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A B S T R A C T   

Background: Tumour hypoxia is associated with increased metastasis, invasion, poor therapy response and 
prognosis. Most PET radiotracers developed and used for clinical hypoxia imaging belong to the 2-nitroimidazole 
family. Recently we have developed novel 2-nitroimidazole-derived PET radiotracer [18F]FBNA (N-(4-[18F]flu
oro-benzyl)-2-(2-nitro-1H-imidazol-1-yl)-acet-amide), an 18F-labeled analogue of antiparasitic drug benznida
zole. The present study aimed to analyze its radio-pharmacological properties and systematically compare its 
PET imaging profiles with [18F]FMISO and [18F]FAZA in preclinical triple-negative (MDA-MB231) and estrogen 
receptor-positive (MCF-7) breast cancer models. 
Methods: In vitro cellular uptake experiments were carried out in MDA-MB321 and MCF-7 cells under normoxic 
and hypoxic conditions. Metabolic stability in vivo was determined in BALB/c mice using radio-TLC analysis. 
Dynamic PET experiments over 3 h post-injection were performed in MDA-MB231 and MCF-7 tumour-bearing 
mice. Those PET data were used for kinetic modelling analysis utilizing the reversible two-tissue-compartment 
model. Autoradiography was carried out in tumour tissue slices and compared to HIF-1α immunohistochem
istry. Detailed ex vivo biodistribution was accomplished in BALB/c mice, and this biodistribution data were used 
for dosimetry calculation. 
Results: Under hypoxic conditions in vitro cellular uptake was elevated in both cell lines, MCF-7 and MDA-MB231, 
for all three radiotracers. After intravenous injection, [18F]FBNA formed two radiometabolites, resulting in a 
final fraction of 65 ± 9 % intact [18F]FBNA after 60 min p.i. After 3 h p.i., [18F]FBNA tumour uptake reached 
SUV values of 0.78 ± 0.01 in MCF-7 and 0.61 ± 0.04 in MDA-MB231 tumours (both n = 3), representing tumour- 
to-muscle ratios of 2.19 ± 0.04 and 1.98 ± 0.15, respectively. [18F]FMISO resulted in higher tumour uptakes 
(SUV 1.36 ± 0.04 in MCF-7 and 1.23 ± 0.08 in MDA-MB231 (both n = 4; p < 0.05) than [18F]FAZA (0.66 ± 0.11 
in MCF-7 and 0.63 ± 0.14 in MDA-MB231 (both n = 4; n.s.)), representing tumour-to-muscle ratios of 3.24 ±
0.30 and 3.32 ± 0.50 for [18F]FMISO, and 2.92 ± 0.74 and 3.00 ± 0.42 for [18F]FAZA, respectively. While the 
fraction per time of radiotracer entering the second compartment (k3) was similar within uncertainties for all 
three radiotracers in MDA-MB231 tumours, it was different in MCF-7 tumours. The ratios k3/(k3 + k2) and 
K1*k3/(k3 + k2) in MCF-7 tumours were also significantly different, indicating dissimilar fractions of radiotracer 
bound and trapped intracellularly: K1*k3/(k2 + k3) [18F]FMISO (0.0088 ± 0.001)/min, n = 4; p < 0.001) >
[18F]FAZA (0.0052 ± 0.002)/min, n = 4; p < 0.01) > [18F]FBNA (0.003 ± 0.001)/min, n = 3). In contrast, in 
MDA-MB231 tumours, only K1 was significantly elevated for [18F]FMISO. However, this did not result in sig
nificant differences for K1*k3/(k2 + k3) for all three 2-nitroimidazoles in MDA-MB231 tumours. 
Conclusion: Novel 2-nitroimidazole PET radiotracer [18F]FBNA showed uptake into hypoxic breast cancer cells 
and tumour tissue presumably associated with elevated HIF1-α expression. Systematic comparison of PET im
aging performance with [18F]FMISO and [18F]FAZA in different types of preclinical breast cancer models 
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revealed a similar tumour uptake profile for [18F]FBNA with [18F]FAZA and, despite its higher lipophilicity, still 
a slightly higher muscle tissue clearance compared to [18F]FMISO.   

1. Introduction 

Hypoxia represents a general pathological condition characterized 
by a reduced oxygen supply to a particular tissue or organ [1]. Up to 60 
% of solid tumours display hypoxic and/or anoxic areas resulting from 
the imbalance between oxygen supply and oxygen consumption [2]. 
Hypoxia in solid tumours results from abnormal and chaotic vasculari
zation in tumour tissue, limiting the increased oxygen demand of a 
growing tumour mass [3]. Oxygen deprivation drives tumours to 
develop adaptive responses to low-oxygen conditions, resulting in 
altered gene expression and overall cell metabolism changes that 
contribute to their survival in an unfavourable environment [4]. Most 
downstream gene expression changes and cellular adaptation mecha
nisms induced by hypoxic conditions are mediated by the transcription 
factor HIF-1α [5]. More than 1500 HIF target genes have been identified, 
causing malignant reprogramming, leading to metabolic adaptation, 
invasion, metastasis, and angiogenesis [6]. Therefore, tumour hypoxia is 
linked to increased metastasis and invasion, poor response to radio
therapy and chemotherapy, and poor prognosis [1]. 

Several non-invasive molecular imaging techniques have evolved 
over the past three decades to assess and visualize tumour hypoxia in 
preclinical and clinical studies. Prominent examples include positron 
emission tomography (PET), single photon emission computed tomog
raphy (SPECT), magnetic resonance imaging (MRI), and optical imag
ing. [7,8]. Functional imaging with PET is a valuable tool to analyze and 
quantify tissue hypoxia in vivo in preclinical and clinical settings [9,10]. 

Most radiotracers for PET imaging of hypoxia belong to the 2-nitro
imidazole compound family since the original introduction of [18F]flu
oromisonidazole ([18F]FMISO) in 1986, one of the most widely used 
radiotracers for hypoxia imaging [9,11–13]. 

As a 2-nitroimidazole, [18F]FMISO passively diffuses across the cell 
membrane and is reduced by nitroreductase enzymes in the cytoplasm. 
This process is reversible when cells are well-oxygenated. However, 
under hypoxic conditions, [18F]FMISO is reduced stepwise, leading to 
the progressive production of R-NHOH compounds that bind covalently 
to intracellular proteins causing metabolic trapping of the radiotracer 
[14]. The time for passive diffusion, intracellular reduction and trapping 
is crucial for good image contrast. 

[18F]FMISO readily crosses cell membranes, but it also displays a 
slow clearance from normal tissue, which results in longer times (≥ 3 h) 
to achieve acceptable tumour/background ratios, which are typically in 
the range of 1.2–1.4 [15,16]. 

Therefore, a next-generation of 2-nitroimidazoles was developed, as 
exemplified with [18F]fluoroazomycin arabinoside ([18F]FAZA) [17]. 
The lower lipophilicity of [18F]FAZA provided higher image contrast 
due to a faster clearance from non-target tissues compared to [18F] 
FMISO [18,19]. However, questions about the reproducibility and 
variability of the [18F]FAZA-PET data, especially in clinical settings, 
remain open [20]. 

