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Abstract. Purpose: The suitability of the 18F-labelled flu-
oroquinolone antibiotic ciprofloxacin ([!8F]ciprofloxacin)
for imaging of bacterial infections with positron emission
tomography (PET) was assessed in vitro and in vivo.
Methods: For the in vitro experiments, suspensions of
various E. coli strains were incubated with different
concentrations of [!8F]ciprofloxacin (0.01-5.0 pg/ml)
and radioactivity retention was measured in a gamma
counter. For the in vivo experiments, 725 + 9 MBq
['8F]ciprofloxacin was injected intravenously into four
patients with microbiologically proven bacterial soft tis-
sue infections of the lower extremities and time-radioac-
tivity curves were recorded in infected and uninfected
tissue for 5 h after tracer injection. Results: Binding of
['8F]ciprofloxacin to bacterial cells was rapid, non-sat-
urable and readily reversible. Moreover, bacterial bind-
ing of the agent was similar in ciprofloxacin-resistant
and ciprofloxacin-susceptible clinical isolates. These
findings suggest that non-specific binding rather than
specific binding to bacterial type Il topoisomerase en-
zymes is the predominant mechanism of bacterial reten-
tion of the radiotracer. PET studies in the four patients
with microbiologically proven bacterial soft tissue infec-
tions demonstrated locally increased radioactivity uptake
in infected tissue, with peak ratios between infected and
uninfected tissue ranging from 1.8 to 5.5. Radioactivity
was not retained in infected tissue and appeared to wash
out with a similar elimination half-life as in uninfected
tissue, suggesting that the kinetics of [!8F]ciprofloxacin
in infected tissue are governed by increased blood flow
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and vascular permeability due to local infection rather
than by a binding process. Conclusion: Taken together,
our results indicate that [!8F]ciprofloxacin is not suited
as a bacteria-specific infection imaging agent for PET.
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Introduction

In order to improve the clinical management of patients
with fever of unknown origin or prosthetic joint infection,
the availability of a single-photon emission computed
tomography (SPECT) or positron emission tomography
(PET) imaging agent that is able to differentiate between
infection caused by bacteria and sterile inflammation
would be desirable [1]. One approach to the development
of such a tracer is the use of radiolabelled antibiotic
agents that bind in vivo specifically to bacterial cells.
This approach has been exemplified by a complex of
99mTe with the fluoroquinolone antibiotic ciprofloxacin
[2, 3] as well as by 9mTc-labelled antimicrobial peptides,
such as 99mTc-UBI 29-41 [4, 5]. Although the exact
chemical structure of 9mTc-ciprofloxacin, also known as
Infecton (Draximage, Inc.), has not yet been determined,
the radiolabelled compound is believed to retain the phar-
macokinetic and pharmacodynamic properties of unla-
belled ciprofloxacin and to accumulate in vivo within
bacterial cells [6].

Fluoroquinolone antibiotics exert their antimicrobial
effect by inhibition of the bacterial type II topoisomerase
enzymes DNA gyrase and/or topoisomerase IV. This
action is mediated by fluoroquinolone binding to enzyme
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and bacterial DNA in the form of a ternary complex [7].
Some fluoroquinolones, such as ciprofloxacin, show rel-
atively little metabolism in vivo, with the majority of
drug (>85%) being excreted in unchanged form [8].
Since ciprofloxacin is a registered antibiotic for human
use, no safety concerns are expected to arise from its use
for clinical imaging. These characteristics, along with
the presence of fluorine in its native structure, make
ciprofloxacin a promising candidate for the development
of a bacteria-specific infection imaging agent for PET.

We have recently labelled ciprofloxacin with !8F
(half-life 109.8 min) [9, 10] and have assessed the phar-
macokinetics of [!8F]ciprofloxacin in healthy volunteers
[11]. We reasoned that [!8F]ciprofloxacin might be an
alternative to %°mTc-ciprofloxacin for infection imaging,
exploiting the advantages of the PET technique, i.e. bet-
ter spatial resolution, increased sensitivity and quantita-
tive data on radioactivity distribution. In the present
work, first PET data in patients with microbiologically
proven bacterial infections are reported. Moreover, in
vitro bacterial binding experiments were performed in
order to elucidate the mechanism of binding of the radio-
tracer to bacterial cells.

