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Osteomyeliitti on luukudoksen ja luuytimen etenevi, yleisimmin S. aureuksen aiheuttama bakteeri-
tulehdus, joka aiheuttaa luun tuhoutumista. Ongelma on erityisen suuri ikddntyneen véeston keskuu-
dessa, joilla seka tekonivelkirurgian ettd luunmurtumakirurgian tarve on lisdantynyt voimakkaasti, ja
joilla on lisdantynyt alttius kirurgisille infektioille. Infektiotyypisté riippuen tulehdus voi olla nopeasti
kehittyva tai hitaasti syntyvé, matala-asteinen ja se voi aiheuttaa implanttien irtoamisen. Tilannetta
pahentaa taudinaiheuttajien antibioottiresistenssin yleistyminen.

Nykyisilld kuvantamismenetelmilld on selvid rajoituksia osteomyeliitin ja implantti-infektioiden to-
teamisessa. Positroniemissiotomografia (PET), jossa kaytetddn “F-fluorodeoksiglukoosia (*F-FDG)
merkkiaineena, on todettu toimivaksi kroonisten luuinfektioiden diagnostiikassa. Menetelma perustuu
aktivoituneiden tulehdussolujen lisidntyneeseen glukoosin kulutukseen. *F-FDG kertyy myos steriilin
inflammaation alueelle ja kuvaukseen liittyy vaarid positiivisia 16ydoksia esimerkiksi kudoksen parane-
misreaktioista johtuen. Tdmén takia tarvitaan uusia infektiospesifisimpid PET-merkkiaineita. Toisaalta
on edelleen epaselvad, miksi *F-FDG PET kuvaus ei toimi odotetulla tavalla yleisimmin S. epidermidis-
bakteerin aiheuttamien tekonivelinfektioiden diagnostiikassa.

Tassd viitostutkimuksessa testattiin uusia PET-merkkiaineita (**Ga-kloridia ja ®®*Ga-DOTAVAP-
P1) luuinfektioiden diagnostiikassa, sekd arvioitiin PET-diagnostiikan tarkkuuteen vaikuttavia bakte-
riologisia tekijoitd. Kokeellisissa S. epidermidis ja S. aureus luu/implantti-infektiomalleissa arvioitiin
taudinaiheuttaja-patogeenin merkitystd '*F-FDG kertymaan. Kliinisessé retrospektiivisesséd analyysissa
arvioitiin positiivisen ja negatiivisen bakteeriviljelytuloksen merkitysta *F-FDG kertyméan osteomy-
eliittipotilailla.

F-FDG ja %Ga-kloridi merkkiaineiden kertyminen oli samankaltainen luuinfektioissa, mutta *Ga-
kloridi ei kertynyt paranevan luun alueelle. Lydos viittasi siihen, ettd %Ga-kloridi voi olla spesifisem-
pi merkkiaine luuinfektioiden diagnostiikassa varhaisessa postoperatiivisessa tai posttraumaattisessa
vaiheessa. Kehitetty synteettinen peptidi, ¥Ga-DOTAVAP-P1, sitoutuu verisuonten endoteelisolujen
pinnalla ilmenevéan tartuntamolekyyliin (VAP-1). Sen avulla pystyttiin osoittamaan luun paranemisen
kaynnistymiseen liittyva inflammaatioreaktio. ®*Ga-DOTAVAP-P1 kertyma todettiin my6s luuinfek-
tioissa, joten se ei ole kiytettavissd inflammaation ja infektion erotusdiagnostiikassa. S. epidermidis
bakteerin aiheuttama implantti-infektio aiheutti vain vdhiisen "*F-FDG merkkiainekertymin osoit-
taen, ettd aiheuttajabakteerin virulenssi ja sen aiheuttaman tulehdusreaktion voimakkuus vaikuttavat
PET-diagnostiikkaan. Kliinisessd tutkimuksessa ei todettu merkittdvda "F-FDG kertyman eroa vilje-
lypositiivisten ja viljelynegatiivisten osteomyeliittipotilaiden valilld. Loydos viittaa, ettd *F-FDG PET
voi tukea histologista osteomyeliittidiagnoosia potilailla, joilla bakteeriviljelytulos jai negatiiviseksi.

Avainsanat: osteomyeliitti, implantti-infektio, positroniemissiotomografia (PET), "“F-FDG, gal-
lium-68, vascular adhesion protein-1 (VAP-1), *Ga-DOTAVAP-P1
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Osteomyelitis is a progressive inflammatory disease of bone and bone marrow that results in bone
destruction due to an infective microorganism, most frequently Staphylococcus aureus. Orthopaedic
concern relates to the need for reconstructive and trauma-related surgical procedures in the fast grow-
ing population of fragile, aged patients, who have an increased susceptibility to surgical site infections.
Depending on the type of osteomyelitis, infection may be acute or a slowly progressing, low-grade
infection. Peri-implant infections lead to implant loosening. The emerging antibiotic resistance of com-
mon pathogens further complicates the situation.

With current imaging methods, significant limitations exist in the diagnosing of osteomyelitis and
implant-related infections. Positron emission tomography (PET) with a glucose analogue, *F-fluoro-
deoxyglucose ("*F-FDG), seems to facilitate a more accurate diagnosis of chronic osteomyelitis. The
method is based on the increased glucose consumption of activated inflammatory cells. Unfortunately,
SE-FDG accumulates also in sterile inflammation regions and causes false-positive findings, for exam-
ple, due to post-operative healing processes. Therefore, there is a clinical need for new, more infection-
specific tracers. In addition, it is still unknown why *F-FDG PET imaging is less accurate in the detec-
tion of periprosthetic joint infections, most frequently due to Staphylococcus epidermidis.

This doctoral thesis focused on testing novel PET tracers (**Ga-chloride and ®*Ga-DOTAVAP-P1)
for early detections of bone infections and evaluated the role of pathogen-related factors in the appli-
cations of *F-FDG PET in the diagnostics of bone infections. For preclinical models of S. epidermidis
and S. aureus bone/implant infections, the significance of the causative pathogen was studied with
respect to "*F-FDG uptake. In a retrospective analysis of patients with confirmed bone infections, the
significance of the presence or absence of positive bacterial cultures on ¥F-FDG uptake was evalu-
ated.

F-FDG and ®*Ga-chloride resulted in a similar uptake in S. aureus osteomyelitic bones. However,
Ga-chloride did not show uptake in healing bones, and therefore it may be a more-specific tracer in
the early post-operative or post-traumatic phase. ®*Ga-DOTAVAP-P1, a novel synthetic peptide bind-
ing to vascular adhesion protein 1 (VAP-1), was able to detect the phase of inflammation in healing
bones, but the uptake of the tracer was elevated also in osteomyelitis. Low-grade peri-implant infec-
tions due to S. epidermidis were characterized by a low uptake of *F-FDG, which reflects the virulence
of the causative pathogen and the degree of leukocyte infiltration. In the clinical study, no relationship
was found between the level of ¥F-FDG uptake and the presence of positive or negative bacterial cul-
tures. Thus "*F-FDG PET may help to confirm metabolically active infection process in patients with
culture-negative, histologically confirmed, low-grade osteomyelitis.

Keywords: osteomyelitis, implant infection, positron emission tomography (PET), “F-FDG, gal-
lium-68, vascular adhesion protein-1 (VAP-1), *Ga-DOTAVAP-P1
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Osteomyelitis, a disease that has been known
since antiquity, is characterized by progressive
inflammatory destruction and the apposition of
new bone due to an infective microorganism. In
the pre-antibiotic era, osteomyelitis was associat-
ed with a significantly high mortality rate. Despite
new potent treatment strategies and advanced
surgical methods, it can still result in devastat-
ing outcomes, for example, significant morbidity,
excruciating pain, chronically draining sinuses,
loss of function, and even amputation or death.
It is anticipated that the number of bone infec-
tions will increase as the number of reconstruc-
tive skeletal procedures performed with bioma-
terials grows. The increasing number of elderly
patients who need surgical treatment for skeletal
disorders and trauma, in addition to the alarming
antibiotic resistance of common pathogens, will
produce unmatched challenges in the near future.

Accurate and quick diagnosis plays a crucial
role in the patient management of infectious dis-
eases. The diagnosis and treatment of bone infec-
tions is based on a systemic approach that starts
with the accurate identification of the pathogen
and its sensitivity to antimicrobial treatment.
Such standard diagnostic tools as magnetic reso-
nance imaging (MRI), computed tomography
(CT) and nuclear medical scans are known to
have major limitations in the diagnosis of osteo-
myelitis.

Positron emission tomography (PET) with
the radiolabelled glucose analogue '*F-2-fluoro-

Petteri Lankinen
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2-deoxyglucose (**F-FDG) has been shown to be
a promising imaging modality in the detection of
orthopaedic infections. It measures biochemical
and physiological processes in vivo through the
quantitative imaging of positron-emitting radio-
tracers injected into the human body. With PET,
it is possible to determine anatomical loci in vivo
and to quantitate disease activity on the basis of
physiological or metabolic changes. However, the
specificity of '"F-FDG PET is limited, because it
also accumulates in sterile inflammatory regions.
Due to the inflammatory phase of bone healing,
after trauma or surgery, non-specific uptake may
cause false-positive results. Therefore, new more-
specific tracers are needed.

Osteomyelitic patients have varying clinical
states because of diverse infection routes and dif-
ferences in the pathomechanisms of multiple po-
tential causative microbes. "*F-FDG PET seems to
be reliable, but its applicability may vary in differ-
ent situations. More evidence is required to ex-
pand its applicability and to identify possible lim-
itations and factors contributing to its accuracy.

This study was initiated to test and validate
novel, more-specific radiopharmaceuticals for
the PET imaging of bone infections and to in-
vestigate the feasibility of using *F-FDG PET in
the diagnostics of experimental bone infections
caused by low virulence pathogens and in the dif-
ferentiation between patients with culture-posi-
tive osteomyelitis and those with culture-negative
osteomyelitis.
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2.1. Bone

Bone is metabolically a highly active tissue, it
is able to adapt to changing conditions and re-
generate and repair itself (Buckwalter et al. 1995
and Buckwalter 1996). Bone tissue is composed
of cells embedded in a mineralized matrix. Most
of bone tissue is composed of an inorganic min-
eral substance that accounts for 65%-70% of its
dry weight, which is predominantly composed
of calcium hydroxyapatite with a smaller portion
of calcium phosphate (Copenhaver et al. 1978,
Recker 1992). The organic matrix of fibrous pro-
tein and collagen accounts for 30%-35% of the
dry weight of bone tissue (Copenhaver et al. 1978,
Recker 1992). Approximately 20% of bone tissue
is composed of water (Kalfas 2001). The cellular
component (osteogenic precursor cells, osteo-
blasts, osteocytes, and haematopoietic elements
of bone marrow) of bone accounts for only 2% of
bone mass. Osteogenic precursor cells form the
deep layer of the periosteum and the endosteum
and are present on all non-resorptive surfaces. In
fracture healing, osteoblasts are bone-forming
cells that secrete osteoid (unmineralized organic
matrix composed mainly of type-I collagen with
attached glycoproteins) that is mineralized in the
process. A fraction of osteoblasts converts to os-
teocytes, and some remain as lining cells on peri-
osteal and endosteal surfaces as their activation
nears completion. Once the matured osteoblast
is trapped within the bone matrix, it is called
an osteocyte. Over 90% of the cells in a mature
skeleton are osteocytes. Osteoclasts are large,
multinucleated cells that are responsible for bone
resorption.

Microscopically, the following types of bone
can be characterized: woven bone, lamellar bone,
and trabecular bone. Woven bone can be con-
sidered to be immature bone, as it is composed
of random collagen bundles and irregular vas-
cular spaces lined with osteoblasts. Woven bone
is found during pathological states such as os-
teogenesis imperfecta, hyperparathyroidism,
Paget disease, and tumours, but it is also found
during embryonic development and during frac-

ture healing in the formed callus (Recker 1992,
Kalfas 2001). Lamellar bone, also called compact
or cortical bone, forms through the remodelling
of immature woven bone. Micro-structurally,
cortical bone is composed of vascular channels
(Haversian canals) lined with cylindrical-shaped
lamellar bone, which forms the osteon or the Ha-
versian system. The microstructure of trabecular
or cancellous bones is constantly undergoing
remodelling to provide maximum resistance to
mechanical stress (Myers and Wilson 1997). In
adults, cortical bone accounts for approximately
85% of the skeleton, while 15% is trabecular bone.

2.1.1. Bone healing

Fracture repair is a unique process. Through a
highly regulated, multistage sequence, bone tis-
sue is capable, in optimal circumstances, of heal-
ing without the formation of fibrous scar, and
its original structure and function are restored
(Barnes et al. 1999). Four main spatial areas, in-
cluding the medullary canal, the cortex, the peri-
osteal layer and the surrounding soft tissues, all
contribute to the process (Einhorn 2005). Clas-
sically, two histological paths of fracture healing
have been described. Primary or direct healing
occurs without callus formation, and secondary
or indirect healing takes place through a callus
precursor phase (Greenbaum and Kanat 1993,
Einhorn 1998). However, the outcome of dif-
ferent healing types seems to be highly uniform
(Aro and Chao 1993).

In primary bone healing, a direct attempt
occurs to re-establish the pre-existing anatomy
between the two fragments. Direct bone healing
occurs only when the fracture is anatomically
reduced by rigid fixation with decreased inter-
fragmentary strain (Klein et al. 2003, Claes et al.
2012). New Haversian systems are established
through the formed haematoma by remodelling
units called “cutting cones” (Russell 1992). Osteo-
progenitor cells arising from endothelial cells and
perivascular mesenchymal cells differentiate to
osteoblasts initiateing the healing sequence.
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Most fractures heal through secondary or in-
direct healing as a combination of intramembra-
nous and enchondral ossification (Dimitriou et
al. 2005). In contrast to primary healing, motion
enhances the process, and rigid fixation inhibits
it. In intramembranous ossification bone tissue is
formed directly, without a cartilage phase, from
osteoprogenitor cells and undifferentiated mesen-
chymal cells originating from the periosteum. This
process leads to callus formation and is referred
to histologically as the “hard callus” (Bielby et al.
2007). In the enchondral healing process, bone
forms through a cartilage phase in the “soft cal-
lus”, as it does in the growth plate (Bolander 1992,
Bielby et al. 2007). The secondary bone healing
of fractures can be described as the following five
consecutive processes: 1) the immediate response
to trauma, 2) intramembranous bone formation,
3) chondrogenesis, 4) endochondral bone forma-
tion, and, finally, 5) bone remodelling (Barnes et
al. 1999) (Figure 1). The induction of the separate
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stages is regulated spatially and temporally by a
complex array of routes signalled by cytokines and
growth factors (Kon et al. 2001, Liebermann et al.
2002) (Figure 1). The initial inflammatory response
after bone-involved trauma lasts approximately 48
hours. In the inflammation phase, haematoma is
formed, and inflammatory cells (macrophages,
monocytes, lymphocytes and polymorphonuclear
leukocytes) infiltrate the site, guided by prosta-
glandins, the result being the migration of mesen-
chymal cells, the ingrowth of vasculature, and the
formation of granulation tissue (Hulth 1989, Stan-
ford and Keller 1991). As the initial inflammation
subsides, dead bone is replaced by cartilage-like
tissue over a period of 7 days. Three to four weeks
after the initial trauma, the formed fibrocartilage
begins to calcify from each side towards the centre
of the fracture. In the sixth week the healing bone
begins to remodel from fibrous bone towards the
original affected bone, the period lasting from two
months up to two years.
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Figure 1. Schematic illustration of bone healing cascade and associated temporal expression of cytokines and growth factors. Modified form Cho

et al. (2002) and Dimitrou et al. (2005).

(Pro-inflammatory cytokines: IL-1 and -6 = Interleukin-1 and -6, TNF-a = tumour necrosis factor-alpha. Growth and differentiation factors: PDGF
= platelet derived growth factor; TGF-1, -2, -83 = transforming growth factor-f1, -2, -83; GDF-5, -8, -10 = growth differentiation factor-5, -8,
-10; BMP-2, -3, -4, -5, -6, -7, -8 = bone morphogenic protein-2, -3, -4, -5, -6, -7, -8; GDF-5, -10 = growth and differentiation factor-5, -10; IGF-I, -l =

insulin-like growth factor-I, -Il; FGFs = fibroblast growth factors. Angiogenic factors: VEGFs = vascular-endothelial growth factors; angiopoietin).
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2.2. Osteomyelitis

Osteomyelitis is characterized by progressive
inflammatory destruction and the apposition of
new bone that results from infective microorgan-
isms (Lazzarini et al. 2004, Brady et al. 2006). In
the pre-antibiotic era osteomyelitis was associ-
ated with a high mortality rate. Even now, despite
new, potent, antimicrobial treatment methods
and good surgical methods, it can lead to devas-
tating results.

Normal bone is highly resistant to infection
(Andriole et al. 1973). However, infection can
occur after exposure to a massive amount of a
microbial inoculum, with bone and adjacent
soft-tissue trauma or in the presence of foreign
bodies (Table 1) (Wald 1985). The pivotal point
of the pathogenesis is for the microbe to gain en-
try into the host and, secondly, to be able to col-
onize bone. Surrounding tissues are damaged as
phagocytes attempt to destroy invading patho-
gens and, in the process, generate toxic oxygen
radicals and proteolytic enzymes that contrib-
ute to the necrosis of tissue, the breakdown of
bone, and the removal of calcium. In addition,
several bacterial components act as bone-mod-
ulating factors (Nair et al. 1996). As infection
progresses, pus spreads into vascular channels
and raises the intraosseus pressure. This process
causes deficient blood flow. Zones of ischaemic
necrosis, called sequestra, are formed. Sequestra
can act as foreign bodies and result in biofilm
formation on their surface and, therefore, har-
bour treatment-resistant bacteria (Gristina et
al. 1990). Bone tissue highly resists swelling due
to infection and the formation of pus. Pus may
eventually reach the surface of bone and form
subperiosteal abscesses. Later the abscesses can
burst into soft tissues. Simultaneously, as the
breakdown of bone occurs, bone apposition ap-
pears in the form of periosteal apposition and
new bone formation. During infection, growth
factors and cytokines that normally control os-
teoblasts and osteoclast function show altered
local concentrations (Klosterhalfen et al. 1996,
Manolagas 2000). The main histological find-
ings of acute osteomyelitis are the appearance
of microorganisms, the infiltration of neutro-
phils, and congested or thrombosed blood ves-

sels (Lew and Waldvogel 1997). Chronic osteo-
myelitis can be distinguished as the presence of
necrotic bone with no living osteocytes present
(Lew and Waldvogel 1997).

2.2.1. Aetiology

From a clinical viewpoint, the distinction of
three aetiological types of osteomyelitis is prac-
tical: haematogenous osteomyelitis, osteomyeli-
tis due to a contiguous source (post-traumatic
and post-operative), and osteomyelitis due to
vascular insufficiency. In 1970, Waldvogel et
al. (1970a) reported that 19% of osteomyelitis
cases were haematogenous, 34% were associ-
ated with vascular insufficiency, and 47% were
due to a contiguous focus of infection. The clini-
cal picture of osteomyelitis is evolving. In 2003,
Tice et al. published a study of 454 osteomyelitic
patients, 6% of whom had haematogenous os-
teomyelitis, 2% had osteomyelitis in association
with vascular insufficiency, 90% experienced
osteomyelitis caused by a contiguous focus of
infection, and 2% were classified as having os-
teomyelitis due to other causes.

