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Pancreatic cancers are thought to be unusually hypoxic, which might
sensitize them to drugs that are activated under hypoxic conditions.
In order to develop this idea in the clinic, a minimally invasive technique
for measuring the oxygenation status of pancreatic cancers is needed.
Methods: We tested the potential for minimally invasive imaging of
hypoxia in pancreatic cancer patients, using the 2-nitroimidazole
PET tracer '8F-fluoroazomycin arabinoside (or '8F-1-a-p-[5-fluoro-5-
deoxyarabinofuranosyl]-2-nitroimidazole ['8F-FAZA]). Dynamic and
static scans were obtained in 21 patients with either locally advanced
or metastatic disease. The hypoxic fraction was determined in the 2-h
static scans as the percentage of voxels with SUVs more than 3 SDs
from the mean values obtained for skeletal muscle. Results: Hypoxia
was detected in 15 of 20 evaluable patients, with the hypoxic fraction
ranging from less than 5% to greater than 50%. Compartmental anal-
ysis of the dynamic scans allowed us to approximate the tumor per-
fusion as mL/min/g of tissue, a value that is independent of the extent
of hypoxia derived from tracer uptake in the 2-h static scan. There
was no significant correlation between tumor perfusion and hypoxia;
nor did we see an association between tumor volume and hypoxia.
Conclusion: Although pancreatic cancers can be highly hypoxic, a
substantial proportion appears to be well oxygenated. Therefore, we
suggest that a minimally invasive technique such as the one de-
scribed in this study be used for patient stratification in future clinical
trials of hypoxia-targeting agents.
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Pancreatic cancers are commonly believed to be unusually hyp-
oxic, perhaps explaining in part their aggressive biology and poor
response to standard treatments (/-7) and providing a rationale for
treatment protocols incorporating hypoxia-targeted agents (8). How-
ever, direct evidence rests largely on inferences drawn from their
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poor perfusion by radiologic contrast agents (9,10), from histologic
staining for surrogate hypoxia markers (2,3), and from animal mod-
els (11). The most compelling direct evidence comes from intra-
operative pO, measurements made using the Eppendorf polarographic
probe (4).

We observed a wide range in the levels of hypoxia in a series of
16 primary pancreatic cancer xenografts, with strong associations be-
tween high levels of hypoxia, rapid growth, and spontaneous metastasis
formation (/2), and similar heterogeneity of hypoxia in a series of
patients given the 2-nitroimidazole tracer pimonidazole before pancre-
atectomy (/3). This heterogeneity highlights the need for a minimally
invasive technique to assess hypoxia in pancreatic cancer patients, en-
abling stratification toward the use of hypoxia-targeted agents.

Small-molecule tracers containing a 2-nitroimidazole undergo single
electron reduction to form reactive radicals (/4,15), and significant
accumulation occurs under hypoxic conditions. They provide a ver-
satile group of hypoxia probes that can be labeled with a radioisotope
for noninvasive imaging (/6—18). In experimental models, tracer up-
take measured by PET correlates with the extent of hypoxia measured
by invasive techniques. However, there are several challenges to ap-
plying this approach to cancer patients, including the optimization of
pharmacologic properties to facilitate tracer uptake in poorly vascu-
larized tissue and the relatively low signal generated compared with
other PET tracers.

We used '8F-fluoroazomycin arabinoside ('®F-1-a-p-[5-fluoro-
5-deoxyarabinofuranosyl]-2-nitroimidazole ['8F-FAZA]), which, sim-
ilar to the recently introduced tracer '8F-HX4, has lower lipophilicity
and more rapid clearance from the circulation, relative to earlier
tracers (/8-22). In keeping with these pharmacodynamic differences,
preclinical studies have demonstrated higher tumor-to-background ra-
tios than earlier tracers, making '8F-FAZA and '8F-HX4 attractive for
clinical deployment. We used dynamic scanning to assess the kinetics
of tracer uptake and estimate tumor perfusion. Hypoxic fraction (HF)
was defined in relation to skeletal muscle background. In a group of 20
newly diagnosed pancreatic cancer patients, we observed striking
interpatient variation in the extent of tumor hypoxia and poor corre-
lation between hypoxia and tumor perfusion.

