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Inflammation is a significant component of several chronic
diseases involving the cardiovascular, metabolic, musculo-
skeletal, and nervous systems. Timely identification and
localization of inflammation is critical for the adequate
treatment of patients. Notably, also, infection always has
inflammatory components. Molecular imaging such as
positron emission tomography (PET) may reveal molecular
and cellular changes and provide sensitive detection of in-
flammatory and/or infectious foci at an early stage of disease.
In general, specific imaging of inflammatory processes may
be a demanding task because of increased blood flow and
enhanced vascular permeability causing unspecific uptake of
imaging agents. Although several radiopharmaceuticals have
been developed, no agent has been found with the optimal
characteristics for imaging inflammation, and thus, there is
still room for new, better agents and development of
quantification methods.

 is special issue consists of totally 11 articles (147 pages)
including three review articles, six research articles, and two
clinical studies. Nine articles are dealing with PET, one with
magnetic resonance imaging (MRI), and one with PET-MRI.
One of the research article deals with the modeling of PET,
and the rest are preclinical/translational studies.

To perform diagnosis with PET, appropriate radio-
pharmaceuticals are needed.  e radiopharmaceuticals are
compounds possessing positron-emitting radionuclides, and

gallium-68 (68Ga) is one of the most frequently used ra-
dionuclides in clinical PET.  e review article “Prospective
of 68Ga Radionuclide Contribution to the Development of
Imaging Agents for Infection and Inflammation” by
Velikyan provides an overview of 68Ga-labelled compounds
for imaging of inflammation and infection in both pre-
clinical and clinical settings. 68Ga can be conveniently ob-
tained from commercially available generators, which
facilitates the implementation of 68Ga-radiopharmaceutical
research in many medical centers and in major human
diseases including infection and inflammation.

In neuroinflammatory diseases such as multiple sclerosis
(MS), there are clear clinical evidences for upregulation of
the adenosine subtype 2A receptor (A2A). PET imaging of
A2A has become an approach to monitor functional changes
and the treatment responses in the brain in the neuro-
inflammatory conditions.  e review article “In Vivo PET
Imaging of Adenosine 2A Receptors in Neuroinflammatory
and Neurodegenerative Disease” by Vuorimaa et al. presents
the progress in the research of PET imaging of A2A. So far,
five PET ligands have entered into clinical trials, and each of
them has their strengths and shortcomings regarding A2A
imaging.

Another important target for PET imaging of in-
flammation is 18 kDa translocator protein (TSPO). In the
paper “TSPO PET Imaging: from Microglial Activation to
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Peripheral Sterile Inflammatory Diseases?” by Largeau et al.,
the authors discuss the exciting findings so far observed in the
research of TSPO-targeted imaging. Furthermore, the chal-
lenges related to TSPO expression under physiological con-
ditions and radioligand metabolism have been presented.

Fluorine-18 is a frequently used radionuclide for PET
imaging, and its nonradioactive isotope fluorine-19 (19F) is
very useful inMRI applications. In the work “Integrating a 19F
MRI Tracer Agent into the Clinical Scale Manufacturing of
a T-Cell Immunotherapy” by O’Hanlon et al., the authors
report the scaling-up production of 19F-labelled T cells.  e
engineered T cells are originally used for immunotherapy.
Upon incorporation of the cell sense agent into the T cells, it
becomes possible to monitor the in vivomigration of the 19F-
labelled T cells with MRI in the setting of treatment.
 erefore, 19F-labelling is expected to have an added value in
the development of cell-based therapeutics.

Osteomyelitis is an infectious bone disease, and PET
imaging of osteomyelitis is often challenging, in particular in
the cases of altered bone structures. In the work “A Com-
parative 68Ga-Citrate and 68Ga-Chloride PET/CT Imaging
of Staphylococcus aureus Osteomyelitis in the Rat Tibia” by
Lankinen et al., the authors have confirmed that 68Ga-citrate
is a more appropriate radiopharmaceutical than 68Ga-
chloride for PET imaging of osteomyelitis in their experi-
mental settings in rats.

In addition to 68Ga-citrate, there are a number of other
PETtracers that have been used for osteomyelitis imaging. In
the work “Kinetic Modelling of Infection Tracers [18F]FDG,
[68Ga]Ga-Citrate, [11C]Methionine, and [11C]Donepezil in
a Porcine Osteomyelitis Model” by Jødal et al., with the aid of
kinetic modelling, the authors conclude that [18F]FDG is an
applicable tracer in general for PET imaging of osteomyelitis
models in pigs.

In a clinical setting for osteomyelitis PETimaging, Salomäki
et al. compare the imaging performance of 68Ga-citrate and
[18F]FDG in their paper “Head-to-Head Comparison of 68Ga-
Citrate and 18F-FDGPET/CTfor Detection of Infectious Foci in
Patients with Staphylococcus aureus Bacteraemia.”  e results
suggest that 68Ga-citrate and [18F]FDG have comparable per-
formance in detection of osteomyelitis in general, but [18F]FDG
shows higher intensity in soft tissues.

In another clinical study, Lankinen et al. use [18F]FDG to
image osteomyelitis in their work “Intensity of 18F-FDG PET
Uptake in Culture-Negative and Culture-Positive Cases of
Chronic Osteomyelitis.”  e results suggest that [18F]FDG
can reveal osteomyelitis even in cases when microbiological
culturing is still negative.

Regarding PET imaging of inflammation, vascular ad-
hesion protein-1 (VAP-1) is one of the ideal targets. VAP-1
stays in its intracellular storage granules but rapidly relocates
to endothelial cell surfaces upon inflammation. Virtanen et al.
have studied two radiolabelled VAP-1 ligands in rats with skin
inflammation and in mice with atherosclerosis, as described
in their paper “Comparison of 68Ga-DOTA-Siglec-9 and 18F-
Fluorodeoxyribose-Siglec-9: Inflammation Imaging and Ra-
diation Dosimetry.”

In inflammation, folate receptors are often upregulated,
which provides an alternative way for medical imaging and

treatment. In the contribution “Imaging and Methotrexate
Response Monitoring of Systemic Inflammation in Arthritic
Rats Employing the Macrophage PET Tracer [18F]Fluoro-
PEG-Folate” by Chandrupatla et al., the authors found out
with the aid of 18F-labelled folate imaging that activated
macrophages are reduced in the liver and spleen upon
methotrexate treatment.

Crohn’s disease is a chronic inflammatory disease that can
affect the entire gastrointestinal track. To increase the accuracy
in assessing Crohn’s disease, Domachevsky et al. have added an
apparent diffusion coefficient and a metabolic inflammatory
volume to the magnetic resonance index of the activity score,
and this has been described in their paper “Correlation of 18F-
FDG PET/MRE Metrics with Inflammatory Biomarkers in
Patients with Crohn’s Disease: A Pilot Study.”

 is special issue presents some new evidences of pre-
clinical and clinical PET imaging of inflammation and in-
fection, in addition to the overviews highly relevant to this
field. We hope that this issue will provoke further research
on these topics.
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There may be some differences in the in vivo behavior of 68Ga-chloride and 68Ga-citrate leading to different accumulation profiles.
This study compared 68Ga-citrate and 68Ga-chloride PET/CT imaging under standardized experimental models.Methods. Diffuse
Staphylococcus aureus tibial osteomyelitis and uncomplicated bone healing rat models were used (𝑛 = 32). Two weeks after surgery,
PET/CT imaging was performed on consecutive days using 68Ga-citrate or 68Ga-chloride, and tissue accumulation was confirmed
by ex vivo analysis. In addition, peripheral quantitative computed tomography and conventional radiography were performed.
Osteomyelitis was verified by microbiological analysis and specimens were also processed for histomorphometry. Results. In
PET/CT imaging, the SUVmax of

68Ga-chloride and 68Ga-citrate in the osteomyelitic tibias (3.6 ± 1.4 and 4.7 ± 1.5, resp.) were
significantly higher (𝑃 = 0.0019 and 𝑃 = 0.0020, resp.) than in the uncomplicated bone healing (2.7 ± 0.44 and 2.5 ± 0.49, resp.). In
osteomyelitic tibias, the SUVmax of

68Ga-citrate was significantly higher than the uptake of 68Ga-chloride (𝑃 = 0.0017). In animals
with uncomplicated bone healing, no difference in the SUVmax of

68Ga-chloride or 68Ga-citrate was seen in the operated tibias.
Conclusions.This study further corroborates the use of 68Ga-citrate for PET imaging of osteomyelitis.

1. Introduction

Deep bone infections are one of the most challenging
conditions to treat in orthopedics and trauma surgery. By
nature, these infections are highly challenging for diagnostic
imaging, especially when bone structures have been altered
by trauma, surgery, or a previous pathological condition.
Standard diagnostic tools such as conventional radiographs,
magnetic resonance imaging (MRI), computed tomography
(CT), and conventional nuclearmedicinemethods are known

to have major limitations in the early diagnosis of deep bone
infections [1–5]. Positron emission tomography (PET) imag-
ing with 2-deoxy-2-[18F]-fluoro-D-glucose (18F-FDG) has
been shown to have a high diagnostic accuracy for confirming
or excluding the diagnosis of chronic osteomyelitis [3, 6, 7].
In the clinical setting, the use of 18F-FDG-PET for differential
diagnosis involves a risk of possible false positive findings
due to the early bone healing process, which involves an
inflammatory phase. This phase represents a highly activated
state of cell metabolism and glucose consumption [8] and can
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thus possibly mimic a similar 18F-FDG-PET tracer uptake
pattern to that occurring during infection. In an experimental
study using a rabbit osteomyelitis model, bone infection
could be distinguished from bone healing by means of 18F-
FDG PET 3 weeks after surgery [9]. In a previous rat study,
we reported elevated uptake of 18F-FDG in healing bone
but a significantly lower uptake of 68Ga-chloride in tibias
with uncomplicated healing defects, whereas no statistical
difference was seen between the tracers in osteomyelitic tibias
[10]. Thus, in patients with postsurgical and posttraumatic
bone healing, 68gallium could be more promising than 18F-
FDG in the discrimination of bacterial infection from the
unspecific uptake caused by the physiological inflammatory
processes of normal bone healing.
67Ga-citrate has been used in scintigraphy for the evalua-

tion of infectious processes for several decades. The accumu-
lation of gallium in inflammatory or infectious sites is partly
due to the increased capillary permeability associated with
inflammatory reactions; gallium exits the vascular network
and is trapped in the extravascular compartment [11]. As
an iron analogue, it binds to circulating transferrin and, via
transferrin receptors, accesses cells and evolves to a highly
stable state [12]. As a tracer, gallium is able to bind to bacterial
siderophores and activated lactoferrin in neutrophils [13],
with an uptake by macrophages also having been demon-
strated [14–16]. In addition, a direct bacterial uptake pattern
has been reported [17]. In general, different radionuclides
such as 68Ga (positron emitter used for PET) and 67Ga
(gamma emitter used for single-photon emission computed
tomography (SPECT)) vary only according to their physical
properties, with their chemical and physiological behavior
being comparable. However, there may be some differences
between 68Ga-chloride and 68Ga-citrate in regard to their in
vivo behavior.

The purpose of this study was to compare 68Ga-citrate
and 68Ga-chloride PET/CT imaging under standardized
experimental models of uncomplicated bone healing and
Staphylococcus aureus osteomyelitis. In addition, ex vivomea-
surements of tissue radioactivity concentration in normal
bone healing and osteomyelitic tissues were performed to
verify the uptake and biodistribution of 68Ga-citrate.

2. Materials and Methods

2.1. Animals. Thirty-two skeletally mature male Sprague–
Dawley rats (Harlan, Horst, The Netherlands) with a mean
weight of 412.6 ± 64.2 g were used in these experiments. The
rats were allowed to acclimatize to their new environment
before surgery. All animal experiments were approved by
the National Animal Experiment Board in Finland and the
Regional State Administrative Agency for Southern Finland
and were conducted in accordance with the European Union
directive.

2.2. Experimental Design. In each animal, the left tibia was
operated on and the right contralateral tibia served as an
intact control. For the comparative 68Ga-citrate and 68Ga-
chloride PET/CT imaging, animals with induced osteomyeli-
tis (𝑛 = 8) and animals with normal bone healing (𝑛 = 8)

were imagedwith both tracers on consecutive days (Figure 1).
Bone structural changes caused by infection were evaluated
by peripheral quantitative computed tomography (pQCT),
which was performed after the PET/CT imaging. The oper-
ated tibias were harvested and samples were retrieved for
quantitative microbiological analyses and semiquantitative
histopathologic analyses. For the ex vivo measurements of
tissue radioactivity concentration, the accumulation of 68Ga-
citratewas studied in animalswith induced osteomyelitis (𝑛 =
8) and animals with normal bone healing (𝑛 = 8). All studies
were performed 2 weeks after surgery, that is, after induction
of osteomyelitis or creation of a healing bone defect.

2.3. Induction of Infection. The diffuse rat osteomyeli-
tis model (stage IVA in the Cierny-Mader classification;
osteomyelitis secondary to a contiguous focus of infection
in the Waldvogel classification) was adopted for this study
[10, 18–20].The rats were anaesthetized with amixture of fen-
tanyl, fluanisone (Hypnorm, Janssen Pharmaceutica, Beerse,
Belgium), and midazolam (Midazolam Hameln 5mg/ml,
Hameln Pharmaceuticals GmbH, Hameln, Germany). The
left hind leg was shaved, disinfected, and covered with sterile
sheets. Using sterile surgical conditions, a small cortical
bone defect (diameter 1.0mm) was created into the proximal
medial metaphysis of the right tibia using a high speed
dental drill. Local bone marrow was removed with saline
lavage. As described earlier [10, 18], osteomyelitis was induced
by injecting into the medullary cavity a volume of 0.05ml
of 5%wt/vol sodium morrhuate (Scleromate, Glenwood,
Englewood, NJ, USA), which was immediately followed
by a 0.05ml volume of the bacterial inoculum (3 × 108
colony-forming unit [CFU]/ml of S. aureus). The drilling
hole was sealed with bone wax (Braun, Aesculap AG &
Co., Tuttlingen, Germany) to prevent bacterial leakage and
provide a foreign body for infection [20]. Finally, the skin
wound was cleaned with a 40ml sterile saline lavage without
antibiotics and closed in layers. In control animals, a cortical
defect of equal size was drilled, but the sodium morrhuate,
bacterial suspension, and bone wax were not used. Before
wound closure, the surgical field was lavaged with 40ml
sterile saline containing 150mg cefuroxime sodium (Zinacef,
GlaxoSmithKline, Verona, Italy). Bacitracin and neomycin
sulfate powder (Bacibact, Orion Oyj, Espoo, Finland) were
applied to the sutured skin wound and it was covered
with an aerosol-based plastic film (HansaPlast, Beiersdorf
AG, Hamburg, Germany). Anaesthesia was reversed by
a subcutaneous injection of naloxone (Narcanti, Du Pont
Pharmaceuticals Ltd., Letchworth, UK). After surgery, the
animals were closely monitored and standard postoperative
pain medication was given for the first 3 postoperative days
(0.5mg/kg of buprenorphine subcutaneously every 12 hours,
Temgesic� 0.3mg/ml, Schering-Plough, Brussels, Belgium).
The animals were housed individually for 2 days, after which
they were returned to their normal housing in groups of two.
All the animals had an uneventful postoperative recovery,
and their activity was not limited within the individual
cages.
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Figure 1: Schematic illustration of experimental design and timing of performed analysis methods.

2.4. 68Ga-Citrate and 68Ga-Chloride PET/CT. Comparative
68Ga-citrate and 68Ga-chloride PET/CT were performed 2
weeks after the surgery in which either osteomyelitis was
induced or a cortical bone defect was created (Figure 1).

To prepare the 68Ga-chloride injection, 68gallium from
68Ge/68Ga generator (Eckert & Ziegler, Valencia, CA, USA)
was eluted with 0.1M hydrochloric acid and neutralized with

1M sodium hydroxide before use. 68Ga-citrate was prepared
by mixing the 68Ga-eluate with sodium citrate as previously
described [21]. Radiochemical purity was evaluated by the
instant thin layer chromatography-silica-gel technique using
methanol/acetic acid (9 : 1) as a mobile phase.

PET/CT imaging was performed with a Discovery VCT
(General Electric Medical Systems, Milwaukee, WI, USA)
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operating in 3-dimensional mode. This is a combined 64-
slice CT and PET scanner with 24 rings of bismuth ger-
manate detectors; it acquires 47 imaging planes with an
axial field-of-view of 15.7 cm. The transaxial crystal size of
the PET scanner is 4.7mm, and the spatial resolution in
3D mode is 5.12mm in full width at half maximum with
a 1 cm offset from the center of the field-of-view [22]. In a
pilot study, two rats in the osteomyelitis group underwent
180min dynamic scanning starting immediately after an i.v.
injection of 68Ga-citrate. The protocols for PET imaging
were designed according to the observed patterns of tracer
accumulation. Dynamic PET imaging consisting of 4 × 5min
frames was started 120 minutes after the injection of 68Ga-
citrate and 90 minutes after the injection of 68Ga-chloride.
Dynamic PET imaging was performed to avoid the potential
effects of animal movement during the scanning period. CT
was performed before PET, using the following technical
parameters: helical scan mode, helical slice thickness of
3.75mm, detector coverage of 20mm, pitch factor of 0.531 : 1,
voltage of 100 kVp, current of 80mA, rotation time of 1 s,
“large body” scan field-of-view, and display field-of-view 50.
PET images were reconstructed using an ordered subsets
expectationmaximization algorithm and the CT images were
reconstructed using a CT attenuation correction (CTAC)
and bone kernels. The CT data were used for attenuation
correction (CTAC images) and anatomical reference (bone
images) when fused with the PET images.

The animals fasted for 4 h prior to tracer injection
and were sedated for PET/CT imaging as in the surgical
procedure. On average, 29.1 ± 1.8MBq of 68Ga-citrate (mean
± standard deviation [SD]) and 28.8 ± 2.4MBq of 68Ga-
chloride were injected into the tail vein of the animal in a
volume of 0.5–1.0ml. Quantitative analysis of tracer uptake
was performed for a standardized circular region of interest
(ROI diameter, 3.0mm) in the operated left tibia and the
corresponding region in the contralateral intact right tibia.
The levels of 68Ga-citrate and 68Ga-chloride accumulation
were reported as the maximum standardized uptake value
(SUVmax). The SUVmax was calculated as the maximum
radioactivity concentration within the ROI divided by the
relative injected radioactivity dose expressed per kg of body
weight. In addition, SUV ratios, that is, operated bone-to-
intact bone, were calculated.

2.5. pQCT. Each animal underwent pQCT scanning follow-
ing the PET imaging. Under fentanyl-fluanisone sedation,
the operated limbs were placed in a holder for standard
positioning. Imaging was performed using a Stratec XCT
Research M pQCT device with software version 5.20 (Nor-
land Stratec Medizintechnik GmbH, Birkenfeld, Germany).
After an initial scout view for positioning, the proximal tibias
were imaged with six consecutive cross-sectional images
using a slice distance of 0.75mm. A voxel size of 0.07 × 0.07
× 0.50mmwas used.The pQCT images were analysed for the
presence of osteomyelitic destruction and reactive new bone
formation.

After pQCT imaging, the animals were killed with an
intravenous administration of sodium pentobarbital.

2.6. Microbiological Analyses. The presence of infection was
confirmed with bacterial cultures at the time of killing. Using
sterile techniques, the bone defect area was exposed and
swab cultures were taken from subfascial soft tissues. The
proximal tibia was aseptically cross-sectioned using a high
speed circular saw to obtain three (proximal, middle, and
distal) bone specimens from the site of bone infection. The
proximal and middle segments were used for histological
analysis and the distal bone segmentwas used for quantitative
bacterial culture.

All swab specimens were cultured for 18–20 hours at
35∘C on blood agar plates. After snap-freezing in liquid
nitrogen and homogenization with a mortar and pestle, the
distal bone segment was vortexed in saline for 5min, and
ten serial 10-fold dilutions were performed to determine the
CFU of S. aureus per gram of bone. The dilutions were
cultured for 18–20 hours at 35∘C on blood agar plates. The
aseptically harvested bone cement blocks were cultured on
blood agar and immediately placed in BBL� Brain Heart
Infusion broth (Becton, Dickinson and Company, Sparks,
MD, USA) and incubated for up to 5 days at 35∘C. The
turbidity of broth samples was observed every day, and
positive cultures (i.e., opaque tubes) were plated onto blood
agar plates and incubated for 18–20 hours at 35∘C. Negative
broth samples (i.e., clear tubes) were similarly cultured after
2 and 5 days of incubation.

The isolated pathogens were identified on the basis of
their morphology and with the Slidex� Staph Plus latex
agglutination test (bioMérieux, Marcy l’Etoile, France) [23].
S. aureus (American Type Culture Collection [ATCC] strain
29213) was used as the positive control and Enterococcus
faecalis (ATCC strain 29212) was used as the negative
control.

2.7. Semiquantitative Histopathologic Analysis. The proximal
and middle bone specimens were processed for histology.
The proximal specimen was fixed in 70% ethanol, embedded
in isobornyl methacrylate (Technovit 1200 VLC, Kulzer,
Germany), and stained with a modified van Gieson method.
The middle bone segment was decalcified, embedded in
paraffin, and stained with hematoxylin and eosin. Histologi-
cal changes in the periosteum, cortical bone, and medullary
canal were classified according to the histopathological scor-
ing system presented by Petty and coworkers [10, 18, 24,
25]. Two observers classified the histological sections, with
the results presented being their mutual agreement of the
interpretation.

2.8. Ex Vivo Measurement of 68Ga-Citrate Accumulation. As
a separate substudy, the accumulation of 68Ga-citrate at 2
weeks after operation was studied ex vivo in animals with
induced osteomyelitis (𝑛 = 8) and control animals with
a healing bone defect (𝑛 = 8) (Figure 1). The animals
fasted for 4 h prior to tracer injection. Under sedation
obtained by a subcutaneous injection of midazolam, flu-
anisone, and fentanyl citrate, a dose of 33.0 ± 3.2MBq of
68Ga-citrate was injected via the tail vein of the animal in a
volume of 0.5–1.0ml. After tracer accumulation (90min for
68Ga-citrate), a blood sample was obtained via intracardiac
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Figure 2: Histological sections of osteomyelitic (a) and control (b) rat tibias at 2 weeks after surgery. The osteomyelitic changes were
characterised by a wide circumferential periosteal reaction, focally enlarged haversian canals filled with fragmented polymorphonuclear
leukocytes and occasional microabscesses, and major infiltration of the bone marrow by polymorphonuclear leukocytes. In some cases, a
devitalized bone fragment was seen in the unhealed cortical window. In the control animals, periosteal reaction was minimal and there
was modest endosteal new bone close to the cortical defect, indicating healing of the cortical defect. Modified van Gieson stain at ×10
magnification.

puncture, and the animals were sacrificed by intracardiac
administration of sodium pentobarbital (Mebunat, Orion,
Espoo, Finland). Quantitative bacterial culture was per-
formed on bone tissue specimens removed from the distal
tibia to confirm the presence of osteomyelitis. In addition
to tissue specimens excised from calf muscles, a 15mm long
segment of the operated proximal tibia (including the site
of the bone defect) and a corresponding segment of the
contralateral tibia were resected for analysis of tracer accu-
mulation. The radioactivity of blood, muscle, and bone spec-
imens was measured with a gamma counter (1480Wizard 3;
PerkinElmer/Wallac, Turku, Finland) cross-calibrated with a
dose calibrator (VDC-202, Veenstra Instruments, Joure, The
Netherlands). The radioactivity concentration was expressed
as SUV [(tissue radioactivity/tissue weight)/(total given
radioactivity/rat body weight)], and the SUV ratios (operated
bone-to-muscle, operated bone-to-blood and operated bone-
to-intact bone) were calculated.

We used previously published results of ex vivo 68Ga-
chloride accumulation that utilized the same study protocol
and identical animal model [10] to make comparisons with
the accumulation of 68Ga-citrate (Figure 1).

2.9. Statistical Analysis. Data are expressed as mean ± SD.
Histological osteomyelitic changes (periosteal reaction, cor-
tical bone, and medullary canal) were compared between
the groups with a Wilcoxon rank sum test. The compar-
isons of SUV ratios between 68Ga-citrate and 68Ga-chloride,
and between the osteomyelitis and bone healing groups,
were performed with a hierarchical linear mixed model
for repeated measures, including one within-factor (tracer)
and one between-factor analysis (group). The model also
included interaction between the factors, which indicated
whether a significant mean difference between the groups
was different between the two different tracers. Pairwise
comparisons between tracers for specific study questions
were programmed into the model. SUVmax was analysed
separately for both tracers, using similar methods.

All tests performed were two-sided, with a significance
level set at 0.05. The analyses were performed using SAS
version 9.3 (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Confirmation of Staphylococcal Infection and Histological
Appearance of Osteomyelitis. The inoculated pathogen was
cultured from the homogenized bone specimens in all ani-
mals with induced osteomyelitis. In 14 out of 16 osteomyelitic
animals (87.5%), the swab cultures taken from subfascial soft
tissues were positive for the inoculated S. aureus, indicating
the extension of infection outside the bone. None of the
animals had an infected draining sinus. No bacteria could
be cultured from the homogenized bone specimens retrieved
from the control animals. Similarly, all swab cultures from the
soft tissues of control animals were negative.

The S. aureus group of animals showed histologically
severe osteomyelitis in all cases (histologic score 2.5 ±
0.4; Figure 2). Histological appearance was characterised by
a nearly circumferential periosteal reaction, reactive new
bone formation, occasional sequester formation, and drastic
infiltration of polymorphonuclear leukocytes with occasional
microabscesses. The control group with healing cortical-
defects showed healing of the defect by endosteal new
bone formation, with no signs of infection (score 0.2 ±
0.3; Figure 2). Histological appearance was characterised by
closure of the cortical defect with only a limited number
of inflammatory cell infiltrations. There was a significant
difference in the mean histological score between the two
groups (𝑃 = 0.0065).

3.2. 68Ga-Citrate and 68Ga-Chloride PET/CT Imaging. On the
basis of the dynamic imaging, the accumulation kinetics of
68Ga-chloride and 68Ga-citrate at the site of infection was
found rather stable at 90–120min postinjection (Figure 3).
PET/CT imaging demonstrated intense accumulation of both
68Ga-chloride and 68Ga-citrate in osteomyelitic tibias in
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Table 1: Ex vivo analysis of tracer accumulation reported as SUV.
68Ga-citrate 68Ga-chloride [10]

Osteomyelitis Bone healing Osteomyelitis Bone healing
Blood 1.0 ± 0.12 0.85 ± 0.41 1.4 ± 0.17 1.2 ± 0.15
Muscle, operated side 0.14 ± 0.054 0.12 ± 0.055 0.075 ± 0.032 0.055 ± 0.039
Muscle, control side 0.14 ± 0.081 0.13 ± 0.087 0.10 ± 0.057 0.071 ± 0.033
Bone, operated side 0.70 ± 0.13 0.19 ± 0.093 0.48 ± 0.19 0.28 ± 0.10
Bone, intact control 0.42 ± 0.081 0.18 ± 0.088 0.24 ± 0.044 0.31 ± 0.11
Operated bone-to-muscle 7.0 ± 4.9 1.7 ± 0.67 6.7 ± 1.2 5.6 ± 1.8
Operated bone-to-blood 0.70 ± 0.13 0.23 ± 0.033 0.36 ± 0.055 0.25 ± 0.074
Operated bone-to-intact bone 1.7 ± 0.21 1.1 ± 0.13 1.9 ± 0.56 0.92 ± 0.21
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Figure 3: Time-activity curves for 68Ga-citrate and 68Ga-chloride
accumulation at the site of induced osteomyelitis in rat tibia
as determined by in vivo PET/CT imaging. The line represents
the mean value of two animals. The radioactivity concentration,
expressed in SUV, has been decay-corrected to the time of injection.

comparisonwith the contralateral intact bone or animalswith
uncomplicated bone healing (Figure 4).

The SUVmax of 68Ga-chloride and 68Ga-citrate in the
osteomyelitic tibias (3.6 ± 1.4 and 4.7 ± 1.5, respectively,
𝑃 = 0.0017 between them) were significantly higher (𝑃 =
0.0019 and 𝑃 = 0.0020, respectively) than in the tibias
with uncomplicated bone healing (2.7 ± 0.44 and 2.5 ± 0.49,
respectively, 𝑃 = 0.60 between them; Figure 5).

Furthermore, the corresponding SUVmax ratios were sig-
nificantly higher in the osteomyelitic animals (osteomyelitis-
to-intact bone ratio 1.8 ± 0.32 and 2.2 ± 0.76, respectively)
than in the animals with healing bone-defects (operated-to-
intact bone ratio 1.2 ± 0.18 and 1.4 ± 0.25, respectively) for
both 68Ga-chloride and 68Ga-citrate (𝑃 = 0.012 and 𝑃 =
0.0011, respectively) (Figure 4). In the animals with healing
bone-defects, no statistically significant difference was found
between the SUVmax ratios (𝑃 = 0.22, Figure 5).

3.3. Osteomyelitic Changes Determined Using pQCT. In
pQCT imaging, the group of animals with S. aureus

(52/52A/80) infection showed signs consistent with bone
infection, characterised by cortical bone destruction with
circumferential periosteal reaction, reactive endosteal new
bone, and sequestrum formation. Animals with healing
bone-defects showed diminution of the defect, representing
cortical bone healing with no signs of infection.

3.4. Ex Vivo Analysis of 68Ga-Citrate Accumulation and Com-
parison with Previously Published 68Ga-Chloride Results. The
ex vivo measurements of retrieved tissues correlated closely
with the results of the in vivo PET imaging (Table 1). In
the ex vivo analysis of 68Ga-citrate accumulation, an intense
uptake was seen in osteomyelitic tibias in comparison with
the contralateral intact bone (𝑃 < 0.0001; Table 1). In the
control group, there was no statistically significant difference
in 68Ga-citrate uptake between the operated and contralateral
bones.

The accumulation of 68Ga-citrate was significantly (𝑃 <
0.0001) higher in the osteomyelitic group than in the control
group of animals with healing bone-defects (Table 1). In the
control group, there was no statistically significant difference
in 68Ga-citrate uptake between the operated bone and con-
tralateral bone.

There was no statistically significant difference in 68Ga-
citrate accumulation in retrieved samples from blood, mus-
cle, heart, lungs, spleen, kidney, and liver between the animals
with induced osteomyelitis and animals with healing bone-
defects.

Corresponding with the in vivo PET results, a signifi-
cantly (𝑃 = 0.0027) higher 68Ga-citrate SUV-uptake was
found in osteomyelitic tibias in comparison with 68Ga-
chloride uptake. Similarly, a significant increase (𝑃 = 0.0026)
in 68Ga-citrate uptake was seen in the healthy control tibias of
the osteomyelitic animals in comparison with 68Ga-chloride
uptake.

4. Discussion

The purpose of this study was to compare the feasibility
of 68Ga-citrate and 68Ga-chloride PET/CT imaging under
standardized experimental models of S. aureus osteomyelitis
and uncomplicated bone healing. There is a clinical need
for more specific and early detection of bacterial infection
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Figure 4: Representative transaxial PET, CT, and combined PET/CT images of 68Ga-citrate and 68Ga-chloride accumulation at the site of
induced osteomyelitis and healing bone-defects at 2 weeks after surgery. In each animal, the left tibia (on the right) underwent surgery for
induction of infection or the creation of a surgical defect to represent uncomplicated bone healing, with the contralateral intact bone (on the
left) serving as the control.

after bone surgery. A tracer capable of differentiating between
the physiological healing processes occurring in low-grade
inflammation and early bacterial infection would therefore
be highly beneficial. 18F-FDG is a gold standard for PET
imaging, but it is not specific for infection and inflammation.
There are high expectations for novel tracers for the imaging
of infection, with studies applying them in both patients and
experimental models, with the objective of increasing the
specificity of PET imaging [13, 26–30]. However, to date,
none of the published novel imaging agents for infection
imaging have been accepted for widespread clinical use. Only
a few 68Ga-labelled radiopharmaceuticals are in everyday
use, although their potential applications are under extensive
research [13, 31–34].

Nanni and coworkers [35] published promising results on
the evaluation of bone infections with 68Ga-citrate PET/CT.
It has been shown that the image qualities of 68Ga (𝛽+ decay
90%, 𝐸𝛽+max 2.91MeV, 𝑇1/2 68 minutes) and 18F tracers (𝛽+

decay 97%, 𝐸𝛽+max 0.64MeV, 𝑇1/2 110 minutes) are almost
equal [32, 35, 36]. 68Ga has a rather high positron energy and
it could be expected that this would result in a lower spatial
resolution in comparison with 18F. However, both com-
putational analyses and experimental measurements have
demonstrated that the image qualities are equal [37, 38].

Another advantage of 68Ga over 18F is the lower effective dose
of ionizing radiation [38, 39].

When 68Ga-chloride is neutralized with 1M sodium
hydroxide, 68Ga is rapidly hydrolyzed. Depending on the pH
and concentration, in an aqueous solution 68Ga occurs in
a form of soluble anion called gallate, 68Ga(OH)4

−, and/or
the insoluble neutral hydroxide 68Ga(OH)3. After rapid i.v.
administration to the vascular system, the radioactivity can
be distributed in the blood circulation as free 68Ga or 68Ga
bound to transferrin, ferritin, or lactoferrin [40]. The free
68Ga can be directly taken up by siderophores, which are low
molecular weight chelates produced by bacteria, and which
have a high affinity for gallium. The citrate is only a weak
chelator in vivo, and after i.v. injection of 68Ga-citrate, 68Ga
is rapidly released, hydrolyzed, and bound to transferrin and
other plasma proteins. However, it is assumed that only a
soluble gallate 67Ga(OH)4

− is formed in vivo because the
citrate is able to prevent precipitation of 67Ga(OH)3 [41].

The accumulation of gallium in inflammatory or infec-
tious sites is partly due to the increased capillary perme-
ability associated with inflammatory reactions; gallium exits
the vascular network and is trapped in the extravascular
compartment [11]. As an iron analogue, it binds to circulating
transferrin, and via transferrin receptors, accesses cells and
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Figure 5: Quantification of 68Ga-citrate and 68Ga-chloride PET/CT imaging at 2 weeks after surgery. Bar graphs represent mean SUVmax
values (±SD) (a) and SUVmax ratios, that is, operated bone-to-intact bone (b) (𝑛 = 8).

evolves to a highly stable state [12]. Gallium is able to
bind to activated lactoferrin in neutrophils, and to bacterial
siderophores [13], and uptake in macrophages has also been
demonstrated [15, 16]. Also, a direct bacterial uptake pattern
of gallium has been reported [17].

In our previous study, we evaluated the uptake patterns
of 68Ga-chloride and 18F-FDG in S. aureus osteomyelitis
and uncomplicated bone healing at 2 weeks after surgery
[10]. 68Ga-chloride was initially chosen for this further study,
as a promising accumulation was seen in dynamic PET
imaging when it was used as a control in a 68Ga-labelled
oligonucleotide study [34]. Additionally, 68Ga-chloride was
readily available at the Turku PET Centre through a relatively
simple cyclotron independent manufacturing process. The
accumulation of 68Ga-chloride in the infected bone area was
high 90 minutes after intravenous injection into rats, and
therefore allowed rapid infection imaging.The accumulation
kinetics of 68Ga-chloride and 68Ga-citrate at the site of
infected bone appeared similar and rather stable during
90–120min (Figure 3). According to ex vivo gamma counting
of excised tissue samples, the operated bone-to-intact bone
ratio of 68Ga-chloride was significantly higher than that of
68Ga-citrate. By in vivo PET/CT, however, the difference
between tracers was the other way around; the correspond-
ing SUV ratio with 68Ga-citrate was higher. The difference
between ex vivo and in vivo PET results may at least party
be explained by the different accumulation times.The 20min

68Ga-citrate PET acquisition started 120min after injection
while accumulation time after 68Ga-chloride injection was
shorter, 90min. Also, ex vivo analyseswere performed 90min
after 68Ga-chloride or 68Ga-citrate injection.

5. Conclusions

Our results revealed that 68Ga-citrate may be superior to
68Ga-chloride for PET imaging of osteomyelitis in postoper-
ative situations and further support its use for such imaging.
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Background. In rheumatoid arthritis, articular inflammation is a hallmark of disease, while the involvement of extra-articular tissues
is less well defined. Here, we examined the feasibility of PET imaging with the macrophage tracer [18F]fluoro-PEG-folate, targeting
folate receptor 𝛽 (FR𝛽), to monitor systemic inflammatory disease in liver and spleen of arthritic rats before and after methotrexate
(MTX) treatment. Methods. [18F]Fluoro-PEG-folate PET scans (60min) were acquired in saline- and MTX-treated (1mg/kg, 4x)
arthritic rats, followed by tissue resection and radiotracer distribution analysis. Liver and spleen tissues were stained for ED1/ED2-
macrophage markers and FR𝛽 expression. Results. [18F]Fluoro-PEG-folate PET and ex vivo tissue distribution studies revealed a
significant (𝑝 < 0.01) 2-fold lower tracer uptake in both liver and spleen of MTX-treated arthritic rats. Consistently, ED1- and
ED2-positive macrophages were significantly (𝑝 < 0.01) decreased in liver (4-fold) and spleen (3-fold) of MTX-treated compared
with saline-treated rats. Additionally, FR𝛽-positive macrophages were also significantly reduced in liver (5-fold, 𝑝 < 0.005) and
spleen (3-fold, 𝑝 < 0.01) of MTX- versus saline-treated rats. Conclusions. MTX treatment reduced activated macrophages in liver
and spleen, as markers for systemic inflammation in these organs. Macrophage PET imaging with [18F]fluoro-PEG-folate holds
promise for detection of systemic inflammation in RA as well as therapy (MTX) response monitoring.

1. Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory dis-
ease involving mainly the synovium of the joints, although
other tissue/organ involvement has been recognized [1, 2].
Extra-articular manifestations occur in active and severe
RA, including skin, eye, heart, lung, renal, nervous, and
gastrointestinal systems [3, 4]. Therefore, early detection and
treatment of systemically affected organs in RA could benefit
in achieving predefined low disease activity and remission
[5, 6]. To this end, in a preclinical setting, animal models

of arthritis may serve a valuable tool for imaging (extra)
articular and nonarticular inflammation and for monitoring
the response to therapeutic interventions.

Many experimental animal models have been exploited
to unravel the pathophysiology of inflammatory arthritis [7–
12]. However, in most of these studies the primary research
focus was on disease pathways and immune cells of the
synovium rather than extra-articular manifestations. Also,
depending on the modality and time frame of arthritis
induction, extra-articularmanifestations were notmonitored
or underreported.
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Macrophages are known to play central role in RA
disease progression [13]. Several studies have shown a direct
correlation between disease remission and lower numbers of
macrophage infiltration incidents into the synovium [14–16].
In patients, tissue resident macrophages in macrophage-rich
organs such as liver and spleen may also be involved in extra-
articular inflammation in RA [17]. Recent studies indicated
that up to 50% of RA patients were reported with abnormal
liver symptoms, including elevated alkaline phosphatase and
small foci of necrosis and fatty liver [18]. Moreover, liver resi-
dentmacrophages in an animalmodel were implicated in reg-
ulating chronic inflammation of arthritis through interacting
with synovial phagocytes [19]. Not limiting to liver, spleen has
also been reported in systemic inflammation in RA. Studies
have shown manifestations of spleen enlargement and histo-
logical changes in either early or longstanding RA [20, 21].

Macrophage Positron Emission Tomography (PET) has
been proposed as a noninvasive modality to monitor disease
activity and therapy response in the whole body [22]. Beyond
the prototypical macrophage tracer [11C]-PK11195, targeting
the translocator protein (TSPO) on activated macrophages,
second-generation TSPO tracers showed improved prop-
erties over [11C]-PK11195 to visualize arthritis [23]. Other
interesting macrophage PET tracers to visualize arthritis
are 4-[18F]-fluorophenylfolate, [68Ga]-DOTA-folate [24], and
[18F]fluoro-PEG-folate [25]. These folate-based tracers bind
with high affinity to folate receptor 𝛽 (FR𝛽) expressed on
activated macrophages [26–28]. FR𝛽 is also of interest from a
therapeutic perspective as it can bind and internalize antifo-
lates and folate-conjugated antiarthritic therapeutics [26–31].

Recently we reported that the macrophage tracer
[18F]fluoro-PEG-folate allowed visualizing arthritis in the
inflamed knee joints of arthritic rats and also was able to
monitor the response to the anchor drug in RA therapy,
methotrexate (MTX) [32]. In the present study we extend
on these observations by exploiting [18F]fluoro-PEG-folate
PET to monitor potential systemic inflammation in liver and
spleen of arthritic rats before and after MTX therapy, hypo-
thesizing that MTX therapy also impacts systemic inflam-
matory effects in the organs. These studies were comple-
mented with histological and immunofluorescence assess-
ment of macrophage infiltration in liver and spleen.

2. Materials and Methods

2.1. Animals. The European community council directives
2010/63/EU for laboratory animal care and the Dutch law on
animal experimentation criteria were fulfilled for performing
the animal experiments. Wister rats (male, 150–200 grams,
Charles River International Inc., Sulzfeld, Germany) were
provided with standard food, water (ad libitum), and con-
ditions as described previously [32]. The local committee on
animal experimentation of theVUUniversityMedical Center
(DECPET13-07) validated and approved experimental proto-
cols.

2.2. Arthritic Induction andTherapeutic Interventions. Wistar
rats were immunized [33] and arthritis was induced via

4x intra-articular (i.a.) methylated bovine serum albumin
(mBSA) injections, 4 or 5 days apart in the arthritic (right)
knee with the contralateral (left, nonarthritic) knee serving
as control knee essentially as described before [33]. Rats were
anesthetized during immunization and arthritic induction
using inhalation anesthetics (isoflurane: 2–2.5% and oxygen:
1 L/min).

After the last i.a. injection the rats (𝑛 = 4/group) were
treated 4x (d0, d7, d14, and d21) either with saline (500𝜇L,
intraperitoneal (i.p.) injection) or with MTX (VU University
Medical Centers’ Pharmacy) (i.p.) at 1.0mg/kg. Healthy rats
(nonarthritic) (𝑛 = 3) did not receive either arthritic induc-
tion or therapeutic interventions [32].

Six days after the last saline or MTX treatment,
[18F]fluoro-PEG-folate PET scans were performed, immedi-
ately after which rats were sacrificed and tissues were excised
for further processing and various analyses described here-
after.

2.3. [18F]Fluoro-PEG-Folate andPET. [18F]fluoro-PEG-folate
was synthesized as previously described [25], with a radio-
chemical purity of >97% and mean specific activity of
49.7 ± 2.1GBq/𝜇mol. Saline- and MTX-treated arthritic
rats were anesthetized using inhalation anaesthetics (isoflu-
rane: 2–2.5% and oxygen: 1 L/min). The jugular vein was
cannulated with a polyurethane 3-French cannula (0.7mm
× 19mm, BD Angiocath, Breda, Netherlands). During all
procedures body temperature, heartbeat, respiratory rate, and
blood oxygen saturation were monitored continuously using
a rectal temperature probe and a pulse oxygen meter with
SpO
2
sensor. Anesthetized rats (𝑛 = 2, from saline- and

MTX-treated groups) were positioned in a high resolution
research tomograph (HRRT) (Siemens/CTI, Knoxville, TN,
USA) and [18F]fluoro-PEG-folate (20.5 ± 3.4MBq) was
administered i.v. through the cannula and a dynamic PET
scan was acquired for 60min. Next, PET scans were normal-
ized (for scatter, random, attenuation, decay, and dead time)
and reconstructed as described before [25]. AMIDE software
(version 0.9.2) [34] was used to analyse the images and data
were expressed as standardized uptake values (SUV).The last
framewas used tomanually draw fixed size ellipsoidal shaped
ROI over the area of liver and spleen (dimensions: 4 × 4 ×
4mm3) and arthritic and contralateral knees (dimensions: 7
× 4 × 7mm3). The ROI for knees was drawn on top of the
knee area [25] whereas, for liver and spleen, first a dotted line
was drawn to represent the organ and then ROI was drawn
approximately at the same spot in the saline- and MTX-
treated rats. Through projecting ROIs onto the dynamic
image sequence the time activity curve (TAC) was generated.
TACs were expressed as standardized uptake values (SUV),
that is, mean ROI radioactivity concentration normalized to
injected dose and body weight.

2.4. Ex Vivo Tissue Distribution Studies. Rats (saline (𝑛 = 4),
MTX (𝑛 = 4)) were sacrificed sixty minutes after [18F]fluoro-
PEG-folate tracer administration [33]. Upon sacrificing, the
knees, liver, and spleen were excised, rinsed, dipped dry,
weighed, and the amount of radioactivity determined using
an LKB 1282 Compugamma CS gamma counter (LKB,
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Wallac, Turku, Finland). Tissue radioactivity was expressed
as percentage of the injected dose per gram tissue (%ID/g).

