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PET using '8F-FDG is a promising imaging modality for bone
infections, based on intensive consumption of glucose by
mononuclear cells and granulocytes. The method may have
limitations in distinguishing uncomplicated bone healing from
osteomyelitis. Bone healing involves an inflammatory phase that
represents a highly activated state of cell metabolism and glu-
cose consumption, mimicking infection on PET images. This
laboratory study of a standardized model was designed to
compare the '8F-FDG PET characteristics of normal bone heal-
ing with those of local osteomyelitis. Methods: A localized
osteomyelitis model of the rabbit tibia was created by modifying
a previously reported canine model. In the osteomyelitic group
(n = 8), a standardized metaphyseal defect of the proximal right
tibia was surgically created and filled with a block of orthopedic
bone cement, followed by injection of a predetermined amount
(0.1 mL) of Staphylococcus aureus (strain 52/52A/80, 1 X 10%
mL) into the space around the cement. The control group of
animals with normal bone healing (n = 8) underwent the same
procedure, but the bacterial injection was replaced by a sterile
saline injection. The bone cement was surgically removed dur-
ing debridement at 2 wk. Osteomyelitis was confirmed with
positive bacterial cultures during the debridement and 6 wk later
at the time of sacrifice. '8F-FDG PET and peripheral quantitative
CT were performed 3 and 6 wk after the debridement. The
presence of osteomyelitic bone changes on plain radiographs
was classified according to a previously published system. Re-
sults: Before surgery, the standardized uptake values of '8F-
FDG did not differ markedly between the right and left tibias. In
the control animals, uncomplicated bone healing was associ-
ated with a temporary increase in 8F-FDG uptake at 3 wk (P =
0.007), but it returned almost to normal by 6 wk. In the experi-
mental animals, localized osteomyelitis resulted in an intense
continuous uptake of '8F-FDG, which was higher than that of
healing and intact bones at 3 wk (P = 0.014 and P < 0.001,
respectively) and at 6 wk (P < 0.001). Conclusion: '8F-FDG PET
seems to be an efficient tool in the differentiation of uneventful
bone healing from bone healing complicated by localized os-
teomyelitis.
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I maging of deep bone infections remains challenging for
2 reasons. First, MRI has not proved to be as superior as
initially believed. MRI provides excellent anatomic detail
but is of limited value in the presence of metallic implants
and in discriminating between edema and active infection
after surgery 1). Second, we still lack adequate imaging
modalities to follow the response of infected bones to an-
tibacterial treatment.

Early clinical experience suggests that PET uslfig
FDG may be promising for imaging bone infectiors3].
PET offers more accurate information for diagnosing infec-
tion than do conventional nuclear medicine procedues (

¥F-FDG PET has certain potential limitations as a tool
for diagnosing bone infection. The method is based on
intensive use of glucose by mononuclear cells and granu-
locytes. Previous animal studies have shown tFaFDG
uptake increases both in bacterial infectio® &nd in
aseptic inflammatory processe8).(The problem is that
early bone healing involves an inflammatory phase that
represents a highly activated state of cell metabolism and
glucose consumptior7), mimicking infection on PET im-
ages. It has been proposed that an interval of 3—6 mo should
be allowed before PET to minimize the risk of false-positive
findings during initial stages of postsurgical and traumatic
bone healing?).

This study was designed to compare #e-FDG PET
characteristics of normal bone healing with those of bone
infection under standardized laboratory conditions. Specif-
ically, we addressed the following questions: How quickly
does'®-FDG activity return to the baseline level during
normal bone healing, and do¥&-FDG PET allow discrim
ination of bone infection from early bone healing?
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MATERIALS AND METHODS

Animals

Sixteen adult male New Zealand White rabbits (Harlan) weigh-
ing 2.5-3.5 kg were used. Before surgery, the rabbits were accli-
mated to their new environment and fed a standard laboratory diet.
They were caged individualy at a constant ambient temperature.
The Ethical Committee of the University of Turku and the Pro-
vincia State Office of Western Finland approved the study proto-
col. All experiments were carried out in accordance with the
guidelines of the local Anima Welfare Committee.