MATERIALS AND METHODS

Patients

The study protocol was approved by the University Health Network
Research Ethics Board, and a signed written informed consent form
was obtained. Patients were eligible based on previously untreated pan-
creatic adenocarcinoma, laboratory results within acceptable ranges, and
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ability to lie supine for 60 min. Patients of all disease stages meeting these
criteria were eligible.

Twenty-three patients were enrolled in this study. The primary site
was subsequently reclassified as duodenum in one patient, and the his-
tology as neuroendocrine cancer in a second, leaving 21 patients with
pancreatic duct adenocarcinoma. One patient moved during the static scan,
rendering the results uninterpretable, and there was a technical problem
saving the dynamic scan data in another patient.

Of the 20 patients with evaluable static scans, 16 were men, and the
age range was 46-83 y. The pancreatic tumor location was distributed
as following: pancreatic head (8 patients), neck (2 patients), body (3
patients), tail (1 patient), or uncinate process (6 patients). There were
10 patients with local disease, and 10 with metastatic disease involving
liver (8), peritoneum (2), lung (1), and liver plus peritoneum (1). For the
purpose of this analysis, patients were classified as having localized (10)
or metastatic (10) disease.

18F-FAZA

I18F-FAZA was produced by the Centre for Probe Development and
Commercialization, Hamilton, Ontario, using a TRACERIlab FXgy
(GE Healthcare) automated synthesis unit with an overall average yield
of 10% at the end of synthesis. The radiochemical purity was an average
of 97% over 17 productions. The radiochemical purity and all other
quality control and production processes met with good manufacturing
practices and Health Canada standards.

PET/CT Scans

All PET scans were obtained in 3-dimesnional mode with a dedicated
in-line PET/CT scanner (Discovery ST-16; GE Healthcare). Initially, for
the purpose of attenuation correction and anatomic registration, a low-
dose CT scan of the abdomen was obtained using the following param-
eters: 120 kV; 120-160 mAs (varied by patient weight); scan width,
2.5 mm; and speed/rotation, 11.25 mm/rotation. Immediately after in-
travenous injection of '8F-FAZA (5.2 MBg/kg; range, 247-496 MBq), a
dynamic PET scan covering the primary tumor with a 150-mm axial field
of view was obtained over 60 min. Dynamic PET images were recon-
structed by binning data in 10-s intervals from O to 2 min, 30-s intervals
from 2 to 6 min, 2-min intervals from 6 to 20 min, and 5-min intervals
from 20 to 60 min. Finally, at 120 min after injection of '8F-FAZA (range,
118-126 min), a static PET scan covering the abdomen was acquired using
2 fields of view with an 11-slice overlap and actual length of 268 mm.

The primary tumor, normal pancreas, right and left lobes of the liver,
and volumes of interest from metastatic sites when present were con-
toured by an experienced radiologist using the coregistered PET and CT.
Skeletal muscle (paravertebral lumbar) served as the reference tissue.
SUVs were calculated as the '8F decay-corrected signal intensity nor-
malized by the injected isotope activity per body weight.

HF

HF was calculated using the method described by Mortensen et al.
(23,24). For each patient, a voxel-based histogram of '8F-FAZA SUV in
normal muscle was calculated and normalized by dividing each voxel
SUV by the mean muscle SUV. All of the normalized voxel SUVs were
pooled across the 20 patients to form a normalized muscle SUV pop-
ulation distribution with the mean equal to unity. A tumor voxel was de-
fined as being hypoxic if the ratio of its SUV to the mean muscle SUV
of the individual patient was greater than 3 times the normalized muscle
population SD above the mean (i.e., 1), corresponding to a threshold of
1.35. Mortensen et al. found the equivalent threshold of 1.4 in their
study of head and neck squamous cell carcinoma (23). The HF was
defined as the number of hypoxic voxels in the region of interest, divided
by the total number of voxels. Knowing the voxel size, this result can also
be expressed as the hypoxic volume (23). However, we prefer the term
hypoxic fraction in alignment with our previous studies and the traditional
thinking about hypoxic fraction in relation to radiation treatment response.