Besides [18F]FMISO and [18F]FAZA, other radiofluorinated 
nitroimidazole-based radiotracers have been developed, including [18F] 
fluoroerythronitroimidazole ([18F]FETNIM) [21], [18F]fluo
roetanidazole ([18F]FETA) [22], and several more lipophilic fluoroalkyl 
acetamide derivatives such as 2-(2-nitroimidazol-1-yl)-N-3-[18F]fluo
ropropyl acetamide [18F]EF1, 2-(2-nitroimidazol-1-yl)-N-(3,3,3-[18F] 
trifluoro-propyl)acetamide [18F]EF3 and 2-(2-nitro-1Himidazol-1-yl)-N- 
(2,2,3,3,3-[18F]pentafluoropropyl)-acet-amide ([18F]EF5) [16]. The 
higher lipophilicity of fluoroalkyl acetamides [18F]EF1, [18F]EF3, and 
[18F]EF5 enable fast cell membrane penetration resulting in the rapid 
uptake of the radiotracers in most tissues and organs, including the 
central nervous system [11,23]. 

Discussions concerning the feasibility of 18F-labeled 2-nitroimida
zoles for imaging glioblastomas tend to favour the use of [18F]EF5 for 
its ability to readily cross the blood-brain barrier, whereas [18F]FAZA is 
only suitable in cases where the integrity of the blood-brain barrier is 
disrupted [11]. However, despite all the potential benefits of the 
different 18F-labeled 2-nitroimidazoles developed, to date, there are no 
significant advantages over [18F]FMISO [24]. 

Recently, we have developed N-(4-[18F]fluorobenzyl)-2-(2-nitro-1H- 
imidazol-1-yl)-acetamide ([18F]FBNA), an 18F-labeled analogue of 
antiparasitic drug benznidazole, as a novel 2-nitroimidazole derivative 
for hypoxia PET imaging (Fig. 1) [25]. 

Benznidazole is currently used to treat Chagas disease caused by the 
parasitic protozoan Trypanosoma cruzi. As a 2-nitroimidazole com
pound, benznidazole becomes an active cytotoxic agent upon biological 
reduction mediated by nitro-reductases, demonstrating promising cell- 
killing capacity in hypoxic tumour cells [26]. 

The goal of the present study was to A) analyze the radio
pharmacology of 2-nitro-imidazole [18F]FBNA and B) systematically 
compare the PET imaging profiles of [18F]FBNA, [18F]FMISO and [18F] 
FAZA (Fig. 1) in triple-negative breast cancer (MDA-MB231) lacking 
estrogen receptor (ER), progesterone receptor (PR) and human 
epidermal growth factor receptor 2 (HER2) as well as estrogen receptor- 
positive breast cancer (MCF-7). The intention was to examine if the three 
hypoxia radiotracers would result in potential differences between each 
other and between the two different breast cancer models. 

2. Materials and methods 

2.1. Chemicals and radiosynthesis 

Radiosynthesis of [18F]fluoroazomycin arabinoside ([18F]FAZA), 
[18F]fluoromiso-nidazole ([18F]FMISO), and 4-[18F]fluorobenzylamine 
([18F]FBAmine) were performed on a GE TRACERlab™ FX (General 
Electric Company, Fairfield, CT, U.S.A.), fully automated synthesis unit 
(ASU). For [18F]FAZA, 1-(2,3-diacetyl-5-tosyl-(α-D-arabinofuranosyl)-2- 
nitroimidazole, and for [18F]FMISO, 1H-imidazole-1-propanol, 2-nitro- 
β-[(tetrahydro-2H-pyran-2-yl)oxy]-, 4-methyl benzenesulfonate (ester) 
(NITTP), were used as labeling precursors (both purchased from ABX 
Advanced Biochemical Compounds, Radeberg, Germany). The radio
synthesis of [18F]FAZA and [18F]FMISO was accomplished according to 
published procedures [27,28]. Synthesis of N-(4-[18F]fluorobenzyl)-2- 
(2-nitro-1H-imidazol-1-yl)-acetamide ([18F]FBNA) was performed 
manually starting from [18F]FBAmine as per our recently published 
procedure [25]. All radiotracers were obtained in high radiochemical 
purity >99 %. The determined molar activities were 300 GBq/μmol for 
[18F]FAZA, 34 GBq/μmol for [18F]FMISO, and 7 GBq/μmol for [18F] 
FBNA. The automated synthesis unit (ASU) was installed in a Comecer 
hot cell (Rolling Meadows, IL, USA). High-performance liquid chroma
tography (HPLC) analysis and purification of the radiolabeled products 
were performed using a Phenomenex LUNA® C18(2) column (100 Å, 
250 × 10 mm, 10 μm) using gradient elution specific to the given 

Fig. 1. Structures of 18F-labeled 2-nitroimidazoles [18F]FBNA, [18F]FMISO and 
[18F]FAZA. 
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compound (Gilson 321 pump, 171 diode array detector, Berthold 
Technologies Herm LC). Radio-TLC was performed using EMD. Merck 
F254 silica gel 60 aluminum-backed thin-layer chromatography (TLC) 
plates (Bioscan AR-2000). Water was obtained from a Barnstead Nano
pure water filtration system (Barnstead Diamond Nanopure pack 
organic free RO/DIS). 

Kryptofix 4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]-hexa
cosane (K2.2.2.) was purchased from T.C.I. America (Portland, OR, USA). 

Unless otherwise stated and used as received from the supplier, the 
chemicals not stated above were obtained from Sigma-Aldrich® or 
Millipore Sigma (Oakville, ON, Canada). 

2.2. In vitro cell uptake experiments 

Human MCF-7 (ATCC HBT-22) and MDA-MB231 (ATCC HTB-26) 
breast cancer cells were grown in DMEM/F-12 (Thermo Fisher Scienti
fic) with 10 % fetal bovine serum (Thermo Fisher Scientific) and 1 % 
penicillin/ streptomycin (10,000 U/mL). 

For experiments, cells were seeded in 12-well plates in their medium 
and grown for 24 h. For experiments under hypoxic conditions, the 
medium was preconditioned for 3–4 h in a special hypoxia chamber at 1 
% O2 and 5 % CO2 at 37 ◦C as described previously [29] and used to 
exchange the growth medium for the cells under hypoxia and compared 
with cells under normoxic conditions. Before the cell uptake experi
ments, the medium was removed 1 h before the experiment, and cells 
were washed two times with PBS and incubated in Krebs-Ringer buffer 
(120 mM NaCl, 4 mM KCl, 1.2 mM KH2PO4, 2.5 mM MgSO4, 25 mM 
NaHCO3, 70 mM CaCl2, pH 7.4) for 1 h at 37 ◦C. Next, 300 μL Krebs- 
Ringer solution with 0.1–0.5 MBq of either 18F-labeled 2-nitroimidazole 
was added to each well. Plates were incubated at 37 ◦C for specific time 
points (60, 120 and 180 min). Radiotracer uptake was stopped with 1 
mL ice-cold PBS, and cells were washed two times with PBS and lysed in 
0.4 mL lysis buffer (50 mM Tris, 150 mM NaCl, 0.1 % SDS, 0.5 % sodium 
deoxycholate, 0.5 % Triton X-100). 

Radioactivity in cell lysates was measured as counts per minute using 
a Wizard 2 automatic γ-counter (PerkinElmer, Waltham, MA, USA). Data 
were normalized to 100 % control uptake under normoxic conditions 
and determined from 2 to 3 experiments in triplicates (3 wells per 
timepoint and experiment). 

2.3. In vivo metabolic stability 

The radiotracer solution containing 20 to 25 MBq [18F]FBNA, [18F] 
FMISO, or [18F]FAZA in 8–10 % EtOH/saline was injected intravenously 
into female BALB/c mice under isoflurane anesthesia. Blood samples 
from the tail vein (20–40 μL) were collected at 5, 15, 30, 45 and 60 min 
post-injection. 

