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Abstract

Clinical diagnostic tools requiring direct sample testing cannot be applied to infections deep 

within the body, and clinically available imaging tools lack specificity. New approaches are needed 

for early diagnosis and monitoring of bacterial infections and rapid detection of drug-resistant 

organisms. Molecular imaging allows for longitudinal, noninvasive assessments and can provide 

key information about infectious processes deep within the body.

INTRODUCTION

Globally, more than 8 million deaths and 400,000 years of life lost were attributed to 

infections in 2017, ranking infections third in mortality but first in morbidity among all 

human diseases (Fig. 1A) (1). Most of these deaths and disability are caused by only a few 

pathogens, with around 20 bacterial and viral species accounting for two-thirds of deaths 

from infections (2). For example, Mycobacterium tuberculosis, the causative agent for 

tuberculosis (TB), is currently the leading infectious cause of death globally (3). Other 

bacterial pathogens, such as those from the Enterobacteriaceae family (Escherichia coli, 
Klebsiella spp., Enterobacter sp., and Salmonella sp.), Clostridioides difficile, 

Staphylococcus aureus, and Pseudomonas aeruginosa, account for the majority of health 

care–associated infections in the United States (Fig. 1B) (4). The overall annual direct 

medical costs of health care–associated infections are estimated to be 36 to 45 billion U.S. 

dollars (USD) per year in the United States alone (5). The alarming rise of antimicrobial 

drug resistance globally is another major health care challenge. Given current trends, it is 

estimated that by 2050, drug-resistant infections will become the leading cause of death 

globally (10 million per year) and surpass those due to cancer (Fig. 1C) (6). A cumulative 

100 trillion USD of economic output is estimated to be at risk because of the rise of drug-

resistant infections. Although major efforts are under way to curb bacterial infections and 

antimicrobial drug resistance, there is a need to improve the way we diagnose and treat 

bacterial infections.

DIAGNOSIS OF INFECTIONS

Traditional diagnostic tools used for infectious diseases, such as microscopy, micro-biology, 

and molecular techniques (nucleic acid amplification and mass spectrometry), require 

clinical samples (blood, urine, stool, or cerebrospinal fluid) (Fig. 2). Clinical samples may 

not accurately represent the local biology at infection sites and thus are often nondiagnostic 

or insensitive for the detection of the bacterial infection (7). Surgical resection or biopsy of 

infected tissues is often the last resort for establishing a definitive diagnosis of infections 

deep within the body and is generally limited to the most accessible lesion identified at a 

single time point. Biopsies introduce risk of contamination, are prone to sampling error, and 
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fail to capture the heterogeneous infectious lesions that often occur in patients, as well as the 

temporal changes occurring over the course of disease or treatment. M. tuberculosis, 

anaerobes, and other fastidious organisms are difficult to cultivate ex vivo, which can limit 

or delay diagnosis. Clinically available imaging tools such as radiography, ultrasonography, 

computed tomography (CT), and magnetic resonance imaging (MRI) are often incorporated 

into the diagnostic workup. However, these structural imaging tools are based on changes in 

anatomy or tissue morphology that are often delayed relative to the molecular events in the 

disease process, are nonspecific, and may reflect a combination of the infection and the host 

inflammatory response.

Molecular imaging tools such as single- photon emission CT (SPECT) or positron emission 

tomography (PET) provide noninvasive measurements of molecular pathways and are often 

used in combination with structural imaging (PET/CT or PET/MRI) to provide an anatomic 

reference. Current PET or SPECT imaging agents such as gallium-67–, indium-111–, and 

technetium-99 m (99mTc)–radiolabeled leukocytes [white blood cell (WBC) scan] or 18F-

fluorodeoxyglucose (18F-FDG) offer increased sensitivity compared to structural imaging 

tools (8) but are limited as they reflect the physiological changes that are part of the 

inflammatory process and the host response to infection, as opposed to the infectious 

pathogen itself. Therefore, they cannot reliably distinguish infections from other diseases. 

