
Abstract. Background/Aim: Herein we assessed the
feasibility of imaging protocols using both hypoxia-specific
[18F]F-FAZA and [18F]F-FDG in bypassing the limitations
derived from the non-specific findings of [18F]F-FDG PET
imaging of tumor-related hypoxia. Materials and Methods:
CoCl2-generated hypoxia was induced in multidrug resistant
(Pgp+) or sensitive (Pgp-) human ovarian (Pgp- A2780,
Pgp+ A2780AD), and cervix carcinoma (Pgp- KB-3-1, Pgp+
KB-V-1) cell lines to establish corresponding tumor-bearing
mouse models. Prior to [18F]F-FDG/[18F]F-FAZA-based
MiniPET imaging, in vitro [18F]F-FDG uptake
measurements and western blotting were used to verify the
presence of hypoxia. Results: Elevated GLUT-1, and
hexokinase enzyme-II expression driven by CoCl2-induced
activation of hypoxia-inducible factor-1α explains enhanced

cellular [18F]F-FDG accumulation. No difference was
observed in the [18F]F-FAZA accretion of Pgp+ and Pgp-
tumors. Tumor-to-muscle ratios for [18F]F-FAZA measured
at 110-120 min postinjection (6.2±0.1) provided the best
contrasted images for the delineation of PET-oxic and PET-
hypoxic intratumor regions. Although all tumors exhibited
heterogenous uptake of both radiopharmaceuticals, greater
differences for [18F]F-FAZA between the tracer avid and
non-accumulating regions indicate its superiority over
[18F]F-FDG. Spatial correlation between [18F]F-FGD and
[18F]F-FAZA scans confirms that hypoxia mostly occurs in
regions with highly active glucose metabolism. Conclusion:
The addition of [18F]F-FAZA PET to [18F]F-FGD imaging
may add clinical value in determining hypoxic sub-regions.

Hypoxia-inducible factors (HIF) govern the effects of hypoxia
on tumor cells and tumor microenvironment (1). Under
hypoxic conditions, the dimerization of subunit-α (HIF-1α)
and subunit-β (HIF-1β) of HIF-1 is followed by the binding
of the active transcription factor (HIF-1) to the hypoxia-
responsive elements (HREs), that trigger the expression of a
network of genes associated with pro-angiogenic processes
and metastatic spread as well as increased resistance to
chemo- and radiotherapy (2-5). Besides oxygen depletion, the
expression of ABC transporter permeability glycoprotein (P-
Glycoprotein, Pgp or ABCB1) further contributes to the
development of therapeutic resistance (6). Pgp-stimulated
multidrug resistance is considered one of the major causes of
treatment failure in gynecological malignancies such as
ovarian and cervix cancer (7-9).
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Since tumor-related hypoxia results in poor prognosis and
inefficient therapeutic outcome (10), the identification of
hypoxic tumor regions seems to be a prerequisite prior to
definitive oncological treatment. 

Positron emission tomography (PET) allows for non-
invasive, real-time cancer diagnosis coupled with the
opportunity to track anti-tumor therapeutic response (11) and
elaborate treatment guidelines (11). Hence the establishment
of PET radiopharmaceuticals designed to visualize oxygen
deficient intratumor areas has recently come into the focus
of research. 

Due to the appropriate properties of Fluorine-18 (18F)
such as its ideal half-life (T1/2: 109.8 min), advantageous
decay characteristics (high positron abundance: β≥97%, low
β+ energy: Emax and Emean: 0.635 MeV and 0.250 MeV;
respectively), short diffusion range (within tissue) and its
seamless synthesis in great quantities with high specific
activity, it emerged as the most widely used radiolabeling
entity of different molecules (12-15). Its half-time not only
ensures the coverage of extended exam periods but also
limits unintended radiotoxicity that constitutes a clear
advantage in in vivo applications.

The fact that low-oxygenated cells over-express different
transporters (GLUT-1 and GLUT-3) and enzymes (hexokinase
enzyme-II/HK-II) (16-18) that are the central regulators of
cellular glucose uptake and metabolism in malignant tumors
(19, 20), offers a scientifically justifiable rationale for the
application of PET imaging with 2-[18F]Fluoro-2-deox y-D-
glucose ([18F]F-FDG) to detect hypoxia in different
neoplasms. An ample amount of preclinical evidence supports
the correlation between [18F]F-FDG accumulation and
oxygen deprived cells or hypoxic tumor regions (21-24). For
example, hypoxia-induced (<0.002% O2) [3H]H-FDG uptake
elevation by MCF7 human breast carcinoma cells was
reported by Burgman et al. in vitro (18). Despite the
promising results, however, increased [18F]F-FDG uptake
associated with infectious or inflammatory processes (25)
may bring obstacles in distinguishing malignant tracer
accumulation from infection/inflammation-associated
radiopharmaceutical uptake. 

[18F]F-fluoroazomycin arabinoside ([18F]F-FAZA), a
member of 2-nitroimidazole compound family, is a viable
alternative to [18F]F-FDG for the PET imaging of hypoxia
(26). Followed by passive diffusion via the cell membrane,
[18F]F-FAZA is reduced and its reactive metabolites interact
with cellular components under hypoxia leading to the
metabolic trapping of the radiotracer and the selective
demarcation of less-oxygenated regions (27, 28). Compared
to its first generation predecessor, [18F]F-fluoromisonidazole
([18F]F-FMISO), the lower lipophilicity of [18F]F-FAZA
ensures increased accumulation along with rapid wash-out
from off-target tissues/organs that results in superior
pharmacokinetics and hypoxia/normoxia contrast (26, 29,

30). Encouraging results obtained from experiments small
animal models of MDA-MB231 and MCF-7 breast cancers
(31), SiHa cervix carcinoma (32), A431 squamous cell
carcinoma (33) and esophageal adenocarcinoma (EAC) (34)
have confirmed the feasibility of [18F]F-FAZA as a hypoxia-
specific radiopharmaceutical for PET imaging purposes (35). 