In haematogenous osteomyelitis, pathogens
reach the bone through the bloodstream, the
bacteria originating from septic foci elsewhere
in the body. Haematogenous osteomyelitis is
classically described as a disease of children, as
it usually involves rapidly growing bone and it
characteristically affects the metaphysis of long
bones, especially in the femur and tibia. Brodie’s
abscess is a rare subacute or chronic manifesta-
tion of osteomyelitis characterized by a localized
intraosseus pyogenic abscess surrounded by
dense fibrous tissue and bone sclerosis, and it is
generally caused by Staphylococcus aureus (Bro-
die 1832, Strobel et al. 2006). Typically Brodie’s
abscess is reported to affect young males with
unfused epiphyseal plates predominantly in the
tibia and less frequently in the femur (Henderson
and Simon 1924, Grey et al. 1998). A rare type of
haematogenous osteomyelitis is vertebral infec-
tion, a disease that mainly affects people over
50 years of age. Vertebral infection accounts for
2%-4% of all osteomyelitis cases (Jevtic 2004).
Clinical signs of haematogenous osteomyelitis

Petteri Lankinen



are typically chills, fever and malaise, local pain,
and swelling. Cultures made from blood speci-
mens from children are positive from 50% to
60% of the patients (Kaplan 2005). With regard
to vertebral infections, blood cultures often offer
no explanation for the symptoms, and CT-guid-
ed needle biopsy with multiple specimens for
microbiological and pathological examinations
is advised (Lew and Waldvogel 1997, Heyer et
al. 2012, Sehn and Gilula 2012). Infection caus-
atives differ according to the age of the patient.
For approximately 50% of vertebral osteomyeli-
tis cases, the source of haematogenous spread
can be identified as the urinary tract or skin, and
approximately 33% are associated with endocar-
ditis (Zimmerli 2010). S. aureus is the common-
est cause of haematogenous osteomyelitis in
neonates, but it is also found later in life (Table
1). People who use illegal drugs are in danger of
getting fungal-caused osteomyelitis, as a compli-
cation of catheter-related fungemia when used
drugs are contaminated with Candida species
and cause prolonged neutropenia (Sapico and
Montgomerie 1980, Lew and Waldvogel 1997,
Ruotsalainen and Valtonen 2001).

Osteomyelitis due to vascular insufficiency
or diabetes is found predominantly in the feet
(Lipsky et al. 2012). Localized pressure or minor
trauma in patients with neuropathy and micro-
vascular disease may result in a vast spectrum
of foot infections, ranging from superficial cel-
lulitis to chronic osteomyelitis. Osteomyelitis
complicates up to one third of diabetic foot in-
fections, is often due to direct contamination
from a soft-tissue lesion, and represents a clini-
cal challenge (Marcus et al. 1996). The infection
typically starts in previously injured skin in a
patient with claudication. Clinically, the patient
can exhibit excruciating pain or no pain at all,
depending on the advancement of the neurop-
athy. When there is no neuropathy, and, if the
bone destruction has been acute, patients suffer
from severe pain. In evaluations of peripheral
diabetic infections the following crucial contrib-
uting factors must be addressed: the metabolic
consequences of diabetes, bone and soft-tissue
ischaemia, and peripheral neuropathy, includ-
ing motor, sensory, and autonomic components
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(Waldvogel et al. 1970c). The commonest single
causative pathogen is S. aureus, but frequently
the infection is caused by many different patho-
gens, such as P-haemolytic streptococcus, an-
aerobic bacteria, and gram-negative rods (Lip-
sky 1997) (Table 1).

Osteomyelitis due to spread from a contigu-
ous focus is associated with trauma or bone re-
constructive surgery, as bacteria gain access to
bone through direct inoculation. The incidence
of osteomyelitis after open fractures has been
reported to range from 0% to 16%, depending
on the class and treatment received (Gustilo et
al. 1976, Kaim et al. 2002), but complication
rates of up to even 50% (Gustilo-Anderson type
III) have also been reported (Weitz-Marshall
and Bosse 2002). Infections involving foreign
bodies, such as prostheses, are increasing be-
cause the number of arthroplasties performed
every year is increasing worldwide. The rate
of infections associated with joint arthroplasty
is reported to be approximately from 0.6% to
2% (Matthews et al. 2009). Typical symptoms
of acute infection are pain, loss of function,
wound infection associated with swelling and
erythema, joint effusion, and mild or no fe-
ver. Patients with chronic prosthesis infection
generally show fewer systemic signs, but they
frequently exhibit increasing pain, signs of me-
chanical dysfunction, and, occasionally, sinus
formation and drainage. Chronic prosthesis
infections due to low virulence microbes may
appear as latent infection and show symptoms
long after onset. Osteomyelitis secondary to a
contiguous focus of infection is often character-
ized by polymicrobial infection (Mader et al.
1999).

Osteomyelitis may appear as part of the SA-
PHO syndrome. The acronym SAPHO is com-
posed of simultaneous denominations: inflam-
matory synovitis, acne, palmoplantar pustulosis,
hyperostosis, and osteitis (Kahn and Chamot
1992). Osteoarticular lesions in association with
the SAPHO syndrome may be presented as mul-
tifocal osteomyelitis, and its pathogenesis is re-
ported to be linked with spondyloarthropathies
and plain psoriasis (Kahn and Chamot 1992,
Takeuchi et al. 2007).
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Table 1. Microorganisms typically isolated in association with clinical predisposing factors

Typical clinical association

Foreign-body-associated infection

Prosthetic joint infection

Common in nosocomial infections

Post-traumatic infection

Vertebral osteomyelitis

Associated with bites and decubitus ulcers

Diabetic foot infection

Human or animal bites
Sickle-cell disease
HIV infection

Immunodeficient patients

Frequent microorganism in any type of osteomyelitis

Microorganism
S. aureus (susceptible or resistant to meticillin)
Coagulase-negative staphylococci or Propionibacterium spp.

Coagulase-negative staphylococci, S. aureus, polymicrobial Streptococcus spp,
gram-negative aerobic basilli

Enterobacteriaceae, Pseudomonas aeruginosa, Candida spp.
S. aureus, polymicrobial gram-negative aerobic bacilli, anaerobes

S. aureus, gram-negative aerobic bacilli, Streptococcus spp, Mycobacterium
tuberculosis

Streptococci and/or anaerobic bacteria

S. aureus, Streptococcus spp, Enterococcus spp, coagulase-negative
staphylococci, gram-negative aerobic bacilli, anaerobes

Pasteurella multocida or Eikenella corrodens
Salmonella spp or Streptococcus pneumoniae
Bartonella henselae or Bartonella quintana

Aspergillus spp, Candida albicans, or Mycobacteria spp.

Populations in which tuberculosis is prevalent Mycobacterium tuberculosis
Brucella spp, Coxiella burnetii, geographic area-specific fungi

Populations in which these pathogens are endemic (coccidiodomycosis, blastomycosis, histoplasmosis)

Modified from Lew and Waldvogel 2004.
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2.2.2. Microbial involvement

The microbe causing osteomyelitis depends on
both the host factors and the aetiology of the
infection, as virtually any organism has the po-
tential to cause osteomyelitis. The most frequent
causative microbes of any type of osteomyelitis
are staphylococci (Table 2). For paediatric pa-
tients, the possibility of non-bacterial osteomy-
elitis has also been introduced (Borzutzky et al.
2012). In chronic recurrent multifocal osteomy-
elitis (CRMO) of children, bacterial cultures may
frequently or at least variably remain negative
(Golla et al. 2002, Jurik 2004).

Staphylococci are gram-positive cocci that can
be divided into two groups on the basis of their
ability to produce the blood clotting-enzyme co-
agulase. S. aureus and Staphylococcus epidermidis
represent the most commonly found coagulase-
positive and coagulase-negative staphylococcal

species, respectively (Queck and Otto 2008). S.
aureus is a well-established pathogen. On the
contrary, S. epidermidis represents opportunistic
microorganisms, and it has emerged as the lead-
ing nosocomial pathogen of implant-related bone
infections and other hospital-acquired infections
(von Eiff et al. 2002, Lew and Waldvogel 2004).
The primary reasons for the increasing rate of S.
epidermidis infections are the spreading of anti-
biotic resistance and the frequent use of implants
and other medical devices. The rate of methicillin
resistance among clinical S. epidermidis isolates
is approaching 90%, which is much higher than
the rate of its pathogenic counterpart S. aureus
(from 46% to 53%) (NNIS 2004, Rosenthal et al.
2012). As acute and subacute haematogenous os-
teomyelitis in children is becoming rarer, also the
microbial involvement is evolving (Craigen et al.
1992, Blyth et al. 2001). From 1970 to 1990, the
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prevalence of S. aureus infections has decreased
from 50% to 31% (Craigen et al. 1992).

Due to different pathogenetic mechanisms
and virulence factors, clinical manifestations
of S. aureus and S. epidermidis infections mark-
edly differ. The former usually occur as classical
pyogenic infections and involve several virulence
factors, such as toxins and degenerative exo-en-
zymes that cause tissue invasion by progressive
inflammatory destruction and the new apposi-
tion of bone (Cunningham et al. 1996, Lew and

Waldvogel 1997), whereas the clinical picture of a
typical foreign-body-related S. epidermidis infec-
tion is usually indolent without fulminant signs
of infection (von Eiff et al. 2002).

Virulence factors are less aggressive with S.
epidermidis and are mainly involved in the eva-
sion of the immune response. In addition, the fa-
cilitation of robust attachment to implant surfaces
with subsequent biofilm formation is an important
phenotypic feature of S. epidermidis (Zimmerli et
al. 2004, Otto 2008). Within protecting biofilm

Table 2. Prevalence of microbiological findings in osteomyelitis

Common (>50% of cases)

S.aureus

Occasionally encountered (>25% of cases)
Streptococci
Entererococci
Pseudomonas spp.
Enterobacter spp.
Proteus spp.
Escherichia coli

Serratia spp.

Rarely encountered (<5% of cases)
Mycobacterium tuberculosis
Mycobacterium avium complex
Rapidly growing mycobacteria
Dimorphic fungi
Candida spp.

Aspergillus spp.
Mycoplasma spp.
Tropheryma whippei
Brucella spp.

Salmonella spp.

Actinomyces

S. epidermidis and other coagulase-negative staphylococci

Anaerobes (Peptostreptococcus spp, Clostridium spp, Bacterioides fragilis group)

Modified from Mandell et al. 2009.
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against host-defence mechanisms, S. epidermidis
strains show decreased metabolic activity (Resch
etal. 2005) and a marked reduction in glucose up-
take (Sousa et al. 2008). Both S. aureus and S. epi-
dermidis have been shown to evade host defences
through the mechanism of internalization within
peri-implant non-phagocytic cells and also osteo-
blasts (Hudson et al. 1995, Broekhuizen et al. 2007,
Khalil et al. 2007, Rohde et al. 2007).

2.2.3. Classification

There is no universally accepted method for clas-
sifying osteomyelitis, as multiple means have been
used to characterize infectious states. Historically,
osteomyelitis has been described by the duration
of infection as acute, subacute and chronic. Os-
teomyelitis can also be classified on the basis of
the aetiology of the infection, on the extent of the
infection, and on the physiological conditions of
the host. Two main classification systems for os-
teomyelitis have been introduced, the Waldvogel
classification system and the Cierny-Mader stag-
ing system.

Acute osteomyelitis, frequently of a haematog-
enous origin, is considered to be a newly rec-
ognized bone infection. Patients typically have
symptoms lasting from a few days to a week after
the onset of the infection. The disease is predomi-

nantly found in childhood, as it usually involves
rapidly growing bone and characteristically af-
fects the metaphysis of long bones. The subacute
and chronic bone infection states occur typically
in adults and are frequently due to a penetrating
trauma, an open fracture, or as a result of surgical
procedures. Chronic osteomyelitis is commonly
a continuation of an acute infection, but can oc-
casionally be defined as chronic from the onset.
Chronic osteomyelitis has somewhat arbitrarily
been defined as a persistent microbial infection
that evolves over a period of a month or up to
years, and it is histologically characterized as in-
volving low-grade inflammation, sequestra, and
fistulous tracts (Lew and Waldvogel 2004).

The Waldvogel classification system (1970a-c)
(Table 3) characterizes osteomyelitis primarily on
basis of the source of the disease as haematog-
enous, osteomyelitis due to a contiguous focus,
and osteomyelitis associated with vascular insuf-
ficiency. The duration of the infective process is
also assessed. However, the classification system
does not include the direct penetration of micro-
organisms into bone, for example, in association
with penetrating trauma or surgery (Lazzarini et
al. 2004). As the classification is based only on the
aetiology of the disease, it is of limited value in
clinical practice.

Table 3. Waldvogel classification of osteomyelitis

Haematogenous osteomyelitis

Osteomyelitis secondary to contiguous foci of infection
No generalized vascular disease
Generalized vascular disease

Chronic osteomyelitis

Waldvogel et al. 1970a-c.
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The Cierny-Mader staging system (1985)
(Table 4) includes an evaluation of the spread
of infection into four anatomic stages, and it
also evaluates changes in the physiology of the
host (Cierny et al. 1985). The aetiology or chro-
nicity of the infection is not assessed. In clini-
cal practice, the staging system is applicable to
the planning of treatment and to the forming

of the prognosis. Cierny-Mader stage 1 osteo-
myelitis can typically be treated with antimi-
crobial therapy alone, but stage 3 often requires
combined antimicrobial therapy and surgical
debridement with reconstructive procedures. It
allows changes in the disease state to be evalu-
ated dynamically, for example, in response to
treatment.
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Table 4. Cierny-Mader staging system of osteomyelitis

Anatomic type
Stage 1: Medullary osteomyelitis
Stage 2: Superficial osteomyelitis
Stage 3: Localized osteomyelitis
Stage 4: Diffuse osteomyelitis
Physiological class
A Host: Healthy
B Host:
Bs: Systemic compromise
Bl: Local compromise
Bls: Local and systemic compromise

C Host: Treatment worse than the disease

Systemic compromise (Bs)

Malnutrition, renal or hepatic failure, diabetes mellitus,
chronic hypoxia, malignancy, old age, immunosuppression

Systemic or local factors affecting immune surveillance, metabolism and local vascularity

Local compromise (BI)

Chronic lymphedaema, major vessel compromise, small vessel
disease, vasculitis, venous stasis, extensive scarring, radiation
fibrosis, neuropathy, tobacco abuse

Modified from Cierny et al. 1985.

2.2.4. Microbial and laboratory
diagnostics

Laboratory tests can be helpful in detecting and
monitoring the response to treatment, but they
lack sensitivity and specificity, especially in the
evaluation of low-grade infections (Berbari et
al. 2010). Monitoring white blood cells (WBCs),
erythrocyte sedimentation rate (ESR), and C-
reactive protein (CRP) may provide valuable
information. The WBC count can be elevated in
acute osteomyelitis, but it can remain normal in
chronic cases. The ESR value is typically elevated
in both the acute and chronic states, and a de-
creasing value can be associated with a favourable
response during treatment (Schulak et al. 1982).
CRP has been reported to be more sensitive than
ESR, but even a normal CRP value does not ex-
clude the diagnosis of osteomyelitis (Perry 1996).
For children with acute osteomyelitis, the CRP
level has been found to predict the effectiveness
of treatment and recovery from osteomyelitis bet-
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ter than the ESR and WBC values (Unkila-Kallio
et al. 1994, Pidkkonen et al. 2010).

Acquiring a precise bacteriological verifica-
tion of the infecting organism from affected bone
tissue or foreign-body is of fundamental impor-
tance. However, from 15% to 47% of osteomyeli-
tis cases are reported to remain culture negative
(Dich et al. 1975, Craigen et al. 1992, Floyed and
Steele 2003). Wu et al. (2007) reported a low rate
of positive culture results (14 of 41) for histologi-
cally confirmed cases of osteomyelitis obtained
from imaging-guided bone biopsies. In studies
of vertebral osteomyelitis, the negative culture
rate in image-guided biopsy has been reported to
vary from 68% to 70% (Heyer et al. 2012, Sehn
and Gilula 2012). The factors that predict posi-
tive or negative culture results are not thoroughly
known (Wu et al. 2007, Calhoun et al. 2009).
Information achieved from swabs of ulcers or
fistulae are commonly misleading. Only from
17.4% to 22% of sinus tract cultures have been
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reported to confirm the osteomyelitis-causative
bacteria (Mackowiak et al. 1978, Senneville et al.
2006). As standard, conventional microbiologi-
cal methods are used in the diagnosis of osteo-
myelitis. Adherent bacteria (in biofilms found on
surfaces of bone sequestra, infected orthopaedic
implants, and methyl methacrylate, and peri-
implant tissues of foreign substances) are difficult
to eradicate, but they are also difficult to detect
with normal microbiological methods (Gris-
tina et al. 1985). It has been reported that some
prosthetic joint infections have been classified as

2.3. Imaging of osteomyelitis

The diagnosis of osteomyelitis is made on the
basis of clinical, laboratory, and imaging results.
The various important imaging methods are not
competitive, but instead are complementary to
each other.

2.3.1. Radiography

Conventional radiographs are widely used in
clinical work, for both diagnosis and follow-up.
It is estimated that diagnostic anatomical changes
in bone lag up to 2 weeks in the evolution of in-
fection. Indeed, it has been proposed that from
50% to 75% of the bone matrix must be destroyed
before infection can be diagnosed by convention-
al radiography (Butt 1973). The earliest visible
changes are soft-tissue swelling and destroyed
fascial planes, followed by periosteal elevation
and demineralization (Butalia et al. 2008, Pineda
et al. 2009). For chronic osteomyelitis, radio-
graphic findings include disturbed bone architec-
ture, bone sclerosis interspersed with radiolucen-
cies, periosteal elevation, and draining sinuses
(Lopes et al. 1997). In a meta-analysis of the use
of radiography in the diagnosis of diabetic foot
osteomyelitis, the sensitivity was 54%, and the
specificity was 68% (Dinh et al. 2008).

2.3.2. Computed tomography

Computed tomography (CT) is a useful tool for
evaluating structural bone changes, and it is es-
pecially advantageous in the imaging of the spine,
the pelvis, and the sternum. It provides valuable
information on cortical bone destruction, peri-

aseptic loosening, but a thorough examination of
retrieved tissue can reveal S. epidermidis infection
(Broekhuizen et al. 2008). Ultrasonication of re-
trieved implant material or a bone tissue sample
has been reported to increase the rate of positive
cultures (Tunney et al. 1998). To detect low-vir-
ulent, slow-growing bacteria requires culturing
for a long period. Culture-independent molecu-
lar techniques, such as polymerase chain reaction
(PCR), are expected to improve the diagnostics of
these infections (Fenollar et al. 2006, Fihman et
al. 2007, Calhoun et al. 2009).

osteal proliferation, and also, to some extent, on
soft tissue changes. CT is able to visualize cortical
destruction, periosteal elevation, and soft-tissue
extension when no abnormalities are yet visible
in plain radiographs (Wing et al. 1985, Pineda
et al. 2009). It is a more sensitive method for
visualizing bony destruction, gas in the bone,
and bony sequestration than MRI is (Gold et al.
1991). Seltzer (1984) reported that CT plays an
important role in the planning of both medical
and surgical treatment. The major pitfall of CT
imaging is the substantial loss of resolution due
to beam-hardening artefacts in the proximity of
metallic foreign bodies. Only a few reports have
been published on the evaluation of CT accuracy
in the evaluation of osteomyelitis (Termaat et al.
2005). Whalen et al. (1991) reported a sensitivity
of 67% and a specificity of 50% in the diagnosis of
vertebral osteomyelitis.

2.3.3. Magnetic resonance imaging

Magnetic resonance imaging (MRI) is the cur-
rently preferred imaging method for evaluating
previously normal bone, both for peripheral and
central skeleton. MRI offers excellent soft-tissue
to bone-marrow contrast resolution, and its
multi-planar capability allows detailed anatomi-
cal evaluation in the assessment of the extent of
infection (Zalavras et al. 2009). The initial visible
osteomyelitic findings are due to changes in the
amount of bone marrow fat, as the fat is replaced
with water secondary to oedema, exudates, hy-
peraemia, and ischaemia. This state of disease
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process is detected as a low signal intensity in
T1-weighted MRI images and as a high signal
intensity in T2-weighted images (Pineda et al.
2009). Sequestras appear as hypointense in T1-
weighted and T2-weighted MRIs and do not ex-
hibit gadolium contrast enhancement. The char-
acteristics of the MRI signal are non-specific, and
several other bone involving conditions, such as
tumours, neuropathic joints, and healing frac-
tures, can also increase the water content of bone
marrow. Post-operative scarring and oedema oc-
cur up to 12-13 months post-operatively, and it
may be impossible to distinguish infection from
bone remodelling, lesion hyperaemia, and oede-
ma (Ma et al. 1997, Kaim et al. 2000, Ledermann
et al. 2000). As a morphological cross-sectional
imaging modality, MRI lacks the needed speci-
ficity but, in comparison, offers good sensitivity
(Stumpe et al. 2000). The evaluation of secondary
MRI osteomyelitis signs, such as cortical inter-
ruption, cutaneous ulcer, and sinus tract, have
increased the diagnostic confidence in the as-
sessment of diabetic foot (Morrison et al. 1998).
The use of gadolium enhancement is somewhat
controversial, as it is also non-specific and may
lead to misinterpretation (Ledermann et al.
2000). Major pitfalls of MRI in the evaluation of
osteomyelitis are the limited use of whole-body
imaging, the decrease in the yield of the MRI in
the presence of metallic artefacts, such as fracture
fixation devices and endoprostheses, the possibil-
ity that such artefacts may even make the MRI
non-diagnostic, and the weakness in separating
infection from trauma or fibrosis (Sammak et al.
1999, Chacko et al. 2003). In a comprehensive
meta-analysis of diagnostic imaging methods
involving chronic osteomyelitis by Termaat et al.
(2005), MRI showed a sensitivity of 84% and a
specificity of 60%. Kapoor et al. (2007) conducted
a meta-analysis on the diagnosis of foot osteo-
myelitis and reported a sensitivity of 90% and a
specificity of 82.5% for MRI.

