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PET offers a noninvasive means to assess neoplasms, in view of
its sensitivity and accuracy in staging tumors and potentially in
monitoring treatment response. The aim of this study was to
evaluate newly diagnosed non-small cell lung cancer (NSCLC)
for the presence of hypoxia, as indicated by the uptake of 18F-
fluoromisonidazole ("8F-FMISO), and to examine the relationship
of hypoxia to the uptake of '8F-FDG, microvessel density, and
other molecular markers of hypoxia. Methods: Twenty-one pa-
tients with suspected or biopsy-proven NSCLC were enrolled
prospectively in this study. All patients had PET studies with
18F-FMISO and '8F-FDG. Seventeen patients subsequently un-
derwent surgery, with analysis performed for tumor markers of
angiogenesis and hypoxia. Results: In the 17 patients with re-
sectable NSCLC (13 men, 4 women; age range, 51—77 y), the
mean '8F-FMISO uptake in tumor was significantly lower than
that of '8F-FDG uptake (P < 0.0001) and showed no correlation
with 18F-FDG uptake (r = 0.26). The mean (95% confidence inter-
val [CI]) 18F-FMISO SUV,,,ax (Mmaximum standardized uptake value)
was 1.20 [0.95—1.45] compared with the mean [95% Cl] '8F-FDG
SUVnax Of 5.99 [4.62—7.35]. The correlation between 8F-FMISO
uptake, '8F-FDG uptake, and tumor markers of hypoxia and
angiogenesis was poor. A weakly positive correlation between
18F-FMISO and "8F-FDG uptake and Ki67 was found. Conclusion:
The hypoxic cell fraction of primary NSCLC is consistently low,
and there is no significant correlation in NSCLC between hypoxia
and glucose metabolism in NSCLC assessed by '8F-FDG. These
findings have directimplications in understanding the role of angio-
genesis and hypoxia in NSCLC biology.
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Tumor hypoxia has been demonstrated to have a signi-
ficant impact on the biologic behavior of many malignan-
cies, including non—small cell lung cancer (NSCLC), with
more hypoxic tumors generally having a more aggressive
phenotype and worse prognosis (/-3). It is postulated that
one of the mechanisms hypoxia contributes to reduced
tumor response to both chemotherapy and radiotherapy is
by decreasing the availability of oxygen free radicals,
which are necessary to induce sufficient DNA damage to
cause cell death (4,5).

The gold standard for determining the degree of tumor
hypoxia is, at present, direct measurement of tissue oxygen
tension with a probe inserted directly into the tissue of
interest, often at the time of surgery (6). This technique has
disadvantages, as it is invasive, is subject to potential sam-
pling error, and cannot be applied to tissue that is not easily
accessible.

18F_Fluoromisonidazole ('F-FMISO) PET is a recog-
nized noninvasive method of quantifying tumor hypoxia in
several solid tumors, including glioma, head and neck can-
cers, NSCLC, and, to a lesser extent, renal carcinomas (6-9).
The application of 'SF-FMISO for assessment of the hyp-
oxic fraction in NSCLC is yet to be completely defined.
To date, several small studies have evaluated the utility of
IBE_.FMISO in NSCLC and have focused primarily on pre-
dicting response to radiotherapy (9-117). The results have
been conflicting, with some evidence to suggest that the out-
come after radiotherapy may possibly be predicted on the
basis of the kinetic behavior of 'F-FMISO in NSCLC
before and after radiotherapy (9).

The relationship between '8F-FMISO uptake in NSCLC
and several metabolic parameters, including glucose me-
tabolism, has not been established. The ability to detect
and quantify hypoxia has immediate clinical relevance in
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NSCLC, because the hypoxic fraction of the tumor at the
time of diagnosis may have a significant impact on the
treatment outcome and ultimate prognosis.

The aim of this study was to evaluate the degree of hyp-
oxia in NSCLC noninvasively using "®F-FMISO PET and to
compare these results with '8F-FDG uptake, immunohisto-
chemistry (IHC) markers of glucose metabolism, hypoxia,
proliferation, and degree of tumor differentiation.