Given that the host responses can be altered in various disease states such as diabetes, 

cancer, and immunosuppression, this lack of specificity and procedural efforts required for 

definitive diagnosis remain as major barriers, leading to the indiscriminate use of broad-

spectrum antibiotics, development of antimicrobial drug resistance, increased health care 

costs, and drug toxicity.

Cancer imaging provides an example of the value of specific molecular imaging tools, which 

can be a road map for infectious diseases. The use of gallium-68 (68Ga)–DOTATATE, a PET 

radiopharmaceutical that targets somatostatin receptors and is used to evaluate 

neuroendocrine tumors (NETs), is a recent example of successful translation of molecular 

imaging affecting patient care. This new molecular imaging agent has caused a paradigm 

shift in NET cancer management and, along with a related radiotherapeutic agent 

(lutetium-177—DOTATATE), improved overall survival in patients with these tumors (9). 

Another example is the use of radiolabeled prostate-specific membrane antigen (PSMA) 

ligands to improve the sensitivity and specificity of detection of primary and metastatic 

prostate cancer (10). Similar potential exists for developing molecular imaging tools for 

infectious diseases to advance clinical care, understand disease pathophysiology, and enable 

precision medicine approaches for infection management.

BARRIERS TO CLINICAL TRANSLATION

Successful development and translation of infection imaging tools require a comprehensive 

understanding of bacterial biology and imaging technologies (Table 1). PET is considered 

the most sensitive among SPECT, PET, MRI, ultrasound, and photoacoustic imaging 

technologies and will be highlighted in this article.
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Target selection

Bacteria (prokaryotes) are evolutionarily and phylogenetically distinct from eukaryotic cells/

mammals. Fundamental biochemical differences in metabolism, proteins, and cell wall 

components between bacteria and mammalian cells provide opportunities for target selection 

to develop bacteria-specific imaging agents (Fig. 3). Thus far, target selection has focused on 

antibiotics or antimicrobial peptides. While being nontoxic to human cells, antibiotics and 

antimicrobial peptides specifically target and kill (or disable) bacteria at high potency. 

However, although extensively evaluated as bacteria-specific agents, many radiolabeled 

antibiotics or antimicrobial peptides may not be ideal candidates for bacteria-specific 

imaging (11) unless the mechanism of bacterial accumulation is orders of magnitude greater 

for the bacteria than for human tissues. The failure of 99mTc-ciprofloxacin is one such 

example. Although promising as a bacteria-specific imaging agent in an initial clinical study 

(12), subsequent studies demonstrated variability and ultimately an inability to reliably 

differentiate infection from sterile inflammatory processes (13). In contrast, a PET agent 

based on the broad-spectrum antibiotic trimethoprim (TMP), 18F-FPTMP, has over 30,000-

fold selectivity for its bacterial target over the human homolog and has shown promise in 

animal models (14). The use of bacteria-specific radiolabeled antibodies has also been 

attempted in preclinical studies, with encouraging results. However, their use may be limited 

because of an inability to differentiate “live” versus “dead” bacteria and decreased 

penetration into necrotic lesions.

An alternative approach is to develop bacteria-specific radiolabeled molecular imaging 

agents based on prokaryotic metabolism (15). Selective metabolism of small molecules 

(mostly sugars) has been used to identify and differentiate bacteria in the clinical micro-

biology laboratory (16). Small molecules selectively metabolized by pathways expressed 

only in bacteria (or in a specific class/species of bacteria) could not only be exploited to 

accurately differentiate bacterial infections from noninfectious processes but also provide 

information about the causative bacterial class/species (15). Because the efficacy spectrum 

of many antibiotics is dependent on the class of bacteria (Gram-positive or Gram- negative 

organisms), this distinction will allow narrowing of the antimicrobial regimen. The 

advantages of metabolized substrates include amplification via enzymatic turnover and 

opportunities for specific retention in the cell wall or other macromolecules leading to 

substantial bacterial accumulation over the background host tissues. Radiolabeled analogs of 

