation of the corresponding desmethyl pre-
cursor with [''C]methyl triflate and pyrazinamide by reaction with
K[''C]CN followed by oxidation. The pharmacokinetics and biodis-
tribution of these tuberculosis frontline drugs were investigated in
several organs in baboons. In another article, the kinetics was
measured in M. tuberculosis-infected mice. There was reduced
penetration of [“C]rifampicin in lung lesions and brain [98]. Ri-
fampicin has a broad antibacterial spectrum. S. aureus is particu-
larly susceptible to rifampicin. Radiolabeled rifampicin may be
useful in the management of DFIs [99].

1.6.2.2. Other Classes of Bacteria Detecting Imaging Probes
1.6.2.2.1. Nucleoside Analogs

2'-Fluoro-2'-deoxy-1p-D-arabinofuranosyl-5-[**IJiodouracil

([124I]FIAU) is a nucleoside analog which is a substrate for bacterial
thymidine kinase specifically. After its phosphorylation, the com-
pound is irreversibly trapped in the cell. The PET-tracer was exam-
ined in patients with musculoskeletal bacterial infections, and the
efficacy to detect prosthetic joint infections was assessed. Early
studies in patients show that it was an optimal imaging agent cor-
rectly identifying or excluding infective site [100]. In a more recent
study, metal artifacts interfered with the uptake of tracer thus more
research must be done to determine the appropriate use of this
tracer [101]. ["**IJFIAU has recently been used to image and quan-
tify bacterial load in the lung of mice [55].

1.6.2.2.2. Zinc-dipicolylamine (Zn-DPA)

Zn-DPA is positively charged complex and interacts with the
negatively charged gram-negative bacterial cells. Zn-DPA was first
labeled with Cy5 and NIR-dyes [102]. Later, an '''In-derivative,
['"'In]In-DOTA-biotin/SA/biotin-Zn-DPA was developed [103]. In
all cases, Zn-DPA derivatives could well discriminate between
bacterial infections from other infections and inflammation. The
disadvantage is that Zn-DPA also binds to negatively charged
membranes of apoptotic and necrotic mammalian cells making Zn-
DPA a potential apoptosis marker as well. In the management of
DFIs, this may be exploited by identifying not only infected but
necrotic tissue during debridement. The usefulness of this tracer as
an infection-imaging agent was confirmed in a more recent animal
study [104].

1.6.2.2.3. Concanavalin A

Concanavalin A nanoprobe is a lectin-binding protein with high
affinity for cell-surface mannose residues. This imaging agent binds
to both gram-positive and gram-negative bacteria. Concanavalin A




was conjugated with NIR dye IR750 and bound to infectious loca-
tions [105]. The imaging agent was evaluated in vitro and the abil-
ity to detect bacterial colonization on wounds and catheters was
demonstrated.

1.6.2.2.4. Prothrombin

Prothrombin uptake is due to blood clotting on bacteria to cover
it antigens and evades the immune system because of the activation
of prothrombin by staphylocoagolase. S. aureus was detected by
ap6p1ication of an AlexaFluor680-labeled and *‘Cu-labelled
([**Cu]Cu-DTPA) prothrombin [106]. Both imaging agents accu-
mulated at the S. aureus infection site and were developed for en-
docarditis imaging. This has application in the management of DFIs
as S. aureus is the most common pathogen, and the immune evasion
may explain the persistence of some bacteria after therapy.

1.6.2.2.5. Peptidoglycan Aptamers

Peptidoglycans are essential macromolecules of the cell wall of
bacteria. Gram-positive bacteria have about 80% of their cell wall
made of peptidoglycan. Gram-negative bacteria on the other hand
have 5-20% made of peptidoglycan and this is located between the
plasm membrane of the bacteria and the lipopolysaccharide enve-
lope. Aptamers are short single-stranded oligonucleotides that bind
molecules with high specificity and affinity [107]. Peptidoglycan
aptamers have several properties that make them suitable for mo-
lecular imaging [108]. One peptidoglycan aptamer (Antibacl) was
labeled with *™Tc using the direct method and evaluated by biodis-
tribution studies and scintigraphic imaging in infected mice [109].
This radiolabeled aptamer seems to be suitable in distinguishing
between bacterial (S. aureus) and fungal (Candida albicans) infec-
tion.