Blood cells were separated by centrifugation (Mini Hettich centri
fuge, Germany; 5 min, 13,000 RPM) followed by plasma protein pre
cipitation using methanol (two parts per one part plasma) and a second 
centrifugation step (5 min, 13,000 RPM). Radioactivity in blood cell and 
plasma protein fractions and the supernatant was analyzed using a 
WIZARD2 Automatic gamma counter (PerkinElmer; Waltham, MA, 
USA) and calculated as % of total radioactivity in all three fractions. 
Supernantant was further analyzed by radio thin-layer chromatography 
(radio-TLC). Radio-TLC was used to analyze the radiometabolic profile 
as it allows for 100 % recovery especially when used for small radio
labeled molecules such as 2-nitroimidazole. Radio-TLCs were developed 
in 1:1 EtOAc/ethanol for [18F]FBNA, [18F]FMISO, or [18F]FAZA 
resulting in Rf values of 0.6–0.7 and analyzed using a BAS-5000 reader. 

2.4. Dynamic PET imaging 

All animal experiments were carried out following the Canadian 
Council on Animal Care (CCAC) guidelines and approved by the local 
animal care committee of the Cross Cancer Institute. Human MCF-7 cells 

(5 × 106 cells in 100 μL PBS/Matrigel 50:50) or MDA-MB231 cells (5 ×
106 cells in 100 μL PBS) were injected subcutaneously into the left 
shoulder of 8–10-week-old female NIH-III nude mice (20–22 g, Charles 
River, Saint-Constant, QC, Canada). MCF-7-bearing mice also received a 
subcutaneously implanted 0.72 mg/pellet containing estrogen in a 60- 
day release preparation (Innovative Research of America, Sarasota, FL, 
USA) into the upper right flank. Tumours were grown for 3 to 4 weeks, 
reaching 300–500 mm3 sizes. General anesthesia of tumour-bearing 
mice was induced with inhalation of isoflurane in 40 % oxygen/60 % 
nitrogen (gas flow = 1 mL min − 1), and the mice were placed fixed in a 
prone position. 

The body temperature was kept constant at 37 ◦C for the entire 
experiment. The mice in a prone position were placed in the center of the 
field-of-view (FOW) of an Inveon® PET/CT scanner (Siemens Preclinical 
Solutions, Knoxville, TN, USA). A transmission scan for attenuation 
correction was not acquired. The mice were injected with 5–7 MBq of 
either [18F]FBNA, [18F]FMISO or [18F]FAZA in 100–200 μL of saline 
(0.9 %) containing 8 to 10 % ethanol through a tail vein catheter. Data 
acquisition was performed over 180 min in a 3D list mode. The dynamic 
list mode data were sorted into sinograms with 65-time frames (10 × 2, 
8 × 5, 6 × 10, 6 × 20, 8 × 60, 10 × 120, 5 × 300, and 12 × 600 s). The 
frames were reconstructed using maximum a posteriori (MAP) as 
reconstruction mode. The pixel size was 0.085 × 0.085 × 0.121 mm3 

(256 × 256 × 63), and the resolution at the axial center of the field of 
view was about 1.8 mm [30]. No correction for partial volume effects 
was applied. The image files were processed using the ROVER v 2.0.51 
software (A.B.X. GmbH, Radeberg, Germany). Masks defining 3D re
gions of interest (ROI) were set, and the ROIs were defined as a threshold 
of 50 % SUVmax within an ellipsoid mask around the tumour on an image 
representing the average of the last 40 min of the acquisition (i.e. 
excluding the tracer uptake phase). 

Mean standardized uptake values [SUV]mean = (activity/ mL tis
sue)/(injected activity/body weight), mL/g, were calculated for each 
ROI. All semi-quantified PET data are presented as means ± SD. Time- 
activity curves (TACs) were constructed using Graph-Pad Prism 5.0 
(GraphPad Software). 

2.5. Radiotracer kinetic analysis 

Tracer kinetic analysis was performed using dynamically acquired 
PET imaging data with an established reversible two-tissue compart
ment model as described previously in the literature for [18F]FAZA 
[31,48,49]. A volume of interest (VOI) was defined for the tumour using 
the Rover software (A.B.X. GmbH, Dresden, Germany) by applying a 50 
% threshold as described above. 

Image-derived input functions were obtained from regions around 
the heart, defined by the injected blood bolus visible in the first few time 
frames of the dynamic acquisitions, using a threshold of 50 % of SUVmax 
in that region. Four kinetic parameters (K1, k2, k3, k4) and the fractional 
blood volume (fbv), which account for the non-zero vascular space 
within the tumour ROI, describe the model. The analysis was carried out 
by fitting the measured tumour time-activity curves (TACs) with a two- 
exponential model of the general form: 

TACtumor = (1 − fbv)⋅(A1exp( − α1t)+A2exp( − α2t) )

⊗ TACblood + fbv⋅TACblood (1)  

where ⊗ denotes convolution and fbv, A1, α1, A2, α2 are fit parameters, 
the latter four representing the amplitude and time dependence of the 
exponentials [31]. The fit of Eq. (1) to the experimentally acquired 
tumour TACs was implemented in Matlab (The Mathworks, Inc., v. 
R2014b), utilizing a Nelder-Mead simplex direct search. The fit was 
governed by minimizing the sum over all time points of square differ
ences between the measured values and the model prediction. 

Metabolism during the measurement time plays a minor role for 
[18F]MISO and [18F]FAZA but needs to be accounted for in the case of 
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[18F]FBNA. 
Here, a metabolite analysis yielded the percentage of the intact tracer 

as a function of time (see Fig. 3). This data was extrapolated to time zero 
and parameterized by a biexponential fit. Lastly, this fitted curve was 
used to scale the image-derived input functions at each time point 
accordingly before performing the kinetic analysis. 

2.6. Biodistribution of [18F]FBNA 

After intravenous injection of 1.5–4.5 MBq of [18F]FBNA in saline 
with 10 % ethanol (100 to 150 μL) into the tail vein of isoflurane- 
anesthetized BALB/c mice, animals were allowed to regain conscious
ness until sacrifice. 

While under isoflurane anesthesia, animals were euthanized at 5, 30 
and 60 min, 3 h and 6 h post-injection and rapidly dissected. Organs of 
interest, including blood, heart, lung, liver, kidneys, spleen, stomach, 
duodenum, small intestine, upper and lower large intestine, pancreas, 
right femur, muscle, ovaries, brain, fat, thymus, uterus and urinary 
bladder were collected and weighed. Radioactivity in all tissues was 
measured in a WIZARD γ-counter (Wallac 1480 Wizard-3, Perkin-Elmer, 
Waltham, MA, USA) and results were analyzed as the percentage of 
injected dose per gram of tissue (%ID/g). 

2.7. Radiation dosimetry analysis for [18F]FBNA 

Radiation dosimetry analysis for the determination of the normal 
organ-absorbed doses and the effective dose was performed using 
OLINDA/EXM software (version 1.1, Vanderbilt University, Nashville, 
TN, USA). Scaling of the animal-obtained values to human values was 
carried out by weighing the organ uptake with the relative organ mass in 
the animal and human: 
(

%ID
organ

)

human
=

(
%ID

organ

)

rat
⋅
[(

morgan

mbody

)

humam

/(
morgan

mbody

)
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]

(2) 
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(
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rat 
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determined experimentally. 
This also accounts for organs that cannot be excised in their entirety, 

such as muscle, blood and bone. Eq. 2 then becomes 
(
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)
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morgan

)
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⋅
(
mbody

)
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The values for 
(
%ID/morgan

)

human are obtained by first averaging the 
values 

(
%ID/morgan

)

rat⋅
(
mbody

)

rat for the three individual animals sacri
ficed at each time point and then dividing by the adult human’s weight 
of 73.7 kg [32,33]. 