2.5. Histopathology and Immunohistochemistry. The liver and
spleen sections from all rats (𝑛 = 3 for healthy rats and 𝑛 = 4
for saline- and MTX-treated rats) were fixed in 4% neutral
buffered paraformaldehyde for 24 h before embedding in
paraffin wax. Sections of 5 𝜇m were cut and stained initially
with haematoxylin and eosin and then with an ED1 (homolo-
gous to human CD68), ED2 (homologous to human CD163),
or isotype control antibody [32]. ED2/CD163 serves asmarker
for M2-type (anti-inflammatory) macrophages. Images were
captured using a Leica 4000B microscope and Leica digital
camera DC500 (Microsystems B.V. Rijswijk, Netherlands).

2.6. FR𝛽 Immunofluorescence and Microscopy (Frozen Rat
Tissue). At the end of the study, liver and spleen tissues were
collected from healthy rats (𝑛 = 3) and saline- and MTX-
treated rats (𝑛 = 4) and snap frozen in liquid nitrogen
and stored at −80∘C. Tissues were embedded in appropriate
media (OCT; SKU4583, Tissue-Tek, Netherlands) and were
cut using cryotome (−20∘C) (Leica, Netherlands) and placed
on Superfrost (4951PLUS4,ThermoFisher, Netherlands) glass
slides for immunofluorescence (IF) staining. Sections of 8𝜇m
were cut and stained with haematoxylin and eosin, and
staining for FR𝛽-positivemacrophages was performed with a
mouse anti-rat FR𝛽 antibody [29] or isotype control antibody.

For immunostaining, liver and spleen tissue sectionswere
first brought to room temperature (RT) for 30min, fixed
in acetone (439126, Sigma-Aldrich, Netherlands) for 10min
at −20∘C, and air-dried for 10min at RT. A DAKO pen
was used to mark the sections (S2002, DAKO, Santa Carla,
CA, USA) which were subsequently washed 3x with PBS
on a shaker. Next, sections were incubated with 100% fetal
bovine serum (FBS) for 30min at RT to avoid nonspecific
binding and washed again in PBS (3 × 5min). Thereafter,
sections were incubated with mouse anti-rat FR𝛽 IgM (final
concentration 1𝜇g/ml) or isotype control IgM (ab35768,
Abcam, Cambridge, UK; final concentration 1𝜇g/ml) in 10%
FBS/PBS for 24 hours at 4∘C or with 10% FBS/PBS. After
washing (3 × 5min in PBS on a shaker), sections were incu-
bated with goat-anti-mouse Alexa 488 ((final concentration
1 𝜇g/ml) (A21042) ThermoFisher Scientific, Netherlands) in
10% FBS/PBS, washed (3 × 5min in PBS on a shaker),
air-dried, and mounted with 2 𝜇l of MOWIOL mounting
medium (81381, Merck, Zwijndrecht, The Netherlands). The
2D IF slides were imaged with a Zeiss Axiovert 200M Mar-
ianas� inverted microscope (40x oil-immersion lens). The
microscope, camera, and data processing were controlled by
SlideBook� software (SlideBook version 6 (Intelligent Imag-
ing Innovations, Denver, CO)) as described previously [35].

2.7. Quantification of Macrophages. The identity of all stained
slides was hidden from and counted by two independent
observers for FR𝛽 and ED1- and ED2-positive macrophages.
For quantification, representative areas of liver and spleen
sections were divided into 4 regions and counted at
400x magnification for FR𝛽 and ED1- and ED2-positive

macrophages in the saline- and MTX-treated rats. The aver-
age numbers of macrophages per area from all four regions
were combined and depicted as total numbers of FR𝛽, ED1,
or ED2 macrophages.

2.8. Statistical Analysis. Statistical analysis was performed
using SPSS (version 15) for Windows (SPSS Inc., Chicago, IL,
USA). Mann–Whitney (exact) tests were performed to anal-
yse differences in tracer uptake (tissue distribution) macro-
phage infiltration in saline- versus MTX-treated groups. A
𝑝 value < 0.05 was considered as statistically significant. All
results are presented as mean ± standard deviation (SD).

3. Results and Discussion

3.1. Arthritis Induction and MTX Therapeutic Interventions.
Upon arthritic induction all rats showed macroscopic thick-
ening of the arthritic knee compared with the contralateral
control knee (data not shown). As shown earlier, arthritis
induction was well tolerated and allowed a window for
therapeutic intervention with MTX, which was also well
tolerated and not associated with any adverse effects [32].

3.2. [18F]Fluoro-PEG-Folate PET. In a recent study we
showed that imaging with themacrophage tracer [18F]fluoro-
PEG-folate could visualize decreased accumulation of the
tracer in the knee joints of arthritic rats treated withMTX. In
the present study, we particularly focussed on macrophage-
rich organs such as liver and spleen for their potential
involvement in systemic inflammation and the impact of
MTX therapy upon this. The coronal PET images visualized
higher tracer uptake in liver and spleen of the saline-treated
arthritic rats (Figure 1(a)) compared to the MTX-treated rats
(Figure 1(b)). Standard uptake values (SUV) of [18F]fluoro-
PEG-folate were quantified for liver and spleen with ROIs
(colored ellipsoid) demonstrating decreased liver (1.5-fold)
(Figure 1(c)) and spleen (2-fold) (Figure 1(d)) tracer uptake in
MTX-treated compared to saline-treated rats. The relatively
high uptake in the intestinal area, kidney, and bladder was
due to the known clearance of the folate tracer [25, 32].
The MTX treatment results showed that, beyond knee joints,
folate tracer binding is also inhibited by methotrexate in
the extra-articular tissues, liver, and spleen, which suggests
local anti-inflammatory effects on macrophage activity as
part of systemic inflammation in these organs. These results
are consistent with data from another arthritic rat model
wherein [99mTc]-EC20 folate scans also showed increased
tracer uptake in liver and spleen [36] as compared to healthy
rats. The increased tracer uptake in liver and spleen in
arthritic rats coincided with increased tissue FR levels as
measured by [3H]folic acid binding studies. Notably, a clinical
study with [18F]-FDG, an indicator of active metabolism, in
patients with collagen vascular disease-associated arthritis
also showed significantly increased tracer uptake in the
spleen, pointing to its inflammatory involvement [37]. In
a clinical study in RA patients with [99mTc]-EC20 folate,
articular inflammation as well as liver and spleen involve-
mentwere demonstrated [38], further corroborating systemic
inflammatory effects in arthritis.
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Figure 1: Representative coronal PET images of [18F]fluoro-PEG-folate in (a) saline-treated (𝑛 = 2) and (b)MTX-treated (𝑛 = 2) rats.Orange
ellipsoid: ROI drawn around the synovium of the knee joint, liver (white arrow), spleen (red arrow), and arthritic (right (R); yellow arrow) and
contralateral knees (left (L)) depicted on each image. Spleen and liver areas are indicated by dashed lines. Standardized uptake value (SUV)
scale bar fromminimum 0 to maximum 1 represents the uptake of the tracer. Clearance organs intestine (I) and bladder (B) are also depicted.
[18F]Fluoro-PEG-folate uptake is expressed as SUV (±SD) in (c) liver and (d) spleen of the saline- and MTX-treated group.

3.3. Ex Vivo Tissue Distribution Studies. To further establish
the usefulness of therapeutic monitoring of systemic inflam-
mation via [18F]fluoro-PEG-folate PET and regular MTX
treatment (the anchor drug in RA), ex vivo tissue distribution
studies were performed on selected tissues 60 minutes after
tracer injection. In excised liver and spleen sections of MTX-
treated rats, tracer uptake was significantly 3- and 16-fold
lower (𝑝 < 0.01 and 𝑝 < 0.001), respectively, compared to
the saline-treated rats (Figure 2). For comparison, previously
reported tracer uptake in liver and spleen of healthy rats
was ∼1.4-fold lower [32] than in arthritic rats also pointing
at presence of systemic inflammation/macrophage activity
in liver and spleen. The markedly lower tracer uptake (5-
fold, 𝑝 < 0.01) in the MTX-treated arthritic rat knees [32]
is depicted as a reference (Figure 2). Plasma levels of
[18F]fluoro-PEG-folate were low and comparable between
both groups. Uptake of [18F]fluoro-PEG-folate in kidney
(2.92±0.33 versus 3.34±0.63%ID/g) and intestine (1.06±0.49
versus 0.84 ± 0/56%ID/g) is not significantly altered after
MTX therapy. This is consistent with the notion that kidney
constitutively expresses another FR isoform (i.e., FR𝛼, impli-
cated in renal retention of folates) [32].

It is of importance to note that tissue distributions data
were obtained 6 days after the last MTX administration; thus
it is unlikely that lowered tracer uptake is due to FR𝛽 blocking
by MTX as residual plasma levels of MTX will be very low
(<10 nM) at that stage [32]. Moreover, [18F]fluoro-PEG-folate
binding affinity towards FR𝛽 outweighs MTX by at least 2-3
orders of magnitude [25, 27].

Together, PET and tissue distribution data illustrate that
MTX treatment has a marked effect on macrophage tracer
uptake in liver and spleen of arthritic rats.

3.4. Effect of MTX on Systemic Macrophage Infiltration. To
extend on the PET and ex vivo tissue distribution data
with [18F]fluoro-PEG-folate, the level of macrophage infil-
tration was examined in saline-treated and MTX-treated
rats. Macrophage numbers were quantified in liver and
spleen sections of saline-treated versus MTX-treated rats by
immunohistochemical assessment of the abundance of total
ED1-positive macrophages and ED2-positive macrophages,
the latter, as CD163 homologue, serving as a proposedmarker
for anti-inflammatory macrophages. Figures 3 and 4 show
representative images of ED1- and ED2-positivemacrophages
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treated (𝑛 = 4) rats at 60min after tracer injection. Results expressed as mean percentage injected dose per gram (%ID/g). Error bars indicate
SD. 𝑝 < 0.01 and 𝑝 < 0.001.
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Figure 3: Representative immunohistochemical (HE) images of ED1+ and ED2+ macrophages in liver sections of healthy (𝑛 = 3) (ED1 and
ED2), saline-treated (𝑛 = 4), and MTX-treated (𝑛 = 4) rats. ((a), (b)) Images represent ED1+ macrophages in the liver of saline-treated and
MTX-treated rats, respectively. ((c), (d)) Isotype control stained liver sections of saline-treated and MTX-treated rats, respectively. ((e), (f))
Images of ED2+ macrophages in the liver of saline-treated and MTX-treated rats, respectively. ((g), (h)) Images of isotype control stained
liver sections of saline-treated and MTX-treated rats, respectively. ((i), (j)) Bar graph representations of quantifications of ED1+ and ED2+
macrophages in liver of healthy, saline-treated, and MTX-treated rats. Values depict mean numbers of macrophages counted in predefined
areas of the liver. Error bars indicate SD. 𝑝 < 0.01.
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Figure 4: Representative immunohistochemical (HE) images of ED1+ and ED2+ macrophages in spleen sections of healthy (𝑛 = 3) (ED1 and
ED2), saline-treated (𝑛 = 4), and MTX-treated (𝑛 = 4) rats. ((a), (b)) Images represent ED1+ macrophages in the spleen of saline-treated and
MTX-treated rats, respectively. ((c), (d)) Isotype control stained spleen sections of saline-treated andMTX-treated rats, respectively. ((e), (f))
Images of ED2+ macrophages in the spleen of saline-treated and MTX-treated rats, respectively. ((g), (h)) Images of isotype control stained
spleen sections of saline-treated and MTX-treated rats, respectively. ((I), (J)) Bar graph representations of quantifications of ED1+ and ED2+
macrophages in spleen of healthy, saline-treated, and MTX-treated rats. Values depict mean numbers of macrophages counted in predefined
areas of the spleen. Error bars indicate SD. 𝑝 < 0.01.

in liver and spleen sections. In liver and spleen of arthritic rats
the numbers of ED1- andED2-positivemacrophageswere∼5-
fold higher (𝑝 < 0.01) than those of healthy rats.

For both ED1- and ED2-positivemacrophages in liver and
spleen, a marked decrease inmacrophage infiltration is noted
for MTX treatment compared to saline-treated rats. This was
confirmed by a significantly (4-fold,𝑝 < 0.01) lower numbers
of ED1- and ED2-positive macrophages in the liver of MTX-
treated rats (Figures 3(i) and 3(j)), compared to saline-treated
rats. Similarly, spleen sections of MTX-treated rats revealed
significantly (3-fold, 𝑝 < 0.01) lower quantifications of ED1-
and ED2-positive macrophages, compared to saline-treated
rats (Figures 4(i) and 4(j)). Antibody control stained liver
and spleen sections were clearly negative for both ED1- and
ED2-positive macrophages (Figures 3(c), 3(d), 3(g), 3(h),
4(c), 4(d), 4(g), and 4(h)). It is of interest to note that MTX
impacted the infiltration of both ED1 and ED2 macrophage

in liver and spleen of arthritic rats. For ED2 macrophages
this may be counterintuitive given their assigned anti-
inflammatory phenotype [13]. However, in the context of
RA, recent evidence suggests that M2 macrophages can be
skewed to produce proinflammatory cytokines [39], which
can shift the balance of M2 to a more M1 phenotype. An
alternative explanation could be that theMTX impacts circu-
lating proinflammatory subsets of FR𝛽 expressing circulating
monocytes [40] to suppress overall infiltration and polar-
ization of macrophages in arthritic knees, liver, and spleen.
Unravelling the exact mechanism of action of how MTX
impairs macrophage infiltration awaits further research.

3.5. Effect of MTX on FR𝛽-Positive Macrophages. FR𝛽-
positive synovial macrophages were shown to be highly
infiltrated in the synovium of RA patients [27]. Given that
[18F]fluoro-PEG-folate binds to FR𝛽 [25], we examined the
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Figure 5: Representative immunofluorescence images of FR𝛽+macrophages in liver sections of healthy (𝑛 = 3) and saline- (𝑛 = 4) andMTX-
treated (𝑛 = 4) rats. ((a), (b)) Images represent FR𝛽+ macrophages in the liver of saline-treated and MTX-treated rats, respectively. ((c), (d))
Isotype control stained liver sections of saline-treated and MTX-treated rats, respectively. (e) Bar graph representation of quantifications of
FR𝛽+ macrophages in liver of saline-treated andMTX-treated rats. Values depict mean numbers of macrophages counted in predefined areas
of the liver. Error bars indicate SD (blue color: DAPI (nucleus staining); green color: FR𝛽 staining). 𝑝 < 0.01.

expression of FR𝛽 in liver and spleen sections of saline-
treated and MTX-treated arthritic rats to verify the data of
the PET and tissue distribution studies. In liver and spleen of
arthritic rats the number of FR𝛽-positive macrophages was
significantly (𝑝 < 0.01) higher than those of healthy rats.

Representative immunofluorescence images of FR𝛽
expression in cryosections of liver (Figures 5(a)–5(d)) and
spleen (Figures 6(a)–6(d)) after saline and MTX therapeutic
interventions revealed a markedly lower FR𝛽 expression
in both liver and spleen of MTX-treated versus saline-
treated rats. This was confirmed by quantitative assessments
showing significant 5-fold (𝑝 < 0.005) and 3-fold (𝑝 < 0.01)
lower numbers of FR𝛽-positive macrophages in the liver
(Figure 5(e)) and spleen (Figure 6(e)) of MTX-treated rats.
The FR𝛽 levels in MTX-treated rats approximated FR𝛽-
positivemacrophages in liver and spleen of healthy rats. Anti-
body control stained liver and spleen sections were negative
(Figures 5(c), 5(d), 6(c), and 6(d)). Results for FR𝛽 staining
were consistent with ED1 and ED2 stainings (Figures 3
and 4). Together, these results underscore that macrophage

infiltration in liver and spleen is implicated in inflammation
and response to therapy, similar to that shown for RA
synovium in patients [14–16].

In addition to MTX, antiarthritic effects elicited through
FR𝛽 targeting have been reported for folate-conjugated
immunotoxins [29] and various folate-conjugated drugs
[30, 41, 42]. Since FR𝛽 is primarily expressed on activated
macrophages [27, 28], microenvironmental conditions in
liver and spleen will be of importance for FR𝛽 expression and
macrophage polarization. FR𝛽 expression has been reported
on both M1- and M2-type macrophages [43], and in rat
RA synovium FR𝛽 expression has been also observed on a
mixed M1- and M2-type [44]. As indicated above, in the RA
microenvironment with circulating complex IgG autoanti-
bodies and/or ACPA antibodies, FR𝛽 expressing activated
macrophages can release proinflammatory cytokines [39, 45]
and thus be a bona fide target.More detailed investigations on
the specific polarization and phenotypic properties of FR𝛽-
expressing tissue macrophages in liver and spleen may assist
optimal targeting of this receptor for imaging and therapeutic
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Figure 6: Representative immunofluorescence images of FR𝛽+ macrophages in spleen sections of healthy (𝑛 = 3) and saline- (𝑛 = 4)
and MTX-treated (𝑛 = 4) rats. ((a), (b)) Images represent FR𝛽+ macrophages in the spleen of saline-treated and MTX-treated rats,
respectively. ((c), (d)) Isotype control stained spleen sections of saline-treated andMTX-treated rats, respectively. (e) Bar graph representation
of quantifications of FR𝛽+ macrophages in spleen of saline-treated and MTX-treated rats. Values depict mean numbers of macrophages
counted in predefined areas of the spleen. Error bars indicate SD. (blue color: DAPI (nuclear staining); green color: FR𝛽 staining). 𝑝 < 0.01.

exploitations. These premises do not only hold for arthritis
but also for cancer [46].

4. Conclusion

MTX treatment reduced activated macrophages in liver and
spleen, as markers for systemic inflammation in these organs.
Macrophage PET imaging with [18F]fluoro-PEG-folate holds
promise for detection of systemic inflammation in RA as well
as therapy (MTX) response monitoring.

Abbreviations

RA: Rheumatoid arthritis
mBSA: Methylated bovine serum albumin
MTX: Methotrexate
HRRT: High resolution research tomography
PEG: Polyethylene glycol
SD: Standard deviation
%ID/g: Percentage of the injected dose per gram
i.a.: Intra-articular
FR𝛽: Folate Receptor 𝛽

ROI: Region of interest
EC20: A folate-linked chelator of 99mTc.

Conflicts of Interest

The authors declare that they have no conflicts of interest
regarding the publication of this article.

Authors’ Contributions

Durga M. S. H. Chandrupatla contributed to the acquisition,
analysis, and interpretation of the data and drafted the
manuscript. Elise Mantel was involved in all in vitro studies.
Carla F. M. Molthoff, Gerrit Jansen, and Conny J. van der
Laken were involved in the design of the study, contri-
buted to the interpretation of the data, and critically revised
the manuscript. Adriaan A. Lammertsma contributed to the
interpretation of the PET data and critically revised the
manuscript. Philip S. Low synthesized the PET tracer pre-
cursor and assisted with revision of the manuscript. Albert
D. Windhorst synthesized the folate PET tracer and per-
formed quality controls on the tracer. Takami Matsuyama



Contrast Media & Molecular Imaging 9

provided the mouse anti-rat-folate receptor 𝛽 antibody and
staining protocol and critically revised the manuscript. René
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During the last decade, the utilization of 68Ga for the development of imaging agents has increased considerably with the leading
position in the oncology. The imaging of infection and inflammation is lagging despite strong unmet medical needs. This review
presents the potential routes for the development of 68Ga-based agents for the imaging and quantification of infection and
inflammation in various diseases and connection of the diagnosis to the treatment for the individualized patient management.

1. Introduction

The blossom of 68Ga utilization is reflected in the con-
tinuous rapid growth of the number of basic and clinical
research publications as well as clinical trials and clinical
practice [1–3]. The potential scope of 68Ga-based imaging
agents is rather extensive including ligands specifically tar-
geting receptors, enzymes, and antigens; hapten and effector
molecules involved in pretargeted imaging; small molecules
with biological function to monitor glycolysis, hypoxia, cell
proliferation, and angiogenesis; nontargeting particles of
various sizes for imaging of ventilation and perfusion [4].
The leading clinical application area is oncologywith targeted
imaging of somatostatin receptors (SSTR), prostate specific
membrane antigen (PSMA), integrin receptors, glucagon-
like peptide 1 receptors (GLP1R), gastrin-releasing peptide
receptors (GRPR), human epidermal growth factor receptor
family (HER2), and pretargeted imaging of carcinoembry-
onic antigen (CEA) [1, 3, 5].

The scope of 68Ga-based imaging agents for inflammation
and infection is rather limited despite disease diversity and
magnitude, and strong unmet medical need [1, 4, 6]. How-
ever, the research and development of 68Ga-based tracers
for the diagnosis and discrimination of inflammation and
infection accelerated during last five years [7–19]. Such 68Ga-
based tracers with specific action could also considerably

contribute to drug development. Unfortunately, the failure
rate of new therapeutic drugs, in general, is rather high
and it is a costly process. PET offers advantages such as
possibility of quantifying the target occupancy by the drug
very early in the development in vivo in humans due to
the microdosing concept thus facilitating stratification of
candidate therapeutic drugs.

This review presents the status of the 68Ga-based imaging
agents for inflammation and infection and discusses the
potential routes for the development of the agents and their
connection to the treatment for the individualized patient
management.

2. Infection and Inflammation

Infection is caused by the invasion of such pathogens as bac-
teria, virus, fungi, parasite, or prion. It is a significant cause
of morbidity and mortality globally, especially in children
causing more death than any other disease. Tuberculosis,
malaria, and AIDS stand for about 50% of all lethal cases
claiming 5 million lives and causing 300 million illnesses
each year. Bacterial infection, for example, tuberculosis
and multidrug resistant bacteria, presents diagnostic and
therapeutic challenges [20, 21]. Inflammation is immune
response to microbial invasion or an injury and can either be
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related to the pathogens or be sterile. It can be classified as
acute or chronic, and the latter has been investigated as the
major cause of inflammatory autoimmune, cardiovascular,
neurological, and cancerous diseases.

In order to control infectious diseases and provide effi-
cient treatment, early diagnosis as well as discrimination
between bacterial and sterile inflammation is crucial. The
disease specificity of the diagnostic tools is a desirable
characteristic. Currently available diagnostic means present
some disadvantages. Clinical laboratory tests such as white
blood cell (WBC) counts and C-reactive protein (CRP)
cannot unambiguously distinguish between bacterial and
viral infection and may result in unnecessary treatment
with antibiotics [22]. Radiological imaging techniques such
as magnetic resonance imaging (MRI), X-ray, computed
tomography (CT), and ultrasound are morphological and
rely on the anatomical changes that occur at later stage of
the disease. Moreover, these methods are not specific to
neither inflammation nor infection type. Detection of viral
infection is even more challenging since it does not produce
anatomic changes as bacterial infection does even when the
viral infection is severe.

In contrast to morphological imaging techniques, func-
tional methods such as gamma scintigraphy (Single Pho-
ton Emission Computed Tomography (SPECT) and planar
gamma imaging) and Positron Emission Tomography (PET)
provide fast, whole-body, and noninvasive real time evalu-
ation of physiology and pathology on molecular level early
in disease processes before noticeable changes in anatomical
structure occur. The whole-body examination might be of
great importance especially in cases of occult infection [23].
The respective examinations can be repeated in order to
monitor the treatment outcome resulting in personalized
medicine approach [24–27]. The advantages of PET over
SPECT are intrinsic to the technology and are presented with
higher examination throughput, considerably higher sensi-
tivity, possibility of detection, and quantification of tracer
picomolar amounts as well as tracer uptake kinetics recording
and dynamic image reconstruction [28]. In recent years, the
stand-alone PET scanners have been substituted with hybrid
PET-CT scanners that offer both high sensitivity of functional
PET and temporal/spatial resolution of morphological CT in
one examination. The hybrid PET-MRI scanners have also
entered market providing advantages of MRI over CT in
higher soft tissue contrast and absence of radiation dose to
the patient. PET has demonstrated efficiency and profitability
in individualized patient diagnostics especially in oncology,
and its impact on patient management has been recognized
by Medicare and Medicaid Services [29].

2.1. Common Clinical Imaging Agents for Inflammation and
Infection. There are a few radiopharmaceuticals used in
clinical routine, and they are nonspecific in their action: 67Ga-
Citrate, 99mTc/111In-white blood cells (WBC), and [18F]-fluo-
rodeoxyglucose ([18F]FDG) [30]. They target components of
inflammatory response to injury and infection and accumu-
late in the lesions as a result of an increased blood flow and
enhanced vascular permeability. 67Ga-Citrate presumably

transfers 67Ga to transferrin and lactoferrin that accumulate
at the inflammation site on the cells such as leukocytes and B-
lymphocytes expressing respective receptors [31]. Moreover,
67Ga can be accumulated in the macrophages, bacteria, and
fungi via siderophores. Radiolabelled WBCs accumulate in
the sites of leukocyte infiltration and do not discriminate
infective from sterile inflammation [32]. [18F]FDG accumu-
lates in leukocytes, macrophages, monocytes, lymphocytes,
and giant cells due to upregulation of glucose transporters
[33].
67Ga-Citrate has been in clinical use for imaging of infec-

tion and inflammation for over 40 years. It is applicable, for
example, for the diagnosis of lung infections, acute/chronic
osteomyelitis, tuberculosis, sarcoidosis, and retroperitoneal
fibrosis [34]. However, the specificity of the agent is subopti-
mal with accumulation inmalignancies and bone remodeling
sites as well as bowel excretion pathway. Moreover, radiation
doses to the healthy organs and tissues are unfavorable
and the examination requires several visits to the hospital
with an interval of 1–3 days between radiopharmaceutical
administration and examination.

Radiolabelled autologous WBCs have been used for a
wide range of infections such as peripheral osteomyelitis,
postoperative infection, joint prosthesis infection, diabetic
foot infection, cardiovascular infection, fever of unknown
origin (FUO), opportunistic infection, central nervous sys-
tem infection, musculoskeletal infection, and inflammatory
bowel disease for over three decades. Various labelling tech-
niques using 111In-oxine, 99mTc-sulfur colloids, and 99mTc-
exametazime (HMPAO) have been developed; however the
radiopharmaceutical preparation procedure is complicated
and potentially hazardous for both personnel and patient [21,
30].Moreover, the examination process is very demanding on
the patient [35].

Most nuclear medicine applications worldwide (90%)
stand for diagnostics with leading position for 99mTc-based
radiopharmaceuticals, especially in cardiology [36].Themost
essential contribution to the improvement of the patient
management in oncology has been presented by [18F]-
fluorodeoxyglucose ([18F]FDG)/PET-CT reflecting the ele-
vation of glucose transporter expression in tumour cells,
and providing nearly universal application in the evalua-
tion of various fast growing cancer types. [18F]FDG/PET-
CT stands for over 90% of all PET-CT examinations [37,
38]. [18F]FDG/PET is an established diagnostic means also
in infection and inflammation, and the major indications
for it are FUO, sarcoidosis, peripheral bone osteomyelitis,
suspected spinal infection, metastatic infection, bacteremia,
and vasculitis [33]. However, demand for the imaging agents
towards disease specific targets in cancer and inflamma-
tion/infection is growing [39, 40] since [18F]FDG fails to
detect slowly growing tumours and to discriminate malig-
nancy from sterile inflammation, infection, wound healing,
tuberculosis, sarcoidosis, and reactive lymph nodes [41, 42].
Another disadvantage is high accumulation of [18F]FDG in
healthy organs such as brain and gut resulting in suboptimal
image contrast and consequently potential risk for lesion
detection failure.
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Table 1: Positron-emitting, gamma-emitting, and therapeutic radionuclides, their physical characteristics, and production mode. Adapted
from [4].

Radionuclide Half-life 𝐸max (keV) Radiation Production
Positron emitters

18F 110min 634 𝛽+ (97%) Accelerator
64Cu 12.8 h 656 𝛽+ (19%) Accelerator
68Ga 67.6min 1899, 770 𝛽+ (89%) Generator
89Zr 78.4 h 900 𝛽+ (23%) Accelerator
124I 4.17 d 2100 𝛽+ (23%) Accelerator

Gamma emitters
67Ga 78.26 h 91, 93, 185, 296, 388 𝛾 Accelerator
99mTc 6.0 h 141 𝛾 Generator
111In 67.9 h 245, 172 (0.5–25) 𝛾, Auger electrons Accelerator
123I 13.3 h 159 𝛾 Accelerator

Therapeutic radionuclides
177Lu 6.71 d 113, 208.4 (598) 𝛾 (𝛽−) Reactor

2.2. Unmet Medical Need. Noninvasive and specific diag-
nosis of many inflammatory diseases such as sarcoidosis,
osteomyelitis, inflammatory bowel disease, and rheumatoid
arthritis as well as early and accurate diagnosis of deep-
seated infectious diseases such as septic arthritis, abscesses,
endocarditis, and infections of prosthetics and implants
would benefit patients [20]. Introduction of specific imaging
agents disclosing cellular mechanisms of various diseases
on molecular level would allow improvement in patient
management and treatment outcome. There is a strong need
for specific imaging agents not only for the accurate and
quantitative diagnosis but also for the prognosis, treatment
selection, planning, and adjustment as well as response mon-
itoring as, for example, requirement for a certain antibiotic
and treatment duration. Moreover, the imaging could guide
surgical procedures and monitor implants of medical devices
or transplanted organs [43]. Such imaging guided treatment
would decrease the cost, side effects, and overtreatment
avoiding immune suppression effects in inflammation and
possibly reducing the problem of antimicrobial resistance by
the termination of an accomplished successful treatment as
early as possible. There are potential challenges in targeting
both components of inflammatory response and microbes
specifically: discrimination between infectious and sterile
inflammation; discrimination between acute and chronic
inflammation; discrimination between various infectious
microorganisms; discrimination between pathogenic bac-
teria and microbiota; targeting specific types of bacteria;
difficulty of accessing bacteria aggregated in a biofilm; and
quantification of reproducing bacteria.

Health care requires further improvement of efficiency,
safety, and quality of treatment with patient personalized
approach that would allow early diagnosis which is a crucial
factor in the reduction of mortality and patient management
cost [81]. The concept of individualized patient management
on molecular level with regard to both diagnostics and
therapy is based on discoveries and success in genomics,
proteomics, and biotechnology. Those achievements also
accelerate the development of various imaging agents, and

the application of molecular imaging diagnostic techniques
is expanding very fast globally contributing considerably to
the realization of personalized medicine.

3. Advantages of 68Ga: Nuclide
Properties and Chemistry

Such radionuclides as 11C, 18F, 64Cu, 68Ga, 89Zr, 99mTc, 111In,
and 124I are used in various radiopharmaceuticals for diag-
nostic imaging with PET and SPECT (Table 1). With regard
to PET, 18F stands for 41%, 11C stands for 31%, and 64Cu, 68Ga,
89Zr, and 124I stand for 28% of the radiopharmaceuticals [82].
With regard to SPECT, 99mTc and 111In stand, respectively,
for 42% and 29% of the radiopharmaceuticals. As mentioned
above in the field of inflammation and infection gamma
emitting 67Ga, 99mTc, 111In, and positron-emitting 18F are
commonly in use. The choice of a radionuclide depends on
various aspects of production and application: availability,
production mode, and cost of the radionuclide; nuclear
characteristics and decay mode of the radionuclide; labelling
chemistry pathways and duration; radiation dose to subjects;
relevance of the physical half-life of the radionuclide to the
pharmacokinetic time frame of the imaging agent.Within the
group of gamma emitters used for SPECT, the production
via generator system is an advantage that contributes to the
leading position of 99mTc due to ready accessibility and lower
cost. Moreover, the single and lower gamma energy of 99mTc
results in higher image resolution as compared to 67Ga and
111In and shorter half-life of 99mTc reduces radiation dose to
the patient (Table 2).

The advantages of PET such as higher spatial resolution,
sensitivity, and accurate signal quantification are crucial,
especially in the case of small size lesions. Furthermore,
dynamic scanning allows modeling and investigation of the
mechanism of the interaction between the imaging agent
and target. Even though 68Ga has a relatively high positron
energy, the resolution of the images is comparable to that
of 18F, since it is the scanner detector resolution (4–6mm)
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Table 2: Effective doses for some PET and SPECT imaging agents. Reproduced from [6].

Agent Examination time Effective dose, [mSv]
[111In]In-DTPA-octreotide/SPECT 24–48 h 10.8
[68Ga]Ga-DOTA-TOC/PET 30–60min 2.3
[18F]FDG/PET 60–120min 5.6
[99mTc]-BPAMD/SPECT 2–6 h 6
[99mTc]-MDP/SPECT 2–6 h 3-4
[68Ga]Ga-BPAMD/PET 30–60min 3-4

which is the limiting factor [4, 83, 84].The 68-min half-life of
68Ga is not compatiblewith ligands of slowpharmacokinetics,
for example, antibodies. Thus other positron emitters such
as 124I, 89Zr, and 64Cu with longer half-lives allowing 2–4
days required for the clearance of the agent for the blood
circulation and washout for the nontarget tissue are more
relevant.The relatively short half-life of 68Ga presents advan-
tage in cases when repetitive examinations on the same day
are of interest [85]. The high fraction of positron emission is
another advantage of 68Ga (89%) as compared to 64Cu (19%)
and 124I (23%). Comparison of some clinically used imaging
agents demonstrates the lower effective dose that patient is
exposed to when using 68Ga-based agent as compared to
the agents comprising 18F, 99mTc, and 111In (Table 2) [6,
86, 87]. Moreover, the duration of patient examinations is
shorter for 68Ga-agents than that for SPECT agents, and to
some extend for [18F]FDG. In summary, the use of 68Ga
would be beneficial in terms of accessibility, high sensitivity
and resolution, quantification, dynamic scanning, fast scan-
ning protocol, repetitive examinations, and low radiation
burden.

The chemical form in aqueous solution is Ga(III)
cation which provides robust coordination chemistry. 68Ga-
labelling can be direct or chelator mediated. The direct
labelling utilizes the chelating ability of macromolecules, for
example, lactoferrin and transferrin comprising Tyr, His, and
Asp AA residues that can chelate Ga(III) in the presence of
synergetic bicarbonate ion. Lowmolecular weight ligands can
form stable complexes of variable lipophilicity and charge for
nontargeting imaging. The chelator mediated 68Ga-labelling
requires presence of a bifunctional chelator (BFC) for the sub-
sequent, straightforward, and side specific coordination with
Ga(III). Considerable number of chelators was successfully
developed [4, 6, 88–95].Themost commonly used are DOTA
and NOTA based chelators. The former requires heating
under over 60∘C for the complexation with 68Ga, while the
latter can chelate 68Ga at ambient temperature which might
be crucial in case of temperature sensitive ligands, and it
also allows for cold kit type radiopharmaceutical prepara-
tion under radiopharmacy practice [96]. DOTA presents an
advantage in the context of radiotheranostics since it can
form stable complexes with 68Ga for PET diagnostics and
177Lu for radiotherapy.

The chelator or prosthetic group mediated labelling
most commonly results in agents comprising biologically
active vectormolecule, chelator/prosthetic groupmoiety, and

radionuclide. Very often pharmacokinetic modifiers (PKM)
are incorporated in order to modulate pharmacokinetics and
agent organ distribution and improve in vivo stability as well
as separate the binding site from the bulky chelator/prosthetic
group moiety which may deteriorate the biological activity
of the vector molecule. Considerable number of publications
reveal strong influence of even slight modifications in any of
the agent structural components, and the accurate prediction
of pharmacokinetics and pharmacodynamics of a new agent
is not straightforward [97]. Nevertheless, vast experience and
knowledge have been intensively gathered during last two
decades providing possibility for more efficient and effective
development. The labelling chemistry of 68Ga is well charac-
terized and is relevant to small molecules, macromolecules,
and particles.

Ga(III) as a chemical element presents a unique advan-
tage over other radionuclides as it has properties closely
resembling those of Fe(III) which is involved in many
biochemical processes including inflammation. Moreover,
Fe(III) is an essential nutrient and limiting factor ofmicrobial
life [98]. Stable Ga(III) has been used in treatment of various
diseases including cancer, infection, and inflammation [99–
101]. The ability of Ga(III) to bind iron proteins, for example,
lactoferrin and transferrin as well as siderophores, and
enzymes can be utilized in the imaging agent development.

4. Biomarkers and
Radiopharmaceutical Development

The development of imaging agents relies strongly on the
advances, experience, and knowledge of the research of
biomarkers, for example, receptors and antigens; transport
systems; substances involved in angiogenesis, glycolysis,
hypoxia, proliferation, and apoptosis; and enzyme activity.
Targeting biomarkers that are specific for a given disease
is one the major aims of an agent development for both
diagnostic imaging and therapy. The knowledge and access
to respective vector molecules have considerably expanded
due to the achievements in proteomics and genomics. Infec-
tion, inflammation, and fibrosis are closely interrelated pro-
cesses and corresponding biomarkers might present practical
interest in developing respective imaging agents. Favorable
characteristics of a target in general include expression
upregulation, absence of expression in normal tissue, and
internalization or stable binding of the respective ligand for
the longitudinal accumulation of the latter [102].
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5. Imaging Inflammation

Inflammatory response is a complex process involving
immune system cells (T- and B-lymphocytes, NK cells,
macrophages, monocytes, neutrophils, eosinophils, andmast
cells) and products of their (patho)physiological activity, for
example, cytokines involved in the cell signaling. Various
functions of the cells and their products as well as their
receptors provide a broad range of potential imaging targets
[103–107]. Targeting the white blood cells of the immune
system such as macrophages, monocytes, lymphocytes, and
neutrophils for the detection of their upregulation and traf-
ficking, secretion of cytokines and chemokines, and phago-
cytosis has been investigated both clinically and preclinically.
Receptors such as SSTR,NCA-90, integrins, folate, bombesin,
vascular cell adhesion protein-1, and interleukins expressed
by activated T-cells, CXCR2 expressed on neutrophils, and
CXCR4 overexpressed by leukocytes have demonstrated
potential for in vivo targeted imaging [108]. Respective
ligands and substrates can be considered for radiolabelling.
Cytokines including interferons, lymphokines, interleukins,
and chemokines bind to various receptors, for example, IL1
and IL2 receptor types, IFN, CD40, CD37, CD30, CD4,
CCR5, and IL1-17R receptor family. Folate, CD64, NCA90,
and CD15 receptors expressed on macrophages, leukocytes,
and granulocytes can serve as targets. Not only do molecules
of such super families as chemokine, integrin, selectin, and
immunoglobulin participate in the cell emigration cascade,
but also enzymes on the surface of endothelia cells and
leukocytes contribute to the leukocyte extravasation [109].
Receptors on the endothelial wall, for example, for binding
of IL1 and TNF𝛼, are another category of the targets. These
are only few examples of targets for potential imaging agent
development (Table 3). Many targets were utilized in oncol-
ogy [28] and their translation to inflammation is feasible.

5.1. Targeting Cell Receptors with Antibodies. Radiolabelled
(99mTc, 111In, and 123I) anti-CD2, anti-CD5, anti-CD25, anti-
CD45 antibodies and their fragments were used for the imag-
ing of T-lymphocyte infiltration in various inflammatory
diseases [110]. Typically for antibody slow pharmacokinetics,
the time delay between the administration and examina-
tion stretches up to 24 hours. Interleukin-8 labelled with
99mTc was studied in rabbits with induced acute pyogenic
osteomyelitis [111] and induced acute colitis [112]. The agent
was found suitable for the scintigraphic evaluation of the
respective diseases. CD163 receptor expressed in monocytes
and activated macrophages was targeted with an anti-CD163
antibody labelled with 68Ga in rats with acute collagen-
induced arthritis [45].The agent demonstrated specific bind-
ing and thus potential for studies of inflammatory diseases.

5.2. Targeting Angiogenesis. Angiogenesis plays an important
role in wound healing, chronic inflammation, and tumour
growth [113]. The family of vascular endothelial growth
factors (VEGF) and integrins play crucial role in the angio-
genesis cascade. Integrin receptors are overexpressed on the
surface of vascular endothelial cells during angiogenesis in
malignances, tissue healing, and inflammation. The largest

group is radiolabelled peptide ligands comprising arginine-
glycine-aspartic acid (RGD) sequence and peptidomimetics
targeting 𝛼v𝛽3 integrin receptors. Various analogues were
developed introducing cyclization andmultimerization; vari-
ety of chelate/coligand moieties; PKM such as carbohy-
drate and polyethylene glycol chains [114–121]. Various RGD
analogues labelled with 18F, 68Ga, and 99mTc were used
in oncological clinical trials [122]. The majority of them
comprised 18F; however, advantages of 68Ga such as accessi-
bility of the radionuclide, more straightforward and efficient
labelling chemistry, lower radiation dose, and better image
contrast renderedmore extensive development of 68Ga-based
analogues [123–127].

The imaging agents tested in cancer systems can be
relevant for the imaging of inflammation related diseases.The
imaging and evaluation of synovial angiogenesis in patients
with rheumatoid arthritis was accomplished using [68Ga]Ga-
PRGD2 [46]. The elevated agent uptake was detected in
the sites of active inflammation, rich neovasculature, and
physiological integrin receptor expression, while no tracer
accumulationwas detected in axillary lymphnodeswith reac-
tive hyperplasia and strenuous skeletal muscles. [68Ga]Ga-
PRGD2/PET-CT was found useful for the evaluation of syn-
ovial angiogenesis and follow-up of the treatment response.

[68Ga]Ga-NOTA-c(RGDyK)was developed for the imag-
ing of myocardial infarction (MI) and follow-up of the
response to the therapeutic intervention and demonstrated
promising results preclinically [47]. The uptake in the MI
lesions was enhanced and correlated with the vascular
endothelial growth factor expression. Dynamic [68Ga]Ga-
NOTA-c(RGDyK)/PET scanning with subsequent kinetic
modeling studies in rats with forelimb ischemia showed
higher uptake and distribution volume in the ischemic
area as compared to that of sham operation and control
regions [48]. Monitoring myocardial repair and angiogenesis
after ischemic injury was found plausible using [68Ga]Ga-
NODAGA-RGD and [68Ga]Ga-TRAP-(RGD)3 in rat model
[49]. Elevated uptake of [68Ga]Ga-DOTA-E-[c(RGDfK)]2
was observed in the infarcted area while no accumulation
was detected in the noninfarcted myocardium of the same
rats [50].The uptake of [68Ga]Ga-DOTA-RGD in atheroscle-
rotic plaques was studied in vivo in atherosclerotic mice
with promising results [52]. Elevated uptake of [68Ga]Ga-
NODAGA-RGD in injured myocardium as compared to
viable ischemic areas in pig model presumably indicated
increased expression of 𝛼V𝛽3 receptors associated with injury
repair in the presence of coronary stenosis [51].

Although targeting VEGF receptors were studied in the
context of cancerous diseases, chronic inflammation can also
be considered. A ligand consisting of a single chain (scVEGF,
3–112 amino acids of human VEGF121) [128, 129] was labelled
with 68Ga and the resulting agent showed distinct uptake in
the tumour xenografts in mice; however high kidney uptake
needed to be addressed [130, 131].

5.3. Targeting Selectins. P-selectin is expressed on the active
endothelium surface and platelets and operates the migra-
tion of leukocytes in response to inflammatory cytokines.
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Table 3: 68Ga-based imaging agents for inflammation and infection investigated preclinically and clinically.

Target/mechanism Imaging agent Disease/microorganism
(study type)

Inflammation

P-selectin [68Ga]Ga-Fucoidan Atherosclerotic plaques
(preclinical [44])

Anti-CD163 [68Ga]Ga-anti-CD163-antibody Acute collagen-induced arthritis
(preclinical [45])

Integrins [68Ga]Ga-PRGD2
Rheumatoid arthritis

(clinical [46])

Integrins

[68Ga]Ga-NOTA-c(RGDyK)
[68Ga]Ga-NODAGA-RGD
[68Ga]Ga-TRAP-(RGD)3
[68Ga]-DOTA-E-[c (RGDfK)]2

Myocardial infarction
(preclinical [47–51])

Integrins [68Ga]Ga-NODAGA-RGD Atherosclerotic plaques
(preclinical [52])

VAP-1 [68Ga]Ga-Siglec
Synovial inflammation; inflammatory lung injury;
atherosclerotic lesions; skin/muscle inflammation

(preclinical [53–56])

VAP-1 [68Ga]Ga-DOTAVAP-P1,
[68Ga]Ga-DOTAVAP-PEG-P1

Skin/muscle inflammation
(preclinical [57])

CXCR4 [68Ga]Ga-pentixafor Ischemic heart; atherosclerotic plaques
(clinical [58, 59])

FR [68Ga]Ga-DOTA-PEG-FA
[68Ga]Ga-DOTA-folate

Inflammation/implant
(preclinical [60, 61])

SSTR [68Ga]Ga-DOTA-TOC

Sarcoidosis, idiopathic pulmonary fibrosis,
Graves’ disease, Hashimoto’s disease, coronary
artery plaque, atherosclerotic inflammation

(clinical [62–65])

Mannose receptors [68Ga]Ga-NOTA-MSA Myocarditis
(preclinical [66])

A𝛽 plaques
68Ga-labelled styrylpyridines,

benzofuran, curcumin
Neuroinflammation, Alzheimer’s disease

(preclinical [67–69])
Infection

Antibiotics/inhibitor [68Ga]Ga-ciprofloxacin Staphylococcus aureus
(preclinical [70])

Antimicrobial/membrane [68Ga]Ga-NOTA-UBI29-41
[68Ga]Ga-NOTA-UBI30-41

Staphylococcus aureus
(preclinical [71, 72])

Antimicrobial/membrane [68Ga]Ga-DOTA-TBIA101 E. coli
(preclinical [73, 74])

Antimicrobial/membrane [68Ga]Ga-GF-17 and
[68Ga]Ga-RAWVAWR-NH2

E. coli and S. aureus
(preclinical [75])

Siderophores [68Ga]Ga-TAFC, [68Ga]Ga-FC,
[68Ga]Ga-FOXE

Invasive pulmonary aspergillosis
(preclinical [15, 16, 76])

Leukocytes [68Ga]Ga-citrate
Osteomyelitis, diskitis, intra-abdominal infection,

tuberculosis, interstitial nephritis
(clinical [18, 19, 77–80])

Leukocytes [68Ga]Ga-Apo-transferrin Staphylococcus aureus
(preclinical [14])

E-selectin binding peptide labelled with 99mTc accumu-
lated in acute osteomyelitic lesions in rats presumably by
interaction with activated vascular endothelium [132]. An
analogue of P-selectin natural ligand, fucoidan, labelled with
68Ga could discriminate active and inactive atheroschlerotic
plaques in mice [44].