1.6.2.2.6. Siderophores

Siderophores are iron-chelating peptide-like metabolites pro-
duced by bacteria. During infection siderophore production and
transport systems are unregulated. Administered siderophores are
taken up by gram-negative bacteria, and they show no selective
uptake in bacteria, but also accumulate in fungi. The iron atom can
be replaced by ®®Ga [110]. A proof-of-principle to visualize infec-
tion was shown with ®*Ga-labelled triacetylfusarinine (TAFC). In
the management of DFIs, the siderophore **Ga-ferrioxamine E
(FOXE) may be more useful as in vitro studies showed high uptake
of S. aureus. Curiously, this uptake was not demonstrated in vivo,
and further studies are needed to translate this tracer that has dem-
onstrated excellent and specific imaging features with fungi to bac-
teria. Another approach was the production of siderophore conju-
gates with DOTAM for metal ions which also enables radionuclide
therapy by inserting appropriate metal radionuclides. (e.g., **Ga and
4Cu for PET-diagnosis and *°Y for radionuclide therapy). Sidero-
phores have been applied as a bifunctional chelator to complex ¥'Zr
instead of desferrioxamine.

1.6.2.2.7. Radiolabeled Antibodies

The acquired immune system produces antibodies against mi-
croorganisms when an infection occurs. These antibiotics are spe-
cific to the particular microbe, and this provides a unique opportu-
nity to image microorganism when these antibiotics are labeled
with tracers. Recently, a bacterial-specific antibody was labeled
with **Cu. Systemic Yersinia enterocolitica infections were imaged
using immunoPET (antibody-targeted positron emission tomo-
graphy) with [*Cu]Cu-NODAGA-labeled Yersinia-specific poly-
clonal antibodies which are targeting the outer membrane protein
YadA [111]. In contrast to ['*F]FDG, [**Cu]Cu-NODAGA-YadA
uptake co-localized in a dose-dependent manner with bacterial
lesions of Yersinia-infected mice. There was increased uptake of
[*Cu]Cu-NODAGA-YadA in infected tissues. Another example
was a radiolabeled antibody against the O-side of Pseudomonas
aeruginosa immunotype 1 lipopolysaccharide (LPS) showing spe-
cific uptake in bacterial infections. Specific accumulation of anti-
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bodies can amount up to several days which is a significant draw-
back. Using antibody fragments (Fab,, Fab, affibodies, scFv etc)
instead could be a next step in the development of specific imaging
agents [112].

1.6.2.2.8. Bacteriophage

Bacteriophage M13 is a filamentous, non-lytic phage with an
affinity for E. coli. The bacteriophage was used as a scaffold for
attaching carbon nanotubes. They fluoresce in the NIR2 region with
enhanced depth penetration [113]. Attaching antibodies against
bacteria species of choice can further modify the agent to image
other bacteria. Good results have been demonstrated for S. aureus
and E. coli. Also, *™Tc-labeled bacteriophages have been devel-
oped and tested in a mouse infection model (K. pneumoniae, En-
terococcus faecalis, Salmonella enterica and P. aeruginosa). Infec-
tion/normal tissue uptake ranged between 2 and 14 depending on
the version of the bacteriophage and bacterial species [114].

In an attempt to increase sensitivity, a nuclease-activated FRET
(Fluorescence Resonance Energy Transfer) probe was developed.
An oligodeoxynucleotide susceptible to specific bacterial nucleases
was functionalized with the fluorescent dye Cy 5.5 at 5” and quen-
ching groups at 3” at the cleavage site [115]. A study in S. aureus-
infected mice showed that the imaging probe was silent until
contact and cleaved by a nuclease.