To obtain the cumulated activity in each organ, these curves were 
multiplied by the human organ mass, using the values implemented in 
the OLINDA/EXM code [32], and integrated: for the first 6 h numerically 
by evaluating the area under the measured curve and beyond 6 h by 
fitting a mono-exponential function to the last four data points of each 
curve and integrating it from 6 h to infinity. 

Not in all cases did the organs for which cumulated activity was 
determined through the biodistribution (see above) correspond to the 
source organs as defined in OLINDA/EXM. The following assumptions 
were made to derive the cumulated activity for the OLINDA-defined 
source organs: (i) It was assumed that all activity detected in the 
stomach, intestines and urinary bladder originated from their contents. 
(ii) Since exact quantities of the small amounts of bone and muscle ac
tivity contained in the remainder of the body were unknown, they were 
not subtracted from the whole body activity. (iii) The activity of the 
heart’s content was determined from the blood concentration (decays/ 
mL) and multiplied by the internal volume of the heart (510 mL, 
ICRP89). (iv) It was assumed that activity is uniformly distributed to 
cortical and trabecular bone and red marrow. The number of decays in 

each is assigned according to their weight ratio, based on the weight of 
the human skeleton of 10.45 kg (ICRP89), the ratio of cortical to the 
trabecular bone of 4/1 and the fact that red marrow constitutes 4 % of 
the total body mass [33,34]. The values determined for cumulated ac
tivity in each source organ were then used as input for the OLINDA/EXM 
code. 

2.8. Autoradiography and immunohistochemistry 

For autoradiography, MCF-7 or MDA-MB231 tumour-bearing NIH-III 
mice were injected with 20–25 MBq of either [18F]FBNA, [18F]FMISO or 
[18F]FAZA in 8–10 % EtOH/saline into the tail vein again. After 2 h post- 
injection, mice were euthanized, and tumour tissue was harvested. 
Tumour tissue was embedded into Tissue-Tek embedding medium for 
frozen tissue specimens to ensure the optimal cutting temperature (OCT) 
and frozen in liquid nitrogen. Cryoslices of 40 μm were cut using a Leica 
CM1850 cryostat (Leica Microsystems Inc. Concorde, Ontario, Canada). 
Slices were placed into a BAS Cassette (2325, Fujifilm) and exposed to a 
phosphor imaging plate (BAS-MS 2025, Fujifilm) for ~60 min at room 
temperature and analyzed using a Typhoon 9400 Variable Mode Imager 
from molecular dynamics (GE Amersham Pharmacia Biotech, Amer
sham, UK). 

Immunohistochemistry for the detection of HIF-1α, tumour slices 
were carried out on the cryo slices immediately adjacent to those used 
for autoradiography. Upon thawing, tissue sections were fixed with 
formalin for 30 min. The fixed sections were blocked overnight at 4 ◦C 
using 0.12 mg/mL unconjugated goat anti-mouse Fab fragments (115- 
003-007, Jackson Immunoresearch, West Grove, PA, USA) in 0.5 % fish 
skin gelatin (G7765, Sigma-Aldrich), pH 7.4, supplemented with 0.1 % 
Triton X-100. 

The sections were rinsed three times with Tris-buffered saline (TBS; 
200 mM Tris and 1500 mM NaCl according to Sigma-Aldrich) having 
0.5 % Tween 200 (TBST) for 5 min each and then incubated with the 
rabbit polyclonal anti-HIF1α IgG (1:50, NB100449; Novus Biologicals, 
Oakville, ON, Canada) overnight at 4 ◦C in a humidity chamber. The 
samples were then treated with 3 % H2O2 in deionized water for 15 min, 
proceeded by three 10 min washes using TBST. 

2.9. Statistical analysis 

All data are expressed as means ± SD from n experiments. Graphs 
were constructed using Graph-Pad Prism 5.0 (GraphPad Software). Were 
applicable, statistical differences were tested using paired and unpaired 
Student’s t-test and were considered significant at p < 0.05. 

3. Results 

Fig. 1 shows the molecular structure of the three 18F-labeled 2-nitro
imidazoles used in the present study: N-(4-[18F]fluorobenzyl)-2-(2- 
nitro-1H-imidazol-1-yl)-acetamide ([18F]FBNA), [18F]fluo
romisonidazole ([18F]FMISO) and [18F]fluoroazomycin arabinoside 
([18F]FAZA). Radiosynthesis of [18F]FBNA was accomplished manually, 
as recently published by our group [26]. The synthesis of [18F]FMISO 
and [18F]FAZA have been adopted to automated radiosynthesis pro
cedures (see Methods section). 

3.1. In vitro cell uptake experiments in breast cancer cell lines 

Cell uptake of 2-nitroimidazoles [18F]FBNA, [18F]FMISO, and [18F] 
FAZA were carried out in the human estrogen receptor-positive MCF-7 
cells as well as in the human triple-negative MDA-MB231 cells under 
normoxic and hypoxic (1 % O2) conditions. Fig. 2 summarizes these 
results. 

Under normoxic conditions, all three radiotracers showed uptake 
levels between ~1.5 to 4.5 % radioactivity/mg protein at 180 min in
dependent of the cell line as they only enter the cells by passive 
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diffusion. Under hypoxic conditions, all three 2-nitroimidazoles showed 
a significant increase in uptake into MCF-7 cells, especially after 180 
min (3 h) incubation time: [18F]FBNA from 2.87 ± 0.28 to 3.98 ± 0.31 
% radioactivity/mg protein (+40 %; n = 6/2 (6 wells from 2 experi
ments); p < 0.01); [18F]FMISO from 1.26 ± 0.22 to 1.39 ± 0.18 % 
radioactivity/mg protein (+20 %; n = 9/3; p < 0.05) and [18F]FAZA 
from 4.80 ± 0.44 to 7.66 ± 0.48 % radioactivity/mg protein (+62 %; n 
= 9/3; p < 0.001), respectively. 

A similar pattern was observed in MDA-MB231 cells: [18F]FBNA 
from 5.03 ± 0.71 to 8.41 ± 1.31 % radioactivity/mg protein (+54 %; n 
= 9/3; p < 0.05); [18F]FMISO from 3.02 ± 0.81 to 4.74 ± 1.34 % 
radioactivity/mg protein (+51 %; n = 9/3; p < 0.05) and [18F]FAZA 
from 4.96 ± 0.54 to 7.56 ± 1.24 % radioactivity/mg protein (+70 %; n 
= 9/3; p < 0.01). The in vitro cell uptake data showed that hypoxic 
conditions increase cell uptake of all three 2-nitroimidazoles, confirming 
that they function as hypoxia radiotracers. 

3.2. In vivo stability 

Blood compartment distribution and in vivo metabolic stability of 
[18F]FBNA was analyzed in blood samples from BALB/c mice and 
compared to those from [18F]FMISO and [18F]FAZA (Fig. 3). 

[18F]FBNA is detected more in blood cells (~60 %) versus plasma 
(~35–40 %), not changing much over the time course of the experiment, 
while [18F]FAZA is found at similar levels in blood cells and plasma 
(~50 % each). 

Analysis of [18F]FMISO revealed slightly more variable results be
tween 5, 15, 30 and 60 min post injection). Overall, after 60 min post- 
injection, the plasma protein-bound fraction (precipitated from the su
pernatant after the 1st centrifugation step) was 7.9 ± 1.6 % (n = 3) for 
[18F]FBNA after plasma protein precipitation, which was similar to [18F] 
FMISO (8 %, n = 1) but higher than [18F]FAZA (3 %, n = 1). Interest
ingly, metabolic stability in vivo looked different for [18F]FBNA when 
compared to the metabolically very stable [18F]FMISO and [18F]FAZA. 