5.4. Targeting Vascular Adhesion Protein-1. Vascular adhe-
sion protein-1 (VAP-1) and CD73 are endothelial surface
enzymes involved in the recruitment of leukocytes and their
movement from the blood into the tissue [109]. Endothelial
activation that takes place during inflammation can be uti-
lized for specific targeting imaging. Several peptide analogues
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Figure 1: PET images of the distribution of [68Ga]Ga-DOTAVAP-P1, [68Ga]Ga-DOTAVAP-PEG-P1, and [68Ga]Ga-DOTA-Siglec-9 in
turpentine-induced rat model of sterile inflammation. All three peptide analogues showed target-to-nontarget ratio above 6 with rapid
accumulation in the inflammation site and renal clearance. Adapted from [57].

labelledwith 68Gawere designed for the visualization ofVAP-
1 and showed promising results in animals with induced
infection and sterile inflammation [7–13, 133]. The binding
was proven specific and it was possible to differentiate inflam-
mation from infection. [68Ga]Ga-Siglec targeting VAP-1
demonstrated preclinical potential for imaging of synovial
inflammation in patients with rheumatic diseases [53]. The
same agent was utilized for respiratory distress syndrome
(ARDS, an inflammatory lung injury) imaging in a porcine
model [54]. Imaging VAP-1 with [68Ga]Ga-Siglec was found
promising also for the detection of inflamed atheroscle-
rotic lesions [55] and inflammatory response induced by
catheter implantation and staphylococcal infection [56].
68Ga-Siglec and two more peptide analogues with affinity
to VAP-1 ([68Ga]Ga-DOTAVAP-P1, [68Ga]Ga-DOTAVAP-
PEG-P1, and [68Ga]Ga-DOTA-Siglec-9) were investigated in
rat model of sterile skin/muscle inflammation (Figure 1) [57].
They showed distinct uptake in the affected sites.

5.5. Targeting Chemokines. Cytokines are produced by
macrophages, B-lymphocytes, T-lymphocytes, and mast cells
and act through receptors modulating, for example, immune
response to infection and inflammation. Cytokines include
chemokines, interleukins, interferons, and lymphokines that
can be classified in broad families exhibiting diverse func-
tions, for example, IL-1 and IL-6 superfamilies and TNF/TNF
receptor superfamily. Therapeutics targeting cytokines are in
clinical use, for example, inhibiting TNF or IL-6 in rheumatic
diseases.

Chemokine receptors are physiologically expressed on
B-lymphocytes, T-lymphocytes, macrophages, neutrophils,
eosinophils, monocytes, and hematopoietic stem cells [134].
Imaging agents targeting CXCR4 are based on inhibitors
(AMD3100) or small peptides (NFB, T140, pentixafor, and
TN14003) and comprise 18F, 67Ga, 68Ga, or 64Cu [135–
148]. They were developed and studied for the imaging of

various cancerous diseases: lung, breast, prostate cancers,
acute myeloid leukemia, and glioblastoma.

The application of CXCR4 targeting agents was extended
beyond oncology. Clinical case/image reports [149, 150]
were published on the utilization of [68Ga]Ga-pentixafor for
detection and quantification of CXCR4 receptor density in
ischemic heart diseases reflecting the role of the receptor
in inflammatory and progenitor cell recruitment [58, 59].
The same agent was successfully used in the assessment of
macrophage infiltration in atherosclerotic plaques in rabbit
disease model [151].

5.6. Targeting Folate Receptors. Folate receptors (FRs) are
overexpressed on a variety of cancer cells and activated
macrophages, but not on normal cells [152, 153]. The
enhanced expression of FR was found in lung macrophages
during acute inflammation [154]. The majority of the nuclear
imaging agents based on folic acid or pteroic acid [155] were
developed for diagnosis of cancers overexpressing FR recep-
tors such as breast, cervical, ovarian, colorectal, nasopharyn-
geal, renal, and endometrial cancers. Various 68Ga-labelled
agents demonstrated accumulation in cell cultures and mice
bearing folate-receptor positive human nasopharyngeal car-
cinoma cell line (KB) xenografts [6, 156–162]. [68Ga]Ga-
DOTA-PEG-FA comprising folic acid was investigated for
the detection and quantification of inflammatory response to
medical implants using mice with subcutaneously implanted
polylactic acid and poly(N-isopropylacrylamide) particles as
a model [60]. The agent was accumulated in the area of the
implant most probably reflecting interaction of [68Ga]Ga-
DOTA-PEG-FA with folate receptor expressed on activated
macrophages. Another folic acid based agent, [68Ga]Ga-
DOTA-folate, was successfully tested in an inflammatory paw
rat model (Figure 2) [61]. Distinct accumulation in inflamed
hand and foot joints of rheumatoid arthritis of a 99mTc-
labelled folate analogue was observed in a patient, while no
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Figure 2: Accumulation of [68Ga]Ga-DOTA-folate (a) in the site of inflammation of rat inflammatory pawmodel induced by subcutaneously
injected Complete Freund’s Adjuvant (b). Adapted from [61].
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Figure 3: Intense atherosclerotic inflammation (white arrows) was detected by [68Ga]Ga-DOTA-TATE in a patient with acute coronary
syndrome. Adapted from [65].

uptake was detected in a nonarthritis patient’s hands and feet
[163].

5.7. Targeting Somatostatin Receptors. Somatostatin receptor
(SSTR) ligand analogues have found an extensive appli-
cation in diagnosis and radiotherapy of neuroendocrine
tumours. The elevated expression of SSTRs is known also in
small cell lung cancer, breast cancer, renal cell carcinoma,
prostate cancer, and malignant lymphoma. A number of
somatostatin ligand analogues labelled with gamma- and
positron-emitting radionuclides were used clinically for
oncological cases [85, 164–174]. 68Ga-labelled somatostatin
analogues demonstrated superior performance in terms of
higher specificity and sensitivity, detection rate, shorter
examination time, and quantification possibility and have
become a golden standard for the detection of neuroen-
docrine tumours (NETs) taking over that title from [111In]-
pentetreotide (OctreoScan�) and demonstrating specificity
and sensitivity of over 90% [27, 175–180]. 68Ga-labelled
agents for the imaging of NETs demonstrated advantages

also over other radionuclides and tracers such as [18F]FDG
[174], 123I-metaiodobenzylguanidine ([123I]MIBG) [181, 182],
[18F]DOPA [183], [99mTc]-dicarboxy propane diphosphonate
[184], and [18F]NaF.

SSTR are also overexpressed on activated macrophages
and T-lymphocytes. 68Ga-labelled analogues were used in
inflammation related diseases such as idiopathic pulmonary
fibrosis [62], Graves’ and Hashimoto’s diseases [63], coro-
nary artery plaque imaging and characterization [64], and
atherosclerotic inflammation with excellent macrophage
specificity (Figure 3) [65]. Promising diagnostic potential of
a 99mTc-labelled analogue was demonstrated in patients with
rheumatoid arthritis and secondary Sjogren’s syndrome, and
the method was suggested for the assistance in anti-TNF
alpha antibody treatment planning [185]. [68Ga]Ga-DOTA-
TOC/PET-CT was found superior to 67Ga-Citrate/SPECT in
detection of sarcoidosis lesions [186]. A clinical study demon-
strated correlation between uptake of [68Ga]Ga-DOTA-TOC
and SST2 mRNA expression and recorded the information in
a database [187] providing tools for accurate quantification
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and evaluation of disease progression and treatment response
in cancerous and inflammatory diseases involving SSTRs.
Preclinical study using atherosclerotic mice demonstrated
superior targeting properties of [68Ga]Ga-DOTA-NOC as
compared to [18F]FDR-NOC [188], overall confirming the
potential of SSTR targeting for atherosclerotic plaque imag-
ing.

5.8. Imaging Neuroinflammation. Despite difficulty of
designing 68Ga-labelled molecules capable of blood-brain
barrier penetration, several agents were suggested for the
imaging of neuroinflammation, in particular A𝛽 plaques
deposited on blood vessels [67–69]. Bivalent styrylpyridines
labelled with 68Ga demonstrated high specificity and affinity
for A𝛽 plaques using postmortem Alzheimer’s disease (AD)
brain sections [67]. Benzofuran derivative comprising 68Ga
showed promising results in terms of binding specificity
and affinity investigated in vitro in sections of Tg2576
mice [68]. Although the synthesis of a 68Ga-labelled
Pittsburgh compound analogue was successful, the in vitro
binding to amyloid deposits was limited [69]. The common
disadvantage of these agents is poor blood-brain barrier
penetration; nevertheless the exploration of more successful
analogues continues. Curcumin functions as an antioxidant,
antimicrobial, anti-inflammatory, and anticancer agent.
Diacetyl-curcumin and bis(dehydroxy)curcumin labelled
with 68Ga demonstrated in vitro binding to 𝛽-amyloid fibrils
and lung cancer cells [189]. Potential application of the agents
could include diagnostic imaging of Alzheimer’s disease and
various cancers.

6. Imaging Infection

Infection imaging can be indirect utilizing targets involved
in the immune response, namely, inflammation, as presented
in the inflammation targets section above or direct utilizing
pathogen related targets. The direct imaging is especially
crucial in cases where inflammatory response is absent. The
difference in biochemistry and structure between bacterial
and human cells might exclude physiological uptake by
human tissuemaking it easier tomeet the favorable character-
istics of an imaging agent. However, discrimination between
the various infectious microorganisms, pathogenic bacteria,
and microbiota, targeting specific bacteria type as well as
difficulty of accessing bacteria aggregated in a biofilm makes
the task very challenging [190, 191]. The specific targeting
of infection would require accumulation of the radioactive
signal in the pathogen. The radiolabelled targeting agents
for infection can be roughly divided into several groups:
antibiotics based; antimicrobial protein and peptide based;
siderophore and other metabolisable compound based; and
antigen-specific antibodies and antibody fragments (Table 3).

6.1. Radiolabelled Antibiotics. Antimicrobials act on the pro-
cesses that are specific to microbes, for example, bacteria and
fungi, and thus corresponding imaging agents might distin-
guish infection from inflammation [191]. They might require
internalization or may bind to the cell surface dependent on

their biological action mechanism [191–193]. The possibility
of antibiotic resistance development exists also in the case of
imaging agents even though the amount of such agents would
be subnanomolar [194, 195]. Another complication is possible
nonspecific uptake of antibiotics based agents by leucocytes
[196]. Considerable number of various antibiotic analogues
have been labelled with 99mTc, 111In, 131I, 11C, and 18F
[102] and evaluated preclinically and clinically with 99mTc-
ciprofloxacin becoming a commercial product (Infecton) [21,
197, 198]. However, the further improvement of specificity
is desirable [191]. Antibiotics are accessible and cheap, and
they demonstrate high sensitivity [102, 191] making the
development of 68Ga-labelled analogues very attractive given
the earlier mentioned advantages that 68Ga as a radionu-
clide in combination with PET provides. Two 68Ga-labelled
analogues based on ciprofloxacin demonstrated potential for
discrimination between bacterial infection and inflammation
in rats infected with Staphylococcus aureus [70].

6.2. Radiolabelled Antimicrobial Proteins and Peptides. Anti-
microbial proteins and peptides, for example, serprocidins,
cathelicidins, and defensins produced by the cells of immune
system, target microbial membrane lipids and impose micro-
bicidal effect [35, 43]. They present a large group of poten-
tial candidates for microbial imaging including bacteria,
fungi, parasites, and viruses. Antimicrobial peptides have
demonstrated higher specificity for infection than antibiotic
analogues. They accumulate at infection but not sterile
inflammation sites. The most thoroughly studied antimicro-
bial peptide, ubiquicidin UBI [29–41] labelled with 99mTc
[199], demonstrated promising results in human clinical trials
[200, 201]. It has the potential for quantification of viable
infecting microorganisms and consequently for monitoring
the efficacy of antimicrobial therapy in patients.

Fragments of an antimicrobial peptide ubiquicidin con-
jugated to NOTA and labelled with 68Ga, [68Ga]Ga-NOTA-
UBI29-41, and [68Ga]Ga-NOTA-UBI30-41 demonstrated
possibility for the distinction between infection and inflam-
mation in a rabbit model [71, 72]. Antimicrobial peptide
fragments GF-17 and RAWVAWR-NH2 of, respectively,
human cathelicidin LL-37 andhuman lysozyme active against
E. coli and S. aureus were labelled with 68Ga and their
biodistribution in normal rats demonstrated fast clearance
from liver [75]. Antimicrobial depsipeptide based agent,
[68Ga]Ga-DOTA-TBIA101, targeting bacterial lipopolysac-
charides detected muscular E. coli-infection in mice (Fig-
ure 4) [73]. The agent was also studied in healthy rabbits
and various disease model rabbits such as sterile inflam-
mation, Staphylococcus aureus infection, andMycobacterium
tuberculosis [74]. The clearance of [68Ga]Ga-DOTA-TBIA101
from blood and normal tissue was fast, and enhanced uptake
in sterile inflammation and Mycobacterium tuberculosis sites
was observed. The improvement of the bacterial selectivity
will require modification of the agent structure.

6.3. Radiolabelled Siderophores. Bacteria and fungi produce
various siderophores for harvesting iron which is essential
for their survival and growth [34, 98, 191]. Siderophores
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(a)

(b)

(c) (d)

(e)

Figure 4: Left panel presents maximum intensity projection images of [68Ga]Ga-DOTA-TBIA101 distribution in a healthy mouse (a) and a
mouse with muscular infection site (MIS) in the right hind muscle tissue (white arrows). Right panel presents coronal (c), sagittal (d), and
axial (e) images with uptake in theMIS (white arrow) and absence of the uptake in the contralateralmuscle tissue. Ki and Bl stand, respectively,
for kidney and bladder. Reproduced from [73].

can also play a critical role in the development of biofilms
by microbes. They are low molecular weight compounds
specifically chelating Fe(III), and Ga(III) can form stable
complexes with them mimicking Fe(III) [202, 203].

Desferri-triacetylfusarinine C (TAFC) and desferri-
ferricrocin (FC) labelled with 68Ga were used for the
imaging of invasive pulmonary aspergillosis (IPA) caused by
Aspergillus fumigatus [15]. [68Ga]Ga-TAFC demonstrated
superior characteristics in terms of specific target binding,
metabolic stability, and fast blood clearance in a rat model
of A. fumigatus infection. Seven analogues were developed
in another study with TAFC and ferrioxamine E (FOXE)
showing favorable binding, clearance, elimination, and
stability characteristics [16] as well as lung uptake in
rat of invasive aspergillosis model wherein the uptake
extent was correlated with disease severity [17]. [68Ga]Ga-
triacetylfusarinine C and [68Ga]Ga-ferrioxamine E were
investigated in rat model of A. fumigatus and demonstrated
rapid uptake in the lungs (Figure 5) [76].

6.4. Radiolabelled Metabolisable Agents. Mammalian micro-
biota consumes (poly)saccharides, in particular maltose and
maltodextrins [204]. The transport mechanism is specific

to bacteria and is absent in mammalian cells making it
possible to utilize these (poly)saccharides for imaging agent
development. Maltodextrin functionalized with a fluorescent
dye was internalized through the bacteria-specific maltodex-
trin transport pathway and discriminated between active
bacteria and inflammation in vivo [192]. Maltose labelled
with 18F localized specifically bacterial infection in mice
[205]. Potential to label polysaccharides directly with 68Ga
might be utilized extensively.

As mentioned above, the chemical properties of Ga(III)
provide the potential for direct labelling of polysaccharides.
Dextran was labelled directly and resulting complex demon-
strated sufficient stability in human serum; however the
feasibility of the bacterial imaging was not demonstrated
[206].

Trapping of nucleosides that are substrates of thymidine
kinase occurring within bacteria was explored using 18F
and 125I labelled analogues of uracil [207]. Promising results
were obtained in seven bacterial species in mice. Another
study, in the context of therapeutic bacteria development,
demonstrated possibility of detecting Salmonella vectors
within tumours using 18F-labelled uracil [208]. However,
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Figure 5: Molecular structure of [68Ga]Ga-triacetylfusarinine C (a) used for the in vivo imaging of a rat with Aspergillus fumigatus infection
(b) and negative control of noninfected rat (c). White arrows point at the infected (b) and normal (c) lungs. Adapted from [76].

the development of 68Ga-labelled nucleosides that would
maintain their biological activity is challenging and few
examples known from the literature confirm that [4, 6].

7. 68Ga-Citrate

As mentioned above 68Ga/PET provides a number of advan-
tages over 67Ga/SPECT and following publications demon-
strate it in clinical and preclinical studies. [68Ga]Ga-citrate
demonstrated high diagnostic accuracy of 90%of osteomyeli-
tis and diskitis in clinical studies (Figure 6) [18, 19]. This
study demonstrates that [68Ga]Ga-citrate can be employed
for monitoring the response to treatment. [68Ga]Ga-citrate
was used clinically to follow-up surgical intervention in
patients with acute osteomyelitis and intra-abdominal infec-
tion [77]. The agent was also used to successfully visualize
lungmalignancy and tuberculosis in patients; however in case
of high prevalence of granulomatous diseases the distinction
between malignant and benign lung lesions was unclear [78,
79]. Another clinical study conducted head-to-head compar-
ison of [68Ga]Ga-citrate (Figure 7) and [18F]FDG in patients
with Staphylococcus aureus bacteremia [80]. The detection
rate of osteomyelitis was similar, and further investigation
of [68Ga]Ga-citrate applicability in cases of osteomyelitis
induced by other pathogens as well as for monitoring healing
process is warranted.

Comparative study of [68Ga]Ga-citrate and [67Ga]Ga-
citrate was performed in healthy and infection model rats
[77]. The performance of [68Ga]Ga-citrate was found supe-
rior in terms of image contrast in the lower abdomen and

extremities. Potential of [68Ga]Ga-citrate for the differentia-
tion of acute interstitial nephritis from acute tubular necrosis
was studied in rat model of the disease and it was demon-
strated that the kidney uptake correlated with the extent
of mononuclear cell infiltration accompanying inflammation
[209]. 68Ga-labelled Apo-transferrin demonstrated bacterial
infection detection capacity in rat model with Staphylococcus
aureus wherein the infection site was visualized 1 h after
administration of the agent [14].

7.1. Radiolabelled Antibodies and Antibody Fragments.
Human immunoglobulin (HIG) binds to bacteria but also
accumulates at the sites of fungal and viral infection as
well as sterile inflammation due to binding to leukocytes.
The improved specificity for bacteria was achieved for the
fragments of HIG. It is feasible to develop specific antibodies
to various antigens present on the bacterial cell surface [102].
Monoclonal antibodies labelled with 99mTc were used for
infection imaging via granulocytes targeting NCA-95 [210].
Various cytokines of interleukin family (IL-1, IL-8) labelled
with 123I or 99mTc demonstrated accumulation in the sites
of infection in various animal models [111, 112, 211–214].
Registered antigranulocyte radiopharmaceuticals such
as LeuTech�, Scintimun�, and Leukoscan� are based on
99mTc-labelled antibodies. This experience can be translated
to 68Ga; however either the size of the antibodies must
be reduced or pretargeting techniques must be applied
in order to overcome the discrepancy between the short
physical half-life of 68Ga and slow pharmacokinetics of
antibodies.
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(a) (b) (c) (d)

Figure 6: [68Ga]Ga-citrate PET/CT examination of a patient affected by acute osteomyelitis before (left panel) and after (right panel) surgical
curettage showing uptake in the transaxial (a, c) and 3D reconstruction images (b, d; red area). Absence of the uptake after the therapy
confirms complete response to the treatment. Adapted from [19].

Figure 7: Vertebral osteomyelitis (spondylodiscitis; red arrow-
heads) and abscesses in the iliopsoas and paravertebral area (red
arrows) were detected by [68Ga]Ga-citrate in a patient admitted
to the hospital with back pain and general symptoms. The PET
acquisition was performed 88min after administration of 245MBq
of [68Ga]Ga-citrate. Adapted from [80].

7.2. Radiolabelled Biotin. Biotin is a growth factor utilized
in many bacteria. An 111In-labelled analogue of biotin was
successfully utilized for diagnosis of vertebral infections in
a clinical study [215]. It would be rational to explore the
relevance of 68Ga-labelled analogues given the advantages
of 68Ga over 111In and promising [68Ga]Ga-DOTA-Biotin
analogues [216, 217] developed for monitoring survival of
transplanted avidin-coated islets.

8. Miscellaneous

Stable Ga(III) complex with thiosemicarbazones demon-
strated antimicrobial effect against P. aeruginosa and C.
albicans due to most probably both displacement of essential
Fe(III) with Ga(III) and thiosemicarbazones [101]. Substitu-
tion of the stable Ga(III) by radioactive 68Ga might result in
a specific infection imaging agent.

Selective imaging of Enterobacteriaceae using 2-[18F]-
fluorodeoxysorbitol (18F-FDS)was demonstrated in amurine

myositis model [218]. The uptake of 18F-FDS was correlated
with bacterial burden; moreover the agent differentiated
infection from sterile inflammation. Given the potential of
68Ga for the labelling of small biologically active molecules
[4] it might be plausible to develop a respective analogue
with added value of the advantages that 68Ga offers including
simpler production chemistry, lowered radiation dose, repet-
itive examination, and accessibility at clinical centers without
cyclotrons and remote from [18F]-FDG distribution sites. As
mentioned above, the poor access to bacteria aggregated in
a biofilm might make the imaging task challenging. Several
peptide candidates with affinity for S. aureus biofilm were
designed and labelled with 68Ga [219]. The resulting agents
demonstrated binding in vitro; however it was not possible to
block the binding with excess of the cold peptide.

Ionic 68Ga was found superior to [18F]-FDG in infection
detection in the rat model with diffuse osteomyelitis [220]. In
another study, the uptake of ionic 68Ga was observed in the
aortic plaques of atherosclerotic mice, specifically at the sites
rich inmacrophages [221]. However, the slow blood clearance
of ionic 68Ga presents a limitation.

Chronic inflammation is the major reason of fibro-
sis [222]. 68Ga-labelled SST analogue ([68Ga]Ga-DOTA-
NOC) demonstrated uptake in pathogenic areas in patients
affected by idiopathic pulmonary fibrosis with potential
for monitoring response to treatment and drug develop-
ment [62]. Another clinical study using [68Ga]Ga-pentixafor
also showed potential of the agent for monitoring dis-
ease activity and response to treatment in idiopathic pul-
monary fibrosis [223]. Peptide based agents, CNO2A-PEG2-
c[CPGRVMHGLHLGDDEGPC] and [68Ga]Ga-NODAGA-
PEG2-c[CPGRVMHGLHLGDDEGPC] for the imaging and
quantification of fibrosis by PET were developed and char-
acterized preclinically showing fast clearance from normal
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tissue and blood and binding specificity [89]. Dosimetry
calculations demonstrated possibility of six examinations per
year in humans assuring disease monitoring in longitudinal
studies and routine clinical setup [224].

Several hyaluronan conjugates of oligonucleotides target-
ing CD44 positive cells were developed and tested in healthy
rats, sham-operated rats, and rats with myocardial infarction
[225].The uptake of the agents was higher for the latter group
and varied dependent on the difference in the oligonucleotide
structure.

TLR2 and TLR4 expression levels in neutrophils were
found higher in individuals with bacterial and viral infections
than those in control samples. There is a possibility that IL-4,
IL-8, IL-10, IL-12, and TNF-a might serve as biomarkers for
infections and that IL-2, IL-8, or IL-10 is potentially able to
distinguish between bacterial and viral infections [22].

Mannosylated human serum albumin labelled with 68Ga
via NOTA chelator moiety ([68Ga]Ga-NOTA-MSA) was
tested in a rat model of myocarditis targetingmannose recep-
tors expressed onmacrophages infiltratingmyocardium [66].
The uptake in the diseased myocardium was considerably
higher than that of the normal one and it was precluded
by administration of excess of nonlabelled MSA indicating
binding specificity. The tracer build-up was also observed in
the organs of macrophage accumulation.

[68Ga]Ga-DOTA was investigated for the quantification
of increased blood flow which is one of the key events in
inflammation [226]. The uptake kinetics of [68Ga]Ga-DOTA
in the site of inflammation in rats with induced inflamma-
tion correlated well with that of 15O-water, suggesting high
relevance [68Ga]Ga-DOTA.

9. Pretargeted Imaging

The half-life of 68Ga is shorter than that of 64Cu, 67Ga, 99mTc,
89Zr, 111In, and 123,124,125I and thus in contrast to the latter
it is not compatible with slow pharmacokinetics of large
molecules such as antibodies and glycoproteins. The range
of antigen-specific antibodies relevant to inflammation and
infection is broad and a number of 99mTc-labelled antibodies
were used clinically [20, 21, 227]. The respective range of
68Ga-based agents could be similar.The solution to overcome
the incompatibility of half-life time frames could be either
the reduction of the antibody size or the application of the
pretargeting concept.

The history of the pretargeting concept spans three
decades, predominantly in the field of oncology [228–230].
It was developed to improve image contrast and dosimetry
in immunoimaging and radioimmunotherapy when using
radiolabelled antibody ligands with slow pharmacokinetics
[231]. The arsenal of antibodies is vast and diverse encourag-
ing extensive investment into development of techniques that
would allow their exploration to the fullest. Pretargeting con-
siders at least two major steps wherein a functionalized anti-
body is first administered for target localization and clearance
from blood and normal tissue and thereafter a radiolabelled
small molecule capable of binding to the functionalized

antibody due to high affinity or covalent interaction is admin-
istered. The key properties of the radiolabelled molecules are
fast pharmacokinetic and clearance. Several techniques have
been developed for the realization of pretargeting concept
including avidin/streptavidin-biotin systems [216, 217, 232,
233]; bispecific antibodies (bsmAb) with haptens [232, 234–
254]; antibody-oligonucleotide conjugates with complemen-
tary oligonucleotides [255]; biorthogonal systems allowing
covalent chemical reactions in vivo (Figure 8).

The high affinity of biotin to avidin and streptavidin
proteins was utilized clinically and preclinically in pretar-
geting approach for the imaging and therapy of pancreatic
adenocarcinoma [232], glioblastoma [256], and lymphoma
[257]. However, this pretargeting technique may require
three steps in order to eliminate the excess of antibody-
(strept)avidin conjugate, circulating in the blood and not
bound to the target, by adding clearing agent. Another
application of the technique was monitoring transplantation
of islets of Langerhans in the treatment for type 1 diabetes
mellitus, wherein the cells or cellmimetics were conjugated to
(strept)avidin prior to the transplantation [216, 217]. Several
analogues of biotin comprising DOTA chelate moiety for
labelling with 68Ga and ethylene glycol linker of various
length demonstrated the influence of the latter on the affinity
towards avidin.

Particular example of hapten molecules is the ones com-
prising histamine-succinyl-glycine (HSG) motif and chelate
moiety [251–253, 258] for the complexationwith 68Ga. Several
analogues were developed for the imaging of carcinoem-
bryonic antigen (CEA) pretargeted with anti-CEA bsmAb
[254, 259, 260], and two clinical studies of medullary thyroid
carcinoma and breast carcinoma positive for CEA using
68Ga-labelled hapten molecules and bsmAb were initiated
[261].

Bioorthogonal reactions are fast, regioselective, requiring
small reagent concentration, and occurring under mild con-
ditions often in aqueous solution and temperature below 37∘C
[262, 263]. Amongst various biorthogonal reaction types, the
cycloaddition of tetrazines and various dienophiles referred
to as inverse-electron-demandDiels-Alder (IEDDA) reaction
is themost successful in the context of pretargeting. Antibod-
ies functionalized with trans-cyclooctene (TCO) and a radi-
olabelled tetrazine that can interact in vivo based on IEDDA
reaction were studied [264–267]. In particular, 68Ga-labelled
tetrazine dextran demonstrated favorable pharmacokinetics
in a healthy mouse [264]. However, the proof of concept is to
be performed in a xenografted animal. Accumulation of anti-
TAG72 [265] and anti-A33 [266] antibodies functionalized
with TCO in mouse xenografts was visualized, respectively,
by an 111In and 64Cu-labelled tetrazine analogues. Anti-
CA19.9 antibody-TCO in combination with 177Lu-labelled
tetrazine demonstrated radiotherapeutic effect in pancreatic
cancer murine model [267].

Thepretargeted imaging techniquesmay contribute to the
expansion of immuno-PET with 68Ga providing the intrinsic
advantages of 68Ga and PET. As mentioned above, most
of the developed radiolabelled counterparts of pretargeting
techniques have demonstrated promising results. There are
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Figure 8: Schematic presentation of pretargeting techniques: (a) bispecific antibodies engineered to specifically bind with radiolabelled
hapten molecules; (b) bioorthogonal click chemistry for fast and specific covalent binding between, for example, a trans-cyclooctene
functionalized antibody and a radiolabelled tetrazine; (c) interaction between antibody-(strept)avidin conjugate and radiolabelled biotin
utilizing extremely high affinity of (strept)avidin and biotin.
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a considerable number of potential antibody biomarkers
that could be considered for the imaging of infection and
inflammation.

10. Theranostics Potential

Theranostics [268] embraces realization of personalized
medicine by conducting diagnosis on individual basis and
providing possibility of predicting the efficacy of a specific
treatment and following up the response to the treatment
enabling adjustment of the latter very early in the process.
In the context of nuclear medicine wherein the radiophar-
maceuticals targeted at biomarkers specific to a disease can
carry either diagnostic radionuclides or therapeutic ones, the
concept can be denoted as radiotheranostics [28]. The tar-
geted molecular imaging such as PET can offer noninvasive
diagnosis specific to the disease, for example, tumour-type
specific, and provide accurate localization of the lesions. The
strongest advantage of PET is the potential for quantification
of the target, for example, receptor expression, investigation
of the uptake kinetics, and estimation of the dosimetry.These
characteristics of PET allow for individualized treatment
selection and planning, monitoring of treatment response,
and detection of recurrent disease.The individualized patient
management provides such advantages as optimization of
the treatment regimen for the improved response and exclu-
sion of futile treatments, minimization of risks and toxicity
with overall outcome of reduced cost and patient distress.
The importance of individualized patient management was
demonstrated by clinical studies wherein the influence of
dose of the administered radiopharmaceutical, targeted at
receptors overexpressed in cancer lesions, on the diagnostic
outcome was investigated in the same patient [85, 269,
270]. 68Ga-labelled SST analogues [26–28, 271] and Affibody
molecules [5, 272–274] used, respectively, in NENs and
breast cancer patients are the most prominent examples
of (radio)theranostics involving 68Ga/PET wherein 68Ga-
labelled analogues were used not only for localization of the
lesions, but also for staging, patient stratification, prognosis,
therapy selection, and monitoring of the response to the
treatment of NETs and other cancer types [2–4, 6, 85, 176,
275–277].

The methodology can be translated to inflammation
and infection allowing for accurate and specific selection of
treatment regimen and for follow-up and evaluation of the
response to therapy, resulting in improved treatment efficacy
and decreased cost and side effects. The accommodation of
both imaging function and antibiotic function in the same
molecule is a novel example of a theranostic agent [278].
A series of siderophores conjugated with DOTA moiety for
the radiolabelling and with antibiotics for the treatment
of bacterial infection were investigated preclinically. The
accumulation of the intravenously administered ampicillin
conjugate in the site of subcutaneously injected P. aeruginosa
in mice was clearly and focally visualized within 0.6 h with
retention for at least 24 h. These results obtained using
analogues carrying dye for optical imaging can be translated
to 68Ga-labelled counterparts for PET.

11. Conclusions

The medical need for specific agents for noninvasive, quan-
titative, and whole-body imaging of inflammation and infec-
tion has not been met yet despite decades of research. How-
ever, the prerequisites in terms of identification of potential
targets, design and synthesis of the respective ligands, and
imaging technologies are evolving very fast. The potential
of accurate and quantitative lesion localization as well as
monitoring of the treatment response promises personalized
patient management.

The use of 68Ga in oncology is established proving the
strong potential of 68Ga for the promotion of PET technol-
ogy for effective and efficient diagnostics and personalized
medicine.The experience of oncological 68Ga-based agents is
getting translated to inflammation and infection. Pretargeted
imaging technology opens wide possibilities based on anti-
body biomarkers.

Conflicts of Interest

The author declares that there are no conflicts of interest
regarding the publication of this article.

References

[1] I. Velikyan, “Continued rapid growth inGa applications: update
2013 to June 2014,” Journal of Labelled Compounds&Radiophar-
maceuticals, pp. 99–121, 2015.

[2] I. Velikyan, “ 68Ga-based radiopharmaceuticals: Production and
application relationship,” Molecules, vol. 20, no. 7, pp. 12913–
12943, 2015.

[3] M. Fani, P. Peitl, and I. Velikyan, “Current status of radiophar-
maceuticals for the theranostics of neuroendocrine neoplasms,”
Pharmaceuticals, vol. 10, no. 1, article no. 30, 2017.

[4] I. Velikyan, “Positron emitting [68Ga]Ga-based imaging agents:
Chemistry and diversity,”Medicinal Chemistry, vol. 7, no. 5, pp.
345–379, 2011.
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[25] F. Rösch and R. P. Baum, “Generator-based PET radiophar-
maceuticals for molecular imaging of tumours: On the way

to THERANOSTICS,” Dalton Transactions, vol. 40, no. 23, pp.
6104–6111, 2011.

[26] R. P. Baum, H. R. Kulkarni, and C. Carreras, “Peptides and
receptors in image-guided therapy: Theranostics for neuroen-
docrine neoplasms,” Seminars in Nuclear Medicine, vol. 42, no.
3, pp. 190–207, 2012.

[27] R. P. Baum and H. R. Kulkarni, “Theranostics: From molecular
imaging using Ga-68 labeled tracers and PET/CT to per-
sonalized radionuclide therapy - the bad berka experience,”
Theranostics, vol. 2, no. 5, pp. 437–447, 2012.

[28] I. Velikyan, “Radionuclides for Imaging andTherapy in Oncol-
ogy,” Cancer Theranostics, pp. 285–325, 2014.

[29] J. Czernin andW.A.Weber, “Issues and controversies in nuclear
medicine. Introduction,” Journal of Nuclear Medicine, vol. 52,
no. Supplement 2, pp. 1S–2S, 2011.

[30] S. J. Goldsmith and S. Vallabhajosula, “Clinically proven radio-
pharmaceuticals for infection imaging: mechanisms and appli-
cations,” Seminars in Nuclear Medicine, vol. 39, no. 1, pp. 2–10,
2009.

[31] M. F. Tsan, “Mechanism of gallium-67 accumulation in inflam-
matory lesions,” Journal of Nuclear Medicine, vol. 26, no. 1, pp.
88–92, 1985.

[32] S. L. Kipper, “Radiolabelled leukocyte imaging of the abdomen,”
in Nuclear Medicine Annual, J. Freeman, Ed., pp. 81–126, Raven
Press, New York, NY, USA, 1995.

[33] F. Jamar, J. Buscombe, A. Chiti et al., “EANM/SNMMI guideline
for 18F-FDG use in inflammation and infection,” Journal of
Nuclear Medicine, vol. 54, no. 4, pp. 647–658, 2013.

[34] C. J. Palestro, “The current role of gallium imaging in infection,”
Seminars in Nuclear Medicine, vol. 24, no. 2, pp. 128–141, 1994.

[35] M. S. Akhtar, M. B. Imran, M. A. Nadeem, and A. Shahid,
“Antimicrobial peptides as infection imaging agents: better than
radiolabeled antibiotics,” International Journal of Peptides, vol.
2012, Article ID 965238, 19 pages, 2012.

[36] D. Delbeke and G. M. Segall, “Status of and trends in nuclear
medicine in the United States,” Journal of Nuclear Medicine, vol.
52, no. 2, 2011.

[37] S. S. Gambhir, J. Czernin, J. Schwimmer, D. H. Silverman, R. E.
Coleman, and M. E. Phelps, “A tabulated summary of the FDG
PET literature,” Journal of Nuclear Medicine, vol. 42, pp. 1S–93S,
2001.

[38] M. J. Lindsay, B. A. Siegel, S. R. Tunis et al., “The National
Oncologic PET Registry: ExpandedMedicare coverage for PET
under coverage with evidence development,” American Journal
of Roentgenology, vol. 188, no. 4, pp. 1109–1113, 2007.

[39] F. Gemmel, H. Van Den Wyngaert, C. Love, M. M. Welling, P.
Gemmel, and C. J. Palestro, “Prosthetic joint infections:
radionuclide state-of-the-art imaging,” European Journal of
NuclearMedicine andMolecular Imaging, vol. 39, no. 5, pp. 892–
909, 2012.
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tion of a CXCR4-specific 68Ga-labelled TN14003 derivative for
cancer PET imaging,” Bioorganic & Medicinal Chemistry, vol.
22, no. 2, pp. 796–803, 2014.

[145] S. Poty, E. Gourni, P. Désogère et al., “AMD3100: A Versatile
Platform for CXCR4 Targeting 68Ga-Based Radiopharmaceu-
ticals,” Bioconjugate Chemistry, vol. 27, no. 3, pp. 752–761, 2016.

[146] K. Philipp-Abbrederis, K. Herrmann, S. Knop et al., “In vivo
molecular imaging of chemokine receptor CXCR4 expression
in patients with advancedmultiple myeloma,” EMBOMolecular
Medicine, vol. 7, no. 4, pp. 477–487, 2015.

[147] Z. Wang, M. Zhang, L. Wang et al., “Prospective study of 68Ga-
NOTA-NFB: Radiation dosimetry in healthy volunteers and
first application in glioma patients,” Theranostics, vol. 5, no. 8,
pp. 882–889, 2015.

[148] I. M. Jackson, P. J. Scott, and S. Thompson, “Clinical Applica-
tions of Radiolabeled Peptides for PET,” Seminars in Nuclear
Medicine, vol. 47, no. 5, pp. 493–523, 2017.

[149] C. Lapa, T. Reiter, R. A. Werner et al., “[68Ga]Pentixafor-
PET/CT for Imaging of Chemokine Receptor 4 Expression after
Myocardial Infarction,” JACC: Cardiovascular Imaging, vol. 8,
no. 12, pp. 1466–1468, 2015.

[150] C. Rischpler, S. G. Nekolla, H. Kossmann et al., “Upregu-
lated myocardial CXCR4-expression after myocardial infarc-
tion assessed by simultaneous GA-68 pentixafor PET/MRI,”
Journal of Nuclear Cardiology, vol. 23, no. 1, pp. 131–133, 2016.

[151] F. Hyafil, J. Pelisek, I. Laitinen et al., “Imaging the Cytokine
ReceptorCXCR4 in atherosclerotic plaqueswith the radiotracer
68Ga-Pentixafor for PET,” Journal of Nuclear Medicine, vol. 58,
no. 3, pp. 499–506, 2017.

[152] Y. Yi, “Folate receptor-targeted diagnostics and therapeutics for
inflammatory diseases,” ImmuneNetwork, vol. 16, no. 6, pp. 337–
343, 2016.

[153] C. M. Paulos, M. J. Turk, G. J. Breur, and P. S. Low, “Folate
receptor-mediated targeting of therapeutic and imaging agents
to activated macrophages in rheumatoid arthritis,” Advanced
Drug Delivery Reviews, vol. 56, no. 8, pp. 1205–1217, 2004.

[154] W. Han, R. Zaynagetdinov, F. E. Yull et al., “Molecular imaging
of folate receptor 𝛽-positive macrophages during acute lung
inflammation,” American Journal of Respiratory Cell and Molec-
ular Biology, vol. 53, no. 1, pp. 50–59, 2015.

[155] B. Kühle, C. Müller, and T. L. Ross, “A Novel 68Ga-Labeled
pteroic acid-based PET tracer for tumor imaging via the folate
receptor,” Recent Results in Cancer Research, vol. 194, pp. 257–
267, 2013.

[156] C. Brand, V. A. Longo, M. Groaning, W. A. Weber, and T.
Reiner, “Development of a New Folate-Derived Ga-68-Based
PET Imaging Agent,”Molecular Imaging and Biology, vol. 19, no.
5, pp. 754–761, 2017.

[157] M. Fani, X.Wang, G. Nicolas et al., “Development of new folate-
based PET radiotracers: Preclinical evaluation of 68Ga-DOTA-
folate conjugates,” European Journal of Nuclear Medicine and
Molecular Imaging, vol. 38, no. 1, pp. 108–119, 2011.

[158] C. J. Mathias, M. R. Lewis, D. E. Reichert et al., “Preparation
of 66Ga- and 68Ga-labeled Ga(III)-deferoxamine-folate as
potential folate-receptor-targeted PET radiopharmaceuticals,”
Nuclear Medicine and Biology, vol. 30, no. 7, pp. 725–731, 2003.

[159] S.-M. Kim, N. Choi, S. Hwang et al., “Folate receptor-
specific positron emission tomography imaging with folic acid-
conjugated tissue inhibitor of metalloproteinase-2,” Bulletin of
the Korean Chemical Society, vol. 34, no. 11, pp. 3243–3248, 2013.

[160] M. Fani, M.-L. Tamma, G. P. Nicolas et al., “In vivo imaging
of folate receptor positive tumor xenografts using novel 68Ga-
NODAGA-folate conjugates,” Molecular Pharmaceutics, vol. 9,
no. 5, pp. 1136–1145, 2012.

[161] C. Müller and R. Schibli, “Prospects in folate receptor-targeted
radionuclide therapy,” Frontiers in Oncology, vol. 3, Article ID
Article 249, 2013.

[162] A. Jain, A. Mathur, U. Pandey et al., “Synthesis and evaluation
of a 68Ga labeled folic acid derivative for targeting folate
receptors,” Applied Radiation and Isotopes, vol. 116, pp. 77–84,
2016.

[163] W. Xia, A. R. Hilgenbrink, E. L. Matteson, M. B. Lockwood, J.-
X. Cheng, and P. S. Low, “A functional folate receptor is induced
during macrophage activation and can be used to target drugs
to activated macrophages,” Blood, vol. 113, no. 2, pp. 438–446,
2009.



Contrast Media & Molecular Imaging 21

[164] E. P. Krenning, W. A. P. Breeman, P. P. M. Kooij et al.,
“Localisation of endocrine-related tumours with radioiodi-
nated analogue of somatostatin,”The Lancet, vol. 1, no. 8632, pp.
242–244, 1989.

[165] E. P. Krenning, D. J. Kwekkeboom,W.H. Bakker et al., “Somato-
statin receptor scintigraphy with [111In-DTPA-d-Phe1]- and
[123I-Tyr3]-octreotide: the Rotterdam experience with more
than 1000 patients,” European Journal of Nuclear Medicine and
Molecular Imaging, vol. 20, no. 8, pp. 716–731, 1993.
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Sialic acid-binding immunoglobulin-like lectin 9 (Siglec-9) is a ligand of inflammation-inducible vascular adhesion protein-1 (VAP-
1).We compared 68Ga-DOTA- and 18F-fluorodeoxyribose- (FDR-) labeled Siglec-9motif peptides for PET imaging of inflammation.
Methods. Firstly, we examined 68Ga-DOTA-Siglec-9 and 18F-FDR-Siglec-9 in rats with skin/muscle inflammation. We then studied
18F-FDR-Siglec-9 for the detection of inflamed atherosclerotic plaques inmice and compared it with previous 68Ga-DOTA-Siglec-9
results. Lastly, we estimated human radiation dosimetry from the rat data. Results. In rats, 68Ga-DOTA-Siglec-9 (SUV, 0.88 ± 0.087)
and 18F-FDR-Siglec-9 (SUV, 0.77 ± 0.22) showed comparable (𝑃 = 0.29) imaging of inflammation. In atherosclerotic mice, 18F-
FDR-Siglec-9 detected inflamed plaques with a target-to-background ratio (1.6 ± 0.078) similar to previously tested 68Ga-DOTA-
Siglec-9 (𝑃 = 0.35). Human effective dose estimates for 68Ga-DOTA-Siglec-9 and 18F-FDR-Siglec-9were 0.024 and 0.022mSv/MBq,
respectively. Conclusion. Both tracers are suitable for PET imaging of inflammation. The easier production and lower cost of 68Ga-
DOTA-Siglec-9 present advantages over 18F-FDR-Siglec-9, indicating it as a primary choice for clinical studies.

