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Abstract. The 2-nitroimidazole derivative 2-(2-nitroim-
idazol-1-yl)-N-(3,3,3-trifluoropropyl)acetamide (EF3) is
a marker which forms adducts into hypoxic cells. Ra-
diosynthesis of [18F]EF3 was recently performed by our
group. Our aim was to study the pharmacokinetics, bio-
distribution, metabolism and specificity for hypoxia of
[18F]EF3. MCa-4, SCC VII, NFSA, FSA, FSA II or 
Sa-NH tumour-bearing C3H mice were injected intra-
venously with [18F]EF3 and allowed to breathe air, 10%
O2 or carbogen until sacrifice 5–770 min after injection.
Radioactivity was measured ex vivo in various organs,
including urine and faeces. Selected organs were addi-
tionally processed to measure tracer metabolites with
high-performance liquid chromatography. The half-life
in blood was 73.9 min. [18F]EF3 was eliminated mainly
via the kidneys, with 75% of the injected activity found
in the urine by 12 h 50 min. The biodistribution was fast
and homogeneous except in the brain and the bone,
where it was significantly lower, and in the liver and the
kidney, where it was significantly higher. In most organs,
the exceptions being the gastrointestinal and urinary
tract, tissue-to-blood ratios were below or close to unity.
In tumours, a relative accumulation of the tracer was 
observed with time, which, at 220 min after injection,
depended on tumour strain and oxygenation conditions,
i.e. 10% O2 significantly increased the tumour-to-muscle
ratio whereas carbogen decreased it. [18F]EF3 was 
rapidly metabolised in the kidney and the liver. [18F]EF3
is a promising tracer for detection of tumour hypoxia. A
phase I study in head and neck cancer patients is in
progress at our institution.
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Introduction

Hypoxia is known to be an important prognostic factor
in human oncology. Several studies conducted in differ-
ent tumour types have demonstrated a correlation be-
tween the probability of loco-regional recurrence and/or
the probability of overall survival, and tumour hypoxia
as measured with Eppendorf probes [1]. The use of po-
larographic electrodes is, however, invasive and limited
to superficial tumours or nodes, which is likely to restrict
its clinical implementation on a routine basis. Further-
more, tumour necrosis tends to artificially lower the
readings, and even if multiple tracks are used, the mea-
surements may not sample the whole tumour.

The use of 2-nitroimidazole derivatives (e.g. pi-
monidazole, NITP, EF3, EF5) represents an attractive 
alternative to polarographic measurements [2–5]. These
compounds undergo intracellular chemical reduction,
and under hypoxia their reduced moieties covalently
bind to macromolecules, mainly to thiol-containing pro-
teins [6]. The adducts hence trapped into hypoxic cells
can be detected either by immunohistochemistry [2, 7] or
immunofluorescence on tissue sections [4, 5], or by flow
cytometry on cell suspensions [5], specific antibodies
being used for both techniques . In head and neck squa-
mous cell carcinoma, pimonidazole binding, as detected
by immunohistochemistry, has been demonstrated to 
predict treatment outcome [7]. A recent report also indi-
cated that EF5 binding, as detected by immunofluores-
cence, was predictive for recurrence in adult brain tu-
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mours treated by surgery and postoperative radiotherapy
[8]. However, as with the polarographic methods, such
measurements are invasive and typically only probe a
small fraction of the tumour volume.

Another possible method to detect nitroimidazole
adducts is the use of radiolabelled tracers. This approach
has some intrinsic advantages, including the non-inva-
siveness of the method, its repeatability and the possibil-
ity of evaluating the whole tumour and of assessing its
heterogeneity. Since the first reports on the use of a 
labelled metronidazole to image abscesses and tumours
[9, 10], several 123I- or 99Tc-labelled compounds have
been synthesised and validated in preclinical and early
clinical studies [11]. Hypoxia tracers labelled with a 
positron emitter, which have the intrinsic advantage of a 
better spatial resolution and a more accurate quantitation
of the signal, have also been synthesised. [18F]fluo-
romisonidazole (F-MISO) was the first labelled nitroimi-
dazole compound detected by positron emission tomo-
graphy (PET) [12]. It has been evaluated for detection of
hypoxia in experimental [13, 14] and human tumours
[15–19], as well as in normal tissues like myocardium
[20] and the central nervous system [21] and even in 
anaerobic odontogenic infections in the jaw [22]. More
recently, other 18F-labelled compounds have been syn-
thesised and validated [23, 24]. Among them, [18F]fluo-
roerythronitroimidazole (FETNIM) has been used to 
detect hypoxia in human head and neck squamous cell
carcinoma; tumour-to-plasma ratios slightly above unity
have been reported at late time points after tracer injec-
tion [25, 26].