This principle has also shown to work with a beta-lactamase-
activated and a nitroreductase FRET probe [116, 117]. It will be
interesting to see the development of new strategies using activat-
able optical probes. These optical probes can lead to highly sensi-
tive measurements of a small number of bacterial colonies. The
combination with PET-imaging agents will be a unique and power-
ful combination to obtain information of the infection status in the
diabetic foot.

1.6.3. Imaging Metabolism of Bacteria
1.6.3.1. Bacterial Carbohydrate Imaging

Bacteria utilize different sugars compared to mammalian cells
and contain specific transport systems for sugars (sorbitol, maltose,
maltohexaose and glucose-6-phosphate) which make sugars an
attractive class of imaging agents to specifically image bacterial
infections. As with most antibiotic imaging tracers most of the stud-
ies with these tracers are preclinical, but as these tracers selectively
target bacteria, they can play a role in the management of DFIs.

1.6.3.1.1. Glucose-6-Phosphate

Glucose-6-phosphate has utilized in certain bacteria such as
E.coli and S. aureus. This glucose metabolite is transported via the
universal hexose phosphate transporter (UHPT) that is only present
in bacterial cells. Glucose-6-phosphate was labeled with nitroben-
zoxadiazole (NBD) and NIR fluorescent dyes. Only the NBD-
derivative was transported by UHPT [118]. Very likely the NIR-
dye was too large to be transported by UHPT. It could be worth
studying the use of ['*F]JFDG-6-phosphate as PET-radiopharma-
ceutical that is formed after the hexokinase phosphorylation of
['*F]FDG.

1.6.3.1.2. Sorbitol

Sorbitol is a metabolite utilized by gram-negative bacteria in-
cluding E. coli, Klebsiella pneumonia, and P. aeruginosa. These
bacteria are the usual offending microorganism when there is a
gram-negative DFI making sorbitol an attractive tracer for imaging
DFIL. [le]Fluorodesoxysorbitol ([le]FDS) was labeled with 'F
from ['®F]JFDG by reduction with NaBH, [119]. ['*F]FDS was se-
lectively taken in infected lesions. ['*FIFDS was successfully used
for following treatment with antibiotics by monitoring infection
levels. A first-in-man study with ['*F]JFDS was published recently
[120]. Healthy volunteers were scanned for 3 hours post-injection.
The tracer had low background uptake and fast clearance from the
plasma tissues which is an advantage in infection imaging. Uptake




of ['®F]FDS by Enterobacteriaceae in the gut still needs to be fur-
ther explored. Despite encouraging results with ['*FJFDS, no fluo-
rescent sorbitol analogs have been tested although it is very ques-
tionable if such fluorescent imaging agent will show similar behav-
ior to ['®F]FDS because the properties will change dramatically for
a small molecule like sorbitol.

1.6.3.1.3. Amino Sugars

Another bacterial sugar is the amino sugar that is a component
of the bacterial cell wall in both gram-positive and gram-negative
bacteria. [FJFAG is 2-deoxy-2-['*F]fluoroacetamido-D-gluco-
pyranose and was successfully used to identify E. coli in rat models
and to make a discrimination of sterile inflammation from infection.
Uptake data were confirmed by histological analysis [121].

1.6.3.1.4. Maltohexaose

Maltodextrin-based imaging probes (MDPs) can detect bacteria
in vivo with a sensitivity two orders of magnitude higher than pre-
viously reported imaging agents and can detect bacteria using a
bacteria-specific mechanism that is independent of host response
and secondary pathologies. MDPs are rapidly internalized through
the bacteria-specific maltodextrin transport pathway, favoring the
MDPs with a unique combination of high sensitivity and specificity
for bacteria. MDPs selectively accumulate within bacteria at milli-
molar concentrations and are a thousand-fold more specific for
bacteria than mammalian cells. MDPs can image as few as 10°
colony-forming units in vivo and can discriminate between active
bacteria and inflammation induced by either lipopolysaccharides or
metabolically inactive bacteria [122].