2.3.4. Conventional nuclear medicine
methods

Radionuclide studies are frequently used to evalu-

ate musculoskeletal infections, as they are able to

show abnormal tracer accumulation long before
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anatomical changes occur. Similarly as for PET
instrumentation, integrated single proton emis-
sion computed tomography (SPECT)/CT devices
are currently in clinical use as the standard. In ad-
dition, conventional SPECT cameras have been
developed, and indeed NanoSPECT cameras for
research on experimental animals can produce
images with a resolution of 1.2 mm (Cheng et
al. 2010). Research on novel tracers is still being
carried out for conventional scintigraphy, and the
number of publications is greater than for PET
(Larikka et al. 2002a and 2002b, Patel et al. 2009,
van der Bruggen et al. 2010). The scintigraphic
methods currently used to evaluate infection and
inflammatory process include “Ga-citrate scan-
ning, *"Tc-three-phase bone scanning, *™Tc- or
"In-HMPAO-labelled leukocytes, *™Tc-labelled
nanocolloids or human non-specific immuno-
globulin, and *™Tc-labelled monoclonal anti-
granulocyte antibodies.

“Ga-citrate, used since the 1970s, was the first
scintigraphic marker used to detect infections.
Like its positron-emitting isotope, it accumulates
in the infectious site, due to the in vivo labelling of
serum proteins, leukocytic lysosomes, and endo-
plasmic reticulum, along with increased vascular
permeability and direct bacterial uptake (Hoffer
1980). Non-specific physiological uptake occurs
in the liver, spleen, gastrointestinal tract, salivary
and lacrimal glands, breasts, and external geni-
talia, as well as in the bone and haematopoietic
bone marrow. Typically gallium imaging is per-
formed 24 (18-72) hours after tracer injection.
Delayed images are acquired at 48-72 hours to
eliminate confusion with any bowel uptake (van
der Bruggen et al. 2010). Due to its unfavour-
able characteristics, gallium scanning has been
less frequently applied and has been replaced by
other modalities. For “Ga-citrate scintigraphy, a
specificity of 61%-67% and a sensitivity of 25%—
80% have been reported (Schauwecker et al. 1984,
Al-Sheikh et al. 1985, Gratz et al. 2002). Gallium
scintigraphy has also been used in conjunction
with #™Tc-MDP bone scanning. However, it has
shown poor accuracy (only 70%) and is reported
to be especially unreliable for patients with other
lesions, such as bone involving surgery at the site
of suspected osteomyelitis (Merkel et al. 1985).

21



PET IMAGING OF OSTEOMYELITIS

22

Bone scanning has an important role in the
diagnosis of osteomyelitis in the peripheral skel-
eton because of its ability to detect infection 24-48
hours after the onset. Due to its wide availability,
the ease of the imaging procedure, and its low cost,
bone scintigraphy with *™Tc-labelled disphospho-
nates (e.g., MDP, DPD, HEDP) is widely used for
the evaluation of skeletal processes (Davis and
Jones 1976, Pauwels et al. 1983). The method is
based on tracer accumulation through increased
osteoblastic activity and skeletal vascularity
(Genant et al. 1974). Imaging is conventionally
performed 2-6 hours after the tracer administra-
tion. In addition to delayed images, a three-phase
bone scan has been used to evaluate the process
(Schauwecker 1992). Immediately after the tracer
inoculation, the first phase involves assessing the
blood flow to the suspected area. Within the first
5 minutes, the second phase visualizes the blood
pool. These two early phases evaluate the degree
of inflammation and hyperaemia. The third phase
represents the tracer adsorbtion to bone tissue,
presumably for the most part, to the mineral sub-
stance of bone. In the presence of osteomyelitis, a
hot region can be detected in all three phases, in
the first phase because of the commonly marked
increase in blood flow to the infectious site. Ar-
thritis, healing fractures, and previously treated
osteomyelitis may cause a minor abnormality in
the first two phases, but significant uptake is exhib-
ited in the delayed bone images only (Sammak et
al. 1999). Bone-scan findings are non-specific, but
the method has been reported to be sensitive. Fre-
quent false-positive results are found in relation to
post-traumatic and post-operative situations, and
the evaluation of chronic bone infection is trouble-
some. As with other scintigraphic methods, due to
the low spatial resolution, differentiating between
bone and soft-tissue involvement may be challeng-
ing. The meta-analyses of Termaat et al. (2005) and
Prandini et al. (2006) reported a specificity of 25%
and 75.2% and a sensitivity of 61% and 85.4%, re-
spectively, for bone scintigraphy.

For peripheral skeleton, the currently pre-
ferred method is labelled WBC scintigraphy,
especially when metallic foreign-bodies are pres-
ent or after the occurrence of previous bone pa-
thology or surgery (Kaim et al. 2002, Pakos et al.

2007). A variety of in vitro and in vivo leukocyte-
labelling techniques with both "'In and *"Tc has
been published, including the use of HMPAO-la-
belled granulocytes and labelled anti-granulocyte
antibodies (Becker et al. 1994). The most used
method is '"'In-oxine- or *"Tc-HMPAO-labelled
WBCs. For the preparation of the radiopharma-
ceutical, approximately 40-50 ml of the patient’s
blood is required for the ex vivo radiolabelling
of the cells, which are subsequently re-injected
into the patient. The process of preparing the
tracer requires 2-3 hours. Leukocyte scintigra-
phy is based on the increased accumulation of
WBCs, predominantly granulocytes, in the in-
fectious site. Depending on the tracer, images
are obtained 3-4 hours after the inoculation, and
delayed images are obtained 18 to 24 hours after
the trace administration. For the central skeleton,
WBC scintigraphy is of limited value because of
the normal margination of leukocytes and gran-
ulocytes in haematopoietic bone marrow that
results in lower specificity (Gemmel et al. 2006,
Kumar et al. 2008). Similarly, when the suspected
infection site is in the marrow-containing part of
the skeleton, such as the spine, the knees, or the
hip, an additional bone-marrow scan is advised.
It has also been reported that WBC scintigraphy
is more applicable in the diagnosis of acute os-
teomyelitis. Chronic and low-grade infections
are characterized by the predominance of macro-
phage involvement and may exhibit diminished
granulocyte infiltration, the result being poor
accuracy in WBC scintigraphy (Glithero et al.
1993, Prandini et al. 2006). On-going antimicro-
bial therapy may increase the number of cold le-
sions and also lower the sensitivity of a technique
significantly (Whalen et al. 1991). Several bone-
involving conditions (bone metastases, fractures,
surgical defects, and irritation) have been report-
ed to cause false-positive results (Sammak et al.
1999). The main drawbacks associated with the
use of labelled leukocytes are the length of time
needed for the labelling procedure, the need for
specialized equipment, and the need to handle
possibly contaminated blood products. One me-
ta-analysis (Termaat et al. 2005) reported that the
sensitivity for the peripheral skeleton was 84%
and that, for the central skeleton, it was 21%. The
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specificity for the peripheral skeleton was 80%, as
compared with 60% for the central skeleton.

A combination of three-phase bone scintig-
raphy or *™Tc-sulphur bone-marrow imaging
with WBC or nanocolloid scintigraphy has been
reported to be a more accurate method than the
use of individual scintigraphic studies (Kaim et al.
2000, Love and Palestro 2004). Combined leuko-
cyte and three-phase bone imaging especially per-
formed 24 hours after tracer inoculation has been
shown to increase sensitivity and specificity in the
evaluation of infected joint prostheses (Larikka et
al. 2001a and 2001b). However, variable rates of
sensitivity (67%-88%) and specificity (78%-95%)
have been reported (Wukich et al. 1987, Johnson
et al. 1988, Palestro et al. 1991). Labelled leuko-
cyte scintigraphy combined with *™Tc-sulphur
bone marrow imaging has been reported to be
the radionuclide study of choice in the evaluation
of periprosthetic infections and in differentiating
between possible other causes of failure (Palestro
et al. 1990 and 1991, Love and Palestro 2004). Os-
teomyelitis results in increased leukocyte accumu-
lation but is associated with a suppressed uptake
of sulphur colloid (Love et al. 2009). Combined
leukocyte and marrow imaging has been reported
to have a sensitivity of 92%-100% and a specificity
of 87%-100% in the diagnosis of periprosthetic in-
fections (Mulamba et al. 1983, Palestro et al. 1990,
Love et al. 2004). However, Joseph et al. (2001)
and Pill et al. (2006) reported significantly lower
rates for sensitivity (46% and 50%, respectively) in
the diagnosis of prosthetic joint infection. Love et
al. (2004) reported that combined leukocyte and
bone-marrow imaging was a more accurate meth-
od than coincidence detection-based *F-FDG in
the evaluation of painful lower-extremity prosthe-
ses. Despite promising results, for both of these
combined methods, the most significant limitation
is the ability to differentiate aseptic loosening from
the infectious process.

2.3.5. Positron emission tomography

Positron emission tomography (PET) is an im-
aging modality that measures biochemical and
physiological processes in vivo through the
quantitative imaging of positron emitting radio-
tracers injected into the human body (DeGrado
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et al. 1994). With PET imaging, it is possible to
determine both the anatomical location and the
degree of disease activity, based on physiological
or metabolic changes (Zhuang and Alavi 2002).

2.3.5.1. Scanner and basic principle

The patient is administered a suitable positron
emitting radiopharmaceutical (e.g., °F, "'C, N,
1*Q, %Ga). Neutron-deficient nuclei gain stability
through the transmutation from a proton (p) into
aneutron (n), emitting a positron (e*) and an elec-
tron neutrino (v) (p > n + e* + v) (Martinez et al.
2008). Interaction between the positron and the
electron results in annihilation, creating two (511
keV) photons/gamma rays in opposite directions.
A PET scanner is composed of a ring of proton
detectors around the imaged subject (Figure 2).
The detectors recognize two high-energy (511
keV) gamma particles emitted by the injected
radionuclide and record information from the
protons arriving at the detector in 180°-opposed
directions in coincidence (DeGrado et al. 1994).
The photon-emitting origin is calculated from the
gathered data, and the image is reconstructed by
processing the distribution of the detections us-
ing mathematical models. The amount of emit-
ting substance in a lesion can be quantified (Thie
2004). By nature, PET images are not qualitatively
influenced by metallic foreign bodies. They can
have a resolution of + 5 mm, as, in comparison,
conventional SPECT instrumentation is able to
produce images with a resolution of 10-15 mm
(De Winter et al. 2002). The basic principle for the
interpretation of PET images involves comparing
the uptake values of contralateral sides. The scan
is interpreted as positive when the uptake in the
suspected site is greater than in corresponding
healthy tissue (De Winter et al. 2002). Typically,
whole-body PET imaging can be performed 40-
60 minutes after tracer administration. Currently,
the most novel PET cameras are combined PET/
CT devices. Dual-modality PET/CT instrumenta-
tion provides tools to acquire more precise ana-
tomical and physiological data that foremost im-
proves specificity but also sensitivity (Kostakoglu
et al. 2004, von Schulthess et al. 2006, Strobel and
Stumpe 2007). The integration of CT to PET ren-
ders the conventional attenuation correction made

23



PET IMAGING OF OSTEOMYELITIS

with a rotating radioactive source obsolete, as the
data can be derived from the CT data, resulting in
a25%-30% faster imaging time as compared with
that of conventional PET instrumentation (von
Schulthess et al. 2006). Despite the benefits of
combined instrumentation, when CT is used for
attenuation correction, it causes signal artefacts in
the proximity of metallic foreign bodies.

2.3.5.2. Tracers
2.3.5.2.1. "®F-2-fluoro-2-deoxyglucose

18F-2-fluoro-2-deoxyglucose (**F-FDG) is currently
the most widely used PET tracer. The injected trac-
er is a fluorinated glucose analogue; its accumula-
tion reflects glucose metabolism. It is synthetized
by substituting glucose molecules of the 2-hydroxyl
group with the radioactive '*F-fluoride. "*F-fluoride
is a positron-emitting substance that is manufac-
tured with a cyclotron (Hamacher et al. 1986). The
physical half-life of **F-fluoride is 110 minutes. '*F-
FDG is taken into cells by glucose transmembrane
transporter (GLUT) and becomes phosphorylated
in a manner similar to that of glucose by glucose
6-hexokinase (Pauwels et al. 2000). The activity of
both GLUT molecules and glucose 6-hexokinase
is increased in inflammatory cells at infectious and
inflammatory sites. Normal glucose continues to
be processed by the glycolytic pathway to produce
energy. The deoxy- substitution prevents further
metabolism, and it remains trapped inside the cell
(Ak et al. 2000, De Winter et al. 2002). When F-
FDG is used, elevated blood sugar consentrations,

especially those over 11 mol/l, may cause false-neg-
ative findings (Diederichs et al. 1998). A significant
benefit of FDG is that it does not show significant
physiological uptake in bone marrow, the liver, or
the renal cortex (Sugawara et al. 1999).

E-FDG uptake is elevated in such activated
inflammatory cells as lymphocytes, granulocytes,
and macrophages during their metabolic burst,
because of the increased glucose use as an en-
ergy source (Kubota et al. 1992, Sugawara et al.
1999). The ¥F-FDG uptake in inflammatory cells
is often lower than in malignant cells, but, when
activated, inflammatory cells exhibit a dramatic
increase in tracer uptake (Heelan et al. 1998). In
vitro studies performed by Lehmann et al. (2001)
showed that activated neutrophils had a 209%
higher ¥F-FDG uptake than unstimulated cells.

2.3.5.2.2. ®Gallium-chloride

$Gallium is a positron-emitting transition metal
that is suitable for PET imaging both when un-
conjugated and when used as a radioactive label
for oligonucleotides or peptides (Roivainen et al.
2004 and 2012, Kumar and Boddeti 2013). Gal-
lium in the form of “Ga-citrate has been used in
scintigraphy for decades for the evaluation of in-
fectious processes. The two isotopes have several
important differences. For example, the half-life of
%Ga (68 minutes) is much shorter than that of “Ga
(78 hours), enabling the use of higher doses, and
the time needed to accumulate for **Ga is relatively
short (60 minutes). In addition, PET instrumenta-

Ring of detector crystals

Y

Detection in
coinsidence

A

Figure 2. Schematic presentation of composition of PET scanner and the principle of detection of two gamma-rays arriving in coincidence on two
180° -opposed detectors. Modified from De Winter et al. 2002.
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tion offers superior spatial resolution and sensitiv-
ity. ®*Ga-chloride can be eluted using a ®Ge/**Ga
generator that eliminates the need for an onsite
cyclotron (Ehrnhardt and Welch 1978). Different
isotopes differ only in their physical properties,
but their chemical and physiological behaviour is
comparable. The accumulation of gallium in in-
flammatory or infectious sites is partly due to the
increased capillary permeability associated with
inflammatory reactions; Ga exits the vascular net-
work and is trapped in the extravascular compart-
ment (El-Maghraby et al. 2006). As an iron ana-
logue, it binds to circulating transferrin and, via
transferrin receptors, accesses cells and evolves to
a highly stable state (Chianelli et al. 1997). Gallium
is able to bind to activated lactoferrin in neutro-
phils and to bacterial siderophores (Roivainen et
al. 2012), and also uptake in macrophages has been
demonstrated (Swartzendruber et al. 1971, Bern-
stein 1998). In addition, a direct bacterial uptake
pattern has been reported (Menon et al. 1978).
Only a few *Ga-labelled radiopharmaceuti-
cals are in everyday use, but their applications are
under extensive research (Roivainen et al. 2012).
Recently, Nanni et al. (2010) published promis-
ing results on the evaluation of bone infections

with ®#Ga-citrate PET/CT. It has been shown that
the image qualities of *Ga-tracers (p+ decay 90%,
Ef+max 2.91 MeV, Tl n 68 minutes) and '*F-trac-
ers (B+ decay 97%, Ep+max 0.64 MeV, T, 110
minutes) are almost equal (Sanchez-Crespo et
al. 2004). However, even if the bio-distributions
of the two tracers were equivalent, the radiation
dose of the '*F-labelled compound would be less
than that of the “*Ga-labelled one due to the sig-
nificantly lower positron energy.

2.3.5.2.3. Other tracers

Novel tracers have been studied both in patients
and in experimental models with the objective of
increasing the specificity of PET imaging (Table
5) (Goldsmith and Vallabhajosula 2009, Gemmel
etal. 2009, Patel et al. 2009, Roivainen et al. 2012).
However, thus far, only a few novel tracers have
been tested in orthopaedic settings. High expec-
tations have been set for such novel PET tracers
as labelled antimicrobial peptides, especially with
respect to differentiating between the infectious
process and sterile inflammation (Lupetti et al.
2003). To date, none of the published novel im-
aging agents for infection imaging have been ac-
cepted for widespread clinical use.

Table 5. Experimental infection studies on novel PET tracers

Reference Experimental model

Fischman etal. 1991  Rabbit muscle fungal infection

Sugawara et al. 1999  Rat Escherichia coli muscle infection

Tracer

'®F-fluconazole (labelled antifungal drug)
*H-FDG (*H-labelled FDG)

3H-Thy or "'C-Thy (labelled thymidine)
*H-MEt or "'C-Met (labelled methionine)

125]-HAS (labelled human serum albumin)

Siaens et al. 2004 Mice muscle fungal infection 123|-CHhiB_E144Q (labelled hydrolytic enzyme that

breaks down the chitin of the cell walls of fungi)

Bettegowda et al. Mice muscle bacterial infection (S. aureus, Streptococcus
2005 pneumonia, Enterococcus faecalis, or S. epidermidis)

'25]-FIAU (labelled nucleoside analogue)

Pellegrino et al. 2005  Rat muscle E. coli or P. aeruginosa infection '8F-FDG-WBC ('®F-FDG labelled white blood cells)

Salber et al. 2008 Rat muscle S. aureus infection '8F-UBI 29-41 (labelled antimicrobial peptide)

'8F-UBI 28-41 (labelled antimicrobial peptide)

Kumar et al. 2011 Rat S. aureus muscle infection %Ga-apo-transferrin (labelled transferrin)

Ren et al. 2012 Rat models of aseptic loosening and septic loosening due

to S. aureus

'8F-PK11195 (labelled synthetic ligand binding to a
peripheral benzodiazepine receptor)
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Diaz et al. (2007) introduced the novel
I-FIAU  [1-(2'-deoxy-2'-fluoro-B-D-
arabinofuranosyl)-5-iodouracil] for PET/CT
imaging. It was studied in eight patients with
suspected musculoskeletal infections. FIAU is a
nucleoside analogue; as it is phosphorylated by
thymidine kinase, it is trapped within a spectrum
of bacterial cells that express the enzyme. '*I-
FIAU was introduced as a promising agent with
possibly higher specificity, as it is incorporated
directly into the pathogen instead of into cells
associated with the inflammatory process. The
authors concluded that all of the patients with
proven musculoskeletal infection could be delin-
eated with the novel tracer.