Based on these findings we hypothesize that the
application of imaging protocols using both [18F]F-FAZA
and [18F]F-FDG for hypoxia assessment may aid to
counteract the non-specificity of single [18F]F-FDG PET
imaging. Therefore, our intention was to compare the [18F]F-
FAZA and [18F]F-FDG uptake patterns of female CB17
severe combined immunodeficient (SCID) mice bearing
multidrug resistant (Pgp-) or multidrug sensitive (Pgp+)
human ovarian, and cervix carcinoma xenografts (ovarian:
A2780 Pgp- and A2780AD Pgp+; cervix: KB-3-1 Pgp-, KB-
V-1 Pgp+). Prior to in vivo imaging, the capability of [18F]F-
FDG to detect chemically-induced (with cobalt
dichloride/CoCl2) hypoxia in vitro was tested, and we
determined the effect of oxygen deprivation on the cellular
expression of GLUT-1 protein and HK-II enzyme. 

Materials and Methods

Radiochemistry, metabolic stability and logp. Both [18F]F-FDG and
[18F]F-FAZA were produced in the radiochemistry laboratory of the
Division of Nuclear Medicine and Translational Imaging,
Department of Medical Imaging, Faculty of Medicine, University
of Debrecen (Debrecen, Hungary) according to the methods of
Hamacher et al. and Reischl et al. (36, 37). The sterile products
were used for PET imaging after quality control.

Briefly, 5 mg of precursor 1-(2,3-diacetyl-5-tosyl-α-d-
arabinofuranosyl)-2-nitroimidazole in 1 ml of dimethyl sulfoxide
was reacted with the following mixture at 100˚C for 5 min:
azeotropically dried [18F]F-fluoride, 15 mg of Kryptofix 2.2.2.
(Merck, Darmstadt, Germany), and 3.5 mg of K2CO3. Then, the
reaction cocktail was subjected to a two-min-long hydrolysis using
1 ml of 0.1N NaOH at 30˚C and cooled down to 40˚C. Thereafter,
the crude mixture was passed through a series of Macherev-Nagel
(Symetron Ltd., Budapest, Hungary) SPE columns composed of a
cation exchanger (PS-H+, large), an anion exchanger (2 pieces of
Chromafix PS-OH-, large), a neutral alumina (Alox N, large), and
a reverse phase (2 pieces of HR-P, large). Prior to usage, the
columns were preconditioned first with 20 ml of ethanol, and then
with 100 ml of sterile and bacterial endotoxin-free water.
Afterwards, 2 ml of 80% ethanol was applied to rinse the reaction
vessel, and to wash the column. Finally, [18F]F-FAZA was
recovered with 12 ml of 15% ethanol, collected in vial composed
of 1.7 ml of 10% NaCl and 0.7 ml of 1M NaH2PO4. 

The radiochemical purity (RCP) was assessed with the use of an
HPLC system with Supelco Discovery® Bio Wide Pore C-18
column (250 mm×4.6 mm; particle size: 10 μm) coupled with a
radiodetector. Signals were simultaneously detected with both a
radio and an absorbance detector at 254 nm. 

The logp value of [18F]F-FAZA was assessed by the serial
determination of the retention time of FAZA on a RP HPLC column
(Waters Resolve C18 Radial-Pak Column, 90Å; Waters Corporation,
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Milford, MA, USA) that was followed by the comparison of the
measured logp value with the one known from the reference
literature (26). Since our results were in good correlation with those
of the reference data, the given logp value was accepted. [18F]F-
FDG is a routinely produced radiotracer for the PET examinations
of oncological patients. 

Cell culturing, CoCl2 treatment. Drug sensitive (Pgp+) and non-
sensitive (Pgp-) human ovarian (Pgp- A2780 and Pgp+ A2780AD)
and epidermoid cervix carcinoma (Pgp- KB-3-1 and Pgp+ KB-V-
1) cell lines were used. The cells were cultured under standard
laboratory circumstances in Dulbecco’s Modified Eagle Medium
(DMEM, Merck) supplemented with 10% foetal bovine serum
(FBS, Thermo Fisher Scientific Inc., Waltham, MA, USA) in
incubators with 5% CO2 and 95% humidity at 37˚C. The viability
of the cells was verified using trypan blue exclusion test. The
passage of the cells was performed every three days. The Pgp+ cell
lines were grown in the presence of their corresponding
chemotherapeutic agents; 28 μM Doxorubicin and 20 μM
Vinblastin were used for the cultivation of A2780AD and KB-V-1
cells, respectively. The drugs were withdrawn from both Pgp+ cell
lines during the passage before radiopharmaceutical injection. To
induce chemical hypoxia the cells were treated with 250 μM CoCl2
for 24 or 48 h. According to literature data, CoCl2 is commonly
used to artificially generate hypoxia, as it is able to inhibit the
degradation of HIF-1α by blocking the activity of HIF-1α-prolyl
hydroxylases (38, 39).