Maltohexaose is such a sugar transported by the maltodextrin
transporter and was labeled with the NIR dye IR786 [123]. As the
maltodextrin transporter is very active and because maltodextrin is
hydrophilic and therefore will not diffuse through mammalian cell
membranes, the maltohexaose imaging agents proved to show high
sensitivity and high target-to-non-target ratios as measured with E.
coli infections. Maltohexaose was also labeled with '*F for PET-
imaging. Uptake was observed in both gram-positive and gram-
negative bacteria. Also, P. aeruginosa was detected in a clinically
relevant mouse model of wound infection [124, 125].

1.6.3.1.5. D-mannitol

Some bacteria are capable of using D-mannitol as a primary
energy source or in the metabolic pathway for energy [126]. This
has been exploited and used in the imaging of bacteria. D-mannitol
was radiolabeled with '°F and found to have a rapid uptake in S.
aureus and E. coli with good tracer clearance from plasma and
issues. The '°F radiolabeled mannitol was taken up by all isolates
including drug resistant MRSA and extended spectrum beta-
lactamases (EBSL) E. coli in an infected murine myositis model.
This tracer may be useful in the evaluation of DFI and a recent
publication suggested it has great potential for translation into the
clinic [53].

1.6.3.2. Bacterial Amino Acid Uptake Imaging
1.6.3.2.1. D-Methionine

In most organism and in humans only the L-stereoisomers (L-
amino acids) are manufactured and incorporated into cells. Some
D-stereoisomers of amino acids (D-amino acids) are found in the
cell wall of bacteria but are not present in humans. This allows
them to be targeted for bacteria-specific imaging. D-methionine has
been labeled with some optical dyes including the NBD dyes and
showed uptake in E. coli and other bacteria [127]. An analog of D-
methionine has recently been labeled with ''C to produce D-
[methyl—“C]methionine tracer and used to differentiate E. coli and
S. aureus infections in mice from sterile inflammation [128]. This
tracer could potentially be labeled with longer acting radionuclides
and find application in imaging of DFIs.
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1.6.3.3. Imaging Vitamin Uptake by Bacteria
1.6.3.3.1. Biotin

Biotin was labeled with '''In as an essential growth factor for
some bacteria includin{g S. aureus. As it is involved in the produc-
tion of fatty acids, ["'In]In-DTPA-biotin showed uptake in S.
aureus cultures and was selective in its uptake [129]. This may play
a role in DFIs. No in vivo data are available yet. A 1RF—analoz% of
biotin has been developed, but this molecule was only tested as 8p.
synthon for radiolabelling of macromolecules using the biotin-
avidin system [130].

1.6.3.3.2. Vitamin B12

[*™Tc]Te-PAMA-Cyano-cobalamin is a labeled derivative of
vitamin B12 that has been investigated for infection imaging. It
accumulates in rapidly proliferating cells and is important for
transmethylation reactions. [®™Tc]JPAMA was effectively prepared
by the **™Te-tricarbonyl method. The imaging agent showed speci-
ficity towards S. aureus and E. coli in in vitro cell cultures and in
infected mice [131].

1.6.3.3.3. Para-aminobenzoic Acid (PABA)

PABA is a compound used in the biosynthesis of folic acid in
many microorganisms including bacteria. PABA was labeled with
*H and found to accumulate in a wide range of bacteria species
including resistance microorganisms including MRSA, carbap-
enem-resistant K. pneumoniae, and extended spectrum beta-
lactamases E. coli. The uptake in the microorganisms was more
than a hundred times more than mammalian cells. It was then la-
beled with '®F and showed good uptake in S. aureus. PABA was
determined to one of the numerous tracers at the preclinical stage
that holds great promise for future translation to the clinic [53]

