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ypoxia Positron Emission
omography Imaging With 18F-Fluoromisonidazole

ze Ting Lee, MBBS, FRACP, and Andrew M. Scott, MBBS, MD, FRACP, DDU

The importance of hypoxia in disease pathogenesis and prognosis is gathering increasing
clinical significance and having a greater impact on patient management and outcome.
Previous efforts to evaluate hypoxia have included the invasive assessment of hypoxia with
immunohistologic and histographic oxygen probes. The emergence of new radiotracers has
allowed noninvasive assessment of hypoxia, with the most extensively investigated and
validated positron emission tomography radiotracer of hypoxia to date being 18F-fluoromi-
sonodazole (18F-FMISO). This review discusses the relevance and biology of hypoxia in
cells and organ systems, and reviews the laboratory and clinical applications of 18F-FMISO
in oncology and noncancer disease states.
Semin Nucl Med 37:451-461 © 2007 Elsevier Inc. All rights reserved.
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luoromisonidazole (FMISO) has a chemical structure of
1-(2=nitro-1=-imidazolyl)-3-fluoro-2-propranol (Fig. 1A).

t is a derivative of the nitroimidazole group of compounds,
hich have been investigated as hypoxic cell sensitizers.
onpharmacological doses of FMISO have been labeled with
uorine to image hypoxic tissues in vivo with positron emis-
ion tomography (PET) (Fig. 1B).

iological Relevance
f Hypoxia in Disease
ypoxia has been shown to be present in many disease states,

s evidenced by pO2 histography probe measurements, im-
unohistochemistry, and scintigraphic imaging. The degree

f hypoxia is highly relevant in functional recovery in isch-
mic events such as stroke and myocardial ischemia but, in
articular, tumor hypoxia is an important determinant of
reatment response, relapse-free survival, and overall prog-
osis, which is independent of the treatment modality used

n cancer patients.1,2
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There is increasing evidence that hypoxia-mediated ag-
ressive tumor behavior and resistance to therapy is medi-
ted by the heterodimeric transcription factor, hypoxia in-
ucible factor-1 (HIF-1), via molecular events that allow for
he adaptation of tumor cells to hypoxia, such as unregulated
lycolysis, angiogenesis, and p53 mutation.3-8 HIF-1 acti-
ates transcription genes whose protein products act to either
ncrease oxygen availability or to allow metabolic adaptation
o a hypoxic environment.9 HIF-1 protein is overexpressed in
ultiple types of cancer and in regional and distant metasta-

es. Benign noninvasive tumors do not usually express
IF-1. HIF-1-positive cells have been noted to be prominent

t tumor margins and surrounding areas of tumor neovascu-
arization.10 Furthermore, strong HIF-1 expression has been
bserved in glioblastoma multiforme and hemangioblasto-
as, which are the most malignant and highly vascularized

umors of the central nervous system, suggesting a correla-
ion with tumor angiogenesis and disease progression. HIF-1
as been found to correlate with tumor grade in gliomas,
hich suggests that the expression of HIF-1 is upregulated in

esponse to oncogene activation and/or tumor suppression
ene activation during glioma progression.11 There is also
ignificant correlation between HIF-1 expression and both
poptosis and pro-apoptotic factors.

Both in vitro and in vivo studies have demonstrated that
ypoxia can alter cell behavior, for example by promoting the
xpansion of cells with a low apoptotic index or increasing
ell mutation rates.2,12-14 In addition, hypoxia can also pro-
ote gene expression related to growth and survival of tumor

ells, such as vascular endothelial growth factor (VEGF), gly-

olytic enzymes and signaling molecules.15 Other factors that
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452 S.T. Lee and A.M. Scott
re associated with the presence of hypoxia include genetic
actors, the most significant one being the loss of function of
he von Hippel-Lindau (vHL) tumor suppressor protein, for
xample, in renal cancer, which results in activation of the
IF pathway.16 HIF-1 also controls the expression of a vari-

ty of genes that play a crucial role in the adaptation of tumor
ells to a hypoxia environment, including the enhancement
f erythropoiesis and glycolysis, inhibition of apoptosis, pro-
otion of cell survival, inhibition of cell differentiation, and

ngiogenesis.16 These adaptive changes in the genome and
roteome of tumor cells result in a more-aggressive tumor
ell phenotype.

