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Abstract: Approximately 5-7% of acute-care patients suffer from bacteremia. Bacteremia may give rise to bacte-
rial spread to different tissues. Conventional imaging procedures as X-ray, Computed Tomography (CT), Magnetic
Resonance Imaging (MRI), and ultrasound are often first-line imaging methods for identification and localization of
infection. These methods are, however, not always successful. Early identification and localization of infection is crit-
ical for the appropriate and timely selection of therapy. The aim of this study was thus; a head to head comparison
of *8F-fluorodeoxyglucose (‘®F-FDG) positron emission tomography (PET) to PET with tracers that potentially could
improve uncovering of infectious lesions in soft tissues. We chose *C-methionine, **C-PK11195, and ®®Ga-citrate as
tracers and besides presenting their bio-distribution we validated their diagnostic utility in pigs with experimental
bacterial infection. Four juvenile 14-15 weeks old female domestic pigs were scanned seven days after intra-arterial
inoculation in the right femoral artery with a porcine strain of S. aureus using a sequential scanning protocol with
18F-FDG, 'C-methionine, *C-PK11195 and %8Ga-citrate. This was followed by necropsy of the pigs consisting of
gross pathology, histopathology and microbial examination.The pigs primarily developed lesions in lungs and neck
muscles. *¥F-FDG had higher infection to background ratios and accumulated in most infectious foci caused by S.
aureus, while **C-methionine and particularly **C-PK11195 and ®¢Ga-citrate accumulated to a lesser extent in infec-
tious foci. 8F-FDG-uptake was seen in the areas of inflammatory cells and to a much lesser extent in reparative
infiltration surrounding necrotic regions.

Keywords: Osteomyelitis, domestic pigs, porcine, swine, Staphylococcus aureus, positron emission tomography,
computed tomography, infection, *F-FDG, %8Ga-citrate, **C-methionine, **C-PK11195, animal

Introduction selection are associated with a high mortality
rate in otherwise healthy people. In spite of
advances in medical care and discovery of

potent anti-staphylococcal antibiotics, about

Staphylococcus aureus infections are frequent
and even increasing, and constitute a signifi-

cant global healthcare burden [1, 2]. Diagnosis,
management, and control of this infection are
important issues, because failure to recognize
patients with infection and lack of understand-
ing of the pitfalls of empirical antimicrobial

one fourth of patients with S. aureus bactere-
mia die within 30 days [3]. Since the emergence
of methicillin-resistant S. aureus strains (MRSA)
in the 1960s, resistance to additional classes
of antibiotics have appeared continuously, leav-
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ing few therapeutic options for some of the
widespread clones [4]. Vancomycin remains a
mainstay for treatment of MRSA although a
resistant phenotype may be inducible; linezolid
and Daptomycin are important alternative
options [5]. Either the primary focus or second-
ary lesions formed by dissemination of S. aure-
us may maintain the infection in spite of other-
wise correctly instituted treatment demanding
anatomical identification and perhaps surgical
intervention. Imaging of infections is challeng-
ing and no ideal imaging modality has yet been
found. The ideal imaging modality and/or bio-
marker should distinguish infection from inflam-
mation with high sensitivity and specificity,
should e.g. not relate to the stage of infection,
the anatomical localization or blood flow, and
be both cost-effective and easily available.

Traditional nuclear infection imaging includes
labeled leukocyte scintigraphy which has been
used since the 1970s [6, 7]. In vitro labeling of
leukocytes is time consuming, poses a person-
nel safety risk of radiation exposure, infection,
and cross-contamination as it involves isolating
leukocytes from a patient, labeling the leuko-
cytes in vitro, and finally re-injecting the
leukocytes.

Gallium is a metallic ion that is taken up by
infectious and inflammatory sites [8] and
8’Ga-citrate scintigraphy was the leading
modality for imaging of inflammation and infec-
tion of musculoskeletal origin in the 1970s and
the early 1980s [9-13], but the often inade-
quate injectable activity (necessitated by the
long half-life) and the wide spectrum of gam-
mas emitted by ¢’Ga reduce image quality and
resolution. Other drawbacks are the high back-
ground activity, interference from liver and
bowel activity, delayed post injection imaging of
at least 48-72 h, the associated high radiation
exposure, and high cost of the radionuclide.

18F-flourodeoxyglucose (FDG) is a multipurpose
PET tracer with high sensitivity, but has the limi-
tation that a highly metabolically active lesion
may indicate presence of not only infection
but also inflammatory, reparative, or reactive
changes as well as cancer [14]. Another limita-
tion would be the incorrect interpretation in
those organs and tissues with high normal
FDG-metabolic activity or -excretion, overlook-
ing an infectious, a cancerous, or an inflamma-
tory focus.
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We have previously reported the ability of vari-
ous radionuclides to visualize S. aureus osteo-
myelitis in pigs [15] inoculating the femoral
artery of the right hind limb to produce osteo-
myelitis foci here [15, 16]. Accidentally, S. aure-
us did not settle in the bones exclusively, but
clear signs of systemic spread were recognized
by documentation of S. aureus in e.g. lung
tissue. In the present study, we report the
results of PET/CTs of lung abscesses and infec-
tious lesions located elsewhere related to the
model-infection in those pigs. We aimed both
to characterize the bio-distribution of tracers
in juvenile female pigs and to compare the util-
ity of 8F-FDG, !C-methionine, 'C-PK11195
(IN-Methyl-**C](R)-1-(2-chlorophenyl)-N-(1-me-
thylpropyl)-3-isoquinoline carboxamide), and
58Ga-citrate.