Experimental animals, animal housing. Twelve-week-old female
CB17 SCID mice (n=10) ranged in weight from 18 to 22 g were
purchased from Innovo Ltd. (Isaszeg, Hungary). All mice were
bred in pathogen-free IVC cages (Techniplast, Akronom Ltd.,
Budapest, Hungary) in a temperature (26±2˚C) and humidity
(50±5%) controlled room with a 12-h light/12-h dark schedule
(Division of Nuclear Medicine and Translational Imaging, Faculty
of Medicine, University of Debrecen, Debrecen, Hungary). Free
access to sterile semi-synthetic rodent chow (Charles River Ltd.,
Gödöllő, Hungary) and sterilized water was ensured for all
experimental animals. The Ethics Committee for Animal
Experimentation of the University of Debrecen approved this study
(study number: 8/2016/DEMÁB). The experiments were carried
out according to the regulations of the Animal Experimentation
Committee of the UK (40).

Tumor induction. Subcutaneous tumor models were generated by
the implantation of Pgp- A2780/KB-3-1 cells (3×106/150 μl
physiological saline) and their corresponding Pgp+ counterparts
(5×106/150 μl physiological saline) in the left and right thigh of the
study mice, respectively. Tumor induction was performed under
isoflurane-induced anaesthesia using 3% and 1.5% Forane (AbbVie,
Budapest, Hungary) for induction and maintenance, respectively,
with 0.4 l/min O2 (Linde Healthcare, Budapest, Hungary), and 1.2
l/min N2O (Linde Healthcare); and throughout the whole process
sterile conditions were maintained. To assess the organ distribution
of the investigated radiotracers, 20±1 days post tumor cell
inoculation all mice were subjected to in vivo uptake studies at an
average tumor volume of 39.12±3.34 mm3. 

Western blotting. To identify HIF-1α, GLUT-1, and HK-II
expression, western Blot analyses were performed using whole cell

lysates. For the analyses sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was applied, during which 100 μl of
electrophoresis buffer with a fivefold concentration was added to
the samples and boiled for 10 min. Sixty μg of protein were
separated on a 7.5% SDS-PAGE gel. The protein content of the gel
was transferred to a nitrocellulose membrane. PBST with 5% non-
fat dry milk powder was used to inhibit non-specific protein
interactions between the cell membrane and the antibodies. After
blocking, the membranes were washed and incubated overnight with
the primary antibodies at 4˚C. The primary antibodies were diluted
according to the manufacturer’s recommendation (Abcam Inc.,
Cambridge, MA, USA). Following a 30-min long wash with PBST,
the membranes were incubated with the secondary antibodies (anti-
rabbit IgG; Bio-Rad Laboratories, Hercules, CA, USA) for an hour
at room temperature. The secondary antibodies were used at a
dilution of 1:1,000 in PBS containing 1% non-fat dry milk powder.
Signals were visualized using chemiluminescence based on the
manufacturer’s instructions (Pierce, Rockford, IL, USA). 

In vitro [18F]F-FDG uptake studies. The control and the CoCl2-
treated cells (1×106/ml) were preincubated with 5 mM D-glucose
containing PBS for 10 min at 36˚C, that was followed by the
addition of 0.37 MBq/ml of [18F]F-FDG to both samples.
Incubation with [18F]F-FDG was further proceeded for the indicated
time in each experiment. Cold PBS was added to stop cellular
[18F]F-FDG tracer uptake, then the cells were washed three times
with the same solution and radioactivity was measured in a
calibrated gamma counter at the [18F]F energy level (Canberra-
Packard Gamma counter type Cobra II, Canberra Packard Central
Europe GmbH, Schwadorf, Austria). The results were decay
corrected and the radiopharmaceutical uptake was presented as
counts per minute-1 (106 cells)-1 [cpm]. The cellular tracer
accumulation was also listed as a percentage of the incubating
activity (ID%), that indicates what percentage of the [18F]F-FDG
activity in the external solution is taken up by 1 million cells. The
fact that [18F]F-FAZA is able to attach to intracellular
macromolecules only under hypoxic conditions, and CoCl2-induced
hypoxia was developed in a normoxic environment explains why
we carried out in vitro uptake studies only with [18F]F-FDG. 

PET scans, image data analyses. [18F]F-FDG and [18F]F-FAZA
PET examinations were performed to determine tumor hypoxia.
PET imaging was conducted on the MiniPET-II (DE-ATOMKI,
Debrecen, Hungary) device of the Division of Nuclear Medicine and
Translational Imaging, Department of Medical Imaging, Faculty of
Medicine, University of Debrecen. The MiniPET-II scanner contains
12 detector modules, 12×35×35 LYSO scintillator crystal blocks and
position sensitive PMTs. Its resolution is 1.1 mm, the field of view
(FOV) is 5 cm, and the sensitivity of the system is 11.4%.

Approximately 7 MBq of [18F]F-FDG or [18F]F-FAZA in a final
volume of 200 μl of saline were injected into the study animals via
the lateral tail vein. During the 20-min static [18F]F-FDG PET
acquisition, which started 40 min after radiopharmaceutical
injection, isoflurane-induced anesthesia was maintained (1.5%
Forane, 0.4 l/min O2, and 1.2 l/min N2O). In case of [18F]F-FAZA
PET imaging, both static and dynamic scans were obtained also
under inhalation anesthesia. During static imaging, data were
gathered for 20 min from the 120th min post tracer injection. 

For the quantitative assessment of radiotracer uptake,
standardized uptake values (SUV) were registered from 3-
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dimensional ellipsoidal volume of interests (VOIs) manually placed
over selected tissues and organs with BrainCad image analysis
software. SUV was expressed in terms of maximum (SUVmax)
indicating the voxel with the highest radioactivity, and average
(SUVmean) that reflects the average activity of all voxels in the
region concerned. SUV calculation was conducted using the
following formula: 

SUV=[VOI activity (Bq/ml)]/
[injected activity (Bq)/animal weight (g)].