small molecules easily penetrate diseased tissues, are rapidly cleared from nontarget tissues, 

show increased stability due to covalent bonding of the radiolabel, and are generally cost 

effective and simple to produce. Recently developed bacteria- specific metabolic imaging 

agents include the following: 11C-para-aminobenzoic acid (PABA) and 2-18F-PABA, which 

target the bacterial folate pathway (17, 18); 18F-labeled maltohexaose and 6-18F-

fluoromaltotriose, which are taken up via the maltodextrin transporter in bacteria (19, 20); 

radio-analogs of d–amino acids that are incorporated into the bacterial cell wall (21); 

siderophore-derived agents (22); and 2-18F-fluorodeoxysorbitol (18F-FDS), synthesized 

from 18F-FDG and used to specifically localize infections due to Gram-negative 

Enterobacteriaceae, the most common cause of bacterial infections in humans (23).
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Screening of candidate bacteria- specific imaging agents requires rigorous preclinical testing 

and should be physiologically relevant. In vivo tissue concentrations achieved after 

intravenous injection of traditional PET agents are in the nano- to picomolar range of the 

parent compound; therefore, 18F-labeled PET agents should be incubated at nano- to 

picomolar concentrations for 2 hours in vitro to simulate in vivo conditions and to match the 

physical (radiological) half-life (15). Bacteria under stress from host immunological 

responses or antibiotic treatments exhibit altered metabolic expression; thus, when selecting 

targets, it is critical to select highly conserved pathways expressed by bacteria in a wide 

range of microbial milieus. Molecules requiring enzymatic activation based on adenosine 

triphosphate (ATP) may not fare well in clinical infections such as chronic joint infections 

where bacterial populations are predominantly metabolically slow or inactive. However, 

some bacteria-specific imaging agents such as PABA, which is metabolized via the bacterial 

folate pathway, are not affected by the bacterial growth phase (15).

Achieving sufficient tissue contrast

To achieve adequate sensitivity for bacterial infections, the relative volume of a bacterium 

and the target density of the proposed agent need to be considered. The average volume of a 

single pathogenic bacterium ranges from ~0.5 μm3 for cocci such as S. aureus to ~3 μm3 for 

bacilli such as E. coli or M. tuberculosis, which is smaller than the volume of a typical 

mammalian host cell (~100 to 1000 μm3) (24). Selectivity (100 to 2000 times) favoring 

bacterial accumulation over the background signal in host tissues is therefore required to 

adequately visualize bacteria.

Acute bacterial infections are associated with high bacterial burdens [an average of 2 × 108 

CFU/ml in soft tissue and peritoneal infections (25) and 107 to 109 mycobacteria in cavitary 

TB lesions in humans (26)], although only limited data exist due to the difficulties of direct 

tissue measurements. However, bacterial burden at infection sites can also be inferred from 

other observations: A cutoff of 105 CFU/ml in clinical samples such as bronchoalveolar 

lavage fluid or urine originating from infected tissues is recommended for determining a true 

infection (27), suggesting that much higher bacterial concentrations exist at the source of the 

infection sites. Similarly, rifampin failure occurs when used as monotherapy due to the 

development of rifampin-resistant bacteria (28). Given that in vitro studies suggest that 1 in 

108 bacteria is rifampin-resistant due to random mutants (29), bacterial burdens at infection 

sites during active infections are likely to be at least 108 or higher. Therefore, ~105 CFU/ml 

would be a promising threshold for acute infections. However, even higher agent selectivity 

would be needed for detecting lower bacterial densities (<105 CFU/ml), such as those 

encountered in partially treated or chronic infections.

