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Abstract
Background Bacterial infections are still a major global healthcare problem. To combat the increasing antimicrobial resist-
ance, early diagnosis of bacterial infections—including the identification of bacterial species—is needed to improve antibiotic 
stewardship and to help reduce the use of broad-spectrum antibiotics. To aid successful targeted antibiotic treatment, specific 
detection and localisation of infectious organisms is warranted. Nuclear medicine imaging approaches have been success-
fully used to diagnose bacterial infections and to differentiate between pathogen induced infections and sterile inflammatory 
processes.
Aim In this comprehensive review we present an overview of recent developments in radiolabelled bacterial imaging tracers.
Methods The PubMed/MEDLINE and Embase (OvidSP) literature databases were systematically searched for publications 
on SPECT and PET on specific imaging of bacterial using specific guidelines with MeSH-terms, truncations, and comple-
tion   using cross-references. Tracers in literature that was extensively reviewed before 2016 were not included in this update. 
Where possible, the chemical structure of the radiolabelled compounds and clinical images were shown.
Results In 219 original articles pre-clinical and clinical imaging of bacterial infection with new tracers were included. In 
our view, the highest translational potential lies with tracers that are specific to target the pathogens: e.g., 99mTc- and 68Ga-
labelled  UBI29–41, 99mTc-vancomycin, m-[18F]-fluoro-PABA, [methyl-11C]-D-methionine,  [18F]-FDS,  [18F]-maltohexaose 
and  [18F]-maltotriose. An encouraging note is that some of these tracers have already been successfully evaluated in clinical 
settings.
Conclusion This review summarises updates in tracer development for specific (pre-clinical and clinical) imaging of bacte-
rial infections. We propsed some promising tracers that are likely to become innovative standards in the clinical setting in 
the near feature.

Keywords Infectious diseases · Radiotracers · Molecular imaging · Nuclear medicine · Pathogens

Introduction

Despite the success of treating bacterial infections with 
antibiotics, e.g., penicillins, quinolones, and glycopeptides, 
bacterial infections still pose a serious global health threat. 
Of 2 million bacterial infections each year in the USA alone 
at least 23,000 results in death, making an estimated eco-
nomic impact of $55–70 billion per year [1]. Antibiotics 
are key to the success of treating bacterial infections, but to 
retain antibiotics effectiveness, the use of broad-spectrum 
antibiotics should be restricted, and the use of dedicated 
small-spectrum antibiotics promoted. Antibiotic stewardship 
can, however, be applied much more efficiently when fast 
and accurate diagnosis are made. For example, the ability 
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to accurately differentiate between aseptic loosening of arti-
ficial joints and pathogen infection could help to drastically 
reduce the use of broad-spectrum antibiotics in the future 
[2]. Characterization of the causative pathogen would be a 
second step needed to refine diagnosis. As the usability of 
the clinically available radiotracers is impaired by imaging 
of host inflammatory processes, further development of radi-
otracers that can image bacterial infections and discriminate 
them from sterile inflammatory processes and/or malignan-
cies would benefit patients [3, 4].

Currently, microbiologic cultures or biomolecular tech-
niques such as quantitative or broad range polymerase 
chain reaction (PCR) act as gold standard tools to diagnose 
causative pathogens [5]. These techniques are limited by the 
availability of tissue samples [6] and may not be suitable 
to detect dormant organisms or those that are hard to cul-
ture [7]. Radiological imaging techniques (CT, MRI, X-ray, 
and ultrasound) may aid in localising the infections [8], but 
these modalities are only able to visualise advanced diseases 
that have altered the patients natural tissue anatomy [9, 10]. 
Molecular imaging solutions—as in oncology—have been 
shown to aid non-invasive diagnosis of bacterial infections in 
an early (non-disruptive) state [11]. Examples of these tech-
niques are summarised in Table 1 and includes radiotracers 
such as 67Ga-citrate, 99mTc-labelled autologous leukocytes 
and  [18F]-FDG, which are commonly used in western clini-
cal practise [9, 12, 13]. For the current review, the PubMed/
MEDLINE and Embase (OvidSP) literature databases were 
systematically searched for publications on SPECT and PET 
on specific imaging of bacterial using specific guidelines 
with MeSH-terms, truncations, and completion using cross-
references. Tracers from literature that were reviewed before 
2016 were not included in this update.

This review is an update of our earlier review published 
in 2013 [14], as well as other thematic reviews [12, 15–21]. 

Hereby we specifically focus on the status of radioactive 
tracer development of SPECT and PET infection imaging, 
their selectivity for infections with bacteria, and the potential 
for clinical translation.

Antibacterial tracers

In this chapter we describe infection-imaging tracers based 
on compounds that display antimicrobial activities. Often, 
such compounds show preferential binding of interaction 
with bacterial surfaces and structures.

Imaging of infections with bacteria‑specific 
antibodies

As early as 1988, 99mTc-, 125I- and 111In-radiolabelled mon-
oclonal antibodies (mAbs; molecular weight ≈ 150 kD) 
directed against bacterial epitopes, including the biofilm-
associated pili, the 0-side chain of Pseudomonas aerugi-
nosa, and staphylococcal antigen A, have been evaluated 
as SPECT imaging agents in bacterial infection models 
[22–25]. Although initial results were promising regarding 
to sensitivity (abscess-to-muscle ratios ranging between 
5 and 12), the relatively large radiolabelled mAbs slowly 
cleared from the circulation resulting in high radiation 
burden and high background uptake in liver and other tis-
sues. As a result, significant abscess-to-muscle ratios were 
only obtained 3 days post-injection. A mAb (1D9) directed 
against staphylococcal antigen A, Yersina adhesion A, or 
the Gram-positive bacterial surface molecule lipoteichoic 
acid was recently radiolabelled with either 64Cu or 89Zr 
(t1/2 = 12.7 h and 78.4 h respectively) and evaluated using 
PET imaging in mice [23, 24, 26]. 1D9 mAbs clearly 

Table 1  Infection types, common causative bacterial pathogens (https ://www.uptod ate.com) and clinically approved radiotracer

a These tracers are mainly applied in western hospitals as nearly two-thirds of the world’s population does not have adequate access to radiologi-
cal services [130]

Infection Common causative pathogens Routinely used imaging  tracera

Abdominal: e.g., appendicitis, pancreatitis Streptococci
S. aureus
Enterobacteriaceae

99mTc-leukocytes
[18F]-FDG

Pulmonary: e.g., pneumonia, tuberculosis, mediastinitis S. pneumoniae
S. aureus
M. tuberculosis

[18F]-FDG
67Ga-citrate

Skeletal: e.g., osteomyelitis, spondylodiscitis, arthritis, infected 
bone prostheses

S. aureus 99mTc-MDP/HDP
99mTc-leukocytes
[18F]-FDG

Fever of unknown origin Various [135] 67Ga-citrate
Infective endocarditis Streptococci

S. aureus
Enterococci

99mTc-leukocytes
99mTc-Stannous colloids

https://www.uptodate.com
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targeted S. aureus at 3 days post-injection of the tracer with 
abscess-to-background ratios that were 2–3 times higher 
than in controls and comparable with ratios obtained with 
 [18F]-FDG (Fig. 1A). However, 1D9 also yielded nonspecific 
uptake in infections with E. coli and in lipopolysaccharide-
induced sterile inflamed tissues, which has been attributed 
to the mAb binding to Fc receptors omnipresent on the cell 
membrane of infiltrating macrophages [27, 28] (Fig. 1B).

