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Introduction

Tumor metabolic imaging has largely focused on the use of PET imaging with 18F-
fluorodeoxyglucose (FDG). This is based on the well-established fact that many cancers are
highly glycolytic even in under aerobic conditions 1. However, some cancers do not
consistently exhibit increased FDG uptake. Therefore, the use of imaging other metabolic
pathways such as amino acid or lipid metabolism has been explored in cancer 2. Prostate
cancer is one of the entities that exhibits increased glycolysis frequently only in late stages
of the disease. On the other hand, several studies have shown that lipid metabolism is
increased even in early stages of the disease. The lipogenic phenotype of prostate cancer can
be imaged, among others, with 11C-acetate PET.

In the “Cancer Trends Progress Report” of 2007 the National Cancer Institute reported 165
new cases of prostate cancer/100,000 men/year. The life time chance for developing cancer
of the prostate is around 15% whereby the cancer risk increases sharply with age.

Early detection of initial and recurrent disease is critical for improving patient outcomes.
Prostate cancer is usually detected by serum measurements of Prostate Specific Antigen
(PSA) and/or rectal digital examination. Both have a limited sensitivity and specificity 3.
Trans-rectal ultrasound while also used for disease detection is most frequently employed
for guiding prostate core biopsies in patients with elevated PSA or abnormal findings on
digital rectal examinations. However, this imaging approach is not successful for disease
detection if PSA levels are very low (< 0.1 ng/ml).

PET imaging with 18F-fluorodeoxyglucose (FDG) is neither used for prostate cancer
screening nor detection. This is because primary prostate cancer does not routinely exhibit a
glycolytic phenotype. In addition, small malignant lesions may be below detection limits of
PET 4. Moreover, tracer excretion through the kidney into the bladder obscures the
inspection of the prostate bed on FDG-PET images (which could be remedied in part by the
use of PET/CT imaging).
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Tumor recurrence is most frequently established by rising serum PSA levels. If tumor
recurrence is confined to the prostate bed localized salvage therapy can be curative.
However, if rising PSA levels originate from distant disease, local salvage therapy is no
longer an option since it is associated with considerable morbidity without improving
survival.

The long term outcome of patients with biochemical recurrence of disease after either
prostatectomy or radiation therapy is correlated with pre-salvage therapy serum PSA

levels ° 6. It is therefore important to detect the site of recurrence as early as possible during
the course of relapse. Unfortunately, rising serum PSA levels, the rate of PSA rise (PSA
velocity), the interval to PSA relapse and pathological features of the primary tumor do not
accurately discriminate between local and distant disease 7 8.

Metastatic Disease

Advances in diagnostic imaging may result in better selection of patients for adjuvant local
versus systemic therapy. The usefulness of computerized tomography (CT) or magnetic
resonance imaging (MRI) has recently been investigated prospectively in 375 patients who
were at intermediate or high risk for lymph node metastases °. For MRI, a novel lymph node
specific contrast agent (ferumoxtran-10, consisting of ultra-small particles of iron oxide)
was used. These particles migrate from the vascular space into the interstitial space, are
taken up by macrophages and are then cleared via lymphatic vessel to finally accumulate in
lymph nodes. Because of hemodynamic alterations in the regional lymphatic system induced
by metastatic lesions, fewer particle containing macrophages arrive in lymph nodes
harboring metastatic disease, which in turn results in different signal intensities on MRI
images. Using histology as the gold standard, the specificity of MRI and CT was high at
>90%. However, MRI was significantly more sensitive than CT (82 vs. 34%; p<0.05). Thus,
MRI imaging might play an increasing role for detecting lymph node metastases in patients
with evidence of biochemical recurrence.

Metastatic Disease

While MRI is frequently used for initial staging of local lymph node involvement bone
involvement is detected by the use of bone scans in patients with PSA levels of > 10 ng/ml.
Extensive CT or MRI surveys for distant disease are limited to patients with a high level of
suspicion for metastatic disease.

FDG-PET has also been used for detecting metastatic prostate cancer and has a considerable
impact on patient management 10-12,

Seltzer et al 13 demonstrated previously that antibody imaging targeting prostate specific
membrane antigen (111-indium prostascint) is of limited usefulness for the detection of
metastatic prostate cancer. Use of this imaging probe revealed distant disease in only 1/6
patients with known metastases.