Clinical studies

A major challenge to patient recruitment for initial validation studies is the widespread 

clinical practice of administering antibiotics empirically to patients with suspected infection 

before a confirmatory diagnosis is established. Procedural delays or the time required for 

definitive diagnosis using microbiological culture leads to a variable residual bacterial 

burden, potentially affecting the sensitivity of imaging tests.
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Complementary anatomic imaging findings that allow orthogonal measurement of the lesion 

do not usually exist for bacterial infections. Unlike a typical solid tumor detected by 

anatomic imaging that has a measurable component of cancer cells in the lesion [which 

correlates with a molecular imaging agent, enabling tracking of treatment response over time 

(30)], infectious lesions detected by traditional imaging may be sterile and instead represent 

host inflammatory responses rather than true infection. In these false-positive situations, a 

pathogen-specific imaging technique might inappropriately be considered to have sensitivity 

inferior to that of traditional anatomic and nuclear medicine techniques (18F-FDG, PET, and 

WBC scan).

Patient selection

Molecular imaging could complement traditional clinical tools (Fig. 4). This applies to 

scenarios in which available clinical samples (blood and urine) would be insensitive, high 

risk, or impractical (biopsy for brain infection); to infections with drug-resistant bacterial 

strains, where the risks (and costs) of empiric second- or third-line antibiotic treatment are 

high; and for patients with compromised immune systems (fever and neutropenia due to 

cancer chemotherapy, HIV/AIDS, and organ transplant), for whom routine imaging to detect 

disease foci is already an established clinical practice. Similarly, molecular tools could 

address the need for rapid assessment of therapeutic effect, could help optimize treatment 

and establish end points in patients requiring prolonged antibiotic duration (months to 

years), and could be useful for patients with implants and foreign bodies for which 

traditional imaging tools may be limited.

Molecular imaging could help address relevant clinical questions. For example, an otherwise 

healthy 15-year-old presenting with osteomyelitis would be treated with an empiric 

antibiotic regimen targeting both methicillin-resistant (MRSA) and drug-sensitive (MSSA) 

bacteria when blood cultures do not yield a pathogen and biopsy is not performed. A 

molecular imaging agent that could rapidly assess response to oxacillin/methicillin would be 

cost effective and useful in streamlining antibiotic treatment. Conversely, determining the 

causative bacterial species would be the clinically relevant question to answer for an 

otherwise healthy 3-year-old with septic arthritis/osteomyelitis, as both S. aureus (Gram-

positive bacteria) and Kingella kingae (Gram-negative bacteria) are common in this patient 

demographic. A molecular imaging agent that distinguishes Gram-positive from Gram-

negative infections may allow the tailoring of antibiotic regimens to target the appropriate 

pathogen.

Many deep-seated infections are mono-microbial (31). However, even for polymicrobial 

infections, a general bacteria-specific molecular imaging agent (PABA, TMP, or maltotriose) 

capable of identifying multiple species could specifically detect and localize infection sites 

and also allow rapid assessments of therapeutic response to treatment. Imaging also provides 

detailed spatial information and could discriminate true infections from the normal flora 

inhabiting the body. For example, co-registration of PET with anatomic imaging (CT/MRI) 

could distinguish intraluminal normal gut flora from extraluminal sites, such as abdominal 

infections (peritonitis and intra-abdominal abscesses).
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Molecular imaging is often assumed to be restricted to resource-rich settings. Developing 

countries, where infections are still the leading cause of mortality, are important sites for 

innovation and implementation of molecular imaging for infections. Over the past decade, 

developing countries have witnessed considerable growth in the installation and use of 

advanced imaging (32). Moreover, imaging costs are substantially lower in developing 

nations than in the United States (33). 18F PET agents can be transported locally usually 

within a 2- to 3-hour travel radius, and some radio-isotopes such as 68Ga can be produced 

without the need of a cyclotron and hold promise for use in remote areas (34).

