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Abstract: The objective of this study was to determine whether 18F-misonidazole could detect hypoxia in macro-
scopic and microscopic tumors in mice. In nude mice, subcutaneous xenografts and peritoneal metastases were 
generated utilizing human non-small cell lung cancer A549 and HTB177 cells. Animals were co-injected with 18F-
misonidazole, pimonidazole and bromodeoxyuridine, and tumor perfusion was assessed by Hoechst 33342 injec-
tion. The intratumoral distribution of 18F-misonidazole was determined by micro-PET scan and autoradiography. 
Pimonidazole, bromodeoxyuridine and Hoechst 33342 were detected by immunohistochemistry on the autoradi-
ography sections. Submillimeter micrometastases found to be severely hypoxic. In both peritoneal metastases and 
subcutaneous xenografts models, PET images displayed significant 18F-misonidazole uptake, and its distribution 
was non-uniform in these macroscopic subcutaneous tumors. In frozen sections, digital autoradiography and im-
munohistochemistry revealed similar distributions of 18F-misonidazole, pimonidazole and glucose transporter-1, 
in both microscopic and macroscopic tumors. Bromodeoxyuridine stained-positive proliferative regions were well 
perfused, as judged by Hoechst 33342, and displayed low 18F-misonidazole accumulation. 18F-misonidazole uptake 
was low in tumor stroma and necrotic zones as well. Microscopic non-small cell lung cancer metastases are severely 
hypoxic. 18F-misonidazole PET is capable to image hypoxia noninvasively not only in macroscopic tumors but also in 
micrometastases growing in mice. Accordingly, 18F-misonidazole may be a promising agent to detect the burden of 
micrometastatic diseases. 
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Introduction

Lung cancer is responsible for more deaths 
than any other cancer [1], and approximately 
85% human lung cancers are non-small cell 
lung cancer. Most lung cancer-related deaths 
are due to the development of metastatic dis-
ease rather than the progression of the primary 
tumor [2]. Regions of local hypoxia are common 
features of many human primary solid cancers 
[3-6]. We have recently found that, in an animal 
model of colorectal cancer micrometastases, 
peritoneal cavity microscopic tumors of less 
than 1 mm diameter were extremely hypoxic 

[7-10]. However, the status of hypoxia in lung 
cancer micrometastases is largely unknown.

It has been established that hypoxic cancer 
cells are more resistant than aerobic cells to 
ionizing radiation and chemotherapy. Thus, 
tumor hypoxia is an important determinant of 
relapse-free survival and overall clinical out-
come [5, 11, 12]. In studies of macroscopic 
tumors, hypoxia can be assessed by pO2 probe 
measurements and non-invasive imaging with 
radiolabeled hypoxic tracers. For micrometas-
tases however, assessing of hypoxia may 
required invasive methods [8], relying on detec-
tion of either an exogenous substance such as 
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2-nitroimidazole compounds pimonidazole, 
EF5 and CCI-103F, which are selectively 

reduced in hypoxic regions of the tumors (gen-
erally when pO2 <10 mmHg) [13] or the expres-
sion of endogenous markers of hypoxia such as 
hypoxia inducible factor 1α (HIF1α), carbonic 
anhydrase 9 and glucose transporters 1 and 3 
[8]. Microscopically spatial pattern of binding of 
these markers can be visualized on tumor sec-
tions by immunohistochemical methods. In an 
analogous approach, the spatial pattern of 
binding of radiolabeled hypoxia tracers in tumor 
sections may be visualized by autoradiography. 
Radiolabeled tracers including 18F-misonidazole 
[14-16], copper (II)-diacetyl-bis(N(4)-methyl-
thiosemicarbazone [17-19] and 124I-labeled 
iodo-azomycin galactopyranoside [20-22] 
amongst others have developed for imaging 
tumor hypoxia. 

Since the presence and the degree of tumor 
hypoxia effects the disease outcome in 
patients, from the disease management point 
of view the ability to noninvasively detect hypox-
ia in tumor or in its metastasis has a great clini-
cal importance. While 18F-misonidazole is the 
most frequently used PET tracer for detecting 
hypoxia in the clinical settings [23-26], its value 
for imaging hypoxia of microscopic diseases, 
including in micrometastases of non-small cell 
lung cancer has not been established. It is 
expected that 18F-misonidazole PET detect 
hypoxia in macroscopic xenografts. Although it 
may be difficult to image hypoxia of a solitary, 
single micrometastases with PET, a collection 
of multiple such severely hypoxic deposits of 
micrometastases may be easily detected by 
PET utilizing 18F-misonidazole. We tested this 
hypothesis in mouse models of human non-
small cell lung cancer.