Upon quantitative assessment tumor-to-background/muscle
(T/M) ratios were also estimated to directly compare the tracer
accumulation of the organs/tissues and that of the background. 

Statistical analyses. Statistical differences were calculated by
unpaired two-tailed t-tests, one-way ANOVA, or two-way ANOVA.
Data are displayed as mean±SD of at least three independent
experiments, and changes with p<0.05 were regarded significant,
unless otherwise indicated. 

Results

Radiochemistry. [18F]F-FAZA was produced with high
specific activity, and it was free of any non-radioactive
impurity. The RCP generally exceeded 95%. The decay
corrected radiochemical yield (RCY) was shown to be 20-
25% in 50 min. The estimated logp value for [18F]F-FAZA
was 1.1, that indicates the lipophilic character of the imaging
probe. The results of urine TLC analyses showed that
unchanged [18F]F-FAZA accounted for approximately 90%
and 73% of the detected radioactivity 10 and 60 min post
tracer injection; respectively. 

Based on the obtained radiochemical data, [18F]F-FAZA
was suitable for the performance of further in vivo
examinations.

In vitro investigations. Nuclear medicine ([18F]F-FDG) and
molecular biological methods (western blot and
immunocytochemistry) were used to assess hypoxia and
related processes in KB-3-1 and A2780 cells treated with 250
μM CoCl2 for 24 or 48 h. Based on the results obtained,
CoCl2 treatment induced the over-expression of GLUT-1
glucose transporter and HK-II. 

Assessment of KB-3-1 cells. Cellular [18F]F-FDG uptake. As
presented in Figure 1, Panel A, uptake of [18F]F-FDG was
gradually increased over time until 60 min in all cell groups
with the highest uptake values being detected in case of the
cells administered with CoCl2 for 24 h. Further assessing the
[18F]F-FDG accumulation in KB-3-1 cells, significantly
higher radioactivity was observed in cells treated with CoCl2
for a day at the 15, 30, and 60 min time points compared to
the tracer uptake in the control cells and KB-3-1 cells that
were incubated with CoCl2 for 48 h (Figure 1, Panel A). 

Western blot. The levels of HIF1-α, GLUT-1 and HK-II were
examined using western blot. Depending upon the length of
incubation with CoCl2, varying degrees of protein over-
expression were obtained. Regardless of treatment duration,
CoCl2 induced the expression of all investigated proteins
compared to the control that supports the higher [18F]F-FDG
uptake of the treated cells in comparison with their
treatment-naïve counterparts. As seen in Figure 2, Panel A
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Figure 1. [18F]F-FDG uptake by KB-3-1 and A2780 cells. [¹8F]-Fluorodeoxyglucose; [¹8F]: Fluorine-18 ([18F]F-FDG) accumulation in KB-3-1
cells incubated with CoCl2 for 24 and 48 hs, and the radioactivity in control KB-3-1 cells (Panel A). The [18F]F-FDG uptake by KB-3-1 cells
incubated for 24 h was significantly higher at all investigated time points compared both to the untreated control cells and to cells that were
incubated for 48 h. The [18F]F-FDG uptake by A2780 cells administered with CoCl2 for 24 and 48 h and the radioactivity in the control A2780
cells (Panel B). The radioactivity in A2780 cells treated for 24 h was remarkably higher at the 30- and 60-min time points in comparison with the
naïve control cells as well as cells administered with CoCl2 for 48 h. At the 15 min time point, the [18F]F-FDG accretion in the A2780 cells
incubated for 24 h was considerably higher than the radioactivity in the untreated cells. *p≤0.05; **p≤0.01. 



there was a meaningful increment in the levels of HIF1-α
and GLUT-1 transporter following a 24-h long treatment
compared both to the control and the 48-h long treatment.
The highest HK-II enzyme expression was detected upon the
48-h long incubation (displayed in Figure 2, Panel A).

In vitro assessment of A2780 cells. Cellular [18F]F-FDG
uptake. Analysing the [18F]F-FDG uptake of the A2780 cells,
we found that the radiotracer accumulation in the treated
cells increased compared to the control cells at all
investigated time points. Nevertheless, notable differences
were found between the different treatment regimes. As
shown in Figure 1, Panel B, no considerable difference was
found between the radioactivity of the cells treated with
CoCl2 for 24 and 48 h at the first examination point post
tracer administration (15 min). After 30 min of [18F]F-FDG
injection, there was a non-significant difference in tracer
uptake between treated and control cells. The difference
became statistically significantly only at 60 min, and A2780
cells that were incubated with CoCl2 for 24 h presented
higher [18F]F-FDG concentration than those incubated for 48
h. Figure 1, Panel B demonstrates the radiopharmaceutical
uptake values of the A2780 cells. 

Western blot. The results of the western Blot analyses
revealed that the expression of hypoxia-related HIF1-α
notably increased in the CoCl2-administered cells relative to
the untreated ones, in particular in cells incubated for 24 h
(Figure 2, Panel B). In addition, the levels of GLUT-1
transporter that transports [18F]F-FDG and the amount of
HK-II enzyme that is responsible for its phosphorylation were
also higher in cells subjected to the 24-h long treatment. 