MATERIALS AND METHODS

Twenty-one patients with suspected or biopsy-proven NSCLC
awaiting surgical resection were enrolled prospectively in this
study. All patients had '8F-FDG PET scans before surgery, with 3
patients having '8F-FDG PET scans at an external institution. This
protocol was approved by the Austin Hospital Ethics Committee.

PET

I18F-FDG and '®F-FMISO were synthesized using '8F produced
by an in-house 10-MeV cyclotron (Ion Beam Applications S.A.)
as described in previous studies (6,/2-14). Samples of '3F-FDG
and '8F-FMISO underwent quality control assessment before
clinical studies. '8F-FDG and '8F-FMISO studies were performed
on separate days. '8F-FMISO scanning was conducted 2 h after
the administration of 370 MBq of '8F-FMISO to allow for tracer
equilibrium. In-house '8F-FDG PET images were acquired after a
minimum of 6 h of fasting, in 2-dimensional mode, and with mea-
sured attenuation corrections. PET images were acquired on an ECAT
951/31R PET scanner (CTI PET Systems), an Allegro scanner
(Philips), or a Gemini scanner (Philips). The high-sensitivity,
3-dimensional (3D) acquisition mode was used for the '8 F-FMISO
studies. Measured attenuation correction was performed with the
3D PET datasets reconstructed using a 3D row-action maximum
likelihood algorithm (RAMLA). The 3 external '8F-FDG PET
scans were performed at an external institution on a Siemens
Biograph PET/CT bismuth germanium oxide (BGO) scanner (CTI
PET Systems). Calibration with a PET phantom was performed to
enable accurate comparison between the 3 external '®F-FDG PET
scans and in-house '8F-FDG/'8F-FMISO PET scans performed at
the Austin Hospital. The PET phantom used was a uniform 6-L
cylinder filled with a %8Ge-gel source of activity (120 MBq). The
cylinder was scanned for 20 min in the Gemini PET/CT and the
Biograph/BGO scanner. The purpose of the exercise was to deter-
mine what DICOM (digital imaging and communication in medi-
cine) fields were used in the Siemens files to produce a standardized
uptake value (SUV) image. After determination of these fields, in-
house software was modified to report the Siemens PET scans in
SUV units for comparison with Gemini SUV units.

PET Data Analysis

Reconstructed PET images were qualitatively analyzed by 2
experienced PET nuclear medicine physicians. Access to the pa-
tient’s clinical history and corresponding CT scans was available
for correlation. The '8F-FMISO and '8F-FDG uptake within the
reference lesion relative to comparable normal tissue (contralateral
normal lung) was analyzed.

CT Scans

CT scans acquired on an 8-slice Light Speed series CT scanner
(GE Healthcare) were obtained on all patients as part of routine
surgical work-up. These scans were analyzed to localize the tumor
for PET, assess its size, and look for areas of reduced contrast
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enhancement suggestive of necrosis. After reconstruction of im-
ages, the CT scans were used to guide drawing of regions of interest
(ROIs) for analysis of each of the PET planes containing tumor.

ROI Analysis

ROI analysis was performed on each subject’s original '8F-
FDG PET and '8F-FMISO PET data aligned with their CT data.
This was achieved by registration of '8F-FDG, '8F-FMISO, and
CT images using the Syntegra/Phillips mutual information co-
registration algorithm. For each transaxial slice, a ROI was drawn
over the contralateral lung and the mean and SD of voxel activity
in the ROI were calculated. The SUV,,,, was defined as the highest
voxel value within the operator-defined ROL

Histopathology and Tumor Markers of Hypoxia,
Proliferation, and Angiogenesis

The final outcome for the presence of disease was based on
histopathology obtained by biopsy or surgical resection, within
2 wk of undergoing the imaging studies. Formalin-fixed, paraffin-
embedded tumor tissue from each patient in the study was immu-
nostained by the labeled avidin-biotin method. Negative controls
for the immunostaining procedure were prepared by omission of
the primary antibody or by using an IgG-matched control anti-
body. The intensity of staining was described as negative (—),
weak (+), moderate (++), and strong (+++).