362

Tumor Perfusion Derived from 2-Compartment Model

Thorwarth et al. (25) modeled the behavior of '8F-fluoromisonidazole
('8F-FMISO) as 3 coupled kinetic stages from injection to uptake. In
stage 1, during the initial minutes after injection, there is fast exchange
of '8F-FMISO between blood and the surrounding interstitial compart-
ment driven by the concentration gradient of the tracer. During this early
stage, there is a rapid increase of the tracer in the tumor vasculature
driven by perfusion, and the tracer concentration gradient between blood,
and the interstitium is therefore strongly dependent on perfusion. The
tracer subsequently diffuses across the interstitial space (stage 2) and
finally is taken up by hypoxic cells (stage 3). '8F-FAZA and '8F-FMISO
are expected to have similar kinetic behavior in the initial phase (stages 1
and 2).

On the basis of this prior work, we explored the tracer kinetics in the
first few minutes after '8F-FAZA injection as a marker of tumor perfu-
sion using a 2-compartment model comprising blood and extravascular
space. The formula governing '8F-FAZA exchange between these 2
compartments is

0(r) = Kjt Calw)exp[= k(t — w)]du+ VyCalt), Eq. 1

0

where Q is the '8F-FAZA concentration in tumor in KBq/g, C,(?) is the
I8F-FAZA concentration in arterial blood in KBg/mL, K is the forward
transfer constant in mL/min/g, k is the backflux constant in 1/min, and
V), is the blood volume in mL/g. Parameter K is a combination of per-
fusion and permeability surface area product; it is equivalent to K, in
the MR literature used as a surrogate of perfusion (26). As shown in
Appendix A, K can be expressed as the product of perfusion (F) and
extraction fraction (E) (27,28). It has been shown that pancreatic cancer
is poorly perfused (7), therefore, E can be approximated to unity and K to
perfusion. To perform the calculation for K, Q(7) was taken as the aver-
age intensity of the 3-dimensional tumor volume over time. As for C,(?),
we used the partial-volume correction proposed by Cook (29) that
C.(t) = A[C(t) — B(t)] + B(?) (Appendix B), where A is the blurring
correction factor and B(¢) is the background signal.

RESULTS

Hypoxia in Primary Tumor: SUVs and HF

Figure 1A shows representative images of '8F-FAZA-avid and
I8F.FAZA-negative primary tumors. 8F-FAZA uptake expressed
as SUV .« ranged from 0.88 to 1.75. Figure 1B shows the distri-
bution histogram of SUVs to mean muscle SUV ratio for individ-
ual voxels in a primary tumor. Overlaid on this histogram are the
corresponding values obtained from adjacent skeletal muscle, with a
cursor set 3 (normalized) SDs from unity. The percentage of tumor
voxels exceeding this value defines the HF. Figure 1C shows the
values for individual tumors, expressed as SUV ., and HF, in rank
order. Compared with SUV, the HF shows a wider range among pa-
tients and appears to better discriminate differences in hypoxia.

Comparison of Tumor Versus Normal Pancreas

We could not contour normal pancreas in 5 of 20 patients because
of atrophy or other abnormality. Only 5 of 15 normal pancreata had
nonzero HF, with values of 0.2%, 1.6%, 3.2%, 6.7%, and 12.2%
that were considerably less than the corresponding tumor tissue
(Fig. 2A).

HF Versus Tumor Volume

The volumes of the contoured primary tumors ranged between 1
and 71 cm?, and there was no significant correlation between the
size of the tumor and extent of hypoxia (Fig. 2B).
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FIGURE 1. (A) '8F-FAZA PET images with intensity bars for SUV (left)

and fused images (right) obtained from primary pancreatic cancers
(dashed yellow lines) showing high (top) and low (bottom) tracer up-
take. Biliary stents can be seen in each patient. (B) Histograms of SUV
to mean muscle SUV ratios for individual voxels from primary tumor
(solid line) and from skeletal muscle (dotted line). HF is derived as
percentage of tumor voxels exceeding 3 SDs of the mean value for
skeletal muscle, indicated by cursor. (C) Results for tumor SUV ..« and
HF obtained from 20 patients with static scans, arranged in rank or-
der of HF.