1. Introduction

Inflammation plays role in several diseases, such as, rheuma-
toid arthritis, diabetes and atherosclerosis. The early detec-
tion of inflammatory foci is critical for the adequate treatment
of patients, and quantitative PET imaging may provide a
valuable tool for diagnosis and monitoring of the effects of
therapeutic interventions. 18F-FDG is the gold standard for
PET, but not specific to inflammation. In addition, the high
physiological accumulation of 18F-FDG in heart and brain

makes it difficult to detect inflammatory foci close to these
organs [1].

Vascular adhesion protein-1 (VAP-1) is an endothe-
lial adhesion molecule, which is involved in leukocyte
transendothelial migration from blood into the sites of
inflammation. During inflammationVAP-1 translocates from
intracellular storages on the endothelial cell surface where it
contributes leukocyte-endothelial adhesion. Although VAP-
1 plays important role in early phases of inflammation, its
luminal expression on the endothelium will remain constant
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Table 1: Characteristics of study animals.

Sprague-Dawley skin
inflammation rats

LDLR−/−ApoB100/100
atherosclerotic mice

C57BL/6N control
mice

Age (months) 2.2 ± 0.051 5.6 ± 0.96 2.1 ± 0.39
High fat diet (months) ND 3.6 ± 1.0 ND
Female/male (no.) 0/16 15/4 6/7
Weight (g) 350 ± 22 27 ± 4.0 24 ± 2.2
In vivo PET (no.) 13 2 2
Ex vivo gamma counting (no.) 16 19 13
Ex vivo autoradiography (no.) ND 12 10
LDLR−/−ApoB100/100 = low-density lipoprotein receptor-deficient mouse expressing only apolipoprotein B100; ND = not done; no. = number of investigated
animals.

if the inflammation continues, which suggest VAP-1 as a
promising target for both anti-inflammatory therapy and
molecular imaging of inflammation [2]. The role of VAP-1
in atherosclerotic inflammation is unclear. VAP-1 expression
is upregulated in atherosclerotic plaques in human carotid
arteries [3, 4] and in the aorta of hypercholesterolemic rabbits
[5]. VAP-1 is also expressed in soluble form (sVAP-1), which
associates with atherosclerosis [6, 7].

We previously showed that sialic acid-binding immuno-
globulin-like lectin 9 (Siglec-9) is a VAP-1 ligand, and the
radiolabeled peptide (CARLSLSWRGLTLCPSK) containing
residues 283–297 from Siglec-9 can be used for PET imaging
of inflammation [4, 8–11].

In this study, we examined the detection of skin/muscle
inflammation in rats, comparing the utility of the Siglec-9
motif peptides 68Ga-labeled 1,4,7,10-tetraazacyclododecane-
N,N,N,N-tetraacetic acid-conjugated 68Ga-DOTA-Sig-
lec-9 and 18F-labeled fluorodeoxyribose-conjugated 18F-
FDR-Siglec-9 [9]. We also examined 18F-FDR-Siglec-9 up-
take in inflamed atherosclerotic plaques of mice and com-
pared it with previous 68Ga-DOTA-Siglec-9 results [4].
Finally, we used the rat PET data to estimate the human radi-
ation doses for 68Ga-DOTA-Siglec-9 and 18F-FDR-Siglec-9.

2. Materials and Methods

2.1. Radiochemistry. 68Ga-DOTA-Siglec-9 and 18F-FDR-Sig-
lec-9 were produced as previously described [8, 9].

2.2. Animal Models. Twenty-four hours before the PET
studies, Sprague-Dawley rats (weight, 350 ± 22 g; 𝑛 = 16)
were subcutaneously injected with turpentine oil (Sigma-
Aldrich) to induce focal acute, sterile inflammation [12].
Before the injection, rats were shaved on the both forelegs.
Inflamed area on the left foreleg contained both skin and
muscle. The intact, contralateral side (right foreleg) was used
as a control.

Six-month-old atherosclerotic low-density lipoprotein
receptor-deficient mice (weight, 27 ± 4.1 g; 𝑛 = 19) express-
ing only apolipoprotein B100 (LDLR−/−ApoB100/100, strain
#003000; JacksonLaboratory, BarHarbor,ME,USA)were fed
for 4 months with a Western-type diet [13]. Two-month-old
C57BL/6Nmice (weight, 24 ± 2.2 g; 𝑛 = 13) fedwith a regular
chow served as controls.

All animal experiments (Table 1) were approved by the
national Animal Experiment Board in Finland and carried
out in compliance with the EU directive.

2.3. Rat Studies. Rats were divided into two groups with
Group 1 being intravenously (i.v.) given 68Ga-DOTA-Siglec-9
(16 ± 2.9MBq, 𝑛 = 8) andGroup 2 18F-FDR-Siglec-9 (18 ± 5.1
MBq, 𝑛 = 8). A 60min dynamic PET acquisition was
performed on a High Resolution Research Tomograph
(HRRT; Siemens Medical Solutions, Knoxville, TN, USA).
The PET data were reconstructed into 5 × 60 s and 11 × 300 s
frames using an ordered-subsets expectation maximization
3D algorithm (OSEM3D). Quantitative PET image analysis
was performed by defining regions of interest (ROIs) within
the inflamed area (on the left foreleg), control area (on the
right foreleg), kidneys, lungs, heart, liver, and urinary bladder
using Carimas 2.8 software (Turku PET Centre). Results
were expressed as standardized uptake values (SUV) and
time-activity curves. SUV was calculated as a ratio of tissue
radioactivity concentration (Bq/mL) and given radioactivity
dose (Bq) divided by animal’s body weight.

After PET imaging, rats were sacrificed and various
tissues were excised and weighed, and their radioactivity
levels weremeasuredwith a gamma counter (1480Wizard 3,
PerkinElmer, Turku, Finland). The ex vivo biodistribution
results were expressed as a percentage of the injected radioac-
tivity dose per gram of tissue (% ID/g) and target-to-
background ratio.

The inflamed area and control area tissue samples were
frozen, cut into sections, and stained with hematoxylin-eosin
(H&E) for morphological evaluation.

Absorbed doses of 68Ga-DOTA-Siglec-9 and 18F-FDR-
Siglec-9 were calculated with the OLINDA/EXM version 1.0
software (organ level internal dose assessment and exponen-
tial modeling; Vanderbilt University, Nashville, TN, USA),
which applies the MIRD schema (developed by the Med-
ical Internal Radiation Dose committee of the Society of
Nuclear Medicine) for radiation dose calculations in internal
exposure. The software includes radionuclide information
and selection of human body phantoms. The residence times
derived from the rat datawere integrated as the area under the
time-activity curve. The residence times were converted into
corresponding human values by multiplication with a factor
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to scale the organ and body weights: (WBody,rat/WOrgan,rat) ×
(WOrgan,human/WBody,human), where WBody,rat andWBody,human
are the body weights of rat and human (a 70-kg male),
respectively; and 𝑊Organ,rat and 𝑊Organ,human are the organ
weights of rat and human (organ weights for a 70 kg male),
respectively [14].

2.4. Mouse Studies. To detect luminal expression of VAP-1,
mice were intravenously (i.v.) injected with a monoclonal rat
anti-mouse VAP-1 antibody (7–88, 1mg/kg diluted in saline)
[15] 10min before sacrifice. Aorta samples were frozen and
cut into 8𝜇m longitudinal sections, incubated for 30min at
room temperature in the dark with a secondary goat anti-rat
antibody (working dilution, 5 𝜇g/mL in phosphate-buffered
saline (PBS) containing 5% normal mouse or human AB
serum), conjugated to a fluorescent dye (Alexa Fluor 488;
Invitrogen, Eugene, OR, USA), and rinsed twice in PBS for
5min.

In PET studies, mice (19 atherosclerotic, 13 controls) were
injected with 14 ± 4.4MBq of 18F-FDR-Siglec-9. Twenty-five
minutes after 18F-FDR-Siglec-9 injection, blood was drawn
by cardiac puncture and the animals were killed.The thoracic
aorta was excised and rinsed in saline to remove the blood. In
addition, various other tissues were excised and patted dry.
Samples of blood and urine were collected, and blood plasma
was separated by centrifugation. All tissue samples were
weighed, and their radioactivity levels were measured with a
gamma counter (Triathler 3, HidexOy, Turku, Finland).The
results were expressed as % ID/g and target-to-background
ratio.

Autoradiography was used to study the distribution
of radioactivity in the aorta in more detail, as described
previously [13]. After careful superimposition of the autora-
diographs andH&E stained images, the count densities of 540
ROIs (185: plaques, 241: normal vessel walls, and 114: adven-
titia) were analyzed using Tina 2.1 software. The autoradio-
graphy results were calculated as the photostimulated lumi-
nescence per unit area (PSL/mm2) normalized for injected
radioactivity dose, and as ratios between the atherosclerotic
plaque, normal vessel wall, and adventitia.

A subset of mice (two atherosclerotic, two controls) were
injected with 4.7 ± 1.1MBq of 18F-FDR-Siglec-9 and imaged
with an Inveon Multimodality PET/CT (Siemens, Medi-
cal Solutions, Knoxville, TN, USA). Dynamic PET images
were acquired for 60min, followed by CT with a contrast
agent (eXIATM160XL, Binitio Biomedical Inc., Ottawa, ON,
Canada).The PET images were reconstructed with OSEM3D
(frames 5 × 60 s, 3 × 300 s, 1 × 600 s, 2 × 1800 s).

Quantitative PET image analysis was performed by defin-
ing ROIs in the heart left ventricle (blood pool) and aortic
arch as identified on the basis of the CT angiography by using
the Inveon Research Workplace software (Siemens Medical
Solutions, Knoxville, TN, USA). Time frames 10–20min after
injection were used for PET quantification, as previously
reported in the samemousemodel using 68Ga-DOTA-Siglec-
9 [4]. The results within ROIs were expressed as SUV and
target-to-background ratio (SUVmax,aortic arch/SUVmean,blood).

Finally, we compared 18F-FDR-Siglec-9 results with pre-
viously reported 68Ga-DOTA-Siglec-9 [4].

2.5. Statistical Analyses. All results are expressed as mean
± SD. Paired 2-tailed Student’s 𝑡-tests were applied for
intra-animal comparisons. Nonpaired data were compared
between two groups using 𝑡-tests and between multiple
groups using ANOVAwith Tukey’s correction. A 𝑃 value less
than 0.05 was considered statistically significant.

3. Results

3.1. Radiochemistry. The specific radioactivity of 68Ga-
DOTA-Siglec-9 and 18F-FDR-Siglec-9 was 70 ± 15 MBq/
nmol and 83 ± 33MBq/nmol, respectively, with radiochem-
ical purity being >95% throughout the study.

3.2. Rat Studies. The turpentine oil caused focal soft-tissue
inflammation with edema and leukocyte infiltration, pre-
dominantly neutrophils (Figure 1), and luminal VAP-1 as
previously reported [8, 16].

The inflammatory focus was clearly visualized with both
of the PET tracers and was demonstrated in the time-activity
curves of the inflamed area, with the uptake kinetics of both
tracers being comparable (Figure 2). In the inflamed area,
the SUVmean,10–60min of 68Ga-DOTA-Siglec-9 and 18F-FDR-
Siglec-9 was 0.88 ± 0.087 and 0.77 ± 0.22, respectively (𝑃 =
0.29). The corresponding SUVmax,10–60min values for 68Ga-
DOTA-Siglec-9 (1.1 ± 0.10) and 18F-FDR-Siglec-9 (1.1 ±
0.097) were also close to each other (𝑃 = 0.47). Both
tracers peaked about 10min after the i.v. bolus injection,
with a slow decrease thereafter. The inflammation-to-blood
ratios10–60min of 68Ga-DOTA-Siglec-9 (1.5 ± 0.33) and 18F-
FDR-Siglec-9 (1.7 ± 0.51) were also comparable (𝑃 = 0.54).
Uptake in the heart, liver, kidneys, and urinary bladder was
clearly visible with both tracers (Figure 2).

Ex vivo gamma counting at 60min after injection
demonstrated that 18F-FDR-Siglec-9 uptake was significantly
higher than 68Ga-DOTA-Siglec-9 uptake in several organs,
including inflamed and control areas. The difference was
particularly notable in the liver, pancreas, heart, and kidneys
(Table 2). Only in the spleen was the uptake of 68Ga-DOTA-
Siglec-9 significantly higher than that of 18F-FDR-Siglec-9.
Although the uptake of 18F-FDR-Siglec-9 in inflamed area
(0.19 ± 0.053 % ID/g) was significantly higher (𝑃 = 0.013)
than that of 68Ga-DOTA-Siglec-9 (0.12 ± 0.032 % ID/g), the
inflammation-to-blood and inflamed-to-control area ratios
(18F-FDR-Siglec-9: 1.3 ± 0.16 and 2.0 ± 0.70; 68Ga-DOTA-
Siglec-9: 1.4 ± 0.42 and 2.5 ± 0.54) were similar (𝑃 = 0.67 and
𝑃 = 0.18, resp.).

Extrapolation from the rat PET data suggested esti-
mated human effective doses for a 70 kg man of 0.024 ±
0.0041mSv/MBq for 68Ga-DOTA-Siglec-9, and 0.022 ±
0.0042mSv/MBq for 18F-FDR-Siglec-9. The most critical
organs were the urinary bladder wall with 68Ga-DOTA-
Siglec-9 (0.20 ± 0.087mSv/MBq) and kidneys with 18F-FDR-
Siglec-9 (0.29 ± 0.13mSv/MBq) (Tables 3 and 4).
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Table 2: Ex vivo biodistribution (% ID/g) of 68Ga-DOTA-Siglec-9 and 18F-FDR-Siglec-9 at 60min after injection in rats with skin/muscle
inflammation.

Organ 68Ga-DOTA-Siglec-9 18F-FDR-Siglec-9 𝑃 value∗

Control area 0.051 ± 0.0063 0.11 ± 0.056 0.015
Inflamed area 0.12 ± 0.032 0.19 ± 0.053 0.013
Adipose tissue, BAT 0.024 ± 0.026 0.049 ± 0.019 0.12
Adipose tissue, WAT 0.027 ± 0.014 0.017 ± 0.0041 0.090
Blood 0.099 ± 0.040 0.12 ± 0.023 0.33
Bone (femoral) 0.020 ± 0.0089 0.017 ± 0.010 0.67
Bone marrow 0.039 ± 0.012 0.056 ± 0.011 0.022
Brain 0.0062 ± 0.0049 0.010 ± 0.0030 0.083
Heart 0.030 ± 0.011 0.048 ± 0.010 0.0038
Kidneys 2.8 ± 1.8 14 ± 9.9 0.0053
Liver 0.32 ± 0.16 0.68 ± 0.12 0.00014
Lungs 0.079 ± 0.035 0.11 ± 0.028 0.059
Muscle 0.019 ± 0.0091 0.021 ± 0.0067 0.68
Pancreas 0.024 ± 0.0024 0.048 ± 0.011 0.00062
Plasma 0.13 ± 0.015 0.23 ± 0.087 0.087
Small intestine 0.060 ± 0.016 0.091 ± 0.029 0.051
Spleen 0.19 ± 0.110 0.060 ± 0.012 0.0048
Testis 0.035 ± 0.031 0.046 ± 0.022 0.45
Urine 24 ± 11 23 ± 14 0.93
% ID/g = percentage of injected radioactivity dose per gram of tissue; BAT=brown adipose tissue; WAT = white adipose tissue. ∗Unpaired, 2-tailed Student’s
𝑡-test.

Figure 1: Inflammation of skin/muscle in a rat at 24 hours after subcutaneous injection of turpentine oil. Hematoxylin-eosin staining of a
10 𝜇m cryosection reveals edema and leukocyte infiltration, predominantly neutrophils.

3.3. Mouse Studies. The LDLR−/−ApoB100/100 mice demon-
strated atherosclerotic plaques, especially in the aortic arch,
while the C57BL/6Nmice showed no evidence of atheroscle-
rosis. Furthermore, the LDLR−/−ApoB100/100 atherosclerotic
lesions were VAP-1 positive, whereas normal vessel walls in
the aortas of C57BL/6Nmice were VAP-1-negative (Figure 3).
18F-FDR-Siglec-9 PET/CT imaging of atherosclerotic

mice showed plaques in the aortic arch, with a target-to-
background ratio of 1.6 ± 0.078 at 10–20min after injection
(Figure 4(a)). This ratio was similar to that reported previ-
ously for 68Ga-DOTA-Siglec-9 (1.7 ± 0.22, 𝑃 = 0.35).

According to ex vivo gamma counting, the aortic uptake
of 18F-FDR-Siglec-9 was significantly higher (𝑃 = 0.0015)

in the LDLR−/−ApoB100/100 mice (0.93 ± 0.38 % ID/g) than
in the C57BL/6N mice (0.52 ± 0.23 % ID/g; Table 5) and
comparable to the uptake of 68Ga-DOTA-Siglec-9 (0.83 ±
0.33 % ID/g, 𝑃 = 0.38).

Autoradiography of aortic cryosections further con-
firmed 18F-FDR-Siglec-9 accumulation in atherosclerotic
plaques, with a plaque-to-healthy vessel wall ratio of 1.9 ±
0.23 (𝑃 < 0.001) and plaque-to-adventitia ratio of 2.2 ± 0.53
(𝑃 < 0.001). In control mice, the uptake of 18F-FDR-Siglec-9
in healthy vessel wall was similar to that in the atherosclerotic
mice (Figure 4). However, the plaque-to-healthy vessel wall
ratioswere higherwith 68Ga-DOTA-Siglec-9 (2.1 ± 0.43) than
with 18F-FDR-Siglec-9 (𝑃 = 0.038).
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Figure 2: PET images and time-activity curves of rats with skin/muscle inflammation (arrow) imaged with (a) 68Ga-DOTA-Siglec-9 (𝑛 = 5)
or (b) 18F-FDR-Siglec-9 (𝑛 = 8) and (c) comparison of their target-to-blood kinetics.
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Table 3: Normalized number of disintegrations (hours) in source organs extrapolated from the rat PET data.

Organ 68Ga-DOTA-Siglec-9 18F-FDR-Siglec-9 𝑃 value∗

Heart wall 0.0029 ± 0.00072 0.0026 ± 0.0010 0.55
Kidneys 0.093 ± 0.081 0.47 ± 0.21 0.0032
Liver 0.033 ± 0.0097 0.11 ± 0.043 0.0027
Lungs 0.0026 ± 0.0011 0.0029 ± 0.0011 0.62
Muscle 0.054 ± 0.0088 0.081 ± 0.042 0.17
Urinary bladder wall 0.17 ± 0.076 0.15 ± 0.070 0.70
Total body 1.3 ± 0.085 1.8 ± 0.32 0.0042
∗Unpaired, 2-tailed Student’s 𝑡-test.

Table 4: Human dose equivalent estimates (mSv/MBq) extrapolated from the rat PET data.

Organ 68Ga-DOTA-Siglec-9 18F-FDR-Siglec-9 𝑃 value∗

Adrenals 0.014 ± 0.0012 0.020 ± 0.0029 0.0011
Brain 0.012 ± 0.00077 0.010 ± 0.0018 0.064
Breasts 0.011 ± 0.00064 0.0086 ± 0.0011 0.0036
Gallbladder wall 0.014 ± 0.00065 0.017 ± 0.0014 0.00022
Heart wall 0.0083 ± 0.0010 0.0085 ± 0.00045 0.52
Kidneys 0.15 ± 0.12 0.29 ± 0.13 0.070
Liver 0.012 ± 0.0024 0.021 ± 0.0061 0.014
Lower large intestine wall 0.015 ± 0.00077 0.014 ± 0.00091 0.067
Lungs 0.0044 ± 0.00054 0.0062 ± 0.00016 <0.0001
Muscle 0.0050 ± 0.00018 0.0074 ± 0.00025 <0.0001
Ovaries 0.015 ± 0.00064 0.014 ± 0.00083 0.14
Pancreas 0.014 ± 0.00085 0.018 ± 0.0015 0.00018
Red marrow 0.010 ± 0.00037 0.012 ± 0.00032 <0.0001
Osteogenic cells 0.017 ± 0.00094 0.016 ± 0.0019 0.43
Skin 0.010 ± 0.00054 0.0080 ± 0.00080 0.00019
Small intestine 0.014 ± 0.00047 0.015 ± 0.00049 0.0034
Spleen 0.014 ± 0.0011 0.018 ± 0.0022 0.00074
Stomach wall 0.013 ± 0.00065 0.014 ± 0.00041 0.0057
Testes 0.013 ± 0.00062 0.010 ± 0.0010 0.0012
Thymus 0.011 ± 0.00068 0.010 ± 0.0013 0.014
Thyroid 0.011 ± 0.00072 0.0094 ± 0.0014 0.017
Upper large intestine wall 0.014 ± 0.00046 0.015 ± 0.00045 0.0036
Urinary bladder wall 0.20 ± 0.087 0.081 ± 0.032 0.0037
Uterus 0.018 ± 0.0017 0.017 ± 0.0012 0.31
Total body 0.013 ± 0.00041 0.012 ± 0.00012 0.00073
Effective dose 0.024 ± 0.0041 0.022 ± 0.0042 0.58
∗Unpaired, 2-tailed Student’s 𝑡-test.

4. Discussion

VAP-1 targeted ligands are promising tools for PET imaging
of inflammation. In this study, we compared theVAP-1 target-
ing tracers 68Ga-DOTA-Siglec-9 and 18F-FDR-Siglec-9 in the
detection of experimental inflammation in rats and mice and
also estimated the radiation burden to humans. We found
that the uptake of both tracers was higher in skin/muscle
inflammation than in healthy muscle, and in atherosclerotic
rather than in nonatherosclerotic arterial walls. Both tracers
resulted in a low radiation exposure, but the lower-cost and
more straightforward radiolabeling procedures support the

potential use of 68Ga-DOTA-Siglec-9 for PET imaging of
patients with inflammation.

The tested tracers have a similar amino acid sequence but
a differently conjugated peptide structure (68Ga-DOTA ver-
sus 18F-FDR). We hypothesized that the 18F-labeled tracer
would provide improved visualization of inflammatory foci
because it has a lower positron range (0.27mm) than 68Ga
(1.05mm). For PET imaging, 18F (𝑡1/2 = 110min, 𝛽+max =
640 keV, 𝛽+ = 97%) is an ideal radionuclide, providing a high
spatial resolution in the resulting images. 68Ga (𝑡1/2 = 68
min, 𝛽+max = 1899 keV, 𝛽

+ = 89%) is a positron-emitting
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Table 5: Ex vivo biodistribution (% ID/g) of 18F-FDR-Siglec-9 at 25min after injection in atherosclerotic and control mice.

Organ LDLR−/−ApoB100/100
(𝑛 = 19)

C57BL/6N
(𝑛 = 13)

𝑃 value∗

Aorta 0.93 ± 0.38 0.52 ± 0.23 0.0014
Adipose tissue, BAT 0.57 ± 1.4 0.45 ± 0.13 0.16
Adipose tissue, WAT 0.72 ± 0.66 0.63 ± 0.37 0.67
Blood 3.2 ± 0.82 2.1 ± 0.59 0.00025
Brain 0.15 ± 0.060 0.11 ± 0.048 0.026
Heart 0.62 ± 0.28 0.34 ± 0.082 0.0019
Kidney 44 ± 26 43 ± 25 0.86
Liver 3.0 ± 0.97 3.5 ± 2.3 0.37
Lungs 2.4 ± 1.1 1.5 ± 0.45 0.011
Muscle 0.62 ± 0.20 0.43 ± 0.13 0.0056
Pancreas 0.82 ± 0.28 0.57 ± 0.18 0.011
Plasma 5.7 ± 1.4 3.8 ± 0.62 0.00015
Small intestine 1.6 ± 0.49 0.79 ± 0.29 <0.0001
Spleen 1.1 ± 0.28 0.62 ± 0.32 0.054
Thymus 0.69 ± 0.19 0.43 ± 0.089 <0.0001
Urine 470 ± 370 610 ± 340 0.27
% ID/g = percentage of injected radioactivity dose per gram of tissue; BAT = brown adipose tissue; WAT = white adipose tissue. ∗Unpaired, 2-tailed Student’s
t-test.
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Figure 3: VAP-1 immunofluorescence of (a) atherosclerotic LDLR−/−ApoB100/100 and (b) C57BL/6N controlmice aortas. AA: ascending aorta,
A: aortic arch, LC: left common carotid artery, LS: left subclavian artery, P: plaque, W:wall, and Ad: adipocyte.
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radiometal that is particularly suitable for the labeling of
chelate-conjugated peptides. While production of 18F re-
quires a cyclotron, 68Ga is produced with an easily accessible
low-cost 68Ge/68Ga-generator [17].

Although the inflammation detection characteristics of
68Ga-DOTA-Siglec-9 and 18F-FDR-Siglec-9 were similar, the
uptake of 18F-FDR-Siglec-9 was higher in several nontar-
get tissues, including the control area. We do not have a
clear explanation for the distinctive distribution patterns,
particularly in the liver, pancreas, heart, and kidneys, but
suspect that they were at least partly due to the sugar moiety.
Similar results have been observed with 68Ga-DOTANOC
and 18F-FDR-NOC [18]. 68Ga-DOTA-Siglec-9 and 18F-FDR-
Siglec-9 showed comparable in vivo imaging of inflamma-
tion in the rat model. The difference in the control area
between the two tracers might at least partly be explained
by the higher blood pool radioactivity of 18F-FDR-Siglec-
9. Although both 68Ga-DOTA-Siglec-9 and 18F-FDR-Siglec-
9 clearly delineated inflamed area by in vivo PET, the 18F-
FDG uptake was higher (SUVmean 2.0 ± 0.52 at 90min after
injection) as reported in our previous rat studies with
turpentine-induced inflammation [16].

As we earlier reported, the LDLR−/−ApoB100/100 mice
expressed VAP-1 on endothelial cells lining the inflamed
atherosclerotic lesions, while normal vessel walls in the aortas
of C57BL/6N mice were VAP-1-negative [4]. In atheroscle-
rotic mice, the aortic uptake of 18F-FDR-Siglec-9 was com-
parable to the previously reported uptake of 68Ga-DOTA-
Siglec-9 [4]. With both tracers, the atherosclerotic lesions in
mice were best detectable by in vivo PET/CT imaging at
10–20min after injection. Autoradiography revealed that the
plaque-to-healthy vessel wall ratios were slightly higher with
68Ga-DOTA-Siglec-9 than with 18F-FDR-Siglec-9, although
both were close to the previously reported ratio for 18F-FDG
(2.3 ± 0.5) in a LDLR−/−ApoB100/100 model [13].

In general, in vivo PET imaging of such a small target
as atherosclerotic lesion in mice aorta is very challenging.
When size of the imaged structures is smaller than the spatial
resolution of the scanner, spillover from adjacent tissues
and partial volume effect may invalidate the quantification
of PET data in addition to cardiac and respiratory move-
ment artifacts. Although small-animal PET/CT image of
atherosclerotic mouse showed hot spot in the lesion-rich
aortic arch (Figure 4(a)), the ex vivo biodistribution showed
that uptake in the whole thoracic aorta was much lower than
the blood level (Figure 4(b)). Therefore, it is possible that the
PET/CT imaging of atherosclerotic lesions is interfered with
blood pool radioactivity. On the contrary, in the rat model,
the size and location of focal skin/muscle inflammation as
well as the blood radioactivity concentrationweremuchmore
favorable for reliable PET imaging of inflamed area. The PET
scanning protocols and quantification methods used in this
study were based on our previous research to allow direct
comparison of new and already existing results.

Extrapolated from rat PET data, the human radia-
tion dose estimates for both 68Ga-DOTA-Siglec-9 (0.024 ±
0.0041mSv/MBq) and 18F-FDR-Siglec-9 (0.022 ± 0.0042mSv/
MBq) were similar to those for other 68Ga-labeled tracers

(e.g., 68Ga-DOTANOC, 0.025mSv/MBq) or 18F-FDG (0.019
mSv/MBq) [19, 20].

5. Conclusion

VAP-1 targeted 68Ga-DOTA-Siglec-9 and 18F-FDR-Siglec-
9 peptides are potential tracers for the PET imaging of
inflammation.The human radiation dose estimates indicate a
low radiation exposure with either of the investigated tracers.
The present study further strengthens the concept of a
VAP-1-based imaging strategy for the in vivo detection of
inflammation by PET.
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Mäki for technical assistance. This research was conducted
within the Finnish Centre of Excellence in Cardiovascu-
lar and Metabolic Diseases supported by the Academy of
Finland, University of Turku, Turku University Hospital,
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Adenosine receptors are G-protein coupled P1 purinergic receptors that are broadly expressed in the peripheral immune system,
vasculature, and the central nervous system (CNS). Within the immune system, adenosine 2A (A2A) receptor-mediated signaling
exerts a suppressive effect on ongoing inflammation. In healthy CNS, A2A receptors are expressed mainly within the neurons of
the basal ganglia. Alterations in A2A receptor function and expression have been noted in movement disorders, and in Parkinson’s
disease pharmacological A2A receptor antagonism leads to diminishedmotor symptoms. AlthoughA2A receptors are expressed only
at a low level in the healthy CNS outside striatum, pathological challenge or inflammation has been shown to lead to upregulation
of A2A receptors in extrastriatal CNS tissue, and this has been successfully quantitated using in vivo positron emission tomography
(PET) imaging and A2A receptor-binding radioligands. Several radioligands for PET imaging of A2A receptors have been developed
in recent years, and A2A receptor-targeting PET imaging may thus provide a potential additional tool to evaluate various aspects
of neuroinflammation in vivo. This review article provides a brief overview of A2A receptors in healthy brain and in a selection of
most important neurological diseases and describes the recent advances in A2A receptor-targeting PET imaging studies.

1. Introduction

Adenosine is a highly bioactive molecule, which is stored
inside cells as adenosine triphosphate (ATP) and trans-
ported to the extracellular space by transporter molecules
or catabolized into adenosine extracellularly by ectoenzymes
CD39 and CD73 [1, 2]. It is rapidly transported back into
cells and degraded into inosine or phosphorylated back to
adenosine monophosphate (AMP) by adenosine deaminase
and adenosine kinase, respectively [1]. Within the central
nervous system (CNS), neurons and glia release adenosine,
and concentration of adenosine increases in the extracellular
space following ATP release during inflammation or cellular
trauma [3]. Adenosine is ubiquitous, but short-lived [4].
It confers its biological effects locally via four adenosine-
binding purinergic P1 receptors: A1, A2A, A2B, and A3 [1].
This leads to physiological regulation of a variety of important
CNS functions, such as modulation of neuronal excitability,
release and uptake of neurotransmitters, and modification
of synaptic plasticity [5–9]. In addition, adenosine receptors

have a vasoactive function [10] and an important role in
controlling inflammatory events [11]. In particular, signaling
through the adenosine 2A (A2A) receptor has been described
as a potent regulator of inflammation [12]. In healthy CNS,
A2A receptor expression is the greatest in the neurons of
the basal ganglia, where it is involved in motor control
in conjunction with dopamine 2 (D2) receptors, but under
pathological conditions, A2A receptor expression has been
demonstrated also in brain areas outside the striatum [13].
Importantly, pharmacological targeting of A2A receptors
using antagonists or agonistsmay have important therapeutic
implications in several CNS diseases [14]. A2A receptor-
binding radioligands have enabled in vivo positron emission
tomography (PET) imaging of A2A receptor expression. The
human A2A receptor PET studies have focused either on
the striatal neuronal A2A receptor expression, relevant to
movement disorders [15, 16], or on A2A receptor upregulation
in the white matter in the context of neuroinflammatory
disease [13]. This review will provide a brief overview of A2A
receptors in healthy brain andwill describe their involvement
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Figure 1: MRI and [11C]TMSX PET images of a healthy subject. Axial T1 gadolinium-enhanced weighted MR image (a) and corresponding
parametric [11C]TMSX PET image (b). [11C]TMSX uptake is visualized as voxelwise distribution volume (VT) denoted by the color scale on
the right. Strong binding to A2A receptors is seen in the striatum, where A2A receptors are expressed on striatopallidal medium spiny neurons.

in a selection ofmost important neurological diseases, such as
Parkinson’s disease (PD), Huntington’s disease (HD), stroke,
and multiple sclerosis (MS). The role of in vivo PET imaging
in advancing the understanding of the A2A receptor biology
within the CNS will be discussed.

2. A2A Receptor Expression in Various CNS
Compartments and Cell Types

2.1. Neurons. Adenosine receptors are far more abundant in
the brain than in any other organ [17]. In healthy brain, A2A
receptor expression ismost prominent in neurons of the basal
ganglia (Figure 1) [18, 19]. A2A receptors are also expressed
in neurons in the neocortex and the limbic cortex [20–22],
where they are predominantly present in nerve terminals,
albeit with a density 20 times lower than that found in
the basal ganglia [20]. The distribution of A2A receptors is
similar in rodents and humans [23, 24]. However, the level
of extrastriatal A2A receptor expression appears to be higher
in humans than in rodents [18]. In the basal ganglia, the
A2A receptors are colocalized with dopamine 2 receptors in
the striatopallidal gamma-aminobutyric acid (GABA)ergic
neurons containing enkephalin [18, 25]. A2A receptors are
mostly localized postsynaptically [26] but are also found
presynaptically on glutamatergic nerve terminals, where they
contact the direct-pathway medium spiny neurons [27] and
can form heteromers with A1 receptors [9]. A2A receptor
antagonists have also been found to modify the N-methyl-
D-aspartic acid (NMDA) receptor subunit composition in
transgenic R6/2 mice [28]. The ability of A2A receptors to
control the release of glutamate in the cerebral cortex [8,
29, 30], hippocampus [21, 22, 31], and striatum [32–38] has
led to the hypothesis that the reduction in glutamate release
might be the explanation for the neuroprotective effects of
A2A receptor antagonism [39, 40].The inhibition of glutamate
release by A2A receptor antagonism seems, however, strongly

time dependent in relation to lesion formation and animal
age.Quinolinic acid (QA) induced glutamate release is almost
completely blocked in rat striatum by pretreatment with A2A
receptor antagonist SCH58261 [39] but this effect of A2A
receptor antagonist is reversed two weeks after QA lesion,
when SCH58261 significantly increases glutamate outflow
[37]. Similarly, spontaneous outflow of glutamate in response
to SCH58261 treatment in young rats is different from that
in aged ones [35]. Future studies are awaited to confirm the
usefulness of A2A receptor antagonism in protection from
glutamate-related neurotoxicity in various neurodegenera-
tive conditions.

2.2. Endothelial Cells. Brain endothelial cells, together with
astrocytes and pericytes, form the blood-brain barrier (BBB),
a physical barrier that protects the CNS against blood
pathogens and prevents immune cell infiltration [41]. Endo-
thelial cells of the BBB are linked together with occludins,
claudins, and junctional adhesion molecules (JAMs) that
form the tight junctions that inhibit almost all the paracellular
transportation through the BBB [42]. Although the BBB
allows less passing than most endothelial barriers under
normal circumstances, during CNS infection, trauma or
autoimmunity immune cells from the periphery gain access
to the CNS parenchyma [43]. One possible mediator control-
ling BBB permeability is the adenosine A2A receptor [44].

A2A receptors are expressed on human brain endothe-
lial cells together with adenosine-forming enzymes, CD39
and CD73 [45–47]. A2A receptor expression has also been
described on mouse and rat brain endothelial cells [48].
Evidence from animal studies suggests that activation of the
A2A receptors promotes an increase in BBB permeability to
macromolecules [48]. However, another study suggested that
the increased production of adenosine via induction of the
adenosine-generating ectoenzyme CD73 on primary human
brain endothelial cells after interferon beta (IFN-𝛽) treatment
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leads to improved barrier function, but the target molecule of
adenosine in this particular setting remains uncertain [49].
Activation ofA2A receptorswith a broad-spectrumadenosine
receptor agonist 5-N-ethylcarboxamidoadenosine (NECA)
or A2A receptor-specific agonist Lexiscan (regadenoson,
FDA approved for use as a pharmacological stress agent
for radionuclide myocardial perfusion imaging) increased
BBB permeability to macromolecules such as 10 kD dextrans
(NECA and Lexiscan) and 70 kD dextrans (NECA) and
antibodies to 𝛽-amyloid (NECA) in vivo [48]. Increase in
barrier permeability after A2A receptor agonist treatment
was linked to changes in cell cytoskeleton structure, mea-
sured as decreased transendothelial cell electrical resistance
(TEER) and actomyosin stress fiber formation, as well as
decreased expression of tight junctions molecules, most
strongly occludin [48]. Similar cytoskeletal changes were
observed in primary human brain endothelial cells after
treatment with A2A receptor agonist [45]. Furthermore, A2A
receptor agonist treatment has been shown to promote para-
cellular transendothelial migration of lymphocytes through
a model of human BBB [45]. In peripheral blood vessels the
role of A2A receptors in the control of vessel permeability
remains less clear, as A2A receptor agonists have been shown,
depending on conditions, to either increase or decrease
endothelial permeability [50–54].

2.3. A2A Receptor in Choroid Plexus. In order for immune
cells to gain access to the CNS, they need to cross either of the
protective barriers between the periphery and CNS: the BBB
or the blood-cerebrospinal fluid barrier (BCSFB).TheBCSFB
is formed by the choroid plexus and is made up of fenestrated
capillaries, which are surrounded by parenchyma covered
with epithelial cells that, like the BBB endothelial cells, are
joined together by tight junctions [55, 56]. A2A receptors are
expressed on choroid plexus endothelial cells, where they
seem to regulate lymphocyte migration into the CNS [57,
58]. This was also shown to contribute to the development
of experimental autoimmune encephalomyelitis (EAE), the
animal model of MS [57]. Here, ATP released from damaged
cells within the CNS is hydrolyzed to adenosine by choroid-
plexus-expressing ectoenzymes CD39 and CD73. Adenosine
binds to the A2A receptor and facilitates the lymphocyte entry
via enhancing CX3CL1 expression at the choroid plexus [59].
Lack of A2A receptors results in reduced lymphocyte entry
[57].

2.4. A2A Receptors in Glia. A role for A2A receptors has
been described in oligodendrocyte differentiation. A2A recep-
tor expression has been demonstrated on oligodendrocyte
precursor cells [60], and A2A receptor signaling seems to
inhibit oligodendrocyte progenitor cell maturation, whereas
A1 receptor signaling promotes it [61, 62]. Under chronic
inflammatory or neurodegenerative conditions, A2A receptor
expression has been demonstrated also in other CNS areas
and cell types, such as microglia [63, 64] and astrocytes
[65]. In several neurodegenerative CNS diseases astrogliosis
can contribute to the disease pathogenesis by contributing
to cellular death. Interestingly, A2A receptor antagonism

might contribute to control of astrogliosis, as A2A antagonists
SCH58261 and KW6002 were shown to significantly inhibit
signs of astrogliosis in a primary cell culture of striatal
rat astrocytes [66]. Similarly, A2A receptor activation led to
morphological changes in cultured microglia indicative of
further microglial activation, a phenomenon which could be
blocked using A2A receptor antagonists [63]. Hence, astro-
cytes and microglia might provide the central link between
A2A receptor-mediated effects in neuroinflammatory and
neurodegenerative diseases, which will be discussed in the
next chapters.

3. A2A Receptors in Neurodegenerative Disease

3.1. Parkinson’s Disease. A2A receptors are abundantly ex-
pressed on neurons in the striatum [18, 19], where they
colocalize with dopamine 2 receptors on the GABAergic
striatopallidal neurons of the “indirect pathway” [25, 67].
In the classical model, direct and indirect pathways work
together in fine-tuning movement by exciting and inhibit-
ing the cerebral motor cortex, respectively. Presently, it
is acknowledged that complex interplay is likely to occur
between these two pathways [68]. A2A and D2 receptors
are functionally antagonistic, as A2A receptor antagonist
can exert a similar effect on motor control as D2 agonists.
This effect is explained by the receptors’ opposing effect on
adenylyl cyclase and by their ability to form heteromers [69,
70]. In PD, loss of dopaminergic input from substantia nigra
leads to unbalance of the sensitivemotor behavior controlling
system. Initially effective solution to depletion of dopamine
in PD has been dopamine replacement therapy by levodopa.
However, in chronic levodopa treatment, patients start expe-
riencing dyskinesias and symptoms of “wearing-off”; that is,
there will be motor fluctuations as the effective time of the
medication shortens [71]. Because A2A receptor antagonists
exert suppression similar to D2 receptor activation on the
medium spiny neurons of the indirect pathway, they have
been studied as an add-on therapy to levodopa in PD [72].

PET imaging using A2A receptor-binding radioligands
has been used to evaluate striatal A2A receptor expression in
PD in vivo. Distribution volume ratio (DVR) of [11C]TMSX
([7-N-methyl-11C]-(E)-8-(3,4,5-trimethoxystyryl)-1,3,7-tri-
methylxanthine) binding in the putamen was shown to be
higher in PD patients with dyskinesias (disease duration:
11.1 ± 7.2 years) compared to healthy controls [16]. On the
other hand, in drug-näıve patients (disease duration: 2.0 ±
1.2 years) there was no significant difference in [11C]TMSX
binding compared to healthy controls. [11C]TMSX DVR
was, however, increased in the putamen in a follow-up scan
after approximately a year of induction of antiparkinsonian
therapy compared to the baseline scans, despite the absence
of clinical dyskinesias [16]. Similarly, using another A2A
receptor-binding radioligand, [11C]SCH442416, and PET
imaging, a significant increase was found in the binding
potential in the putamen and the nucleus caudatus in
PD patients with levodopa-induced dyskinesias (disease
duration: 13.2 ± 5.6) compared to PD patients with levodopa
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treatment without dyskinesias (disease duration: 6.2 ± 3.4)
and to healthy controls [15].

3.2. Huntington’s Disease. Brain pathology in HD is charac-
terized by striatal atrophy with a selective loss of medium
spiny neurons [73]. Interestingly, neuropathological studies
have demonstrated a marked loss of striatal A2A receptors
in early stages of HD [23, 74], and similar loss of A2A
receptors is reported in transgenic mouse models of HD
[75–77]. Moreover, expression of mutant Huntingtin was
shown to lead to reduced A2A receptor expression in cell
cultures by regulating transcription of the A2A receptor gene
[78]. Finally, A2A receptor gene (ADORA2A) rs 5751876
genotype was shown to affect the age of onset of HD in
humans [79]. In transgenic HD animal models, blockade of
A2A receptors rescues cognitive performance impaired by the
disease [80, 81]. A2A receptor agonists on the other hand have
shown to reverse motor deficits [77], whereas blockade of
the receptor worsens motor performance [76, 82]. In vivo
A2A receptor-targeting PET imaging using [11C]KF18446 has
been used to demonstrate reducedA2A receptor expression in
an animal model of HD [83]. Here, the binding potential of
[11C]KF18446 was significantly decreased in the quinolinic
acid-lesioned striatum.Thus, in vivo imaging ofA2A receptors
in HD patients might provide insight into the pathologic
changes in A2A receptors in different stages of the disease.
Moreover, PET imaging of A2A receptors could be availed
for interrogating treatment response to possible adenosine
signaling targeting therapies in HD. To our knowledge, no
A2A receptor-targeting PET imaging has yet been performed
in HD patients.

3.3. Alzheimer’s Disease. A2A receptors are upregulated in
the frontal cortex and hippocampus in Alzheimer’s disease
(AD) [65, 84] and likewise in animal models of AD [5,
85]. In vitro, A2A receptor antagonists prevent amyloid 𝛽
(A𝛽) induced neurotoxicity and synaptotoxicity [5, 86–88],
whereas A2A receptor agonists increase 𝐴𝛽 production [89].
In various animal models of AD, blockade or genetic deletion
of A2A receptors enhances memory function [5, 90–92]. A2A
receptor activation is in fact sufficient to disrupt memory
even in healthy rats [93, 94]. On the other hand, treatment
of APP/PS1 mice with A2A receptor antagonist was shown to
increase A𝛽42 accumulation in cortical neurons (but not in
the hippocampus) [95]. A2A receptor activation specifically
in the hippocampus was shown to impair memory, whereas
in the nucleus accumbens it only induced locomotor activity
instead [94]. Interestingly, activation of chimeric rhodopsin-
A2A receptor by light stimulated the cAMP-PKApathway and
increased CREB and c-Fos expression in the hippocampus
but stimulated the MAPK signaling pathway in the nucleus
accumbens [94]. Finally, Orr et al. showed that selective
deletion of A2A receptors from astrocytes enhanced memory
in an AD animal model [65]. Even though A2A receptor
antagonism or deletion in animal models of AD mainly
appears to exert neuroprotective effects, the causal relation-
ship between adenosine signaling and amyloid deposition, as
well as disease progression, remains unclear. More efficient
therapies for halting or slowing down the course of the disease

in AD are sorely needed, and anti-A2A therapy appears as an
intriguing option in this field. Before this, however, additional
evidence of the role of A2A receptors in AD as well as in other
neurodegenerative diseases would be needed. Imaging A2A
receptors in different stages of the disease and in studying
treatment response to novel emerging therapies would shed
more light on the understanding of the disease pathology.
Still, to our knowledge, there are as yet no in vivo PET studies
of A2A receptor expression in AD or in animal models of AD.