In this study, we used noninvasive 
18F-misonidazole PET and invasive correlative 
imaging methods to examine the hypoxia sta-
tus in both microscopic and macroscopic 
tumors of human non-small cell lung cancer 
and relate this to hypoxic status as determined 
by pimonidazole and glucose transporter-1 
immunohistochemistry. 

Materials and methods

Tumor cell lines and animals 

The human non-small cell lung cancer A549 
and HTB177 cell lines were purchased from 

American Type Culture Collection (Manassas, 
VA). and maintained in F-12K Medium 
(Manassas, VA) and RPMI 1640 medium 
(Cellgro, Herndon, VA), respectively. All media 
were supplemented with 10% fetal bovine 
serum (Gemini, West Sacramento, CA), 1% glu-
tamine and 1% antibiotic mixture (Cellgro). Cells 
were grown in humidified incubator at 37°C 
with 5% carbon dioxide. Exponentially growing 
cells were harvested with 0.25% (w/v) 
Trypsin-0.53 mM EDTA solution, washed and 
suspended in phosphate buffered saline (PBS). 
The number of viable cells was counted using a 
Vi-CELLTM cell viability analyzer (Beckman-
Coulter, Miami, FL).

All experiments were performed using 6-week-
old female athymic NCr-nu/nu mice purchased 
from NCI-Frederick Cancer Research Institute 
(Bethesda, MD). Nude mice were maintained 
and used according to the guidelines of 
University of Louisville Health Center Animal 
Care and Use Committee. Animals were housed 
five per cage and kept in the institutional small 
animal facility at a constant temperature and 
humidity. Food pellets and water were provided 
ad libitum. 

Establishment of tumors in mice 

Disseminated microscopic tumors were 
induced in the peritoneum by injecting tumor 
cell suspensions (5×106 cells/0.2ml) into the 
peritoneal cavity. Animals were used for experi-
ments approximately 4 weeks after injection. At 
this time, a distribution of tumors of varying 
sizes was observed to be present. Subcutaneous 
tumors were initiated by injecting 5 ×106 tumor 
cells in 0.1 ml PBS subcutaneously into each of 
mouse flanks. Experiments were performed 
when tumors reached approximately 1 cm in 
average diameter which occurred typically 3-4 
weeks after initiation.

Radiotracers

18F-FDG and 18F-fluoride was purchased from 
P.E.T. NET Pharmaceuticals Inc. facility at 
University of Louisville Hospital. 18F- misonida-
zole was prepared with an automated modular-
lab system (Eckert & Ziegler; Berlin, Germany) 
as described previously (27). In brief, 18F-fluoride 
was passed through a QMA cartridge and elut-
ed with 0.5 ml of tetrabutylammonium bicar-
bonate (75 mM) into the reaction vessel. Dry 
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acetonitrile (1 ml) was added into the reaction 
vessel and heated with the help of nitrogen flow 
until completely dry. 10 mg of the precursor 
3-(2-Nitroimidazol-1-yl)-2-O-tetrahydropyranyl-
1-O-toluenesulfonylpropanediol (ABX, Rade-
berg, Germany) in 100 μl of CH3CN and 500 μl 
of t-butanol was added and reacted for 15 min 
at 105°C, followed by hydrolysis with 1 N HCl (1 
ml) at 105°C for 10 min. After cooling down to 
room temperature, 1N sodium acetate (1 ml) 
was added and then delivered to semi-prepara-
tive C18 HPLC for purification. Radiochemical 
yields thin layer chromatography was approxi-
mately 70%. Radiochemical purity was greater 
than 99%. 

Markers of hypoxia, proliferation and perfusion 

The hypoxia marker, pimonidazole hydrochlo-
ride (1-[(2-hydroxy-3-piperidinyl)propyl]-2-nitro-
imidazole hydrochloride) (Hypoxyprobe Inc, 
Burlington, MA) was dissolved in physiological 
saline at a concentration of 20 mg/ml. The pro-
liferation marker, bromodeoxyuridine (Roche 
Diagnostics, Indianapolis, IN) was first dis-
solved in dimethyl sulfoxide and further diluted 
in physiological saline to a final concentration 
of 20 mg/ml. The blood perfusion marker, 
Hoechst 33342 (Sigma-Aldrich, St. Louis, MO) 
was dissolved in physiological saline at a con-
centration of 5 mg/ml. In all cases, fresh drug 
solutions were prepared on the day of 
injection. 