Radiation risks

Another barrier to molecular imaging is the perceived risk of radiation exposure from 

radioligands and CT performed in conjunction with PET or SPECT. The use of PET/MRI 

could reduce radiation exposure by eliminating the need for CT (35), although MRI may 

require anesthesia in young children due to its longer acquisition time. Technological 

advancements have lowered radiation exposure due to CT. The effective dose for each chest 

CT can be ≤0.5 mSv [a dose equivalent to 2 months of natural background radiation, one 

screening mammography, or four trans-Atlantic airplane round trips (8)] and is performed in 

a few seconds, precluding the need for sedation (36). Unlike 18F-FDG, which is retained by 

many tissues, many bacteria-specific imaging agents in development are inert in mammalian 

tissues and therefore are rapidly eliminated from the body, substantially reducing radiation 

exposure. Technical advances such as iterative reconstruction algorithms and time-of-flight 

PET systems have also enabled lower radiation exposures. More recently, total-body PET, 

with an overall >40-fold gain in effective sensitivity, can generate equivalent image quality 

with less injected radioactivity than conventional PET, thus potentially expanding the use of 

this technology in children, in whom radiation dose concerns have impeded its use (37). In 

addition, total-body PET will offer simultaneous whole-body analysis with four to five times 

more sensitivity and enable kinetic time profiling of bacteria-specific molecular imaging 

agents. This will provide a means to identify quantitative “kinetic signatures” of bacterial 

uptake and retention, which could prove to be much more accurate than the static PET 

imaging currently used by conventional scanners. Last, the mortality risks for patients with 

serious infections, especially due to antimicrobial drug–resistant bacteria, are considerably 

higher than the often theoretical risks of radiation, the risk of mortality with many infections 

due to multidrug-resistant (MDR) bacteria is similar or higher than 5-year mortality risks 

due to common cancers (8). Although molecular imaging techniques are used in the 

management of many cancers, they are usually avoided in infectious diseases, and so, a 

pragmatic approach is needed to surpass this bias.

Lack of research funding

Governmental and industrial support for developing molecular imaging for infectious 

diseases is not commensurate with the burden of disease due to bacterial infections. The 

U.S. Department of Health awarded 1378 projects and 1.97 billion USD in total costs for the 

development of PET-based approaches to study cancer from 1985 to 2018 (source: National 

Institutes of Health reporter; see Supplementary Materials and Methods and data file S1). In 

contrast, over the same period, only 26 grants and 39.61 million USD in total costs were 

awarded for the development of novel PET approaches to image bacterial infections. Cancer 
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research also gets a boost from initiatives such as “Cancer Moonshot” and “Stand Up to 

Cancer,” receiving billions of dollars in public and industry funding. The number of 

publications in this area reflects this large discrepancy in government funding. The field of 

oncology has about 2324 publications listed on PubMed by the National Center for 

Biotechnology Information (NCBI) pertaining to the use of PET agents for cancer, excluding 

the use of 18F-FDG. In contrast, the field of infectious diseases had only 51 publications in 

the same time period (1985–2018) pertaining to the development of novel PET agents for 

diagnosing bacterial infection. In addition, the Molecular Imaging and Contrast Agent 

Database (MICAD) maintained by NCBI currently lists 5359 novel PET agents that were 

developed for oncology versus only 13 listed for imaging bacterial infection.

UNDERSTANDING PATHOGENESIS AND PRECISION MEDICINE 

APPROACHES

Much of our understanding of infection micro-environments stems from biopsy and tissue 

resection. Molecular imaging could help develop new platforms for basic research by 

providing detailed spatial and temporal information about local microenvironments 

supporting bacterial survival. Multimodality imaging could simultaneously visualize several 

different processes (bacterial burden, antibiotic exposure, and local milieu) and allow 

integration of cross-species data from animals to humans. This will facilitate the study of 

pathogenesis in patients in an unprecedented fashion that is not feasible with traditional ex 

vivo tools. Imaging using dual or multi-agent PET studies could also provide accurate data 

on the classes of bacteria causing the infections as well as the diversity of microbiota.

Antibiotic drug development

Dosing recommendations for antibiotics continue to be developed based on plasma 

concentrations and historic measures of efficacy. Plasma pharmacokinetics (PK)—essential 

in the developmental pipeline for new antibiotics—do not always correlate with intralesional 

PK. Direct measurement cannot be achieved in humans except in rare circumstances and is 

generally limited to sampling a single, accessible lesion. Molecular imaging with 

radiolabeled antibiotics can measure in situ biodistribution of antibiotics simultaneously in 

multiple organ systems/compartments in patients and animal models, without biopsy- related 

artifacts or alterations to tissue physiology (7, 38).