4. A2A Receptors in Multiple Sclerosis

4.1. Pathological Characteristics of Progressive Multiple Scle-
rosis. MS is traditionally considered an autoimmune dis-
ease, where an immune attack towards myelin leads to
demyelination and bouts of neurological symptoms [96].
Neuropathological studies have demonstrated that, in addi-
tion to the active focal inflammation, there is also an ongoing
neurodegenerative process, which starts already early on in
the relapsing remitting multiple sclerosis (RRMS) phase of
the disease, in both the gray matter and the white matter,
and leads to gradual axonal damage, neuronal loss, and CNS
atrophy [97]. With time, the RRMS disease advances to a
secondary progressive phase (SPMS), with an alteration in
neuropathological findings [98]. In addition to the focal
inflammatory lesions, increased spreading of the inflamma-
tory process into the so-called normal appearingwhitematter
(NAWM) with involvement of brain resident glial cells is
seen [98]. This inflammation can be measured in vivo using
translocator protein-18 kDa (TSPO) PET imaging [99, 100].
Thewidespreadmicroglial activation presumably contributes
to the ongoing neurodegenerative process leading to clini-
cal disease progression, but in general the mechanisms of
neurodegeneration in progressive MS are presently relatively
poorly understood. Importantly, better understanding and
better alternatives for in vivo measurement of the pathologi-
cal processes leading to disease progression would enhance
therapeutic development for this undertreated condition
[101].

4.2. Evidence of the Role of A2A Receptors in Multiple Sclerosis
Pathogenesis. Direct data on the role of A2A receptors in MS
is still scarce, but in vivo PET imaging studies using the A2A
receptor-binding radioligand [11C]TMSXhave demonstrated
that A2A receptor expression is increased in the NAWM
of patients with SPMS compared to age- and sex-matched
controls (Figure 2) [13]. Importantly, increased binding in
the NAWM correlated with increased clinical disability score
(EDSS) and decreased fractional anisotropy (FA) in diffusion
tensor imaging (DTI) of SPMS patients, suggesting that the
A2A receptors have a likely role in the disease pathogenesis.
In respective areas of normal appearing MS brain, increased
microglial activation has been demonstrated using TSPO-
binding radioligand [11C]PK11195 and PET [99].The identity
of A2A receptor-expressing cells in the context of MS is yet to
be confirmed. It is nevertheless plausible to hypothesize that
activated glia could be among the cell types expressing A2A
receptor in the SPMS NAWM, as A2A receptor expression on
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Figure 2: Brain MRI and [11C]TMSX PET images from a 45-year-old healthy female (a and b, resp.) and of a 48-year-old female with SPMS
(disease duration: 6 years, EDSS 7.5) (c and d, resp.). The images represent axial views from gadolinium-enhanced T1 images (a and c) and
parametric [11C]TMSX PET images with each voxel’s intensity representing the distribution volume (VT, ml/cm3) value of the ligand fused
with the T1 image (b and d). A pattern of increased [11C]TMSX binding can be observed around the T1 hypointense lesions (white arrows)
and within the mildly active plaque in the frontal white matter (yellow arrow) of the SPMS patient compared to the lower, homogeneous
binding in the white matter of the healthy control. Figure reprinted with permission from Rissanen et al. (2013) [13].

activated glia has been demonstrated in other settings involv-
ing an inflammatory or neurodegenerative environment [63,
65, 102]. Interestingly, increased adenosine levels have been
demonstrated in the cerebrospinal fluid and serum of MS
patients compared to controls [103, 104]. Moreover, high
consumption of coffee (caffeine is a nonspecific antagonist
of A1 and A2A receptors) associates with decreased suscep-
tibility risk of MS [105] and with reduced risk of progression
of RRMS [106], also suggesting that A2A receptor signaling
might have a role in evolvement of MS. No clinical trials
targeting A2A receptors inMS have been performed, but EAE

studies suggest that adenosine signaling might have a robust
effect on CNS inflammation, as discussed below.

4.3. Evidence of the Role of A2A Receptors in EAE. Treatment
of EAE with A2A receptor antagonists such as caffeine or
SCH58261 has been shown to significantly reduce clinical
scores in multiple mice and rat models of EAE [57, 58,
107–109]. Accordingly, infiltration of inflammatory cells is
decreased in the cerebral cortex and spinal cord [58, 107, 109],
and demyelination is reduced in these animals [107, 109].
Moreover, mice deficient in CD73 molecule, an ectoenzyme
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that catalyzes ATP into adenosine, have significantly milder
EAE disease and little immune cell infiltration [58]. This
supports the notion that preventing stimulation of the A2A
receptors within the CNS helps ameliorate EAE.

Conversely and surprisingly, other studies show that
genetic removal of A2A receptors results in initial worsening
of EAE, after which disease score returns to level of wild
type controls [57, 102]. Here histopathology accordingly
shows initial increased infiltration of CD4+ T lymphocytes
and increased reactivity of microglial activation markers
CD11b+/F480+ and Iba-1 in the brain and spinal cord [57,
110]. Interestingly, treatment with A2A receptor agonists
from time of immunization (day 0) reduces EAE scores
[102, 111], but delayed treatment causes an opposite effect
and exacerbates the disease. The opposite is seen with A2A
receptor antagonists: treatment with caffeine fromday 0 leads
to higher mean EAE scores and treatment from day 10 results
in lower mean EAE scores [109].

5. A2A Receptors in Ischemia and Stroke

Adenosine is excessively released from cells under ischemic
conditions [3]. A2A receptor expression in rat brain is
increased in the striatum on neurons andmicroglia following
cerebral ischemia [112]. A2A receptors can be beneficially tar-
geted under ischemic conditions, as A2A receptor blockade by
genetic deletion of the receptor or pharmacological inhibition
protects against cerebral ischemia and ischemia-reperfusion
injury in multiple animal studies [113–123]. The protective
effect is possibly due to inhibition of glutamate outflow
[30, 119]. Because global deletion of A2A receptors seemed
protective against ischemia, Yu et al. [124] tested the effect
of selective deletion of A2A receptors from bone marrow-
derived cells (BMDC) and found that selective reconstitution
of A2A receptors on BMDCs reinstated the ischemic brain
injury in global A2A receptor knockout mice. Accordingly,
selective lack of A2A receptors in the BMDC compartment
was sufficient to abolish the protective effect of A2A receptor
genetic deletion.

Although the literature on the beneficial effect of the A2A
receptor antagonists in ischemia is abundant, some studies
suggest that the protective effect of the receptor blockade is
lost following excessive reperfusion injury. A recent study
suggests that, although A2A receptor antagonists initially
protect against transient ischemic injury, the protective effect
is lost 7 days after ischemia despite chronic treatment with
the antagonist (twice a day) [125]. Similarly, chronic 8-(3-
chlorostyryl) caffeine treatment (s.c.) did not show any effect
on infarct volume at 72 hours after permanent occlusion of
themiddle cerebral artery (MCAo) [126] and genetic deletion
even worsened ischemic injury in young mice when assessed
at 5 days after permanent occlusion of the common carotid
artery [127]. Interestingly, A2A receptor agonist CGS21680
(i.p.) was shown to reduce infarct volume (rat cortex but not
striatum), microglial activation, and granulocyte infiltration
into the brain following transientMCAowhen assessed 7 days
after ischemia [128].

6. A2A Receptor-Binding Radioligands in
Human PET Studies

PET imaging of A2A receptors has been used in clinical
research in humans but is not generally available or utilized
in routine clinical practice. In the clinical diagnostics of neu-
rodegenerative diseases, [123I]𝛽-CIT-SPECT (single-photon
emission computed tomography) can be used for imaging
dopamine transporter availability for differential diagnostics
of early or atypical PD, [11C]PIB for identifying amyloid
pathology in early AD if routine morphological imaging
is normal, and [18F]FDG (2-deoxy-2-[fluorine-18]fluoro-D-
glucose) for detecting hypometabolism and differentiating
dementia with Lewy bodies (DLB) or frontotemporal lobe
degeneration (FTD) from AD. In addition, [123I]𝛽-CIT-
SPECT may aid in differentiating between DLB and AD.
For imaging neuroinflammation, [18F]FDG could theoret-
ically be used for detecting hypermetabolism, but due to
its unspecificity, it is of limited value in clinical practice
compared to routine MRI imaging and cerebrospinal fluid
(CSF) analyses.Thus, when imaging the detailedmechanisms
of A2A receptors in neuroinflammation,more specific probes,
such as A2A receptor-binding radioligands, are needed.

In the healthy CNS, human in vivo PET studies demon-
strate greatest A2A receptor ligand binding in the basal
ganglia, whereas low radiotracer accumulation was shown in
cortical areas and cerebellum [19, 129–131]. Subject age does
not seem to affect striatal A2A receptor radioligand binding
[132]. Regarding evaluation of disease-related A2A receptor
expression in vivo, interest in PD therapy development has
clearly been the driving force. Here, the main focus has been
the variation in the A2A receptor level within the striatum,
according to disease stage and medication, as discussed
above [15, 16, 133]. Several ligands for imaging the A2A
receptors have been developed and five of them, that is,
[11C]TMSX, [11C]Preladenant, [11C]SCH442416, [18F]MNI-
444, and [11C]KW6002, have been tested in human subjects.
Their chemical structures are presented in Figure 3. Below,
we discuss the characteristics and the usability of these five
radioligands.

6.1. [1 1C]TMSX. [11C]TMSX is a methylxanthine analog of
KF17387. It is the most widely used A2A receptor radioli-
gand and its binding to A2A receptors in humans has been
described in the brain [134], myocardium [135, 136], and
skeletal muscle [137, 138]. [11C]TMSX (previously named
KF18446) was first developed by Ishiwata et al. [139] in search
of more 2A receptor selective ligands after previously tested
xanthine-type ligands had proven poor A2A selectivity over
A1 and high nonspecific binding [140]. In the rat, [

11C]TMSX
shows relatively low affinity for the A2A receptor (Table 1) and
about 270-fold selectivity to A2A receptors over A1 [139]. In
human brain, A2A receptor antagonist theophylline reduced
[11C]TMSX binding in the putamen by 4.5% and in the
nucleus caudatus by 8%, but not in other areas outside of
striatum [134]. Specific binding is highest in the striatum,
with reported binding potential (BP) of 1.2–1.25 in the
putamen [19] and DVR 1.67 in the striatum [141], followed
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by lower binding in the thalamus, cerebellum, brainstem,
and the cortex [19]. Both the centrum semiovale [142] and
the cerebral cortex [132] have been used as reference for
calculating TMSX binding. In addition, a semiautomated
method using supervised clustering for the extraction of gray
matter reference region has been developed [141].

Acquiringmetabolite corrected plasma input function via
arterial cannulation and repeated arterial sampling for the
measurement of the radioligand activity and metabolism is
considered the golden standard in brain PET image analyses
especially with novel ligands without a priori knowledge of
the ligand’s kinetics and metabolism. However, this method-
ology can be unpleasant for the study subjects, may be prone
to errors, and requires more expert personnel. Therefore,
optional methods for obtaining plasma input function have
been developed, including independent component analysis
[142] and intersectional searching algorithm with averaging
and clustering of PET data (robust EPISA) [150]. Importantly,
plasma input methods can be affected by the fraction of
radioactivemetabolites.Using nonmetabolite corrected input
has been reported to underestimate the [11C]TMSX distri-
bution volume (VT) by approximately 5% when compared
with metabolite corrected plasma input [142]. Consequently,
a noninvasive, validated method for obtaining metabo-
lite corrected population-based plasma input function for
[11C]TMSX has been developed and validated [141]. Dosing

and blood sampling under dimmed light is required due to
[11C]TMSX photoisomerization.

6.2. [1 1C]SCH442416. [11C]SCH442416 (5-amino-7-(3-(4-
[11C]methoxy)phenylpropyl)-2-(2-furyl)pyrazolo[4,3-e]-1,2,
4-triazolo[1,5-c]pyrimidine) was the first suitable nonx-
anthine radioligand for the imaging of A2A receptors. In a
blocking study with vipadenant (an A2A receptor antagonist),
the highest radioligand binding measured as metabolite
corrected VT was seen in putamen (𝑉𝑇 ∼ 0.6ml/cm3),
followed by caudate, nucleus accumbens, thalamus, and
cerebellum (𝑉𝑇 ∼ 0.3ml/cm3) [149]. A2A receptor blocking
with vipadenant resulted in notable 3-4-fold reduction in
total [11C]SCH442416 binding (VT) in striatal ROIs and
also in about up to 2-fold reduction in cerebellum. Two
later studies have shown very different specific binding
potentials in the putamen when using the cerebellum as a
reference region for the estimation of specific radioligand
binding. Grachev et al. [148] reported the average binding
potential (BPND) of five healthy subjects in the putamen as
2.47 ± 0.84, whereas Ramlackhansingh et al. [15] reported
the average BPND of six healthy controls (control group in
a PD study) to be as low as 0.99 ± 0.21. The intersubject
variability was, however, fairly large in the aforementioned
study (BPND 1.12–3.82 in the putamen) [148]. In both studies
spectral analysis with metabolite corrected arterial plasma
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input and cerebellum as a reference region were used for the
quantification of specific radiotracer binding. Whether or
not the region of interest (ROI) for cerebellum as reference
region was defined in a similar manner in both studies—a
possible source of discrepancy in the results—is not known.
Finally, neither study reported the use of coffee or other
caffeine-rich beverages prior to imaging session. In PET
imaging studies using other A2A ligands [13, 132], abstinence
from caffeinated drinks has been required at least for 12 hours
before the scan in order to rule out the possible blocking
effect by caffeine.

6.3. [1 1C]Preladenant. [11C]Preladenant has high affinity for
the A2A receptor and >1000-fold selectivity to the A2A over
the other adenosine receptor subtypes [143]. First human
study with [11C]Preladenant was recently published [129].
Here, eight healthy male subjects were tested. Approximately
78% of Preladenant was unmetabolized at 60 minutes. In
a rat study, 17% of the total radioactivity in the brain was
due to radioactive metabolites at 60 minutes [151]. It will be
thus necessary to take these radiometabolites into consid-
eration in the kinetic modeling, with metabolite corrected
input function. [11C]Preladenant has a DVR of 7.9 ± 2.3
in the putamen and shows lower binding in the frontal
cortex, thalamus, and cerebellum [129]. In rhesus monkeys,
pretreatment with Preladenant before PET imaging with
[11C]Preladenant reduced striatal binding to extrastriatal lev-
els but also reduced extrastriatal binding [144]. Cerebellum
was nevertheless used as a reference region.

6.4. [1 8F]MNI-444. [18F]MNI-444 is the only [18F]-labeled
A2A radioligand used in humans. It has relatively high affinity
(𝐾𝑖 = 2.8 nM) for the human recombinant A2A receptor
[145]. Reported BPND to putamen is 4.7 ± 0.63, to globus
pallidus 3.67 ± 0.69, and to caudate 2.69 ± 0.74 [130]. Also
in these studies, cerebellum was used as a reference region
although a dose-independent reduction in cerebellar binding
was found in preblocking with Tozadenant and Preladenant
in the rhesus monkey [146].

6.5. [1 1C]KW6002. In rodent and human studies,
[11C]KW6002 shows high binding in the striatum, but
binding is also detected in the cerebellum and thalamus. In
addition, preblocking with A2A receptor antagonist KW6002
reduced [11C]KW6002 binding to A2A receptors in all
studied brain regions [152, 153]. The authors concluded that
the extrastriatal binding could be explained by binding to
A1 and A2B receptors, although no effect of A2B receptor
antagonist on [11C]KW6002 binding was found [153]. Due
to its inadequate specificity, this ligand has not been further
developed.

6.6. Challenges in A2A Receptor PET Imaging. Even though
the highest specific [11C]TMSX binding occurs in putamen
and caudate, there appears to be some specific, albeit lower,
A2A receptor binding in extrastriatal tissues such as cortical
gray matter and cerebellum. The rate of specific binding,
calculated as BP/VT, has been reported to be as high as

53% in cerebellum and 37.8–42.7% in cerebral cortex for
[11C]TMSX [19]. Similarly, the previously mentioned block-
ing studies with newer A2A receptor radioligands demon-
strate the presence of some specific A2A receptor binding
in extrastriatal gray matter. Therefore, both cerebellum and
cerebral cortex appear as less than optimal reference regions.
Moreover, in diseases with widely spread pathology, such
as MS, a common, anatomically defined reference region
that is presumably free of disease pathology, inflammatory
activity, and possible specific binding is difficult to find.
Also, when studying diseases with predominant white matter
affliction, such as MS, centrum semiovale is not a feasible
reference region either, even though in healthy controls the
A2A receptor binding in central white matter is negligible.
In order to overcome these issues, a method for supervised
clustering of the reference region has been developed and
validated for [11C]TMSX based on the same algorithm used
for [11C]PK11195 studies (SuperPK software) [154]. Impor-
tantly, this method is based on predefined kinetic classes,
where the shape of the time activity curve (TAC) in the gray
matter reference region is considered to represent nonspecific
binding as opposed to the high specific binding with different
TAC shape [141].

7. Conclusion

There is increasing interest in the therapeutic development of
A2A receptor antagonists and agonists in a variety of neuro-
logical conditions. A2A receptors are ubiquitously expressed
in various areas of the CNS, but their significance in the
context of the different CNS diseases still needs clarification.
Pathological processes in CNS diseases are particularly diffi-
cult to investigate for reasons such as the difficulties in obtain-
ing representative biopsies from the brain. PET imaging, on
the other hand, provides an excellent opportunity to evaluate
disease-specific pathology in vivo, by allowing quantitative
study of the receptors of interest in an appropriate patholog-
ical environment in situ. With the increasing variety of A2A
receptor-binding PET ligands available for use in human in
vivo PET imaging, there is good likelihood that PET imaging
will improve our understanding of the involvement of A2A
receptors in the pathophysiology and pathogenesis of brain
diseases, both in the neuronal compartment of the basal
ganglia and in relation to inflammation, such as in progressive
MS. Groups of patients can be studied cross sectionally at
various stages of a given disease or, alternatively, PET imaging
can be applied longitudinally to evaluate alterations in the
A2A receptor in the course of the disease or in response
to treatment. PET imaging of neuroinflammation has relied
heavily on TSPO-binding radioligands, but methodological
challenges related to TSPO-imaging has directed the field to
actively seek alternative imaging probes. A2A receptor PET
imaging provides one such alternative that is worth further
exploring.
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Leukocyte immunotherapies have made great progress in the treatment of cancer. Recent reports on the treatment of B-cell
malignancies using Chimeric Antigen Receptor and affinity enhanced T-Cell Receptor therapies have demonstrated encouraging
clinical results. As investigators begin to explore the treatment of solid tumors with these cells, the hurdle of evaluating T-cell
homing to and persistence at the site of disease remain. Significant challenges regarding the GMPmanufacture and administration
of a therapeutic dose ofmillions to billions of transduced T-cells remain. Here we report on the application of a clinically authorized
19FMRI tracer agent to human T-cells, employing state-of-the-art methods and equipment in themanufacture of a cellular therapy.
Using a general T-cell expansion protocol and clinical scale industrial bioreactors, we show 19F labeling without detriment to the
product +/− cryopreservation. While the incorporation of the 19F tracer is not trivial, it is just one of the many steps that can
aid in progression of a therapeutic to and though the clinic. Combining the MRI tracking capabilities, safety profiles, and clinical
sensitivity of this method, this application demonstrates the ability of 19FMRI to be used in industrial scale applications to visualize
the spatial fate of cellular therapeutics.

1. Introduction

In the past 5 years, the successful treatment of cancer
patients with autologous T-cells that have been engineered to
recognize and kill tumors has been reported in the academic
literature [1–8]. Although the total number of patients treated
is relatively small, the unexpectedly high rates of complete
response have provoked global reaction by other academic
investigators, large pharmaceutical companies, and financial
markets to allocate significant resources to translate these
therapies into commercial products that can be economically
delivered to patients.

The enabling breakthrough for these new therapies is the
targeting of tumor cells with aberrant patterns of gene expres-
sion versus the originating tissue type [9]. These therapies
are typically referred to as CAR T-cells (Chimeric Antigen
Receptor-T-cells) or TCR cells (T-Cell Receptor cells) butmay

involve NK cells, mixed lymphocytes, and T-cells and NK
cells derived from allogenic cell lines. In this study, we
refer to them generically as engineered T-cell therapies. The
engineered aspect of these cells typically involves genetically
modifying immune cells in culture to express a receptor with
an affinity for a target expressed by the tumor cells [10].

A second engineering aspect is large scale processes
to genetically modify tens of millions of cells in culture,
extracting the “unused” proteins and virus used in the
transduction process, expanding the population of modified
cells, and testing the cell product to verify that it meets
predetermined release criteria. Integrating manufacturing of
complex proteins and virus particles, traditional tissue cul-
ture, large scale transduction, and quality assurance on an
industrial scale in a patient-centric process is a daunting
undertaking that is currently being developed in real-time on
a global basis [10, 11]. This process involves many empirical
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steps: testing a particular technology on a stand-alone basis
and retesting the technology integrated in the putative large
scale process.

The rich market valuations for companies specializing
in engineered T-cell therapies indicate that investors expect
therapeutic developers to rapidly overcome the many manu-
facturing challenges for these treatments and advance beyond
the treatment of blood cancers to solid tumors. Of the
1.7 million new cases of cancer in the US each year, less
than 1% involve Acute Lymphoblastic Leukemia (ALL), the
most successful treatment to date, and less than 10% involve
leukemia, lymphoma, and myeloma [12].

Investigators and developers of engineered T-cell thera-
pies are currently considering a large number of receptors
and targets to treat solid tumors. Unfortunately, there is no
high throughput in vitro method or data demonstrating the
relevancy of preclinical models involving xenograft human
tumors and engineered human immune cells. Like the work
in ALL, the path forward will involve multiple early clinical
studies. To accelerate the process, developers must embrace
new technologies that answer fundamental questions regard-
ingmigration, persistence, and tumor killing for new receptor
and target combinations. Definitive pharmacokinetic (PK)
data for engineered T-cells will rapidly identify promising
therapies and may provide further guidance for dosing
strategies, different routes of administration, the ablation of
endogenous immune cells, and the simultaneous administra-
tion of check point inhibitors or other immunotherapies.

The ideal cellular imaging technology for the develop-
ment of PK data meets several criteria including being a
quantitative, sensitive, biocompatible (viability preserving
and nongenetically modifying), long lived, and nondilutive
[13]. Most imaging technologies meet some but not all of
these characteristics, with varying pros and cons of each
modality, requiring a balance of wants and needs in exam-
ining cellular migration and persistence. Common imaging
modalities for clinical cell tracking include MRI, PET, and
SPECT. Ultrasound has also been used but is less common
(imaging modalities reviewed extensively elsewhere, [13–
17]). Here we will examine a nonradioactive perfluorocarbon
based imaging agent that has been used clinically and is able
to be visualized and quantified by fluorine MRI [18, 19].

Incorporation of fluorine labeling has been well demon-
strated in the literature [18–24] but only on a small scale,
cultures involving small volume flasks and not liters of
media. In this paper we describe one of the empirical steps
in the process of evaluating a new therapeutic component,
namely, cell labeling. Here we report on a set of experiments
that demonstrate that Cell Sense (CS-1000), a 19F MRI cell
tracking agent used to develop clinical pharmacokinetic data
for cell therapies, can be integrated into an industrial process
for manufacturing an engineered T-cell therapy.

2. Methods

2.1. T-Cell Generation. Lymphocytes were isolated frombuffy
coats (Central Blood Bank, Pittsburgh PA) by Ficoll (GE
Healthcare) and gradient separation (Percoll, GEHealthcare)

as described previously [25]. Lymphocytes were stimulated
with 2.5 ug/mL PHA (Roche) and cultured in Iscove’s Mod-
ified Dulbecco’s Medium (IMDM, Gibco) containing 10%
human AB serum (Sigma), 200 IU/mL IL-2 (GE Healthcare),
0.5% Penicillin, Streptomycin, Glutamine mix (PSG, Gibco),
and 600mg/L glucose (Gibco).

2.2. Cellular Expansion. Cells were expanded in 2 L Perfusion
Cellbags in Wave 2/10 (Xuri W5) bioreactors with perfusion
capability (GE Healthcare). Cells were initially seeded at
2.5–5 × 105 cells/mL with 5% CO2 and 6RPM (rock per
minute). Culture volume was increased, keeping cells at 5 ×
105 cells/mL until 1 L of media is reached. Once the culture
volume was above 750mL, rock was increased to 8 RPM.
Perfusion was started once culture volume reaches 1 L and
the rock rate was increased to 10 RPM. Days 1-2 were set for
250mL of perfusion. Days 3–5 were set at 500mL. Cultures
were grown for 7 days reaching up to 2 × 106 cells/mL.

2.3. 19F Labeling of Human T-Cells. Cell Sense (CS-1000
ATM, Celsense Inc.) was infused via a vented vial spike (ICU
Medical) into the bioreactor. Reagent was either pumped in
via the bioreactor pump or fed by gravity. Vials are filled with
27mL of reagent, with the spike 25mL being delivered per
vial. Cells were labeled at 10mg/mL CS-1000 ATM for the
final 24 hours of culture.

2.4. Cellular Viability. Cellular viability was determined by
Trypan Blue exclusion.

2.5. Cellular Phenotype. Cell surface immunostaining analy-
sis was performed using a BD FACS Caliber flow cytometer.
Fluorescein isothiocyanate (FITC) CD3 and CD4 (Beckman
Coulter Immunotech) and phycoerythrin (PE) CD8 (Beck-
man Coulter Immunotech) and CD32 (Biolegend) conju-
gated antibodies were used with their associated control
antibodies (Beckman Coulter Immunotech and Biolegend)
to assess the cellular population. Before staining, cells were
washed in phosphate buffered saline (PBS) and blocked in
20% human AB serum for 10 minutes. Samples were then
incubated with fluorescent antibodies at suggested concen-
trations for 20minutes. Afterwashingwith PBS, sampleswere
analyzed. Data analysis was performed using BD CellQuest
Pro Software.

2.6. Nuclear Magnetic Resonance (NMR) Analysis of Labeled
Cells. To assay the fluorine content of the cells after labeling,
cell pellets of a known number of cells (≥3 × 106 cells) were
lysed with 1% Triton-X 100 (Sigma Aldrich) and a fluorine
reference solution (trifluoroacetic acid, TFA) for a final
concentration of 0.05%TFA.The lysed solution was placed in
a 5mm quartz NMR tube and read using a Bruker AVANCE
spectrometer (Bruker, Billerica MA) operating at 282MHz.
19F NMR spectra with both PFPE and TFA peaks were
obtained and the ratios of the integrated areas under the peaks
were used to calculate the mean 19𝐹/cell or 𝐹/𝑐 as described
previously [24, 26].
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(a) (b)

Figure 1: Incorporation of cellular labeling. Human T-cells were
expanded to 1 L of culture in a GE Wave 2/10 bioreactor. (a) By
adding CS-1000 ATM through a vented spike, a closed sterile system
was able to be maintained. Vials containing 27mL of CS-1000
ATM were fed either by gravity (not shown) or by peristaltic pump
through a vented vial spike. With this method of delivery, 25mL of
reagent is delivered per vial. (b) 27mL vial imaged with the vented
spike.

2.7. Determination of Labeled Population. Cells were labeled
with Cell Sense CS-ATM DM Green (CS-DM), a preclinical
grade, fluorescent green conjugated version of CS-1000 ATM
as performed above. Cells were washed of excess reagent and
label uptake assessed by flow cytometry. Percentage of labeled
population was determined by comparing the histograms for
the 488 emission channel between unlabeled and CS-DM
labeled cells.

2.8. Cryopreservation. Cells were pelleted and resuspended
in 20% serum (Sigma Aldrich) 10% dimethyl sulfoxide
(DMSO, brand) containing media which is slowly brought
down to −80∘C before transferring to liquid nitrogen.

3. Results

3.1. The Logistics of Labeling at Industrial Scale. Introducing
an imaging agent into clinical preparations requires the prop-
erties of the therapeutic and the manufacturing protocol for
cellular preparation be unaltered by its addition. Preclinical
studies have shown the efficacy of the reagent at experimental
levels and in the clinic at cellular doses of 106 cells [18, 20–
24]. In the area of T-cell therapies, higher doses of cells and
large volumes are often required for cellular expansion. Scale,
in this context, takes into consideration billions of cells and
its relationship to the volume of label, along with the ability
to maintain sterility within the system. These parameters at
a small scale were not an obstacle when compared to larger
clinical scale preparations. The issue of scale was addressed
by taking product packaging volume from4mL to 27mL.The
27mL packaging resulted in 25mL of delivered reagent with
2mL of hold-up volume when administered by vented spike
(Figure 1). Small scale preparations involved the addition
of reagent to a flask in a tissue culture hood, while large
scale preparations are often performed in a clean room,
where a closed system is preferred. The addition of the larger

packaging size and vented spike delivery allows for larger
volume administration without the transfer of the bioreactor
to a culture hood. Using this method, reagent can be pumped
in via the bioreactors peristaltic pump or simply gravity fed.
Adding to the adaptability of the process, cellular labelingwas
performed in the final 24 hours of cellular expansion as not
to increase the time or complexity of product preparation.

3.2. Uptake and Viability. Cellular viability is a common
release criterion for therapeutic cells. Keeping the require-
ments for an imaging reagent in mind, cells were examined
under two categories: normal healthy donor expanded T-cells
and cryopreserved T-cells. The two categories of cells were
used to examine clinical scale labeling and expansion as well
as the storage of labeled cells to assess labeling properties
for stored and/or shipped cells. Prior studies showed that T-
cells are labeled effectively at 10mg/mL, which is the constant
dose used throughout the studies (data not shown). Cells
were labeled at 10mg/mL in 1 L of media for 24 hours.
The label possesses a single major spectral peak by NMR,
which when compared to a trifluoroacetic acid standard
(TFA) allows for the calculation of𝐹/𝑐 (19𝐹/cell, Figure 2(a)).
All cell groups demonstrated labeling of 1011 19𝐹/cell (𝐹/𝑐).
Using Trypan Blue exclusion, we clearly demonstrated that
cellular viability was maintained (Figures 2(c) and 2(d)).
Importantly, cryopreserved cells maintain cellular health
and retain label after thaw (Figure 2(c)). Viability and 𝐹/𝑐
are summarized for each category of cells in Figure 2(d).
Examining the degree of label retention in nonengineered
cells, a fluorescently conjugated form of Cell Sense was used
to show the distribution of cellular label (Figure 2(b)). Flow
cytometry confirmed that ∼90% of the T-cell preparation was
labeled with reagent.

3.3. Cellular Characterization. Acellular therapeutic requires
a clear definition and characterization of the cellular product.
Before therapeutics is released for patient administration, a
number of release criteria are assessed. A panel of surface
markers was used to assess labeled and unlabeled cells in each
of the previously mentioned categories (recently expanded
and cryopreserved). Different immunotherapeutic T-cells
have different release criteria; in this study we examined the
cellular populations for the CD3 T-cell maker, CD8 cytotoxic
T-cell marker, CD4 T helper cell marker, and CD32 myeloid
and B-cell maker. The ratios of CD8 and CD4 cells were
maintainedwith a limited number of CD32 (nonlymphocyte)
cells present (Figure 3). Importantly, these ratios were main-
tained after cryopreservation.The composition of engineered
cells will vary by the way in which they are generated, with
the desired ratios of CD4 : CD8 cell varying by manufacture;
based on the labeling performed here, we would not antici-
pate the ratios to change in other expansion protocols.

4. Discussion

Early Phase 1 trials primarily look for evidence of drug
safety, but pharmacologic activity and early indications of
efficacy are often explored. Early Phase 1 trials typically
involve escalating dosage and a single route of administration.
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Figure 2: Label uptake and cellular viability after label. (a) CS-1000 ATM produces a single major spectral peak when detected by NMR.
Using the integration values of the labeled cells and TFA reference, the 19F atoms/cell (𝐹/𝑐) can be calculated. Is = integrated area of major
peak of the cell pellet, Mr = moles of TFA reference (three 19F per TFA molecule already reflected in equation), Na = Avogadro’s number, Ir
= integrated area under TFA reference peak, and Nc = number of cells in pellet. (b) Labeling with a green fluorescently conjugated version of
the reagent, cellular uptake of the reagent was examined by flow cytometry (n2). (c) Comparison of the viability of labeled and unlabeled cells
both before and after cryopreservation (precryo n5, postthaw n2). (d) Table summarizing the viability and label uptake of groups of cells.

In consideration of early Phase 1 trials, the FDA states in
their guidance for Cellular and Gene Therapy Products that
evidence of the cell therapy products persistence and activ-
ity should be monitored. Further, the guidance document
suggests monitoring the point of administration and site
of intended activity, as well as other potential migratory
sites or abnormal cell behavior [27]. Pharmacokinetic (PK)
data for a cell therapy product in vivo would help answer
some of these unknowns. The cell therapy results to date are

promising [1–8]; however cellular therapies face a number
of challenges before coming of a widely available treatment
option. Manufacturing scale-up and obtaining pharmacoki-
netic data are two such challenges to be overcome, both
obstacles considered throughout this manuscript.

Incorporation of an imaging agent into a clinical protocol
requires that the imaging agent does not alter the cellular
therapy, either in health or in function, and is capable of
being imaged clinically [13]. Earlier experiments demonstrate
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Figure 3: Phenotypic examination of labeled cells. Labeled and unlabeled T-cell populations are compared for the presence of the following
phenotypic markers: CD3, CD4, CD8, and CD32. (a) Histograms comparing cellular populations labeled with conjugated antibodies for the
depicted surface marker or isotype control. (b) Table summarizing the cellular populations (n2) presenting +/− CS-1000 ATM labeling and
+/− cryopreservation.

the labels ability to maintain cellular health and function
in multiple cell types [18, 20–24] and to be imaged at
clinically relevant scan times [19]. For ease of use, having the
label be easily incorporated into cellular processing was also
important. CS-1000 ATM does not require the addition of
transfection agents, which eases the incorporation process.
Our studies demonstrate an additional simplification; by
increasing the packaging and dose of deliverable reagent
per vial, we were able to maintain the ease of use for large
clinical scalemanufacturing (Figure 1). A degree of the design
of expansion protocols involve expansion of the culture in
bioreactors in a clean room environment, factoring in the
attachments (tubing) feeding into the bioreactors for the
continued culture. Having a 25mL dose of cellular label being
administered to existing lines of a bioreactor via a vented
spike eliminates the transfer of the culture to a biologic
safety cabinet and lends itself to the industrial manufac-
turing process. Through the consideration of these scaling
components, CS-1000 ATM was able to overcome previously
undemonstrated questions of labeling cells at clinical scale.

The addition of the 19F imaging agent to the man-
ufacturing process did not alter common release criteria,
namely, the cellular health or phenotype of the culture
(Figures 2 and 3, resp.). An important aspect of adding an
internalized label for cellular trafficking is not to alter these
criteria. Cells were labeled with an average of 3.7 × 1011 𝐹/𝑐.
Cryopreservation of samples was also examined. When cells
are being tested for release criteria, shipped, or stored for
repeat dosing, cryopreservation may be necessary. Cellular
phenotype, health, and cellular label were maintained upon
thawing of cryopreserved samples (Figures 2 and 3). Other

imaging modalities may lack the ability to be cryopreserved
and require labeling of the cellular population after thawing
due to the nature of the imaging agent (i.e., half-life) or
concerns regarding the extent of cellular labeling [28].

Incorporating a cellular imaging agent to the therapeutic
process allows PK data to be achieved through in vivo
imaging of cellular therapies. Imaging enables the exami-
nation of a therapy’s ability to reach its target (such as a
solid tumor). Of equal importance, such methodology could
account for potential off target delivery. In the selection
of route of administration for cellular delivery, comparing
various routes could help drive therapeutic outcome if one
route demonstrates improved targeting. Furthermore, since
therapeutic response may take 90 to 120 days, the possibility
of using an imaging agent as a biomarker for efficacy
when considering cancer treatment also holds great promise.
Imaging also allows for the detection of cells failing to
home/migrate; should a cellular therapy not reach the site of
disease, readministration of the cellular therapy of alternative
therapies could also be considered. Our goal by addressing
the scalability of cellular labeling is that the technology can
enable faster and more effective examination of cellular PK
in man.

Imaging in clinical trials has the potential to strengthen
safety and homing data. With one trial using 19F imaging
completed [19] and another trial set to recruit (clinicaltri-
als.gov, NCT02035085) there are still steps being made in
the implementation of this technology. Through the data
developed in this manuscript, the concerns over clinical
scale-up and incorporation of cellular labeling in clinical scale
T-cell immunotherapy manufacturing have been addressed.

https://www.clinicaltrials.gov/ct2/show/NCT02035085


6 Contrast Media & Molecular Imaging

As engineered T-cells are developed to target solid tumors,
the ability to image with an agent that can transition from
preclinical to clinical studies can help develop the pharma-
cokinetic data to necessary to accelerate the therapeutic path
forward.
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Purpose. This study evaluated the potential of 68Ga-citrate positron emission tomography/computed tomography (PET/CT) for
the detection of infectious foci in patients with Staphylococcus aureus bacteraemia by comparing it with 2-[18F]fluoro-2-deoxy-𝐷-
glucose (18F-FDG) PET/CT. Methods. Four patients admitted to hospital due to S. aureus bacteraemia underwent both 18F-FDG
and 68Ga-citrate whole-body PET/CT scans to detect infectious foci. Results.The time from hospital admission and the initiation
of antibiotic treatment to the first PET/CT was 4–10 days. The time interval between 18F-FDG and 68Ga-citrate PET/CT was 1–4
days.Three patients had vertebral osteomyelitis (spondylodiscitis) and one had osteomyelitis in the toe; these were detected by both
18F-FDG (maximum standardised uptake value [SUVmax] 6.0 ± 1.0) and

68Ga-citrate (SUVmax 6.8 ± 3.5, 𝑃 = 0.61). Three patients
had soft tissue infectious foci, with more intense 18F-FDG uptake (SUVmax 6.5 ± 2.5) than

68Ga-citrate uptake (SUVmax 3.9 ± 1.2,
𝑃 = 0.0033). Conclusions.Our small cohort of patients with S. aureus bacteraemia revealed that 68Ga-citrate PET/CT is comparable
to 18F-FDG PET/CT for detection of osteomyelitis, whereas 18F-FDG resulted in a higher signal for the detection of soft tissue
infectious foci.

1. Introduction

Positron emission tomography (PET) with the radiolabelled
glucose analogue 2-[18F]fluoro-2-deoxy-𝐷-glucose (18F-
FDG) is a sensitive and widely used method to detect inflam-
mation and infection according to the high glucose uptake
of activated inflammatory cells. It has an important role in
the diagnosis of fever of unknown origin when conventional
imaging has failed [1]. Staphylococcus aureus bacteraemia is
a life-threatening condition, and detection and eradication

of deep infectious foci are crucial for successful treatment
[2]. In previous studies, 18F-FDG PET/CT has proven to
be a sensitive method for the detection of infectious foci in
patients with gram-positive bacteraemia [2, 3].
68Ga-citrate has also been shown to be a sensitive and

specific tracer for the detection of infectious lesions [4,
5], although only a few human studies using 68Ga-citrate
PET/CT exist. The biological mechanism of 68Ga-citrate
accumulation in infectious foci is not fully understood. Once
injected the Ga-citrate complex is quickly dissociated into
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Ga3+ and citrate3− within the blood.Then, 99% of the gallium
ions are attached to transferrin [6, 7], which accumulates in
inflammatory lesions. In addition, it is assumed that some
68Ga may attach to bacterial siderophores, lactoferrin inside
neutrophils, and free lactoferrin at the site of infection [8].
According to previous studies, 68Ga-citrate PET/CT appears
to be a sensitive tool for the detection of bone infections [4, 9],
although until now it has not been studied in patients with S.
aureus bacteraemia.

The purpose of this study was to evaluate the potential
of 68Ga-citrate PET/CT for the detection of infectious foci in
patients with S. aureus bacteraemia by comparing it with 18F-
FDG in a head-to-head setting.

2. Materials and Methods

2.1. Subjects. This study evaluates four consecutive patients
who were admitted to hospital due to S. aureus bacter-
aemia. All patients underwent both 18F-FDG and 68Ga-
citrate whole-body PET/CT to detect infectious foci. The
study was approved by the institutional ethical review board
and all participants signed informed consent. The study was
registered as a clinical trial (NCT01878721).

2.2. PET/CT. The synthesis of 68Ga-citrate was performed
with automated synthesis device (Modular Lab, Eckert
& Ziegler Eurotope GmbH, Berlin, Germany). 68Ga was
obtained from a 68Ge/68Ga generator (IGG-100, 1850MBq,
Eckert & Ziegler Isotope Products, Valencia, CA, USA) by
eluting the generator with 6ml of 0.1M hydrogen chloride
(HCl). 68Ga was prepurified through a cationic exchanger
(Strata X-C, Phenomenex Inc., Torrance, CA) by eluting with
HCl/acetone-solution (800 𝜇l). Acetone was then evaporated
by heating at 110∘C for 240 s and after cooling of 68GaCl3,
the sterile isotonic sodium citrate solution (4ml) was added
to the reaction vial followed by 240 s reaction time. The
product was transferred to the end product vial through a
nonpyrogenic 0.22 𝜇m sterile filter and diluted with saline
(9mg/ml, 6ml).The radiochemical purity of the 68Ga-citrate
was evaluated by instant thin layer chromatography-silica-gel
technique usingmethanol/acetic acid (9 : 1) as amobile phase.
pH of the product was tested with indicator strips (pH range
2.0–9.0) and sterile filter integrity was assessed by a bubble
point test.

Whole-body 18F-FDG and 68Ga-citrate PET/CT (Discov-
ery VCT, GEMedical Systems) were performed in all patients
within 1–4 days. All patients fasted before the 18F-FDG scan.
The injected radioactivity doses of 18F-FDG and 68Ga-citrate
were 292 ± 68MBq (range: 227–387MBq) and 196 ± 37MBq
(range: 158–245MBq), respectively. PET scanning started at
58 ± 7min (range: 52–67min) after 18F-FDG injection and
81 ± 23min (range: 48–100min) after 68Ga-citrate injection.
The whole-body PET acquisition (3min/bed position) was
performed following a low dose CT for anatomical reference
and attenuation correction. PET images were reconstructed
using a 3D maximum-likelihood reconstruction with an
ordered-subsets expectation maximization algorithm (VUE
Point, GE Healthcare). Visual analysis of the images was

performed by an experienced nuclear medicine specialist (J.
K.), with the results being reevaluated by the research team
for consensus. A positive finding was defined as an abnormal
accumulation of 18F-FDG or 68Ga-citrate indicating infec-
tious foci. 18F-FDG and 68Ga-citrate uptake in the volumes
of interest were quantified and expressed as maximum stan-
dardised uptake values (SUVmax) by normalising the tissue
radioactivity concentration for the injected radioactivity dose
and the patient’s weight. The blood background radioactivity
concentration was determined from the left ventricle cavity
as SUVmean, and the target-to-background ratio (TBR) was
calculated as SUVmax,infection/SUVmean,blood.

2.3. Statistical Analysis. Results are expressed as mean ± SD
and range. A paired 𝑡-test was used to compare 18F-FDG
and 68Ga-citrate uptake. A 𝑃 value of <0.05 was considered
statistically significant.

3. Results
68Ga-citrate was prepared with high radiochemical purity
(≥95%) with pH of 3.0−7.0.

Patient characteristics are presented in Table 1. All
patients had a condition predisposing them to infection.
In addition, Patient #3 had a cardiac pacemaker. The time
interval from hospital admission and initiation of antibiotic
treatment to the first PET/CT was 4–10 days, with the second
PET/CT scan performed within another 1–4 days. The order
of the 18F-FDG and 68Ga-citrate scans depended on the
availability of tracers, with both being performed first in two
cases. The mean C-reactive protein (CRP) levels were 89 ±
55mg/l on the day of 18F-FDGPET/CT and 124±118mg/l on
the day of 68Ga-citrate PET/CT (𝑃 = 0.56). The blood back-
ground (𝑛 = 4) SUVmean was 1.4 ± 0.05 for 18F-FDG and
2.9 ± 0.88 for 68Ga-citrate (𝑃 = 0.043).

Three patients had vertebral osteomyelitis (spondy-
lodiscitis) and one patient had osteomyelitis of the toe. The
osteomyelitic foci were detected by both PET/CT methods
(Table 2, Figures 1 and 2) and magnetic resonance imaging
(MRI) in the cases of vertebral osteomyelitis and X-ray in the
case of osteomyelitis of the toe. In the areas of osteomyelitis
(𝑛 = 4), the SUVmax of

18F-FDGwas 6.0 ± 1.0 (range: 5.3–7.4)
and the SUVmax of

68Ga-citrate was 6.8 ± 3.5 (range: 2.7–11.1,
𝑃 = 0.61). The corresponding TBRs of 18F-FDG and 68Ga-
citrate were 4.4 ± 0.90 and 2.5 ± 1.4, respectively (𝑃 = 0.015).
Three patients had multiple infectious lesions and abscesses
in soft tissue (Patients #1, #3, and #4). In these soft tissue
infectious foci and abscesses (𝑛 = 8), the SUVmax of

18F-FDG
(6.5 ± 2.5, range: 3.7–10.6) was significantly higher than that
of 68Ga-citrate (3.9±1.2, range: 2.1–6.1, 𝑃 = 0.0033; Figure 1).
The corresponding TBRs of 18F-FDG and 68Ga-citrate were
4.6 ± 1.8 and 1.7 ± 0.7, respectively (𝑃 = 0.00021).