Micro-PET imaging 

All animals were imaged in a prone position 
using the dedicated three-dimensional small-
animal R4 micro-PET (Concorde Microsystems, 
Knoxville, TN) system. The R4 microPET scan-
ner has a transaxial field of view of 10 cm and 
an axial field of view of 7.8 cm. The resulting 
list-mode data were sorted into two-dimension-
al histograms by Fourier rebinning, and the 
images reconstructed by an iterative recon-
struction algorithm into a 128 × 128 × 63 (0.72 
× 0.72 × 1.3 mm) matrix. No attenuation or 
scatter correction was applied. All animals were 
not fasted before experiments unless stated 
otherwise. 

Mice were injected via the tail vein with a mix-
ture of 18F- misonidazole (~7.4 MBq), pimonida-
zole (2 mg) and bromodeoxyuridine (4 mg) with-
out anesthesia; the total injection volume was 

0.4 ml for each mouse. Two hours after tracer 
injection, animals were anesthetized by inhala-
tion of an isoflurane (1.5%)–air mixture and 
maintained throughout the PET scan. In all 
experiments, acquisition time was fixed to10 
min for each PET scan. After PET scan, Hoechst 
33342 (0.5 mg, 0.1 ml) was injected via the tail 
veins and animals were sacrificed 1-2 min later. 
Both microscopic tumors and macroscopic sub-
cutaneous xenografts were studied. We includ-
ed 5 mice with A549 peritoneal metastases, 5 
mice with HTB177 peritoneal diseases, and 5 
mice, each bearing an A549 xenograft the right 
frank and a HTB177 tumor on the other side.

In one group of animals of 4, one day before 
18F-misonidazole PET study, 18F-FDG (~7.4 MBq) 
was injected in overnight fasting animals and 
18F-FDG PET was performed 1h later to com-
pare with 18F-misonidazole PET imaging.

PET image analysis

All image sets for each animal were visually 
examined using a rotating (cine) three-dimen-
sional display. The window and level settings 
were adjusted for best intratumoral distribution 
visibility. The images were assessed subjective-
ly, and a report produced on the salient fea-
tures of the activity distribution within the 
tumor. 

Subsequently, the image data sets for each ani-
mal were aligned manually in three dimensions 
using the multiple image analysis utility soft-
ware application. ASIPro VM microPET analysis 
software (Concorde Microsystems Inc) was 
used for analysis. Once the image sets were 
aligned, a region of interest was manually 
drawn to circumscribe the visible tumor or 
intratumoral component outline on a mid-coro-
nal tumor slice, depending on the projection at 
which the tumor was best visualized. 

Preparation of frozen tumor sections

As we described previously [7, 9, 10, 27], imme-
diately after animal sacrifice, tumor tissues 
were removed for subsequent processing. 
Subcutaneous xenografts were frozen and 
embedded in embedding in optimal cutting 
temperature (O.C.T.) compound (Sakura 
Finetek, Torrance Ca). Peritoneal tumors (adher-
ing to the intestinal serosa) were washed with 
cold PBS to remove any attached ascites 
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tumors before freezing and embedding in O.C.T. 
Ascites tumors were harvested, washed with 
cold PBS to remove red blood cells, frozen and 
embedded in O.C.T.. For all tumor samples, 5 
contiguous 7-μm- thick tissue sections were cut 
using a 3050S cryostat microtome (Leica, Inc) 
and adhered to poly-L-lysine-coated glass 
microscope slides (Fisher Scientific, Inc). 

18F-misonidazole digital autoradiography 

Digital autoradiography was obtained by plac-
ing the tumor sections in a film cassette against 
an imaging plate as described previously [9, 
10, 27]. The same plate was used through the 
experiments; the plate was exposed for 20h 
and read by a Cyclone Plus imaging system 
(PerkinElmer, Inc). The images were analyzed 

by OptiQuant software (PerkinElmer Inc.) and 
compared with pimonidazole, bromodeoxyuri-
dine and Hoechst 33342 immunohistochemi-
cal staining. 

