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Preface to ”"Selected Papers from the 3rd European
Congress on Imaging Infection and Inflammation”

Infectious diseases have always been an area of medicine, in which nuclear medicine
technologies provides relevant information for differential diagnosis versus sterile inflammatory
conditions and therapy decision-making. Furthermore, appropriate patient management and
therapy follow-up require appropriate imaging technologies. In the past few decades, we have
organized several seminars, courses, and international congresses with the primary aim of
standardized, worldwide, nuclear medicine techniques for infection imaging. After this achievement,
we concentrated on divulgation and collaboration with several other scientific societies to correctly
position nuclear medicine procedures in diagnostic algorithms of several diseases. The 3rd European
congress on “Inflammation-Infection Imaging” held in Rome in December 2019, just before the
Covid lockdown, had several interactive sessions with lectures and clinical cases, each topic was
treated exhaustively from radiological and nuclear medicine point of view with the participation
of clinicians, experts in the field, who have contributed to round table discussions. The main
goal of this congress was to provide advanced knowledge on diagnostic imaging of infection
and inflammation (including bacterial imaging) with a particular focus on the methods of hybrid
nuclear medicine and radiological imaging, as well as the practical aspects of imaging with labeled
leukocytes and other new radiopharmaceuticals for SPECT and PET. Despite the publication of
several procedural guidelines and several evidence-based guidelines on the diagnosis of infection,
some topics still presented discrepancies and different points of view among specialists. We, therefore,
aimed at inviting all these specialists to discuss and resolve controversies with the final publication
of consensus documents. This book includes all the consensus documents generated at the end of
each round table session and some of the most interesting and new papers presented at the congress.

A milestone in the field of management of patients with infections.

Alberto Signore, Luca Maria Sconfienza
Editors
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Abstract: Poly-lactic-co-glycolic acid nanoparticles (PLGA-NPs) were approved by the Food and
Drug Administration (FDA) for drug delivery in cancer. The enhanced permeability and retention
(EPR) effect drives their accumulation minimizing the side effects of chemotherapeutics. Our aim
was to develop a new theranostic tool for cancer diagnosis and therapy based on PLGA-NPs and to
evaluate the added value of vascular endothelial growth factor (VEGF) for enhanced tumor targeting.
In vitro and in vivo properties of PLGA-NPs were tested and compared with VEGF-PLGA-NPs.
Dynamic light scattering (DLS) was performed to evaluate the particle size, polydispersity index (PDI),
and zeta potential of both preparations. Spectroscopy was used to confirm the absorption spectra
in the near-infrared (NIR). In vivo, in BALB/c mice bearing a syngeneic tumor in the right thigh,
intravenously injected PLGA-NPs showed a high target-to-muscle ratio (4.2 T/M at 24 h post-injection)
that increased over time, with a maximum uptake at 72 h and a retention of the NPs up to 240 h.
VEGF-PLGA-NPs accumulated in tumors 1.75 times more than PLGA-NPs with a tumor-to-muscle
ratio of 7.90 + 1.61 (versus 4.49 + 0.54 of PLGA-NPs). Our study highlights the tumor-targeting
potential of PLGA-NPs for diagnostic and therapeutic applications. Such NPs can be conjugated with
proteins such as VEGF to increase accumulation in tumor lesions.

Keywords: polymeric nanoparticles; PLGA; optical imaging; tumor targeting

1. Introduction

The latest advances in molecular imaging are closely related to the use of new tools, such as nano-
or micro-particles that can be used for several applications, from detection and diagnosis to drug
delivery and treatment [1]. Different nanomaterials are used to create particles with a range from 1 to
1000 nm, and so, are defined as nano-particles (NPs) [2]. They offer the advantage to deliver drugs to the
target with high efficiency and low systemic toxicity [3,4]. The NPs formulated with organic polymers
(polymeric NPs) are generally one of the best choices for clinical or pre-clinical use due to their favorable
characteristics such as non-immunogenicity, non-toxicity, biodegradability, and biocompatibility [5].

J. Clin. Med. 2020, 9, 1750; doi:10.3390/jcm9061750 1 www.mdpi.com/journal/jem
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Indeed, PLGA have been approved by the Food and Drug Administration (FDA) and the European
Medicine Agency (EMA) as copolymers to deliver drugs, and today about 16 approved pharmaceuticals
are based on the use of these NPs [6,7]. Their in vivo biodistribution is greatly influenced by different
physical and chemical characteristics, among which size and glycolic:lactic acid ratio play a key
role [8,9]. The NPs accumulate in target lesions with an active or passive mechanism. The passive
mechanism is represented by the enhanced permeability and retention (EPR) effect, that allows NPs
with a size in the 20-200 nm range to accumulate in cancer lesions with an impaired vasculature [10,11].
Therefore, this mechanism is of great importance when using nanotechnologies in oncology [12-14].
Moreover, the flexibility of PLGA-NPs offers the advantage to combine their ability to deliver drugs
with the possibility to functionalize them with peptides, proteins, or imaging probes [15]. Since tumor
and stromal cells produce several proangiogenic factors, such as proteins from the vascular endothelial
growth factor (VEGF) family, they are usually characterized by high and irregular vascularization [16].
Therefore, targeting of either VEGF or VEGEF receptor (VEGFR) can be achieved and exploited to
increase PLGA accumulation in tumor lesions [17].

In the present study, we investigated the possibility of using specifically designed PLGA-NPs as
a tool for future theranostic applications. We selected PLGA-NPs (lactic acid:glycolic acid ratio of 50:50,
average size of 100-200 nm) conjugated with a near-infrared (NIR) fluorochrome with an excitation
wavelength at 780 nm and emission wavelength at 825 nm, allowing a deeper tissue penetration of
fluorescence [18]. The target capacity and the pharmacokinetic of native PLGA-NPs was investigated
in vivo to evaluate the tumor detection and then the retention of PLGA-NPs up to 240 h.

To actively target tumor cells over-expressing VEGFR, the PLGA-NPs were loaded with
a recombinant human VEGF-A165 (thVEGF) analog by the 1-Ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride/N-hydroxysuccinimide (EDC/NHS) covalent coupling method.
The successful functionalization of NPs was examined with an invitro kinetic binding of
VEGF-PLGA-NPs with the VEGF Receptor-2 (KDR)/Fc chimera human compared to native PLGA-NPs.
Tumor targeting of VEGF-PLGA-NPs was examined in vivo 24 h post-injection (p.i.) and compared
with native PLGA-NPs. The T/M showed an increasing of PLGA-NPs capability to target the tumor
over-expressing VEGFR.

2. Materials and Methods

2.1. PLGA-NPs

PLGA (D, L-lactide-co-glycolide) nanoparticles with a lactic acid:glycolic acid ratio of 50:50,
average size of 100-200 nm, conjugated with a NIR fluorochrome with an excitation/emission
wavelength of 780/825 nm, were purchased from Degradex® (Phosphorex Inc., Hopkinton, MA, USA).

2.2. PLGA-NPs Functionalization with VEGF

The conjugation of VEGF was performed by using the 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) coupling protocol. EDC and NHS were
purchased from Thermo Scientific (ThermoFisher, Waltham, MA, USA). The recombinant human
VEGF-A165 analog with a molecular weight of 38.2 kDa was purchased by Prospec-Tany Technogene Ltd.
(Rehovot, Israel). This molecule shares 88% homology with murine VEGF and has been previously used
in mice [19,20]. The carboxylate (-(COOH) PLGA-NPs react with NHS in the presence of EDC to create
a stable crosslinking with the primary amines (-NHj) of the VEGF molecule. The conjugation condition
was initially optimized with the use of bovine serum albumin (BSA), evaluating the protein-particle
ratio, pH, the choice of buffer, the reaction time, and the purification method. A suspension of 6 mL
MES bulffer (pH 6.0) containing a concentration of PLGA-NPs (5 mg/mL) were first reacted with 30 mg
of EDC (5 mg/mL in phosphate-buffered saline (PBS) pH 7.4). Then, 30 mg of NHS (5mg/mL in PBS,
pH 7.4) were added to the solution and incubated at room temperature with agitation for 15 min.
To separate the activated PLGA-NPs from an excess of EDC, EDC-by-products, and NHS, the sample
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was centrifuged with a high-speed micro-centrifuge (ThermoFisher, Waltham, MA, USA) at 12,000 rpm
(9500 g) 4 °C for 20 min and washing 3 times with 1 mL PBS (pH 7.4). The EDC coupling creates
an unstable reactive o-acylisourea ester group that is easily substituted by an amine-reactive ester
in the presence of NHS. The resulting NHS ester is semi-stable but very reactive towards the amino
groups on the VEGF molecule. The carboxyl-amine reaction allows the conjugation of the VEGF
onto the PLGA-NPs. RhVEGF (2 mg) was added to the PLGA-NPs suspension and the conjugation
proceeded for 2 h at room temperature. The resulting VEGF-PLGA-NPs were collected by 3 times
ultracentrifugation at 12,000 rpm (9500 g), 4 °C for 20 min, and was washed with 1 mL of PBS (pH 7.4)
to remove unconjugated VEGE.

2.3. Calculation of Average Size and Zeta Potential

The mean size, the polydispersity index (PDI), and the net surface charges (zeta potential) of native
and functionalized PLGA-NPs were measured by dynamic light scattering (DLS), using photon
correction spectroscopy, electrophoretic mobility analysis, and potential distribution at 25 °C
with water as suspension medium. Reading was performed with a NanoZetaSizer analyzer
(Malvern Instruments Ltd., Malvern, UK) equipped witha 5 mW HeNe laser (wavelength A = 632.8 nm),
a digital logarithmic correlator and a non-invasive backscattering (NIBS) optical system. Briefly, 10 uL
(100 pg) PLGA-NPs were suspended with 90 uL H,O and loaded in Sarstedt polystyrol/polystyrene
cuvettes (10 x 10 X 45 mm) for size and PDI measurements. For zeta potential analysis, 20 uL
(200 ng) PLGA-NPs and VEGF-PLGA-NPs were suspended with 980 uL H,O, sonicated to reduce
the aggregation and loaded in Malvern folded capillary cells for zeta potential measurements.
Absorption spectra were acquired by a Jasco V-630 spectrophotometer. Briefly, 50 uL (500 ng)
PLGA-NPs and VEGF-PLGA-NPs were diluted with 400 uL H,O and loaded in J18 Jasco quartz cells
(path length = 10 mm). Water solution was measured separately as a blank solution and subtracted by
sample spectra. All experiments were performed in triplicate.

2.4. In Vitro Binding of VEGF-PLGA-NPs and PLGA-NPs to KDR-Fc

In vitro binding of native or VEGF-functionalized PLGA-NPs was performed with Nunc
MaxiSorp™ 96 well plates (ThermoFisher, Waltham, MA, USA). The binding properties due to
the hydrophilic surface of the wells allowed the coating of the VEGF Receptor-2 (KDR)/Fc chimera
human (Sigma-Aldrich, St. Louis, MO, USA). Briefly, 50 puL of KDR-Fc in a final concentration of
0.002 pg/uL in bicarbonate/carbonate coating buffer (100 mM) was added to each well and the plate was
covered and incubated 48 h at 4 °C. The coating solution was removed and the wells were rinsed two
times with PBS (pH 7.4). Then, 150 uL of skimmed milk powder 2% (w/v) in PBS were added per well
to block residual binding sites for 1 h at 37 °C. As a negative control, a blocking solution was added to
each well that had not been coated with KDR-Fc. The blocking solution was removed by rinsing twice
with 1 x PBS, pH 7.4. Then, 100 uL of two-fold dilution of VEGF-PLGA-NPs and native PLGA-NPs
were added to each well followed by overnight incubation at 4 °C. KDR-Fc-uncoated wells were used
to evaluate non-specific binding to the plastic. After incubation, the plate was washed two times
with PBS and imaged with an in vivo FX station (Molecular Imaging Software, Kodak, Sevie County,
TN, USA). Regions of interest (ROIs) were drawn for each well and the mean fluorescent intensity
(mean IF) was calculated. The mean IF from wells without KDR-Fc (-KDR) was subtracted to the
mean IF calculated in well coated with KDR-Fc (+KDR) to obtain PLGA-NPs and VEGF-PLGA-NPs
net binding to KDR-Fc. Experiments were performed in triplicate.

2.5. In Vivo Studies

2.5.1. Mouse Model

All animal experiments were carried out in compliance with the local ethics committee and in
agreement with the National rules and the EU regulation (Study 204/2018-PR). A syngeneic murine
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tumor model was used for in vivo studies. The model was obtained by subcutaneous injection in
the right thigh of 10° J774a.1 cells (reticulum cell sarcoma) in a medium: Matrigel® (BD-Biosciences,
Bergen, NJ, USA) solution (200 puL, 50:50, v:v), in female BALB/c mice (8 weeks). Cells were
purchased from American Type Culture Collection (ATCC® TIB-67™, Milan, Italy) and grown
in ATCC-formulated Dulbecco’s Modified Eagle’s Medium supplemented with 10% of fetal bovine
serum at 37 °Cand in 5% CO,. The 8-week-old female BALB/c mice were purchased from Harlan
Laboratories. After about 20 days from the inoculation, the tumors became palpable and the targeting
experiments were performed.

2.5.2. Pharmacokinetic of PLGA-NPs

To evaluate the kinetics and tumor targeting of native PLGA-NPs, 100 pL of NPs (500 ng) diluted
with 50 uL NaCl were injected in the tail vein of 22 BALB/c mice, bearing a subcutaneous syngeneic
tumor (reticulum cells sarcoma). At 2, 24, 48, and 72 h p.i. 5 mice per time point were anesthetized
to acquire whole-body images with a Kodak in vivo FX station. Then, mice were sacrificed to excise
major organs (liver, spleen, lungs, kidneys, muscle, tumor) to perform ex vivo optical imaging and
quantify the uptake of PLGA-NPs in selected organs. ROIs were drawn over each organ, and the
fluorescence signal was calculated as net fluorescence/area of the organ. Whole-body optical imaging
only was performed in the last two mice up to 240 h.

2.5.3. Tumor Targeting of VEGF-PLGA-NPs and of PLGA-NPs

For tumor targeting experiments, fluorescent PLGA-NPs and VEGF-PLGA-NPs (500 pg in 150 pL
0.9% NaCl solution) were injected in the tail vein of 10 BALB/c mice (5 mice for each compound),
bearing a subcutaneous syngeneic tumor (reticulum cells sarcoma). After 24 h, whole-body images
were acquired and then mice were sacrificed. Liver, spleen, lungs, kidney, muscle, and tumor were
excised for ex vivo optical imaging. On ex vivo images, ROIs were drawn to quantify the uptake of
PLGA-NPs and VEGF-PLGA-NPs in selected organs and to calculate the tumor-to-muscle ratio (T/M).
The fluorescence signal was calculated as net fluorescence/area.

2.6. Statistical Analysis

Statistical analysis was performed using SAS v. 9.4 (SAS Institute Inc., Cary, NC, USA).

Variables continuous was showed as mean + standard deviation (SD). Shapiro-Wilk test was used
to verify the normality of distribution of continuous variables. We applied the Box-Cox procedure which
allowed to identify suitable mathematical functions (log10, quadratic, and inverse) which make the
non-normal continuous variables/residuals subsequently distributed according to the Gauss condition.
Comparisons between “PLGA-NPs” vs. “VEGF-PLGA-NPs” and continuous variables were analyzed
by t-test. We used the Satterthwaite formula when the variances were unequal. Differences between
time (2 h, 24 h, 48 h, and 72 h) and the continuous variables were tested by GLM (General Liner
Model) test. Homoscedasticity was verified by Levene and Brown-Forsythe tests. Post-hoc analysis
was performed by the Tukey test. Mann-Whitney test was used comparing data of net binding of
PLGA-NPs and VEGF-PLGA-NPs to KDR. A p < 0.05 was considered statistically significant.

3. Results

3.1. Characterization of Native and VEGF Functionalized PLGA-NPs

Preliminary characterization showed that native PLGA-NPs have a zeta average of 180 + 17.08 nm
with a PDI of 0.25 + 0.02. The VEGF-PLGA-NPs have a zeta average of 173 + 7.39 nm with a PDI of
0.17 £ 0.01. The zeta average and the PDI were reported as mean + standard deviation (SD) of three
measurements performed on the same sample (Table 1). Native PLGA-NPs showed a negative zeta
potential value of —37.60 + 0.67 mV, that excludes the presence of aggregates due to the Van der Waal
interactions. The VEGE-PLGA-NPs have a zeta potential value of —9.43 mV that indicated a change in



J. Clin. Med. 2020, 9, 1750

the potential difference across the boundaries between liquid and the NPs surface, revealing that the
conjugation was successful (Figure 1).
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Figure 1. Particle size distribution and zeta measurement profile of native (a,b) and vascular endothelial
growth factor-conjugated poly-lactic-co-glycolic acid nanoparticles (VEGF-PLGA-NPs) (c,d). Data are
three different measurements made by the instrument on the same sample. (a) Size distribution of
PLGA-NPs; (b) zeta potential distribution of PLGA-NPs; (c) size distribution of VEGF-PLGA-NPs;
(d) zeta potential distribution of VEGF-PLGA-NPs.

Table 1. Characterization of PLGA-NPs and VEGF-PLGA-NPs to the DLS. Data are expressed as
mean + SD of three measurements.

PLGA-NPs VEGF-PLGA-NPs t Test

Mean + SD Mean + SD (p)

Zeta average (nm) 180.2 + 17.08 173.03 +7.39 ns.

Polydispersity index 0.25+0.02 0.17 £ 0.01 0.01

Mean intensity (nm)  169.73 + 15.10 208.60 + 4.97 0.03
Zeta potential (mV) —-37.6 £ 0.67 -9.43 +0.25 0.0001

Bold: statistically significant (p < 0.05).

The spectroscopy was performed to confirm the absorbance of the sample. The results
confirmed the absorbance of the fluorochrome conjugated with PLGA in the near-infrared region,
generating an emission peak >700 nm (Figure 2).
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Figure 2. Light absorption spectra of poly-lactic-co-glycolic acid nanoparticles (PLGA-NPs)
(a), and vascular endothelial growth factor-conjugated poly-lactic-co-glycolic acid nanoparticles
(VEGF-PLGA-NPs) (b). Both the nano-formulations generated an emission peak >700 nm. Solvent was
bidistilled water, pH 5.0.

3.2. In Vitro Binding of PLGA-NPs and VEGF-PLGA-NPs to KDR-Fc
In vitro binding studies with PLGA-NPs and VEGF-PLGA-NPs are summarized in Figure 3.

PLGA-NPs VEGF-PLGA-NPs
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Figure 3. Invitro binding assay of PLGA-NPs (a) and VEGF-PLGA-NPs (b) to VEGF Receptor-2
(KDR)/Fc chimera human (KDR-Fc). KDR-Fc at concentration of 0.002 ug/uL was coated on the surface
of 96-well plates. Two-fold dilutions of PLGA-NPs and VEGF-PLGA-NPs were incubated overnight at
4 °C. The mean fluorescent intensity (IF) was calculated for each well using in vivo FX station Kodak.
Net binding was calculated by subtracting the mean IF in - KDR wells (negative control) to the mean
IF calculated in +KDR well. One well for each dilution has not been coated with KDR-Fc and it was
used as a negative control (-KDR). Results are presented as the means =+ S.D (bars) of three separate
experiments. Statistical analysis by Mann-Witney test showed significant difference between the two
binding curves (p < 0.0001).

PLGA-NPs showed low NET binding to KDR-Fc that increased linearly with the concentration,
properly due to non-specific interactions.

On the other hand, NET binding of VEGF-PLGA-NPs reached a plateau at 1.2 mg/mL due to
a VEGER saturation, demonstrating the specific interaction between VEGF and KDR-Fc.

The results indicated the binding specificity of VEGF functionalized PLGA-NPs with the KDR-Fc.

3.3. In Vivo Studies

Pharmacokinetic and Tumor Targeting of PLGA-NPs

In vivo pharmacokinetic studies of PLGA-NPs showed maximum tumor uptake at 72 h p.i.,
as shown in Figure 4. This result was confirmed by ex vivo imaging of the collected organs and
a semi-quantitative analysis of the ROIs (Figure 5, Table 2). After PLGA-NPs injection, the tumor was
clearly visible in planar whole body images, with a signal that increased up to 24 h with a high contrast
to noise ratio. Tumor accumulation of PLGA-NPs gradually decreased with time over 240 h p.i.
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2h 24 h 48 h 72 h 9% h 168 h 240 h

Figure 4. Whole body optical images of the same mouse bearing a subcutaneous syngeneic tumor at

2,24,48,72,96, 168, 240 h post-injection of 500 pg of fluorescent PLGA-NPs subcutaneously in the
right flank.
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Figure 5. Biodistribution of PLGA-NPs in BALB/c mice. Data are expressed as average fluorescence
(NET/Area) + SD of five different mice per time point.

Table 2. Ex vivo fluorescence (NET/Area) of organs at different time points.

2h 24h 48h 72h
Parameter
Mean + SD (95% CI) Mean + SD (95% CI) Mean + SD (95% CI) Mean + SD (95% CI)
Tumor 3.03+037 28.75 + 2.02 3258 + 1.62 39.32 + 5.95 00001
(2.58 to 3.49) (26.23 to 31.26) (30.57 to 34.59) (31.92 to 46.71) -
. 16.94 £ 1.19 14.67 £ 2.19 10.56 = 0.85 726 + 0.51
Liver ** (1547 to 18.41) (11.94 to 17.39) (9.50 to 11.61) (6.62 t0 7.89) <0.0001
Musele 623 + 134 683+2.72 5.16 + 1.05 439+ 134 e
(457 to 7.89) (3.46 to 10.21) (3.86 to 6.46) (2.73 t0 6.05) S
Spleen 9.25+2.19 7.64+ 338 573+ 152 484075 002
(6.53 to 11.96) (344 to 11.84) (384 107.62) (3.90 t0 5.77) -
Lungs 14.22 + 1.01 8.56 + 2.64 6.83 4129 5.86+1.92 00001
(12.96 to 15.48) (5.28 to 11.85) (5.22 to 8.44) (347 t0 8.25) -
Kidneys 10.21 % 1.01 9.70 + 1.96 649235 528+ 1.08 0.0006
(8.96 to 11.46) (7.26 to 12.14) (3.58 t0 9.40) (3.93 10 6.62) -

* logyo transformed; ** quadratic transformed; Tumor: post-hoc analysis: p (2 h vs. 24 h) < 0.0001;
p (2hvs.48h) < 0.0001; p (2 h vs. 72 h) < 0.0001; p (24 h vs. 72 h) = 0.0023; Liver: post-hoc analysis:
p(2hvs. 24h)=0.042; p (2 h vs. 48 h) < 0.0001; p (2 h vs. 72 h) < 0.0001; p (24 h vs. 48 h) = 0.0016;
p (24hvs. 72h) < 0.0001; Spleen: post-hoc analysis: p (2 h vs. 72 h) = 0.026; Lungs: post-hoc analysis:
p(2hvs. 24h) =0.0008; p (2 h vs. 48 h) < 0.0001; p (2 h vs. 72 h) < 0.0001; Kidneys: post-hoc analysis:
p (2hvs. 48 h) = 0.015; p (2 h vs. 72 h) = 0.0015; p (24 h vs. 48 h) = 0.039; p (24 h vs. 72 h) = 0.004. Bold: statistically
significant (p < 0.05).

Ex vivo studies (Table 2) revealed that the main route of excretion is the liver due to the size
of PLGA-NPs that exceed the glomerular filtration cut-off. However, fluorescence from the kidneys
was also observed, probably due to the elimination of PLGA metabolites. In the blood circulation,
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PLGA are cleared by the cells of the mononuclear phagocytic system (MPS), that are also present in
lungs, thus explaining their mean IF.

The signal from the spleen, lungs, liver, and kidneys decreases from 2 h to 24 h, whereas the
signal from the tumor increases with time. Imaging studies with PLGA-NPs and VEGF-PLGA-NPs are
reported in Figure 6. Mice injected with VEGF-PLGA-NPs showed increased tumor uptake and higher
T/M ratio if compared to PLGA-NPs (Figure 7, Table 3).

PLGA-NPs

VEGF-PLGA-NPs

Figure 6. Whole body images of two mice bearing a syngeneic J744a.1 tumor in the right thigh and
acquired 24 h post-injection (p.i.) of native PLGA-NPs (left) and VEGF-PLGA-NPs (right).
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Figure 7. Comparative distribution of PLGA-NPs and VEGF-PLGA-NPs at 24 h post-injection (p.i.) in
collected organs. Data are expressed as average fluorescence (NET/Area) + SD of five different mice

per group.

Table 3. fluorescence (NET/Area) of different organs at 24 h p.i. of PLGA-NPs and VEGF-PLGA-NPs.

PLGA-NPs VEGF-PLGA-NPs £ Test
Parameter
Mean + SD (95% CI) Mean + SD (95% CI) ®»
Tumor ° 29.95 + 1.92 (27.56 to 32.33) 39.83 + 7.17 (30.92 to 48.74) 0.03
Liver ° 15.17 + 0.55 (14.48 to 15.85) 11.86 + 2.42 (5.84 to 17.88) ns.
Muscle 6.73 + 0.73 (5.82 to 7.65) 5.18 + 1.31 (3.56 to 6.80) ns.
Spleen ° 14.29 + 1.71 (12.18 to 16.41) 3.20 + 0.44 (2.50 to 3.89) <0.0001
Lungs ° 10.53 + 1.59 (8.55 to 12.50) 12.37 + 6.24 (4.62 t0 20.12) ns.
Kidneys 10.96 + 2.03 (8.43 to 13.49) 12.92 + 5.99 (5.48 to 20.36) n.s.
/M * 4.49 +0.54 (3.81 to 5.17) 7.90 + 1.61 (5.90 to 9.90) 0.0003

* Inverse transformed; ° Satterthwaite correction. Bold: statistically significant (p < 0.05).



J. Clin. Med. 2020, 9, 1750

4. Discussion

Recently, biodegradable PLGA-NPs have been intensively investigated as carriers for drugs,
peptides, and other molecules to treat cancer with low systemic toxicity [21,22]. However, nanoparticles
are versatile molecules that could be also used for diagnostic imaging [23].

PLGA-NPs characteristics such as size, surface charge, and polymer composition, can be tuned to
modify their in vivo biodistribution and make them suitable tools for different purposes [24,25].

For example, they could be even modified to enhance binding and active targeting to specific tumor
antigens [26,27]. Given the many reports on the use of PLGA-NPs as a delivery system, we wanted
to test the potential of specifically designed (lactic acid:glycolic acid ratio of 50:50, average size of
100-200 nm) NIR-fluorescent PLGA-NPs as theranostic tools for diagnosis and therapy of cancer.
Preliminary results obtained by our group and confirmed by this study, showed that PLGA-NPs have
suitable characteristics to be used as an in vivo targeting tool due to high accumulation in tumors thanks
to the EPR effect. Indeed, high T/B ratios in tumors are achieved within 24 h p.i. of NIR-PLGA-NPs
and reach their maximum at 72 h. To increase their accumulation in tumor lesions and reduce uptake
in the liver and kidneys, we also developed fluorescent VEGF-conjugated NPs. Indeed, pathological
neo-angiogenesis is involved in tumor growth and distant metastatization [28]. The angiogenic
cytokines, as the vascular endothelial growth factor A (VEGF-A), are involved in the growth and
remodeling of vessels in the tumor microenvironment [29-31]. Several targeted therapies based on
VEGF/VEGER signaling have been developed in different oncological diseases [32]. For example,
the clinically approved anti-VEGF monoclonal antibody (mAb), bevacizumab, recognizes the free VEGF
isoforms blocking their binding with VEGEFR [33]. The anti-angiogenic tyrosine kinase inhibitors (TKIs),
sorafenib, and sunitinib, were approved to target the VEGFR2, blocking the signaling cascade [34].

The clinical implications of VEGF-targeted therapies caused several benefits for the majority of
patients, with the exception of a small fraction [35]. This highlighted the importance of angiogenic
markers when it comes to theranostic. In literature PLGA-NPs are widely described as a delivery
system, encapsulating inside the polymers drugs or molecules usually with the double emulsion-solvent
evaporation technique or nanoprecipitation method [36-38]. VEGF molecules are usually encapsulated
inside the PLGA-NPs for therapeutic purposes as therapeutic angiogenesis or tissue regeneration [39,40].
In the present study, we functionalized the surface of NIR-fluorescent PLGA-NPs with the rhVEGF-A165
analog to enhance their accumulation in tumors.

A similar approach has been described by Shi et al. that used recombinant human VEGF-C and
achieved successful conjugation of the protein with NPs. However, their particle size was bigger than
our (400 nm vs. 150 nm) and no biodistribution in vivo was shown [41].

Our results from DLS analysis showed a significant drop in the zeta potential from -37.6 mV
(of PLGA-NPs) to —9.4 mV (of VEGF-PLGA-NPs). However, the zeta potential indicates the potential
difference across the boundaries between liquid and solid phases. This value should be higher than
+25 mV or lower than —25 mV to indicate good stability. In the range between +25mV and —25 mV it
indicates poor or no stability. The zeta potential should be evaluated together with the PDI that shows
the dispersity of NPs in the liquid suspension and should be closer to 0. This index reveals the degree
of dispersion of NPs in suspension (PDI higher than 0.7 indicates polydisperse NPs and aggregates;
PDI less than 0.5 indicates monodisperse NPs without aggregates) [42]. Our results showed that
VEGEF-NPs, despite a suboptimal zeta potential (-9.4 mV), have an excellent value of PDI (0.17) and
therefore reasonably stable to be used for in vitro or in vivo studies.

In vitro binding studies to KDR-Fc, showed that, despite some non-specific interactions with the
plastic surface, the binding of VEGF-PLGA-NPs to VEGF receptors (KDR-Fc) is specific. This result
supports the finding of an increased T/M ratio of VEGF-PLGA-NPs if compared to PLGA-NPs. We also
observed in vivo a lower uptake in other major organs (e.g., liver and spleen) and higher accumulation
in kidneys. From a translational point of view, it would be very useful to have a diagnostic imaging
probe that allows us to evaluate the degree of accumulation in tumors prior to administer the same NPs
containing an anticancer drug. Fluorescent probes, despite their usefulness in pre-clinical applications,
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have limited penetration in tissues and are not suitable for human studies [43]. The limited penetration
of light can be overcome by the use of radioactive isotopes, such as Copper-64 (T1, = 12.7 h) for
positron emission tomography (PET) or Technetium-99 m (T, = 6 h) for gamma-camera imaging [44].
Our study, showing high tumor accumulation of PLGA-NPs (with or without VEGF) within 24 h from
injection, is preparatory for the development of radiolabeled NPs with diagnostic and/or therapeutic
purposes, replacing the NIR-fluorescent probe. The use of radioisotopes, especially alfa or beta-
emitters, poses a serious problem of liver and kidneys radiotoxicity and we believe that the added
value of VEGEF (or other targeting molecules) functionalization might mitigate this issue [45,46]. In this
perspective, we selected for targeting studies the time point of 24 h p.i., as it matches with the half-life of
most common diagnostic isotopes. Indeed, it would be of great interest to investigate later time points
with VEGF-NPs, especially if radiolabeled with a therapeutic isotope, but priority should be given to
test NPs radiolabeled with diagnostic isotopes to confirm the results obtained with optical imaging.

5. Conclusions

The use of PLGA as a delivery system for several drugs has already been approved by the FDA and
several studies have focused on their design for this purpose. Despite the extensive work with the PLGA
in the therapeutic field, they have not been extensively explored as an imaging tool in humans [47,48].
Despite the recent progress in nanomedicine, the imaging depth-limit of fluorescence does not allow
the application of these NPs for human diagnostic purposes [49]. For this reason, our strategy was to
use fluorescent-PLGA-NPs as screening probes to assess pharmacokinetic, tumor targeting, and T/M
ratio of native and functionalized PLGA-NPs. Second step will be to develop radiolabeled NPs with
translational potential.

In summary, our study confirms the potential of 50:50 100-200 nm PLGA-NPs as a theranostic
tool in oncology. Functionalization with targeting molecules, such as VEGE, can increase their T/M
ratio in vivo, but the replacement of fluorescent probes is mandatory to translate results in humans.
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Abstract: Bacterial infections are the main cause of patient morbidity and mortality worldwide.
Diagnosis can be difficult and delayed as well as the identification of the etiological pathogen,
necessary for a tailored antibiotic therapy. Several non-invasive diagnostic procedures are available,
all with pros and cons. Molecular nuclear medicine has highly contributed in this field by proposing
several different radiopharmaceuticals (antimicrobial peptides, leukocytes, cytokines, antibiotics,
sugars, etc.) but none proved to be highly specific for bacteria, although many agents in development
look promising. Indeed, factors including the number and strain of bacteria, the infection site, and the
host condition, may affect the specificity of the tested radiopharmaceuticals. At the Third European
Congress on Infection/Inflammation Imaging, a round table discussion was dedicated to debate the
pros and cons of different radiopharmaceuticals for imaging bacteria with the final goal to find a
consensus on the most relevant research steps that should be fulfilled when testing a new probe,
based on experience and cumulative published evidence.

Keywords: infection; bacteria; radiopharmaceutical; molecular imaging; nuclear medicine

1. Introduction

The diagnosis of bacterial infections remains a serious medical challenge, as they are
among the main causes of mortality and morbidity worldwide. Nuclear medicine lacks specific
radiopharmaceuticals to discriminate infection from sterile inflammation, and radiology often has poor
sensitivity in detecting infective foci, especially in the early phases or in deeply seated infections. The
diagnosis of infection often relies on serological markers and clinical symptoms, the gold standard
being the isolation of the pathogen [1,2].

Indeed, radiological imaging modalities, such as X-rays, ultrasound (US), computed tomography
(CT) and magnetic resonance imaging (MRI) provide an indication of the anatomical area of lesion
only after the formation of a morphological alteration.
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For Nuclear medicine imaging, many radiopharmaceuticals have been synthetized to detect
physiological and biochemical changes at the early stages of infection, but to date, none have been made
commercially available. Appropriate radiopharmaceuticals should enable early diagnostic imaging,
identifying the pathogen and its biological characteristics, thus monitoring the therapy response as well
as identifying drug-resistant strains, and the prognosis. The ideal one should have fast accumulation,
high retention at the site of infection with fast clearance from non-infected tissues, with low absorbed
radiation dose. In addition, it must be readily available, with simple labelling, inexpensive, repeatable
and safe [3].

Nowadays, according to these criteria, the detection of infection by non-specific radiopharmaceuticals
could be performed with metabolism-based particles (nucleoside analogues, sugars, cell
wall components, components based in iron metabolism), antimicrobial peptides, antibiotics
(fluoroquinolones, cephalosporins, antifolates), immunoglobulins and cytokines labelled with
gamma- or positron-emitting isotopes (18F, 64Cuy, 8Ga, PMTc, Mn, Ga etc.), aptamers/oligomers,
bacteriophages, and vitamins (Figure 1), [4-7]. However, each approach has its limitations and
investigations lack standardization.

Nucleoside

analogues 99mTc/*8F-cip in 9mTc-sitafloxacin %™ Tc-ofl
99mTc-sparfloxacin 9™ Tc-lomefloxacin *™Tc-norfloxacin

12¢), 1251 F|AU 99mTc-moxifloxacin %= Te-pefloxacin %¥=Te-danofloxaci

99mTe-ceph in 9™ Tc- in 99mTc-cef
99mTc. ixozime 9™ Tc- i 99mTe-i iazid

9mTe-cefuroxime 9™ Tc-ceftazimide 9™Tc-cefazolin
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Folic acid and metabolism
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18F-fluorodeoxysorbitol (:F-FDS)
Figure 1. Schematic representation of most radiopharmaceuticals proposed for targeting bacteria,
according to their mechanism of action. However, none are able, in humans, to differentiate between
infection and inflammation with high diagnostic accuracy (>95%).

It is now well known that ['®F]-fluorodeoxyglucose (['®F]JFDG) is taken up by the cells involved
in the inflammatory response (e.g., neutrophils, macrophages and activated leukocytes) because
they express high levels of glucose transporters like malignant cells (albeit not to the same extent),
and in addition, circulating cytokines seem to increase the affinity of these glucose transporters for
['®F]FDG [8] and it has recently been shown that some bacterial strain can also bind [*8F]FDG [9].

Nonetheless, the non-specific nature of ['*F]JFDG may also be a hindrance in other settings, as the
distinction between aseptic inflammation and infectious foci is difficult. Much work has been invested
in optimizing the use of ["*F[FDG.

On the other hand, in recent years, some more specific radiopharmaceuticals were developed in
different nuclear medicine fields, such as the oncological one (e.g., prostate-specific membrane antigen
(PSMA)-imaging for prostate cancer and various radiopharmaceuticals for neuroendocrine tumours).
Just as tumour imaging, more specific radiopharmaceuticals are also being investigated for infection,
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even if “™Tc and '!In-labelled white-blood-cells (WBC) remain the gold standard technique for the
nuclear medicine imaging of infections [10].

Possible reasons for not having a commercially available radiopharmaceutical yet for imaging
bacteria, could be the high costwith respect to the available market, but more likely, the lack of
reproducibility of the published data. This is because different animal models are often used, different
bacteria, different methods of image acquisition and interpretation, different quality controls on
radiopharmaceuticals, etc.

Based on the active discussion during the round table session on “Bacteria imaging” at
the Third European Congress on Infection/Inflammation Imaging, we aimed with this paper to
generate a consensus document on the minimum requirements needed for more infection-specific
radiopharmaceuticals for bacteria imaging (i.e., radiopharmaceuticals aimed directly at the
microorganism and not only at the secondary inflammatory response), looking also at the upcoming
technologies that could improve diagnosis and patient comfort, especially in areas not readily accessible
for sampling or biopsies.

The Role of Pathogenic Bacteria in Infections and Bacteria-Specific Features for Targeting

Planktonic bacteria are free-living bacteria, which are generally treatable with antibiotics, but
when they adhere to a surface, develop a biofilm.

Bacterial biofilms are groups of bacteria that are embedded in a self-produced matrix of extracellular
polymeric substances (EPS), adhering to each other and usually to a surface, thus, allowing intense
interactions to occur, including cell-cell communication, altered phenotypes with respect to growth rate
and gene transcription [11]. Biofilm-embedded bacteria represent a serious clinical problem in medicine,
because their infections are notoriously difficult to treat due to extreme resistance to antibiotics.

Antibiotics are drugs of natural or synthetic origin that can kill (bactericidal drugs) or inhibit
(bacteriostatic drugs) cell growth. Most bactericidal antimicrobials are: cephalosporins, carbapenems,
glycopeptides, fluoroquinolones, polymyxins that inhibit DNA synthesis, RNA synthesis, cell wall
synthesis, or bacterial protein synthesis.

Fluoroquinolones (FQs) are bactericidal antibiotics effective for both Gram-negative and
Gram-positive bacteria, and ciprofloxacin is the most widely used antimicrobial agent among FQs.
The action of ciprofloxacin results from the inhibition of the enzymes topoisomerase II (DNA gyrase,
gyrA and B) and topoisomerase IV (grlA and B), which are required for bacterial DNA replication,
transcription, repair, strand super coiling repair, and recombination. Resistance to FQs in bacteria
is mainly mediated by alterations in DNA gyrase and topoisomerase IV with specific amino acid
substitutions in the “quinolone-resistance determining region” (QRDR) in gyrA and B subunits of
DNA gyrase and parC and parE subunits of topoisomerase IV. Other common mechanisms are the
reduced permeability/increased efflux of ciprofloxacin across bacterial membranes, and plasmids that
protect cells from the lethal effects of FQs [12,13].

Toxic effects of FQs on humans have been attributed to their interactions with different receptor
complexes, such as the blockade of the GABAa receptor complex within the central nervous system,
leading to excitotoxic type effects and oxidative stress [14]. These toxic effects, however, are unlikely to
be noted at a tracer dose that is used for PET/SPECT imaging because of the relatively high IC50 of
FQs with respect to the micromolar quantities injected as radiopharmaceuticals.

Cephalosporins are one of the largest families of 3-lactam antibiotics. They are bactericidal agents
and have the same mode of action as other beta-lactam antibiotics (such as penicillin). Cephalosporins
disrupt the synthesis of the peptidoglycan layer of bacterial cell walls by binding to penicillin-binding
proteins (PBPs), causing the walls to break down and eventually the bacteria die. The three fundamental
mechanisms of antimicrobial resistance are: the enzymatic degradation of antibacterial drugs, changes
in PBPs, and changes in membrane permeability to antibiotics. The most important mechanism of
resistance to cephalosporins is the destruction of beta-lactam rings by 3-lactamase enzymes. Mutational
changes in original PBPs or the acquisition of different PBPs will lead to the inability of the antibiotic to
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bind to the PBPs and inhibit cell wall synthesis. A change in the number or function of the general
diffusion porin channels can reduce the permeability.

Since antimicrobial compounds act on processes that are unique to bacteria, it has been proposed
that radiolabelled antibiotics should be able to distinguish microbial from non-microbial inflammation,
because of their specific binding to the causative agents.

Another important problem of antibiotics is the risk of a resistance mechanism in bacteria that are
increasingly common and could prevent the specific binding of the antibiotic ligand, leading to poor
uptake. Furthermore, since antibiotics are designed to kill or disable the bacteria with high potency,
many radiolabelled antibiotics do not accumulate in the bacteria, and thus may not provide a high
enough contrast from the surrounding mammalian cells [2]. For these reasons the gold standard
for bacterial infection imaging has not yet been found. Further in understanding the pathogenesis
of infectious diseases goes beyond identifying the site of infection and disease-causing pathogen.
Infectious lesions are characterized by a heterogeneous microenvironment which may include spatial
physical and chemical differences as well as varied immune responses. These non-specific radiotracers
targeted at these microenvironment biomarkers may provide valuable information regarding the
heterogeneity of infection sites and have the potential to inform on the efficacy of antimicrobial
treatments [14,15] as well as host-directed therapies [13,16,17]. Hopefully in the future we will have
many radiopharmaceuticals available, tailored for specific pathogens, and clinical conditions, thus
having the maximum specificity (see Table 1).

Table 1. Aspects to be considered for the improvement of bacteria imaging.

Pathogen-Specific Radiopharmaceuticals

v/ Sensitivity for a broader range of microbes rather than species-specific probes
v/ Screen potential radiopharmaceuticals in whole bacterial cell
v/ Always use referenced bacterial strains and specify Colony Forming Units (CFUs)

Antimicrobial Radiopharmaceuticals

v/ Library of antibiotics—very high affinity to targets (accumulation and slow clearance)
v/ Radiochemistry to balance T1/2 of the radioisotope and the parent drug

Vitamins and Sugars

V' Define the metabolic role and pathway of new radiopharmaceuticals derived from vitamin’s or
sugar’s analogues
v Test specificity in different bacteria strain and binding to eukaryotic cells

Optimize Labelling Protocols and Quality Controls

v/ Consensus guidelines on minimal required in vitro quality controls to better characterize the new
radiopharmaceuticals (labelling efficiency, specific activity, mass spectroscopy, chromatography data,
radiopharmaceutical stability in saline and plasma, etc.)