Study Protocol

For baseline values, 8F-FDG PET was performed on 4 animals
before surgery to confirm that tracer uptake was equal in the right
and left tibias. For the comparative study, the animals were divided
into 2 groups: the osteomyelitic group (n = 8) and the healing-
bone group (n = 8). In both groups, each animal underwent a
2-stage surgery involving the application of a small block of
preshaped bone cement in a standardized defect of the right prox-
imal tibia followed by debridement surgery 2 wk later. In the
osteomyelitic group, application of the bone cement was associ-
ated with injection of a predetermined dose of Saphylococcus
aureus suspension, inducing constant localized osteomyelitis. In
the healing-bone group, the defect was alowed to heal unevent-
fully after removal of the bone cement. Comparative quantitative
1BE-FDG PET and peripheral quantitative CT (pQCT) were per-
formed 3 and 6 wk after the debridement surgery. Osteomyelitis
was confirmed by cultures positive for bacteria during the debride-
ment and at the time of sacrifice. The process of osteomyelitis and
the process of uncomplicated bone healing were also compared
using radiography and hard-tissue histology.

Induction of Infection (First Stage of Surgery)

The localized osteomyelitis model (stage 1A in the classifica
tion of Cierny et al. (8)) was modified from the canine model of
Fitzgerald (9). The animals were premedicated with a subcutane-
ous injection of 1 mg of atropine (Atropin; Leiras Oy) per kilo-
gram of body weight. Anesthesia was induced using a subcutane-
ous injection of 0.3 mL of fentanyl citrate (0.315 mg/mL) and
fluanisone (10 mg/mL) (Hypnorm; Janssen Pharmaceutica) per
kilogram of body weight. Before surgery, ancther injection of
0.2-0.4 mL of fentanyl citrate-fluanisone per kilogram was given.
Using sterile surgical conditions, a cortical bone window of 6 X
2.7 mm was drilled under saline cooling into the proximal medial
metaphysis of the right tibia. Bone marrow was removed with
saline lavage, and the defect was filled with a small block of
polymerized bone cement (Palacos R-40; Schering-Plough). The
bone cement acted as a foreign body for infection. The periosteal
and fascial layers were closed over the cortical defect. Subse-
quently, 0.1 mL of 1 X 10° colony-forming units of Staphylococ-
cus aureus (strain 52/52A/80, kindly provided by Dr. Jon T.
Mader) was injected into the space surrounding the bone cement.
In control animals (healing-bone group), 0.1 mL of sterile saline
was injected into the corresponding space. Finally, the skin wound
was closed in layers, and an intramuscular injection of 0.1 mg of
naloxone (Narcanti; Du Pont Pharmaceuticals Ltd.) per kilogram
of body weight was given. Preoperatively, a single prophylactic
dose of 500,000 1U of benzylpenicillin (GeePen; Orion Pharma-
ceuticals) was given intramuscularly to the control animals. After
surgery, the animals were closely monitored. Functional activity
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was not limited. The animals received standard postoperative pain
medication (4 mg of carprofen [Rimadyl Vet; Pfizer, Vericore
Ltd.] per kilogram of body weight) for 3 d.

Debridement (Second Stage of Surgery)

Two weeks after the initial surgery, all animals underwent the
second stage of surgery. Using the previous surgical approach, the
defect area was exposed and swab cultures were taken to confirm
that the clinical induction of staphylococcal bone infection had
been successful. The swab specimens were cultured for 20 h at
35°C in blood agar plates. The bone cement was removed and
separately cultured for 4 d at 35°C on brain heart infusion solution
(BBL; Becton Dickinson Microbiology Systems). The defect space
was lavaged with saline. Any necrosis of soft tissues was surgi-
cally excised. After debridement, the wound was closed in layers.
Postsurgical care and mobilization were the same as for the initial
procedure.

PET

18F-FDG PET of each animal was performed 3 and 6 wk after
the second stage of surgery (Fig. 1).

1BE-FDG was synthesized with an automatic gpparatus by a modiifi-
cation of the method of Hamacher et a. (10), leading to a specific
activity > 75 GBg-pmol ~ and a radiochemical purity > 99%.

PET was performed using an Advance whole-body scanner
(General Electric Medical Systems), which acquires 35 contiguous
slices with an axia field of view of 15.2 cm (11). The dlice
thickness of the scanner was 4.25 mm, and the spatial resolution
was 5 mm in full width at half maximum in the center of the field
of view.