Pimonidazole, glucose transporter-1 and 
bromodeoxyuridine immunohistochemical 
staining

Pimonidazole, bromodeoxyuridine and Hoechst 
33342 images were obtained after autoradiog-
raphy [7, 9, 10, 27]. In order to minimize issues 
associated with section alignment and registra-
tion, the same tumor section used for autoradi-
ography or contiguous adjacent sections were 
used for all images. Briefly, slides were air-
dried, fixed in cold acetone (4°C) for 20 min, 
and incubated with SuperBlock (37515, Pierce 

Figure 1. A. PET coronal slices of intraperitoneal distribution of 18F-misonidazole in a peritoneal disease–free mouse 
(left) and a mouse with peritoneal metastases after A549 cells inoculation (middle) with necropsy- confirmed perito-
neal wall carcinomas (right). High radioactivity accumulation was found on the abdominal wall as indicated and the 
overall background in the peritoneal cavity (excluding guts) was apparently higher than control. B. 18F-misonidazole 
(18F-FMISO) distribution in A549 i.p. tumors in mice (n=5). C. Multiple individual lesions attaching to the peritoneal 
wall where PET imaging had revealed a high level of 18F-misonidazole: Hematoxylin and Eosin stain showing multiple 
individual micrometastases (generally less 1mm in diameter) which had little Hoechst 33342 uptake, associated 
with a high fraction of pimonidazole binding and high 18F-misonidazole accumulation by autoradiography. D. Single 
cells or ascites tumors harvested from ascites of the mouse were stained-positive for pimonidazole, Hematoxylin 
and Eosin stain provides as a reference. All scale bars are as indicated.
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Biotechnology, Rockford, IL) at room tempera-
ture for 30 min. All antibodies were also applied 
in SuperBlock. Sections were then incubated 
with FITC conjugated anti-pimonidazole mono-
clonal antibody (Hypoxyprobe Inc, Burlington, 
MA), diluted 1:25, for 1h at room temperature. 
Glucose transporter-1 staining was performed 
on the same section as that stained for pimoni-
dazole by incubating for 1 h at room tempera-
ture with rabbit anti- glucose transporter-1 poly-
clonal antibody (Millipore) diluted 1:50. 
Sections were washed 3 times in PBS, each 
wash lasting 5 min, and incubated for 1 h at 
room temperature with either AlexaFluor568-
conjugated goat anti-rabbit antibody (1:100, 
Molecular Probes) and washed again. For bro-
modeoxyuridine staining, adjacent sections to 
those used for pimonidazole were treated with 
2N HCl for 10 min at room temperature fol-
lowed by 0.1M Borax for 10 min at room tem-
perature. Sections were then exposed to 
AlexaFluor594-conjugated anti-bromodeoxyuri-
dine antibody (1:20 dilution, Molecular Probes, 
Eugene, OR) for 1h at room temperature. 

Immunohistochemical staining images were 
acquired at ×40 magnification using a Nikon 

Eclipse E800 fluorescence microscope (Nikon 
America Inc., Melville, NY) equipped with a 
motorized stage (Ludi Electronic Products Ltd., 
Hawthorne, NY). Hoechst 33342 and pimoni-
dazole were imaged using blue and green fil-
ters, respectively. Bromodeoxyuridine was 
imaged using a red filter. H&E was imaged by 
light microscopy. Microscopic images were 
coregistered using Photoshop 7.0 (Adobe, San 
Jose, CA). 

Results

We evaluated the intraperitoneal tumor activity 
accumulation of 18F-misonidazole in peritoneal 
disease–free mice (n=3) and mice with A549 
and HTB177 peritoneal metastases (5 mice for 
each cell line). All image sets for each animal 
were visually examined using a rotating (cine) 
three-dimensional display. Figure 1A shows 
representative PET coronal slices: In metasta-
ses-bearing mice, high radioactivity accumula-
tion was found on the left side of abdominal 
wall and the overall background in the perito-
neal cavity (excluding the intestines) was appar-
ently higher than in the normal mouse. 
Necropsy revealed that the left peritoneal wall 