In addition to infectious foci, all of the patients also had
other metabolic findings. Three patients (Patients #2, #3, and
#4) demonstrated strong uptake of 68Ga-citrate in the larger
arteries, coincidental to visible atherosclerosis on CT. In the
ascending aorta (𝑛 = 4), the SUVmax of 68Ga-citrate was
4.7 ± 1.9 (range: 2.0–6.6), whereas the SUVmax of

18F-FDG

https://clinicaltrials.gov/ct2/show/NCT01878721?term=NCT01878721&rank=1
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Table 2: Quantitative 18F-FDG and 68Ga-citrate PET/CT findings.

Patient
number Visually active findings

18F-FDG 68Ga-citrate
SUVmax TBR SUVmax TBR

Infectious foci

(1)

Blood backgrounda 1.4 — 2.1 —
Vertebral osteomyelitis 6.1 4.4 7.3 3.5
Psoas/paravertebral abscess 10.6 7.6 6.1 2.9
Left elbow abscess 9.4 6.7 4.0 1.9
Three soft tissue infectious foci in left arm 7.3; 6.3; 5.4 5.2; 4.5; 3.9 5.0; 3.6; 3.5 2.4; 1.7; 1.7
Soft tissue infectious focus in left gluteus 3.7 2.6 2.1 0.8

(2)

Blood backgrounda 1.3 — 2.9 —
Vertebral osteomyelitis 7.4 5.7 11.1 3.8
Pneumonia, right lung 2.7 2.1 3.7 1.3
Pneumonia, left lung 3.9 3.0 3.1 1.1

(3)
Blood backgrounda 1.4 — 2.4 —
Septic arthritis and osteomyelitis, I toe 5.3 3.8 2.7 1.1
Soft tissue infectious focus, I toe 4.6 3.3 2.9 1.2

(4)

Blood backgrounda 1.4 — 4.1 —
Vertebral osteomyelitis 5.3 3.8 5.9 1.4
Shoulder abscess 4.5 3.2 4.2 1.0
Septic arthritis, glenohumeral joint 5.0 3.6 2.5 0.6
Septic arthritis, sternoclavicular joint 7.7 5.5 6.2 1.5
Other metabolic findings

(1) Active spleen 2.9 2.1 2.7 1.3
Ascending aorta 1.6 1.1 2.0 1.0

(2)

Parotid, unexplained 1.8 1.4 9.4 3.2
Reactive lymph nodes, neck right side 2.5 1.9 5.6 1.9
Inferior vena cava, thrombosis 2.5 1.9 8.6 3.0
Ascending aorta 1.6 1.2 6.6 2.3

(3)
Caecum, unspecific uptake 12.6 9.0 1.7 0.7
Descending colon, tubular adenoma 9.7 6.9 7.8 3.3
Ascending aorta 2.1 1.5 5.4 2.3

(4)
Reactive lymph nodes, neck right side 6.8 4.9 4.6 1.1
Reactive lymph nodes, neck left side 6.6 4.7 3.7 0.9
Ascending aorta 1.2 0.9 4.6 1.1

aDetermined from heart left ventricle cavity, SUVmean; TBR, target-to-background ratio (SUVmax,infection/SUVmean,blood).

was 1.6 ± 0.37 (range: 1.2–2.1, 𝑃 = 0.051). The corresponding
TBRs were 1.7 ± 0.72 for 68Ga-citrate and 1.2 ± 0.25 for 18F-
FDG (𝑃 = 0.17). Patient #1 showed increased splenic uptake
of both tracers, which was interpreted as a normal reaction
in a septic condition. Patient #2 demonstrated high uptake of
68Ga-citrate in an enlarged parotid gland and lymph nodes in
the neck (Figure 2(a)), which were not detected on 18F-FDG
PET/CT. In the absence of clinical symptoms, the enlarged
parotid gland was not further studied by MRI or ultrasound,
so the observed 68Ga-citrate uptake remained unexplained.
Patient #2 also demonstrated 68Ga-citrate uptake in the
inferior vena cava, but not 18F-FDG uptake, with thrombosis
being confirmed by ultrasonography. Patient #3 had a clear
focal accumulation of both 68Ga-citrate and 18F-FDG in

the descending colon, which was subsequently confirmed
as a tubular adenoma in a colonoscopy with biopsies. The
same patient also demonstrated 18F-FDGbut not 68Ga-citrate
accumulation in the caecum without specific findings on
colonoscopy or biopsy. Patient #4 had reactive lymph nodes
in the neck, which were indicated as being metabolically
active by both imaging methods.

4. Discussion

We believe that this is the first study to compare 68Ga-citrate
and 18F-FDG PET/CT imaging of infectious foci in patients
with S. aureus bacteraemia. Our results revealed that 68Ga-
citrate and 18F-FDG are comparable PET tracers for the
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(a)

(b)

(c)

Figure 1: Patient #1 was a 66-year-old woman (weight: 65 kg) who presented at the hospital because of back pain and general symptoms. Both
68Ga-citrate (a) and 18F-FDG PET/CT (b) showed vertebral osteomyelitis (spondylodiscitis; red arrowheads) and abscesses in the iliopsoas
and paravertebral area (red arrows).These were confirmed byMRI (c). 18F-FDGPET/CT also showed othermultiple soft tissue infectious foci
((b), blue arrows), some of which were not detectable on 68Ga-citrate PET/CT ((a), blue arrow). The injected radioactivity dose of 18F-FDG
was 227MBq and the PET acquisition started 54min after injection.The injected radioactivity dose of 68Ga-citrate was 245MBq and the PET
acquisition started 88min after injection. MRI sequences were as follows: T2-weighted short inversion time inversion recovery (STIR) on the
coronal view image (left) and T2-weighted on the sagittal view image (right).

detection of osteomyelitis. However, the soft tissue infectious
foci were clearly better visualized with 18F-FDG than 68Ga-
citrate.

In general, two different tracers must be compared with
caution and taking into account their potentially different
properties, such as uptake mechanisms and flow/diffusion

dependency. In animal models, both 18F-FDG and 68Ga-
chloride have shown increased accumulation in S. aureus
osteomyelitis, whereas, in healing bones without infection,
only 18F-FDGaccumulationwas observed [9]. Our results are
in line with the animal studies, in that accumulation of these
tracers in patients with osteomyelitis does not differ in the
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2: Patient #2 was a 70-year-old woman (weight: 69 kg), with multiple background diseases, who was admitted to hospital because
of back pain and high fever. Both 68Ga-citrate (a, c, e) and 18F-FDG PET/CT (b, d, f) showed vertebral osteomyelitis (spondylodiscitis) in
Th12 (red arrows) and pneumonia in both lungs. MRI showed oedema in Th12 (g, h). 68Ga-citrate PET/CT also revealed uptake in the left
parotid gland (unspecific; (a), blue arrow), neck lymph nodes (reactive), and inferior vena cava (thrombosis; (e), blue arrow). There was
no 18F-FDG uptake in these areas. The injected radioactivity dose of 18F-FDG was 279MBq and the PET acquisition started 50min after
injection.The injected radioactivity dose of 68Ga-citrate was 199MBq and the PET acquisition started 100min after injection. MRI sequences
were as follows: T2-weighted short inversion time inversion recovery (STIR) on the coronal view image (left) and T2-weighted on the sagittal
view image (right).

acute phase of S. aureus infection. Further studies are war-
ranted to clarify whether 68Ga-citrate PET/CT can confirm
the healing of osteomyelitis and whether it is superior to 18F-
FDG for the differentiation of infection from sterile bone
inflammation.

We found a difference between 18F-FDG and 68Ga-citrate
PET/CT in the detection of soft tissue infection. Contrary to
the clear findings of multiple small infectious foci without
abscess formation in 18F-FDG PET/CT, such lesions were
only slightly visible or not visible at all on 68Ga-citrate
PET/CT (Patient #1). The difference in SUVmax between

18F-
FDG and 68Ga-citrate was also statistically significant. These
findings were not controlled by other imaging modalities,
but some were also detectable in clinical status (e.g., multiple
infectious foci in Patient #1’s arm). In this study we used
196 ± 37MBq for 68Ga-citrate PET and started imaging after
81±23minutes.The observed blood background SUVmean 2.9
+ 0.88 may be a strong contributing factor for not visualizing
soft tissue infections with 68Ga-citrate. It can be hypothesized
that lowering of injected radioactivity dose to 100MBqwould
reduce blood pool radioactivity and cause less background

noise. In order to confirm the effect of a lower 68Ga-citrate
dose, further studies arewarranted.A recent study comparing
18F-FDG, 68Ga-citrate, and other tracers in a pig-model of
hematogenously disseminated S. aureus infection reported
slightly different results [10]. These findings may be due to
the higher blood background radioactivity of 68Ga-citrate
(Table 2). The slight differences in the production of 68Ga-
citrate might reflect different results, too.

Owing to its high sensitivity, specificity, and accuracy
in the detection of osteomyelitis, MRI is the recommended
imaging modality when spondylodiscitis is suspected [11].
MRI provides higher spatial resolution of the spinal cord
than PET/CT, which is important if an operation is consid-
ered. However, sometimes MRI cannot be obtained because
of patient-related reasons (e.g., implanted cardiac devices,
claustrophobia). In such cases, 18F-FDG PET/CT is the
recommended imaging modality [11]. Traditionally, MRI is
targeted to the part of the body where the patient has signs
or symptoms; however, a previous study [12] showed that
around one-third of infectious foci in S. aureus bacteraemia
are asymptomatic. Thus, these silent infectious foci may
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pass unnoticed with traditional imaging, while PET/CT
scanning provides information on the whole body, and as
demonstrated in our cases, multiple infectious foci can be
detected simultaneously.

In addition to infectious foci, both 18F-FDG and 68Ga-
citrate PET/CT also revealed other clinically significant find-
ings. In Patient #3, PET/CT findings in the colon led to colon-
oscopy and the finding of a tubular adenoma. Patient #2
demonstrated an uptake of 68Ga-citrate (but not 18F-FDG) in
the inferior vena cava where thrombosis was later confirmed
by ultrasound.This can be related to pooling tracer just proxi-
mal to the narrowing caused by the thrombus. More compre-
hensive studies are needed to explain the differences in the
findings of 68Ga-citrate and 18F-FDG, for example, whether
they are ascribed due to infection versus sterile inflam-
mation.

The accumulation of 68Ga-citrate in atherosclerotic arter-
ies warrants further studies to determine its importance.
Previously, 68Ga-chloride uptake has been demonstrated in
atherosclerotic lesions in mice [13]. Instead, in the papers
presented by Nanni and coworkers [4] as well as Vorster
and coworkers [14], the relatively high vascular radioactivity
was regarded as a normal biodistribution of 68Ga-citrate.The
identification of atherosclerosis in 3 patients by 68Ga-citrate
may be coincidental. One advantage of 68Ga-citrate over 18F-
FDG is that patients are not required to fast before the scan.
However, for detection of metastatic endovascular infection
the accumulation of 68Ga-citrate in atherosclerotic arteries
can be regarded as a limitation of 68Ga-citrate PET/CT in
patients with S. aureus bacteraemia.

In the current study, the time intervals between 18F-
FDG and 68Ga-citrate scans were short (1–4 days), and CRP
remained at the same levels over these intervals. Neither sur-
gical procedures nor changes to the antimicrobial treatment
were made between the two scans. We thus consider that
the infectious status of the patients did not differ markedly
between 18F-FDG and 68Ga-citrate studies. However, time
interval from commencement of antibiotic treatment to the
first PET/CT was 4–10 days and we are not able to exclude
the possibility that due to this delay some of the infectious
lesions were not detected. We also determined the TBRs,
which revealed that the blood radioactivity concentration of
68Ga-citrate was higher than that of 18F-FDG.Thus, in many
foci, the TBRs of 68Ga-citrate PET/CTwere lower than in 18F-
FDG PET/CT. In general, the number of patients is small,
which can be regarded as a limitation of this study.

5. Conclusion
68Ga-citrate and 18F-FDG are comparable PET tracers for
the imaging of osteomyelitis in patients with S. aureus bac-
teraemia. Further studies are warranted to clarify whether
68Ga-citrate PET/CT can detect osteomyelitis caused by other
pathogens and whether it can assess the healing of infectious
osteomyelitis. For the detection of soft tissue infectious foci,
18F-FDG PET/CT shows higher intensity than 68Ga-citrate
PET/CT but the effect of lower 68Ga-citrate dose should be
verified by further studies.
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Microbiologic cultures are not infrequently negative in patients with a histopathologic diagnosis of chronic osteomyelitis. Culture-
negative cases may represent low-grade infections with a lower metabolic activity than culture-positive cases. 18F-FDG PET could
potentially detect such a difference. We determined whether the level of 18F-FDG PET uptake differs in patients with culture-
negative and culture-positive osteomyelitis.We reviewed the clinical charts of 40 consecutive patients, who had diagnostic 18F-FDG
PET for a suspected bone infection. Twenty-six patients were eligible with a confirmed diagnosis based on microbiologic cultures
and/or histopathologic examination. Sixteen of 26 patients had chronic osteomyelitis. Eight of themhad positive cultures, seven had
negative cultures, and one patient had no cultures of the biopsy specimen.The patients with histologically and/or microbiologically
proven osteomyelitis were correctly interpreted as true positive in the routine clinical reading of 18F-FDGPET images.There was no
relationship between the level of 18F-FDG PET uptake and the presence of positive or negative bacterial cultures. The result favors
the concept that that culture-negative cases of osteomyelitis are false-negative infections due to nonculturable microbes. 18F-FDG
PET may help to confirm the presence of metabolically active infection in these patients and guide their appropriate treatment.

1. Introduction

Osteomyelitis, especially its less common hematogenous
forms, is a remarkably difficult diagnostic problem. Based
on recent meta-analyses [1–3], fluorodeoxyglucose positron
emission tomography (18F-FDG PET) is the most sensitive
radiographic technique for detecting chronic osteomyelitis
and it has a greater specificity than leukocyte scintigraphy,
bone scintigraphy, or magnetic resonance imaging. 18F-FDG
PET is less accurate in the diagnosis of periprosthetic joint
infections [4]. One of the contributing factors may be the
virulence of the causative bone pathogen and the severity
of the subsequent infection [5], which appear to contribute
to the intensity of local 18F-FDG uptake in infected tissues.
In a standardized animal model, localized subacute/chronic

osteomyelitis caused by S. epidermidis has been characterized
by a low 18F-FDG uptake [6], while acute suppurative osteo-
myelitis caused by S. aureus results in a high uptake [7, 8].

The definitive diagnosis of osteomyelitis is made by cul-
turing the pathogen from the site of infection. Unfortunately,
biopsy cultures are not infrequently negative emphasizing the
importance of both histologic and microbiologic samples of
tissue samples [9]. In children, the rate of culture-negative
osteomyelitis has been reported to be up to 47% [10]. The
rate of negative cultures in histologically proven cases of
osteomyelitis obtained from imaging-guided bone biopsies
(excluding spine biopsies) was even higher (66%) [11]. In
recent studies of vertebral osteomyelitis, the negative culture
rate of image-guided biopsy was also high (68–70%) [12, 13].
The factors that predict positive or negative culture results
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Table 1: PET-imaged patients with definite histopathologic and/or microbiologic diagnosis (𝑛 = 26).

Case # Age/sex Anatomic location Implant Analysis of biopsy sample Microbiologic culture Definite diagnosis
1 64/F Sternoclavicular joint No Histology, microbiology Negative Osteoarthritis
2 21/M Femur No Histology, microbiology Negative Brodie’s abscess
3 59/F Medial clavicle No Histology, microbiology Negative Chronic osteomyelitis
4 61/F Sacrum No Histology Not done Chronic osteomyelitis
5 60/F Femur No Histology, microbiology Negative Recurrent chronic osteomyelitis
6 17/F Humerus No Histology, microbiology Positive Recurrent chronic osteomyelitis
7 70/M Pelvis No Histology, microbiology Positive Chronic osteomyelitis
8 25/M Tibia No Histology, microbiology Positive Brodie’s abscess
9 67/F Lumbar region Yes Microbiology Positive Spinal implant infection
12 21/F Hip region No Histology, microbiology Positive Soft tissue infection
13 59/M Thoracic spine No Histology, microbiology Negative Vertebral osteomyelitis
15 59/M Symphysis No Histology, microbiology Positive Postoperative osteomyelitis
16 52/F Tibia No Microbiology Positive Recurrent Brodie’s abscess
18 18/M Thoracic spine Yes Microbiology Positive Spinal implant infection
20 73/F Thoracic spine No Histology, microbiology Negative Vertebral osteomyelitis
25 68/M Sternum No Histology, microbiology Positive Soft tissue infection
26 73/F Thoracic spine No Histology, microbiology Negative Plasmacytoma
27 19/M Femur No Histology, microbiology Negative Recurrent chronic osteomyelitis
29 73/F Lumbar spine No Histology, microbiology Positive Vertebral osteomyelitis
30 17/F Tibia No Histology, microbiology Negative Brodie’s abscess
32 73/F Elbow region No Microbiology Positive Soft tissue infection
33 22/F Ankle region No Histology, microbiology Negative Soft tissue infection
34 19/F Tibia Yes Histology, microbiology Positive Postoperative osteomyelitis
36 42/M Lumbar spine No Histology, microbiology Negative Transient bone marrow oedema
39 28/M Femur No Histology, microbiology Negative Osteoblastoma
40 42/M Radius No Histology, microbiology Positive Chronic osteomyelitis

are largely unknown [11, 14]. One reason is inappropriate
culture conditions. Technical errors of biopsies and starting
of antibiotic treatment before biopsy may also affect culture
results. There are cases in which even repeated open biopsies
fail to recover the underlying pathogen. Sequestra of chronic
osteomyelitis are known to be covered by metabolically
quiescent bacteria within adherent biofilms [15] and it has
been suggested that false-negative infections are due to viable
but nonculturable biofilm organisms [14].

Based on this knowledge, certain cases of culture-
negative, histologically low-grade osteomyelitis may rep-
resent clinical conditions with an inherent difference in
metabolic activity compared with culture-positive cases. We
assumed that 18F-FDG PET could potentially detect such a
difference, because intracellular accumulation of the tracer
reflects metabolic rate of cells at sites of infection and
inflammation [16]. Thus, the purpose of this study was to
determine whether the level of 18F-FDG uptake differs in
culture-negative and culture-positive cases of histologically
and/or microbiologically proven osteomyelitis.

2. Methods

2.1. Patients. A part of this study has been published in a
Ph.D. work [17].The patient population represents 40 consec-
utive orthopaedic patients who had 18F-FDG PET in a five-
year period (ending December 2004) with minimum 4-year
follow-up data as an adjunct imaging modality for evaluation

of a clinically suspected bone infection. The suspicion of
bone infection was based on clinical symptoms, laboratory
findings, and results of other imaging modalities. The study
cases were retrieved from the hospital database based on the
reference number of the PET imaging. The clinical charts
of the patients were retrospectively reviewed. There was no
contact with patients, and according to the national law the
study did not require approval of the ethical aboard. The
investigation was approved by the hospital administration
and was conducted in accordance with the principles of
Declaration of Helsinki.

Fourteen of the original 40 patients were excluded from
the current analysis. Seven cases were excluded because no
histopathologic or microbiologic verification of the diagnosis
was made. Five cases were excluded because 18F-FDG PET
was applied only to evaluate of antimicrobial treatment
response. Two additional cases were excluded because the
primary indication for PET imaging was not suspected
infection.

Twenty-six (65%) of the 40 patients had definite histo-
pathologic and/or microbiologic diagnosis based on the
examination of samples (Table 1). Biopsy samples were
obtained during neurosurgical decompression of the spinal
canal, during an open biopsy performed by an orthopaedic
surgeon, or by CT/MRI guided needle biopsy performed
by a musculoskeletal radiologist. The definite diagnosis was
osteomyelitis in 16 patients (62%), soft tissue infection in four
patients (15%), and spinal implant infections in two patients
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(8%). The histologic diagnoses for the four remaining cases
were plasmacytoma, osteoblastoma, transient bone marrow
oedema, and degenerative sternoclavicular osteoarthritis.

A microbiologic culture was considered positive, if any
relevant organism grew based on the judgment of a microbi-
ologist. Of the 16 cases with proven osteomyelitis, eight (50%)
had positive cultures and seven (44%) had negative cultures
(Table 2). One patient with low-grade sacral osteomyelitis
(case #4) had no cultures done of the biopsy specimen.
The culture-negative cases were predominantly rare forms of
hematogenous osteomyelitis, including two indolent Brodie’s
abscesses, two cases of recurrent chronic osteomyelitis of
the femur, one case of chronic osteomyelitis of the medial
clavicle (possible synovitis, acne, pustulosis, hyperostosis,
and osteitis (SAPHO) syndrome), and two cases of vertebral
osteomyelitis (Table 2).

None of the patients with negative cultures had antibi-
otic therapy before sampling (Table 2). Three patients with
negative cultures had repeated biopsies because of failures in
recovering the pathogen (Table 2). Three other patients with
culture-negative osteomyelitis had multiple tissue samples
taken at surgery (laminectomy) or during open biopsies.
Only one case of culture-negative vertebral osteomyelitis was
based on a single procedure of CT-guided biopsy. Routine
microbiologic analysis of bone specimens included extended
culture times and specific cultures for the diagnosis of
tuberculosis, if indicated. Molecular diagnostic technology
of polymerase chain reactions (PCRs) was applied in four
patients with repeated biopsies (in three culture-negative
patients and one culture-positive patient). None of universal
PCRs were positive.

There were three patients with a past history of a skeletal
infection with fever in both groups (culture-negative cases
#2, #5, and #30 and culture-positive cases #6, #16, and #40).
Two of these cases had history of osteomyelitis treatment as a
child. One additional culture-positive case (case #8) had been
hospitalized for an unexplained skeletal pain as a 15-year-old.
The current diagnostic studies were most commonly started
due to local pain or night aching. None of the patients had
fever or draining sinus as a sign of acute exacerbation of
chronic osteomyelitis. Pain had lasted ≤ one month in six
patients and for 3–12 months in the remaining 10 patients.
Aside frompain, one patient had recognized a local resistance
(case #3).One patientwas symptomless (case #8).One patient
(case #20) suffered from radiating back pain for a month and
developed acute paraparesis before spinal decompression.

Patient groups of culture-negative and culture-positive
osteomyelitis both had normal or slightly elevated blood
levels of C-reactive protein (median 6mg/L, range 1–73mg/L,
respective to median 6mg/L, range 1–49mg/L). All patients
with culture-negative osteomyelitis, except one, had
slightly elevated erythrocyte sedimentation rate (median
18mm/hour, range 7–27mm/hour). There was a trend for
higher erythrocyte sedimentation rate (median 28mm/hour,
range 2–82mm/hour) in culture-positive cases.

2.2. 18F-FDG PET. 18F-FDG PET imaging was performed
as an adjunct part of routine work-up in the differential
diagnostics of osteomyelitis. The clinical reviewers of the

PET images had access to all patient charts, including the
results of conventional imaging modalities. Based on the
interpretation of the reviewers, the result of 18F-FDG PET
was recorded as true positive or false negative (Table 3). The
patients were instructed to fast for 6 hours prior to PET.
18F-FDG PET imaging was performed with an Advance PET
scanner (General Electric Medical Systems, Milwaukee, WI,
USA) operated in 2-dimensionalmode (high resolution).The
scanner had 18 rings of bismuth germanate detectors, and the
axial length of the imaging field of view (FOV) was 152mm.
Whole body acquisition was started 60 minutes after the
injection of 18F-FDG (5 minutes per bed position).Themean
dose of intravenous bolus injection of 18F-FDGwas 297MBq
(SD 71 MBq; range, 160–384 MBq). A standard transmission
scan for attenuation correction was obtained after the emis-
sion imaging using two rod sources containing germanium-
68. All 35 transaxial image slices were reconstructed with
an ordered subsets expectationmaximization algorithm (OS-
EM) and the central 200mm-diameter transaxial FOV and
128 × 128 matrix leading to pixel size 1.56 × 1.56mm were
used. Random counts and dead time were corrected by
the system and scatter correction was incorporated into the
reconstruction algorithm. Quantitative analysis of the 18F-
FDG uptake was performed on standardized circular regions
of interest (ROIs, diameter of 15mm) at the site of visually
detected increased tracer accumulation from background
using transaxial slices. Tracer accumulation was reported as
the standardized uptake value (SUV), which was calculated
as the radioactivity of the ROI divided by the relative injected
dose expressed per patient’s body weight. Both SUVmean,
representing the average uptake on the selected ROI, and
the maximum SUV value (SUVmax), representing the highest
pixel uptake in the ROI, were analyzed. In addition, SUVratio,
that is, the ratio between the site of suspected infection and
the ROI of the corresponding healthy anatomic site, was
calculated for SUVmean and SUVmax [7, 18].

2.3. MRI, Bone Scintigraphy, and Infection Scans. The deci-
sion to perform other imaging modalities (MRI, three-
phase bone scintigraphy, infection scan with labeled leuko-
cytes or antigranulocyte antibodies, and occasionally CT)
(Table 3) was based on the judgment of clinical indi-
cations in each case. The three-phase bone scintigraphy
(bone scan) was performed with 99mTc-HDP or DPD
(mean dose 670MBq). Infection scans were performed
using either 99mTc-white blood cell scanning (HMPAO,
Ceretec, GE Healthcare, Amersham Place, United Kingdom,
mean dose 209MBq) or 99mTc-antigranulocyte scintigraphy
(LeukoScan�, Immunomedics GmbH, Darmstadt, Germany,
mean dose 1000MBq) technique. Based on the interpretation
of the clinical reviewers, the results were recorded as true
positive or false negative (Table 3).

2.4. Statistical Analysis. Data are expressed as mean ± stan-
dard deviation (SD). Nonparametric Mann–Whitney 𝑈 test
was applied in the comparison of SUVmean and SUVmax values
between patients with culture-positive and culture-negative
osteomyelitis. 𝑝 < 0.05 was considered significant. All
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Table 3: Results of 18F-FDG PET and additional imaging modalities in patients with proven osteomyelitis (𝑛 = 16).

Case # Microbiologic culture PET MRI Bone scan Infection scan CT SUV SUVratio
SUVmean SUVmax SUVmean SUVmax

6 Culture-positive TP TP TP — — 1.19 1.98 2.25 2.89
7 Culture-positive TP FN TP FN — 3.93 5.53 5.44 4.78
8 Culture-positive TP TP TP TP TP 0.99 2.86 10.1 20.51
15 Culture-positive TP TP TP — TP 4.62 7.59 3.79 5.56
16 Culture-positive TP TP TP TP TP 0.90 2.81 3.60 4.36
29 Culture-positive TP TP TP TP — 2.54 4.11 2.42 2.83
34 Culture-positive TP — — TP FN 1.72 2.59 9.72 11.28
40 Culture-positive TP TP TP FN — 1.55 2.37 2.48 2.47
2 Culture-negative TP TP TP TP — 0.74 1.16 4.90 2.57
3 Culture-negative TP — TP — FN 1.95 2.50 2.30 2.14
5 Culture-negative TP TP TP TP — 2.34 2.79 16.10 14.28
13 Culture-negative TP TP — — — 3.08 4.43 3.47 3.61
20 Culture-negative TP FN TP TP TP 1.80 3.05 2.12 2.77
27 Culture-negative TP TP — — — 1.96 2.91 11.44 12.47
30 Culture-negative TP TP TP TP — 2.60 2.86 13.20 7.72
4 Not done TP FN TP TP FN 2.57 2.80 1.36 1.89
PET = positron emission tomography; MRI = magnetic resonance imaging; Bone scan = three-phase bone scintigraphy; Infection scan = labeled leukocyte
scintigraphy; CT = computerized tomography; TP = true positive; FN = false negative; — = not done.

statistical analyses were performed using IBM SPSS Statistics
software (International Business Machines Corp., Armonk,
New York, USA).

3. Results

SUVmean values of culture-negative (mean ± SD, 2.07 ± 0.74)
and culture-positive cases of chronic osteomyelitis (2.18 ±
1.31) did not differ significantly.The SUVmax values of culture-
negative (2.81 ± 0.96) and culture-positive cases (3.73 ± 1.70)
neither showed significant intergroup differences (Figure 1).

There was a clear visual difference in the uptake of
18F-FDG at the infection site and at the corresponding
ROI of the contralateral healthy bone (Figure 2). Both in
culture-negative and culture-positive cases, the calculations
of SUVratio confirmed high mean values for SUVmean (7.65
versus 4.98, resp.) and for SUVmax (6.51 versus 6.84, resp.)
(Figure 1).

The patients with histologically and/or microbiologically
proven osteomyelitis (𝑛 = 16) were all correctly interpreted
as true positive in the routine clinical reading of 18F-FDG
PET images (Table 3). Four patients (25%) out of 16 (cases
#4, #7, #20, and #40) had false-negative MRI or labeled
leukocyte scintigraphy (Table 3). In the retrospective view, in
these cases18F-FDGPETbrought a significant diagnostic help
compared with the results of other imaging modalities.

Among the whole group of patients (𝑛 = 26) (Table 1),
18F-FDG PET gave no false-negative cases and three false
positive cases. The three false positive cases were due to
periarticular soft tissue infections (cases #12 and #33) and
vertebral plasmacytoma (case #26).

4. Discussion

The present retrospective analysis was focused on the diag-
nostic imaging and microbiologic challenges in a special

subgroup of patients with predominantly rare forms of
hematogenous chronic osteomyelitis, including four cases of
Brodie’s abscesses. The rate of positive cultures was 47%,
which is similar to the reported rates of 30%–42% in pre-
vious studies on imaging-guided biopsies with combined
histologic and microbiologic evaluation [9, 11–13]. Thus,
our patient population resembles the previously published
series and was subsequently appropriate for evaluation of
18F-FDG PET imaging in the characterization of culture-
negative cases. The culture-negative cases may be incorrectly
described as negative because the infecting microbe(s) may
be nonculturable [14]. If true, we assumed that culture-
negative cases might have a lower metabolic activity than
culture-positive cases measured by 18F-FDG PET imaging.
Against our hypothesis, there was no relationship between
the level of 18F-FDG PET uptake and the presence of
positive or negative bacterial cultures among these patients
with histologically and/or microbiologically proven chronic
osteomyelitis.

Reflecting the rarity of the cases, it is evident that a
multicenter prospective study is needed to get definitive
answers to the open questions. PreviouslyWu and coworkers
[11] have already paid attention to the small number of
requests for imaging-guided core bone biopsies for suspected
osteomyelitis. They found that two large US centers had only
3–7 such cases per year. The number of cases enrolled in our
study closely resembles the experience of Wu and coworkers.
Twenty-six patients, who had 18F-FDG PET imaging for
suspected osteomyelitis and underwent the necessary micro-
biologic and/or histologic examinations of biopsies during
a five-year period, represented about 5 referred cases per
year in our university hospital district of about 800.000
inhabitants. Most of these cases were primarily scrutinized
by the sarcoma treatment group for exclusion of a bone
tumor. Overall, it is important to emphasize two facts. First,
the majority of osteomyelitis patients (like posttraumatic
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Figure 1: Comparison of SUVmean (a), SUVmax (b), SUVmean ratio (c), and SUVmax ratio (d) values measured in 18F-FDG PET imaging of
osteomyelitis patients. The differences between culture-negative (𝑛 = 7) and culture-positive (𝑛 = 8) cases were not statistically significant.
Box plots are showing median, 1st and 3rd quartiles, minimum and maximum values, and outliers (white circles and asterisks).

cases) have an undisputed clinical history with clear-cut
laboratory/radiographic data suggesting osteomyelitis and do
not require advanced noninvasive differential diagnostics like
18F-FDGPET imaging and a histologic proof of the diagnosis.
Secondly, the microbiologic isolation of the causative bone
pathogen(s) yields positive results in most cases (78%) of
posttraumatic osteomyelitis [19] and, for example, virtually in
all cases with recurrent infection of open tibial fractures [20].
As shown in the previous studies [9, 11–13] and in the current
study, the situation is different in subgroups of patients who
are referred to 18F-FDGPET imaging and/or imaging-guided
biopsy for suspected chronic osteomyelitis.

Based on previous studies, a negative 18F-FDG PET scan
can virtually rule out chronic osteomyelitis [18]. The high
accuracy of 18F-FDGPET for excluding chronic osteomyelitis
may be related to the high uptake of 18F-FDG by activated
macrophages, which are among the predominant cells in
chronic infections [16]. The false positive case of vertebral
plasmacytoma demonstrates the inability of 18F-FDG PET
imaging in the differentiation of chronic osteomyelitis and
a malignant bone tumor. Both of these conditions result
in the high accumulation of 18F-FDG and may even share
the macrophage-related mechanism of the tracer uptake.
18F-FDG accumulates not only in tumor cells, but also in
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(a) (b) (c)

(d) (e)

Figure 2: A 25-year-old man with an indolent Brodie’s abscess in the proximal tibia (case #8).The patient had been hospitalized for knee pain
10 years earlier, but no specific diagnosis was made. He now suffered a sports related ACL ligament rupture of his left knee. As an incidental
finding, anterior-posterior and lateral radiographs (a) showed cystic lesion with surrounding sclerosis in the proximal tibia. Coronal and
transaxial MR-images (b) demonstrated a 2 cm sclerotic osseous lesion with contrast medium enhancement and oedema of the surrounding
tissues. Coronal and transaxial 18F-FDG PET images (c) showed an increased local uptake of the tracer. Compared with the corresponding
ROI of the contralateral tibia, SUVmean ratio was 10.1 and SUVmax ratio 20.51.The lesionwas correctly characterizedwith infection scintigraphy
with labeled antibody fragments (LeukoScan) (d) and three-phase bone scintigraphy (e). Based on percutaneous biopsy samples taken under
fluoroscopy, the final histological diagnosis was Brodie’s abscess and the microbiologic culture revealed S. aureus as the causative pathogen.

macrophages and newly formed granulation tissues, which
are infiltrating the marginal areas of tumor necrosis [21].

This study had limitations.Data of the small patient popu-
lation were retrospectively extracted frommedical records of
a single university hospital.Therewere no definite indications
for the use of 18F-FDG PET imaging in the diagnostic
armamentarium of suspected osteomyelitis. Thus, seven of
the original 40 patients had PET imaging but never had
definite histopathologic or microbiologic verification of the
diagnosis probably due to mild symptoms and negative
imaging results. The execution of other imaging modalities
was not determined but was solely based on the clinical
judgment. As a result, imaging studies were not performed
in a constant manner for the comparison with 18F-FDG PET
imaging and the variation could affect the interpretation of
18F-FDG PET images. We cannot exclude occasional errors
in the sampling of the biopsies as well as in the performance
of microbiologic analyses. However, a special attention had
been placed to repeat biopsies in culture-negative cases min-
imizing the risk of errors in surgical sampling. In addition, the

microbiologic culture techniques were based on the notion
that detection of low-virulent slow-growing bacteria requires
extended culture times.Molecular assays, such as polymerase
chain reaction (PCR), have been developed to aid in bacterial
detection and identification [22, 23]. These techniques were
applied, but not in all culture-negative cases. The applied
PET imaging technique was constant in all patients and
the clinical follow-up time of all patients was long enough,
but as a result the imaging was not performed with the
current models of PET scanners with a low-dose or full-dose
diagnostic CT, which provide means to acquire more precise
anatomic andphysiologic data improving foremost specificity
but also sensitivity [24, 25]. This technical limitation seemed
to have only a minor impact, because the interpretation of
the PET images of both culture-positive and culture-negative
cases was unquestionable and showed high SUVratio values.
Only the two false positive cases due to periarticular soft
tissue infections could have been avoided by using 18F-
FDGPET/CT, because it provides exact anatomic localization
of 18F-FDG uptake. As a potential technical limitation, a
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standard circular ROI (15mm in diameter) was applied in
the SUV analyses of FDG tracer accumulation. Certainly,
the infected bone regions varied in size and most of them
were larger than the selected ROI. The small diameter of the
ROI carried a risk for partial-volume effect (PVE) meaning
that the apparent pixel values in PET images were influenced
by the surrounding high pixel values [26]. If the measured
SUVmean values were under the possible influence of PVE,
the current analysis included also the comparison of SUVmax
values based on the maximum uptake of 18F-FDG in a single
pixel (size of 1.56 × 1.56mm).

5. Conclusion

We conclude that there is no relationship between the level
of 18F-FDG PET uptake and the presence of positive or
negative bacterial cultures in patients with histologically
proven osteomyelitis. The result favors the concept that
culture-negative cases are false-negative infections due to
nonculturable microbes. Thus, 18F-FDG PET may help to
confirm the presence of active infection in patients with
culture-negative low-grade osteomyelitis and guide their
appropriate treatment.
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Introduction. Positron emission tomography (PET) is increasingly applied for infection imaging using [18F]FDG as tracer, but
uptake is unspecific. The present study compares the kinetics of [18F]FDG and three other PET tracers with relevance for infection
imaging. Methods. A juvenile porcine osteomyelitis model was used. Eleven pigs underwent PET/CT with 60-minute dynamic
PET imaging of [18F]FDG, [68Ga]Ga-citrate, [11C]methionine, and/or [11C]donepezil, along with blood sampling. For infectious
lesions, kinetic modelling with one- and two-tissue-compartment models was conducted for each tracer. Results. Irreversible
uptake was found for [18F]FDG and [68Ga]Ga-citrate; reversible uptake was found for [11C]methionine (two-tissue model) and
[11C]donepezil (one-tissue model). The uptake rate for [68Ga]Ga-citrate was slow and diffusion-limited. For the other tracers, the
uptake rate was primarily determined by perfusion (flow-limited uptake). Net uptake rate for [18F]FDG and distribution volume for
[11C]methionine were significantly higher for infectious lesions than for correspondingly noninfected tissue. For [11C]donepezil in
pigs, labelled metabolite products appeared to be important for the analysis. Conclusions. The kinetics of the four studied tracers in
infection was characterized. For clinical applications, [18F]FDG remains the first-choice PET tracer. [11C]methionine may have a
potential for detecting soft tissue infections. [68Ga]Ga-citrate and [11C]donepezil were not found useful for imaging of osteomyelitis.

1. Introduction

Positron emission tomography (PET) allows imaging of
molecular uptake but is dependent on the availability of
tracers with uptake related to the investigated disease. For
infection imaging, [18F]FDG is useful [1], but a drawback is
the nonspecific uptake of [18F]FDG in metabolically active
tissues (brain, muscles, etc.) [2].

We previously reported on static PET imaging in a
porcine osteomyelitis model with a series of tracers that have
been proposed for infection imaging [3–5]. In those reports,
we concluded that the performance of [18F]FDG for locating

infection was superior to the other tracers studied. However,
our static imaging shows only the uptake at a given (typically
late) time interval.

In the present paper, we elaborate on those studies
[3–5] by including data from dynamic PET imaging of
the same animals (based on the same tracer injections),
using kinetic analysis to compare [18F]FDG with [68Ga]Ga-
citrate, [11C]methionine (l-[11C-methyl]methionine), and
[11C]donepezil ([5-11C-methoxy]donepezil) as infection trac-
ers. Dynamic imaging allows for a more detailed study of the
uptake and release of tracers, whichmay contribute to a better
understanding of the underlying physiology and also help
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in determining the optimal time for static imaging. Blood
perfusion results from dynamic imaging of [15O]water in the
same animals have already been reported [6].

Gamma-camera imaging (scintigraphy or SPECT) of
infection is sometimes performed with [67Ga]Ga-citrate.
However, image quality is suboptimal and the radiation dose
from 67Ga is high. The positron-emitter 68Ga allows PET
imaging, which has a better spatial resolution and a higher
detection efficiency than standard gamma-camera imaging.
Furthermore, the shorter half-life of 68Ga (67.7min versus
78 hours for 67Ga) reduces the radiation dose. In the body,
the Ga3+ ion acts as an analogue of iron (Fe3+), associating
with transferrin; for more details, see [7]. Preliminary studies
on [68Ga]Ga-citrate in rats [8] and patients [9, 10] reported
promising results.

Methionine is a naturally occurring essential amino acid.
It can be labelled with the positron-emitter 11C to obtain the
chemically identical PET tracer [11C]methionine. Methion-
ine (natural or labelled) is transported into cells via the L-
type amino acid transporter 1. It is crucial for the formation of
proteins and is involved in the synthesis of phospholipids.The
accumulation of methionine therefore reflects amino acid
transport and protein synthesis. During cell replication, the
demand for essential amino acids increases, as do protein
and phospholipid synthesis. Although primarily used to
detect malignant tumours [11], methionine is known from
brain studies to accumulate in inflammatory tissue [12, 13].
Furthermore, a high uptake of [11C]methionine has been
observed after acute myocardial infarction, indicating that
this tracer may be a good marker of inflammatory reactions
during the phase of tissue repair [14].

Donepezil is a reversible inhibitor of acetylcholinesterase
(AChE), the break-down enzyme of acetylcholine (ACh)
[15]. ACh and AChE are primarily known as constituents
in cholinergic neuronal signalling pathways, but immune
cells have been shown to use ACh as a paracrine signalling
molecule [16], and AChE and cholinergic receptors are
upregulated in immune cells when exposed to phytohaemag-
glutinin [17]. It was recently shown that the AChE ligand
[11C]donepezil accumulates at sites of bacterial infection,
suggesting that cholinergic PET imaging may have potential
in the detection of inflammation and infections [18].

Therefore, we investigated the uptake processes of these
PET tracers in order to determine their clinical potential
in infection imaging in relation to both osteomyelitis and
soft tissue infection. We hypothesized that (1) categorization
of tracers into those having either reversible or irreversible
uptake in infectious lesions is possible and (2) perfusion
effects on tracer accumulation can be estimated. Finally, we
wanted to estimate the optimal time points for static imaging
of the tracers.

2. Materials and Methods

2.1. Porcine Osteomyelitis Protocol. The protocol for inducing
osteomyelitis in domestic pigs has been described in detail
elsewhere [3, 19–21]. Briefly, osteomyelitis was induced in
the right hind limb of juvenile Danish Landrace × Yorkshire

female pigs by intra-arterial injection of S. aureus (porcine
strain S54F9). The injection was performed into the right
femoral artery, allowing for selective infection of this hind
limb while leaving the contralateral left hind limb as a
noninfected control. Osteomyelitis was allowed to develop
for one week, after which the pig was scanned and then
euthanized. If a pig reached predefined humane endpoints,
it was then euthanized (and not scanned). A refinement
of the model, combining reduced body weight of the pigs
(from 40 kg to 20 kg) with administration of penicillin at the
onset of the first clinical signs of disease, proved effective in
reducing systemic infection [21].

We attempted to prolong the infection period from one
to two weeks, for the purpose of developing more chronic
lesions, and managed to scan one pig two weeks after
inoculation (pig number 5 of the 11 scanned pigs described
below). However, 4 out of 5 pigs planned for scanning with
the prolonged protocol had to be prematurely euthanized due
to humane endpoints, so we returned to the subacute one-
week pig protocol.

The animal protocol was approved by the Danish Ani-
mal Experimental Board, journal number 2012-15-2934-
00123, and all procedures followed the European Directive
2010/63/EU on the protection of animals used for scientific
purposes.

2.2. Animals and Lesions. Eleven juvenile female domestic
pigs were scanned. Pigs number 1–4 had body weights of
39–42 kg (initial model) and pigs number 5–11 had body
weights of 19–23 kg (refined model). Blood perfusion in
the lesions in these pigs has been described previously [6],
including 17 osteomyelitic (OM) lesions and 8 soft tissue
(ST) lesions, with volume of interest (VOI) drawing primarily
based on computed tomography (CT) scans. Other OM
lesions were also found in pedal bones but were too small for
robust volume of interest (VOI) drawing.

In the present paper, the kinetics of [18F]FDG, [68Ga]Ga-
citrate, [11C]methionine, and [11C]donepezil were studied
and modelled in the same 17 OM lesions and 8 ST lesions,
with VOIs redrawn on the CTs from the dynamic PET/CT
scans of these tracers. Not all tracers were used in all pigs,
and the limitations set by the PET scanner field of view (FOV,
further described below) resulted in not all lesions being
dynamically scanned in all pigs. An overview is given in
Table 1.

We have previously reported some data on the character-
ization of the lesions evolving from S. aureus inoculation in
these pigs, including themethods used for bacteriological and
immunohistochemical (IHC) identification of bacteria [3–5].
Generally, the lesions observed in the pigs were considered
to be caused by infection associated with the inoculated S.
aureus if the bacterial culture and/or S. aureus specific IHC
staining confirmed the presence of S. aureus in one or several
of the lesions within each individual pig (results not shown).