All the PET tracers mentioned above are hydrophilic
compounds, which might limit their diffusion into tis-
sues, and in particular into tumours which typically have
an abnormal vascularisation [27]. In this regard, the class
of fluorinated etanidazole compounds (e.g. EF3 and
EF5) developed by Koch are of potential interest [4, 5].
These compounds are more lipophilic with an octanol-
to-water partition coefficient of 5.7 for EF5 [28]. Pre-
liminary rat experiments with [18F]EF5 demonstrated
that the tracer was evenly distributed in normal tissues,
mainly eliminated through the urinary tract and accumu-
lated in the hypoxic Morris 7777 rat tumour [28]. On the
other hand, [18F]EF1, which is the most hydrophilic
compound of that class (with an octanol-to-water parti-
tion coefficient of 0.35), had a more heterogeneous bio-
distribution. However, it also accumulated in the Morris
7777 rat tumour [29].

Recently, our group labelled the tri-fluorinated etanida-
zole derivative, 2-(2-nitroimidazol-1-yl)-N-(3,3,3-[18F]tri-
fluoropropyl)acetamide ([18F]EF3) [30]. Due to the half-
life of 18F, i.e. 110 min, the ability to detect hypoxic 
tumours with PET will probably result from a balance 
between a fast and even biodistribution of the tracer (en-
hanced with lipophilic compounds) and a rapid elimina-
tion (facilitated by hydrophilic compounds). In this 
respect, [18F]EF3 might represent a good compromise. In

this study, we investigated the pharmacokinetics, biodistri-
bution, metabolism and hypoxia-dependent binding of
[18F]EF3 in in vivo murine tumour models.

Materials and methods

Drug synthesis

The synthesis of [18F]EF3 was adapted from the previously de-
scribed method [30]. Briefly, the first step was the radiolabeling of
poly(hydrogen fluoride) pyridinium, the perfluorinating agent,
from isotopic exchange with potassium [18F]fluoride under anhy-
drous conditions. This agent was then used to perfluorinate an
aminodithioester precursor whose amine function was protected
by a phthalimido group. This radiolabelled precursor was then de-
protected and coupled to 2-nitroimidazole acetic acid to generate
[18F]EF3. [18F]EF3 was isolated by reverse phase semi-preparative
high-performance liquid chromatography (HPLC) using an aque-
ous NaH2PO4 (1.38 g/l)/acetonitrile mixture (7/3) as eluent. Ace-
tonitrile was removed by evaporation (<400 ppm).

On average, the daily production of [18F]EF3 reached an activ-
ity of 504±254 MBq (range 155–1,110 MBq). Gamma counting of
HPLC fractions of [18F]EF3 solution demonstrated a radiochemi-
cal purity of 97.7%±1.5% (mean±SD). Specific activity was typi-
cally in the order of 150 MBq/mmol.

Animal and tumour models

Eight to twelve-week-old male C3H/HeOuJlco mice purchased
from IFFA CREDO, Belgium were used. Animals were main-
tained in a facility approved by the Belgian Ministry of Agricul-
ture in accordance with current regulations and standards. Animals
were given food and water ad libitum for the duration of the ex-
periments. Experimental design was approved by the ethics com-
mittee on animal experimentation of the medical school of the
Université catholique de Louvain. The “Principles of laboratory
animal care” (NIH publication no. 86-23, revised 1985) were
strictly followed.

FSA, FSA II, Sa-NH and NFSA fibrosarcomas and MCa-4 and
SCC VII carcinomas syngeneic to C3Hf/Kam mice were used.
These tumours were kindly provided by Dr. L. Milas from the
University of Texas, M.D. Anderson Cancer Center, Houston,
USA. Maintenance and expansion of the tumours in vivo have
been previously described [31, 32]. Briefly, after thawing in 
McCoy medium, tumour cells from the third to fifth isotransplant
generations were injected into the mouse flank to generate subcu-
taneous (SC) tumours. Intramuscular (IM) tumours were generated
by injection in the gastrocnemius muscle of 5×105–106 cells in
10–20 µl of McCoy medium. Tumour growth was determined by
daily measurements of three orthogonal diameters with a caliper.