Figure 2. The relationship between 18F-misonidazole uptake and hypoxia, proliferation and perfusion in A549 perito-
neal micrometastases. High levels of 18F-misonidazole uptake, pimonidazole binding and glucose transporter-1 ex-
pression are co-localized with each other and with low proliferation (by bromodeoxyuridine) and perfusion (Hoechst 
33342). All scale bars are 1mm. 
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was the site of multiple individual tiny lesions. 
In both the disease-free and metastases-bear-
ing mice, there was significant uptake of 
18F-misonidazole in the gut and bladder and to 
a lesser extent in the liver (Figure 1B). Tumors 
from the left peritoneal wall were removed for 
sectioning (Figure 1C), H & E staining demon-
strated multiple individual micrometastases 
(generally less 1mm in diameter), some of them 
fused together. The micrometastases had little 
Hoechst 33342 uptake indicating a lack of 
blood perfusion, and a high fraction of pimoni-
dazole binding and high 18F-misonidazole accu-
mulation, indicating severely hypoxic tissue. 
There was little 18F-misonidazole accumulation 
in the stroma. Approximately 3.5 ml of ascites 
fluid was collected from the peritoneal cavity, 

and single cells or ascites tumors (~300 μl) 
were harvested by centrifugation and these 
stained positive for pimonidazole (Figure 1D). 
Therefore, 18F-misonidazole PET is able to 
detect micrometastases in the peritoneal cavi-
ty. Similar results were observed in HTB177 
peritoneal metastases, although in this cell line 
model ascites did not develop frequently. 

Figure 2 shows the relationship between 
18F-misonidazole uptake and hypoxia, prolifera-
tion and perfusion in A549 peritoneal microme-
tastases collection (as shown in region of inter-
est of Figure 1C). There was spatial 
co-localization between 18F-misonidazole 
uptake pimonidazole binding and glucose 
transporter-1 expression. Such regions also 

Figure 3. Intratumoral distribution of 18F-misonidazole in a macroscopic HTB177 subcutaneous xenograft by PET 
and autoradiography and its relationship to tumor microenvironment. Autoradiography, pimonidazole, glucose trans-
porter-1 expression, and Hoechst 33342 images were obtained from the same frozen tissue section, Hematoxylin 
and Eosin stain from an adjacent section. Necrosis (N) and stroma (as arrow indicated) are associated with low 18F 
activity. All scale bars are 2 mm.
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displayed low perfusion and proliferation (by 
Hoechst 33342 and bromodeoxyuridine, 
respectively). Conversely, the peripheral rim of 
the lesions had low 18F-misonidazole and pimo-
nidazole accumulation, but stained positive for 
bromodeoxyuridine, suggesting that the tissue 
was well oxygenated and contained dividing 
cells. 

Figure 3 shows a representative 
18F-misonidazole PET mid-coronal slice of a 
macroscopic HTB177 subcutaneous tumor, 
showing considerable heterogeneity in the spa-
tial distribution of the tracer. Autoradiography, 
pimonidazole, glucose transporter-1 expres-
sion, and Hoechst 33342 images were obtained 

on the same section and H and E staining was 
performed on an adjacent section. 
18F-misonidazole co-localized with pimonida-
zole, which was roughly similar to glucose 
transporter 1, and these regions mutually 
excluded Hoechst 33342. Regions of low pimo-
nidazole binding (such as in the upper left cor-
ner) also had low 18F-misonidazole uptake. 
Necrosis and stroma were also associated with 
low 18F-misonidazole activity. Therefore, 
18F-misonidazole accumulated in hypoxic can-
cer cells, and low radioactivity regions were 
either nonhypoxic cancer tissue or stroma and 
necrosis. In this study, co-registration between 
PET slices and frozen section autoradiography 