Bacterial infection imaging agents based 
on antibiotics

Antibiotics are designed to penetrate diseased tissue and are 
rapidly cleared from non-target tissues in contrast to large 
antibodies. When combined with short half-life isotopes 
(e.g., 99mTc and 18F) such small molecules could substan-
tially increase diagnostic speed and accuracy [29].

The fluoroquinolones are natural antibiotics and act as 
inhibitors of bacterial DNA synthesis. By binding to the 
enzyme–DNA complex, they block the DNA replication. 
The most studied natural antibiotic-based tracer is 99mTc-
ciprofloxacin (Scheme 1), which was introduced in a clini-
cal setting in 1997 [30]. An extensive evaluation of 99mTc-
ciprofloxacin was performed under the supervision of the 
International Atomic Energy Agency (IAEA) including 
more than 900 patients with a suspected bacterial infec-
tion [31, 32]. This study resulted in an overall sensitivity 
of 85% and a specificity of 82% which can be considered 
low for a bacteria-specific tracer. For example, combined 
radiolabelled 111In-leukocytes and 99mTc-MDP-SPECT of 
osteomyelitis, both non-specific tracers, already presented 
a sensitivity of 95% and a specificity of 93% [33]. Possible 
explanations for these unsatisfactory results, which limits 
its widespread clinical applicability, include radiochemical 

impurities, nonspecific binding and high efflux from the site 
of infection [34–37].

Shah et al. studied three additional radiolabelled antibi-
otics (Scheme 1) derived from last resort fluoroquinolones 
[38]: 99mTc-labelled garenoxacin dithiocarbamate [39], 
99mTc-clinafloxacin dithiocarbamate [40], and 99mTcN–gati-
floxacin dithiocarbamate [41]. In biodistribution studies in 
rats all these radiolabelled antibiotics demonstrated good 
uptake in multi-resistant S. aureus and penicillin-resistant 
streptococcal infections (abscess-to-muscle ratios between 
4.4 and 6.5). Unfortunately, these findings were not sup-
ported by imaging data.

99mTc-labelled vancomycin and 99mTc-HYNIC-vanco-
mycin (Scheme 2; coordination chemistry unknown) were 
also studied for their potential to image bacterial infections 
[42, 43]. Vancomycin, to date the first line antibiotic treat-
ment for methicillin-resistant S. aureus (MRSA), is a natural 
antibiotic that inhibits the bacterial cell wall synthesis of 
Gram-positive bacteria by binding to a peptidoglycan pre-
cursor and subsequent accumulation on the bacterial cell 
wall [44]. 99mTc-vancomycin showed preferential binding 
to bacteria   in vitro, and in vivo biodistribution and tar-
geting studies in S. aureus-infected rats and mice revealed 
rapid clearance via liver, intestines, and kidneys with high 
tracer uptake (abscess-to-muscle ratio of about 5) in infected 
muscles. These results were later successfully repeated with 
fluorescently labelled vancomycin in mice and in an ex-vivo 
human tissue model of infection [45].

The synthetic antibiotic trimethoprim (TMP) inhibits bac-
terial dihydrofolate reductase, an enzyme in the DNA syn-
thesis and folate pathway of most bacterial species including 
Gram-positive, Gram-negative, mycobacterial species such 
as M. tuberculosis, and some parasites such as T. gondii. As a 
PET tracer,  [18F]-fluoropropyl-trimethoprim  ([18F]-FPTMP) 
(Scheme 3) showed high uptake in bacteria in vitro, and 

Fig. 1  a Administration of polyclonal non-radiolabelled YadA 
antibody 3  h prior to the injection of  [64Cu]-NODAGA-YadA (to 
block YadA) or the administration of the Aspergillus-specific tracer 
 [64Cu]-NODAGA-JF5 (control mAb) into high-dose-infected mice 
served as the control treatments. Arrows indicate the positions 
of the spleens in the mice. From: Stefan Wiehr et  al. Oncotarget. 

2016;7(10):10,990–11,001. b In  vivo IsaA-specific PET imaging 
of S. aureus infection with 89Zr-1D9. PET images of representa-
tive mice [arrows = wt infection; arrowheads = ΔisaA infection; * 
= knee joint; & = heart] From: Romero Pastrana et  al. Virulence 
2018:(9(1):262–272
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abscess-to-muscle ratios between 2 and 3 in mice. However, 
because of the high background activity in liver, gall bladder 
and intestines, imaging of abdominal infections is limited 
[46]. Sites inoculated with less than 1 × 108 viable bacteria 
remained undetectable, which indicates a low sensitivity and 
could impair clinical imaging of low grade infections and 
monitoring the effect of antimicrobial therapy.

Radiolabelled isoniazid is based on the antibiotic 
known as isonicotinylhydrazide that has been used for the 
treatment of tuberculosis. Isoniazid is catalytically cou-
pled to NADH in bacteria by a peroxidase enzyme and 
subsequently inhibits mycobacterial cell wall synthesis. 
99mTc-isoniazid, was evaluated for imaging of M. tubercu-
losis in rabbits. 99mTc-labelled isonicotinic acid hydrazide 
was taken up in M. tuberculosis bearing lesions in the leg 
(abscess-to-muscle ratios of about 2.5). Additionally, in 6 
patients with known tuberculosis infections in the lungs 
99mTc-isoniazid demonstrated moderate the tracer uptake 
[47, 48] (Fig. 2).