Hypoxia develops in solid tumors through the inadequate
upply of oxygen by the vascular supply to the growing tu-
or mass. Both low pO2 and nutrient deficiency contribute

o impaired tumor growth, such that tumor growth beyond 2
m requires tumor neovascularization.16 New tumor vessels,
owever, are functionally and structurally abnormal com-
ared with normal tissue, which have a structured vascula-
ure pattern.17 Tumor blood vessels are leaky, tortuous, di-
ated, and saccular with a distorted architecture, and the
ndothelial cells themselves have an altered morphology,
ith distorted basement membrane and disordered support-

ng pericytes.18,19 These features contribute to spatial and
emporal heterogeneity in tumor blood flow, even within
umors of the same type.20 In addition, pressure on the blood
essels generated by the tumor growth itself compresses in-
ratumoural blood and lymphatic vessels, resulting in im-
aired blood flow as well as lymphatic flow.21 The result of all
hese features in tumor vascularity lead to abnormal intratu-
oural microenvironment characterized by hypoxia, acido-

is, and interstitial hypertension (elevated hydrostatic pres-
ure outside the blood vessels), which contribute toward
mpairment of delivery of cancer therapies to these cells.19

Hypoxic cells have been shown to be many times more
esistant to ionizing radiation compared with aerobic cells,
esulting in treatment resistance.22 Thresholds for hypoxia
ffects on cellular function have been reported as: impair-
ent of immunotherapy effect at 30 to 35 mmHg; photody-
amic therapy effect at 15 to 35 mmHg; cell death on expo-
ure to radiation at 25 to 30 mmHg; binding of hypoxia
mmunohistochemical markers at 10 to 20 mmHg; proteome
hanges at 1 to 15 mmHg; and genome changes at 0.2 to 1
mHg.23 However, it should be recognized that the sensitiv-

ty of cells to radiation is dependent on the phase of the cell
ycle, as cells in the G1 phase are more radiosensitive than
ells in the S-phase. Hypoxia-induced radioresistance is mul-
ifactorial, with the presence of oxygen-mediating DNA dam-
ge through the formation of oxygen free radicals that occur

igure 1 Chemical structure of FMISO (A) and radiolabeled with
uorine-18 (B).
fter the interaction of radiation with intracellular water. t
here is also increasing evidence that hypoxia-mediated pro-
eomic and genomic changes also may contribute to radiore-
istance by increasing the levels of heat shock proteins, which
re induced in response to environmental stresses like heat,
old, and hypoxia.24 There is continuing debate about the
ritical intratumoral pO2, below which detrimental changes
egin to occur that are common across all cell types.
It is the increasing importance of detection of hypoxia

evels in predicting treatment response and as a prognostic
arker that has resulted in the pursuit for objective evidence

f hypoxia. The traditional “gold standard” for measuring
xygen tension in tissue has been with the pO2 electrode,25

ut this method is invasive and restricted to easily accessible
umors. Noninvasive methods to detect hypoxia also have
een developed, including functional imaging modalities
uch as positron emission tomography (PET), single-photon
mission computed tomography (SPECT), and magnetic res-
nance imaging/magnetic resonance spectroscopy (MRI/
RS), and surrogate markers of hypoxia, for example car-

onic anhydrase IX (CA-IX), hypoxia inducing factors and
steopontin.2 However, to date, 18F-FMISO remains the most
xtensively studied PET radiotracer of hypoxia in both ani-
als and humans.26

n Vivo
roperties of 18F-FMISO

8F-FMISO enters cells by passive diffusion, where it is re-
uced by nitroreductase enzymes to become trapped in cells
ith reduced tissue oxygen partial pressure. When oxygen is

bundant in normally oxygenated cells, the parent com-
ound is quickly regenerated by reoxidation and metabolites
o not accumulate. However, in hypoxic cells, the low
xygen partial pressure prevents reoxidation of 18F-
MISO metabolites, resulting in tracer accumulation in
ypoxic cells, as illustrated in Figure 2. Because FMISO
nly accumulates in hypoxic cells with functional nitrore-
uctase enzymes, FMISO only accumulates in viable cells
ut not dead necrotic cells.
Time–activity curves have shown that the activity of 18F-