Figure 4. Intratumoral distribution of 18F-misonidazole in a macroscopic A549 subcutaneous xenograft by PET and 
autoradiography and its relationship to tumor microenvironment. Autoradiography, pimonidazole, glucose trans-
porter-1 expression, Hoechst 33342 and Hematoxylin and Eosin stains were obtained from the same frozen tissue 
section. Stroma and pimonidzole -negative cancer cells associated with low 18F-misonidazole accumulation. Glu-
cose transporter-1 expressing regions are much wider than those positive for pimonidazole. All scale bars are 1 mm.
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was not attempted. Of note, although glucose 
transporter-1 expression was roughly similar to 
pimonidazole binding, the former appeared to 
be much wider than the latter. Subcutaneous 
A549 xenografts yielded similar results. Figure 
4 shows a representative 18F-misonidazole PET 
A549 mid-coronal slice, with autoradiography, 
pimonidazole, glucose-transporter-1 Hoechst 
33342, and H and E staining performed as 
before. Again, 18F-misonidazole accumulated 
only in poorly perfused viable tumor tissue. We 
have previously reported that the intratumoral 
distribution of 18F-FDG and 18F-misonidazole 
detected by autoradiography was similar and 
that both tracers accumulated in hypoxic zones 
[27]. Here we extended our observation of 18F-
FDG and 18F-misonidazole using PET on the 
same tumor bearing animals. 18F-FDG and 
18F-misonidazole PET scans were performed 
separated by a 24 h interval in the same ani-
mals (4 mice). A set of representative images is 
presented in Figure 5. The intratumoral distri-
bution of 18F-FDG and 18F-misonidazole were 
roughly similar, although areas of mismatch 
were apparent. In another study, serial 18F-FDG 
and 18F-misonidazole PET imaging indicated 
that neither 18F-FDG nor 18F-misonidazole intra-
tumoral distribution PET imaging could be 
reproduced on the second scan, possibly 
because of dynamic changes in hypoxia during 
the 24 h interval [28].

Discussion

We have previously reported the existence of 
severe hypoxia in microscopic tumors derived 
from HT29 and HCT-8 colorectal cancer cells 
grown intraperitoneally in nude mice [7-10]. In 
the current study, we extended our evaluation 
of the hypoxic status in microscopic tumors to 
non-small cell lung cancer cell lines and includ-
ed the use of the radiolabeled hypoxia tracer, 
18F-misonidazole, as a means of verification. 
Importantly we have confirmed that 
18F-misonidazole is able to detect hypoxic can-
cer cells in microscopic peritoneal metastases 
and macroscopic xenografts; the hypoxia spe-
cific binding feature of 18F-misonidazole was 
subsequently verified by autoradiography and 
immunohistochemical examinations of exoge-
nous and endogenous hypoxia markers of fro-
zen sections obtained after PET scans of the 
same animals.

HT29 and HCT-8 microscopic tumors of sub-
millimeter dimensions growing in peritoneal 
cavities were severely hypoxic as judged by 
high levels of pimonidazole binding and carbon-
ic anhydrase IX expression, and indirectly by 
the absence of blood perfusion [7]. Accordingly, 
we hypothesized that severe hypoxia would be 
a general feature of micrometastases regard-
less of cancer type and anatomic location [8]. 

Figure 5. Comparing intratumoral distribution of 18F-FDG and 18F-misonidazole by PET in the same tumor. Intratu-
moral distribution of 18F-FDG and 18F-misonidazole were roughly similar, though mismatched regions were apparent. 
Images were obtained 24 h apart; animals were fast overnight for 18F-FDG study.
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To test this hypothesis, in the current study, we 
introduced non-small cell lung cancer cells to 
the peritoneal cavity to generate peritoneal car-
cinomatosis. Our data indicated that micro-
scopic tumors with sub-millimeter diameters 
were severely hypoxic and lack functional blood 
perfusion (Figures 1 and 2). In addition, prolif-
erative cells were only located on the periphery 
in these microscopic tumors, while the cores 
were hypoxic and non-proliferative. The data 
supports our hypothesis that microscopic 
tumors are severely hypoxic. The effect of ana-
tomic locations, in addition to peritoneal cavity, 
on hypoxia status of micrometastases is still 
under investigation in liver, brain and other 
organs. 

Presence of severe hypoxia of peritoneal micro-
metastases may cause in anticancer therapy 
resistance; hypoxic cells are more resistant 
than aerobic cells to ionizing radiation and che-
motherapy. On the other hand, the presence of 
severe hypoxia may have its advantage as a 
specific target for molecular imaging of micro-
metastatic disease, which may be difficult to 
detect with current anatomic imaging modali-
ties like CT and/or MRI. In the present study we 
have examined the capacity of 18F-misonidazole 
PET for this purpose, and found that the collec-
tion of multiple micrometastases was able to 
be detected noninvasively by 18F-misonidazole 
PET (Figure 1). Furthermore, there was an 
apparent increase in 18F-misonidazole activity 
in ascites (Figure 1); in which approximately 
300 μl of single cancer cells and clusters of 
cancer cells were harvested from 3.5 ml of 
ascites, all were stained positive for pimonida-
zole (Figure 1C). We have found previously that 
ascites tumors of HT29 were severely hypoxic 
as well and direct measurement by oxyLite O2 
probe indicated that pO2 of ascites was less 1 
mmHg in the model [29]. Therefore, abnormal 
accumulation of 18F-misonidazole in the perito-
neal cavity would be a sign of the presence of 
micrometastases and increased radioactivity 
in ascites may be a sign of presence of cancer 
cells which are hypoxic. Current PET technique 
may be impractical for directly assessing hypox-
ia in individual microscopic tumors which are 
too small to be seen on images [8], but we have 
confirmed here that a collection of multiple 
micrometastases can be detected. 