Materials and methods

Synthesis and quality control of [!8F]ciprofloxacin

['8F]Ciprofloxacin was prepared by a two-step radiosynthesis as
previously described [9, 10]. The purified radiotracer was formu-
lated in 7 ml sterile phosphate buffer (0.2 M, pH 5.5-6.0). For in-
travenous administration, an aliquot of the product solution was
diluted with physiological saline solution to an injection volume
of 10 ml. Prior to injection into patients, quality control was per-
formed for each batch of synthesised ['8F]ciprofloxacin as previ-
ously described [9]. As assessed by analytical high-performance
liquid chromatography (HPLC) and thin-layer chromatography
(TLC), the radiochemical purity of [!8F]ciprofloxacin was >99%
and the chemical purity exceeded 95%. The specific radioactivity
of [!8F]ciprofloxacin was determined by analytical reversed-
phase HPLC using a calibration curve generated from known
amounts of unlabelled ciprofloxacin [9]. The mean specific radio-
activity of [!8F]ciprofloxacin at the time of injection was 342+
94 MBg/umol (n=4). Therefore, an injected amount of 725 MBq
['8F]ciprofloxacin corresponded to approximately 2.1 wmol or
0.8 mg of unlabelled ciprofloxacin. For in vitro bacteria binding
experiments the formulated [!8F]ciprofloxacin solution was dilut-
ed with phosphate buffer (100 mM, pH 7.0) to obtain a final
ciprofloxacin concentration of 1.0 ug/ml.

Bacterial strains and growth conditions

Escherichia coli (ATCC 25922) was obtained from LGC Pro-
mochem (Wesel, Germany). Clinical isolates of E. coli with differ-
ent susceptibility to ciprofloxacin [minimum inhibitory concentra-
tion (MIC)=0.015, 0.25, 8 and 16 ug/ml] were obtained from the
Department of Infectious Diseases and Chemotherapy, General
Hospital Vienna, Austria. All bacteria were stored in liquid nitro-
gen (—196°C) prior to use. Bacteria were first grown overnight on

Columbia agar plates (Columbia + 5% sheep blood, BioMerieux,
France) at 37°C. Afterwards bacteria were grown overnight in
Mueller-Hinton broth (Merck, Darmstadt, Germany) at 37°C.
Bacterial inoculum was estimated using either the microdilution
method or a turbidity meter (A-just, Abbott, North Chicago, USA).
Bacterial suspensions were centrifuged (15 min, 2,500g, room tem-
perature) with a Rotanta/TRC centrifuge (Hettich, Tuttlingen, Ger-
many). The obtained pellet containing the bacterial cells was then
re-suspended in a calculated volume of aqueous phosphate buffer
(100 mM, pH 7.0) according to the desired bacterial inoculum (col-
ony forming units/ml, CFU/ml). Bacterial concentrations ranged
from 1x10% CFU/ml to 1x10° CFU/ml. The suspension was after-
wards aliquoted in 3-ml portions into 12-ml Sorvall polyallomer
tubes (Du Pont Company, Wilmington, DE, USA). For some exper-
iments the MIC values of the used bacterial strains were deter-
mined by a twofold serial Mueller-Hinton microdilution method,
according to National Committee for Clinical Laboratory Standards
(NCCLYS) criteria [12]. In this method, bacteria were pre-cultured
overnight on Columbia agar plates and then introduced at an initial
inoculum of approximately 5x105 CFU/ml into Mueller-Hinton
broth containing ciprofloxacin. The lowest concentration of antibi-
otic, which inhibited visible bacterial growth after 20 h of incuba-
tion at 37°C, was defined as the MIC.