Pharmacokinetics and biodistribution experiments were per-
formed on SC FSA II (average tumour weight ± 1 SD of
1.62±1.09 g) or Sa-NH (average tumour weight ± 1 SD of
0.35±0.25 g) tumour-bearing mice. Experiments on the tracer 
metabolism were performed on SC NFSA (average tumour weight
± 1 SD of 0.23±0.14 g) tumour-bearing mice. Experiments on the
ranking of hypoxia among various tumour types were performed
on 8–9 mm mean diameter IM FSA (average tumour weight 
± 1 SD of 0.67±0.14 g), FSA II (average tumour weight ± 1 SD 
of 0.69±0.20 g), Sa-NH (average tumour weight ± 1 SD of
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0.79±0.34 g), NFSA (average tumour weight ± 1 SD of
0.87±0.20 g), MCa-4 (average tumour weight ± 1 SD of
0.52±0.22 g) and SCC VII (average tumour weight ± 1 SD of
0.80±0.26 g) tumour-bearing mice. Experiments with carbogen
and 10% O2 were performed on IM FSA II and SCC VII tumour-
bearing mice.

Experimental design

Mice were injected intravenously in the tail vein with [18F]EF3.
Depending on the design of the experiment, the injected radioac-
tivity varied from 1.8 to 40 MBq (equivalent to a whole-body con-
centration of 0.5–10 µM of EF3). Such variation in tracer concen-
tration has no influence on its biodistribution. It was demonstrated
that the use of an excess amount of unlabelled EF5 (whole body
concentration of 100 µM) co-injected with [18F]EF3 did not modi-
fy the pharmacokinetics of the tracer (data not shown). After in-
jection, mice were housed in individual cages adapted for collec-
tion of excrement (urine and faeces). When modification of tu-
mour hypoxia was required, carbogen (95% O2 and 5% CO2) or
10% O2 was flowed through the cage at a constant rate of 3 l/min.

[18F]EF3 assay

For biodistribution and pharmacokinetics experiments, animals
were sacrificed by cervico-cranial dislocation at 5, 30, 55, 110,
220, 330, 440, 550, 660 or 770 min after tracer injection. Blood
(collected through cardiac puncture just before sacrifice of the ani-
mal), emptied bladder, brain, femoral bone, heart (flushed), kid-
ney, large bowel, liver, lung, muscle, oesophagus, tumour, small
bowel, spleen and stomach were harvested, weighed and counted
for radioactivity. For experiments on the ranking of hypoxia
among various tumour types, blood, liver, gastrocnemius muscle
(contralateral to tumour-bearing limb) and tumour were harvested.
Contamination between organs when handling samples was care-
fully avoided. A fraction of blood sample was also centrifuged to
measure the radioactivity in the serum. For the stomach, small and
large bowel, radioactivity was also measured after flushing the 
organs with saline to get rid of the content (food or faeces). To 
determine the route of [18F]EF3 excretion, urine and faeces of in-
dividual mouse were collected at 55, 110, 220, 330, 440, 550, 660
and 770 min after tracer injection, and counted for radioactivity.

Samples with very high activity (i.e. urine and faeces) were
counted in an ionisation chamber calibrated for 18F spectrum,
whereas all the other samples were counted with a gamma counter
(Cobra II Autogamma, Packard Instrument Company). All data
were corrected for 18F decay and expressed as the percentage of
injected radioactivity per gram of tissue (%ID/g), tumour-to-blood
ratio (TBR) or tumour-to-muscle ratio (TMR).

Analysis of tracer metabolites

The respective proportion of metabolites and native EF3 was mea-
sured in the acetonitrile-soluble fraction of various samples. 
Organs were homogenised in 5 ml of phosphate buffer. Serum and
urine were mixed in 1 volume of acetonitrile–10% TCA and in 
1 volume of 10% TCA, respectively. After centrifugation, acetoni-
trile-soluble fractions were collected and concentrated ten times
by evaporation. Samples were analysed by HPLC (Dionex DX
300 system) on an Alltima C18 column (Alltech). The eluent was

a mixture of ammonium acetate/acetonitrile with a flow rate of
1 ml/min. Consecutive 3-min HPLC fractions were collected up to
15 min and gamma counted (Cobra II Autogamma, Packard In-
strument Company). This method was considered more sensitive
than UV detection or online gamma detection.

