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Abstract. For each oncological tracer it is important to
know the uptake in non-tumorous lesions. The purpose
of this study was to measure the accumulation of fluo-
rine-18 choline (FCH), a promising agent for the evalua-
tion of certain tumour types, in infectious tissue. Unilat-
eral thigh muscle abscesses were induced in five rats by
intramuscular injection of 0.1 ml of a bacterial suspen-
sion (Staphylococcus aureus, 1.2x10° CFU/ml). In all
animals, FCH accumulation was measured with high-
resolution positron emission tomography (PET) on day
6. Autoradiography of the abscess and ipsilateral healthy
muscle was performed on day 7 (three animals) and day
11 (two animals) and correlated with histology. In addi-
tion, 18F-fluorodeoxyglucose (FDG) PET was performed
on day 5. Increased FCH uptake was noted in specific
layers of the abscess wall which contained an infiltrate
of mainly granulocytes on day 7 and mainly macro-
phages on day 11. The autoradiographic standardised up-
take values in the most active part of the abscess wall
were 2.99 on day 7 (n=3) and 4.05 on day 11 (rn=2). In
healthy muscle the corresponding values were 0.99 and
0.64. The abscesses were clearly visualised on the FCH
and FDG PET images. In conclusion, this study demon-
strated avid FCH accumulation in inflammatory tissue,
which limits the specificity of FCH for tumour detection.
Future studies are now needed to determine the degree of
this limitation in human cancer patients.
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Introduction

Whole-body positron emission tomography (PET) has
developed into an invaluable tool for the evaluation of
tumours. By far the largest number of examinations are
performed with fluorine-18 fluorodeoxyglucose (FDG).
However, FDG has several disadvantages. One is the re-
duced specificity for tumour cells due to FDG uptake in
inflammatory lesions. A promising candidate for higher
tumour specificity was !8F-ethyl tyrosine (FET), which
does not accumulate in inflammatory lesions [1] and
which had shown promising potential in the evaluation
of brain tumour patients [2]. Unfortunately, FET proved
to be less sensitive than FDG in whole-body imaging of
certain tumours [3]. Another substantial disadvantage of
FDG is the minimal or lacking uptake in certain tumours,
such as prostate carcinoma, the most common cancer in
elderly men. Promising results for staging patients with
prostate carcinoma have been reported with labelled cho-
line compounds. Some studies have used carbon-11 la-
belled choline [4, 5, 6], whose clinical usefulness is lim-
ited by the short half-life of !'C. This problem is over-
come by !8F-labelled choline (FCH), which has recently
been introduced and has also shown promising results in
the evaluation of patients with prostate cancer [7, 8, 9,
10]. For every tumour imaging compound it is important
to know the accumulation characteristics in non-tumor-
ous lesions, of which inflammatory/infectious foci are
among the most important. Thus, the purpose of this
study was to assess the FCH uptake in infected tissue. As
in our previous studies, we used a rat model with experi-
mentally induced abscesses in a leg muscle [1, 10]. FCH
accumulation was determined using high-resolution PET
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and autoradiography. In addition, FDG PET was per-
formed in each animal.

Materials and methods

Animals and abscess model. This study was performed according
to the guidelines of the National Institutes of Health and the rec-
ommendations of the committee on animal research at our institu-
tion. The protocol was approved by the local institutional review
committee on animal care.

The study included five Sprague-Dawley rats (weight 250—
300 g). All the animals were kept in cages with standardised con-
ditions of light and free access to water and food. Using general
inhalation anaesthesia (isoflurane, Forene, Abbott Laboratories), a
unilateral deep calf muscle abscess was induced by intra muscular
inoculation (25G needle) of 0.1 ml of a bacterial suspension (Sta-
phylococcus aureus, clinical strain 10B, Novartis Pharma, Inc.,
Switzerland). The bacterial concentration (1.2109 CFU/ml) was
measured by optical density (McFarland Standard, bioMerieux,
Inc., USA).

All animals developed a palpable fluctuating mass in the left
calf muscle within 36 h after bacterial inoculation. No systemic in-
fection occurred.

Positron emission tomography with FCH and FDG. Examination
were performed on a high-resolution PET system (16 Module
quad Hidac PET System). The resolution at the centre of the field
of view was 1.0 mm. FDG PET was performed 5 days after the in-
duction of the abscess. Twenty minutes of data were acquired in
list mode starting 40 min following the injection of 10-19 MBq
FDG into the tail vein. FCH PET was performed 1 day later. For-
ty-five minutes of data were acquired immediately following in-
jection of 8-20 MBq FCH into the tail vein. The list mode data
were then rebinned into nine frames of 5 min duration. Injection
and imaging with both tracers were done under isoflurane inhala-
tion anaesthesia. To quantify tracer uptake a 10-ml syringe filled
with an !8F solution of known concentration (0.5-1.5 MBgq/ml)
was imaged immediately following the animal examination. The
raw data were reconstructed using the iterative one pass list-
mode—expectation maximisation (OPL-EM) algorithm (0.5 mm
bin size, 200x200x440 matrix size) incorporating resolution re-
covery. Volumes of interest (VOIs) were subsequently placed on
various tissue areas using the software PMOD [11]. The uptake
values were expressed in kBg/ml using the syringe calibration. Di-
viding the tissue uptake by the injected activity per gram of body
weight yielded the standardised uptake value (SUV).