Methionine is a naturally occurring essential
amino acid and it can be labeled with the posi-
tron-emitting isotope *'C. Methionine, which is
transported into cells via the L-type amino acid
transporter 1, is crucial for the formation of pro-
teins and is involved in the synthesis of phos-
pholipids. Methionine thus reflects amino acid
transport and protein synthesis and when cells
replicate the demand for proteins, phospholipid
synthesis, and essential amino acids increas-
es. Although L-[methyl-*1C] methionine (*!*C-me-
thionine) is known to accumulate in inflamma-
tory lesions [17], it is primarily used for detec-
tion of brain tumors [18].

11C-PK11195 is an isoquinoline carboxamide
and a high-affinity ligand for the 18 kDa mito-
chondrial translocator protein (TSPO), previ-
ously known as the peripheral benzodiazepine
receptor (PBR). TSPO is highly expressed on
activated mononuclear phagocytic cells and
11C-PK11195 has typically been used to diag-
nose neuroinflammation [19, 20]. It has also
been used in an attempt to visualize inflamma-
tion at other anatomical sites, e.g. in macro-
phage-dominated infiltrates of blood vessels
and tissue membranes surrounding loosening
prostheses in rat models [21, 22] and in hu-
mans [23]. Despite the widespread use of *'C-
PK11195 PET, the whole-body distribution and
dosimetry of **C-PK11195 have not been stud-
ied until recently [24-26].

58Ga-citrate is a marker of infection and has
been demonstrated to accumulate solely in
infectious lesions [27], but compared to ¢’Ga,
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68Ga has a shorter half-life, is effective within
60 min post-injection imaging time, is cost-
effective, will cause less radiation exposure,
and will cause less background liver and bowel
activity. The cellular uptake of ®®Ga-citrate is
not fully understood, but ®8Ga-citrate binds to
lactoferrin present in high concentrations in
neutrophils, abscess fluid and in the bacterial
siderophores [28-30].

We hypothesize that some of the less well stud-
ied radionuclides in the context of infection can
detect infectious lesions in lung and connective
tissues derived from hematogenously spread
of S. aureus in pigs.

Material and methods
Pigs and the osteomyelitis model

We have previously reported the design of the
study, the clinical signs, hematology, pathology
and scans related to infection of the hind limbs
and pelvic region [15]. The materials and meth-
ods section here thus only briefly state the vari-
ous protocols.

Four clinically healthy, female, specific patho-
gen-free (SPF), Danish landrace cross-breed
pigs, aged 13-14 weeks were under anesthesia
inoculated with a porcine strain of S. aureus
into the femoral artery of the right hind limb
using the technique described by Johansen
and Jensen et al. [16]. One week later the pigs
were anesthetized and scanned, followed by
euthanasia and necropsy.

The study was approved by the Danish Animal
Experimentation Board, journal no. 2012-15-
2934-000123. All facilities were approved by
the Danish Occupational Health Surveillance.

Microbiology

The inoculum was prepared from the S54F9
strain of S. aureus (spa type t1333, MLST
sequence type ST433 and clonal complex
CC30), isolated from a chronic embolic pulmo-
nary abscess in a pig [31-33]. Overnight grown
cultures on 5% horse blood agar (HBA) (SSI
Diagnostica, Denmark) were harvested and
suspended in 0.9% sterile saline. Inocula
ranged from 10.5x10° to 141x102 colony form-
ing units per kg bodyweight suspended in 1.0
to 3.5 ml of sterile saline.
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Tissue specimens and swabs obtained at nec-
ropsy were plated on 5% HBA and read after
incubation overnight. S. aureus was confirmed
by colony morphology and latex agglutination
(Monostaph Plus, Bionor Laboratories, Norway).
Growth characteristics including a pansuscep-
tible antibiogram were taken to indicate identi-
ty with the inoculated strain. Contaminants
were sparse and characterized primarily by
Gram stain. A few isolates were identified to
species level by matrix-assisted laser desorp-
tion/ionization-time of flight (MALDI-TOF) (Br-
uker Daltonik GmbH, Bremen, Germany).

Preparation of tracers

11C and *8F were produced at the PET Center
Aarhus using either a PETtrace 800 series
cyclotron (GE Healthcare, Uppsala, Sweden) or
a Cyclone 18/18 cyclotrone (IBA, Louvain La
Neuve, Belgium). ®8Ga was obtained at the
department of Nuclear Medicine in Aalborg by
eluting a %8Ge/®®Ga generator (IGG100; Eckert
& Ziegler AG Eurotope GmbH).

18F-FDG was produced by a standard procedure
applying a GE Healthcare MX Tracerlab synthe-
sizer, Mx cassettes supplied by Rotem Indust-
ries (Arava, Israel) and chemical kits supplied
by ABX GmbH (Radeberg, Germany). The radio-
chemical purity was higher than 99%.

11C-methionine was synthesized by [*!C] S-
methylation of L-homocystein thiolactone with
methyl iodide [34] followed by semipreparative
HPLC using a GE Healthcare Tracerlab FXC PRO
synthesizer. L-Homocysteine thiolactone was
supplied by Sigma (Sigma-Aldrich Denmark,
Brandby, Denmark). Other chemicals including
iodine or acetone were supplied by either
Aldrich (Sigma-Aldrich Denmark, Brgndby, Den-
mark) or Aarhus University Hospital Pharmacy
(Aarhus, Denmark). The radiochemical purity
exceeded 95% and the specific radioactivity
generally was higher than 37 GBg/umol.

11C-PK11195 was prepared by N-methylation
of desmethyl-PK11195 with methyl iodide [35]
followed by semipreparative HPLC and solid
phase extraction using a GE Healthcare Tra-
cerlab FXC PRO synthesizer. Desmethyl-PK1-
1195 was supplied by ABX GmbH (Radeberg,
Germany). All other chemicals were supplied
by either Aldrich (Sigma-Aldrich Denmark,
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Brandby, Denmark) or Aarhus University
Hospital Pharmacy (Aarhus, Denmark). The
radiochemical purity exceeded 95% and the
specific radioactivity generally was higher than
50 GBg/pumol.