FIGURE 1. Sequential ®F-FDG PET images of rabbit tibias at
3 and 6 wk (top and bottom, respectively). In the control animal
(left), the healing-bone region shows a marked decrease in
8F-FDG activity by 6 wk (SUV ratios, 1.9 and 1.2 at 3 and 6 wk,
respectively). In the experimental animal (right), the correspond-
ing bone region with osteomyelitis shows continuous '8F-FDG
uptake (SUV ratios, 3.1 and 5.5 at 3 and 6 wk, respectively).
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FIGURE 2. Sequential pQCT images of rabbit tibias at 3 and
6 wk (top and bottom, respectively). In the control animal (left),
closure of the cortical window is already seen at 3 wk. In the
experimental animal, with an osteomyelitic bone (right), no ap-
parent closure of the cortical window is seen at 3 wk and the
cortical window is still open at 6 wk.

For PET, the animals were sedated using the same method as
was used for anesthesia during the first stage of surgery. A mean
of 93 MBq of 18F-FDG (range, 85-105 MBq) wasinjected into the
ear artery. The animas were not kept fasting before 8F-FDG
administration. Hyperglycemia is known to reduce 8F-FDG up-
take by tumor cells, but it may not have a negative effect on
18E-FDG uptake in inflammatory cells (12). A dynamic acquisition
consisting of four 5-min frames and lasting 20 min was started 40
min after the 18F-FDG injection. A 5-min transmission scan for
attenuation correction was obtained after the emission imaging,
using 2 rod sources containing %8Ge.

PET Data Analysis

Data were corrected for dead time, decay, and photon attenua-
tion, and the images were reconstructed in a 128 X 128 matrix
using a Hanning filter with a cutoff frequency of 4.6 mm. Quan-
titative analysis was performed on standardized circular regions of
interest (ROIs) (r = 3.8 mm) over the defect area of the right tibia
and the corresponding region of the contralateral intact left tibia
The average radioactivity concentration in an ROl was used for
comparative analysis of the 2 sides. 18F-FDG accumulation was
reported as the standardized uptake value (SUV), which was
calculated as the radioactivity of the ROI divided by the relative
injected dose, expressed per kilogram of body weight. In addition,
the activity ratios between the operated and nonoperated sides
were calculated (13). During PET image analysis, the pQCT image
of each bone was used as a reference for the constant anatomic
positioning of the ROIs.

pQCT

Aside from undergoing PET, each animal underwent pQCT 3
and 6 wk after the second stage of surgery (Fig. 2).

With the animal under sedation, the right hind limb was placed
in a holder and imaged with a Stratec XCT Research M pQCT
device (Norland Stratec Medizintechnik GmbH). After an initial
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scout view had been obtained, 6 consecutive cross-sectional im-
ages with a dlice distance of 0.75 mm and a voxel size of 0.092 X
0.092 X 1.25 mm were obtained in the horizontal plane at the bone
defect.

Radiography and Histology

The animals were sacrificed by intravenous administration of
sodium pentobarbital (Mebunat; Orion) 6 wk after the debride-
ment. Using sterile technique, the area of the bone defect was
exposed and swab cultures were taken both from the bone defect
itself and from the surrounding soft tissues to confirm the presence
of persistent staphylococcal bone infection.

After the cultures had been obtained, the specimens were sub-
jected to radiography using an Alpha RT mammography device
(Instrumentarium Corp.) (Fig. 3). The radiographic presence of
osteomyelitic bone changes was classified according to the osteo-
myelitis system of Mader and Wilson (grades 0—4) (14).

For the histologic analysis, separate specimens were prepared
from the bone segment and surrounding soft tissues. 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; Kulzer). With the use of a
water-cooled, high-speed, low-feed saw equipped with a diamond-
impregnated blade, specimenswere cut in the cross-sectional plane
at the center of the cortical window.

Statistical Analysis

The significance of differences in SUV's between osteomyelitic
bones, healing bones, and intact bones was calculated using 1-way
ANOVA with a post hoc Tukey test. Within each group, 8F-FDG
activity at 3 wk was compared with that at 6 wk using the Student
paired t test. The results of the radiographic scorings and pQCT

FIGURE 3. Plain radiographs demonstrating a healing defect
(arrow) of the proximal tibia in a control animal (left) and a
localized osteomyelitic defect (arrows) in an experimental ani-
mal (right).
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measurements were analyzed by a nonparametric test and by
1-way ANOV A with apost hoc Tukey test, respectively. A P value
of 0.05 was considered significant. All statistical analyses were
conducted using SPSS statistical software (version 11.5; SPSS
Inc.).

RESULTS

Confirmation of Staphylococcal Infection

In the osteomyelitic group, al bacterial cultures taken
from the bone and foreign body (bone cement) during
debridement surgery were positive for inocul ated Staphylo-
coccus aureus (strain 52/52A/80). In the healing-bone
group, none of the corresponding cultures were positive.