Scheme 1  Chemical struc-
tures of radiolabelled natu-
ral fluoroquinolone-based 
antibiotics 99mTc-ciprofloxacin, 
99mTc-garenoxacin, 99mTc-clin-
afloxacin dithiocarbamate and 
99mTcN-gatifloxacin dithiocar-
bamate. The cationic complex 
of 99mTc-ciprofloxacin is caused 
by the interaction of 99mTcO3+ 
with two carboxylate anions. 
M = 99mTc

Scheme  2  Chemical structure of 99mTc-vancomycin (coordination 
unknown) and 99mTc-HYNIC-vancomycin synthesised with inverse 
electron demand Diels–Alder click chemistry

Scheme 3  Chemical structure of the 18F-labelled synthetic antibiotic 
 [18F]-fluoropropyl-trimethoprim  ([18F]-FPTMP)
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Imaging of infections with antimicrobial 
peptides

Antimicrobial peptides (AMPs) were designed to rapidly kill 
a broad spectrum of pathogens, including Gram-positive and 
Gram-negative bacteria, fungi, parasites, and even enveloped 
viruses [49]. In low quantities, however, radiolabelled cati-
onic AMPs   have been successfully used for bacterial imag-
ing. Cationic AMPs bind to negatively charged lipoteichoic 
acid, phospholipids, and lipopolysaccharides on bacterial 
membranes [50, 51]. The most widely investigated AMP 
for SPECT imaging of bacterial infections in mice, rats, 
and rabbits [52–54], 99mTc-UBI29–41, is a cationic synthetic 
fragment (TGRAKRRMQYNRR) derived of the natural 
cationic AMP ubiquicidin  (UBI1–59) [55]. From preclinical 
studies in vivo it has been shown that 99mTc-UBI29–41 (coor-
dination unknown) and 99mTc-HYNIC  UBI29–41 (Scheme 4) 
accumulated specifically in infected tissues with abscess-
to-muscle ratios between 2 and 3 [14, 56, 57]. Both recently 
developed PET analogues 68Ga-NOTA-UBI29–41 [12, 58–61] 
and 68Ga-NOTA-UBI31–38 [62] showed comparable uptake 
characteristics in infected thigh muscles in mice and rab-
bits. However,  UBI29–41 also accumulated in infections with 

the yeast C. albicans [63], which reduces specificity of this 
tracer for imaging of bacterial infections alone.

It is encouraging to notice that 99mTc- and 68Ga-UBI29–41 
accumulated in bacterial infected tissues in patients (Figs. 3, 
4). A pooled meta-analysis of clinical studies with 99mTc-
UBI29–41 showed 95% sensitivity, 93% specificity and 94% 
accuracy in various clinical settings including prosthetic 
infections, diabetic foot infections, fever of unknown ori-
gin, osteomyelitis, mediastinitis, and appendicitis [55, 64, 
65]. Due to its ability to discriminate between infection and 
sterile inflammation, general safety, the lack of side effects 
[66–69], and the successful transformation to kit formula-
tions [59, 70–72], radiolabelled  UBI29–41 has been proposed 
as a good candidate for applications in routine imaging [4, 
9, 61]. Nevertheless, prospective multi- centre studies of 
both 99mTc- and 68Ga-UBI29–41 should still be carried out to 
achieve robust evidence of the accuracy in clinical imaging 
of bacterial infections. Additionally, the introduction of the 

Fig. 2  a Whole body gamma imaging using 99mTc-DTPA-bis(INH) in 
a patient having Mycobacterium tuberculosis infection. b Scan show-
ing focus of the radiotracer concentration in the right knee joint (ante-
rior and posterior images acquired at 1 h and 4 h) From: Hazari et al. 
Open Nucl Med J 2014;6:33–42 Fig. 3  99mTc-UBI29–41 SPECT/CT images of a 38-year-old patient 

with a history of decompressive craniectomy. Axial, coronal and 
VRT images showing high uptake of the radiotracer on the scalp and 
bone borers (arrows). The culture was positive for S. epidermidis and 
Enterobacter cloacae From: Ferro-Flores G, et al. Clin Transl Imag. 
2016;4(3):175–182

Fig. 4  68Ga-NOTA-UBI PET/CT images (60 min p.i.) in representa-
tive patient with peripheral bone- and soft-tissue infection. a Whole-
body maximum-intensity projection shows diffusely increased tracer 
uptake in right lower leg. b Detailed images demonstrate focal 
increased tracer uptake in ankle joint extending to adjacent bone 
(black and white arrows), as well as diffuse tracer uptake in calf mus-
cles (red arrows); no significant uptake in contralateral leg was noted 
From: Ebenhan T, et al. J Nucl Med. 2018;59(2):334–339
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hybrid tracer 111In-DTPA-Cy5-UBI29–41 allowed radioac-
tive and fluorescence imaging of bacterial infections using 
SPECT and optical imaging modalities [73]. The hybrid 
imaging approach for imaging of deep infections it is pos-
tulated,   when combined with a radioisotope, sites of infec-
tion can be identified using non-invasive nuclear imaging 
techniques and guide the subsequent surgical intervention 
and fluorescence guided surgery [74, 75].

Research with other AMPs for pre-clinical imaging of 
infections is still ongoing [52, 76–79]. Recently, a synthetic 
analogue of the natural cyclic antimicrobial peptide depsi-
domycin (68Ga-DOTA-TBIA101, Scheme 5), was investi-
gated for its characteristic to target bacteria. Depsidomycin 
itself is a natural AMP isolated from S. lavendofolae and 
exhibits antimicrobial activities against i.e., drug-resistant 
M. tuberculosis [80]. As a tracer, 68Ga-DOTA-TBIA101 
detected muscular E. coli infections in mice with abscess-
to-muscle ratios between 1.2 and 1.6 [81], S. aureus (with a 
target-to-nontarget ratio between 1.2 and 1.3), and M. tuber-
culosis (abscess-to-muscle ratios between 2.0 and 2.8) infec-
tions in rabbits [82]. These results indicate a preference for 
infections with M. tuberculosis, but unfortunately the tracer 
also accumulated at sites of sterile inflammation which lim-
its its translational potential.

Imaging of infections with radiolabelled 
bacteriophages

Bacteriophages belong to a class of viruses that are able 
to bind to specific surface receptors on selective bacte-
ria because they use bacteria as host for their replication 
[83]. Thus, bacteriophages as radiotracers have potential 
for imaging specific strains of bacteria. Already in the first 
decades of the last century bacteriophages were considered 
an asset in the treatment of bacterial infections [84]. The 
earliest study with radiolabelled bacteriophages as a tracer 
for bacteria was performed by Rusckowski et al.[85]. Dur-
ing their study, they conjugated the bacteriophage M13 
with mercaptoacetyltriglycine  (MAG3) to enable facile 
labelling with 99mTc (99mTc-MAG3-M13) for imaging 
infections with three different bacterial species, includ-
ing two E. coli species and S. aureus in mice. Uptake in 
bacterially-infected tissues was higher (abscess-to-muscle 
ratio of 2.3) than in sterile inflammations or normal tissue. 
These results, as they were promising, were downplayed 
due to poor image quality as shown in Fig. 5 for S. aureus. 
Interestingly, the intensity of tracer uptake waned over 
time as a result the antimicrobial effect that the phages 
had on the bacteria. Furthermore, high uptake in thyroid 
glands, was observed indicating release of 99mTc and clear-
ance of the phage was indicated by uptake in the liver 
and kidneys [85, 86]. In a second attempt, four different 
bacteriophages (phages P22, E79, VD-13, and phage 60) 
were radiolabelled with 99mTc using the chelator  MAG3 
[86]. Biodistribution studies were performed for different 
bacterial species (P. aeruginosa, E. coli, S. enterica, and 
K. pneumoniae). Of the studied agents, only bacteriophage 
99mTc-MAG3-E79 showed specificity for P. aeruginosa. 
(abscess-to-muscle ratios between 10 and 28; a fourfold 
increase compared to other bacteria). The other radiola-
belled phages accumulated in infected thigh muscles with 
abscess-to-muscle ratios between 2 and 5 suggesting non-
specific uptake. Uptake of radiolabelled phages in the liver 