68Ga-citrate was synthesized in high yield within
10 min and without the use of organic solvents
as described earlier [36]. Briefly, the synthesis
was conducted using a fully automated cas-
sette-based system (Modular-Lab PharmTracer)
as well as cassettes from Eckert & Ziegler
Eurotope GmbH. The ultrapure hydrochloric
acid (30%) was obtained from Merck. Other
chemicals were from either Aldrich (Sigma-
Aldrich Denmark) or Aalborg University Hospital
Pharmacy (Aalborg, Denmark). The tracer had
purity close to 100% and had a very low con-
tent of Germanium-68.

CT and PET

At the day of the scan, the pigs (body weight
39-42 kg) were handled as described earlier
[15, 37]. All examinations at the PET Center
Aarhus were performed with an integrated PET/
CT system (Siemens Biograph True point 64
PET/CT, Siemens, Erlangen, Germany). The pigs
were placed in recumbency. Initially a scout
view was obtained to secure body coverage
from snout to tail. Attenuation correction of CT
data was obtained first, based on low dose CT
maps. CT and PET data were co-registered, and
image fusion was performed using the iterative
TrueX algorithm (Siemens).

At the Nuclear Medicine Department in Aalborg
pigs were placed in recumbent position and
whole-body PET/CTs were performed with an
integrated system (GE VCT discovery True 64
PET/CT 2006, GE Healthcare, USA) essentially
as in Aarhus. PET images were reconstructed
using a fully 3-dimensional iterative algorithm
(ViewPoint algorithm (GE Healthcare)), and
attenuation correction was based on low-dose
CT.

The sequence of tracer injections (scans) was
H1C-Methionine, *'1C-PK11195, %8Ga-citrate, an-
d 8F-FDG. PET was performed 1 h 5 min after
injection of 408-500 MBq of 'C-Methionine, 1
h 5 min after injection of 263-464 MBq *'C-
PK11195, 1 h - 1 h 13 min after injection of
113-175 MBq of %8Ga-citrate, and 1 h-1 h 34
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min after injection of 299-389 MBq of *8F-
FDG.

The minimum timespan from first injection to
last scan was 13 h 9 min (pig 4); the maximum
timespan was 14 h 45 min (pig 1).

Reading the scans

Computed tomography with *¥F-FDG, *'C-Me-
thionine, *'C-PK11195 and ©®8Ga-citrate PET
were read individually and also as fused images
with CT. All scans were evaluated by both a
nuclear physician and a veterinarian.

Gross pathology and histopathology

Necropsy was performed according to Madsen
and Jensen [38], and as reported previously
[15] and predefined tissues and organs were
sampled for microbial cultivation and histopa-
thology. Thus, biopsies or swabs for microbial
cultivation were obtained from the lungs, brain,
liver, spleen, and kidney, and histopathology
was performed on lung and abscesses.

Identification of gross lesions at necropsy gen-
erally resulted in additional sampling for micro-
biology and histopathology. Additional sampling
for microbiology included pleura fluid from pigs
2 and 4, a muscle lesion from pig 3, and
abdominal cavity fluid from all four pigs.
Additional histopathology included necrotic
muscle foci from pigs 1, 2 and 3, and trachea
from pig 4. For histopathology, samples were
fixated in 3.7% neutral buffered formaldehyde
for 4 days, kept in 70% ethanol for 3-5 weeks,
dehydrated and embedded in paraffin wax, cut
in 3 um thick sections, mounted on glass slides,
stained with hematoxylin and eosin, and cover
slipped according to standard procedures. An
immunohistochemical protocol for the de-
tection of S. aureus (in a muscle lesion form pig
1) was performed as described [39] using a
monoclonal mouse antibody to S. aureus.

Results
Bio-distribution

The physiological (background) uptake and
readability of the different radionuclides were
recorded and bio-distribution of PET tracers in
juvenile female pigs, which was readily recog-
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Table 1. Bio-distribution of 8F-FDG in juvenile 14-15 weeks old
female domestic pigs. List of target tissues/organs encompassed

by region of interest. Median values of SUV_ , SUV__, and SUV

Ranges in parentheses

mean”

BE-FDG SUV, . SUV,_ . SUV,_ ..
Brain 2.8 (1.9-3.0) 3.65(3.1-5.1) 3.15 (2.4-3.9)
Thymus 0.95 (0.6-1.3) 2.4 (2.17-2.6) 1.75 (1.4-2.6)
Heart 0.55 (0.2-1.5) 0.95 (0.6-8.8) 0.55 (0.5-1.2)
Lung 0.4 (0.2-0.7) 0.6 (0.3-1.0) 0.5 (0.3-0.9)
Vertebral body 0.8 (0.1-0.8) 1.35 (0.7-1.5) 1.1 (0.5-1.3)
Liver 1.0 (0.9-1.2) 1.4 (1.3-1.7) 1.15 (1.1-1.4)
Spleen 0.85 (0.6-1.0) 1.6 (1.2-2.4) 1.3 (0.9-1.6)
Gall bladder 0.8 1.2 0.9
Stomach 0.1(0.1-0.1) 0.3 (0.2-0.6) 0.15 (0.1-0.2)
Small intestine 2.0 (1.8-2.3) 2.75 (2.4-4.0) 2.4 (2.1-3.0)
Colon 0.75 (0.5-0.8) 2.0 (3.3-6.0) 1.3 (0.9-1.5)
Kidney 1.3 (0.9-1.2) 1.4 (1.3-1.7) 1.15 (1.1-1.4)
Urine bladder 4.6 (0.9-10.7) 40.4 (11.7-58.2) 19.5(9.8-26.6)
Tight muscle 0.1(0.1-0.1) 0.2 (0.2-0.5) 0.3 (0.1-0.0.2)
Swallowing muscles  1.45 (0.9-2.0) 7.5 (5.0-11) 4.1 (4.0-4.9)
Sinus 2.55(2.1-3.3) 7.55(5.3-10.7) 5.05 (4.5-7.6)