After injection of [18F]FBNA, two more polar radiometabolites were 
detected, and fractions of both radiometabolites increased over time. 

Fig. 2. In vitro radiotracer cell uptake of A) 
[18F]FBNA, B) [18F]FMISO and C) [18F]FAZA 
into breast cancer cells MCF7 and MDA-MB231. 
Analysis of the effects of hypoxia (1 % O2) in 
Comparison with uptake under normal control 
conditions. In vitro cell uptake was determined 
at 60, 120 and 180 min incubation time points. 
Data are shown as means ± SD from 2 to 3 
different experiments; all experiments were 
performed in triplicate (6–9 data points from 2 
to 3 experiments). * p < 0.05; ** p < 0.01; *** 
p < 0.001.   
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Fig. 3. Distribution of radioactivity in blood fractions (left) and metabolic stability over 60 min as determined from plasma samples (right) following injection of A) 
[18F]FBNA, B) [18F]FMISO and C) [18F]FAZA into BALB/c mice. Data are shown as means ± SD from 3 experiments for [18F]FBNA and 1 experiment for each [18F] 
FAZA and [18F]FMISO. 
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After 60 min post-injection 65 ± 9 % of intact [18F]FBNA was detected, 
as well as 32 ± 11 % of radiometabolite 1 and 9 ± 1 % of radio
metabolite 2 (all n = 3). 

3.3. In vivo dynamic PET imaging 

All three radiolabeled 2-nitroimidazoles were analyzed in vivo in 
estrogen receptor-positive MCF-7 and triple-negative MDA-MB231 tu
mours. Fig. 4 shows the PET images for [18F]FBNA at 1 h, 2 h and 3 h 
post-injection. 

Compared to [18F]FBNA, radioactivity washout of [18F]FMISO from 
muscle tissue was lower, and after 3 h post-injection, there was still a 
higher radioactivity level of [18F]FMISO left in muscle tissue. However, 
radioactivity uptake of [18F]FMISO into both MCF-7 and MDA-MB231 
tumours was higher, and tumours became visible as early as 2 h p.i. 
(Fig. 5). A mainly hepatobiliary clearance pattern was observed for both, 
[18F]FBNA and [18F]FMISO. 

Fig. 6 displays representative PET images after injection of [18F] 
FAZA. 

While tumour uptake of [18F]FAZA into both tumour types was faster 
and more pronounced compared to [18F]FBNA, radioactivity washout of 
[18F]FAZA from muscle tissue was lower and rather more like that of 
[18F]FMISO. Based on its lower lipophilicity [44], the clearance profile 
of [18F]FAZA was slightly different, with a more pronounced renal 
clearance pattern compared to [18F]FMISO and [18F]FBNA. 

Fig. 7 summarizes the time-activity curves (TACs) for the radiotracer 
uptake of all three radiolabeled 2-nitroimidazoles into MCF-7 and MDA- 
MB231 tumours and muscle tissue over 3 h. 

Table 1 summarizes the SUV values for tumour and muscle uptakes 
and tumour-to-muscle ratios for the three radiotracers in the two animal 
models. 

Interestingly, there were significant tumour tissue uptake differences 

for all three radiotracers between MCF-7 and MDA-MB231 tumours. At 
5 min post-injection, all three radiolabeled 2-nitroimidazoles reached 
significantly higher uptake levels in MCF-7 versus MDA-MB231 tumour 
tissue as seen from the SUV values (Table 1). The observed trend of 
significant tumour uptake differences at early time points representing 
the perfusion phase (5 min p.i.) continued over the first hour of the 
dynamic PET experiments. However, it became less pronounced at later 
time points representing the metabolic phase (3 h p.i.) as seen from the 
SUV values at 180 min (Table 1). Over the entire 3 h time course, the 
overall tumour uptake increased significantly from 5 to 180 min p.i. 
after the injection of [18F]FMISO (Δ89% in MCF-7 and Δ156% in MDA- 
MB231 tumours), and to a lesser extent for [18F]FAZA (Δ22% in MCF-7 
and Δ90% in MDA-MB231 tumours) being similar to that of [18F]FBNA 
(Δ39% in MCF-7 and Δ100% in MDA-MB231 tumours). 

The total tumour uptakes were always highest after injection of [18F] 
FMISO, while they were similar for [18F]FAZA and [18F]FBNA. As shown 
in Table 1, radioactivity in muscle tissue was highest after 5 min post- 
injection and decreased over the 3 h time course through the washout 
of the radiotracers. Compared to [18F]FAZA and [18F]FBNA, [18F]MISO 
resulted in the highest muscle uptake, with [18F]FBNA showing slightly 
less muscle clearance after 3 h post-injection versus [18F]FAZA. The 
resulting tumour-to-muscle ratios after 3 h were similar for [18F]MISO 
and [18F]FAZA in both tumours while being significantly lower for [18F] 
FBNA (see Table 1). 

3.4. Radiotracer kinetic analysis 

Uptake and retention of [18F]FBNA, [18F]FMISO and [18F]FAZA into 
MCF-7 and MDA-MB231 tumours were further analyzed by kinetic 
modelling using the established reversible two-tissue compartment 
model as described previously in the literature for [18F]FAZA [31,48]. 
Cellular uptake of 2-nitroimidazoles is presumed to follow a two-step 

Fig. 4. Representative dynamic PET images after 1 h (summarized frames from 40 to 60 min), 2 h (summarized frames from 100 to 120 min) and 3 h (summarized 
frames from 160 to 180 min) post-injection of [18F]FBNA into A) MDA-MB231 tumour-bearing NIH-III mice (23.6 g; 7.0 MBq; top) and B) MCF-7 tumour-bearing 
NIH-III mice (22.5 g; 6.0 MBq; bottom). MIP - Maximum Intensity Projection. 
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process. The first step of passive transport through the cell membrane is 
described by kinetic parameters K1 (flux from the blood pool into the 
cell) and k2 (efflux from the cell to the blood pool). As a second step, 
intracellular trapping in and release from the 2nd compartment is 
described by kinetic parameters k3 and k4, respectively, commonly 
interpreted as chemical reduction and oxidation of the tracer. 

Intracellular reduction of 2-nitroimidazoles by nitroreductases leads 
to the formation of reactive amines, resulting in their intracellular 
irreversible binding to different intracellular proteins in the cytoplasm. 
Kinetic parameters for all radiotracers and tumour models are summa
rized in Fig. 8. 

Although rate constant K1 was comparable for all three radiotracers 
in MCF-7 tumours, MDA-MB231 tumours displayed a tendency for an 
elevated K1 value for [18F]FMISO ((0.068 ± 0.006)/min (n = 4)) versus 
[18F]FAZA ((0.048 ± 0.009)/min (n = 4)) (p = 0.0545) versus [18F] 
FBNA ((0.034 ± 0.005)/min (n = 3)) (significant: p < 0.01), meaning 
that a potentially higher fraction of [18F]FMISO was delivered to these 
tumours. However, the values for k2 followed the same trend, meaning 
that also more [18F]FMISO than [18F]FAZA and [18F]FBNA was washed 
out from tumour tissue again. This led to a similar amount of [18F]FBNA 
and [18F]FAZA reaching the second compartment in MDA-MB231 
tumours. 

While the total amount of radiotracer entering the second compart
ment was similar within uncertainties for all three radiotracers in MDA- 
MB231 tumours, it was different in MCF-7 tumours, owing to differences 
in k3. This led to significantly different values of ratios k3/(k3 + k2) and 
K1*k3/(k3 + k2) (Fig. 8). 

