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GENERAL INTRODUCTION 
 

Prostate cancer is a considerable health risk for men throughout the world. It is a 

leading cause of mortality and morbidity worldwide. Adenocarcinomas make up the vast 

majority of prostate carcinomas. A total of 70% of prostate adenocarcinomas occur in the 

peripheral zone, 20% in the transitional zone, and approximately 10% in the central zone. 

Transitional zone cancers show much less capsule penetration and seminal vesicle 

invasion than peripheral zone cancers of comparable volume because the transitional zone 

boundary provides a barrier to cancer spread through the peripheral zone. In peripheral zone 

carcinomas, capsule penetration depends largely on facilitated spread along perineural 

spaces, and its distribution is determined by the location of superior and inferior nerve 

pedicles. Capsule penetration, seminal vesicle invasion, and positive surgical margins are 

strongly correlated with cancer volume [1]. 

Other tumor types are relatively rare and include ductal adenocarcinoma, which occurs 

in the major ducts and often projects into the urethra; and mucinous adenocarcinoma, which 

secretes abundant mucin and does not arise from the major ducts. Transitional carcinoma of 

the prostate occurs within the ducts and, to a lesser extent, in the prostatic acini. Typically, 

primary transitional carcinomas are aggressive cancers that have a poor prognosis 

compared to the adenocarcinoma. Similarly, neuroendocrine (small-cell) tumors are rare and 

aggressive, have a poor prognosis, and typically require aggressive (surgical) management 

[2]. 

Accurate prostate cancer staging is mandatory in order to choose a rational treatment 

strategy and to determine the prognosis of the disease. The most common staging scheme 

is known as the TNM system, which evaluates the size of the tumor, the extent of involved 

lymph nodes, and any metastasis (distant spread) and also takes into account cancer grade 

(Table 1). 

The main diagnostic tools for detecting prostate cancer include digital rectal 

examination (DRE), prostate-specific antigen (PSA) test and histopathological examination 

of prostate biopsies. DRE is the easiest and safest method of diagnosis and local staging (T 

stage) of prostate cancer. Because of a low information content and the subjective nature of 

the data, the quality of interpretation of the DRE depends largely on the experience of the 

physician conducting the study [3]. Still the DRE is a routine test in the clinical detection of 

prostate cancer and in the clinical staging process. Determination of the serum PSA 

concentration remains the most sensitive method for prostate cancer screening in 

asymptomatic men [4]. PSA is organ-specific but not cancer-specific. Thus, serum levels 

may be elevated in the presence of benign prostatic hyperplasia, prostatitis and other non-

malignant conditions. An optimal PSA threshold value for detecting non-palpable, but 
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clinically significant prostate cancer is not determined, but high PSA serum levels are a 

strong indicator of stage and prognosis [5]. 

The Gleason sum score is the most common used grading system [6]. The Gleason 

grading consists of 5 patterns and are used in a scale from 1 to 5. The Gleason sum is one 

of the two most common patterns of tumour growth. For clinical grading the patters 1 and 2 

are not of importance, as they are not found in tumour bearing areas. The clinical Gleason 

sum score in tumour biopsies and prostatectomy specimens ranges between 6 and 10, with 

6 being the least aggressive and 10 the most aggressive.  

Lymph node status (clinical N-staging) needs only to be assessed when potentially 

curative treatment is planned. Nodal involvement is generally detected using a lymph node 

dissection. Conventional imaging techniques like computed tomography (CT) or magnetic 

resonance imaging (MRI) are usually able to detect lymph node metastases only when nodal 

enlargement exists, which does not occur until late in the disease process. Bone scan is 

indicated in patients with symptoms evocative of bone metastases. 

Considering the stage of the disease different treatment options could be used. The 

first choice for patients with organ confined, low volume and low grade (Gleason sum 6) 

disease which is recognized as insignificant cancer is active surveillance [8,9]. Radical 

prostatectomy (RP), external beam radiotherapy (EBRT) or high dose brachytherapy are the 

recommended standard treatments for patients with intermediate risk, localized prostate 

cancer: cT2b-T2c or Gleason score = 7 or PSA - 10-20 ng/ml. There is no consensus 

regarding the optimal treatment of men with high (cT3a or Gleason score 8-10 or PSA >20 

ng/ml) and very-high risk (cT3b-T4 N0 or any T, N1) prostate cancer. External beam 

radiotherapy or RP in selected cases are being recommended as options in the European 

Guidelines [10]. In cases of non-organ confined (T3) disease external beam radiotherapy in 

combination with adjuvant androgen deprivation therapy is the standard. For patients with 

metastatic disease androgen deprivation therapy is the first line treatment. In metastatic 

castration-resistant prostate cancer (CRPC), chemotherapy with docetaxel significantly 

improves survival [11]. Recently new hormonal treatments have been proven effective using 

CYP-17 inhibition [12,13] and Androgen receptor signaling inhibition [14] in pre- and post 

docetaxel CRPC patients. In addition, radionuclides and medical treatment for symptoms 

and pain relief can be used as palliative care. 
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Table 1. Staging of prostate cancer [7]: 

T Primary Tumour 

TX  

T0  

T1  

T1a  

T1b 

T1c  

 

T2  

T2a  

T2b  

T2c  

T3  

T3a  

 

T3b  

T4  

Primary tumour cannot be assessed  

No evidence of primary tumour 

Clinically inapparent tumour not palpable or visible by imaging 

Tumour incidental histological finding in 5% or less of tissue resected 

Tumour incidental histological finding in more than 5% of tissue resected 

Tumour identified by needle biopsy (e.g. because of elevated prostate-specific 

antigen (PSA) level) 

Tumour confined within the prostate 

Tumour involves one half of one lobe or less 

Tumour involves more than half of one lobe, but not both lobes 

Tumour involves both lobes 

Tumour extends through the prostatic capsule 

Extracapsular extension (unilateral or bilateral) including microscopic bladder neck 

involvement 

Tumour invades seminal vesicle(s) 

Tumour is fixed or invades adjacent structures other than seminal vesicles: external 

sphincter, rectum, levator muscles, and/or pelvic wall 

N  Regional lymph nodes 

NX  

N0  

N1  

Regional lymph nodes cannot be assessed 

No regional lymph node metastasis 

Regional lymph node metastasis 

M Distant metastasis 

MX 

M0  

M1  

M1a  

M1b  

Distant metastasis cannot be assessed 

No distant metastasis 

Distant metastasis 

Non-regional lymph node(s) 

Bone(s) 

 

RECURRENT PROSTATE CANCER 
 

A rise in PSA or biochemical recurrence (BCR) is the first sign of recurrent prostate 

cancer after curative treatment. Many patients diagnosed with localized prostate cancer are 

treated with RP or EBRT. Of the patients treated with RP, 15% to 46% experience 

recurrence of disease as detected by a rise in PSA, which is usually the first sign of recurrent 

prostate cancer after curative treatment [15]. Also several studies reported that 30-50% of 
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men treated with radiation therapy for localized prostate cancer had an increasing PSA level 

at a mean follow-up of 5 years [16,17]. 

After RP BCR is defined as a consecutive rise above a nadir of 0.2ng/mL [18]. The 

American Society for Therapeutic Radiology and Oncology (ASTRO) definition, Phoenix 

definition and a serum PSA level of ≥0.5 or ≥1.0 ng/mL are the methods used to define 

biochemical recurrence after radiotherapy. Currently the ASTRO-Phoenix definition is used 

which is defined by the nadir PSA + 2 ng/mL [19]. 

 

DETECTION, DIAGNOSIS AND THERAPY 
 

Although PSA is the most sensitive tool for detection of the recurrence, it cannot 

distinguish between locoregional recurrences and the presence of distant metastases after 

treatment [20]. PSA kinetics might be used to predict the outcome in both localized and 

advanced prostate cancer. However, the best way of using PSA kinetics still has to be 

identified. 

Because DRE has a very low accuracy a transrectal ultrasound (TRUS) is often 

employed but also lacks sensitivity and specificity in detection of recurrent tumors. 

Computed tomography (CT) and magnetic resonance imaging (MRI) are not sensitive 

in the detection of a local recurrence but can be used for the detection of lymph node 

metastases with a sensitivity of 30-80% [21,22]. 

At this time, there is not an imaging modality that can determine the exact localization 

of small volume prostate cancer. Studies are ongoing to identify novel diagnostic techniques 

to image prostate cancer. Molecular imaging is the main area of research on this aspect. 

Possible imaging technologies are functional MRI techniques (diffusion-weighted MRI 

(DWI), MR spectroscopy (MRS), dynamic contrast-enhanced MRI (DCE-MRI)) and positron 

emission tomography (PET) [23]. 

PET has already been identified as promising imaging technique for detecting prostate 

cancer recurrence after EBRT [20,24-27]. Carbon-11-choline is one of the most commonly 

applied PET tracers for prostate cancer imaging [28]. 

Choline is a component of the phosphatidylcholines, a class of phospholipids and a 

major component of biologic membranes. Malignant tumors show high proliferation and 

increased metabolism of cell membrane components and, accordingly, an increased uptake 

of choline. Prostate cancer is associated with upregulated choline kinase activity and 

increased choline uptake. Choline can be labeled with either 11C (11C-choline) or 18F (18F-

fluorocholine, or FCH). 

Both conventional CT and PET, however, cannot detect prostate cancer foci <5 mm 

within the prostate. 
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The development of combined PET/CT cameras already has had great impact in 

clinical routine. In these machines a PET-camera and a CT-camera are combined to one 

functional unit. Thus during 1 scan session both anatomical and metabolic information are 

obtained. Also the resolution is increased to about 3-4 mm. 

A variety of PET tracers are being investigated for targeting specific 

antigens/receptors, such as gastrin releasing peptide receptor (GRPR), prostate-specific 

membrane antigen (PSMA), prostate stem cell antigen (PSCA), among others. 

With a growing interest in focal treatment of recurrent prostate cancer by ablative 

treatments like high intensity focused ultrasound (HIFU) and cryoablation, patient selection 

could be improved if the site of recurrence and its extent could be visualized. 

Focal therapy can involve the local application of therapy to a specific area, and if 

done under real-time imaging, it then becomes ‘image-guided focal therapy’. 

 

AIM OF THIS THESIS 
 

The aim of this thesis was to study the clinical value of PET/CT in recurrent prostate 

cancer and explore its potential for image-guided cryoablation in future. 

 

The following questions were addressed: 

1. Does CT or PET/CT contribute to detection of small focal prostate cancer? 

2. Can carbon-11-choline PET/CT identify locally recurrent prostate cancer after EBRT? 

3. Is carbon-11-choline PET/CT a useful tool to predict treatment response after salvage 

radiotherapy? 

4. Are PSA kinetics able to improve the detection rates of carbon-11-choline PET in 

recurrent prostate cancer after radiotherapy failure? 

5. Is carbon-11-choline PET/CT a useful technique to improve selection of patients for 

salvage cryoablation in recurrent prostate cancer after radiotherapy failure? 

6. To what extent is expression of GRPR, PSMA, VEGF and EpCAM present in recurrent 

prostate cancer as potential receptor for targeted imaging? 

 

OUTLINE OF THIS THESIS 
 

Chapter 2 reviewed the recent data on new imaging techniques which could improve 

the localization of small focal prostate tumors. 

In Chapter 3 we investigated the potential role of 11C-choline PET for the intraprostatic 

tumor characterization and localization in recurrent prostate cancer after EBRT. 
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In Chapter 4 we evaluated the effect of total PSA and PSA kinetics on the detection 

rates of 11C-choline PET in recurrent prostate cancer after radical prostatectomy or external 

beam radiotherapy. 

The correlation between 11C-choline PET/CT, time to treatment and disease specific 

and overall survival in biochemically recurrent prostate cancer after radical prostatectomy 

reported in Chapter 5. 

In Chapter 6 we analyzed the clinical impact of 11C-choline-PET/CT in the selection of 

patients with biochemical recurrence after radiotherapy for salvage cryoablation of the 

prostate. 

The expression of prostate-specific membrane antigen (PSMA), epithelial cell 

adhesion molecule (EpCAM), vascular endothelial growth factor (VEGF) and gastrin-

releasing peptide receptor (GRPR) in locally recurrent prostate cancer after brachytherapy or 

external beam radiotherapy (EBRT) was investigated and their adequacy for targeted 

imaging was analyzed in Chapter 7. 

An English summary of the results of the studies, described in this thesis is given in 

Chapter 8. A summary in Dutch and in Russian are provided in Chapters 9 and 10. 