V' Determine the Kd for tracer target specificity

v Test on living bacteria in vitro (binding at 37 °C and 4 °C, binding to living and killed bacteria,
competitive binding assay, etc.)
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Table 1. Cont.

Optimize Animal Models (Figure 2)

v/ Standardized protocols and consensus guidelines regarding animal models of infection are needed

v Trials with new probes compared with commonly used radiopharmaceuticals in clinical settings and
other modalities (e.g., fluorescence imaging)

Include positive and negative control tracers like D,L analogues or scrambled peptides, etc.

Consider competition studies

Always provide information about the model (injected CFUs, time of imaging and sacrifice, CFU
recruited from infected site at different time points, etc.)

v/ Provide information on the animal used (strain, culture, food, drinking water, age, sex, body weight, etc.)

SNENEN

___—— Whatkind of control?
« define if using a different strain as control
« define if using a different radiopharmaceutical

What kind of animal?  —

* animal type as control
* animal strain « define if using a sterile inflammation as control
« animal breading conditions * define how to construct and investigate the
« food, water, temperature control
What kind of bacteria? What kind of model?
« define bacteria strain and ATCC catalogue number + direct injection of bacteria in tissue
« define method to count colonies « infection of bacteria in Matrigel
« define number of CFU injected * Injection of bacteria in Teflon cage or other
« define how, when, where injecting radiopharmaceutical implantable devices
« Define how much radiopharmaceutical is injected * injection of bacteria in bones or joints
« define when acquiring images and when sacrifice the mice * injection of bacteria after preparation of
« define how to determine the CFU of bacteria at time of tissue ad hoc

imaging/sacrifice

Figure 2. Schematic representation of the most relevant aspects to be taken in consideration when
planning new experiments in animal models for targeting bacteria.

2. Imaging Bacteria in Animal Models

Nuclear medicine imaging improved the diagnosis of infections through the development of
several radiopharmaceuticals that are constituted by different molecules such as “antibodies or
fragments, antibiotics, antimicrobial peptides, bacteriophages”, but none of these are really “infection
specific”. The main limits include a low specificity, low bacterial mass, unclear mechanisms of action, the
presence of biofilm that limits their penetration and the host immune response. Moreover, the location
of the bacterial target influences the choice of radiopharmaceuticals and its development [18-21].

For this purpose, for imaging infections, several steps should be followed to develop an efficient
radiopharmaceutical to target bacteria. Firstly, test the specificity through in vitro binding assays
and, secondly, evaluate the specificity in vivo choosing the best animal model. Then, translate the
preclinical results to humans.

The Teflon cage model is an example of a standardized reproducible model to study bacterial
infections in animals. In this model, a Teflon cage is implanted into the back of the mouse under
the skin, by easy surgical procedure with a small incision of 5 mm. Despite that this model requires
surgical intervention, it provides several advantages such as: the possibility to locally inject a known
number of bacteria; the possibility to accurately evaluate the bacterial mass; the possibility to withdraw
samples of fluids or cage to measure the bacteria and radiopharmaceutical concentration over time; the
possibility to study biofilm formation [22].

The following radiopharmaceuticals might be considered the progenitors for bacterial infections
by SPECT imaging because there are more data both in animals and in humans: 99mTc/18F-UBI
29-41, 111In-biotin [23,24]. Ubiquicidin (UBI) is a cationic human antimicrobial peptide fragment.
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However, radiolabelled UBI 29-41 is not widely used as a clinical agent due to the lack of a commercial
kit approved worldwide for human studies (only available in Mexico), however, there are over 30
clinical studies performed underlying its usefulness in imaging infections [25,26]. Radiolabelled
ciprofloxacin, after promising results in animals, when tested in humans, showed very discordant
results in terms of specificity and sensibility [24]. In the majority of papers on Gram-negative
bacteria, promising results were reported by using radiolabelled sugars (glucose, sorbitol, maltose,
maltohexaose and 8F-fluoromaltotriose and 18F—ﬂuoroacetamiclo—D—glucopyranose (FAG)) [27]. Indeed,
several groups showed a high specificity of [*8F]FDS binding to E. coli or K. pneumoniae [28] in
animals. Several other studies have demonstrated similar results, but always in animal models [29,30].
In addition, other sugars such as I8F_fluoromaltohexaose (FMH) [31], 6”-18F-fluoromaltotriose
and 8F-fluoroacetamido-p-glucopyranose (FAG), [32] were revealed to be sensitive and specific
radiopharmaceuticals for the detection of E. coli [33]. In addition, a new Gram-negative bacterial
infection-specific radiopharmaceutical has been developed: *™Tc-polymyxin B. The polymyxin B is an
antibiotic, usually used for multidrug-resistant Gram-negative bacteria, that acts like an amphipathic
antimicrobial peptide. Similarly, D-amino acids, molecules targeting the folate pathway in bacteria
and siderophores have also been studied as bacterial specific imaging agents [34-39].

In conclusion, the results highlighted the availability of many promising PET radiopharmaceuticals
for bacterial imaging, even if imaging bacteria is still a difficult and challenging task. Animal models
should be carefully selected and standardized, as well as bacteria strains. Experimental design
should include in vitro and in vivo studies with appropriate controls and details of S. aureus, injected
dose and bacterial number. A consensus document about how to test (in vitro and in animals) new
bacterial imaging agents may allow a standardization of procedures and a better comparison between
different agents.

There is a lack of knowledge whether it is possible to develop an all-purpose radiopharmaceutical
to image all bacterial strains. Nowadays, this remains an open goal, difficult to achieve, however,
at the same time, crucial for the management, treatment and follow-up of patients with suspected
bacterial infections.

3. Imaging Bacteria in Humans

Despite excellent pre-clinical studies, radiopharmaceuticals for imaging bacteria in humans are
still under development [40]. An unmet need, therefore, remains in the clinical differentiation of
inflammation from infection. Bacterial-specific imaging is a viable attempt to cater for this need, and
efforts in this regard must be encouraged, especially given the significant morbidity and mortality
burden that infections continue to cause.

In humans, following the target-based classification, the best radiopharmaceuticals for bacteria
imaging are: pathogen-specific tracers, antimicrobial tracers and microenvironment tracers.

In particular, tracers with the highest translational potential are antimicrobial peptides such as UBI
29-41, bacterial carbohydrates, nucleoside/thymidine analogue, folic acid, siderophores and antibiotics
such as Trimethoprim and Vancomycin.

Antimicrobial peptides have been successfully radiolabelled and tested for infection imaging
in animal models and humans. The first radiolabelled antimicrobial agent evaluated for human
use was #MTe-ciprofloxacin [41]. Disappointing results from its application in humans led to its
withdrawal from the market. In particular, its specificity and sensitivity for infections were questioned
in several studies, probably due to the formation of several radiolabelled chemical species with different
biodistribution profiles [42—44]. Imaging time-points were also questioned, up to 4 h in one study
and up to 24 h in another. Many other antibiotics, including fluoroquinolones, cephalosporins, and
anti-tuberculosis drugs, have since been successfully labelled with a suitable radionuclide and tested
in preclinical studies [45].

A radiolabelled antimicrobial peptide that has gained popularity in the clinic is radiolabelled
ubiquicidin, a human antimicrobial peptide present in the respiratory epithelium. Its fragments have
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been successfully labelled with %Ga for PET imaging and *™Tc for SPECT imaging [46]. The basis
for the use of the fragment UBI 29-41 is its ability to be attracted to the negatively charged bacterial
cell wall, itself being positively charged. *™Tc-UBI 29-41 scintigraphy has an excellent diagnostic
performance in the evaluation of musculoskeletal infection. The addition of CT morphologic imaging
to planar and SPECT-only imaging led to an increase in diagnostic performance and an improvement in
diagnostic confidence in differentiating soft tissue from bone infection, as well as a higher inter-observer
agreement [26].

Moreover, gallium-68-based infection-imaging agents are in demand to detect infection foci
with high spatial resolution and sensitivity. °®Ga-NOTA-UBI 29-41 is an efficient and sensitive
radiopharmaceutical of the in vivo imaging of infection and has exhibited significant uptake ratios
between muscular infection and inflammation [47]. Further clinical evaluation of this novel metabolic
tracer is warranted to investigate its potential use as a first-line PET/CT infection-imaging agent.
%8Ga-UBI prepared using the NOTA-UBI kit is a potential agent in targeting infections associated with
disease conditions including diabetic foot, cellulitis and fracture. Indeed, biodistribution studies with
%8Ga-NOTA-UBI 31-38 revealed a specific uptake of the complex in infected muscle, compared to
inflamed muscle. This was the first report on ®®Ga labelled NOTA-UBI 31-38 fragment for prospective
infection imaging [48].

Furthermore, '8F-fluorodeoxysorbitol has been successfully synthesized from 'F-FDG, and it
showed specific uptake in the cultures of E. coli and K. pneumoniae. No uptake of '8F-fluorodeoxysorbitol
was seen in Gram-positive organisms, normal human cells, or cancer cells. The probe was able to
differentiate the infection due to Enterobacteriaceae from sterile inflammation, and the PET signal
disappeared after successful treatment [28].

Antibiotics such as *™Tc-vancomycin and '8F-fluoropropyl-trimethoprim target peptidoglycan
precursors on bacterial (Gram-positive bacteria) membrane and inhibit the bacterial cell wall
synthesis [49]. Although they are bacteria-specific and -targeting drug-resistant Gram-positive
bacteria, biodistribution studies revealed a high liver uptake, high background activity and low
sensitivity. Therefore, they are not used for routine clinical application yet.

Fialuridine is a nucleoside analogue that is a substrate for the bacterial thymidine kinase enzyme
but is not acted on by the human form of the enzyme. This is its basis for use as a potential
molecular probe for infection imaging. However, 2#I-FIAU lacks specificity in patients with prosthetic
joint infections, and it has a high background signal in uninfected muscle, presumably due to host
mitochondrial metabolism [50].

4. Conclusions

To conclude, the metabolic imaging of infection holds great promise. The focus of its application
is shifting from mere diagnosis of infection to prognostication, to predict the response to treatment, to
identify resistant strains and to identify and target at-risk patients for prevention.

New possibilities emerge also by the application of dual-isotope imaging after the simultaneous
administration of two radiopharmaceuticals or one radiolabelled and one fluorescent or
one paramagnetic.

It is hoped that when PET/MRI and SPECT/MRI achieve greater clinical utility, these hybrid
systems may have even more applications in infection imaging due to the high sensitivity of MRI for
soft tissues and oedema. It is also hoped that hybrid molecular probes for multimodality imaging soon
may gain clinical relevance for infection imaging. Focused research is pointing toward a time when
molecular probes will be able not only to detect infection but also to identify the offending organism
and its biologic characteristics [47].

Overall, this article highlights that standardized protocols and consensus guidelines regarding
animal models of infection are needed, preferably written by a joint technical committee. The
optimization of preclinical research should be directed in improving the sensitivity for a broader range
of microbes rather than species-specific probes. This broader range approach, in combination with the
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growing opportunities for imaging the microenvironment at infection sites, may help to resolve the
challenges in the development of the radiopharmaceuticals that can differentiate sterile inflammation
from infection, and thus, making the imaging of bacteria a viable option for future clinical studies.
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Abstract: Infective endocarditis (IE) is a serious cardiac condition, which includes a wide range
of clinical presentations, with varying degrees of severity. The diagnosis is multifactorial and a
proper characterization of disease requires the identification of the primary site of infection (usually
the cardiac valve) and the search of secondary systemic complications. Early depiction of local
complications or distant embolization has a great impact on patient management and prognosis, as it
may induce to aggressive antibiotic treatment or, in more advanced cases, cardiac surgery. In this
setting, the multimodality imaging has assumed a pivotal role in the clinical decision making and it
requires the physician to be aware of the advantages and disadvantages of each imaging technique.
Echocardiography is the first imaging test, but it has several limitations. Therefore, the integration
with other imaging modalities (computed tomography, magnetic resonance imaging, nuclear imaging)
becomes often necessary. Different strategies should be applied depending on whether the infection
is suspected or already ascertained, whether located in native or prosthetic valves, in the left or
right chambers, or if it involves an implanted cardiac device. In addition, detection of extracardiac
IE-related lesions is crucial for a correct management and treatment. The aim of this review is to
illustrate strengths and weaknesses of the various methods in the most common clinical scenarios.

Keywords: Infective endocarditis; echocardiography; multimodality imaging; computed tomography;
magnetic resonance imaging; nuclear imaging; positron emission tomography; endocarditis team

1. Introduction

Infective endocarditis (IE) is a complex pathological entity with various clinical presentations,
whose diagnosis may be challenging as based on a combination of multiple clinical, biological,
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and imaging criteria [1,2]. Similar difficulties are encountered when the infection is suspected in
patients with prosthetic valve (PV) or cardiac implantable electronic device (CIED).

The key elements for disease characterization are to identify the pathogen in the blood, to detect
vegetation on the cardiac valves (native or prosthetic) or adhering to CIED, and to assess local
complication or distant embolization.

In this perspective, the choice of the most appropriate diagnostic imaging tool can play a crucial
role in both confirming the diagnosis and guiding the treatment.

Results of imaging need to be multidisciplinarily discussed within the Endocarditis Team to
optimize its value, thus guiding proper therapeutic strategies, eventually improving patient care.

The aim of the present review was to provide an overview of the pros and cons of the different
imaging techniques to answer specific questions in the most common clinical scenarios.

2. Clinical Diagnosis: From the Duke Criteria to the European Society of Cardiology (ESC) 2015
Criteria and the Novel 2019 International CIED Infection Criteria

Imaging plays a key role in both the diagnosis and management of IE. Imaging-derived parameters
are also useful for the prognostic assessment of patients with IE, for its follow-up under therapy,
and during and after surgery. Imaging findings are part of the diagnostic criteria used in clinical practice
to reach a diagnosis. The diagnostic strategy proposed by Durack et al. [3] (the Duke criteria) combined
echocardiographic findings with clinical and microbiological data. Three echocardiographic findings
were considered to be major criteria for the diagnosis of IE: (a) Presence of vegetations, (b) presence of
abscesses, or (c) presence of a new dehiscence of a valvular prosthesis. Other abnormal echocardiographic
findings not fulfilling these definitions were considered minor criteria. This classification has an overall
sensitivity of approximately 80% when the criteria are evaluated at the end of patient follow-up in
epidemiological studies. However, the Duke criteria show a lower accuracy for early diagnosis in
clinical practice, especially in the case of prosthetic valve endocarditis (PVE) and CIED-related infective
endocarditis (CIED-IE), for which echocardiography is normal or inconclusive in up to 30% of cases [4].

Therefore, more recent guidelines [2] incorporate the use of multimodality imaging, including
molecular imaging techniques, to integrate the traditional diagnostic criteria in order to fill in such
uncertainty gap with information on the biochemical burden of these infections.

Abnormal activity around the prosthetic valve detected by fluoro-18-fluorodeoxyglucose
((*8F)FDG) positron emission tomography/computed tomography (PET/CT) or radiolabeled white blood
cells (WBC) scintigraphy with single-photon emission computed tomography/computed tomography
(SPECT/CT) is considered a major criterion for the diagnosis of IE according to ESC guidelines published
in 2015. Both techniques are currently applied in the diagnostic workup of IE and CIED with two
main indications: Confirming the presence of infection and identification of septic emboli. By this
approach, a substantial reduction in the rate of misdiagnosed IE has been demonstrated. In general,
(*®F)FDG PET/CT is characterized by higher spatial resolution and sensitivity, better image quality,
and shorted acquisition times compared to WBC scan. In contrast, WBC scintigraphy is more specific
than ("®F)FDG PET/CT, being able to achieve a differential diagnosis between a sterile inflammation,
as observed early after surgery. Therefore, WBC imaging should be preferred in all the situations
that require higher specificity or in case of inconclusive (‘¥F)FDG PET/CT. Major drawbacks of WBC
include the relatively complex and time-consuming labeling procedure that requires a particular
equipment, the handling of potentially infected blood, and longer acquisition times. At the moment,
no sufficient literature exists in support of one of these imaging modalities rather than another.
Therefore, the choice mainly depends on local center availability and expertise, including the presence
of SPECT/CT equipment, which is the gold standard for this application, waiting list, and isolated
strains (Candida spp. and Enterococcus spp. may provide false negatives scan due to their ability to create
biofilm that impairs granulocytes accumulation in the infected site). In addition, the choice between
WBC scintigraphy and (*8F)FDG PET/CT remains a prerogative of the Endocarditis Team’s discussion.
Important parameters to be considered for a proper positron emission tomography (PET) reading are
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the location, pattern, and intensity of the (‘8F)FDG. The uptake can be classified as intravalvular (in the
leaflets), valvular, or perivalvular [5], even though it should be noted that the intravalvular location
is rare. Focal and heterogeneous uptake is consistent with an infected valve. A typical location for
abscesses in PVE is the aorto-mitral intervalvular fibrosa, but abscesses can develop in any region
in contact with prosthetic material. The probability of infection increases with the intensity of the
(*®F)FDG uptake; however, several factors may influence (*8F)FDG avidity and, therefore, they must be
carefully considered for the correct interpretation of a PET/CT scan. For example, prolonged antibiotic
therapy, and consequently reduced inflammatory burden, or small vegetations may result in a false
negative PET/CT scan. Conversely, recent implantation, especially of mechanical valves, some types of
surgical adhesives, or inadequate myocardial suppression usually shows enhanced ('*F)FDG uptake.
Moreover, active thrombi, vasculitis, primary cardiac tumors, or cardiac metastasis could mimic a focal
uptake, thus representing additional confounding factors [5]. In these cases, a WBC scintigraphy could
be nullifying. If PET/CT acquisition is combined with a cardiac computed tomography angiography
(CCTA), the metabolic findings provided by the ('8F)FDG uptake distribution and intensity might be
added to the anatomic findings already described for CCTA within a single imaging procedure [6].
The advantages of combining (*8F) FDG PET/CT with CCTA include the identification of a larger
number of anatomic lesions and clarification of the indeterminate studies by echocardiography [6,7];
furthermore, it assumes a great value in specific clinical situations such as in patients with aortic grafts
or with congenital heart disease who have complex anatomy, as their surgical treatment often requires
implantation of a large amount of prosthetic material.

In case of CIED-IE, which includes pacemakers and implantable cardioverter defibrillators,
the presence of (*8F)FDG uptake located on or alongside a lead and that persists on non-attenuation-
corrected (NAC) images, is considered consistent for an infectious process according to the very
recently published Novel 2019 International CIED Infection Criteria [8].

3. Multidisciplinary Approach of Endocarditis Team

Given the complexity of both diagnosis and therapeutic approach of IE and CIED-IE, no practitioner
would be able to manage alone such diseases, being that they are characterized by a wide panel
of signs and symptoms and clinical presentations. Therefore, the collaboration between different
specialists that look at the same problem from different points of view is crucial for the successful
treatment of such infections. A multidisciplinary approach had already shown several advantages
in other clinical contexts, for example, in valve diseases, as also recommended by American Heart
Association/American College of Cardiology [9]. Following this view, ESC guidelines on IE published in
2015 [2] underlined the need to refer such kind of patients to specialized centers with immediate access
to diagnostic procedures and surgical facilities. A pivotal aspect of this approach is represented by the
“Endocarditis Team” that involves cardiologists, cardiac surgeons, imaging specialists, microbiologists,
infective diseases specialists, neurosurgeons, and other specialists involved in a case-by-case scenario,
each one with his or her specific expertise and competence, aiming to ensure best management for
the patients, especially in complicated scenarios. Communication among these different specialists
plays an important role and, therefore, cases should be regularly discussed during meetings in order to
achieve a consensus on the most appropriate treatment for each patient and to define the type and
duration of follow-up.

Beside “multidisciplinarity”, “multimodality” and “multitracers” are the other two key words
that are becoming increasingly important for the management of IE and CIED-IE, thus configuring the
so-called “3M” approach to cardiovascular infections [10]. It underlines the importance to appeal to
several imaging modalities and strategies that are able to study different aspects of the same problem
and to provide relevant information for the clinicians.
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4. Left Heart Native Valve IE

4.1. Main Clinical Characteristics

IE of the left heart valves is an infective process affecting the endothelial surface of the aortic or
mitral valve. In the general population, the incidence is 3-10 per 100,000 patients per year, but it can
reach 20-60 per 1000 patients/year in the case of recurrence [11]. In the last decades, the peak of age
has been shifted toward the elderly [12]. The great clinical impact of IE relies on the high in-hospital
and six months’ mortality rate of 20% and 25-30%, respectively [13,14].

The main valve-related risk factor is the presence of degenerative (fibro-calcific disease in
high-income countries or rheumatic disease in low-income countries) or congenital (mitral prolapse,
bicuspid aortic valve) abnormalities, determining abnormal flow and increased shear stress on the
endothelial surface. The host-related risk factors are the clinical conditions determining systemic
immunodepression, such as diabetes and cancer [2].

Clinical presentation is typically characterized by the signs and symptoms incorporated in Duke
criteria (fever, vascular and immunological phenomena). Nevertheless, elderly patients can have
atypical presentations characterized by the absence of fever, pre-existing heart murmurs, or blunted
rise of inflammatory markers, resulting in more difficult diagnostic work-up.

The microbiological isolation, by means of repeated blood cultures, and the demonstration of
vegetation at echocardiography are the cornerstones of diagnosis, according to Duke criteria [1].
The overall criteria provide a definite, possible, or rejected diagnosis, according with the clinical
probability defined by the combination of them. Left heart valves are generally well explored by
ultrasound; however, conditions such as age-related, fibro-calcific degeneration, low-quality acoustic
window, or pre-existing valve disease can challenge the identification of vegetation. Nevertheless,
in the case of possible IE (according with Duke criteria) or high suspicious IE, further diagnostic
work-up is indicated using CCTA scan [2].

The main complications of left-sided IE are heart failure (HF), systemic embolism, and uncontrolled
infection [15]. HF is the most frequent complication and can be observed in up to 60% of patients with
aortic valve IE, being a predictor of in-hospital, six and 12 months” mortality [16]. HF represents an
indication for early surgery also in case of hemodynamic instability. The perivalvular extension and
the presence of difficult-to-treat organisms are the main causes of uncontrolled infection, representing
an additional indication for early surgery [17]. Finally, systemic embolism is a very common and
disregarded complication (up to 50% of cases) requiring specific diagnostic work-up when it is
suspected, especially in patients with persistent or recurrent fever and bacteremia or symptomatic
patients with recent neurological events. The vegetation size and mobility, age, diabetes, infection by
Staphilococcus aureus, atrial fibrillation, and previous embolism are the main risk factors for embolism
occurrence. During the first two weeks of antibiotic treatment, the risk of embolism is higher, requiring
a strict clinical monitoring [18].

4.2. When to Ask for Transthoracic Echocardiography (TTE) and When to Ask for Transoesophageal
Echocardiography (TOE)

All patients with a diagnostic suspicion of left heart IE should receive transthoracic
echocardiography (TTE). TTE is the first-line diagnostic step and is aimed at the direct identification of
the vegetation and of the related damages of the valves (Class of recommendations I, Level of evidence
B) [2]. The presence of abscess or pseudoaneurysm and new dehiscence of prosthesis are additional
major Duke criteria. In both aortic and mitral IE, acute regurgitation can develop, especially when the
causative germs are Staphilococci (Figure 1).
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Figure 1. Infective endocarditis (IE) on aortic valve. Top and bottom left: Parasternal long axis and

apical four-chamber transthoracic echocardiography (TTE) showing vegetation (arrows) in the left
ventricle outflow tract. Top and bottom right: Transoesophageal echocardiography (TOE) showing the
vegetation and the related valvular regurgitation.

Serial monitoring is required, even when the diagnosis has been achieved [19].

TTE has a limited sensitivity (ranging from 50 to 60%) mainly related to the anatomical or technical
limitations; therefore, transoesophageal echocardiography (TOE) is strongly indicated in case of
nondiagnostic or negative TTE (Class of recommendations I, Level of evidence B) [2]. TOE should
also be considered in case of positive TTE to obtain a more accurate characterization of the vegetation,
to exclude the complications, and to evaluate the vegetation sizes. Globally, the diagnostic sensitivity
of TOE is about 85-90% [20]. According to the Euro-Endo registry, TTE has been performed in 91%
of cases, while TOE in 53% of native valves’ IE [21]. However, some heterogeneity in the diagnostic
workup has been reported, with some countries having a more extensive use of imaging, possibly
associated with a relatively low mortality [22]. Globally, the data confirm the current role of TTE as a
first-line test, while TOE is still limited to selected cases.

Both TTE and/or TOE are indicated during the follow up to identify clinically evident (Class of
recommendations I, Level of evidence B) or silent (class Class of recommendations Ila, Level of evidence
B) complications, as well as to re-evaluate the patient at the completion of antibiotic therapy (Class of
recommendations I, Level of evidence C, Figure 2) [2].
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Figure 2. Complications of IE. Top: Example of peri-aortic abscess (stars) with large anechoic cavity
surrounding the biological prosthesis (left: TTE with parasternal short axis view, right: TTE with
parasternal long axis view). Bottom: Example of peri-aortic pseudoaneurysm (star) with large cavity
communicating with cardiovascular lumen (left: TOE short axis view showing large vegetation on
prosthesis cusps, right: TOE log axis view with color Doppler showing flow into the perivalvular cavity).

4.3. Role of CCTA in Diagnosing IE and Local Complications

CCTA offers valve imaging with high spatial and temporal resolution and has been established as
a valid imaging option when TTE is not definitive or is limited (e.g., poor acoustic window, unclear
findings, extensive calcification) [2] or when it does not show any abnormality even though IE is
clinically suspected.

On CCTA images, vegetations may appear as leaflet thickening or irregularly shaped soft-tissue
oscillating masses, adherent to the valve or endomyocardial surface (Figure 3) [23].

Figure 3. Vegetation on cardiac computed tomography angiography (CCTA) images. A 69-year-old
man with fever and IE. Multiplanar CCTA reconstructions on three-chamber (A) and coronal (B) views
show a 2-cm, hypodense, club-shaped, soft-tissue oscillating mass (arrows) attached to the ventricular
side of aortic valve leaflets, which appear floating in the lumen of the left ventricular outflow tract in
reconstructed axial valve planes (C). Sensitivity of CCTA in detecting vegetation ranges from 52.8% for
small lesion to 94.4% for larger ones (>10 mm) [24].
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CCTA can play a role in assessing the embolic risk as several factors, in particular vegetation size
>10 mm and mobility, are predictors of embolic events [2].

CCTA is inferior to TOE in detecting small vegetations (<2 mm) and valve perforations, but is
superior in the assessment of the perivalvular extent of the disease such as abscesses, pseudoaneurysms,
and fistulas [25], with a sensitivity of 100% using surgery as a reference standard [26].

Abscesses are seen on CCTA images as a perivalvular, low-attenuated fluid collection, bordered
by thickened inflammatory tissue, which typically enhance after contrast administration or irregular
inhomogeneous tissue adjacent to the fluid. CCTA imaging may identify the abscess extension into
surrounding structures, such as into the interatrial septum or mitral-aortic intervalvular fibrous body,
which may have implications in surgical planning.

Pseudoaneurysms appear on CCTA as contrast-containing outpouchings of endocardial wall,
freely communicating with cardiac chambers or the aortic root, usually located at the paravalvular or
periannular regions, possibly extending to the myocardium or pericardium (Figure 4).

Figure 4. Paravalvular abscesses. CCTA (top images) multiplanar reconstructions and Cardiovascular
Magnetic Resonance (CMR) images (bottom images: T1-weighted Turbo Spin Echo on the left,
contrast-enhanced T1-weighted Gradient Echo 3D image in the middle and cine-CMR on the right)
show a diffuse, partially calcified, thickening of the aortic valve leaflets in a 58-year-old man with
Staphilococcus aureus IE and bicuspid valve. IE was complicated by the formation of small perivalvular
abscesses, which, following the opening of their contents in the lumen, appear as little saccular
outpouchings (arrows).

Perforation of the aortic or mitral valve leaflets is visible on CCTA as focal defect and its detection
may be helped by the application of 3D volume-rendering reconstructions [27].

Furthermore, CCTA can non-invasively rule out coronary artery disease before surgery by avoiding
invasive coronary angiography, which has an intrinsic procedural risk of systemic embolism of valve
vegetations or aortic wall perforation, especially in patients with extensive involvement of the aortic
valve by IE [25].

4.4. When to Ask for Nuclear Imaging

The value of (8F)FDG PET/CT and WBC imaging is limited in native valve IE, in which the
sensitivity is too poor to recommend its routine use [28-30]. However, in the case of native valve
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IE, (8F)FDG PET/CT is useful for the detection of distant embolic events, a condition currently
considered a minor criterion in the 2015 ESC guidelines [2]. Indeed, whole body (**F)FDG PET/CT
offers the possibility to evaluate, with a single imaging modality, both cardiac and extra-cardiac
foci, thus allowing the identification of eventual “metastatic” sites of infection with high sensitivity
(see below). In addition, (*8F)FDG PET/CT imaging is also useful in the identification of the portal of
entry (POE), fundamental to minimize the risk of recurrence.

4.5. How to Search for Embolisms

As embolic events complicate a large number of IE patients [2,18], especially during the first
week of therapy, and may have a dramatic impact on patient prognosis, their prompt recognition
is required. Septic emboli or vascular phenomena may be totally silent in 20-50% of cases [2,31],
especially those affecting the splenic or cerebral circulation, which are the most frequent sites of
embolism in left-sided IE.

The evidence of septic emboli or vascular phenomena on imaging is included as minor Duke
criterion for IE diagnosis [1,2]. Thus, systematic, whole-body contrast-enhanced computed tomography
(CT) and/or ['®F]FDG PET/CT and cerebral CT or magnetic resonance imaging (MRI) should be
considered in both suspected and definite IE.

Cerebral imaging is mandatory for any suspicion of neurological complication and brain MRI
is more sensitive than CT for detection of cerebral lesions (mostly ischemic and, less frequently,
abscessual or hemorrhagic). However, in unstable or uncooperative patients, CT may be preferable
because it is faster and easily feasible. MRI or nongated, contrast-enhanced CT angiography should be
included in the imaging protocol in order to rule out vascular lesions such as embolic occlusion or
mycotic aneurysm [31].

Contrast-enhanced, whole-body CT and (*®F)FDG PET/CT scan have high diagnostic accuracy for
splenic abscesses, metastatic infection of other abdominal parenchymal organs, and vascular lesions
(splanchnic or peripheral septic emboli). Nevertheless, the administration of iodinated contrast media
should be avoided or limited in patients with renal impairment, especially when antibiotic with
nephrotoxic effect is used.

4.6. Role of Cardiovascular Magnetic Resonance (CMR) in Diagnosing IE and Local Complications

Although CMR may detect vegetations, abscesses, or pseudoaneurysms in IE, its role in the initial
diagnosis is limited and it is not included in ESC 2015 modified diagnostic criteria.

In particular, CMR could be preferred to CCTA in the presence of renal insufficiency as vegetations
and local complications may be well depicted on noncontrast CMR images (Figure 4) or in pediatric
patients, to avoid radiation exposure. Vegetations, in particular, appear as low signal nodules or
floating filaments adherent to the leaflets surface or endocardium.

CMR with late, enhanced imaging may help to detect myocarditis, which is frequently associated
with abscess formation or immune reaction [2].

4.7. Diagnostic Workflow Summary

e  The initial assessment of suspected left-sided native IE is based on Duke criteria.

° The patient must receive TTE, TOE, and blood cultures.

e  IfIE is rejected and the suspicious is low, no more investigations are needed.

e If the diagnosis is definite, the patient should be investigated for silent embolism using CT or
PET/CT scan, as well as MRI for cerebral involvement (embolism or hemorrhage), according with
clinical status.

e In the case of possible IE or rejected IE but high suspicion there is indication for repeating new
TTE/TEE and blood cultures, further investigations, such as whole-body, contrast-enhanced CT
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or PET/CT scan, should be considered to detect silent embolism or metastatic infections and,
therefore, to reclassify the patient, according with ESC 2015 modified diagnostic criteria [2].

5. Right Heart Native Valve IE

5.1. Main Clinical Characteristics

Right heart IE represents 5-10% of all IE and is typically associated with intravenous drug
use, congenital heart disease, intravascular catheters, and immunodepression states (such as HIV
infection) [32]. The tricuspid valve is predominantly involved, especially in active intravenous drug
users, whose 5-year survival is 50% in case of surgical treatment [33].

The clinical presentation is frequently characterized by respiratory symptoms resulting from
pulmonary emboli, pneumonia, and abscess formation. Anemia and microscopic hematuria can
typically be present when the tricuspid valve is involved [34]. Systemic emboli and sepsis are potential
complications accounting for a worse prognosis. The overall mortality has been reported to be as
high as 10.2%, with a surgical mortality of 7.8%, both related to the risk factors, vegetation size,
and location [35].

In intravenous drug users, Staphylococcus aureus is the most common germ for IE, localizing on the
tricuspid valve and accounting for a 16% mortality rate [36]. IE related to the presence of central venous
catheter is predominantly caused by Staphylococcus aureus (54.6%), coagulase-negative Staphylococcus
(87.5%), Candida species (16.6%), and Enterococcus (12.5%) [37].

A specific subgroup of IE is represented by the infections affecting people with congenital heart
disease (CHD). The incidence is 15-140 times higher than in the general population and the reported
mortality ranges between 4 to 10% [38,39]. The diagnostic management is substantially similar to that
of native valve IE but it is challenged by the morphological complexity of some CHD. A specific risk
factor for both early and late IE is the presence of valve-containing prosthetics, a condition frequently
encountered in complex CHD that predisposes a patient to a greater long-term risk [40].

5.2. When to Ask for TTE and When to Ask for TOE

As for left-side IE, TTE is the first-line diagnostic tool allowing for a good evaluation of the tricuspid
valve, especially when using off-axis plans. The pulmonary and Eustachian valves are more challenging
to explore with TTE and, therefore, they frequently require trans-esophageal approach. The vegetation
size (highly correlated with the risk of recurrent embolism), the worsening of regurgitation, the degree
of congestion, and the presence of HF represent a class IlaC indication for surgical treatment and
require systematic echocardiographic assessment during follow up [2]. In case of suspected IE in CHD
adult patients, TTE is often inadequate for a complete visualization of cardiac structures, especially
in complex malformations and, therefore, TOE is required to provide a complete assessment [39].
In children, TTE generally allows for a correct assessment.

5.3. Role of CCTA in Diagnosing IE and Local Complications

Similarly to what is described for the left valves, CCTA play a role in detecting the vegetations
and local complications, such as perivalvular extension of infection, transvalvular fistula, perivalvular
abscess, and pseudoaneurysm [41]. In particular, the evaluation of the pulmonary and tricuspid valves
by TTE is limited by the poor acoustic window; therefore, CCTA can offer an added value when
echocardiography is not definitive [31].

The CCTA protocol should guarantee an adequate contrast enhancement of the right chambers,
whereas the standard CCTA protocol for the assessment of the coronary tree and left chambers
comprises the complete washing of the right cavities with iodine.
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5.4. When to Ask for Nuclear Imaging

As for left side native valve IE, the use of nuclear imaging in native valve IE is limited and mainly
addressed to the detection of pulmonary embolism and for the identification of POE (see below).

5.5. How to Search for Embolisms

Right-side IE and CIED-IE are associated to lung metastatic infection. Pulmonary infectious
emboli should always be sought when the IE diagnosis is possible, according to modified Duke criteria,
or rejected despite the high clinical suspicion, as it is considered a minor diagnostic criterion [2].
Noncontrast chest CT is generally sufficient in the detection of small septic emboli within the
lung parenchyma. Contrast-enhanced CT, (*¥F)FDG PET/CT, and WBC SPECT/CT well may detect
pulmonary consolidations and discriminate septic infarcts and abscesses from neoplastic lesions.
The use of ventilation-perfusion scintigraphy has been replaced by other techniques, particularly
('®F)FDG PET/CT and WBC SPECT/CT, which have the clear advantage to combine the detection of
distant embolism, the assessment of valve-involvement, and identification of POE [31].

5.6. Role of CMR in Diagnosing IE and Local Complications

As for the left valves, the role of CMR in the diagnosis of IE and local complications is poorly
codified and limited to selected cases, where the other imaging techniques are not sufficient or
contraindicated (e.g., renal failure or pediatric population in substitution of CCTA).

Nevertheless, CMR may offer a superior evaluation of right transvalvular flows compared to TEE
by using phase contrast imaging, which is particularly useful to quantify pulmonary valve regurgitation
caused by perforations or destruction of the cusps or the abnormal flow of paravalvular leakage [41].

5.7. Diagnostic Workflow Summary

e  Similarly to left-sided native IE, the workflow of suspected right-sided IE is based on TTE,
TEE, and blood cultures to stratify patients according with Duke criteria. TTE has a central
role in exploring tricuspid valve, while TOE is generally required in the case of pulmonary
valve involvement.

e Second-line imaging (CT, PET/CT, WBC SPECT/CT) is indicated to search for perivalvular and
pulmonary complications, to detect distal embolisms, and to identify POE.

6. Early and Late Prosthetic Valve Infective Endocarditis (PVE)

6.1. Main Clinical Characteristics

IE is one of the most challenging complications after heart valve surgery, often requiring complex
diagnostic work-up and affecting up to 6% of patients with prosthetic valves [42]. PVE or post-repair
endocarditis accounts for the 30% of cases in Euro-Endo registry [21], with 18.1% of patients having a
history of previous endocarditis. Traditionally, PVE is classified as early PVE if infection occurs within
12 months from surgery and late PVE if it occurs thereafter [2]. In early PVE, patients are generally
infected perioperatively and, more frequently, can present complications involving the sewing ring
(abscess, dehiscence, pseudoaneurysms, and fistulae), with Staphylococci, fungi, and Gram-negative
bacilli as the main responsible germs [43]. Late PVE generally occurs with valve regurgitation if a
bioprosthesis is involved, while mechanical valves may present with large vegetations causing valve
stenosis [44]. The germs responsible for late PVE are substantially the same involved in native valve IE.

PVE presents the highest in-hospital mortality (20-40%) among IE [45]. Older age, diabetes
mellitus, healthcare-associated infections, staphylococcal or fungal infection, early PVE, HF, stroke,
and intracardiac abscess are the main risk factors associated with poor prognosis [46]. The high
mortality and the complex diagnostic work-up require an early treatment strategy, eventually including
surgery, to control the disease burden. Surgery is mandatory in case of HF, severe prosthetic dysfunction,
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abscess, or persistent fever [2]. A conservative strategy with close follow up is indicated for the
low-risk cases.

6.2. When to Ask for TTE and When to Ask for TOE

As for native IE, the suspicion of PVE requires TTE and TOE evaluation. Unfortunately, false
negative examinations are more frequent and limit the accuracy of the echocardiography [4]. The TOE
is generally preferred as a first-line evaluation and it is also indicated in case of negative TTE, in both
early and late PVE, and for the identification of periprosthetic abscess and leak (both major Duke
criteria, Figure 5).

Figure 5. Complications of prosthetic valve endocarditis (PVE). Top: Biological prosthesis dehiscence
in aortic position with large perivalvular leak (left: TOE long-axis view, right: 3D TOE view). Bottom:

Biological prosthesis dehiscence in mitral position with large perivalvular leak (left: TOE long-axis view
showing the direct communication between atrium and ventricle, right: 3D TOE view). Stars indicate
the place of maximal prosthesis dehiscence.

The Euro-Endo Registry showed that TOE is generally performed in the 66% of subjects, showing a
significant percentage of abscesses (19%), pseudoaneurysm (6%), and prosthetic dehiscence (11%) [21].
The limited sensitivity of Duke criteria in PVE supports the indication to repeat TOE when the clinical
suspicion is high, according with the clinical evolution [47].

6.3. Role of CCTA in Diagnosing PVE and Local Complication

CCTA imaging helps diagnose PVE when results of TTE or TOE are indeterminate or to assess
paravalvular complications if the PVE diagnosis has already been established [2]. In PVE, the infection
usually spreads from the sewing ring or adjacent thrombi and may result in complications such as
paravalvular leakage, abscess, pseudoaneurysm, dehiscence, and extension to adjacent structures [44].

Despite the beam-hardening artifacts, due to the metal component of the prosthesis, which affect
image quality and may hinder the visualization of small vegetations (<4 mm), vegetations larger than
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10 mm are usually detected with high accuracy by CCTA. They typically appear as round, mobile,
hypodense masses on the valve leaflet or sewing ring, typically on the ventricular side of aortic or
mitral leaflets [48].

CCTA is more sensitive than TOE in detecting paravalvular and extracardiac infection
involvement [48] and should be acquired with retrospective gating with subsequent reconstruction of
every 10% RR interval of the entire cardiac cycle to enable cinetic CT visualization.

Paravalvular abscesses are well recognized by CCTA as a thickened, hypoattenuating area or
irregular, inhomogeneous mass surrounding the PV or the aortic root, inconstantly associated to rim
delayed enhancement and gas bubbles, reflecting infected cavities adjacent to the PV.

Extent of inflammation to surrounding tissues is depicted by adjacent fat stranding or, exceptionally,
by myocardial thickening and enhancement, or mediastinal gas and fluid collections when the infection
spreads outside the pericardial sac.

Pseudoaneurysms are a typical late complication after valve surgery during aortic root graft
replacement or Bentall procedure and they can occur when a perivalvular cavitating abscess drains
into the adjacent cardiac chamber, with the formation of wall outpouching containing circulating blood
(Figure 6).

Q

Figure 6. Infective late complication in a patient with Bentall prosthesis: Dehiscence and periprosthetic
pseudoaneurysm. CCTA multiplanar reconstructions show a large dehiscence of the surgical suture at
the proximal anastomosis of the prosthesis with large communication (arrow) of the left ventricular
cavity with a large false lumen (asterisks) recanalized from perivalvular communication (arrow); a little
periannular pseudoaneurysm (arrowhead) is seen adjacent to the ventriculo-aortic junction.
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PVE may be complicated by perforation of leaflets (exclusively in biological prostheses) or
dehiscence, defined detachment of the PV from its annulus due to rupture of the suture line between
the sewing ring and annular tissue. CCTA imaging, including cine-CT reconstruction, may visualize
the rocking motion from a severely detached prosthesis. PVE-related dehiscence may also cause
paravalvular leakage with abnormal communication between two different chambers through the hole
at the undocking point.

Another potential complication, which can be demonstrated by CCTA, is the formation of fistula
connecting two neighboring cavities (such as a Valsalva sinus with right ventricle or left atrium or
between the left ventricle and right atrium); in this setting CCTA offers a detailed morphological
visualization of the abnormal connections.

Finally, CCTA improves the precision of radionuclide imaging study by providing an anatomical
map co-registered with functional information provided by metabolic imaging [49].

6.4. When to Ask for Nuclear Imaging

In the case of prosthetic valves, “abnormal activity around the site of implantation” detected by
(*8F)FDG PET/CT is a major criteria for IE according to ESC 2015 guidelines [4]. Therefore, all patients
with possible or even rejected IE by Duke criteria, but with high clinical suspicion, should be assessed
by (*¥F)FDG PET/CT and/or WBC imaging or CCTA to confirm/rule out IE (Figure 7) [31]. Conversely,
patients with rule-out IE according to Duke criteria and with low clinical suspicion do not require
further examinations.