Scheme 4  Chemical structure of  UBI29–41 directly labelled with 99mTc (top panel) or conjugated to HYNIC to enable labelling with 99mTc (bot-
tom panel). M = 99mTc. Of direct labelled  UBI29–41 the coordination of 99mTc in the peptide backbone is unknown

Scheme  5  68Ga-labelled TBIA101 through conjugation with the 
DOTA chelate. M =  68Ga
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(13.1%ID/g) and intestines (11.1%ID/g) was high (Fig. 5). 
More recently, Cardoso et al. [87] evaluated in a biodis-
tribution study the 99mTc-labelled bacteriophage PP7 for 
detecting P. aeruginosa infections in mice and this tracer 
had an increased accumulation in P. aeruginosa-infected 
tissues (abscess-to-muscle ratio 4.2 ± 0.3) compared to 
sterile inflammations (abscess-to-muscle ratio 2.5 ± 0.4).

Radiolabelled bacteriophages, whereof some show spe-
cific binding to bacteria as was demonstrated in the imaging 
studies. Unbound phages rapidly accumulated in the liver 
and intestines. Due to the poor imaging quality the trans-
lational properties of radiolabelled phages for imaging of 
bacterial infections is limited.

Infection imaging agents based on bacterial 
metabolic activities

Efforts have been made to develop tracers based on mol-
ecules that participate in metabolic processes that are either 
unique to bacterial/prokaryotes or more dominantly present 
in bacteria. These include molecules that are used as an 
energy source, building block for cell wall synthesis or are 
metabolic substrates for DNA synthesis, proliferation and 
virulence. Certain metabolic enzymes are expressed only 
in bacteria or   even in specific strains of bacteria and as 
such these processes are ideal targets for specific imaging 
of bacteria and this is a different approach than with tracers 
based on antimicrobial activities.

Imaging of thymidine kinase activity

The SPECT tracer  [125I]-FIAU or PET tracer  [124I]-FIAU 
(Scheme 6) is based on a nucleoside substrate for thymi-
dine kinase. These tracers have been investigated for the 
imaging of infections in mice with E. coli, S. aureus and 
other bacterial strains [88, 89]. Image quality depended on 
the type of pathogen and host metabolism activities. For 
example, mitochondrial thymidine kinase in cancerous 
malignancies reduced the specificity [90, 91]. Promising 
results were obtained with imaging  [124I]-FIAU in patients 
(n = 8) with proven musculoskeletal infection (Fig. 6) [89]. 
Unfortunately, a more recent multi-centre study reported 
low specificity and poor imaging quality in patients (n = 34) 
with suspected prosthetic joint infection [92], which limited 
further exploitation of  [124I]-FIAU.

Imaging the folic acid synthesis pathway

A radiofluorinated analogue of p-aminobenzoic acid 
(m-[18F]-fluoro-PABA) (Scheme 7), which is a substrate 
for folic acid synthesis in prokaryotes [93], was evaluated 
in rats infected with methicillin‐resistant or -sensitive S. 
aureus [94]. Bacteria use folic acid for their synthesis of 
nucleic acids. In this rat model, PET imaging with m-[18F]-
fluoro-PABA imaging revealed rapid uptake in bacte-
rial infections (abscess-to muscle ratio ≈ 8) (Fig. 7) and 
because the uptake in sterile inflammatory sites was about 
nine–fold lower, m-[18F]-fluoro-PABA can be considered 
specific for the imaging of bacterial infections. Interest-
ingly, m-[18F]-fluoro-PABA showed reduced uptake in 
oxacillin treated S. aureus tissues, which indicates that this 
tracer can be applied in response monitoring applications. 

Fig. 5  Whole-body images at 3  h after administration of 99mTc-
MAG3-M13 phage to mice with a S. aureus infected thigh (arrow) 
Mary Rusckowski et al. J Nucl Med 2004;45:1201–1208

Scheme  6.  Chemical structure of fialuridine  ([nI]-FIAU)-based 
SPECT (n = 125) or PET (n = 124) tracers
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As 2-[18F]-fluoro-PABA poorly interacts with mammalian 
cells, this tracer holds potential for clinical translation.

Another substrate related to the folate synthesis pathway, 
methionine, is a metabolite essential for methylation path-
ways. This compound, which has been studied in the context 
of imaging S. aureus and E. coli infections, is an essential 
amino acid and is readily incorporated into E. coli muropep-
tides and plays an important role in cell signalling. Based on 
the uptake of [methyl-11C]-D-methionine muscle infections 
in mice with viable E. coli and S. aureus could be differenti-
ated (with 6–9 times higher abscess-to-inflammation ratios) 
from sites injected with heat-killed bacteria (Scheme 7) [95]. 
However, before considering clinical imaging of infec-
tions, additional imaging experiments at later intervals are 
warranted to study the concomitant high tracer uptake in 

non-infected tissues including liver (15%/ID) and intestines 
(7%/ID), the latter of which, according to the authors, may 
be related to the presence of non-pathogenic bacteria in the 
microbiome [96].