In vivo MiniPET examinations. Static and dynamic MiniPET
examinations were performed on the hypoxic tumors of
CB17 SCID female mice applying the MiniPET-II small
animal device of the Division of Nuclear Medicine and

Translational Imaging, Department of Medical Imaging,
Faculty of Medicine, University of Debrecen. 

Static MiniPET examinations with [18F]F-FAZA.
Approximately 20 days post tumor cell inoculation (20±5
days) and at an average tumor volume of 400±80 mm3,
[18F]F-FAZA PET imaging was conducted on the
experimental animals. Based on existing guidelines, 20-min
static scans were obtained on the tumors 120 min post
[18F]F-FAZA injection. According to the results of the
quantitative PET data analyses, no significant difference was
found between the SUVmean values of the tumors with
respective values being 0.48±0.095, 0.60±0.015, 0.37±0.05
and 0.39±0.03 for the Pgp- A2780, Pgp+ A2780AD, Pgp-
KB-3-1, and Pgp+ KB-V-1 tumors, respectively. Regarding
the mean T/M ratios, two-to-four fold higher [18F]F-FAZA
accumulation was observed in all tumors compared to the
background (muscle), however, the differences between them
were not statistically significant (mean T/M ratios for Pgp-
A2780, Pgp+ A2780AD, Pgp- KB-3-1, and Pgp+ KB-V-1
tumors: 2.6±1.29, 2.8±1.4, 3.85±0.84, and 4.25±0.75;
respectively). The results of the quantitative PET image
evaluation are given in Figure 3.

Dynamic MiniPET examinations with [18F]F-FAZA. To
explore the temporal kinetics of the radiopharmaceutical
uptake by the tumors and the background muscle, dynamic
PET acquisition was also conducted on the tumors of the
xenotransplanted mice injected with [18F]F-FAZA. As
displayed in Figure 4, the SUVmean values of the hypoxic
tumor regions showed an exponential increase until the 120
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Figure 2. Western blot analyses of CoCl2-treated KB-3-1 and A2780
cells and their control counterparts. Expression levels of HIF-1α, HK-
II enzyme, and GLUT-1 transporter in CoCl2-incubated KB-3-1 (Panel
A), and A2780 (Panel B) cells as well as in control KB-3-1 (Panel A)
and A2780 (Panel B) cells. 

Figure 3. Quantitative assessment of the [18F]F-fluoroazomycin
arabinoside ([18F]F-FAZA) uptake by the investigated Pgp+ and Pgp-
tumor xenografts. The standardized uptake value (SUV) (mean and max)
values and the tumor-to-muscle (T/M) ratios (mean and max) of
permeability glycoprotein (Pgp)- A2780 and KB-3-1 and Pgp+ A2780AD
and KB-V-1 tumor xenografts for [18F]F-FAZA are demonstrated. 



min time point, that was followed by an equilibrium. On the
contrary, however, the accumulation in the muscle showed
an increase only until the 30th min, then - due to the absence
of hypoxia - [18F]F-FAZA escaped from the muscle cells
resulting in the decrease of the tracer concentration (seen in
Figure 4). Moreover, the ratio of the radiotracer uptake in the
hypoxic tumor area and the background muscle (T/M)
appeared to be the highest 110-120 min post radiotracer
application (6.2±0.1).

Thee temporal kinetics of the [18F]F-FAZA uptake in the
hypoxic and non-hypoxic tumor regions were also evaluated.
Panel A and C of Figure 5 display the [18F]F-FAZA
accumulation in a representative tumor xenograft (KB-3-1)
at 20 min intervals from the radiotracer injection until the
140 min end point. As seen in Figure 5, the SUVmean values
of the hypoxic regions exhibited an exponential increase over
time, then 120 min after [18F]F-FAZA administration an
equilibrium was reached (SUVmean: 0.67±0.07). Similarly,
the radioactivity of the non-hypoxic neoplastic territories
also presented a slight elevation until the 30 min time point
(SUVmean: 0.15±0.05), that was followed by the slow wash-
out of the radiopharmaceutical (SUVmean: 0.11±0.05 at the
120 min time point) resulting in the reduction of [18F]F-
FAZA accumulation. 

MiniPET examinations with [18F]F-FDG and [18F]F-FAZA.
The tumor-carrying mice that were examined with hypoxia
sensitive [18F]F-FAZA, were also subjected to [18F]F-FDG
PET acquisition. The two PET modalities were performed
within one day. Figure 6 illustrates representative [18F]F-
FDG and [18F]F-FAZA PET images from the
xenotransplated small animals. The 20-min static scans

acquired 40 min postinjection of [18F]F-FDG on the tumor
regions were used for the verification of the viability of the
tumors and for the assessment of the intensity of their
glucose metabolism. In addition, we searched for intratumor
areas with intensive [18F]F-FDG accumulation that were also
positive for [18F]F-FAZA. 

The distribution of [18F]F-FDG was highly heterogenous
in all examined tumor xenografts, indicating that certain
intratumor areas have high glucose metabolism. Remarkable
differences were observed regarding the SUVmean values of
the highly [18F]F-FDG avid tumor regions (SUVmean:
2.72±0.23) and those that did not take up the radioactive
glucose analogue (SUVmean: 1.2±0.36). Even greater
differences were observed in the case of [18F]F-FAZA,
where the radioactivity of the strongly [18F]F-FAZA
positive regions (SUVmean: 0.86±0.06) was 6-7 times
higher compared to that of the [18F]F-FAZA negative ones
(SUVmean: 0.11±0.05) (Figure 7). As presented in Figure
8, the highly [18F]F-FDG positive intratumor areas
overlapped with the hypoxic territories accumulating
radiotracer [18F]F-FAZA.