In Chapter 11 the conclusions from this thesis are given with future perspectives. 
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ABSTRACT 
 

Prostate cancer is considered to be a multifocal tumor in the majority of patients. 

Based on histologic data after prostatectomy, there is a growing insight that a considerable 

number of men who receive a diagnosis in the contemporary setting of prostate-specific 

antigen screening have unilateral or unifocal disease. With this, the current concept of 

whole-gland therapy has come into discussion. The need for improvement of intraprostatic 

tumor characterization is clear. Molecular imaging is one of the areas of research on this 

aspect. The clinical indications for positron emission tomography (PET)/CT have increased 

rapidly in the field of oncology and are largely based on fluorodeoxyglucose (FDG) PET. 

Both conventional CT and FDG PET, however, cannot detect prostate cancer foci <5 mm 

within the prostate. Dynamic contrast-enhanced CT involves imaging a region of interest 

rapidly (usually <10 seconds between images) during a bolus intravenous injection of a 

contrast agent. Through analysis of the contrast enhancement time curves, it is possible to 

distinguish tissues with different microvascular properties such as cancer. The technologic 

aspects of both imaging techniques and the clinical results of 11C-choline PET/CT for 

intraprostatic tumor characterization are discussed. 

Based on preliminary studies, dynamic contrast-enhanced (DCE)-CT may be a useful 

tool for localization of prostate tumors and, perhaps more importantly, quantification of 

therapeutic response in prostate cancer. Validation work is necessary, however, to define its 

accuracy and role in therapeutic paradigms such as focal therapies, particularly given the 

current accuracy of MRI. In the future, combining DCE-CT with CT or 11C-choline PET/CT 

may be an alternative to MRI, offering a combination of quantitative parameters that may 

correlate to tumor prognosis as well as cancer localization for focal therapy. 
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INTRODUCTION 
 

According to current EUA and AUA guidelines, CT alone is not recommended for the 

staging of newly diagnosed cancer as it is not sufficiently reliable for the assessment of local 

T-staging.1 CT shows limited sensitivity (30-50%) and overall accuracy of 67-70%2, 3. 

Because of the extremely low likelihood of positive findings in new patients with a PSA < 20 

ng/mL (1%) or with a Gleason score < 8 (1.2%), guidelines state that CT is only indicated in 

patients in advanced stages who are likely to have lymph node findings present.1 In 

particular, CT may be considered when PSA > 20 ng/mL or when the Gleason score is ≥ 8.5 

CT planning is recommended for external beam radiotherapy.1, 5 In particular, the AUA 

recommends CT in combination with a bone scan for external beam patients with a Gleason 

score ≥8 or PSA level >20 ng/mL.5 In addition, multiple CT scans may be of value in 

determining prostate motion during the course of this therapy.6 Preliminary research also 

shows that regular CT scans holds promise as a tool for improved tumour targeting and 

prostate positioning during image-guided intensity-modulated radiotherapy (IMRT).7, 8. The 

guidelines on the indications for PET in prostate cancer have not been defined. In this article 

we review the recent developments in visualization and localization of prostate cancer using 

Dynamic Contrast Enhanced CT and PET/CT. 

 

LOCALIZATION OF PROSTATE CANCER WITH DYNAMIC CONTRAST ENHANCED CT 
(DCE-CT) 

 

Dynamic contrast enhanced imaging, sometimes referred to as “perfusion imaging” 

involves imaging a region of interest rapidly (usually <10s between images) during a bolus 

intravenous injection of a contrast agent.11 Through analysis of the contrast enhancement 

time curves it is possible to distinguish tissues with different microvascular properties (Figure 

1). Angiogenesis has been known to be an important process in the growth, proliferation and 

metastasis of cancers11, 12. Most tumours, including prostate cancer, exhibit alterations in 

permeability and microvessel density when compared to the normal peripheral zone.13 DCE-

MRI studies have shown prostate cancer typically exhibits higher peak enhancement and 

washout compared to the surrounding normal gland 14. This has been most studied in whole 

mount correlation studies with DCE-MRI showing good localization specificities (88-97%) 

and accuracies (87-92%).15-17 This differential enhancement of prostate cancer suggested a 

properly timed helical CT may allow for cancer depiction with CT.18 
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Fig 1 DCE-CT. 

Dynamic CT images were acquired at 0.5s intervals after injection of intravenous contrast. 

Graph shows change in attenuation from baseline for cancer region of interest (white outline) 

and normal peripheral zone. The image is a single slice at 13s after onset of contrast 

enhancement (vertical dotted line) in the prostate. Note how the tumor (Gleason 4+3) 

enhances earlier and has a higher peak enhancement than normal peripheral zone. Benign 

transition zone nodules (central bright regions) can also exhibit enhancement patterns 

similar to cancer making diagnosis of cancers in this region difficult. 

Source DCE CT data for this case courtesy of C Miller, T Wong TJ Polascik and V 

Mouraviev, Duke University Medical Center, Durham, NC, USA 

 

One may ask why DCE-CT has not been more extensively used. CT is more readily 

available at most centers and is used routinely in radiation therapy planning.1, 5 Successful 

localization of tumour with DCE-CT would avoid the need for MRI-CT registration for 

delivering tumour targeted radiation therapy. In the past DCE-CT has been difficult to 

perform in the prostate because of limited coverage with scanners only able to cover 2cm of 

tissue. This has been remedied by the development of 64 slice and 320 slice scanners which 
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allow for coverage of up to 16 cm of tissue.11, 19 Radiation dose and the associated cancer 

risk remains a concern with DCE-CT compared to MRI as the latter involves no ionizing 

radiation. 

In particular, typical abdominal CT radiation doses range from 10-20 mSV where a 

single 10 mSV dose is associated with a lifetime developmental risk of 0.1% for a solid 

cancer or leukemia20 and a 0.01-0.14% lifetime attributable risk of death from cancer21. It 

should be noted that these effect is heavily age-dependent: for example, by age 50, the 

lifetime attributable risk of death from cancer is less than 0.02%.21 A promising role for DCE-

CT may be for prostate cancer localization for improving outcomes in radiation therapy 

through dose escalation to the dominant tumour focus1, 5 as the radiation dose for DCE-CT is 

relatively minimal compared to a therapeutic dose, and collateral radiation exposure is 

associated with an increased risk of non-prostatic cancer post-treatment.22 

The inherent value of DCE-CT for prostate cancer may lie in its ability to quantify 

vascular properties of the cancer.13 For each voxel in the image a curve of contrast 

enhancement versus time can be plotted. This curve can be analyzed using semi-

quantitative methods to derive parametric maps such as peak enhancement, area under the 

enhancement curve (IAUC), maximum slope and washout rate.23, 24 Alternatively a 

pharmacokinetic models based on the assumed contrast kinetics of the tissue 

microvasculature can be used to derive more physiologic parameters such as vascular 

permeability, blood volume and blood flow (Figure 2).11 

Using the images from the case shown in Fig 1, parametric images of the 

microvasculature related parameters (bottom row) were generated on a voxel by voxel basis 

using CT Perfusion 4 software (GE Healthcare, Waukesha, WI, USA). DCE-CT image 

through the prostate apex shows a focal region of cancer (white arrows) exhibit elevated 

blood flow, permeability surface area product and blood volume compared to normal 

peripheral zone. The transition zone nodules can behave like cancers exhibiting increase 

blood flow and permeability. 



24 
 

 
Fig 2 Right apex Gleason 7 (4+3) cancer seen with Pharmacokinetic Analysis of DCE-

CT. 

Source DCE CT data for this case courtesy of C Miller, T Wong TJ Polascik and V 

Mouraviev, Duke University Medical Center, Durham, NC, USA 

 

While both DCE-CT and dynamic contrast-enhanced MRI (DCE-MRI) may be used to 

determine functional parameters such as blood flow (BF), blood volume (BV), mean transit 

times (MTT) and capillary permeability (PS), there are distinct advantages and 

disadvantages to each of the two modalities when it comes to pharmacokinetic modeliing.11-

13 In particular, analysis of DCE-CT data is significantly easier, as a direct linear relationship 

exists between the enhancement observed (measured in Hounsfield units, HU) and the 

concentration of contrast material injected, which allows for the exact quantification of the 

arterial input function.11, 25 In contrast, the MRI signal change not only varies non-linearly with 

contrast dose but also varies with intrinsic relaxation rates, tissue inhomogenities and even 

the pulse sequence used.11 However, DCE-CT suffers from a relatively poorer signal-to-

noise ratio as compared to DCE-MRI, which may limit detection of small cancers.11, 13, 25 The 

use of DCE-CT to measure parameters of angiogenesis has shown validation with diverse 

paradigms, including the microsphere method (r = 0.84-0.96) 26, 27, H2
15O PET (r = 0.72)28 

and measurements of VEGF level29. DCE-CT-measured BF also shows moderate 

correlation with histological measurements of MVD (r = 0.44-0.62)30 and of calculated pO2 in 

tumours (r = 0.47).31 The evidence for DCE-CT reproducibility and repeatability have been 

mixed and both tissue type and the method of analysis may influence these factors; in 

addition, studies have not been done for DCE-CT use in the prostate.29 Studies in other 

organs have suggested interscan variations of 13%-33% and values for within-subject 

coefficients of variation (wCV) ranging from 12-47%.25, 32 Correlation coefficients (Pearson r) 

for inter-observer reproducibility in similar studies are high (0.80-0.94) and a study 
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comparing two analysis methods (slope and deconvolution), showed values ranging from r = 

0.86-0.90, suggesting that there is good inter-technique validity as well.25 

There are limited studies in the use of DCE-CT in the prostate. A preliminary study by 

Prando et al. showed a simple single time point helical CT obtained 50s after a contrast 

injection can depict larger and more vascular cancers with an accuracy of 58%.18 This is 

fairly similar to transrectal ultrasound (accuracies of 50-63%)33, 34 so a single time point scan 

is likely inadequate for adoption for planning of focal therapies. Henderson et al. used the 

adiabatic approximation of the tissue homogeneity model (modelling tracer kinetics) using 

high temporal resolution DCE CT (1s) to create parametric maps of the prostate allowing for 

calculations of normal prostatic BF (0.18±0.05ml/min/g), PS (0.17±0.06ml/min/g), MTT 

(49±8s) and BV (0.09±0.02ml/g).24, 35 These were significantly different from presumed 

tumour ‘hot spots’ (BF: 0.37±0.12ml/min/g, PS: 0.24±0.10, MTT: 41±16s and BV: 

0.17±0.06ml/g). A recent follow-up study by Jeukens et al. used a multi-slice DCE-CT 

protocol to image the entire prostate using 2 scans and similarly analyzed the data using the 

adiabatic approximation of the tissue homogeneity model.23 

Encouragingly, similar BF calculations were obtained for both normal prostate (0.10-

17ml/min/g) and tumourous tissue (0.29-0.45ml/min/g) in comparison to Henderson’s 

study.23, 24 It was shown that at a noise level of ~4 HU, one can sufficiently (95% confidence 

interval) detect a deviation of a parameter from a given threshold using this model.23 This 

noise level can be achieved with a voxel size of 9 x 9, which corresponds to a volume of 

~0.1ml.23 The authors suggest that this is of high enough spatial resolution to detect small 

and large, and irregular-shaped cancers of the prostate.23 Whole mount correlation studies 

showing the accuracy of DCE-CT for localization of prostate cancer are lacking at the time of 

this review. 