Comparison of Localized Versus Metastatic Disease

Figure 3A shows the distribution of HF for patients with local-
ized compared with patients with overtly metastatic disease. All 5
cases with zero HF had localized disease, and there was a nonsig-
nificant trend toward greater hypoxia in primary tumors that showed
metastatic disease (Fig. 3B).

18F-FAZA Uptake at Metastatic Sites
We asked whether the levels of hypoxia in metastatic sites were
comparable to those seen in the corresponding primary tumor. As
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seen in Figure 4, tracer uptake occurred in normal liver, consistent
with the low pO, levels that occur in perivenous regions, and as
a result liver metastases were often difficult to visualize in the
I8F_.FAZA images. Eight patients had liver metastases identified
on contrast-enhanced CT scans done within 1 wk of the '8F-FAZA
scan, and in 4 cases these could be contoured in the nonenhanced
CT scans. In all cases, the SUVs for the metastases were similar
to those obtained for the primary tumor, and this was also the
case in a patient with extensive peritoneal metastases, illustrated
in Figure 4.

Tumor Perfusion

A nonlinear curve-fitting method was used to solve Equation 1
over the first 5.25 min of dynamic data to obtain the parameter K
(30), which approximates perfusion as pancreatic cancer is poorly
perfused (7). Figure 5 shows plots of tumor perfusion from the
dynamic scans versus SUV and HF at 2 h from the corresponding
static scan, respectively, for the 19 patients for whom dynamic
data were available. The graphs show no significant correlation
between perfusion and either SUV or HE.

A Hypoxic fraction in tumor vs. normal pancreas
in 15 patients
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FIGURE 2. (A) HF of primary tumor plotted against HF obtained for

corresponding normal pancreas. (B) HF plotted against tumor volume
assessed by CT.
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FIGURE 3. (A) HFs in rank order, showing tumors that showed no
radiologic evidence of metastases and those with overt metastatic dis-
ease. (B) Group means of HF for tumors with and without evident me-
tastases. Error bars are SEM; difference is nonsignificant.

DISCUSSION

There is increasing recognition that the extent of hypoxia in solid
tumors is heterogeneous and that hypoxia is associated with aggres-
sive features such as local invasion and metastasis, as well as resis-
tance to standard treatments (/2,3/-38). Therefore, there is interest
in the development of agents that target hypoxic cancer cells. The
early compounds were developed as radiation sensitizers (39). How-
ever, hypoxia also occurs in metastases, and the development of
agents that are directly cytotoxic to hypoxic tissue extends the field
to include the systemic treatment of cancer (8,33,40,41). Given that
hypoxia-targeting drugs are potentially toxic to normal tissues, and
of greatest benefit in highly hypoxic tumors, there is a need for
standardized techniques for patient stratification and monitoring.

The tumor uptake of '3F-FAZA varied considerably between
patients, with 15 of 20 showing detectable hypoxia ranging from
less than 5% to greater than 50% HF, similar to the recent report
by Klaassen et al. using the tracer '8F-HX4 (21). The pattern is
similar to that seen in our study of primary pancreatic cancer xe-
nografts, in which high levels of hypoxia were associated with
increased metastatic potential (/2). In that regard, all 5 tumors in
the present series with undetectable '3F-FAZA uptake showed no evi-
dence of distant metastases. We were interested to determine whether
the levels of hypoxia in distant metastases were similar to those in
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the corresponding primary tumor, given that hypoxia-targeting drugs
such as TH-302 are now being tested in patients with metastatic
disease (41). It was technically challenging to measure 'SF-FAZA
uptake in liver metastases because of the high background and re-
spiratory motion, and further work is needed in this area. However,
the limited data available from this study suggest that the levels are
comparable to those in the primary tumor. Although it might be ex-
pected that large, poorly perfused tumors would have a relatively
high HF, there was no significant correlation between tumor volume
or perfusion and '8F-FAZA uptake in the present study.