MISO in a typical normal muscle region of interest (ROI)

igure 2 Mechanism of FMISO cell trapping. Fluoromisonidazole
iffuses into cells, where it is reduced by enzymes. In necrotic cells
A), there is no reduction; therefore, no retention occurs. In nor-
oxic cells (B), the FMISO is reoxidized and eventually diffuses out

f the metabolic compartment. In hypoxic cells (C), further reduc-

ion of the FMISO results in cell retention.
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Hypoxia PET with 18F-FMISO 453
chieves equality with plasma levels within 30 minutes, but
elective retention of 18F-FMISO is observed in hypoxic tis-
ue by 1 hour after injection and persists until 2.5 hours.27

he quantitation of 18F-FMISO tumor/plasma ratio can be
ptimally performed at 2 hours after injection, when normal
issues have equilibrated with plasma, and hypoxic tissue
ontinues to have selective retention of FMISO, resulting in
avorable information about the hypoxic volume being as-
essed.27 A complete histogram of in vivo FMISO tissue/
lasma ratios constructed from animal studies has defined
he normal FMISO/plasma ratio as �1.3 in 905 of cases.
herefore, a conservative selected “threshold” of 18F-FMISO

umor/plasma ratio of �1.4 at 2 hours after injection will be
n indicator of significant hypoxia.27,28 This value was mod-
fied in a more recent study to 1.2 in patients with soft-tissue
arcoma.29 Although these values are useful in allowing ob-
ective comparisons across different studies, they do not al-
ow for individual variation in 18F-FMISO uptake in different
issues; therefore, a comparison of 18F-FMISO uptake in the
umor to that of normal parenchyma has been proposed to
ive a ratio for individual patients using themselves as con-
rols.30 This was performed in recent studies looking at the
se of FMISO in renal cell carcinoma and nonsmall cell lung
arcinoma.30,31 In these studies, the investigators applied a
OI around the area of maximal 18F-FMISO uptake. For each
lice, a ROI was applied over the contralateral organ of inter-
st and the mean voxel activity in the ROI was calculated. The
UVmax was defined as the highest 10% of voxel values within
he operator-defined ROI.30

osimetry and Biodistribution of 18F-FMISO
he biological half-life of misonidazole (MISO) is 50 minutes
nd has an octanol/water partition coefficient of 0.41,32,33

esulting in equilibration with total body water in normoxic,
onmalignant tissues.34 FMISO uptake also has been ob-
erved in the brain, which although small in quantity, indi-
ates that FMISO is freely diffusible across the blood–brain
arrier.

18F-FMISO is metabolized by the liver and excreted by the
idney and bladder.35 Bowel uptake may be prominent, pre-
umably secondary to intraluminal anaerobic bacteria.27 Bio-
istribution data in preclinical rat model have shown that the
ighest concentration of activity is in the urine, with uptake
lso evident in the intestine, liver, and kidney. The lowest
ctivity is noted in the blood, spleen, heart, lung, muscle,
one, and brain.36 Similar data have been shown in human
ubjects. The normal tissue distribution of 18F-FMISO is
emonstrated in Figure 3.
The effective dose equivalent for 18F-FMISO PET scan is

.013 mSv/MBq in men and 0.014 mSv/MBq in women, with
standard dose of 3.7 MBq/kg (0.1 mCi/kg).37 The individual
rgan effective dose in women is not different from men.
ssuming bladder voiding at 2- or 4-hour intervals, the crit-

cal organ receiving the highest dose is the urinary bladder
all (0.021 mGy/MBq for 2-hour voiding intervals or 0.029
Gy/MBq for 4-hour voiding intervals). The organ doses for
8F-FMISO are comparable with other commonly performed b
uclear medicine tests and indicate that potential radiation
isk associated with 18F-FMISO PET studies are within the
enerally accepted limits. The dosimetry calculations and
ypical radiation absorbed dose to individual organs have
een reported previously.37

roduction of 18F-FMISO
8F-FMISO is typically synthesized from a commercially
vailable precursor using methods previously described38

nd purified by preparative high-pressure liquid chromatog-
aphy. The purity of the final product is usually between 95%
nd 99%, the specific activity between 1 and 3 Ci/mol, and
H between 5 and 8. After 18F-FMISO is prepared, quality
ontrol includes radiochemical and chemical purity testing

igure 3 Normal biodistribution of 18F-FMISO 2 hours after injec-
ion. Mild background activity is noted in the brain, liver, and
owel. Excreted activity is noted via the renal system, in the urinary
ladder.
efore administration.