In the current study, we used correlative imag-
ing methodologies to examine the uptake of 

18F-misonidazole in both microscopic and mac-
roscopic tumors and relate this to hypoxia, per-
fusion and proliferation. 18F-misonidazole 
uptake, visualized by digital autoradiography, 
was compared with immunofluorescent visual-
ization of pimonidazole binding and glucose-
transporter-1 expression. We found that 
18F-misonidazole uptake closely associated 
with -pimonidazole binding, while well oxygen-
ated cancer cells (negative for pimonidazole), 
as well as regions of stroma and necrosis had 
low 18F-misonidazole accumulation (Figures 
1-4), confirming our previous report with this 
model [27]. 18F-misonidazole in PET may nonin-
vasively detect hypoxic status in non-small cell 
lung cancer cells either at microscopic or mac-
roscopic level. Since the presence of hypoxia is 
a general feature of solid malignancies [3-6], to 
some extent, 18F-misonidazole PET would be 
useful to distinguished cancers from benign 
diseases, such as in patients with lung nod-
ules; this issue may need further investigation. 

We have recently reported that in non-small 
cell lung cancer mouse models 18F-FDG also 
mostly accumulates in hypoxic and non-prolif-
erative cancer cells, and thus behaves similarly 
to 18F-misonidazole in terms of its intratumoral 
distribution [27]. Tumor microenvironment is 
fluctuating, and changes in hypoxia have been 
reported in experimental xenografts growing in 
animals [30] and solid cancers in patients [24], 
even in a time scale of 1-3 days. In this study, 
we have compared 18F-misonidazole and 18F-
FDG in the same tumors by PET scans per-
formed 24 h apart. Figure 5 shows that while 
the intratumoral distribution of 18F-FDG and 
18F-misonidazole were roughly similar, some 
mismatch was present, possibly due to chang-
es in hypoxia occurring over 24 h. Interestingly, 
our preliminary data of serial 18F-FDG and 
18F-misonidazole PET studies indicated that for 
neither tracer could the intratumoral distribu-
tion on day 1 be fully replicated on day 2 [28].

As shown in Figure 3 and Figure 4, 
18F-misonidazole accumulated in hypoxic 
regions of xenografts, and therefore can be 
used to assess the hypoxic volume of the 
tumor. We found that low 18F-misonidazole 
radioactivity regions were either nonhypoxic 
cancer cells or noncancerous stroma and 
necrosis. Although hypoxia plays an important 
role in cancer biology, the presence of oxic can-
cer cells cannot be ignored. Oxic cancer cells 
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are highly proliferative, and therefore, are of 
importance for cancer management. 
18F-fluorothymidine generally accumulates in 
proliferating cancer cells [27]; therefore, if 
18F-fluorothymidine is injected immediately 
after 18F-misonidazole PET, the combined 
scans should visualize both hypoxic and oxic 
(proliferative) cancer cells: in a future study, we 
will evaluate this proposal. We have recently 
found that the combination of 18F-FDG and 
18F-fluorothymidine with a single PET can visu-
alize more viable cancer cells than either indi-
vidual tracer (unpublished data). 18F-FDG 
shares a similar intratumoral distribution pat-
tern with 18F-misonidazole [27], so that a com-
bination of 18F-FDG and18F-misonidazole for a 
single PET scan may not provide additional 
information than either of them alone.

Conclusion

Microscopic peritoneal metastases of human 
non-small cell lung cancer growing in mice are 
severely hypoxic. 18F-misonidazole PET is 
feasible to noninvasively image hypoxia not 
only in macroscopic tumors but also in the 
micrometastases. Accordingly, 18F-misonidazole 
PET is promising for micrometastatic diseases 
detection. 
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