Determination of bacterial binding of [!8F]ciprofloxacin

The experimental conditions employed for this study were adapted
from previous work [13]. Bacterial suspensions were allowed to
equilibrate for 10 min at 37°C in a gently shaking water bath. At
the end of the equilibration period, appropriate amounts of
['8F]ciprofloxacin (i.e. 50-200 kBq) in phosphate buffer were
added. For the binding curve shown in Fig. 1, bacteria were in-
cubated with a range of ciprofloxacin concentrations (0.01—
5.0 ug/ml) by addition of unlabelled ciprofloxacin to the radioli-
gand. Afterwards, the tubes containing bacteria and radiolabelled
ciprofloxacin were incubated for 10-20 min at 37°C in the water
bath. Then, the bacterial suspensions were centrifuged (5 min,
12,000g, 4°C) in a Sorvall RC-5C refrigerated centrifuge. The su-
pernatants were discarded and the cell pellets were washed with
8 ml ice-cooled phosphate buffer to remove unbound radioactivity.
After centrifugation (5 min, 12,000g, 4°C) and removal of super-
natant, the pellets were re-suspended in fresh phosphate buffer
(2 ml) and transferred into new tubes. The cell suspensions were
measured in a Packard Cobra II auto-gamma counter (Packard In-
strument Company, Meriden, USA). In order to correct for non-
specific binding, blank tubes containing only phosphate buffer
were also incubated with [!8F]ciprofloxacin. In some experiments,
unlabelled norfloxacin (100 ug/ml) was added at the beginning
of the equilibration period to the incubation buffer. Samples
were then incubated with [!8F]ciprofloxacin and further pro-
cessed as described above. In other experiments, the efflux of
['8F]ciprofloxacin from bacterial cell pellets was assessed. In
these experiments [!8F]ciprofloxacin-loaded cell pellets were re-
incubated with 3 ml phosphate buffer at 37°C and then processed
as described earlier. The measured radioactivity values were
related to the mass of ciprofloxacin via the decay-corrected spe-
cific radioactivity of [!8F]ciprofloxacin. Bacterial uptake of
ciprofloxacin was expressed as nanogram retained mciprofloxacin
per ug/ml ciprofloxacin in the incubation medium per 1x
10 CFU/ml bacterial cells [ng/(ug/ml) x (10° CFU/ml)]. All
experiments were performed in triplicate and results were ex-
pressed as the mean + standard deviation.
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PET study in patients

The study was approved by the local Ethics Committee. All pa-
tients were given a detailed description of the study and their writ-
ten consent was obtained. The study was performed in accordance
with the Declaration of Helsinki and the Good Clinical Practice
Guideline of the European Commission (EC-GCP guideline). Four
patients [three males, one female; mean weight 78+24 (standard
deviation, SD) kg; mean height 17318 cm; mean age 76+14
years] with microbiologically proven bacterial soft tissue infec-
tions of the lower extremities were included in the study. Three
patients presented with peripheral arterial occlusive disease and
one with chronic venous insufficiency (patient 1). Each patient
was subjected to a screening examination including medical histo-
ry, physical examination, 12-lead ECG, complete blood count,
serum electrolytes, creatinine, BUN, total bilirubin, gamma-GT,
AST, ALT, total protein, aPTT, normotest, and HBs antigen, HCV
antibody and HIV antibody tests. Prior to inclusion in the study
and on the day of the PET study, swabs were taken from the centre
of the wound and microbiological specimens were cultured on ap-
propriate media. Isolates were identified by conventional means in
the local microbiological laboratory (see Table 2). Bacterial iso-
lates were tested for susceptibility to ciprofloxacin. Patients were
excluded if they received therapy with a quinolone antibiotic with-
in 1 week before the start of the study.