Data analysis

Pharmacokinetics curves of [18F]EF3 in blood and serum were 
fitted using a mono-exponential elimination model (SPSS 10 for
Macintosh, SPSS). The statistical difference between several
groups of data (e.g. %ID/g in several organs) was assessed using
ANOVA and F tests. The statistical difference between two groups
of paired data (e.g. %ID/g in the large bowel before and after
flushing) was assessed using a Student’s paired t test. The statisti-
cal difference between two groups of unpaired data (e.g. %ID/g in
organ under 21% or 10% O2) was assessed using a two-tailed t test
on the mean. Throughout the experiments, statistical significance
was set for a p value equal to or lower than 0.05.

Results

Blood pharmacokinetics and elimination

[18F]EF3 concentrations in blood and serum exhibited a
monophasic decline with time after tracer injection, and a
mono-exponential elimination model was therefore used
to fit the data. In blood, the elimination half-life reached
73.9 min (95% CI: 67.1–82.3 min) (Fig. 1). The pharma-
cokinetics of [18F]EF3 was apparently slightly slower in
serum, with an elimination half-life of 92.7 min (95% CI:
89.7–95.9 min). This figure was, however, calculated
from data obtained from 30 to 330 min after tracer injec-
tion. When data in blood were also modelled from 30 to
330 min, an elimination half-life of 84.5 min (95% CI:
78.4–91.6 min) was obtained. This figure was not signifi-
cantly different from the value in serum.

[18F]EF3 was predominantly eliminated in the urine
via the kidneys and to a lesser extent in the faeces via 
the gastrointestinal tract (Fig. 2). By 12 h 50 min after
injection, 75% and 16% of the injected radioactivity had
been collected in the urine and the faeces, respectively.

Biodistribution in normal tissues

The biodistribution of [18F]EF3 was fast and even
throughout the body, except in the brain and the femur,
where it remained significantly lower (p<0.01 at 5 min
in both organs), and in the liver and the kidneys, where it
remained significantly higher (p<0.01 at 5 min in both
organs) (Table 1). In all organs except the large and
small bowel, the brain and the femur, the maximum con-
centration of the tracer peaked as early as 5 min after in-
jection and then progressively decreased. For the latter
three organs, the maximum concentration peaked at
55 min after injection. In the small and large bowel, sur-
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Fig. 1. Pharmacokinetics of
[18F]EF3 in blood. Data points
represent the mean±1 SD from
four to eight different mice

Fig. 2. Excretion of [18F]EF3 
in the urine (open circles) and
faeces (filled circles). Data
points represent the mean±1 SD
from four different mice

prisingly, progressive accumulation of the tracer was ob-
served up to 110 and 220 min, respectively (Table 1).
When radioactivity in these two organs was measured af-
ter they had been flushed with saline to remove the con-
tent, radioactivity substantially decreased, indicating that
the progressive accumulation of the tracer resulted from
gastrointestinal elimination in the faeces (Fig. 3).

From the peak concentration time, radioactivity pro-
gressively decreased in all tissues. In organs involved
with tracer elimination (i.e. liver, small and large bowels,
kidney and bladder), the decrease was, however, slower
than in blood, leading to a progressive relative accumu-
lation of the tracer. This phenomenon was also observed
in the femur, oesophagus and stomach, although to a
lesser extent.

Metabolism of the tracer

A relative quantitation of the native [18F]EF3 and its
metabolites was performed at various time points in the
serum, the urine and the acetonitrile-soluble fraction of
the muscle, liver, kidneys and NFSA tumours. The yield
of processing (percentage of injected activity counted in
the acetonitrile-soluble fraction) in these organs ranged
from 85% in the muscle to 53% in the liver; it slightly
decreased with time after tracer injection (data not
shown).

Almost no metabolite was detected in the serum, mus-
cle or urine early after injection, whereas in the liver and
kidneys, the majority of the [18F]EF3 was already metab-
olised (Table 2). With time, circulating metabolites were



measured in the serum and a progressive increase in the
excretion of metabolites was observed in the urine. In
NFSA tumours, half the radioactivity was associated
with the native [18F]EF3 without much change over time.