Dynamic scans were acquired in the first 60 min in the imaging
protocol, which is investigational in nature, but analysis was done
only up to 15 min. The analysis of dynamic data was performed
over the first 1.25, 5.25, and 15 min separately. The average
K values obtained at these times were 0.492 + 0.146, 0.384 *+
0.108, and 0.346 = 0.110 mL/min/g, respectively. The correlation
of K values between 1.25-min data and that of 15 min was mod-
erate (r = 0.55) whereas the correlation of K between the 5.25- and
15-min duration was strong (r = 0.97). Because the analyses of the

FIGURE 4. '8F-FAZA uptake at metastatic sites. Upper 4 panels are
representative sections showing liver metastases (arrows). High back-
ground uptake in normal liver obscures uptake by metastases in PET im-
ages, but these could be contoured using CT image, allowing measurement
of 18F-FAZA uptake. Lower 4 panels are axial and coronal sections from
patient with advanced peritoneal metastases, for which increased 18F-FAZA
uptake is easily seen in PET images. SUVs represented in intensity bars.
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muscle distribution. There is strong correlation between the 2 methods
(R? = 0.95). (D) Pooled normalized SUV distribution over 20 patients
consisting of 5,705 voxels in total. Data fit normal distribution function.

dynamic data over 5.25 and 15 min gave consistent results, this im-
plies that the 2-compartment model can be used to consistently de-
scribe the perfusion kinetics of '8F-FAZA over the temporal window
between 5.25 and 15 min, whereas the 1.25-data only are not suffi-
cient for fitting the model. In this article, we reported the results for
K based on the analysis over 5.25 min. Analysis of different data
acquisition durations is useful in protocol designing for dynamic PET
scanning because it is desirable to have a protocol with minimal scan
time for optimizing PET scanner use in the clinic as well as for
patient comfort. The result suggests that a scanning time of around
5 min is appropriate if K is to be measured.

The average perfusion of pancreatic tumors in this cohort was
estimated to be 0.384 = 0.108 mL/min/g. It is within the range of
published perfusion values in pancreatic cancer using '>O-H,O de-
scribed by Kubo et al. (42) (0.249 * 0.076 mL/min/g) and Komar
et al. (10) (0.457 = 0.185 mL/min/g). The tumor perfusion values
reported in this article were approximated from the forward trans-
fer constant K of the 2-compartment model. It was assumed that
the tumor perfusion is low (flow limited), or that E can be approx-
imately unity. Mullani used a first-pass method for perfusion mea-
surement in a dynamic '8F-FDG PET study and compared the
results with perfusion measured with >O-H,O in the same cohort
of patients (43). They concluded that '8F-FDG has an E value of
approximately 0.86. E for '3F-FAZA may have a value close to that
of 18F-FDG, as their molecular weights are similar (181.2 for
I8F-FDG and 247.2 for '8F-FAZA). Further investigation is required
to determine the extraction fraction of '8F-FAZA.

The premise of the method for HF calculation is that muscle up-
take of '8F-FAZA is used as a baseline. Provided '8F-FAZA uptake
in muscle is normally distributed, the probability of any voxel ex-
ceeding 3 times the SD is less than 0.1%. Therefore, 3 times the SD
above the normalized mean muscle SUV was used as a threshold for
classifying a voxel in the tumor to be hypoxic. In this study, we
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followed the method by Mortensen et al. (23) using the pooled nor-
malized muscle distribution to set the threshold. One could argue to
use the individual muscle distribution for defining the threshold
instead. We performed the HF calculation on the basis of individual
muscle distribution as well, along with calculation based on pooled
normalized muscle distribution described above. Figure 5C shows the
correlation of HF values obtained from individual versus pooled dis-
tribution, and it demonstrates a strong correlation (R? = 0.95). Except
2 patients, all maintained an HF value above or below the median HF
between the 2 methods. We prefer to use the method with pooled
distribution because it provides a better estimate of the statistics in the
normal distribution, which is assumed in the HF calculation. Figure
5D shows the histogram distribution of the pooled normalized SUV in
muscle along with the normal distribution fit.