Understanding local biology at infection sites

Bacteria are known to adapt to their local milieu (hypoxia or nutrient starvation) and develop 

a quiescent state (“dormancy”), which can successfully evade antibiotics and immune 

responses for months to decades. Extended antibiotic courses are required to kill this 

subpopulation of dormant bacteria, although treatments could also be improved by 

immunotherapies that could alter the local milieu to prevent this bacterial adaptation (39). 

Specific molecular imaging approaches that measure the local biology could provide 

insights into pathogenesis and mechanism(s) of novel immunologic therapeutics and could 

also be used as biomarkers to measure the efficacy and monitor responses to treatments.
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Precision medicine

Current antibiotic treatment strategies are designed for efficacy (>90%) at a population level 

but ignore inter- and intrasubject heterogeneity. Although much shorter treatments could 

cure >70% of patients, accurate tools to identify at-risk patients requiring longer treatments 

are lacking. Such tools could decrease the inappropriate use of antimicrobials that 

contributes to the rise of MDR bacteria. By providing information about the bacterial 

burden, the location and extent of disease, and response to treatment, molecular imaging 

using bacteria-specific imaging agents could be a major advance toward developing 

precision medicine for infectious diseases to accurately phenotype and identify at-risk 

patients at the time of diagnosis and to optimize individualized therapeutic approaches.

CHALLENGES AND OPPORTUNITIES

Bacterial infections remain a major threat to human health. The rampant increase in 

antimicrobial drug–resistant bacteria and patient populations susceptible to acquiring 

infections pose additional challenges to health care. Rather than focusing on previously 

known targets, unbiased, high-throughput screening approaches that exploit the distinct and 

highly conserved biochemical pathways in prokaryotes are needed to discover candidate 

molecules that could be developed as novel bacteria-specific imaging agents (15). High-

quality preclinical research is needed to understand the specificity and sensitivity of 

promising candidates. A detailed understanding of the mechanism(s) of bacterial specificity 

and accumulation should be sought. Because there is heterogeneity in the presentation of 

infectious lesions in patients, evaluation of promising imaging agents should be performed 

in canonical animal models with subsequent and prompt validation in human studies.

The use of empiric antibiotics hinders selection of appropriate patient populations for initial 

clinical studies and can affect the sensitivity of imaging testing, necessitating stringent 

proof-of-principle clinical studies in patients with a confirmed diagnosis and those who have 

received limited duration of antibiotic treatment. Study sites in the developing world should 

be considered for the recruitment of eligible patients. Where safe and feasible, therapeutic 

trials using experimental infections in human volunteers, which are growing in acceptance 

(40), may also be useful.

Molecular imaging techniques are used routinely in the management of many cancers but 

are avoided in infectious diseases due to perceived risks of radiation, although the morbidity 

and mortality due to many antimicrobial drug–resistant bacterial infections are similar to or 

higher than the 5-year mortality risks for common cancers. Advancements in imaging 

technologies and PK characteristics of many bacteria-specific imaging agents allow for 

lower radiation exposure. This scientific knowledge needs to be disseminated to patients and 

their treating clinicians, and the general public needs to be made aware of the threats posed 

by bacterial infections and antimicrobial drug resistance.

Molecular imaging has the potential to improve diagnostics and to provide prognostic 

information for patients with bacterial infections and is also broadly applicable to other 

classes of infectious pathogens. However, the use of novel molecular imaging modalities in 

infectious diseases lags behind its use in cancer and other fields. A multi-disciplinary 
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approach involving microbiologists, molecular imaging scientists, infectious diseases 

physicians, and radiologists is necessary to address the key challenges preventing the 

translation of bacteria-specific imaging tracers. Open sharing of data from research studies, 

including negative results, is encouraged. Because current research funding for developing 

molecular imaging tools for bacterial infections is not commensurate with the burden of 

disease, substantially increased and sustained support for basic and translational research is 

needed to develop and translate novel diagnostic tools for bacterial infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Global burden of infections.
(A) Global years of life lost due to diseases in 2017. (B) The top 18 antimicrobial drug–

resistant threats compiled by the U.S. Centers for Disease Control and Prevention (CDC). 