Discussion

Chemically-induced hypoxic tumor models underwent
[18F]F-FDG and subsequent [18F]F-FAZA PET imaging to
test the diagnostic value of dual imaging of tumor-related
hypoxia and bypassing [18F]F-FDG-related non-specific
accumulation. 

In vitro assessment of KB-3-1 and A2780 cells. To verify the
presence of hypoxia, western blotting and [18F]F-FDG
uptake measurements were accomplished in vitro.

Western blot analyses. Based on the results of the western
blot analyses, indicating elevated levels of HIF-1α, GLUT-
1 transporter and HK-II enzyme in the CoCl2-treated KB-3-
1 and A2780 cells, we managed to successfully induce
artificially hypoxia in both cell lines, that was consistent
with the findings of other research groups (41-43). Vengellur
et al., Busch et al., and Guo et al., also used CoCl2 for
hypoxia generation in different cells like mouse embryonic
fibroblasts (42), human keratinocytes (43) or in leukemic
cells (41), and they also verified the over-expression of HIF-
1α upon CoCl2 administration. 

Inhibiting the activity of prolyl hydroxylase, hypoxia-
mimetic CoCl2 stabilizes HIF-1α, that leads to the up-
regulated transcription of several proteins such as GLUT-1
transporter and HK-II enzyme (42, 44, 45). Although,
accordingly, both incubated cell lines over-expressed GLUT-
1 and HK-II compared to the control cells independently of
the length of CoCl2 treatment, the observed differences in
the degree of the protein expression of the cells incubated
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Figure 4. Temporal kinetics of Fluorine-18 F-fluoroazomycin
arabinoside ([18F]F-FAZA) accumulation. The real-time temporal
accumulation kinetics of the hypoxic tumor regions and the background
(muscle) for [18F]F-FAZA are shown. SUV: Standardized uptake value.



for different times (24 or 48 h) may imply that the
transcription of these molecules could be determined by
other factors beyond the presence of hypoxia. In addition,
we presuppose that lower GLUT-1 and higher HK-II levels
in KB-3-1 cells treated for 48 h compared to those incubated
for 24 h may indicate that in case of KB-3-1 cells the uptake
of the majority of glucose took place within 24 h requiring

enhanced GLUT-1 expression, while its HK-II-based
metabolism mostly occurred after 24 h (Figure 2, Panel A).
In contrast, immunohistochemistry for both proteins showed
the highest membrane expression of GLUT-1 and HK-II in
A2780 cells after 24 h treatment, indicating that the cell type
may also impact transcription. Similarly to the current
findings, ovarian cells subjected to hypoxia (1.5% O2) also

Kepes et al: [18F]F-labelled FAZA and FDG for Gynecological Cancer Xenograft Imaging

7

Figure 5. Temporal kinetics of the Fluorine-18 fluoroazomycin arabinoside ([18F]F-FAZA) accumulation in the hypoxic and non-hypoxic regions
of the investigated tumors. [18F]F-FAZA accumulation in a representative tumor xenograft (KB-3-1) at 20 min intervals from the start of the
radiotracer injection (0 min) until the end point (140 min) of the dynamic acquisition (Panel A and C). Temporal uptake kinetics of [18F]F-FAZA
in the hypoxic (red line) and non-hypoxic (black line) regions of the investigated tumors (Panel B). SUV: Standardized uptake value. 



showed more pronounced GLUT-1 expression than those
under atmospheric oxygen (20% O2) (21). However, no signs
of hypoxia associated GLUT-1/HK up-regulation was
observed by Burgman and al. in MCF-7 breast cancer cells
(18), that could also support the role of several factors in the
expression of these proteins. 

Cellular [18F]F-FDG uptake. Given that both CoCl2-treated
hypoxic cell lines demonstrated higher in vitro
radiopharmaceutical accumulation in association with the
presence of HIF-1α, [18F]F-FDG uptake measurements could
be successfully used to monitor the presence of chemically-
induced hypoxia. 

Regarding KB-3-1 cells, the results of the western blot
analyses were in accordance with those of the in vitro uptake
studies. The highest HIF-1α and GLUT-1 expression
observed one day after CoCl2 incubation corresponded to the
highest [18F]F-FDG uptake measured at 24 h, that
strengthened the positive correlation of the radiotracer
accretion with low oxygen tension. The analogous
immunological outcomes and radioactivity measurements in
the case of the A2780 cell line further confirmed the strong
association between [18F]F-FDG accumulation and hypoxia.
Moreover, consistent with our findings, low oxygenated
microenvironment also resulted in elevated [18F]F-

FDG/[3H]H-FDG concentration in head and neck squamous-
cell carcinoma (UT-SCC-5 and UT-SCC-20) (46), or in
androgen-independent (PC-3) and androgen-sensitive
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Figure 6. [18F]F-FDG and [18F]F-FAZA MiniPET examinations of
SCID mice xenotransplanted with A2780, A2780AD, KB-3-1, and KB-
V-1 tumor cell lines. Representative coronal [18F]F-FDG and [18F]F-
FAZA positron emission tomography images of severe combined
immunodeficient mice xenotransplanted with A2780, A2780AD, KB-3-
1, and KB-V-1 tumor cell lines. Black arrows: Pgp negative tumors; red
arrows: Pgp positive tumors. [¹8F]: Fluorine-18; [18F]F-FDG:
[18F]Fluoro-2-deoxy-D-glucose; [18F]F-FAZA: [18F]F-fluoroazomycin
arabinoside; SUV: standardized uptake value. 

