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Abstract
Purpose—As hypoxia is believed to play an important role in the development and progression
of prostate cancer, we evaluated whether 18F-labelled Fluoroazomycin Arabinoside (18F-FAZA)
would be useful to identify tumor hypoxia in resectable prostate cancer.

Methods—PET/CT was performed on 14 patients with untreated localized primary prostate
cancer 3 hours post injection of approximately 390 MBq of 18F-FAZA using forced diuresis to
decrease radioactivity in the urinary bladder. Anatomical transpelvic coil and pre- and post-
contrast 1.5 T MRI with endorectal coil were performed on the same day. Patients underwent
radical prostatectomy and ex-vivo 3T MRI of the prostatectomy specimen within 14 days
following in-vivo imaging. Imaging results were verified by whole mount histopathology plus
tissue microarray (TMA) immunohistochemical (IHC) analysis for carbonic anhydrase IX (CAIX)
and HIF-1α. Registration of in-vivo imaging with histology was achieved using mutual
information software and performing ex-vivo MRI of the prostatectomy specimen and whole
mount sectioning with block face photography as intermediate steps.

Results—Whole mount histology identified 43 tumor nodules, 19 of them larger than 1 ml as
determined on coregistered volumes featuring 18F-FAZA, MRI and histological 3D image
information. None of these lesions was found to be positive for CAIX or visualized by 18F-FAZA
PET/CT while IHC for HIF-1α showed variable staining of tumor tissues. Accordingly, no
correlation was found between 18F-FAZA uptake and Gleason scores.

Conclusion—Our data based on 18F-FAZA PET/CT and CAIX IHC do not support the presence
of clinically relevant hypoxia in localized primary prostate cancer including high-grade disease.
Activation of HIF-1α may be independent on tissue hypoxia in primary prostate cancer.
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Introduction
Hypoxia is thought to play an important role in the development and progression of prostate
cancer. Evidence for hypoxia in human prostate cancer has been documented by both
electrode measurements of tissue oxygen levels [1] and immunohistochemistry for the
hypoxia-inducible factor HIF-1α [2]. Increasing levels of hypoxia have been associated with
increasing clinical stage of prostate cancer, age [3] and predictors for biochemical failure [1]
and radiation resistance [4–6].

Non invasive measurements of hypoxia have been performed using positron emission
tomography (PET) with 1-α-D-(5-deoxy-5-[18F]-fluoroarabinofuranosyl)-2-nitroimidazole
(18F-FAZA) in several human cancers with suitable tumor-to-background ratios [7–11].
Nitroimidazole radiotracer uptake has been linked to treatment resistance of several cancers
in preclinical [12] and clinical studies [13], indicating the potential for detection of hypoxia
in radiation treatment of prostate cancer [14].

In order to assess the presence of hypoxia in primary prostate cancer, we used 18FFAZA
PET/CT correlating uptake measures with spatially coregistered for the established
immunohistochemical (IHC) markers HIF-1α and carbonic anhydrase IX (CAIX), both
frequently overexpressed in tumor hypoxia [15–18]. In many human malignancies including
urological cancers, staining for CAIX has been found to be a predictor of poor prognosis
[19–22]. Fusion of histology with 18F-FAZA PET/CT measurements was made possible by
a sophisticated fusion technique involving MRI as intermediate steps [23]. Registration
errors for fusion of in-vivo imaging with histology involving specimen MRI were previously
determined to be in the range of 2–4 mm, providing the necessary accuracy for spatial
comparisons of volumetric PET data and pathology [24].

Materials and Methods
Patient Population

Fourteen males with untreated localized primary biopsy-proven adenocarcinoma of the
prostate scheduled for prostatectomy were recruited. The mean patient age was 60.6 years
(range 46 – 72 years) and the mean weight was 91.9 ± 10.4 kg (range 75–109 kg). Patients
underwent prostate biopsies (6 samples from each lobe) within 16 weeks of enrolment.
Inclusion criteria were 3 or more cores positive for a Gleason score ≥3+3 cancer from at
least one lobe of the prostate. Patients with prior androgen ablation treatment, prostate
biopsies performed less than 6 weeks before PET/MRI imaging, previous external radiation
treatment of the pelvic region, any prior malignancies, active inflammatory bowel disease or
evidence of prostatitis were excluded from this study.