Figure 7. Example of the use of multimodality imaging. A patient with history of aortic valve
replacement with mechanical prosthesis and ascending aorta graft presented four years later with
acute right lower limb ischemia due to occlusion of proximal fibular, anterior tibial, and posterior tibial

arteries treated with revascularization attempts and finally leg amputation. During hospitalization,
the patient had fever with increased erythrocyte sedimentation rate and C-reactive protein. TTE (A)
and at TOE (B,C) show the presence of hyperechogenic periprosthetic area (white arrows), most likely
consistent with abscess. Blood culture was negative. The fluoro-18-fluorodeoxyglucose positron
emission tomography/computed tomography ((*F)FDG PET/CT) exam including CCTA (D-J) was
performed showing an organized fluid perigraft collection surrounded by thick walls (asterisk) that
enhance after iodinated contrast injection on CCTA images (D), which is associated to intense uptake of
(18F)FDG around the aortic valve prosthesis, as shown by the yellow arrows ((E,G) show noncontrast
CT transaxial images while (F,H) show the fused PET/CT images). Myocardial suppression of (3F)FDG
uptake is achieved by high-fat, low-carb diet. In addition, the whole-body images showed an area
of spleen uptake, consistent with septic embolism ((I,]), noncontrast CT and fused PET/CT transaxial
images, respectively), as indicated by the yellow arrow. Ao: ascending aorta; LV: left ventricle.
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Several recent meta-analyses indicated that the overall pooled sensitivity of (** F)FDG PET/CT in
PVE is about 73-81% [50] with an overall accuracy with an area under curve (AUC) of 0.897 when
including only studies reporting adequate cardiac preparation. Even in the case of negative PET results
(that includes also a whole-body evaluation for embolism detection), a thorough interpretation of the
echocardiography and CCTA scan is essential. Indeed, in the absence of infection, PV generally shows
mild, diffuse, and homogeneous uptake that usually remains stable for at least one year after surgery,
most likely resulting from persistent host reaction against the biomaterial coating the sewing ring of
PV and chronic tension or friction exerted on these anchor points [51-53]. Such (*8F)FDG uptake seems
to be slightly greater in mechanical versus biological prostheses.

Very recent data proved the prognostic value of (‘*F)FDG PET/CT in PVE. In a large retrospective
study on 173 patients with left-sided IE and examined after seven days from the first antibiotic
administration, a moderate to intense valvular (**F)FDG uptake was predictive of major adverse
cardiac events defined as in-hospital death, one-year death, recurrence of IE, acute cardiac insufficiency,
symptomatic embolism under antibiotics, and nonscheduled rehospitalization for cardiovascular
indication [54]. These results reinforce the utility of (*8F)FDG PET/CT in PVE and justify its use in this
population, not only for diagnostic purposes, but also for prognostic assessment. Therefore, (F)FDG
PET/CT should be used in clinical practice for optimal patient management and therapy decision
making, particularly in PVE.

6.5. How to Search for Embolisms

Notable advantages of PET/CT and WBC SPECT/CT are their ability to perform the extra-cardiac
workup within a single imaging procedure and to reveal the concomitant presence of extra-cardiac
infection sites as the consequence of both septic embolism as well as primary infective processes
(with the exception of the brain location, since brain uptake is always high due to its specific
metabolism) [28,55,56]. Detection of metastatic infection by (8F)FDG PET/CT leads to change of
treatment in up to 35% of patients [57]. PET/CT has demonstrated to be able to reveal the source of
infection, including cases where the sustaining POE was a neoplasia (colonic cancer) [6]. As for IE
of native valves, with distant septic embolization a minor criterion for PVE diagnosis, their search
depends on the left or right side of the prosthetic valve and includes also cerebral MRI and whole-body,
contrast-enhanced CT, as previously described for native valves.

6.6. Role of CMR in Diagnosing PVE and Local Complications

CMR is affected by metal artifacts especially from mechanical prostheses and offers similar
information to the CCTA (including detection of paravalvular leakage, abscess, pseudoaneurysm,
and dehiscence) but with lower spatial resolution and lower anatomical definition. It is typically used
when CCTA is contraindicated or to assess complex hemodynamic, such as to ascertain or evaluate
intracardiac fistula where CMR is able also to quantify the shunt.

6.7. Diagnostic Workflow Summary

° As for native valve IE, in case of suspected PVE the initial assessment is based on Duke
criteria, with the specific indication to perform both TTE and TOE for the higher accuracy of
transesophageal approach.

e  IfIE is rejected and the suspicious is low, no more investigations are needed.

e  If the diagnosis is definite, the patient should be investigated for silent embolism or metastatic
infections using CT or PET/CT scan and with CCTA to detect periprosthetic extension. MRI to
detect cerebral involvement (embolism or hemorrhage) is also indicated according with the
clinical status.

e In case of possible IE or rejected IE but high suspicion, there is indication for repeating new
TTE/TEE and blood cultures. CCTA or PET/CT are recommended to detect periprosthetic
extension. A whole-body, contrast-enhanced CT or PET/CT or WBC SPECT/CT is indicated to
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detect silent embolism or metastatic infections. All these methods contribute to reclassify the
patient according with ESC 2015-modified diagnostic criteria [2].

7. CIED-Related Infective Endocarditis

7.1. Main Clinical Characteristics

CIED-IE represents about 10% of total IE, with an in-hospital mortality of 15.3%, according with
Euro-Endo Registry [21]. A wider use of CIEDs in the elderly contributes to the increased rate of
CIED-IE, with an incidence of 1.9 per 1000 device/year reported in a population-based study [58].
Clinically, CIED-IE can be divided into infections limited to the pocket of the skin and infections
extended to the electrode leads, cardiac valve leaflets, or endocardial surface. This difference is
challenging to define and can require the use of advanced imaging, such as WBC scintigraphy or
(*8F)FDG PET/CT [59].

The infection can primarily involve the pocket, after direct manipulation (i.e., change of generator)
and spread to the leads producing multiple vegetations or it can directly originate on the leads
during bacteremia, secondary to a distant site of infection. In addition to the typical risk factors for
IE (renal failure, corticosteroid use, congestive HF, and diabetes mellitus), other factors related to
the surgical procedure may play a role in CIED-IE (i.e., type of intervention, device revision, use of
temporary pacing, use of antimicrobial prophylaxis, and use of anticoagulation) [60]. Staphilococci
accounts for 60-80% of the cases, with a significant proportion of S. aureus (about 50%), according with
the Euro-Endo registry [21].

From a clinical perspective, it is important to differentiate superficial incisional infection,
which does not require CIED system extraction [61,62], from infection limited to the pocket, extending
to the leads potentially associated with systemic infections and/or IE.

7.2. When to Ask for TTE and When to Ask for TOE

The clinical manifestation of CIED-IE can be variable and misleading, with acute manifestations
or chronic evolution, especially in the elderly. As for other specific conditions of IE, the TTE and
TOE play a first-line role for searching vegetation in the intracardiac and intravascular portions of
the leads. The diagnostic usefulness of echocardiography is limited to the infections involving the
explorable portions of the leads (i.e., the intracardiac and superior vena cava initial segments), having
a negligible role in pocket-related infections. TOE has higher sensitivity than TTE in identifying the
tricuspid involvement, the presence of vegetation on the leads, and the involvement of left-sided
valves [63]. TTE allows for a better assessment of pulmonary pressures, pericardial effusion, and left
ventricle function. Both approaches are, therefore, recommended in case of suspected CIED-IE.
The echocardiography should be used to identify the vegetation and its localization, but a negative
examination does not rule out the presence of infection. The Euro-Endo Registry showed that a high
proportion (67%) of patients with CIED-IE received TOE, but a significant percentage of subjects
(26% and 37%, respectively) also required PET/CT or chest CT [21]. This observation confirms the need
for multidisciplinary work-up in CIED-IE.

7.3. Role of CCTA in Diagnosing CIED-IE and Local Complications

In CIED-IE, CCTA has poorer sensitivity in detection of vegetations on pacemaker leads compared
to TTE or TOE, due to blooming and beam-hardening artifacts and should be limited to situations
when radionuclide imaging is not available [31].

Electrocardiographic (ECG)-gating embedded in CCTA refines the anatomical map co-registered
during radionuclide imaging study, improving the diagnostic accuracy of hybrid exams [64].

Moreover, CCTA can be followed by a nongated, contrast-enhanced CT scan, which plays a role in
assessing infection of the pacemaker pocket by depicting local inflammatory tissue changes or abscess
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collection around the device, which should be distinguished from non-infected hematomas, superficial
cellulitis, or infection that commonly occurs at the surgical site in the postoperative phase [65].

Contrast-enhanced CT is also required in the detection of distant septic emboli and predominantly
pulmonary and vascular complications such as mycotic aneurysms. This represents additional criteria
for CIED-IE diagnosis with direct impact on patient management and treatment strategy.

7.4. When to Ask for Nuclear Imaging

(*®F)FDG PET/CT provides added diagnostic value to the Duke criteria, particularly in the
subset of possible CIED-IE [66-71] and it has the capability to explore the whole device. Therefore,
(8F)FDG PET/CT and WBC SPECT/CT might be used in all the cases when CIED involvement is
suspected [8]. In CIED-IE the presence of ('8F)FDG uptake should be described as pertinent to generator
pocket (superficial or deep) and/or to the leads (intravascular or intracardiac portion of the leads).
In addition, signs of cardiac (valvular or pericardial) involvement as well as systemic signs of infections
(septic embolism, in particular in the lung parenchyma and POE) should be carefully assessed and
reported. The ("8F)FDG PET/CT is useful in patients with evidence of pocket infection and negative
microbiologic and echocardiographic examination and in patients with positive blood cultures but
negative echocardiographic examination. All the related studies have shown an almost 100% accuracy
for infection of the generator pocket and for the extracardiac portion of the lead (sensitivity, specificity,
and accuracy for the diagnoses of pocket infection were 93%, 98%, and 98%, respectively) [31,50,72].
The presence of (\8F)FDG uptake along pacing leads, in particular, in the same location as mobile
elements on echocardiography and in association with septic pulmonary emboli appearing as multiple
focal ("8F)FDG spots, is highly suggestive of pacing lead infection [67] (Figure 8). Of notice, in the
Euro-Endo registry extracardiac uptake was found in 43.8% of patients with CIED-IE [14].

N
\

Figure 8. Example of the use of (8F)FDG PET/CT in a patient with non-Hodgkin’s lymphoma and
sudden onset of fever and a positive blood culture for Streptococcus dysgalactiae. The patient underwent
TTE and TEE, which were negative. Antimicrobial treatment was started. Due to the lack of clinical
response, the patient underwent (18F)FDG PET/CT, which revealed infection, as indicated by the black
and yellow arrows, involving the pocket of the device ((A), from left to right, CT, PET, and superimposed
PET/CT transaxial (upper panel) and coronal (lower panel and (B) non-attenuated corrected transaxial
images) as well as the intracardiac portion of the lead extending to the tricuspid valve ((C), from left to
right, noncontrast CT, PET, and fused PET/CT coronal images). Based to the PET/CT findings, the device
was extracted and replaced.
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In the case of lead-related IE, (‘*F)FDG PET/CT is very specific when tracer uptake is visualized.
However, its sensitivity is low, and a negative result does not completely exclude the presence of
small vegetations with low metabolic activity [68]. Every positive blood culture should be carefully
evaluated, with prompt, active exclusion of CIED-IE with other diagnostic techniques [8].

7.5. Diagnostic Workflow Summary

e In case of suspected CIED-IE, the physician should address the Duke criteria, being aware of the
significantly limited diagnostic accuracy. However, blood cultures, TTE, and eventually TOE
should be considered also in case of suspected infection limited to the pocket.

e In case of possible CIED-IE or rejected CIED-IE but persistent high clinical suspicion there is
indication to repeat TTE/TOE and blood cultures.

e ChestCT has a specific role in searching for pulmonary embolism, infarct or abscess. The (*SF)FDG
PET/CT and WBC SPECT/CT have a central role in detecting pocket infection, lead infection,
and pulmonary embolism.

8. Current Challenges and Future Perspectives

The diagnosis of IE and CIED-IE still remains sometimes a challenge for the clinicians for both
diagnostic and therapeutic points of view. As previously shown, each imaging modality has its own
pros and cons (Table 1) and, therefore, the appeal to an integrated and multimodal approach in the
diagnostic workup of IE and CIED-IE is mandatory. It has already demonstrated to be effective for
the early identification of the infection. But, at the moment, the role of imaging as tool to follow-up
after antibiotic therapy or in decision making between a surgical rather than a medical approach is still
debated and the lack of a reference standard represents one of the most critical aspects that should be
faced in the near future.

Novel trends in radiopharmaceuticals’ developments as well as significant progresses in technology
and new insights on the various mechanisms that play a role in cardiovascular infections will likely
provide in the future new diagnostic and therapeutic targets for further developments in the field.

As for the radiopharmaceutical perspective, while radiolabeled granulocytes are a common
clinical practice with SPECT applications, tracking WBC in vivo with PET using the positron emitting
is still in the research phase [73-75]. A very interesting innovative strategy, based on the development
of selective metabolic probes that are substrate for specific strains, has recently renewed the interest
in pathogen-specific imaging agents. In fact, while traditional approaches have been based on
radiolabeling existing antibiotics (i.e., ciprofloxacin) or antimicrobial peptides (i.e., ubiquicidin),
researchers have recently tested almost 1000 radiolabeled small molecules as substrates for essential
metabolic pathways in bacteria, demonstrating (18F)ﬂuorodeoxysorbitol [76,77] holds tremendous
potential for identifying and monitoring known or suspected infection caused by Enterobacteriaceae.
On the other hand, in addition to technological developments, new equipment such as PET/MRI and
total-body PET/CT will provide new opportunities to extend clinical diagnosis in specific scenarios
(i.e., myocarditis) as well as to implement the use of quantitative imaging analysis. All together,
this synergy arising from the combination of clinical and technological aspects represents the next
challenge to unravel the full potential of multimodality imaging into daily clinical practice of patients
with cardiovascular infections.
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9. Conclusions

A modern and updated management of IE and CIED-IE requires a correct and synergistic
integration of diagnostic tools and therapeutic strategies. Multimodality imaging is a crucial part of
diagnostic work-up where different techniques provide additional and unique information. Clinicians
and imaging specialists should be aware of strengths and limitations of every approach in order to
correctly interact with other specialists and, therefore, to optimize the management of patients and to
improve the outcome.
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Abstract: The presence of a cardiovascular implantable electronic device (CIED) can be burdened
by complications such as late infections that are associated with significant morbidity and mortality
and require immediate and effective treatment. The aim of this study was to evaluate the role of
18E-fluorodeoxyglucose positron-emission tomography/computed tomography (‘¥F-FDG PET/CT)
in patients with suspected CIED infection. Fifteen patients who performed a F-FDG PET/CT for
suspicion of CIED infection were retrospectively analyzed; 15 patients, with CIED, that underwent
I8F-FDG PET/CT for oncological reasons, were also evaluated. Visual qualitative analysis and
semi-quantitative analysis were performed. All patients underwent standard clinical management
regardless F-FDG PET/CT results. Sensitivity, specificity, accuracy, positive predictive value (PPV)
and negative predictive value (NPV) resulted as 90.91%, 75%, 86.67%, 90.91% and 75% respectively.
Maximum standardized uptake values (SUVyax) and semi-quantitative ratio (SQR) were collected
and showed differences statistically significant between CIED infected patients and those who were
not. Exploratory cut-off values were derived from receiver operating characteristic (ROC) curves
for SUVmax (2.56) and SQR (4.15). This study suggests the clinical usefulness of 18E-FDG PET/CT in
patients with CIED infection due to its high sensitivity, repeatability and non-invasiveness. It can help
the clinicians in decision making, especially in patients with doubtful clinical presentation. Future
large-scale and multicentric studies should be conducted to establish precise protocols about ¥F-FDG
PET/CT performance.

Keywords: BE_FDG PET/CT; infection; cardiac implantable electronic device

1. Introduction

Implantations of cardiac implantable electronic devices (CIEDs) have increased significantly over
recent years, due to growing evidence of improved quality of life, population growth and increased
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life expectancy [1-3]. Despite the many benefits of this surgical practice, it can be burdened by
complications such as infections that are associated with significant morbidity and mortality and
require immediate and effective treatment [4-7]. CIED infections (CIEDIs) can onset late after placement
and in these cases the diagnosis is more difficult because presentation is highly variable; a significant
number of late infections presents with more indolent manifestation [8-10]. Delays in diagnosing
and treating can result in progression to infectious endocarditis or sever sepsis with worse clinical
outcomes [9,11]. CIED consists on both intravascular and extravascular components and any part of it
can be involved by infection. Once any segment of the device gets involved by infection, the entire
system is considered infected [12,13]. The main therapeutic option is complete device removal, which is
complex, expensive and potentially accompanied by complications [13]. For this reason it is important
to have as much information as possible to help clinicians choosing the most appropriate treatment [14].
I8F-fluorodeoxyglucose positron-emission tomography/computed tomography (**F-FDG PET/CT) is
a validated multimodality whole-body technique that can identify invective foci because *F-FDG
uptake increases due to the high concentration of neutrophils and monocyte/macrophages, which
overexpress glucose transporters, and hexokinase activity. For this reason '8F-FDG PET/CT has been
recently proposed also in the diagnostic workflow of numerous infectious conditions [15-19].

The aim of this study was to investigate the possible role of ¥F-FDG PET/CT in the diagnosis of
suspected CIED infection.

2. Materials and Methods

2.1. Design and Patients

This observational and retrospective analysis included 30 patients with CIED implanted at least
6 months before the performance of '*F-FDG PET/CT. Written informed consent for collecting data
for clinical research was obtained from all patients at the moment of the first hospital admission.
I8F-FDG PET/CT were performed from November 2017 to December 2018. Our institutional review
board did not require ethical committee approval for the review of patients’ files and data. 15/30
patients (14 men and 1 woman, mean age 69 years, range: 46-84 years) performed 8F-FDG PET/CT for
suspected CIED infection (group CIEDIsusp) [12]. The suspicion of CIED infection was postulated
according to the presence of at least 2 of the following signs: (1) clinical signs: fever >38 °C, local signs
of generator pocket infection (erythema and/or localized cellulitis and/or swelling and/or discharge
and/or dehiscence and/or pain over the pocket and/or fluid collection and/or CIED exposure); (2)
laboratory signs: increased values of inflammatory index: erythrosedimentation rate (ESR) and/or
C-reactive protein (CRP) and/or procalcitonin (PCT) and/or white blood cells (WBC), blood culture
positivity; (3) instrumental signs: trans-thoracic echocardiography (TTE) positivity, trans-esophageal
echocardiography (TEE) positivity. 15/30 patients (13 men and 2 women, mean age 76 years, range:
59-93 years) were selected as control group among patients with CIED who underwent '8F-FDG
PET/CT for oncological surveillance without clinical suspicion of CIED infection (group ONCOctrl).

2.2. 8F-Fluorodeoxyglucose Positron-Emission Tomography/Computed Tomography (‘8 F-FGD PET/CT) Technique

All patients were instructed to fast for 8 h before the exam; CIEDIsusp patients also underwent
a fat-enriched and lacking carbohydrates diet for 24 h before the 8-h fast, in order to reduce the
physiological uptake of the '®F-FDG by myocardium [20]. Patients’ blood glucose level was evaluated
before 18F-FDG administration and all patients had a capillary level lower than 150 mg/dL. Images were
acquired with a combined modality PET/CT Discovery LSA (GE Healthcare, Waukesha, Wisconsin,
USA), integrating a PET with a 16-slice low-dose CT scanner, in order to perform PET images’ correction
for attenuation and anatomical reconstruction. The image acquisition was obtained 45-60 min after
the intravenous injection of a dose of 2.5-3.0 MBg/kg of '®F-FDG. Patients were hydrated by drinking
500 mL of water and instructed to empty the bladder before image acquisition. The PET acquisition
was obtained in cranial-caudal direction, carried out from the external acoustic meatus to the root of
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the thigh; PET was reconstructed with a matrix of 128 x 128, ordered subset expectation maximum
iterative reconstruction algorithm (two iterations, 28 subset), 8 mm Gaussian filter and 50 cm field of
view. The CT acquisition parameters were the following: slice thickness 3.75 mm; 350 mA; 120 kV; tube
rotation time 0.8 ms and collimation field of view (FOV) 50 cm. The CT images were reconstructed
with a filtered back-projection. No iodate intravenous contrast was administered to patients.

2.3. BF-FGD PET/CT Imaging Interpretation

I8E-FDG PET/CT images were blindly reviewed by 2 nuclear physicians with more than 5 years
of experience (C.E, N.M.) by using MultiVol PET/CT program (Volume Share 4.7 with Volume
Viewer Software) of Advantage Workstation (GE Healthcare, Waukesha, Wisconsin, USA). Qualitative
and semi-quantitative analysis were assessed both with and without the attenuation correction;
non-attenuation corrected images were reviewed for final interpretation, in order to avoid artifacts
induced by metallic components of CIED [21-24]. The visual qualitative analysis defined whether
the 8F-FDG PET/CT was positive or negative for CIED infection. Positive ®F-FDG PET/CT was
defined by increased '®F-FDG uptake around the device (generator pocket and/or leads) greater than
mediastinal blood pool activity. Negative '8F-FDG PET/CT was defined if no increased '®F-FDG uptake
around the device relative to surrounding tissues or mediastinal blood pool was detected [21-23].
Discordant analysis interpretation was discussed and resolved by consensus [23]. Semi-quantitative
parameters were collected by volumes of interest (VOIs) semi-automatically drawn nearby the generator
pocket and along the leads’ pathway. Maximum standardized uptake values (SUVyax), normalized
basing on the patient’s injected dose and weight, were collected from the VOI with the highest value.
Semi-quantitative ratios (SQRs) were also calculated: SQR was defined as the maximum count rate in
the region surrounding CIED over a mean count rate between normal left and right lung parenchyma;
areas of abnormal lung parenchyma were avoided in the analysis.

2.4. Assessment of Patients” Outcome

Management of patients and treatment decisions were made by the same cardiologists (D.C.,
C.D.A)) in all cases and established on the basis of the current clinical guidelines [12,25]. BBE_FDG
PET/CT results were not used to guide the management decision. In patients who underwent surgery
and whose CIED was removed, the final diagnosis was reached by the microbiological analysis. In the
remnant patients, the final diagnosis was reached by clinical and instrumental follow-up, according to
modified Duke’s criteria [25]. All patients were followed by the same cardiologists (D.C., C.D.A.) for 6
months after the performance of 8F-FDG PET/CT, both in case surgical CIED removal was performed
and not.

2.5. Statistical Analysis

Sensitivity (Se), specificity (Sp), accuracy (Acc), positive predictive value (PPV) and negative
predictive value (NPV) were calculated for CIEDIsusp patients. Reliability of F-FDG PET/CT
qualitative analysis among the observers was evaluated with Cohen’s K. Semi-quantitative parameters
were compared by Student’s t-test; p value lower than 0.05 was considered statistically significant.
Ninety-five percent confidence intervals (95% CI) were added for all diagnostic accuracy parameters
(Se, Sp, Acc, PPV, NPV). Receiver operating characteristic (ROC) curve analysis were performed to
derive exploratory cut-off values. All statistical analysis was carried out using MedCalc® Statistical
Software version 2020 (MedCalc Software Ltd., Ostend, Belgium).

3. Results

3.1. Patients’ Baseline Characteristics

Demographic, clinical and instrumental characteristics about CIEDIsusp patients are reported in
Table 1.
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As regards the kinds of device implanted, 7/15 (47%) patients had implantable cardioverter
defibrillators (ICDs) and 8/15 (53%) had pacemakers (PMs). Fever was present in 10/15 (67%) patients
and local signs of pocket infection was found in 7/15 (47%) patients. Values of ESR and CRP were
increased in 9/15 (60%) patients, while values of PCT and WBC were altered respectively in 4/15 (27%)
and 1/15 (7%) patients. Blood cultures resulted positive in 3/15 (20%) patients and negative in the
remnant 12/15 (80%). The bacteria identified were Staphylococcus epidermidis (n. 2) and Staphylococcus
aureus (n. 1). TTE resulted positive in 1/15 (7%) patient (also confirmed by TEE); TEE was performed
in 5/15 (33%) patients and it resulted positive in 4/5 patients; TEE was not performed in the remnants
patients because of their clinical conditions.

The 15 ONCOctrl patients performed '8F-FDG PET/CT for oncological surveillance and they
had no clinical suspicion of CIED infection. The devices implanted were ICDs in 5/15 (33%) and
PMs in 10/15 (67%). They were affected by lung carcinoma (3/15), chronic lymphatic leukemia (2/15),
non-Hodgkin lymphoma (2/15), kidney carcinoma (2/15), melanoma (3/15), intestinal carcinoma (2/15)
and gastric cancer (1/15).

The mean time elapsing between the statement of possible CIED infection and the ®F-FDG
PET/CT execution was 2 days (range: 1-3 days). During this time empirical antibiotic therapies
were started: 4 patients assumed cefazolin, 2 amoxicillin + clavulanic acid, 3 amoxicillin + clavulanic
acid and levoxacin, 1 daptomycin, 1 cefazolin and teicoplanin, one amoxicillin + clavulanic acid and
daptomycin, 1 teicoplanin + ceftriaxone, 1 daptomycin and piperacillin tazobactam and 1 azithromycin
and daptomycin and piperacillin tazobactam. The therapies did not interfere with the microbiological
study of samples and did not invalidate '®F-FDG PET/CT results, because the short interval of time
elapsing between the start of the therapy and the instrumental exam execution was not sufficient to
obtain a complete bacterial count reduction so it did not influence '®F-FDG uptake.

The mean time elapsing between the CIED implantation and the ®F-FDG PET/CT execution
was 3.2 years (range: 6 months-7 years) and the mean time elapsing between the '®F-FDG PET/CT
execution and the surgical device removal was 5 days (range: 3-7 days). In the control group, the mean
time elapsing between the CIED implantation and the ¥F-FDG PET/CT execution was 3.5 years (range:
10 months-8 years).

3.2. 18F-FGD PET/CT Analysis Results

According to visual qualitative analysis, 'F-FDG PET/CT resulted positive in 11/15 (73%)
CIEDIsusp patients; in the remnants 4/15 (27%) patients, the exam was considered negative [Figure 1,
Figure 2].
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Figure 1. '8F-fluorodeoxyglucose positron-emission tomography/computed tomography (‘*F-FDG
PET/CT) of a 78-year-old man with suspicion of cardiac implantable electronic device (CIED) infection
because of bacterial blood culture positive for Staphylococcus epidermidis. (a) Maximum intensity
projection (MIP), (b) coronal fusion, (c) axial fusion and (d) sagittal fusion images showed increased
I8E-FDG uptake involving the CIED pocket. After surgical CIED removal, microbiological analysis of
explanted materials confirmed Staphylococcus epidermidis infection.

Figure 2. 8F-FDG PET/CT of a 56-year-old man with suspicion of CIED infection; both TTE and
TEE were positive, but bacterial blood culture was negative. (a) Maximum intensity projection (MIP),
(b) coronal fusion, (c) axial fusion and (d) sagittal fusion images showed increased BEFDG uptake
involving the leads. After surgical CIED removal, microbiological analysis of explanted materials
showed Staphylococcus epidermidis infection.

Sites of infection were generator pocket in 9/11 and leads’ extracardiac pathway in the remnant
2/11 patients. No other pathological areas of F-FDG uptake were found even in the endocardium in
any patient. All ONCOctrl patients did not show any abnormal '®F-FDG uptake area in proximity of
the generator pocket or leads, so none of them was considered positive. The description of ¥ F-FDG
PET/CT results is reported in Table 2.
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Table 2. '8F-FDG PET/CT and final results in CIEDIsusp patients.

18F-FDG PET/CT Analysis Results Final Results
ID Result Site SUVmax SQR Mlc;‘:lzll(;}s()iimal F(()jlll?w;zc-allJp
1 Positive Pocket 3.65 3.80 Staphyl. haemolyticus /
2 Positive Pocket 4.96 9.54 / Negative
3 Negative Pocket 2.19 3.37 Negative /
4 Positive Pocket 3.32 4.61 Staphyl. aureus /
5 Positive Pocket 4.31 8.71 Staphyl. epidermidis /
6 Negative Pocket 2.56 3.24 / Negative
7 Positive Lead 2.80 4.41 Staphyl. epidermidis /
8 Negative Pocket 1.96 3.24 Staphyl. epidermidis /
9 Positive Lead 2.69 2.88 Staphyl. epidermidis /
10 Positive Pocket 6.55 9.63 Staphyl. epidermidis /
11 Positive Pocket 6.75 10.38 Staphyl. epidermidis /
12 Negative Pocket 1.82 1.43 / Negative
13 Positive Pocket 2.20 4.58 Staphyl. epidermidis /
14 Positive Pocket 4.61 8.46 Staphyl. epidermidis /
15 Positive Pocket 7.33 11.63 Staphyl. epidermidis /

SUVmax: maximum standardized uptake values; SQR: semi-quantitative ratio.

3.3. Patients’ Outcome

The cardiac device was surgically removed in 12/15 (80%) CIEDIsusp patients; the entire pacing
system was extracted intravenously. In these patients the final diagnosis was reached by the
microbiological analysis: it was positive in 11/12 and negative in 1/12. In the remnant 3/15 (20%)
patients who did not remove CIED the clinical and instrumental follow-up resulted negative for
infection. The description of microbiological and clinical follow-up results is reported in Table 2.
All ONCOctrl patients resulted negative during clinical follow-up.

3.4. Statistical Analysis Results

As regards the CIEDIsusp patients, 10/15 resulted as true positives (TPs), 3/15 true negatives (TNs)
1/15 false positive (FP) and 1/15 false negative (FN). As regards the ONCOctrl patients, agreement
between 8F-FDG PET/CT and outcome was complete: all patients showed negativity in BE_FDG
PET/CT and resulted negative during clinical follow-up. In CIEDIsusp patients, Se, Sp, Acc, PPV and
NPV of '8F-FDG PET/CT resulted 90.91% (95% CI: 58.72% to 99.77%), 75% (95% CI: 19.41% to 99.37%),
86.67% (95% CI: 59.54% to 98.34%), 90.91% (95% CI: 64.45% to 98.22%) and 75% (95% CI: 29.86%
to 95.48%) respectively. Reproducibility among nuclear medicine physicians as regards qualitative
analysis resulted as excellent (K value = 0.89).

In CIEDIsusp patients positive at 8E_FDG PET/CT, the mean value of SUVax was 4.47 (range:
2.20-7.33; SD = 1.76) and the mean value of SQR was 7.15 (range: 2.88-11.63; SD = 3.11). In CIEDIsusp
patients negative at 18F_FDG PET/CT, the mean value of SUVax was 2.13 (range: 1.82-2.56; SD = 0.32)
and the mean value of SQR was 2.82 (range: 1.43-3.37; SD = 0.93). In ONCOctrl patients, the mean
value of SUVpax was 1.98 (range: 1.29-2.96; SD = 0.50) and the mean value of SQR was 3.48 (range:
1.90-5.38; SD = 0.93) [Figure 3].
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Figure 3. (a) SUV,x distribution in CIEDIsusp patients positive at 8F_FDG PET/CT, CIEDIsusp
patients negative at '®F-FDG PET/CT and oncological surveillance without clinical suspicion of CIED
infection group (ONCOctrl) patients. (b) SQR distribution in CIEDIsusp patients positive at S F-FDG
PET/CT, CIEDIsusp patients negative at '*F-FDG PET/CT and ONCOctrl patients.

In patients with diagnosis of CIED infection, the mean value of SUVnax was 3.91 (range: 1.96-7.33;
SD = 1.87). In patients without CIED infection, the mean value of SUVax was 2.14 (range: 1.29-4.96;
SD = 0.86). The difference between them was statistically significant (f = 3.35; 95% CI: 0.68% to 2.85%;
p < 0.05) [Figure 4a]. The mean value of SQR was 6.07 (range: 2.88-11.63; SD = 3.17) in patients
positive for CIED infection and 3.72 (range: 1.43-9.54; SD = 1.8) in negative ones. The difference was
statistically significant (t = 2.57; 95% CI: 0.40% to 4.29%; p < 0.05) [Figure 4b].

Exploratory SUVmax cut-off value resulted as 2.56 (area under the curve (AUC) = 0.957; ES = 0.032;
95% CI: 0.395% to 0.519%) while exploratory SQR cut-off value resulted as 4.15 (AUC = 0.878; ES = 0.071;
95% CI: 0.239% to 0.517%).
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Figure 4. (a) SUVpax distribution in patients with CIED infection (positive) and patients without
CIED infection (negative). (b) SQR distribution in patients with CIED infection (positive) and patients
without CIED infection (negative).

4. Discussion

Our study aims to assess the value of 8 F-FDG PET/CT in patients who referred to cardiologist for
suspected CIED infection. Previous studies already evaluated the role of "®F-FDG PET/CT in these
patients, but there was not homogeneity in methodological criteria [22,24,26-28]. In our study all
patients with suspicion of CIED infection were instructed to follow a high-fat/low-carbohydrate (HFLC)
diet that allowed an optimal suppression of physiological myocardial glucose utilization, facilitating
the evaluation of intracardiac sites of elevated '®F-FDG uptake. A correct diet before F-FDG PET/CT
was useful to reduce the physiological myocardial uptake avoiding either false-positive (physiological
uptake interpreted as infection) or false-negative results (infectious uptake unrecognized because of
predominant diffuse physiological uptake) [21,25,29,30]. Although a precise protocol for ¥F-FDG
PET/CT is not completely standardized for cardiac infection imaging, it is highly recommended a
dietary preparation with 1 or 2 meals of high fat and low carbohydrates followed by a fasting period of
at8 h[14].

Furthermore, in all patients with suspicion of CIED infection the timing of BE-FDG PET/CT
was accurately defined in order not to be influenced by antibiotic therapy. According to the current
guidelines, empirical antimicrobial therapies have to be commenced as soon as possible in patients
with suspected CIED infection [12] and in our study, ®F-FDG PET/CT was performed no more than
2 days after the beginning of them; this period of time was not sufficient to interfere with '8F-FDG
uptake. Previous studies with the same aim as ours, even if analyzed in a larger population, presented

57



J. Clin. Med. 2020, 9, 2246

a bias of the lack of dietary preparation and duration of antibiotic therapy that resulted from being
performed for weeks before '8F-FDG PET/CT, influencing the results [26-28].

In our study all patients were evaluated by the same cardiologist and ®F-FDG PET/CT results
were not used to guide the management of patients; treatment decisions were established on the
basis of the current guidelines [12,25,31]. In the majority of patients (12/15) CIED was removed and
the microbiological analysis was performed while in the remnants (3/15), for whom cardiologist did
not remove the device, patients” outcome was assessed by follow-up according to modified Duke’s
criteria [25,32].

About patients with CIED infection, even if 18E_FDG PET/CT is not recommended for routine
performance, it is mentioned as a potential useful additive tool in selected cases, in particular when
there is uncertainty about generator pocket infection [14,20,25,26,33].

Our study revealed a good reliability of '8F-FDG PET/CT thanks to the good agreement with
final outcomes. Discordance was observed only in two patients. In one patient '®F-FDG PET/CT was
considered positive for CIED infection, but the clinical follow-up resulted in being negative; this false
positive result has been ascribed to the presence of a foreign-body inflammation reaction nearby the
pocket. In this patient the suspicion of CIED infection was postulated on the basis of the presence of
fever and increased values of inflammatory indexes, without local signs of generator pocket infection.
The cardiologist decided not to surgically remove the device, because the patient was in a good general
health state and both fever and inflammatory indexes were slightly increased. The patient underwent
close clinical monitoring, showing rapid temperature decrease and laboratory indexes normalization.
These findings supported the hypothesis of high '8 F-FDG PET/CT uptake due to tissue’s inflammatory
reaction as also reported in literature [21]. In one patient 8F-FDG PET/CT resulted negative, but the
microbiological analysis after CIED removal showed Staphylococcus epidermidis infection; the false
negative result can be explained by the small site of the infection near the electrocatheter, less than the
resolution of the technique [13,26-28,34].

Our results from the diagnostic performance of ®F-FDG PET/CT were also encouraging,
revealing better results for sensitivity and PPV (both 90.91%) in line with those reported in literature
(80-97%) [21,23,35,36]. In our analysis these good results, such as 86.67% accuracy, can be at least in
part attributed to the high number of pocket infection of our patients” cohort. The specificity and NPV
resulted lower (both 75%) because of the '®F-FDG uptake also in unspecific inflammatory conditions;
other factors that can influence the cardiac glucose uptake of '¥F-FDG are sugar blood level, insulin
blood level, left vs right ventricle blood shunt, vasculitis and ateromatous arteries [4,7].

In our study the reliability of visual qualitative analysis of '®F-FDG PET/CT images by the 2 nuclear
medicine physicians resulted in being excellent (K = 0.89). It was thanks to the high quality of images
both corrected and non-corrected for attenuation that artifacts related to the metallic components of
the device were avoided [22,23]. Our results confirmed those of Granados et al. and Bensimhon et al.;
in their studies, K values for presence of CIED infection were, respectively, 0.81 and 0.80 [22,36].

In addition to visual qualitative assessment, semi-quantitative parameters were also collected
in order to investigate their usefulness in the diagnosis of CIED infection. In literature there is no
consensus about the choice of them and their evaluation; we have chosen the SUVax because it is the
most validated parameter and SOR because it allows any error in the radiotracer uptake detection
during the attenuation correction process to be avoided [21-24].

In our study, the differences of mean values of SUVyax and SQR between patients with confirmed
and unconfirmed CIED infection were statistically significant (p < 0.05) suggesting that these values
could further contribute to the correct interpretation of BE_FDG PET/CT images; however, it is
opportune to underline that these results must be interpreted with caution due to the small size of our
sample and the overlap of the ranges of values collected.

Besides these limitations, it was possible to propose exploratory cut-off values of SUVpax and SQR,
which are useful to discriminate patients with CIED infection from negative ones. In our study SUVmax
cut-off value resulted 2.56 and SQR cut-off value 4.15, obtained by ROC analysis. Also, Bensimhon et al.
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proposed a SUVnax cut-off value of 2.2; Ahmed et al. and Sarrazin et al. proposed SQR cut-off values
of 2.00 and 1.87 respectively [21,23,36]. Our results are similar to those reported in literature about
SUVax and different about SQR, but it is important to consider that differences in methodological
statistical analysis and in the population samples analyzed can interfere with the comparison.

I8E-FDG PET/CT is whole-body multimodality imaging; its most relevant advantages are the
evaluation of extracardiac components of the device, which are beyond the echocardiographic field
of view, the detection of unexpected sources of primary infection, and the identification of embolic
consequences of endocarditis [14,23,35,37]. In our study no sites of infection different from those of
CIED were detected, excluding more complicated diseases. Otherwise '¥F-FDG PET/CT uses ionizing
radiation, but current technologies reduce considerably the radiation exposure; it should be also
remembered that CIED patients are generally of high age and for them the risks of CIED infection are
more serious than those potentially of ionizing radiation [14].

Although our study showed promising results, it is not devoid of limitations such as the
retrospective and monocentric nature of our analysis; our sample was small, but homogeneous and
in line with samples reported in literature; conventional instrumental exams such as TEE and CIED
removal were not always performed, but this reflects the real situations that clinicians have to face.

5. Conclusions

This study suggests the clinical usefulness of '8F-FDG PET/CT in patients with CIED infection due
to its high sensitivity, repeatability and non-invasiveness. It can help the clinicians in decision making,
especially in patients with doubtful clinical presentation, and it should be considered as a possible
methodological step into the flowchart of management of patients with suspected CIED infection.
Future large-scale and multicentric studies should be conducted to establish precise protocols about
8E.FDG PET/CT performance.
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Abstract: Conventional diagnostic imaging is often ineffective in revealing the underlying cause
in a considerable proportion of patients with fever of unknown origin (FUO). The aim of this
study was to assess the diagnostic value of fluorine-18 fluorodeoxyglucose positron emission
tomography/computed tomography (!¥F-FDG-PET/CT) in patients with FUO. We retrospectively
reviewed 8F-FDG-PET/CT scans performed on 50 consecutive adult patients referred to our
department for further investigation of classic FUO. Final diagnosis was based on histopathological
and microbiological findings, clinical criteria, or clinical follow-up. Final diagnosis was established in
39/50 (78%) of the patients. The cause of FUO was infection in 20/50 (40%), noninfectious inflammatory
diseases in 11/50 (22%), and malignancy in 8/50 (16%) patients. Fever remained unexplained in
11/50 (22%) patients. '8 F-FDG-PET/CT scan substantially contributed to the diagnosis in 70% of the
patients, either by identifying the underlying cause of FUO or by directing to the most appropriate site
for biopsy. Sensitivity, specificity, accuracy, positive predictive value (PPV) and negative predictive
value (NPV) of 8F-FDG-PET/CT for active disease detection in patients with FUO were 94.7%,
50.0%, 84.0%, 85.7%, and 75.0%, respectively. In conclusion, whole-body 18E_FDG-PET/CT is a highly
sensitive method for detection of the underlining cause of FUO or for correctly targeting suspicious
lesions for further evaluation.

Keywords: fever of unknown origin; FUO; PET/CT; 8F_FDG-PET/CT

1. Introduction

Despite the immense progress of laboratory and imaging modalities, fever of unknown origin
(FUO) remains a diagnostic challenge. FUO was originally defined by Petersdorf and Beeson in 1961 as
body temperature higher than 38.3 °C, on at least three occasions over a period of at least three weeks,
with no diagnosis made despite one week of inpatient investigation [1]. The initial definition of FUO
was subsequently modified by Durack and Street in 1991 by removing the requirement of inpatient
investigation and also by excluding immunocompromised patients as they may require an entirely
different diagnostic approach [2]. Later, the quantitative criterion of uncertain diagnosis after a period
of time was proposed to be replaced by a qualitative criterion of a number of obligatory investigations
that should be performed to qualify the condition as FUO [3-5].
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The differential diagnosis of FUO includes a wide spectrum of highly heterogeneous diseases,
which is traditionally subdivided into four categories: infections, malignancies, non-infectious
inflammatory diseases (NIID), and miscellaneous causes, with their incidence strongly affected
by the local epidemiology [6,7]. Expectedly, the proportion of undiagnosed cases of FUO ranged from
7% to 53% in various studies, thus indicating that the diagnostic investigation of FUO still remains a
challenge [7,8].

Structural cross-sectional imaging modalities such as computed tomography (CT) and magnetic
resonance imaging (MRI) can be used to detect focal pathologies, but they may be less accurate in the
early stages of infectious and inflammatory diseases. Furthermore, distinction of active inflammation
from healing or treated infection or postoperative changes and maturing scar tissue is often hardly
achievable by radiological modalities [9].