Figure 7. Quantitative evaluation of intratumor [18F]F-FDG and
[18F]F-FAZA radiotracer uptake. Average SUVmean values of the
intratumor areas with (+) or without (-) [18F]F-FDG/[18F]F-FAZA
accumulation. **p≤0.01. [¹8F]: Fluorine-18; [18F]F-FDG:
[18F]Fluoro-2-deoxy-D-glucose; [18F]F-FAZA: [18F]F-fluoroazomycin
arabinoside; SUV: standardized uptake value.

Figure 8. Representative [18F]F-FDG and [18F]F-FAZA PET images of
the hypoxic tumor regions. [18F]F-FDG and [18F]F-FAZA uptake
patterns in the hypoxic tumor regions. The red arrows indicate the
overlaps between the uptakes of the two radiopharmaceuticals. [18F]:
Fluorine-18; [18F]F-FDG: [18F]Fluoro-2-deoxy-D-glucose; [18F]F-
FAZA: [18F]F-fluoroazomycin arabinoside; PET: positron emission
tomography; SUV: standardized uptake value.



(LNCaP) prostate cancer cell lines (47). Similarly, human
small cell lung cancer (SCLC) cell line CPH B54 manifested
increased [18F]F-FDG concentration in accordance with up-
regulated GLUT-1 transporter (48). Moreover, applying
different oxygen atmospheres (0% to 20% O2), Clavo et al.
showed a higher increase in [18F]F-FDG uptake in HTB 77
IP3 ovarian and HTB 63 melanoma cells under
anoxia/hypoxia (0%, 1.5%, 5% O2) compared to normoxic
circumstances (20% O2) (21).

Overall, with these [18F]F-FDG uptake measurements, we
verified the presence of hypoxia in both cell lines. 

In vivo MiniPET examinations. Static [18F]F-FAZA PET
imaging. The heterogenous radiopharmaceutical
accumulation detected upon the analyses of the [18F]F-FAZA
PET images indicated nonhomogenously distributed hypoxic
areas within the tumors, that could be largely attributed to
the dynamic character of hypoxia, hypoxia-related alterations
in the tumor microenvironment, adaptive metabolic changes,
or changes associated with tumor progression. Consistent
with our findings, HCT116 colorectal tumor xenografts were
similarly characterized by uneven [18F]F-FAZA uptake (49).
Likewise, advanced stage non-small cell lung cancers
(NSCLC) and head and neck tumors also exhibited
heterogenous hypoxia maps in previous clinical studies
applying [18F]F-FAZA or the first generation nitroimidazole
compound [18F]F- FMISO (50-52).

Since the SUVmean values of drug resistant and drug
sensitive tumors did not differ significantly, we assume that
the presence of Pgp had no considerable impact on
radiotracer uptake during the course of the experiment.
However, prolonged examination periods and related longer
incubations with chemotherapeutic drugs are required to
strengthen our hypothesis. 

High-contrasted [18F]F-FAZA images provided by the
two-to-four times higher radiotracer accretion of the tumors
compared to the background muscle ensured the precise
delineation of the oxygen deficient tumor subregions from
the surrounding tissues/organs with abundant oxygenation
(T/M ratios were 2.6±1.29, 2.8±1.4, 3.85±0.84 and
4.25±0.75 for the A2780, A2780AD, KB-3-1 and KB-V-1
tumors, respectively). The experienced improved image
quality could be assigned to the favorable solubility of
[18F]F-FAZA, that allows for higher uptake and prompt
blood clearance, thereby providing better signal-to-noise
ratios even at early investigation time points. Prior
preclinical results on tumor-to-background ratios
determined in experimental models of EAC and SCCVII
squamous carcinoma are consistent our findings (34, 53).
Moreover, recent data established that the T/M ratios of
[18F]F-FAZA appear to overpass those of other
nitroimidazole derivatives like [18F]flortanidazole (HX4) or
[18F]F-FMISO (54-56).

Dynamic [18F]F-FAZA PET imaging. To monitor the real
time in vivo tracer kinetics, dynamic [18F]F-FAZA PET
acquisition was performed. Consistent with earlier preclinical
findings (56) the maximum T/M ratio for [18F]F-FAZA was
recorded at 120 min post tracer administration (6.2±0.1).
Comparing hypoxia PET tracers in WAG/Rij rats bearing
rhabdomyosarcoma R1, Peeters et al. also observed the
highest T/M ratio 2 h after [18F]F-FAZA injection (4.0±0.5)
(56). Identically, [18F]F-FAZA showed the greatest tumor-to-
off-target contrast values at the same time point in studies
with head and neck and lung cancers, that also corroborated
with our observations (30, 57, 58). Based on these results, it
seems that the PET-oxic and hypoxic regions could be best
differentiated 2 h postinjection of [18F]F-FAZA, making it
the optimal time for image acquisition. 

Similarly to our records, [18F]F-FAZA demonstrated
plateau in the tumors at around 120 min in dogs with
spontaneous malignancies (59) and in small animal hypoxic
tumor models (56). Given that in the absence of hypoxia the
reactive form of [18F]F-FAZA is reoxidized, that is followed
by the efflux of the radiopharmaceutical from the cells (27),
the highest tracer uptake was reached earlier (30 min) in well
oxygenised regions (muscle). In contrast, Choen et al.
registered the maximal muscle concentration for [18F]F-FAZA
at a later time point (60 min post tracer application) (59).