Metastatic disease can also be detected with conventional bone scans, 18F-sodium fluoride
PET/(CT) bone scans, MRI or CT imaging. None of these techniques alone is well-suited for
monitoring therapeutic responses 14,

Current therapeutic options in advanced disease are limited and mainly include hormonal
treatments. Several targeted therapeutic approaches are however under investigation but
have not yet reached clinical routine 1°. Imaging is unlikely to play a role for detecting
primary prostate cancer. However, there is a need to develop imaging approaches that would
a) allow for detection of and discrimination between local recurrence and distant metastatic
disease, and b) permit the monitoring of tumor responses to novel therapeutic approaches.
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Molecular PET imaging probes that have been investigated for these indications include 11C
or 18F-choline, 18F-labeled amino acids, antibody approaches and others 16,

This brief review will focus on the potential ability of 11C acetate for improving the care of
prostate cancer patients. We will first discuss the biochemical processes that are targeted
by 11C acetate imaging, explore its biodistribution and dosimetry and then review the
limited data on imaging primary, recurrent and metastatic disease with this metabolic
imaging probe.

Biological Correlates of 11C -Acetate Uptake in Prostate Cancer

Major metabolic pathways for acetate include the tricarboxylic cycle 17, as well as lipid and
cholesterol synthesis.

11C-acetate is actively transported across cell membranes via mono-carboxylate
transporters 18, After conversion to acetyl CoA in the mitochondria the metabolic fate
of 11C-acetate is diverse. In tissues with high rates of oxidative metabolism acetyl CoA
enters the TCA cycle resulting in production of carbon-dioxide.

11C-acetate was initially used to measure myocardial oxidative metabolism with external
gamma probes 19 or PET 20. 21, |n both approaches the myocardial tracer extraction and
clearance kinetics were studied under a variety of conditions (control, ischemia, reperfusion,
increased oxygen demand) and 11C-acetate clearance was correlated closely with myocardial
oxygen consumption. Externally measured 11C clearance by PET corresponded to CO2
production and thus to tricarboxylic acid cycle activity.

However, increased oxidative metabolism is highly unlikely to account for tumor retention
of 11C-acetate. Its retention in prostate cancer is most likely due to increased fatty acid
synthesis (Figure 1). Fatty acid synthase (FAS) plays important roles in the de novo
synthesis of fatty acids from acetyl-CoA, malonyl-CoA and NADPH in normal and
abnormal tissues 22. Its normal biological functions include the production of lecithin for
surfactant, the supply of fatty components of breast milk, and the conversion and storage of
energy in liver and adipose tissue. Human cancer cells do not store lipids but rather
incorporate them into membranes as phopholipids.

FAS is over-expressed in many human cancers and in particular in prostate cancer 23. The
degree of its over-expression appears to be correlated with tumor aggressiveness 24 and is
linked to various oncogenic signal transduction pathways 2. FAS affects the phospho-lipid
content of membrane fractions and participates in controlling the lipid composition of
membrane microdomains which might affect signal transduction, cell migration and other
processes 25,

Blocking of fatty acid synthase by small interfering RNA (siRNA) or a small molecule
inhibitor results in tumor cell death via the caspase 8-mediated apoptotic pathway 17. It also
decreases 11C-acetate uptake in various prostate cancer cell lines 2°. Additional evidence for
the critical role of lipid synthesis for maintaining tumor cell proliferation and viability in
prostate cancer was provided by Brusselmans et al. who used RNA interference to silence
acetyl-CoA-Carboxylase in malignant LNCaP prostate cancer cell lines resulting in growth
arrest and apoptosis 26. Acetyl CoA-Carboxylase is the rate limiting enzyme in the fatty acid
synthesis pathway that produces malonyl-CoA. Blocking this enzyme reduces cellular 11C-
acetate uptake even more potently than inhibiting FAS (by more than 80%) 27.