Values of k4 were significantly different from zero only for [18F] 
FBNA in both tumour types, meaning that some amount of [18F]FBNA 
was released again from the 2nd compartment. This was not the case for 
[18F]FMISO and [18F]FAZA (Fig. 8). 

3.5. Autoradiography and immunohistochemistry 

Uptake of [18F]FBNA and [18F]FMISO into MCF-7 and MDA-MB231 
tumours was analyzed by autoradiography at 2 h post-injection and 
compared to HIF1α immunohistochemistry in the adjacent tumour tis
sue slices. However, due to limited availability, [18F]FAZA was only 
measured in MDA-MB231 tumours. Fig. 9 summarizes the experimental 
results for the three analyzed radiotracers. 

All three radiotracers showed higher radioactivity accumulation in 
certain tumour areas. Somewhat enriched [18F]FBNA accumulation was 
detected in regions of elevated HIF-1α expression, especially in MDA- 
MB231 tumours. However, there were no systematic differences 
observed between the three radiotracers. All investigated tumour slices 
(MCF-7 and MDA-MB231) showed staining for HIF-1α. Taken together, 
no conclusive correlation could be observed between areas of high HIF- 
1a expression and regions with high radiotracer uptake. A possible 
correlation was seen for [18F]FBNA uptake into MDA-MB231 tumours 
(Fig. 9). 

3.6. Ex vivo biodistribution and dosimetry for [18F]FBNA 

Generating detailed dosimetry data is crucial for translating a novel 
PET radiotracer, such as [18F]FBNA, into clinical applications [25]. To 
this end, a detailed ex vivo biodistribution experiment was carried out in 
female BALB/c mice at 5, 30 and 60 min and 3 and 6 h post-injection. 
Table 2 summarizes biodistribution data. 

Except for the liver, radioactivity decrease was observed for all or
gans analyzed over the entire 6 h post-injection period. Substantial 
radioactivity levels were detected in the liver even at 6 h post-injection. 
Interestingly, just after the injection of [18F]FBNA, a considerable 
amount of radioactivity was detected in the brain, indicating that this 
radiotracer readily crosses the blood-brain barrier. 

Fig. 5. Representative dynamic PET images after 1 h (summarized frames from 40 to 60 min), 2 h (summarized frames from 100 to 120 min) and 3 h (summarized 
frames from 160 to 180 min) post-injection of [18F]FMISO into A) MDA-MB231 tumour-bearing NIH-III mice (23.9 g; 5.7 MBq; top) and B) MCF-7 tumour-bearing 
NIH-III mice (26.4 g; 6.3 MBq bottom). MIP - Maximum Intensity Projection. 
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Table 3 summarizes the calculated human absorbed doses and 
effective dose for [18F]FBNA as determined with OLINDA/EXM. 

The highest absorbed doses resulted in the liver and the lower large 
intestinal (LLI) wall, corresponding to the high radioactivity detected in 
these areas during the PET experiments (Fig. 4). The resulting absorbed 
doses for the liver were 0.0374 mSv/MBq and 0.0470 mSv/MBq, and for 
the LLI wall, 0.0435 mSv/MBq and 0.0619 mSv/MBq for the human 
male and female, respectively. 

The effective whole-body dose is 0.0230 mSv/MBq and 0.0352 mSv/ 
MBq for the human adult male and female phantom. An assumed 
injected activity of 370 MBq (10 mCi) of [18F]FBNA would expose an 
adult human male to 8.51 mSv and a human female to 13.02 mSv of 
effective radiation dose. 

4. Discussion 

The main findings of the present study are that: (I) 2-nitroimidazole 
[18F]FBNA in vitro uptake into two different breast cancer cells follows a 
pattern similar to that of the established radiotracers [18F]FMISO and 
[18F]FAZA; (II) [18F]FBNA shows in vivo breast cancer tumour uptake 
and retention similar to that of radiotracer [18F]FAZA rather than [18F] 
FMISO, however, with more noticeable differences in triple-negative 
MDA-MB231 than estrogen-receptor positive MCF-7 tumours; (III) 
based on its higher lipophilicity [18F]FBNA, can cross the blood-brain 
barrier resulting to notable brain uptake; (IV) [18F]FBNA also shows a 
sufficient background tissue clearance which allows for optimal image 
contrast. Based on all experimental data, [18F]FBNA has a clear potential 
as a hypoxia PET imaging probe in a clinical setting. 

The clinical value of imaging hypoxia in breast cancer is still being 
discussed. While it is well established that HIF-1α is overexpressed in 
triple-negative breast cancer [35–37], some uncertainty persists on 
whether hypoxia imaging markers such as 18F-labeled 2-nitroimidazoles 

can measure differences between different phenotypes of breast cancers, 
possibly in part due to the lack of comparative studies. For historical 
reasons, there are still more studies available utilizing [18F]FMISO than 
[18F]FAZA [38]. 

While in other types of cancers, such as lung cancer, [18F]FMISO has 
shown advantages [39], a multicenter study in head and neck cancer 
patients demonstrated similar advantages for [18F]FMISO and [18F] 
FAZA [40]. We have shown previously that [18F]FAZA-PET could indi
cate differences between triple-negative MDA-MB231 and estrogen- 
receptor-positive MCF-7 tumour models when measured statically 
after 3 h post-injection [29]. However, differences were only significant 
for tumour-to-muscle ratios and not for tumour uptake data alone. 

When measuring [18F]FAZA uptake in the same tumour models 
dynamically, tumour uptake levels reached similar levels after 3 h post- 
injection indicating little differences in tumour uptake between triple- 
negative and estrogen-receptor-positive breast tumours. Systematic in
vestigations using [18F]FMISO and novel hypoxia imaging radiotracer 
[18F]FBNA are now described in this study using the same breast cancer 
models during dynamic PET imaging experiments. All three 18F-labeled 
2-nitro-imidazoles, based on their passive diffusion as the primary up
take mechanism into tumour tissue, showed higher uptake in MCF-7 
tumours versus MDA-MB231 tumours. This could be caused by differ
ences in the perfusion characteristics between the two tumour models. 

A recent clinical study in 29 breast cancer patients found a negative 
correlation between [18F]FMISO-PET and perfusion markers determined 
by DCE-MRI [41]. All three 2-nitroimidazole-based radiotracers showed 
no washout of radioactivity from the tumour over the time course of the 
PET experiment in the two investigated breast tumour models. Note
worthy, PET imaging experiments with [18F]FMISO and [18F]FBNA 
indicated that both radiotracers showed potential at late time points (3 h 
post-injection) to differentiate between both breast cancer phenotypes. 
It would be important to demonstrate that these differences persist in a 

Fig. 6. Representative dynamic PET images after 1 h (summarized frames from 40 to 60 min), 2 h (summarized frames from 100 to 120 min) and 3 h (summarized 
frames from 160 to 180 min) post-injection of [18F]FAZA into A) MDA-MB231 tumour-bearing NIH-III mice (23.3 g; 6.3 MBq; top) and B) MCF-7 tumour-bearing 
NIH-III mice (23.0 g; 5.5 MBq; bottom). MIP - Maximum Intensity Projection. 
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clinical setting and thus allow using differences in perfusion character
istics following radiotracer uptake studies to distinguish between both 
tumour types. Discussions are ongoing in the literature about 2-nitroimi
dazole PET imaging, tumour perfusion characteristics, and their fluc
tuations [42]. The accumulation of i.v. administered PET radiotracers 
strongly depend on their delivery to the target tissue or organ(e.g. 
tumour tissue). Low uptake of radiolabeled 2-nitroimidazoles may not 

be indicative of normoxic conditions, and the determination of tumour 
blood flow data may be required to rule out flow-limited delivery effects. 