2.3. Dynamic PET Scans. PET scans were carried out at the
Department of Nuclear Medicine & PET Centre (Aarhus
UniversityHospital), and at Department of NuclearMedicine
(AalborgUniversityHospital), with the pigs transported from
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Table 1: Pig ID numbers (1–11) for different tracers and lesionsa.

Tracer Dynamic data available Osteomyelitic (OM) lesionsb Soft tissue (ST) lesionsb
Proximal femur Distal femur Proximal tibia Distal tibia

[15O]water [6] 1–11 1 1, 5–10 1, 6–10 7, 8, 10 1, 2, 4c, 8–11
[18F]FDG 1–7, 9, 11 1 5–7 6, 7, 9 7 1, 4, 9, 11
[68Ga]Ga-citrate 1–5 1 5 — — 1, 2, 4
[11C]methionine 1–10 1 1, 5–10 1, 6–10 7, 8, 10 1, 2, 4c, 8–10
[11C]donepezil 5–7, 9, 10 — 5–7, 9, 10 6, 7, 9, 10 7, 10 9, 10
aNumbering as presented in the [15O]water paper [6]. bThe[15O]water paper presents an exhaustive list of the lesions studied. In pig number 3, inoculation
failed to produce infection [3]. cTwo soft tissue lesions within the FOV (pig number 4).

(a) (b)

Figure 1: Two fixation devices for the pigs were produced from large plastic tubes, with a distance between the arches of either 15 or 21 cm,
corresponding to the scanner FOVs. Assuming correct positioning of the device in the scanner, the arches made it visually clear where the
FOV of the PET scan was located, thereby facilitating optimal positioning in the scanner. The fixation device also facilitated symmetric limb
positioning and the avoidance of limb movement during the long scan sessions. (a) The 21 cm FOV fixation device. (b) Pig number 6 in the
device.

one hospital to the other. The PET scans at Aarhus included
the 11C-labelled tracers in pigs number 1–10 and [18F]FDG in
pig number 11. The PET scans at Aalborg included [68Ga]Ga-
citrate in pigs number 1–5 and [18F]FDG in pigs number 1–10.

At Aarhus, the PET data were acquired on a Biograph
TruePoint 64 PET/CT scanner (Siemens, Erlangen, Ger-
many). The scan field covered 21 cm in the axial direction
and was positioned over the pelvic region and the hind limbs.
The imageswere reconstructedwith anOSEMalgorithmwith
resolution recovery (TrueX, Siemens). The reconstruction
parameters were 6 iterations, 21 subsets, 336 × 336 matrix in
109 slices, voxel size 2 × 2 × 2mm3, and a 2mm Gaussian
filter. The spatial resolution of the reconstructed images was
approximately 4mm.

At Aalborg, the PET data were acquired on a GE VCT
Discovery 64 PET/CT scanner (GE Healthcare, USA). The
scan field covered 15 cm in the axial direction and was
positioned over the pelvic region and the hind limbs. The
images were reconstructed with an OSEM algorithm without
resolution recovery (3D Vue Point, GE). The reconstruction
parameters were 2 iterations, 28 subsets, 128 × 128 matrix in
47 slices, voxel size 5.5 × 5.5 × 3.3mm3, and a 6mmGaussian
filter.

On both scanners, image reconstruction included decay-
correction to the start of scanning and attenuation-correction
based on CT scanning.

For all tracers, the pigs were dynamically PET scanned for
60 minutes in 23 frames: 8 × 15 s, 4 × 30 s, 2 × 60 s, 2 × 120 s, 4

× 300 s, and 3 × 600 s. For [68Ga]Ga-citrate, the animals were
scanned for an additional 6× 600 s (i.e., 120minutes total scan
time in 29 frames). After each of the dynamic scans, the pigs
were statically scanned; the static PET/CT scans have been
described in previous papers [3–5] and will not be further
discussed here.

The pigs were scanned in dorsal recumbency (supine
position). The hind limbs were positioned for the entire hind
limbs and pelvis to be within the axial field of view (FOV) of
the scanner. This was, however, not always possible; in par-
ticular, the 15 cm FOV at the Aalborg scanner (versus 21 cm
FOV at the Aarhus scanner) was a limitation. To optimize the
fixation position to the scanner FOV, custom-made fixation
devices were used for pigs number 6–11 (Figure 1).

2.4. Blood Samples. Blood samples were drawn from the
carotid artery at predetermined time points as listed below.
The samples were manually drawn, and small variations
occurred; the actual time of each sample was recorded. The
samples were centrifuged to obtain plasma samples, which
were counted in calibrated gamma-counters.

At Aarhus, plasma samples were counted in a Packard
Cobra gamma counter. An energy window from 400 to
1400 keV was used. No signs of interference between consec-
utively administered radionuclides were seen in the plasma
curves.

At Aalborg, plasma samples and full-blood samples were
counted in a Wizard 2480 gamma counter (PerkinElmer,
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Turku, Finland). To avoid interference from remnants of 111In
from 111In-leukocytes (used in the same animals [3]), an
energy window from 450 to 1200 keV was used [22].

In the 40 kg pigs (pigs number 1–4), 37 blood samples
were drawn per tracer: every 5 seconds for 1 minute (12
samples), at 70, 80, 90, 100, 120, 140, 160, 180, 210, 240, 270,
and 300 seconds (12 samples), and at 6, 7, 8, 9, 10, 15, 20, 25,
30, 35, 40, 50, and 60 minutes (13 samples). For [68Ga]Ga-
citrate, blood samples were also drawn at 75, 90, 105, and 120
minutes (four samples), for a total of 41 blood samples.

In the 20 kg pigs (pigs number 5–11), the number of blood
sampleswas reduced to 26 samples per tracer: every 5 seconds
for 50 seconds (10 samples), at 60, 80, 100, 120, 150, 180, 240,
and 300 seconds (8 samples), and at 6, 8, 10, 15, 20, 30, 40, and
55 minutes (8 samples).

For [11C]methionine and [11C]donepezil, additional
blood samples were drawn for metabolite analysis: at 2, 5, 10,
15, 25, and 40 minutes in the 40 kg pigs, and at 2, 5, 10, 20, 30,
40, and 55 minutes in the 20 kg pigs.

2.5. Input Function. The blood plasma rather than full blood
was considered to be the reference fluid for tracer delivery
(corresponding to equilibration between blood cells and
plasma being slow compared to single-passage time of blood
in the tissue). Accordingly, all input functions were based on
plasma samples.

For both [18F]FDG and [68Ga]Ga-citrate, the decay-
corrected plasma sample datawere used as the input function.
Nometabolite correctionwas performed for these two tracers
because metabolite products are not expected to be found in
the blood. [18F]FDG is phosphorylated within the cells, but
the resulting (radioactive) metabolite is trapped within the
cells [23]. Regarding [68Ga]Ga-citrate, theGa-citrate complex
quickly dissociates into Ga3+ and citrate3− within the blood,
but the gallium ion attaches to transferrin (making [68Ga]Ga-
transferrin the actual tracer). Therefore, free gallium is not
found in the blood [24].

For [11C]methionine and [11C]donepezil, metabolite cor-
rection was performed. A fractionated HPLC analysis was
used to separate the metabolites from the parent tracer,
and counting was used to determine the fraction of activity
representing the parent tracer. Based on the obtained data
points, Hill-type fraction curves were fitted:

𝑓 (𝑡) = 1 − (1 − 𝑎) 𝑡𝑏𝑐 + 𝑡𝑏 , (1)

where 𝑡 is the sampling time (seconds postinjection). The
function starts at 𝑓(0) = 1 (thus assuming no metabolism
before injection) and has an asymptotic value 𝑓(∞) = 𝑎.
The parameters 𝑎, 𝑏, and 𝑐 were fitted for both tracers in the
individual pigs.

In the following text, the uncorrected input function will
denote the activity concentration (decay-corrected Bq/mL)
from plasma samples and themetabolite-corrected input func-
tion will denote 𝑓(𝑡) times the uncorrected input function.

2.6. Determination of the Delay-Correction. The measured
input function can be biased by delay and dispersion effects

due to the differences in distance between the blood sampling
site (carotid artery) and the infection sites in the hind limbs.
Such a delay can be determined by applying a series of
possible delay-correction values, fitting the data with each
value, and selecting the delay-correction resulting in the best
fit [25].

We applied this procedure for each tracer in each animal,
using input function offsets from −60 s to +60 s in 1-second
steps. This was done using the uncorrected plasma data
for the input function, and fitting a reversible two-tissue
compartment model (rev2TCM in Figure 2; the models are
further discussed below) to the first 300 s of the full field-
of-view data. Using full FOV data ensures that the statistical
noise is low. Restricting this fit to the early data has several
advantages. First, this focuses on the part of the study where
the input function changes fast and the delay therefore is
important. Second, this means that physiological differences
in uptake (e.g., bladder versus nonbladder, infection versus
noninfection) will only have had little time to manifest; thus
the full FOV data will be dominated by the bolus passage
in this anatomical part of the animal, rather than by a mix
of physiologies. Third, the possible metabolism effects will
not yet dominate the input function, for which reason the
uncorrected input function can be considered representative,
even if the tracer over time is metabolized.

2.7. Kinetic Models. Relatively little literature exists on tracer
kinetics in infections for the tracers investigated in this work.
Rather than imposing a specific model on these tracers, we
examined the applicability of three different models for each
tracer (Figure 2).

Physiologically, the 1TCM corresponds to the tracer
entering and leaving the tissue with no binding or other spe-
cific uptake. The irr2TCM describes uptake and irreversible
trapping of the tracer or metabolites (e.g., phosphorylated
[18F]FDG).The rev2TCM corresponds to uptake in the tissue
followed by reversible binding (or reversible metabolism) of
the tracer.

In all of the models, the 𝐾1 rate constant describes the
first-pass uptake of tracer, equal to the product of perfusion
and the first-pass extraction fraction. We report 𝐾1 in units
of mL/min/100 cm3, that is, mL uptake per minute per
100 cm3 of tissue. The other rate constants (𝑘2, 𝑘3, and 𝑘4,
all with unit min−1) describe how rapid the concentration
in a compartment changes due to a given process (excretion,
binding, andmetabolism in the tissue).The blood fraction𝑉𝑏
is the fraction of measured PET signal that originates from
the blood in the vascular bed.

Formodelswith irreversible uptake, the net uptake rate𝐾𝑖
(same unit as 𝐾1) represents the effective irreversible uptake
from the input. Whereas𝐾1 represents the rate of immediate
(first-pass) uptake of tracer,𝐾𝑖 can similarly be interpreted as
the rate of long-termuptake. For the irr2TCM, the theoretical
net uptake rate is

𝐾𝑖 = 𝐾1 ⋅ 𝑘3𝑘2 + 𝑘3 (for irr2TCM) . (2)

The net uptake rate may also be determined as the slope of a
Patlak plot [26, 27].
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Figure 2: Kinetic models. From top to bottom: 1-tissue compartment model (1TCM), 2-tissue compartment model with irreversible uptake
(irr2TCM), and 2TCM with reversible uptake (rev2TCM). The rate constants were fitted as 𝐾1 (unit mL/min/cm3 or mL/min/100 cm3), the
ratio 𝐾1/𝑘2 (unit mL/cm3), 𝑘3 (unit min−1), and the ratio 𝑘3/𝑘4 (no unit). Also the blood fraction 𝑉𝑏 was fitted.

For models with reversible uptake, the distribution vol-
ume (DV, unitmL/cm3) is the ratio of the tissue concentration
to the “input” concentration, once a steady-state has been
reached, that is, the volume of “input” needed to account
for the activity in 1 cm3 of tissue [28]. Although not being
an uptake rate, DV may be used as an indicator of the
degree of long-term uptake. For the 1TCM and rev2TCM, the
theoretical distribution volumes are

DV = 𝐾1𝑘2 (for 1TCM) (3)

DV = 𝐾1𝑘2 ⋅ (1 +
𝑘3
𝑘4) (for rev2TCM) . (4)

The distribution volume of reversible uptake may also be
determined as the slope of a Logan plot [29, 30].

2.8. Weighting of the PET Data in Modelling. Theoretically,
least-squares fitting is optimal with weights proportional to
1/𝜎2 where 𝜎2 is the variance of the noise. With 𝑁 counts
(Poisson distributed) during a frame length 𝐿, the count rate
𝑅 = 𝑁/𝐿 has variance:

𝜎2 (𝑅) = 𝑁𝐿2 =
𝑅
𝐿 . (5)

After decay-correction:

𝑅dc = dcf × 𝑅
𝜎2 (𝑅dc) = dcf2 × 𝑅𝐿 = dcf ×

𝑅dc
𝐿 ,

(6)

where dcf is the decay-correction factor, calculated from the
radionuclide half-life and frame time interval. For weighting
purposes, it can be well approximated by using the mid-time
of the frame:

dcf = 2𝑡/𝑇1/2 = exp (𝜆𝑡) . (7)

Seemingly, optimal weighting should be 1/𝜎2 = 𝐿/𝑅 for non-
decay-corrected data and 1/𝜎2 = 𝐿/(dcf × 𝑅dc) for decay-
corrected data.

However, the count rate (or the activity concentration)
is known only from a measurement that includes noise.
In a simulation study, Thiele and Buchert [31] found that
noise in the weighting factors can severely degrade parameter
estimation and should therefore be avoided. Consistent with
the weighting that gave the best results in that study, we
used the following noise-free weighting factors for the decay-
corrected PET data:

𝑤 = 𝐿
dcf
= 𝐿 × exp (−𝜆𝑡) . (8)
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These weights correctly include the effects of decay and the
large differences in frame length (from 15 to 600 seconds).
The weights are noise-free, at the cost of ignoring the
statistical effects from variation in tracer concentration due
to kinetics.

This approximation (weights not fully reflecting 1/𝜎2) is
unlikely to be a problem. A simulation study by Yaqub et al.
[32] found that kinetic modelling of PET data was reasonably
robust against some misrepresentation of the variance in
(noise-free) weighting, with only severe misrepresentation
being a problem.

2.9. Modelling. For each tracer in each model (1TCM,
irr2TCM, and rev2TCM), the fitted parameters were
determined using least-squares fitting with the weighting
described above. Additionally, Patlak plots and Logan
plots were computed, based on the data from 10 minutes
postinjection (p.i.) and onwards.

For [11C]methionine and [11C]donepezil, this procedure
was performed twice: using an uncorrected input function
and using a metabolite-corrected input function. For these
two tracers, modelling was restricted to data from the first 40
minutes (out of 60 minutes), as metabolite data were in many
cases incomplete for later frames.

Modelling was performed using software acquired from
the Turku PET Centre website [33]. The parameter 𝑘2 was
fitted as the ratio 𝐾1/𝑘2 (corresponding to the distribution
volume of the first compartment). In the rev2TCM, the
parameter 𝑘4 was fitted as the ratio 𝑘3/𝑘4 (corresponding to
the binding potential BP if the first and second compartments
are considered to represent unspecific and specific uptake,
resp.).

2.10. Evaluation. In addition to visual inspection of the fits,
the three models were compared with the corrected Akaike
Information Criterion (AICc), which rewards a good fit but
punishes the use of a model with many fitting parameters.
For a given data set, AICc favours the model resulting in the
lowest AICc value [34, 35].

For the determination of uptake as reversible or irre-
versible, the Patlak plot also was considered. If the uptake is
reversible (i.e., not irreversible), the Patlak plot will eventually
approach a constant value. Therefore, the linearity of the
Patlak plot with a nonzero slope can be used as a test for
irreversible uptake.

All these results are based on plasma input functions.
To compare with perfusion, previously published results for
blood perfusion in the same animals [6] were transformed
into plasma perfusion by the formula

plasma perfusion = (1 − haematocrit)
× blood perfusion, (9)

with haematocrit being measured at a time roughly corre-
sponding to the time of the [15O]water PET.
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Figure 3: Representative data and curve fit (see (1)) for the fraction
of nonmetabolized [11C]methionine (from pig number 1).

4030 50 6010 200

Time (min)

0.0

0.2

0.4

0.6

0.8

1.0

N
on

m
et

ab
ol

iz
ed

 tr
ac

er
 fr

ac
tio

n

Figure 4: Representative data and curve fit (see (1)) for the fraction
of nonmetabolized [11C]donepezil (from pig number 10).

3. Results

3.1. Metabolite Correction. The fraction curves indicated
considerable metabolism of both [11C]methionine (Figure 3)
and [11C]donepezil (Figure 4).

For both [11C]methionine and [11C]donepezil, the
“uncorrected” (i.e., not corrected for metabolism, but
corrected for physical decay) plasma curves showed an
unexpected tendency of slightly rising values after typically
20 minutes. As an example, see the data for [11C]methionine
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Table 2: Evaluation of the fitting models for the investigated tracers and input functions.

Tracer Number of OM +
ST foci modelled Plasma input function Visual impression of fit Linear

Patlak plot Lowest AICc

[18F]FDG 8 + 7 Uncorrected
Good fit of both 2TCM, with rev2TCM
giving only minor improvement over

irr2TCM. Poor fit of 1TCM.
Yes rev2TCM

[68Ga]Ga-citrate 2 + 3 Uncorrected Good fit of both 2TCM, with 1TCM
reasonable for some curves. Yes irr2TCM or

rev2TCM

[11C]methionine 17 + 7
Uncorrected Good fits of rev2TCM. Cases with good

irr2TCM fit (generally low-lying curves). No
See main text

Metab. corr.
For irr2TCM, the fit was improved over the

uncorrected input function. Overall,
rev2TCM appeared best.

Almost

[11C]donepezil 11 + 2
Uncorrected Poor fits for all models. No

See main text
Metab. corr. Good fits with 1TCM, only slightly

improved by 2TCM (irr or rev).
Generally

not

Plasma total
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Figure 5: Representative sample plasma activity curves for
[11C]methionine (decay-corrected, from pig number 1).The scale of
the vertical axis has been chosen to emphasize the curve tails, at the
cost of truncating the bolus peak (maximum value ∼600 kBq/mL).
Uncorrected input function is the total plasma activity concentra-
tion (grey curve). Metabolite-corrected input function (red curve)
originates as the product of the total plasma activity curve and
the fraction curve (Figure 3). Also shown is the metabolite activity
concentration (blue curve), that is, the difference between the
other two curves. Similar curves were seen for [11C]donepezil (not
shown).

in Figure 5 (the data for [11C]donepezil were similar).
Possible reasons like unresolved background counts, either
from other tracers in the multitracer study or from the
surroundings, were investigated, but no sign of any such

problems was found; for example, blood samples taken
before the arrival of the bolus injection were far below
the level that would cause this background. Therefore, we
conclude that the curves correctly represent the activity
concentration in the plasma. After metabolite correction, the
curves decreased as expected (Figure 5).

3.2. Delay-Correction of Input Function. Each input function
(𝑛 = 26) was individually delay-corrected (but with a com-
mon delay for all lesions in the same scan).Themean ± SD of
the corrections was −4.5 ± 4.1 seconds. A negative correction
corresponds to the tracer arriving earlier to the scanned tissue
(PET data) than to the site of blood sampling (plasma input
data). All individual corrections were numerically smaller
than the initial PET frame length (15 seconds).

3.3. Modelling. The overall results for the different models
are summarized in Table 2, with elaborating comments given
here.

3.3.1. [18F]FDG. Despite the lowest AICc values having been
found for rev2TCM, the irr2TCM appeared visually to give a
reasonable fit for the investigated time range. Example fits are
shown in Figure 6. The Patlak plots (not shown) were linear
with nonzero slopes, indicating the presence of irreversible
uptake. Also, the majority of fitted ratios 𝑘3/𝑘4 were above
2 (median value ∼4 for all VOIs, ∼5 if restricted to infected
side); that is, overall 𝑘4 was considerably lower than 𝑘3. For
these reasons and because irr2TCM has fewer parameters
than rev2TCM, we pragmatically chose to base the further
analysis of [18F]FDG uptake on the irr2TCM. The values of
𝐾1 were overall very similar for irr2TCM and rev2TCM.

3.3.2. [68Ga]Ga-Citrate. Overall, the AICc values indicated
nearly equal quality of fits for irr2TCM and rev2TCM.
Example fits are shown in Figure 7. The Patlak plots were
linear with nonzero slopes. Further analysis will assume the
simplest model: irr2TCM.
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Figure 6: Model fits for [18F]FDG in pig number 6, using 1TCM (a), irr2TCM (b), and rev2TCM (c) models. Red and blue: OM lesion in the
distal femur and the corresponding noninfected bone. Green andmauve: OM lesion in the proximal tibia and the corresponding noninfected
tissue. In this case, modelling was restricted to 0–40 minutes because movement of the right limb occurred in the following frame.

For both [18F]FDG and [68Ga]Ga-citrate, good corre-
spondence was observed between the slope of the Patlak plot
and𝐾𝑖 calculated from the irr2TCM parameters.

3.3.3. [11C]Methionine. The AICc values sometimes favoured
rev2TCM and sometimes favoured irr2TCM, but, frommean
the and median values, rev2TCM was favoured. Visually, the
irr2TCM fit showed a problematic upward trend in the late
part of the fits (Figure 8). Despite the extent of metabolism
during the study (Figure 3), only a small difference was

observed between using the uncorrected or the metabolite-
corrected input function with the rev2TCM: the AICc values
were comparable, the fits were visually very similar, and the
fitted rate parameters 𝐾1, 𝐾1/𝑘2, and 𝑘3 were very similar.
Only the 𝑘3/𝑘4 values differed markedly, being lower for the
corrected than the uncorrected input function. However, the
𝑘3/𝑘4 ratio is important for the distribution volume (see (4)),
and the further analysis of the [11C]methionine data will
assume the rev2TCMmodel with a metabolite-corrected input
function.
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Figure 7: Model fits for [68Ga]Ga-citrate in pig no. 1, using 1TCM (a), irr2TCM (b), and rev2TCM (c) models. Orange and light blue: OM
lesion in the proximal femur and the corresponding noninfected bone. Light green and cyan: ST lesion near the metatarsal bone and the
corresponding noninfected tissue.

3.3.4. [11C]Donepezil. Both the plots and the AICc values
unequivocally favoured fits with ametabolite-corrected input
function (Figure 9). Within these, the AICc values variably
favoured each of the threemodels butwith no obvious pattern
(e.g., not distinguishing infected versus noninfected tissue,
bone versus soft tissue, or high versus low 𝐾1). Visually,
however, the 1TCM (with metabolite-corrected input) fits
well in all cases. A typical fit for the 1TCM is seen in

Figure 9(b). Further analysis of [11C]donepezil will be based
on the 1TCM with a metabolite-corrected input function.

3.4. Perfusion and First-Pass Uptake Rate (𝐾1). The 𝐾1
parameter represents the product of perfusion and the
extraction fraction for the tracer. Thus, plotting 𝐾1 as a
function of perfusion gives a measure of extraction; if the
extraction fraction is independent of perfusion, the plot will
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Figure 8: Model fits for [11C]methionine in pig number 6 (same animal as in Figure 6), using uncorrected plasma data as the input function.
Legend as in Figure 6. Fits with a metabolite-corrected input function (not shown) were visually very similar to the shown fits, although with
a reduced upward trend in the irreversible model (b).

show proportionality between 𝐾1 and perfusion. The blood
perfusion of these lesions in these animals has been described
previously, based on [15O]water PET scans [6]. These data
were transformed into plasma perfusion according to (9).

Figure 10 shows the values of 𝐾1 plotted as a function of
plasma perfusion.Notably, [68Ga]Ga-citrate shows only small
uptake compared to perfusion, that is, a small extraction
fraction.

The paradoxical plot for [11C]donepezil, showing 𝐾1
values that are significantly higher than perfusion (corre-
sponding to >100% extraction), is not a result of using

the simple 1TCM rather than one of the 2TCM models.
Overall, the 𝐾1 data from these models (not shown) were
very similar, in some cases even higher, resulting in very
similar plots (not shown). For further explanations, see
Discussion.

For [18F]FDG, [11C]methionine, and [11C]donepezil, a
paired t-test showed a higher 𝐾1 in the infected (right)
side than in the noninfected (left) side (𝑝 ≤ 0.0001). For
[68Ga]Ga-citrate, no significant difference was found (𝑝 >
0.05).
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Figure 9: Model fits for [11C]donepezil in pig number 6 (same animal as in Figures 6 and 8). Legend as in Figure 6. (a) Using the uncorrected
input function, even the model with the most parameters (rev2TCM) gives a poor fit. (b) Using the metabolite-corrected input function, the
model with the least parameters (1TCM) gives a good fit.

3.5. Irreversible Net Uptake Rate (𝐾𝑖) for [18F]FDG and
[68Ga]Ga-Citrate. For both [18F]FDG and [68Ga]Ga-citrate,
good agreementwas observed between𝐾𝑖 calculated from the
Patlak plots and from the irr2TCMmodel (data not shown).

Figure 11 shows 𝐾𝑖 as a function of plasma perfusion.
Figure 12 compares 𝐾𝑖 in the infected versus correspond-
ing noninfected positions. For [18F]FDG, 𝐾𝑖 values were
significantly higher in the infected lesions than in the cor-
responding noninfected positions (𝑝 < 0.002, paired t-
test). For [68Ga]Ga-citrate, the difference was not statistically
significant (𝑝 > 0.05).
3.6. Distribution Volume (DV) of Reversible Tracers. For
[11C]donepezil fitted with the 1TCM, good agreement was
observed between DV calculated from the Logan plots and
from (3). For [11C]methionine fitted with the rev2TCM, the
agreement was not as good betweenDV from the Logan plots
and from (4); however, the lack of agreement was due to
the rev2TCM giving unrealistically high values in some cases
(e.g., >100mL/cm3), corresponding to cases with high values
of 𝑘3/𝑘4. Excluding these cases, good agreementwas observed
in the DV calculations.

Overall, the slope of the Logan plot was used as a
robust measure of DV. Figure 13 shows DV as a function of
plasma perfusion. Figure 14 compares DV in the infected and
corresponding noninfected locations. For [11C]methionine,
DV was significantly higher in the infected locations (𝑝 =
0.0005), while the minor difference seen for [11C]donepezil
was not significant (𝑝 > 0.05).

4. Discussion

Four very different PET tracers were studied for their poten-
tial asmarkers of infection in a porcinemodel of osteomyelitis
(including associated soft tissue lesions). As noted, the results
from static imaging have been reported earlier [3–5], but
dynamic imaging can provide more information on the
uptake processes, which is not available when the tracer
concentration is measured at only one time interval.

The modelling of PET data is restricted by the length
of the acquisition, the number of data points, and statistical
noise. Therefore, some level of pragmatism is needed when
setting up or choosing amodel. Strictly irreversible uptake (in
the sense of the molecules staying in the body for life) is rare,
but the efflux level from a compartment may be practically
zero relative to the length of the PET acquisition. In the
present study, we attempted to find a level that makes the
models useful for providing information about the uptake
process while accepting a level of pragmatism to distinguish
“practically irreversible” from “practically reversible” uptake.

4.1. [18F]FDG. For the kinetic modelling of [18F]FDG, the
two classical models are the irr2TCM by Sokoloff et al. [36]
and the rev2TCM by Phelps et al. [37]. In both models,
the second tissue compartment represents the metabolite
product [18F]FDG-6-phosphate, and in the latter model 𝑘4 >0 represents dephosphorylation back to [18F]FDG. Relative to
infection, the kinetic modelling of [18F]FDG uptake appears
only to have been performed in lung studies (reviewed in
[38]) and in a single study of an acute viral infection [39]. All
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Figure 10: First-pass uptake 𝐾1 as a function of plasma perfusion, shown along with the identity line (𝑦 = 𝑥). The black squares represent
infection foci and the grey circles represent the corresponding noninfected positions.The plots include both bone and soft tissue data.Thedata
for [68Ga]Ga-citrate did not correlate with perfusion (𝑅2 = 0.03). For [11C]donepezil, all data points are above the identity line, paradoxically
corresponding to an extraction fraction above 100%. See Discussion.

of these studies focus on irreversible uptakemodels, generally
the irr2TCM, although some lung studies included a separate
reversible compartment for uptake in pulmonary oedema
[38, 40].

In our porcine osteomyelitis model, the uptake of
[18F]FDG was found to be (practically) irreversible, with
a reasonable fit by the irr2TCM. Accordingly, the level of
uptake was evaluated based on the irreversible net uptake
rate,𝐾𝑖, in almost all cases showing elevated uptake in lesions

compared to healthy tissue, for both OM and ST lesions
(Figure 12).The correlationwith perfusion seen for both first-
pass uptake (Figure 10) and net uptake (Figure 11) indicates
uptake of [18F]FDG to be more flow-limited than diffusion-
limited.

4.2. [68Ga]Ga-Citrate. Dynamic PET studies of [68Ga]Ga-
citrate and [68Ga]Ga-transferrin have been published before
[8, 41, 42], but the present study appears to be the first to
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Figure 11: Irreversible uptake 𝐾𝑖 as a function of plasma perfusion, for the tracers showing irreversible uptake: [18F]FDG (a) and [68Ga]Ga-
citrate (b). Black squares represent infection foci and grey circles corresponding to noninfected positions (compare with Figure 10).
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Figure 12: Comparison of irreversible net uptake rate 𝐾𝑖 in infected (right hind limb) versus noninfected (left hind limb) positions. Bone is
represented by blue squares and soft tissue by red circles. The line is the identity line (𝑦 = 𝑥). (a) shows [18F]FDG and (b) shows [68Ga]Ga-
citrate; note the difference in scales.

include kinetic modelling. As noted by Kumar and Boddeti
[43], no literature is available on the early imaging times of
[67Ga]Ga-citrate SPECT. We found the uptake of 68Ga to be
well described by the irr2TCM (Figure 7). However, first-
pass uptake (𝐾1) of 68Ga was small compared to that of the

other tracers, indicating a very small extraction fraction with
little dependence on perfusion (Figures 10 and 11), that is,
diffusion-limited.

The physiological reason for the slow uptake of 68Ga
may be related to the binding of gallium to a large protein
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Figure 13: Distribution volume DV as a function of plasma perfusion, for the tracers showing reversible uptake: [11C]methionine (a) and
[11C]donepezil (b). Legend as in Figure 11.

(transferrin). Uptake will either require extravasation of
the large [68Ga]Ga-transferrin complex or require a two-
step process, such as the release of 68Ga from the protein
before the uptake or the uptake of [68Ga]Ga-transferrin by
leukocytes which then enter tissue [44]. Therefore, even
though bacteria may show increased uptake of gallium due
to its chemical similarities with iron [43], the overall uptake
mechanism appears to be quite slow.

For static imaging, slow uptake favours late imaging.
Physically, the half-life of 68Ga restricts imaging to a few
hours after injection. In a study of lung lesions, Vorster et al.
[10] recommended imaging to start no later than 120 minutes
p.i.

Compared to other 68Ga infection studies [8–10, 41], the
results in the porcine osteomyelitis model (present paper and
[3, 4]) appear disappointing. At the basic level, the tracer
is a Ga3+ ion (with chemical similarities to the Fe3+ ion),
which makes a species difference unlikely. A different reason
may be indicated by Figure 12: maybe the tracer is able to
differentiate infected soft tissue from healthy tissue (despite
the slow uptake rate) but is not suitable for bone infections.
Mäkinen et al. [8] did find uptake in bone lesions in a rat
model, but noted as a limitation of the study that their model
“perhaps best simulates osteomyelitis arising from grossly
contaminated long-bone fractures.” In contrast, the porcine
osteomyelitis model represents haematogenous osteomyelitis
without bone trauma.

4.3. [11C]Methionine. The modelling of [11C]methionine
uptake required a rev2TCM. For comparison, Fischman et

al. [45] described the muscle uptake of [11C]methionine with
a 2TCM, where the second compartment represented the
incorporation of [11C]methionine in tissue proteins, and they
assumed that the degradation rate of labelled protein could
be ignored (corresponding to 𝑘4 = 0 in our notation). That
is, they suggested an irr2TCM rather than rev2TCM. Our
finding of rev2TCMas preferable thus corresponds to protein
degradation being nonnegligible.

Despite the considerable metabolism of [11C]methionine
during the acquisition time (Figure 3), practically only the 𝑘4
rate constant depended on whether modelling was based on
the uncorrected or the metabolite-corrected input function
(with higher 𝑘4 values in the latter case). It appears that the
metabolite products have kinetics quite similar to the original
molecule. The correlation with perfusion seen for both first-
pass uptake (Figure 10) and distribution volume (Figure 13)
indicates uptake of [11C]methionine to be flow-limited.

The unexpected rise in the plasma activity curves after
∼20 minutes (Figure 5) might be explained by a heavy uptake
by metabolizing organs (the liver), followed by a later release
of radioactive metabolite products to the blood pool.

Generally, the distribution volume (DV) for [11C]methi-
onine was higher in the infected tissue than in the nonin-
fected tissue (Figure 14).This difference between infected and
noninfected tissue could point to [11C]methionine having a
role in infection imaging (regardless of the role of perfusion
in causing the distinction). In line with the results from
static imaging [3, 5], the distinction between infected and
noninfected tissue appearedmore clear for soft tissue than for
bone (Figure 14). As indicated by the two already mentioned
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Figure 14: Comparison of the distribution volume DV in infected (right) and noninfected (left) limbs. Bone is represented by blue squares
and soft tissue by red circles. The line is the identity line (𝑦 = 𝑥). (a) shows [11C]methionine, and (b) shows [11C]donepezil.

case reports [12, 13], [11C]methionine could be useful for
brain infection imaging, where [18F]FDG suffers from the
high physiological uptake in healthy brain tissue.

The uptake curves in both infected and noninfected
tissues appear quite stable after approximately 10–15 minutes
(Figure 8), indicating that static imaging could be performed
starting at this time.

4.4. [11C]Donepezil. Metabolite-corrected [11C]donepezil
could be modelled with the 1TCM model. However, the 𝐾1
parameter was systematically higher than plasma (and blood)
perfusion, paradoxically indicating an extraction fraction
above 100% (Figure 10). We consider this to be an indication
that at least one of the radioactive metabolite products of
[11C]donepezil has marked uptake along with the main
tracer. Indeed, Funaki et al. [46] reported that affinity of the
M1 metabolite for AChE is almost as high as the affinity of
donepezil for AChE; the M1 metabolite is radioactive when
the parent tracer is [5-11C-methoxy]donepezil. In a steady-
state study with a regular administration of donepezil,
Meier-Davis et al. [47] found M1 to be relatively more
prominent in minipigs than in humans and rats.

Meier-Davis et al. [47] also found the overall level of
metabolites to be higher in the pigs. This species difference
may explain why we found relatively fast metabolization of
[11C]donepezil (Figure 4), in contrast to the human study
by Hiraoka et al. [48] who saw only minor metabolism
of [11C]donepezil (>85% remaining after 30 minutes) and
therefore did not need metabolite correction. Also, Hiraoka
et al. found the rev2TCM to be unequivocally better than
the 1TCM, while our study finds the distinction less clear. As
noted, however, their input functions were not corrected for
metabolites.

The strong correlation between first-pass uptake and
perfusion (Figure 10) indicates flow-limited uptake of
[11C]donepezil, although the effect is less evident for distri-
bution volume (Figure 13).

Regarding [11C]donepezil as an infection tracer, our data
did show an overall higher first-pass uptake in the infected
lesions and a strong correlation with perfusion (Figure 10),
while theDVwas only slightly higher in the infected sites than
in the corresponding noninfected locations (Figure 14), and
the difference was not statistically significant.

4.5. Limitations. Thepigmodel was developed as a model for
osteomyelitis, for which reason only relatively few soft tissue
lesions were available, limiting the scope of the study as a
general infection study. For [68Ga]Ga-citrate, only relatively
limited data were available.

5. Conclusion

[18F]FDG was reasonably well described by the irr2TCM
(irreversible uptake, three rate constants) for the 60-minute
length studied, and, for both bone and soft tissue, [18F]FDG
showed increased uptake in infected tissue (Figure 12). The
correlation with perfusion indicated that the tracer is mainly
flow-limited.

[68Ga]Ga-citrate was also well described by irrTCM but
showed very little or very slow uptake, which was a limitation
for infection imaging. The difference between infected and
noninfected sites appeared to be higher in soft tissue rather
than bone lesions, but too little data were available to draw
a conclusion (Figure 12). Uptake was slow and diffusion-
limited. To allow time for uptake, “late” imaging is preferable,
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but not so late that the radionuclide has decayed. Imaging at
120 minutes p.i. appears a good compromise.

[11C]methionine needed a rev2TCM (reversible uptake,
four rate constants) for modelling. Despite considerable
metabolism during the 40 minutes modelled, the𝐾1, 𝑘2, and𝑘3 rate constants were only slightly affected if an uncorrected
input function was used, that is, only 𝑘4 was markedly
affected. In a majority of cases, the uptake (measured as
the distribution volume) was elevated in the infected tissue
compared to the noninfected tissue (Figure 14), but the
difference was less than for [18F]FDG (measured as the net
uptake rate, Figure 12). Uptake appeared flow-limited. Based
on the activity curves, imaging at ∼15 minutes p.i. appears
favourable.

[11C]donepezil could be modelled with a 1TCM (revers-
ible uptake, two rate constants) but required metabolite
correction—at least in this juvenile, porcine model. The
uptake of labelled metabolite products appeared to be
nonnegligible. Based on the present study, the uptake of
[11C]donepezil in osteomyelitis seems to depend more on
perfusion (flow-limited) than ondifferences between infected
and noninfected tissues. For soft tissue infection, too few data
were available to draw a conclusion.

Overall, among the studied PET tracers [18F]FDG
showed optimal characteristics for the detection of infec-
tious foci. [68Ga]Ga-citrate and [11C]donepezil were not
found to be useful for imaging of osteomyelitis. For soft
tissue, [11C]methionine and perhaps [68Ga]Ga-citrate may
be applicable to quantify different aspects of inflammatory
or infectious processes, while too few soft tissue data on
[11C]donepezil were available to draw any conclusions.
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Peripheral sterile inflammatory diseases (PSIDs) are a heterogeneous group of disorders that gathers several chronic insults
involving the cardiovascular, respiratory, gastrointestinal, or musculoskeletal system and wherein inflammation is the cornerstone
of the pathophysiology. In PSID, timely characterization and localization of inflammatory foci are crucial for an adequate care
for patients. In brain diseases, in vivo positron emission tomography (PET) exploration of inflammation has matured over the
last 20 years, through the development of radiopharmaceuticals targeting the translocator protein-18 kDa (TSPO) as molecular
biomarkers of activated microglia. Recently, TSPO has been introduced as a possible molecular target for PSIDs PET imaging,
making this protein a potential biomarker to address disease heterogeneity, to assist in patient stratification, and to contribute to
predicting treatment response. In this review, we summarized the major research advances recently made in the field of TSPO
PET imaging in PSIDs. Promising preliminary results have been reported in bowel, cardiovascular, and rheumatic inflammatory
diseases, consolidated by preclinical studies. Limitations of TSPO PET imaging in PSIDs, regarding both its large expression in
healthy peripheral tissues, unlike in central nervous system, and the production of peripheral radiolabeled metabolites, are also
discussed, regarding their possible consequences on TSPO PET signal’s quantification.

1. The Sterile Inflammatory Response and
PET Imaging of Inflammation

Inflammation and its protagonist, inflammatory cells, act
as the initial host defense to struggle against infection and
injury. Immune system diseases can be dichotomized into
autoimmune disorders, in which several actors lead to intrin-
sic hyperactivity of sensor/pattern-recognition receptor func-
tion, causing exacerbate and dysregulated immune response
[1] and immunodeficiency diseases (i.e., inherited/primary
or acquired/secondary), characterized by an inability of
immune system to contain infectious disease and cancer
development [2]. In both cases, the inflammatory processes
are unappropriated; this explains the paradoxical relationship
between immunodeficiency diseases and autoimmunity [3].
In inflammatory conditions, following exposure to aseptic

stimulus involving physical chemical ormetabolic signal such
as burns, trauma, and dead cells, a cascade of response will
be initiated by the release of local chemokines, interleukins,
and prostaglandins, which are well-known proinflammatory
mediators [4, 5]. Monocytes, macrophages, dendritic cells,
and neutrophils are first-line immune effectors located in the
interface between innate and adaptive immunity. Apart from
autoimmunity disorders, noninfectious/sterile inflammatory
diseases include various conditions where the leading cause
of inflammation is acute and/or chronic exposure to irritant
particles [5]. These sterile stimuli are different in nature and
can be induced by drug therapy [6], alcohol consumption
[7], exogenous particulates such as silica dioxide [8], asbestos
[8], cigarette smoke [9], or endogenous particulates as well
as monosodium urate [10], amyloid- 𝛽 [11], and cholesterol
[12]. Macrophages are a key player in the pathophysiology
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of sterile etiology, autoimmunity disorders [13], and irritant
particles mediated diseases [5]. Macrophage activation starts
with a proinflammatory phase, calledM1 state. Sterile injuries
provoke inflammation similar to injury caused by pathogens
but M1b macrophage phenotype predominantly develop,
before being polarized into M2 phenotype which induce
anti-inflammatory/profibrotic response [14]. Given the fact
that macrophages play a crucial role in sterile inflammatory
processes, macrophage imaging appears to be a promising
approach to assess, better characterize, and improve the
diagnosis of disorders related to sterile inflammation.

Diagnosis of most peripheral sterile inflammatory dis-
eases (PSIDs) is based on history, clinical symptoms, biol-
ogy, serology, and conventional imaging technique such as
radiological analysis or magnetic resonance imaging (MRI).
Concerning its signs and clinical features, the inflammatory
process is very stereotypic and nonspecific [5] to such an
extent that the only symptoms can be asthenia, arthralgia,
and fever. Furthermore, in front of inflammatory syndrome,
clinicians have to make a decision about an infectious or
sterile etiology and, sometimes, practitioners in internal
medicine have recourse to trial corticosteroid therapy or
empiric antibiotic therapy to statute despite the risk of
complicating ulterior diagnosis [15]. Indeed, corticosteroids
or anti-infectious drug could conceal the pathogenic process
and therefore make uninformative conventional imaging
techniques due to a lack of sensitivity, so the residual disease
remains inaccessible. Similarly, inflammatory foci cannot
be detected in the early phase of development because of
the lack of substantial anatomical changes at this time. In
front of several conventional exam limitations (e.g., invasive,
lack of repeatability) and in order to investigate PSIDs
by a deeper approach and to access pathophysiology, the
use of molecular imaging and especially PET imaging has
increased significantly in recent years. PET is a molecular
and functional imaging modality, which permits repeated
and noninvasive determination and quantification of spe-
cific biological and pharmacological processes [16] whose
interest is in early diagnosis and to monitor/follow up the
residual disease is promising. 18F-FDG represents the most
widely used PET tracer and many authors have elucidated
in detail relationship between inflammatory response, local
hyperaemia, and hypervascularisation and uptake of 18F-
FDG [17, 18]. Various PSIDs have been investigated with 18F-
FDG including atherosclerosis [19], vasculitis [20], valvular
inflammation [21], myocardial inflammation [22], rheuma-
toid arthritis [23], and Crohn’s disease [24]. Nevertheless,
18F-FDG is a glucose analog which indicates an increase of
glucose consumption, which in itself can be indicative of
other on-going processes such as cancer, cell regeneration,
or muscle contraction as seen in peristalsis. Furthermore,
another limitation concerning its pharmacokinetic, the renal
pathway bywhich 18F-FDG is eliminated, obstructs the image
quantification [25].

Choline as an important precursor of membrane phos-
pholipids has been labelled to image inflammatory diseases
such as atherosclerosis [26–28] with a greater sensitivity
in detecting atherosclerotic plaques than 18F-FDG [28].

Besidesmetabolic PET tracers of inflammatory cells (i.e., 18F-
FDG and 18F-Choline), radioligands have been developed
to evaluate more accurately peripheral sterile inflammatory
processes. Among these, membrane receptor such as 18 kDa
translocator protein (TSPO) and B lymphocyte CD20 antigen
[29], cytokines like cyclooxygenase subtype 2 [30], matrix
metalloproteinase [31], interleukin-2 [32] or endothelial
adhesion proteins such integrin 𝛼v𝛽3 [33], vascular adhesion
protein-1 [34], and vascular cell adhesion molecule-1 [35]
have been targeted. In this review,we focus on themost recent
preclinical and clinical applications of TSPO PET imaging in
PSIDs and discuss the potential added value in the clinical
practice.

2. TSPO PET Tracers

TSPO is a highly hydrophobic five-transmembrane domain
protein mainly situated in the outer mitochondrial mem-
brane and is highly expressed in macrophages [36, 37]. TSPO
is widely distributed in most peripheral organs including
kidneys, nasal epithelium, adrenal glands, lungs, and heart,
whilst the highest concentrations are in the steroid producing
tissues, and is also minimally expressed in resting microglial
cells in the healthy brain [38]. Numerous TSPO PET tracers
have been developed and used mainly for the imaging of
neuroinflammation [39].