Fig. 6  [124I]-FIAU signal in established infections as imaged by PET/
CT: Fused PET and CT images, taken at 2 h after radiotracer admin-
istration, are shown for the following cases. a Septic arthritis (right 
knee, Patient 1), b septic arthritis (right knee, Patient 4), c osteomy-

elitis (left distal tibia, Patient 5), d cellulitis (left lower extremity, 
Patient 6), e necrotizing septic arthritis (left knee, Patient 8) From: 
Diaz LA, et al. PLoS one. 2007;2(10):e1007

Scheme 7  Chemical structures of the  [18F]-labelled p-aminobenzoic 
acid derivative and the  [11C]-labelled d-methionine derivative for the 
imaging of the folic acid synthesis pathway

Fig. 7  2-[18F]F-PABA PET/CT images of rats with S. aureus infec-
tion in the right triceps (yellow arrow) and sterile inflammation in 
the left triceps (red arrow). The images are a three-dimensional pro-
jection, transverse, coronal and sagittal views 60–80 min post tracer 
injection From: Zhang Z, et  al. ACS Infect Dis. 2018;4(11):1635–
1644
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Imaging of the iron metabolism

Siderophores, metal-chelating peptides, [97] are another 
example of prokaryote-specific tracers. These low-molecu-
lar-mass iron transporters are used by most bacteria, fungi, 
and some plants to scavenge iron from their environment 
which is critical because of a wide variety of metabolic 
processes. The peptides have the ability to coordinate  In3+ 
and  Ga3+ ions, as 111In- or 67Ga-labelled siderophores and 
these tracers are known to be taken up by bacteria and fungi 
[98–100]. When using 68Ga, the siderophores support PET 
imaging (Scheme 8). A proof-of-principle in vivo study was 
performed with the fungus A. fumigatus, the bacterium S. 
aureus and a sterile inflammation in a lung and thigh muscle 
infection model in rats with 68Ga-labelled triacetylfusarin-
ine (68Ga-TAFC) [101]. The tracer uptake was prominent 
in infected sites with A. fumigatus (abscess-to-background 
ratios between 5.8 and 6.6), but also some uptake in ster-
ile inflammation sites was visible (albeit lower than for A. 
fumigatus but clearly visible; no inflammation-to-back-
ground ratios were given). No uptake was noticed in tissues 
infected with S. aureus which limits the clinical use of radi-
olabelled siderophores for imaging of bacterial infections.

Imaging carbohydrate metabolism

In bacterial infection, the responding endogenous inflam-
matory cells increase glycolysis as a source of energy. This 
increase makes the clinically approved PET tracer 2-Deoxy-2-
[18F]-fluoro-d-glucose  ([18F]-FDG) the most widely used radi-
otracer for non-invasive imaging of infections. Because uptake 
of glucose can also be related to other phenomena [4, 102, 
103], there is a demand for alternatives with a higher specific-
ity and sensitivity for bacterial infections. In 2008, Li et al. 
reported the reduction of  [18F]-FDG using  NaBH4 resulting 
in 2-deoxy-2-[18F]-fluoro-sorbitol  ([18F]-FDS) (Scheme 9), 
an analogue of sorbitol [104]. Because sorbitol is a substrate 
that is only metabolised by Enterobacteriaceae, a metabolic 
pathway that does not exist in mammalian cells [104, 105], it 
was reasoned that  [18F]-FDS could also be a promising probe 
capable of distinguishing infections with E. coli [106] or K. 
pneumoniae [107] from infections with Gram-positive bac-
teria as well as from sterile inflammations. Indeed, E. coli 
infections could be properly visualised with  [18F]-FDS in mice 
and the uptake in infected tissues increased about eight-fold 
compared to sterile inflammatory sites. Additionally, imag-
ing of E. coli infections with  [18F]-FDS was performed and, 
after antimicrobial treatment with ceftriaxone, infected tissues 
decreased eight-fold tracer uptake. This is a strong indication 
that  [18F]-FDS can be employed for monitoring the effect of 
antimicrobial interventions [107, 108].

Following these promising initial findings, first biodis-
tribution studies in healthy volunteers (n = 6) (Fig. 8) were 
undertaken, showing rapid renal clearance and the uptake of 
radioactivity in the colon and small intestines at later inter-
vals [108]. With these promising results imaging studies of 
infections in patients are eagerly awaited [104, 109].

Alternatively, radiolabelled di- and polysaccharides such 
as maltose and maltodextrin, are an obvious imaging vehicle 
as they are specifically incorporated into multiple Gram-
negative and Gram-positive bacterial membranes but not in 
mammalian cells [110, 111]. The application of a 99mTc-
labelled hydroxypropyl-B-cyclodextrin (99mTc-HPβCD) 
polysaccharide derivative (Scheme 10) as an infection-
specific tracer was demonstrated by Shukla et al.[112], 
where 99mTc-HPβCD was mainly cleared via the kidneys 

Scheme  8  Chemical structures of siderophores 68Ga-TAFC, 68Ga-
FUS, 68Ga-FOXE, 68Ga-FOXB, 68Ga-FCH and 68Ga-FC. M = 68Ga

Scheme  9  Synthetic scheme of 2-Deoxy-2-[18F]-fluoro-d-sorbitol 
after reduction of 2-Deoxy-2-[18F]-fluoro-d-glucose using  NaBH4
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and showed increased uptake in an infected knee after injec-
tion in one patient (Fig. 9). More recently, Gowrishankar 
et al. and Ning et al. demonstrated the use of the PET tracers 
6-[18F]-fluoromaltose (Fig. 10) and 6-[18F]-fluoromaltohex-
aose (Scheme 10) in identifying infections with E. coli in 
mice with high sensitivity and specificity [113]. This tracer 
could discriminate between infectious sites with viable and 
dead bacteria. Similar results were reported for 6-[18F]-
fluoromaltose and 6″-[18F]-fluoromaltotriose (Scheme 10, 
Fig. 11) both in mice and rats [114, 115]. However, it has 
been reported that starch-reducing enzymes present in the 
blood reduced the serum stability of the tracers which in turn 
would limit its clinical use [116].

The synthesis of macromolecular peptidoglycan, a cell 
wall component that is present in both Gram-positive and 
Gram-negative bacteria, is another target for the specific 
imaging of bacterial infections. A single-stranded oligo-
nucleotide [117], able to bind peptidoglycans with high 
specificity and sensitivity [118], was labelled with dif-
ferent radioisotopes and as such can be used for imag-
ing bacterial and fungal infections [119, 120]. Imaging 

studies with the 99mTc-aptamer were carried out in thigh 
muscles of mice either infected with S. aureus, C. albi-
cans, or with a sterile inflammation. Uptake in bacte-
rial infections was low (abscess-to-muscle ratio ≈ 4) but 
with higher ratios compared to the uptake in infections 
with C. albicans (abscess-to-muscle ratio ≈ 2.0) or ster-
ile inflammation (abscess-to-muscle ratio ≈ 1.2) thus 
allowing discrimination of bacterial infections from fun-
gal infections. Although these results are promising for 
future clinical use of this tracer the rapid degradation of 
the 99mTc-aptamer in blood poses a limiting factor [119].

