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Abstract: Infectious diseases represent one of the most common causes of hospital admission world-
wide. The diagnostic work-up requires a complex clinical approach, including laboratory data, CT
and MRI, other imaging tools, and microbiologic cultures. PET/CT with 8E_FDG can support the clin-
ical diagnosis, allowing visualization of increased glucose metabolism in activated macrophages and
monocytes; this tracer presents limits in differentiating between aseptic inflammation and infection.
Novel PET radiopharmaceuticals have been developed to overcome these limits; 'C/!8F-labeled
bacterial agents, several 68Ga-labeled molecules, and white blood cells labeled with 18F-FDG are
emerging PET tracers under study, showing interesting preliminary results. The best choice among
these tracers can be unclear. This overview aims to discuss the most common diagnostic appli-
cations of 3F-FDG PET/CT in infectious diseases and, as a counterpoint, to describe and debate
the advantages and peculiarities of the latest PET radiopharmaceuticals in the field of infectious
diseases, which will probably improve the diagnosis and prognostic stratification of patients with
active infectious diseases.
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1. Introduction

Infectious diseases represent one of the most common causes of hospital admission in
the world [1]. Usually, the diagnosis is reached by a clinical approach, including laboratory
data, X-ray, other imaging tools, and microbiologic cultures. However, in some patients,
the infectious process cannot be adequately identified with conventional imaging; in this
clinical setting, nuclear medicine can be of help, allowing the identification of infectious
foci with Single Photon Emission Computed Tomography (SPECT) and/or Positron Emission
Tomography (PET); both scans allow the precise identification of infectious diseases and
permit the assessment of response to therapy, with diagnostic accuracy superior to that of
CT and MR imaging [2].

Moreover, the co-registration with CT, generally performed as a low-dose scan, allows
the adequate depiction of localization and extension of the infectious focus, the involvement
of surrounding tissues (i.e., the skeleton), and possible distant septic emboli [3,4].

Due to the worldwide distribution of hybrid scanners, PET/CT imaging of infec-
tious diseases has been proven to be useful in the management of such patients, with
the added value of 2-deoxy-2-['8F]-fluoro-D-glucose (}¥F-FDG). Being an analogue of
glucose, '8F-FDG is taken up in inflammatory cells actively participating in the immune-
inflammatory cascade, such as monocytes, macrophages and neutrophils [5], due to the
local up-regulation of glucose transporters caused by inflammatory mediators, leading to
high intracellular '®F-FDG accumulation.

Therefore, '8F-FDG PET/CT imaging is currently useful in the management of patients
with systemic diseases or regional infectious diseases such as infection of vascular grafts [6],
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prosthetic joints [7], and device-related [8] infections, Fever of Unknown Origin (FUO) [9],
granulomatosis [10], and endocarditis [11].

More recently, after the COVID-19 pandemic [12], '®F-FDG PET has also been hy-
pothesized to have a feasible role in the detection and assessment of responses related to
COVID-19 disease activity, holding significant clinical relevance due to the extreme versatil-
ity of 8F-FDG for its intrinsic molecular properties [13]. Beyond all of these cited features,
as already known from oncologic studies, '8F-FDG PET suffers from a lack of specificity.

Both infectious and inflammatory diseases comprise a large number of different patholo-
gies with heterogeneous clinical presentations, potentially confined to a precise district or
with systemic involvement. 8F-FDG PET/CT is a very sensitive whole-body tool based
on the relatively non-specific tracer uptake; moreover, in comparison with SPECT imaging
with radiolabeled leukocytes, it is more rapid, with higher image resolution, and does not
imply handling of blood. Nevertheless, this feature also represents the main limit of its use;
in fact, the main advantage of F-FDG is also the basis for its diagnostic pitfalls and limita-
tions. Its low specificity can hinder the differentiation between pathologic and physiologic
uptake, particularly in the brain, liver, myocardium, and bladder [14]. Furthermore, the
differentiation between aseptic inflammation and infectious foci can be difficult.

More specific PET radiopharmaceuticals, labeled with '8F and other nuclides such as
11C and %8Ga [15,16], are currently under study. These novel tracers have already shown
promising features for the evaluation of systemic and/or localized infectious foci.

Our overview aims to discuss the most common diagnostic applications of 8F-FDG
PET/CT in infectious diseases and, as a counterpoint, to describe and debate the latest
radiopharmaceuticals in the field of hybrid PET/CT imaging of infectious diseases, which
will probably improve the diagnosis and prognostic stratification of patients with active
infectious diseases.

2. BE-FDG in Infectious Diseases

The F-FDG uptake in infectious and inflammatory conditions follows the same
metabolic pathway known for malignant lesions. The elevated rate of glucose metabolism
in cells is mediated by the upregulation of the glucose transporter (GLUT), also representing
the basis for the increased '8F-FDG uptake in monocytes, macrophages and neutrophils,
in comparison to normal cells. After internalization in the cytoplasm, glucose is phospho-
rylated by the enzyme hexokinase to facilitate further processing through the glycolytic
pathway, while ¥F-FDG undergoes the same process. Due to the chemical differences,
I8F_FDG-6-phosphate is not a substrate for the downstream enzymes in the glycolytic
pathway [14], the process is not advanced further, and the tracer remains trapped inside
the cell (Figure 1).

Figure 1. Internalization and phosphorylation of '®F-FDG from the bloodstream in cells.
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2.1. Prosthesis Joint Infection

Since '8F-FDG uptake persists in prosthesis joint infection cases, PET/CT can help in
differentiating aseptic loosening from infection. Several studies demonstrated that '¥F-FDG
PET/CT shows good diagnostic accuracy in the detection of prosthesis infection, with
high sensitivity and specificity [17,18]. This is because activated macrophages continue to
accumulate F-FDG in chronic infection.