Uptake of [18F]EF3 in SC tumours

In both Sa-NH and FSA II tumour models, the biodistri-
bution of [18F]EF3 was fast, with an uptake at 5 min
which was not substantially different from that in the
other normal tissues, the brain, femur, kidneys and liver
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Table 1. Uptake of [18F]EF3 (%ID/g of tissue) at various times after injection (mean±SEM of four different mice in normal tissues)

5 min 55 min 110 min 220 min 330 min 440 min 550 min

Bladder 4.23±0.99 4.49±1.18 3.93±0.46 4.74±1.17 2.09±0.73 0.93±0.51 1.48±0.98
Blood 4.23±0.19 2.55±0.37 1.49±0.29 0.46±0.04 0.22±0.05 0.11±0.01 0.09±0.02
Brain 0.93±0.06 1.25±0.14 0.77±0.15 0.22±0.02 0.10±0.02 0.04±0.00 0.03±0.01
Oesophagus 2.85±0.59 1.53±0.74 1.74±0.14 0.51±0.07 0.31±0.12 0.28±0.00 0.18±0.02
Femoral bone 1.25±0.25 1.37±0.43 1.34±0.47 1.13±0.47 0.89±0.13 0.73±0.18 0.46±0.11
Heart 4.18±0.23 2.51±0.30 1.43±0.31 0.43±0.03 0.20±0.05 0.09±0.01 0.07±0.01
Kidney 7.02±0.61 5.92±1.02 6.16±0.54 3.76±0.71 1.99±0.37 1.91±0.45 1.33±0.14
Large bowela 3.21±0.28 7.52±0.13 12.37±1.62 17.25±1.65 7.85±0.80 3.85±1.03 2.45±0.76
Liver 6.11±0.81 5.77±0.25 4.89±0.45 3.07±0.55 2.02±0.18 2.07±0.32 1.55±0.26
Lung 3.83±0.43 2.42±0.50 1.59±0.32 0.44±0.03 0.28±0.08 0.15±0.02 0.14±0.04
Muscle 3.62±0.24 2.18±0.41 1.21±0.16 0.35±0.04 0.17±0.03 0.12±0.04 0.06±0.02
Small bowela 4.30±0.25 7.23±2.13 5.86±0.64 2.05±0.66 0.54±0.05 0.35±0.06 0.21±0.05
Spleen 3.58±0.33 2.28±0.28 1.32±0.30 0.37±0.04 0.19±0.05 0.09±0.01 0.07±0.02
Stomacha 3.13±0.16 2.68±0.40 1.52±0.29 0.54±0.09 0.19±0.03 0.17±0.02 0.13±0.03
FSA II tumoursb 2.48±1.71 2.42±0.53 3.17±0.01 2.82±0.55 1.96±0.01 1.60±0.46 0.97±0.75
Sa-NH tumoursb 2.99±0.90 2.67±0.32 1.60±0.04 1.33±0.83 0.62±0.55 0.60±0.29 0.83±0.53

a GI tract not empty
b Mean±SD of two tumours

Fig. 3. Tissue uptake in small
(white boxes) and large bowel
(black boxes) before (plain
boxes) and after (hatched boxes)
flushing with saline. Each bar
represents the mean±1 SD from
four different mice. Statistically
significant differences 
(Student’s paired t test) are 
ndicated with an asterisk

Table 2. Percentage of native [18F]EF3 at various times after in-
jection (mean±SEM of four to nine different mice)

30 min 55 min 220 min 330 min

NFSA tumour 49.3±9.1 58.2±18.2 54.2±10.5 55.0±0.3
Kidney 6.4±2.7 13.6±1.5 10.4±3.4 Not done
Liver 0.04±0.0 2.9±1.8 1.1±0.4 Not done
Muscle 85.4±3.5 76.4±2.0 67.9±10.9 Not done
Serum 92.3±2.3 78.3±5.4 70.9±3.2 Not done
Urine 77.7±1.3 72.5±1.9 52.3±2.4 Not done



excepted (Table 1). There was a progressive relative ac-
cumulation of the tracer in both tumours, as illustrated
by the increase in TBR with time (Fig. 4). Two hundred
and twenty minutes after the injection, the radioactivity
was higher in SC FSA II and Sa-NH tumours than in the
organs not involved in tracer excretion (blood, oesopha-
gus, heart, lung, muscle, spleen and stomach) (ANOVA,
p<0.001, compared with p=0.06, 0.70 and 0.22, at 5, 55
and 110 min and to p<0.001 at 330, 440 and 550 min 
after tracer injection). TBR remained higher in FSA II
tumours than in Sa-NH tumours for almost all times in-
vestigated.