On the day of the study, a venous catheter was placed in each
arm (one for infusion of radiolabelled drug, one for blood sam-
pling). Patients were positioned supine on the scanner bed with the
infected and uninfected limbs within the field of view (FOV) of
the PET camera. PET images were acquired with a GE Advance
PET scanner (GE Medical Systems, Wukesha, WI) with a trans-
verse FOV of 55 cm and an axial FOV of 15 cm. In order to cor-
rect for tissue attenuation of photons, a transmission scan of
10 min duration using two 400-MBq ®Ge pin sources was record-
ed prior to radiotracer injection. Then [!8F]ciprofloxacin (mean in-
jected amount 725+9 MBq) was administered as an intravenous
bolus. Serial PET imaging and venous blood sampling were initi-
ated at the start of bolus infusion and were continued for 5 h. The
imaging protocol consisted of the following frame sequence: dur-
ing the first 60 min after injection, dynamic images of the infected
and uninfected limb were acquired (frame lengths 12x5 min). Sub-
jects were then allowed to resume usual activity. Approximately 2,
3, 4 and 5 h after tracer injection, subjects were re-positioned in
the PET camera. At each time point a transmission scan (3-min
duration) followed by an emission scan over three axial FOVs
with a scan duration of 5 min per FOV was performed. During the
study period, venous blood samples (9 ml) were collected at 1, 3,
5, 15, 30, 45, 60, 90, 120, 150, 180, 240 and 300 min following
radiotracer injection. Plasma was obtained by centrifugation at
3,000 rpm for 10 min. Aliquots of whole blood and plasma (1 ml
each) were measured in a Packard Cobra II auto-gamma counter
that had been cross-calibrated with the PET camera. Radioactivity
counting rates were decay corrected to the time of tracer injection
and normalised to the injected radiotracer amount in order to gen-
erate plasma and whole blood time-radioactivity curves (TACs).

Binding of [!8F]ciprofloxacin to blood cells

In order to study the reversibility of [!8F]ciprofloxacin binding to
blood cells, blood samples were obtained from one patient after
injection of [!8F]ciprofloxacin. The samples were centrifuged at
3,500 rpm for 10 min, the supernatant was removed and the pellets
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containing cellular components of blood were counted in a gamma
counter. Subsequently, cell pellets were re-suspended in either
1.0 ml plasma (obtained from the same patient before radiotracer in-
jection) or 1.0 ml phosphate buffer (100 mM, pH 7.0) and incubated
for 10 min at 37°C. After incubation, samples were centrifuged and
cell pellet and supernatant were separately counted in a gamma
counter in order to determine the distribution of radioactivity.

PET data analysis

Reconstruction of the PET data was performed by means of itera-
tive reconstruction using the ordered subsets—expectation maximi-
sation method with 28 subsets and two iterations. The loop filter
(Gaussian) was set to a full-width at half-maximum (FWHM) of
4.3 mm, and a post-filtering algorithm of 6.00 mm FWHM was
applied. Attenuation correction was performed using the manufac-
turer’s segmentation algorithm for transmission data. Equally
sized regions of interest were drawn in the reconstructed summa-
tion image over the infected area and the contralateral uninfected
side and transferred to all other images of the time sequence.
Radioactivity concentrations (in kBq/ml), corrected for radioactive
decay to the time of tracer injection, were calculated. Since the
density of the studied tissue was approximately 1 g/ml, concentra-
tions expressed as kBg/ml were considered equal to concentra-
tions expressed as kBq/g tissue. Radioactivity concentrations were
normalised to the injected radiotracer amount and expressed as
standardised uptake values (SUVs). The SUV is dimensionless
and defined as the local radioactivity concentration (in kBg/g)
divided by the administered radioactivity amount per gram body
weight (kBq/g). The radioactivity concentration data were com-
bined to provide TACs for the whole observation period. The
TACs were used to calculate the following pharmacokinetic
parameters using the Kinetica 2000 version 3.0 (InnaPhase Corpo-
ration, Philadelphia, USA) software package: peak concentration
(Cpax>» SUV = SD), time to reach peak concentration (7,,,,, min-
utes = SD) and terminal elimination half-life (7,/,, minutes + SD).
Data within individuals were statistically compared using the
Wilcoxon matched pairs test.