Extended spectrum β-lactamase (ESBL) producing Enterobacteriaceae. (C) Annual global 

mortality projected for 2050. Adapted from the Global Burden of Disease Study (1), U.S. 

CDC (5) and O’Neill (6).
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Fig. 2. Comparison of traditional methods with molecular imaging.
Traditional diagnostic tools for infectious diseases depend on available clinical samples 

(blood and urine), with most deep-seated infections requiring surgical biopsies to establish a 

definitive diagnosis. Microbiological or molecular assays are performed on surgical 

biopsies; however, some organisms are difficult to cultivate ex vivo or need a long time to 

grow, which can limit or delay the diagnosis. Clinically available imaging tests [radiographs, 

ultrasound, computed tomography (CT), and magnetic resonance imaging (MRI)] 

incorporated into the diagnostic workup are not specific for infection and reflect a 

combination of infection and the host inflammatory response. Molecular imaging can 

provide spatial and temporal information about infections and can monitor response to 

treatment. An example of positron emission tomography (PET)/CT imaging in mice using a 

bacteria-specific imaging agent, 2-18F-fluorodeoxysorbitol, is shown. The 

radiopharmaceutical accumulates in the infected muscle but not in the inflamed sterile 

muscle. Repeat imaging before and after antibiotic treatment can also provide rapid efficacy 
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monitoring, demonstrating a PET signal proportionate to the bacterial burden. Adapted from 

Weinstein et al. (23).
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Fig. 3. Bacteria-specific imaging tools.
PET and other molecular imaging modalities can detect the accumulation of an imaging 

agent at diseased sites with very high sensitivity. Fundamental biochemical differences 

between bacterial and human (mammalian) metabolism offer distinct targeting opportunities 

for developing bacteria-specific imaging tools. The relative volume of a single bacterium 

and the target density of the proposed agent need to be considered to achieve adequate 

target-to-background contrast.
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Fig. 4. Molecular imaging to complement traditional tools in select patient populations.
Molecular imaging can be useful for several patient populations and could be easily 

incorporated into the current clinical workflows to address the relevant clinical question(s) at 

hand.

Ordonez et al. Page 17

Sci Transl Med. Author manuscript; available in PMC 2020 September 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ordonez et al. Page 18

Ta
b

le
 1

.

K
ey

 c
on

si
de

ra
tio

ns
 f

or
 th

e 
de

ve
lo

pm
en

t a
nd

 c
lin

ic
al

 tr
an

sl
at

io
n 

of
 b

ac
te

ri
a-

sp
ec

if
ic

 im
ag

in
g 

ag
en

ts
.