Table 2. Bio-distribution of *'C-Methionone in juvenile 14-15 weeks
old female domestic pig. List of target tissues/organs encom-

passed by region of interest. Median values of SUV_ , SUV __, and
SUV ... Ranges in parentheses

11C-Methionine SUV, . SUV,_. SUV_ e
Brain 0.1(0.1-0.2) 3.2(2.7-49) 1.0(0.9-1.0)
Thymus 0.15(0.1-0.2) 8.3(7.2-8.8) 2.15(1.8-2.2)
Heart 0.1(0.1-0.1) 4.25(3.9-5.2) 1.0(0.7-1.3)
Lung 0.0 (0.0-0.1) 3.2(2.3-3.6) 0.7 (0.5-0.8)
Vertebral body 0.3(0.2-0.4) 7.85(8.9-10.7) 2.5(2.1-2.9)
Liver 0.85 (0.3-0.7) 9.05 (6.7) 2.9 (1.7-4.2)
Spleen 0.2 (0.1-0.2) 3.85(3.3-4.3) 1.35(1.0-1.5)
Gall bladder 0.1(0.12-0.1) 3.45(3.0-3.6) 0.7 (0.6-0.8)
Stomach 0.0(0.0-0.1) 3.25(1.0-4.7) 0.35(0.2-1.0)
Pyloric antrum/duodenum 0.65 (0.4-0.9) 6.8 (5.8-8.2) 2.6 (1.9-3.4)
Small intestine 0.9 (0.5-1.9) 10.75(9.7-14.7) 5.5 (3.8-7.2)
Colon 0.1(0.0-0.6) 4.95(3.3-6.0) 1.05(1.0-1.6)
Kidney 0.9 (0.3-1.0) 8.85(6.8-9.7) 3.65(2.8-3.7)
Urine bladder - - -

Tight muscle 0.1 (0.1-0.1) 3.2(2.3-3.6) 0.6 (0.0.5-0.8)

nizable as areas of prominent activity on emis-
sion images, is presented in Tables 1-4. Some
organs such as salivary glands and pancreas
could not be quantified because of the impreci-
sion of localization on non-contrast, low-resolu-
tion CT scans in small sized pigs. Whole body
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activity of different tracers is
presented in Figure 1.

Very high 8F-FDG activity was
seen in the urine bladder and
in the ethmoturbinates (Fig-
ure 1) and less activity was
seen in the sinuses of the
head, pharyngeal tissue, sm-
all intestine, and thymus
(Table 1). Variable activity
was seen in the left ventricle
of the heart, low activity was
seen in brain and liver and
slight activity was seen in
muscle tissue, stomach, and
lungs.

The highest concentrations of
1C-methionine were found in
small intestine (Figure 1),
liver, kidney, thymus, pyloric
antrum/duodenum, and bo-
nes (Table 2), less activity
was seen in other regions,
such as the colon, heart and
brain andslight activity was
seen in the urine bladder.

High radioactivity after ven-
ous injection of **C-PK11195
was found in the gall bladder
(Figure 1), pyloric antrum/
duodenum, urine bladder,
and small intestine (Table 3),
less activity was seen in other
regions, such as bone, liver,
kidney, and thymus and slight
activity was seen in the lungs
and muscle tissues.

High activity of ®8Ga-citrate
was seen in the small intes-
tine and in bone (Figure 1),
especially in the growth zones
(Table 4) and almost no activ-
ity was seen in muscle tissue,
the brain, and gall bladder.

CT, gross pathology, microbiology and histopa-

thology

Here we report findings related to the head,
neck, thorax, and abdomen (Table 5) and of
significance to the present study and as earlier
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Table 3. Bio-distribution of 1*C-PK11195 in juvenile 14-15 weeks old
female domestic pigs. List of target tissues/organs encompassed

by region of interest. Median values of SUV_ , SUV __,and SUV

Ranges in parentheses

mean”

2A, 2B). The lung CT scans
of pigs 1 and 2 further var-
ied in presentation from
localized consolidation to
diffuse infiltrative change

1C-PK11195 ST s sw__ .
- in almost all lobes, and
Brain 01(0.1:01) 23(20-2.9)  0.6(0.50.8) )
consecutive CT scans dur-
Thymus 0.6(0.11.1) 524762  1.9(112-2.3) ing the 18 h scanning pro-
Heart 0.05(0.0-0.1) 5.05(4.26.2)  0.85(0.8-1.0) tocol revealed, especially
Lung 0.05(0.00.1) 19(192.0)  0.5(0.40.6) in pig 1, that lesions wors-
Vertebral body 0.45(0.3-0.6) 8.5(8.3-11.0) 3.05(2.4-3.2) ened at the late scans.
Liver 0.45(0.3-0.7) 7.75(5.8-8.6) 2.2 (1.9-2.6) Thus, non-cardiogenic ed-
Spleen 0.15(0.1-0.2) 3.85(3.44.7)  1.1(0.9-1.1) ema and congestive atel-
Gall bladder 1.2(0.1-4.4) 255 (1.2-37.8) 11.35(0.4-16.4) ectasis was prominent in
Stomach 0.0(0.001) 3.5(1.0-39)  0.4(0.1-1.0) this pig. Gross pathology
Pyloric antrum/duodenum 1.55 (1.0-3.8) 20.1 (12.61-41.1) 9.65 (4.1-15.2) of all pigs revealed pres-
Small intestine 1.0(0.51.9) 9.25(8.6:9.4)  3.55(2.6-4.6) Z?;icgsliznfhgﬁgzsar::;
Colon 0.05(0.0-0.3) 4.8(4.354)  1.0(0.819) ing from oo ¢ only focal
Kidney 0.25(0.2-0.4) 6.2(4.86.6)  1.8(14-2.0) (b 3) to almost diffuse,
Urine bladder 0.2(0.1-1.4) 10.9 (10.0-33.0) 2.4 (1.814.9) and pigs 2 and 4 had
Tight muscle 0.0 (0-0) 1.9(1.92.0)  0.5(0.4-0.6) pleural effusions as well.