Instead, a high 18F-labeled 2-nitroimidazole uptake could represent 
the presence of hypoxia caused by low oxygen supply, decreased diffu
sion capacity, or increased oxygen consumption [43]. Therefore, eval
uating tumour hypoxia by imaging with 18F-labeled 2-nitroimidazoles 
should always require careful consideration of context and additional 

Fig. 7. Time-activity curves (TACs) over the entire time course (0–180 min post-injection) for kinetic analysis of radiotracer tumour uptake profiles versus non- 
targeting muscle tissue as background in MCF-7 and MDA-MB231 tumour-bearing NIH-III mice after injection of A) [18F]FBNA, B) [18F]FMISO and C) [18F] 
FAZA. All data are shown as means ± SD from 3 to 4 individual experiments. 
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complementary experiments and data analysis. Nevertheless, pharma
codynamic and pharmacokinetic differences of 18F-labeled 2-nitroimi
dazoles in vivo in the same morphologic breast cancer tumour model 
provide valuable additional information about the tumour microenvi
ronment when imaging tumour hypoxia. 

Our detailed kinetic data analysis comparing all three investigated 
18F-labeled 2-nitro-imidazoles, [18F]FBNA, [18F]FAZA and [18F]FMISO, 
revealed that the fraction of 2-nitro-imidazole being trapped (moving 
from compartment 1 into compartment 2) is broadly similar within 
uncertainties for all three radiotracers in MDA-MB231 tumours, with the 
exception of significantly elevated values for [18F]FMISO in MCF-7 tu
mours. However, even with significantly elevated [18F]FMISO uptake 
(K1) into MDA-MB231 cells compared to [18F]FAZA and [18F]FBNA, the 
total amount of radiotracer contributing to the final “trapped = hypoxic” 
signal, K1*k3/(k2 + k3), is similar for all three radiotracers in MDA- 
MB231 tumours. Values for k3 were significantly >0 for all three 2- 
nitroimidazoles, which were therefore prone to enter the 2nd 
compartment resulting in binding. With values for k2 not significantly 
different among tracers, differences in k3 led to differences in trapped 
fractions (k3/(k2 + k3)) of the radiotracers. For MCF-7 tumours, the 
fraction k3/(k2 + k3) was elevated for [18F]FMISO relative to [18F] 
FAZA and [18F]FBNA; since values of K1 were similar for all tracers in 
MCF-7 tumours, this led to a significant increase of trapped (bound) 
quantity of [18F]FMISO in the tumour cells (K1*k3/(k2 + k3)). Together 
with the smaller value of k4, our findings suggest that [18F]FMISO is the 
preferred PET radiotracer for imaging estrogen-receptor-positive MCF-7 
tumours. However, when analyzing different types of breast cancer 
signatures, [18F]FBNA and [18F]FAZA show some advantages over [18F] 
FMISO as both resulted in noticeable differences (Δ35–45 %) of the 
“trapping” amount (K1*k3/(k2 + k3)) versus Δ8–10 % for [18F]FMISO 
when comparing MCF-7 and MDA-MB231 tumours. 

The novel 2-nitroimidazole-based PET radiotracer [18F]FBNA [25] 
acts similarly to the other radiolabeled 2-nitroimidazoles in vitro. [18F] 
FBNA shows some metabolism in mice over the observed 60 min post- 

Table 1 
SUV values for tumour and muscle uptake as well as tumour-to-muscle ratios 
(TMR) after injection of [18F]FBNA, [18F]FMISO and [18F]FAZA into MCF-7 and 
MDA-MB231 tumour-bearing NIH-III mice. Data are derived from dynamic PET 
experiments and are shown as means ± SD from n = 3 or 4 experiments.   

[18F] 
FBNA 
5 min 

[18F] 
FBNA 
180 
min 

[18F] 
FMISO 
5 min 

[18F] 
FMISO 
180 min 

[18F] 
FAZA 
5 min 

[18F] 
FAZA 
180 
min 

n number 3 3 4 4 4 4 
MCF-7 

tumours 
0.56 ±
0.11a 

0.78 ±
0.02d 

0.72 ±
0.07b 

1.36 ±
0.09e 

0.54 ±
0.11c 

0.66 ±
0.23f 

MDA-MB231 
tumours 

0.30 ±
0.12a 

0.61 ±
0.08d 

0.48 ±
0.07b 

1.23 ±
0.17e 

0.33 ±
0.05c 

0.63 ±
0.29f 

Muscle 
(MCF-7 
mice) 

0.69 ±
0.16 

0.36 ±
0.01 

0.79 ±
0.03 

0.42 ±
0.05 

0.58 ±
0.06 

0.25 ±
0.12 

Muscle 
(MDA- 
MB231 
mice) 

0.62 ±
0.19 

0.31 ±
0.01 

0.73 ±
0.12 

0.38 ±
0.09 

0.56 ±
0.14 

0.22 ±
0.12 

Tumour-to- 
muscle 
ratio 
(MCF-7 
mice) 

0.85 ±
0.30 

2.19 ±
0.07g,h 

0.90 ±
0.08 

3.24 ±
0.30g 

0.92 ±
0.14 

2.92 ±
0.74h 

Tumour-to- 
muscle 
ratio 
(MDA- 
MB231 
mice) 

0.50 ±
0.14 

1.98 ±
0.26i,j 

0.69 ±
0.24 

3.32 ±
0.50j 

0.61 ±
0.17 

3.00 ±
0.42i 

Values with the same letter were compared for significance: a,b,c,d,g,i p < 0.05; j p 
< 0.01; e,f n.s. 

Fig. 8. Apparent tumour kinetic parameters K1 to k4 and ratios k3/(k2 + k3) and K1⋅(k3/(k2 + k3)) for [18F]FBNA, [18F]FMISO and [18F]FAZA tumour uptake as 
derived from a two-tissue compartment model. A) top, MCF-7 tumours; B) bottom, MDA-MB231 tumours. Data are shown as mean ± SD from 3 to 4 experiments. * p 
< 0.05, ** p < 0.01, n.s. - not significant. a significant from 0 (p < 0.05). 
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injection period. Its ability to cross the blood-brain barrier is similar to 
that of [18F]FMISO and can be attributed due to the higher lipophilicity 
of [18F]FBNA compared to [18F]FMISO (log P 1.05 versus 0.36) [25]. 
Radiotracer uptake into the mouse brain reaches about 65 % of the [18F] 
FMISO uptake levels after 30 min [44]. In contrast, [18F]FAZA (log P 
-0.43 [25]) can only cross the disrupted blood-brain barrier, as in glioma 
patients [20]. In contrast, even with its higher lipophilicity [18F]FBNA 
still possesses sufficient muscle tissue clearance, i.e. ~50 % less radio
activity in muscle tissue than [18F]FMISO after 60 min [44] and even 
~80 % lower radioactivity in the muscle compared to [18F]FMISO after 
3 h post-injection [45]. This may contribute to a better image contrast 
versus [18F]FMISO as seen in the mouse PET images, and it would be 
similar to [18F]FAZA, which is known for a better and faster non-target 
tissue clearance profile than [18F]FMISO [46]. An autoradiographic 
analysis of HIF-1α immunohistochemical staining suggests higher [18F] 
FBNA accumulation in regions of elevated HIF-1α expressing regions in 
the MDA-MB231 tumours. However, this trend was not systematic in 
MCF-7 tumours and for [18F]FMISO and [18F]FAZA and would require 

additional experiments and clarification. As discussed, limitations in 
radiotracer delivery to the tumour tissue may contribute to the observed 
differences between radiotracer uptake and HIF-1α expression in tumour 
tissues. 