Table 1 Summary of Clinical Studies Validating 18F-FMISO PET as a Noninvasive Marker of Hypoxia in Oncology

Tumor
Type

No. of
Patients Patient Cohort Clinical Study Results Conclusion(s) Reference

Brain tumor 3 High-grade brain
tumor

Rubidium-82 and 18F-FMISO
PET with blood sampling.

Rubidium imaging showed BBB defect
at tumor site with initial FMISO
uptake > normal cortex. Normal
cortical activity decreased after 40
minutes.

Feasibility study of using FMISO
PET to detect hypoxia in
gliomas.

71

11 Residual or
recurrent brain
tumor

18F-FMISO PET scan with
arterial blood sampling and
quantification of FMISO
kinetics. Comparative
15O-H2O perfusion and
MRI scan.

Increased FMISO uptake and volume in
glioblastomas, with higher uptake
rate compared to normal brain.
Higher uptake rate in meningiomas,
but lower distribution volume. Early
positive correlation between FMISO
uptake and perfusion, but late FMISO
uptake was independent of perfusion.

Late FMISO PET provides a
spatial description of hypoxia
independent of BBB disruption
and tumor perfusion.

72

17 Primary brain
tumor

Presurgical (biopsy or
resection) 18F-FDG and
18F-FMISO PET and MRI
scans. Comparative
biomarkers of hypoxia &
angiogenesis.

Significant correlation between FDG
and FMISO uptake with Ki-67 and
VEGFR-1 expression.

FMISO PET is a noninvasive
assessment of hypoxia.

73

Head and
neck tumor

16 Advanced disease Intraoperative pO2

measurement, 18F-FMISO
and 18F-FDG-PET scans.

Good correlation between pO2 and
FMISO tumor-to-muscle uptake. No
correlation between pO2 and FDG
uptake.

FMISO uptake is a feasible
non-invasive measure of
tissue pO2.

66, 67

Soft-tissue
tumors

13 Suspected soft-
tissue sarcoma

Intraoperative pO2

measurements and
presurgical 18F-FMISO PET
scan.

FMISO positive in 6/7 malignant
tumors and 3/6 benign tumors. No
correlation between FMISO uptake
and pO2 measurements.

FMISO is not feasible for
detection of tumor hypoxia in
variety of soft tissue tumors.

56

19 Soft-tissue
sarcoma

Analysis of VEGF expression,
pre-treatment 18F-FDG and
18F-FMISO PET scans.

FMISO positive in 14/19 - pretherapy
hypoxia volume is independent of
tumor volume. Poor correlation
between tumor grade, hypoxia
volume and FDG uptake.

FMISO can identify hypoxia with
no significant correlation with
FDG uptake.

29

Renal
tumours

17 Presumed renal
cell carcinoma
(RCC)

Pre-surgical 18F-FMISO and
18F-FDG-PET.
Intraoperative pO2

measurement. Analysis of
angiogenesis.

Mild FMISO uptake not statistically
significant, median pO2 9.6 mmHg.
MVD greater in RCC compared to
normal kidney.

Mild FMISO uptake may reflect
renal tumor oxygenation of
>9.5 mmHg.

30

Nonsmall cell
lung cancer
(NSCLC)

21 NSCLC Presurgical 18F-FDG and
18F-FMISO PET scans.
Comparative biomarkers of
hypoxia.

Low FMISO uptake with no correlation
with FDG uptake and tumor markers
of hypoxia & angiogenesis.

Low hypoxic cell fraction in
NSCLC with no correlation
with glucose metabolism or
tumor markers of hypoxia.