C
ha

lle
ng

es
So

lu
ti

on
s

D
is

co
ve

ry

B
ac

te
ri

al
 ta

rg
et

 s
el

ec
tio

n
Ta

rg
et

 c
on

se
rv

ed
 p

at
hw

ay
s

U
se

 c
lin

ic
al

 s
tr

ai
ns

, d
ru

g-
re

si
st

an
t s

tr
ai

ns
, a

nd
 b

ac
te

ri
a 

in
 d

if
fe

re
nt

 m
et

ab
ol

ic
 s

ta
te

s

D
os

ag
e 

se
le

ct
io

n
E

va
lu

at
e 

th
e 

ag
en

t u
si

ng
 p

hy
si

ol
og

ic
al

ly
 r

el
ev

an
t a

ss
ay

s

U
se

 n
an

o-
 to

 p
ic

om
ol

ar
 d

os
es

 in
 v

itr
o

B
ac

te
ri

al
 s

pe
ci

fi
ci

ty
U

se
 e

uk
ar

yo
tic

 c
el

ls
 a

nd
 h

ea
t-

in
ac

tiv
at

ed
 b

ac
te

ri
a 

as
 s

pe
ci

fi
ci

ty
 c

on
tr

ol
s

Se
le

ct
 a

ge
nt

s 
sh

ow
in

g 
>

10
0×

 f
av

or
ab

le
 a

cc
um

ul
at

io
n 

in
 b

ac
te

ri
a

P
re

cl
in

ic
al

 a
ni

m
al

 s
tu

di
es

M
od

el
 s

el
ec

tio
n

U
se

 m
ul

tip
le

 c
lin

ic
al

ly
 r

el
ev

an
t a

ni
m

al
 m

od
el

s

Q
ua

nt
if

y 
ba

ct
er

ia
l b

ur
de

n 
at

 in
fe

ct
io

n 
si

te
 a

t t
he

 ti
m

e 
of

 im
ag

in
g

C
on

tr
ol

 s
el

ec
tio

n
U

se
 s

te
ri

le
 in

fl
am

m
at

io
n 

co
nt

ro
ls

 w
ith

in
 th

e 
sa

m
e 

an
im

al
 m

od
el

A
ge

nt
 p

ha
rm

ac
ok

in
et

ic
s

M
on

ito
r 

cl
ea

ra
nc

e,
 h

al
f-

lif
e,

 a
nd

 ti
ss

ue
 p

en
et

ra
tio

n 
of

 a
ge

nt
s

C
on

si
de

r 
pr

ot
ei

n 
bi

nd
in

g 
ch

ar
ac

te
ri

st
ic

s 
an

d 
ho

st
 m

et
ab

ol
is

m

U
se

 k
in

et
ic

 m
od

el
in

g 
to

 e
va

lu
at

e 
bl

oo
d 

po
ol

 e
ff

ec
ts

 d
ue

 to
 le

ak
y 

va
sc

ul
at

ur
e

C
lin

ic
al

 s
tu

di
es

Pa
tie

nt
 s

el
ec

tio
n

Pr
io

ri
tiz

e 
di

se
as

es
 w

ith
 c

le
ar

 c
lin

ic
al

 n
ee

ds
 a

nd
 a

pp
ro

pr
ia

te
 b

ac
te

ri
al

 b
ur

de
n

E
nr

ol
l p

at
ie

nt
s 

w
ith

 c
on

fi
rm

ed
 d

ia
gn

os
is

 o
f 

in
fe

ct
io

n 
us

in
g 

cu
rr

en
t g

ol
d 

st
an

da
rd

E
m

pi
ri

c 
an

tib
io

tic
 u

se
 w

ith
 v

ar
ia

bl
e 

re
si

du
al

 b
ac

te
ri

al
 b

ur
de

n
Se

le
ct

 p
at

ie
nt

s 
w

ho
 h

av
e 

re
ce

iv
ed

 li
m

ite
d 

an
tib

io
tic

 tr
ea

tm
en

t

Sp
ec

if
ic

ity
 d

et
er

m
in

at
io

n
In

cl
ud

e 
pa

tie
nt

s 
w

ith
 in

fl
am

m
at

or
y 

or
 o

nc
ol

og
ic

 c
on

di
tio

ns
 a

s 
no

ni
nf

ec
tio

us
 d

is
ea

se
 c

on
tr

ol
s

Sci Transl Med. Author manuscript; available in PMC 2020 September 04.


	Abstract
	INTRODUCTION
	DIAGNOSIS OF INFECTIONS
	BARRIERS TO CLINICAL TRANSLATION
	Target selection
	Achieving sufficient tissue contrast
	Clinical studies
	Patient selection
	Radiation risks
	Lack of research funding

	UNDERSTANDING PATHOGENESIS AND PRECISION MEDICINE APPROACHES
	Antibiotic drug development
	Understanding local biology at infection sites
	Precision medicine

	CHALLENGES AND OPPORTUNITIES
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Table 1.