Because DCE-CT lends itself to measurements of blood flow, permeability and blood 

volume, it may be a useful tool in the measurement of the radiotherapy response.36, 37 

Harvey et al. used DCE-CT to measure a number of angiogenic factors for prostate cancer 

patients following radiotherapy.36 The study showed changes in the prostate evident of 

increased angiogenesis at 1-2 weeks following radiotherapy, including increased prostate 

perfusion (from 0.122ml/min/ml to 0.263ml/min/ml) and increased fractional vascular volume 

(from 13.7% to 21%), with all parameters remaining elevated at 6-12 weeks.37 
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LOCALIZATION OF PROSTATE CANCER WITH PET/CT 
 

PET is a technique in which an image of a molecular process is obtained. For this 

purpose a radioactively labelled substance, a radiopharmaceutical, is administered to a 

patient. The substance will participate in a metabolic or (patho-)physiologic process, and 

accumulate at the sites the process is most active. In positron emission tomography the 

radioisotopes used are characterized by a surplus of positive charge in the nucleus, creating 

an unstable nucleus. Stability is regained by either capturing an electron (=negative charge) 

into the nucleus, or by emitting the surplus positive charge in the form of a positron. The 

positron will annihilate with an electron, generating 2 photons of energy. The radiation 

resulting from the annihilation event can be detected with conventional gamma-cameras, but 

nowadays dedicated PET-cameras are widely available. The principal difference between 

conventional cameras and PET-cameras is the presence of coincidence electronics. As 

stated, an annihilation event produces 2 photons released in opposite directions. This means 

that when an event is detected in a detector, the other event should be detected within a 

short time-frame in an opposing detector. Based on these principles modern day cameras 

consist of a large number of detectors with coincidence electronics, spanning an axial length 

of 15 cm or more. The newest cameras have detector and electronics characteristics that 

are thus fast that the time difference between the detection of the 2 photons can be taken 

into account to locate the exact position of the annihilation. These machines, so-called ‘time-

of-flight’ machines, are undoubtedly the future of PET cameras. Together with improved 

image reconstruction algorithms the spatial resolution of PET will improve further.38, 39 

In the past few years a second development occurred, that already has had great 

impact in clinical routine: the dual-modality PET/CT tomograph combining both PET and CT 

scanning in one. The functional and anatomic information offered by PET/CT is being 

recognized as crucial in the care of oncology patients. PET and PET/CT are playing an ever-

increasing role in the management of oncologic disease. A general tendency in tracer 

development is the search for more specific tracers, while not losing on sensitivity. The 

drawbacks of such tracers problems in locating the tumour, are overcome with the new 

PET/CT machines. Consequently, the development of these machines itself will form a boost 

for radiopharmaceutical development. 

The most commonly used radiopharmaceutical for PET in oncology is the glucose 

analogue 2-[18F]fluoro-2-deoxy-d-glucose, also called fluorodeoxglucose or FDG. FDG is 

taken up by the cell by glucose transporters (mainly glut-1) and phosphorylised to FDG-6-

phosphate by the enzyme glucose-6-phosphokinase. Whereas glucose-6-phosphate finds 

itself on a crossroads of a vast number of metabolic processes such is not the case of FDG-

6-phophate. Because of the introduction of the fluor-atom, the three-dimensional structure of 
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the molecule changes after phosphorylation changes in such a way that FDG-6-phosphate is 

not a substrate for other enzymes anymore. As a result, the FDG is trapped in the cell, at 

least on the time-frame of a normal PET-scan. Unfortunately prostate cancer displays little 

glycolytic activity. The added effect of urinary excretion makes it very difficult to determine 

uptake of FDG in primary prostate cancer. Even under continuous bladder irrigation FDG 

was not able to distinguish between scar tissue, BPH and prostate carcinoma.40, 41, 42 Also for 

restaging after local treatment FDG performed poor.43 

PET tracers with more favourable properties have been developed and studied since. 

One of the most used tracers in prostate cancer is choline. Choline is one of the components 

of phosphatidylcholine, which in itself is an essential element of phospholipids in the cell 

membrane. Cancer is associated with cell proliferation and up regulation of choline kinase 

(the enzyme which catalyses the phosphorylation of choline), providing the rationale for the 

use of choline in oncological PET44 overcome the disadvantage of the short half-life of 11C-

choline, several 18F-labeled analogues like 18F-methyl-choline and 18F-ethyl-choline have 

been developed. 

Other tracers including 11C-acetate and 18F- fluoro-5alpha-dihydrotestosterone are also 

studied in prostate cancer but limited data are available on intraprostatic tumor 

characterization. 

11C-choline has been reported first for its uptake in prostate cancer by Hara et al.45 in 

ten patients with known prostate cancer who underwent both 11C-choline PET and [18F]FDG 

PET. The radioactivity concentration of 11C-choline in prostate cancer and metastatic sites 

showed a SUV > 3 in most cases. The preliminary results were validated by de Jong et al. in 

a prospective study in 25 patients with histologically proven prostate cancer and in 5 patients 

with benign hyperplasia.46 The benign prostate was visualized with a mean SUV of 2.3 

(range 1.3–3.2). The primary tumor could be visualized with a mean SUV of 5.0 (range 2.4–

9.5) as a hot spot within the prostate gland. Five patients had proven lymph node 

metastases after pelvic lymph node dissection: in four of these five patients, uptake of 11C-

Choline in pelvic lymph nodes with metastases of 5 mm to 3 cm was seen with a mean SUV 

of 4.7 (range 2.9–9.1). One false positive PET was seen in a lymph node with inflammatory 

changes. In 19 patients without lymph node metastases, 11C-choline PET was negative. 

Breeuwsma et al. studied the correlation between the uptake of choline and cell proliferation 

as assessed by tumour histology and Ki-67 expression.47 This study showed no significant 

correlation between 11C-choline uptake and Ki-67 staining. No statistically significant 

relationships were found between the uptake of 11C-choline (SUV) and either preoperative 

PSA or Gleason sum score. Sutinen et al. evaluated the kinetics of the uptake of 11C-choline 

in prostate cancer and benign prostatic hyperplasia.48 The value of 11C-choline PET in 

assessing the malignant potential of prostate tumours was analysed by correlating tracer 
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uptake with tumour grade, Gleason score, volume of the prostate and PSA. Fourteen 

patients with histologically confirmed prostate cancer and five patients with benign prostatic 

hyperplasia were studied with 11C-choline PET. The mean Ki of untreated prostate 

carcinoma was 0.205±0.089 min−1 (range 0.128–0.351, including both primaries and 

metastases), and the mean SUV was 5.6±3.2 (range 1.9–15.5). There was a close 

correlation between the 11C-choline influx constant and the SUV of tumours (r=0.964, 

P=0.0005; n=7). The mean SUV of benign prostate tissue was 3.5±1.0 (range 2.0–4.5; n=4) 

and the mean Ki of the benign prostate in two patients with metabolite-corrected 

measurement of plasma activity was 0.119± 0.076 min−1 (range 0.065–0.173). The 

difference between the SUVs of the prostate cancer and benign prostatic hyperplasia was 

not statistically significant (P=0.067). The dynamic curve of 11C-choline uptake showed no 

apparent difference in pattern between patients with cancerous or hyperplastic tissue. 

11C-choline-PET/CT was studied for the detection and localization of tumors within the 

prostate by Farsad et al.49 PET/CT findings were correlated with histopathologic analysis of 

the prostate using a sextant biopsy scheme in 36 patients with prostate cancer and of 5 

controls. All patients underwent 11C-choline PET/CT and, subsequently, radical 

prostatectomy with lymph node dissection. Histopathologic analysis identified cancer foci in 

143 of 216 sextants biopsied. In addition, HGPIN (high-grade prostate intraepithelial 

neoplasm) foci were seen in 89 sextants. 

At least 1 primary prostatic tumor focus could correctly be visualized through PET/CT 

in a total of 35 of 36 patients. On a sextant basis, PET/CT demonstrated focal 11C-choline 

uptake in 108 sextants (50%): histologic examination showed that 94 of 108 were affected 

by tumor, 10 by HGPIN, 2 by HGPIN and acute prostatitis, and 2 by benign prostate 

hyperplasia or no pathologic findings. In sextants with areas of abnormal 11C-choline uptake, 

the mean SUV was 5.3 ± 2.2 (range, 2.2–12) and the mean T/B ratio was 2.0 ± 0.5 (range, 

1–3.4). PET/CT found 108 sextants without evidence of abnormal 11C-choline uptake. These 

findings were true negative in 59 of the sextants and false negative in 49; in those 49, 

histologic examination proved the presence of cancer foci. PET/CT had a sensitivity of 66%, 

a specificity of 81%, an accuracy of 71%, a positive predictive value of 87%, and a negative 

predictive value of 55%. 

No statistically significant difference was found between tumors and HGPIN using 

either SUV or T/B ratio. The SUV range measured for cancer foci reflects the heterogeneity 

of prostate cancer which could explain the failure to detect all cancer foci. Both conditions 

(small dimension and low uptake) could explain the high rate of false-negative results with 

11C-choline PET/CT. The study also demonstrated that HGPIN can accumulate 11C-choline. 

As HGPIN and carcinoma have a strong tendency to be present simultaneously and exhibit 

the same “zonal” origin and anatomic proximity, a possible explanation for pathologic uptake 
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of 11C-choline in sextants with HGPIN foci could be that some of these regions harboured a 

small focus of cancer undetected by pathologists. The complete overlap of SUV and T/B 

ratio between cancer foci and HGPIN foci detected by PET/CT supported this hypothesis 

and pointed out that no single SUV or T/B ratio cut-off can differentiate between cancer and 

HGPIN. 

In a clinical study by Martorana et al. the sensitivity of 11C-choline-PET/CT for 

intraprostatic localization of primary prostate cancer on a nodule-by-nodule basis was 

assessed, and compared with histology using a 12-core transrectal biopsy scheme and post 

prostatectomy.50 In 43 patients with known prostate cancer who had received 11C-choline 

PET/CT before initial biopsy, they evaluated sensitivity of 11C-choline-PET/CT for localization 

of nodules 5 mm or greater using radical prostatectomy histopathology as the reference 

standard.  

All 43 patients showed 1 or more focal uptake (total 70); focal uptake was bilateral in 

32 (74%) patients and unilateral in 11 (26%). In 8 patients focal uptake was recorded in the 

presence only of high grade PIN. At nodule assessment 57/70 instances of focal uptake 

were in correspondence with the histopathologically identified nodules 5 mm or greater in 

diameter, corresponding to a sensitivity of 83% for localization of tumor nodules. PET/CT 

detected only 1 of 23 (4%) cancer focus 5 mm or less. At sextant PET/CT had slightly better 

sensitivity than transrectal ultrasound guided biopsy (66% vs 61%, p=0.434) but was less 

specific (84% vs 97%, p=0.008). 

Testa et al. retrospectively compared sensitivity and specificity of magnetic resonance 

(MR) imaging, three-dimensional (3D) MR spectroscopy, combined MR imaging and 3D MR 

spectroscopy, and 11C-choline PET/CT for intraprostatic tumor sextant localization in 26 men 

with prostate cancer who underwent radical prostatectomy.51 Sensitivity, specificity, and 

accuracy of PET/CT were 55%, 86%, and 67% respectively, versus 54%, 75%, and 61% for 

MR imaging and 81%, 67%, and 76% for 3D MR spectroscopy. Sensitivity of PET/CT 

improved using a quantitative analysis using the maximum SUV threshold of 2.9 or higher. 

Sensitivity was increased to 72% reducing specificity to 65%. 11C-choline PET/CT 

demonstrated a lower sensitivity compared to both 3D MR spectroscopic imaging alone or to 

combined MR imaging and 3D MR spectroscopic, with a comparable specificity. 

The current literature on intra prostatic localization of recurrent prostate cancer is 

limited. 11C-choline PET showed to be a sensitive technique in localization of the site of 

recurrence after EBRT (either local, regional or distant) in a prospective cohort study by 

Breeuwsma et al.52 The overall concordance of PET with a local recurrence was 88 % using 

a composite reference with histology and clinical follow up after local salvage treatment. The 

concordance of the intra prostatic distribution of the tumor with PET with histology from serial 

biopsies was 47% (7/15) in unilateral cases and 41% (11/27) in bilateral cases (Figure 3) 
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(Rybalov et al., unpublished data). This could in part be due to sampling errors using sextant 

biopsies. Whole mount correlation studies showing the accuracy of 11C-choline PET/CT for 

intra prostatic localization of recurrent prostate cancer are also lacking at the time of this 

review. 

 

  

A     B 

Fig 3 11C-choline PET/CT 

On the left a case with focal uptake of choline in a patient with a Gleason 7 (4+3) tumor in 

the left lobe in all four biopsies and a Gleason 7 (3+4) in 20% of the biopsies in the right 

lobe. On the right a case with diffuse uptake of choline in a patient with a Gleason 8 (4+4) 

tumor in the left lobe in all four biopsies and a Gleason 7 (3+4) in all four biopsies in the right 

lobe. 

 

CONCLUSION 
 

Conventional CT and FDG PET are not able to detect prostate cancer foci <5mm 

within the prostate. Based on the preliminary studies, DCE-CT may be a useful tool in for 

localization of prostate tumours and perhaps more importantly, quantification of therapeutic 

response in prostate cancer. However validation work is required to define its accuracy and 

role in therapeutic paradigms such as focal therapies, particularly given the current accuracy 

of MRI. In the future, combining DCE-CT with CT or 11C-choline PET/CT may be an 

alternative to MRI, offering a combination of quantitative parameters which may correlate to 

tumour prognosis as well as cancer localization for focal therapy. 
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ABSTRACT 
 

Aim 
 

This study focuses on the potential role of 11C-choline positron emission tomography 

(PET) for the intraprostatic tumor characterization and localization in recurrent prostate 

cancer after EBRT. 