31

BBB, blood–brain barrier; MRI, magnetic resonance imaging; VEGFR-1, vascular endothelial growth factor receptor-1; VEGF, vascular endothelial growth factor; MVD, microvascular density.
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Hypoxia PET with 18F-FMISO 455
irect Measurement of Hypoxia
nd Correlation With 18F-FMISO
irect pO2 measurements in tumor have been performed
sing the Eppendorf pO2 hypoximeter, which measures ox-
gen tension using a polarographic oxygen microelectrode.
his method uses a very fine 300-�m cathode needle, which

s inserted into the tumor and a current generated by ioniza-
ion of oxygen is measured to provide an estimate of oxygen
oncentration at the site of insertion.39 Multiple readings are
aken and recorded by a computer, which have been found to
orrelate well with radiobiological hypoxia, and is able to
redict response and metastatic potential of tumors.3,40,41

his method has been validated and is considered the gold
tandard of hypoxia measurement by the American Cancer
nstitute and is suitable for routine measurements of tissue
xygenation in situ.25,42

Tumor hypoxia has been confirmed by direct measure-
ents with this oxygen sensing electrode in breast can-

er,43-45 uterine cervix cancer,6,46-53 renal cell carcinoma,30

elanoma,54 soft-tissue sarcoma,55-57 and in head and neck
ancers.40,58-64 In most of these tumors, the median pO2 has
een measured at �10 mmHg.2 The most widely studied
umors with the needle polarography has been in head and
eck cancers and uterine cervix cancers. These tumors have
een reported to have a median pO2 of 4.5 mmHg and 12.5
mHg, respectively. The patients with hypoxic tumors also
ad worse prognosis, with worse locoregional control and
horter disease free survival.4,64,65

Figure 4 Hypoxia imaging in high-grade glioma. Postsur
in the lateral surgical margin of the tumor on 18F-FMISO
and (C) the preoperative MRI showing tumor in the rig

Figure 5 (A) 18F-FMISO uptake in nonsmall cell lung car

(black arrow). (C) Corresponding CT slice showing the left lu
Multiple studies correlating direct oxygen measurements
ith 18F-FMISO uptake have been performed.30,66,67 In a re-

ent study correlating 18F-FMISO uptake with direct pO2

istographic measurements in renal cell carcinoma, the de-
ree of 18F-FMISO uptake correlated with low tissue oxygen
ension. In this study, it was shown that 18F-FMISO uptake
equires a hypoxic level of �10 mmHg.30 In metastatic head
nd neck cancer, the retention of 18F-FMISO is significantly
reater in hypoxic tumors than in normoxic tumors, with a
trong correlation between the 18F-FMISO uptake and pO2

eadings of �5 mmHg.67 Two studies comparing 18F-FMISO
ith 18F-fluorodeoxyglucose (18F-FDG) and pO2 measure-
ents in biopsy proven head and neck carcinoma found a

ood correlation between pO2 measurements and FMISO
umor/muscle uptake ratio, but there was no correlation be-
ween pO2 measurement and FDG uptake.66,67

In soft-tissue sarcoma, 18F-FMISO uptake has been dem-
nstrated and correlated with VEGF expression, although
here was no correlation between tumor grade, hypoxic vol-
me, and FDG uptake.29 In a further study of 13 patients with
oft-tissue tumors (7 confirmed malignant tumors and 6 be-
ign tumors), no correlation between 18F-FMISO uptake and
O2 measurements was found.56 An important consideration

n the analysis of the results of these studies is that direct
easurement of hypoxia with the hypoximeter does not pro-

ide an overall picture of the hypoxic, necrotic and aerobic
egions within a particular tumor, all of which can be as-
essed with 18F-FMISO PET scan.

sessment of residual tumor, showing (A) hypoxic areas
(B) postoperative metabolic changes on 18F-FDG PET;
erior parieto-occipital lobe.

a (arrow). (B) Uptake of 18F-FDG in the left lung tumor
gical as
PET;
cinom

ng tumor (white arrow).



Table 2 Summary of Clinical Studies Using 18F-FMISO PET as a Prognostic Indicator in Oncology

Tumor Type
No. of

Patients Patient Cohort Clinical Study Results Conclusion(s) Reference

Head and neck
cancer
(HNC)

15 Advanced disease
(T3/4 � N2/3)

Phase I chemoradiation and
tirapazamine (hypoxia-
sensitizer) had serial
18F-FDG & 18F-FMISO PET
scans.

13/15 FMISO positive in primary
and/or nodal disease. Marked
decreased uptake at 4 weeks;
with 5-year survival 50% and
5-year free from locoregional
failure 68%.

Hypoxia on FMISO PET can
predict adverse prognosis.
Early resolution of FMISO
uptake is associated with
good locoregional control.