In particular, PET/CT imaging with 8F-FDG can provide additional information over
conventional modalities by adding information on the disease extent in the bone as well
as in the whole body, giving an idea of active pathology at the molecular level, and in the
evaluation of response to therapy [19].

Therefore, some authors support its usefulness in the diagnosis and monitoring of
infection in hip and knee prostheses, with a diagnostic accuracy superior to that of scintigra-
phy with labeled leukocytes [20,21]. On the other hand, it is important to state that a lack of
specificity must be kept in consideration when examining patients with chronic prosthetic
joint infections with BE-FDG PET/CT; for this reason, authors from a multidisciplinary
panel suggest that accurate diagnosis can be prospectively obtained with a diagnostic algo-
rithm including multi-modal radionuclide imaging, involving *Tc-phosphate SPECT/CT,
N11n - Jabeled leukocytes and 99Tc-nanocoll bone marrow SPECT/CT, and 8F-FDG PET/CT.
This approach could overcome the limits of all techniques before submitting patients to
revision surgery of an infected prosthesis after total hip or knee arthroplasty [22].

2.2. Pulmonary Granulomatosis

Sarcoidosis is an idiopathic, granulomatous non-caseating disease generally involving
the lungs and mediastinal lymph nodes but potentially affecting all organs. The clinical out-
come is variable, with a significant percentage of patients needing systemic treatment [23].
PET/CT with F-FDG enables tracer uptake in granulomatous cells producing the in-
flammation seen in sarcoidosis, with good sensitivity in the detection of mediastinal and
extra-thoracic lesions [24]. On this basis, hybrid PET/CT imaging is a valid method in the
diagnosis and monitoring of response to therapy in patients with histologically proven
sarcoidosis [25].

Tuberculosis is another granulomatous disease characterized by caseating lesions,
still representing the leading cause of death from an infectious disease worldwide, among
human-immunodeficiency virus (HIV) negative people and HIV-positive patients [26]. My-
cobacterium tuberculosis remains one of the most lethal human pathogens since drug-
resistant tuberculosis and HIV-related tuberculosis infection represent diagnostic and ther-
apeutic challenges. Considering that tuberculous granulomatous inflammation appears
as BF-FDG avid lesions on PET/CT scans [27], this tool enables the delineation of dis-
ease extent and assessment of occult extra-pulmonary lesions in whole-body imaging [28].
Furthermore, 8F-FDG PET/CT imaging is also effective in assessing treatment response
during and after the therapy [28,29]. I8F_FDG PET/CT imaging may be also useful in
schistosomiasis, especially in the identification of infection sites: schistosomiasis is one of
the most important parasitic infections in tropical and subtropical areas and represents
a further cause of granulomatous disease, in which schistosome eggs trapped in organs
lead to severe inflammatory reactions, including granulomas, appearing hypermetabolic
on 8F-FDG PET/CT [30].

2.3. Vasculitis

I8F-FDG PET/CT is an important component of the diagnostic work-up required for
patients with large vessel vasculitis, such as Takayasu arteritis and giant cell arteritis. These
diseases are vasculitis involving the aorta and/or large arteries. The presence of diffusely
increased '8F-FDG activity along the aortic wall and its major branches may enable the
diagnosis of patients with clinical signs and symptoms of vascular inflammation, with good
sensitivity and specificity for Takayasu arteritis [31,32]. A late '8F-FDG PET-CT (performed
during the first 10 days from the beginning of the treatment) can also help in assessing
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response to therapy [33]. Similar features are documented for giant cell arteritis [34], while
its role is unclear in the management of smaller arteries, due to the low PET/CT power
resolution limit.

2.4. Fever of Unknown Origin (FUO)

The diagnosis of fever of unknown origin (FUO) still represents a challenge, due to
the complex clinical presentations of patients, also considering that the leading cause may
be located anywhere throughout the body. 8F-FDG PET is involved in the frontline in the
differential diagnosis of lymphoma or malignant neoplasms in patients with FUO and
lymphadenopathies [35,36]. In this clinical setting, a whole-body PET/CT may suggest
the diagnosis of a lymphoproliferative disorder by showing the pattern of distribution
of tracer-avid lesions and displaying the best target for biopsy [37]. As reported above,
I8F-FDG may also help in identifying the vasculitis potentially underlying the clinical onset
in FUO [31].

Bacteriemia of unknown origin is a further condition linked to FUO, in which BE_FDG
PET may help the identification of the infectious focus, particularly in pediatric [38,39] or
immunocompromised patients with acquired immune deficiency syndrome (AIDS) [40].

2.5. Endocarditis and Cardiac Electronic Device Infections

Early diagnosis of endocarditis is crucial for optimal patient management, due to
its high rates of mortality and morbidity [11]. The diagnosis can be difficult, involving
a multidisciplinary discussion in addition to the integration of clinical signs, microbiol-
ogy, and imaging data. Among imaging tools, '8F-FDG PET/CT is a valid approach to
assessing the state of tracer distribution in the heart, also excluding other septic emboli
or localizations, being a whole-body imaging tool. Thus, the European guidelines for the
management of infective endocarditis have indeed incorporated intra-cardiac findings from
I8E-FDG-PET/CT as major criteria for infective endocarditis [41].