Conversely, nuclear medicine modalities are capable of early detection of disease activity at a
cellular or even molecular level, preceding morphological alterations, and also to distinguish between
active and inactive disease and between infection and aseptic inflammation or malignancy [10]. In the
few past decades, a variety of specific and non-specific radiopharmaceuticals have been proposed for
imaging infection and inflammation [11]. ®Ga (gallium) citrate scintigraphy has been widely used in
the past to investigate FUO [12-14] due to its accumulation in both infections and acute or chronic
inflammations and neoplasms. However, its low specificity and suboptimal imaging characteristics,
along with the introduction of newer radiopharmaceuticals for imaging of infection and inflammation
like labeled leucocytes and '8F-fluorodeoxyglucose (*®F-FDG) have dramatically reduced its use in
most clinical indications, including FUO.

Labeled leucocyte scintigraphy is a highly specific method for imaging infection because labeled
leucocytes migrate actively into infectious foci [15]. However, it is not a very helpful modality in
patients with FUO, because infections account for only a portion of FUO cases, ranging from 11% to
57% in various studies [6-8].

I8F-FDG, the most commonly used radiotracer for positron emission tomography/computed
tomography (PET/CT), accumulates avidly in most viable neoplasms and has been extensively
studied in patients with malignancies for diagnosis, staging, and treatment response assessment [16].
Since Tahara et al. first showed high "®F-FDG uptake in abdominal abscesses in 1989 [17], evidence is
growing on the usefulness of BE.-FDG-PET/CT in the diagnosis and management of several
inflammatory and infectious diseases [18] based on the high glucose uptake by activated inflammatory
cells, related to their increased glycolytic activity and overexpression of glucose transporters (GLUT),
especially GLUT 1 and GLUT 3. Shorter procedure duration and higher resolution and sensitivity are
the comparative advantages of '®F-FDG-PET over conventional scintigraphy, making ®F-FDG-PET
an appealing modality for imaging infection and inflammation especially since the emergence of
PET/CT [19].

Several studies indicate the potential contributory role of both ®F-FDG-PET alone [12,13,20-23]
and 8F-FDG-PET/CT [24-28] in the management of patients of FUO. However, the representativeness
of the populations studied may be questionable as in the majority of the Northwestern European studies
NIID is the leading causes of FUO, whereas in those coming from Asia, infections are more common,
with tuberculosis predominating. As far as we know, only limited data are available regarding Southern
Europe and Mediterranean countries. For example, to the best of our knowledge, there are only two
previous studies on FUO in Greece [29,30], none of them dealing with the role of '®F-FDG-PET/CT
imaging in the diagnosis of FUO.

We performed a retrospective study at a tertiary academic general hospital in Northern Greece in
order to assess the diagnostic value of ¥F-FDG-PET/CT in patients presenting with FUO.
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2. Experimental Section

2.1. Patient Population

Fifty consecutive immunocompetent adult patients of Caucasian origin were studied
retrospectively. Patients were admitted to the PET/CT department of Papageorgiou General Hospital
in Northern Greece, between November 2016 and July 2019, for further classic FUO investigation.

All patients enrolled in the study fulfilled the revised Petersdorf’s criteria of FUO [3]. Patients with
nosocomial infections or known immunodeficiency (e.g., neutropenia, HIV-associated infection,
hypogammaglobulinemia or on systemic corticosteroids) were excluded from the study.

The initial diagnostic work-up of all patients included a comprehensive medical history,
physical examination, routine hematological, biochemical, and serological tests, blood and urine
cultures and plain chest radiographies. Concerning the inflammatory blood markers, values higher than
20 mm/h, 0.8 mg/dL, and 0.5 ng/mL were considered as indicative of abnormally elevated erythrocyte
sedimentation rate (ESR), C-reactive protein (CRP) level, and procalcitonin (PCT), respectively.
Computed tomography (CT), MRI and echocardiography had been performed in the vast majority of
the patients prior to '®F-FDG-PET/CT imaging, while invasive investigations such as endoscopies and
parenchymal organs, bone marrow, or temporal artery biopsies had been occasionally conducted.

Underlying pathologies that could be related to the cause of the fever or might affect the
interpretation of the IBR-FDG-PET/CT scan were recorded for all patients. The presence of diabetes
mellitus along with relevant blood glucose lowering drugs was recorded. Antibiotic or corticosteroid
treatment prior to '®F-FDG-PET/CT imaging or chemotherapy in the last 6 months was also recorded.

2.2. BF-FDG-PET/CT Imaging

All BE-FDG-PET/CT scans were performed using a 16-slice integrated PET/CT scanner
(Discovery 710; GE Healthcare).

Patients fasted for at least 12 h before intravenous injection of F-FDG at a dose of 4 MBq/kg of
body weight. In patients carrying cardiovascular implantable electronic devices (CIED) or prosthetic
cardiac valves, suspected of cardiac infection as the cause of FUO, a preparation protocol for suppression
of myocardial glucose metabolism was applied, consisting of a high fat-low carbohydrate diet started
three days before imaging followed by a prolonged (~18 h) fasting. The target serum glucose levels at
the time of '8F-FDG administration was less than 150 mg/dL.

Skull base to mid-thigh PET/CT imaging started 60 min after intravenous injection of 8E-FDG,
at a 3 min per bed position rate in a three-dimensional mode. On clinical suspicion of the involvement
of lower extremities, a whole-body scan including the legs was performed. Delayed regional images
were additionally obtained in cases of ambiguous findings. Low-dose helical CT without contrast
enhancement (30-300 mA automatically adjusted to tissue depth, 120 kV, slice thickness of 3.75 mm)
was performed for attenuation correction of PET emission data and anatomic mapping.

PET sections were obtained by an iterative reconstruction algorithm (ordered subset expectation
maximization (OSEM)) and corrected for attenuation by the corresponding CT attenuation maps.
Maximum intensity projection (MIP) images and reconstructed sections (low-dose CT, attenuation
corrected PET, and fused PET/CT) were then displayed for analysis in the standard axial, coronal,
and sagittal planes.

2.3. Image Analysis

All '®F-FDG-PET/CT images were reviewed by two experienced nuclear medicine physicians
and a radiologist aware of the clinical data. Disagreement between the readers were resolved by
consensus. Image interpretation was based on visual inspection of the body for areas of abnormally
high '8F-FDG uptake. In addition, in cases of hypermetabolic PET foci adjacent to hyperdense CT
findings (e.g., prosthetic cardiac valves or heavy coronary vessel calcification), the non-attenuation
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corrected (NAC) sections were thoroughly inspected, to exclude PET false positivity resulting from
attenuation overcorrection.

Studies were considered as positive for active disease if increased E_FDG uptake, focal or diffuse,
other than normal or otherwise explainable was observed. The pattern (focal, linear, or diffuse) and the
intensity of 1®F-FDG uptake were visually assessed. Conversely, studies with a normal or otherwise
explainable '8F-FDG pattern of distribution throughout the body were classified as negative for active
disease processes.

A positive study was classified as “true positive” (TP) when abnormal 18E-FDG uptake in an
organ or tissue corresponded to the cause of fever, as confirmed by additional investigations, and as
“false positive” (FP) when it was proven unrelated to the cause of fever or when the fever remained
undiagnosed during the follow-up period.

A negative study was classified as “true negative” (TN) when no cause of fever was identified
during the clinical follow-up for at least 6 months or the fever resolved spontaneously without specific
treatment, and as “false negative” (FN) when a focal infection, inflammation, or malignancy was
eventually identified as the cause of fever within 6 months or fever persisted throughout the follow-up
period or the patient died febrile without a definite diagnosis.

Follow-up was accomplished by reviewing the patients” medical records or by contacting the
referring physician or the patients themselves.

Final diagnosis was based on histopathological and microbiological findings, on fulfillment of
widely acceptable diagnostic criteria or clinical follow-up. The duration of follow-up exceeded 6 months
in all patients without a definite diagnosis.

An '8F-FDG-PET/CT scan was considered as contributory to the diagnosis if it directly identified
the underlying cause of FUO or correctly suggested the site for a diagnostic biopsy. In all other
situations, it was considered as non-contributory to the diagnosis.

I8F-FDG uptake by suspect lesions was also semi-quantitatively evaluated by means of the
maximum standardized uptake value (SUVmax). SUVmax was derived using properly sized
spherical volumes of interest (VOIs) according to current EANM (European Association of Nuclear
Medicine) guidelines [31]. In case of multiple hypermetabolic foci, the highest relevant SUVmax value
was recorded.

2.4. Statistical Analysis

Sensitivity, specificity, accuracy, positive predictive value (PPV), and negative predictive value
(NPV) of E-FDG-PET/CT scan for the detection of active disease were calculated as per standard
definitions. Continuous variables were expressed either as means + standard deviation (SD), or as
medians and interquartile range, as appropriate. Categorical variables were expressed as number and
proportions and the between-groups differences were tested by means of Pearson’s X test (or Fisher’s
exact test where applicable). Differences of the continuous variables between patient groups were
tested for significance using either t-test for normally distributed variables or the nonparametric
Mann-Whitney U tests as appropriate. Statistical significance was accepted for p < 0.05. Statistical
analysis was accomplished using the IBM SPSS 23.0 statistic software package (IBM Corp., Armonk,
NY, USA).

3. Results

From November 2016 to July 2019, fifty-four patients were referred to our PET/CT facility installed
in a 700-bed academic general hospital, for classic FUO investigation. The majority of the patients
were mainly coming from the Internal Medicine or Infectious Diseases departments of other hospitals
in the area. Four patients were excluded from the study; one was 16 years old, two were lost to
follow-up, and one with an ¥ F-FDG-PET/CT scan highly suspicious for lymphoma who died shortly
after without a definite diagnosis. Thus, 50 adult patients all having ®F-FDG-PET/CT scan for classic
FUO investigation were eventually included in the study.
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3.1. Patients Characteristics and Final Diagnoses

The main demographic and clinical characteristics of the patients enrolled in the study are
summarized in Table 1.

Table 1. Demographic and clinical characteristics of the study group.

Characteristic n (%) Median (IQR, Min-Max)
Number of patients 50
Gender (male/female) 28/22 (56%/44%)
Age (years) 59 (25, 17-85)
Concomitant Diseases/Conditions 50 (100%)
Malignancies 8 (16%)
Breast/ AML/H&N/URO/CR/WM 2/2/1/1/1/1
Diabetes Mellitus 7 (14%)
Chronic kidney desease 7 (14%)
Cardiovascular devices 6 (12%)
Vascular grafts/Prosthetic valves/CIED 4/1/1
Bowel diversions 4 (8%)
Thyroid diseases 3 (6%)
Multinodular goiter, Hashimoto thyroiditis 2/1
Prosthetic joints 3 (6%)
Spinal surgery 2 (4%)
Miscellaneous 3 (6%)
SLE/AS/Meningioma 1/1/1
Duration of fever (days) 40 (60, 21-365)
Common clinical/radiological findings
Lymphadenopathy 16 (32%)
Splenomegaly 10 (20%)
Elevated blood inflammatory markers (ESR, CRP, PCT) 31 (62%)
Medications 17 (34%)
Antibiotics 13 (26%)
Corticosteroids 1 (2%)
Chemotherapy (last dose 4 months ago) 3 (6%)

n, number of patients; IQR, interquartile range; AML, acute myeloid leukemia; H&N, head and neck cancer; URO,
urothelial cancer; CR, colorectal cancer; WM, Waldenstrom macroglobulinemia; CIED, cardiac implantable electronic
device; SLE, systemic lupus erythematosus; AS, ankylosing spondylitis; ESR, erythrocyte sedimentation rate; CRP,
C-reactive protein; PCT, procalcitonin.

Because of the varying origin of the patients and the retrospective nature of the study, a uniform
diagnostic work-up before '8F-FDG-PET/CT imaging was missing. However, after the initial diagnostic
work-up and before 18E-FDG-PET/CT scan, almost all of them (49/50) had been submitted to several
advanced investigations (median 3, min-max 0-8). The advanced investigations performed prior to
the '8F-FDG-PET/CT scan on our patients are listed in Table 2.

A final diagnosis was established in 39/50 (78%) patients and was classified into 4 categories:
infection, malignancy, non-infectious inflammatory diseases (NIID), and undiagnosed fever. The cause
of FUO was infection in 20 patients (40%), malignancy in 8 patients (16%), NIID in 11 patients (22%),
while the fever remained unexplained in 11 patients (22%). The final diagnoses for the 50 patients
studied are listed in Table 3.
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Table 2. Advanced investigations performed prior to PET/CT scan.

Investigation n (%)
Echocardiography 20 (40%)
Computed tomography (CT)

Thoracic CT 39 (78%)
Abdominal CT 36 (72%)
Cervical CT 8 (16%)
Cerebral CT 7 (14%)
Magnetic Resonance Imaging (MRI)

Abdominal MRI 7 (14%)
Lumbar spine MRI 4 (8%)
Cerebral MRI 3 (6%)
Cervical spine MRI 1(2%)
Endoscopy

Gastroscopy 4 (8%)
Colonoscopy 4 (8%)
Bronchoscopy 3 (6%)
Nuclear medicine procedures

99MTe-MDP bone scan 2 (4%)
99mTe-HMPAO-labeled leucocyte scan 1(2%)
99mTe-pertechnetate thyroid scan 1(2%)
BT MAG-3 Renogram 1(2%)
Biopsies

Lymph node or parenchymal organ biopsy 7 (14%)
Bone marrow biopsy 9 (18%)
Temporal artery biopsy 3 (6%)

n, number of patients; MDP, methylene diphosphonate; HMPAO, hexamethylpropylene-amine oxime; MAG-3,
mercapto-acetyl-triglycine. PET/CT, fluorodeoxyglucose positron emission tomography/computed tomography.

Table 3. Final diagnoses of 50 patients with fever of unknown origin (FUO).

Diagnostic Categories n (%)
Infections 20 (40%)
Abdominal abscesses 4
Infectious cyst in polycystic renal disease 3
Pneumonia/inflammation of bronchiectasis cysts 3
Vascular graft infection 3
Tuberculous spondylitis 1
Bacterial spondylodiscitis 1
Pulmonary tuberculosis 1
CIED-associated infection 1
Infectious lymphadenopathy 1
Cryptococcosis 1
Leishmaniasis 1
Malignancy 8 (16%)
Non-Hodgkin’s lymphoma 5
Hodgkin’s disease 1
Lung cancer 1
Relapse of urinary tract carcinoma 1
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Table 3. Cont.

Diagnostic Categories 1 (%)
Non-infectious Inflammatory diseases (NIID) 11 (22%)
Large vessel vasculitis/Takayasu’s arteritis 3
Adult-onset Still’s disease
Sarcoidosis 1
Polymyalgia rheumatica 1
Inflammatory bowel disease 1
Familial Mediterranean fever 1
Neo-esophagus inflammation from gastroesophageal reflux 1
Subacute thyroiditis 1
Undiagnosed fever 11 (22%)
Spontaneous recovery of fever 7
Recovery of fever with corticosteroids or NSAIDs 3
Recurrent fever until death 1

n, number of patients; CIED, cardiac implantable electronic device; NSAIDs, non-steroidal anti-inflammatory drugs.

3.2. 8F-FDG-PET/CT Results

The standard preparation protocol for '¥F-FDG-PET/CT imaging was applied to 45 of the 50 patients
studied, whereas five patients successfully followed the preparation protocol for cardiac imaging.
Among them, in 4 patients, the fever was found unrelated to cardiac infection, while in one patient the
cause of fever was CIED associated infection; however, in this patient, the 18E_FDG-PET/CT scan was
false negative.

Mean serum glucose levels of the patients at the time of 'F-FDG administration was
96.7 + 20.2 mg/dL (min-max 63-155 mg/dL) and did not differ between patients with contributory and
non-contributory scans (94.8 + 17.8 mg/dL vs. 101.3 + 25.1 mg/dL), respectively (p = 0.077).

I8F-FDG-PET/CT scan was abnormal in 42/50 (84%) patients studied, showing single or multiple
hypermetabolic foci compatible with active disease, while the scan was negative for active disease in
8 patients (16%).

Of the 42 positive I8E_FDG-PET/CT scans, 36 were considered as true positive (TP) scans and 6 as
false positive (FP) scans. Thus, a definite diagnosis was established in 85.7% of patients with positive
scans. The TP scans included 19 cases of infections, 8 cases of malignancy, and 9 cases of non-infectious
inflammatory diseases. The TP scans in the group of infections included all the cases of infectious
diseases listed in Table 3, except of one case of CIED-associated infection, in which the BE_FDG-PET/CT
scan was false negative.

All the 8 patients with a final diagnosis of malignancy (5 newly diagnosed non-Hodgkin’s
lymphomas, 1 Hodgkin’s disease, 1 lung cancer, and 1 urinary tract carcinoma relapse) had a true
positive ¥ F-FDG-PET/CT scan. Among them, there was only one with recurrence of a previous
malignancy (recurrence of urinary tract carcinoma initially diagnosed 4 years ago) and another with
aggressive transformation of a previous hematological malignancy (Waldenstrom macroglobulinemia
diagnosed 5 years ago, now diagnosed with non-Hodgkin’s lymphomas). Of the 6 other patients, 5 had
no history of malignancy, and 1 had a history of a different malignant disease (breast cancer diagnosed
6 years ago).

The 9 TP scans in the group with NIID included three patients with large vessel vasculitis and
one of each of the following: sarcoidosis, polymyalgia rheumatica, familial Mediterranean fever,
adult-onset Still’s disease, subacute thyroiditis, and exacerbation of inflammatory bowel disease.

There were 6 FP scans; they included 4 cases of undiagnosed fever with spontaneous resolution
during the follow-up period, one case of adult-onset Still’s disease, and a case of neo-esophagus
inflammation from gastroesophageal reflux.

69



J. Clin. Med. 2020, 9, 2112

Eight out of fifty patients studied had a negative '8F-FDG-PET/CT scan. Six of them were
considered true negative (TN); in five of these cases the fever resolved spontaneously with no evidence
of disease during the at least 6-month follow-up period, while in one case the fever resolved after
corticosteroid administration. Finally, there were two false negative (FN) scans; the first case was an
elderly patient with recurrent febrile episodes until death a year later with a possible diagnosis of viral
encephalitis and the second one was a febrile patient who was eventually diagnosed, according to
clinical criteria and echocardiography, with CIED-associated infection, whose fever resolved after the
CIED removal. The last patient was on antibiotic treatment for prostatitis for two weeks before the
I8E-FDG-PET/CT scan without remission of the fever. Thus, among the patients with negative scans,
a definite diagnosis was established in only one (12%).

I8E-FDG-PET/CT results according to the category of final diagnosis are depicted in Table 4.
Nineteen of twenty patients in the group of infections had a true positive scan. The final diagnoses in
patients with false (positive or negative) '¥F-FDG-PET/CT scans are presented in Table 5.

Table 4. '8F-FDG-PET/CT scan results according to the category of final diagnosis.

Categories TP FP TN FN N

Infections 19 0 0 1 20
Malignancies 8 0 0 0 8
Non-infectious inflammatory diseases 9 2 0 0 11
Undiagnosed fever 0 4 6 1 11

Total (%) 36 (72%)  6(12%) 6(12%) 2(4%) 50

The median SUVmax [IQR] was higher in malignant diseases (16.9 [18.7]) followed by that in
infections (9.1 [6.1]), NIID (6.2 [6.6]) and in undiagnosed fever (5.9 [6.3]). The median SUVmax [IQR]
was significantly higher in malignant diseases than in all the other diagnoses together (16.9 [18.7] vs.
7.1[6.2], p = 0.01). Similarly, the median SUVmax [IQR] was significantly higher in contributory than
in non-contributory ¥F-FDG-PET/CT scans (9.2 [7.1] vs. 4.9 [5.7], p = 0.01). '®F-FDG uptake quantified
by SUVmax in different groups of final diagnosis is graphically presented in Figure 1.
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Figure 1. Box plot graphs showing SUVmax distribution in various diagnostic categories. Across the four
groups of final diagnosis (A); between malignancy and non-malignancy (B) and between contributory
and non-contributory scans (C). SUVmax, maximum-standardized uptake value; NIID, non-infectious
inflammatory disease; MAL, malignant; INF, infectious; NIID, non-infectious inflammatory disease;
UNDIAGN, undiagnosed; CONTR, contributory; NONCONTR, non-contributory; * p < 0.05.
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The overall sensitivity, specificity, accuracy, positive predictive value (PPV), and negative predictive
value (NPV) of 18F-FDG-PET/CT for active disease detection in our patients were 94.7%, 50.0%, 84.0%,
85.7%, and 75.0%, respectively. The sensitivity of ®F-FDG-PET/CT for diagnosing active disease
processes was higher in the group of malignancies where all of the scans were true positive (sensitivity
of 100%) followed by the group of infections where the F-FDG-PET/CT scans were true positive in
19/20 patients and false negative in 1/20, giving a sensitivity of 95%. However, due to the relatively
small number of patients in the different groups of diagnoses, no further analysis of the diagnostic
performance of 8F-FDG-PET/CT in each group of patients was undertaken.

The 'F-FDG-PET/CT scan was considered contributory to the diagnosis in 35/50 (70%) of the
patients, either by identifying the underlying cause of FUO (causal diagnosis in 25 patients) or by
correctly directing to the most appropriate site for successful biopsy leading to an accurate diagnosis
(biopsy site selection in 10 patients). All the TP 8F-FDG-PET/CT scans, but one, were considered as
contributory to the diagnosis, and this was the case of a patient with a true positive scan but diagnosis
of adult-onset Still’s disease based on exclusion criteria of other diseases, thus allocating the PET/CT
scan to the not contributory to the diagnosis category. The true negative '®F-FDG-PET/CT scans as well
as the false positive and false negative scans were considered as non-contributory to the diagnosis.

Some representative cases of the diagnostic contribution of '®F-FDG-PET/CT scan in patients with
FUO are shown in Figures 2—-6.

Figure 2. An 18-year-old woman presented with a 3-week fever, elevated inflammatory blood markers
(ESR 77 mm/h, CRP 9.3 mg/dL) and an abdominal CT scan suggestive of possible renal abscesses.
Coronal fused '8F-FDG-PET/CT image (a), demonstrated multiple hypodense, highly hypermetabolic
lesions in both kidneys, the largest (white arrows) in the lower pole of the right kidney (SUVmax 35.3)
and in the upper pole of the left kidney (SUVmax 34.4), compatible with renal abscesses, confirmed
by biopsy. Transaxial fused '®F-FDG-PET/CT image (b) demonstrated high 8F-FDG paradental
uptake in the left maxilla (yellow arrow) raising concern for hematogenous spread of dental infection.
Complementary focused interrogation revealed a history of a painful, undertreated dental condition of
the left maxilla preceding fever.
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Figure 3. A 74-year-old man with a medical history of aortobiiliac vascular prosthesis because of
an asymptomatic aneurysm 5 months ago, presented with a 2-month fever, increased inflammatory
blood markers (ESR 83 mm/h, CRP 19.2 mg/dL) and intramuscular fluid collections in the left thigh,
(revealed in a CT for localized pain). Maximum intensity projection 18E-FDG-PET (a), coronal fused
(b) and transaxial fused '®F-FDG-PET/CT images at the level of the L3 vertebra (c), demonstrated
increased metabolic activity in the wall of the abdominal aneurysm (arrows) at that level (SUVmax 7.0),
suspicious of infection. In addition, transaxial fused FDG-PET/CT image at the level of thighs (d) revealed
intramuscular hypermetabolic collections with air bubbles in the left thigh, suspicious of abscesses
(yellow arrow). Vascular graft infection was confirmed by histopathology after removal of the aortic
graft (Klebsiella pneumoniae, Pseudomonas aeruginosa).

Figure 4. A 52-year-old woman presented with prolonged fever (over 6 months) and increased
inflammatory blood markers (ESR 76 mm/h, CRP 9.3 mg/dL). The patient had a medical history of breast
cancer seven years ago. Maximum-intensity projection '®F-FDG-PET (a), sagittal '*F-FDG-PET (b),
coronal fused "®F-FDG-PET/CT (c), and transaxial fused FDG-PET/CT images at the level of the renal
vessels (d) demonstrated increased metabolic activity within the wall of the thoracic and abdominal
aorta, extending to the subclavian arteries, more intense at the root of the aorta and above the aortic
bifurcation (arrows). The findings were compatible with vasculitis of large- and medium-sized arteries,
mainly affecting the aorta (panaortitis). Transverse section of the CT angiography at the level of
renal vessels (e) showed thickening of the aorta wall, more pronounced at the level below the renal
vessels (arrow), but with no evidence of narrowing of the aortic lumen. A diagnosis of large vessel
vasculitis/Takayasu’s arteritis was made, and fever resolved after treatment with corticosteroids.
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Figure 5. A 75-year-old woman presented with a 4-week fever associated with malaise and weight
loss. The abdominal CT revealed splenomegaly and adrenal masses. Maximum-intensity projection
(MIP) '8F-FDG-PET (a) showed extensive highly hypermetabolic lymphadenopathy, cervical, axillary
(SUVmax 22.7) and abdominal and hypermetabolic (SUVmax 16.8) adrenal masses (fused transaxial
18E_FDG-PET/CT image (b), arrows), hypermetabolic hepatic lesions (at least two) and multiple
hypermetabolic bone metastases and splenomegaly with diffuse homogeneously increased metabolic
activity. The findings were suspicious of lymphoma. A diagnosis of non-Hodgkin’s lymphoma was
confirmed by histopathology after biopsy of an axillary lymph node.

Figure 6. An 85-year-old woman presented with a 2-month fever. The patient had a history of total left
knee arthroplasty with no signs of loosening or infection. MIP 18E_FDG-PET image (a,b), transaxial
18R FDG-PET and 8F-FDG-PET/CT images at the level of hips (¢,d) and transaxial 18E_FDG-PET image
at the level of knees (e) demonstrated diffuse, symmetric, moderately increased 18 FDG uptake, in the
large peripheral joints (shoulders, hips, knees) accompanied by increased '®F-FDG uptake along the
medium-sized arteries (axillary, humeral, femoral, and tibial arteries). The findings were compatible
with polymyalgia rheumatica and the fever resolved upon treatment with corticosteroids.

3.3. Baseline Patient Characteristics in Contributory and Non-Contributory Scans

A detailed comparison of many clinical (age, gender, fever duration, prior antibiotic administration,
lymphadenopathy, splenomegaly, presence of diabetes mellitus) and laboratory (number of prior
advanced investigations and levels of elevated inflammatory blood markers) characteristics showed no
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significant differences between the patients with contributory and non-contributory *F-FDG-PET/CT
scans (Table 6).

Table 6. Clinical and laboratory characteristics of patients with contributory and non-contributory scans.

Contributory Scans  Non-Contributory

(=35) Scans (=15)
Characteristic n (%) n (%) p-Value
Mean + SD Mean + SD
(median) (median)
54.7 +18.6 62.6 £17.1
Age (57.0) (63.0) 0-162
Male 18 (51.4) 10 (66.7) 0.609
Female 17 (48.6) 5(33.3) :
Duration of fever 721 +874 94.6 + 84.7 0.080
(days) (30.0) (60.0) :
Prior antibiotic administration 10 (28.6) 3(20) 0.531
Lymphadenopathy 12 (34.3) 4(26.7) 0.600
Splenomegaly 7 (20) 3(20) 0.957
Diabetes mellitus 4(11.4) 3(20) 0.428
19 (54.3) 3(20.0) 0.629
InczeasegL?RP 11.4 +10.0 7.7 +9.0 0.651
mg/ 9.3) (3.4)
12 (34.3) 4(26.7) 0.133
I““(ease/‘ifSR 72.7 £39.2 109.5 + 16.7 0.114
T (76.5) (115.0)
Number of advanced diagnostic 32415 35420 0.463
tests performed 3) @)

n, number of patients; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein.

In particular, we did not find any significant difference of the duration of the fever before
the 8F-FDG-PET/CT scan between patients with a contributory and those with a non-contributory
I8F_FDG-PET/CT scan (median fever duration 30 (21-365) days vs. (30-330) days respectively (p = 0.08).

Increased inflammatory blood markers including erythrocyte sedimentation rate (ESR), C-reactive
protein (CRP), or procalcitonin (PCT)) were recorded in 31 patients. An increase of CRP level,
in particular, was recorded in 22 of the patients studied, with a mean value of 10.9 + 9.8 mg/dL.
All patients had a positive ¥F-FDG-PET/CT scan (20 true positive and 2 false positive). Among the
20 patients with increased CRP levels and true positive BE_-FDG-PET/CT scans the final diagnosis was
infection in 13 (65%), NIID in 4 (20%), and malignancy in 3 (15%). In the two patients with increased
CRP level and a false positive BE_FDG-PET/CT scan, no diagnosis was established, and the fever
resolved spontaneously in one patient and after steroid administration in the other.

4. Discussion

Establishing a diagnosis for FUO remains challenging. '8F-FDG, as a non-specific indicator of
increased glycolytic metabolism, is concentrated not only in infectious sites but also in NIID and in
neoplasms, all being possible causes of FUO. Several studies support the use of '®F-FDG-PET in the
assessment of FUO [12,13,20-28,32-37]. Moreover, an abnormal '8F-FDG-PET/CT scan, as part of a
structured diagnostic protocol for FUO, has been shown to be among the significant predictors for
reaching a diagnosis [32].

The present study assessed the diagnostic value of '8F-FDG-PET/CT in 50 consecutive,
non-immunocompromised, adult patients with FUO referred in a tertiary academic general hospital in
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Northern Greece. A definite diagnosis was established in 78% of our patients with infections being
identified as the leading cause of FUO (40%). The percentage of patients diagnosed with infections in
the present study was higher compared to those in studies coming from Northwestern Europe where
NIID accounted for the most cases of FUO [4,5,20,21,32], but similar to the results of an older Central
European study [12] and two recent Asian studies [27,36] where infections accounted for the most cases
of FUO. However, in contrast to Asian studies, where tuberculosis was the most common infectious
cause of FUO, only 2 of 20 cases of infection were due to tuberculosis in our study, probably reflecting
differences in the degree of disease control among countries worldwide.

Non-infectious inflammatory diseases commonly constitute a major FUO contributor in
developed countries. In the present study, NIID was the second leading cause of FUO (22%),
with large-vessel vasculitis being the most common cause in this group of patients. The high diagnostic
yield of '®F-FDG-PET/CT in detecting active large-vessel vasculitis (LVV) has been convincingly
shown [20,28,33,35], and the investigation of patients suspected for LVV is currently among the major
non-oncological indications of 'F-FDG-PET/CT [38].

The percentage of patients diagnosed with malignancies in our study was quite low (16%),
similar to that observed in many previous studies [21,27,28,32], which could be explained by the
widespread early use of cross-sectional imaging (ultrasound CT, MRI) resulting in a reduction of cases
of malignancies presented as FUO. Non-Hodgkin’s lymphoma was the most common malignant cause
of FUO in our study, as in previous studies [27,35,36]. Notably, the I8E-FDG-PET/CT scan was true
positive in all patients with proven malignancy, thus, contributing to the diagnosis by directing toward
a confirmatory biopsy.

In the present study, fever remained undiagnosed in 11 (22%) of patients. The proportion of patients
with undiagnosed fever varies widely in the literature, ranging from 7% to 53% [4,8,20,24-28,32,33].
This variation may be due to differences in local public health status, availability of advanced imaging
techniques and timing of ®F-FDG-PET/CT examination. In our study, the percentage of undiagnosed
cases was on average comparable to or even lower than that of previous published studies, suggesting
a rather early use of 8F_FDG-PET/CT in our patients. Earlier application of BE-FDG-PET/CT in the
diagnostic algorithm could facilitate the early diagnosis, reducing the number of unnecessary tests
and the duration of hospitalization and could be cost-effective [39-41]. In 7 undiagnosed patients
(64%) of our study, the fever resolved spontaneously during the follow-up period. Spontaneous
remission of the fever is common in patients with longstanding undiagnosed classic FUO [4,7,42]. In a
recent meta-analysis of 13 studies including approximately 550 patients with classic FUO a negative
I8E-FDG-PET/CT scan after a series of unsuccessful investigations for fever workup, was associated
with high likelihood of spontaneous remission [43].

Comparing our results with the two previous studies in the Greek population, some interesting
points emerged. In the first Greek study published in 2010, including 112 patients, the leading causes
of FUO were NIID followed by infections and malignancies (33%, 30.4%, and 10.7%, respectively)
whereas the undiagnosed cases were 20.5% [29]. In our study, the proportion of NIID was lower
(22%), with the leading causes of FUO being the infectious diseases, mainly abdominal infections.
Coming to the present, our findings are in accordance with that of a recent (2019) Greek study including
48 patients, showing a distribution similar to ours of the causes of FUO, with infections being the
most common causes (29.2%), followed by NIID (25%) and malignancies (16.6%) [30]. This apparent
shift of FUO causation in Greece over time toward the infectious part of the list, may be multifactorial.
Increasing frequency of aggressive interventions (vascular or gastroenterological stenting, implantable
devices, etc.) in combination with the epidemic of microbial resistance to antibiotics and the impact of
the recent economic crisis on infectious disease transmission and control could be some reasonably
explanatory candidates [44]. Finally, the percentage of undiagnosed cases in this geographic area did
not significantly change over the last ten years (ranging from 20.5% to 25% in the 3 studies) irrespective
of the addition of '8F-FDG-PET/CT in the diagnostic sequence, an observation potentially suggestive
of the existence of a non-imageable subset of conditions among the causes underlying FUO.
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The overall sensitivity and specificity of ®F-FDG-PET/CT for active disease detection calculated
in our study were 94.7% and 50.0%, respectively, in accordance with two recent meta-analyses
supporting the diagnostic role of '8F-FDG-PET/CT in patients with FUO. The first of them published
in 2016, including 42 studies with 2058 patients with FUO reported a pooled sensitivity and
specificity of "®F-FDG-PET/CT of 86% and 52%, respectively [45]. The second one, published in
2018, including 23 studies with 1927 patients concluded that 18F-FDG-PET/CT was very helpful for
recognizing and for excluding, as well, diseases as causes of FUO with a pooled sensitivity and
specificity of 84% and 63%, respectively [39]. The sensitivity of I8E-FDG-PET/CT in our study was
higher in the group of malignancies where all of the scans were true positive reaching a sensitivity of
100%, followed by the group of infections with true positive scans in 95% of patients, missing only
one case of infectious disease. This was in agreement with previous studies highlighting the superior
clinical efficacy of I8E_FDG-PET/CT in populations with higher proportions of patients with infections
and malignancies [27,28,37,45].

However, in the setting of FUO, comparison of different studies in terms of sensitivity and specificity
may be misleading for a number of reasons, including variation in FUO definition, patient characteristics,
diagnostic work-up sequence, and diagnostic gold standard multiplicity. In an attempt to overcome
these problems, the estimation of the clinical helpfulness of PET scan in the diagnosis of FUO has
been suggested instead of the formal sensitivity and specificity [10]. During the last two decades,
several studies have explored the diagnostic contribution of stand-alone I8E-FDG-PET [12,13,20-23]
and more recently of the 8 F-FDG-PET/CT scans [24-28,33-36] in patients of FUO, concluding clinical
helpfulness varying widely between 16% and 69% for the stand-alone '®F-FDG-PET studies and
between 38% and 75% for the 3F-FDG-PET/CT studies.

In the present study, '®F-FDG-PET/CT was helpful and substantially contributed to the diagnosis
in 70% of patients, either by identifying the underlying cause of FUO or by correctly targeting
suspicious lesions for diagnostic biopsy. Only the true positive scans were considered as contributory
to the diagnosis in our study. All the other scans, including the true negative ones were considered
as non-contributory to the diagnosis. Similarly, the majority (12/14) of studies included in a recent
meta-analysis [40] considered only the positive F-FDG-PET and '8F-FDG-PET/CT scans as helpful to
the diagnosis. However, this approach has been questioned, as in a recent meta-analysis of 13 studies [43]
it was concluded that the diagnostic yield of '®F-FDG-PET/CT in patients with FUO should take
into account not only the positive cases but also the true negative ones claiming that patients with a
negative BE_FDG-PET/CT scans are more likely to have a favorable course. Although it may be true
for a considerable fraction of patients with undiagnosed fever, we have not allocated the true negative
scans to the contributory to the diagnosis ones in our study, because a negative '®F-FDG-PET/CT scan
did not actually explain the cause of the fever, which may remain virtually undiagnosed until its,
often spontaneous, remission.

In our study, a definite diagnosis was established in a high percentage of patients with positive
scans (PPV of 85.7%), in accordance with previous studies [12,20,23,24,35]. A meta-analysis of 14 studies
showed that an abnormal 18E-FDG-PET scan is associated with increased likelihood of definite diagnosis,
thus, favoring the adoption of '®F-FDG-PET as a first-line investigation in FUO [40]. On the other hand,
in our study, a definite diagnosis was established in a very low percentage of patients with negative
scans, in particular in only one out of the 8 patients with negative scans (12%). A presumptive diagnosis
could explain the fever in another case while the remaining 6 cases with negative scans were considered
as true negatives given a high enough NPV of 75%. High NPV of F-FDG-PET or '®F-FDG-PET/CT in
the context of FUO had also been steadily reported in previous studies [12,20,23,24].

Regarding patient characteristics tested for a possible correlation with contributory PET/CT scans,
in contrast to previous studies [4,27,32,33,36], we did not find any significant differences in any of
the variables tested (age, gender, prior antibiotic administration, presence of lymphadenopathy or
splenomegaly, presence of diabetes mellitus, number of advanced diagnostic tests performed before
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PET/CT scan, serum glucose level at the time of BE_FDG administration, or inflammatory blood
markers) between patients with contributory and not contributory scans.

In particular, the duration of the fever before the '8F-FDG-PET/CT scan, did not differ significantly
in our study between patients with contributory and non-contributory ®F-FDG-PET/CT CT scans,
although the duration of the fever was shorter in patients with contributory scans. This finding might
be in contrast with those of previous studies [4,27,32,36] reporting a positive correlation between short
fever duration and a positive scan.

Many studies investigating the clinical value of "®F-FDG-PET/CT scan in patients with FUO have
already reported an elevated CRP as a significant predictor for a positive scan [21,25,32,33,36,46].
In accordance with these studies, an increased CRP level was observed in 22 patients; all of them had
a positive I8E_FDG-PET/CT scan, which was true positive in 90.9% of them. In fact, most of these
patients (65%) were eventually diagnosed with infection.

In contrast to its established use in oncology, the standardized uptake value (SUV) has not been
adequately assessed as a semi-quantitative measure of the severity of inflammation and infection
and there is no cutoff value suggested to avoid false positive results [16]. Therefore, its calculation in
infection and inflammation is not a standard practice, although it may be helpful in repeated studies
for response to treatment. In our study, the SUVmax value was significantly higher in malignancies
than in all the other diagnoses. This was not a surprise as SUV values are generally higher in malignant
lesions compared to benign lesions. In a large Chinese multi-center retrospective study including
376 patients with FUO and inflammation of unknown origin (IUO) [47], 8F-FDG uptake, estimated by
either SUVmanx or by visual inspection scoring was significantly higher in malignant compared to
non-malignant diseases. Moreover, a significantly higher SUVmax in the contributory scans compared
to the non-contributory ones was observed in our study. Our findings on SUVmayx, taken together,
suggest that a high SUVmax found in the context of FUO investigation may be indicative of underlying
malignancy as a cause of FUO and may be also associated with a better diagnostic performance of the
I8E.FDG-PET/CT scan.

The main limitation of the present study is its retrospective nature, closely associated with the
lack of a uniform diagnostic work-up before '®F-FDG-PET/CT imaging. Both the diagnostic tests
performed prior to ¥ F-FDG-PET/CT scan, and the timing of the scan itself, were conducted at the
discretion of the referring physicians, widely varying among the patients. Nevertheless, they all had
sufficient basic diagnostic work up, met the criteria to qualify as FUO, and most of them (49/50) had also
submitted to multiple (median 3) advanced investigations. Another limitation has been the absence
of an indisputable diagnostic gold standard, an obstacle common to most studies involving patients
with heterogeneous nosologic background. Finally, the small sample sizes of the particular diagnostic
subgroups of the present study represent an additional limitation. In order to minimize selection
bias, we included consecutive adult patients with a stereotypic referral indication of FUO. Therefore,
the present study aims to be representative of the cases investigated as FUO in a PET/CT academic
facility of a general tertiary hospital in Greece in recent years.

Nevertheless, larger, prospective studies with more stringent referral criteria are warranted in
order to further elucidate the role and timing of "®F-FDG-PET/CT scan in the investigation of FUO.

5. Conclusions

Our findings show that ¥F-FDG-PET/CT scan is highly sensitive in either detecting causes of
FUO, undetected by conventional imaging or in correctly targeting suspected lesions for successful
diagnostic biopsy. The "®F-FDG-PET/CT contributed substantially to the diagnosis of FUO in a high
percentage (70%) of our patients. Our results further support the use of IBE.FDG-PET/CT in the
assessment of FUO.
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Abstract: Spondylodiscitis is a spine infection for which a diagnosis by a magnetic resonance imaging
(MRI) is considered the most appropriate imaging technique. The aim of this study was to compare the
role of an 8F-fluorodeoxyglucose positron emission tomography/computed tomography (F-FDG
PET/CT) and an MRI in this field. For 56 patients with suspected spondylodiscitis for whom MRI
and '8F-FDG PET/CT were performed, we retrospectively analyzed the results. Cohen’s k was
applied to evaluate the agreement between the two techniques in all patients and in subgroups
with a different number of spinal districts analyzed by the MRI. Sensitivity, specificity, and accuracy
were also evaluated. The agreements of the 8 F-FDG PET/CT and MRI in the evaluation of the
entire population, whole-spine MRI, and two-districts MRI were moderate (x = 0.456, x = 0.432,
and « = 0.429, respectively). In patients for whom one-district MRI was performed, 'F-FDG PET/CT
and MRI were both positive and completely concordant (x = 1). We also separately evaluated
patients with suspected spondylodiscitis caused by Mycobacterium tuberculosis for whom the MRI
and '8E-FDG PET/CT were always concordant excepting in 2 of the 18 (11%) patients. Sensitivity,
specificity, and accuracy of the MRI and BBE_FDG PET/CT were 100%, 60%, 97%, and 92%, 100%,
and 94%, respectively. Our results confirmed the 8F-FDG PET/CT diagnostic value in the diagnosis of
spondylodiscitis is comparable to that of MRI for the entire spine evaluation. This could be considered
a complementary technique or a valid alternative to MRI.

Keywords: spondylodiscitis; spine infection; MRI; I8F_FDG PET/CT

1. Introduction

Spondylodiscitis is an infection of the vertebral body or disc that can extend to contiguous soft
tissues [1]. Its incidence is rising due to increased life expectancy. It mainly affects men aged between 50
and 70 years [1,2]. It is often associated to the presence of debilitating conditions, such as endocarditis,
diabetes mellitus, septic arthritis, urinary tract infections and indwelling catheter infections, malignancy,
and spinal surgery [1,2]. The most frequent district involved is the lumbar spine, followed by the
dorsal tract and the cervical tract [2]. The principal causes of spondylodiscitis are pyogenic agents,
most commonly Staphylococcus aureus, followed by Escherichia coli. Less commonly, spondylodiscitis is
caused by non-pyogenic agents, such as Mycobacterium tuberculosis, Brucella, fungi, and parasites [1,3].
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The diagnosis of spondylodiscitis is based on a clinical suspect for the presence of symptoms,
such as focal back pain, fever and/or neurological deficit associated with nonspecific laboratory
findings [2,4,5]. Imaging findings are also fundamental for diagnosis and magnetic resonance imaging
(MRI) is considered the most accurate technique for the early detection of spondylodiscitis [4,6,7].