Malonyl-CoA is a substrate for fatty acid synthesis and is a negative regulator of fatty acid
oxidation. Inhibition of this enzyme with soraphen A, a macrocyclic polyketide, reduced the
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phospholipid content of prostate cancer cells and resulted in growth arrest of various
prostate cancer cell lines in the GO-G1 cell cycle phase 28, Importantly, inhibition of the
enzyme also resulted in a switch to fatty acid oxidation.

The tumor micro-environment also appears to be a significant determinant of the tumor
uptake of 11C-acetate, at least in cell culture. Hara et al 2° provided insights into the
relationship between glucose and fatty acid metabolism in human prostate cancer cell lines
under normoxic and hypoxic conditions. They examined the uptake of tritiated choline, 14C-
acetate and 18F-FDG under normoxic and anoxic conditions in one androgen-independent
and another androgen dependent prostate cancer cell line. FDG uptake was highest after 4
hours of anoxia. 11C -acetate uptake was also increased in androgen dependent but not in
androgen independent cell lines while choline uptake was reduced in all cell lines under
anoxia. Under aerobic conditions choline uptake was higher than that of 14C-acetate which,
in turn, was still more than 5 times higher than that of FDG. Androgen depletion resulted in
low uptake of all three tracers.

This study confirms several clinical observations: first, FDG imaging might be useful in
patients with advanced prostate cancer in whom metastatic lesions are likely to be hypoxic
and hence exhibit a glycolytic phenotype; second, 11C-acetate or 11C/18F-choline imaging
might be useful for detecting early, “well oxygenated” disease; third, all three probes might
be limited in their sensitivity for detecting prostate cancer tissue in patients undergoing anti-
androgen treatments. The biochemical alterations underlying these phenotypic changes are
well discussed in Hara et al 2°.

Biodistribution and Pharmakokinetics of 11C-acetate in Humans

In control rodents, twenty minutes after injection, the pancreas exhibits the highest 11C-
acetate uptake. Activity clears from all organs, except the pancreas, within one hour.
Tumor 11C-acetate uptake was clearly visible at 30 minutes 30,

Time activity curves obtained from regions of interest placed over serially acquired PET
images obtained in a healthy volunteer are shown in Figure 2 31, Early tracer uptake in
salivary glands, myocardium and kidneys among others is followed by rapid clearance from
these tissues. As in rodents and baboons 39, early tracer accumulation is also noted in the
pancreas. The normal biodistribution of 11C-acetate in a healthy subject is shown in Figure
3.

At later time points, some bowel activity is noted. The whole body biodistribution of 11C-
acetate differs from that of FDG in that its accumulation in the urinary bladder is minimal
(Figure 3). Therefore, the prostate bed can be readily inspected on whole body 11C-acetate
images.

Tracer Kinetics in tumors differ from that in normal tissues such as the myocardium. In
tumors, a plateau phase follows flow dependent tracer delivery that is consistent with 11C-
acetate retention in tumor cells 32 (Figure 4). In contrast, myocardial time activity curves are
characterized by rapid tracer accumulation representing blood flow that is followed by rapid
tracer clearance when acetate is metabolized in the TCA cycle. More than 80% of C-11
acetate is cleared after 20 minutes.

These discrepant time activity curves between tumor and heart strongly suggest that the
retention of 11C-acetate in tumor tissue is largely unrelated to TCA cycle activity and is
accounted for by incorporation of acetate into the lipid pool.

PET Clin. Author manuscript; available in PMC 2011 October 7.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Czernin et al.

Page 5

In summary, the degree to which various lipid metabolic pathways and their individual steps
contribute to the retention of 11C-acetate in prostate cancer tissue are incompletely
understood. However, it appears that incorporation into the lipid pool, and more specifically
into membrane lipids 32 largely accounts for the preferential retention of 11C-acetate in
prostate cancer while fatty acid oxidation plays a only a limited role, if any at all.

Clinical studies Using C-11 Acetate

11c-Acetate Dosimetry

The organ dosimetry has been established 3! from studies in 6 healthy volunteers who
underwent serial whole body PET imaging after the intravenous injection of 525 MBq (14.2
mCi) of 11C acetate. The organs receiving the highest doses were the pancreas (critical
organ receiving 0.017 mGy/MBq), bowel, kidneys and spleen.