The sensitivity and specificity of 8 F-FDG PET/CT are respectively 86% and 84% [42,43].
Among other advantages, '8F-FDG PET enables the identification of possible portals of entry
or the alternate diagnosis of infectious or inflammatory syndromes other than endocarditis.
However, the high gradient of physiological distribution in some organs such as the brain
and liver, and false negative results (i.e., after prolonged antibiotic therapy) limit the
usefulness of F-FDG PET in this clinical setting [41].

Also, the presence of a cardiovascular implantable electronic device can be burdened
by complications such as late infections, potentially associated with significant morbidity
and mortality and requiring immediate treatment; some authors suggested that 'F-FDG
PET/CT can be useful in the detection of infectious foci, due to its high sensitivity, easy
repeatability and non-invasiveness [44].

2.6. Other Clinical Indications

For the reasons reported above, ¥ F-FDG PET/CT may have a more important role in
managing osteomyelitis patients. This tracer is highly enhanced in chronic osteomyelitis
cases because activated macrophages continue to accumulate '8F-FDG in chronic infec-
tion [45]. '8F-FDG PET has the highest diagnostic accuracy in chronic osteomyelitis, in
comparison to bone scan, human-labeled leukocyte scan, and MRI [46].

Diabetic foot infection is among the most common complications of diabetes, fre-
quently leading to serious sequelae such as amputation. The differentiation of osteomyelitis
in diabetic foot from neuropathic osteoarthropathy is of the utmost importance; in fact,
neuropathic osteoarthropathy demonstrates lower ¥F-FDG metabolism compared to os-
teomyelitis. '¥F-FDG PET/CT can show high sensitivity and specificity in the diagnosis
of diabetic foot infection and the detection of associated osteomyelitis, while scintigraphy
with labeled white blood cells still plays the main diagnostic role in this field [47].
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2.7. Limits of ¥ F-FDG PET/CT in Infectious Diseases

Activated human leukocytes in an inflammatory disease are characterized by high
glucose consumption and, consequently, highly enhance '®F-FDG in PET imaging.

The use of ¥F-FDG PET/CT to diagnose a wide range of patients with infectious or
inflammatory diseases is growing. Nevertheless, using 'F-FDG PET/CT in patients with
such diseases presents some limits and pitfalls. We must consider that technical aspects
linked to the acquisition protocol and quality imaging may underestimate the in vivo
assessment of the disease under study. The power resolution limit of PET imaging is one of
the most unfavorable aspects that needs to be taken into account, as it does not allow the
identification of small infectious foci, as in the case of small vegetations at the root of acute
infective endocarditis [41]. On the other hand, some organs, such as the liver and brain,
present a high rate of physiological tracer distribution, which can hinder the recognition or
the exact identification of a liver abscess [48] or encephalitis [49].

Moreover, all inflammatory and infectious diseases are linked to a more diffuse and less
pathognomonic pattern of FDG uptake than malignant diseases [50]. However, to the best of
our knowledge, patients referred to PET/CT with suspected infection or inflammation are
rarely treatment-naive and may have received varying doses of antibiotics, corticosteroids,
or other immune-modulating drugs at the time of the scan.

All cited features lead to a higher rate of false positive 1®F-FDG findings and also, in
some cases, a lower sensitivity for the detection of active disease; we also must consider that
other immune cells of the chronic inflammation, such as fibroblasts, may uptake 8E_FDG,
thus potentially mimicking an infectious process. One of the major factors limiting the
use of F-FDG PET in this field is the possibility of uptake in post-surgical procedures,
occurring four weeks after a surgical intervention and/or acute injuries [51,52].

Finally, in some specific clinical indications such as the diagnosis of the diabetic foot
infection, glucose serum levels at the time of the scan may negatively affect the sensitivity
of the scan, causing false negative results.

In diabetic patients as well as in other subjects, the intrinsic properties of '®F-FDG as
the analogue of glucose represent the major features in terms of diagnostic accuracy and, at
the same time, the most relevant limit. In the last decade, the attention of researchers was
focused on the development of novel molecular probes for the identification of infectious
diseases. These novel molecular probes may be grouped by their molecular structures or
their biological behavior. Due to the complexity of their mechanisms of action and their
heterogeneity, we chose to describe the most important of these tracers, already tested for
human use, with a classification based on the labeled nuclide rather than the involved
biological molecule, to synthesize and classify all radiopharmaceuticals encountered in
the literature.

3. 1C-Labeled Radiopharmaceuticals

Carbon-11 (}1C) is an artificial radioisotope of carbon and one of the most widely
used radionuclides in the PET imaging pharmacopeia, as carbon is present in any organic
molecule. The incorporation of carbon-11 does not change the properties of the recipient
molecule. Furthermore, given the short half-life (20 min), it is possible to administer
more tracers in vivo on the same day [53]. This chapter will discuss the most accredited
1C-radiotracers in PET molecular imaging of bacterial infections (Figure 2).
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Figure 2. !'C radiolabeled PET radiopharmaceuticals and their respective cellular targets in
Gram-positive bacteria. DHFR: dihydrofolate reductase; DHF: dihydrofolate; THF: tetrahydro-
folate; 11C-PABA: 11C—para-Aminobenzoic acid; D-11C-Met: D-methyl—HC—methionine; cT™MP:
N C-trimethoprim.