Ranking of hypoxia among various IM tumour types

Under ambient air (21% O2), 220 min after injection,
[18F]EF3 activity was significantly higher in all tumour
models than in the muscle of the contralateral limb or 
the blood, resulting in TMR or TBR values above unity
(Table 3). For both TMR and TBR, the inter-strain co-
efficients of variation (CV) were larger than the intra-
strain CV. For TMR, intra-strain CV reached 5.7%,

17.9%, 42.9%, 33.0%, 18.7% and 18.5%, for FSA,
NFSA, FSA II, SCC VII, Sa-NH and MCa-4, respective-
ly, whereas inter-strain reached 57.5%. For TBR, corre-
sponding values reached 7.3%, 21.3%, 30.4%, 25.9%,
45.6% and 14.0% for intra-strain CV, and 55.6% for 
inter-strain CV, respectively.

Uptake of [18F]EF3 under different oxygenation conditions

At 55 min after tracer injection, no change in TMR was
observed under 10% O2 or carbogen, either in FSA II or
in SCC VII tumours (Fig. 5). At later times after injec-
tion, in FSA II tumours, under 10% O2 breathing, TMR
increased, whereas it decreased under carbogen breath-
ing. It only reached a level of significance at 220 min 
after tracer injection.

In SCC VII tumours, at 220 min after tracer injection,
there was a trend towards an increase in the TMR under
10% O2 breathing (p=0.08), and a decrease in TMR 
under carbogen breathing (p=0.06). At later time points,
data were scattered and a difference in TMR was no 
longer observed.
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Fig. 4. TBRs in FSA II (black
bars) and Sa-NH (white bars)
tumours at various times after
[18F]EF3 injection. Bars
represent the mean from two
different mice

Table 3. [18F]EF3 uptake at 220 min after injection (mean±SEM of 4–18 different mice)

FSA NFSA FSA II SCC VII Sa-NH MCa-4

Percentage of injected dose/g

In blood 2.03±0.34 0.57±0.07 0.73±0.26 0.68±0.07 1.02±0.33 0.34±0.04
In muscle 1.92±0.26 0.52±0.05 0.61±0.19 0.60±0.07 0.45±0.08 0.29±0.04
In tumours 2.39±0.34 0.78±0.08 1.11±0.23 1.48±0.16 1.06±0.11 1.00±0.13
Tumour-to-muscle ratio 1.31±0.04 1.62±0.15 2.47±0.27 2.55±0.07 2.62±0.24 3.52±0.29
Tumour-to-blood ratio 1.24±0.05 1.38±0.15 2.08±0.18 2.19±0.14 1.97±0.45 2.88±0.18



Discussion

This article reports on the pharmacokinetics, biodistribu-
tion and specificity for hypoxia of the positron-labelled
tri-fluorinated nitroimidazole derivative [18F]EF3 in mu-
rine normal tissues and tumours. This tracer has a mono-
exponential blood clearance without accumulation in the
red blood cells (Fig. 1). It is rapidly metabolised in the
liver and kidney (Table 2), and it is eliminated mainly
via the urinary tract as a mixture between the native
compounds and metabolites, and to a lesser extent via
the gastrointestinal tract (Fig. 2). [18F]EF3 has a fast and

even biodistribution in normal tissues, except in the
brain and the bone (Table 1). With time, it is progres-
sively cleared from all normal tissues (Table 1) except
the kidneys, bladder and gastrointestinal tract, where it
accumulates into the faeces (Fig. 3). [18F]EF3 also has a
fast biodistribution in SC tumours followed by a pro-
gressive relative accumulation with time after tracer in-
jection (Table 1, Fig. 4). Finally, at 220 min after injec-
tion, [18F]EF3 was able to discriminate tumours with dif-
ferent hypoxic fractions (Table 3), as well as environ-
mental conditions modifying tumour hypoxia (Fig. 5).