Clinical Imaging protocols

Because of the short half life of 11C-acetate imaging commences from 2—10 minutes after
tracer injection. Injected doses range from 555-1110 MBq (15-30 mCi). In patients with
suspected recurrence images of the pelvis are acquired first. Imaging times per bed position
range from 5-10 minutes to achieve adequate activity count rates. Depending upon the
clinical question to be addressed the imaging field is subsequently expanded to include the
abdomen and, if needed, the chest.

When PET/CT is used, a CT scan with or without intravenous contrast is acquired first. This
is used both for attenuation correction and as a diagnostic CT study. The extent of the
imaging field depends upon the clinical question asked, the patient stage and the individual
patient risk profile for distant metastatic disease.

Detection of Prostate Cancer

One of the first questions to be addressed in clinical studies is whether the degree of 11C-
acetate permits to differentiate normal prostate tissue from benign hyperplasia and prostate
cancer. Using a conventional PET scanner, Kato et al 3 demonstrated in 36 research
volunteers that the degree of 11C-acetate uptake was comparable among 6 patients with
prostate cancer, 21 volunteers without prostate pathology and nine individuals with benign
prostate hyperplasia. Furthermore, the authors showed that the normal prostate shows
increasing 11C-acetate uptake with age. Both findings demonstrate that 11C -acetate uptake
is not specific for prostate cancer and not well-suited as a screening tool.

In one study of 22 patients with recently diagnosed disease 11C-acetate PET detected
prostate cancer with a higher sensitivity than FDG. The standardized uptake value (SUV)

of 11C-acetate as measured at approximately 20 minutes after tracer injection ranged from
3.2 t0 9.9 (which was significantly higher than the FDG SUV). Since all patients had known
prostate cancer, the specificity of the test could not be examined in this study.

In summary, the available literature on primary prostate cancer detection with 11C-acetate is
very limited. However, it suggests that 11C-acetate cannot be proposed for prostate cancer
screening (because of the comparable tracer uptake levels among cancer, hyperplasia and
even normal prostate tissue). Nevertheless, the data demonstrate that 11C-acetate uptake is
“visible” and measurable by means of SUV in prostate tissue. This is important because the
most interesting potential application of 11C-acetate imaging is the detection of prostate
cancer recurrence. For this indication the issue of specificity is clinically much less relevant.
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Recurrent and Metastatic Prostate Cancer

Biochemical evidence of prostate cancer recurrence after radical prostatectomy or radiation
treatment, frequently defined as a serum PSA level of 0.2 ng/ml, precedes the clinical
manifestations of recurrent disease. Once metastatic disease develops the prognosis is poor
with an overall patient survival of 5 years 3. In patients with locally recurrent disease
salvage radiation therapy can improve patient survival 6. The main diagnostic challenge is
therefore to detect and localize early cancer recurrence. Several studies evaluated the
relationship between serum PSA levels and detection of prostate cancer recurrence with 11C-
acetate PET. In one study of 25 patients, the degree of 11C-acetate uptake (SUV) correlated
with serum PSA levels 36,

In an early trial 37 of patients with suspected recurrence (based on serum PSA
measurements) trans-rectal ultrasound followed by biopsy served as gold standard for 11C-
acetate imaging findings. PET was true positive for disease recurrence in 15/18 patients with
biopsy proven recurrence and true negative in all 13 patients without recurrent disease
(sensitivity and specificity of 83 and 100%, respectively). In this study PET was positive in
4 of 5 patients with biopsy proven cancers and serum PSA levels of <2 ng/ml.

A reasonable detectability of disease in patients with low PSA levels was recently also
reported by Albrecht et al. 38, In their study 17 patients were imaged after primary radiation
therapy and 15 after radical surgery. All had biochemical evidence for recurrent disease.
PSA levels were significantly higher after radiation treatment (6 ng/ml) than after radical
prostatectomy (0.4ng/ml). PET and non-contrast enhanced CT images were fused using a
commercially available fusion software. An arbitrary SUV threshold of 2.0 was selected for
discriminating between equivocal and positive PET results. In the 17 post-radiation therapy
patients, PET suggested local recurrences in 14 patients and was true positive in 5/6 patients
with positive biopsy. The detection of bone metastases with 11C-acetate was, however,
limited when bone scans and CT were used as reference standards. Recurrence by 11C-
acetate was suggested in 9/15 patients who underwent primary surgery and PET was
similarly sensitive (approximately 60%) in patients with serum PSA levels of less than 0.8
ng/ml.