Imaging
18F-FAZA PET/CT was performed, within 14 days prior to radical prostatectomy (mean 7.9
± 3.3 days, range 3–14 days), on a Siemens Biograph scanner. Patients were injected
intravenously with 389 ± 17 MBq of 18F-FAZA. About 15 minutes later, an IV infusion of
1000 ml NaCl 0.9% with 40 mg furosemide was administered to decrease radioactivity in
the urinary bladder at the time of imaging. Patients were asked to drink additional water and
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void their urinary bladder as frequently as possible. Three hours post injection, a limited
body scan of the abdomen was performed. Iterative (OSEM) image reconstruction (Fourier-
rebinning (FORE), 4 iterations, 8 subsets) with a 7 mm Gaussian filter resulted in
5.2×5.2×2.4 mm3 voxel dimension utilizing a low-dose CT without intravenous or oral
contrast for attenuation correction [23].

In vivo anatomical MRI was performed for subsequent image coregistration with PET/CT
on 1.5T field strength (Signa, General Electric, Milwaukee, USA) using an endorectal coil
combined with a surface coil, and on 3T field strength (Achieva, Philips Healthcare, Best,
The Netherlands) using a torso/cardiac 16 channel phased-array coil on the same day. Axial
T2-weighted imaging on 3T was performed using a fast spin-echo sequence (Echo train
length (ETL) = 15) and the following parameters: TR/TE: 2800/80 ms, FOV: 280 × 280
mm, matrix: 388 (frequency) × 307 (phase), slice thickness 3 mm without interslice gap, 28
slices total. On 1.5T, axial T2-weighted imaging was also performed using a FSE sequence
(ETL 16) with the following parameters: TR/TE: 3050/120 ms, FOV: 140 × 140 mm, matrix
256 (frequency) × 194 (phase), slice thickness 3 mm without interslice gap, 28 slices total.
Images were reconstructed in a voxel dimension of 0.31 × 0.31 × 4 mm3. Isotropic axial
diffusion-weighted scans were performed on 1.5T using a single-shot Echo-Planar imaging
sequence (EPI) with the following parameters: TR/TE:6000/65 ms, FOV 240 × 240 mm,
matrix 128 × 128 (frequency × phase) reconstructed to a 256 × 256 matrix, slice thickness: 4
mm with no gap, b-values: 0 and 800 s/mm2 [25]. Patients underwent radical prostatectomy
and ex-vivo of the prostatectomy specimen was performed on 3T field strength within 14
days following the in-vivo imaging.

Image Coregistration
Image registration was performed using a standard mutual information objective function
with thin-plate spline deformation [26]. Accurate image volume registration involving
histology was performed as described earlier [24, 27]. Briefly, our approach separated the
difficult direct registration of histology and in-vivo imaging (PET, MRI) into achievable
subregistration tasks involving intermediate ex-vivo modalities like block face photography
and specimen MRI, which was performed 2–3 days after prostatectomy. Block phase
photographs and histology were volumetrically stacked to compute the final registration
between our reference space (T2-weighted MR) and whole mount histology.

Histological Assessment and Tissue Microarray Construction
Details of the histological assessment are available in the literature [23]. Briefly, fresh
prostates were fixed in 10% neutral formalin and sectioned at 3-mm intervals using whole-
mount technique [28]. Tumor maps were generated for each whole-mount slice to determine
individual tumor foci [29]. Each focus was assigned a primary and secondary Gleason grade
and staged according to the 1998 AJCC staging guidelines [30]. A TMA representing a total
of 43 tumor foci was constructed from 14 prostatectomy specimens. Three cores were taken
from each representative tumor focus as well as from benign control tissues to construct the
tissue microarray.

The formalin-fixed, paraffin-embedded whole mount histopathology was evaluated for the
presence of carboanhydrase IX (CAIX, Novus), the hypoxia inducible factor-1α (HIF-1α,
Chemicon) and the proliferation marker MIB-1/Ki-67 (Dako) using TMA analysis. Each
antibody was individually evaluated using varying incubation times, antigen retrieval
protocols, and dilution series, with final adjustments and optimization being done on test
arrays before final testing on our TMAs. All staining protocols have been published
previously in detail [31, 32]. A single pathologist (R.S.), blinded to clinical outcome and
imaging results performed the quantitative assessment of protein expression. The extent of
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expression (“staining frequency”) was recorded as percentage of the entire tumor sample
that stained positive with consideration of staining intensity.

Image Analysis
In order to compare in-vivo imaging results with histology (local Gleason score, HIF-1α,
MIB-1/Ki-67 and CAIX labeling indices), volumes of interest (VOI) were defined on
coregistered consecutive pathological sections contouring lesion borders individually. In
each patient, at least one standardized VOI (1.5 ml) could be defined for non-malignant
tissue in the peripheral zone and central gland. All VOI were transferred into
coregistered 18F-FAZA images scaled to the standardized uptake value (SUV). PET imaging
results were normalized by benign prostate tissue before further analysis. We calculated the
mean tumor-to-benign background (T(mean)/B) and the maximum tumor-to-normal (T(max)/
B) ratio using non-malignant contra-lateral tissue as reference. Tumor uptake was
normalized according to location, thus peripheral zone tumors were normalized by non-
malignant contra-lateral peripheral zone tissue.