CONCLUSION

The important conclusions from this study are that dynamic
I8F-FAZA PET imaging can be used to estimate perfusion and HF
in patients with pancreatic cancer, that perfusion and HF vary
substantially among patients, and that perfusion and HF are not
correlated in these tumors. The results suggest that individuals
showing high levels of hypoxia might derive benefit from the
incorporation of hypoxia-targeting agents, whereas it is unclear
if this would be the case in those showing low levels of hypoxia.
Therefore, we suggest that a minimally invasive technique such
as the one described in the present article is used for patient
stratification in future clinical trials of hypoxia-targeting agents
treating pancreatic cancer.

Appendix A
Forward transfer constant (K) is related to blood perfusion (F)
and extraction fraction (E) as follows:

K = FE, Eq. 1A
and E can be expressed as (27,28):
E =1 —exp(— PS/F), Eq. 2A

where PS is the permeability surface area product. For tissue with
low perfusion, that is, F<<PS, E ~ 1 or K = F (44).

Appendix B
We approximated the arterial input function as that measured in the
descending aorta. Direct concentration measurement of aorta on the PET
images suffers from a blurring effect of the concentration in the aorta
and that in the background tissue. For zero '8F-FAZA concentration
in the background, a large region of interest (ROI) encompassing the
blurred aorta will be able to account for all the activity in the aorta.
The corrected arterial concentration (C,) can be calculated as:
Adorta

C, =

= C, Eq. 1B
Agror d

where A, is the area of aorta accurately defined on CT and Ao,
is the area of the large ROI, respectively.

For non-zero background in surrounding tissue, we approximated
blurring of the background (B) as a constant over the vicinity of aorta.
Therefore, the corrected arterial concentration is given by:

C,(t) = A[C(t) — B(t) + B(1)], Eq. 2B

where A = Aam‘ta/AROI-

Metran-Nascente et al. 365



DISCLOSURE

The costs of publication of this article were defrayed in part by

the payment of page charges. Therefore, and solely to indicate this
fact, this article is hereby marked “advertisement” in accordance
with 18 USC section 1734. Research support was provided by the
Haughton Fund for Pancreatic Cancer Research, the Princess Mar-
garet Cancer Foundation, a Hypoxia Program project grant, and a
program project grant funded by the Terry Fox Research Institute.
No other potential conflict of interest relevant to this article was
reported.

REFERENCES

1.

366

Bao B, Ali S, Ahmad A, et al. Hypoxia-induced aggressiveness of pancreatic
cancer cells is due to increased expression of VEGF, IL-6 and miR-21, which can
be attenuated by CDF treatment. PLoS One. 2012;7:¢50165.

. Biichler P, Reber HA, Buchler M, et al. Hypoxia-inducible factor 1 regulates

vascular endothelial growth factor expression in human pancreatic cancer. Pan-
creas. 2003;26:56-64.

. Ide T, Kitajima Y, Miyoshi A, et al. The hypoxic environment in tumor-stromal

cells accelerates pancreatic cancer progression via the activation of paracrine hepa-
tocyte growth factor/c-Met signaling. Ann Surg Oncol. 2007;14:2600-2607.

. Koong AC, Mehta VK, Le QT, et al. Pancreatic tumors show high levels of

hypoxia. Int J Radiat Oncol Biol Phys. 2000;48:919-922.

. Okami J, Simeone DM, Logsdon CD. Silencing of the hypoxia-inducible cell

death protein BNIP3 in pancreatic cancer. Cancer Res. 2004;64:5338-5346.

. Yokoi K, Fidler 1J. Hypoxia increases resistance of human pancreatic cancer cells

to apoptosis induced by gemcitabine. Clin Cancer Res. 2004;10:2299-2306.

. Feig C, Gopinathan A, Neesse A, Chan DS, Cook N, Tuveson DA. The pancreas

cancer microenvironment. Clin Cancer Res. 2012;18:4266-4276.

. Liu Q, Sun JD, Wang J, et al. TH-302, a hypoxia-activated prodrug with broad in

vivo preclinical combination therapy efficacy: optimization of dosing regimens
and schedules. Cancer Chemother Pharmacol. 2012;69:1487-1498.