3.1. D-methyl-"! C-methionine (D-! C-Met)

In an attempt to select biomolecules capable of selectively identifying bacterial in-
fections, some small molecules metabolized exclusively by bacteria were synthesized as
PET radiopharmaceuticals. In this direction, unnatural D-amino acids have shown to
be very promising as they are incorporated into bacterial cell membranes, as opposed to
their L-amino acid counterparts that are building blocks of proteins in most mammalian
cells [54,55]. Peptidoglycan is a polymer assembled in one or more layers in the bacte-
rial wall and gives the cell shape and size by fixing its components [56]. In vitro studies
with fluorescent D-amino acids demonstrated highly specific, rapid incorporation into the
bacterial wall (~30 s in E. coli) [57].

In the first clinical study applied to humans, bio-distribution, dosimetry, and di-
agnostic efficacy in infected orthopedic prostheses were evaluated using D-methyl-'1C-
methionine (D-'C-Met) on PET/MRI scans. After administration, the first organs in
which activity was manifested were the heart, lungs, and kidneys (within 4 min) and then
decreased (within 20 min); rapid renal clearance was observed, with slow hepatobiliary
clearance. Of note was the low absorption in the gastrointestinal system, where the normal
bacterial flora resides, and in the musculoskeletal system, with evidently a good signal-
to-noise ratio at the target sites. Low effective doses were reported, lower than those of
L-''C-Met, which is widely used in oncology imaging. D-1!C-Met uptake was shown to
be approximately 1.5-fold higher in prosthetic joints with suspected infection than in the
contralateral non-prosthetic joints [58].

3.2. 1C-para-aminobenzoic Acid (! C-PABA)

The demonstration that ! C-para-aminobenzoic acid (!C-PABA) is incorporated into
tetrahydrofolate via the bacterial folate pathway has created the conditions for the synthesis
of radiolabeled molecules that can be used in nuclear medical imaging [59-61]. 1C-PABA



Diagnostics 2024, 14, 1043

7 of 20

is used as a substrate by dihydropteroate synthase in the folate synthesis pathway and is
subsequently trapped within bacteria [59]. 1!C-PABA rapidly accumulates in a broad range
of pathogenic bacteria and their clinical strains, including multidrug-resistant organisms
(MDRO), and is able to detect sites of infection in both the mouse model of Escherichia coli
myositis and detect and identify Staphylococcus aureus. In a study with healthy human
participants [62], 1'C-PABA was safe and well tolerated with a favorable dosimetric profile;
it also has renal excretion kinetics that make it applicable in functional studies [63]. Its
background signal in the brain, lungs, and muscles is low, allowing prediction of an
advantageous signal-to-noise ratio for infections at these anatomical sites.

3.3. " C-trimethoprim (\1C-TMP)

1 C-trimethoprim (1!C-TMP) is a broad-spectrum antibiotic that belongs to an in-
hibitory class of dihydrofolate reductase (DHFR), which is an important enzyme in the
de novo pathway of purine and thymidine synthesis, essential for the survival of the
microorganism [64]. HC-labeled trimethoprim (TMP) antibiotic-derived PET radiotracers
accumulate specifically at sites of bacterial infection, as opposed to sites of sterile inflamma-
tion or neoplasms [65,66]. Several examples of first-in-human ''C-TMP imaging cases are
reported in the literature [67]. Regarding the antibiotic resistance issue, it was seen to not
affect imaging because drug-resistant bacterial species had a similar uptake of ''C-TMP
compared to non-resistant species [68].

4. ®Ga-Labeled Radiopharmaceuticals

Gallium-68 (°®Ga)-labeled radiopharmaceuticals can be suitable for inflammation and
infection imaging, considering their availability from a generator and ease of labeling. In
the past decade, the development of ®®Ga-labeled PET tracers has carved out an important
place in the diagnostic panorama of inflammation and infection imaging.

In particular, PET imaging with these tracers offers the opportunity to follow the
molecular and cellular processes of inflammation in vivo, such as receptor expression,
chemotaxis, and macrophage activation.

Some of these radiopharmaceuticals are represented by *®Ga-citrate, ®®Ga-Fibroblast
Activation Protein Inhibitor (®®Ga-FAPI), and %8Ga-labeled somatostatin analogues (*8Ga-
DOTATOC, ®Ga-DOTANOC, and ®8Ga-DOTATATE).

4.1. 8Ga-Citrate

Being analogues of iron, the isotopes of Gallium accumulate at sites of infection and
inflammation following several molecular mechanisms; ¢ Ga-citrate and *®Ga-citrate can
be used for inflammation imaging with SPECT and PET, respectively.

Nevertheless, ©Ga-citrate scintigraphy and /or SPECT present some limits, such as
long half-life decay (78 h), low image quality and resolution, and long duration of the
diagnostic procedures (3 days) [69]. ®Ga is a useful beta-emitting isotope for PET imaging,
produced by commercially available Germanium/Gallium generators, with a shorter half-
life decay (67 min) [70].

After the intravenous injection, ®Ga-citrate circulates in the bloodstream bounded
with transferrin and is carried to sites of inflammation and infection by zonal blood flow
and increased vascular permeability. Being a ferric ion-like nuclide, ®*Ga-citrate binds to
lactoferrin, released by the apoptotic processes of leukocytes (Figure 3).

The blood pool, liver, spleen, kidneys and growth plates were the most common sites
of ¥Ga-citrate involvement [71]. Thus, ®®Ga-citrate is useful for imaging tuberculosis [72];
other feasible applications could be represented by bacterial infections [69,73], peripros-
thetic joint infections [74], and rheumatoid arthritis [75]. Further studies are needed to
ensure its role in these clinical settings.
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Figure 3. After intravenous administration, transferrin-bounded 68Ga-citrate circulates in the blood-
stream and is transported by the arteries to the site of inflammation by mechanisms of blood flow
and increased vascular permeability. The ferric ion-like properties of ®®Ga-citrate allow its binding to
lactoferrin, released by the apoptotic processes of leukocytes.