Imaging of bacterial surfaces and extra 
cellular structures

Bacterial membranes and cell wall are different of struc-
ture compared to eukaryotic cells. In this chapter we 
describe the performance of tracers that specifically 
interact with specific bacterial structures. As cationic 

Fig. 8  Whole-body PET images of biodistribution and clearance 
of 18F-FDS in a healthy volunteer. Whole-body PET images of 18F-
FDS uptake in a representative subject were acquired over 7 or 8 bed 
positions of varying duration. Whole body images were obtained 
during minutes 9–12 a, 48–60 b, 120–132 c, 180–191 d, 192–203 e 
and 204–214 f min post-injection. The probe was initially detected 
in vascular compartment, then rapidly distributed through extracellu-

lar space, and finally was rapidly excreted through urine. a, b Linear 
activity (marked by red arrow) in frames is tracer accumulation in the 
vein, it is absorbed as time passes. c, f Faint gallbladder uptake was 
observed and is marked by red arrow, while the colon and small intes-
tine are marked by blue and green arrows, respectively. g, h Small 
intestine and bladder are marked by green and red arrows, respec-
tively From: Yao S, et al. Nucl Med Biol. 2016;43(3):206–214
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antimicrobial peptides interact with bacterial membranes 
as well, they were included in "Antibacterial tracers" 
because of their antimicrobial potential.

Imaging of the biofilm

Phage display library screening studies revealed a peptide 
 [68Ga]‐DOTA‐K‐A9 with potency to bind to S. aureus-
generated biofilms [121]. After radiolabelling in vitro 
experiments revealed binding of  [68Ga]‐DOTA‐K‐A9 to 
staphylococcal bacteria, S. dysgalactiae and P. aerugi-
nosa, [121]. In vivo studies in mice with the PET tracer 
 [68Ga]‐DOTA‐K‐A9 (Scheme 11) confirmed accumulation 
in subcutaneous staphylococcal infections (abscess-to-
background ratio ≈ 2.5) but also showed uptake at sterile 

inflammatory sites (inflammation-to-background ratio ≈ 
2.4). According to the authors, this observation was caused 
by a combination of local hyperaemia and vascular leaki-
ness [122]. With the low specificity of  [68Ga]‐DOTA‐K‐
A9 for S. aureus and the accumulation in sterile inflam-
matory sites, the clinical use for imaging of bacterial 
infections is limited.

Imaging of the bacterial membrane

The positively charged zinc-dipicolylamine (ZnDPA) 
moiety interacts with bacteria solely by electrostatic 
interactions and shows a selective affinity for the ani-
onic cell membrane phospholipid phosphatidylserine. 
Various derivatives of 111In-ZnDPA (Scheme 12) have 

Scheme 10  99mTc-labelled maltodextrin and -cyclodextrin (coordination unknown) derivatives used for the imaging of the carbohydrate metabo-
lism. M = 99mTc. 18F-labelled oligosaccharides used for the imaging of the carbohydrate metabolism

Fig. 9  99mTc-HPbCD images in 
human subjects with prosthe-
sis infection From: Shukla 
J, et al. Hell J Nucl Med. 
2012;13(3):218–223
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been developed [123, 124] and ZnDPA tracers accumu-
lated specifically at sites of bacterial infections [123]. 
In a thigh muscle model in mice infected with S. pyo-
genes 111In-DOTA-biotin/SA/biotin-ZnDPA accumulated 
2.eightfold higher in sites with infections than in sterile 
inflammatory sites. For ZnDPA-[111In]-DTPA and ZnDPA-
[111In]-DOTA, each with a single ZnDPA targeting unit, 
and a divalent tracer, Bis(ZnDPA)-[111In]-DTPA abscess-
to-muscle ratios between 2.4 and 6.2 for the divalent 
one was reported in S. pyogenes infected thigh muscles. 
Clearance of the divalent tracer from the bloodstream was, 

compared to monovalent tracers, slow and mainly through 
the liver, gall bladder and intestines. Because of exposure 
of negatively charged molecules however, in other studies 
99mTc-HYNIC-DPA was shown to image cell death in vivo 
[123], cardiomyocyte apoptosis [125], mammary and pros-
tate tumours [126], and more recently Leishmania major 
parasites [127]. Because of the electrostatic interaction 
with charged groups within tumour cell membranes and 
necrotic tissues limits its use for specific imaging of infec-
tions [128].

Fig. 10  Imaging with 6-[18F]-fluoromaltose of viable bacteria. a A 
coronal slice from a PET/CT image of a mouse bearing 108  CFU 
of viable bioluminescent E. coli on the right thigh (red arrow) and 
108 CFU of heat-inactivated E. coli on the left thigh, 1 h after tail-
vein injection of 7.4  MBq of 6-[18F]-fluoromaltose b A transverse 

slice from the same mouse. c Bioluminescent image of the mouse 
as shown in (a). d ROI analysis from PET/CT scan of mice (n = 3). 
*Indicates statistical significance From: Gowrishankar G, et al. PloS 
one. 2014;9(9):e10795

Fig. 11  Evaluation of 
6″18F-fluoromaltotriose in P. 
aeruginosa wound infection 
model. a Bioluminescence 
images of CD1 mice bearing 
P. aeruginosa–infected wound 
(left) and control mice (right). 
b Sagittal slices from small-ani-
mal PET/CT scan of same mice 
1 h after intravenous administra-
tion of 6″-18F-fluoromaltotriose 
From: Gowrishankar G, et al. J 
Nucl Med. 2017;58(10):1679–
1684
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Summary

Newly developed pre-clinical SPECT and PET tracers, are 
showing promising results in distinguishing between ster-
ile inflammation, bacterially induced infections, or cancer. 
Some of these tracers deliver, fast and accurate diagnosis 
of bacterial infections which is fundamental to initialise 
specific and efficient antimicrobial treatment and as such 

combat antimicrobial resistance. An overview of the pro-
posed properties for these molecular imaging agents that can 
specifically target bacteria are shown in Table 2.

Therefore, many efforts have been made in recent years 
to discover and develop novel radioactive bacteria-specific 
tracers as we discussed in this review, of which the most 
promising are depicted in Table 3. A limitation in review-
ing tracer development for imaging infections is the great 

Scheme 11  Chemical structure 
of the  [68Ga]-DOTA-K-A9 
radiolabelled peptide

Scheme 12  Chemical structures 
of ZnDPA derivatives when 
conjugating to DTPA or DOTA 
to enable labelling with 111In
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diversity in radiochemistry, animal models, the pathogens 
used, and the size of the inoculum. These factors limit the 
ability to draw conclusions or to make a direct compari-
son about performance in imaging of bacterial infections 
between the various tracers. In our view, the highest trans-
lational potential lies with tracers that are specific to tar-
get the pathogens: e.g., 99mTc- and 68Ga-labelled  UBI29–41, 
99mTc-vancomycin, m-[18F]-fluoro-PABA, [methyl-11C]-
D-methionine,  [18F]-FDS,  [18F]-maltohexaose and [18F]-
maltotriose. An encouraging note is that some of these trac-
ers have already been successfully evaluated and compared 
with commonly used tracers in clinical settings [129].