76

45 Advanced disease
(Stage 3 or 4)

Phase I chemoradiation �
tirapazamine had pre- and
post-treatment 18F-FMISO
PET scan.

32/45 FMISO positive in primary
and/or nodal disease. Risk of
locoregional failure higher in
hypoxic tumors. Patients on
Tirapazamine had lower risk of
locoregional failure.

Hypoxia on FMISO PET imaging
in patients not receiving
Tirapazamine is associated
with higher risk of
locoregional failure.

78

73 All disease stages Pretreatment 18F-FMISO and
18F-FDG-PET scans.

58/73 FMISO positive in primary
and/or nodal disease. Tumor/
background ratio, hypoxia
volume and nodal stage was
associated with patient survival.

Pretherapy FMISO uptake has
potential as an independent
prognostic measure.

74

12 Advanced disease
(Stage 3)

Pre-radiotherapy 18F-FMISO
and 18F-FDG PET scans.

No significant correlation between
FDG SUVmax and treatment
outcome, but correlation with
FMISO uptake was statistically
significant. No correlation
between FDG and FMISO
uptake.

FMISO PET is a prognostic
indicator of treatment
response.

75

HNC & NSCLC HNC 26;
NSCLC
14)

Advanced disease Preradiotherapy 18F-FMISO
PET scan–time activity
curve.

High FMISO tumor/muscle ratio
and tumor/mediastinal ratio
correlated with higher risk of
relapse.

Treatment outcome can be
predicted on the basis of
kinetic behavior of FMISO in
tumor.

65

NSCLC 7 NSCLC Preradiotherapy and serial
18F-FMISO PET scans.

No correlation between tumor size
and fractional hypoxic volume.

Unpredictable changes in
oxygenation during
radiotherapy.

80

8 NSCLC Pre and postchemotherapy
and postchemoradiotherapy
18F-FMISO and 18F-FDG-
PET scans.

Decreased FMISO and FDG
uptake post-treatment had
favorable outcome, but no
correlation between high initial
FMISO uptake & treatment
outcome/response.

Decrease in FMISO and FDG
uptake may predict treatment
response and overall survival.

79

SUVmax, maximum standardized uptake value.
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Hypoxia PET with 18F-FMISO 457
pplication of
8F-FMISO in Oncology
he principle use of 18F-FMISO has been in oncology pa-

ients. The presence of hypoxic tissue has been increasingly
ecognized to confer resistance to chemotherapy and radio-
herapy, both in vitro and in vivo, and accelerates tumor
rogression.68,69 In vivo animal model studies have shown
hat intracellular retention of FMISO is dependent on oxygen
oncentration,36 confirming in vitro studies which have
hown that the rate of FMISO binding is up to 28 times
reater under hypoxic conditions compared with normoxic
onditions.70

There have been many reported human studies using 18F-
MISO as a noninvasive technique for detection of hypoxia,
ith direct comparison with oxygen measurements and sur-

ogate markers of hypoxia in various malignancies (Table 1).
he first clinical FMISO feasibility study in high-grade gli-
ma involved 3 patients, where initial FMISO uptake was
ound to be greater than normal cerebral cortex (Fig. 4).71

ubsequent studies have shown a significant correlation be-
ween 18F-FMISO uptake with Ki-67 and VEGFR-1 expres-
ion in gliomas, and 18F-FMISO uptake and distribution vol-
me was higher in glioblastomas compared with normal
rain and meningiomas.72,73 Another study that included the
valuation of tumor perfusion with 15O-H2O PET scan found
hat early FMISO uptake correlated with perfusion, but late
MISO uptake was independent of perfusion.72

In a more recent study performed in renal cell carcinoma

able 3 Summary of Clinical Studies That Evaluate Nononcol

Disease
Type

No. of
Patients Clinical Study

schemic
stroke

15 Early (within 48 hours)
and late (6 patients)
18F-FMISO PET scan
& CT imaging.

Peri
9
stu
up

24 18F-FMISO PET scan
within 48 hours of
stroke onset and CT
imaging.

Peri
15
up
tim
co
hy
cli

66 18F-FMISO PET scan
within 12 and 24
hours of stroke
onset and CT/MRI
imaging.

FMIS
pa
su
is
ne

aemorrhagic
stroke

6 18F-FMISO PET scan
between 24 and 43
hours of intracranial
haemorrhage.