In contrast, a poor detection of recurrent disease in patients with low serum PSA levels was
reported by the St. Louis group who used 11C-acetate and 18F-FDG PET imaging in 46
patients 3. Their study group included patients who had undergone radiation and others who
underwent surgery as primary treatment. A variety of clinical studies including bone scans,
CT scans, biopsy and others served as reference standard for the PET findings. As a
physiological variant, the authors noted frequent mild 11C-acetate in inguinal lymph nodes
(not reported elsewhere) and considered this a normal pattern. 11C- acetate images suggested
with intermediate or high probability the presence of disease in 59% of the patients while
FDG-PET imaging suggested disease in only 17% of the participants. It is noteworthy

that 11C acetate PET was positive in 59% of patients with PSA levels of >3ng/ml but only in
4% of those with serum levels <3 ng/ml. Based on extensive clinical experience Reske et al
suggested that PET/CT imaging or fused PET and MRI images allow for better detection of
local recurrence 9. This notion is supported by the results of a small pilot trial that
employed 11C-acetate PET/CT in 11 patients with serum PSA levels of <0.3 ng/ml. The
authors identified the site of recurrence in 6/11 patients 42,

However, even with PET/CT the site of recurrence might be difficult to identify in patients
with low serum PSA levels. In one study software fusion of CT or MRI and PET images in
50 patients with biochemical evidence for recurrent disease 42 resulted in markedly
improved accuracy for disease detection and localization. Image fusion changed
interpretation from equivocal to normal in 10% and from equivocal to abnormal in 18% of
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the lesions. Patient management was affected in 28% of the patients. A gold standard
(biopsy) for verification of PET findings was only available in a small subset of patients. In
general, patients with false negative PET findings had low serum PSA values (median 0.9
ng/ml). However, the authors correctly noted that in four of the six patients with a PSA
ranging from to 2.6 — 13 ng/mL after radical prostatectomy, the 11C-acetate scan was also
false negative.

Using 11C -acetate PET/(CT), Sandblom et al 43 enrolled 20 patients with elevated PSA
levels that ranged from 0.5 to 8.1 ng/ml after radical prostatecotmy. All underwent 11C-
acetate PET/CT imaging (Figure 5) in addition to all standard examinations performed for
identifying cancer recurrence sites. 11C-acetate identified disease sites in 75% of the
patients. All PET positive patients had serum PSA levels of greater than 2.0 ng/ml and
SUVs ranged from 2.0 to 8.1 in these patients. “False positive” findings occurred in 3
patients. One exhibited tracer uptake in the chest which was subsequently confirmed to
represent non-small cell lung cancer, while two other patients had inflammatory changes,
one in the esophagus and the other one in the mediastinum. This confirms that 11C-acetate
uptake is not cancer specific but rather a probe of lipid metabolism which can also be altered
in inflammatory disease.

In summary recurrent prostate cancer can be detected with 11C-acetate but since
detectability appears to be correlated with serum PSA levels, detectability is limited in
patients with serum PSA levels below 3 ng/ml.

Comparative Studies

Several groups have compared the diagnostic performance of 11C acetate with that of other
metabolic PET imaging probes in patients with prostate cancer. In a small pilot trial of 12
patients with prostate cancer 44 the biodistribution of 11C-acetate and 11C-choline, a
substrate of choline kinase that is also incorporated into membrane lipids, was compared in
patients after initial diagnosis, at the time of biochemical recurrence or after radical
prostatectomy. 11C-acetate uptake was high in spleen and pancreas whereas 11C-choline
uptake was most prominent in liver and kidneys. Importantly, 11C-acetate was not excreted
into the bladder while urinary excretion was variable for 11C-choline. With regards to tumor
uptake both imaging probes missed small prostatic lesions and 3/13 small metastatic lymph
nodes that were confirmed by surgery/pathology. Thus, the diagnostic performance of both
imaging probes was comparable.