Positive expression of the markers glucose transporter protein
type 1 (GLUT1), nuclear antigen Ki67 (Immunotech), hypoxia-
inducible factor la (HIF-1a), vascular endothelial growth factor
(VEGF), and VEGF receptor (VEGF-R1) (all from Santa Cruz
Biotechnology, unless stated otherwise) was determined as fol-
lows: Tumor sections were observed in high-power (x400) fields
with the aid of a graticule providing an area of 250 wm? per field.
The number of fields observed was dependent on the amount of
viable tissue available, and fields were matched for each marker.
The number of tumor cells stained divided by the total number of
tumor cells was expressed as a percentage.

Microvessel density (MVD) was determined in the same high-
power fields for each patient using staining specific for endothelial
cells with Von Willebrand factor (VWF; Dako) to identify individual
blood vessels. Vascular structure with visible lumens was considered
a single countable microvessel. For statistical comparison with other
tumor markers, the raw values of vessels per field were used.

Statistical Methods

The data was analyzed using R v2.0.1 (http://www.r-project.
org/). Only data from patients with successfully resected NSCLC
was included. As the IHC measurements were expressed as
proportions, the arcsine transformation was applied. QQ plots of
the transformed data showed it to be reasonably normal, although
heavy tails were evident in some cases. Univariate analysis was
performed using parametric methods. No correction for multiple
testing was performed. The Spearman rank correlation was used
to determine the correlation between the grade of tumor and the
intrapatient mean of the markers and also to examine correlation
between markers.

IHC measurements from the 5 patients with the highest '8F-
FMISO SUV,,,.x were compared with the remaining 12 patients to
evaluate if any significant differences in IHC markers of hypoxia or
proliferation were present between the 2 groups. ¢ tests were used to
test for difference between the transformed IHC measurements across
the 2 groups. ANOVA was used to test individually for differences in
PET and IHC measurements across tumor grade and type.
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RESULTS

Patients

Twenty-one patients with suspected or biopsy-proven
NSCLC were enrolled in the study. Four of the 21 patients
were unresectable at surgery and no tissue was obtained.
Seventeen patients underwent surgical resection and had his-
tology available for statistical analysis (13 men, 4 women;
mean age, 67 y; age range, 51—77 y) (Table 1).

Relationship Between '8F-FMISO and '8F-FDG Uptake
in Tumor

I8F-FMISO uptake in tumor was low and significantly
less than '8F-FDG uptake (P < 0.0001) (Fig. 1). '8F-
FMISO SUV,.. ranged from 0.40 to 2.14. '8F-FDG
SUVax ranged from 2.16 to 10.46. The mean (95%
confidence interval [CI]) '8F-FMISO SUV,,.. was 1.20
[0.95—1.45] compared with the mean [95% CI] '8F-FDG
SUV ax of 5.99 [4.62—7.35]. No correlation was found
between tumor '8F-FMISO SUV,,., and 8F-FDG SUV ..«
(r = 0.26) or between increasing '8F-FMISO tumor-to-
background ratio and '8F-FDG SUV,,, (r = 0.41). In the
5 patients with the highest '8F-FMISO uptake (patients 6,
10, 14, 15, and 17), where uptake was sufficient for mean-
ingful qualitative visual comparison with '3F-FDG uptake,
the pattern of '3F-FMISO uptake was more heterogeneous
than that of '®F-FDG uptake and showed prominence in the
periphery of the tumor mass (Fig. 2).

Relationship Between '8F-FMISO/'8F-FDG Uptake and
Tumor Markers of Hypoxia, Proliferation, and
Angiogenesis

Correlation between '3F-FMISO and '8F-FDG uptake
with tumor markers of hypoxia and angiogenesis was poor.
No correlation was seen between either '3F-FMISO or !3F-
FDG uptake and MVD, HIF-1a, VEGF, VEGF-R1, and
GLUT1 expression. A weakly positive correlation between
both '8F -FMISO (r = 0.64) and '8F-FDG uptake (r =
0.75) and the proliferative marker Ki67 was demonstrated
in peripheral tumor, with no correlation seen in central
tumor. There was no correlation between 'SF-FMISO
SUViax and the degree of NSCLC differentiation on the
basis of ANOVA analysis (P = 0.993). Similarly, there was
no correlation between '8F-FDG SUV,,,, and the degree of
NSCLC differentiation on the basis of ANOVA analysis
(P = 0.146). The 5 patients with the highest 'SF-FMISO
uptake (patients 6, 10, 14, 15, and 17) were evaluated to
determine if they had any IHC characteristics that set them
apart from the other 12 patients. Only Ki67 expression was
statistically different between these 5 patients and the other
12 patients (60% vs. 24%, P = 0.00044).