In 2006, Dumarey et al. published their initial
experience with PET/CT using "*F-FDG-labelled
leukocytes in the imaging of infectious diseases.
Altogether 8 of the 21 patients were studied due
to suspected osteomyelitis, of which 2 were di-
agnosed as having a bone infection. The authors
concluded that *F-FDG-WBC PET/CT showed
high sensitivity (86%), specificity (86%), and
accuracy (86%) for the whole study group, with
a negative predictive value of 100%. Rini et al.
(2006) compared "F-FDG-labelled leukocytes
and '"In-labelled leukocytes in the detection of
infection. A total of 51 patients were included,
but, due to the low labelling efficiency of *F-FDG
leukocytes, it was not administered to 6 patients.
Altogether 43 patients were imaged with both
modalities. Most (n=38) of the patients were sus-
pected of having osteomyelitis or an orthopaedic
implant infection. F-FDG-labelled leukocytes
showed a sensitivity, specificity, and accuracy
of 87%, 82%, and 84%, respectively. The results
showed no statistical difference between the two
modalities. Rini et al. (2006) believed that la-
belled WBCs showed promise for use as an infec-
tion-specific tracer and warranted further study.

Labelled antibiotic agents were introduced as
substances that would bind specifically to bacte-
rial cells and allow a differentiation between ster-
ile inflammation and infection. Already in 1982,
Prokesch and Hand studied antibiotic uptake into
polymorphonuclear leukocytes in vitro using ra-
diolabelled antibiotics, including "“C-rifampin,
’H-clindamycin, *H-lincomycin, "“C-cephalexin,

tracer

"C-cefamandole, N-"CH,-erythromycin, "C-
penicillin, G-*H-isoniazid, G-*H-gentamicin, and
C-ethambutol dihydrochloride. The most stud-
ied labelled antibiotic is '*F-ciprofloxacin (Brun-
ner et al. 2004). It has been proposed that labelled
ciprofloxacin would bind specifically to bacte-
rial DNA/DNA gyrase, but instead the specific
binding is masked with vast non-specific bind-
ing (Langer et al. 2005, Zijlstra et al. 2006). For
infection imaging, Langer et al. (2005) studied
four patients using '*F-ciprofloxacin both in vitro
and in vivo. The patients had been diagnosed as
having bacterial soft-tissue infections of the lower
extremities. The soft-tissue infections resulted in
a low uptake in both bacteria and granulocytes.
Indeed, it has been proposed that **F-ciprofloxa-
cin is not suitable for use as an infection-specific
tracer and that it requires further preclinical and
clinical studies (Langer et al. 2005, Palestro et al.
2007).

2.3.5.3."8F-FDG PET

Several studies have proven the usefulness of '*F-
FDG PET in detecting a variety of orthopaedic
infections, as most of the studies published on
the use of ®F-FDG PET in evaluating infectious
diseases involve the diagnosis of bone infections
(Table 6). PET is cost effective when compared
with the current standards used in most clinical
settings (i.e., a combination of a three-phase bone
scan, leukocyte scintigraphy, and a bone marrow
scan) (Zhuang and Alavi 2002). Compared with
expensive, laborious, and time-consuming leu-
cocyte scanning, PET imaging can be performed
within 1 hour after tracer administration, and
therefore it allows a more rapid diagnosis. '*F-
FDG allows superior image quality and resolu-
tion because of its more favourable tracer kinetics
due to the smaller molecular size (Sugawara et
al. 1999). ¥F-FDG PET is not likely to be affect-
ed by on-going antibiotic treatment either (De
Winter et al. 2001) or by the presence of metal-
lic implants (Schiesser et al. 2003). *F-FDG PET
has been reported to be able to demonstrate the
treatment response in osteomyelitis (Koort et al.
2005) and the success of infection prophylaxis by
means of antibiotic releasing bioresorbable bone
screws (Mikinen et al. 2005). Guhlmann et al.
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Table 6. Summary of clinical "®F-FDG studies on osteomyelitis and implant infections

Reference

Guhlmann et al.
(1998a)

Guhlmann et al.
(1998Db)

Zhuang et al. (2000)

Kalicke et al. (2000)

Schmitz et al. (2001)

Zhuang et al. (2001)

Van Acker et al. (2001)

De Winter et al. (2001)
Chacko et al. (2002)
Gratz et al. (2002)

Manthey et al. (2002)

Chacko et al. (2003)

Schiesser et al. (2003)

Vanquickenborne et
al. (2003)

De Winter et al. (2003)
Stumpe et al. (2004)

Sahlmann et al. (2004)
Mumme et al. (2005)

Reinartz et al. (2005)

Keidar et al. (2005)
Pill et al. (2006)
Stumpe et al. (2006)

Hartmann et al. (2007)

Garcia-Barrecheguren
etal. (2007)

Schwegler et al. (2008)

Chryssikos et al. (2008)
Nawaz et al. (2010)

Familiari et al. (2011)

Number of patients/
confirmed infections

31/18

51/28

22/6

15/15

16/12

62 (74 prostheses)/11

21/6

60/25
32 (41 hips)/12
16/12

23 (28 prostheses)/4

56/34
23/7

89/24
22/12

17/8

57/15

35/9

17/17
50/9

63 (92 hips)/31

14/8
89 (92 hips)/21
28/3

33/18
24/11

20/7

113 (127 hips)/33
110/27

13/7

Type of suspected
osteomyelitis

Chronic

Chronic

Chronic

Acute or chronic osteo-

myelitis/spondylitis

Spondylitis

Periprosthetic hip and
knee

Periprosthetic knee

Chronic
Periprosthetic hip
Spondylitis

Periprosthetic hip and
knee

Chronic
Post-traumatic
Orthopaedic implant

Post-traumatic
Periprosthetic hip

Post-operative spine

Periprosthetic hip

Chronic
Periprosthetic hip

Periprosthetic hip

Diabetic foot
Periprosthetic hip

Periprosthetic knee

Post-traumatic

Periprosthetic hip

Diabetic foot

Periprosthetic hip
Diabetic foot

Diabetic foot

Pathogens involved

S. aureus n=12, S. epidermidis n=2,
polymicrobial n=3, other n=1

NR

NR

S. aureus n=8, Mycobacterium
tuberculosis n=2, other n=1, not
available n=4

S. aureus n=5, Mycobacterium
tuberculosis n=2, other n=2, no
growth n=3

NR

S. aureus n=1, other n=2, not
available n=3

NR
NR
NR

NR

NR
NR

NR

NR

Coagulase neg. staphylococcus
n=4, S. epidermidis n=2, other
n=2, no growth n=1

NR

S. epidermidis n=3, S. aureus n=3,
other n=3

NR

Polymicrobial n=1, NR n=8
NR
S. aureus n=2, S. epidermidis n=1

S. aureus n=6, polymicrobial n=4,
other n=1, no growth n=7

NR

S. aureus n=6, coagulase neg.
staphylococcus n=1

NR

NR

S. aureus n=4, S. epidermidis n=1,
other n=1, no growth n=1

Sensitivity/ specificity/

accuracy
100%/92%/97%

97%-100%/95%—
95%/96%-96%

100%/87.5%/90.9%

NR

100%/92.3%/93.8%

90.5%/81.8%/NR

100%/73%/81.0%

100%/88%/93%
91.7%/96.6%/95.1%
100%/87%/96%

100%/100%/100%

91.2%/91.3%/91.2%
NR/NR/87%

91.79%-92%/NR/81%-96.2%

100%/93.3%/97%

87.5%/77.8%/82.4%

100%/81%/86%

22%-33%/81%~
85%/69%—-69%

NR

91%/92%/91%

94%/95%/95%

NR
95.2%/93%/NR
NR

94%/87%/91%

64.3%/64.7%/NR

29%/92%/70%

85%/93%/91%
81%/93%/90%

43%/67%/54%

NR = not reported
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(1998b) and Kilicke et al. (2000) have reported
that, due to the superior resolution of ¥F-FDG
PET, osteomyelitis can be differentiated from
infection in surrounding soft tissues. *F-FDG
PET has been shown to be applicable also for use
with immune-suppressed patients, as it has been
found to be able to identify infectious focuses
that remain undetected with other modalities
(Mahfouz et al. 2005). Despite the relatively high
spatial resolution, all nuclear medicine methods
have the general restriction of producing only
limited anatomical information. Combined PET/
CT hardware has been introduced to improve the
received anatomical information and to provide
precise anatomical data. As a non-specific indica-
tor of increased cellular glucose metabolism, '*F-
FDG accumulates also in sites of sterile inflam-
mation, for example, due to the healing process in
the post-operative or post-traumatic phase, and
in malignant lesions (Zhuang and Alavi 2002).

In general, studies of ®*F-FDG PET have re-
ported superior sensitivity and a negative predic-
tive value for a variety of patient populations. In
meta-analyses on all commonly used modalities
by Termaat et al. (2005), Prandini et al. (2006)
and Wang et al. (2011), *F-FDG PET was report-
ed to be the most accurate method for evaluating
chronic osteomyelitis, infections of peripheral
bone and prosthetic joint implants, and infec-
tions of the vertebral column.

E-FDG PET has been shown to be applicable
in diagnosing acute osteomyelitis in both periph-
eral and central skeleton (Kilicke et al. 2000). **F-
FDG is able to show an increased accumulation
as soon as activated leukocytes migrate to the in-
fectious site. However, PET imaging seems not to
be superior to other nuclear medicine modalities
in the diagnosis of acute bone infections (Suga-
wara et al. 1999). Significantly fewer reports have
been published on the use of ¥F-FDG PET in the
evaluation of acute osteomyelitis, and other than
the seven patients in the study by Kilicke et al.
(2000), published data are limited to those from
experimental animal models.

BE-FDG PET is highly sensitive and accurate
in detecting low-grade and chronic infections
because, as a small molecule, "*F-FDG is able to
penetrate easier and faster to even poorly per-

fused lesions than other cellular tracers are, and
PET has superior imaging characteristics. '*F-
FDG PET has been shown to be applicable in the
evaluation of Brodie’s abscess and has also been
reported to be a potential adjunct to MRI (Strobel
et al. 2006, Fathinul and Nordin 2010). Reports
on the use of ®F-FDG PET in the evaluation of
osteitis associated with the SAPHO syndrome are
mainly case reports (Pichler et al. 2003, Takeuchi
et al. 2007). Guhlmann et al. (1998a), Zhuang et
al. (2000) and De Winter et al. (2001) published
a sensitivity of 100% for the detection of chronic
osteomyelitis. The reported specificity was slight-
ly lower in the study by De Winter et al. (2001)
than in the study by Guhlmann et al. (1998a),
probably because of differences in the patient se-
lection criteria, as Guhlmann et al. excluded pa-
tients who had been operated on in the last two
years. Osteomyelitis in the central skeleton is ac-
curately diagnosed with ®F-FDG PET (Kalicke et
al. 2000, Schmitz et al. 2001, Gratz et al. 2002, De
Winter et al. 2003, Gemmel et al. 2010).

SE-FDG PET has been proven to be a valuable
imaging modality in the diagnosis of post-opera-
tive and post-traumatic, as well as implant-asso-
ciated osteomyelitis. *F-FDG PET is reported as
the most sensitive method for this patient group
(De Winter et al. 2003). Using '*F-FDG PET, De
Winter et al. (2003) studied 57 patients with pre-
vious vertebral surgery. The specificity dropped
(to 75%) only for the subgroup of patients who
had undergone surgery within the past 6 months
or for those with osteosynthesis material pres-
ent (specificity 65%), but the authors concluded
that the number of false-positive results, even in
the early post-operative phase, remained accept-
able. Due to inflammation associated with tissue
healing, fractures and surgery causes increased
¥F-FDG accumulation and, therefore, may cause
false-positive interpretations of '*F-FDG PET
(Meyer et al. 1994, Zhuang et al. 2003). Zhuang
et al. (2003) assessed the period in which abnor-
mal, increased "F-FDG accumulation is noted
after traumatic or surgical fractures. Altogether
37 patients with a traumatic or surgical fracture
were evaluated: 14 patients had trauma or surgery
within the previous 3 months, and 23 had frac-
tures or surgical intervention more than 3 months
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prior to the "*F-FDG PET. The authors concluded
that abnormally elevated *F-FDG uptake result-
ing from bone tissue trauma lasts only a short pe-
riod. Previously, Zhuang et al. (2000) published a
report on a series of 22 patients suspected of hav-
ing osteomyelitis and reported two false-positive
cases of increased '"F-FDG uptake in patients
with tibial non-union and subsequent osteotomy.
In the absence of malignancies or infection at the
site of a fracture or surgery, increased *F-FDG
uptake should return to normal in less than 3
months, and, therefore, increased uptake after 3
months is probably due to osteomyelitis or an-
other pathological process (Zhuang et al. 2003).
Schiesser et al. (2003) evaluated '*F-FDG PET use
prospectively in the diagnosis of osteomyelitis as-
sociated with metallic implants (n=22). Of the 29
suspected infectious sites, '*F-FDG PET correctly
identified infection in 14 sites; a true-negative
result was confirmed for 14 patients. One false-
positive finding was found for a patient who had
undergone surgery 6 weeks prior to the imaging.
However, 8 patients who had undergone surgery
in the previous 6-8 weeks presented a true-neg-
ative finding in the PET scan. However, the level
and duration of abnormally increased "*F-FDG
uptake have not been fully established. Zhuang et
al. (2003) have noted that time is not the only fac-
tor that affects the length of an increased *F-FDG
uptake normalization period. Bone scintigraphy
returns to normal at different rates in different os-
seous structures; therefore it can be assumed that
also "F-FDG uptake patterns differ according to
the bone involved.

Despite promising early results, findings of
PET imaging for the evaluation of painful joint
prostheses have varied. In light of this variation,
a recent guideline of the American Academy of
Orthopaedic Surgeons issued only a weak rec-
ommendation for the use of nuclear imaging,
including * F-FDG PET, in the diagnosis of
periprosthetic implant infections (Della Valle et
al. 2011). Initially, it was suggested that *F-FDG
PET would be able to differentiate loosening from
an infected endoprosthesis with good confidence,
but more recent data suggest that this may not
be the case (Manthey et al. 1999, Van Acker et
al. 2001, Zhuang et al. 2001, Stumpe et al. 2004).

Petteri Lankinen

PET IMAGING OF OSTEOMYELITIS

Studies have shown that PET is more accurate
in diagnosing infection in hip prostheses than
in knee prostheses, but, so far, the explanation
for this variation is unclear. Zhuang et al. (2001)
studied the usefulness of PET imaging in the di-
agnosis of infection associated with knee and hip
prostheses. They reported the sensitivity, specific-
ity, and accuracy associated with knee prostheses
to be 90%, 72%, and 78%, respectively, and the
corresponding values for hip prostheses were
90%, 89%, and 90%, respectively. In a meta-anal-
ysis carried out by Kwee et al. (2008), the 89.8%
specificity reported for hip prostheses was con-
sidered to be significantly higher than the speci-
ficity of 74.8% for knee prostheses. Definite crite-
ria should be defined to characterize the uptake
pattern in aseptic loosening and periprosthetic
infection. It has been suggested that an increased
®E-FDG uptake marking infection must be pres-
ent along the interface between the bone and the
prosthesis to be considered infection (Van Acker
et al. 2001, Zhuang et al. 2001 and 2002, Chacko
et al. 2002, Vanquickenborne et al. 2003, Reinartz
et al. 2005, Delank et al. 2006). Commonly, also
in asymptomatic hips, an increased *F-FDG up-
take can be found around the neck section of a
prosthesis and in the inter-trochanteric area of fe-
murs, which should not be used as an indicator of
infection (Zhuang et al. 2001, Chacko et al. 2002,
Vanquickenborne et al. 2003, Reinartz et al. 2005,
Delank et al. 2006). Similarly, for asymptomatic
knee prostheses, diffuse '*F-FDG uptake has been
found in the inter-condylar space (Van Acker et
al. 2001). The cell-rich vascular peri-implant tis-
sue between the bone and a loose prosthesis, and
in the soft tissue around the neck of loose hip
implants, contains more activated macrophages
and proliferating cells, and this abundance can
possibly explain the significant accumulation of
F-FDG at sites of aseptic loosening (De Winter
et al. 2001).

8F-FDG PET has been proven to be a valuable
method for evaluating diabetic foot bone infec-
tions, but also significant limitations have been
presented. From 15% to 25% of diabetic patients
develop foot ulcers, and approximately from 15%
to 20% of the ulcers exhibit underlying osteomy-
elitis (Reiber 1996, Ramsey et al. 1999, Lavery et
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al. 2003 and 2006). Keidar et al. (2005) evaluated
the use of *F-FDG PET/CT with 14 patients with
diabetic foot infections. They concluded that '*F-
FDG PET/CT was applicable for these patients in
that combined PET/CT instrumentation allowed
a precise diagnosis for bone and soft-tissue infec-
tion; in addition, anatomic localization of abnor-
mal ®F-FDG uptake can facilitate the necessary
treatment. In comparison, Schwegler et al. (2008)
and Familiari et al. (2011) reported significantly

worse results. In both of these studies, PET instru-
mentation without CT was used, which may have,
to some extent, influenced the results. Diabetic pa-
tients exhibit insulin resistance, and this resistance
may have influenced the insufficient cellular up-
take of the glucose analogue *F-FDG (Maor and
Karnieli 1999, Schwegler et al. 2008). In addition, a
long-lasting, marked, low-grade infectious process
and the possible use of antimicrobial agents were
considered as possible explanations.

2.4. PET imaging of inflammatory reaction

Inflammatory reaction is the initial response to
trauma, tissue irritation, or microbial invasion.
Inflammation, in association with both infectious
and non-infectious processes, is characterized by
an increase in glucose consumption by activated
granulocytes, lymphocytes, and macrophages. In
non-infectious diseases the pathological process
is initiated at the molecular or chemical level and
is subsequently followed by anatomical changes.
F-FDG PET provides means for detecting and
quantitatively evaluating inflammatory disease
activity in vivo already in the pre-anatomical
stage. Non-infectious inflammatory conditions
involving the musculoskeletal system include
osteoarthritis, rheumatoid arthritis, ankylos-
ing spondylitis, seronegative arthritis, bursitis,
tendinitis, synovitis, rotator cuff degeneration,
polymyalgia rheumatica, myocitis, tissue heal-
ing process, and radiation necrosis (Metser and
Even-Sapir 2007).

2.4.1. Imaging of inflammatory
conditions in the skeletal system

The pathogenesis of osteoarthritis, a disease af-
fecting the entire joint structure, is hypothesized
to result from mechanical and biochemical degen-
erative changes associated with ageing. Its patho-
genesis and progression have been proposed to be
associated with the infiltration of inflammatory
cells that lead to synovitis, osteoarticular inflam-
mation, and subsequent progression of anatomi-
cal changes (Pelletier et al. 2001, Fernandes et al.
2002). Currently, the main diagnostic tools are
clinical evaluation in concordance with conven-
tional x-ray imaging. It is believed that *F-FDG

PET could illustrate the initial metabolic changes
in glucose utilizing chondrocytes that maintain
the high concentration of glucosaminoglycan in
cartilage (Carey et al. 2011). Various publications
have evaluated the applicability of *F-FDG PET,
including information related to several affected
joints. In 2001, Schulthess et al. reported that, in
a retrospective analysis of data on 354 patients,
F-FDG PET findings preceded the symptomatic
findings of osteoarthritis. They found a strong
correlation between *F-FDG uptake, graded ac-
cording to a visual assessment scale, and the pa-
tient’s age. Degenerative osteoarticular changes
are a common cause of ¥F-FDG accumulation
in the shoulder. Wandler et al. (2005) evaluated
tracer uptake patterns in 24 patients to identify
specific shoulder disease entities. According to
the final diagnosis, based on the clinical diagno-
sis, 14 of 21 patients had consistent findings in
the®F-FDG PET imaging; the remaining 7 pa-
tients were found to be clinically normal. They
were able to show 3 different *F-FDG uptake pat-
terns, each corresponding to a different disease
entity (diffuse uptake around the glenohumeral
joint that indicated osteoarthritis or bursitis, a
greater focal tuberosity uptake that indicated ro-
tator cuff degeneration, and local glenoid uptake
that indicated clinically evident frozen shoulder).
It must be noted that 5 non-symptomatic patients
had positive PET findings, and 3 patients exhib-
ited more than one uptake pattern. Rosen et al.
(2006) determined the prevalence of abnormal
F-FDG uptake in respect to degenerative spine
diseases and correlated the results with CT find-
ings. An increase in tracer uptake was the most
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frequently noted in the lumbosacral region. The
authors reported that the severity of the degener-
ative process, evaluated as the degree of *F-FDG
uptake, showed a significant, although weak, cor-
respondence to CT findings. Importantly, with
PET/CT, a differentiation of metastatic spinal le-
sions from degenerative processes was achieved.
One common drawback of ¥F-FDG PET osteo-
arthritis studies is that they constantly lack histo-
pathological confirmation of the diagnosis. With
PET, patients are subjected to greater radiation
exposure than when plain radiographs are used,
and this feature hinders the use of this method,
especially in the follow-up of patients with chron-
ic degenerative joint disorders.