Table 4. Bio-distribution of 88Ga-citrate in juvenile 14-15 weeks old
female domestic pigs. List of target tissues/organs encompassed

by region of interest. Median values of SUV_ , SUV__, and SUV

Ranges in parentheses

mean”

Histopathology of the lu-
ngs from pigs 1, 2 and 4
showed presence of both
acute and subacute ab-
scess-forming lesions, the

latter occasionally with
**Ga-citrate SWVo, SUvV ., Suv .. central necrotic lung tis-
Brain 0.1 (0.1-0.1) 0.3 (0.3-0.4) 0.2 (0.0-0.2) sue; also acute suppu-
Thymus 0.5 (0.0-0.8) 1.1 (0.0-1.2) 0.8 (0.0-0.9) rating bronchopneumonia
Heart 0.55(0.2-1.5)  0.95(0.6-8.8) 0.55 (0.5-1.2) (Iesions within the conduc-
Lung 0.5 (0.0-0.8) 2 (0.0-1.6) 0.9 (0.0-1.1) tive airways and alveoli)
Vertebral body 0.7 (0.4-1.3) 0(2.2-3.4) 2.0 (1.4-2.4) were seen, as were aggre-
Liver 0.6 (0.3-2.6) 4(0.83.5) 1.0 (0.5-3.2) gates of coccoid bacteria

(Figure 2C-E). Again pig
Spleen 0.2 (0.0-0.3) 9 (0.0-1.3) 0.6 (0.0-0.7) 3 was without significant
Gall bladder 0.2 (0.1-0.3) 4(0.3-0.5) 0.3 (0.2-0.4) lung histopathology. An
Stomach 0.0 (0.0-0.0) 0.05 (0.0-0.1) 0.0 (0.0-0.0) acute regional suppurat-
Small intestine 0.5 (0.0-1.4) 3.8(0.1-4.5) 2.9 (0.0-3.4) ing tracheitis was present
Colon 0.3 (0.3-0.6) 1.3 (0.8-2.4) 0.9 (0.5-1.0) in pig 4, as evidenced
Kidney 0.45 (0.1-0.8) 1.5 (1.5-1.5) 0.8 (0.4-1.2) by histopathology. Besides
Urine bladder 0.15 (0.1-0.2) 0.4 (0.3-0.5) 0.25 (0.2-0.3) the respiratory system (i.e.
Tight muscle 0.4 (0.1-0.1) 0.5 (0.1-0.2) 0.6 (0.1-0.0.2) lungs, thoracic cavity, tra-

chea and tracheobronchial
lymph nodes) three addi-

reported, S. aureus was isolated from the lungs
in pigs 1, 2, and 4, but not from pig 3, which by
clinical examination and hematology did not
show any signs of infection at all [15]. The find-
ings of S. aureus in the lungs corresponded to
the presence of grossly visible disseminated
lung abscesses in pigs 1, 2, and 4, but not pig
3, lesions that were evident also by CT (Figure

a7

tional tissue compartments displayed chang-
es/lesions: skeletal muscles, nasal cavities
and the abdominal cavity (Table 5).

Foci of necrotic skeletal muscles were macro-
scopically evident in the dorsal neck region of
all four pigs and evident as enlargement and
decreased attenuation of the affected muscles
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Figure 1. Maximum intensity projection (MIP) of whole bodies from ventral (anterior) view demonstrating normal
distribution of various tracers in a juvenile pig without S. aureus infection. A: ‘8F-FDG, B: **C-Methionine, C: **C-

PK11195, and D: ®®Ga-citrate.

and in some cases air bubbles formations and
initiation of fluid collection on CT. The necrotic
lesion to the left in pig 1 had peripheral suppu-
ration and clearly visible granulation tissue
(Figure 3A). Histopathology was performed in
pigs 1 (left lesion), 2 and 3 (right lesion) and
showed the necrotic lesions to be subacute i.e.
surrounded by many mononuclear cells and
fibrosis although some areas were acutely
affected in pig 2 as evidenced by primarily neu-
trophile cellular reaction. In pigs 2 and 3 a few
arteries and arterioles showed evidence of vas-
culitis and/or thrombosis. The lesions on the
left side in pig 1 additionally showed presence
of intense neutrophil infiltration (suppuration)
and granulation tissue formation immediately
peripheral to the necrotic muscle, and pres-
ence of coccoid bacteria in clusters mainly con-
centrated in and around the necrotic area
(Figure 3B, 3C). Immunohistochemical staining
of this lesion revealed the bacteria to be S.
aureus.

Small foci of necrotic muscle were also present
in the muscles dorsal to the lumbar vertebrae
in pigs 2 and 3 and these foci were not evident
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on CT scans. Histopathology was performed on
pig 2 exclusively and showed the lesions to be
acute, thus dominated by neutrophils; a few
arterioles had vasculitis and/or thrombosis.

Microbial cultivation of the brain, liver, spleen,
kidney, and abdominal cavity (increased
amount of fluid) was sterile in all four pigs
except of the brain in pig 3 (moderate growth of
coagulase-negative staphylococci and Gram-
negative rods) and in pig 4 (few colonies of S.
aureus and heavy growth of Escherichia coli).
The additional isolates from the brains in pigs 3
and 4 were assumed to be the result of con-
tamination during the sampling procedure.