Tumor Differentiation and Markers of Hypoxia,
Proliferation, and Angiogenesis

Staining was relatively homogeneous within tumor for all
markers studied except for GLUT1, where patchy staining
was observed generally surrounding areas of necrosis in

TABLE 1
Patient Characteristics and Imaging Data
Tumor Stage at 18F-FDG 18F-FMISO

Patient no. Age(y) Sex differentiation* surgeryt Histology* SUViax M SWVmax (M 18F-FMISO T/N1
1 72 F Moderate I (T1 NO MO) Adeno Ca 3.50 1.0 1.67
2 68 M Moderate I (T1 NO MO) Adeno Ca 2.80 1.3 1.18
3 51 M Moderate I (T1 N1 MO)  Adeno/SCC 5.90 1.0 2.00
4 69 M Poor I (T1 NO MO)  Adeno Ca 4.50 1.25 1.98
5 66 M Poor I (T1 NO M0O)  Adeno Ca 4.15 1.10 2.20
6 59 M Poor I (T1 NO MO)  Adeno Ca 9.38 1.70 4.25
7 69 M Poor I (T1 NO MO)  Adeno Ca 6.40 0.80 1.60
8 77 M Moderate I (T1 NO MO)  Adeno/SCC 2.91 0.91 3.25
9 71 M Moderate I (T1 NO M0) Adeno Ca 7.20 0.86 2.32
10 73 M Moderate I (T1 N1 MO) SCC 8.30 1.74 4.46
11 66 M Poor I (T1 NO M0O)  Adeno Ca 2.63 0.75 4.41
12 70 M Moderate I (T1 NO MO) SCC 8.72 0.59 5.36
13 69 M Moderate I (T1 NO MO) SCC 6.54 0.40 2.86
14 58 F Well 1 (T1 NO MO) Adeno Ca 2.16 1.61 5.75
15 63 F Moderate I (T1 NO M0O)  Adeno Ca 8.53 2.14 9.73
16 75 F Poor I (T1 NO MO)  Adeno Ca 10.46 1.46 5.21
17 63 M Moderate I (T1 NO M0O)  Adeno Ca 7.71 1.82 5.06

*Well, moderate, or poorly differentiated tumor.

tBased on American Joint Committee on Cancer NSCLC staging system (2002).
*Adeno Ca = adenocarcinoma; Adeno/SCC = mixed adenocarcinoma/squamous carcinoma; SCC = squamous cell carcinoma.

$18F-FDG SUV pax in tumor.
18F-FMISO SUVpax in tumor.

T8E_FMISO SUVmay in tumor/18F-FMISO SUVmayx Uptake in normal lung.
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FIGURE 1. '8F-FDG and '8F-FMISO PET scans in patient 12.
(A) Intense uniform 8F-FDG uptake in tumor. (B) '8F-FMISO
uptake in tumor similar to that of blood pool.

some tumors. The amount of tumor necrosis increased with
decreasing tumor differentiation. Poorly differentiated tu-
mors contained up to 25%—50% cell necrosis. Membrane
and cytoplasmic staining patterns were observed for GLUTI,
whereas VEGF, VEGF-R1, and HIF-1a were predominantly
expressed in the cytoplasm with some nuclear staining. Ki67
exhibited nuclear staining (Fig. 3). A trend of decreasing
MVD was seen with decreasing tumor differentiation.