. Gortenuti G, Cavallini G, Vantini I, et al. Angiography in chronic pancreatitis

and pancreatic cancer: a critical evaluation. Am J Gastroenterol. 1978;70:620-626.

. Komar G, Kauhanen S, Liukko K, et al. Decreased blood flow with increased

metabolic activity: a novel sign of pancreatic tumor aggressiveness. Clin Cancer
Res. 2009;15:5511-5517.

. Provenzano PP, Cuevas C, Chang AE, Goel VK, Von Hoff DD, Hingorani SR.

Enzymatic targeting of the stroma ablates physical barriers to treatment of pan-
creatic ductal adenocarcinoma. Cancer Cell. 2012;21:418-429.

. Chang Q, Jurisica I, Do T, Hedley DW. Hypoxia predicts aggressive growth and

spontaneous metastasis formation from orthotopically grown primary xenografts
of human pancreatic cancer. Cancer Res. 2011;71:3110-3120.

. Dhani NC, Serra S, Pintilie M, et al. Analysis of the intra- and intertumoral

heterogeneity of hypoxia in pancreatic cancer patients receiving the nitroimida-
zole tracer pimonidazole. Br J Cancer. 2015;113:864-871.

. Koch CJ. Measurement of absolute oxygen levels in cells and tissues using oxygen

sensors and 2-nitroimidazole EFS. Methods Enzymol. 2002;352:3-31.

. Wilson WR, Hay MP. Targeting hypoxia in cancer therapy. Nat Rev Cancer. 2011;

11:393-410.

. Chen L, Zhang Z, Kolb HC, Walsh JC, Zhang J, Guan Y. '8F-HX4 hypoxia

imaging with PET/CT in head and neck cancer: a comparison with '8F-FMISO.
Nucl Med Commun. 2012;33:1096-1102.

. Koch CJ, Evans SM. Non-invasive PET and SPECT imaging of tissue hypoxia

using isotopically labeled 2-nitroimidazoles. Adv Exp Med Biol. 2003;510:285-292.

. Postema EJ, McEwan AJ, Riauka TA, et al. Initial results of hypoxia imaging

using 1-a-d-(5-deoxy-5-[ '8F]-fluoroarabinofuranosyl)-2-nitroimidazole ('8F-FAZA).
Eur J Nucl Med Mol Imaging. 2009;36:1565-1573.

. Kumar P, Emami S, Kresolek Z, Yang J, McEwan AJ, Wiebe LI. Synthesis and

hypoxia selective radiosensitization potential of -2-FAZA and 3-3-FAZL: fluo-
rinated azomycin beta-nucleosides. Med Chem. 2009;5:118-129.

20.

=

21.

22.

24.

25.

26.

217.

28.

29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Carlin S, Zhang H, Reese M, Ramos NN, Chen Q, Ricketts SA. A comparison of
the imaging characteristics and microregional distribution of 4 hypoxia PET
tracers. J Nucl Med. 2014;55:515-521.

Klaassen R, Bennink RJ, van Tienhoven G, et al. Feasibility and repeatability of
PET with the hypoxia tracer ['8FJHX4 in oesophageal and pancreatic cancer.
Radiother Oncol. 2015;116:94-99.

Peeters SG, Zegers CM, Lieuwes NG, et al. A comparative study of the hypoxia
PET tracers ['SFJHX4, ['SF]JFAZA, and ['SF]JFMISO in a preclinical tumor
model. Int J Radiat Oncol Biol Phys. 2015;91:351-359.

. Mortensen LS, Johansen J, Kallehauge J, et al. FAZA PET/CT hypoxia imaging in

patients with squamous cell carcinoma of the head and neck treated with radio-
therapy: results from the DAHANCA 24 trial. Radiother Oncol. 2012;105:14-20.
Zegers CM, van Elmpt W, Wierts R, et al. Hypoxia imaging with ['SFJHX4 PET
in NSCLC patients: defining optimal imaging parameters. Radiother Oncol.
2013;109:58-64.