In addition to many endogenous compounds like choles-
terol or porphyrin, TSPO binds a range of synthetic ligands.
Historically, the benzodiazepine 11C-Ro5-4864 was the first
ligand able to discriminate peripheral from central benzo-
diazepine receptors [40]. Over the past few years, several
structure activity relationship studies have established that
four main domains are necessary for a ligand to interact
with the TSPO, three major lipophilic regions, and one
hydrogen-bond donor group [41]. Thus, several classes of
TSPO radioligands have been synthesized, with, for most
of them, the availability of compounds radiolabelled with
carbon-1 (11C) or fluorine-18 (18F). The most widely used
TSPO PET radiopharmaceutical, namely, 11C-(R)-PK11195,
an isoquinoline carboxamide developed in the early 1980s,
was the first nonbenzodiazepine type compound identified
to bind to TSPO with high affinity (human dissociation
constant, Kd = 2 nM) [42]. Despite having been tagged as the
gold standard of TSPO ligands, 11C-(R)-PK11195 has several
drawbacks including the short half-life of carbon-11, a low
brain bioavailability, and a poor signal-to-noise ratio due to
high nonspecific binding [43]. To counteract these limita-
tions, there has been a great effort for the development of
second-generationTSPOPET radiotracers. Among them, the
derivatives of phenoxyarylacetamides (11C-DAA1106, 11C-
PBR28, 11C-PBR06, and 18F-FEPPA) [44–47], designed from
a chemical structure based on the opening of the diazepine
ring of Ro5-4864, the derivatives of imidazopyridines (11C-
CLINME), and the derivatives of pyrazolopyrimidines (18F-
DPA-714) [48] are included.

Furthermore, a single nucleotide polymorphism in the
TSPO gene (rs6971) leading to an amino-acid substitution
(A147T) has been identified [49]. This polymorphism affects



Contrast Media & Molecular Imaging 3

Table 1

Applications Population/Animal models Radioligand Main findings Ref.

Preclinical

(i) TSPO PET on day 8 after DSS- and
TNBS-induced IBD in rats
(ii) 6 rats were followed up over 22
days

18F-DPA-714

(i) Significantly increased tracer uptake in
the rat colon in both groups, DSS and
TNBS, compared to controls
(ii) Increased tracer binding until day
8/10 then tracer uptake decreased slowly

Bernards et al. (2014) [25]

DSS, dextran sodium sulfate; IBD, inflammatory bowel disease; TNBS, trinitrobenzenesulfonic acid.

the binding affinity properties of the most of TSPO with
a huge heterogeneity in PET images and their associated
quantitative data. Three distinct binder statuses have been
identified: HAB, high- (A/A; ∼70%), MAB, mixed- (A/T; ∼
21%), and LAB, low-affinity binders (T/T; ∼9%) [50].The fact
that the second-generation radiopharmaceuticals have been
found to be sensitive to this polymorphism leads searchers
to develop rs6971-insensitive radioligands. For this purpose,
18F-GE180, a third-generation TSPO tracers, was evaluated
and seemed to be less sensitive to the TSPO-binding affinity
status than the second generation [51]. Unfortunately, the
small sample size and the exclusion of the LAB from this
preliminary study leaded do not allow concluding that 18F-
GE180 is insensitive to the polymorphism. Then, a new
analog of 11C-(R)-PK11195, called 11C-ER176, showed little
sensitivity to rs6971 when tested in vitro and had high specific
binding in monkey brain [52]. Nonetheless, the clinical
relevance of this third-generation compound remains to be
confirmed.

3. TSPO PET Imaging of PSIDs

3.1. Inflammatory Bowel Diseases (See Table 1). Although the
etiology of inflammatory bowel diseases (IBDs), including
Crohn’s disease (CD) and ulcerative colitis (UC), is still
unclear, it is widely accepted that both result from a mucosal
immune response dysregulation in genetically predisposed
individuals, for which susceptibility to IBD is mainly deter-
mined by complex interactions of environmental and genetic
factors [53–55]. IBDs are characterized by various aspects of
the inflammatory response, ranging from acute to chronic
stages, and, in many cases, describe a cyclic evolution where
attacks are interspersed with gastrointestinal stable periods.
The natural history of the IBDs usually progresses to include
strictures, fistulas, and abscesses [56]. Whereas in CD the
whole gastrointestinal tract can be affected even if there is
a predilection for ileocolonic involvement, UC is reduced to
the caecum, colon, and rectum [57]. Localizing accurately
the inflamed tissues is one criteria permitting differential
diagnosis between the different types of IBDs and other
diseases [58, 59]. Presently, the diagnostic approach relies
on various exams ranging from clinical symptoms, such as
bloody diarrhea, abdominal pain, asthenia, and weight loss,
to serology, endoscopic exploration, radiological analysis,
and nuclear medical investigations [25]. Nevertheless, 10 to
15% of all colorectal IBDs cases cannot be classified as UC
or CD [60]. In order to provide information concerning

the inflammatory processes in IBD, 18F-FDG PET imaging
has been used in preclinical studies [25, 61, 62] and clinical
studies [61, 63–67], especially in pediatric populations [64,
65, 68], and exhibited good diagnostic performances in
patients with suspected IBD [58, 69]. Despite the well-
known TSPO overexpression in colon cancer [70] and the
knowledge that TSPO regulates the growth of colorectal
cancer cells [71] which is also an unfavorable prognostic
factor in stage III colorectal cancer [72], the involvement of
TSPO in IBDs and dysplasia has not yet been completely
investigated. After 7 days of treatment by dextran sodium
sulfate (DSS), in a way to induce IBD in a rat model, Ostuni
and colleagues [73] reported a TSPOoverexpression, assessed
by immunohistochemistry, in the rat colon of treated animals.
In DSSmodel, whereas the increase of 18F-FDG colon uptake
did not reach a significance level, 18F-DPA-714 colon binding
showed a significant increase, compared to healthy animals.
In addition, the relationship between tissue expression of
TSPO, objectified by immunohistochemistry, and 18F-DPA-
714 uptake provides the proof-of-concept that TSPO PET
radioligand can be used to evaluate dynamically peripheral
inflammation [25].These findings lead us to think that TSPO
PET imaging could serve as a more precocious biomarker
than 18F-FDG to highlight the inflammatory processes of
IBDs. Regarding the inflammatory cascade of IBDs, a recent
study established the responsibility of the interleukin-33 (IL-
33) pathway by modulating macrophages phenotype in IBDs
[74]. Indeed, the authors demonstrated that IL-33 is involved
inM2macrophage polarization in inflamedmucosal samples
from patients with IBD. Moreover, serum IL-33 levels were
significantly lower in IBD’s patients than those in healthy
volunteers. Serum soluble suppression of tumorigenicity-
2 (sST2) levels and its soluble receptor were significantly
correlated with the pMayo score in UC patients but not in
CD, supporting evidences that UC is a disorder linked to
Th2-hyperpolarization in contrast to CD, which is ratherTh1-
derived [75].

3.2. Liver Diseases (See Table 2). The expression of TSPO in
the liver of healthy humans is usually low [76, 77]. Recent
evidences suggest that TSPO might be contribute to the liver
damage and alcoholic hepatitis progression. Indeed, TSPO
gene is upregulated in alcohol hepatitis and appears to be
involved in various biological processes which are determi-
nant in the pathophysiology of alcoholic liver disease such
as regulation of reactive oxygen species, response to alcohol,
negative regulation of nitric oxide pathway, and regulation of



4 Contrast Media & Molecular Imaging

Ta
bl
e
2

Ap
pl
ic
at
io
ns

Po
pu

lat
io
n/
an
im

al
m
od

el
s

Ra
di
ol
ig
an
d

M
ai
n
fin

di
ng

s
Re

f.

Pr
ec
lin

ic
al

6
m
ic
ep

er
ea
ch

gr
ou

p
2-
,4
-,
an
d
8-
w
ee
k

M
CD

-fe
d
m
ic
ev

er
su
sc

on
tro

lm
ic
e

1
8
F-
FE

D
AC

In
4-
w
ee
k
M
CD

liv
er
s,
hi
gh

er
bi
nd

in
g
of

tr
ac
er

w
as

ob
se
rv
ed

at
so
m
el
oc
ii
n
th
e

rig
ht

lo
be

co
m
pa
re
d
to

th
el
eft

liv
er

lo
be

Si
gn

ifi
ca
nt
ly
in
cr
ea
se
d
up

ta
ke

ra
tio

so
fl
iv
er

to
bl
oo

d
in

2-
,4
-,
an
d
8-
w
ee
k

M
CD

-fe
d
m
ic
e,
co
m
pa
re
d
to

co
nt
ro
ls

St
ro
ng

co
rr
el
at
io
n
be
tw
ee
n
up

ta
ke

ra
tio

of
tr
ac
er

bi
nd

in
g
an
d
N
A
FL

D
ac
tiv

ity
sc
or
e

w
as

fo
un

d
du

rin
g
N
A
FL

D
pr
og
re
ss
io
n

Xi
ee

ta
l.
(2
01
2)

[7
9]

Pr
ec
lin

ic
al

4
ra
ts
pe
re

ac
h
gr
ou

p
aft

er
2,
4,
6,
an
d
8

w
ee
ks

of
CC

l 4
tre

at
m
en
tv
er
su
sc

on
tro

lr
at
s
1
8
F-
FE

D
AC

Si
gn

ifi
ca
nt
ly
hi
gh

er
liv
er

tr
ac
er

SU
V
in

al
lt
re
at
m
en
tg

ro
up

s,
co
m
pa
re
d
to

co
nt
ro
ls

Tr
ac
er

bi
nd

in
g
po

sit
iv
ely

co
rr
ela

te
d
w
ith

CC
l 4
tre

at
m
en
td

ur
at
io
n
an
d
se
ve
rit
y
of

liv
er

da
m
ag
e

H
at
or
ie
ta
l.
(2
01
5)

[8
0]

M
CD

,m
et
hi
on

in
ea

nd
ch
ol
in
ed

efi
ci
en
t;
N
A
FL

D
,n
on

al
co
ho

lic
fa
tty

liv
er

di
se
as
e;
SU

V,
sta

nd
ar
di
ze
d
up

ta
ke

va
lu
e.



Contrast Media & Molecular Imaging 5

necrotic cell death [78]. Tissue analysis revealedmore serious
steatotic aggregates and necroinflammatory infiltration in
the higher uptake region of 18F-FEDAC. Autoradiography
experiments [79, 80] supported in vivo PET data where TSPO
tracer binding was not homogeneously distributed in the
livers with nonalcoholic fatty liver disease (NAFLD) [79]
and in the fibrotic livers (induced by carbon tetrachloride
treatment) [80]. Analysis association between 18F-FEDAC
binding and NAFLD activity score is in consonance with in
vitro findings where TSPO overexpression was reported in
activated hepatic stellate cells [81] and in the adipocytes of
stressed rats with adipocytes aggregates and neoangiogenesis
process [82]. TSPO PET tracer uptake increased in parallel
with liver disease severity whether it is in NAFLD [79] or in
fibrosis liver models [80]. Positively correlation between hep-
atic TSPO and (transforming growth factor) TGF-𝛽1/(tumor
necrosis factor) TNF-𝛼 mRNA expression [80] suggests that
macrophage M1 and M2 phenotypes intervene during liver
fibrosis development [83]. Complementary clinical studies
with various liver diseases characterized by inflammatory
processes (e.g., viral hepatitis, cholestatic hepatitis, autoim-
mune hepatitis, andWilson’s disease) are required to evaluate
the ability of differential diagnosis of TSPO PET imaging.

3.3. Inflammatory Lung Diseases (See Table 3). In contrast
to nonspecific current methods (e.g., chest radiography and
computed tomography), TSPO PET imaging could poten-
tially give quantitative information about macrophage traf-
ficking and kinetics, in order to evaluate treatment response
and contribute to our understanding of the pathophysiology
of lung noninfectious inflammatory processes [84]. More-
over, invasivemethods (e.g., lung biopsy and bronchoalveolar
lavage) are unacceptable for repeat measurement in the
context of longitudinal assessment for lung diseases [85].
Concerning single photon emission computed tomography
(SPECT) scanning, although gamma-scintigraphywith 111In-
labelled granulocytes has been used to monitor migration of
polynuclear cells into the lungs [86, 87], its metabolic acti-
vation and phenotype remain inaccessible with this nuclear
exam [88].

Amajor concern for themeaning of this TSPOPET imag-
ing approach is the multicellular expression of TSPO in the
human lungs. In addition to resident alveolar macrophages,
submucosal glands, pneumocytes, and epithelial lining of
the airways expression of TSPO have been reported [89, 90]
but not neutrophilic expression [91]. Asthma and chronic
obstructive pulmonary disease (COPD) are two obstructive
respiratory conditions where an important accumulation of
inflammatory cells in the respiratory tract takes place and
leads to chronic symptoms with periodic acute exacerbations
of both asthma and COPD. The pathophysiology of these
lung inflammatory disorders is distinct, involving rather
excessive formation of eosinophils, mast cells, and CD4+ T
cells in airways of asthmatics whereas, in COPD, typically
neutrophils, macrophages, and CD8+ T cells infiltrate the
respiratory tract [92]. TSPO seems to play a pathogenic role in
asthma and COPD. Indeed, TSPO exhibited downregulated
expression in patients with acute exacerbations of COPD [93]

and a protein-protein interaction network analysis revealed
that TSPO could be implicated in development and/or
progression of asthma in children [94]. TSPO is involved
in various complex cellular processes such as intracellular
transportation, mitophagy, and apoptosis [95–97]. Among
them, mitochondrial dysregulation and especially mitophagy
represent a key player of signaling pathways relevant to
remodeling in chronic remodeling lung pathologies like
asthma [98] and COPD [99]. Quantitative analysis of the
acquired emission TSPO PET data is in consonance with
these findings where mean tracer uptake, objectified by
plateau tissue/plasma, was higher in COPD patients and
asthmatics than in healthy volunteers. Moreover, pulmonary
TSPO PET imaging used in combination with 18F-FDG
indicated that metabolic activation of inflammatory cells was
higher in COPD patients than in chronic asthmatics [100].
Furthermore, cigarette smoke exposure, which is the leading
cause of COPD, altered directly TSPO expression, paving the
way for lung cancerization [101]. It should be noted that no
obvious differences are seen between patients and healthy
subject in the emission images for either 18FDG or 11C-
PK11195, due to the low density of the lung (Figure 1). Sig-
nificant differences are only revealed by quantitative analysis
of the acquired emission data [100].

TSPO PET imaging has been used to assess, in humans,
macrophages involvement in interstitial lung diseases [102].
Surprisingly, Branley et al. [85] demonstrated that TSPO
expression is reduced in these lung inflammatory disorders.
Given the fact that patients with interstitial lung disease
showed an accumulation of intrapulmonary macrophages
[103] and experimental models of pulmonary inflammation
revealed to be associated with TSPO overexpression [104],
authors hypothesized that macrophages phenotypically dif-
fered in these patients (i.e., macrophage with reduced TSPO
expression) [102]. In parallel to the relationship between lung
density and disease activity (i.e., between controls, patients
treated, and drug-naive patients), 11C-PK11195 bindingwould
tend to decline according to the disease burden in fibrosing
alveolitis due to systemic sclerosis (FASSc) patients [85]. As
a result of these achievements, TSPO PET imaging could
be a decision-support exam to initiate immunosuppressive
treatment in FASSc.

TSPO PET imaging did not provide unequivocal results
[85, 100] and in front of some limitations (e.g., multicellular
expression of TSPO in human lungs [89, 90], high vari-
ability in radiotracer uptake between COPD and asthmatic
patients, and wide overlap between patients and controls
[100]), TSPO did not seem to be a timely biomarker to
diagnose and even less to improve our knowledge in lung
disease pathophysiology. In addition, the apparent TSPO
downregulation in interstitial lung diseases [85] and acute
exacerbations of BPCO [93] should not be construed as
absolute finding; indeed TSPO expression is a dynamic
process and highly context-dependent, which is probably
integrated in a time-dependent fashion (acute versus chronic
injury).
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(a) (b) (c)

(d) (e) (f)

Figure 1: Transaxial thoracic images for transmission (a and d), 18F-FDG emission (b and e) and 11C-PK11195 (c and f) in a normal subject
(a–c), and a patient with chronic obstructive pulmonary disease (d–f) from Jones et al. (2003) [100].

3.4. Inflammatory Vasculopathies (See Table 4). TSPO is
involved in pathophysiology of various cardiovascular dis-
eases, including arrhythmia, myocardial infarction, cardiac
hypertrophy, atherosclerosis, myocarditis, and large vessel
vasculitis (for review see Qi et al. 2012 [105]). Among
these, large vessel vasculitis represents a heterogeneous group
of complex disorders (e.g., giant cell arteritis, Takayasu’s
arteritis) in which chronic inflammatory lesions of the blood
vessels are characterized by granulomatous pan-arteritis with
focal leukocytic infiltration [106]. Typical clinical symptoms
include the association of blindness, stroke, claudication
according to the vascular territory affected/occluded, fever,
night sweats, and arthralgia [107–109]. TSPO molecular
imaging using 11C-PK11195 provided valuable information
such as presence, intensity, and localization of activated
macrophages in large vessel vasculitis [36, 110]. In these
studies, giant cell arteritis, Takayasu’s arteritis, and lupus ery-
thematosus patients fulfilling American College of Rheuma-
tology diagnostic criteria [111] were enrolled. Authors defined
active vasculitis as onset within the previous 3 months of any
of the symptoms mentioned above and conversely asymp-
tomatic patients’ diagnosis based on absence of symptoms of
active disease.The fact that TSPOPET signal was quantifiable
even in some asymptomatic patients (Figure 2) paves the
way of a preemptive therapeutic strategy, that is to say

prior the symptoms, whereas the inflammatory process is
active [36, 110]. Although only one giant cell arteritis patient
was enrolled for a longitudinal assessment of corticosteroids
response, TSPO PET imaging could be a promising approach
to monitor drug efficacy of immunosuppressive agents cur-
rently used and for drug development in vasculitis. Patients
with large vessel vasculitis have an increased cardiovascular
risk compared to the age-matched healthy population as a
consequence of accelerated atherosclerosis [106].

Atherosclerosis is an inflammatory, chronic metabolic
disorder of the arterial walls, in which intraplaque inflam-
mation drives the progression and the destabilization of
atheromatous lesions [112, 113]. It seems that atherosclero-
sis starts with the penetration of low-density lipoprotein
(LDL) through a damaged endothelial wall, leading to their
oxidation. These oxidized LDL particles act as autoantigens
presented by macrophages which differentiate into foamy
macrophages, promote the inflammation, and cause inter-
leukins secretion [114–116]. According to its function as
leader of cholesterol transport and steroidogenesis [97] and
its dysregulation induced by smoke exposure [101], TSPO
has been targeted in drug development of lipid-lowering
therapy and “cardiovascular” anti-inflammatory/antioxidant
treatment [117–119]. Autoradiography and immunostaining
experiments highlighted that TSPO tracer binding concerned
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Figure 2: 11C-PK11195 PET/CT angiography of asymptomatic (a) and symptomatic (b) patient with vasculitis. Each patient is shown in
transverse view. Arrow indicates inflamed region of aortic arch. Respective time-activity curves (corrected for radioactive decay) derived
from aortic vessel wall (c and d) from Lamare et al. (2010) [110].

predominantly CD68-positive areas of mice carotid sections
[120] and human carotid endarterectomy samples [121, 122]
which contained fibrotic and calcified tissue [121]. Recent
research by Chinetti-Gbaguidi and colleagues [123] revealed
that RANKL (receptor activator of nuclear factor 𝜅B (NF-𝜅B)
ligand) and MCSF (macrophage colony-stimulating factor),
two major mediators of vascular calcification, are dysreg-
ulated by IL-4 polarization (i.e., M1 to M2 polarization),
leading macrophages surrounding atherosclerotic plaques to
be unable to resorb calcification. Therefore, the lack of asso-
ciation between plaque calcification score and 11C-PK11195
target-to-background ratio (TBR) [122] could be explained by
a different macrophage phenotype (i.e., M2 polarized) which
would be undetectable on PET images.Moreover, in the same
clinical study TSPO PET imaging of patients with carotid
stenosis revealed that 11C-PK11195 standardized uptake value
(SUV) and TBR were significantly higher in carotid athero-
matous lesions of symptomatic patients (i.e., associated with
stroke and transient ischemic attacks) compared to asymp-
tomatic individuals. Surprisingly, no difference was found
between the severity of carotid stenosis on CT angiography
between symptomatic and asymptomatic patients [122]. Most

importantly, it appears that activated macrophages, assessed
by TSPO PET, were detected at a disturbed flow site located
downstream from the region of stenosis [120]. Finally, multi-
modal imaging using 11C-PK11195 PET in combination with
CT plaque attenuation offers good diagnostic performances
to improve risk stratification in patients with asymptomatic
carotid stenosis in order to anticipate cerebrovascular events
[122]. Beyond this potential diagnostic role of TSPO PET
scanning for atherosclerosis, TSPO might be used as a
therapeutic target for atherosclerosis. Indeed, the oxidative
stress induced by high fat and high cholesterol atherogenic
diet in rats has been associated with a reduction of TSPO-
binding density [124].

3.5. Rheumatic and Musculoskeletal Disorders (See Table 5).
Rheumatoid arthritis (RA) is a chronic autoimmune disease
characterized by joint inflammation where the diagnosis is
based on joint involvement, duration of symptoms, serology
(i.e., rheumatoid factor, anticitrullinated protein antibody),
and biology (i.e., erythrocyte sedimentation rate, C-reactive
protein) [126, 127]. TSPO PET imaging in various animal
models of noninfectious arthritis supported the fact that
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Figure 3: 11C-PK11195 PET images in coronal and transaxial directions. (a) Images of severe clinical inflammation of the right knee (depicted
at the left in both images) and no clinical inflammation of the left knee in a patient with rheumatoid arthritis (RA). (b) Images of mild
inflammation of both knee joints in an RA patient. (c) Images of knees without joint disease in a control subject. The different levels of tracer
uptake correspond to the colors in the color bar at the left, from van der Laken et al. (2008) [125].

nuclear-based approach provides quickly information on
biological functions even before anatomical alterations of
bone and cartilage [128–130]. TSPO PET imaging appears to
be a promising approach to follow early events in the patho-
physiology of RA, suggesting that a precocity medical care
should be feasible even before the structural alterations, espe-
cially as the uninflamed knee joints of RA patients showed
a significant greater TSPO tracer uptake than in healthy
controls [125]. Moreover, association analysis showed a good
correlation between tracer binding in joints and clinical
synovial swelling ormacrophage infiltration in synovial tissue
in preclinical [130] and clinical study [125]. Figure 3 illustrates
these findings. For imaging of RA, the key limitation of
TSPO PET scanning is the tracer uptake in the inflamed
synovium linked to binding in surrounding bone and bone
marrow (e.g., periarticular bone of joints binding), keeping
from quantifying accurately uptake in the synovium [129].
Nevertheless, this problem appears to be minimized when
18F-DPA tracers have been used in rat model of rheumatoid

arthritis (i.e., better knee-to-bone ratios), compared to 11C-
PK11195 [129].

4. TSPO PET Imaging: Towards a Clinical
Application for Pathologies
with Both Central and Peripheral
Inflammatory Component?

TSPO PET imaging has to date been used mainly to assess
microglial activation in various neurologic diseases rang-
ing from neurodegenerative disorders such as Huntington’s
disease [131] and Alzheimer’s disease [132] to stroke [133]
and psychiatric conditions like schizophrenia [134]. The
promising results of TSPO PET imaging to diagnose and
characterize some PSIDs and especially atherosclerosis [122]
lead us to think that, as in some central nervous system
disorders such as multiple sclerosis and amyotrophic lateral
sclerosis [39], a clinical application of TSPO as a biomarker
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of inflammation is possible. Nevertheless, as with neurologic
disorders some limitations must be taken like spillover and
partial volume effect (because of proximity of the blood
pool and limited thickness of the arterial wall), a multi-
cellular expression making mathematic model to quantify
free and specific ligand binding more complex. Furthermore,
in contrast to central conditions where tracer’s radiolabeled
metabolites are not sufficiently lipophilic to produce back-
ground noises, in PSIDs the pharmacokinetic of radiolabeled
metabolites leads to hinder TSPO signal quantification. This
is especially a limitation for IBDs where tracer elimination
by the upper digestive tract (e.g., 18F-DPA-714) compromised
TSPO quantification [25].

The strength of TSPO PET imaging could rely on the
ability to detect inflammatory changes in pathologies which
have central and peripheral expression, for instance, to eval-
uate the relationship between neuroinflammation induced
by stroke and TSPO expression of atherosclerotic plaques in
patients with carotid stenosis. Indeed, it allows characterizing
inflammation and establishing if interplay occurred between
microglial activation and peripheral macrophages. In this
sense, surprising findings have been found in liver fibrosis
where TSPO are not overexpressed in patients with hepatic
encephalopathy [135]. Likewise, in a preclinical study, inflam-
mation in both the gut and the brain of rats with chemically
induced colitis was observed by ex vivo biodistribution
but these effects could not be detected by 11C-PBR28 PET
imaging which was likely due to insufficient resolution of the
micro-PET camera [136]. Besides PSIDs, infectious diseases
where TSPO PET imaging has already been investigated such
as HIV infection [137] or sepsis [138] could benefit from
this approach in order to know if central and peripheral
inflammation is a continuum or acts independently.

5. Conclusion

The pathophysiologic involvement of TSPO in PSIDs is well-
documented especially in cardiovascular conditions [105] at
the opposite of microglial activation in neurologic disor-
ders which remains controversial. Limitations of TSPO PET
imaging in PSIDs concern the large expression of TSPO
in peripheral tissues whereas, in central nervous system,
TSPO expression is low in healthy brain [39]. A body of
evidence gives aM1-phenotype biomarker status ofmicroglial
TSPO expression [139]. In line with these findings, the
fact that TSPO PET imaging did not highlight significant
signal in some PSIDs (e.g., atherosclerosis [122], interstitial
lung disease [85]), where macrophage activation is now
well-documented, seems to confirm that, also in peripheral
disorders, TSPO may rather to be associated with harmful
inflammatory state than regenerative environment. Never-
theless these in vitro findings need to be in vivo translated
[139].
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Background. To investigate the association between 18F-FDG (Fluorodeoxyglucose) PET (positron emission tomography)/MRE
(magnetic resonance enterography) metrics with the inflammatory biomarkers fecal calprotectin and C-reactive protein (CRP)
in patients with Crohn’s disease (CD). Methods. This prospective pilot study was institutional review board (IRB) approved with
informed consent obtained. Consecutive CD patients were referred to 18F-FDG PET/MRE. Patients in whom colonoscopy was
performed andCRP and fecal calprotectin levels weremeasuredwere included. CRP and fecal calprotectinwere regarded as positive
for inflammation if theywere greater than 0.5mg/dl and 150mcg/g, respectively. Correlation of quantitative variableswas performed
using the Pearson’s correlation coefficient. Receiver operating characteristic (ROC) curves were drawn and the area under the curve
(AUC) was calculated to evaluate the accuracy of PET and MRE metrics in determining the presence of inflammation evaluated
by calprotectin and CRP levels. Results. Analysis of 21 patients (16 women and 5 men, 43 ± 18 years) was performed. Magnetic
resonance index of activity (MaRIA) score had anAUCof 0.63 associatedwith fecal calprotectin andCRP.Adding apparent diffusion
coefficient (ADC) and metabolic inflammatory volume (MIV) to MaRIA score resulted in an AUC of 0.92 with a cutoff value of
447 resulting in 83% and 100% sensitivity and specificity, respectively. Conclusion. The addition of ADC and MIV to the MaRIA
score increases the accuracy for discrimination of disease activity in patients with CD. Trial registration number is 2015062.

1. Introduction

Crohn’s disease (CD) is a chronic, relapsing, transmural
inflammatory disease that can affect the entire gastroin-
testinal track [1]. Diagnosis and treatment assessment are
based on clinical, endoscopic and cross-sectional imaging.
However, clinical symptoms and clinical scores do not always
correlate with endoscopic findings [2] and have not changed
the long-term outcome in patients with CD [3]. Endoscopy
on the other hand is very accurate in the assessment of
early manifestations and enables histological evaluation of
inflammation; however, it is an invasive tool that assesses the
mucosal layer and only a short segment of the small bowel
(i.e., terminal ileum).

The introduction of “treat to target” paradigm in CDwith
mucosal healing defined as the target, has led to search for
convenient, reliable, and quantifiable variables to predict and
assess the response to therapy and tomonitor CDpatients [3].
At present, C-reactive protein (CRP) and fecal calprotectin
are the most widely used inflammatory biomarkers as a
surrogate to endoscopy to monitor patients with CD [4].
Nevertheless, both tests have limitations and more objective
tools are required.

Computerized tomography enterography (CTE) and
Magnetic resonance enterography (MRE) are complementary
diagnostic tools in the work-up of patients with CD as both
can identify pathological processes in deeper layers of the
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bowel and extraintestinal findings and evaluate the entire GI
tract.

MRE has gained popularity given the lack of ionizing
radiation [5], high contrast resolution, and the ability to per-
form dynamic contrast imaging. It was shown to have similar
diagnostic accuracy as compared to CTE [6]. The addition of
more advanced sequences such as diffusionweighted imaging
(DWI) has increased the diagnostic accuracy [6]. Magnetic
resonance index of activity (MaRIA) isMRE-based score that
has been found to be reliable in quantifying the severity of the
inflammatory processes in patients with CD and in assessing
the response to therapy [7].

18-Fluorodeoxyglucose (18F-FDG) uptake is seen in met-
abolically active cells including inflammatory cells. Increased
18F-FDG uptake on PET/CTE was proven to be sensitive
(54–98%) and specific (55–81%) in identifying active inflam-
matory segments of the small and large bowel in patients
with CD. Uptake can be assessed qualitatively and semiquan-
titatively and therefore can be used to evaluate objectively
the degree of inflammation and response to treatment [8].
However, given the high patient radiation dose, the study has
not gained popularity, particularly as most patients with CD
are young and repeated studies are necessary.

Simultaneous 18F-FDG PET/MRE might combine the
advantages of both modalities. Several studies have recently
demonstrated the feasibility of PET/MRE [9] and have shown
the superiority of PET/MRE compared to PET/CT and MRE
in the detection of extraluminal disease and in differentiating
fibrotic from inflammatory components [10]. The aim of
this prospective pilot study is to evaluate the association
between 18F-FDG PET/MRE metrics with the inflammatory
biomarkers fecal calprotectin and CRP.

2. Materials and Methods

This prospective study has been approved by the institutional
review board. All subjects signed an informed consent form.
Between December 2015 and December 2016, consecutive
patients with newly diagnosed CD or patients with a known
CD presenting with a flare-up were referred to 18F-FDG
PET/MRE. All patients were off corticosteroid or biologic
treatment. Patients were included in the study only if
colonoscopy and laboratory work-up have been performed
prior to or after 18F-FDG PET/MRE within 6 and 2 weeks,
respectively. Laboratory work-up included fecal calprotectin,
bloodC-reactive protein (CRP) levels, white blood cell counts
(WBC), platelets count, hemoglobin, hematocrit, creatinine,
and albumin levels. CRP and fecal calprotectin were regarded
as positive for inflammation if greater than 0.5mg/dl and
150mcg/g, respectively.

2.1. 18 F FDG PET/MRE Protocol. Patients were required
to fast at least for 4 hours prior to arrival to the depart-
ment. Upon arrival an intravenous catheter was placed for
radiopharmaceutical administration, and for glucose level
measurement. Patients received an intravenous injection of
3-4mCi of 18F FDG (estimated effective dose of 1.87–2.5mSv
[11]). During the 18F FDG uptake phase of 45 minutes,
patients were asked to drink a total volume of 2ml/kg Avilac

syrup 66.7 g/100ml–300ml (Perrigo, IL) diluted in 1000ml
of water (i.e., a total of 1050–1200ml, 175–200ml every 7
minutes for 42 minutes) for optimal small bowel distention
and to achieve high contrast resolution between bowel wall
and lumen on T2 weighted and postcontrast imaging.

18F-FDGPET/MRwas performed from the diaphragm to
the mid-thigh on the Biograph mMR (Siemens AG, health-
care sector, Erlangen, Germany) simultaneous PET/MR sys-
tem. Patients were positioned supine andmultistep/multibed
scanning was performed in caudocranial direction with two
bed positions. We used a 24-channel spine RF coil integrated
within the MR bed and 2 surface body coils (6 channel each)
to cover the abdomen and pelvis. MR sequences included
coronal thick slab T2-weighted image to determine that oral
contrast has reached the right colon followed by intramus-
cular injection of 1mg Glucagon is administered. Coronal
and axial (with and without fat suppression) T2-weighted
half-Fourier acquisition single shot turbo spin echo (HASTE)
image, axial T1-weighted volumetric interpolated breath-hold
examination (VIBE) (with andwithout fat suppression), DWI
(𝑏 = 50, 500, 1000, and 1600 sec/mm2), coronal T1-weighted
nonenhancedVIBE image and gadolinium enhanced coronal
T1-weighted VIBE image with 30 and 70 seconds delays, and
axial T1-weighted VIBE image with 95 seconds delay. We
used Gadoteric acid (Dotarem�, Guerbet, France) (0.2ml/kg,
0.1mmol/kg at 1-2ml/s, 20ml saline flush) as intravenous
contrast media.

PET data was acquired in the list mode with the fol-
lowing reconstruction parameters: High definition PET +
ordered subset expectation maximization (OSEM) iterative
algorithm, three iteration and 21 subsets, Gaussian filter:
FWHM 4mm; relative scattered correction.

2.2. Image Analysis

2.2.1. PET Metrics. We used dedicated software for PET
metric measurements (Syngo.via; Siemens AG, healthcare
sector, Erlangen, Germany). A sphere VOI was drawn on
bowel segments with pathological 18F FDG uptake (i.e.,
above physiological 18F FDG uptake in normal appearing
bowel segments) and SUVmax was calculated.The metabolic
inflammatory volume (MIV) was meticulously calculated
using isocontour application with spheres drawn over bowel
segments with increased FDG uptake using a fixed 40%
threshold (Figure 1). To avoid false positive FDG uptake due
to physiologic activity all segments were compared with MR
images to confirm abnormal appearance onMR.All spherical
VOI were visually evaluated on axial, sagittal, and coronal
planes to be certain that the VOI is well located. In addition,
the length of visually pathological FDG-avid segments was
measured.

Normalization for body weight was performed using the
patient weight in kg, measured before 18F FDG injection.

2.2.2. MRI Metrics. The following variables were evaluated
[1]: Bowel wall thickness measured in mm, edema (i.e., high
signal on T2-weighted imaged with fat suppression), bowel
wall enhancement (i.e., higher than the enhancement of
normal appearing segment), mesenteric vascularity (comb
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Figure 1: Metabolic inflammatory volume (MIV) calculation using
isocontour application with spheres drawn over bowel segments
with increased FDG uptake using a fixed 40% threshold.

sign) and edema, the presence of enlarged mesenteric lymph
nodes, the presence of ulcer/fistula/fibrosis or abscess, and
the length of the visually abnormal appearing segments
measured onMRI and PET images. In case of skip lesions the
sum of lengths was calculated.

DWI/ADC: region of interest (ROI) was placed over dif-
ferent locations in the affected segments with the highest sig-
nal intensity on DWI.Theminimal ADC value was recorded.

MaRIA score [12]: 1.5 × wall thickness (mm) + 0.02 ×
relative contrast enhancement (RCE) + 5 × edema + 10 ×
ulceration. RCE = (wall signal intensity (WSI) after gadolin-
ium − WSI before gadolinium)/(WSI before gadolinium) ×
100 × SD noise before gadolinium/SD noise after gadolinium.

All measurements were conducted in consensus by a dual
board-certified in radiology and nuclear medicine physician
(LD, with 6 years of experience) and a board-certified
nuclear medicine physician (HB, with 10 years of PET/CT
experience).

2.3. Statistical Analysis. Correlation of quantitative variables
was performed using the Pearson’s correlation coefficient.

Receiver operating characteristic (ROC) curves were
drawn and the area under the curve (AUC) was calculated
to evaluate the accuracy of different PET andMREmetrics in
determining the presence or lack of inflammation evaluated
by calprotectin and CRP levels either separately or combined.
𝑝 ≤ 0.05 was considered statistically significant. All data

was analyzed using Medcalc (version 17.5.5, 2017).

3. Results

Twenty-seven consecutive patients (20 women and 7 men,
42 ± 15 years) were prospectively recruited to the study.
All patients underwent 18F-FDG PET/MRE. Analysis was
performed on 21 patients (16 women and 5men, 43±18 years)
(three patients had no calprotectin levels available and three
refused to undergo colonoscopy).

The length of the involved segments on PET attenuated
corrected (AC) images correlatedwith the length asmeasured
on MRI with R2 of 0.99 (Figures 2 and 3).

MaRIA score had an AUC of 0.72 associated with fecal
calprotectin. Adding ADC and MIV to MaRIA score (i.e.,
MaRIA × ADC × MIV/1000) resulted in an AUC of 0.88.
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Figure 2: Scatter diagram with regression line demonstrating very
high correlation between the length of the involved segments
measured on PET and MR images.

MaRIA score had an AUC of 0.6 associated with CRP. Com-
bining ADC and MIV to MaRIA score resulted in an AUC
of 0.87. When fecal calprotectin and CRP were combined to
differentiate active from nonactive disease (i.e., inflammation
was determined only if both tests were abnormal), MaRIA
score had an AUC of 0.63 associated with fecal calprotectin
and CRP. Adding ADC and MIV to MaRIA score resulted
in an AUC of 0.92 with a cutoff value of 447 resulting in
83% and 100% sensitivity and specificity, respectively (Figures
4–6). The AUC for SUVmax, SUVmax and MaRIA score and
SUVmax, MaRIA score andMIV when fecal calprotectin and
CRP were combined was 0.63, 0.6, and 0.8, respectively.

4. Discussion

The results of this pilot study imply that 18F-FDG PET/MRE
metrics of MIV and ADC have an added value to MaRIA
score in discriminating patients with active from nonactive
Crohn’s disease based on fecal calprotectin and CRP levels.

At present the diagnosis and treatment of patients with
CD rely on clinical and laboratory evaluation, endoscopic
assessment, and cross-sectional imaging [13]. However, the
new concept of “treat to target” in CD patients, with mucosal
healing gaining importance as the target aimed at, neces-
sitates a noninvasive, reliable tool to monitor patients and
to assess disease activity. Among several biomarkers that
have been proposed to surrogate endoscopy in order to
evaluate active inflammation and mucosal healing in CD,
fecal calprotectin and CRP are currently the most widely
used. Fecal calprotectin is released from human neutrophils
and macrophages and reflects mucosal inflammation. It was
found to be correlated with endoscopy in detecting disease
activity and severity of intestinal inflammation. Abej et al.
[14] have shown that stool calprotectin can differentiate
active from nonactive disease and correlated with endoscopic
findings. Calprotectin has been also used tomonitor response
to therapy and predict relapse [15]. Sipponen et al. [16]
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(a) (b) (c)

(d) (e) (f)

Figure 3: 29-year-old woman with CD. (a) Axial T2-weighted FS image demonstrating thickened wall of a long small bowel segment. (b), (c)
There is increased enhancement and restricted diffusion of the involved small bowelmucosa seen on axial contrast enhanced T1-weighted and
DWI images, respectively. (d) Axial PET attenuation correction image demonstrating FDG uptake along the involved small bowel segments.
(e) Axial fused T2-weighted FS PET/MR image demonstrating FDG uptake correlating with thickened small bowel wall. (f) Coronal PET
attenuation correction image showing increased FDG uptake in the terminal ileum (arrow) and several small bowel segments. Colonoscopy
revealed terminal ileitis that was further confirmed by histology. However, colonoscopy did not reflect the true extent of disease as seen on
18F-FDG PET/MR.

showed that normalization of calprotectin values corresponds
to response to therapy on endoscopy while for patients with
sustained abnormal values no improvement was seen on
endoscopy.

CRP has long become the biomarker of choice for
assessment of inflammatory CD activity and was found to
be more reliable in cases of transmural inflammation [4]. It
is produced and released from hepatocytes and its synthesis
is stimulated by interleukin 6 [17]. The relatively short half-
life of 19 hours makes it sensitive to early changes in the
status of inflammation. CRP has been shown to correlate with
clinical activity [18] and endoscopic findings [19] to predict
clinical relapse [20] and to assess the response to therapy
[21]. However both biomarkers have their pros and cons in
determining the status of CD. For example, single nucleotide
polymorphism in CRP genes is known to affect the baseline
and stimulated CRP levels resulting in false negative results
[22]. Additionally, CRP might be less sensitive to mucosal
inflammation and hence underestimate subtle inflammatory
status. Although fecal calprotectin has proved to be more
sensitive as compared to CRP in predicting disease activity
on endoscopy [19], it is less reliable in limited ileal disease
[23, 24]. The composite use of both biomarkers has been
shown to be more specific in detecting the inflammatory
status in CD patients [25].

Several MRE severity indices have been proposed and
evaluated from which the MaRIA score was found to have

the best overall operational characteristics regarding the
detection of active disease and in assessing the severity of
disease [12]. This score was correlated to CD endoscopic
index of severity and found wall thickness, presence of bowel
wall edema, ulcer, and relative contrast enhancement as
independent predictors of inflammation activity.

There are conflicting data regarding the correlation of the
MaRIA score and inflammatory biomarkers. For instance,
Cerrillo et al. [26] found significant correlation between
MaRIA index and fecal calprotectin levels with AUC in ROC
analysis of 0.914 and a cutoff value of 166.5mcg/g yielded
a 90% sensitivity and 74% specificity for the diagnosis of
intestinal inflammation. On the other hand, Abej et al. [14]
have shown that fecal calprotectin cutoff level of 250mcg/g is
not correlated with the MaRIA score.

In this study the addition of ADC and MIV to the
MaRIA score has increased significantly the accuracy in
discriminating active from nonactive disease.

DWI has been correlatedwith CD inflamed segments and
with clinical scores. Stanescu-Siegmund et al. [27] demon-
strated in 131 patients that areas of inflammation had signif-
icantly lower ADC values compared to normal bowel (𝑝 <
0.001) with threshold of 1.56× 10−3 mm2/s having a sensitivity
of 97.4% and specificity of 99.2% distinguishing normal and
abnormal segments. Kim et al. [28] have shown that DWI
increases the sensitivity in the detection of mild inflamed
bowel segments with no obvious added value compared to
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Figure 4: Receiver operating characteristic curves using calprotectin andCRP levels to determine active versus nonactive disease withMaRIA
(a), MaRIA and ADC (b), and MaRIA, ADC, and MIV (c) as the variables. CRP: C-reactive protein; MaRIA: magnetic resonance index of
activity; ADC: apparent diffusion coefficient; MIV: metabolic inflammatory volume.
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Figure 5: Receiver operating characteristic curves using CRP levels to determine active versus nonactive disease with MaRIA (a), MaRIA
and ADC (b), and MaRIA, ADC, andMIV (c) as the variables. CRP: C-reactive protein; MaRIA: magnetic resonance index of activity; ADC:
apparent diffusion coefficient; MIV: metabolic inflammatory volume.
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Figure 6: Receiver operating characteristic curves using calprotectin levels to determine active versus nonactive disease with MaRIA (a),
MaRIA andADC (b), andMaRIA, ADC, andMIV (c) as the variables.MaRIA:magnetic resonance index of activity; ADC: apparent diffusion
coefficient. MIV: metabolic inflammatory volume.
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conventionalMR sequences in the detection of segmentswith
ulcers. However, the addition of DWI to abnormal segments
as seen on conventional MR sequences was correlated with
higher endoscopy score (21±10.1 versus 12.6±8.4;𝑝 = 0.021)
and the AUC in ROC analysis distinguishing segments with
and without ulcers was significantly higher if DWIwas added
to conventional MR sequences (0.72 versus 0.661; 𝑝 = 0.029).
The specificity of DWI in detecting active disease was lower
compared to conventional MR mainly due to false positive
cases in the colorectal area.

Theuse ofmetabolic inflammatory volume inCDpatients
has been investigated in few studies. Jacene et al. [29]
have shown on PET/CT that the product of metabolically
active volume (corrected to background) and SUVmean is
correlated with Crohn’s disease endoscopy index of severity
(CDEIS). Russo et al. [30] demonstrated that SUVmax cor-
rected to body lean mass was superior to the total inflam-
matory volume in differentiating fibrotic from transmural
inflammatory stenosis.

Cerrillo et al. [26] have shown that SUV-related metrics
on 18F-FDGPET/CT correlatedwithCRP and recommended
its use to monitor longitudinal changes of inflammation.

We found that the use of composite values of fecal
calprotectin and CRP in combination to define active versus
nonactive CD results in AUC 0.92 (83% sensitivity and 100%
specificity using a cutoff value of 447) if MIV and ADC were
added to the MaRIA score. This high association of 18F-FDG
PET/MREmetrics with inflammatory biomarkers opens new
opportunities for monitoring CD patients as both studies are
noninvasive, quantifiable, and complementary.

Our study has several limitations: first, the number of
patients is too small. Second, given the lack of standard-
ization in DWI sequences and MIV measurements and for
PET/MRE in general, a reliability study for these variables
should be performed.Third, the low availability and high cost
of PET/MR limit its use only to few academic centers.

In conclusion, in this pilot study, the addition of ADC
and MIV to the MaRIA score increases the accuracy for
discrimination of disease activity in patientswithCD. Further
larger studies are needed to validate these results and to
evaluate if these variables can be used to monitor disease
activity in patients with CD.
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