Statistics
Results are expressed as mean values of parameters ±SD. Statistical analysis was performed
as described earlier [23]. Briefly, parameters were compared by means of 1-way ANOVA
using the tumor volume as weighting factor, including tests for homogeneity of group
variances using the Bartlett test. Group differences were assessed using the Wilcoxon rank
sign test. Parameters were correlated using a nonparametric test (Spearman rank
correlation). P < 0.05 was considered statistically significant. Statistical tests were
performed with the JMP statistical software package (SAS).

Results
As summarized in Table 1, patients were staged T2b to T3b at pathology with a mean PSA
of 8.1 ±.4.2 ng/mL (range 2.2 – 17.9). The weight of the prostate specimen ranged from 49.4
to 64.5 g.

Whole mount histology identified 43 tumor nodules (volume range 0.03–12.6 ml), 19 of
them larger than 1 ml as determined on coregistered volumes featuring 18F-FAZA, MRI and
histological 3D image information. Individual Gleason scores ranged from 3+2 to 4+4,
while the Gleason score of the largest lesion per patient varied between 3+4 and 4+4.

A relative uniform distribution of 18F-FAZA uptake was noted within the non-malignant
prostate tissues. The mean 18F-FAZA SUV of the non-malignant central gland (mean SUV
3.0 ± 2.8) was slightly, but not significantly higher than the respective benign peripheral
gland (mean SUV, 2.4 ± 2.2). More importantly, none of the tumor lesions identified on
histology showed increased 18F-FAZA uptake (Figure 1 and 2), thus even high grade
prostate cancers with Gleason ≥ 4+3 and positive for MIB-1/Ki67 did not exhibit detectable
levels of hypoxia.

The immunohistochemical marker scores for MIB-1/Ki67 and HIF-1α obtained from
prostate cancer lesions were not significantly correlated. MIB-1/Ki67 showed significantly
increased scores in high-grade tumors with a Gleason ≥ 4+3 compared to Gleason ≤ 3+4
and lower (p < 0.05). Positive HIF-1α staining was noted in all Gleason categories without
preference for a particular Gleason grade (Figure 3). Tumor volume was not significantly
correlated with HIF-1α staining. None of the prostate cancer lesions displayed positive
staining for CAIX.
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Benign prostatic tissue did not show positive staining for MIB-1/Ki67 or CAIX. However,
in one patient, positive HIF-1α staining was observed in hyperplastic benign tissues.

Discussion
Recent clinical studies with 18F-FAZA showed favorable imaging characteristics of this
hypoxia imaging agent, given good imaging properties with acceptable T/B ratios, for
squamous cell carcinoma of the head and neck (HNSCC), small-cell lung cancer (SCLC) or
non-small-cell lung cancer (NSCLC), malignant lymphoma, and high-grade gliomas [33,
34]. Even though literature suggests a role of hypoxia in the development and progression of
prostate cancer, our data do not support a major role of 18F-FAZA PET imaging in
resectable primary prostate cancer, even in high-grade disease

What are the implications of these findings for prostate cancer? First, we consider it quite
unlikely that none of the 14 subjects lacked hypoxia in prostate cancer nodules purely by
chance. While tumor size is not the most important determinant for the presence of tumor
hypoxia, it is certainly true that larger tumor masses are more likely to be (at least partially)
hypoxic compared to smaller malignancies. Five patients had tumor volumes greater than 4
cm3, one of them was as large as 12.6 cm3, a size range expected to develop some degree of
tumor hypoxia.

What is the evidence for hypoxia in primary prostate cancer? Oxygen tension has been
measured with needle electrode systems in few series. When Movas et al. investigated
patients undergoing brachytherapy or prostatectomy for prostate cancer, a clear significant
difference of the tissue oxygen tensions was found between prostate gland tissue and
muscle, while intraprostatic oxygen tension varied to a much lesser degree. Prostatic
oxygenation was dependent on the type of anesthesia and disease stage, but a comparison of
benign vs. malignant prostate tissue was not attempted [1, 3]. A second study employing
needle electrode measurements, no significant difference was found between the oxygen
tension of normal prostate tissue and foci of prostate cancer [35]. Similarly, in this study we
did not observe a significant difference between the mean or maximum SUV of 18F-FAZA
in prostate cancer compared to benign prostatic tissues, even when only larger tumors
(volume above 2 cm3) were included in the analysis.