Thorwarth D, Eschmann SM, Paulsen F, Alber M. A kinetic model for dynamic ['8F]-
Fmiso PET data to analyse tumour hypoxia. Phys Med Biol. 2005;50:2209-2224.
Tofts PS, Brix G, Buckley DL, et al. Estimating kinetic parameters from dynamic
contrast-enhanced T(1)-weighted MRI of a diffusable tracer: standardized quan-
tities and symbols. J Magn Reson Imaging. 1999;10:223-232.

Crone C. The permeability of capillaries in various organs as determined by use
of the ‘indicator diffusion’ method. Acta Physiol Scand. 1963;58:292-305.
Renkin EM. Transport of potassium-42 from blood to tissue in isolated mam-
malian skeletal muscles. Am J Physiol. 1959;197:1205-1210.

Cook GJ, Lodge MA, Marsden PK, Dynes A, Fogelman I. Non-invasive assess-
ment of skeletal kinetics using fluorine-18 fluoride positron emission tomogra-
phy: evaluation of image and population-derived arterial input functions. Eur J
Nucl Med. 1999;26:1424-1429.

Yeung WT, Lee TY, Del Maestro RF, Kozak R, Brown T. In vivo CT measure-
ment of blood-brain transfer constant of iopamidol in human brain tumors.
J Neurooncol. 1992;14:177-187.

Brahimi-Horn MC, Chiche J, Pouyssegur J. Hypoxia and cancer. J Mol Med.
2007;85:1301-1307.

Brizel DM, Sibley GS, Prosnitz LR, Scher RL, Dewhirst MW. Tumor hypoxia
adversely affects the prognosis of carcinoma of the head and neck. Int J Radiat
Oncol Biol Phys. 1997;38:285-289.

. Brown JM, Giaccia AJ. The unique physiology of solid tumors: opportunities

(and problems) for cancer therapy. Cancer Res. 1998;58:1408-1416.

Cairns RA, Hill RP. Acute hypoxia enhances spontaneous lymph node metastasis
in an orthotopic murine model of human cervical carcinoma. Cancer Res.
2004;64:2054-2061.

Fyles AW, Milosevic M, Wong R, et al. Oxygenation predicts radiation response
and survival in patients with cervix cancer. Radiother Oncol. 1998;48:149—156.
Harris AL. Hypoxia—a key regulatory factor in tumour growth. Nat Rev Cancer.
2002;2:38-47.

Hill RP, Marie-Egyptienne DT, Hedley DW. Cancer stem cells, hypoxia and
metastasis. Semin Radiat Oncol. 2009;19:106-111.

Hockel M, Vaupel P. Biological consequences of tumor hypoxia. Semin Oncol.
2001;28(2, suppl 8):36-41.

Brown JM, Le QT. Tumor hypoxia is important in radiotherapy, but how should
we measure it? Int J Radiat Oncol Biol Phys. 2002;54:1299-1301.

Bache M, Kappler M, Said HM, Staab A, Vordermark D. Detection and specific
targeting of hypoxic regions within solid tumors: current preclinical and clinical
strategies. Curr Med Chem. 2008;15:322-338.

Borad MJ, Reddy SG, Bahary N, et al. Randomized phase I trial of gemcitabine
plus TH-302 versus gemcitabine in patients with advanced pancreatic cancer.
J Clin Oncol. 2015;33:1475-1481.

Kubo S, Yamamoto K, Magata Y, et al. Assessment of pancreatic blood flow with
positron emission tomography and oxygen-15 water. Ann Nucl Med. 1991;5:133-138.
Mullani N, Herbst R, Abbruzzese J, et al. 9:30-9:45. First pass FDG measured
blood flow in tumors: a comparison with O-15 labeled water measured blood
flow. Clin Positron Imaging. 2000;3:153.

Huang SC, Mahoney DK, Phelps ME. Quantitation in positron emission tomogra-
phy: 8. Effects of nonlinear parameter estimation on functional images. J Comput
Assist Tomogr 1987;11:314-325.

THE JOURNAL OF NUCLEAR MEDICINE * Vol. 57 ¢ No. 3 ¢ March 2016