No F
pa

T, computed tomography; MRI, magnetic resonance imaging.
atients, only mild FMISO uptake was observed. However, g
ngiogenesis as measured by microvessel density was greater
n renal cell carcinoma sections compared with normal renal
issue.30 In nonsmall cell lung carcinoma (NSCLC), FMISO
ptake has been found to be low, with no correlation with
DG uptake (Fig. 5). In this study, surrogate tissue markers
f hypoxia, such as microvessel density and GLUT1, showed
o significant correlation with FMISO uptake, although there
as a weak correlation with Ki-67 proliferative marker.31

18F-FMISO has also been studied to predict treatment re-
ponse and evaluate prognosis (Table 2). The most widely
tudied tumor for these purposes with 18F-FMISO is head
nd neck carcinoma. In a study of 73 patients with head and
eck carcinoma studied with 18F-FMISO PET, pretreatment

8F-FMISO uptake was found to be an independent prognos-
ic factor.74 Another study of 12 patients with head and neck
arcinoma who had 18F-FMISO PET scan performed prera-
iotherapy reported that FMISO uptake was a prognostic

ndicator of treatment response to radiotherapy.75 Further
hase I studies exploring chemoradiation in head and neck
ancer patients with the use of a hypoxia sensitizer (tira-
azamine) concluded that FMISO can predict prognosis,
ith early resolution of FMISO uptake being associated with
etter locoregional control, and patients on tirapazamine had
lower risk of locoregional failure.76-78 The use of 18F-FMISO
ET also supported the experimental observation that tira-
azamine specifically acts on hypoxic cells.78

In patients with malignant glioma, preoperative 18F-
MISO scans have been shown to be an accurate noninvasive
arker of hypoxia, with FMISO uptake seen in all high grade

Applications of 18F-FMISO PET

esults Conclusion(s) Reference

FMISO uptake in
ts on early
No FMISO
n late studies.

FMISO PET can detect
hypoxic, probably
penumbral tissue,
which does not
persist to subacute
phase of disease.

81

FMISO uptake in
tients, with
ecreasing over
nificant

on between
volume and
utcome.

Hypoxic tissue
representing amount
of infarct tissue
amenable to
effective treatment.

82

take in 33/66
. Spontaneous
of hypoxic tissue
iated with better
ical outcome.

Hypoxic tissue which
progressed to
infarction may
represent target for
early intervention.

83

uptake in any Earlier imaging (before
24 hours) may
identify areas
amenable to earlier
treatment.

86
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8F-FMISO scans performed preradiotherapy in a group of 14
atients with NSCLC, a high tumor/muscle uptake ratio and
umor/mediastinal ratio was associated with a higher risk of
elapse.65 However, another study of 8 patients with NSCLC
reated with a combination of chemotherapy and/or radio-
herapy who had serial 18F-FDG and 18F-FMISO PET scans
ound that a decrease in FDG and FMISO uptake after treat-

ent was associated with a favorable outcome, and a high
nitial FMISO uptake was a poor prognostic indicator and not
ssociated with treatment response.79 In a study of 7 patients
ith NSCLC, no correlation between tumor size and frac-

ional hypoxic volume, defined by 18F-FMISO PET was ob-
erved.80

pplication of 18F-FMISO
n Nononcological Indications
he use of 18F-FMISO in the nononcological setting has pri-
arily been in evaluation of cerebral hypoxia, with a few

tudies reported in myocardial hypoxia. Clinical studies of
8F-FMISO in the evaluation of cerebral hypoxia are summa-
ized in Table 3. In one study in patients with acute ischemic
troke, 18F-FMISO was shown to represent the ischemic pen-
mbra, which is ischemic but viable cerebral tissue (Fig. 6).81

nother study showed that hypoxic tissue, as demonstrated
y 18F-FMISO, was present up to 42 hours after an ischemic
troke, despite the expansion of the infarcted core at the
xpense of the penumbral tissue with time. There was also a
orrelation between a number or hypoxic tissue volume in-
ices and clinical outcome.82,83 The spatial extent of the isch-
mic penumbra has also been characterized using 18F-FMISO
ET scans performed within 48 hours of stroke onset, with a
ositive correlation between the 18F-FMISO penumbral tis-
ue uptake and time from stroke onset in the external zones

igure 6 (A) Uptake of 18F-FMISO in ischemic penumbral tissue in
he left cerebral hemisphere (arrow) 22 hours postonset of symp-
oms. (B) No hypoxia evident on 18F-FMISO PET 10 days after
troke. (C) Area of acute stroke evident on CT scan (arrow) 10 days
frer onset of stroke symptoms.