Nevertheless, a systematic analysis in a model of rheumatoid 
arthritis, which is associated with hypoxia in these inflamed regions, 
showed that both [18F]FMISO and [18F]FAZA exhibit an increased up
take in the areas related to elevated HIF-1α expression [47]. This 
observation may also be relevant for studying tumour hypoxia with 2- 
nitroimidazole radiotracers, as exemplified in this study using preclini
cal breast cancer models. 

In conclusion, we have characterized the radiopharmacological 
profile of novel 18F-radiolabeled 2-nitroimidazole [18F]FBNA in vitro and 
in vivo; and performed a systematic comparison with [18F]FMISO and 
[18F]FAZA for imaging in two types of preclinical breast cancer models. 
With the complete dosimetry data set generated here for [18F]FBNA, this 
novel radiotracer could be used for first-in-human clinical study. It may 
be of interest to analyze [18F]FBNA in a clinical setting alongside [18F] 
FMISO and [18F]FAZA and determine its potential value for imaging 
breast cancer and other solid cancer and tissue hypoxia. However, we 
also want to emphazise again that PET imaging with 2-nitroimidazole 

Fig. 9. Autoradiography analysis and HIF-1α immunohistochemistry (IHC) of 
excised MCF-7 and MDA-MB231 tumours at 2 h p.i. of A) [18F]FBNA, B) [18F] 
FMISO and C) [18F]FAZA. 

Table 2 
Biodistribution of [18F]FBNA in female BALB/c mice. Data are shown as means 
± SD %ID/g from n = 4 experiments.   

5 min 30 min 60 min 3 h 6 h 

n number 4 4 4 4 4 

Organ 
Blood 7.34 ±

2.14 
4.67 ±
0.37 

3.22 ±
0.82 

0.89 ±
0.09 

0.37 ±
0.02 

Heart 9.66 ±
3.03 

5.70 ±
0.32 

3.73 ±
0.83 

0.86 ±
0.06 

0.31 ±
0.02 

Lung 7.86 ±
2.52 

4.86 ±
0.46 

3.58 ±
0.83 

0.99 ±
0.06 

0.36 ±
0.06 

Liver 18.73 ±
6.15 

19.99 ±
1.67 

18.26 ±
4.43 

19.37 ±
3.21 

15.53 ±
1.56 

Kidney (right) 10.94 ±
2.62 

7.64 ±
1.52 

5.59 ±
1.64 

2.02 ±
0.39 

0.64 ±
0.07 

Kidney (left) 11.32 ±
2.23 

8.04 ±
0.36 

6.83 ±
1.58 

2.18 ±
0.20 

0.63 ±
0.06 

Spleen 8.51 ±
3.02 

4.45 ±
0.14 

2.81 ±
0.58 

0.65 ±
0.05 

0.25 ±
0.05 

Stomach 5.71 ±
2.28 

3.84 ±
1.19 

3.12 ±
0.44 

1.33 ±
0.20 

0.30 ±
0.14 

Duodenum 14.02 ±
5.96 

17.43 ±
7.56 

5.46 ±
1.20 

1.87 ±
0.51 

0.66 ±
0.11 

Small 
intestine 

11.97 ±
3.72 

25.61 ±
5.11 

26.94 ±
7.01 

5.47 ±
1.39 

1.07 ±
0.18 

Upper large 
intestine 

8.57 ±
2.86 

6.73 ±
1.28 

3.91 ±
0.77 

8.24 ±
1.21 

1.17 ±
0.14 

Lower large 
intestine 

7.40 ±
2.07 

12.91 ±
0.70 

15.76 ±
4.21 

46.93 ±
4.92 

19.44 ±
7.11 

Pancreas 8.16 ±
2.72 

4.36 ±
0.74 

2.67 ±
0.39 

0.69 ±
0.17 

0.19 ±
0.02 

Bone 1.68 ±
0.50 

1.06 ±
0.36 

0.56 ±
0.27 

0.34 ±
0.04 

0.38 ±
0.08 

Muscle 3.24 ±
0.91 

3.38 ±
0.72 

2.02 ±
0.35 

0.37 ±
0.06 

0.12 ±
0.03 

Ovaries 5.21 ±
1.61 

3.19 ±
0.68 

1.69 ±
0.54 

0.67 ±
0.15 

0.35 ±
0.13 

Brain 4.10 ±
1.74 

2.88 ±
0.62 

1.96 ±
0.28 

0.57 ±
0.44 

0.09 ±
0.01 

Fat 0.95 ±
0.13 

1.34 ±
0.27 

0.83 ±
0.17 

0.20 ±
0.06 

0.07 ±
0.01 

Thymus 5.70 ±
2.47 

3.02 ±
0.69 

2.07 ±
0.82 

0.55 ±
0.09 

0.21 ±
0.04 

Uterus 4.63 ±
0.92 

3.65 ±
1.08 

2.81 ±
0.63 

1.02 ±
0.35 

0.42 ±
0.20 

Urinary 
bladder 

5.32 ±
2.16 

4.99 ±
1.77 

3.03 ±
1.11 

1.07 ±
0.65 

0.43 ±
0.19 

Urine 9.24 ±
4.06 

129.83 ±
68.12 

187.08 ±
132.6 

154.86 ±
74.69 

82.80 ±
69.92  
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radiotracers such as [18F]FBNA, [18F]FMISO, and [18F]FAZA does not 
allow for the direct measurement of tissue hypoxia, which in general 
represents a significant limitation of this entire class of compounds. 
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Table 3 
Predicted human absorbed doses for [18F]FBNA.  

Absorbed doses Injected activity 370 MBq 

Male Female 

mSv/MBq mSv mSv/MBq mSv 

Adrenals 9.73E-03  3.60 1.27E-02  4.70 
Brain 4.28E-03  1.58 5.58E-03  2.06 
Breasts 5.49E-03  2.03 7.26E-03  2.69 
Gallbladder Wall 1.36E-02  5.03 1.68E-02  6.22 
LLI Wall 4.35E-02  16.10 6.19E-02  22.90 
Small Intestine 1.92E-02  7.10 2.69E-02  9.95 
Stomach Wall 1.54E-02  5.70 2.16E-02  7.99 
ULI Wall 1.74E-02  6.44 2.48E-02  9.18 
Heart Wall 9.56E-03  3.54 1.23E-02  4.55 
Kidneys 2.04E-02  7.55 2.61E-02  9.66 
Liver 3.74E-02  13.84 4.70E-02  17.39 
Lungs 8.51E-03  3.15 1.12E-02  4.14 
Muscle 7.50E-03  2.78 9.93E-03  3.67 
Ovaries 1.42E-02  5.25 2.10E-02  7.77 
Pancreas 1.13E-02  4.18 1.46E-02  5.40 
Red Marrow 6.98E-03  2.58 9.29E-03  3.44 
Osteogenic Cells 8.83E-03  3.27 1.24E-02  4.59 
Skin 5.03E-03  1.86 6.72E-03  2.49 
Spleen 8.94E-03  3.31 1.18E-02  4.37 
Testes 8.99E-03  3.33   
Thymus 6.41E-03  2.37 8.52E-03  3.15 
Thyroid 5.94E-03  2.20 7.32E-03  2.71 
UB Wall 1.61E-01  59.57 2.88E-01  106.56 
Uterus 1.91E-02  7.07 2.68E-02  9.92 
Total Body 9.09E-03  3.36 1.22E-02  4.51 
Effective Dose: 2.30E-02  8.51 3.52E-02  13.02  
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