On a theoretical basis, ®®Ga-citrate could be an alternative to 18F-FDG in infection
imaging due to the peculiar characteristics of the nuclide in this clinical setting, already
known for SPECT imaging, with the added value of a higher resolution limit provided by
PET and better anatomical evaluation supplied by the co-registered CT component of the
exam. However, cited studies are limited to a few researchers worldwide, while a direct
comparison with '8F-FDG PET/CT concerning the diagnostic accuracy in large populations
is still missing.

4.2. %8Ga-Fibroblast Activation Protein Inhibitor (° Ga-EAPI)

The fibroblast activation protein (FAP) is a cell membrane protein overexpressed in
cancer-associated fibroblasts, representing a component of the tumor stroma. Several
clinical studies have highlighted the usefulness of gallium-labeled FAP inhibitor in imaging
cancer cells due to the high-affinity complex with FAP (Figure 4), demonstrating ®®Ga-FAPI
PET/CT to be highly feasible [76,77], particularly because of the low physiological uptake
in the human body, with high target-to-background ratio [78].

From the experience acquired with oncologic patients, the possibility has emerged to
detect high ®®Ga-FAPI uptake in sites not linked to the underlying disease [79]. Particularly,
it has been shown that ®®Ga-FAPI can be enhanced in inflammation and infections in cancer
patients. A recent review of 108 papers evaluating FAPI labeled with either 'F and ®Ga
showed that a large number of benign clinical entities may show FAPI uptake and should
be considered when interpreting FAPI PET/CT in cancer patients, since FAPI uptake may
be detected in arterial plaques, post-traumatic bone/articular lesions, arthritis, and in
inflammation, infection, fibrosis, inflammatory /reactive lymph nodes and tuberculosis [80].
The authors hypothesized that these diagnostic pitfalls may occur from both specific uptake
through rising FAP cellular expression and unspecific accumulation due to edema and
inflammation processes. Moreover, it is also known that some cellular types such as
activated fibroblasts show increased tracer accumulation, as in systemic sarcoidosis [81] or
intra-cranial bacterial lesions [82]. However, the role of this tracer in infectious diseases is
still unclear.
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Activated fibroblasts

Fibrablast Activation Protein
(FAP)

B8Ga-Fibroblast Activation
Protein Inhibitor (33Ga-FAPI)

Figure 4. ®®Ga-FAPI reaches the infectious site by the bloodstream and interacts with FAP in fibrob-
lasts of the infectious microenvironment.

4.3. 8Ga-DOTATOC, °8Ga-DOTANOC, and 4 Ga-DOTATATE

Some cellular types of inflammation such as activated macrophages and T cells express
somatostatin receptors on the cell surface (Figure 5). Thus, radiolabeled somatostatin
analogues may be enhanced at the sites of inflammation.

Labeled Somastostatin
Analogs

= Srumastustatin receptor

Figure 5. The uptake of radiolabeled somatostatin analogues in infection is due to the overexpression
of cell surface somatostatin receptors in activated macrophages.

One of the main proposed applications of these tracers is linked to their capability to
detect the phlogosis of atherosclerotic plaques, in both coronary and carotid arteries [83,84],
with a higher signal-to-background ratio, in comparison with F-FDG due to the physio-
logical myocardial uptake of glucose [41].
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Another disease characterized by mild-to-high somatostatin analogue uptake is sar-
coidosis, since somatostatin receptors are also expressed in sarcoid granulomas; some
authors have proposed a feasible role for ®*Ga-DOTATATE in the management of patients
with active cardiac sarcoidosis despite a low signal-to-background ratio and underestima-
tion of treatment response [85].

It has also emerged in case reports or preliminary focused studies in the literature that
the uptake of radiolabeled somatostatin receptor analogues in inflammation is a condition
that is not rare and may occur in patients with neuroendocrine tumors [86].

In particular, ®¥Ga-DOTANOC and ®®Ga-DOTATOC uptake has been documented in
acute myocarditis [87,88], and 68Ga-DOTATATE is enhanced in large vessel vasculitis, such
as Takayasu arteritis [89].

However, due to the heterogeneous nature of these studies, it is difficult to pool the
for statistical analysis. Data in the literature seem to support more versatile and better
validated %®Ga-based inflammation probes, such as ®Ga-citrate and *8Ga-FAPI, mainly
due to higher signal-to-background ratio and better diagnostic accuracy [90]. On this topic,
it also has been shown that both ¥F-FDG and 8Ga-DOTANOC uptake were similar in
pulmonary tuberculosis; ®*Ga-DOTANOC helped to detect pulmonary tuberculosis lesions,
while 18F-FDG was more sensitive for both active and sub-clinical lesions [91].

In neuroendocrine tumor patients, incidental uptake of radiolabeled somatostatin
receptor analogues linked to inflammation should be taken into account. In particular,
cardiac uptake can indicate myocardial inflammation. Myocardial inflammation is a
condition of clinical importance, and its underlying etiology should be further assessed to
prompt eventual and necessary treatment, as it is linked to a poor prognosis [86].

5. Other 18F-Labeled Radiopharmaceuticals

Due to its physicochemical properties, '8F is a nuclide showing several advantages
in PET imaging that are ideal for PET studies. The half-life of 18F (110 min), the most
predominant radionuclide used in PET imaging, permits multi-step radiosynthetic pro-
tocols and tracer transport between clinical facilities. Moreover, the high positron (>97%
B*) branching and low positron energy (0.635 MeV) of 18F provide high-resolution PET
images [92].