 

Methods 
 

This retrospective study was conducted in patients who were being followed up after 

EBRT for histological proven prostate cancer. We selected the patients with a local 

recurrence by 11C-choline PET/CT fusion. The results of PET were compared with the 

results of histology and with clinical follow up. 

 

Results 
 

Forty-two patients with a local recurrence suggested by PET were included in this 

study. According to PET results: of the 42 patients, 15 (36%) had a focal recurrence, 27 

(64%) showed a diffuse recurrence. The overall concordance of PET with histology 

concerning detection of recurrence was 76% (32 patients had positive PET results and 

positive biopsies). We confirmed the local recurrence as visualized by PET in 37/42 (88 %) 

patients using a composite reference with histology and clinical follow up after local salvage 

treatment. The concordance of the intraprostatic distribution of the tumor with PET with 

histology from transrectal prostate biopsies (median biopsies 7, range 4-12) was 47% (7/15) 

in unilateral cases and 41% (11/27) in bilateral cases. No significant differences were seen 

between the 2 groups in serum PSA at time of PET (p=0.509) and SUV (p=0.739) using 

Student’s t-test. 

 

Conclusion 
 

Intraprostatic characterization of recurrent prostate cancer after EBRT with 11C-choline 

PET is feasible at present but shows a moderate concordance with routine transrectal 

prostate biopsies. The accuracy is too low for the routine use of this modality in the present 

scenario.  
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INTRODUCTION 
 

Prostate cancer is a highly prevalent disease throughout the world. It accounts for 

about 25% of all the newly diagnosed cancers in American men and is second (10%; 28 

660) among the 10 leading cancer-related causes of death for men in the United States in 

2008.1 Despite many years of study and effort, the best way of detection, diagnosis and 

treatment remains uncertain. 

Radiation therapy is commonly used in prostate cancer treatment. It may be used 

instead of surgery in early stage prostate cancer, or after surgery in locally advanced stages 

as adjuvant radiotherapy. An increasing prostate specific antigen (PSA) level after external 

beam radiation therapy (EBRT) is the earliest sign of cancer recurrence in about three-

quarters of patients.2,3 If biochemical recurrence is combined with biopsy after EBRT, 

substantially more patients will be identified with local failure after EBRT.4 

Zagars reported that 80% of men treated with radiation therapy for localized prostate 

cancer had an increasing PSA level at a mean follow-up of 5 years.5 

The main reason why whole-gland therapy has been the standard of care for so long 

is, that prostate cancer has always been regarded as multifocal. Histological studies, 

however, have shown that a considerable number of men diagnosed in a contemporary 

setting have unilateral or unifocal disease. In men undergoing radical prostatectomy, 10–

40% have unilateral disease and 10–44% have unifocal tumors. These data raise the 

possibility that half-gland treatment (hemiablation) or focal ablation of tumor foci alone might 

be possible for between 10% and almost 50% of patients who would currently receive whole-

gland treatment. 6 

At this time, there is not an imaging modality that can determine the exact localization 

of recurrent prostate cancer. CT and MRI scans are not sensitive in the detection of a local 

recurrence but can be used for the detection of lymph node metastases with a sensitivity of 

30-80%.7 Studies are ongoing to identify novel diagnostic techniques to improve imaging of 

recurrent prostate cancer. Possible imaging technologies are functional MRI techniques 

(diffusion-weighted MRI (DWI), MR spectroscopy (MRS), dynamic contrast-enhanced MRI 

(DCE-MRI)) and positron emission tomography (PET). 

PET has already been identified as promising imaging technique for detecting cancer 

recurrence after EBRT.8-11 Carbon-11-choline is one of the most commonly applied PET 

tracers for prostate cancer imaging.12 In a recent study a high sensitivity of 11C-choline PET 

was reported in the detection of the site of recurrence in a large cohort of patients with PSA 

relapse after EBRT.13 
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With a growing interest in focal treatment of recurrent prostate cancer by ablative 

treatments like high intensity focused ultrasound (HIFU) and cryoablation, patient selection 

could be improved if the site of recurrence and its extent could be visualized. 

The aim of this study was to investigate the potential role of 11C-choline PET for the 

intraprostatic tumor characterization and localization in recurrent prostate cancer after 

EBRT. 

 

MATERIALS AND METHODS 
 

Patients 
 

This retrospective study was conducted in patients who were being followed up after 

EBRT for histological proven prostate cancer. All patients were eligible if they showed a 

biochemical recurrence as defined by the ASTRO consensus criteria 1997. For this study we 

selected the patients with a local recurrence visualized by PET. No adjuvant hormonal 

therapy was allowed within 1 year prior to 11C-choline PET. All patients were informed and 

signed written consent forms prior to participation in the study. The hospital’s ethics 

committee approved the study. All patients were treated according to current guidelines on 

prostate cancer.14 

 

Histology 
 

Primary staging was done using TNM-classification of 1997. In patients with a 

biochemical recurrence and a palpable/visible tumor transrectal ultrasound guided prostate 

biopsies were taken. Primary and recurrent histological diagnosis and determination of the 

Gleason sum were performed on haematoxylin and eosin-stained sections. 

 

11C-choline PET tracer synthesis and PET scan 
 

The 11C-choline was produced using a cyclotron system by the method described by 

Hara.15 11C-choline was produced with an activity of >3,700 GBq/mmol and dissolved in 4 ml 

of sterile saline. The solution was isotonic, colorless and sterile, with a radiochemical purity 

of >95%. Prior to the PET study, the subjects were fasted overnight with the exception of 

water and their usual medication. The PET studies were performed using either an ECAT 

951/31 (until 2004) or an ECAT Exact HR+ PET camera (Siemens/CTI, Knoxville, TN, USA). 

 

A transmission scan was performed over three bed positions (10 min per position), 

covering the pelvis and lower part of the abdomen, immediately followed by intravenous 
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injection of 400 MBq 11C-choline. 3D-mode data acquisition was started at 5 min after 

injection over the same area for 7 min per bed position. The prostate bed was included in the 

first bed position. PET images were fused with a CT scan of the abdomen made separately 

and fused using Standard Esoft Software to improve tumor localization within the pelvic 

region. 

 

Evaluation of PET scan 
 

Attenuation-corrected images were made using an iterative reconstruction algorithm 

(ordered subset expectation maximization). Two independent experienced PET physicians, 

blinded for the clinical data, analyzed the PET images. A local recurrence was suspected 

when any increased uptake occurred within the prostate contour. Lesions were evaluated 

using a four point scale (0 = no uptake, 1 = uptake at background level; 2 = marked uptake 

above background level and 3 = high uptake). Lesions with 0 and 1 points were considered 

negative. Lesions with level 2 and 3 uptake were defined as positive and considered 

malignant. Intraprostatic recurrent prostate cancer was classified as focal – defined as a 

single circumscriptive area of uptake, or “diffuse”, when there was heterogeneous uptake of 

11C-choline along the prostate. Next, the SUV’s of ROI were measured using the SUV-70% 

threshold of SUV max to delineate the ROI. PET results were compared with the results of 

prostate biopsies and/or with clinical follow up after local salvage treatment. 

 

Reference test and further patient evaluation 
 

According to protocol, all follow-up patients undergo (half-) yearly serum PSA 

determination. In patients with biochemical recurrence further evaluation was performed 

using digital rectal examination and transrectal ultrasound guided prostate biopsies. 

Patients and localization of recurrence in the prostate were deemed true positive 

based on the biopsy findings when stated as malignant. Biopsies stated as indeterminate or 

radiation changes were classified as negative. We used conventional imaging studies (CT, 

MRI) and bone scintigraphy on clinical indication only. In addition we used clinical follow-up 

data, i.e., response to salvage therapy with PSA decline < 1.0 ng/ml in five cases with 

negative prostate biopsies. 

 

Prostate specific antigen 
 

Serum PSA was determined using an automated chemiluminescent microparticle 

immunoassay on an architect platform (Abbott Diagnostics Division, Abbott Park, IL, USA). 
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RESULTS 
 

We included 42 patients with a biochemical recurrence after EBRT and with a local 

recurrence suggested by PET in this study. The patient characteristics are presented in 

Tables I, II. According to PET results: of the 42 patients, 15 (36%) had a focal recurrence, 27 

(64%) showed a diffuse recurrence. The overall concordance of PET with histology 

concerning detection of recurrence was 76% (32 patients had positive PET results and 

positive biopsies). Of the remaining 10 patients, three patients also showed distant 

metastases on PET, all confirmed by CT or bone scans, two received hormonal treatment for 

rapid progressive disease and five were treated with cryoablation and their PSA response 

was sustained <1.0 ng/ml as indication of a complete response. Overall we confirmed the 

local recurrence as visualized by PET in 37/42 (88 %) patients using a composite reference 

with histology and clinical follow up after local salvage treatment. 

The results of PET and histology of transrectal prostate biopsies regarding the 

intraprostatic location of the tumor (either unilateral or bilateral) are presented in Table III. 

The mean time between PET and biopsies was 29 days. The concordance of the 

intraprostatic distribution of the tumor with PET with histology from median 7 (range 4-12) 

prostate biopsies was 47% (7/15) in unilateral cases and 41% (11/27) in bilateral cases. No 

significant differences were seen between the two groups in serum PSA at time of PET 

(p=0.509) and SUV (p=0.739) using Student’s t-test. 

 

TABLE I. Patient characteristics (Number of patients = 42) 

 Mean (range) 

Age at PET (years) 70.4 (50-81) 

Initial PSA (ng/ml) 21.3 (5-132) 

PSA at PET (ng/ml) 11.6 (0.6-47) 

Biopsies (№) 7 (4-12) 

Initial stage 
T1 T2 T3 

15 12 15 

Gleason score 
4-6 7 8-10 

12 23 7 
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TABLE II. The clinical data of patients with PET and histology results 

Patient 

№ 

Age 

at 

PET 

Stage Initial 

PSA 

PSA at 

PET 

PET findings SUV 

mean 

Biopsies 

№ 

Histology 

1 75 T1 N0 M0  132 14 Unifocal; left 1,72 6 recurrence left and right Gleason 7 

2 77 pT1c Nx 

Mx 

13 17 Diffuse; asymmetrical; left 3,03 12 changes due to radiotherapy 

3 78 T1c Nx M0 8,5 4 Diffuse; symmetrical 2 6 recurrence left Gleason 8 

4 65 T2b N0 M0 8,2 15,3 Diffuse; symmetrical 2,54 5 changes due to radiotherapy 

5 75 T3 pN0 M0 130 3,50 Diffuse; symmetrical 2,45 4 changes due to radiotherapy, no adenocarcinoma 

6 72 T2b pN0 

M0 

15 4,2 Diffuse; symmetrical 5,83 8 recurrence left and right Gleason 8 

7 72 T2N0M0  21,5 29,7 Diffuse; symmetrical 7,94 8 recurrence left Gleason 7 and right Gleason 8 

8 67 T3 pN0 M0 24 3,6 Diffuse; symmetrical 1,04 6 recurrence right, left - no recurrence 

9 58 T3 22 1,2 Unifocal; left 4,06 12 changes due to radiotherapy, no adenocarcinoma 

10 72 T1c N0 M0  27 11,3 Diffuse; asymmetrical; right 2,86 5 recurrence right Gleason 6, left - no recurrence 

11 65 T2 N0 M0  10,9 3,3 Unifocal; left 1,8 8 recurrence left Gleason 6, right - no recurrence 

12 74 T3b N0 M0 21 24 Diffuse; asymmetrical; right 3,74 6 recurrence right Gleason 7, left - no recurrence 

13 74 T1c N0 M0 13 18,2 Diffuse; symmetrical 2,34 4 recurrence right Gleason 6 

14 73 T1c pN0 

M0 

35,8 12,5 Diffuse; symmetrical 3,42 10 recurrence left Gleason 6 and right Gleason 7  

15 71 T1c N0 M0 18,4 20 Unifocal; left 3,01 6 multifocal recurrence Gleason 7  

16 71 T1c N0 M0 42 3,6 Diffuse; symmetrical 3,01 4 recurrence right Gleason 7 

17 74 T3b pN0 

M0 

22 14 Unifocal; left 5,65 
6 

recurrence left and right Gleason 8 

18 74 T1c 10,7 21,4 Unifocal; left 3,55 7 recurrence left Gleason 8 

19 72 T1c N0 M0 17 12,8 Diffuse; symmetrical 6,23 6 recurrence left and right Gleason 8 