At the time of sacrifice, bacterial cultures of the osteo-
myelitic group remained positive for the same strain of
Staphylococcus aureus. In 3 animals, cultures of the sur-
rounding soft tissues were also positive for the same patho-
gen. In the healing-bone group, cultures of the bone and the
soft tissues remained negative for bacteria.

PET of Osteomyelitic and Healing Bone

Preoperative 8F-FDG PET findings did not significantly
differ between the 2 sides (ROIsin the right and I eft tibias).
The SUV of intact bone was 0.35 (SD, 0.06), and the SUV
ratio of the 2 sides was 1.02 (SD, 0.04).

Uptake of 8F-FDG by healing bone had increased sig-
nificantly (P = 0.007) by 3 wk (Fig. 4) but returned almost
to normal by 6 wk; at that time, uptake by healing bone did
not differ significantly (P = 0.865 for SUV ratio) from
uptake by intact bone. The SUVs of the healing bones
varied from 0.51 to 1.21 (mean, 0.74; SD, 0.20) at 3 wk and
from 0.30 to 0.96 (mean, 0.51; SD, 0.13) at 6 wk. The SUV
ratio was 2.35 (SD, 0.26) at 3 wk and 1.32 (SD, 0.54) at 6
wk.

In the osteomyelitic group, ¥F-FDG activity was signif-
icantly higher (P < 0.001) in the infected region than in
intact bone at both 3 and 6 wk. Uptake was al so significantly
higher in the osteomyelitic region than in healing bone at
both 3 wk (P = 0.014) and 6 wk (P < 0.001). Unlike
healing bones, osteomyelitic bone regions did not show a
marked decrease in 18F-FDG activity over time. The SUVs
of the osteomyelitic regions varied from 0.84 to 2.79 (mean,
1.95; SD, 0.71) at 3 wk and from 0.76 to 2.89 (mean, 1.69;
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FIGURE 4. '8F-FDG activity
in intact bones, healing bone
defects, and osteomyelitic re-
gions. SUV ratios were calcu-
lated between operated and
nonoperated sides.
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SD, 0.85) at 6 wk. The SUV ratios varied from 2.2 to 7.6
(mean, 3.90; SD, 1.74) at 3 wk and from 2.8 to 5.5 (mean,
4.19; SD, 0.99) at 6 wk. The 3 animals with extension of
bone infection into soft tissues, confirmed by positive bac-
terial cultures, showed local spread of 8F-FDG activity
outside the bone. However, these animals did not show
higher bone 18F-FDG activity than did those with infection
limited to the medullary cavity.

Radiography, pQCT, and Histology

In the osteomyelitic group, plain radiographs at 6 wk
showed localized osteomyelitis with moderate bone destruc-
tion. According to the osteomyelitis scoring system of
Mader and Wilson (grades 0—4) (14), the mean score was
3.43 (SD, 0.54) in the osteomyelitic group and 0.25 (SD,
0.46) in the healing-bone group (P < 0.01).

In addition to the hard-tissue histologic sections, pQCT
imaging allowed cortical window closure to be measured as
a function of the healing time. In the healing-bone group,
the cortical window had closed, on average, to 58% (SD,
23%) of its original length by 3 wk and to 77% (SD, 26%)
by 6 wk. In the osteomyelitic group, no apparent closure of
the cortical window had occurred by 3 wk. At 6 wk, the
cortical window had closed, on average, to 33% (SD, 34%)
of its original length. Differences between the groups were
not statistically significant.

DISCUSSION

BE-FDG, the most commonly used PET tracer for diag-
nosis of infection (2), has been shown to localize autora-
diographically in the regions with the highest numbers of
macrophages and polymorphonuclear leukocytes (5). This
study evaluated the 8F-FDG PET characteristics of bone
healing and infection in a standardized infection model. Of
particular interest for clinical work was the exploration of
whether bone infection could be distinguished from normal
bone healing. The results showed that intact bones have low
1BE-FDG uptake, whereas early stages of normal bone heal-
ing (without infection) were associated with transiently in-
creased uptake, which tended to normalize within 6 wk.
Bone infection was associated with an intense, continuous
1BE-FDG uptake. On the basis of these findings, the process
of bone healing could be distinguished from bone infection
using 8F-FDG PET.