5.1. I8F-FDG-Labeled White Blood Cells (18 F-FDG-WBCs)

White blood cells (WBCs) can be labeled with 8F-FDG just as with gamma-emitting
radiotracers (!'In or ®mTc), with the added value of a co-registered, whole-body PET/CT
scan, allowing a comprehensive evaluation of the entire body in a single session. The
labeling methodology [93] involves the removal of red blood cells by sedimentation of
heparinized peripheral blood and subsequent centrifugation of the WBC-enriched plasma
to separate the WBC pellet. At this time, the labeling takes place by incubation with
IBE-FDG (Figure 6).

After administration, the optimal imaging time is 120 min post-injection (Figure 7).

Clinical applications of '¥F-FDG-WBC [94] include infected renal cysts, infected peri-
pancreatic collections, cardiac implant infections, or after cardiac surgery. In a pilot study, a
feasible role was hypothesized in the management of chronic prosthetic joint infections,
without meaningful differences with ™ Tc-HMPAO-WBC SPECT/CT in terms of diagnos-
tic accuracy [21].

Another potential indication is the evaluation of bone involvement in diabetic cel-
lulitis [95]. In prosthetic implant surgery, the use of 8F-FDG-WBC is not affected by the
limits presented by triphasic bone scintigraphy, generally related to false positive findings
from postoperative reactive changes [96]. Even though it is not a specific infection tracer, a
negative 8F-FDG PET still has high negative predictive value; hence, in clinical practice, it
is not necessary to further study leukocytes labeled with '8F-FDG [97].
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Figure 6. Simplified preparation of '®F-FDG-radiolabeled white blood cells. Venous blood is col-
lected in a heparinized syringe; after plasma separation and centrifugation, F-FDG is added to
the white blood cell pellet suspension. After incubation, the radiolabeled white blood cell sed-
iment is reconstituted with the patient’s cell-free plasma and intravenously reinjected ('*F-FDG:
I8F_fluorodeoxyglucose;—WBC: white blood cell).

Activated
Macrophage

Bacterial
infection

Figure 7. Mechanism of uptake of ®F-FDG-labeled white blood cells in infectious foci.

Many diagnostic limitations are due to potential false negatives, such as chronic infec-
tions mediated by lymphocytes and macrophages or previous therapy (antibiotics, immune
suppressants), reducing the immune response mediated by neutrophils; furthermore, there
is low performance in the diagnosis of vertebral infections. From data available in literature
reviews, the use of 18F-FDG-WBC PET/CT in infections demonstrates feasibility and good
diagnostic performance but remains confined to the research domain, considering the
difficulty in labeling and limited availability of data [94,98]; moreover, WBCs take 24 h to
accumulate in infections, and the half-life of 18F is only 110 min [6].

5.2. 8F-FAPI

Numerous studies have demonstrated a superior diagnostic accuracy of FAPI PET/CT
over FDG PET/CT in several malignant diseases. As already stated for ®*Ga-FAPI, the
cancer specificity of the 8F-labeled analogue remains understudied, with several cases
of false-positive FAPI PET/CT reported in oncologic studies [80]. Due to its molecular
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affinity with ®¥Ga-FAP], the possibility of 'F-FAPI uptake is also conceivable in further
inflammatory conditions, other than arterial plaques and arteritis. Nevertheless, current
data on this topic are limited to diagnostic pitfalls registered in cancer populations. '®F-FAPI
needs to be tested for inflammation and infectious diseases.

5.3. 8F-fluoro-maltose (8 F-FDM)

I8E_fluoro-maltose (\8F-FDM) can be obtained by the reaction of IBE_FDG with maltose
phosphorylase; this tracer has showed in vivo accumulation directly into several clini-
cally relevant bacteria. In particular, the high sensitivity of '®F-FDM methicillin-resistant
Staphylococcus aureus could justify its clinical use in infected patients [99].

Thus, as already stated for D-11C-Met and 1'C-PABA and 'C-TMP, !3F-FDM has the
potential to directly image bacterial infections, being metabolized in bacteria. However,
the role of this tracer in inflammation imaging needs to be investigated through in vivo
studies [100].

5.4. 18F-fluorodeoxysorbitol ("8 F-FDS)

18F_Fluorodeoxysorbitol ('®F-FDS) has already been tested in preclinical studies as an
imaging probe with the capability to be enhanced in bacteria [101] and fungal diseases [102];
in healthy human volunteers, this tracer has shown no adverse reactions and the ability to
specifically detect Enterobacteriaceae infections, showing suitability for human use from
a radiation dosimetry perspective [103]. Unfortunately, no progress has been made in
translating these results to routine human use.

5.5. 8F-fluoropropyl-trimethoprim (8 F-FPTMP)

8F_fluoropropyl-trimethoprim (¥ F-FPTMP) is the fluorinated analogue of the above-
mentioned ''C-TMP. As bacteria-specific imaging probes, both of these tracers are under
study for their affinity for key enzymes in the folate synthesis pathway, in preclinical
models and in humans [62]. Despite the promising role of all antibiotic tracers, limited
success has been registered for '8F-FPTMP during the last decade, mainly due to limitations
of PET spatial resolution in the detection of bacterial infections [104].