20 74 T2a 13,4 2,9 Unifocal; left 3,2 8 no recurrence 

21 74 T2a N0 M0 58 4,2 Diffuse; symmetrical 2,58 9 recurrence left Gleason 8, right - changes due to 

radiotherapy 

22 68 T2a N0 M0 7,8 8,3 Unifocal; right 2,37 4 recurrence right Gleason 6, left - no recurrence 

23 71 T3 N0 M0 8,2 4,1 Unifocal; left 4,08 8 recurrence left Gleason 9, right - no recurrence 

24 57 T3 N0 28 5,4 Diffuse; symmetrical 2,83 12 recurrence left Gleason 9, right - changes due to 

radiotherapy 

25 70 T2a N0 M0  11 47 Diffuse; symmetrical 4,07 4 recurrence left and right Gleason 8 

26 50 T2a G2 7,3 2,2 Unifocal; right 3,59 4 recurrence right Gleason 7 

27 80 T2 pN0 M0 15 22 Diffuse; asymmetrical; left 4,13 9 recurrence left and right Gleason 10 

28 74 T1c N0 M0 27 11 Diffuse; asymmetrical; right 4,58 8 recurrence left and right Gleason 6 

29 67 cT3 pN0 

M0 

39 9,2 Diffuse; symmetrical 2,47 6 recurrence left Gleason 6 and right Gleason 7 

30 72 T3a pN1 

M0 

34 6,2 Diffuse; asymmetrical; right 2,65 9 recurrence right Gleason 8 

31 71 T2 N0 M0 5 9,3 Unifocal; right 3,31 12 recurrence left and right Gleason 7 

32 53 T3 N0 M0 51 2,2 Unifocal; right 3,65 6 recurrence left Gleason 9, right - no recurrence 

33 76 T1c Nx Mx 7 7,6 Diffuse; asymmetrical; right 3,96 12 recurrence left and right Gleason 8 

34 73 T3 pN0 M0  41 25,5 Diffuse; asymmetrical; right 2,39 7 no recurrence 

35 81 cT3 Nx Mx 34 2,7 Diffuse; symmetrical 3,03 12 recurrence left and right Gleason 9 

36 65 T1c N0 M0  6,3 6 Unifocal; left 2,63 4 recurrence left Gleason 8, right - no recurrence 

37 66 T1c N0 M0  14 7,9 Diffuse; symmetrical 4,37 6 changes due to radiotherapy 

38 69 T3 pN1 M0 22,7 13,8 Diffuse; symmetrical 6,1 8 recurrence left and right Gleason 8 

39 73 T1c Nx M0  14,5 0,6 Diffuse; symmetrical 1,17  n.a. changes due to radiotherapy 

40 69 T2 N0 M0 29 31,4 Unifocal; left  n.a.  n.a. recurrence left Gleason 7 

41 72 pT3 N0 M0  10 20,2 Diffuse; symmetrical 2,17 9 left and right atrophy, no recurrence 

42 73 T3 pN0 M0 15,3 2,9 Unifocal; right 3,36 8 no recurrence 
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TABLE III. PET results vs. results of biopsies, SUV, PSA 

 PET 

Diffuse  Focal 

Biopsy   

- Negative 2 3 

- Changes due to radiotherapy 5 1 

- Unilateral tumor  9 7 

- Bilateral tumor 11 4 

PSA at PET (mean) ng/ml 12,98 10,70 

SUV 3,44 3,28 

 

       

Figure 1 and 2 - Two typical cases of focal(left) and diffuse (right) Chol-PET/CT. 
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DISCUSSION 
 

In this study we showed that 11C-choline PET has a high overall sensitivity in detection 

of a local recurrence in the prostate after EBRT on a patient based analysis. This is in 

concordance with results published by other groups using both carbon-11 and fluor-18 

labelled cholines.9,13,16,17 However on a lesion based analysis the intraprostatic 

characterization of the tumor was less accurate when compared to histology using prostate 

biopsies. The concordance between the results of PET and biopsies was 47% in patients 

with unilateral disease and 41% in patients with bilateral form. 

As this study is one of the first reported on the intraprostatic characterization of 

recurrent prostate cancer with PET, we cannot compare our data with those from other 

groups. Our results are in line with recent publications on MRI in a comparable group of 

patients.18 In this study a local recurrence was verified by prostate biopsies in 12/33 patients 

with PSA relapse after EBRT. This is lower than in our group but the difference could be 

explained by the lower mean PSA of 2.1 ng/ml in their cohort versus mean PSA of 11.6 

ng/ml in our group. In the MRI study the local recurrence could be visualized using T2 

weighted images in 58% of the patients with proven local recurrence and in 100% of the 

patients using DCE-MRI. As this study used the result of prostate biopsies only as reference, 

a substantial number of false negative cases have to be recognized. Prostate biopsies will 

not be able to identify all cases of local recurrence, which would influence the reported 

accuracy of DCE-MRI. 

The limitations of transrectal prostate biopsies to identify all tumor sites in PET imaging 

of primary prostate cancer prior to prostatectomy were described by Farsad et al.19 They 

studied 11C-choline PET/CT using both sextant biopsies and whole mount specimens after 

prostatectomy. PET/CT demonstrated focal 11C-choline uptake in 108 sextants (94 of which 

involved tumor), and 108 sextants showed no abnormal 11C-choline uptake (49 of which 

were false negative). The sensitivity, specificity, accuracy, positive predictive value, and 

negative predictive value of PET/CT were 66%, 81%, 71%, 87%, and 55%, respectively. 

New strategies of so called mapping biopsies are currently studied for their accuracy in 

identifying intraprostatic tumors. 20,21 

Unfortunately there are also few data on the histopathology of recurrent prostate 

cancer. Salvage prostatectomies are not performed on a large scale due to the high 

morbidity with incontinence, rectal injuries and urethral strictures as the main problems. 

Recently histological data were presented analyzing radical prostatectomy specimens 

from 50 patients who underwent salvage radical prostatectomy following radiation therapy 

between 1994 and 2008.22 Unifocal tumors were present in 66% of the RPS and the tumor 

was bilateral in 74% (37/50) of the cases. 
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This means that rather often the tumor can be unifocal and bilateral at the same time, 

i.e., a single recurrent tumor which crosses the midline and involves both lobes. Our imaging 

data correlate with these results, with 27/42(63%) of the patients having recurrent cancer 

detected in both lobes. 

In recent publications by Heidenreich et al. in consecutive series of salvage 

prostatectomies, the authors have used 11C-choline PET/CT prior to prostatectomy in cases 

with negative biopsies.23 The authors report a correlation of 90% between the intraprostatic 

number and spread of tumor foci and PET/CT but did not provide the data, using whole 

mount specimens as reference.24 These unique data are of utmost importance to validate the 

accuracy of 11C-choline PET/CT for intraprostatic characterization of recurrent prostate 

cancer after EBRT. 

Our study has some limitations. First we have used PET/CT fusion for this cohort of 

patients which could lower the accuracy of the localization of the recurrent tumor(s). Second, 

with the reference technique using prostate biopsies we accept a mismatch compared to 

whole organ histology. The lack of whole organ histology will persist as salvage 

prostatectomy is not routinely performed. At present the literature on salvage prostatectomy 

series does not exceed 600 patients. By using a composite reference with clinical follow up 

after local salvage treatment more cases could be validated. Because of these limitations we 

did not report on sensitivity, specificity and predictive values but only on concordance with 

the reference. Third, changes in choline uptake in prostate cancer cells monitored by PET 

after radiotherapy might not exclusively reflect therapeutic success but also altered tracer 

uptake as a consequence of irradiation. This might be due to metabolic changes associated 

with initiation of processes that finally cause cell death.25 So far this mechanism has only 

been shown in an in vitro model. In this study the effects of per dosing irradiation were 

investigated very shortly after EBRT. As the mean disease free period exceeds six years in 

our study we believe that this mechanism will not affect our benefits. Only patients with PET 

positive local findings were included in the study, although the negative result of PET does 

not always guarantee the absence of disease, as it was in the recent study when 13 patients 

with defined biochemical recurrence had negative PET.13 

In recurrent prostate cancer after EBRT the limited data suggests that patterns of local 

recurrence after radiotherapy are focal in 2/3 of the patients. As whole gland salvage 

treatments like prostatectomy, cryoablation or HIFU all have shown to have considerable 

morbidity and complicates rates of > 50%, the need for less toxic treatment is obvious. If 

imaging could improve delineation of recurrent prostate cancer the option of focal and/or 

targeted salvage treatment would enable effective cancer control on the one hand and 

reduction of complications on the other hand. At present 11C-choline PET/CT and DCE MRI 

are the best candidate techniques for this purpose. 
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Clinical application of these techniques could be facilitated once so called mapping 

biopsy strategies with 30-60 template directed biopsies have been validated as reference 

technique and could replace whole mount histology. 

 

CONCLUSIONS 
 

Intraprostatic characterization of recurrent prostate cancer after EBRT with 11C-choline 

PET is feasible but at present shows a moderate concordance with routine transrectal 

prostate biopsies. The accuracy is too low for the routine use of this modality in the present 

scenario. 
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ABSTRACT 
 

Purpose 
 

To evaluate the effect of total PSA (tPSA) and PSA kinetics on the detection rates of 

11C-choline PET in patients with biochemical recurrence (BCR) after radical prostatectomy 

(RP) or external beam radiotherapy (EBRT). 

 

Methods 
 

We included 185 patients with BCR after RP (PSA > 0.2 ng/ml) or after EBRT (ASTRO 

definition). After injection of 400 MBq 11C-choline i.v. a scan was made using the ECAT HR+ 

PET camera with CT fusion images or Siemens mCT PET/CT. Biopsy-proven histology, 

confirmative imaging (CT or bone scan) and/or clinical follow-up (PSA) were used as 

composite reference. Statistical analysis was performed using PASW Statistics 18. 

 

Results 
 

11C-choline PET was positive in 124/185 cases (65%) (in 22/61 (36%) after RP, 

102/124 (82%) after EBRT). In 79 patients a local recurrence was identified, and 45 patients 

showed locoregional metastases on PET/CT. In 20 cases a proven false-negative PET scan 

was observed. Positive PET scans were confirmed by histology in 87/124 (70%) cases, by 

confirmatory imaging in 34/124 (28%) and by clinical follow-up after salvage treatment in 3 

(2%) cases. The ROC analysis to detect a recurrence showed significant difference in area 

under the curve (AUC) of tPSA 0.721(p <0.001) and PSA velocity 0.730 (p <0.001). PSA 

doubling time showed no significant difference with an AUC of 0.542 (p = 0.354). Detection 

rates are <50% in tPSA <2 ng/ml and/or PSA velocity <1 ng/ml/year. 

 

Conclusions 
 

Total serum PSA and PSA velocity have significant effect on the detection rates of 11C-

choline PET/CT in men with a BCR after RP or EBRT. 
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INTRODUCTION 
 

Prostate cancer accounts for 25% (192,280) of all the newly diagnosed cancers in 

American men and is second (9%; 27,360) among the 10 leading cancer-related causes of 

death for men in the United States in 2009 [1]. 

Many patients diagnosed with localized prostate cancer are treated with radical 

prostatectomy (RP) or external beam radiation therapy (EBRT). Of the patients treated with 

RP, 15-46% experience recurrence of disease as detected by a rise in PSA [2], which is 

usually the first sign of recurrent prostate cancer after curative treatment. 

Agarwal et al. [3] reported that 63% of men treated with radiation therapy for prostate 

cancer had an increasing PSA level at a mean follow-up of 38 months. 

Although PSA is the most sensitive tool for detection of the recurrence, it cannot 

distinguish between locoregional recurrences and the presence of distant metastases after 

treatment [4]. Several studies have shown PSA kinetics to be a good predictor of failure after 

treatment by either surgery or radiotherapy, as well as a predictor of prostate cancer–

specific survival [5-9]. For patients with biochemical recurrence (BCR) after curative 

treatment for localized prostate cancer, PSA doubling time might be useful to identify 

patients at high risk of dying from the disease, and subsequently to optimize their 

management [10]. 

11C-choline positron emission tomography (PET) has proven to be an accurate 

technique for re-staging after EBRT but clinically less accurate after RP [4, 11-14]. The 

threshold of PSA at the time of PET and PSA kinetics in post-RP patients with BCR have 

been suggested as predictive parameters for an abnormal scan and can be used for patient 

selection [8]. 

The aim of this study was to evaluate the effect of total PSA and PSA kinetics on the 

detection rates of 11C-choline PET in recurrent prostate cancer after radical prostatectomy or 

external beam radiotherapy. 