The early stages of bone healing, involving an inflamma-
tory phase with a highly activated state of cell metabolism
and glucose consumption, may mimic infection on PET
images (15). Fresh fractures are known to have high 18F-
FDG uptake (16). In 2 18F-FDG PET studies of suspected
osteomyelitis, uptake related to postsurgical bone healing
produced false-positive results (13,17). In a study of 22
patients, 18F-FDG PET allowed a correct diagnosis of os-
teomyelitis in 6 patients, whereas 2 patients with recent
osteotomy showed false-positive uptake (17). In another
study—of 60 patients with suspected osteomyelitis—18F-
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FDG PET allowed correct identification of osteomyeélitisin
25 patients, but 2 patients of 4 with false-positive findings
had undergone bone surgery less than 6 mo before being
imaged with PET (13). These clinical observations suggest
that an interval of 3—6 mo between surgery and PET should
be alowed to minimize the risk of false-positive findings
during early stages of postsurgical and traumatic bone heal-
ing (2). A recent retrospective analysis of 37 patients also
suggested that an abnormal accumulation of 8F-FDG at a
fracture site for longer than 3 mo is likely due to either
osteomyelitis or other pathologic processes, such as malig-
nancy (18).

The localized osteomyelitis model (stage I11A according
to the classification of Cierny et a. (8)) adopted in the
current experiment was modified from a canine model de-
scribed by Fitzgerald (9) and by Calhoun and Mader (19).
There are well-known difficulties in the induction of bone
infection in rabbits (20). A high inoculum of bacteria
organisms is required to produce osteomyelitis in rabbits,
increasing anima mortality. In most osteomyelitis rabbit
models, sodium morrhuate, a mild sclerosing agent causing
aseptic bone necrosis, has been used to promote progressive
osteomyelitis and to decrease the necessary inoculum of
bacteria for infection. However, the use of sodium mor-
rhuate in the induction of bone infection has certain disad-
vantages (20). Sodium morrhuate may result in diffuse
osteomyelitis (stage IVA according to the classification of
Cierny et al.) of the rabbit tibia. In the model of Fitzgerald,
originally developed for the canine tibia, a block of bone
cement is inserted into the intramedullary canal to produce
a biomaterial-related infection. This approach allows low-
ering of the inoculum of bacteria required for osteomyelitis,
decreasing mortality. The model, applicable aso in the
rabbit tibia as shown in this experiment, has several advan-
tages. The osteomyelitisis relatively easy to produce and is
localized.

The current model was based on the use of Staphylococ-
Ccus aureus as the bone pathogen. Staphylococcus aureus is
the most frequently encountered microorganism in any type
of clinical osteomyelitis (21). There are also other clinically
important and increasingly isolated bone pathogens that
may produce less severe infection than Staphylococcus au-
reus. The indolent clinical picture of bone infections caused
by Saphylococcus epidermidis is well known. Under ex-
perimental conditions, osteomyelitis caused by Pseudomo-
nas aeruginosa also produced less destructive infection than
did Staphylococcus aureus osteomyelitis (22). It is well
anticipated that in these low-grade bone infections, 18F-FDG
uptake may be different from that caused by Staphylococcus
aureus. Therefore, further studies of different bacteria are
advocated.

Our study also had other limitations. The results were
applicable only to the experimental model studied. Thetime
required for increased 8F-FDG activity to appear at the site
of a healing bone might depend on the location and type of
skeletal injury. For example, spontaneous osteoporotic com-
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pression fractures of the spine tend to have normal 8F-FDG
uptake, whereas pathologic vertebral fractures are highly
positive for uptake on PET scans (23). The applied exper-
imental model represents chronic bone infection. Although
distinction between acute and chronic processes has not
been necessary in clinical staging of adult deep bone infec-
tions (8), our results may not be applicable to acute bone
infections in the absence of underlying bone disease.

The animal model that we used is amenable to local
antibiotic therapy and various surgical treatments. Most
important, our findings suggest the feasibility of using 8F-
FDG PET for following up the progress of osteomyelitis.
The same technique might prove to be invaluable for non-
invasive evaluation of the response of osteomyelitisto treat-
ment, not only under experimental conditions but also in
clinical patients.

CONCLUSION

BF-FDG PET is one of the most promising imaging
modalities for diagnosis of deep bone infections, but clinical
experience suggests that recent bone surgery or afresh bone
fracture may cause false-positive findings. In this study of a
standardized rabbit osteomyelitis model, we showed that
bone infection could be distinguished from bone healing.
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