Rheumatoid arthritis is a chronic autoim-
mune, joint-destroying disease characterized by
progressive systemic inflammation and chang-
es in synovial tissue (Brenner 2004). Synovial
changes are characterized by massive leukocyte
infiltration, proliferation, and hyper-vasculariza-
tion, all resulting in pannus formation (Carey et
al. 2011). Early diagnosis for inflammatory joint
disorders is crucial so that appropriate therapy
can be started before structural changes emerge.
In addition, the follow-up of treatment response
is important, as is identifying patients with an in-
creased risk of rapid disease progression. At the
molecular level, Lin et al (2007) demonstrated the
applicability of ¥F-FDG PET in the evaluation of
inflammatory joint disorders in two rabbit mod-
els of acute knee inflammatory arthritis. They re-
ported that '®F-FDG uptake correlated with syno-
vial fluid tumour necrosis-alpha levels. In 2009,
Matsui et al. studied the correlation between
¥F-FDG accumulation and rheumatoid arthritis
pathology in rats with collagen-induced arthritis.
They concluded that, in the tested animal model,
F-FDG accumulated in swollen joints and up-
take increased with the progression of the arthri-
tis. Tracer accumulation correlated more with
pannus formation than with the infiltration of
inflammatory cells. In a clinical study of 10 pa-
tients, of 9 of whom had an established inflam-
matory joint destructive process in the hip and
1 patient showed the same process in the ankle
joint; all of the affected joints could be detected
with F-FDG PET (Roivainen et al. 2003). It was
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also reported that ®F-FDG SUV highly correlated
with the synovial volume measured with MRL
Later, the '*F-FDG uptake was shown to correlate
with MRI and ultrasound findings, as well as with
laboratory parameters of serum inflammation
(C-reactive protein and matrix metalloprotein-
ase-3) (Beckers et al. 2004). Rheumatoid arthri-
tis frequently affects small joints. In a study of 14
rheumatoid arthritis patients with symptoms in
joints of the hand and the wrist, an increased *F-
FDG uptake was reported for 29% of the joints
(Elzinga et al. 2007). The precise mechanism of
F-FDG uptake to sites of rheumatoid inflam-
mation has not been thoroughly depicted (Met-
ser and Even-Sapir 2007). Indeed, in a study of
12 patients with ankylosing spondylitis, disease
activity was introduced as being reflected pre-
dominantly by bone formation, imaged with '*F-
fluoride, rather than by an inflammatory reaction
imaged with ¥F-FDG (Bruijnen et al. 2012).

It is widely known that, for orthopaedic pa-
tients, bone fracture and adjacent tissue healing is
the most frequent cause of false-positive *F-FDG
PET findings (Rosenbaum et al. 2006, Meller et
al. 2007). Whether '*F-FDG PET would be appli-
cable in the evaluation of fractures has also been
examined. Hsu et al. (2007) compared the char-
acteristics of "*F-fluoride and “F-FDG in the as-
sessment of fracture healing in a rat femur model
with weekly PET scans. *F-fluoride, an indicator
of osteoblastic activity, resulted in a progressively
increased uptake in femurs with successful frac-
ture unions, but only minimal uptake occurred in
the animals with non-unions. This finding sug-
gests that '*F-fluoride can be used as an indicator
of disrupted bone healing. In contrast, there were
no differences in the *F-FDG uptake between the
groups at any time point. Schmitz et al. (2002)
evaluated *F-FDG PET findings among patients
(n=17) with vertebral compression fractures.
They questioned whether F-FDG PET would
distinguish pathological fractures from osteo-
porotic fractures. Four fractures were identified
as being pathological, three had been caused by
spondylodiscitis, and one was due to plasmacy-
toma. "F-FDG PET resulted in one false-positive
result, but all four of the pathological fracture pa-
tients exhibited significantly increased tracer ac-
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cumulation. In light of this finding, Schmitz et al.
concluded that ¥F-FDG PET may have a poten-
tial role in distinguishing between pathological
and osteoporotic vertebral fractures.

Bone radiation damage is reported to be a rare,
but potentially critical complication of radiation
therapy. Osteoradionecrosis may be a significant
pitfall in the use of "*F-FDG PET with respect to
oncological patients (Liu et al. 2004, Lee et al.
2008). The region of osteoradionecrosis exhibits
radiation-induced ischaemic necrosis with sub-
sequent inflammatory reaction resulting in an
increased uptake of F-FDG (Metser and Even-
Sapir 2007). Distinguishing osteoradionecrosis
from tumour recurrence or residual tumour on
the basis of radiographic CT or MRI changes may
also be complicated. Therefore, *F-FDG PET is
more applicable in the follow-up of post-radia-
tion bone changes, especially when CT/MRI find-
ings remain indefinite (Liu et al. 2004).

2.4.2. Vascular adhesion protein-1

Vascular adhesion protein-1 (VAP-1) was de-
scribed by Salmi and Jalkanen in 1992. Further
analysis of the molecule revealed that VAP-1 was
a homodimeric, copper-containing, 170 kDa si-
aloglycoprotein that belongs to a specific group
of semicarbazide oxidases (SSAOs) (Smith et al.
1998). VAP-1 is a dual-function membrane pro-
tein with adhesion properties and amine oxidase
activity. Only a low level of VAP-1 can be de-
tected on the normal endothelium of some ves-
sels, as it is predominantly stored in intracellular

granules (Arvilommi et al. 1996). Under normal
conditions, VAP-1 is abundantly present in peri-
cytes, smooth muscle cells, and fat cells, but it is
absent from all leucocytes and most capillaries
and endothelial cells in large vessels (Salmi and
Jalkanen 2001, Abella et al. 2003). Upon inflam-
matory challenge, its expression is induced and
it is rapidly translocated to the luminal surface
of endothelia (Salmi et al. 1993, Jaakkola et al.
2000). In addition, VAP-1/SSAO molecules occur
in a soluble-circulating form in the blood stream.

WBC extravasation from the blood into tis-
sues is crucial for an adequate inflammatory re-
sponse. The leukocyte extravasation process is
comprised of overlapping steps and is governed
by several classes of adhesion molecules and che-
mokines (Figure 3) (Butcher and Picker 1996). A
group of selectins and their ligands mediate the
initial tethering and rolling phase. In the second
step, chemoattractants help to form a more stable
adhesion between the vessel endothelia and leu-
kocytes. The final step of firm adhesion and dia-
pedesis through the vascular wall is mediated by
leukocyte integrins and members of the immu-
noglobulin superfamily.

VAP-1 plays a critical role in leukocyte traf-
ficking by recruiting lymphocytes, CD8* T-cyto-
toxic cells, and CD16* natural killer cells in par-
ticular, from blood into lymphoid organs and into
inflamed tissues (Figure 3) (Smith et al. 1998).
VAP-1 has been shown to mediate leukocyte ad-
hesion to venules in synovial tissue sections from
patients with rheumatoid arthritis, in inflamma-
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Figure 3. Schematic representation of leukocyte extravasation cascade and involved adhesion molecules and chemokines. Modified from Salmi
and Jalkanen (2005).
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tory skin diseases (e.g., psoriasis and atopic ec-
zema), in Crohn’s disease, and in ulcerative colitis
(Salmi and Jalkanen 2001). In endothelial cells
and adipocytes, VAP-1 can directly regulate lym-
phocyte rolling and stimulate glucose transport
(Salmi et al. 2000, Zorzano et al. 2003, Stolen
et al. 2005). In experimental acute peritoneal
inflammation model blocking of VAP-1 func-
tion resulted in diminished granulocyte rolling,
firm adhesion, and transmigration (Tohka et al.
2001). After the inhibition of VAP-1 activity with
monoclonal antibodies, a significant decrease in
inflammatory response was found in mice (Me-
rinen et al. 2005). The enzymatic SSAO activity
of VAP-1 is a key source of hydrogen peroxide
generation through the deamination of methyl-
amine and aminoacetone. Hydrogen peroxide is
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a known pro-inflammatory substance, and, when
locally produced, it mediates leukocyte entry into
tissue (Salmi and Jalkanen 2005).

For PET imaging Ujula et al. (2009) described
the synthesis and *Ga-radiolabelling of linear
peptide containing DOTA-chelate (**Ga-DOT-
AVAP-P1). Previously, the linear nine amino acid
peptide was introduced to bind to a groove of a
VAP-1 molecule (Yegutkin et al. 2004). Studies
on VAP-1-targeting tracers in PET imaging have
been published in turpentine oil-induced acute
sterile inflammation, in tumour xenografts and
in biodistribution studies (Autio et al. 2010 and
2011, Aalto et al. 2011). After the initial studies,
VAP-1 binding radiopharmaceutical has been
developed further (Silvola et al. 2010, Autio et al.
2010 and 2011).

2.5. Animal models of osteomyelitis

Conducting clinical studies on bone infections is
difficult due to the low incidence rate, the variety
of clinical presentation, the diversity of pathogens
and their antimicrobial sensitivity, the variety of
anatomical locations, and the differences in hu-
man host status. These difficulties have led to the
development of animal models of osteomyelitis.
Several animal models using different species
have been described, but most studies are per-
formed with rabbits, rats, or mice (O Reilly and
Mader 1999). The precise predictive value of the
results of animal studies, as compared with those
obtained with humans, still remains unclear.

The rabbit osteomyelitis model is widely used.
As compared with models of other animal species,
the rabbit model is effective, and the induction of
infection is relatively easy. In addition, there is a
low mortality rate, it also allows repeated surgical
procedures, and the use of implants is possible. In
1884, Rodet performed the initial attempts to cre-
ate the rabbit osteomyelitis model with the use of
the intravenous “micrococcus” inoculum (Rodet
2005). Later, Lexer (1894) produced bone abscess-
es using intravenous S. aureus inoculum. Lexer
concluded that acute, progressive medullary bone
infection was impossible to induce through the
use of an intravenous injection of pathogen alone.
In 1941, Scheman et al. developed a reproducible
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rabbit animal model of chronic tibial osteomyelitis
using a sodium morrhuate and staphylococci in-
jection into the metaphysis by inserting a needle
into the medullary cavity percutaneously. In the
experiment, some of the animals died prematurely,
but most of them developed chronic, although
variable, osteomyelitis. Norden (1970) and Norden
and Kennedy (1971) further studied Scheman’s an-
imal model. In 1 to 3 weeks postinfection, the de-
scribed model has been found to produce a diffuse
acute-subacute infection, which closely mimicked
human osteomyelitis (Mader and Shirtliff 1999).
The authors evaluated the significance of direct
intramedullary bacterial inoculation with and
without sodium morrhuate (Norden 1970). Sodi-
um morrhuate is a sclerosing agent, composed of
fatty acids and arachdonic acids, producing asep-
tic bone necrosis. Altogether 90% of the animals
administered both sodium morrhuate and the
staphylococcal inoculum produced microbiologi-
cally and histologically confirmed osteomyelitis at
60 or even 180 days. The rabbit model presented by
Norden and Kennedy is currently the most widely
used. Andriole et al. (1973 and 1974) developed a
rabbit model using the insertion of a stainless steel
pin. According to the Cierny-Mader classification,
the model produces 1A osteomyelitis. A total of
88% of the animals given the Giorgio staphylococ-
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cal inoculum after the insertion of an intramedul-
lary pin produced culture-positive osteomyelitis
with both clinical and roentgenographic findings
of bone infection. The authors concluded that the
model would maintain chronic bone infection for a
period of 1.5 years. Currently, the Andriole model
is only rarely used. Worloc et al. (1988) described
an animal model that mimics post-traumatic os-
teomyelitis. The rabbit tibia is surgically exposed,
fractured, and stabilized with a wire. Subsequently,
S. aureus inoculum is injected into the fracture site.
In addition to S. aureus, also other pathogens have
been used in modifications of these animal mod-
els, for example, Pseudomonas aeruginosa, Bac-
terioides spp. (including fragilis, thetaiotamicron,
melanogenicus) (Norden et al. 1980, Mayberry-
Carson et al. 1990 and 1992, Johansson et al. 1991,
Lambe et al. 1991, Petri 1991).

The most widely used rat model for osteo-
myelitis was originally introduced by Zak et al.
(1981). Later it was described in more detail by
Rissing et al. (1985a,b). Originally, the rat model
was based on the Scheman et al. (1941) rabbit
model. Infection was induced by the application
of sodium morrhuate and S. aureus inoculations
into the tibial metaphysis through a drilled hole.
The created cortical bone defect was sealed with
bone wax. The use of bone wax has been shown
to have a promotional effect on the induction of
experimental osteomyelitis (Nelson et al. 1990).
Of 107 animals, 87 (81%) had culture-positive
osteomyelitis, and the cultures remained positive
for an observation period of 70 days. In a histo-
pathological evaluation, a chronic bone infection
was confirmed. Lucke et al. (2003) described a
rat model of implant-related bone infection that
mimicked intramedullary nailing. The infection
was induced with as little as 10? cfu/10 pl of bac-
terial inoculum through the use of a sterile K-
wire. No additional substances, such as sclerosing
agents, were needed to induce the infection.

Mice are widely used for all research purposes.
Due to the vast knowledge existing on the func-
tion and regulation of the mouse immune system,
a mouse model was created to study the immune
response to the osteomyelitic process. Chadha et
al. (1999) modified a previously described rabbit
model to create a post-traumatic osteomyelitis

model for mice. A total of 27 mice were divided
into two groups, a control group with a fracture
without bacterial inoculum (n=7) and a group of
20 mice who received an intravenous injection
of S. aureus, along with a created fracture of the
proximal tibial growth plate. Seven days after the
surgery, all of the bone cultures were positive for
the mice inoculated with S. aureus, and, in the
histological examination, osteomyelitic changes
were evident. In addition, the presence of S. au-
reus was confirmed with the use of polymerase
chain reaction (PCR).

Smaller animal species are unable to accom-
modate clinically relevant implant devices or
tolerate repeated surgical procedures. In 1983,
Fitzgerald published a canine model of tibial os-
teomyelitis. The tibial metaphysis was surgically
exposed, and a lcm cortical bone window was
drilled, followed by S. aureus inoculum. The cre-
ated defect was filled with polymethylmethacry-
late (PMMA) bone cement. Later, in an important
experimental study, Petty et al. (1985) evaluated
and compared the incidence of infection associ-
ated with commonly used materials in orthopae-
dic and trauma surgery. Infection was induced in
canine femur by a bacterial inoculum (S. aureus,
S. epidermidis or Escherichia coli) and followed
by the insertion of a foreign body (stainless steel,
chromium cobalt, polyethylene, or PMMA). The
presence of a foreign body significantly reduced
the number of pathogens needed for the induc-
tion of infection. PMMA, especially when al-
lowed to polymerize in vivo, caused osteomyelitis
already with 1000 cfu of S. aureus.

For conventional scintigraphy, novel tracers
have been studied in a number of experimental
models in different animals (Patel et al. 2009).
However, thus far, a significantly fewer number
of experimental osteomyelitis models have been
used to evaluate novel tracers for PET. Ren et al.
(2012) used rat models to study "'C-PK11195 and
8E-FDG for the differentiation of septic S. aureus
and aseptic prosthesis loosening with PET. More
frequently, modifications of rabbit osteomyelitis
and foreign-body infection models have been
used in PET studies (Koort et al. 2004 and 2005,
Jones-Jackson et al. 2005, Mikinen et al. 2005,
Brown et al. 2012).
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Thesis /

3. AIMS OF THE STUDY

The present study was initiated to improve the
tools for diagnosing osteomyelitis and to evalu-
ate the accuracy of F-FDG PET under different
infectious bone conditions.

The following aims are addressed in this thesis:

1. To compare "*F-FDG and **Ga-chloride in the
PET imaging of osteomyelitis and uncompli-
cated bone healing in a rat model.

2. To characterize the feasibility of using a new
%Ga-labelled synthetic peptide (*Ga-DOTA-
VAP-P1) targeted towards VAP-1/SSAO for
PET imaging of early inflammatory and in-
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fectious processes in healing bones in a rat
model.

To determine whether a causative bone
pathogen contributes to the level of *F-FDG
uptake in PET imaging of S. aureus osteomy-
elitis and S. epidermidis biomaterial-related
bone infection in a rabbit model.

To determine whether the level of *F-FDG
uptake is dependent on the virulence of the
underlying pathogen and whether it differs in
culture-negative and culture-positive patients
of histologically and/or microbiologically
proven osteomyelitis.
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4.1. Experimental studies

4.1.1. Experimental animals

Adult male Sprague-Dawley rats (n=128) (I
and II) and New Zealand white rabbits (n=22)
(III) were used in the experimental studies.
Before surgery, the animals were acclimated
to their new environment. Throughout the ex-
periments, the animals were allowed to move
without restrictions, and their well-being was
monitored daily. The Ethics Committee of the
University of Turku and the Provincial State
Office of Western Finland approved the study
protocols. All of the experiments were carried
out in the Central Animal Laboratory of the
Institution, which is included in the National
GLPC-Compliance Program and is managed
according to the European Convention for the
Protection of Vertebrate Animals Used for Ex-
perimental and Other Scientific Purposes and
Statutes 1076/85 §3 and 1360/90 of the Animal
Protection Law of Finland and EU Directive
86/609.

4.1.2. Anaesthesia and peri-operative
care

The surgical procedures were performed in a vet-
erinary operating room with the use of standard
surgical techniques under strict sterile surgical
conditions. The operated hind leg was carefully
shaved, disinfected, and covered with sterile
sheets. The animals were anaesthetized with a
mixture of fentanyl plus fluanisone (Hypnorm’)
and midazolam (Midazolam Hameln). Anaes-
thesia was reversed by a subcutaneous injection
of naloxone (Narcanti). After the surgery, the
animals were closely monitored, and standard
post-operative pain medication was given. For
the rats and the rabbits, buprenorphine (Temge-
sic’) and carprofen (Rimadyl" Vet), respectively,
were administered for 3 post-operative days. All
of the animals were killed with an overdose of
sodium pentobarbital (Mebunat’) at stipulated
intervals.

4.1.3. Pathogens used in the induction
of osteomyelitis and foreign-
body infection

Three different staphylococcal strains were

used. In studies I, I, and III S. aureus (strain

52/52A/80, kindly provided by Dr Jon T. Mader)
was used as the pathogen. Originally, the strain
was isolated from a child with osteomyelitis. The
strain (52/52A/80) has been used extensively in
experimental models of osteomyelitis (Rissing

1990). In study III, a foreign-body-associated

infection model was created using a labora-

tory strain of S. epidermidis (ATCC 35983) and

a clinical strain of S. epidermidis (T-54580). The

T-54580 S. epidermidis strain was retrieved at the

Turku University Hospital from a young male

with a post-operative infection of a plated proxi-

mal tibial fracture. The bacterial inoculum was
cultured overnight on a blood agar plate. Bacte-
rial cells were suspended in sterile saline until the
final optical density was achieved. On the basis of
the optical density measured with a spectropho-
tometer, a suspension containing approximately
3x 108 cfu/ml of S. aureus (I, II, III) and 10° cfu/

ml of S. epidermidis (III) was used as the inocu-

lum. The bacterial suspension was stored at 4°C

and used on the day of preparation. To confirm

the actual number of bacteria in the suspension, a

10-fold dilution series was prepared, and 100 pl of

each dilution was plated on blood agar plates for
the calculation of the cfu/ml.

4.1.4. Experimental animal models and
study protocols

4.1.4.1. Tibial osteomyelitis model of rat

In studies I and II, animals were divided into two
groups, animals with induced osteomyelitis and
control animals representing uncomplicated bone
healing. In study I, comparative *F-FDG and ®Ga-
chloride PET imaging were performed with both
tracers on consecutive days 2 weeks after the sur-
gery. For comparative ex vivo measurements of tis-
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sue radioactivity, the accumulation of *F-FDG and
%Ga-chloride was studied in animals with induced
osteomyelitis and in animals with normal bone heal-
ing at 2 weeks. In addition, comparative 120-minute
dynamic ®F-FDG and ®Ga-chloride PET imaging
were performed for two osteomyelitic rats.