Using immunohistochemistry methods, many studies showed overexpression of HIF-1α in
human specimens of prostate cancer. Nuclear staining is commonly identified in the
majority of prostate cancer samples [17], but to a significant portion also in intraepithelial
neoplasm and benign prostate hyperplasia, while no detectable expression is generally noted
for normal tissues [36]. Supporting our findings, expression of the HIF-1α molecule is
already seen at early stages of prostate cancer development [18]. In human prostate cancer
as well as other cancers, HIF-1α overexpression may however be induced by other factors
than tissue hypoxia [37, 38]. Not surprisingly, little evidence suggests a significant
correlation between IHC HIF-1α expression and clinical outcome or prognostic factors [22,
39].

Upregulation of CAIX is a consequence of HIF-1α stabilization [40]. CAIX overexpression
has been associated with tumor cell hypoxia and has been found to correlate with poor
outcome for many malignancies [21], including cervical squamous carcinoma [41],
esophageal and gastric adenocarcinomas [42], breast cancer [43], and urologic cancers [19].
CAIX plays an important role in maintaining intracellular pH-balance counteracting
hypoxia-induced acidosis, thereby promoting cell survival and growth [44]. Very few
normal tissues express significant amounts of CAIX, so that positive staining in now an
established marker of tumor hypoxia and a clinical indicator of aggressive cancers [45].
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Expression of CAIX in prostate cancer is controversial. Several studies confirmed the
presence of CAIX in human prostate cancer cell lines [15, 46, 47]. In a recent pilot study of
five men with prostate cancer, biopsies were stained for CAIX, HIF-1α and GLUT-1,
showing an overexpression of HIF-1α and GLUT-1 in all patients, while CAIX was
upregulated in only one patient with very low tissue pO2 values (1.4 mmHg as determined
by oxygen needle measurements) [20]. Similar findings were reported by Smyth et al., who
observed only occasional cell staining for CAIX while HIF-1α staining was generally
positive in prostate cancer [48]. Our results, a lack of CAIX expression with positive HIF-1α
staining in many prostate cancer lesions independent on Gleason scores, are further
supporting the results of Smyth et al.

As CAIX upregulation is generally accepted to be the consequence of hypoxia-induced
HIF-1α stabilization [40, 44] and since intracellular hypoxia is associated with disturbances
in pH regulation causing intracellular acidosis [45], our data suggest that the overexpression
of HIF-1α in primary prostate cancer is predominantly independent on intracellular hypoxia.
Thus, our data support earlier findings regarding alternative mechanisms for HIF-1α
stabilization in prostate cancer [38], which ultimately may be linked to the ability of
androgens to promote angiogenesis through activation of HIF-1α in androgen-sensitive
prostate cancer [49].

In the light of negative 18F-FAZA accumulation in primary prostate cancer, our results
suggest that IHC for CAIX, and not HIF-1α, may be a better indicator for the true
oxygenation status of primary prostate cancer. Despite the lack of detectable hypoxia in
primary prostate cancer, our data appear to be of clinical relevance as modifications to
radiation treatment planning based on hypoxia imaging have been proposed for prostate
cancer [50].

Conclusion
In many human cancers, nitroimidazole tracers such as 18F-FAZA have consistently been
successful in identifying tissue hypoxia.. However, our data indicate that clinically relevant
hypoxia is unlikely to exist in localized primary prostate cancer including high-grade disease
to a degree that would be detectable with 18F-FAZA PET/CT or IHC with CAIX. In
addition, HIF-1α cannot be recommended as IHC marker of hypoxia as its expression in the
prostate seems to be independent on hypoxia.

In the current study, evaluation of hypoxia in prostate cancer was limited to primary prostate
cancer undergoing surgical resection. However, it remains to be determined whether
significant hypoxia might be present in advanced (unresectable) local, recurrent or
metastatic prostate cancer.
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Figure 1.
Transaxial (A) and coronal (C) 18F-FAZA PET/CT with respective fusion imaging (B, D) of
a 7.8 ml volume tumor located in the peripheral zone on both sides of the gland. No
increased 18F-FAZA uptake is noted visually.
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Figure 2.
Coregistered whole mount HE histology (A,E), in-vivo T2 MRI reference space (B),
coregistered diffusion-weighted MRI (C), coregistered 18F-FAZA PET/CT (D), coregistered
color-coded histology and respective in-vivo imaging (F-H), block face photograph (I),
coregistered color-coded histology and in-vivo imaging as checkerbox (J-L). Same patient as
in Figure 1.
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Figure 3.
Distribution of MIB-1/Ki67 (A) and HIF-1α (B) scores in various Gleason categories. * p <
0.05 Gleason ≥ 4+3 vs. Gleason ≤ 3+4 and lower disease.
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