More recently, 8F-fluorodeoxyglucose positron emission tomography/computed tomography
('8F-FDG PET/CT) was proven to be a useful multimodality imaging method to study infectious and
other benign disease, including spondylodiscitis [8,9].

The aim of this study was to compare the role of an ¥F-FDG PET/CT and MRI in the diagnosis
of spondylodiscitis.

2. Experimental Section

We retrospectively analyzed patients who underwent a whole-body 8F-FDG PET/CT for the
suspicion of spondylodiscitis, performed from April 2013 to October 2018. There were 105 patients
(74 men, 31 women; mean age 63 years; range: 18-90 years) for whom 8F-FDG PET/CT was performed.
Only 56/105 patients for whom MRI was performed before F-FDG PET/CT were included in the
analysis, whereas the other 49/105 were excluded. All the MRIs were performed in an average of
8 days before the 8F-FDG PET/CT (range: 3-15 days) and included at least one spinal district.

All patients had already given their consent for the use of their data for clinical research.
Our Institutional Review Board does not require the Ethical Committee’s approval for the review of
the patients’ files.

The MRI examinations of the spine were acquired ona 1.5 T scanner (ACHIEVA, Philips Healthcare,
Amsterdam, Netherlands). The choice of which and how many spinal districts to scan was driven by
clinical suspicion. The MRI scan protocol consisted of a T1-weighted (T1-W), Turbo Spine Echo (TSE),
T2-Weighted (T2-W), and Short Time Inversion Recovery-Weighted (STIR-W). The T1-W sagittal, axial,
and coronal scans were performed after the contrast agent was administered to all patients. The total
duration of the examination was 20-25 minutes without considering post-processing. The MRI findings
indicative of spondylodiscitis were decrease signal intensity from the disc and adjacent vertebral
bodies on T1-W images, increase signal intensity from the disc and adjacent vertebral bodies on T1-W,
increase signal intensity on T2-W images (due to edema), and loss of endplate definition on T1-W.
The gadolinium enhancement of the discs, vertebrae, and surrounding soft tissue helped to differentiate
the infective lesions from degenerative changes (Modic type 1 abnormalities) or neoplasm [10].

An integrated PET/CT scanner Discovery IQ (GE, Healthcare Technologies, Milwaukee, WI, USA)
was used for obtaining results. Patients were recommended to fast for six hours before the acquisition
of the PET/CT. Before the '8F-FDG injection, the blood sugar levels were measured and the optimal
value was <140 mg/dL. We proceeded with the intravenous injection of 2.5-3 MBg/kg of ¥F-FDG
using a venous line and the patients were allowed to stay in the room for approximately 60 minutes.
Whole-body PET/CT acquisitions were performed by placing patients in a supine position with their
arms raised above their heads. PET images were obtained in a three-dimensional mode and were
analyzed qualitatively and semi-quantitatively with a Multivol PET/CT program of Advantage™
workstation (GE, Healthcare Technologies, Milwaukee, WI, USA). PET findings were analyzed by
evaluating the different '8F-FDG uptakes between the soft tissue infection and the bone marrow.

In all patients, the final diagnosis of spondylodiscitis was confirmed or excluded on the basis of
resolution or significant improvement of constitutional symptoms (back pain and/or fever), laboratory,
such as C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), and white blood cells (WBCs),
and instrumental (e.g., MRI and biopsy) follow-ups were performed for at least 6 months.

Sensitivity, specificity, and accuracy of the MRI and IBE_-FDG PET/CT were calculated. Cohen’s k
was also applied to evaluate the agreement between the MRI and '8F-FDG PET/CT in the entire
population analyzed and in subgroups who performed whole-spine, two-districts and one-district
MRI. Analyses were performed by MedCalc®statistical software version 2020 (MedCalc Software Ltd.,
Ostend, Belgium).
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3. Results

The demographic and clinical characteristics of the 56 patients are shown in Table 1.

Table 1. Baseline characteristics.

Variable Number (Percentage)
Total Number of Patients 56
Sex
Male 39 (70%)
Female 17 (30%)
Median age (years) 63 (18-90)
Symptoms
Fever 35 (62%)
Back pain 38 (69%)
None 18 (32%)
Etiological agent 52 (93%)
Mycobacterium tuberculosis 18 (35%)
Staphilococcus aureus 14 (27%)
Escherichia coli 4 (8%)
Haemophilus influenzae 4 (8%)
Brucella 3 (6%)
Propionibacterium acnes 2 (3%)
Streptococcus epidermidis 2 (3%)
Pseudomonas aeruginosa 1(2%)
Candida albicans 1(2%)
Aspergillus 1(2%)
Staphilococcus capitis 1(2%)
Granulicatella elegans 1(2%)
Not found 4 (7%)
MRI district study
One 19 (34%)
Cervical 1 (5%)
Dorsal 5 (26%)
Lumbar 13 (69%)
Two 12 (21%)
Cervical/dorsal 1(8%)
Dorsal/lumbar 5 (42%)
Cervical/lumbar 1 (8%)
Lumbar/sacral 5 (42%)

Whole-spine

25 (45%)

None of patients were started on any antibiotic therapies before the imaging techniques performance.
The sensitivity, specificity, and accuracy for '®F-FDG PET/CT were 92%, 100%, and 94%, and for

MRI were 100%, 60%, and 97%, respectively.

In agreement with clinical and instrumental findings, final diagnosis of spondylodiscitis in 51/56
(91%) patients was confirmed, whereas in 5/56 (9%) patients, it was ruled out.

I8F-FDG PET/CT showed pathological uptake in the spine and correctly identified 44/56 (79%)
patients with spondylodiscitis. Equally, "®F-FDG PET/CT showed no significant uptake in the spine
and therefore, correctly ruling out spondylodiscitis in 12/56 patients (21%). The MRI identified 53/56
patients (95%) with spinal infection and ruled out infection in 3/56 patients (5%). F-FDG PET/CT
had a false-negative in 4/56 patients (7%). MRI had a false-positive in 2/56 patients (4%) with a final

diagnosis of severe degenerative disc disease.

Table 2 reports the « values for the agreement results.
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Table 2. Agreement results in all patients and MRI subgroups.

K 95% Confidence Interval
All patients 56 0.456 0.11-0.80
Subgroup I (whole-spine MRI) 25/56 (45%) 0.432 0.01-0.85
Subgroup II (two-district MRI) 12/56 (21%)  0.429 0-1.00
Subgroup III (one-district MRI) 19/56 (34%) 1 0.79-1.00

Table 3 reports the MRI and ®F-FDG PET/CT results for all patients and subgroups.

Table 3. Results in all patients and in MRI subgroups.

MRI (+) MRI (+) MRI (-) MRI (-)

8E.FDG PET/CT  'SF-FDG PET/CT  'SF-FDG PET/CT  '8F-FDG PET/CT
+) -) +) =)

All patients (1 = 56) 47 6 0 3
Subgroup I (whole-spine MRI) 19 4 0 2
Subgroup II (two-districts MRI) 9 2 0 1
Subgroup III (one-district MRI) 19 0 0 0

Note: MRI (+), '8F-FDG PET/CT (+), positive concordance; MRI (+/-), 8F-FDG PET/CT (- /+), discordance; MRI
(-), 8F-FDG PET/CT (-), negative concordance.

Figure 1 reports an example case of spine infection detected by both MRI and 'F-FDG PET/CT.
Figure 2 reports a case of discordance between the MRI and '8F-FDG PET/CT.

Figure 1. MRI and '®F-FDG PET/CT in a 55-year-old man with back pain, fever, and with positive
microbiology culture (Staphilococcus aureus). Sagittal MRI images showed in T1-Weighted (A) and
Short Time Inversion Recovery (B) sequences pathological signal in the L4-L5 intervertebral disc and
bone marrow edema (arrows). 8 F-FDG PET/CT images (C-E) showed pathological uptake in L4-L5
(Standardized Uptake Value 6.7) (arrows). The final diagnosis of spondylodiscitis was confirmed.
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Figure 2. MRI and '8F-FDG PET/CT in a 62-year-old man with back pain and low-grade fever. Sagittal
MRI T1-Weighted (A) and T2-Weighted (B) images showed low T1 and high T2 signal at the L1-L2
end plates (arrows). 8F-FDG PET/CT images (C-E) showed no significant FDG uptake in the spine
(arrows). These findings confirmed severe degenerative disc disease.

In the subgroup of patients for whom whole-spine MRI was performed, 14/19 patients (74%), had
the same lesions where the two techniques were identified. In 4/19 patients (21%), the MRI identified
lesions in two districts, whereas the '8F-FDG PET/CT only in one. In 1/19 patients (5%), the ¥F-FDG
PET/CT identified one lesion more than MRI.

In the subgroup of patients for whom two-districts MRI was performed, seven of nine patients
(78%) had the same lesions which the two techniques identified. In one of nine patients (11%), MRI
identified lesions in two districts whereas the 18F-FDG PET/CT in only one. In one of nine patients
(11%), the '8F-FDG PET/CT identified one lesion more than the MRI.

In the subgroup of 19 patients for whom the one-district MRI was performed, the 8F-FDG PET/CT
and the MRI were both positive and completely concordant for lesions identified that were: cervical in
1/19 (5%), dorsal in 5/19 (26%), and lumbar in 13/19 (69%).

The average value of Standardized Uptake Value (SUVmax) was 6.7 (SD + 3.2).

The results concerning patients with Mycobacterium tuberculosis (TBC) etiology are reported
separately in Table 4.

Table 4. Results in all patients affected by Mycobacterium tuberculosis and MRI subgroups.

MRI (+) MRI (+) MRI (-) MRI (-)

18E-FDG PET/CT 18E-FDG PET/CT 18E-FDG PET/CT 18E-FDG PET/CT
(+) (S (+) (S
0

All patients (1 = 18) 16 2 0
Subgroup I (whole-spine MRI) 5 2 0 0
Subgroup II (two-districts MRI) 3 0 0 0
Subgroup III (one-district MRI) 8 0 0 0

Note: MRI (+); '8F-FDG PET/CT (+): positive concordance. MRI (+/-); ®F-FDG PET/CT (- /+): discordance. MRI
(-); BE-FDG PET/CT (-): negative concordance.

4. Discussion

Diagnosis of spondylodiscitis is a combination of clinical, laboratory, and radiological findings.
Symptoms and clinical signs of spondylodiscitis are non-specific and include severe back pain, fever and,
in one-third of cases, neurological deficit such as leg weakness, paralysis, sensory deficit, radiculopathy,
and loss of sphincter control [2,11]. For this reason, spondylodiscitis is difficult to diagnose because
laboratory results are also nonspecific and not always present; they could include elevated levels of
CRP, increased ESR, and elevated WBC [1].
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Diagnosis of certainty associated with the detection of the etiological agent can be obtained by
invasive investigations, such as biopsy, but this is associated with significant risks and side effects.
For this reason, it is necessary to be able to have non-invasive diagnostic methods with repeatable and
high performance value [2,12].

Generally, the first imaging modality required for suspected spinal infection, despite its low
sensitivity and specificity, are plain radiographs [2,13-16]. Usually, the signs are not present on
radiographs until two to eight weeks after the onset of symptoms and may not be evident in patients
with severe degenerative disc disease [2,15,16]. Nowadays, MRI is the imaging procedure most used
due to its high sensitivity in the diagnosis of infection and in assessing the extent of disease [4,17].
The main MRI findings for spondylodiscitis are impairment of the intervertebral discs associated
with disc space narrowing or possible epidural involvement and increased contrast enhancement
in the spine [4,6]. Contrast-enhanced MRI is the method of choice in clinical practice due to its
advantages including high contrast resolution, high sensitivity for soft tissue, absence of ionizing
radiation exposure, and the possibility to show evidence of bone marrow abnormalities [2,5]. MRI
cannot be performed in patients with cardiac implantable electronic devices, cardioverter defibrillators,
or cardiac resynchronization devices; even patients with metallic implants cannot undergo the process.
The high costs and long run times for whole-spine examination do not make it a suitable examination
for all patients. MRI diagnostic performance decreases in follow-up evaluation and in post-operative
infection of the spine [2,17-23]. These drawbacks, over time, lead many to look for other methods that
could replace an MRI, mostly when it is contraindicated, not available, or doubtful [2,24,25].

Over the years, I8E-FDG PET/CT, a whole-body technique, has shown advantages in the clinical and
therapeutic management of oncological disease and, simultaneously, its usefulness in the management
of several non-oncological disease has been proven [26]. However, different from MRI, '8F-FDG
PET/CT exposes patients to ionizing radiation even if updated protocols minimize radio exposure.
In patients with spondylodiscitis, '®F-FDG PET/CT allows for differentiation of degenerative and
infectious abnormalities found on an MRI [4,27]. It is considered positive when '®F-FDG uptake is
higher than bone marrow uptake in adjacent vertebrae or soft tissue around the spine. Therefore, unlike
morphological imaging, 8F-FDG PET/CT highlights glycidic metabolism, which may already be
increased in the early stages of infection [4,5].

The diagnostic value of an MRI and ®F-FDG PET/CT in our study is in line with current literature
and confirm the higher sensitivity of an MRI and its relatively lower specificity than 8F-FDG PET/CT
(100% vs. 92% and 60% vs. 100%, respectively). The two techniques showed similar accuracy (94%
and 97%). The high sensitivity of an MRI allows the identification of almost all spondylodiscitis
lesions, but the lower specificity is indicative of the possibility of misunderstanding lesions due
to inflammatory or degenerative spondyloarthropathy, recent vertebral fractures, postoperative
inflammation, or bone tumors. The high specificity of BE_FDG PET/CT improves the interpretation of
ambiguous MRI images [9].

Previous studies that investigated the value of an MRI in diagnosing spondylodiscitis showed
results similar to our study, such as sensitivity of 82-96%, specificity of 85-93%, and accuracy
of 81-94% [5,28-30].

Even though this imaging modality is considered the gold standard for spinal infection diagnoses,
in 2015, a prospective study of 26 patients who underwent an MRI and ®F-FDG PET/CT reported encouraging
results for the use of an 18F-FDG PET/CT as a valid alternative in the evaluation of patients with suspected
spondylodiscitis that could not perform an MRI. In particular, Fauster et al. found sensitivity and specificity
of 83% and 88% for '8F-FDG PET/CT and 94% and 38% for MR, respectively [4]. Similar results were
reported in a recent meta-analysis that '®F-FDG PET/CT has a superior accuracy than MRI (97% vs. 81%)
in detecting spondylodiscitis, as well as high sensitivity (95% vs. 85%) and specificity (88% vs. 66%) [31].
Smids et al. analyzed a group of 75 patients with clinical suspicion of spondylodiscitis and found that
I8F-FDG PET/CT had higher sensitivity and accuracy in the early diagnosis of spondylodiscitis than MR,
especially when performed in the first two weeks of the onset of symptoms [5].
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Our study included a homogeneous group of 56 patients with suspected spondylodiscitis,
even though the comparison for the entire spine was not performed for all patients. For this reason,
we also evaluated the agreement of the two techniques for all of the lesions and it always resulted
moderately except for patients with a single-spine district MRI, for whom the agreement was complete
and absolute. The differentiation in groups, based on the district studied from the MRI, was necessary
to compare overlapping data and therefore to identify differences in numbers and locations of the
infection, which can involve multiple spine sites.

Discordant results were found in 6 of 56 patients for whom the MRI was positive, but the 8E_FDG
PET/CT did not reveal any lesions. In four of them, the diagnosis of spondylodiscitis was confirmed
and false-negative 'F-FDG PET/CT results were probably due to a weak infection characterized only
by epidural involvement, whereas the low 8F-FDG uptake may have been related to the different
immune reaction caused by the various etiological agents [22,32,33]. In the remaining two patients,
spondylodiscitis was finally not confirmed by follow-up and the false-positive MRI results were due to
the presence of severe degenerative disc disease [22].

Differences among patients in whom the MRI and ®F-FDG PET/CT were concordant in the
identification of the suspected lesions were observed. In patients for whom the whole-body MRI was
performed, MRI identified one lesion more than the R FDG PET/CT in four patients, whereas the
I8F-FDG PET/CT detected one lesion more than the MRI in only one patient. Similarly, in the subgroup
for whom two-districts MRI was performed, it identified one lesion more than the '8F-FDG PET/CT in
one patient, whereas the '®F-FDG PET/CT detected one lesion more than the MRI in only one patient.
The higher number of lesions identified by the MRI was related to the presence of edema-like changes
in the end plates and to epidural abscesses. The patients in whom additional '®F-FDG PET/CT lesions
were found, psoas abscesses were detected. For all the additional lesions found by the two techniques,
the final diagnosis of spondylodiscitis was confirmed.

Moycobacterium tuberculosis is one of the etiological agents of spondylodiscitis, but it can differ
from bacterial disease for clinical and imaging. In these patients, the back pain and neurological
deficit onset occurred only later in chronic forms [34]. Imaging-guide vertebral biopsy is a gold
standard for differentiating tubercular and pyogenic spondylodiscitis. MRI and ®F-FDG PET/CT
were helpful for evaluating the extension of the infection [35]. The main MRI findings, suggestive
for tubercular spondylodiscitis, indicated sparing of the intervertebral disc in the early stages of
infection, loss of vertebral body cortical definition, multiple vertebral involvement, and the presence
of muscular (paraspinal, psoas) abscesses [34,35]. Tuberculous spondylodiscitis BE.FDG PET/CT
commonly presents as '8F-FDG uptake lesions. However, in some cases, a cold abscess is characterized
by moderate '8F-FDG uptake in the cortex and low uptake in the center [36].

In our study, we described separate patients with tuberculous spondylodiscitis. In most of them,
the MRI and '8F-FDG PET/CT results were both of positive and in concordance in identifying lesions
due to their typical imaging presentation at two techniques. The remaining two patients’ results
were discordant. The false-positive MRI result was the same as described in the entire population
and therefore was due to degenerative end-plate abnormalities. Similarly, the false-negative F-FDG
PET/CT result was previously described and may be related to low-virulence bacteria.

Despite the encouraging results, some limitations of our study should be reported. First of all,
we analyzed a small sample size in line with the literature. Other limitations were the heterogeneous
groups of pathogens and the difference in the numbers of spine districts examined by the MRI.

Our results show the complementary role of ¥ F-FDG PET/CT and MRI in a spondylodiscitis
diagnosis. The combination of "®F-FDG PET/CT and MRI detected lesions in 100% of patients
with spondylodiscitis, identifying the site and the extent of the disease and correctly guiding the
therapeutic choice [2,4,37,38].
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5. Conclusions

Our results confirmed the high diagnostic value of F-FDG PET/CT in the diagnosis of
spondylodiscitis in comparison with MRI. Given the increasing evidence of the diagnostic value
of 18F-FDG PET/CT, it could be proposed as a possible alternative to MRI, especially when MRI
is contraindicated, non-diagnostic, or inconclusive. The agreement between these two techniques
suggests their complementary role in selected and more complicated patients.
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Abstract: Diabetic foot infections (DFls) are severe complications of long-standing diabetes,
and they represent a diagnostic challenge, since the differentiation between osteomyelitis (OM),
soft tissue infection (STI), and Charcot’s osteoarthropathy is very difficult to achieve. Nevertheless,
such differential diagnosis is mandatory in order to plan the most appropriate treatment for the
patient. The isolation of the pathogen from bone or soft tissues is still the gold standard for diagnosis;
however, it would be desirable to have a non-invasive test that is able to detect, localize, and evaluate
the extent of the infection with high accuracy. A multidisciplinary approach is the key for the correct
management of diabetic patients dealing with infective complications, but at the moment, no definite
diagnostic flow charts still exist. This review aims at providing an overview on multimodality
imaging for the diagnosis of DFI and to address evidence-based answers to the clinicians when they
appeal to radiologists or nuclear medicine (NM) physicians for studying their patients.

Keywords: infection; diabetic foot; imaging; WBC scintigraphy; ['8F]FDG PET/CT; MRI

1. Introduction

Diabetic foot infection (DFI) is a common complication of longstanding diabetes, and it is associated
with considerable morbidity, the increased risk of lower extremity amputation, and a high mortality
rate [1]. The development of DFI derives from a complex interplay among peripheral neuropathy,
peripheral arterial disease (PAD), and the immune system.

Neuropathy is the most prominent risk factor for diabetic foot ulcerations (DFU). Motor neurons
damage results in foot deformities that contribute to the injury of foot tissues and bones. Sensory neurons
damage leads to a loss of protective sensation. Therefore, neuropathic patients could develop skin
ulcers that might remain unrecognized for a long time, thus exposing the adjacent soft tissues to the
colonization of pathogens and causing a soft tissue infection (STI). If not promptly identified and
treated, the infection could spread to the underlying bone and cause osteomyelitis (OM).

PAD further facilitates micro-organisms invasion and rapid progression to infection,
since insufficient tissues oxygenation might impair the healing of ulcers, creating an optimal substratum
for the colonization of pathogen. In addition to this, PAD reduces granulocytes migration and antibiotic
penetration into infected site, thus contributing to the spread of infection and complicating its
therapeutic management. Moreover, patients with severe PAD are prone to sudden ischemia resulting
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from arterial thrombosis with consequent critical limb ischemia and an increased risk of amputation [2,3].
Indeed, both ischemia and infection are the most important factors in determining the prognosis of foot
ulcerations, since patients with PAD and infection show more severe comorbidities and worst clinical
outcomes compared with the classic “neuropathic foot patients” [4]. Uncontrolled hyperglycaemia
represents another pivotal aspect in the pathogenesis of DFI being responsible of an impairment of both
cell-mediated and humoral immune response mainly characterized by altered leukocyte’s functions,
reduced chemotaxis, and phagocytosis proprieties [5,6].

A prompt identification of foot ulcers, STI, and OM and an accurate evaluation of the extent of the
infective process is crucial for prognostication of the patients and for planning the most appropriate
treatment that usually requires a combination of metabolic control, medical treatment with specific
antibiotic regimen, and surgical approach. The International Working Group (IWGDF) and the
Infectious Diseases Society (IDSA) proposed a single scheme to assess the presence and the severity of
infection [7,8], and this classification is currently applied for predicting the need for hospitalization,
the likelihood of undergoing lower extremity amputation, and other adverse outcomes [9]. However,
in the latest update of these guidelines, OM and STT have been addressed separately, since they are
two distintict conditions, although they may coexist in the same patient, with different diagnostic,
therapeutic, and prognostic implications [10].

Clinical suspicion through a comprehensive history and physical exam are the starting points for
the diagnosis of DFL, which is validated by a complete laboratory evaluation, microbiologic assessment,
and imaging.

Clinical diagnosis of superficial STI is based on the presence of at least two local signs of
inflammation: rubor, calor, dolor, tumour, or purulent secretion. Other secondary features suggestive
of infection may be present, such as friable or discolored granulation tissue, necrosis, and failure of the
wound to heal [11]. Clinical manifestations of acute deep infection include abscess, necrotizing fasciitis,
and gangrene. In those cases, the infection process may involve one or more foot compartments and
may require a first urgent surgical treatment and eventually distal revascularization to reduce the
amputation level [12].

The development of an OM is one of the most serious and disabling complications of diabetes,
being associated with prolonged antibiotic therapy and hospitalization, as well as higher re-infection
rates and risk of amputations compared with patients with STI, resulting in high social costs [13].

Diagnosing OM is sometimes a challenge for the clinicians, since it may occur in the absence of
local or systemic signs of infection and inflammation, especially in chronic infections. Several wound
characteristics, in particular the width and depth of the lesion, may be helpful in predicting the presence
of bone infection. A lesion’s surface greater than 2 cm? has a sensitivity of 56% and a specificity of
92% for the diagnosis of OM. Similarly a deep ulcer over 3 mm is significantly associated with an
underlying OM in comparison with a more superficial one (82% versus 33%) [14].

Another diagnostic criterion is represented by the possibility to reach the bone with a blunt at the
base of the lesion, the “probe-to-bone test”. Combining the results of the probe-to-bone test with those
of plain radiography improves the overall diagnostic accuracy of OM [15,16].

However, the gold standard for the definitive diagnosis of OM still remains the bone biopsy that
provides histological and microbiological information and, at the same time, it is useful to determine
the susceptibility to various antibiotics [7]. Although bone biopsy is the more accurate technique in
identifying the pathogenic germs, it is an invasive procedure, and it is not always feasible. However,
a culture of deep soft tissue that is in direct contact with the bone shows a good correlation with
bone biopsy in identifying the responsible pathogen and, therefore, this approach may be useful in
alternative to bone biopsy [17].

Imaging offers the possibility to diagnose DFI by using a less invasive approach that is
complementary to physical examination, laboratory, and microbiological evaluations. A wide panel of
modalities may be very helpful for the clinicians to better understand whether the patient has a STI, OM,
or sterile inflammation that is a hallmark of Charcot osteoarthropathy, for example (Table 1). To achieve
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an accurate differential diagnosis is mandatory in the optic of promptly starting an appropriate
treatment reducing the need for hospitalization and the risk of major amputations, but univocal
consensus on diagnostic criteria for imaging modalities still does not exist.

This review aims at providing an overview of radiologic and nuclear medicine (NM) modalities
able to achieve an accurate differential diagnosis between the different kinds of DFI and to guide
therapeutic strategies.

Table 1. Common interpretation criteria of different imaging modalities in diabetic foot infections.
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sequences, and post-contrast
enhancement. Ghost sign
Planar images: Planar images:
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Radiolabelled compared with the uptake . L S
N compared with the 3—4 h; positive match antibiotic treatment or
WBC at3-4h; ! A i :
SPECT/CT: uptake clearly uptake at 3-4 h; with BMS; severe vascular disease
N - SPECT/CT: uptake SPECT/CT: uptake clearly
associated with bone at CT . . . .
clearly associated with associated with bone
soft tissues at CT destruction
Focal or diffuse uptake Poor discrimination
[SFIFDG Focal or diffuse uptake clearly cleafly a.ss.omated with D{ffuse uptake ‘T‘YOl‘j‘“g b‘etv\{eer? infection land
PET/CT associated with bone at CT soft tissues at CT tarsal/metatarsal joints and sterile inflammation.
without bone bone destruction at CT FP in Charcot and.
involvement after foot surgery

BMS: bone marrow scintigraphy; CT: computer tomography; OM: osteomyelitis; STI: soft tissue infection; DFI:
diabetic foot infection; WBC: white blood cells; BM: bone marrow; BMS: bone marrow scan; SPECT: single photon
emission computed tomography; T1-w: T1-weighted; FN: false negative; FP: false positive.

2. Surgical Management of DFI: How Can Imaging Be Useful?

Surgical management for diabetic foot (DF) deformities and complications is a critical aspect
in dealing with these patients. Understanding of the DF ‘syndrome” has improved the approach
to diabetic patients affected by a complicated foot. In the last decades, we observed an increasing
interest in developing less invasive surgical procedures as alternatives to major lower extremity
amputation. They are focused on local resections and the drainage of infected underlying soft tissue,
toes, and metatarsal heads for neuropathic or neuroischemic complicated DF [18,19]. In this optic,
imaging plays a crucial role in diagnosing the infection and defining its extent, aiming at selecting
those cases candidate to more conservative approaches.

Structural deformities and high plantar pressures are a predisposing risk factor to diabetic foot
ulceration (DFU) [20-23]. Common deformities include hammertoes, prominent metatarsal heads,
hallux limitus, Charcot foot, and previous toe or partial foot amputations [24]. Each leads to high
pressures that contribute, in the case of an insensitive DF, to tissue inflammation and ulceration.
Ameliorating these high pressures by structurally realigning or removing bony prominences is the
rationale for foot surgery. In the presence of infection, phlegmon, and/or OM, surgery becomes a
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critical urgent component of care [25]. A proposed scheme for classifying the types of foot surgery in
diabetic patients refers to the presence of open wounds and their acuity [26]:

e Prophylactic procedures are those performed in neuropathic patients to reduce the risk of ulceration
or recurrent ulceration in the absence of open wounds;

e  Curative surgery when cutaneous ulcers are present is often performed to provide a cure by joint
resection, removing underlying bony prominences (surgical decompression), osteomyelitis, or by
draining underlying abscesses or phlegmons;

e  Urgent procedures are performed for severe deep or ascending infections (infectious gangrene,
necrotizing fasciitis, etc.) to control the progression of infection. These procedures are performed
emergently and usually consist in wide open drainages or minor amputations at the foot level.

In daily clinical practice, curative and urgent procedures are most frequent, since usually patients
arrive to a surgical referral with an active more or less complicated DFU.

When dealing with deep infected cutaneous ulcers, the primary principle in treating surgical
infection is source control. Most infected DFUs respond well to local debridement, the administration
of culture-specific antibiotics, and offloading of the foot with specific footwear. Some develop a rapid
spread of infection along the tissue planes and tendon sheaths and present with local tissue necrosis,
spreading cellulitis and systemic inflammatory response [27].

According to the TI.M.E. (Tissue, Infection, Moisture and Edges) procedure, source control
includes the resection and/or debridement of any dead/infected tissue/bone and avoid fluid stasis by
draining any hidden infected site [28]. However, Time stands also for “do not waste Time” in referral
the patient to specialists who can better deal with the patient’s need and also stands for “Timing”,
indicating untimely or adequate choice of procedure (for example, limb revascularization) to treat the
patient at its presentation. Since deep foot infection can potentially be limb threatening without timely
intervention, delay will lead to further tissue loss. In this case, we can state that “Time is Tissue”.

The endpoints of curative approach to deep foot ulcer and osteomyelitis are:

e  Treat and cure the infection;

e Reduce pain (not always present because of neuropathy);
e  Retain foot and allow best function (rehabilitation);

e  Reduce recurrency.

Radical surgical resection, including healthy bone and soft tissue, is sometimes required and must
follow an “oncologic approach” in the case of deep foot infections and OM [29,30], since they are
difficult to treat and they could relapse.

Our understanding of the pathophysiology has been greatly improved by the biofilm model,
which explains the wide variety of symptoms, courses, and the complex therapeutic management.
The pathogens first form the surface layer of colonies, which then multiply into a three-dimensional
structure. This biofilm structure offers the bacteria protection from mechanical influences and makes it
harder for antibiotics, the body’s own defensive cells, and antibodies to penetrate, functioning as a
diffusion barrier. The pathogens pass from a planktonic, free-floating phase with a high metabolic rate
and rapid multiplication into a sessile form with greatly reduced metabolism and slowed biological
reactions. This phenotypic change makes them more resistant to antibiotics compared to planktonic
counterparts, since cellular growth within biofilms produces a matrix that protects the pathogens
from the immune system and antimicrobial drugs. In OM and prosthesis-related infections, it has
been calculated that this particular type of growth can reduce their sensitivity to antibiotics by a
factor of 10° [31]. The time required for a mature biofilm formation is about 2448 h [32]. Mechanical
forces of surgical debridement are effective in disrupting that matrix, exposing bacteria to the effects
of antibiotics and body’s immune response. Therefore, with a surgical medication, we can realize a
therapeutic window of 1-2 days where a sharp debridement should be repeated in order to remove all
instable tissues and biofilm covering the wound bed.
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All foreign bodies including screws and stitches must be removed, since they might be biofilm
carriers. Any infected tendons and bone should be cleaned and irrigated in order to remove necrotic
and/or infected tissues. The remaining tissues must be viable and well-perfused. There are no
objective criteria for defining bone resection limits; therefore, it remains an individual decision
of the surgeon, but generally, it should be up to when a hard bone is touched with the surgical
instrument [33]. In some cases, non-infected bones must be removed or reduced in order to relieve
the pressure to the underlying ulcerated cutaneous plane. The size of the defect produced by the
procedure is not a primary consideration; only the vascular supply should be evaluated and preserved.
What happens next depends on how radical the débridement and resection has been. Thereafter,
the most important aspect is the management of dead space, which, if not treated properly, may lead to
the early recurrence of infection and inadequate rehabilitation, especially if it involves the foot plantar
surface. Surgical drainage is mandatory for the prevention of any fluid or exudate stasis that might be
responsible for persistent bacterial contamination, biofilm, or infection and wound-healing impairment
and delay [34] (Figure 1).

Figure 1. Extended plantar phlegmon. Left: With a probe, it is possible to follow the real spaces
produced by the phlegmon spread along tissue plans. Where the end of the tract becomes superficial
toward the skin, interposed tissues and the skin are pierced and incised in order to pass through the
probe. Middle: A silastic tube is, thereafter, anchored to the probe in order to pass it backward along the
fistula tract. Once this drainage is passed, the two ends are tied together with two silk stitches in order
to construct the ulcer piercing ring (UP ring). Right: A diabetic foot ulceration (DFU) completely healed
after 8 months in an out patient facility with daily medications and irrigations and with occasional
antibiotic therapy and resulting with a small plantar scar. (Courtesy of Marco Cavallini).

Concluding, the surgical management of DF complications is challenging and it requires an
appropriate diagnosis in order to correctly identify the problem and to promptly start an adequate
and a personalized treatment for the single patient. An interdisciplinary approach derived from close
collaboration between clinicians, surgeons, radiologists, NM physicians, microbiologists, podiatrists,
and nurses is mandatory.

3. Radiological Modalities for Imaging DFI

Although the reference standard for the diagnosis of diabetes-related OM still remains bone
biopsy, the diagnosis is largely based on the presence of clinical and laboratory findings such as an
erythrocyte sedimentation rate (ESR) >70 mm/h, and a positive result of a probe-to-bone test (palpation
of bone in the depths of infected pedal ulcers) [10,11]. However, it should be kept in mind that (1) an
ESR of more than 70 mm/h is highly specific for OM, but has a sensitivity of only 28% [35], and (2)
the reliability of the probe-to-bone test may vary with the performing clinician’s experience and
ulcer location [10,11,35]. In addition, the benefit of this test is substantially influenced by the pre-test
probability of the patient having an OM or not. A positive probe-to-bone test suggests the diagnosis
in a high-risk patient. A negative test indicates a low probability of OM in a low-risk patient [36,37].
Hence, the diagnosis of DFI may be difficult when based on clinical and laboratory findings alone.
Advanced imaging of the foot has improved our ability to evaluate the possibility of OM, and it may
be helpful for the diagnosis and definition of deep or soft-tissue purulent collections.
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Radiography and magnetic resonance imaging (MRI) are the most commonly used radiological
modalities to evaluate the DF infective complications. Ultrasounds can be employed for guiding the
aspiration of suspect fluid collections or removing foreign bodies; however, it is not currently
recommended by the IWGDF [10] and the diabetic foot guidelines of the American College
of Radiology [38]. Computed tomography (CT), despite its higher sensitivity compared with
radiography and MRI in detecting cortical erosions, periosteal reaction, small sequestra, soft tissue
gas, and calcifications within sites of chronic osteomyelitis, plays a limited role in the imaging of
diabetic patients with suspected OM or STI of the foot [38]. The main disadvantages of CT are the
low soft tissue contrast resolution and the inability to detect the bone marrow edema seen in the early
stages of infection. If MRI is contraindicated or unavailable, post-contrast CT may be used to detect
soft-tissue and osseous abscess formation. However, the risk of use of iodinated contrast in diabetic
patients should be taken into account, as diabetic nephropathy progressing to end-stage renal disease
is commonly a comorbidity in patients with diabetes [39].

3.1. Radiography

The sensitivity of radiography is rather low in this setting, since radiographic findings of DF
infective complications can be undetected for up to four weeks after the onset of infection, and these
changes can be caused by Charcot osteoarthropathy and other disorders such as gout [40,41]. However,
radiography should be the first-line imaging modality in any patient with suspected infection. It is
cheap, widely available, and when radiographic findings such as demineralization, bone resorption,
cortical destruction, periosteal reaction, bowing, or the obliteration of fat stripes and fascial planes,
arthropathic changes, and the presence of soft tissue gas and foreign bodies are interpreted by an
experienced radiologist, they are highly suggestive of DF infective complications [10].

3.2. Magnetic Resonance Imaging

After initial radiography, MRI with fluid-sensitive, fat-suppressed sequences (i.e., short-tau
inversion recovery [STIR] or fat-saturated T2-weighted images) is the modality of choice for investigating
OM and associated soft-tissue complications [42,43] with high sensitivity and high specificity (90%
and 83%, respectively) in the diagnosis of OM [38,44]. Post-contrast images improve the evaluation of
soft tissue pathology, as they help in detecting abscesses and sinus tracts more easily [43]. Moreover,
its radiation-free assessment becomes particularly important in the young population and when
repeated follow-up imaging is likely to be necessary. However, standard MRI is typically based
only on morphologic sequences, which provide only structural information. In the last years,
technical improvements have allowed the capability to add functional quantitative information to
structural information. The application of Dixon sequences improves image quality and increases the
detection of sinus tracts and intraosseus sequestrums [45]. Diffusion-weighted imaging and the apparent
diffusion coefficient value can help in the differentiation of diabetic neuropathic osteoarthropathy from
OM with excellent inter-observer agreement [45].

Bone marrow (BM) with normal signal intensity excludes the diagnosis of OM in diabetic patients
with STIs. Early OM is characterized by BM edema with low marrow signal intensity on T1-weighted
images, high marrow signal intensity on fluid-sensitive fat-suppressed sequences, and post-contrast
enhancement (Figure 2).

However, there are several mimickers of diabetes-related OM that may present problems
to making a correct MRI diagnosis by showing BM edema and post-contrast enhancement.
Furthermore, these conditions, including biomechanical stress changes related to altered weight bearing,
recent post-operative surgery, inflammatory arthritis, and primarily neuropathic osteoarthropathy,
may coexist with OM, further complicating the ability to make an accurate diagnosis. Consequently,
if marrow edema is used as the primary diagnostic criterion, MRI may not be very specific.
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Figure 2. OM of the scaphoid and medial cuneiform. (From left to right) Sagittal T1-weighted,
T2-fat-suppressed, and post-contrast T1-weighted fat-suppressed MRI clearly show that the marrow
in the scaphoid and medial cuneiform has a low signal on a T1-weighted image (circle in left panel),
increased signal on a fluid-sensitive fat-suppressed image (circle in middle panel), and post-gadolinium
enhancement (circle in panel). These findings are indicative of OM.

Several secondary features such as subtending skin ulcer, sinus tract, abscess, tenosynovitis,

or septic arthritis tend to be associated with OM. Their presence strongly suggests that osteomyelitis is
present and can improve diagnostic accuracy [42,46].

Skin ulcer: Skin ulceration is typified by focal interruption of the cutaneous line, with raised margins
(secondary to preexisting callus formation). Acute ulcer appears hyperintense on fluid-sensitive
fat-suppressed images, with marked peripheral post-contrast enhancement, which is a finding
that is indicative of granulation tissue at the base of the ulcer. Chronic ulcer may be associated
with fibrous healing and thus appears as a mass with low signal intensity on T1-weighted images
and low to intermediate signal intensity on fluid-sensitive fat-suppressed images [42,43,46].
Sinus tract and abscess: Sinus tracts and abscesses are some of the major findings in osteomyelitis.
Morrison et al. determined the usefulness of primary and secondary MRI signs of OM and found
that the identification of a sinus tract showed high specificity (average, 85%) for the diagnosis of
osteomyelitis in the adjacent bone [47]. Sinus tracts typically extend from skin ulcers to tendon
sheaths, bones, or joints, and they represent a route for the subsequent spread of infection leading
to abscesses, septic tenosynovitis, and/or osteomyelitis [47]. Sinus tracts appear as linear fluid
signal intensity on fluid-sensitive fat-suppressed images and display a characteristic “tram-track”
pattern of the enhancement on contrast-enhanced images. The latter are the most sensitive
MRI feature for detecting sinus tracts (Figure 3). Abscess is seen as a focal fluid collection
that is hypointense on T1-weighted images and hyperintense on fluid-sensitive fat-suppressed
images, with a thick rim post-contrast enhancement, due to the presence of granulation tissue
(Figure 3). The presence of rim enhancement is essential in distinguishing abscesses from cellulitis
or phlegmons, which present diffuse post-contrast enhancement [42,43,46].

Septic tenosynovitis: Septic tenosynovitis generally results from the contiguous spread of infection
from an adjacent ulcer, abscess, or sinus tract. On MRI, it is characterized by an abnormal increase
in fluid within the tendon sheath, and post-contrast images may show a thick rim enhancement
around the tendon, due to inflamed synovium. The tendon loses its constant low signal intensity
and becomes thickened and indistinct [42,43,46].

Septic arthritis: Similar to OM and tenosynovitis, septic arthritis occurs also as a result of
contiguous spread from an adjacent ulcer, abscess, or sinus tract. No single MRI feature can
differentiate septic from nonseptic arthritis; increased joint fluid and synovial thickening with
contrast enhancement may also be seen in non-infectious inflammatory arthropathies. However,
in pedal infections, the diagnosis of septic arthritis may be more specific if an ulcer and adjacent
soft-tissue infection directly abut the joint, or, a sinus tract extends into the joint. Septic arthritis
may demonstrate edema with post-contrast enhancement in adjacent soft tissue and on both sides
of the joint. Reactive BM oedema, secondary to septic arthritis, should be differentiated from a
superimposed OM. A low signal intensity on T1-weighted images, and proximal extension of
subchondral edema beyond the subchondral bone usually indicate OM [42,48].
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Figure 3. Forefoot ulcer, sinus track, and abscess associated with OM in a 57-year-old diabetic man with
a 16-year history of insulin-dependent diabetes. Sagittal T2 fat-suppressed (left panel), and post-contrast
T1-weighted fat-suppressed MRI (right panel) shows a dorsal thick rim-enhancing abscess adjacent to
the first metatarsal head (arrows). Note a plantar ulcer appearing as a focal skin interruption and a
sinus tract with rim-like enhancement (small arrow in right panel) extending near the first proximal
interphalangeal joint. Given these findings, the hyperintensity (** in left panel), and post-contrast
enhancement (** in right panel) in the first metatarsal, and proximal phalanx respectively, are indicative
of OM.

Distinguishing OM from neuropathic osteoarthropathy, in the absence of secondary signs of
infection, is a common and difficult clinical and radiological problem. An accurate differentiation is
mandatory, because the early detection of OM is essential to initiate prompt medical and/or surgical
treatment. The location and distribution of anatomical changes may be helpful. Indeed, neuropathic
osteoarthropathy usually involves the tarsometatarsal and metatarsophalangeal joints, while OM
mostly involves the calcaneum, malleoli, and forefoot [49]. The biggest diagnostic problem arises in
the midfoot. In this region, MRI findings may be inconclusive, and secondary signs of infection are
invaluable in determining the presence of OM. Furthermore, neuropathic osteoarthropathy is primarily
an articular disease; thus, BM oedema is limited to juxta-articular locations, whereas OM, which almost
invariably results from an ulcer or abscess in contiguous soft tissue, shows diffuse marrow changes
(Figure 3) [38,50].