Another comparison between these probes was conducted by Vees et al in 20 patients 41.
However, the study design differed in that 10 patients were imaged with 11C-choline while
the remaining 10 were studied with 11C -acetate. Both tracers provided a comparable cancer
detection rate with abnormal local tracer uptake in five/10 patients with 12C-choline and
6/10 with 11C -acetate. The authors concluded that both tracers detect about 50% of cancer
recurrences but that endorectal MRI, which detected 15 of 18 recurrences, was superior.

Fricke et al 36 compared lesion detectability using 18F-FDG and 11C-acetate imaging in a
small, heterogeneous population of prostate cancer patients that included patients with
primary cancer, those with suspected relapse and some with metastatic disease. Overall
sensitivity of the acetate approach was 83% which was slightly better than that for FDG
(75%). Local recurrence was better detected with1C-acetate while distant disease was better
visualized with 18F-FDG.

Taken together these studies suggest that 12C/18F choline and 11C-acetate appear to have a

comparable accuracy for detecting local recurrence while FDG PET might be better suited
for detecting metastatic disease.
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18F_fluoroacetate: Owing to its short half-life of 20.4 minutes the use of 11C-labeled PET
imaging probes requires an on-site cyclotron. With this limitation in mind the Washington
University group synthesized 18F-fluoroacetate and studied its biodistribution in mice and
baboons using a small animal PET system and a human scanner 30, While defluorination
occurred in rodents, this was not observed in baboons. However, the biodistribution of 11C-
and 18F-acetate differed. For instance, 11C-acetate blood activity was lower than that of the
fluorinated analogue. On the other hand, tumor uptake of 18F acetate was 5 times higher that
than of 11C-acetate 30 minutes after intravenous injection. 18F-fluoroacetate tumor to
background ratios (other than blood) from various tissues were consistently higher than
those for 11C-acetate. Thus, this probe shows promise for imaging prostate and other cancers
that exhibit low FDG uptake.

11C-acetate can be used to image prostate cancer and in particular recurrent disease.
Limitations include its low sensitivity for disease detection at low serum PSA levels. The
routine use of PET/CT imaging will further improve the diagnostic accuracy of this
approach.

Importantly, novel therapeutic approaches targeting tumor lipid metabolism are under
development 4°. It is conceivable that imaging of tumor lipid metabolism with 11C/18F-
acetate could provide a valuable readout for assessing drug effects on the lipogenic
phenotype in vivo.
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Figure 1.

Simplified Schematic of Fatty Acid Synthesis: Fatty Acid Synthase (FAS) catalyses the de-
novo synthesis of fatty acid from Actetyl-CoA, Malonyl-CoA and NADPH. Following
several reactions and modifications fatty acids are incorporated into membranes as
phospholipids.
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Figure 2.

Tissue time activity curves obtained from serial 11C-acetate images obtained in healthy
subjects. Note that activity in pancreas and liver remains relatively high at 100 minutes after
tracer injection (Reprinted with permission from reference 31).
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Figure 3.

Normal biodistribution of 11C-acetate in a healthy subject. Images in the upper row (A) were
obtained 2 minutes after tracer injection while those at the bottom (B) were acquired 28
minutes after injection of C-11 acetate. L=liver; H=heart; P=Pancreas; Sp= Spleen;
SG=Salivary Glands; K=Kidneys; (Reprinted with permission from Reference 31).
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Figure 4.

Time-activity-curves from iliac arteries (squares, solid line), metabolite-corrected input
function (open squares, dashed line), and prostate tumor (triangles, dotted line). Uptake is
expressed in SUV (standardized uptake value). Data obtained in a 65-y-old man with
primary prostate cancer. Note the relative stable activity of 11C-acetate in prostate cancer
tissue during the first 20 minutes after tracer injection. (Reprinted with permission from
reference 32).
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Figure 5.

11C-acetate PET (A), non contrast enhanced CT (B) and fused PET/CT images (C) in a
patient with biochemical recurrence and a serum PSA level of 2.5 ng/ml. The SUVmax of
the lesion in the prostate bed was 5. Note the absence of tracer accumulation in the urinary
bladder (Reprinted with permission from reference 43).
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