1.7. Future Perspectives

There are many potential tracers for imaging DFIs. Most of the
agents for imaging infection are still in the preclinical stage. A sig-
nificant proportion of the tracers developed are labeled with **™Tc
using the indirect method resulting in mixed complexes. Consider-
ing the advantages of better resolution of PET over SPECT imag-
ing, the PET equivalents of the tracers that are potential candidates
for infection are recommended to be researched and developed. 'SF-
labeling options are now available for most of the compounds using
conjugation techniques (succinimides, click chemistrgy, ['*F]AIF-
methodology) [132-135]. These methods can replace *Tc by '*F
in most of the tracers at the preclinical level. The use of radiometals
such as generator-produced **Ga offers more possibilities for label-
ing especially peptides. The availability of GMP-compliant genera-
tors would make **Ga labeled compounds a desirable mode of
chelating compounds to produce useful tracers in the management
of DFIs [135]. Radioisotopes with longer half-lives such **Cu and
897r may offer a good alternative for labeling of peptides which are
currently labeled with ®®Ga. These relatively longer acting radioiso-
topes will make delayed imaging, which is a requirement in infec-
tion imaging, possible. The half-life of **Cu is 12.7 hours, however
its utility in clinical practice has been limited because of the diffi-
culty in the production of this radioisotope. **Cu is likely to be
more available as a simpler method of production has recently be-
come available [136]. The long half-life of 78 hours of **Zr also
makes it an attractive label for large proteins such as antibodies,
however, the benefit must be weighed against the radiation burden
the patient is exposed to with a long-lived radioisotope [137]. The
possibility of hybrid imaging would also allow the application of
these potential new tracers in PET/MRI or even PET/CT when MRI
cannot be performed to allow pre-and intra-operative assessment of
DFIs requiring surgery. The ability to assess DFIs both pre- and
intra-operatively is a significant future development to reduce the
number of amputations and possible save some lower limbs [138,
139]. The use of nanoparticles to deliver antibiotics to infected
areas may allow delivery of high doses of antibiotic to the infected



site with minimal systemic toxicity. Furthermore, radioimmuno-
therapy with antibiotics may offer new and exciting possibilities
when these tracers are labeled with therapeutic radioisotopes to
shorten the duration of antibiotic therapy and to treat resistant or-
ganisms [45]. MRI is currently the imaging method of choice due to
its excellent soft tissue resolution and ability to diagnose bone and
soft tissue early. PET/MRI is now available in clinical practice.
Developing PET-tracers to be used in PET/MRI would offer an
excellent imaging tool for the patient; getting the ‘best of both
worlds' from a metabolic and anatomic point of view in one sitting.
The development of synthetic methods for PET-labeling, which can
be applied in hospitals without the need for highly trained radio-
chemists and GMP makes PET/MRI an even more attractive option
for DFI imaging. It may be impractical to expect that all the poten-
tial tracers will be translated to the clinic. It is likely that suitable
candidates will be chosen by different criteria including in silico
methods from this large number of potential infection tracers [53].
An agent that is specific for infection but accumulates in different
bacteria like AMPs or PABA may be more likely to be translated
into clinical practice [53, 140]. It is also likely that a bacteria-
specific imaging tracer will be translated to clinic for different in-
fections such as tuberculosis or fungal infection and may be repur-
posed for DFIs [141, 142]. There are several regulations, directives,
and guidelines on clinical trials and the requirements for the newly
developed radiopharmaceuticals to be used [143]. For optical imag-
ing agents, this situation is even more complicated. Besides all the
regulatory text, several guidelines are published to assist research-
ers in the interpretation of these texts. The guidelines are dealing,
e.g., with toxicity testing, GMP and first-in-man studies [144, 145].
Authorities have recognized that the high regulatory burden ham-
pers innovation. As a result, the European Union has accepted a
new regulation 536/2014 which includes streamlining of the appli-
cation process for clinical trials and exceptions for requirement of
GMP for radiopharmaceuticals in these trials. This new regulation
may pave the way for accelerated translation of these tracers for use
in infections including DFIs from the preclinical setting to the
clinic.
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