Results

In vitro bacterial binding of [!8F Jciprofloxacin

The binding of [!8F]ciprofloxacin to E. coli ATCC 25922
was linear over a concentration range of 0.01-5.0 ug/ml
(R=0.99603; P<0.0001) [(Fig. 1)]. The average binding
of [!8F]ciprofloxacin to E. coli was 55+2 ng/(ug/ml) x
(10° CFU/ml) (n=9). Binding to bacteria was rapid, with
binding equilibrium achieved within the first 5 min after
tracer incubation. Prolongation of the incubation time to
120 min exerted no effect on the bacterial binding of
[18F]ciprofloxacin. For practical reasons an incubation
time of 10-20 min was chosen for all the following ex-
periments.

In order to study the mechanism of [!8F]ciprofloxacin
binding to bacteria, an excess of the unlabelled fluoro-
quinolone norfloxacin was added to the incubation buff-
er prior to addition of the radiotracer. [!3F]Ciprofloxacin
binding was descriptively similar in norfloxacin pre-

European Journal of Nuclear Medicine and Molecular Imaging Vol. 32, No. 2, February 2005



146

2507

R=0.99603; P<0.0001 r's
-2
200
=
3
s =
£ E 1504 .
= D /,l
£ 6 -
9
3 %= 100 L
e = A
= I e
g E l
5 504 .
04
T T T T T T T T T T 1
0 I 2 3 4 5

Ciprofloxacin concentration (ng/ml)

Fig. 1. In vitro binding of [!8F]ciprofloxacin to E. coli ATCC
25922 employing different concentrations of ciprofloxacin (in
ug/ml) in the incubation buffer. The coefficient of correlation (R)
and the corresponding P value obtained from linear regression
analysis are displayed

Table 1. Bacterial binding of [!8F]ciprofloxacin (mean + standard
deviation, n=10) in the absence and presence of unlabelled
norfloxacin (first column). ['8F]Ciprofloxacin efflux was induced
by re-incubation of bacteria with fresh phosphate buffer and
['8F]ciprofloxacin remaining in the cell pellet was determined
(second column)

Binding of [!8F]ciprofloxacin
to E. coli ATCC 25922
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Fig. 2. In vitro binding of ['8F]ciprofloxacin to clinical isolates of
E. coli with MIC values ranging from 0.015 pg/ml to 16 ug/ml.
For each MIC value, two strains were studied. The coefficient of
correlation (R) and the corresponding P value obtained from linear
regression analysis are displayed

Table 2. Microbiological specimens (patients 1-4) isolated from
swabs taken from the infected extremity on the study day

Patient Isolated pathogen Ciprofloxacin
susceptibility
1 Pseudomonas aeruginosa Moderate
2 Serratia marcescens Yes
Staphylococcus epidermis Not available
3 Serratia marcescens Yes
Beta-haemolytic streptococci Moderate
4 Coagulase-negative staphylococci Not available

Corynebacteria Not available

treated and untreated E. coli cultures. When bacterial
cell pellets loaded with [!8F]ciprofloxacin were re-incu-
bated at 37°C with fresh phosphate buffer, a rapid efflux
of radioactivity was observed (Table 1). On average
13+1% (n=10) of the initially retained radioactivity re-
mained in the pellet after a re-incubation time of 15 min.
No further decrease in this value was observed when
the re-incubation time was prolonged from 15 min to
30 min. For norfloxacin-pre-treated bacteria, radioactivi-
ty efflux was descriptively similar as for untreated
cultures (Table 1). When clinical isolates of E. coli with
different in vitro susceptibility to ciprofloxacin were
incubated with [!8F]ciprofloxacin (Fig. 2), radiotracer
binding appeared to be independent of the respective
MIC value (R=0.48188; P=0.01711).

Binding of [18F Jciprofloxacin to blood cells

After incubation of [!18F]ciprofloxacin-loaded blood cells
with fresh plasma or phosphate buffer, efflux of radioac-

tivity was observed; 32+8% (n=4) and 21+6% (n=3) of
total radioactivity distributed after 10-min incubation
time into plasma and phosphate buffer, respectively.