6. Discussion

The PET tracer most used in clinical practice for infectious disease is '*F-FDG, showing
uptake in both infected and sterile inflammation, being enhanced in activated monocytes
and macrophages. Among its advantages, we must consider the extreme versatility of
this glucose analogue in imaging inflammation, the capability to assess the response to
therapy, the easy reproducibility of related PET scans, its wide availability, and the extensive
literature. The limits of '8F-FDG are its poor specificity, especially in detecting aseptic
inflammation, requiring further diagnostic procedures, with effects on dosimetry [22].

The efforts of radiochemists are dedicated to overcoming these limits by developing
novel radiopharmaceuticals such as those cited above (Table 1).

As bacterial imaging probes, proposed !!C-labeled tracers can present a higher speci-
ficity intrinsically linked to the molecular pathways of D-1'C-Met, !C-PABA, and '!C-TMP.
They could improve the detection of infectious foci, allowing the visualization of bacteria
directly at sites of infection [104].

Beyond good theoretical specificity, the major limit of these bacterial tracers could
be the difficulty to be enhanced in a large volume of bacteria, due to reports of engulfed
bacteria inside macrophages, in vitro testing results [105], and also the suboptimal limits of
PET power resolution, corresponding to 5-10 mm [106]; moreover, the concentration of this
kind of tracer in the bacteria should be higher than that of the surrounding background to
overcome these limits.
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Table 1. Summary of the different radiopharmaceuticals used for infectious disease imaging, with
their respective molecular pathways, clinical settings, advantages and drawbacks.

Nuclide Radiopharmaceuticals Molecular Evaluated Disease Advantages Drawbacks
Pathway
Incorporation into . Uptake in bacteria,  Limits of PET spatial
11 . Infected joint S .
D-"*C-Met bacterial cell rostheses [58] high signal-to- resolution for the
membrane p background ratio detection of bacteria
1 1 Bacterial folate Methicillin-resistant S. Upte.lke n bacteria,  Limits Of. PET spatial
C C-PABA synthesis aureus infection [62] high signal-to- resolution for the
Y background ratio detection of bacteria
Bacterial purine Bacterial infection Limits of PET spatial
He-TMP and thymidine acte [ 27 68]ec ° Uptake in bacteria resolution for the
synthesis ! detection of bacteria
Tuberculosis [72],
bacterial infections High affinity for . .
. . . L Missing direct
68Ga-Citrate Leukocytes [69,73], periprosthetic ~ infection sites and comparison with
apoptosis joint infections [74], signal-to- DG
and rheumatoid background ratio
arthritis [75]
FAP expression in Sarcoidosis [81], fi'ls)iftflt;‘s]gy}fiorh
8Ga %8Ga-FAPI P intracranial bacterial : ;Mg Few available data
fibroblast . signal-to-
lesions [82] .
background ratio
Somatostatin Atherosclerotic Mostly incidental
68Ga-DOTATOC/ receptor plaques [83,84], Somatostatin detec tio}; in PET/CT
DOTANOC/ expression in cardiac sarcoidosis receptors exression scans developed for
DOTATATE macrophages and [85], myocarditis in granulomas oncologic 11;)1' ose
T-cells [87,88], vasculitis [89] gic purp
Infect(.ed renal cysts, Direct
Imaging of white infected visualization of False positive findings
I8E-FDG-WBC &ing peri-pancreatic : o POSI N8
blood cells ; . leukocytes in difficulty in labeling
collections, cardiac infected foci
implant infections [94]
L . .. Incidental detection in
FAP expression in Arterial plaques and Selectivity for
1815 P plaq y
F-FAPI fibroblast arteritis [80] fibroblasts PET/CT d.e veloped for
oncologic purpose
Accumulation into Methicillin-resistant . e .
18 181
F F-FDM bacteria S.aureus infection [99] High sensitivity Few available data
18E_FDS Accumulation into  Bacterial diseases and Detection of Only preclinical
bacteria and fungi mycoses [102] Enterobacteriaceae studies
. . .. Limits of PET spatial
18F-FPTMP Bacterial f(?late S.aureus infection [62] High aff1n1.ty for resolution for the
synthesis bacteria

detection of bacteria

of best treatment options and patient prognosis.

On the other hand, thanks to their peculiar molecular pathways, the possible role of
these radiopharmaceuticals in ensuring the resistance of certain bacteria to antimicrobial
drugs needs to be assessed. Antimicrobial resistance is still a diagnostic dilemma, in terms

In this specific clinical setting, the role of PET with bacterial tracers needs to be
investigated in order to avoid unnecessary antibiotic treatments and to choose the best
antimicrobial drug [107]. The uptake of these tracers in bacterial infections, detected by



Diagnostics 2024, 14, 1043

14 of 20

PET, could be a preliminary step prior to submitting patients to a specific antimicrobial
drug [108].

All of the above considerations can be applied also to the fluorinated counterparts
of antibiotic tracers, respectively: 8F-FPTMP, '8F-FDS and '8F-FDM. The longer half-life
decay of '8F could enable the availability of these tracers also in those PET centers not
provided by a cyclotron, also allowing both early and late imaging to improve research
results [109]. Basically, there is still a lack of knowledge about the potentiality of this class
of PET radiopharmaceuticals.

Conversely, data in the literature about some of the ®®Ga-labeled tracers for inflam-
mation and infection are more robust. In particular, ®®Ga-Citrate has already shown the
capability to detect bacterial infections [72,74] due to the possibility of being highly en-
hanced in infectious foci and surrounding tissues, since its binding to transferrin allows
the distribution in the infected tissue, which is characterized by high vascular permeability
and chemotaxis factors produced by human leukocytes [69,71].