Performance of the tracers

Table 5 aligns PET with the other recorded
findings. '8F-FDG, 1*C-PK11195, and **C-methio-
nine all accumulated in pulmonary infectious
lesions with decreasing intensity, thus *¥F-FDG
was much superior (Figure 4A-D). The lymph
nodes in the tracheobronchial region accumu-
lated low amounts of *8F-FDG, ''C-PK11195,
11C-methionine, and *C-PK11195.
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Table 5. Alignment of diagnostic CT, PET (*®F-FDG, ®8Ga-citrate, 1!C-PK11195 and C-methionine), gross pathology, and microbiology in head, neck,
and thorax seven days after inoculation with S. aureus in the right femoral arteries of juvenile female domestic pigs

PIG 1 CT PET Gross pathology Microbiology*
Skeletal muscles Two lesions in dorsal neck muscles region, 41x35x67 *F-FDG Two necrotic muscle foci in the dorsal neck region above ver- S. aureus, only left
and 37x28x55 mm 1 methionine tebral body C2-4, one on each side of the midline, both 2x5x5  side lesion tested®
cm, on the left side accompanied by peripheral suppuration
%8Ga-citrate and granulation tissue
Lungs Several abscess-like lung lesions, largest 17 mm in 18F-FDG Disseminated lung abscesses S. aureus (heavy

diameter growth)

1C-methionine

1C-PK11195

Partly consolidated, infiltrative and atelectatic changes **F-FDG Bilateral diffuse atelectasis and edema NTP
in dorsocaudal part of left lung, 59%x47x44 mm and
pleura effusions; atelectatic changes in right lung

11C-methionine
11C-PK11195

Tracheobronchial lymph nodes® 11 mm (short axis) left side 18F-FDG NT NT
Nasal cavities Discrete mucous membrane swelling 18F-FDG NT NT
Abdominal cavity -8 — Increased amount of abdominal fluid with some fibrin flakes Sterile
PIG 2 CT PET Gross pathology Microbiology*
Skeletal muscles Three contiguous ring-shaped lesions in the dorsal 8F-FDG One 1x4x4 cm rounded necrotic muscle focus in the dorsal NT
neck muscle region, largest 34x21x49 mm neck region
Hardly visible 18F-FDG (very discrete) One 1x2x2 cm necrotic muscle focus in the region dorsal to NT
the lumbar vertebrae
Lungs Multiple lung abscesses, largest 16 mm in diameter ~ *F-FDG Disseminated lung abscesses, largest 1 cm in diameter, some  S. aureus (heavy
had elicited acute focal fibrinous pleuritis; several pinpoint growth)
lesions
Diffuse consolidated and infiltrative changes in dorso- ®F-FDG Bilateral diffuse atelectasis and edema NT
caudal lung areas, especially the left lung
- - Increased amount of clear fluid in pleural cavity S. aureus (heavy
growth)
Tracheobronchial lymph nodes® 12 mm (short axis) right and left side; 11 mm (short ~ *®F-FDG NT NT
axis) left lung hilus 1G-methionine
11C-PK11195
Nasal cavities Discrete mucous membrane swelling 18F-FDG NT NT
Abdominal cavity Light ascites on late scans - Increased amount of abdominal fluid with some fibrin flakes Sterile
PIG 3 CT PET Gross pathology Microbiology
Skeletal muscles Two contiguous “8”-shaped lesions with air formation  *8F-FDG Two, 1x3x4 ¢cm and 1x2x2 cm, necrotic muscle foci in the dor- P. multocida (few
in the dorsal neck muscle region, 51x26x21 mm and 11C-PK11195 (in subcutaneous sal neck region on the left side; one 1x3x5 cm necrotic muscle colonies)f, only right
50%27x21 mm. fat tissue above the abscess) focus in the dorsal neck region on the right side side lesion tested
-— Discrete **F-FDG One necrosis-like muscle focus in the region dorsal to the NT

lumbar vertebrae

Lungs Infiltrative diffuse dorsocaudal changes® — Bilateral and dorsocaudal located areas of atelectasis (5x5x5  Sterile
cm); moderate bilateral edema; disseminated acute petechial
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Tracheobronchial lymph nodes® 8 mm (short axis) right side 8F-FDG NT NT
11C-methionine
11C-PK11195
Nasal cavities Discrete mucous membrane swelling bilat 8F-FDG NT NT
Abdominal cavity — Increased amount of abdominal fluid with some fibrin flakes Sterile
PIG 4 CT PET Gross pathology Microbiology*
Skeletal muscles Two lesions in the dorsal neck muscle region on the 18F-FDG Two necrotic muscle foci in the dorsal neck region on the right ~ NT

Lungs

Tracheobronchial lymph nodes®

Nasal cavities

Abdominal cavity

right side, 29x18x8 mm and 28x19x9 mm; a small
discrete abscess-like lesion on the left side

Multiple lung abscesses, largest 24 mm in diameter

8 mm (short axis) right side

Discrete mucous membrane swelling

Minimal ascites on last scan

11C-PK11195 (in subcutaneous
fat tissue above the abscess)