Study II consisted of two parts. Firs, time se-
ries analyses of PET uptake using ®Ga-DOTA-
VAP-P1 as a tracer were performed at 12, 24, and
36 hours and at 7, 14, and 28 days after the sur-
gery. In the second part of the study, PET imaging
was performed at 24 hours and at 7 days after the
surgery on animals with induced osteomyelitis
and animals with normal bone healing. In addi-
tion, 10 healthy non-operated rats were used for
the harvesting of control bone samples for the
histological examination.

A diffuse rat osteomyelitis model (stage IVA
of the Cierny-Mader classification; osteomyelitis
secondary to a contiguous focus of infection in
the Waldvogel classification) was applied (Mader
1985, O'Reilly and Mader 1999). A small cortical
bone defect (diameter 1.0 mm) was created in the
proximal medial metaphysis of the right tibia with
the use of a high-speed dental drill. Local bone
marrow was removed with saline lavage. Osteo-
myelitis was induced by administering 0.05 ml of
5% w/v sodium morrhuate (Scleromate’). Immedi-
ately thereafter, 0.05 ml of S. aureus bacterial inoc-
ulum was administered into the medullary cavity.
The cortical bone defect was sealed with bone wax
to prevent bacterial leakage and also to provide a
foreign body for infection (Nelson et al. 1990). The
skin wound was cleaned with sterile saline lavage
and closed in layers. In the control animals, a cor-
tical defect of equal size was drilled, but sodium
morrhuate, bacterial suspension, or bone wax were
not used. Before the wound was closed, the surgi-
cal field was lavaged with sterile saline containing
150 mg of cefuroxime sodium (Zinacef).

4.2. Clinical study

4.2.1. Patients

In study IV the patient population was 40 con-
secutive orthopaedic patients who had “F-FDG
PET between May 2000 and February 2004 for an
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4.1.4.2. Tibial osteomyelitis and foreign-body
bone infection models of rabbit

In study III, the animals were randomized into
three groups on the basis of the infection model
and the inoculated pathogen. In group 1, a local-
ized osteomyelitis model induced with a clinical
strain of S. aureus was applied. In groups 2 and
3, a foreign-body-associated infection model was
used, a clinical or laboratory strain of S. epidermi-
dis being applied. Each animal underwent a two-
stage surgery for the induction of bone infection
in the medullary cavity of the proximal left tibia.
In study III, F-FDG PET imaging and other
analyses were performed 6 weeks after second-
stage surgery.

The localized S. aureus osteomyelitis model
(stage ITIA of the Cierny-Mader classification)
was adopted from that of Koort et al. (2004), and
the foreign-body-associated infection model was
modified from that of Mayberry-Carson et al.
(1992). With the use of an anteromedial surgi-
cal approach, a cortical bone window (6 mm x
2.7 mm) was drilled into the proximal medial
metaphysis of the left tibia. Bone marrow was re-
moved with saline lavage. A small block of bone
cement was transplanted into the medullary cavity,
followed by a peri-implant injection of 0.10 ml of
S. aureus or one of the two S. epidermidis strains.
The animals inoculated with S. epidermidis also
received an 0.1 ml injection of aqueous sodium
morrhuate (5 % wt/vol) (Scleromate’) for the in-
duction of local bone necrosis and to promote the
development of the infectious process. At 2 weeks,
with the use of the previous surgical approach, the
animals underwent second-look surgery for verifi-
cation of the induced local infection. The bone ce-
ment block was left in place in the animals with S.
epidermidis inoculum in order to mimic a foreign-
body-associated infection, but it was removed
from the S. aureus-inoculated animals.

evaluation of a clinically suspected bone infection.
The suspicion of bone infection was based on clini-
cal symptoms, laboratory findings, and results of
conventional imaging modalities. The study cases
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were retrieved from the hospital database on the
basis of the reference number of the *F-FDG PET
imaging. The study group included 25 female and
15 male patients, with a mean age of 48.4 (SD 22.1
years; range 10-82 years). The clinical charts of the
patients were retrospectively reviewed.

There was no contact with the patients, and in-
formed consent was not obtained. The study was
approved by the hospital and was conducted in
accordance with the principles of Declaration of
Helsinki.

Altogether 26 (65%) of the 40 patients had
definite histopathological and/or microbiological
diagnoses based on the examination of the sam-
ples. A total of 14 of the original 40 patients were

4.3. Analysis methods

A summary of the analytical methods used in
each study is presented in Table 7.

4.3.1. Experimental studies

4.3.1.1. Positron emission tomography

PET imaging was performed using an Advance
PET Scanner (General Electric Medical Systems)

excluded from the current analysis: 7 cases were
excluded because no histopathological or micro-
biological verification of the diagnosis was made;
5 cases because "F-FDG PET was applied only
in the evaluation of an antimicrobial treatment
response; and 2 cases were excluded because
the primary indication for *F-FDG PET imag-
ing was tumour imaging and not the presence of
associated infection. The final diagnosis was os-
teomyelitis for 16 patients (62%), soft-tissue in-
fection for 4 patients (15%), and spinal-implant
infections for 2 patients (8%). In the remaining
4 cases, the final diagnoses were plasmacytoma,
osteoblastoma, transient bone marrow oedema,
and sternoclavicular osteoarthritis.

in studies I, II, and IV, and in study III a Dis-
covery PET/CT device (General Electric Medical
Systems) was used. *F-FDG was synthesized with
an automatic apparatus by a modification of the
method of Hamacher et al. (1986). ®*Ga-chloride
was eluted with 0.1 M HCI from a “Ge/**Ga gen-
erator (Cyclotron C) and was neutralized with
1 M NaOH before use. Linear nine amino acid

Table 7. Applied analysis methods in studies I-IV

Method Study | Study Il Study Il Study IV
'®F-FDG PET O °
%Ga-chloride PET B

%Ga-DOTA-VAP-P1 PET .

'8F-FDG PET/CT .

Ex vivo measurement of tracer accumulation o

pQCT . . .

Radiography . . .

Bacteriology . . . .
Histology . . . .
MRI .
CcT .
Infection scanning .
Bone scanning .
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peptide (GGGGKGGGG) containing DOTA-
chelate was synthesized and labelled with %Ga
(**Ga-DOTAVAP-P1) (Ujula et al. 2009). The
animals fasted for 4 hours prior to the tracer in-
jection. The tracers were injected into the rat tail
vein (I, IT) or into the ear vein of the rabbits (IIT).
Dynamic PET imaging consisting of 4 x 5 minute
frames was started 40 minutes after the injection
of ¥ F-FDG (I, III), 70 minutes after the injec-
tion of ®Ga-chloride (I), and 40 minutes after the
injection of ®*Ga-DOTAVAP-P1(II). With the use
of two rod sources containing *germanium, a
5-minute transmission scan for attenuation cor-
rection was obtained after the emission imaging.

Scatter correction, random counts, and dead-
time corrections were incorporated into the
reconstruction algorithm. Images were recon-
structed in a 128x128 matrix. A quantitative
analysis of tracer uptake was performed for the
standardized circular region of interest (ROI)
(diameter = 3.0 mm for the rats and radius = 3.8
mm for the rabbits) of the operated tibia and the
corresponding region of the contralateral intact
tibia. Tracer accumulation was reported as the
SUV, which is calculated from the amount of ra-
dio activation in the ROI divided by the relative
injected dose expressed per animal body weight.
The SUV ratios between the operated and non-
operated sides were calculated (De Winter et al.
2001).

4.3.1.2. Ex vivo measurement of tracer
accumulation

In study II, the accumulation of ®F-FDG and
%Ga-chloride was studied ex vivo for the osteo-
myelitic animals and for the animals with heal-
ing bone defects at 2 weeks. After the tracer ac-
cumulation (60 minutes for *F-FDG, 90 minutes
for ®*Ga-chloride), an intra-cardiac blood sample
was obtained, and the animals were killed.

A 15-mm-long segment of the operated proxi-
mal tibia (including the site of the bone defect)
and a corresponding segment of the contralateral
tibia were resected for an analysis of the tracer
uptake. In addition, specimens were excised
from calf muscles. The radioactivity of the blood,
muscle, and bone specimens was measured with a
gamma counter (1480 Wizard 3” Gamma Coun-
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ter) cross-calibrated with a dose calibrator (VDC-
202). The tracer accumulation was expressed as
the SUV [(tissue radioactivity/tissue weight)/
(total given radioactivity/rat body weight)], and
the radioactivity ratios (SUV ratios) between the
operated and non-operated sides were calculated.
The target-to-background ratio was also calcu-
lated by dividing the SUV of the osteomyelitic
or healing tibia by the SUV of the ipsilateral calf
muscle.

4.3.1.3. Peripheral quantitative computed
tomography

After the PET imaging, each animal underwent
peripheral quantitative computed tomography
(pQCT) scanning (I, II and III). The imaging
was performed with the use of a Stratec XCT
Research M pQCT device (Norland Stratec Med-
izintechnik GmbH). The animals were placed in
a holder to standardize the position of the legs.
After an initial scout view, the proximal tibias
at the site of the bone defect were imaged in 6
consecutive cross-sectional images. A voxel size
of 0.07x0.07x0.50 mm?® and a slice distance of
0.5 mm were used for the rats (I, II), the corre-
sponding distance being 0.75 mm for the rabbits
(ITI). The density (mg/cm’) and area (mm?) of
the trabecular and cortical bone were measured
at the cross-sectional plane at the midlevel of the
bone defect of the operated tibia and at the corre-
sponding plane of the contralateral intact tibia (I,
II). In study III, the pQCT images were analysed
for the presence of osteomyelitic destruction and
reactive new-bone formation.

4.3.1.4. Radiography

Anterjor-posterior and lateral radiographs of the
operated limbs were taken on digital image plates
(Fuji IP cassette) with a standard stationary X-ray
unit (Philips) (I, IT and III).

In studies I and II the radiographic presence of
osteomyelitic bone changes was classified accord-
ing to the Rissing osteomyelitis system (Rissing et
al. 1985b) (Table 8). Two independent observers
(authors PL and TJM) evaluated the radiographs
with respect to four parameters (the presence of
periosteal elevation, architectural distortion, wid-
ening of the bone shaft, and new bone formation),
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Table 8. Radiographic assessment of osteomyelitic changes in rats (I, ll) according to Rissing et al. (1985b)

Radiographic findings

Raised periosteum
Destruction of architecture
Widening of shaft

New bone formation

Concurrent presence of any two radiographic tests

Composite score; representing the total number of cases with each of these particular abnormalities divided by the total number tested

Percentual area of bone destruction

Table 9. Radiographic assessment of osteomyelitic changes in rabbits (1ll) according to Mader and Wilson (1983)

Radiographic findings

Normal

Elevation or disruption of periosteum or both; soft tissue swelling

< 10% disruption of normal bone architecture
10-40% disruption of normal bone architecture

> 40% disruption of normal bone architecture

40

and their consensual interpretation was used for
the data analysis. The radiographic presence of
destructive bone changes in the lateral view of the
tibia was quantified with a computer-based image
analysis system (LabVIEW 6.1). The area of bone
destruction was measured and expressed as the
percentage of the total area of the tibia in the later-
al view. The average value of two independent ob-
servers was used in the data analysis. In study III,
two independent observers (authors PL and KL)
classified the radiographic bone changes according
to the osteomyelitis grading system of Mader and
Wilson (1983) (Table 9), and their consensual in-
terpretation was used for the data analysis.

4.3.1.5. Microbiological analysis

The bone defect area was exposed with ster-
ile techniques to obtain bone culture speci-
mens of bone (I, II and III) and foreign body
(IIT). Swab cultures were taken from subfascial
soft tissues. The proximal tibia was aseptically
cross-sectioned with the use of a high-speed cir-
cular saw. All of the swab specimens were cul-

tured for 18 to 20 hours at 35 °C on blood agar
plates. After snap-freezing in liquid nitrogen and
homogenization with a mortar and pestle, all of
the specimens were vortexed in saline for 5 min-
utes, and 10 serial 10-fold dilutions were done to
determine the colony-forming units (cfu) of S.
aureus or S. epidermidis per gram of bone. The
dilutions were cultured for 18 to 20 hours at 35

°C on blood agar plates. The aseptically harvested
bone-cement blocks were cultured on blood agar,
immediately placed in BBL™ brain heart infusion
broth (Becton, Dickinson and Company), and
incubated up to 5 days at 35 °C. The turbidity
of the broth samples was observed daily, and
positive cultures were plated on blood agar plates.
The plates were incubated for 18 to 20 hours at
35 °C. Negative broth samples were cultured
similarly after 2 and 5 days of incubation.

The isolated pathogens were identified on the
basis of morphology, the Slidex” Staph Plus latex
agglutination test, and the API-Staph’ identifi-
cation test (bioMérieux) (van Griethuysen et al.
2001). S. aureus (ATCC 29213) was used as the
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positive control, and Enterococcus faecalis (ATCC
29212) was the negative control. Pulse-field gel
electrophoresis (PFGE) was used to confirm that
the isolated strain of S. aureus was identical to the
inoculated strain (52/52A/80).

4.3.1.6. Histology

For the hard-tissue histopathological exami-
nation, the bone specimens were fixed in 70%
ethanol, dehydrated in a graded series of ethanol,
cleared in xylene, and embedded in isobornyl-
methacrylate (Technovit 1200 VLC). Sections (20
um) were prepared and stained with a modified
van Gieson method (I, IT and III).

For the decalcified histology, the specimens
were fixed in 10% formaldehyde, decalcified, and
embedded in paraffin. Sections (4 pm) were pre-
pared and stained with haematoxylin and eosin
for the evaluation of the inflammatory cell re-
sponse (I, II and III).

In study II, the level of VAP-1 expression at
the site of osteomyelitis or healing bone was de-
termined from samples of decalcified, paraffin-
embedded bone tissue. The staining of paraffin
sections with polyclonal anti-serum, used in im-
munoperoxidase stainings, raised against VAP-1,
was done using microwave treatment in a citrate

buffer for antigen retrieval and subsequent stain-
ing with the avidin-peroxidase method using a
Vectastain kit. All of the samples were stained
with rabbit anti-rat antibody, with normal rabbit
serum as a negative control, and counter-stained
with haematoxylin and eosin.

In studies I, II, and I1I, osteomyelitic changes
in the periosteum, cortical bone, and medullary
canal were classified according to the histopath-
ological scoring system presented by Petty et al.
(1985) (Table 10). The stage of inflammation was
semi-quantitatively scored from — (score 0) to
+++ (score 3), on the basis of the extent of in-
flammatory cell infiltrates in the bone marrow
(I, III). In study II, the immunoperoxidase
staining results were semi-quantitatively anal-
ysed in a blind manner using the following scor-
ing: — (score 0), no positivity; + (score 1), faint
positivity with a few positive vessels detected;
+++ (score 3), strong positivity for many vessels.
The rating of ++ (score 2) was given to samples
falling between categories + and +++. Two inde-
pendent observers (Studies I-II: authors PL and
TJM; Study III authors PL and KL) classified the
histological sections, and the results were pre-
sented as the average values of their interpreta-
tion.

Table 10. Summary of the histological classification by Petty et al. (1985) (I, Il and ll)

Medullary Canal

Haversian canals small and repair rate
slow; polymorphonuclear leukocytes
not in granulation tissue; occasional
subperiosteal resorptive pockets, but no
polymorphonuclear leukocytes

Occasional polymorphonuclear leuko-
cytes in Haversian canals

Focally enlarged Haversian canals filled
with granulation tissue and fragmented
polymorphonuclear leukocytes; occa-
sional microabscess

Subperiosteal, endosteal, and intracor-
tical resorption associated with frag-
mented polymorphonuclear leukocytes;

Infection Periosteal Reaction Cortex
Grade

Often absent; if present, laminated and
0 limited to 1-2 thin layers; eccentric and

often related to off-centre drill defect

Usually laminated with 1-2 layers; often
1 eccentric but not related to off-centre

drill defect
) Sunburst type; often nearly circumferen-

tial; no apparent cause
3 Florid, always sunburst type; circumfer-

ential

microabscesses

4

Quick repair with woven bone; inflam-
matory cells range from none to foci of
many intact polymorphonuclear leuko-
cytes; these leukocytes associated with
macrophage clean-up; diffuse process

Subtle, diffuse increase in polymorpho-
nuclear leukocytes; small number of mi-
croabscesses present

Definite diffuse increase in polymor-
phonuclear leukocytes with fragmented
forms; several definite microabscesses

Vast number of microabscesses or great
increase in polymorphonuclear leuko-
cytes diffusely

As above, but with sinus-tract formation
and soft-tissue microabscesses

Petteri Lankinen

41




PET IMAGING OF OSTEOMYELITIS

42

4.3.2. Clinical study

4.3.2.1. Clinical follow-up and analyses

All of the patients (n=26) underwent “F-FDG
PET, and correlative imaging studies were per-
formed on the basis of the clinical assessment. All
of the studies were evaluated routinely as part of
clinical work. The clinical reviewers of the PET
images had access to all of the patient charts, in-
cluding the results of conventional imaging mo-
dalities. ®F-FDG PET imaging was performed
in a fasted state (minimum of 6 hours) with an
Advance PET scanner (General Electric Medical
Systems). Dynamic acquisition was started 60
minutes after the injection of "*F-FDG. The mean
dose of the intravenous bolus injection of 'F-
FDG was 297 MBq (SD 71 MBgq; range 160-384
MBq). MRI was performed for 20 patients, and
for 9 patients CT scanning was used in routine
clinical sequences. For skeletal imaging, three-
phase bone scintigraphy was performed on 20 of
26 patients with *Tc-HDP or DPD. Anterior and
posterior *"Tc-WBC (HMPAO, Ceretec, n=12)

4.4. Statistical analyses

The data have been given as means + standard
deviations (SDs). The normal distribution and
homogeneity of the variances were tested. A
paired t-test was applied in the intra-animal com-
parison. An unpaired t-test was applied to study
the significance of the differences between two
groups. Statistical comparisons of more than two
study groups were carried out with a one-way
analysis of variance (ANOVA) with a Tukey’s
post hoc test. If the data were not normally dis-
tributed or failed to pass the test for the homo-

or %“m™Tc-anti-granulocyte scintigraphy (Leu-
koScan, Immunomedics GmbHn, n=6), whole-
body planar scans, or spot images were obtained
5 minutes after the injection and again 3-5 hours
later.

The results of the *F-FDG PET images and
correlative imaging studies were retrospectively
reviewed and evaluated as positive or negative for
bone infection. The results obtained were reflect-
ed with the final diagnosis work, and the results
were recorded as true/false positive or true/false
negative. For the ®F-FDG PET results, a quanti-
tative evaluation was performed. A quantitative
analysis of PET tracer uptake was performed on
standardized circular ROIs (diameter=1.5 cm)
at the site of suspected infection with the use of
transaxial slices. The tracer accumulation was
reported as the average SUV (SUV mean) and
the maximum SUV (SUV max), representing the
highest pixel uptake in the ROI. The SUV ratios
(i-e., the radioactivity ratio between the region of
suspected infection and the healthy correspond-
ing site) were also calculated.

geneity of variance, they were analysed using the
non-parametric Mann-Whitney rank sum test
for the comparison of two groups or with the
Kruskall-Wallis one-way ANOVA on ranks with
Dunn’s post hoc test for multiple groups. In addi-
tion, Fisher’s exact test was used in the analysis of
categorized data. The correlations between differ-
ent analytical measurements were analysed using
the Spearman correlation test or linear and non-
linear regression models. P-values of <0.05 were
considered significant.
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RESULTS

5.1. Comparison of 8F-FDG and ®®Ga-chloride in the PET
imaging of S. aureus osteomyelitis and uncomplicated bone

healing in a rat model

5.1.1. Confirmation of S. aureus
infection

The inoculated pathogen was successfully cul-
tured from all of the retrieved bone specimens
from all of the animals with induced osteomyeli-
tis. The isolated S. aureus strain was matched with
the inoculated strain (52/52A/80) using PFGE.
No bacteria could be cultured from the bone
specimens retrieved from the control animals.
The osteomyelitis group showed diffuse osteomy-
elitis with severe destruction of bone architecture
and sequestrum in plain radiographs and pQCT
imaging. The control group showed signs of un-
eventful healing of the cortical defect.