Future directions

Altogether, pre-clinical development and evaluation of 
radioactive labelled bacteria-imaging tracers for SPECT/
PET imaging is still in progress and shows improvements in 
specificity and sensitivity. As we described in this review, 
for radiolabelled bacteria imaging tracers the issue of differ-
entiating infections from other pathologies remains the big-
gest hurdle to take. Fortunately, the first results show great 
promise and some of these tracers are recently evaluated in 
clinical studies. Data concerning specificity, sensitivity, and 
safety assessments including toxicity and dosimetric issues 
are eagerly awaited.

Despite the enormous progress in the development of 
bacteria-specific radiotracers, it must be kept in mind that 

none of the previously described tracers is able to discrimi-
nate between antibiotic sensitive or -resistant bacterial 
strains. Therefore, more research is required to bridge the 
gap between imaging and molecular techniques for detection 
of different bacterial species and the resistance properties,   
especially for bacteria in chronic or recurrent infections. This 
approach may have the greatest potential to increase the con-
tribution of clinical diagnostics to personalised antimicrobial 
therapy in the near future. In relation to infection imaging in 
less developed countries there is an urgent need for specific 
imaging at low-costs. As nearly 2/3 of the world’s popula-
tion does not have access to any radiological services, with 
the development of low-tech handheld imaging modalities 
and specific bacterial infection imaging tracers, may effec-
tively assist diagnosing infections the field. Widespread use 
of smartphones and tablets throughout developing countries 
promotes to use in combination with wireless and portables 
technologies [130–132]. This, as a result of misdiagnosis of 
infections and other tropical diseases, to limit the overuse 
of antibiotics which leads to increasing rates of drug resist-
ance [13].

In the last decade, f luorescently labelled imaging 
agents have attracted enormous attention [133] and more 
recently hybrid tracers which include both a radioactive 
and optical reporter molecule were introduced [134]. 
Applying both techniques for dedicated infection imag-
ing may be an advantage as bacteria can be localised and 
quantified by nuclear imaging modalities such as SPECT 
and PET, and areas may be cleaned based on optical 

Table 2  Requirements for an 
optimal tracer for imaging 
bacterial infections Adapted 
and modified from Gemmel 
et al. Future diagnostic agents, 
Seminars in Nuclear Medicine 
39(1) (2009) 11–26

Property Results

High affinity for and strong binding to bacteria Total body imaging of disseminated and colo-
nised pathogens

Specific for bacterial infections
Rapid localisation
High sensitivity
High resolution

Preferential biodistribution Fast renal clearance from non-infected tissues
High target-to-background ratios

Proportional uptake of the radiotracer Imaging the degree of infection
Monitoring effects of antimicrobial therapy

Absence of side effects No toxicity
Stable chemistry
No immunological responses
Safe use
Acceptable radiation dosimetry
Allowing repeated injections

Feasibility Low costs for production and tracer preparation
Easy to use kit formulation

Utility Real-time imaging
Possibility for guided biopsy/wound cleaning
Tracer optimisation or modification for therapy
Applicable in controlled human infections 

(CHI) for vaccine development



119Clinical and Translational Imaging (2019) 7:105–124 

1 3

Ta
bl

e 
3 

 O
ve

rv
ie

w
 o

f t
he

 m
os

t p
ro

m
is

in
g 

ra
di

oa
ct

iv
e 

tra
ce

rs
 in

 im
ag

in
g 

of
 b

ac
te

ria
l i

nf
ec

tio
ns

PC
 p

re
-c

lin
ic

al
, C

 c
lin

ic
al

Tr
ac

er
Ta

rg
et

Pa
th

og
en

s
Sp

ec
ifi

ci
ty

Ph
as

e
A

dv
an

ta
ge

s
D

ra
w

ba
ck

s

A
nt

im
ic

ro
bi

al
 c

om
po

un
ds

 64
C

u 
an

d 
89

Zr
 m

on
oc

lo
na

l 
an

tib
od

ie
s

B
ac

te
ria

l e
pi

to
pe

s
Sp

ec
ifi

c 
str

ai
ns

M
ed

iu
m

PC
H

ig
h 

se
ns

iti
vi

ty
Sl

ow
 c

le
ar

an
ce

, i
nt

er
ac

tio
n 

w
ith

 
Fc

 re
ce

pt
or

s o
n 

ho
st 

ce
lls

 99
m

Tc
-(

flu
or

o)
 q

ui
no

lo
ne

 
an

tib
io

tic
s

B
ac

te
ria

l D
N

A
 g

yr
as

e,
 to

po
i-

so
m

er
as

e 
IV

 e
nz

ym
e

B
ro

ad
 sp

ec
tru

m
 b

ac
te

ria
Lo

w
PC

 a
nd

 C
Ta

rg
et

in
g 

dr
ug

- s
en

si
tiv

e 
an

d 
pe

ni
ci

lli
n-

re
si

st
an

t b
ac

te
ria

La
ck

 o
f s

pe
ci

fic
ity

, b
ro

ad
 sp

ec
-

tru
m

 99
m

Tc
-v

an
co

m
yc

in
Pe

pt
id

og
ly

ca
n 

pr
ec

ur
so

rs
 o

n 
ba

ct
er

ia
l m

em
br

an
e

G
ra

m
-p

os
iti

ve
 b

ac
te

ria
H

ig
h

PC
B

ac
te

ria
 sp

ec
ifi

c,
 S

el
f-

as
se

m
-

bl
in

g,
 ta

rg
et

in
g 

dr
ug

-r
es

ist
an

t 
G

ra
m

-p
os

iti
ve

 b
ac

te
ria

H
ig

h 
he

pa
tic

 u
pt

ak
e

 [18
F]

-fl
uo

ro
pr

op
yl

-tr
im

et
h-

op
rim

In
hi

bi
to

r o
f d

ih
yd

ro
fo

la
te

 
re

du
ct

as
e

B
ro

ad
 sp

ec
tru

m
 b

ac
te

ria
 a

nd
 

pa
ra

si
te

s
H

ig
h

PC
Im

ag
in

g 
in

tra
ce

llu
la

r b
ac

te
ria

H
ig

h 
ba

ck
gr

ou
nd

 a
ct

iv
ity

, b
ro

ad
 

sp
ec

tru
m

, l
ow

 se
ns

iti
vi

ty
 (99

m
Tc

, 11
1 In

, 68
G

a,
 18

F)
 