Relationship Between HIF-1« Expression and Markers
of Hypoxia/Proliferation

HIF-1a expression was detected in all tumors. HIF-1a nu-
clear expression was divided into 2 groups on the basis of
median HIF-1a expression, which permitted a 2-factor sta-
tistical analysis with other markers. No significant differences
were found in the levels of expression of GLUTI, Ki67,
VEGF, VEGF-RI1, and MVD between regions of higher
HIF-1a nuclear expression and regions of lower HIF-la
nuclear expression.

Relationship Between MVD and Markers of
Hypoxia/Proliferation

MVD measured by VWF staining was generally low,
with normal lung parenchyma demonstrating significantly
higher vascularity (P = 0.004). The mean MVD [95% CI]
in tumor was 1.56 [1.00—2.12] vessels per high-power field
(x400) compared with the mean MVD [95% CI] of 3.96
[2.87—5.05] in normal lung. MVD as measured by VWF
was divided into 2 groups on the basis of median vessel
density, which permitted a 2-factor statistical analysis with
other markers. GLUT1 (P = 0.001) and Ki67 (P = 0.036) ex-
pression was significantly greater in the lower MVD group.

A B

- %

FIGURE 2. '8F-FDG and '8F-FMISO PET scans in patient 15.
(A) Intense uniform '8F-FDG uptake in tumor. (B) Heteroge-
neous mildly increased '8F-FMISO uptake with more prominent
uptake in periphery of tumor.

- _____t‘.‘

1924

DISCUSSION

Lung cancer is one of the leading causes of cancer death
in the United States and Australia. Most (~80%) lung can-
cers are NSCLC, and at least 65% of patients present with
incurable stage IIIB or stage IV disease (/5). The overall
5-y survival rate for this subset of patients is typically
6—9 mo after standard platinum-based therapy (/5). Clearly,
more effective treatment regimens are required to combat
this increasingly prevalent condition.

Tumor hypoxia has been identified as a major indepen-
dent prognostic factor influencing response to therapy and
overall survival in many malignancies, including NSCLC
(16,17). Many different techniques have been developed
to evaluate the oxygenation status of tumors, but none has
entered widespread clinical use (8), with direct measure-
ment of the partial pressure of oxygen (Po,) by an oxygen
microelectrode still considered the gold standard (/8,19).
Intratumoural hypoxia cannot be predicted by size, grade,
or histology of the tumor (20,21).

PET studies with hypoxia-sensitive radiotracers such as
I8F-FMISO allow quantification of tumor hypoxia nonin-
vasively and may have a significant role in the management
of NSCLC because of their potential to provide prognostic
information and guide or monitor treatment response on a
regular basis.

The results of our study have shown that '8F-FMISO
uptake is not correlated with, and is considerably lower than,
IBE-FDG uptake in NSCLC. The pattern of '3F-FMISO
uptake in tumor is also different than that of '3F-FDG,
tending to be more heterogeneous and, where '3F-FMISO
uptake is prominent, more clearly seen in the periphery of
tumor masses. These findings are novel and support the ob-
servation that regional hypoxia does not correlate with glu-
cose metabolism in NSCLC.

I8F_.FMISO uptake is increased only when tissue hypoxia
of <10 mm Hg is present (22,23). The low overall uptake
of '8F-FMISO seen in our cohort of patients suggests that
NSCLC may not be as hypoxic as other tumors, such as head
and neck cancers, despite having similar clinical character-
istics, such as resistance to therapy. It is possible that the
unique structure of lung parenchyma, including its dual blood
supply and abundant oxygen-containing air spaces, may play
a role in NSCLC being less hypoxic than other tumor types.

A review of the literature supports the hypothesis that
NSCLC is a less-hypoxic tumor. In a recently published
study by Le et al. (2), Po, was measured invasively with an
Eppendorf polarographic electrode in 20 patients with NSCLC.
The median Po, was 16.6 mm Hg (range, 0.7-46 mm Hg),
which is above the threshold for '8F-FMISO uptake. The
addition to our study of several patients with invasive probe
measurements of NSCLC tumor oxygenation is planned at
our institution to confirm these findings.