5.1.2. In vivo uptake of '®F-FDG and
®Ga-chloride

PET imaging showed an increased uptake of both
BE-FDG (SUV ratio 1.74+0.37) and *Ga-chlo-
ride (SUV ratio 1.62+0.28) in the osteomyelitic
tibias as compared with the results of the contra-
lateral intact tibias (P<0.001). These SUV ratios
of the osteomyelitic animals differed significantly
(P<0.001) from those of corresponding control
animals with healing bone defects.

In the control animals with healing bone de-
fects, a slightly increased uptake of **F-FDG (SUV
ratio 1.16+0.06), but no apparent increase in the
%Ga-chloride uptake (SUV ratio 1.02+0.05), was
found when compared with the results of the con-
tralateral intact tibia (P=0.003).

The intensity of the ®Ga-chloride uptake re-
flected pathological changes of the osteomyelitic
bones as measured by pQCT (Figure 4). The up-
take of ¥F-FDG, however, did not show as close a
correlation with the anatomical changes.

5.1.3. Ex vivo analysis of '®F-FDG and
%Ga-chloride accumulation

The ex vivo measurements of retrieved tissues
correlated closely with the results of the in vivo
PET imaging. The SUV ratio of “F-FDG was
significantly (P=0.003) higher in the osteomy-
elitic group (1.63+0.17) than in the control group
(1.13+0.26). The SUV ratio for the *Ga-chloride
accumulation in bone was significantly (P<0.001)
higher in the osteomyelitis group (1.92+0.56)
than in the control group (0.92+0.21).

In the control group, there was no sta-
tistically significant difference in the *Ga-

®Ga SUV ratio

*Ga SUV ratio

Z 30+ g 1601 .

8 5 =-91.205 + (110.180%)

2 25- £ 1404 R*=0.856

3 E

— ©

3 Qo

£ 20 £ 120

3 o n

w“ o

° Q

% 154 § 100

g y = -2752.11651*exp(-x/0.2688) + 31.28059 5

$ 04 5 R’ = 0.96049 = 80~ .

s E] .

2 S ]

c

8 s+ " 5 604 o

[} o

o T T T T T T T T T T
1,2 1,4 16 1,8 2,0 22 1,2 14 1,6 18 2,0 2,2

Figure 4. Correlation of ®*Ga-chloride SUV ratio with the percentage change in cortical bone density (left) and area (right).
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chloride uptake between the operated bone
(SUV 0.28+0.10) and the contralateral bone
(SUV 0.31+0.11). For the control animals, the

SUV ratio of ®Ga-chloride was significantly
(P=0.022) lower than the SUV ratio of '®F-
FDG.

5.2. Evaluation of ®®Ga-DOTAVAP-P1 for the differentiation of
inflammatory and infectious bone processes in a rat model

5.2.1. Confirmation of the induction of
S. aureus infection

The inoculated S. aureus (52/52A/80) was cul-
tured from the homogenized bone specimens
for all of the animals with induced osteomyeli-
tis, and the isolated pathogen matched with the
inoculated strain in the PFGE analysis. All of the
culture specimens from the control animals with
healing cortical defects were negative.

At 7 days, radiographs and pQCT imaging
demonstrated moderate cortical bone destruc-
tion, circumferential periosteal reaction, reactive
new bone, and sequestrum formation in the oste-
myelitic tibias.

5.2.2, Histological evaluation of
inflammatory reaction and VAP-1
expression

The inflammatory reaction in the control animals

with healing cortical defects was characterized

by a modest infiltration of inflammatory cells

at 24 hours and 7 days (Table 11). Already at 24

hours, the osteomyelitic animals showed an in-
creased infiltration of inflammatory cells and an
occasional formation of microabscesses (Table
12).

The osteomyelitic tibias showed an increased
expression of VAP-1 in blood vessel walls (Table
12). There was a significant difference in the VAP-
1 expression between the osteomyelitic bones and
the control healing bones at 24 hours and at 7
days (for both, P<0.0001).

5.2.3. Invivo PET uptake of Ga-
DOTAVAP-P1

In the time-series analysis, the uptake of *Ga-
DOTAVAP-P1 occurred in both the osteomy-
elitic and control bones with healing defects
during the first 36 hours after surgery. Thereaf-
ter, only the osteomyelitic tibias were delineated
by PET.

In the pivotal series, PET imaging showed
an accumulation of ®*Ga-DOTAVAP-P1 in both
the osteomyelitic bones (SUV ratio 1.50+0.16)

Table 11. Mean histological score, grade of inflammatory cell influx, and grade of VAP-1 expression in the animals with healing cortical defects

(mean £ SD)

Histological score

Inflammatory cell grade

VAP-1 expression

24 hours 0.0+0.0 1.25+0.35 1.10+0.39
7 days 0.0+0.0 1.20+0.42 1.00 +0.47
P-value NS NS NS

Table 12. Mean histological score, grade of inflammatory cell influx, and grade of VAP-1 expression in the osteomyelitic animals (mean + SD)

Histological score

Inflammatory cell grade

VAP-1 expression

24 hours 0.45+0.22 2.61+0.49 239+0.49
7 days 268 +0.61 2.35+041 2.85+0.34
P-value <0.0001 NS 0.0238
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and the control bones with healing defects (SUV
ratio 1.48+0.18) 24 hours after surgery. The os-
teomyelitic bones showed a significant increase
(P=0.0016) in the “Ga-DOTAVAP-P1 uptake
(SUV ratio 1.87+0.41) by 7 days. In the control
animals with healing bones, representing sterile

inflammation, the region of uncomplicated defect
healing showed a marked decrease (P=0.0008) in
tracer activity (SUV ratio 1.09+0.08) by 7 days,
and no statistically significant difference was ob-
served between the operated and intact contra-
lateral tibias.

5.3. "®F-FDG uptake in the differentiation of S. aureus and S.
epidermidis bone infections in a rabbit model

5.3.1. Confirmation of culture-positive
infection

In the S. aureus group of animals, all of the bone
cultures and those of the retrieved cement blocks
were positive. In the S. epidermidis ATCC 35983
group of animals, the inoculum only occasionally
caused culture-positive infections. The clinical S.
epidermidis T-54580 resulted more consistently
in positive bone cultures at 2 weeks. At 8 weeks,
cement block cultures were positive for the in-
oculated S. epidermidis (T-54580) in 6 out of the
8 animals.

In the pQCT imaging, the animals with S. au-
reus (52/52A/80) osteomyelitis showed cortical
bone destruction with a circumferential perios-
teal reaction, reactive endosteal new bone, and
sequestrum formation. In the S. epidermidis
(ATCC 35983) group, there were no clear osteo-
myelitic changes on the pQCT images, but signs
of closure in the cortical defect were found. On
the pQCT images, the animals with S. epider-
midis (T-54580) inoculation showed moderate
signs of local osteomyelitis, including periosteal
reaction, a small amount of reactive endosteal
new bone formation, and an unhealed cortical
window.

5.3.2. Histological appearance of
osteomyelitis

The S. aureus group of animals showed histologi-
cally severe osteomyelitis in all of the cases, char-
acterized by a nearly circumferential periosteal
reaction, new bone formation, sequestrum for-
mation, and infiltration of polymorphonuclear
leukocytes with occasional microabscesses (Table
13). The S. epidermidis ATCC 35983 group of ani-
mals showed minimal histological signs of bone
infection with only a limited number of inflam-
matory cell infiltrates, and closure of the corti-
cal defect had occurred. The group of animals
with the clinical T-54580 strain of S. epidermidis
showed signs of chronic or subacute osteomyeli-
tis, characterized by a periosteal reaction with
periosteal sclerosis, infiltration of lymphocytes
and plasma cells, and bone marrow showing signs
of fibrosis.

5.3.3. Correlation of '*F-FDG PET
uptake, leukocyte infiltration,
and inoculated pathogen

There was a significant correlation (R=0.645;

P=0.0127) between the semi-quantitative score

of leukocyte infiltration in the medullary canal of

the tibias and the mean ¥F-FDG SUV in the ani-

Table 13. Mean histological scores, measured "*F-FDG SUV, and calculated "®F-FDG SUV ratios (mean + SD)

Inoculated Periosteal

. . . Cortex
microorganism reaction
S. aureus (52/52A/80) 20+0.5 21+£03
S. epidermidis (ATCC 35983) 0.6+0.5 1.0+0.5
S. epidermidis (T-54580) 1.5+04 1.5+04

Leukocyte Osteomyelitis  '*F-FDG 8F-FDG
infiltration score Suv SUV ratio
2.1+£03 2.1+02 1.29 +£0.30 3.75+0.80
0.7+0.5 0.8+04 0.62+0.30 2.50+0.84
14+06 1.5+03 047 £0.13 2.96 +0.98
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mals with positive bacterial cultures of bone and/
or retrieved cement blocks.

The PET/CT imaging showed an intense ac-
cumulation of F-FDG in the osteomyelitic
tibias as compared with the contralateral intact
bone in all of the groups. The uptake in the S.
aureus osteomyelitic tibias (1.29+0.30) was
twofold (P<0.001) as compared with that of the
two S. epidermidis (ATCC 35983 and T-54580)
groups (0.62+0.30 and 0.47+0.13, respectively).
The difference in the SUV between the two S.

epidermidis strains was not statistically signifi-
cant. The SUV of the contralateral healthy tibias
of the S. aureus animals was significantly higher
than those of the S. epidermidis (T-54580) ani-
mals (P<0.001), suggesting a systemic impact
of staphylococcal osteomyelitis. As a result,
the SUV ratios showed only a trend (P=0.053,
ANOVA) between the animals with S. aureus, S.
epidermidis (ATCC 35983), and S. epidermidis
(T-54580) inoculations (3.75+0.80, 2.50+0.84,
and 2.96+0.98, respectively).

5.4. Intensity of '®F-FDG uptake in the patients with
microbiologically or histologically confirmed chronic bone

infections

A total of 16 patients were diagnosed as having
a chronic bone infection (osteomyelitis or spon-
dylodiscitis) verified by bacterial cultures and/or
a histological analysis. For 5 of the osteomyelitis
cases, S. epidermidis or other coagulase-negative
staphylococcus was cultured, S. aureus in 2 cases
and bacillus species in 1 case. Of the total of 16
patients, no bacteria could be detected in bone
cultures from 7 patients (43.8 %), and the final
diagnosis of bone infection was based on the
histological examinations of bone tissue. None
of the patients with negative cultures had antibi-
otic therapy before the sampling. For 1 patient no
specimens were taken for a microbiological anal-
ysis. One of the staphylococcal infections was as-
sociated with polymicrobial infection with more
than one pathogen.

In the F-FDG PET imaging, all of the patients
(n=16) with confirmed osteomyelitis were cor-
rectly interpreted as true positive. For the whole

study group (n=26) with a histopathologically or
microbiologically confirmed final diagnosis, '*F-
FDG PET yielded three false-positive outcomes.
Two false-positive results were due to periarticu-
lar soft-tissue infections, as a lack of precise ana-
tomical information made it impossible to dif-
ferentiate bone infection from surrounding soft
tissue infection, and one false-positive case was
due to a vertebral plasmacytoma.

In the quantitative analysis of the "F-FDG
PET imaging, the SUV mean or the SUV maxi-
mum values of the culture-negative and culture-
positive cases of osteomyelitis did not differ sig-
nificantly (Table 14). The corresponding SUV
ratios of culture-negative and culture-positive
osteomyelitis did not show significant intergroup
differences either (Table 14). The number of cul-
ture-positive osteomyelitis cases was too low for a
statistical evaluation of the effect of the causative
bone pathogen.

Table 14. 18F-FDG uptake in osteomyelitic bones with positive or negative bone tissue cultures (mean + SD)

Suv SUV ratio

Mean Max Mean Max
Culture-positive osteomyelitis 2.18+1.40 3.73+1.93 498 +3.22 6.84 +6.20
Culture-negative osteomyelitis 2.07 £0.74 2.81+0.96 7.65+5.79 6.51+5.07
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It is anticipated that the overall number of sur-
gical bone infections will increase along with
the growing number of performed reconstruc-
tive orthopaedic procedures using orthopaedic
fixation devices and prostheses. In addition, the
rise in the number of diabetic patients, the in-
creasing population of aged patients with a need
for surgical treatment, aside from the alarming
antibiotic resistance of common pathogens, are
producing unmatched challenges for the near
future.

Accurate and fast diagnosis plays a crucial
role in establishing effective therapy for patients
with orthopaedic infections. Standard diagnos-
tic tools such as conventional radiographs, MRI,
CT, and conventional nuclear medicine methods
are known to have major limitations in the early
diagnosis of deep bone infections. Laboratory
medicine techniques determining inflammatory
parameters, such as erythrocyte sedimentation
rate, C-reactive protein and leukocytes, do not
have sufficient sensitivity, especially in cases of
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low-grade infections, and they also lack specific-
ity.

PET has emerged from being a pure research
modality into a powerful clinical tool. The cur-
rently most used method, as well as the only with
clinical relevance in the evaluation of infectious
processes in orthopaedics and traumatology,
is '®F-labelled glucose analogue, '*F-FDG. The
method is based on the intensive use of glucose
by activated mononuclear cells and granulocytes.
The problem is that "*F-FDG is not specific for
infection. Aseptic inflammation, similar to in-
fection, results in increased '*F-FDG uptake that
mimics infection in PET, and it possibly causes
false-positive results.

In the current thesis, *F-FDG was used in
comparison with tested novel radiopharmaceuti-
cals in studies I-II to represent the standard clini-
cal protocol. In studies ITI-1V, the applicability of
BE-FDG to the diagnosis of bone infections was
evaluated according to different pathogen-related
factors.

6.1. PET imaging of osteomyelitis in healing bones

Several of the signals governing the pattern of
bone healing are part of the initial inflammatory
process (Einhorn et al. 1995). Bone and adjacent
tissue healing due to trauma or surgical inter-
vention has been found to be the most frequent
cause of false-positive findings of *F-FDG PET
for orthopaedic patients (Meyer et al. 1994, Fayad
et al. 2003, Rosenbaum et al. 2006, Meller et al.
2007). In a limited number of experimental and
clinical publications, the level and duration of in-
creased F-FDG uptake in association with the
healing process has been evaluated (Meyer et al.
1994, Zhuang et al. 2000 and 2003, De Winter et
al. 2001, Koort et al. 2004 and Jones-Jackson et
al. 2005).

In complicated clinical conditions, more spe-
cific tracers are needed to describe the progress
of infection and uneventful fracture healing. The
first phase of the current research project focused
on increasing the specificity of PET imaging in
the challenging early post-operative period by
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developing novel tracers and on evaluating their
characteristics in standardized animal models.

6.1.1. ®Ga-chloride PET imaging of
osteomyelitis and bone healing

Gallium-67 citrate was the first scintigraphic
marker used as an infection-specific tracer in
scintigraphy. Because of such unfavourable char-
acteristics as high radiation exposure and long
examination time, it has been replaced by other
modalities. The positron emitting isotope **Ga-
chloride can be produced without expensive
cyclotrons by elution from a %Ge/®*Ga genera-
tor with low costs. In comparison to “Ga-citrate
SPECT imaging, ®*Ga PET is able to provide su-
perior spatial resolution, higher sensitivity, a pos-
sibility of quantitative assessment, and a lower ra-
diation dose for the patient, all of which make it
a promising tracer. Currently, only a few “*Ga-la-
belled radiopharmaceuticals are in everyday use,
but its applications are under extensive research
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(Roivainen et al. 2012, Kumar and Boddeti 2013).
The presented results were the first to describe the
use of ®Ga-chloride as a PET tracer in the evalu-
ation of experimental osteomyelitis.

The purpose of study I was to evaluate the
uptake patterns of ®Ga-chloride and *F-FDG in
S. aureus osteomyelitis and uncomplicated bone
healing at 2 weeks after surgery. The accumulation
of ®Ga-chloride in the infected bone area reached
a steady state approximately 70 minutes after in-
travenous injection to rats and therefore allowed
rapid infection imaging. In PET imaging, the up-
take of ¥F-FDG and *Ga-chloride was increased
in osteomyelitic tibias, and no statistical difference
was found for the intensity between the tracers.
In the tibias with uncomplicated bone healing,
E-FDG exhibited an elevated uptake, but *Ga-
chloride resulted in a significantly lower uptake.
In addition, the intensity of ®Ga-chloride up-
take reflected pathological cortical bone changes
in osteomyelitic animals, as measured by pQCT.
%Ga-chloride is applicable as a PET tracer in the
evaluation of infectious lesions in bone. It may
even prove to be more specific than *F-FDG in
the early post-operative or post-traumatic phase.

Gallium-68 was used in the form of *Ga-
chloride. As different isotopes differ only by their
physical properties and their chemical and physi-
ological behaviour is comparable, it can be as-
sumed that ®Ga-citrate and “Ga-citrate function
comparably. However, there may be some dif-
ferences between “Ga-chloride and **Ga-citrate.
When administered as ®Ga-citrate into the physi-
ological pH of blood, ®*Ga and citrate rapidly sep-
arate, and binding to transferrin follows, as does
the formation of only a soluble anion (Green and
Welch 1989). In acidic conditions, ®*Ga-chloride
is stable and soluble, but it needs to be neutralized
prior to intravenous administration. In physi-
ological pH, %Ga-chloride may form insoluble
colloids that may affect its accumulation profile
(Mécke and André 2007, Fani et al. 2008). ®Ga-
chloride was initially chosen for further study, as
a promising accumulation was seen in dynamic
PET imaging when it was used as a control in a
%Ga-labelled oligonucleotide study (Roivainen
et al. 2004). Secondly, ®Ga-chloride was readily
available through a relatively simple cyclotron

independent manufacturing process at the Turku
PET centre.

Previously, Koort et al. (2004) compared the
use of ®F-FDG PET in experimental rabbit mod-
els of S. aureus osteomyelitis and uncomplicated
bone healing. In tibias with healing bone defects,
an increased ¥F-FDG uptake was seen at 3 weeks,
but by 6 weeks the uptake had decreased almost
to normal. In comparison, the osteomyelitic
animals showed an increased F-FDG uptake at
both 3 and 6 weeks. Jones-Jackson et al. (2005)
performed PET scans weekly for the evaluation
of post-surgical inflammation and S. aureus bone
infection in a rabbit model. They concluded that
differentiating between infection and post-surgi-
cal infection was possible as early as 8 days after
surgery, but significant differences in the SUV
were noted at 15 days post-surgery. A compari-
son of the present results and results obtained by
Koort et al. (2004) and Jones-Jackson et al. (2005)
is difficult because of differences in the animal
species and the imaging schedule. The present
results are in concordance with the preliminary
clinical results of Nanni et al. (2010) and there-
fore confirm the role of ®Gallium PET/CT in the
diagnosis of osteomyelitis.

6.1.2. *Ga-DOTA-VAP-P1 imaging of
osteomyelitis and bone healing

Chemotactic peptides and endothelial adhesion
molecules form a group of promising radiophar-
maceuticals, as they are able to accumulate rap-
idly at the site of an inflammatory reaction (Cor-
stens and van der Meer 1999, Signore et al. 2003).
A linear peptide binding to a groove of a VAP-1
molecule was introduced and radiolabelled with
Ga®® (Yegutkin et al. 2004, Ujula et al. 2009).
VAP-1 is absent from normal unaffected tissues,
but, upon inflammatory reaction, it is rapidly ex-
pressed in the endothelium, both as membrane-
associated and as soluble-circulating (Jaakkola et
al. 2000). It plays a critical role in cellular traffick-
ing, and it recruits lymphocytes into inflamed tis-
sues, regulates lymphocyte rolling and stimulates
glucose transport, is critically involved in the pro-
cess of leukocyte adhesion, and mediates leuko-
cyte entry into affected tissues (Smith et al. 1998,
Jaakkola et al. 2000, Zorzano et al. 2003, Merinen
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et al. 2005, Stolen et al 2005). These results indi-
cate that VAP-1 is as a highly promising target
molecule for depicting the progress of inflamma-
tory reaction in vivo by PET.