Autoradiography with FCH. Autoradiography was performed
7 days (three animals) and 11 days (two animals) following induc-
tion of the abscess. For injection of the radiotracer a catheter was
put into the right femoral vein under isoflurane anaesthesia. Ten
minutes following the injection of 100-200 MBq FCH, the ani-
mals were sacrificed by an intravenous overdose of pentobarbital.
Infected calf muscle and ipsilateral normal calf muscle were dis-
sected immediately and frozen in isopentane cooled to —50°C. The
frozen samples were cut (10 um thickness) and thaw-mounted on
glass slides. The slides were then put on a phosphor imager screen
(Fuji TR 2025) for 4 h together with 4C standards for quantifica-
tion of tracer uptake. The data were scanned (Fuji BAS 1800 II,
pixel size 50 um) and converted to kBg/mg. For histological ex-
amination the slices were stained using haematoxylin-eosin (H-E).
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Quantitative analysis. In a previous calibration experiment, each
14C standard was assigned a value in kBq/ml of I8F activity. For
this purpose, 10-um-thick slices of tissue homogenate that con-
tained defined amounts of 18F activity (kBg/mg) were exposed on
the phosphor imaging screen together with the 14C standard for
4 h. Using this calibration allowed conversion of the gray values
into absolute uptake values (kBq/ml) at the beginning of screen
exposure. To calculate standardised uptake values (SUVs) the in-
jected activity was also decay-corrected to the same time point.
The SUVs were then obtained by dividing the tissue uptake by the
injected activity per gram of body weight. Regions of interest
were subsequently placed on several tissue areas using the soft-
ware PMOD [11].

Histology. After the autoradiographic measurements with the
phosphor imaging system, the same slices were stained with H-E
for histological examination.

Results

Histomorphological correlation to FCH
autoradiography

A typical autoradiograph of an abscess formation on day
7 is shown together with the histology in Fig. 1. The
acute abscess formation is histologically characterised
by central necrosis surrounded by a layer consisting
mostly of necrotic granulocytes. Adjacent to this layer is
a zone of granulation tissue with an active inner part and
a more mature outer part. The inner layer contains granu-
locytes, macrophages, myofibroblasts, blood capillaries
and bacteria. The outer part is composed of the same ele-
ments but contains fewer inflammatory cells (granulocy-
tes and macrophages) and more mature collagen. Super-
position of the histological and autoradiographic image
of the identical slice clearly demonstrated that the high-
est FCH concentration was in layer 3; no FCH at all was
noted in layer 2. On day 11, layer 2 was even more ne-
crotic and granulocytes were no longer present in layers
3 and 4.

The SUVs (mean) of layers 3 and 4 are summarised
in Table 1. In the three animals examined 7 days and the

Table 1. FCH SUV determined by autoradiography

Animal Day? Abscess wallb Muscle SUV
Inner Outer

1 7 2.96 2.13 0.85

2 7 2.94 2.02 0.95

3 7 3.07 2.12 1.16

4 11 4.02 2.82 0.61

5 11 4.07 2.95 0.67

2Day of autoradiography following induction of abscess
bInner: layer 3 in Fig. 1; outer: layer 4 in Fig. 1
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Fig. 1A-F. Histology of the abscess formation on day 7 (H-E stain-
ing, A), FCH autoradiography of the identical slice (B) and superpo-
sition of the two (C). The abscess wall (D) is characterised by a ne-
crotic centre (/), which is surrounded by a layer consisting mainly of
necrotic granulocytes (2; for higher magnification see E). Adjacent is

Table 2. SUV of tracer uptake determined with PET
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a zone with granulation tissue, which can be subdivided into a more
active inner (3, for higher magnification see F) and a more mature
outer part (4). The highest concentration of FCH is found in layer 3,
while layer 2 does not take up any FCH. Further details are reported
in the text. The bar represents 400 um in D and 100 pm in E and F

Animal FCH PET, day 6 FDG PET, day 5
Abscess Normal ipsilateral Muscle contralateral Abscess Normal ipsilateral Muscle contralateral

1 4.12 1.72 2.10

2 1.06 0.45 0.30 4.53 0.95 0.55

3 1.17 0.38 0.28 2.36 0.86 0.42

4 2.36 0.81 0.44

5 1.13 0.35 0.29 3.45 1.29 0.63

Mean 1.12 0.39 0.29 3.37 1.13 0.83

SD 0.06 0.05 0.01 0.99 0.38 0.72

two animals examined 11 days following induction of FCH and FDG PET

the abscess, the mean SUV in layer 3 was 2.99 and 4.05
respectively. The corresponding values for layer 4 were
2.09 and 2.89 and for healthy muscle, 0.99 and 0.64.