 U
B

I 2
9–

41

B
ac

te
ria

l m
em

br
an

e
G

ra
m

-p
os

iti
ve

 a
nd

 G
ra

m
-n

eg
a-

tiv
e 

ba
ct

er
ia

, f
un

gi
H

ig
h

PC
 a

nd
 C

Sp
ec

ifi
c 

ta
rg

et
in

g 
ba

ct
er

ia
 a

nd
 

fu
ng

i, 
th

er
ap

y 
m

on
ito

rin
g

B
ro

ad
 sp

ec
tru

m

 [68
G

a]
-D

O
TA

-T
B

IA
10

1
LP

S
G

ra
m

-n
eg

at
iv

e 
ba

ct
er

ia
Lo

w
PC

Se
ns

iti
vi

ty
B

ro
ad

 sp
ec

tru
m

, I
m

ag
in

g 
of

 
ste

ril
e 

in
fla

m
m

at
io

n
 99

m
Tc

-M
A

G
3-

B
ac

te
rio

ph
ag

es
B

ac
te

ria
l s

ur
fa

ce
 re

ce
pt

or
s

Sp
ec

ifi
c 

str
ai

ns
M

ed
iu

m
PC

Sp
ec

ifi
ci

ty
H

ig
h 

up
ta

ke
 in

 li
ve

r, 
in

te
sti

ne
s 

an
d 

sto
m

ac
h,

 B
in

di
ng

 to
 in

te
sti

-
na

l b
ac

te
ria

, l
ow

 se
ns

iti
vi

ty
 99

m
Tc

-is
on

ia
zi

d
B

lo
ck

in
g 

fa
tty

 a
ci

d 
sy

nt
ha

se
M

yc
ob

ac
te

ria
H

ig
h

PC
 a

nd
 C

Im
ag

in
g 

of
 m

us
cu

la
r i

nf
ec

tio
ns

Lo
w

 se
ns

iti
vi

ty
B

ac
te

ria
l m

et
ab

ol
is

m
 12

4/
12

5 I-
FI

A
U

N
uc

le
os

id
e 

an
al

og
ue

 su
bs

tra
te

 
fo

r t
hy

m
id

in
e 

ki
na

se
B

ac
te

ria
Lo

w
PC

 a
nd

 C
Sp

ec
ifi

c 
fo

r s
el

ec
te

d 
pa

th
og

en
s

Lo
w

 se
ns

iti
vi

ty
, h

ig
h 

ba
ck

gr
ou

nd
 

ac
tiv

ity
, T

um
ou

r i
m

ag
in

g
 m

-[
18

F]
-fl

uo
ro

-P
A

BA
Fo

lic
 a

ci
d 

bi
os

yn
th

es
is

 p
at

hw
ay

G
ra

m
-p

os
iti

ve
 a

nd
 G

ra
m

-n
eg

a-
tiv

e−
 b

ac
te

ria
H

ig
h

PC
B

ac
te

ria
 sp

ec
ifi

c,
 ta

rg
et

in
g 

pe
ni

ci
lli

n-
re

si
st

an
t b

ac
te

ria
, 

th
er

ap
y 

m
on

ito
rin

g

Lo
w

 se
ns

iti
vi

ty

 [m
et

hy
l-11

C
]-

D
-m

et
hi

on
in

e
M

et
ab

ol
ite

 fo
r m

et
hy

la
tio

n 
pa

th
w

ay
B

ro
ad

 sp
ec

tru
m

 b
ac

te
ria

H
ig

h
PC

B
ac

te
ria

 sp
ec

ifi
c

B
ro

ad
 sp

ec
tru

m
 b

ac
te

ria
, t

ar
ge

t-
in

g 
ho

st 
m

ic
ro

bi
om

e
 11

1 In
 a

nd
 67

G
a 

si
de

ro
ph

or
es

B
ac

te
ria

l i
ro

n 
tra

ns
po

rte
rs

B
ro

ad
 sp

ec
tru

m
 b

ac
te

ria
, f

un
gi

Lo
w

PC
Se

ns
iti

vi
ty

 fo
r A

sp
er

gi
llu

s
Im

ag
in

g 
of

 st
er

ile
 in

fla
m

m
at

io
n

 [18
F]

-F
D

S
B

ac
te

ria
l g

lu
co

se
 tr

an
sp

or
te

r
G

ra
m

-n
eg

at
iv

e 
ba

ct
er

ia
H

ig
h

PC
 a

nd
 C

Sp
ec

ifi
c 

fo
r v

ia
bl

e 
G

ra
m

-
ne

ga
tiv

e 
ba

ct
er

ia
, t

he
ra

py
 

m
on

ito
rin

g

U
pt

ak
e 

in
 tu

m
ou

rs

 [18
F]

-m
al

to
he

xa
os

e,
 m

al
to

tri
-

os
es

, m
al

to
se

B
ac

te
ria

l g
lu

co
se

 c
on

su
m

pt
io

n
B

ro
ad

 sp
ec

tru
m

 b
ac

te
ria

H
ig

h
PC

 a
nd

 C
Sp

ec
ifi

c 
fo

r v
ia

bl
e 

ba
ct

er
ia

, 
th

er
ap

y 
m

on
ito

rin
g

Lo
w

 se
ns

iti
vi

ty
, s

er
um

 in
st

ab
ili

ty

Im
ag

in
g 

ba
ct

er
ia

l c
el

l w
al

l
 [68

G
a]
‐D

O
TA

‐K
‐A

9
B

in
di

ng
 to

 S
. a

ur
eu

s b
io

fil
m

s
S.

 a
ur

eu
s

Lo
w

PC
Im

ag
in

g 
ba

ct
er

ia
l i

nf
ec

tio
ns

Lo
w

 sp
ec

ifi
ci

ty
, u

pt
ak

e 
in

 st
er

ile
 

in
fla

m
m

at
io

n
 Z

n-
 d

ip
ic

ol
yl

am
in

e
(11

1 In
, 64

C
u)

A
ni

on
ic

 c
el

l m
em

br
an

e 
ph

os
-

ph
ol

ip
id

 p
ho

sp
ha

tid
yl

se
rin

e
B

ro
ad

 sp
ec

tru
m

 b
ac

te
ria

, p
ar

a-
si

te
s, 

tu
m

ou
r s

el
ls

Lo
w

PC
Ta

rg
et

in
g 

ba
ct

er
ia

Lo
w

 sp
ec

ifi
ci

ty
, u

pt
ak

e 
in

 
tu

m
ou

rs
 a

nd
 a

po
pt

ot
ic

 c
el

ls



120 Clinical and Translational Imaging (2019) 7:105–124

1 3

real-life fluorescence imaging. Hybrid tracers such based 
on  UBI29–41 are specifically designed to facilitate such 
transitions [73].
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