The differentiation of infected from non-infected neuropathic osteoarthropathy remains extremely
challenging, as the clinical and radiological findings may overlap. However, several MRI findings may
be useful for distinguishing between these two conditions. Sinus tract formation, the replacement of soft
tissue fat, fluid collections and diffuse marrow abnormality, diffuse joint fluid enhancement, and joint
erosion support superimposed infection [43,51]. Thin rim enhancement of effusion, the presence
of subchondral cysts, or intraarticular bodies indicate the absence of infection [19]. Bones that
“disappear” on T1-weighted images and then “reappear” on contrast-enhanced or T2-weighted images
(the “ghost sign”) is another MRI feature that indicates the presence of a superimposed infection.
In uncomplicated neuropathic osteoarthropathy, the “ghost sign” is absent because there is bone
destruction, but there is no infiltration of the marrow by inflammatory cells resulting in absence of the
“ghost sign” [42,43,46].

4. Nuclear Medicine Imaging for DFI

NM techniques offer the possibility to image a process from a functional point of view, and they
allow the identification of pathophysiological changes even before they become clinically detectable.
Several radiopharmaceuticals are available for imaging infection and inflammation for both single
photon emission computed tomography (SPECT) and positron emission tomography (PET) modalities,
and most of them are currently applied for the diagnosis and follow-up of DFIL.
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4.1. Gamma-Camera Imaging for DFI

Radiolabelled white blood cells (WBC) scintigraphy using both In or *™Tc represent the
NM cornerstone for the diagnosis of infection, since it specifically targets activated granulocytes,
thus representing a surrogate marker of bacterial infections [52]. Several guidelines have been published
by the European Society of Nuclear Medicine (EANM) with the aim to standardize labeling procedures,
acquisition protocols, and interpretation criteria in all the centers [53-55]. In particular, to provide an
in vivo imaging of the physiologic dynamic process of migration of granulocytes into the infective site,
it is recommended to acquire images with times corrected for isotope decay at three time points after the
reinjection of autologous cells. Once correctly acquired and displayed, the correct interpretation derives
from the comparison of uptake extent and intensity between late images, acquired 20 h (h) post injection
(p.i.) and delayed images (3 h p.i.). By following these recommendations, we can easily differentiate
between a bone infection from a sterile inflammation. Indeed, in the first situation, the uptake increases
over time in terms of extent and/or intensity, whereas in inflammation, the uptake decreases or remains
stable over time [55-57]. By using these recommendations, and when combined with SPECT/CT
acquisitions for the evaluation of the extent of the process and for the precise localization of the uptake,
this modality reaches a very high accuracy in diagnosing an infection [58] (Figure 4). In a recently
published meta-analysis and systematic review comparing the diagnostic performance of WBC scan,
Fluorine-18 Fluorodeoxyglucose positron emission tomography (['*F]JFDG PET/CT) and MRI for the
detection of DF osteomyelitis (DFO), the pooled sensitivity and specificity of radiolabelled WBC were
respectively 91% and 92% for ™ Tc hexamethylpropylene amine oxine (HMPAO) and 92% and 75% for
MTn-oxine. In particular, 99m T HMPAO WBC scintigraphy, followed by ['8F]JFDG PET/CT, showed
higher specificity than other imaging modalities in the diagnosis of DFO, whereas the sensitivities
were similar (approximately 90% for all) [59].

+
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Figure 4. Example of “™Te-HMPAO WBC scintigraphy in a patient with a skin ulcer in the medial right
malleolus region, previous amputations of left leg, and of all metatarsal heads of the right foot. From left
to right: Planar images acquired after 30 min, 3 h, and 20 h p.i. of radiolabelled autologous leukocytes
show an increased amount of activity over time in terms of intensity and extent, being consistent with
OM with an involvement of adjacent soft tissues. Further SPECT/CT acquisition (right panel) correctly
localized the uptake in the right talus and accurately evaluated its extent into surrounding soft tissues.
HMPAOQO: hexamethylpropylene amine oxine, WBC: white blood cell.

However, data regarding the use of radiolabelled WBC scintigraphy in DF are very discordant in
the literature [60]. The sensitivity and specificity of this modality range from 75% [61] to 100% [62-64]
and from 67% [64] to 100% [65] respectively, depending on deviation from the suggested labeling
procedure, interpretation criteria adopted and, of course, different acquisitions protocols. In particular,
several papers adopted only one-time point images, while others adopted outdated protocols of
acquisition using fixed times or a fixed count, thus reflecting a wide heterogeneity of approach and
results [64,66-69]. Hybrid imaging with SPECT/CT has also a great role in determining the accuracy of
radiolabelled WBC scintigraphy, especially in discriminating superficial STIs from deeper infections.
This differentiation is not easy achievable by using only planar images, but it is crucial for the correct
management of the patient. Indeed, the primary goal for a correct therapeutic intervention derives
from an accurate diagnosis of foot complications and, in particular, from the differentiation between
sterile inflammation, STI, OM, and Charcot foot with or without a superimposed infection.
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In this optic, radiolabelled WBC scintigraphy is the most accurate NM imaging modality able to
achieve this differential diagnosis, since it provides an in vivo demonstration of the pathophysiology
that underlies inflammatory and infective processes. However, the accuracy of radiolabelled WBC in
differentiating OM from STI also depends on the district of the foot [60]. Despite previous considerations
may be applied for a correct discrimination between these two conditions in forefoot disorders, in mid-
and hindfoot, the presence of Charcot osteoarthropaty may also be considered. In this situation,
radiolabelled WBC uptake could also be related to physiological BM expansion secondary to chronic
inflammation, thus resulting in a lower specificity of this modality [70-72]. Therefore, in order to
overcome this limitation and to improve the accuracy of WBC scintigraphy, it is suggested to perform
an additional bone marrow scintigraphy (BMS) using nanocolloids. Indeed, both radiopharmaceuticals
accumulate in BM but only WBC accumulate in infective foci, so if the images of these two modalities
are congruent (match), the diagnosis of Charcot is the most probable; conversely, in case of mismatch
(positive at WBC scintigraphy and negative at colloids), the diagnosis of OM may be done.

Despite radiolabelled WBC scintigraphy still representing the NM gold standard for the diagnosis
of infections, some practical and technical issues, unfortunately, limit its use in all the centers. Indeed,
this modality requires qualified personnel, adequate laboratories, and equipment. Moreover, it is a
time-consuming procedure for both labeling and images acquisition, since acquisition at three time
points is necessary. However, its accuracy has no peers in this field, and the availability of closed and
single use kits has simplified the separation and labeling procedures, making all the steps safer for the
operator [73].

The use of monoclonal antibodies (MoAbs) or antibodies fragments (Fab’) direct against specific
antigens expressed by activated granulocytes has been proposed as an alternative to radiolabelled
WBC scintigraphy, but they also have several cons mainly related to the high molecular weight of the
entire antibodies that constitutes a limiting factor for their diffusion into the infective focus, their long
plasma half-life, and their non-specific accumulation into inflamed sites. Furthermore, MoAbs induce
human murine antibodies (HAMA) in the host, thus limiting their use at only one time in the life.
Moreover, the role of MoAbs or Fab’ fragments has not been extensively investigated in DF, and data in
the literature are mainly based on small groups of patients [74-76]. Moreover, at the moment, there are
no standardized protocols for the acquisition and interpretation, and the few data in literature are
not sufficient to conclude that MoAbs or their fragments have to be preferred to radiolabelled WBC
scintigraphy in the assessment of DF disorders.

4.2. PET/CT Imaging for DFI

In the last decades, ['®F]JFDG PET/CT has gained an important role also for several indications in
the field of infection and inflammation as specifically summarized in the guidelines published in 2013
by EANM and Society of Nuclear Medicine and molecular Imaging (SNMMI) [77].

['8F]FDG offers several advantages over conventional scintigraphy. First of all, it avoids the
manipulation of potentially infected blood; secondly, the acquisition time is considerably shorter than
radiolabelled WBC, and thirdly, the images” quality resolution is better than those obtained with
planar scintigraphy. Moreover, in the presence of CT co-registration, it is possible to have a precise
definition of the anatomical landmarks, therefore evaluating the extent of the infective process into
soft tissues or bone. However, ['8F]FDG accumulates in infections, inflammations, malignancies,
reparative processes, and in all the other conditions in which the glucose is metabolized as a source
of energy.

In a meta-analysis published in 2013, the per-patients-based analysis showed a pooled sensitivity
of 74% and a specificity of 91% [78]. Nevertheless, this meta-analysis was conducted only on 4 studies.
Another more recent meta-analysis including 6 studies on 254 patients, in which the sensitivity and
specificity of ['®FI[FDG PET/CT were 89% and 92%, respectively [59]. CT co-registration, of course,
has a great influence on the accuracy of this imaging modality, but it also relies on correct interpretation
criteria for a ['8F]FDG PET/CT scan that, unfortunately, are not still well defined and standardized.
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In a large cohort of 110 diabetic patients with suspected pedal OM, Nawaz et al. compared
['®F]FDG PET and MRIL. In this series, the first modality was less sensitive (81% versus 91%) but
more specific (93% versus 78%) and accurate (90% versus 81%) than the second [79]. In this study,
the diagnosis of OM was based on visual assessment of ['"®FJFDG uptake on bony structures without
any semi-quantitative analysis of maximum Standardized Uptake Value (SUVmax). Furthermore,
no CT co-registration was performed in this study, which may be influencing the relative low sensitivity
compared to MRI.

Basu et al. explored the role of semi-quantitative analysis with SUVmax on 63 patients with DF
disorders [80]. Patients with OM showed higher SUVmax values than patients with Charcot and
uncomplicated DF, thus concluding that SUVmax could be a good parameter for differentiating these
conditions. Although these findings were confirmed by other groups, some others did not find any
correlation between SUVmax values and the different DF complications [81].

So, concluding, at present, well-defined interpretation criteria for differentiating infection,
inflammation, STI, OM, and Charcot do not exist yet for ['8FJFDG, thus representing a great limiting
factor for this specific clinical indication. CT co-registration, although useful for localizing the uptake
into bone rather than in soft tissue, does not solve the problem of discriminating an infection from
inflammation/degeneration [82] (Figure 5).

Figure 5. Example of ['8F]JFDG PET/CT in a patient with Charcot osteoarthropathy. Fused images
(upper panels) show moderate and diffuse uptake, which is interesting in particular bones and joints of
the mid and hind-foot. Co-registered low-dose CT images (lower panels) show the evident destruction
of bony architecture. These findings are consistent with the diagnosis of Charcot foot, but they do not
allow discriminating a pan-inflammation from a possible superimposed infection.

Aiming to develop a more specific radiopharmaceutical for PET imaging, WBC have also been
labeled with ['8F]FDG, but published studies on DF still do not exist in literature.
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5. Consensus Statements Emerged from Round Table of 3rd European Congress of Infection and
Inflammation

During the 3rd European Congress of Infection and Inflammation organized in Rome in December
2019, several specialists evaluating patients with DF complications gave their lectures on this topic
from different points of view. Here, we summarize several statements that emerged from the following
round table, aiming to provide evidence-based answers to the most frequent clinical questions.

5.1. Is Radiography Useful in a Patient with Suspected OM?

Radiography should be the first-line imaging modality when evaluating for bone involvement
in the DF. This approach is cheap, widely available, and associated with minimal harm. It provides
an anatomic overview of the area of interest and any preexisting conditions that could influence
the selection and interpretation of subsequent imaging modalities. Although we are not aware of
any studies of the role of serial radiographs to diagnose OM, useful information can be obtained by
performing serial radiographs to detect progressive bony changes.

5.2. Is a Negative Radiographic Examination Enough to Rule Out OM?

From a radiological point of view, a negative radiographic examination is not enough to rule out
OM, since it is not sensitive in the detection of early stages of acute OM [10]. Radiographs may remain
unremarkable for up to four weeks after the onset of infection. Furthermore, when radiographic
changes of OM such as demineralization, bone resorption, and periosteal reaction become detectable,
they may be difficult to be correctly interpreted because similar abnormalities may occur with Charcot
osteoarthropathy and other disorders such as gout [40]. Therefore, the appeal to advanced imaging is
madatory in order to achieve an accurate diagnosis.

5.3. Is MRI Indicated Since the First Diagnostic Steps?

MRI is not appropriate as first line imaging modality to diagnose OM; however, it is strongly
recommended as an additional modality after initial radiography, when OM is suspected. MRI provides
excellent spatial resolution and precise anatomical details; it allows preoperative mapping of the
extent of infection, thus being helpful in minimizing the area of resection. Moreover, its radiation-free
assessment becomes particularly important in the young population and when repeated follow-up
imaging is necessary, and it is now widely available and less expensive than other imaging
modalities [38].

5.4. Is MRI Indicated for Therapy Evaluation?

There is no relevant literature to support the use of MRI in the follow-up of DFO. However,
this imaging modality can be very appropriate for determining whether the patients healed from the
infection after treatment. Given that normal marrow signal reliably excludes OM [42], this condition
should not be considered “cured” until there has been no evidence of recurrence for at least a year [83].
The radiation-free assessment as well as the high sensitivity and specificity for determining the presence
or absence of pedal OM and STI [44] makes MRI imaging very suitable as a follow-up imaging modality,
especially in young people.

5.5. Is WBC Scintigraphy Able to Differentiate between Superficial or Deep Infection?

The main disadvantage of planar NM imaging techniques is the limited spatial resolution and the
lack of anatomic landmarks, which is especially a problem in the foot, where all the bony structures are
very small and close each other. Indeed, an uptake on the soft tissues at planar images may overlap the
underlying bone and vice versa, leading to a wrong interpretation of the scan and consequently to a
wrong treatment. Therefore, as previously mentioned, the appeal to hybrid images is mandatory in
order to improve the diagnostic accuracy of planar images.

104



J. Clin. Med. 2020, 9, 1779

Several authors explored the added value of SPECT/CT in the diagnosis [66,67,84-86] and therapy
monitoring of DFO [87,88] and, despite the different protocols of acquisition adopted among the
different studies, all authors concordantly agree that hybrid imaging is able to better localize the
uptake into bone or soft tissues with an excellent definition of the extent of the infective process.
Przybylski et al. reported a sensitivity, specificity, and diagnostic accuracy of ™ Tc WBC scintigraphy
with SPECT/CT were 87.5%, 71.4%, and 80% respectively [85]. Heiba et al. examined 272 patients
by using a combined approach with ''In WBC scintigraphy and bone scan [66], concluding that
dual isotope SPECT/CT was superior than bone scan or WBC scintigraphy with SPECT/CT alone in
discriminating STI from OM and, in another paper, they concluded that this combined approach is
associated with a reduced length of hospitalization [67]. In the series studied in 2009 by Filippi et al.,
the interpretation of planar images substantially changed with the addition of SPECT/CT in 52.6% of
cases, being able to rule out the infection in 6 cases, to diagnose OM in 1 case and to better define the
extent of the process in 3 cases [86].

Therefore, concluding, data in the literature support the use of SPECT/CT in addition to planar
images in the evaluation of DFI, in order to better localize the infection into bone or soft tissues and to
accurately assess the extent of the process.

5.6. Can [¥8FIFDG PET/CT Be Used as an Alternative to WBC?

The answer to this specific question is not easy, because it mainly depends on the local center’s
equipment and facilities. As previously mentioned, the labeling procedures of leukocytes requires
classified environments and laboratories and with isolators or class A wood with laminar flow,
depending on local regulations. Personnel must be specifically trained to perform this procedure and
must attend certified courses, thus impacting the department’s costs. Moreover, it is a time-consuming
procedure that requires multiple times-point acquisition, and therefore, the patients need to come back
to the hospital the day after in order to complete the examination. Aiming to overcome these limitations,
several authors suggested the use of alternative approaches and ['®FJFDG PET/CT, of course, represents
the most attractive one due to higher quality images, shorter length of execution, and the easier and
quicker length of handling of radioactive compounds, which does not require the manipulation of
potentially infected blood. However, the well-known low specificity of [*®F]FDG in differentiating an
infection from a sterile inflammation and the lack of unanimous consensus on interpretation criteria
make the diagnosis uncertain in most cases.

One paper published in 2011 by Familiari et al. [81] perfectly fits this question. In a small
cohort of 13 patients with suspected OM, they compared ["*F][FDG PET/CT and planar images of
9IMTe-HMPAO WBC scintigraphy, acquiring both modalities at three times point and using qualitative
and semi-quantitative criteria of interpretation with SUVmax and Target/Background ratio (T/B) ratio
at each time point. They identified a cutoff of more than 2.0 at late images as the best interpretation
criterion for WBC scintigraphy: an increase of this cutoff between 3 and 20 h was suggestive for OM,
while a stable or decreased uptake over time was suggestive for STI. Similarly, for ['®F]JFDG PET/CT,
the best criterion for defining an OM was a SUVmax greater than 2.0 at 1 and 2 h p.i. and increasing
with time. Whereas, if the uptake remaines stable or decreased over time, the scan was suggestive for
STI. By using these criteria, the sensitivity, specificity, and accuracy of radiolabelled WBC scintigraphy
were higher compared with ['8F]JFDG PET/CT. Therefore, they concluded that radiolabelled WBC
scintigraphy should not be replaced by ['®F]JFDG PET/CT.

In accordance with this view, we strongly recommend the use of radiolabelled WBC scintigraphy in
suspected pedal OM, as it also emerged from a recently published retrospective multicenter study [89].
['8FIFDG PET/CT could represent a valid alternative if it is not possible to perform this imaging
modality due to the limitations of the single center, but the interpretation of a PET scan, at the moment,
really relies on personal experience, and therefore, the scans must be evaluated with caution.
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5.7. Is SUVmax Evaluation Useful for the Correct Interpretation of by ['$FIFDG PET/CT Scan?

PET provides better resolution images and allows easier quantification methods than SPECT
imaging. With radiolabelled WBC imaging, it is only possible to calculate T/B ratios between delayed
and late images and to assess whether there is an increase or decrease of this value. With SUVmax
evaluation on PET imaging, it is possible to quantify the uptake of by ['®FJFDG at the infectious focus.
Therefore, several authors tried to assess whether the use of this SUVmax could be beenficial in order
to better differentiate between sterile inflammation, STI, OM, and Charcot.

For example, Basu et al. found higher SUVmax values in patients with OM compared with
patients with Charcot and uncomplicated DF (2.9-6.2 versus 0.7-2.4 versus 0.2-0.7), concluding that
SUVmax could be a useful parameter for differentiating these conditions [80]. Kagna at al. found a
statistically significant difference in SUVmax between OM and STI (6.7 + 3.7 versus 4.4 + 2.4) [90].
However, these results were not confirmed by other studies [79,81], which may be because several
techinical and practical factors may influence the variation of SUVmax calculations among different
centers. Moreover, universally recognised cutoff values to differentiate among Charcot’s neuropathy,
OM, and STI have not been defined yet.

Therefore, as it also stands for oncologic diseases, there is currently insufficient evidence to
recommend that SUVmax could be a reliable tool for discriminating among different foot complications.

5.8. Is It Possible to Perform Radiolabelled WBC Scintigraphy during an Antibiotic Treatment?

The issue that ongoing antibiotic treatment could influence the sensitivity of radiolabelled WBC
scintigraphy is still a matter of debate, and the opinions are very contrasting. From some papers,
it emerges that the diagnostic accuracy of radiolabelled WBC is not significantly affected by the
administration of antibiotics [87,88,91,92]. In 2013, Glaudemans et al. retrospectively studied a large
population of patients with prosthetic joint infection, and they did not find significant differences
in terms of diagnostic performance between patients under antibiotic treatment and patients that
were not receiving therapy. Although this study was not focused on DF]J, it was in support of the
idea that this imaging modality retains a high sensitivity and specificity in detecting residual disease,
independently by the administration of antibiotics. [93]. Indeed, as also indicated in recently published
EANM guidelines [55], “patients receiving antibiotic treatment should not be excluded a priori since
reports regarding their effect on WBC scintigraphy give various results”.

However, not all NM physicians place very much trust in performing this exam during antibiotic
treatment, because possible false negative scans may be observed. Therefore, despite a perfect timing
to perform WBCs scintigraphy following antimicrobial therapy not being clearly indicated in the
literature, it is often a common practice to delay the radiolabelled WBC scintigraphy until 2 weeks
after therapy withdrawal or to repeat the scan, in case of doubts in patients receiving antibiotics
2 weeks later.

Data in the literature on therapy monitoring in DF are mainly based on small series and do not allow
drawing definite conclusions, but preliminary results seem to encourage the use of radiolabelled WBC
scintigraphy, especially with SPECT/CT acquisitions, for the assessment of treatment response [87,88].
Similarly, ['8F]FDG PET/CT could be used to follow signs of inflammation in the foot that may be still
present, although the patient is considered clinically recovered [94], but definitive evidences are still
lacking in the literature.

5.9. Do We Need to Perform a Combined Bone Marrow Scintigraphy in Addition to Radiolabelled WBC
Scintigraphy for the Evaluation of Charcot?

Charcot osteoarthropathy is a condition that further complicates the challenging diagnosis of DFI.
Radiolabelled WBC uptake in mid/hind-foot must be always interpreted with caution considering
the possible physiologic accumulation into expanded BM that is typically present in a Charcot foot,
independently by the presence of an infection or not. Therefore, a BMS is strongly suggested in order
to have a scintigraphic map of BM and to compare with WBC images. Palestro described two criteria
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to diagnose OM in the presence of Charcot’s arthropathy: (1) the presence of labeled leukocyte uptake
without corresponding activity on marrow images and (2) the spatially incongruent distribution of
two radiopharmaceuticals [70,71].

['8F]FDG also shows several limitations in the evaluation of Charcot, because the uptake in this
condition is usually very intense and diffuse involving all the tarsal and metatarsal joints, reflecting the
evident changes in bony architecture typical of this conditions. Therefore ['F], FDG is not able to
discriminate whether Charcot is infected or not.

6. Conclusions

An accurate identification and differentiation among different types of DFI still represent a
challenge for the clinician. The appeal to multimodality imaging and a multidisciplinary approach
are mandatory in order to plan the most appropriate therapeutic strategy for the single patient.
Several radiological and NM approaches are available, being MRI, radiolabelled WBC scintigraphy,
and ['®F]FDG PET/CT the most appropriate, but larger multicenter studies are still needed in order to
create standardized diagnostic flow charts that could be applied worldwide.
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Abstract: Diabetic foot infections (DFIs) represent one of the most frequent and disabling morbidities
of longstanding diabetes; therefore, early diagnosis is mandatory. The aim of this multicenter
retrospective study was to compare the diagnostic accuracy of white blood cell scintigraphy (WBC),
I8F-fluorodeoxyglucose positron emission tomography/computed tomography (('®F) FDG PET/CT),
and Magnetic Resonance Imaging (MRI) in patients with suspected DFI. Images and clinical data
from 251 patients enrolled by five centers were collected in order to calculate the sensitivity, specificity,
and accuracy of WBC, FDG, and MRI in diagnosing osteomyelitis (OM), soft-tissue infection (STT),
and Charcot osteoarthropathy. In OM, WBC acquired following the European Society of Nuclear
Medicine (EANM) guidelines was more specific and accurate than MRI (91.9% vs. 70.7%, p < 0.0001
and 86.2% vs. 67.1%, p = 0.003, respectively). In STI, both FDG and WBC achieved a significantly
higher specificity than MRI (97.9% and 95.7% vs. 83.6%, p = 0.04 and p = 0.018, respectively).
In Charcot, both MRI and WBC demonstrated a significantly higher specificity and accuracy than
FDG (88.2% and 89.3% vs. 62.5%, p = 0.0009; 80.3% and 87.9% vs. 62.1%, p < 0.02, respectively).
Moreover, in Charcot, WBC was more specific than MRI (89.3% vs. 88.2% p < 0.0001). Given the
limitations of a retrospective study, WBC using EANM guidelines was shown to be the most reliable
imaging modality to differentiate between OM, STI, and Charcot in patients with suspected DFI.

Keywords: diabetic foot; infection; diagnosis; WBC scintigraphy; FDG PET/CT; MRI
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1. Introduction

Diabetes-related foot complications represent some of the most frequent and disabling morbidities
of longstanding diabetes and are associated with prolonged hospitalization and high social costs [1-5].
Patients with peripheral neuropathy and microvascular impairment have an increased risk of
developing an ulcer that could represent a breach for the entry of bacteria, thus potentially causing an
infection. The process initially involves the soft tissues (STs) of the foot, and later it could spread in depth
for contiguity and reach the bone, leading to diabetic foot osteomyelitis (DFO). Osteomyelitis (OM) is a
severe complication for the diabetic patient, with a high risk of amputation and mortality rates [6-8].
Considering that more than 50% of wounds are infected at their presentation [2], the prevention of
foot ulcers, early diagnosis, and appropriate and prompt treatment are mandatory in order to avoid
such a complication and amputation [9,10]. Moreover, about 2.5% of diabetic patients have a Charcot
foot, a progressive degenerative disease of the musculoskeletal system characterized by destruction of
the bony architecture, which usually involves tarsal and metatarsal joints [11]. The presence of this
neuro-ostearthropathy further complicates the diagnostic approach to diabetic foot infection (DFI)
since this condition may coexist with the presence of ulcers, thus making the correct diagnosis difficult
to achieve. Nevertheless, a differential diagnosis between Charcot, OM, and soft tissue infection (STI)
is crucial for the correct management in patients suspected of DFL

The gold standard examination for the diagnosis of OM is represented by the isolation of the
pathogen using microbiological assays. Bone biopsy, however, is an invasive procedure and its reliability
strongly depends on the quality of the specimen obtained in the aseptic procedure. Moreover, clinical
examination and biochemical inflammatory markers are often non-specific and do not allow a
differentiation between infection and inflammation [12,13]. Several diagnostic imaging tests are
currently available, including both radiological and nuclear medicine (NM) non-invasive imaging
modalities. Despite a consensus document for the diagnosis of peripheral bone infections being
recently published, it does not specifically address DFI [14]. Therefore, at present, no clear consensus
on the most appropriate imaging technique in suspected DFI exists [7,15,16]. Magnetic resonance
imaging (MRI) is the best radiological modality for the assessment of soft tissue abnormalities and may
be able to differentiate between STI and OM. However, its specificity can be reduced in the presence
of bone marrow edema, synovial effusion, dislocation, bony destruction, and loss of discernible
bone and joint margins since they may characterize neuropathic joint disease as well as OM [17].
The NM gold standard in this field is represented by white blood cell scintigraphy (WBC), which
provides an in vivo demonstration of the presence of the infective focus. The European Society of
Nuclear Medicine (EANM) has previously published guidelines [14,18-22], aiming to define the
correct labelling procedure, acquisition, and interpretation criteria for WBC. However, currently,
not all institutes follow these recommended standards. The use of ®F-fluorodeoxyglucose ((*8F)
FDG) positron emission tomography combined with computed tomography (PET/CT) has gained a
role in several indications in the field of infection and inflammation [21]. This technique is widely
available and has the advantages of a short acquisition time, high image resolution, and no need
of blood handling and manipulation. FDG, however, accumulates in both infection and sterile
inflammation since all the involved cells use glucose as a source of energy [21]. Therefore, it is not
clear if FDG PET/CT is adequate enough to discriminate among the different foot complications in
diabetic patients [15]. In a recently published systematic review and meta-analysis comparing WBC,
FDG PET/CT, and MRI in DFO, it emerged that the sensitivity is approximately 90% for all imaging
modalities, with #™Technetium-hexamethylpropyleneamine oxime (**™Te-HMPAO)-labelled WBC
scintigraphy demonstrating the highest specificity, followed by FDG PET/CT, MRI, and ''Indium
(""In) oxine-labelled WBC [23].

To the best of our knowledge, no multicenter studies are available in the literature comparing these
imaging modalities. Therefore, the aim of this retrospective study was to compare the accuracy of WBC
scintigraphy, FDG PET/CT, and MRI in differentiating OM, STI, and Charcot in patients with suspected
DEFL In particular, our primary end point was to evaluate the diagnostic approaches adopted among
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different centers in daily practice, aiming to provide a panoramic view on the diagnostic management
in different countries. Moreover, since it is well known that the accuracy of WBC scintigraphy relies
on the application of the correct acquisitions protocols, image display, and interpretation criteria,
the secondary end point of this study was to evaluate, on a multicenter scale, the impact of recently
published EANM guidelines [20] on the diagnosis of DFI.

2. Experimental Section

2.1. Materials and Methods

This retrospective multicenter study included five centers from The Netherlands, Italy, Israel,
Greece, and Spain. Data from consecutive patients affected by diabetic foot complications between
June 2008 and June 2014 were locally collected by each center, then merged in a single central database,
and processed using SPSS statistic software. This study was approved by each local ethical committee
and of the coordinating center (Groningen, the Netherlands).

2.1.1. Patients

Patients were retrospectively recruited by radiology and NM departments of each center where
they were sent by the respective local diabetic foot units (DFUs), between 2008 and 2014, for the study
of suspected DFI. The following inclusion and exclusion criteria were adopted in this study:

Inclusion criteria (the first four items were mandatory):

e Type 1 or type 2 diabetes treated with oral medications or insulin;

e  Suspected DFI based on clinical presentation of foot wounds according to Perfusion, Extent, Depth,
Infection, Sensation of Infectious Diseases Society of America (PEDIS/IDSA) classification [1];

e  Atleast one out of the three imaging modalities performed for suspected DFI;

e  Final diagnosis provided by gold standard;

e  Bony abnormalities detected by plain radiographs;

e  Palpable bone at “probe-to-bone test” (in presence of open wounds);

e Raised inflammatory markers.

Exclusion criteria:

e Lack of information on final diagnosis;
e  Patients lost at clinical follow-up.

Demographic and laboratory data, including gender, age, type of diabetes, medical history,
biochemistry, microbiology, histopathology, treatments, and final diagnosis, were collected by each
center. In patients in whom more than one infection was investigated, each episode was considered as
an individual event with corresponding imaging.

Patients were clinically or surgically managed by the DFUs of each center following their
own protocols.

2.1.2. Imaging Modalities and Analysis

Information regarding the camera type, manufacturer, year of manufactory, the use of markers
or contrast, details of the compounds, and sequences for MRI were recorded. For NM examinations,
information on radiopharmaceutical, administered activity, type of gamma-camera, equipped or not
with single-photon emission tomography/computed tomography (SPECT/CT), PET/CT camera systems,
and exact protocols of acquisition were also specified by each center. All acquisition details and DICOM
files had to be available in order to include the patients in the study. NM images were examined by
two experienced NM physicians. Discordant cases were resolved by consensus. All MRI scans were
evaluated by an experienced radiologist. All readers were blinded for clinical details. The following
scoring method was used for each diagnostic tool in order to classify the outcome: 0 = negative/sterile
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inflammation; 1 = OM; 2 = STI; 3 = Charcot. If two or more conditions were concomitant in the same
patient, the most clinically relevant was considered (e.g., OM + Charcot = OM; OM + STI = OM; STI +
Charcot = STI).

For each scan, the location of disease (in forefoot or mid/hindfoot) was recorded.

2.1.3. Interpretation Criteria for WBC Scintigraphy

e Acquired according to EANM recommendations: Interpretation criteria were used as recommended
by the guidelines [20] and obtained by both visual and, in equivocal cases, semi-quantitative analysis
by drawing region of interests (ROIs) on target (T) and contralateral side as background (B) in order
to calculate the T/B ratio. OM was defined when WBC focal accumulation at 20-24 h was higher
in intensity than at 3—4 h. STT was defined when WBC focal or diffuse accumulation at 20-24 h
was lower than at 3-4 h. Charcot was defined when diffuse WBC accumulation at 20-24 h was
similar or decreased compared to the uptake at 3—4 h.

e Acquired not according to EANM recommendation: In the case scans were performed with only
one time point acquisition, they were classified as follows: OM was defined when the WBC focal
accumulation was higher than surrounding tissues. STI was defined when WBC accumulation
(both focal or diffuse) was observed in the superficial regions of the foot. Charcot was defined
when diffuse WBC accumulation at the mid/hindfoot was observed.

2.1.4. Interpretation Criteria for FDG PET/CT

FDG PET/CT assessment was performed using a visual analysis describing the target areas in
terms of intensity (grade 0: no uptake; grade 1: uptake at foot location = contralateral side; grade 2:
uptake at foot location > contralateral side), pattern of uptake (focal vs. diffuse), number of foci, and the
exact localization of the increased uptake as provided by the CT. We also performed a semi-quantitative
analysis using the maximum and mean standardized uptake values (SUVmax, SUVmean) of each
area with increased uptake. The SUV pax ratio (SUVmax of target/SUVmax contralateral background)
was also calculated. OM was defined when focal or diffuse FDG uptake higher than the contralateral
side was visible on the bone structure with or without soft tissue involvement. STI was defined
when focal or diffuse FDG uptake (grade 1 or 2) was visible only in the soft tissues without bony
involvement. Charcot was defined when diffuse FDG uptake (grade 1 or 2) was visible involving tarsal
and metatarsal joints and associated with bone destruction on CT.

2.1.5. Interpretation Criteria for MRI

MRI was evaluated for primary and secondary signs of OM, according to the literature [24-26].
Briefly, OM was defined in the presence of low medullary bone marrow signal in a geographic confluent
pattern on T1-weighted imaging (T1w), concordant with abnormal (high) signal at fat-suppressed
T2-weighted (T2w) and post-gadolinium (Gd) T1w imaging.

Secondary signs of OM were also evaluated [24]:

(a) Ulcer (skin interruption with raised margins and associated soft tissue defect);

(b) Sinus tract (“tram track” pattern post-Gd enhancement);

(c)  Cellulitis (skin thickening and soft tissue edema with low T1 and T2 signal and post-Gd enhancement);

(d) Abscesses (signal intensity of fluid with post-Gd peripheral rim-like enhancement);

(e) Gangrene (post-Gd non-enhancing area of devitalized tissue that is sharply demarcated from
surrounding viable tissue, without (dry gangrene) or with air bubbles in the soft tissue (wet gangrene));

(f)  Tenosynovitis (area of post-Gd peri-tendinous enhancement coursing through an area of cellulitis
and adjacent to an infected ulcer).
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STI was considered present if at least one of the previously described findings was observed
without any radiological signs of bone involvement. Charcot was defined as the presence of soft tissue
edema, fluid collections, effusions, bone marrow abnormalities, post-Gd peri-articular soft-tissue,
and bone marrow enhancement (typically in the tarsal-metatarsal and metatarsal-phalangeal joints),
associated with deformities and osseous fragmentation.

2.1.6. Therapeutic Management

The different therapeutic strategies adopted by the DFUs of each local center were recorded when
available, and were classified as follows:

e No treatment (including offloading);

e  Conventional wound care and topic antibiotic treatment;
e  Systemic antibiotic treatment;

e  Surgery (debridement or amputation).

When possible, the results of the three imaging modalities were correlated with the treatment
received by the patient.

2.1.7. Gold Standard

Bone biopsies were used as gold standard for the final diagnosis of OM and Charcot, independently
by the availability of the isolated pathogen. Skin cultures were used for the diagnosis of STI. When bone
biopsies or skin cultures were not available, a clinical follow-up of at least 12 months was used in order
to confirm or rule out the diagnosis achieved with imaging modalities.

2.1.8. Statistical Analysis

All statistical analyses were performed using SAS version 9.4 and JMP version 14 (SAS Institute,
Cary, NC, USA). Categorical variables are expressed as absolute frequencies and percentages.
Continuous variables (SUVpax and SUV . ratio) are presented in mean + standard deviation
(SD) mean differences across groups (OM, STI, and Charcot) and were compared by generalized linear
models. The normality of the residuals was verified by Shapiro-Wilk test and homoscedasticity by
the Levene and Brown-Forsythe test. Differences between the final diagnosis (no pathology, OM,
and STI) vs. C-reactive protein (CRP) and erythrocytes sedimentation rate (ESR) were evaluated
by the Kruskal-Wallis test and Steel-Dwass test using post hoc analysis. The sensitivity, specificity,
and diagnostic accuracy of all the three imaging modalities in diagnosing OM, STI, and Charcot foot
against the reference standard histology and/or clinical follow-up were performed by routine use of
SAS. Comparisons of the sensitivity, specificity, and diagnostic accuracy between the three imaging
modalities were performed using the Z test for the equality of two proportions. The Benjamini-Hochberg
procedure was applied to check multiple comparisons. The results are reported in a percentage with
95% confidence intervals (Cls). A p-value <0.05 was considered statistically significant.

3. Results

A total of 251 patients were enrolled in the contributing five centers (Scheme 1). A descriptive
analysis of our population is summarized in Table 1.

Post hoc analysis on median values of CRP and ESR showed that they were both significantly
higher in patients with OM compared with patients without any infection (p = 0.017 and p = 0.027
respectively) as illustrated in Figure 1. No similar significant difference was observed between patients
with STI and normal subjects and between patients with OM and STIL.
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279 patients enrolled by NM Department and
Radiology of S different Centres between June
2008 and June 2014

28 excluded for lack of information on final
diagnosis or lost at clinical follow-up
Final diagnosis:
OM=93

STI=76 4—| 251 patients were eligible for this study
Charcot=10

No pathology=72 l
88 58 58 76
wec* wec** FDG PET/CT MRI
oM STl Charcot: oM: STI: Charcot: oM STz Charcot: om: STI: Charcot:
13 P11 - ™16 ™9 1 20 3 1 22 ™9 1
TN: 51 TN: 44 TN: 81 TN: 34 TN: 44 TN: 50 TN: 21 TN: 46 TN:35 TN: 29 TN: 46 TN: 60
P15 £P:7 7 3 FP:2 P 6 2] Fp:1 FP:21 £p:12 £P:9 P8
FN:9 FN: 26 FN: - FN: 5 FN: 3 FN:1 FN:9 FN: 8 FN:1 FN:13 FN:12 FN:7

Scheme 1. Flow chart on patient selection and imaging modalities. NM: Nuclear Medicine; OM:
osteomyelitis; STI: soft tissue infection; WBC: white blood cells scintigraphy; * WBC scans acquired without
following European Association of Nuclear Medicine (EANM) guidelines; ** WBC scans acquired
following EANM guidelines; 18F-ﬂuorodeoxyglucose positron emission tomography/computed
tomography (FDG PET/CT); Magnetic Resonance Imaging (MRI); TP: true positives; TN: true negatives;
FP: false positives; FN: false negatives; - no patients with a final diagnosis of Charcot foot were studied
with * WBC scan.

Table 1. General characteristics of the study population.

Age (Years)  Gender ~ DM1/DM2 ?g;f:l'“/{;‘ HblAc (%) ESR(mm/h) CRP (mg/L)
0 0

(Mean+SD)  (F/M) (%) (%) (Mean + SD) (Mean+SD) (Mean+SD) (Mean<+SD)
All patients (251)  60.7+10.8  343/657  17.1/82.9 91+34 80+19 473+285 430731
WBC * (88) 64.2 +10.9 44.3/55.7 15.9/84.1 85+28 77+1.6 45.6 + 28.0 143 +£328
WBC ** (58) 572103 327/67.3  155/845 97 +42 92426 566359  734+586
MRI (76) 59.2 +10.6 25.0/75.0 22.4/77.6 10.5+4.0 82+2.2 482 + 275 87.4 + 100

FDG (58) 58.0+9.0 29.3/70.7 10.3/89.7 78+2.6 83+19 n.r. n.r.

OM (93) 59.6 £11.1 26.9/73.1 20.4/79.6 95+33 84+19 559 +32.1 68.3 £93.7
STI (76) 623+1001  381/619  19.7/80.3 9.0+36 78+17 467 £269 2794534
Charcot (10) 565+£101  20.0/80.0  20.0/80.0 nr. 74%17 nr. 28+715
No pathology (72) 60.7 +10.9 43.0/57.0 9.7/90.3 85+32 77+19 37.6 +23.1 27.7 £+ 53.7

In brackets: number of patients; SD: Standard Deviation; F: females; M: males; DM1: Type 1 Diabetes Mellitus; DM2:
Type 2 Diabetes Mellitus; Hb1Ac: glycated hemoglobin; ESR: Erythrocytes Sedimentation Rate; CRP: C Reactive
Protein; * WBC: scans acquired without following EANM guidelines; ** WBC: scans acquired following EANM
guidelines; n.r: not reliable because data available in less than 10 patients. MRI, magnetic resonance imaging; FDG,
fluorodeoxyglucose; OM: osteomyelitis; STI: soft tissue infection; WBC: white blood cells scintigraphy; EANM,
European Society of Nuclear Medicine.

Causative pathogens were recorded in 67 patients that underwent skin cultures, and in 14 out
of 50 patients who performed (pre- or intra-operative) biopsy; however, biopsy was used as a gold
standard for final diagnosis in the other 36 patients in which we could not obtain information on
the pathogen causing the infection. In the remaining 121 patients, final diagnosis was assessed with
clinical follow-up (see Table 2). OM was found in 93 patients, STI in 76, and Charcot in 10 patients.
The remaining 72 subjects had no pathology according the reference standard. Regarding the imaging
modalities, 119 patients underwent a WBC scintigraphy, 46 FDG PET/CT, and 59 patients underwent
MRI. In 10 patients, both WBC and FDG PET/CT were performed; in 15 patients, both WBC scintigraphy
and MRI; and in 2 patients, all three imaging techniques were performed. The diagnostic performances
of the three imaging modalities are summarized in Table 3.
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Figure 1. Box plots of C-reactive protein (CRP) (a) and erythrocyte sedimentation rate (ESR) (b) showing
significantly higher values of CRP (median value 24.0 mg/L; min to max: 1-393.80) and ESR (median
value 51.5 mm/h; min to max: 15.0-125) compared with non-infected patients (median values of CRP:
4.5 mg/L; min to max: 1-210); median values of ESR: 32.0; min to max: 10-100). OM: osteomyelitis; STI:

soft tissue infection.

Table 2. Microbiology and histopathological findings.

Cultures from Aspirates
(in 67 Patients)

Cultures from Bone Biopsies
(in 14 Patients)

Negative: 13.4%
Staph. aureus: 26.9%
Polymicrobial: 23.8%

Strept. epidermidis: 10.4%
P. aeruginosa: 7.5%
Acinetobacter: 4.5%

Staph. haemolyticus: 4.5%

E. faecalis: 3.0%

Proteus mirabilis: 1.5%
E. coli: 1.5%
Strept. agalactiae: 1.5%
Citrobacter freundii: 1.5%

Negative: 28.6%
Polymicrobial: 28.6%
Staph. aureus: 28.6%

Pseud. aeruginosa: 14.2%

Table 3. Overview of the performance of diagnostic imaging tests in detecting OM, STI, and Charcot.

Sensitivity (%) Specificity (%) Accuracy (%)
(95% CI) (95% CI) (95% CI)
OM (WBC *) 59.1 (38.5-79.6) 77.3 (67.2-87.4) 72.7 (63.4-82.0)
STI (WBC *) 29.7 (15.0-44.5) 86.3 (76.8-95.7) 62.5 (52.4-72.6)
Charcot (WBC *) n.c. 92.0 (86.4-97.7) n.c.

OM (WBC-EANM **) 76.2 (58.0-94.4)
STI (WBC-EANM **) 75.0 (50.5-99.5)
Charcot (WBC-EANM *¥) n.c.