Another possible explanation or contributing factor to
the low degree of overall '8F-FMISO uptake in our cohort
of patients is the presence of tumor necrosis. Metabolic
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FIGURE 3.

trapping of '8F-FMISO requires an intact intracellular elec-
tron transport system—hence, no accumulation occurs in
necrotic cells (24,25). Histopathology revealed significant
areas of tumor necrosis, particularly in less-differentiated
tumors. This is likely to have a significant impact on
reducing overall '8F-FMISO uptake. However, the uniform
uptake of '8F-FDG in tumor masses in most patients does
make the impact of necrosis on '8F-FMISO uptake less likely.

A combination of factors influencing '8F-FMISO uptake,
including those discussed here, possibly explains the lack
of correlation between '8F-FMISO uptake and tumor markers
of hypoxia and angiogenesis.

HIF-1a nuclear expression in tumor was variable, with
levels comparable with other HIF-la studies in NSCLC
(1,26-28); however, unusually high expression of HIF-1a was
seen in cytoplasm (90% — 100% in most cases). This finding
suggests that an artifact or hypoxia may have been intro-
duced during the collection process, causing artificially
elevated cytoplasmic HIF-1a levels. The HIF-1a assay is
difficult to perform and the opportunity for HIF-1a expres-
sion in the interval between resection and imbedding re-
mains because cells become anoxic during this time.
Because of these possible spurious results, only HIF-1a nu-
clear expression was analyzed and compared with imaging
results and other markers of hypoxia and proliferation.

Although overall NSCLC MVD was low compared with
that of normal lung parenchyma, tumors with the lowest
MVD demonstrated significantly higher GLUT1 and Ki67
expression, suggestive of a more aggressive phenotype and
a worse prognosis. Volm et al. reported similar findings in
which NSCLC tumors with the lowest MVD were more re-
sistant to doxorubicin-based chemotherapy and had a worse
prognosis (29).

Despite VEGF expression being a major factor impli-
cated in angiogenesis in NSCLC, evidence for VEGF

Hyproxia AND ANGIOGENSIS IN NSCLC e Cherk et al.

IHC of tumor biopsies from 2 representative patients. (Top row) Moderately differentiated squamous cell carcinoma
(patient 12) with high 8F-FDG uptake and minimal '8F-FMISO uptake on PET studies. (Bottom row) Moderately differentiated
adenocarcinoma (patient 15) in which expression of all tumor markers was similar despite higher '8F-FMISO uptake on PET
studies. (GLUT1, HIF-1«, VEGF, and Ki67, x400; VWF, x200)

expression correlating with hypoxia is conflicting. Several
studies suggest a relationship between hypoxia, HIF-1a,
and VEGF expression (27,30), whereas other studies have
not demonstrated any significant relationship (7). In our
study, VEGF and VEGF-R1 expression in peripheral and
central tumor was uniformly high (100% in most cases)
across all tumor types—regardless of the degree of tumor
differentiation—and appeared independent of any markers
of hypoxia or proliferation.

One of the main aims of functional imaging of tumoral
hypoxia is to localize subpopulations that are more likely to
be resistant to radiotherapy and chemotherapy, which
would enable the tailoring of treatment, such as deposition
of higher radiation doses in hypoxic areas, while minimiz-
ing doses to well-oxygenated areas. Similarly, the use of
chemotherapeutic agents (e.g., tirapazamine) that target hyp-
oxic tissues may be chosen in tumors in which significant
hypoxia is present. The use of agents such as efaproxiral
(RSR-13), which reverse tumor hypoxia, could also be con-
sidered in combination with chemotherapy and radiother-
apy in tumors deemed more hypoxic on functional imaging,
which may translate into improved treatment outcome (37).
Ultimately, imaging hypoxia with techniques such as '3F-
FMISO PET may have a role not only in directing patients
toward targeted hypoxic therapies but also in monitoring
response to such therapies.

CONCLUSION

The hypoxic cell fraction of primary NSCLC measured
by 8F-FMISO is consistently low, and there is no signif-
icant correlation in NSCLC between hypoxia and glucose
metabolism in NSCLC assessed by '8F-FDG. These find-
ings have direct implications in understanding the role of
angiogenesis and hypoxia in NSCLC biology.
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