Study II was designed to evaluate ®Ga-DO-
TA-VAP-P1 for the assessment of early inflam-
matory and infectious processes in healing bones.
In the initial time-series analysis, an increased
tracer uptake occurred in both the osteomyelitic
tibias and in the tibias with healing bone defects
during the first 36 hours, but thereafter only the
osteomyelitic tibias showed an increased uptake.
In the pivotal series, the healing tibias showed a
transient uptake at 24 hours after surgery, which
tended to normalize by 7 days. In comparison, the
osteomyelitis tibias resulted in increasing, locally
intense tracer uptake that reflected the progress
of the infection. Already at 7 days after surgery,

PET IMAGING OF OSTEOMYELITIS

the tested tracer allowed differentiation between
these two inflammatory conditions. According to
the results, ®*Ga-DOTA-VAP-P1 accurately de-
tects the phase of inflammation in healing bones
and the progress of S. aureus osteomyelitis. In
clinical settings, this novel radiopharmaceutical
may be valuable in the detection of osteomyelitis
in its early phase. However, as the tracer accumu-
lation is not specific for infectious processes, but
instead describes the rate of inflammatory reac-
tion, it is anticipated that this novel tracer is not
able to differentiate between prosthesis aseptic
loosening and periprosthetic infection.

Recently, studies on VAP-1-targeting tracers
in PET imaging have been published in turpen-
tine oil-induced acute sterile inflammation, tu-
mour xenografts and in biodistribution studies
(Autio et al. 2010 and 2011, Aalto et al. 2011).

6.2. Significance of causative bone pathogens and the presence
of positive bacterial cultures in PET

Osteomyelitic patients form a highly heteroge-
neous population, because of diverse routes of
infection, multiple potential causative patho-
gens, and differences in patient-related factors.
BF-FDG PET seems to be reliable in clinical cir-
cumstances, but its accuracy in detecting bone
infections may vary under different infectious
conditions. As an example of this situation, the
American Academy of Orthopaedic Surgeons
gave only a weak recommendation for the use
of nuclear medicine methods in the diagnosis of
periprosthetic infections (Della Valle et al. 2011).
The inaccuracy of '®F-FDG PET in the detection
of implant infections may be associated with the
predominance of low-virulent microbes, mainly
S. epidermidis strains. In addition, 15% to 47% of
osteomyelitis cases are reported to remain culture
negative (Dich et al. 1975, Craigen et al. 1992,
Floyd and Steele 2003). For paediatric patients,
the existence of non-bacterial osteomyelitis has
also been introduced (Floyed and Steele 2003,
Khanna et al. 2009, Borzutzky et al. 2012).

More information is needed on the applicabil-
ity of *®F-FDG PET in different infectious condi-
tions before the possible limitations and factors
contributing to its accuracy can be identified. The
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second phase of the current research project fo-
cused on evaluating the significance of causative
bone pathogens in standardized animal models,
as well as on determining whether *F-FDG up-
take differs in culture-positive and culture-nega-
tive osteomyelitis cases in clinical *F-FDG PET
imaging.

6.2.1. "®F-FDG uptake in S. aureus
osteomyelitis and S. epidermidis
foreign-body bone infection

The most frequent causative microbes of any type

of osteomyelitis are staphylococci, but virtually any

organism has the potential to cause osteomyelitis.

The clinical manifestations of classical suppurative

S. aureus osteomyelitis and indolent S. epidermidis

foreign-body infections markedly differ. In clinical

studies, specific microbiological results have not
constantly been properly reported, but rather pre-
sented only as culture positive or negative (Table

6). It is expected that a less severe or more chronic

state may result in less dense tracer uptake.

van der Laken et al. (1997) studied a novel ra-
diopharmaceutical when evaluating a soft-tissue
infection due to E. coli and S. aureus. They found
no difference in the uptake of **™Tc-labelled
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chemotactic peptides to E. coli or S. aureus soft-
tissue abscesses. In contrast, Akhtar et al. (2004)
reported a significantly increased uptake of
#mTc-labelled antimicrobial peptide in S. aureus,
thigh-muscle abscesses when compared with the
uptake in E. coli abscesses. For the use of PET in
osteomyelitic cases, no such comparative studies
have been performed. It is not known whether
the virulence of the causative pathogen and the
severity of the subsequent infection contribute to
the intensity of ®F-FDG uptake in PET imaging.

The purpose of study IIT was to determine
the impact of the causative staphylococcal bone
pathogen on the level of ¥F-FDG uptake in the
PET imaging of experimental S. aureus osteomy-
elitis and foreign-body-associated S. epidermi-
dis infection. Classical suppurative osteomyelitis
caused by S. aureus resulted in a higher local '*F-
FDG accumulation (mean SUV) than did the im-
plant infection due to S. epidermidis.

Interestingly, there was also a statistical dif-
ference in the comparison of non-operated con-
tralateral tibias in animals with S. aureus and
S. epidermidis (54580) inoculum. Therefore, a
statistical comparison of SUV ratios, present-
ing the radioactivity ratio between the operated
and control tibias, showed only a trend (P=0.053,
ANOVA). The difference in the uptake of non-
operated tibias can be speculated to be due to the
differences in the impact of the surgery and the
severity of the infection on the mobility of the
animal. In addition, acute suppurative S. aureus
osteomyelitis may induce a systemic effect by in-
creasing the proliferation of WBCs in the bone
marrow of intact contralateral tibias.

In animals with positive bacterial cultures, a
significant correlation was found between intra-
medullary leukocyte infiltration and the "*F-FDG
mean SUV. The animals with the standard strain
of S. epidermidis (ATCC 35983) inoculation did

not show active infection in a histological evalu-
ation. Their mean SUV ratios were at the same
level at 6 weeks as the SUV ratios of non-infected
healing bones at 3 weeks, as reported previously
by Koort et al. (2004) (Table 15).

When extrapolated to clinical settings, our re-
sults provide initial answers to the reported prob-
lems associated with "F-FDG PET imaging in the
diagnosis of periprosthetic, often indolent, low-
grade infections. But simultaneously, the present-
ed results are in concordance with the positive re-
sults of previous experimental and clinical studies
on "F-FDG PET imaging in the evaluation of os-
teomyelitis commonly due to S. aureus.

6.2.2. "®F-FDG uptake in culture-
positive and culture-negative
patients with histologically
confirmed chronic osteomyelitis

Identification of the causative pathogen is of cru-

cial importance in the diagnosis and treatment of

orthopaedic infections, but despite careful preop-
erative investigations the causative microbe may
remain unidentified. One aspect of osteomyelitis
that has received little attention is the F-FDG

PET imaging findings of cases in which no bac-

terial pathogen was identified. This presents as

a major issue, as the rate of positive cultures in

histologically proven cases of osteomyelitis ob-

tained with imaging-guided biopsy is reported to
be as low as 30%-34% (Wu et al. 2007, Heyer et
al. 2012, Sehn and Gilula 2012). The factors that
predict positive or negative culture results are
not clearly known (Wu et al. 2007, Calhoun et al.

2009), as there seems to be cases in which even re-

peated open biopsies fail to reveal the underlying

pathogen. Technical biopsy errors and antibiotic
exposure before biopsy may affect culture results.

One reason is inappropriate culture conditions. It

has been suggested that false-negative infections

Table 15. Comparison of 18F-FDG SUV ratio in S. epidermidis foreign-body infection and uncomplicated bone healing (mean + SD)

"®F-FDG SUV ratio (Study IlI) "®F-FDG SUV ratio (Koort et al. 2004)

S.aureus (52/52A/80) 3.75+0.80 Pre-operative 1.02 £ 0.04
S. epidermidis ATCC 35983 2.50+0.88 Healing bone at 3 weeks 235+0.26
S. epidermidis T-54580 2.96 +0.98 Healing bone at 6 weeks 1.32+0.54
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may be due to viable, but non-culturable bacteria
localized in biofilm (Calhoun et al. 2009). Certain
cases of culture-negative, low-grade osteomyelitis
may represent clinical conditions with an inher-
ent difference in metabolic activity as compared
with culture-positive cases. It was assumed that
®E-FDG PET could potentially detect such a dif-
ference because intracellular accumulation of the
glucose analogue tracer reflects the metabolic
rate of cells at sites of infection and inflammation.
The significance of the existence of low-uptake
lesions during "F-FDG PET has not been fully
elucidated, and, if no anatomical disturbances are
evident, these lesions have been categorized as
false-positive findings (Meller et al. 2007).

The purpose of study IV was to determine
whether the level of ¥F-FDG uptake differs in
culture-negative and culture-positive cases of
histologically or microbiologically proven osteo-
myelitis. Bone specimens from 7 patients out of
16 remained culture negative. The rate of positive
cultures was similar to the previously reported
rates in studies of imaging-guided biopsies with
combined histological and microbiological evalu-
ation (White et al. 1995, Wu et al. 2007, Heyer et
al. 2012, Sehn and Gilula 2012). In opposition to
the hypothesis of study IV, the *F-FDG uptake
in cases of culture-negative osteomyelitis was
not lower than in the culture-positive cases. The
result favours the concept that culture-negative
cases are true infections due to non-culturable
microbes. Thus *F-FDG PET may be able to con-

6.3. Animal models

In studies I and II, a rat model of diffuse tibial os-
teomyelitis was adopted, which represents Stage
IVA in the Cierny-Mader classification and osteo-
myelitis secondary to a contiguous focus of infec-
tion in the Waldvogel classification. S. aureus was
used as the pathogen in both studies. Consistent-
ly, in the osteomyelitic animals, culture-positive
infection with a typical histological picture of os-
teomyelitis was confirmed. Previously, this model
has been used with equally good results for re-
search on bone infections and also in the evalua-
tion of novel radiopharmaceuticals (Mader 1985,
O'Reilly and Mader 1999, Gratz et al. 2001). For
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firm the presence of metabolically active infec-
tion in patients with culture-negative, histologi-
cally confirmed, chronic low-grade osteomyelitis.

Initially, the aim was also to evaluate the im-
pact of causative bone pathogen on "“F-FDG
uptake also in clinical series. Due to the small
number of each cultured pathogen, statisti-
cal evaluation was not possible. Dehdashti et al.
(1996) have suggested an SUV of 2.0 as a cut-off
value for discrimination between benign and
malignant osseous lesions, in addition to visual
analysis alone. When applied to the patients with
osteomyelitis, the mean SUV was lower than 2.0
for nine patients, and the maximum SUV value
was below the limit only for two patients. How-
ever, for all of the patients, a significant increase
occurred in the SUV ratio. In two of the nine
patients bone infection was caused by coagulase-
negative staphylococci, for one patient it was ba-
cillus, and surprisingly, in two cases S. aureus was
identified as the causative pathogen, while the
rest of the cultures remained negative.

The current results support the concept that
a negative F-FDG scan can virtually rule out
active, even low-grade, chronic osteomyeli-
tis (Prandini et al. 2006, Termaat et al. 2005).
When compared with other conventional imag-
ing modalities, *F-FDG PET may have brought
a significant diagnostic addition to cases of this
retrospective analysis when the findings of the
MRI or labelled leukocyte scintigraphy were false
negative.

rats, the model of a cortical bone defect in the
tibia was applied to mimic uncomplicated bone
healing following fracture or surgical osteotomy.

In study III, a rabbit model of diffuse tibial
osteomyelitis due to S. aureus simulating human
intra-medullary Stage IIIA osteomyelitis of a long-
bone (Cierny-Mader classification) and biomateri-
al-related bone infection due to S. epidermidis were
adopted. All of the bone cultures and the retrieved
cement block specimens were positive for the in-
oculated clinical strain of S. aureus. The applied
rabbit model of S. aureus tibial osteomyelitis has
been widely accepted as an experimental model for
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research on bone infections and also for the evalu-
ation of PET imaging (Koort et al. 2004 and 2005).

The S. epidermidis foreign-body-associated in-
fection model was modified from that of Mayber-
ry-Carson et al. (1992). Whereas, Mayberry-Car-
son et al. used a silastic tube as the foreign-body
material, in comparison, in study III, a block of
bone cement was used to mimic cement remnants
with S. epidermidis biofilms in patients with in-
fected cemented hip arthroplasties. In addition,
polymethylmethacrylate has been shown to be a
potent foreign body (Petty et al. 1985). Lambe et al.
(1991) published results of a similar foreign-body-
associated S. epidermidis osteomyelitis model that
used rabbit tibia. S. epidermidis could be cultured
from all of the silastic foreign bodies and from all
of the samples of bone marrow, but only two out of
five bone samples were positive for the inoculated
pathogen (Lambe et al. 1991). In study III, the
bone specimen was cultured as one block, includ-

6.4. Limitations of the study

The most significant limitation of the applied ex-
perimental osteomyelitis models is that a large bac-
terial inoculum administered directly to the med-
ullary cavity is needed for successful induction of
bone infection (Mader 1985). In most experimental
osteomyelitis models, sodium morrhuate, a scleros-
ing agent, has been applied (Rissing et al. 1985a).
Sodium morrhuate was used in rats in studies I and
II, as well as in study III in conjunction with S. epi-
dermidis inoculum. It causes aseptic bone necrosis,
promotes the progression of osteomyelitis, and de-
creases the required amount of bacterial inoculum.
As a disadvantage, sodium morrhuate may result in
changes mimicking diffuse osteomyelitis (Mader
1985). In studies I and I1, S. aureus was used as the
only pathogen in the induction of infection. Indeed,
S. aureus is the most frequent pathogen in all types
of osteomyelitis. But because of marked differences
in the manifestations of different pathogens, the
results cannot be directly applied to describe the
outcome with different causative microbes, as dem-
onstrated in study IIL

The main technological shortcoming of the
experimental studies was that, at the time of
the studies, no access was available to a suitable

ing the bone marrow, which may have increased
the ratio of the positive bone culture rate. The cases
reported as negative by Lambe et al. (1991) in their
histological evaluation occurred more frequently
in time points furthest from the induction of the
infection. This phenomenon was also seen in the
current series, and it is probable that a longer fol-
low-up would have resulted in the healing of some
of the low-grade S. epidermidis infections.

The applied experimental models have impor-
tant benefits. Standardized tibial osteomyelitis or
foreign-body-associated infection is relatively easy
to produce, and both are reproducible. The in-
duced infection is primarily localized in the med-
ullary cavity and its adjacent bone; it thus mini-
mizes the effect on the general well-being of the
animal. From the clinical point of view, the utilized
experimental osteomyelitis models are comparable
to post-traumatic osteomyelitis that arises from
grossly contaminated long-bone fractures.

dedicated small-animal PET scanner. All of the
imaging studies were performed with a clinical
PET scanner. The imaging focus with experimen-
tal animals is small (1 cm or less in diameter)
when compared with that of clinical settings, and,
therefore, there was a risk of a partial-volume
effect (PVE) occurring. PVE means that the ap-
parent pixel values in PET images are influenced
by the surrounding high pixel values and, there-
fore, possibly invalidate the quantitative PET data
(Hoffman et al. 1979). To minimize the influence
of PVE, the animals were placed in the centre
of the gantry to gain the highest possible spatial
resolution and the average radioactivity concen-
tration within the ROI as well as SUV ratios were
used to quantify the tracer uptake.

The experimental studies could have benefited
from the application of high-resolution MRI in the
further characterization of the infection process. It
would have been especially valuable in the evalua-
tion of the extent of the infection into the soft tissues.

In studies I and III only a single time point
was used for the PET evaluations. Additional
PET scans might have provided more-detailed
information. The potential risks associated with
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repeated general anaesthesia were considered to
outweigh the possible additional information.

In preclinical studies, none of the analyses
could be done in a blind manner because the study
groups had clearly identifiable differences. This sit-
uation may have influenced the results. The study
results were analysed by two persons in mutual
agreement or were presented as an average of their
interpretation to minimize single-observer bias.

As a retrospective analysis, the clinical study
had limitations. The inclusion of the patients at

6.5. Future prospects

PET has emerged as a powerful tool in the clinical
diagnosis of osteomyelitis. It is well anticipated
that, as the use of combined PET/CT devices be-
comes more widespread, the impact on imaging
of orthopaedic infections will increase. As a re-
search modality with possibilities to visualize and
quantitate cellular and molecular processes in
vivo with high-resolution PET, molecular imag-
ing is a revolutionizing method for basic research
as well (Mayer-Kuckuk and Boskey 2006).

The use of F-FDG has become a standard
for PET. So far, none of the published novel ra-
diopharmaceuticals have been accepted for wide
clinical use or have proven superior to *F-FDG
(Gemmel et al. 2009, Goldsmith and Vallabha-
josula 2009, Roivainen et al. 2012). In the current
research the use of two novel tracers was evalu-
ated, ®Ga-chloride and *Ga-DOTA-VAP-P1 in
standardized animal models of S. aureus osteo-
myelitis and uncomplicated bone healing. Natu-
rally, these promising experimental results war-
rant further studies. It would be of special interest
to evaluate the tested radiopharmaceuticals in the
most challenging cases, such as in low-grade S.
epidermidis periprosthetic infections.

Different isotopes vary only according to
their physical properties, and their chemical and
physiological behaviour is comparable, but there
may be some differences between “Ga-chloride
and ®Ga-citrate. The possible difference between
the uptake profiles of these two ®Ga-tracers
needs to be studied in standardized experimen-
tal models to determine which of the two shows
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the university hospital was based on highly select-
ed referral for *F-FDG PET imaging; they there-
fore represented a group of patients with complex
disease conditions. The order and time in which
the imaging studies were performed varied. A
major shortcoming was the imaging with a plain
PET scanner without an inline CT apparatus, as,
currently, most scanners are combined PET/CT
devices that provide the means to acquire more
precise anatomic and metabolic information, re-
sulting in higher specificity and sensitivity.

the more-promising results for the evaluation of
post-traumatic and post-operative osteomyelitis.
Gallium-68, in form of ®*Ga-citrate, has already
shown promising initial results in evaluations of
patients with bone infections (Nanni et al. 2010).
Further clinical studies are needed to confirm the
role of ®*Gallium as a PET tracer.

Typically, high expectations have been set for
novel PET tracers, and it has been hypothesized
that they would be able to differentiate between
infectious processes and sterile inflammation
(Lupetti et al. 2003). VAP-1 is an endothelial
protein that co-ordinates the extravasation of
WBCs to inflammatory areas, whose expression
is induced only under inflammatory conditions
(Salmi and Jalkanen 1992, Koskinen et al. 2004).
After the initial results in study II, the VAP-1
binding radiopharmaceutical has been further
developed (Silvola et al. 2010, Autio et al. 2010
and 2011). The unique properties of VAP-1 bind-
ing tracers may offer a means with which to also
detect low-grade infections, as it already demon-
strates the initial phase of WBC accumulation in
the site of an inflammatory area.

Aseptic inflammation plays a significant role in
explaining the difficulties reported for the "F-FDG
PET imaging of periprosthetic infections and for
discriminating between aseptic and septic loosen-
ing of joint prostheses (Kwee et al. 2008, Della Val-
le et al. 2011). Neither of the presented novel trac-
ers are infection specific, but it remains to be seen
whether they are able to help orthopaedic surgeons
determine the cause of pain after arthroplasty.

53



PET IMAGING OF OSTEOMYELITIS

/ Thesis

7. CONCLUSIONS

On the basis of these experimental studies and
the clinical retrospective study, the following con-
clusions can be drawn:

54

1.

%Ga-chloride seems to be better than 'F-
FDG in discriminating between bacterial in-
fections from the non-specific uptake caused
by the physiological inflammatory processes
of normal bone healing. The intensity of “®Ga-
chloride uptake was related to pathological
structural changes in infected cortical bone.

%Ga-DOTAVAP-P1 was capable of demon-
strating the phase of inflammation in healing
bones and the progress of bacterial infection
in osteomyelitic bones. The tracer allowed a
differentiation between S. aureus osteomyeli-
tis and normal bone healing as soon as 7 days
after their onset.

3. S. epidermidis foreign-body infections were

characterized by low *F-FDG uptake, where-
as classical S. aureus osteomyelitis resulted in
high uptake values. The degree of leukocyte
infiltration, reflecting the virulence of the
causative staphylococcal strain, contributed
to the level of local *F-FDG uptake.

In the PET imaging of patients with con-
firmed osteomyelitis, the *F-FDG uptake in
cases of culture-negative osteomyelitis did
not differ from that of in culture-positive cas-
es. Thus "F-FDG PET may help to confirm
the presence of a metabolically active infec-
tion process in patients with culture-negative,
histologically proven, low-grade osteomyeli-
tis.
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