91.9 (83.1-100)
95.7 (88.9-100)
89.3 (81.2-97.4)

86.2 (77.3-95.1)
91.4 (84.2-98.6)
87.9 (79.5-96.3)

OM (FDG PET/CT) 69.0 (52.1-85.8)

72.4 (56.1-88.7) 70.7 (59.0-82.4)

STI (FDG PET/CT) 27.3 (1.0-54.0) 97.9 (93.7-100) 84.5 (75.2-93.8)
Charcot (FDG PET/CT) nc. 62.5 (49.8-75.2) 62.1 (49.6-74.6)
OM (MRI) 62.9 (46.8-78.9) 70.7 (56.8-84.7) 67.1 (56.5-77.7)

STI (MRI) 429 (21.7-64.0) 83.6 (73.9-93.4) 72.4(62.3-82.4)
Charcot (MRI) n.c. 88.2 (80.6-95.9) 80.3 (71.3-89.2)

* WBC scans acquired without following EANM guidelines; ** WBC scans acquired following EANM guidelines;
n.c. = not calculated because of the low number of patients. FDG PET/CT, fluorodeoxyglucose positron emission

tomography/computed tomography.
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3.1. WBC Scintigraphy

The mean administered activity of *™Tc-radiolabelled leukocytes was 569.8 + 116.5 MBq
(15.4 + 3.15 mCi).

Since a significant discrepancy was observed among the different centers regarding the acquisition
procedure, we compared the results obtained by centers that applied EANM guidelines with those
who did not follow these recommendations. Fifty-eight scans were acquired according to the EANM
guidelines for WBC scintigraphy with acquisition times corrected for Te-99m decay at two (4 and
24 h) or three times points (30’, 3 h, and 20 h) [20] (Figure 2). Eighty-eight scans did not follow these
recommendations; in particular, 73 scans (83.0%) were acquired only 4 h post injection (p.i.) and 15
(17.0%) were acquired at 2 time points, 1 and 4 h p.i. Furthermore, given the low number of patients
who performed combined SPECT/CT in these two groups that did not allow us to make a comparative
analysis, we considered only planar images for the diagnosis, thus exploring the importance of multiple
time-point acquisitions.

(a) (b)

Figure 2. (a) Planar images of the WBC scan acquired with correction for 9ImTechnetium (™ Tc) decay
at 3 h (on the left) and 20 h (on the right). The focal uptake of labelled leukocytes detectable on the
plantar surface of the left foot decreases between the 3 and 20 h images, being consistent with the
diagnosis of STI; (b) Multi Intensity Projection (MIP) and transaxial views of FDG PET/CT, of the
same patient, show the focal uptake in the plantar surface of the left foot in correspondence with a
cutaneous/subcutaneous ulcer of the soft tissues. Bone and soft tissue biopsies confirmed the diagnosis
of STI and the patient was treated with topic antibiotic therapy. WBC: white blood cells scintigraphy;
FDG PET/CT, fluorodeoxyglucose positron emission tomography/computed tomography.

The sensitivity, specificity, and accuracy of the labelled WBC planar images of the two groups are
reported in Table 3.

3.2. FDG PET/CT.

FDG PET/CT scans were generally acquired 60 min after the injection of approximately 3 MBq
(0.08 mCi)/kg of FDG according to EANM guidelines [21]. Both qualitative assessment (intensity and
pattern of uptake) and semiquantitative analysis of FDG uptake were performed (Table 4).

Table 4. Pattern of FDG PET/CT in the study population.

Intensity suv, SUVimax Ratio
Final Diagnosis max max
8 Focal Uptake (%)  Diffuse Uptake (%) (Mean +SD 1) (Mean = SD 1)
oM 62.1 379 53+2.1 39+24
STI 54.5 45.5 54+1.8 42+21
Charcot 0 100 49+19 49+1.6

18D: Standard deviation.
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In total, 96.5% of patients with a final diagnosis of OM (29 patients) showed “grade 2 uptake” that
was focal in 62.1% (18 patients) of cases and diffuse in the remaining 37.9% (11 patients). The mean
values of the SUVax and SUVax ratio were 5.3 + 2.1 and 3.9 + 2.4, respectively. All patients with
STI (11) showed “grade 2 uptake” and it was focal in 54.5% of cases (6 patients) and diffuse in
the remaining 45.5% of cases (5 patients). The mean values of the SUVnax and SUV . ratio were
respectively 5.4 + 1.8 and 4.2 + 2.1. Only two patients with Charcot were studied with FDG PET/CT
and they all patients showed “grade 2” and diffuse uptake. The mean values of the SUV,x and
SUVmax ratio were respectively 4.9 + 1.9 and 4.9 + 1.6. The semiquantitative analysis did not provide
a significant difference in terms of both the SUV yax and SUV pax ratio between the three groups of
patients (p = 0.48 and p = 0.83, respectively). The sensitivity, specificity, and accuracy for FDG PET/CT
are reported in Table 3.

3.3. MRI

All centers used similar protocols of acquisitions that included at least T1w, fat-suppressed
T2w, and post-Gd T1w sequences, with fat suppression or with subtraction of pre- and post-Gd T1w.
Sequences were acquired in at least two perpendicular planes.

The sensitivity, specificity, and accuracy for MRI are reported in Table 3.

3.4. Comparison between WBC Scintigraphy, FDG PET/CT, and MRI in Suspected DFI

WBC scintigraphy, in particular if acquired according to EANM guidelines, showed significantly
higher specificity and accuracy than MRI (p < 0.0001 and p = 0.003, respectively) in detecting OM.
Moreover, the sensitivity, specificity, and accuracy of WBC scintigraphy were higher than FDG PET/CT,
although not statistically significant. In STI, both FDG PET/CT and WBC scintigraphy achieved a
significantly higher specificity than MRI (p = 0.04 and p = 0.018, respectively). The sensitivity of the
three imaging modalities in detecting Charcot could not be calculated because of the low number of
patients, but both MRI and WBC scintigraphy showed significantly higher specificity and accuracy than
FDG PET/CT (p = 0.0009 and p = 0.029, respectively, for MRI and p = 0.0009 and p = 0.003, respectively,
for the radiolabeled WBC scan). Moreover, WBC scintigraphy provided significantly higher specificity
than MRI (p < 0.0001) in this condition. However, these results were based on only a small sample size.

3.5. Comparison between WBC Scintigraphy Performed according and not according to EANM Guidelines

In both OM and STI, using standardized protocols resulted in an overall increase of the sensitivity
(from 59.1 to 76.2% and from 29.7% to 75%, respectively), specificity (from 77.3% to 91.9% and from
86.3% to 95.7%, respectively), and diagnostic accuracy (from 72.7% to 86.2% and from 62.5% to
91.4%, respectively) in comparison to those who did not use these protocols. Statistical significance
was reached when comparing the sensitivity (p = 0.006) and diagnostic accuracy (p < 0.0001) in
the evaluation of STI. In Charcot, due to the low number of the subjects (only two patients in the
“EANM-approved protocols” group and none in the other), this comparison could not be done.

3.6. Comparison between WBC Scintigraphy, FDG PET/CT, and MRI according to the Location of Disease

We compared the performance of the three imaging modalities in the forefoot and mid/hindfoot
disorders (Table 5).

Patients without any histopathology results (28.6%) according to the reference and patients with
Charcot (only 3.9% of whole population) were excluded. FDG PET/CT was more specific than MRI
in detecting STI in mid/hindfoot (p = 0.03). For the detection of OM, WBC scintigraphy showed
significantly higher sensitivity in the forefoot rather than the mid/hindfoot (p = 0.013). Similarly, FDG
showed significantly higher sensitivity and accuracy in detecting OM of the forefoot compared to the
mid/hindfoot (p = 0.026 and p = 0.015, respectively).
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Table 5. Comparison between the performance of WBC scintigraphy, FDG PET/CT, and MRI in
detecting OM and STI according to the location.

Sensitivity (%) (95% CI) Specificity (%) (95% CI) Accuracy (%) (95% CI)
Forefoot Mid-Hindfoot Forefoot Mid-Hindfoot Forefoot Mid-Hindfoot
oM 78.6 714 88.9 85.7 82.6 78.6
(WBC-EANM **) (57.1-100) (38.0-100) (68.4-100) (59.8-100) (67.1-98.1) (57.1-100)
STI 85.7 60.0 87.5 100 87.0 85.7
(WBC-EANM **) (59.8-100) (17.1-100) (71.3-100) (100-100) (73.2-100) (67.4-100)
oM 91.7 529 60.0 72.7 824 60.7
(FDG PET/CT) (76.0-100) (29.2-76.7) (17.1-100) (46.4-99.0) (64.2-100) (42.6-78.8)
STI 50.0 14.3 100 100 88.2 78.6
(FDG PET/CT) (1.0-99.0) (0.0-40.2) (100-100) (100-100) (75.9-100) (63.4-93.8)
oM 72.0 40.0 61.9 76.9 67.4 60.9
(MRI) (54.0-89.6) (9.6-70.4) (41.1-82.7) (54.0-99.8) (53.8-80.9) (40.9-80.8)
STI 429 429 93.8 75.0 78.3 65.2
(MRTI) (16.9-68.8) (6.2-79.5) (85.4-100) (53.8-96.2) (66.3-90.2) (45.7-84.7)

** WBC scans acquired following EANM guidelines.

3.7. Correlation between the Findings of Diagnostic Tests and Therapeutic Management

A descriptive analysis of the different therapeutic options conducted in the studied population,
according to the final diagnosis, is summarized in Tables 6 and 7. Most patients with final diagnosis of
OM (64.4%) underwent surgery and 32.8% were treated with antibiotics. WBC scintigraphy correctly
identified 77% and 83% of these patients, FDG identified 83% and 50% of them, and MRI identified
65% and 73% of them.

Table 6. Different therapeutic strategies in patients with final imaging diagnosis of OM.

Therapeutic Strategy in OM Diagnosis according to Imaging Modalities (%)
WBC
Conventional wound care and topic ~ Negative OM STI Charcot
antibiotic treatment 0% 100% 0% 0%
2.8% FDG (no patients)
MRI
Negative OM STI Charcot
0% 0% 0% 100%
WBC
Negative OM STI Charcot
Systemic antibiotic treatment 0% 83% 0% 17%
32.8% EDG
Negative OM STI Charcot
0% 50% 0% 50%
MRI
Negative oM STI Charcot
9% 73% 9% 9%
WBC
S Negative OM STI Charcot
ooursery ) 3% 77% 10% 10%
(debridement or amputation)
64.4% FDG
Negative OM STI Charcot
0% 83% 0% 17%
MRI
Negative OM STI Charcot
20% 65% 5% 10%

122



J. Clin. Med. 2020, 9, 1645

Table 7. Different therapeutic strategies in patients with final imaging diagnosis of STL

Therapeutic Strategy in STI Diagnosis according to Imaging Modalities (%)
WBC
No treatment Negative OoM STI Charcot
1.7% 0% 100% 0% 0%
FDG (no patients)
MRI (no patients)
C tional d d topi WBC
onven 102;v~;outn fare in opic Negative OM STI Charcot
antibotic treatmen 78% 0% 22% 0%

15%
FDG (no patients)

MRI (no patients)

WBC
S . ibioti Negative OM STI Charcot
ystemic antibiotic treatment 199% 23% 39% 199%
68.3%
FDG (no patients)
MRI
Negative OM STI Charcot
15% 15% 47% 23%
WBC
Surgery Negative OoM STI Charcot
(debridement or amputation) 14% 0% 72% 14%
15% FDG (no patients)
MRI
Negative OM STI Charcot
0% 33% 66% 0%

By contrast, most patients with a final diagnosis of STI (68.3%) were treated with antibiotics and
only 15% underwent surgery. WBC scintigraphy correctly identified 39% and 72% of these patients
while MRI identified 47% and 66% of them.

Since we did not observe any statistically significant difference between the three imaging
modalities in therapy decision-making, we can conclude that they have similar accuracy in guiding
clinicians for the correct management of patients affected by OM or STI.

4. Discussion

This retrospective multicenter study is, to the best of our knowledge, the first to compare the
diagnostic value of WBC scintigraphy, FDG PET/CT, and MRI in a large population of patients with
suspected DFI, with a particular emphasis on the ability of these imaging modalities to differentiate
between OM, STI, and Charcot. At present, no similar studies are available in the literature, probably
reflecting the heterogeneity in the diagnostic approaches used in patients from different countries.
We believe that a consensus on the most appropriate imaging tool for the assessment of OM, STI,
and Charcot is necessary in order to standardize the management of these patients in all centers.

Our analysis shows that the radiolabeled WBC scintigraphy, especially if acquired according to
EANM guidelines, has an overall high diagnostic performance in OM, STI, and Charcot, in particular,
in terms of the specificity and diagnostic accuracy.

It is well known that when adhering to standardized protocols for labelling, acquisition, image
display, and interpretation, the accuracy of WBC scintigraphy in detecting different kinds of infection
can be increased [20,27,28]. In our population, 58 patients were studied according to the EANM
guidelines for WBC image acquisition and display, while 88 scans did not follow these recommendations.
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In these 88 patients, clear superiority of the WBC scan over FDG PET/CT and MRI did not emerge
neither in OM nor STI and Charcot. On the other hand, comparing the results of WBC scintigraphy
acquired according to EANM guidelines with FDG PET/CT and MRI, we found that the WBC scan was
more accurate and specific than MRI in OM, more specific than MRI in STI, and more specific and
accurate than FDG in Charcot. These results emphasize the importance of using a standardized image
acquisition protocol as suggested by EANM guidelines [20].

Furthermore, comparing the results of WBC scintigraphies acquired according to the EANM
guidelines versus WBC acquired without following these recommendations, we found a statistically
significant difference in the sensitivity (p = 0.006) and diagnostic accuracy (p < 0.0001) in the evaluation
of STI. This is extremely important considering that STI in diabetics is a particular type of infection
that cannot be managed as a common STI in other areas or in non-diabetic patients [29]. The presence
of microangiopathy and neuropathy can impair tissue healing and treatment efficacy, with possible
progression in OM. Therefore, the diagnosis of STI must be prompt and accurate. In OM, we also found
a better specificity (p = 0.06) and accuracy (p = 0.05) in patients acquired with the EANM protocol
than in patients acquired with non-EANM protocols, despite the statistical significance being low.
M n-oxine could also be used as an alternative to ™ Tc-HMPAO for the labelling of WBC and it is
also able to provide a high accuracy in detecting an infection [19,20]; however, due to its physical
characteristics and radiation burden, ®™Tc remains the preferred agent.

FDG PET/CT has gained an important role in the diagnosis and follow-up of several infective
and inflammatory diseases, but it is still unclear whether it could represent a valid alternative to WBC
scintigraphy in DFI [15,21]. Moreover, the diagnostic performance of this modality mostly relies on the
CT scan, which allows correct anatomical localization and evaluation of the extent of FDG uptake [30].
In our population, FDG PET/CT showed a higher specificity compared with MRI (respectively 95.7% vs.
83.6%) in detecting STI, especially in the mid/hindfoot. This may be explained by the use of CT, which
improves the localization of the uptake to soft tissues, thus facilitating the achievement of a correct
diagnosis and justifying the low number of false positive results with FDG PET/CT. Nevertheless,
as explained above, in STI, the sensitivity is more important than the specificity and, to this regard, WBC
showed better sensitivity than FDG. Moreover, we found a good sensitivity, specificity, and accuracy of
FDG PET/CT in detecting pedal OM, especially in the forefoot. Although precise interpretative criteria
exist for WBC scintigraphy, they are not applicable for FDG PET/CT. Several authors investigated
the possible role of SUV measurements in the diagnosis of infectious processes, but the results are
discordant among different studies [31-33]. For example, Basu et al. [31] found higher SUV,x values
in patients with OM compared with patients with Charcot and uncomplicated DF (2.9-6.2 vs. 0.7-2.4
vs. 0.2-0.7), concluding that SUV could be a useful parameter for differentiating these conditions.
Conversely, other authors did not find any significant correlation between SUV .« values and STI,
OM, or Charcot, concluding that SUV alone is not sufficient for diagnosis [15,32,34]. In agreement with
this view, in our population, SUV pax and SUVpay ratios did not significantly differ among patients
with OM, STI, and Charcot. Qualitatively, we found a diffuse tracer uptake in all patients with Charcot
and a focal uptake in the majority of patients affected by OM. In STI, we found more or less the same
proportion of patients with focal and diffuse uptake, thus a precise pattern cannot be determined
in this specific condition. Additionally, the evaluation of intensity was found to not be useful in
discriminating between these three conditions since “grade 2 uptake” was present in almost all patients
studied regardless of the final diagnosis.

In accordance with published meta-analysis and systematic reviews [23,34,35], we found that MRI
was not superior to NM imaging modalities, showing high false positive and false negative rates. In the
literature, the reported sensitivity of MRI in defining OM ranges between 77.0% and 100.0% [36-38],
and, despite its the excellent spatial resolution and natural contrast between different structures, there
are several conditions in which MRI is not accurate (e.g., in post-traumatic or post-operative phases or
in the presence of lower limb ischemia). In this study, we did not exclude patients with peripheral
ischemia, although this condition might have influenced the outcome of MRI [39] and, therefore,
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this aspect should be considered when comparing the diagnostic performance of the three different
modalities. However, lower limb ischemia is a common diagnostic problem that also affects the correct
interpretation of WBC scintigraphy, especially for the detection of STI, since a reduced vascular supply
could impair leukocytes’ recruitment into infected sites [29]. Moreover, in the diabetic foot, the possible
presence of Charcot and mechanical stress can be responsible for changes in the bone marrow or
soft tissue intensity that could be erroneously interpreted as an OM, thus impairing the specificity of
MRI [40-42].

Although it was not a specific aim of our study, we also analyzed the relationship between
inflammatory markers and the final diagnosis of infection and found significantly higher values of
CRP and ESR in patients with OM compared to patients without any infection. However, we did
not find a similar significant difference between patients with STI and normal subjects and between
patients with OM and STI. Moreover, aiming to assess whether these values could be predictive of
imaging outcomes, the analysis revealed that they are not reliable tools to predict a positive result of
MRI, WBC scintigraphy, and FDG PET/CT. Indeed, the role of inflammatory markers is much debated
and, although they are usually elevated in infections, they are not able to discriminate the kind of
infection and to evaluate its severity, which could be accurately and non-invasively assessed only by
advanced imaging.

Despite the large number of patients recruited, this study has several limitations. First, the
retrospective nature resulted in a wide heterogeneity of patient selection and diagnostic and therapeutic
approaches adopted among the different centers. Often, the choice of one imaging modality rather
than another was based on local center availability or waiting lists for the scan, and this bias could of
course reflect the comparability of different imaging modalities. Moreover, the different acquisition
protocols adopted of both NM and radiological images could negatively affect the results, as shown in
the group of patients who performed the WBC scan without following the EANM guideline. Another
important limitation is the lack of completeness of the data. In several patients, we missed clinical or
histopathological data. In addition, the lack of SPECT/CT in the majority of cases did not allow us
to consider this imaging modality in the analysis, but only planar images. Finally, the low number
of patients with Charcot does not allow final conclusions to be drawn regarding the best diagnostic
approach in this condition. Moreover, it is well known that bone marrow scintigraphy has a central role
in handling doubtful WBC scintigraphy, and this modality is particularly important in the evaluation
of mid-hindfoot disorders in order to differentiate between an infection from a bone marrow expansion,
which is typical of Charcot foot. Unfortunately, given the retrospective nature of this study, only a few
patients performed bone marrow scintigraphy in addition to WBC scintigraphy, thus not allowing an
evaluation of the added value of this combined approach on the diagnosis.

Nevertheless, retrospective multicenter studies are of clinical value because they consist of data
from centers with different experiences, protocols, and equipment, thus representing the actual real
situation in daily clinical practice for the diagnosis of DFI. In this context, our study underlines the
need for the standardization of acquisition protocols and of interpretation criteria, aiming to correctly
manage patients with suspected DFI. Professionals requesting these imaging tests should be specialists
in the management of DF to reduce the diagnostic and therapeutic variability of IDFs.

The recent availability of PET/MRI may gain an important role in defining the different
complications of the diabetic foot in the near future and it will hopefully solve these challenging clinical
scenarios [43-45].

5. Conclusions

This retrospective study confirms the superiority of WBC scintigraphy over other imaging
modalities in discriminating pedal OM, STI, and Charcot. In particular, when EANM guidelines are
applied, this examination results in high sensitivity, specificity, and accuracy. Additional randomized
powered prospective studies comparing these three imaging modalities, and possibly SPECT/CT and
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PET/MRI in the same patient, are needed to provide a basis for a proper evidence-based multi-modality
diagnostic algorithm.
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Abstract: Vascular graft infection (VGI) is a rare but severe complication of vascular surgery that is
associated with a bad prognosis and high mortality rate. An accurate and prompt identification of the
infection and its extent is crucial for the correct management of the patient. However, standardized
diagnostic algorithms and a univocal consensus on the best strategy to reach a diagnosis still do not
exist. This review aims to summarize different radiological and Nuclear Medicine (NM) modalities
commonly adopted for the imaging of VGI. Moreover, we attempt to provide evidence-based answers
to several practical questions raised by clinicians and surgeons when they approach imaging in order
to plan the most appropriate radiological or NM examination for their patients.

Keywords: infection; vascular graft; multimodality imaging; WBC scintigraphy; FDG-PET/CT;
angio-CT; personalized medicine

1. Introduction

Vascular graft infection (VGI) is a rare condition, representing one of the most life-threatening
complications in vascular surgery. The incidence ranges from 1.5% to 6%, mainly depending on the
anatomic location of the graft, and clinical characteristics are highly variable and are related to the site
of the implant, causative pathogen, and time after surgery [1].

Location categories for VGI include extracavitary (primarily in the groin—80%, or lower
extremities—20%) and intracavitary (primarily in the abdomen—70%, or less commonly within
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the thorax—30%) sites. Extracavitary infections usually occur when there is a wound infection in
the groin or intraoperative contamination, while intracavitary infections are due to intraoperative
contamination, mechanical erosion in the bowel, genitourinary system or skin seeding by bacteremia,
or involvement in contiguous infectious processes such as spondylodiscitis.

According to the time of onset after surgery, VGIs may be classified in “early” infections if they
occur within 4 months after implantation and they usually show systemic signs and symptoms of
infection (as fever); or “late” infections when they occur after 4 months from surgery and, in this case,
signs and symptoms could be absent [2,3].

Patient related risk factors are diabetes, malnutrition, chronic renal impairment/failure, liver
disease/failure or cirrhosis, previous radiotherapy or chemotherapy, malignancy, autoimmune disorders,
long term corticosteroid use [4].

Diagnosis of VGl is complex, being related to clinical presentation, laboratory studies and imaging,
so quick and correct diagnosis of VGIs can be challenging.

Standard laboratory tests are usually non-specific: typical findings include leukocytosis (left shift)
and a high erythrocyte sedimentation rate. Cultures from wounds or perigraft fluid can be collected in
VGI-suspected patients in order to diagnose and guide antibiotic therapy [5].

The Management of Aortic Graft Infection Collaboration (MAGIC) depicted major and minor
criteria for VGI diagnosis, based on clinical/surgical, laboratory and radiological data: aortic graft
infection (AGI) can be suspected when there is one major criterion, or two minor criteria from two
different categories, whereas diagnosis is certain if there is one major criterion plus any other criterion
(both minor or major) from another category [6].

A prompt identification of the infection and its extent is crucial for prognostication of the patient
and for planning the correct treatment. Although there is general agreement that the diagnosis of VGI
derives from a combination of clinical, radiological, nuclear medicine (NM) and laboratory findings,
an univocal consensus on the diagnostic criteria for imaging modalities still does not exist.

This review aims to provide an updated overview of radiologic and NM strategies for the diagnosis
of VGIL.

2. Surgical Management of VGI: How Can Imaging Be Helpful?

The management of VGI is extremely complex, and the centralization of the patient is crucial.
The treatment needs to be evaluated on a case-by-case basis. Antimicrobial therapy is an integral part
of VGI treatment. In the acute phase, intensive antimicrobial therapy with (broad range) antibiotics,
directed against the most likely infecting organisms, is indicated to control infection and sepsis [7].
However, when possible, surgical therapy must be attempted. Recently, the European Society for
Vascular Surgery (ESVS) 2020 Clinical Practice Guidelines on the Management of Vascular Graft and
Endograft Infections recommended the complete excision of all graft material and infected tissue for fit
patients (Class I, Level B) [7]. Historically, the gold standard surgical approach was the total removal
of the infected graft, extensive debridement of the infected area, and extra-anatomic reconstruction
(EAR) outside the infected field. However, this approach has higher 30-day mortality (26.7%) and
lowest one-year survival (54.3%) rates compared to in situ repair (ISR) [8]. Indeed, nowadays, most
surgeons prefer the second approach. Like the original gold standard, ISR includes complete removal
of the graft, aggressive debridement of the infected tissues, but, unlike EAR, ISR also provides arterial
reconstruction with suturing in the healthy, non-infected aorta (Figure 1). A video about graft removal
is available in supplementay materials (Video S1).
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Figure 1. (A,B) Pre-operative computed tomography (CT) scan showing graft disruption, perigraft
fluid and air in a 72-year-old man with an infected abdominal endograft; (C) explanted graft after in situ
repair (ISR) with visceral debranching: aorto-mesenteric bypass, right renal artery Y graft, aorto-left
renal artery bypass. The reconstruction has been completed with lower extremity revascularization
with extra-anatomic reconstruction (EAR) axillo-bifemoral; (D) final result after EAR.

Different graft materials may be used for reconstruction, including autologous veins, cryopreserved
allografts, rifampicin-bonded or silver-coated synthetic grafts, and xenogenous grafts, and they seem
to show similar rates of infection (veins 2%, cryopreserved allografts 9%, rifampicin bonded or silver
coated prosthesis 11%) [9].

Imaging plays a key role in confirming the diagnosis of VGI and guiding the treatment. In
particular, it is useful in investigating the position and the structural integrity of the graft or endograft
(Figure 1), it may confirm or exclude peri-graft inflammation, and delineate its extent; it may reveal the
presence or absence of perigraft fluid or gas, anastomotic leakage or pseudoaneurysms, the grade of
graft involvement and the presence of graft-enteric erosion/a fistula. Moreover, imaging is fundamental
to plan a strategy for revascularization, and for imaging-guided perigraft fluid aspiration.

3. Radiological Modalities for Imaging VGI

3.1. Ultrasonography (US)

Ultrasonography (US) is the first-choice imaging modality for assessing vascular diseases due to
its well-known advantages, represented by repeatability, availability, cost-effectiveness, safety profile;
moreover, it is non-invasive and easy to perform. However, it is operator dependent, and is hampered
by patient habitus (obesity, intestinal gas or ascites) and the patient’s level of collaboration. In addition,
it doesn’t offer a detailed anatomic roadmap like other imaging modalities. US can be useful in the
evaluation of perigraft fluid collections or abscesses, and can distinguish a fluid collection from a
hematoma or a pseudoaneurysm. It can also be used for US-guided aspiration [10]. Contrast-Enhanced
Ultrasonography (CEUS) is not routinely used for the diagnosis of VGI, due to its unproven ability to
improve diagnostic performance [11].

3.2. Computed Tomography (CT)—CT-Angiography (CTA)

Computed tomography (CT) is the first-choice and gold-standard imaging modality, particularly
in intracavitary VGI. A recent meta-analysis showed that CT-angiography (CTA) has an overall pooled
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sensitivity of 67% and an overall pooled specificity of 63% [12]. In particular, previous studies depicted
a difference in the diagnostic performance of CTA between low- and high-grade VGI.

CT in low-grade infections has high false negative rates, resulting in a sensitivity of only 55.5% [6],
since it can be very difficult to differentiate early/low-grade VGI findings from para-physiological ones
(e.g., the postoperative local residues as small fluid collection or gas). It is not clearly defined at what
time after surgery the presence of gas or fluid can be considered to represent suspected/positive VGI
(Figure 2). On the other hand, CT has better accuracy in advanced or complex VGI (e.g., aorto-enteric
erosion/fistula), with a sensitivity and specificity of about 85-94% [6,12].

Figure 2. Post-surgical ascending aortic repair (Bentall procedure) 1-month CT scan. From left panel to
right: unenhanced CT, arterial phase and late phase CT images show aortic graft patency with perigraft
fluid and stranding. These findings can be considered a typical post-operative appearance as confirmed
by their disappearance in the 3-month unenhanced CT image (right image).

However, radiological follow-up could be mandatory for increasing diagnostic accuracy in VGL
In detail, on serial CTA follow-up, a suspect can be posed if there are new findings, or the perigraft
fluid/gas collection increases over time or persists beyond three months from the surgery, or there is a
rapid dimensional increase in the aneurysm sac [13-15].

MAGIC minor criteria alone are not sufficient for the diagnosis of VGI, due to their subjective
nature; these minor criteria include perigraft soft tissue alterations, like fat stranding (pathological
increase in fat tissue attenuation) and phlegmon (diffuse inflammation of the soft or connective
tissue) [16,17]. Infection spreading to adjacent structures can cause hydronephrosis, psoas abscess,
focal bowel thickening, and discitis/osteomyelitis, but the presence of a major criterion is required to
confirm the VGI [18,19] (Figure 3).

Figure 3. Open surgical repair of abdominal aortic aneurysm (65-year-old male). From left panel to
right: unenhanced and enhanced (arterial phase and late phase) CT scans 4 months after treatment
show aortic graft patency with perigraft fluid and air, enhancing the soft tissue around the graft and
abscess near the right psoas muscle. These findings are consistent with perigraft infection, as also
confirmed by fluid aspiration.
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Pseudoaneurysm formation is a recognized finding in VGI, but it may also be present in a
non-infective setting, particularly following the focal dehiscence of a vascular suture. Septic emboli
from the infected graft can be a threatening occurrence, leading to vascular occlusions and the distal
spread of the infection [20].

VGI must not be confused with the primary vasculitis of large vessels, even though these
two entities are unlikely to be similar, the latter not usually being localized around the graft and
being associated with wall-thickening [21]. Chapman et al. reported the case of a VGI mimicking
hypertrophic osteoarthropathy [22]. Imaging alone, however, can be deceitful, due to the presence
of some diagnostic pitfall conditions (mostly iatrogenic) that can mimic VGI. In more detail, in
patients who underwent periaortic fluid aspiration or in patients with an aortic endograft and a
recent type-II endoleak embolization with the direct puncture of the aneurysmatic sac, gas-like images
could represent diagnostic pitfalls, mimicking graft infections. For these reasons, an adequate clinical
history knowledge, including all procedures performed, is mandatory to avoid false-positive diagnosis.
Performing nonenhanced imaging is particularly important in this postoperative setting, as surgical
or embolic devices (glue, coils, or other high-attenuation materials) may be most conspicuous at this
phase. Furthermore, some bioabsorbable hemostatic agents such as gelatin or cellulose may also
appear as an ill-defined, gas-filled heterogeneous mass, sometimes with rim enhancement, potentially
mimicking abscesses, hematomas, or retained foreign bodies (Figure 4). In selected cases, CT can be
also used to guide the percutaneous aspiration of perigraft fluid collections.

Figure 4. In patients with aortic stent grafts who underwent embolization for type II endoleak,
diagnostic pitfalls need to be considered and known. They could be represented by hyperdense

structures/materials, represented by glue/liquid embolics or coils (A-C), or also by intra-sac gas, in the
case of percutaneous puncture/embolization, or new endografts with polymer-filled endobags (D-E).

3.3. Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) has not been evaluated as extensively as CT for the diagnosis of
VGI, but has demonstrated good positive and negative predictive values (95% and 80% respectively) [11].
MRI has some advantages compared to CT examination, due to the absence of radiation exposure, the
use of noniodinated contrast media, and the possible application of advanced imaging techniques (e.g.,
functional and dynamic imaging). However, it has some disadvantages like a longer examination time,
less availability, and higher costs. Moreover, a high magnetic field strength is required with an increase
in ferromagnetic artifacts due to metallic stents. When considering safety issues, it is well known that
risk of incompatibility is quite low, as MR-compatible materials have been increasingly used since the
mid-1990s. Most vascular grafts are mainly made of stainless steel or nitinol, are non-ferromagnetic, or
contain variable amounts of platinum, cobalt alloy, gold, tantalum, making them weakly ferromagnetic.
Furthermore, implantation against the vessel wall provides sufficient stability, reducing the risk of
dislodgement. Data from the literature allow us to conclude that MRI can be performed in patients after
vascular graft implantation without significant risk at any time, but the risk of incompatibility must be
well known and properly checked. Claustrophobia, pacemakers or patients not compliant with sedation
(<5%) are contraindications to MRI. MRI, with its high contrast resolution, can easily demonstrate
small perigraft fluid collections but, like CT, it is not able to distinguish the para-physiological perigraft
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fluid in the early postoperative period from an infected perigraft fluid collection. MRI imaging does
not allow for the differentiation of the signal void produced by calcifications of the aortic wall from
that of air bubbles in the perigraft infection [23]. In the case of graft infection, MRI can show eccentric
fluid collection with low to medium signal intensity on T1-weighted images and high signal intensity
on T2-weighted ones.

MRI is able to better distinguish perigraft fluid from inflammation and fibrosis than CT [18]. The
use of contrast-enhanced T1-weighted fat acquisitions may also help in detecting the surroundings of
tissue edema and inflammatory alteration that are indicative but non specific findings of infection.

3.4. Digital Subtraction Angiography (DSA)

DSA has a role for revascularization in selected patients (e.g., in case of distal limb or splanchnic
ischemia, occlusive disease or graft thrombosis), and to better define inflow and outflow targets for
the surgical bypass. It is mandatory for interventional procedures, whereas it has almost no use in
VGI diagnosis.

4. Nuclear Medicine Imaging of VGI

Functional hybrid imaging offers the possibility to study a process from a molecular point of
view and it is able to identify pathophysiological signs that can occur before morphological changes
become detectable.

Different radiopharmaceuticals and modalities are available for imaging infection and
inflammation. In particular, in suspected VGI, two procedures are currently applied, radiolabeled white
blood cells (WBC) scintigraphy and '8F-fluorodeoxyglucose positron emission tomography/computed
tomography (['*F]FDG PET/CT).

4.1. Gamma-Camera Imaging for VGI

The role of radiolabeled WBC scintigraphy in the field of infection is nowadays well consolidated.
The possibility to specifically investigate granulocyte migration in tissues represents a surrogate marker
of infections [24]. It provides an accurate differentiation between infection and sterile inflammation.
This imaging modality is, therefore, considered the gold standard for the diagnosis of several infective
diseases [25].

Granulocytes can be easily radiolabeled with both ''In and *™Tc, with the latter being the
preferred isotope for both physical characteristics and dosimetric issues.

The European Society of Nuclear Medicine (EANM) provided several guidelines to address the
standardization of WBC labeling, acquisition protocols and interpretation criteria [25-27]. In particular,
for the assessment of VGI, a dynamic scan within the first 5 min is suggested in order to visualize the
vascular tree and aneurisms. Static images acquired, with times corrected for the isotope decay, at
30 min-1 h (early images) post injection (p.i.) and delayed images (2—4 h p.i.), might be sufficient to
provide the diagnosis. However, late images (20-24 h p.i.) are strongly recommended in equivocal
cases, low grade/chronic infection and follow-up studies [25,28] when positive single-photon emission
computed tomography (SPECT)/CT images are mandatory for the exact localization of the infection
(soft tissue only, graft, or both) and for the evaluation of its extent (7) (Figure 5), since their use has
been demonstrated as increasing the diagnostic accuracy [25,28].
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30 min

Figure 5. An example of ™Tc-labeled white blood cell (WBC) scintigraphy acquired with times
corrected for isotope decay at 30 min, 2 and 20 h p.i. in a patient with suspected abdominal vascular
graft infection (VGI). Planar anterior images show an increased uptake in abdominal region that was
consistent for an infection (upper panel). Dingle-photon emission computed tomography (SPECT)/CT
images (bottom) acquired 2 h p.i. allowed the correct localization of the uptake in the inner of abdominal
aortic graft.

A whole-body scan at 2—4 h p.i. is strongly suggested in order to detect any additional sites of
infection or septic embolism.

Once correctly acquired and displayed, the correct interpretation is derived from the comparison
of uptake extent and intensity between late and delayed images. By following these recommendations,
we can easily differentiate between an infection from sterile inflammation, which is an infection
characterized by an increased uptake over time in terms of extent and/or intensity, and sterile
inflammation characterized by a decreased or stable uptake over time [25,29,30].

Data from the literature are inconsistent, with different accuracies being reported, depending on
the population sample and the different method and gold standard used. However, if we take into
account the few existing meta-analyses and systematic reviews on this imaging modality, the authors
all conclude that radiolabeled WBC is a powerful tool in diagnosing a VGI [12,31] (Table 1).

In particular, comparing *™Tc-WBC scintigraphy with ' In-WBC scintigraphy and CT, Annovazzi
et al. [31] reported higher sensitivity (97.7% vs. 84.1% vs. 75%), specificity (88.6% vs. 79.4% vs. 56.6%),
diagnostic accuracy (94.6% vs. 81.5% vs. 78.6), positive predictive value (PPV) (90% vs. 85% vs.
100%) and negative predictive value (NPV) (100% vs. 93.8% vs. 82%) for the 9MTe-WBC scan. More
recently, in another meta-analysis, WBC SPECT/CT demonstrated the highest diagnostic performance
in VGI diagnosis [12] (Table 1). Indeed, the added value of SPECT/CT over planar images has been
clearly shown by several authors. In the study performed by Bar-Shalom and co-workers, ' In-WBC
SPECT/CT was able to improve diagnosis, better localize and evaluate the extent of the disease in 67%
of patients with suspected VGI [32]. These results were further confirmed in the retrospective study
performed by Khaja and colleagues on 20 patients with suspected VGI where the use of SPECT/CT
resulted in improved sensitivity, diagnostic accuracy and NPV compared to the planar images and
standalone CT [33].

Similarly, in 55 patients with suspected late and low-grade VGI, 99mT WBC SPECT/CT showed a
specificity and sensitivity of 100%, far superior to planar images, SPECT stand alone and ultrasounds
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(US), reducing false positive results in 37% of patients [28]. The estimated sensitivity of WBCS (without
SPECT/CT) in diagnosing VGEI in the most recent meta-analysis was 0.90 (95% CI 0.85 to 0.94) with a
specificity of 0.88 (95% CI 0.81 to 0.94) [12]. When WBCS was combined with SPECT/CT, the sensitivity
increased to 0.99 (95% CI 0.92 to 1.00), with a specificity of 0.82 (95% CI 0.57 to 0.96) (Table 1).

Several factors, unfortunately, limit the routine use of radiolabeled WBC in clinical practice—the
labeling procedure is time consuming and it requires the manipulation of potentially infected blood.
For these reasons, the labeling procedure must be performed by trained personnel in dedicated
environments (with isolators, laboratories equipped with hoods and centrifuges). Moreover, multiple
timepoints are necessary for the acquisitions, thus requiring the patient to come back to the NM
Department the day after in order to conclude the exam. Because of the aforementioned limitations and
limited availability, the recent European Society for Vascular Surgery 2020 Clinical Practice Guidelines
on the Management of Vascular Graft and Endograft Infections does not recommended WBCs as the
first imaging modality in diagnosing VGI [7].

Scintigraphy with radiolabeled anti-granulocyte antibodies (AGA) has been investigated in
alternative WBC scintigraphy.

In VGI, some series reported a sensitivity of 92-100% and a specificity ranging from 62.5% to
100% [34-37]. The in vivo labeling procedure of a murine AGA is easier and quicker compared to the
in vitro labeling of WBC. However, the main drawback of this approach is related to the possibility
to induce human anti-murine antibodies (HAMA) after the administration of these molecules, thus
limiting their use in follow-up. Moreover, the data available in the literature on the use of radiolabeled
AGA in the assessment of VGI are based only on small series without standardized protocols of
acquisition and interpretation. Therefore, there is no convincing evidence supporting their superiority
over autologous leucocytes.

Table 1. Summary of the most relevant reviews and meta-analysis on Nuclear Medicine (NM) modalities
for imaging.

Paper Imaging Modality Sensitivity Specificity
9IMTe-WBC 97.7% 88.6%
Annovazzi 2005 [31] Mn-WBC 84.1% 79.4%
CT 75% 56.6%
['8F]FDG PET 94% 70%
['®F]FDG PET/CT 95% 80%
Reinders Folmer 2018 [12] WBC (planar) 90% 88%
WBC SPECT/CT 99% 82%
CTA 67% 63%
PMTe-WBC 83.7% 97.5%
Khaja 2013 [33] Mn-WBC 83% 87%
['8F]JFDG PET/CT 93.7% 75%
Kim 2019 [38] ['8F]FDG PET/CT 96% 74%
['®F]FDG PET/CT:
1. graded uptake 89% 61%
. 2. focal uptake 93% 78%
Rojoa 2019 [39
0joa 2019 [39] 3. SUVmax 98% 80%
4. T/B ratio 57% 76%
5. DTPI 100% 88%

White blood cell (WBC); computed tomography (CT); 18F-ﬂuorodeoxyglucose positron emission tomography/computed
tomography ([]SF]FDG PET/CT); single-photon emission computed tomography (SPECT); computed
tomography-angiography (CTA).

4.2. ['FIFDG PET/CT Imaging of VGI

In the last decades, ['8F]JFDG PET/CT has gained an important role in the field of infection and
inflammation, as summarized in the guidelines published in 2013 by EANM and the Society of Nuclear
Medicine and Molecular Imaging (SNMMI) [40].
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[*8F]JFDG PET/CT offers several advantages over labeled WBC: the presence of a CT co-registration
that does not require any change in the patient’s position and which allows a more precise localization
of the uptake and higher quality images than gamma camera isotopes. Moreover, the length of scan is
shorter (2-3 h vs. 20 h) and it provides a whole-body study without the need for blood manipulation.

Despite a high sensitivity, a major drawback of ['¥F]FDG is its relatively low specificity. False
positive results may be observed in post-surgical flogosis, especially within the first 6—8 weeks, and in
foreign-body reaction induced by the synthetic materials of the graft, characterized by a low-grade
inflammation [41,42]. Therefore, to limit the rate of false positive results, specific interpretation criteria
need to be applied.

Table 1 summarizes the results of the most recent meta-analyses evaluating [*®F]FDG PET/CT in
the work-up of VGI [12,38,39]. The most recent one [38] reports a pooled sensitivity of 96%, ranging
between 81% [43] and 100% [42,44-46], and a pooled specificity of 74%, ranging between 29% [47] and
92% [48].

Several interpretation criteria for ['*FJFDG PET/CT have been proposed and they mainly consider
the pattern of uptake, the tissue to background (T/B) ratio, the visual grading scale and the calculated
maximum standardized uptake value (SUVmax). The ['8F]FDG pattern can be classified as “focal” or
“diffuse”, “homogeneous” or “inhomogeneous”, “mild” or “intense”.

Spacek et al., studying 96 low-grade prostheses, defined focal uptake as the most valid diagnostic
parameter, leading to a very high specificity (92.7%) and PPV (93.5%). Conversely, mild inhomogeneous
uptake must be interpreted with caution, being consistent with both low-grade infection and sterile
inflammation around the foreign body. The co-registered CT assessment for the definition of graft
borders (irregular vs. smooth) is also of paramount importance in this manuscript: the presence of
irregular borders associated to focal [18F] FDG uptake is highly predictive of VGI [41].

Focal uptake as major sign of VGI, compared to the diffuse homogeneous uptake found in up to
92% of non-infected grafts and most frequently observed in Dacron prostheses (Figure 6), has also
been reported by Keidar et al. [49].