 

MATERIALS AND METHODS 
 

Patients 
 

This retrospective study was conducted in patients who were followed after RP or 

EBRT for histological proven prostate cancer. The patients after EBRT were eligible if they 

showed a BCR as defined by the ASTRO consensus criteria 1997 [15]. The post-RP patients 

with a BCR were included with a rising serum PSA >0.2 ng/ml. No adjuvant hormonal 

therapy was allowed within 1 year prior to 11C-choline PET. All patients were informed and 

signed written consent forms prior to participation in the study and for the anonymous 
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publication of the data. The study was approved by the hospital’s ethics committee and 

conducted according to the Declaration of Helsinki and subsequent revisions. 

 

Histology 
 

Primary staging was performed using the TNM-classification of 1997. In patients with a 

BCR and a palpable/visible tumor, transrectal ultrasound (TRUS)-guided prostate biopsies 

were taken from the bladder neck region (after RP) or from the prostate (after EBRT). 

Histological diagnosis and determination of the Gleason sum were performed on 

hematoxylin- and eosin-stained sections. 

 

11C-choline PET tracer synthesis and PET scan 
 

The 11C-choline was produced using a cyclotron system by the method described by 

Hara [16] with an activity of >3,700 GBq/mmol and dissolved in 4 ml of sterile saline. The 

solution was isotonic, colorless and sterile, with a radiochemical purity of >95%. Prior to the 

PET study, the subjects were fasted overnight with the exception of water and their usual 

medication. The PET studies were initially performed using an ECAT Exact HR+ PET 

camera (Siemens/CTI, Knoxville, TN, USA). A transmission scan was performed over three 

bed positions (10 min per position), covering the pelvis and lower part of the abdomen, 

immediately followed by intravenous injection of 400 MBq 11C-choline. 3D-mode data 

acquisition was started at 5 min after injection over the same area for 7 min per bed position. 

The prostatic bed was included in the first bed position. A low dose computed tomography 

(CT) scan was used for anatomical references, and PET/CT fusion images were 

reconstructed using the Leonardo post-processing software (Siemens Medical Solutions, 

Knoxville, TN, USA). 

Attenuation-corrected images were made using an iterative reconstruction algorithm 

(ordered subset expectation maximization). From 2009 we have used a 64-slice mCT 

(PET/CT) camera (Siemens CTI), with 2-mm spatial resolution with an emission time of 3 

min (approximately 8 bed positions) per bed position and a transmission CT scan for 

attenuation correction. 

All scans and quantifications were obtained according to the guidelines for tumor PET 

of the European Association of Nuclear Medicine [17]. Scans were reconstructed with a 

Gaussian filter of 5 mm in full width at half maximum, and iterative reconstruction methods 

were used with 3 iterations and 24 subsets. PET images were assessed qualitatively and 

quantitatively by a nuclear medicine physician. When in the field of view, CT data were used 

to allocate PET-positive lesions to an anatomic substrate. 
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Evaluation of PET scan 
 

Two independent experienced PET physicians with over 100 scans evaluated per 

physician, blinded for the clinical data, analyzed the PET images. A local recurrence was 

defined as any focal increased uptake within the prostate contour. Regional lymph nodes 

and skeleton were evaluated using a four point scale (0 – no uptake, 1 – uptake at 

background level, 2 – marked uptake above background level and 3 – high uptake). Lesions 

with level 2 and 3 uptake were defined as abnormal and considered malignant. Patients 

were grouped according to the PET/CT fusion results as negative (no pathological uptake) or 

positive (abnormal uptake in prostate region, prostate, pelvic nodes or skeleton). 

 

Reference test and further patient evaluation 
 

According to protocol, all follow-up patients undergo serum PSA measurements at six-

month interval during 3 year, and then annual PSA determination. In patients with BCR, 

further evaluation was performed using digital rectal examination and TRUS-guided biopsies 

from the bladder neck region (after RP) or from the prostate (after EBRT). Lymph node 

metastases were confirmed by histology after pelvic lymph node dissection (PLND) or biopsy 

or by confirmatory imaging on the CT. Bone scans were used to confirm bone metastases 

on PET/CT. In addition, we used follow-up data, that is, response to local salvage therapy 

with PSA decline as composite reference. 

 

Prostate specific antigen velocity and doubling times 
 

Serum PSA was determined using an automated Chemiluminescent Microparticle 

Immunoassay on an Architect platform (Abbott Diagnostics Division). The last 3 (half) yearly 

measurements prior to the PET/CT scan were used for the calculations of the PSA kinetics, 

covering 12–24 months in time. PSA velocity was calculated by the absolute increase of 

PSA level in ng/mL per year using first and last PSA according. 

PSA doubling time was calculated by natural log of 2 (0.693) divided by the slope of 

the relationship between the log of PSA and time of PSA measurements [18]. 

Calculation was performed using the Memorial Sloan-Kettering Medical Center 

prostate cancer prediction tool (http://www.mskcc.org/mskcc/html/10088.cfm). 
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Statistics 
 

ROC analysis was performed using PASW Statistics 18. Differences in distribution of 

PSA and PSA kinetics between the PET/CT groups were analyzed using Mann-Whitney U 

and t test with p <0.05 considered significant. 

 

RESULTS 
 

Patient characteristics are shown in Table 1. 11C-choline PET was positive in 124/185 

cases (65%) (in 22/61 (36%) after RP, 102/124 (82%) after EBRT). In 79 patients a local 

recurrence was identified, and 45 patients showed regional metastases on PET/CT (pelvic 

nodes, skeleton). The positive PET scans were confirmed by histology from prostate 

biopsies and/or pelvic lymph node dissections in 87/124 (70%), by confirmatory imaging (CT 

scan or bone scan) in 34/124 (28%) and by clinical follow-up after salvage treatment in 3 

(2%) cases. For local recurrences, the sensitivity was 80%, specificity 65% and false 

negative rate 19%. For metastases the sensitivity was 95% and the false negative rate was 

4%. No false positive scans were observed. Total PSA, PSA kinetics and detection rates of 

11C-choline PET are summarized in Table 2. Both tPSA and PSA velocity were correlated 

with an increase in detection rate of 11C-choline PET. The ROC analysis to detect recurrence 

sites showed significant difference in area under the curve (AUC) of tPSA 0.721(p<0.001) 

and PSA velocity 0.730(p<0.001). PSA doubling time showed no significant difference with 

an AUC of 0.542(p = 0.354). Detection rates are <50% in tPSA <2 ng/ml and/or PSA velocity 

<1 ng/ml/year. 

 

TABLE 1. Patient characteristics. 

 (n=185) 

Mean age (year) 69 

Initial Mean PSA (ng/ml) 18,45 

Initial Stage 

T1 35 

T2 77 

T3 70 

T4 3 

Initial Gleason sum 

≤6 68 

7 96 

8-10 21 



55 
 

TABLE 2. Total PSA, PSA DT and PSA velocity at time of PET and detection rates. 

PSA              

(ng/ml) 

Total PET POS 

(local/metastases) 

PET NEG Detection rate   (%) 

0-1 25 6 (6/0) 19 24 

1-2 15 5 (4/1) 10 33 

2-3 16 12 (11/1) 4 75 

3-4 18 14 (10/4) 4 78 

4-5 15 11 (7/4) 4 73 

5-10 50 37 (20/17) 13 74 

10-20 32 26 (13/13) 6 81 

> 20 14 13 (8/5) 1 93 

PSADT      (months) Total PET POS 

(local/metastases) 

PET NEG Detection rate   (%) 

0-3 14 11 (3/8) 3 79 

3-6 35 24 (8/16) 11 69 

6-9 33 23 (14/9) 10 70 

9-12 31 19 (11/8) 12 61 

12-24 47 32 (30/2) 15 68 

> 24 25 15 (13/2) 10 60 

PSA Velocity      

(ng/ml/year) 

Total PET POS 

(local/metastases) 

PET NEG Detection rate   (%) 

< 1 60 24 (22/2) 36 40 

1-2 34 24 (19/5) 10 71 

2-4 31 26 (15/11) 5 84 

4-6 21 18 (12/6) 3 86 

6-10 23 18 (8/10) 5 78 

>10 16 14 (3/11) 2 88 
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DISCUSSION 
 

This study shows that tPSA and PSA kinetics have an effect on the detection rates of 

11C-choline PET in patients with BCR.  

Our results on PSA kinetics in post-RP group are in line with the study from Castellucci 

et al. [8], who demonstrated a significant correlation between 11C-choline PET detection 

rates and PSA kinetics in patients with BCR after RP. The authors showed that the detection 

rate of 11C-choline PET/CT was significantly higher when PSA velocity was >1.1 ng/mL/year 

or PSADT was <3.4 months.  

Recently, Giovacchini et al. [9] also demonstrated that PSA doubling time is an 

independent predictor of 11C-choline PET/CT findings. In their study in patients with a BCR 

after RP, the 11C-choline PET/CT was positive in 75 of 170 patients (44%). In the 

multivariate logistic regression analysis, PSA and PSA doubling time were significant (p < 

0.05) predictors of positive 11C-choline PET/CT. For tPSA, the odds ratio (OR) was 1.43 

(95% CI, 1.15-1.78), and for PSA doubling time, the OR was 1.12 (95% CI, 1.04-1.21). The 

difference in mean tPSA at the time of PET/CT could explain the fact that tPSA did have an 

effect on the detection of a local recurrence compared to our study. In our study the mean 

tPSA at the time of PET was 4.8 ng/ml, at which level detection rates did not improve further 

[14]. 

PSA doubling time was different between patients with pathological uptake in the 

prostatectomy bed and those with increased 11C-choline uptake in distant sites. tPSA did not 

differentiate between local or regional recurrence (data not shown). In a study by 

Giovacchini, a PSA doubling time of 3-6 months correlated with a 61% likelihood of lesions 

on the 11C-choline PET/CT [9]. This increases to 81% in patients with a PSA doubling time of 

<3 months. In the group of patients with a PSA doubling time of <3 months, no case of a 

local recurrence in the prostate was identified. 

In a recent study by Breeuwsma [4], the authors demonstrated that PSA doubling time 

and PSA velocity were significantly different in patients with a negative scan versus local and 

distal recurrences. In this cohort of men with BCR after EBRT, a PSA doubling time of 

approximately 4 months showed a significant correlation with distant metastases identified 

on 11C-choline PET. 

Our analysis showed a clear correlation between both tPSA and PSA velocity and a 

positive scan. Our results differ from the study by Giovacchini et al. [9]. In their study the 

likelihood for a positive scan was increased in patients with a tPSA at the time of PET <2.4 

ng/mL in combination with a PSA doubling time <3.4 months and/or a PSA velocity higher 

than 1 ng/ml/year, respectively. In patients with a tPSA at the time of PET/CT higher than 2.4 

ng/ml, the authors could not demonstrate any additional effect of PSA kinetics. The authors 
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discuss that they did not include patients with a high risk for metastases in order to be able 

to detect any influence of PSA kinetics in the low PSA ranges. However, with a comparable 

mean tPSA at the time of PET/CT, their reported detection rate was substantially lower in the 

PSA < 2 ng/ml compared to other series in the literature. It is not clear whether selection of 

patients with low to intermediate risk of metastasis is a bias. However, a short PSA doubling 

time was correlated with an increased detection rate.  

The interpretation of PSA doubling time and PSA velocity is complicated and limited by 

the large biological and inter-assay variability of PSA, and the availability of many methods 

for its calculation [10]. Even small deviations from the methods can change PSA doubling 

time for several months, which could lead to errors in patient management in newly 

diagnosed prostate cancer [10]. In our study we used the models, which have shown to have 

a high accuracy [19]. 

An issue that has not yet been solved is the noticeable difference in detection rates of 

11C-choline PET/CT in BCR after RP versus EBRT as reported in the literature so far. One 

hypothesis is that the tumor volume is the main cause. By definition, recurrent prostate 

cancer will be detected by a higher total PSA after EBRT compared to RP. The relationship 

between tumor volume and serum PSA levels were studied by Stamey et al. [20]. They 

found a significant correlation between PSA and volume with a correlation r = 0.70. A tumor 

volume of 1 ml was calculated to be responsible for 3.6 ng/ml serum PSA level. This could 

explain the differences in detection rates of 11C-choline PET/CT in patients with a PSA <3 

versus >3 ng/ml [14]. However, recent studies have questioned the correlation between PSA 

and volume in early prostate cancer patients treated with a radical prostatectomy [21]. No 

data are available on role of tumor volume in PSA values in recurrent prostate cancer.  

Our study has limitations. We have used the PET/CT fusion for most patients which 

could have led to lower accuracy in the detection of the recurrent tumors when compared 

with our current PET/CT hybrid systems.  