PET study in patients

All study procedures were well tolerated by all patients.
There was no serious adverse event and no side-effects
related to administration of the study medication. Table 2
summarises the microbiological specimens isolated from
swabs taken on the study day. Following i.v. injection of
[!8F]ciprofloxacin into patients, radioactivity cleared
rapidly from blood. Figure 3 shows the time-radioactivi-
ty profiles measured in whole blood and plasma after i.v.
injection of [!8F]ciprofloxacin. The terminal elimination
half-lives were 201£35 min and 210+15 min for the
blood and plasma curves, respectively. The profiles of
the blood and the plasma curve were almost congruent
over the entire observation period. Figure 4 depicts
TACs measured with PET in infected and uninfected
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tissue of all patients. Peak radioactivity uptake (C,,,,)
was descriptively higher in infected as compared to unin-
fected tissue, with SUV values of 1.0+0.2 and 0.5+0.2,

respectively. Owing to the small sample size, statistical

- @-- Mean blood
—O— Mean plasma

SUV

-10 40 90 140 190 240 290

Time (min)

Fig. 3. Mean time-radioactivity curve in plasma and whole blood
from four patients after intravenous administration of 725+9 MBq
['8F]ciprofloxacin. Radioactivity concentration is normalised to
the injected radioactivity amount per body weight and expressed
as standardised uptake value (SUV) + SD

Patient 1

-0- uninfected
= infected

-10 40 90 140 190
Time (min)

2 Patient 3

-0-uninfected
-#- infected

-10 40 90 140 190
Time (min)

240

Fig. 4. TACs obtained from four patients with microbiologically
proven bacterial soft tissue infections of the lower extremities af-
ter intravenous administration of [!8F]ciprofloxacin (725+9 MBq).
Radioactivity concentrations were measured in the infected limb
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significance was not reached (P=0.068, Wilcoxon
matched pairs test). The mean times to achieve peak ra-
dioactivity uptake (7,,,) were 409 min and 51+8 min
for infected and uninfected tissue, respectively. The
higher radioactivity uptake in infected tissue resulted in
good visualisation of the infected areas on the PET im-
ages. Figure 5 shows coronal and transaxial PET images
obtained from patient 1. At peak uptake in infected tis-
sue, the ratio between infected and uninfected tissue
ranged from 1.8 to 5.5 in individual patients. Following
peak uptake, radioactivity was not retained in infected
tissue but washed out with similar half-lives as in un-
infected tissue. The mean T, values were 87+24 min
and 98+41 min for infected and uninfected tissue, re-
spectively.

Discussion

To the best of our knowledge, no data are available
on the binding affinity of ciprofloxacin and the concen-
tration of intracellular bacterial binding sites (i.e. bacteri-
al DNA/DNA gyrase complexes). However, for the
structurally related fluoroquinolone norfloxacin, a bind-
ing affinity K, of about 1 uM to purified DNA/DNA

g - Patient 2

s -0- uninfected
' #- infected
—m
T T
-10 40 90 140 190 240 290
Time (min)
2 9 Patient 4

—-o- uninfected
#- infected

-10 40 90 140 190
Time (min)

and the contralateral uninfected side. Radioactivity concentrations
are normalised to the injected radioactivity amount per body
weight and expressed as SUV + SD
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Fig. 5. Coronal and transaxial PET images of the lower extremities
obtained at 0—60 min and 180 min after i.v. injection of 724 MBq
['8F]ciprofloxacin into an 84-year-old woman (patient 1). The
patient had microbiologically proven multiple bacterial soft tissue
infections on the left and right ankles (left: medial and lateral,
right: medial, see photo)