able 4 Other PET Radiotracers for Hypoxia Imaging

Radiotracer
8F-Fluoroazomycin arabinofuranoside
4Cu-diacetyl-bis(N4-methylthiosemicarbazone)
8F-Fluoroerythronitroimidazole
-(2-nitroimidazol-1[H]-yl)-N-(3-[18F]fluoropropyl)acetamide)
8F[2-(2-nitro-1[H]-imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl)-ac
f the infarct, but not in the central zones.84 Statistical para-
etric mapping, which uses pooled variance and contralat-

ral hemisphere normalization in individual subjects, has
lso been shown to be a useful method for assessing 18F-
MISO uptake in acute ischemic stroke.85 In intracerebral
emorrhage, 18F-FMISO has not been shown to have any
ignificant uptake in tissue adjacent to the infarcted tissue.86

Apart from investigation of hypoxic tissue in cerebral dis-
ase, previous preclinical studies more than a decade ago
ave assessed the use of 18F-FMISO in evaluating myocardial
ypoxia. Animal studies have shown the oxygenation depen-
ent retention of 18F-FMISO in ischemic myocardium in vivo

n dogs,87,88 as well as in an isolated 18F-FMISO kinetic study
f myocardial perfusion in rabbits.44 However, there has been
ittle development of these studies into humans since then.

In the setting of sepsis, a preclinical study using 18F-
MISO in rats showed that sepsis did not invariably result in
ystemic, multi-organ cellular hypoxia as detected by 18F-
MISO, and that cellular hypoxia was not the major patho-
hysiological abnormality in sepsis.89 There has been one
eported study of the use of 18F-FMISO to detect anaerobic
nfections in humans, where 18F-MISO PET was found to
e sensitive for detection of anaerobic odontogenic infec-
ion in patients with head and neck tumors before radia-
ion therapy.90

ther PET
adiotracers of Hypoxia Imaging

ther than 18F-FMISO, other compounds that have been
ynthesized for imaging of hypoxia are listed in Table 4. The
evelopment of second-generation nitromidazoles has been
eported for use in hypoxia imaging. A preclinical study com-
aring 18F-FMISO with 18F-fluoroazomycin arabinofurano-
ide (18F-FAZA) in rat carcinosarcoma tumor, both in vitro
nd in vivo in rats, demonstrated that both compounds had
imilar accumulation in sites of hypoxia on early PET imag-
ng, but 18F-FAZA was eliminated faster from the blood, vis-
era and muscle tissue, via the renal system.91 However, a
ore recent study in murine mammary carcinoma, squa-
ous cell carcinoma and pancreatic acinar cell carcinoma

ound a lower tumor/blood ratio with 18F-FAZA compared
ith 18F-FMISO.92

In another preclinical study comparing 18F-FMISO and
8F- fluoroerythronitroimidazole (18F-FETNIM) in mammary
arcinoma mice models, it was demonstrated that the uptake
f both agents correlated with the oxygenation status in tu-
ors, with no significant difference in the intratumoral up-

Abbreviation References
18F-FAZA 91, 92, 94
64Cu-ATSM 95-100
18F-FETNIM 93, 101-104
18F-EF1 105, 106
etamide] 18F-EF5 107, 108
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ake between the 2 radiotracers. However, there was slightly
reater uptake in normal tissues for 18F-FMISO compared
ith 18F-FETNIM in mouse models.93

To date, 18F-FMISO remains the most extensively investi-
ated radiotracer of hypoxia and is the only radiotracer that
as been validated by multiple studies comparing uptake
hresholds to direct pO2 measurement with the Eppendorf
O2 hypoximeter.30,66

onclusion
he importance of hypoxia is crucial in the understanding of
isease biology, which has direct relevance to improving
reatments for patients. 18F-FMISO is the most widely stud-
ed and validated PET radiotracer for noninvasive assessment
f hypoxia, which is gaining increasing importance for its
otential to predict response to treatment and provide prog-
osis in a wide range of pathological processes.
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