The SUVs of tracer uptake determined with FCH and
FDG PET are demonstrated in Table 2. In animals 1 and
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Fig. 2. FCH and FDG PET. Shown is a slice with a thickness and
pixel size of 0.5 mm. The abscess (arrows) is clearly visualised
with FCH (on the left) and FDG (on the right). With FCH the
highest uptake is in the liver and kidney

4_M

O abcess wall
> 3 —»— healthy muscle
)
wn —o— liver
2 -

1{ 00—/ —p—n 0

0 T T T T 1
0 10 20 30 40 50

Time [minutes]

Fig. 3. Time course of the FCH concentration in different struc-
tures (mean of three animals)

4, tracer uptake was sluggish owing to partial parave-
nous injection of FCH. SUV values were therefore not
calculated. In the other three animals the mean SUV in
the abscess wall was 2.8 and 3.9 times higher than in ip-
silateral and contralateral normal muscle respectively.
With FDG, the abscess wall accumulated three to four
times more tracer than normal muscle.

A slice of an FCH and an FDG PET scan are shown
in Fig. 2. The abscess wall is clearly delineated with
both tracers. With FCH the highest uptake is present in
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the liver and kidney. The time course of FCH concentra-
tion is illustrated in Fig. 3. In the abscess wall and in
muscle tissue there was only minimal change between
5 and 45 min following injection. In the liver a maxi-
mum SUV of 4.75 was reached after 15-20 min.

Discussion

The most important result of this study is the demonstra-
tion of avid FCH uptake in inflammatory lesions. Such
uptake will potentially limit the specificity of FCH in tu-
mour evaluations. In the abscess wall the autoradio-
graphically measured FCH SUV was 3 and 4 at days 7
and 11 respectively. This is somewhat lower than the
FDG SUV determined with the same methods in one of
our earlier experiments [12]. In that study the FDG SUV
in the abscess wall was 5 and 8 at days 5 and 9 respec-
tively. However, the important issue is how FCH SUV in
infectious lesions compares with FCH uptake in tu-
mours. In a study by Price et al. in patients with prostate
cancer, the FCH SUV was between 2 and 8 in the pros-
tate gland and between 3 and 8 in metastatic lymph
nodes and bone metastasis [10]. Zhang et al. assessed the
usefulness of 'C-choline in separating benign from ma-
lignant lesions in bone and soft tissue tumours in 43 pa-
tients [13]. The SUV was 4.9+2.1 and 2.5+1.7 in malig-
nant and benign lesions respectively. The data of both
studies demonstrate that the SUV in certain tumorous le-
sions is in the same range as the SUV in the infectious
tissue of our study (range 3—4).

Correlation of the FCH autoradiographs with the his-
tology clearly demonstrated that the highest FCH uptake
is found in the active granulation tissue (layer 3). The res-
olution of autoradiography does not allow identification of
which cell types within this area incorporate FCH. How-
ever, since the main difference between the inner and the
outer layer of the granulation tissue is the number of in-
flammatory cells, it seems likely that these cells accumu-
late a major part of the FCH. On day 11, FCH uptake in
layers 3 and 4 is even higher than on day 7, with granu-
locytes no longer present. This suggests that a major part
of the FCH is incorporated in macrophages at that stage,
pointing to an upregulation of choline kinase in these
cells, as has been demonstrated for tumour cells. Choline
is transported into cells by specific mechanisms and then
phosphorylated by choline kinase. In a further step it is
metabolised to phosphatidylcholine and incorporated into
the cell membrane. The increased choline uptake in tu-
mours is explained by upregulation of choline kinase.

It is interesting that the layer with the highest cell
density (layer 2) does not take up any FCH. This may be
because this layer contains only dead cells or because it
is not perfused, or a combination of the two. Another
question is to what degree the observed FCH uptake pat-
tern is determined by blood flow, which may vary in the
different layers of the abscess wall.
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The abscesses were clearly delineated by FCH and
FDG PET. The contrast relative to surrounding tissue
seemed similar for both tracers. Comparison of the
SUVs determined with PET and autoradiography dem-
onstrated an underestimation of the FCH SUVs by PET.
This is most probably due to the limited spatial resolu-
tion of PET and the resultant underestimation of radio-
activity concentration in small structures. Another fac-
tor may be the lack of attenuation correction, which is
not implemented on the present system. Also the FDG
SUVs in the abscess wall at day 5 were somewhat
lower than the autoradiographically determined values
in our previous study (3.3 vs 5 in the previous study
[12D.

In summary, FCH is avidly accumulated in inflamma-
tory infiltrates. This finding limits the specificity of la-
belled choline compounds for tumour detection. Future
studies are now required to determine the degree of this
limitation in human cancer patients. This includes the
evaluation of FCH uptake in different acute and chronic
inflammatory lesions.
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