Homogeneous and fast biodistribution of [18F]EF3 in
mice has been observed even in the brain, although to a
lesser extent. This finding is not surprising given the 
relative lipophilicity of the drug. The octanol-to-buffer 
partition coefficient of EF3 has been measured at 
1.12 (A. Cheguillaume, personal communication), which
compares with 0.17 for FETNIM, 0.4 for F-MISO, 0.35
for EF1 and 5.7 for EF5 [24, 28]. Typically, more hy-
drophilic drugs have a more heterogeneous biodistribu-
tion, especially in the central nervous system, and are
more rapidly eliminated, preferentially via the urinary
tract [29, 33]. Comparison of the various hypoxia tracers
with regard to their biodistribution and elimination is a
difficult task as they have been studied in different ani-
mal models using different experimental protocols. How-
ever, using a mono-exponential elimination model ap-
plied to published data in rats, half-lives of 98, 108 
and 150 min have been recalculated for [18F]MISO,
[18F]FETNIM and [18F]EF5, respectively [24, 33, 34].
Also, in comparison with [18F]FETNIM, [18F]EF3 exhib-
ited a higher liver uptake [33]. Finally, a lower brain up-
take of [18F]FETNIM and [18F]EF1 has been observed
compared with [18F]EF3 or [18F]EF5 [28, 29, 33]. Exper-
iments are in progress in our laboratory in collaboration
with another research group to compare [18F]EF3,
[18F]MISO, [18F]EF5 and possibly [18F]FETNIM in 
similar animal models and experimental conditions.

A homogeneous biodistribution without doubt repre-
sents an interesting characteristic for a hypoxia tracer, as
it increases the probability of an even diffusion, especial-
ly in tumours, where the vascularisation is typically ab-
normal [27]. In the two murine sarcomas investigated
over an entire time course, [18F]EF3 uptake was fast and
not substantially different from that in the other tissues,
with the exception of the kidneys, bladder and gastroin-
testinal tract, in which it was higher, and the femur and
brain, in which it was slightly lower (Table 1). With
time, progressive elimination of the tracer was observed
in all tissues. In the small and large bowel, this elimina-
tion was only apparent after the organs had been flushed
to remove the faeces in which the tracer accumulated
(Fig. 3). The rate of tracer elimination was, however, dif-
ferent from tissue to tissue, leading to a progressive 
accumulation in tumours but also in normal tissues such
as the oesophagus and femoral bone. We have no clear
explanation for these latter findings. Accumulation of 
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Fig. 5. TMRs of [18F]EF3 uptake under 10% O2 (filled squares),
21% O2 (filled circles) or carbogen (open circles) in FSA II (upper
panel) or SCC VII (lower panel) tumour-bearing mice. Each data
point represents the mean±SEM of 4–21 mice. Statistical differ-
ences were evaluated by Student’s t test



pimonidazole and EF5 in the oesophagus has also been
reported [35, 36]. Whether this accumulation reflects
some degree of hypoxia in the oesophagus, as suggested
by LD50 experiments [37], or unspecific binding is un-
known at present. However, Cobb et al. described very
high nitroreductase activities inducing retention of miso-
nidazole in tissues like oesophagus [38, 39]. Regarding
bone accumulation, we have ruled out defluorination into
free 18F, which is known to specifically accumulate into
bones [40].

Interestingly, [18F]EF3 accumulated in all six murine
tumours investigated relative to the blood and muscle ac-
tivity. All these tumours are known to present various
degrees of hypoxia as measured by polarographic probes
or immunofluorescence on tissue sections after EF5 ad-
ministration (C. Milross, personal communication) [41,
42]. These measurements were performed under differ-
ent experimental conditions (e.g. different tumour size,
use of general anaesthesia, SC or IM tumours) and are
not available for all tumour types; hence a direct com-
parison between the various methods is probably inap-
propriate. However, in the case of FSA and MCA-4 tu-
mours, which rank at the extremes of the TMR (or TBR)
values, median pO2 values of 12.8 and 5.0 mmHg have
been reported for IM tumours [41]. Using the fluores-
cence intensity of EF5 adducts, which has been shown to
vary with the absolute tissue pO2 values, in the murine
tumours used in the present experiments a correlation
was observed (r2=0.57, p<0.05) on an average basis be-
tween the mean fluorescence intensity and the [18F]EF3
relative uptake expressed by the TMR (data not shown)
[32, 42]. A comparison on an individual tumour basis
between [18F]EF3 uptake and immunofluorescence of
EF5 adducts is in progress in our laboratory.