In preoperative lymph node staging using 11C-choline PET in de novo prostate cancer, 

12/15 (80%) patients with histologically proven lymph node metastases were PET positive 

[22]. In a recent study using 11C-choline PET/CT system in recurrent prostate cancer, this 

seems to increase to 19/21 (90%) patients [23]. Another limitation of our study is the 

histopathological proof (obtained in 70% of the patients) of all local and regional/distant 

recurrences after either RP or EBRT. This common drawback has been addressed in the 

recent study by Giovacchini et al. [9], who used histology only in 11% of the cases and 

confirmatory imaging and clinical follow-up in 89%. As the authors stated, this could have 

caused over-interpretation and extensive use of confirmatory imaging. Using a per-patient 

analysis like in our study, this problem is less important when compared with a complex 

regional analysis in the pelvic region. We believe that only by using standardized histology 
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(biopsies plus routine PLND) a per-lesion analysis will provide additional information to the 

per-patient analysis. Importantly, a significant quantity of local recurrences can be missed 

using prostate or bladder neck biopsies failing to prove true positives. The use of a 

composite reference with clinical follow-up after local salvage treatment as surrogate end 

point will validate cases of local recurrences in due course.  

In summary, tPSA and PSA kinetics demonstrated a significant effect on the detection 

rates of 11C-choline in men with a BCR. Detection rates are <50% in cases with a tPSA <2 

ng/ml and/or a PSA velocity <1 ng/ml/year. This could improve patient selection for PET/CT 

and reduce the number of false negative PET/CT scans. 

 

CONCLUSIONS 
 

Total serum PSA and PSA velocity have significant effect on the detection rates of 11C-

choline PET/CT in men with a BCR after RP or EBRT.  
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ABSTRACT 
 

Aim 
 

Radiotherapy following radical prostatectomy should be considered in men with high 

risk features who have a life expectancy of more than 10 years. So far no effect on prostate 

cancer specific survival has been proven by 3 randomized controlled trials (RCTs) on 

adjuvant radiotherapy. At present the optimal timing of radiotherapy is not defined. 

Identifying the site of recurrence is difficult at low PSA levels. 11C-choline PET/CT studies in 

biochemical recurrent prostate cancer after prostatectomy show a higher frequency 

of (false) negative cases compared to restaging after EBRT. It is uncertain if this reflects low 

volume of disease and/or low grade as biopsies fail to prove recurrent cancer in 50% of 

cases. We followed the clinical course of men with recurrent prostate cancer after radical 

prostatectomy and investigated treatment and survival. PET/CT data were correlated 

with clinical data, PSA kinetics and disease specific and overall survival. We also 

studied relative survival comparing an age matched group from the Central Dutch Statistical 

Office (CBS). 

 

Methods 
 

64 patients underwent 11C-choline PET/CT on PSA relapse. All patients were initially 

treated with radical prostatectomy and reached PSA nadir of <0.1ng/mL. Recurrent disease 

was defined as PSA increase <0.2ng/mL after nadir. Patients were either treated with 

watchful waiting, salvage radiotherapy and/ or androgen deprivation therapy based on 

individual assessments by the treating urologists. Statistic: Chi-square, log-rank and Mann-

Whitney-U tests were used to compare the 11C-choline PET/CT groups. 

 

Results 
 

The 64 patients had median PSA of 1.4ng/mL. Median follow-up period of patients was 

50 (6-124) months. Ten patients died during the course of follow-up of which 5 due to 

metastasized disease. No significant differences were seen in age, time to recurrence, total 

PSA at recurrence and PET/CT results. Patients with abnormal PET had higher PSAVel 

(median 3.09 ng/mL/yr versus 10.17, p= 0.002) and shorter PSADT (med 4.83 mo vs 0.53, 

p= 0.016). Median time to treatment was significantly lower in the PET/CT negative 

group. Age of patients at death from the whole group did not differ from the age of death in 

an age matched group. Disease specific survival was significantly higher in the PET/CT 

negative group (p=0.05). 
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Conclusions 
 

11C-choline PET/CT showed that a negative PET/CT correlated with a higher disease 

specific survival and a lower treatment rate in men with a biochemical recurrence after 

radical prostatectomy. Overall survival of the total group was equal to the age matched 

cohort emphasizing the limited effect of a biochemical recurrent prostate cancer on overall 

survival. The optimum timing (adjuvant or early salvage) must be answered in running trials 

before adjuvant RT is used as standard of care. 

 

INTRODUCTION 
 

Prostate cancer accounts for 25% (192280) of all the newly diagnosed cancers in 

American men and is second (9%; 27360) among the 10 leading cancer-related causes of 

death for men in the United States in 2008 (1). A rise in PSA or biochemical recurrence 

(BCR) is the first sign of recurrent prostate cancer after curative treatment. Many patients 

diagnosed with localized prostate cancer are treated with radical prostatectomy (RP) or 

external beam radiation therapy (EBRT). Of the patients treated with RP, 15% to 46% 

experience recurrence of disease as detected by a rise in PSA, which is usually the first sign 

of recurrent prostate cancer after curative treatment (2). 

The time-interval between treatment and BCR as well as the PSA doubling time are 

used as an indicator for a local or a distant recurrence (3). Definitions of recurrent disease 

are unequivocal and widely accepted. After radical prostatectomy BCR is defined as two 

consecutive rises above a nadir of 0.2ng/mL. Conventional imaging modalities are limited in 

their ability to localize the site of recurrence with a high accuracy. Reports on CT and MRI 

(with or without an endorectal coil) show widely differing results in showing presence of local 

and regional or distant metastases (4). PSA kinetics might be used to predict the outcome in 

both localized and advanced prostate cancer. Some groups have shown that the 

pretreatment PSA velocity can predict high-grade cancer, biochemical relapse (BCR) and 

survival after RP and EBRT. For patients with BCR after curative treatment for localized 

prostate cancer, PSA doubling time might be useful to identify patients at high risk of dying 

from the disease, and subsequently to optimize their management (5). Although transrectal 

ultrasound and prostate biopsies can identify local recurrence after radical prostatectomy, 

this will not provide enough information for clinical decision making with respect to salvage 

EBRT. To correctly select patients for a local therapy, adequate re-staging is of paramount 

importance. 11C-choline and 18F-choline positron emission tomography (PET) has proven to 

be an accurate technique for re-staging after EBRT but clinically less accurate after RP (6-

10).The threshold of PSA at time of PET and PSA kinetics in patients with BCR after RP 
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have been suggested as predictive parameters for an abnormal scan and can be used for 

patient selection [8]. In general, at BCR residual tumor volume after prostatectomy is low. 

Men with poorly differentiated cancer, non-organ-confined disease, and positive surgical 

margins are at the highest risk. Currently salvage radiotherapy is used to treat local 

recurrence on BCR without evidence for metastases. However, it is unclear if better clinical 

outcomes will be achieved administering adjuvant RT to all patients at increased risk for 

recurrent PCa who have an undetectable postoperative PSA level compared to close 

observation and timely salvage RT at the earliest indications of BCR (11). There have been 

3 randomized clinical trials published so far on adjuvant RT after radical prostatectomy which 

are the basis for a recent Cochrane review (12).The review showed an improved overall 

survival and reduced rate of distant metastases in one trial only with a follow up of 12.5 

years. No effect on prostate cancer specific survival was reported. At 5 and 10 years 

adjuvant RT did improve local control and did reduce the risk of biochemical failure. However 

this reduction of biochemical failure is not a clinical endpoint. This is underscored by the long 

lead time from a biochemical recurrence after radical prostatectomy to the development of 

clinical symptoms which is long and approximately 8-13 years (13-15). One of the questions 

which remained unanswered in the 3 trials is the timing of the radiotherapy. As trials designs 

were different and not all men in the control arm were treated with a planned salvage, the 

optimal timing is unclear. To answer the question on timing, 3 randomized trials RADICALS, 

NCT00667069 and RAVES are ongoing. In these trials adjuvant versus planned salvage RT 

are studied in combinations with additional ADT schemes (16). 

At low serum PSA levels imaging and locating the site of recurrent prostate cancer can 

be difficult (17). Because digital rectal examinations (DRE) have very low accuracy 

transrectal ultrasound is often employed. Sensitivity of traditional grey-scale transrectal (TR) 

sonography is high (95 %) in the detection of small tumours, but specificity is poor (18,19). 

Non-invasive imaging in men who have undergone radical prostatectomy and have rising 

PSA levels is therefore needed to determine the presence of local recurrence or systemic 

disease, as this could affect treatment choices. We studied the effect of 11C-choline PET/CT 

findings in relation to time to treatment, disease specific and overall survival in biochemically 

recurrent prostate cancer after radical prostatectomy. 

 

MATERIALS AND METHODS 
 

Patients 
 

This prospective study was conducted in 64 patients who were in follow-up after RP for 

prostate cancer. All 64 patients had a biochemical recurrence i.e. two consequent serum 
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PSA readings ≥ 0.2 after a nadir < 0.2 ng/ mL after RP. All patients underwent serum PSA 

determination and digital rectal examination. All patients also underwent an 11C-choline PET. 

No patients had received adjuvant (hormonal) therapy at time of 11C-choline PET. 

 

Histology 
 

Primary staging was done using the TNM-classification of 1997. In patients with 

biochemical recurrence and if palpable/ visible, finger or TRUS-guided biopsies were taken 

from the prostatic fossa. Primary histological diagnosis and determination of the Gleason 

sum were performed on haematoxylin and eosin-stained sections. 

 

11C-choline tracer synthesis and scan 
 

11C-choline was produced using a cyclotron system by the method described by Hara 

(12). 11C-choline was produced with a specific activity of >3,700 GBq/mmol and dissolved in 

4 ml of sterile saline. The solution was isotonic, colourless and sterile, with a radiochemical 

purity of >95%. Prior to the PET study, the subjects were fasted overnight with the exception 

of water and their usual medication. The PET studies were performed using an ECAT Exact 

HR+ PET camera (Siemens/CTI, Knoxville, TN, USA). A transmission scan was performed 

over 3-5 bed positions (10 min per position), covering the pelvis and lower part of the 

abdomen, immediately followed by an intravenous injection of 400 MBq 11C-choline. 3D-

mode data acquisition was started at 5 min after injection over the same area (in reverse 

order) for 7 min per bed position. The prostate was included in the first bed position. Using 

rigid software fusion on the Leonardo workstation PET and CT images could be overlain.  

 

Image reconstruction and data analysis 
 

3D-attenuation-corrected images were obtained using an iterative reconstruction 

algorithm (ordered subset expectation maximisation). PET images were analysed by an 

independent experienced nuclear physician, who was blinded for the clinical data. The 

location of each lesion was marked on case record forms and qualitatively scored as 0 (no 

uptake), 1 (benign uptake, just above background), 2 (uncertain benign, clearly above 

background) or 3 (probably malignant uptake), 4 (malignant uptake). 

 

Further patient evaluation 
 

All patients underwent serum PSA assessment every 6-12 months. In patients with a 

biochemical recurrence evaluation was done using DRE and/or TRUS with or without 
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biopsies. CT, MRI or bone scan were performed only on clinical indication using current 

European guidelines. Patients were defined as having recurrent disease in case of biopsy-

proven histology from the site of suspicion, clinical indication (i.e. significant serum PSA rise 

after nadir or significant PSA doubling time or velocity), and/ or positive findings with other 

imaging modalities, which were used as a composite reference, as well as response to local 

salvage therapy expressed through PSA decline. We followed the clinical course of men with 

recurrent prostate cancer after radical prostatectomy and investigated additional hormonal 

treatment and disease specific survival. PET/CT data were correlated with clinical data, PSA 

kinetics and disease specific and overall survival. We also studied relative survival 

comparing an age matched group from the Central Dutch Statistical Office (CBS). 

 

Prostate specific antigen, velocity and doubling times 
 

Serum PSA was determined using an automated Chemiluminescent Microparticle 

Immunoassay on an Architect platform (Abbott Diagnostics Division). PSA doubling times 

and velocities were calculated using the Memorial Sloan-Kettering Medical Center prostate 

cancer prediction tool (http://www.mskcc.org/mskcc/html/10088.cfm).  

 

Statistics 
 

The PSA and PSA derived kinetics were compared with PET results (Kruskal-Wallis 

test, p< 0.05 considered significant, Chi-square, log-rank and Mann-Whitney-U tests with p< 

0.05 considered significant). Cox single and multiple regression analysis was performed to 

study different factors in treatment free survival. 