[18F]F-FDG PET imaging. Since hypoxia-associated HIF-
1α mediates the expression of GLUT transporters that are the
major determinants of [18F]F-FDG uptake (50, 60), the
results of [18F]F-FDG PET indicating heterogenous tracer
distribution confirm non-homogenous hypoxia pattern within
the assessed gynecological tumors. In addition, the notable
differences between the SUVmean values of the regions with
high [18F]F-FDG avidity and without tracer uptake reflect
variable intratumor glycolytic activity and glucose
metabolism (SUVmean: 2.72±0.23 and 1.2±0.36 for highly
avid and non-avid areas, respectively). 

Similarly to our results, in experiments with preclinical
models of LS174T (61) and HT29 colorectal tumors (62),
MDA-MB-231 breast cancer (62), and A549 (62, 63), H520
and H596 NSCLC (63), Caki renal cell carcinoma (63) or
SK-N-BE neuroblastoma (63), increased [18F]F-FDG uptake
correlated well with hypoxia. 

In agreement with the [18F]F-FDG findings, [18F]F-FAZA
examinations also showed differential tracer uptake, that
further strengthened the heterogenous distribution of hypoxia
within the currently investigated tumors. Although
considerable differences were observed between the
SUVmean values of the tracer in avid and non-accumulating
regions in case of both difluorinated tracers, the distinction
was much greater for [18F]F-FAZA, indicating its superior
specificity in hypoxia imaging compared to the labelled
glucose analogue. The higher specificity of [18F]F-FAZA is
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also supported by the fact that it binds to intracellular
compounds only under hypoxic conditions, while [18F]F-
FDG uptake is increased both in malignant tissues with
hypoxia-induced enhanced metabolism, and in benign
processes like inflammation or infection. 

Of note, considering the non-specificity of [18F]F-FDG
accumulation, tumor subvolumes with augmented
radioactivity may imply tumor-associated inflammatory
processes rather than hypoxia. Moreover, the HIF-1α
expression in normoxic cells could also contribute to non-
specific [18F]F-FDG accretion (64, 65). Accordingly,
available literature findings are contradictory regarding the
association between [18F]F-FDG accumulation and hypoxia
(65), and some studies questioned the feasibility of the
labelled glucose analogue in hypoxia identification (67, 68). 

Therefore, based on the above-detailed promising
observations on [18F]F-FAZA, we supposed that it could be
a suitable complementary of [18F]F-FDG imaging. To assess
whether the addition of [18F]F-FAZA to [18F]F-FDG is able
to overcome the potential false positive results stemmed
from [18F]F-FDG PET acquisition, we compared the images
obtained with the two different tracers. In addition, to verify
the presence of hypoxia in [18F]F-FDG positive tumor areas
we also searched for overlaps between the [18F]F-FAZA and
[18F]F-FDG images.

The spatial correlation between [18F]F-FGD and [18F]F-
FAZA confirmed the presence of hypoxic areas within the
metabolically active tumor regions. Based on our results it
appears that although hypoxia is heterogeneously distributed
within the investigated tumors, it is most likely to occur in
regions with highly active metabolism. Since the strongly
[18F]F-FGD positive tumor subregions were more likely to
show [18F]F-FAZA uptake, we presume that - because of the
fact that the [18F]F-FGD accumulation showed a positive
correlation with the presence of hypoxia – the [18F]F-FGD
uptake and the related SUV values of a lesion could project
whether the increased glucose metabolism is caused by low
oxygenation or other non-specific processes. 

Additionally, the incomplete overlap between the uptake
patterns of the two tracers indicate that tumor hypoxia and
glucose metabolism are not always related. Similarly to the
present results, discrepancies were detected between [18F]F-
FGD and [18F]F-FAZA uptake patterns in aggressive NSCLC
in a previous clinical study of Bollineni et al. (50).
Furthermore, former in-human PET studies on NSCLC also
revealed differences between the accumulation of [18F]F-
FGD and [18F]F-FMISO, and this was also in accordance
with our findings (69, 70). 

On the contrary, Wyss and et al. found identical
distribution patterns for [18F]F-FGD and [18F]F-FMISO in
nude mice bearing various xenotransplants of human origin
such as KB-31 nasopharyngeal carcinoma, U87
glioblastoma, PC-3 and DU-145 prostate cancer or CLS-2

urinary bladder carcinoma (63). Similarly, the [18F]F-FGD
and the [18F]F-FMISO PET images of nude rats inoculated
with R3327-AT anaplastic rat prostate tumor or FaDu human
squamous cell carcinoma manifested largely comparable
uptake profile, however, discrete mismatch could be depicted
between them (71). 

Although the underlying mechanism of the different
accumulation patterns is unclear, the fact that [18F]F-FGD
uptake depends on a cluster of factors including
microcirculation, HIF-1α expression, transporters and
enzymes involved in glucose metabolism, tumor cell/tumor
volume ratio or proliferation rate may suggest some
explanations (72).

Conclusion

Non-specific findings derived from [18F]F-FGD PET-based
tumor diagnostics obviates the need for more precise
imaging of tumor-related hypoxia. As [18F]F-FAZA supplies
more specific information on tumor hypoxia, supplementing
[18F]F-FGD PET imaging with [18F]F-FAZA may have
added clinical value in determining hypoxic tumor
subregions. The correct identification of low oxygenated
tumor areas may not only aid to better understand the
biological and pathophysiological processes behind tumor
development but also contribute to the prediction of
treatment response and clinical outcome. Moreover, such
results derived from preclinical studies could be used to
monitor therapeutic efficacy or identify those patients who
might take advantage of therapeutic strategies such as
hypoxia modification and dose-escalated treatments (73). 
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