gyrase complexes has been reported [14]. Such an affini-
ty appears at first sight to be too low for successful visu-
alisation of these binding sites by means of PET. How-
ever, several studies have claimed bacteria-specific im-
aging with a radiolabelled ciprofloxacin analogue, i.e.
99mTe-ciprofloxacin, which is suggested to be irre-
versibly and specifically trapped inside bacterial cells
[3, 15]. It has been proposed that the ability of
99mTe-ciprofloxacin to visualise bacteria is related to the
pharmacokinetic and pharmacodynamic properties of
ciprofloxacin, which forms part of the radiometallic
complex. We therefore assumed that a radiolabelled mol-
ecule that is structurally identical to native ciprofloxacin,
such as [18F]ciprofloxacin, would display equal or even
better specificity for the imaging of bacteria. In addition
to bacterial trapping, the known accumulation of
ciprofloxacin in white blood cells [16, 17], which
migrate to sites of infection, might further contribute to
radiotracer retention in infected tissue.

The radiosynthesis of [!8F]ciprofloxacin used an iso-
topic 18F exchange for 19F exchange reaction [9] giving a
specific radioactivity that was considerably lower than
that usually obtained for no-carrier-added !8F-labelled
PET tracers. The average specific radioactivity at the
time of injection into patients was 342+94 MBg/umol,
resulting in the administration of about 0.8 mg unla-
belled ciprofloxacin for an injected amount of 725 MBgq.
This carrier amount is comparable to 9°mTc-ciprofloxacin

formulations, which are reported to contain about 2 mg
of unlabelled ciprofloxacin [15].

In the first part of this work, we attempted to char-
acterise in vitro the mechanism of binding of
[18F]ciprofloxacin to bacterial cells. Interestingly, despite
being in clinical use for a relatively long time, no such
data have to date been reported for 9°mTc-ciprofloxacin.
Unfortunately, a direct comparison of our bacterial bind-
ing data with %mTc-ciprofloxacin was not feasible owing
to the unavailability of kits for the preparation of this
agent. For most in vitro experiments included in the
present study, E. coli ATCC 25922 was used, since
this is a commercially available standardised bacterial
strain with good susceptibility against ciprofloxacin
MIC <0.015 ug/ml). We found that binding of
['8F]ciprofloxacin to E. coli cultures was rapid and non-
saturable (Fig. 1). The employed concentrations ranged
from concentrations achieved in human tissues after ad-
ministration of a tracer amount of [!8F]ciprofloxacin to
those achieved after therapeutic doses of ciprofloxacin
[18] (Fig. 1). Addition of an excess of unlabelled
norfloxacin to the buffer prior to incubation with
['8F]ciprofloxacin failed to reduce bacterial binding
compared with untreated bacteria, which further demon-
strated the lack of a saturation effect (Table 1). It is im-
portant to note that pre-treatment with unlabelled nor-
floxacin did not result in visible changes of bacterial
cells as determined by Gram staining and inspection un-
der a microscope. Bacterial binding of [!8F]ciprofloxacin
appeared to be readily reversible with rapid efflux of
radioactivity after re-incubation of [!8F]ciprofloxacin-
loaded bacterial cell pellets with fresh phosphate buffer
(Table 1). These findings are consistent with a previous-
ly published study that found rapid efflux of norfloxacin
from E. coli cells after incubation with fresh medium
[19]. Taken together, our in vitro data do not point to a
specific binding process as being responsible for bacteri-
al retention of [!8F]ciprofloxacin. It is likely that specific
binding to bacterial DNA/DNA gyrase was masked by a
high level of non-specific binding.