18F-FDG
11C-methionine
1C-PK11195

L1C-methionine
11C-PK11195 (weak)
15FFDG

side, largest 2x5x5 mm

Disseminated lung abscesses, largest 2 cm in diameter

Bilateral dorsocaudal atelectasis; moderate bilateral diffuse
edema

100 ml of sanguineous pleural fluid, both right and left thoracic
cavities

Edema an hyperemia of the tracheal mucosa distal to the larynx
NT

NT

Increased amount of abdominal fluid with some fibrin flakes

S. aureus (heavy
growth)

E. coli (heavy growth);
coagulase-negative
staphylococci (moder-
ate growth)”

E. coli (heavy growth)"

NT
NT

NT

Sterile

" All S. aureus isolates form the pigs were phenotypically indistinguishable from the inoculated strain, ©:
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- indicates absence of signal within the stated tissue compartment, ©: The lesion was tested for presence of S. aureus by immunohisto-
chemistry, °: NT indicates not tested, & The precise correspondence of the affected tracheobronchial lymph nodes (four groups) was difficult to establish, : The microbial results were believed to represent contamination, : No atelectasis or
edemas on last scan, ": No atelectasis on last scan, and ": No pleural effusions on last scan.
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Figure 2. Gross pathology of abscesses in the lungs (A, B). (A) Costal surface of left lung, pig 2, with disseminated
abscesses. (B) Transverse section, pig 1, presenting two abscesses. (C-E) Histopathology of the capsule of a sub-
acute lung abscess, pig 4 (C-E). (C) Haematoxylin and eosin staining displayed neutrophils (Neu), a capsule (Cap)
consisting of granulation tissue, and surrounding atelectatic lung alveoli (Alv). Bar = 1 mm. (D) Haematoxylin and
eosin staining of lung tissue peripheral to the abscess capsule, demonstrating acute suppuration, i.e. presence of
neutrophils (Neu), into the alveoli, and atelectatic alveoli (Alv). (E) Masson trichrome staining (collagen is stained
blue) of the central part of the abscess capsule, showing abundance of collagen (Col) and neutrophils (Neu) within

a bronchiole. Bar (D, E) = 100 pm.

The necrotic infected suppurating lesions in the
dorsal neck muscles accumulated 8F-FDG in
all pigs and accumulation of *'C-methionine
and %8Ga-citrate was much lower (Figure 5A-C).
Low *8F-FDG activity was also registered in the
acute or inflamed lesions in the neck muscles
and only slight 18F-FDG activity was seen in the
margin of the muscular lesions in the lumbar
region, none of the other tracers accumulated
in these areas except for 'C-PK11195 that
showed slight accumulation in the subcutane-
ous edematous tissue overlaying these lesions.
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Table 6 presents the number of gross patholo-
gy and/or CT lesions identified by the individual
tracers. The number and size in the initial scans
of lung lesions were more or less well defined in
pigs 1, 2, and 4, but at the end of the 18 h scan-
ning protocols they were more confluent. *8F-
FDG was in general better than the other trac-
ers at detecting most lesions, especially pulmo-
nary lesions and neck lesions, whereas the
other tracers being almost equally non-accu-
mulating and just accumulating in reactive
lymph nodes of the tracheobronchial region.
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Figure 3. Gross pathology of skeletal muscle necroses in the neck region, pig 1 (A). The lesion in the left muscle has
peripheral suppuration. Histopathology of skeletal muscle lesion consisting of necrosis and peripheral suppuration
(left-sided lesion in A), (B, C) pig 1. Haematoxylin and eosin stain demonstrates capsule formation (Cap) consisting
of granulation tissue, neutrophils (Neu), and necrotic transversely sectioned striated muscle cells (Mus) and bacte-
rial colonies (Bac) (B). Same region stained immunohistocytochemically identifying S. aureus bacteria (Bac) (C). Bar
(B,C)=1mm.

Discussion

Bio-distribution of the PET tracers *8F-FDG, 'C-
PK11195, *C-methionine, and %®Ga-citrate in
juvenile pigs is presented and the bio-distribu-
tion differs slightly from that in humans [28].
PET/CT diagnostics produce high-spatial-reso-
lution functional tomographic images that are
then fused to low-dose anatomic CT images,
exactly localizing all the pathologic findings. *€F-
FDG and %8Ga-citrate in this context demon-
strated the best imaging quality with higher
infection/inflammation to background ratio
making interpretation of PET better than with
11C-PK11195 and !C-methionine, both of
which had substantial background uptake.

Hoffer [28] reported high concentrations of lac-
toferrin in neutrophils and in abscess fluids and
suggested that ®’Ga-citrate binding to lactofer-
rin is a major factor in the mechanism of accu-
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mulation of ¢’Ga-citrate in abscesses. On the
other hand, 8F-FDG uptake in infectious lesions
has been considered due to inflammatory cells
(i.e., leukocytes and macrophages) [40-42] and
granulation tissue [42, 43]. Activated leuko-
cytes and macrophages in inflammatory tissue
utilize glucose as an energy source for chemo-
taxis and phagocytosis [44] and can increase
both oxygen consumption and glucose metabo-
lism in response to infection via the hexose
monophosphate shunt, depending on the cell
and the nature of the stimulus [40]. In addition,
increased vascular permeability and increased
blood flow due to newly formed or dilated blood
vessels may cause some increase in local trac-
er uptake [45, 46].

In the current animal model necrotic muscle
areas, with or without pronounced secondary
peripheral suppuration, were present in the
neck (big lesions) and sacral muscles (small
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Figure 4. Fused PET/CT images of lungs with abscesses and axial views, with A: *8F-FDG, B: *C-Methionine, C: **C-
PK11195, and D: ®8Ga-citrate.