68Ga-labeled somatostatin analogues and ®Ga-FAPI enable visualization of the inflam-
matory process and infectious foci, although the record of these findings is normally linked
to incidental observations during whole-body PET/CT scans performed for oncologic
purposes [79], particularly in neuroendocrine tumor patients [86].

All Ga-labeled tracers share similar metabolic conditions such as macrophage activa-
tion, receptor expression, and chemotaxis, allowing their feasible use in the management of
infection. 8F-FAPI permits tracking other cell types such as fibroblasts, potentially improv-
ing specificity, but this feature has only been incidentally documented in oncologic studies.
Surely, ®¥Ga-labeled tracers show high target-to-background ratios and share a low rate of
physiological distribution in the brain, myocardium and liver, thus potentially playing a
role in overcoming limitations of '¥F-FDG in brain infections, myocarditis and liver abscess.
%8Ga-DOTATOC and DOTANOC have already shown good diagnostic performance in
diagnosing acute myocarditis [87,88], while ®®Ga-FAPI may enable the identification of
intracranial infections [82]. A further feasible application of ®®Ga-labeled somatostatin
analogues may also be represented by the imaging of active atherosclerotic plaques.

It is also necessary not to underestimate the larger experience of the nuclear medicine
community with ®®Ga-citrate, due to its counterpart labeled with ®’Ga, which was the most
important tracer for the study of infection and phlogosis by SPECT before the advent of
the PET era. On this topic, we must consider the potential impact of ®®Ga-citrate imaging
of infectious diseases with the help of the better-performing PET scanner, provided with
correlative CT for better delineation and stratification of infectious foci, in a single whole-
body imaging session.

Concerning the other fluorinated PET tracers, we must clarify that few data support a
high specificity of ¥F-FDG-WBC in the diagnosis of infectious foci. Unfortunately, this is a
time-consuming approach, also requiring the handling of blood, with limited data in the
literature. '8F-FAPI can present features similar to those of ®®Ga-FAPI with a better-quality
image due to the '®F emission [110]. Unfortunately, the data available in the literature do
not allow a comprehensive evaluation.

Despite the heterogeneity of the proposed tracers, we can suggest some considerations.

To date, '®F-FDG remains the most versatile and useful tracer for the diagnosis of in-
fection. On the other hand, ®8Ga-labeled tracers could overcome the limits of the specificity
of F-FDG, also enabling visualization of infectious foci in the brain and myocardium. The
%8Ga-labeled somatostatin analogues can represent a valid alternative for the diagnosis
of myocarditis.

The antibiotic tracers, especially those labeled with 18F, can play a role in the man-
agement of bacterial infections with possible implications for the assessment of treatment
efficacy, in particular in the field of antidrug resistance in bacteria; nevertheless, the limited
experience and limitations due to the low power resolution of PET do not support their
use in humans. Among nuclides, '8F is the more favorable in terms of quality image and
availability [110,111]; 1'C presents good-quality images but a rapid half-life decay, limiting
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its wide distribution, while ®*Ga-labeled tracers present an advantage over '®F-FDG in that
they can be created by a ®Ge/%Ga generator, thus not requiring a nearby cyclotron for
their use [112]. As a future trend, Zirconium-89 (%?Zr) is worthy of note as an emerging
radioisotope produced by cyclotrons, with a long half-life (3.3 days) suitable for immuno-
PET (with the synthesis of 8 Zr-antibodies) [113]. Its potential application is represented by
the production of radiolabeled antibodies directed against bacterial surface molecules. An
example of these attractive radiopharmaceuticals is the radiolabeled human monoclonal
antibody 89Zr-SAC55, directed against lipoteichoic acid (LTA), a molecule localized on the
surface of Gram-positive bacteria such as Staphylococcus aureus, as demonstrated by Pickett
et al. in a preclinical study; 8 Zr-SAC55 may be useful in the identification of infection sites,
helping in the discrimination between sterile inflammation and infection [114].

However, in the literature, there is still a lack of head-to-head comparison studies
among '8F-FDG and other cited tracers. Few data are available for all radiopharmaceuticals
evaluated in this clinical setting, in comparison to the robust literature developed in the
last decade on '8F-FDG PET/CT in infectious diseases.

As a future trend, we must also consider that some of the above limits can be overcome
by the advent of PET/magnetic resonance imaging (MRI) in clinical practice. PET/MRI,
with higher soft-tissue contrast and better-performing PET scanners, will extend the field
of molecular imaging to the study of infectious diseases [115], with high sensitivity [116].
This is a necessary step to perform prior to considering, as a further point of reflection, that
further imaging probes are under study for the visualization of retroviral infections [117],
while F-FDG already plays a role in the detection of tracer-avid lymphadenopathies
linked to monkeypox infection in HIV patients [118].

7. Conclusions

I8E-FDG is still the best tracer in the imaging of infections, but some novel molecular
probes can overcome its limits.

%8Ga-labeled PET radiopharmaceuticals can play a role in the diagnosis of infectious
diseases due to their uptake mechanisms and the high target-to-background ratio expressed.
Among these, ®®Ga-citrate shows encouraging results in the detection of infections, while
8Ga-labeled somatostatin analogues can help in diagnosing myocarditis and other infec-
tious foci in tissues with a high physiological gradient of ¥F-FDG uptake. 8F could be the
best nuclide for imaging; among fluorinated tracers, while antibiotic radiopharmaceuticals
need to be further investigated. Similar findings are conceivable for !!C-labeled antibiotic
tracers, despite the less favorable availability of el

Head-to-head comparison studies are of the utmost importance to determine the best
alternative to '8F-FDG.
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