The specificity of [18F]EF3 for hypoxia is further il-
lustrated by the experiments in which the environmental
conditions were modified to vary the hypoxic fraction. In
FSA II tumours, the tracer uptake depended to a large
extent on the oxygenation conditions, i.e. it increased un-
der 10% O2 breathing and decreased close to unity under
carbogen breathing. In SCC VII tumours, such an effect
was, however, only observed at 220 min after tracer in-
jection. The reason for the absence of a difference for
later time points is not known. Variation in tumour per-
fusion is probably not involved as no difference in TMR
was observed between the various experimental condi-
tions at 55 min after tracer injection, whereas the micro-
environment (and thus potentially the perfusion) had 
already been changed for almost an hour. Re-uptake of
tracer metabolites in normal tissues is an explanation
that is being looked at by characterising these metabo-
lites with mass spectroscopy analyses.

Further indirect evidence for the oxygen dependency
of the uptake and retention of [18F]EF3 is provided by
the finding that FSA II and Sa-NH tumours exhibited
higher TMR when implanted subcutaneously than when
implanted intramuscularly. It is typically considered that

IM tumours are better vascularised, and therefore are
less hypoxic, than SC tumours [41]. These data also indi-
rectly rule out the hypothesis that differences in tumour
perfusion explain to a large extent the variation in
[18F]EF3 uptake and retention among different tumour
types and/or under different oxygenation conditions.

Preclinical experiments by Chapman on iodo-azomy-
cin-galactoside (IAZG) suggested that the highest sensi-
tivity for the detection of hypoxia occurred after renal
excretion of unbound tracer [43], leading to minimal
background in tissues. Knowing that the optimal time for
imaging hypoxia is dictated by the half-life of the iso-
tope, it is reasonable to say that in vivo image acquisi-
tion should ideally start within two half-lives, namely
within 220 min for fluorine-labelled PET tracers. In this
regard, tracers labelled with longer half-life isotopes,
such as [124I]IAZG, might have an intrinsic advantage
[44]. Comparison of this tracer with [18F]F-MISO in ani-
mal models has recently shown its potential for hypoxia
imaging. However, dehalogenation, worse image resolu-
tion with [124I] and higher administered activities remain
a matter of concern.

It is important to take into account the metabolism of
a tracer when interpreting preclinical or clinical data, as
detection with PET or SPECT does not allow distinction
between the native compound and its metabolites. The
presence of metabolites will increase the background
signal and thus limit the sensitivity of the tracer for the
detection of tissue hypoxia. According to our data,
[18F]EF3 is mainly metabolised in the liver and kidneys
and eliminated partly as native compound and partly as
metabolites. Interestingly, few circulating metabolites
were measured in the blood and muscles, and the overall
background activity was accordingly limited. Whereas
with [18F]FETNIM the proportion of unchanged mole-
cule in plasma remained constant over time, the percent-
age as well as the absolute concentration of native
[18F]EF3 in serum decreased with time (Fig. 1, Table 2)
[33]. In tumours, about half the radioactivity came from
metabolites. Large variations in the proportion of
metabolites were, however, observed, confirming the
heterogeneity of tumours compared with normal tissues.
The same phenomenon has been reported for [18F]FET-
NIM, with wide variation, from 3% to 70%, in the radio-
activity represented by unchanged molecule in DMDA-
induced tumours [33]. Characterisation of the EF3
metabolites by mass spectroscopy analyses is in
progress. It may well be that these metabolites are re-
duced unbound [18F]EF3 which is progressively cleared
from the tumours. If so, the radioactive signal in tumours
(resulting from the bound and unbound tracer) will still
be proportional to the oxygen concentration.

All these findings contrast with data on F-MISO,
which circulates to a significant extent in the blood as
metabolites [45]. In human patients, only 3% of the in-
jected dose of F-MISO was excreted unchanged in urine
[46] compared with 70% of parent EF5 [47]. In our C3H
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mouse models, ±40% of the injected dose of [18F]EF3
was excreted unchanged, and ±30% was excreted as
metabolites (extrapolation from HPLC data in urine at
30, 55 and 220 min to volumes of urine collected over
the entire time course between 5 and 770 min).

In summary, with its fast and even biodistribution in
normal tissues and tumours, its low fraction of circulat-
ing metabolites and its progressive and oxygen-depen-
dent accumulation in tumours relative to that in blood
and muscle, [18F]EF3 appears a good candidate for de-
tection of tissue hypoxia with PET. Further experiments
aiming to confirm the relationship between relative trac-
er accumulation and hypoxic fraction are ongoing in var-
ious murine tumour models. [18F]EF3 has recently been
introduced into our clinic, where a phase I trial for 
patients with head and neck squamous cell carcinoma is
in progress.
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