lesions). The lesions in the neck muscles may
have been formed as a consequence of repeat-
ed intramuscular injections of e.g. painkillers,
and at least one of these lesions seems to have
become secondarily infected with S. aureus.
Especially this type of lesion showed higher
tracer-uptake in the margin than in the sur-
rounding edematous muscle and in the center.
It has been reported that abscess-forming bac-
teria utilize glucose as an energy source
through various pathways [47]. The apparent
lack of *8F-FDG uptake in the necrotic muscle
centers could be attributed to low numbers of
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inflammatory cells since changing the color
scale reading the PET scans did demonstrate
very low FDG-uptake in the margins of the
lesions probably due to presence of granula-
tion tissue. Most areas were examined micro-
scopically and categorized by its predominant
histological characteristic as either necrosis,
inflammatory or infectious (Table 5). *!C-
Methionine and ®8Ga-citrate also demonstrat-
ed uptake in the suppurating lesions, but **C-
PK11195 did not. ¥F-FDG was able to help
detecting necrotic lesions in muscles difficult
to distinguish on CT scans, especially in very
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Figure 5. Fused PET/CT images, axial views, with 18F-
FDG (A), **C-Methionine (B), and ®8Ga-citrate (C). (A
and C) has been aligned to (B) so that the cervical
vertebra all are in the same plane. Neck region with
muscle necroses. The left muscle had S. aureus in-

fection and peripheral suppuration. High tracer-up-
take in lesion of the left muscle and only faint uptake
of solely *®F-FDG in the margin of the necrotic areas
in the right muscle.

small lesions where changing the color scale
was very helpful.

18F-FDG was much superior to the other tracers
in detecting pulmonary abscesses and infiltra-
tive changes. Overall, it was a bit surprising
that, in our hands, almost no detection of infec-
tious foci was seen with ®8Ga-Citrate but the
mechanism of ®Ga-citrate uptake in infections
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is complex and not yet fully elucidated and the
radiopharmaceutical has been prepared in a
slightly different manner [36] than in other
studies, which we believe is not sufficient to
explain this unexpected finding. It is also unlike-
ly that the protocol had any effect on the bio-
distribution of gallium-68. Citrate simply acts
as a loosely bound counter ion, when ®8Ga-
Citrate is injected into the bloodstream and
taken up by transferrin. At the infection site it is
known that bacteria produce and use sidero-
phores to accommodate their need for iron.
Iron and gallium is similar in size and charge
so siderophores will not discriminate iron from
gallium. Other parameters which play part in
the accumulation and retention of iron and/or
gallium are the presence of lactoferrin in high
concentration, pH, and increased cellular per-
meability.

We saw no retention of blood-borne S. aureus
in liver or spleen. Bacteremia was induced by
injection of S. aureus the viability of which was
confirmed within 24 h and kept at 4°C until
transported to the animal facility. We observed
no physiological response to the injection, and
the pigs had a normal behavior when they had
recovered from anesthesia. The blood neutro-
phil count and plasma C-reactive protein were
monitored during development of the model
demonstrating only a modest response to the
inoculation [15] and this may be ascribed to the
immunological age (14-15 weeks) of the pigs
[48, 49]. It is well established that that the
lungs in pigs play a crucial role in clearance of
bacteria from the bloodstream [50], a capacity
which resides in the spleen and liver in humans
[51, 52] and the effector cells most probably
are pulmonary intravascular macrophages.
Studies have assessed aspects of immunocel-
lular development and immunoglobulin maturi-
ty in pigs and found that immunity develops at
5 to 7 weeks of age and are fully developed at
7 to 12 week of age. The clearance capacity of
bacteria in the lungs may have been exceeded,
but may have been sufficient in pig 3 avoiding
bacteria to settle in bones [15] and lungs.

The pulmonary lesions progressed during late
scans especially in pig 1, and some of the
lesions may be ascribed to the long anesthesia
and recumbent positioned period, or to pro-
gression of the untreated infection and thus
the bacteremia or the hematogenously dissem-
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Table 6. Number of gross pathology and/or CT lesions identified by

the individual tracers

extent in reparative infiltra-
tion tissue surrounding ne-

crotic lesions.

Tracers
Lesion Number F. ®Ga- “eC- HC- It was possible to keep the
FDG citrate methionine PK11195 pigs anesthetized and alive
Necroses in muscles 12 12 1 0 during the extensive exami-
Lung abscess NTA  +++ (+) (+) (+) nation period despite se-
Tracheobronchial lymph nodes 6 5 0 5 vere progression of the

NT: Not tested. *: At the initial scans of lung lesions these were more or less well

untreated pulmonary infe-

defined, but at the end of the 18 h long scan protocol (the 'F-FDG scan) the lesions ctions.
became more diffuse; thus the number of abscesses in the lungs cannot be counted.

inated lung lesion per se and the pulmonary
dysfunction during bacteremia may be causal
or a coincidental association. The pattern of
pulmonary lesions we saw in the pigs including
non-cardiogenic edema, and congestive atelec-
tasis was much similar to sepsis induced acute
respiratory distress syndrome (ARDS) in
humans [53]. In a recent study of hematoge-
nously disseminated lung abscesses in pigs
inoculated intravenous with the same porcine
S. aureus strain as we used here, the most
severe lung lesions were seen to spread to
alveoli of the conducting system [54]. The type
of spread was also observed in the present
study, and this probably is the reason why the
lungs by CT attained diffuse infiltrative changes
mimicking ARDS.

Conclusions

Early identification and localization of infection
is critical for the appropriate and timely selec-
tion of therapy and conventional X-ray, CT, MRI,
and ultrasound are often first-line imaging
methods for identification and localization of
infection. These methods are, however, not
always successful in finding the site of infec-
tion, particularly in patients without localizing
signs or symptoms and if there are no focal
fluid collection or other morphological changes.
PET may improve infection diagnostics in com-
bination with CT and in this study we found *&F-
FDG PET/CT to be a good supplemental to other
imaging procedures for detection of infectious
foci. This tracer had higher infection to back-
ground ratios and it accumulated in most infec-
tious foci caused by S. aureus in juvenile female
pigs, while **C-methionine and particularly **C-
PK11195 and %8Ga-citrate accumulated to a
lesser extent in such foci.

18F-FDG localized in areas with presence of
inflammatory cells and bacteria, and to a lesser
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