Bacterial resistance to ciprofloxacin has been dis-
cussed as a factor that might limit the applicability of
99mTe-ciprofloxacin for the imaging of bacteria [20]. In
order to investigate the relationship between in vitro sus-
ceptibility of bacteria and binding of [!8F]ciprofloxacin,
we incubated clinical isolates of E. coli with different
MIC values with the radiotracer (Fig. 2). Bacterial bind-
ing of [!8F]ciprofloxacin appeared to be independent of
the respective MIC of the pathogen. The most common
mechanism of bacterial resistance to fluoroquinolones is
mutation of intracellular binding sites, i.e. bacterial type
II topoisomerase enzymes [21]. Since structural alter-
ations of these enzymes as caused by mutations would
be expected to decrease specific bacterial binding of
[18F]ciprofloxacin, the present findings further corrobo-
rate a predominantly non-specific mechanism of reten-
tion of the radiolabelled antibiotic in bacterial cells.
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In the second part of this work, a PET study was per-
formed in four patients with microbiologically proven
bacterial soft tissue infections of the lower extremities.
In three patients, at least one of the isolated bacterial
species was susceptible to ciprofloxacin (Table 2). In pa-
tient 4, susceptibility data were unfortunately not avail-
able. Following administration of [!8F]ciprofloxacin,
sites of infections became rapidly visible on the PET im-
ages (Fig. 5). Even at later imaging time points, i.e.
3—4 h after tracer injection, a contrast between infected
and uninfected tissue remained. However, when looking
at the TACs measured in infected and uninfected tissue
of individual patients it appears that radioactivity washes
out from infected tissue with a similar 7', as for unin-
fected tissue (Fig. 4), which results in stable or even de-
creased infected versus non-infected tissue ratios at later
imaging time points. Owing to the short physical half-
life of !8F (109.8 min), measurements could not be per-
formed for periods longer than 5 h. Even though some
studies with 9°mTc-ciprofloxacin have reported that very
late imaging time points, i.e. up to 24 h after radiotracer
administration [15], are necessary for bacteria-specific
imaging with the agent, other studies have reported im-
aging time points of 4 h, which were also feasible in the
present study [3, 22]. The profiles displayed in Fig. 4 are
remarkably similar to previously published concentra-
tion-time profiles measured with microdialysis in soft
tissue infections of patients after therapeutic doses of an-
other fluoroquinolone, i.e. moxifloxacin [23]. In that
study, locally increased pharmacokinetic parameters of
moxifloxacin (i.e. Cp,,, and area under the concentration-
time curve) were observed in inflamed as compared to
uninfected tissue. Event though no attempts were made
to measure blood flow in the present study (e.g. with
[150]H,0), it is likely that the increased uptake of
['8F]ciprofloxacin at sites of infection was attributable to
increased blood flow and vascular permeability due to
local infection. Assuming the presence of a specific
binding process, diverging radioactivity versus time pro-
files between infected and uninfected tissue and an in-
crease in ratios over time would have been expected. The
TACs in Fig. 4 display a rapid washout of radioactivity
from infected tissue and are thus consistent with non-
detectable specific bacterial binding in the in vitro
experiments.

From the appearance of the TACs shown in Fig. 4 it
seems unlikely that local radiotracer binding to compo-
nents other than bacteria, i.e. leucocytes, exerted an ap-
preciable influence on the kinetics of [!8F]ciprofloxacin
in infected tissue. However, the congruent time-radioac-
tivity profiles observed in plasma and whole blood
(Fig. 3) point to uptake and retention of [!8F]cipro-
floxacin by cellular components of blood, such as neu-
trophilic granulocytes and monocytes [16, 17]. When
[18F]ciprofloxacin-loaded blood cells were incubated in
vitro with fresh plasma or phosphate buffer, an efflux of
radioactivity was observed, indicating that binding of
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['8F]ciprofloxacin to these cells was just as reversible as
bacterial binding of the agent. These findings are in
accordance with a previous study that found rapid efflux
of ciprofloxacin from human neutrophilic granulocytes
when the extracellular concentration of the antibiotic
was reduced [24].

Taken together, our findings indicate that [!8F]cipro-
floxacin is not suitable as a bacteria-specific infection
imaging tracer. It cannot be excluded that the failure of
['8F]ciprofloxacin to visualise bacteria might be related
to the low specific radioactivity of the tracer obtained in
the exchange labelling method. The reason for the dis-
crepancy between our results and those published with
99mTe-ciprofloxacin is unknown but might be related to
different modes of bacterial binding of these two radio-
labelled agents.
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