Figure 6. An example of negative ["SFJFDG PET/CT scan in a patient with suspected infection of
abdominal graft implanted 2 years before for the exclusion of a large aneurysm. The images show mild
(SUVmax 2.4), homogeneous uptake along the whole tract of the prosthesis without any focal uptake.
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A four- or five-point visual scale was also proposed to diagnose VGI, with the presence of grades
3 or 4 being indicative of infection [50,51]. In grade 0, ["®F]JFDG uptake is similar to background
uptake; in grade 1, ['8FJFDG uptake is similar to that which occurs in the inactive muscles and fat (low
['8F]FDG uptake); in grade 2, ['®F]FDG uptake is higher than in inactive muscles (moderate ['8F]FDG
uptake); in grade 3, ['®FJFDG uptake is less than the physiologic uptake shown by the bladder (strong
['8F]FDG uptake) and in grade 4, ['®F]FDG uptake is comparable to physiologic urinary uptake (very
strong ['8FIFDG uptake).

The contributions of SUVmax and T/B ratio in the qualitative evaluation have also been examined.

Several thresholds of SUVmax have been proposed, but they are not universally recognized. Some
authors suggested a SUVmax > 8 in the perigraft area as cut-off value for distinguishing infected graft
from non-infected graft [42,50]. The use of this cut-off was associated with 100% of specificity and 80%
of sensitivity. However, since it is well known that SUVmax evaluation is affected by several technical
factors that may differ among the centers, T/B ratio is maybe a more reproducible parameter. Saleem
et al. proposed a cut-off of 5.9 + 2.7 for infections (vs. 4.1 & 2.1 in non-infected grafts) [50], but, of
course, these findings need to be further confirmed by larger studies and they need to be validated and
standardized. At the moment, SUV and TBR analyses seem to have limited value in the assessment
of VGL

In a recently published meta-analysis exploring the accuracy and the efficacy of ['8FJFDG PET/CT,
the authors analyzed five different methods of interpretation of a PET/CT scan [39]. The sensitivity and
specificity of qualitative assessment, using a five-point visual scale, were 89% and 61%, respectively;
for focal uptake, they were 93% and 78%, respectively; for SUVmax, they were 98% and 80%; 57% and
76% for T/B ratio, respectively, and 100% and 88% for dual timepoint imaging (DTPI). However, only
one paper investigated the added value of DTPI with additional delayed acquisitions and calculation
of percentages of SUVmax change between initial and delayed images [44]. Despite the limitations of
SUVmax, from this meta-analysis, it emerges that focal uptake and SUVmax are the most reliable tools
for the interpretation of a PET/CT scan. Nevertheless, larger prospective and retrospective studies are
needed to support these findings.

5. Consensus Statements from Round Table of 3rd European Congress of Infection
and Inflammation

During the 3rd European Congress of Infection and Inflammation organized in Rome in December
2019, several specialists evaluating patients with VGI gave lectures on this topic from different points
of view. Final discussions and a round table were carried out by the representatives of each specialty
(CL,RI, MR, GT,AS, MT, PAE, Y.T), who also contributed to the present review. Although
not officially endorsed by the respective European Societies of NM (EANM), Radiology (ESR) and
Vascular Surgery (ESVS), here we summarize several statements that emerged from the round table of
the Congress and that reached an oral consensus among these different specialists, aiming to provide
evidence-based answers to the most frequent clinical questions.

5.1. In Case of a Partial Resection Graft for a Fragile Patient Unfit for a Total VGI Explantation, the Exact
Infection Graft Location Could Be Useful for the Surgical Strategy. Which Radiological Integration Is More
Precise in This Diagnosis?

Once a WBC scintigraphy or a ['F]FDG PET/CT scan clearly demonstrates that infection is not
extended to the entire graft and perigraft tissues, a partial explanation is taken into consideration by
surgeons if invasiveness limitation is advisable. What the surgeons need to know is the graft patency,
the exact location of perigraft tissue alterations, the extent of fluid collection, and whether it would be
possible to perform ligations or surgical bypass. All of this information is easily and can currently be
obtained with CTA. There is almost no role for MRI. Only in selected cases could it be necessary to
resort to DSA and endovascular interventions like embolization or stent grafting before surgery.
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5.2. Does CTA Still Play a Role in Diagnosing Vascular Graft Infections or Should It Be Considered Obsolete,
Replaced by NM Imaging?

CTA is requested by clinicians as the first-choice imaging modality in cases of suspected VGI. The
main role is still to be considered for excluding this eventuality. A lack of significant peri-prosthetic
fluid collections or bubbles (and also other information) could be collected, such as structural graft
alterations, angulations or thrombosis. In these cases, a “wait and see” strategy can be adopted. In the
case of persistent symptoms and more founded suspicions, a second CTA is still indicated to ascertain
the evolution of the previous findings. In the case of endografts, CTA is the best imaging modality for
demonstrating ruptures, disconnections, displacements and endoleaks, which are conditions often
associated with infections. Last but not least, fluid collection aspiration for biological tests and cultures
is almost exclusively performed by interventional radiologists under CT guidance. Therefore, CTA still
plays a critical role in the diagnosis of VGI as the first diagnostic imaging modality [7]. NM modalities
are complementary and may be useful to map the extent of the infection. Therefore, for patients with a
clinical suspicion of vascular graft/endograft infection and with non-convincing findings on CTA, the
use of WBC scintigraphy or ['®F]JFDG PET/CT is recommended as an additional imaging modality to
improve diagnostic accuracy.

5.3. Does Antibiotic Therapy Affect NM Exams Accuracy? Should Antibiotic Therapy Be Stopped before NM
Exams? If Yes, How Long before?

The influence of ongoing antimicrobial treatment on the different NM modalities and, in particular,
on radiolabeled WBC scintigraphy, is still a matter of debate. Although the use of antibiotics is
frequently reported in several papers, the duration of treatment is not always mentioned and it is not
linked to the outcome of WBC scintigraphy or ['F]JFDG PET/CT. Moreover, data regarding VGI do not
exist, therefore a definitive conclusion on this topic cannot be provided.

From other clinical contexts mainly focused on musculoskeletal infections, some authors suggested
that antibiotic treatment does not affect the accuracy of radiolabeled WBC; however, it is well known that
antimicrobial treatment may reduce the chemiotaxis of leukocytes, thus resulting in lower migration
into infected sites. Therefore, when antimicrobial therapy is ongoing, it should be considered during the
scan interpretation, whereas, if the patient is at the end of antibiotic treatment, it is a common practice
in the NM department to delay the execution of WBC scintigraphy after 2 weeks of therapy withdrawal.

Although antimicrobial treatment is known to decrease the intensity of ['*F][FDG uptake, in a
recently published retrospective study aiming to assess whether ['"8FJFDG PET/CT performance for the
diagnosis of infective processes could be affected by ongoing antibiotic therapy, no false negative cases
were detected in the group of patients receiving the treatment, thus demonstrating that the accuracy of
this modality is not influenced by antibiotic administration [52].

5.4. Is It Reasonable to Perform an ['FIFDG-PET/CT after a Positive WBC Scintigraphy?

The answer to this question may be extracted in the meta-analysis of Reinders Folmer, where
pre and post-test probabilities of having VGI have been calculated for CTA, ['®F]FDG PET, ['®F]FDG
PET/CT, WBC scintigraphy with only planar images and WBC scintigraphy with planar images +
SPECT/CT [12]. Of these modalities, WBC scintigraphy combined with SPECT/CT acquisitions scored
best in terms of positive post-test probability (96%), followed by WBC scintigraphy with only planar
images (94%), ['®F]JFDG PET/CT (83%), CTA (80%) and standalone ['®F]FDG PET (78%). It means
that, after positive WBC scintigraphy + SPECT/CT, a patient suspected of having a VGI has a 96%
probability of being infected. This is not surprising considering the high number of true positives
detected by this modality, which is, of course, superior to the number of true positives identified by
[*®F]FDG PET/CT.

Therefore, we can assume that a positive WBC scintigraphy, especially if correctly acquired with
SPECT/CT and interpreted by following EANM recommendations, is sufficient for the diagnosis and
does not require an additional study with ['®F]JFDG PET/CT.
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5.5. Which Imaging Modality Is Recommended Within the First 3 Months after Surgery in the Suspicion of
Early Infection?

It is well known that inflammatory changes, such as non-infected hematoma or lymphocele,
may occur and persist for months after surgery, especially in more invasive approaches, and may
result in false positive cases at both ['8F]FDG PET/CT scans and, more rarely, at WBC scintigraphy,
thus impacting on their accuracy. Moreover, synthetic graft material (Dacron or Gore-Tex) induces a
foreign-body reaction which may present ['®F][FDG uptake, thus representing a frequent pitfall in the
interpretation of a PET scan. Indeed, after surgery, some inflammatory cells, mainly macrophages and
fibroblasts, may use glucose as a source of energy for completing the healing process; for this reason,
['8F]FDG is taken up by the healing tissue.

In a large retrospective study performed by Keidar, as previously mentioned, the authors explored
the ['®F]FDG uptake in 107 non-infected grafts in relation to graft material and time elapsed from
surgery for a follow-up of up to 16 years. In this wide interval of time, they found no substantial
reduction in the metabolic activity shown by synthetic grafts, thus meaning that post-surgical flogosis
could be detectable after many years following surgery [49]. However, the pattern could be helpful in
differentiating a sterile inflammation from an infection, since diffuse homogeneous uptake is usually
observed in the first condition, reflecting a low-grade inflammation. On the contrary, infections usually
show focal uptake. These findings were also confirmed by Wasselius and colleagues in 10 out of
12 grafts implanted in open surgery and one out of four patients who underwent an endovascular
procedure (mean time interval from surgery: 5.8 years). Notably, only one of the 16 patients had an
infection based on biochemical and clinical data [46].

In terms of the usefulness of radiolabeled WBC in the post-surgical period, it is well known that
this modality has higher specificity and accuracy in differentiating a sterile flogosis from an infection,
compared with ['8F]FDG PET/CT. In 2006, Liberatore et al. found no false positive results in patients
studied within 1 month after surgery, concluding that this modality is reliable to assess an infection in
the earlier stages after endovascular surgery [53]. Of course, this conclusion could be affected by the
type of population studied and, in particular, by the probability of having an infection or not, and
larger studies are needed to confirm this finding.

In conclusion, we can state that the perfect timing to perform an NM examination mainly depends
on the type of surgery (open vs. endovascular approach), clinical indication and pre-test probability
of infection. After surgery, the presence of aseptic flogosis must always be taken into consideration,
especially in the interpretation of an ['®F]JFDG PET/CT scan and, therefore, the evaluation of the pattern
of uptake and CT abnormalities must be accurate in order to correctly interpret the exam.

Larger multicenter studies are needed in order to provide an evidence-based answer to
this question.

6. Conclusions

Accurate diagnosis of VGI is challenging and requires a multimodality and multidisciplinary
approach in order to ensure the best management of these patients. Several radiological and NM
modalities are available, each one with its pros and cons. US is usually used for extracavitary graft
infection, while CT/CTA is the first-choice imaging modality for intracavitary graft infection. However,
CTA may present some limitations, particularly in low-grade infections. In cases of equivocal CTA,
WBC scintigraphy or ['®F][FDG PET/CT are recommended in order to improve diagnostic accuracy, but
the use of appropriate interpretation criteria is mandatory.

The best diagnostic option would be to combine anatomical/radiological and functional imaging
in order to obtain an earlier and more effective diagnosis, which should be mandatory for decision
making and for defining the best treatment options.

Many efforts still need to be directed towards the definition of accurate algorithms that aim to
make diagnostic approaches more uniform among different centers.
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Abstract: Diagnosing a peri-prosthetic joint infection (PJI) remains challenging despite the availability
of a variety of clinical signs, serum and synovial markers, imaging techniques, microbiological and
histological findings. Moreover, the one and only true definition of PJI does not exist, which is
reflected by the existence of at least six different definitions by independent societies. These definitions
are composed of major and minor criteria for defining a PJI, but most of them do not include imaging
techniques. This paper highlights the pros and cons of available imaging techniques—X-ray,
ultrasound, computed tomography (CT), Magnetic Resonance Imaging (MRI), bone scintigraphy,
white blood cell scintigraphy (WBC), anti-granulocyte scintigraphy, and fluorodeoxyglucose positron
emission tomography/computed tomography (FDG-PET/CT), discusses the added value of hybrid
camera systems—single photon emission tomography/computed tomography (SPECT/CT), PET/CT
and PET/MRI and reports consensus answers on important clinical questions that were discussed
during the Third European Congress on Inflammation/Infection Imaging in Rome, December 2019.
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1. Introduction

The definition and the diagnosis of peri-prosthetic joint infection (PJI) and, more generally,
of implant-related infections, remains a challenge of modern orthopaedics.

In fact, while it seems relatively straightforward to diagnose an infection in the presence of a
draining sinus, an exposed implant, or classical signs and symptoms of an acute inflammatory process,
the differential diagnosis between septic and aseptic implant failure becomes much more challenging
when unspecific clinical symptoms—most often a variable degree of pain and reduced function—are
reported, and laboratory tests yield nonspecific or conflicting results.

Clinical presentations of peri-prosthetic infection are extremely varied, ranging from the acute,
high-grade inflammatory cases to the subclinical low-grade ones [1-3]. The lack of a single accepted
reference test or benchmark makes the evaluation and comparison of the diagnostic accuracy of both
old and new markers, as well as other diagnostic tools, particularly difficult [4-6].

The diagnostic challenge is mirrored by the absence of a universally accepted definition of PJI.
In the last decade, at least six different definitions of PJI have been released by well-respected scientific
societies, including the Musculo-Skeletal Infection Society (MSIS) [7], the Infectious Disease Society
of America (IDSA) [8], two International Consensus Meetings [9-11], the European Bone and Joint
Infection Society (EBJIS) [1], (Table 1) and, more recently, the World Association against Infection in
Orthopaedics and Trauma (WAIOT) (Table 2) [12].
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These six definitions differ greatly in their diagnostic criteria, scoring systems and reference
values (Tables 1 and 2), while even the most complex scores may result as “inconclusive” in a given
patient [10]. Of note, with the exception of the WAIOT’s definition, all other proposed definitions of
PJI include only a selection of diagnostic tests while systematically excluding any role of imaging,
in spite of their reported diagnostic value (Table 2) [14]. In doing so, none of them provide a clear
scientific explanation for this exclusion, while on the other hand, it is a common observation that most
clinicians do prescribe some imaging investigations when dealing with a (suspected case of) PJI. In this
complex panorama, to further understand the role of imaging techniques in the diagnostic protocol of
peri-prosthetic joint infections, a multidisciplinary group met from December 9 to 12, 2019 in Rome,
during the Third European Congress on Inflammation/Infection Imaging.

The results of the discussions, held during those days and thereafter through online consultations,
are reported here in the form of clinical questions with consensus answers. These are also based
on the previously published Italian Guidelines to Diagnose Peri-Prosthetic Joint Infections [15] and
joint European guidelines on PJI published by European Association of Nuclear Medicine (EANM),
European Bone and Joint Infection Society (EBJIS) and European Society of Radiology (ESR), with the
endorsement of European Society of Clinical Microbiology and Infectious Disease (ESCMID) [14,16],
to which we refer that contain details about all imaging modalities.

2. Assessment Parameters of Peri-Prosthetic Joint According to PJI Definitions

Current PJI definitions rely on four diagnostic classes of investigations: (1) clinical presentation,
(2) serum and synovial markers, (3) imaging techniques and (4) microbiological and histological
findings (Tables 1 and 2).

Concerning clinical presentation, the presence of a draining sinus or of an exposed implant is
considered as pathognomonic or highly specific by all the available definitions [7-12]. However,
this sign may be totally absent in more than 70% of peri-prosthetic joint infections, thus featuring a
quite low sensitivity [17].

Serum and synovial fluid markers are variably included in all the available PJI definitions,
apart from the one released by IDSA, while the proposed EBJIS definition only considers synovial
leukocyte cell count. No single biomarker has been shown to be 100% accurate in diagnosing PJI,
and therefore all definitions introduced a scoring system based on combining the results of different
tests. These scoring systems not only vary greatly among the definitions, but also differ in cut-off values
that are chosen for the various definitions, which limits their comparability. Furthermore, most of
the definition systems acknowledge the fact that serum and synovial biomarkers results should be
interpreted with caution within the first three months after surgery and in patients under antibiotic
treatment or patients with concomitant systemic inflammatory diseases.

Concerning imaging, no available PJI definition includes any of these investigations, except for
the recently released WAIOT definition (Table 2).

The WAIOT definition, validated in a large clinical, multi-institutional and international trial [13],
includes only two imaging techniques, 9metastable Technetium (**™Tc)-bone scan and *™Te-leukocyte
scan, chosen according to the available literature, respectively as a ‘rule out’ and ‘rule in’ test to
define PJI. In this regard, it should be noted that the WAIOT definition provides a set of rule out
and rule in tests, among which the clinician is left free to choose. The final definition is based
on the relative balance of positive rule in tests and negative rule out tests. Microbiological and
histological findings are considered relevant investigations by all the available definitions to confirm
PJI. More specifically, positive cultures, even if criteria and recommendations vary across definitions,
are considered pathognomonic by all of the classification systems examined in Tables 1 and 2. However,
limitations do apply with regard to the interpretation of a single positive culture and for suboptimal
procedural investigations. In fact, falsely negative cultures are reported in approximately 20% of
PJIs, according to a recent review [18]. Therefore, microbiological sampling, transport and processing
should be performed according to the best available microbiological standards, which includes the
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preparation of four to six peri-prosthetic tissue cultures and the analysis of the removed implant,
transported in closed systems processing with antibiofilm techniques (sonication or dithiothreitol) and
with prolonged cultures. In selected cases, genomic pathogen identification may also be advisable [19].

Similarly, histology is ranked among the most specific examinations to differentiate a PJI from
other causes and is highly scored or plays a confirmatory role in five out of six of the examined PJI
definitions, even if its sensitivity may by be as low as 57% and it may be prone to interpretation bias,
according to the experience of the pathologist [20].

3. Conventional Techniques for Diagnosis of PJI

The first diagnostic imaging modality is generally conventional radiography.

X-ray examinations are the standard examination to perform after arthroplasty and for follow-up
to assess the presence of displacement, mobilization of the implant components, periprosthetic bone
resorption and other causes of pain.

However, diagnostic performance of conventional radiography in detecting PJI is very low.
Furthermore, conventional radiography may show demineralization only when more than 30-50% of
bone mass has been lost, and abnormalities of bone around the implant are usually non-specific for
infection. In addition, up to 50% of conventional X-ray exams give negative results.

Regarding ultrasound (US), disputable results have been reported for the detection of PJL
US may be used to guide aspiration procedures of infectious materials in PJI and can be effectively
used to evaluate peri-prosthetic fluid collections, attempting to differentiate abscesses from aseptic
collections [21], and to track the presence of sinus tracts within soft tissues. The main advantages of US
are its wide availability, low cost, the possibility to perform it bedside and repeated imaging without
radiation burden [21].

Computed tomography (CT) has been reported to have a good diagnostic performance in the
detection of PJI, with accuracy of up to 84% (Figure 1). CT is also the imaging modality of choice
perform image-guided bone biopsies [22].

Figure 1. Computed tomography (CT) features: axial scan showing a fluid collection with increasd
density surrounding infected bone with a prosthetic implant. Note the swelling and hyperdensity of
soft tissues due to edema.

Most papers dealing with magnetic resonance imaging (MRI) in the field of PJI have been focused
on technical feasibility and metallic artefact reduction.

For knee arthroplasty, MRI has been shown to be highly sensitive (92%) and specific (99%) for
diagnosing PJI. Only one paper has been published in patients with hip arthroplasty showing that
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the presence of periosteal reaction, capsule edema, and intramuscular edema has a high accuracy for
evaluating PJI [23], (Figure 2). Similar to US, MRI has the advantage of not using ionizing radiation or
contrast agents [24-26].

Figure 2. Magnetic resonance imaging (MRI) of a 58-year-old patient with culture-proven infected
right hip prosthesis. (A) T2-weighted axial and (B) short-tau inversion recovery coronal scan show
hyperintense synovitis (asterisks), extra-capsular edema (arrows), and bone edema (circles). Metallic
artefact is limited to the implant only (P) and does not obscure the findings of infection.

Both CT and MRI may be useful to document the extent of bone lesions as well as abnormalities
in the articular space and, therefore, they may help the surgeon in planning the most appropriate
strategy. Moreover, US and CT are extremely useful for performing (when feasible) fluid aspirations,
thus representing an important tool in the diagnostic work-up of PJI.
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4. Nuclear Medicine Techniques for Diagnosis of PJI

Several imaging techniques can be used to evaluate PJI including bone scintigraphy, radio-labelled
white blood cell (WBC) scintigraphy (with or without combined bone marrow scintigraphy),
anti-granulocyte antibody scintigraphy, and fluorodeoxyglucose positron emission tomography
(['®F]-FDG-PET).

Both planar and tomographic acquisitions, with single photon emission tomography (SPECT),
can be performed and the use of hybrid modalities such as SPECT/CT or PET/CT increases the
diagnostic accuracy in terms of the exact location and extent of the infectious process. Importantly,
scintigraphic techniques by gamma camera are not affected by metallic hardware; PET/CT may present
some artefacts.

4.1. Bone Scintigraphy

Bone scintigraphy is usually performed after the injection of *™Tc-labelled diphosphonates and a
three-phase bone scintigraphy can be performed to assess early perfusion, diffusion, and late bone
uptake. The uptake of these tracers is usually related to bone remodelling. After a prosthetic implant,
the periprosthetic bone is obviously damaged and a remodelling process will occur in the months
following surgery.

This remodelling process is more evident for bio-inductive prostheses compared to cemented
prostheses. The main advantage of bone scintigraphy is its very high sensitivity (when negative, it rules
out an infection with high certainty), but this method is accompanied by a low specificity for PJI.

Conversely, this method may be able to detect bone abnormalities in case of prosthetic mobilization,
particularly if a hybrid SPECT/CT technique is used. Recently, the EANM Bone and Joint Committee
has published procedural guidelines on how to perform this modality best for each pathology [27].

4.2. White Blood Cell Scintigraphy

WBCs can be labelled with **™Tc- hexamethylene-propyleneamine oxime (HMPAO) (Figure 3) or
Mn-oxine (Figure 4). The labelling method, image acquisition and interpretation are regulated by
several national rules and guidelines [28-30].

Taking into account the different biodistribution and kinetics of radio-labelled WBCs in blood,
bone-marrow, infection and sterile inflammation, images should be acquired at three different
time points with decay time-corrected acquisition: “early images” (within 30 min and 1 h after
radiopharmaceutical injection), “delayed images” (between 2 h and 4 h after radiopharmaceutical
injection) and “late images” (between 20 h and 24 h after radiopharmaceutical injection). Even though
the diagnosis of a PJI is made on planar images (increase in uptake or size between the delayed images
at3—4 h and the late images at 2024 h), tomographic images are recommended in case of positive planar
images to assess the exact location and extent of the infectious process. Using these image acquisition
parameters and interpretation criteria, this technique reaches a high sensitivity and specificity, as a
recent multicenter study has shown [31]. The overall diagnostic accuracy of this technique exceeds
90% for PJI and this method constitutes the gold standard imaging technique for diagnosing PJI.

4.3. Anti-Granulocyte Antibody Scintigraphy

99mTe-labelled monoclonal antibodies (mAbs) may be used as an alternative to WBC scintigraphy
to evaluate PJI. Besilesomab is a full size anti-granulocyte mAb produced in murine cells and designed
to attach to the non-specific cross-reacting antigen (NCA)-95 antigen localized on the surface of
granulocytes. Sulesomab is an antigen-binding mAb fragment designed to target the NCA-90 antigen
on the surface of granulocytes. For radio-labelled mAbs, imaging protocols differ between complete
and fragmented antibodies [32]. The acquisition protocol for full length antibodies (Besilesomab)
is similar to WBC scintigraphy. The best time point for SPECT images is at 16-24 h post injection,
similarly to WBC, but an early scan can also be performed if required.
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(@ D

Figure 3. Example of *™Tc- hexamethylene-propyleneamine oxime (HMPAO)-WBC scintigraphy in a
patient with suspected PJI. Upper row: delayed images, (A) anterior and (B) posterior view, and lower
row: late images, (C) anterior and (D) posterior view. There is increase in intensity and in size between
the delayed and late images, which is very suspicious of a PJI. There is also extension of the infection to
the peri-prosthetic soft tissue at the lateral side.

1111n-WBC 99mTe-sulfur colloid

Figure 4. Periprosthetic infection left knee arthroplasty. Scout radiograph (A) demonstrates bilateral

knee arthroplasties. The right is a revision arthroplasty and the left is a primary implant. On the
M m-WBC single photon emission computed tomography/computed tomography (SPECT)/CT)
(B) there is abnormal labeled leukocyte activity along the anterior aspect of the left knee arthroplasty
(white arrows). On the *™Te-sulfur colloid SPECT/CT (C), there is no corresponding activity in this
region (yellow arrows) and therefore the study is positive for infection.

In contrast, with #™Te-sulesomab, planar images should be performed 1h and 4-6 h post injection
due to the faster clearance of the fragmented antibody [30].

4.4. Bone Marrow Scintigraphy

Bone marrow scintigraphy is usually recommended in addition to WBC scintigraphy in equivocal
cases. The radiopharmaceutical used is ™ Tc-colloids (colloids greater than 500 nm) that enables
visualization of the bone marrow (thus distinguishing expanded bone marrow from sites of leukocyte
accumulation). About 185 MBq of ?™Tc-colloids are intravenously injected and planar scintigraphic
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images of the region of interest are usually acquired after a minimum of 20-30 min and a maximum of
6 h post injection [30]. Concordant findings between both techniques rule out an infectious process
while discordant findings (uptake on WBC scintigraphy without corresponding uptake on bone marrow
scintigraphy) are highly suggestive of an infection.

4.5. FDG PET/CT

Although [®F]-FDG-PET/CT offers several advantages over WBC scintigraphy (more convenient
for the patient, no need for cell labeling, whole procedure takes less than 2 h), looking at the available
published data so far, it is unclear whether ['8F]-FDG-PET may offer significant advantages over
radio-labelled WBC or anti-granulocyte monoclonal antibodies for the evaluation of PJI [33,34].
Different interpretation criteria for PJI have been proposed by Reinartz et al. [35], Chacko et al. [36],
Love et al. [37], Familiari et al. [38] and Stumpe et al. [39], but all these studies led to an overall accuracy
of <90% with conflicting results amongst studies [40,41]. In any case, visual interpretation is generally
more reliable than quantitative (SUV) analysis, which is currently not recommended (Figure 5).

' ':‘ 3
b |

Figure 5. Prosthetic joint infection detected by 18Fluorine-fluorodeoxyglucose positron emission
tomography/computed tomography (['8F]-FDG-PET/CT) in a 72-year-old male patient who underwent
left hip arthroplasty four years before the PET/CT scan. ['®F]-FDG-PET/CT images (A: axial view of
CT scan; B: axail fused images; C: axial PET images; D: coronal ['8F]-FDG-PET/CT view; E: sagittal
['8F]-FDG-PET/CT view; F: maximum intensity projection ['8F]-FDG-PET images) showed increased
radiopharmaceutical uptake in the periprosthetic bone and soft tissues at the level of the femoral
component of the prosthesis. These findings were indicative of prosthetic joint infection, which was
confirmed by further examinations including microbiological culture.

4.6. Hybrid Imaging Techniques

Hybrid imaging modalities combining functional and anatomical data have significantly increased
the accuracy of conventional nuclear medicine modalities by reducing the number of doubtful cases.
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The hybrid imaging approach leads to a more accurate assessment of both localization (soft tissue vs.
bone vs. both) and disease extent.

SPECT/CT is nowadays often performed as an integral part of a conventional WBC/mAb
scintigraphy in order to better localize the uptake into bone or soft tissues and to accurately assess
the extent of the infection [42—46]. ['8F]-FDG-PET/CT can be considered as a first-line diagnostic tool
for evaluating patients with inflammatory diseases and/or fever of unknown origin, according to
evidence-based data [41]; in cases of spondylodiscitis and fungal infections, its role has also been
well described.

More recently, the introduction of PET/MRI has emerged as a powerful diagnostic tool, but its
value in PJI has not been systematically addressed. The general advantages of MRI compared to CT
include a better evaluation of soft tissue and a lack of radiation burden. In addition, MRI sequences
that avoid artefacts from metallic implants are now widely available [23-26,47-51].

Finally, it is worth mentioning that one should always keep in mind that the final decision for a
particular imaging technique will be highly dependent on the local availability, time, cost and expertise.

5. Clinical Questions and Consensus Answers

At the Third European Congress on Inflammation/Infection Imaging, held in Rome on December
2019, there were several sessions dedicated to radiological and nuclear medicine imaging of prosthetic
joint infections. The round table discussions, with clinicians and specialists in infective disease,
were very much animated in particular with regard to the role of CT vs. MRI and FDG-PET/CT
vs. radio-labelled WBC. Below are the main points raised by orthopedic surgeons and the answers
provided by radiologists and nuclear medicine physicians.

5.1. What Is the Role of Conventional X-ray to Diagnose a PJI?

There is no role of plain films for differential diagnosis of PJI. Nevertheless, an X-ray image can
be very useful to evaluate other concomitant problems, the degree of loosening, bone reabsorption,
fractures, etc. that may all help for the interpretation of images obtained by other modalities, particularly
non-radiological modalities [52]. For this reason, conventional radiography remains the first imaging
modality in patients with suspected PJI and for their follow-up [14].

5.2. What Is the Role of Ultrasound to Diagnose a PJI?

Data on the use of US to diagnose PJI are scarce and conflicting [14]. At present, US is mostly
used to guide joint aspiration or biopsy to perform microbial culture [21].

5.3. What Is the Role of CT to Diagnose a PJI?

Whenever CT is used to diagnose a PJI, artefacts caused by the interaction between X-ray beams
and metallic hardware should be reduced by suitable software and techniques [16]. Joint capsule
distension and the presence of fluid collections in the soft tissues surrounding a hip implant showed
100% sensitivity, 87% specificity, and 89% accuracy when at least one soft tissue abnormality was used
as an infection criterion, and 83% sensitivity, 96% specificity, and 94% accuracy when joint distension
was used as infection criterion [22]. CT may be used to more effectively diagnose bone resorption
and bone lucency around the implant compared to plain films, however this may not be considered a
reliable parameter to differentiate between infection and other reasons for implant failure [22]. CT is
useful for guiding biopsies and fluid aspiration.

5.4. What Is the Role of MRI to Diagnose a PJI?

The advent of prostheses made with less ferromagnetic alloy materials and the introduction of
metal artefact reduction sequences (MARS), slice encoding for metal artefact correction (SEMAC),
and multi-acquisition with variable-resonance image combination (MAVRIC) has pave the way for

155



J. Clin. Med. 2020, 9, 2548

the use of MRI in patients with joint prosthesis, limiting the artefacts to the area of the implant
itself. However, published data about the role of MRI to diagnose PJI are still very limited. In knee
implants, the sensitivity and specificity of MRI in diagnosing PJI range from 65% to 92% and 85% to
99%, respectively [14]. Similarly, in the hip, the presence of periosteal reaction, capsule edema, and
intramuscular edema demonstrated a sensitivity ranging from 78% to 95% and a specificity from 86%
to 97%, depending on the signs that are considered for the diagnosis [23,50]. MRI also has the great
advantage of not using ionizing radiation or contrast agents [24-26]. MRI may be limited by patient
claustrophobia or the presence of an implanted non-MR compatible device.

5.5. What Is the Role of Three-Phase Bone Scan to Diagnose a PJI (Is a Negative Scan Sufficient to
Exclude a PJ1)?

Three-phases (perfusion, blood pool, osteometabolic phase) are necessary to perform a *™Tc bone
scan in suspected PJI. A positive bone scan may be observed in many conditions characterized by
increased osteoblast activity, and therefore it is not specific for infection; a negative scan in all three
phases means that there is no increased perfusion and no increased osteoblastic activity. Given its
high negative predictive value (NPV), a negative three-phase bone scan is sufficient to rule out
infection [14,53].

5.6. What Is the Minimum Time Window between the Date of Surgery and a Three-Phase Bone Scan to
Diagnose a PJ1?

Within the first year after hip arthroplasty, periprosthetic uptake patterns are variable depending
on the type of surgery and device [54]. For cemented hip arthroplasties, the majority of asymptomatic
patients have a normal bone scan, but up to 10% will have persistent periprosthetic uptake after
one year from implantation. For porous-coated hip arthroplasties, persistent uptake beyond one
year is even more frequent. Furthermore, few data are available about the longitudinal evolution of
normal periprosthetic uptake patterns around hybrid, bipolar, and hydroxyapatite-coated devices.
Periprosthetic activity around knee arthroplasties in asymptomatic patients is present in more than 50%
of femoral components and nearly 90% of tibial components more than one year following implantation.
Although periprosthetic activity usually becomes milder over time, there is considerable variation
among patients and therefore serial scans should be performed [55]. Since it is not possible to clearly
define a date, it has been suggested that positive bone scans should be interpreted with caution for a
period of two years from surgery for hip and shoulder prosthesis and a period of five years for knee
prosthesis. On the other hand, it can be postulated that a negative bone scan virtually excludes a PJI
even within the above reported time windows [53].

5.7. What Is the Role of a WBC Scan to Diagnose a PJI (Is a Negative Scan Sufficient to Exclude a PJI)?

Several systematic reviews and meta-analyses have been published indicating that WBC scans—if
necessary, combined with abone marrow scan—have very high specificity for identifying peri-prosthetic
joint infection versus aseptic loosening [55-60], thus representing the most reliable imaging tool able
to achieve this differentiation. The reported accuracy of the use of combined WBC scintigraphy
(using either %™ Tc-HMPAO-WBC or !'In-oxine-WBC) and bone marrow scintigraphy ranges from
83% to 98% for both hip and knee prosthesis infections [34].

Expert opinions and most research studies indicate a high NPV for WBC scintigraphy. This could
be even higher if the correct acquisition protocols and interpretation criteria are applied [30]. In fact,
NPVs ranging from 92% to 100% have been reported in the largest and most recent studies. [31,56].
Therefore, we can conclude that a negative WBC is sufficient to exclude a PJI.

5.8. What Is the Role of ['FI-FDG-PET/CT to Diagnose a PJI (Is a Negative Scan Sufficient to Exclude a PJ1)?

While there is considerable debate about the specificity of ['®F]-FDG, most investigators agree
that the test is very sensitive and therefore the negative predictive value is high [54,61,62]. In an
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investigation of 21 patients with suspected PJI of the knee, ['8F]-FDG-PET was 100% sensitive, but only
73% specific for infection [63]. In a recent investigation in 130 patients with suspected PJI of the hip,
with final diagnosis based on the criteria recommended by the MSIS, ['8F]-FDG-PET/CT yielded a
sensitivity and specificity of 95% and 39%, respectively, for infection [64]. Based on the available
literature, it seems reasonable to conclude that a negative result effectively excludes PJI. Whether or
not ['8F]-FDG is superior to bone scintigraphy for excluding infection is not answerable with currently
available data.

5.9. What Is the Spatial Resolution of Currently Available Imaging Techniques in Order to Describe the Extent
of a PJI?

The spatial resolution of a planar WBC scan is approximately 0.8-1 cm and by SPECT, the spatial
resolution is 0.5-0.6 cm. The newest digital PET/CT scanners can reach resolutions as low as 2-3 mm.

Morphological examinations such as CT and MRI have much higher special resolution as compared
to nuclear medicine modalities.

However, available imaging techniques only reflect the extent of the host’s response,
i.e., the inflammatory process, or describe morphological changes due to the interaction between the
pathogen and the host. This does not necessarily reflect the extent of the infection. Accurate delineation
of the extent of the infection around an implant would require an infection-specific imaging technique,
which is currently lacking.

5.10. Can Clinicians Rely on a Scan to Decide to Maintain a Component of an Implant If Infection Is Ruled Out
by Imaging Investigations?

If imaging modalities (radiological and/or nuclear medicine) exclude the presence of infection,
clinicians can decide to maintain one or all components of the prosthesis mainly because all imaging
modalities have very high sensitivity. In these cases, a component should be removed based on the
degree of loosening and patient compliance. On the other hand, if an infection is suspected by imaging,
to the best of our knowledge, there are no published data suggesting that infection can be limited to an
individual component of an arthroplasty and that this can be reliably assessed by an imaging modality.

5.11. Is There Any Evidence That Imaging Techniques May Have Different Accuracy or Thresholds to Diagnose
High-Grade and Low-Grade Peri-Prosthetic Joint Infections?

There are no comparative studies investigating the accuracy of imaging techniques in
patients with high-grade, acute peri-prosthetic infections versus low-grade, sub-acute or chronic
clinical presentations.

Nuclear imaging has been shown to be effective at differentiating chronic low-grade infection in
painful knee prostheses with a sensitivity and specificity of 71% and 95%, respectively, for combined
WBC/bone marrow scintigraphy [53].

However, the sensitivity of nuclear imaging techniques can be significantly reduced in low-grade,
chronic PJI of the shoulder. In fact, remarkably poor sensitivity of both ['8F]-FDG and combined
labelled leukocyte/marrow imaging to diagnose chronic, low-grade periprosthetic shoulder infection
has been reported, with respective values of 14% and 18% [65,66]. Since there are no data on “high
grade” shoulder arthroplasty infections, it is impossible to determine if these results are related to the
chronic/low grade presentation of PJI or if it is just a specific feature of shoulder PJI.

5.12. Are There Any Studies Comparing Intra-Operative Histological Findings and/for Microbiological
Examination with Imaging Investigations?

In most investigations, final diagnoses are based on histopathology/microbiology. Overall,
these studies have been summarized in several systematic reviews and were considered for preparing
“evidence based guidelines” by EANM [14,16,30].
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5.13. Is It Necessary to Stop Antibiotic Treatment before Performing a Scan to Diagnose a PJI?

It is not necessary to discontinue antibiotic treatment for a CT or MRI scan, neither for a bone
scintigraphy or FDG-PET/CT. In contrast, it is believed that antimicrobial treatment may reduce the
diagnostic accuracy of WBC scintigraphy, probably because of decreased number and activity of
bacteria, which reduces the release of chemotactic factors, hence the accumulation of WBC at the site of
infection over time. This accumulation over time is the physio-pathological principle on which the
interpretation of WBC images is based.

However, there are only two studies in PJI [67,68] and one study in fracture-related infections
using radio-labelled WBC [69] that show no differences in diagnostic accuracy between patients under
antibiotics vs. antibiotic discontinuation. To the best of our knowledge, there is currently no data
available on the impact of antibiotic treatment on the diagnostic performance of FDG-PET/CT in PJI.

5.14. What Are the Most Promising Technologies Currently under Investigation to Diagnose PJI and Other
Implant-Related Infections?

Given the challenges in diagnosing PJI, an infection-specific agent would be very valuable.
To achieve this aim, several attempts have been made using a variety of approaches including
radio-labelled antibiotics, vitamins, sugars and peptides [70,71].

5.15. Should Nuclear Medicine Imaging Techniques Be Included in the Definition of Peri-Prosthetic Joint
Infection and, in Case of a Positive Answer, Which One Would You Recommend?

Nuclear medicine imaging techniques should be included in the modern definition of PJI. In fact,
these diagnostic tools, if adequately performed, provide an overall accuracy that can be considered
similar to that of other commonly accepted examinations, or even better.

Unfortunately, despite several systematic reviews, meta-analyses and single studies, some clearly
indicate that WBC scans—combined or not with bone marrow scans—are the most reliable imaging
tool for identifying peri-prosthetic joint infection. Others suggest the use of FDG-PET or radio-labelled
anti-granulocyte antibodies, or even bone scans [34,53,56,61,65,67,72-84]. This needs to be clarified.
There is a considerable variation in results when looking at individual studies due to different labelling
methods, image acquisition protocols, image interpretation, patient selection, etc. Furthermore,
most systematic reviews do not include all published studies, nor a set time interval for paper selection.
As a result, in some “systematic reviews” we find as little as three, or even two or just one, paper(s) on
nuclear medicine modalities. In other meta-analyses, there are often a mixture of very old papers with
very recent ones using completely different methodologies. Unfortunately, no recent large multicenter
prospective multimodal comparative studies with standardized image acquisition and interpretation
parameters exist, and therefore we cannot provide a firm evidence-based conclusion with regard to the
imaging modality of choice for PJI.

Despite this, some practical considerations can be made. Indeed, in clinical practice, the choice
of imaging modality will highly depend on local availability, waiting lists, patient claustrophobia,
metal devices, operator experience and cost (which is country dependent). FDG costs approximately
150 €, takes approximately 2 h to perform, the waiting list is approximately 1-2 weeks, costs for
the National Health Service (NHS) are approximately 1200 €, the radiation dose for the patient is
approximately 6-8 mSv and the overall diagnostic accuracy for PJI ranges from 65% to 90%. A WBC
scan (or anti-granulocyte antibodies) costs approximately 150 €, takes approximately 2 h for labelling
(the patient is busy from 8:00 am to 3:00 pm on the first day and from 8:00 am to 9:00 am the following
day), the waiting list is approximately 1-3 weeks, the cost for the NHS is approximately 450-1000 €,
the radiation dose for the patient is approximately 5 mSv and the overall diagnostic accuracy for PJI
ranges from 70% to 95%.

It emerges that there are pros and cons for both modalities. If we require a very urgent screening
test, particularly in patients with a low pre-test probability of infection, we can perform a bone scan or
FDG (both able to effectively rule-out a PJI when negative, but could show residual inflammation for a
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long time after surgery) [53,54,85-87]. If we know upfront that there is a high suspicion of infection,
or if we do not know if there is an infection or an aseptic loosening, it is preferable to perform a WBC
scan [14,16,30,88,89].

6. Conclusions

Several definitions of PJI exist, but the use of imaging modalities is lacking in most of these
scoring systems.

In this manuscript, we focused on the current role of several different imaging techniques in
order to understand if this exclusion is justified in light of their possible contribution to diagnose a
peri-prosthetic infection.

The panel highlighted how several imaging techniques, their limits notwithstanding, may play a
key role in PJI definition.

While X-ray examinations may currently be regarded as a general screening for patients with
joint replacement, MRI and nuclear imaging techniques are much more specifically concerned with the
differential diagnostic work-up of PJI.

Based on available data in the literature, three-phase bone scans, WBC scans and FDG-PET scans
are all highly sensitive investigations; whenever negative, they can all be reliably considered as a
criteria to exclude a PJI. Furthermore, a positive WBC scan (if necessary, combined with a bone marrow
scan), is to be considered a confirmative criteria of PJI.

Concerning FDG-PET/CT, there is a need to establish clear and standardized interpretation criteria
to differentiate infection from non-infectious pathologies, especially aseptic loosening.

Finally, although very promising and attractive for its preliminary results, easy accessibility and
lack of ionizing radiation, MRI appears to be a potential important player; if further studies confirm its
accuracy in diagnosing PJI, it may be another imaging modality that will need to be included in the
upcoming PJI definitions.
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