 

RESULTS 
 

Sixty-four patients were included. Median PSA of 1.4ng/mL. Median follow-up period of 

patients was 50 (6-124) months. Scan results are presented in Table I. 

Ten patients died during the course of follow-up of which 5 due to metastasized 

prostate cancer. Age of patients at death from the whole group did not differ from the age of 

death in an age matched group. 

A total of 23of the 64 patients with a biochemical recurrence (median PSA 2.2 ng/ mL; 

mean PSA 7.4), proved true positive for a local recurrence and/ or loco-regional and/ or 

distant metastases on 11C-choline PET (sensitivity 36%). 

Twelve of these patients had a local recurrence only, as defined by uptake of 11C-

choline in the prostatic bed only. In 8 of these patients, biopsies of the prostatic bed were 

performed. In only 2 of these patients was prostate cancer proven. Of the 12 patients with 
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local recurrence only on 11C-choline PET 9 underwent EBRT and all had a serum PSA drop 

<0.3 ng/mL. In 2 cases watchful waiting was applied because of low PSA (<0.8ng/mL). In the 

remaining patient hormonal therapy was given on the basis of patients’ inability to withstand 

curative treatment schedule. 

 

Table I. Clinical parameters of patients with biochemical recurrence and scan results. 

 

The other 11 patients showed uptake of 11C-choline outside the prostatic fossa only. In 

6 of these 11, prostatic bed biopsies were taken, which were all positive for local recurrence. 

Consequently, 11C-choline PET yielded 6 false negative scans in the prostatic fossa. In 4 of 

the 11 patients, histological verification of lymph node metastases was obtained, through 

 

Scan results 

Negative 

(n= 41) 

Local recurrence 

(n= 12) 

Regional/ distant 

metastases (bone) 

(n= 11) 

Mean age (y) 67 65 65 

Mean initial 

serum PSA 

(ng/ml) 

15.1 14.2 10.0 

T stage    

T2 19 6 7 

T3 20 6 4 

T4 2 N/A N/A 

Gleason sum    

≤6 16 7 5 

7 23 5 6 

8-10 2 N/A N/A 
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pelvic lymph node dissection. In 3 of patients with metastasised disease, on 11C-choline PET 

also showed bone metastases. These were confirmed by bone scans in all cases. 

In the other 41 patients with a biochemical recurrence (median PSA 1.4 ng/ mL; mean 

PSA 3.1 at recurrence), 11C-choline PET showed no uptake. Twenty-six of these patients 

received subsequent treatment despite the negative PET findings. In the 22 patients of these 

26 11C-choline PET scans, who underwent radiotherapy on the prostatic bed 17 had serum 

PSA drop < 0.1 ng/ mL after radiotherapy (average follow-up 70 months); 4 patients had 

PSA < 2.0 ng/ mL (average follow-up 48 months); and one was lost to follow-up. Four 

patients were treated with hormonal treatment. In 15/41 patients deferred treatment was 

decided upon based on low serum PSA values. Overall positive and negative predictive 

values and accuracy of 11C-choline PET are 1.0, 0.14 and 0.32 respectively. The factors 

significant in treatment free survival are shown in Table II. 

 

Table II. Cox-regression Analysis Treatment Free Survival. 

Univariate HR (95%CI) p-value 

Age at PET 1.00 (0.95:1.04) 0.882 

PSA at BCR 1.76 (0.92;3.39) 0.089 

PSADT(median) 0.48 (0.25:0.94) 0.031 

PSAV(median) 1.84 (0.94;3.60) 0.076 

Gleason sum 0.80 (0.44;1.46) 0.471 

PET (negative) 2.80 (1.40;5.59) 0.004 

Multivariate   

PET (negative) 2.80 (1.40;5.59) <0.05 

 

Using the PSA subgroups PSA <1 ng/ mL, 1-3 ng/ mL and > 3 ng/ mL the sensitivity of 

detection of any recurrent tumour is shown in table III. 
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Table III. PET/CT scan results by PSA group. 

 Patients Negative scan  Local recurrence Metastases  Sensitivity 

<1  n= 24  18  6  0  25%  

1-3  n= 20  13  6  1  35%  

>3  n= 20  10  0  10  50%  

 

Figure 1 shows therapy free survival in 11C-choline PET/CT negative versus positive 

cases. Further, figure 2.shows mortality age at death (2A) and relative mortality (2B). 

 

Figure 1.Treatment free survival in 11C choline PET/CT negative versus positive cases 
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Figure 2.Mortality age at death (A) and relative mortality (B).Observed 6; Expected 

4,73 Standardized Mortality Ratio 1,26 (95%CI 0,26 - 2,06) χ² 0,12 (p-value = 0,7). 

 

Six were observed 6 whereas 4,73 were expected which leads to a standardized 

mortality ratio 1,26 (95%CI 0,26 - 2,06) Chi-square 0,12 (p-value = 0,7). 
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DISCUSSION 
 

To assess candidates for salvage treatment it is necessary to determine the extent and 

the location of prostate cancer. For patients to successfully benefit from local salvage 

radiotherapy after RP the maximum serum PSA of 0.5 to 1.0 ng/mL is currently used (20). 

This study in patients with recurrent prostate cancer after RP shows that 11C-choline PET is 

not an accurate molecular imaging technique to localise the site of recurrent disease. In this 

group of 64 patients with a biochemical recurrent prostate cancer after RP only 23 showed 

abnormal uptake on 11C-choline PET scan. 

Our results are in concordance with the results obtained by several authors (7,21-24). 

Earlier studies, however, have incorporated different retrospective cohorts of patients using 

heterogeneous patient groups that have undergone different treatment modalities (i.e. 

prostatectomy, radiotherapy and/ or hormonal therapy). We feel this factor will have 

influenced the overall reported accuracy. Especially, on BCR after radical prostatectomy the 

accuracy of 11C-choline PET is reported to be low by several authors (21,25). Also, inclusion 

criteria are different between studies that could be an explanation for the high accuracy of 

studies that included a high number of patients with palpable and/ or visible lesions. This 

study aimed to recruit patients uniformly and prospectively according to preset accrual. The 

results in this study must be seen in the light of the low PSA levels and the definition of 

recurrence. Especially in low PSA levels the PET detection rates seem to drop from almost 

80% in PSA levels ≥ 3 ng/ mL to 36% in PSA < 1.0 ng/ mL. We report a detection rate of 

25% in our study in the < 1.0 PSA group. This corroborates earlier reports (21). Although 

retrospective studies have identified PSA doubling time as a strong predictor for progression 

in patients failing initial local treatment, the need for validation of these cut off points for PSA 

doubling time is clear (26). Our preliminary results on PSA and PSA kinetics in the context of 

PET imaging should therefore be interpreted with care and restriction. Patients without 

recurrent prostate cancer showed no significant uptake of 11C-choline, the 41 patients with a 

false negative PET scan do need special consideration. One explanation for the false 

negative cases could be that the volume of recurrent disease after RP, shown through its 

low serum PSA, is limited and below the detection range of PET (± 4-5mm). Furthermore, it 

is plausible that tumour volume does influence 11C-choline uptake quantitatively and 

therefore may affect detectability on PET. Slow PSA rise may also be caused by lower rates 

of proliferation and progression of prostate cancer tissue. However, proliferation seems to be 

independent of 11C-choline uptake as expressed through standardised uptake values (27). 

Further, it seems reasonable to assume that PET/CT would be more accurate in identifying 

lymph node metastases. Physiological uptake in the intestinal tract can complicate detection 

of pelvic lymph nodes. Morphological orientation in the pelvic area would also be more 
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accurate. One study using 11C-choline PET in staging de novo prostate cancer showed that 

12/15 patients with histologically proven lymph node metastases were PET positive (28). 

When PET/CT was used, this value increased to 19/21 patients (29). 

A limitation in this study is that histological proof of local and regional/ distant 

recurrence after RP was not obtained, although a significant number of local recurrences 

can be missed on biopsy. However, lymph node staging was performed successfully in one 

study and it was already shown that choline is taken up by these metastases in recurrent 

prostate cancer (29). Another limitation is that we used software fused PET with CT for most 

patients. PET/CT integrated systems seems to have higher detection rates than PET alone. 

It remains to be determined if 11C-choline PET/CT imaging can play a role in the selection of 

patients for adjuvant or salvage therapy after RP. Current trigger for salvage therapy in all 

studies is serum PSA. The rationale for this is that low serum PSA values mostly reflects 

recurrence at local site and less so at pelvic lymph nodes or distant sites. Especially, for 

curative (salvage) treatment to be effective the local recurrence alone is important. 

Radiotherapy following radical prostatectomy in men with high risk features should be 

considered for men who have a life expectancy of more than 10 years. The optimum timing 

(adjuvant or early salvage) is unknown (12). 

 

CONCLUSIONS 
 

Radiotherapy following radical prostatectomy should be considered in men with high 

risk features who have a life expectancy of more than 10 years. Bioimaging using 11C-

choline PET/CT showed that a negative PET/CT correlated with a higher disease specific 

survival and a lower treatment rate in men with a biochemical recurrence after radical 

prostatectomy. Overall survival of the total group was equal to the age matched cohort 

emphasizing the limited effect of a biochemical recurrent prostate cancer on overall survival. 

The optimum timing (adjuvant or early salvage) must be answered in running trials before 

adjuvant RT is used as standard of care. 
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ABSTRACT 
 

11C-choline PET/CT has proven to be a sensitive technique for re-staging after 

radiation therapy (RT). The aim of this study was to analyze the clinical impact of 11C-choline 

PET/CT in the selection of patients with biochemical recurrence (BCR) after RT for salvage 

cryoablation of the prostate.  

 

Methods 
 

This prospective study was conducted between November 2006 and February 2012 

on patients considered as candidates for salvage cryoablation. 74 patients, mean age 69.2 

years, median – 70.3 years (range 49-79), who were being followed up after RT for 

histological proven prostate cancer (according to ASTRO-Phoenix) were included. Until 2009 

we used PET/CT fusion, but from 2009 all patients were examined with an integrated 

PET/CT system. After receiving 400 MBq 11C-choline intravenously, a whole body scan was 

made. As reference we used biopsy-proven histology from site of suspicion, confirmative 

imaging modalities (bonescan, CT) or clinical follow-up. PSA doubling time and velocity was 

calculated. 

 

Results 
 

According to the PET/CT results, 40 (54%) patients had a local recurrence, 20 (27%) 

had regional/distant metastases and 14 (19%) had a negative scan. The positive PET 

findings were proved by histology from prostate biopsies and/or pelvic lymph node 

dissections in 63% of cases. Considering PET/CT results: 50/74 (68%) patients received 

cryoablation, for 24/74 (32%) treatment was changed (active surveillance or androgen 

deprivation therapy). 

 

Conclusion 
 

11C-choline PET/CT could be useful for the selection of patients with BCR after RT for 

salvage cryoablation of the prostate. 11C-choline PET/CT was decisive and led to therapy 

change in 32% of cases. 
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INTRODUCTION 
 

Biochemical recurrence (BCR) after radiation therapy (RT) is not uncommon incident 

(1,2). Several studies reported that 30-50% of men treated with RT for localized prostate 

cancer had an increasing PSA level at a mean follow-up of 5 years (3,4). 

Choosing an adequate salvage treatment for the patients with BCR should be the next 

step, but it depends on localization of the recurrence: is it local or distant (lymph nodes, 

bone). Some patients with the local recurrence could be candidates for local salvage 

treatment like high intensity focused ultrasound (HIFU) or cryoablation and may avoid 

androgen deprivation treatment (ADT). Thorough diagnostics are needed for the selection of 

such patients. 

Prostate-specific antigen (PSA) is the most sensitive tool for detection of the 

recurrence, but it cannot distinguish between local-regional recurrences and the presence of 

distant metastases after treatment (5). During the last few years, several studies have shown 

PSA velocity and PSA doubling time to be good predictors of failure after treatment by either 

surgery or radiotherapy, as well as predictors of prostate cancer–specific survival (6-10). 

PSA kinetics might be used to predict the outcome in both localized and advanced prostate 

cancer. However, the best way of using PSA kinetics still has to be identified and the 

research is in progress. 

Computed tomography (CT) and magnetic resonance imaging (MRI) are not sensitive 

in the detection of a local recurrence but can be used for the detection of lymph node 

metastases with a sensitivity of 30-80% (11). 

11C-choline positron emission tomography (PET) has already proven to be a sensitive 

technique for re-staging after external beam radiotherapy (EBRT) (12-15). Combined 

PET/CT further improved clinical accuracy by fusion of functional and morphological 

diagnostic imaging (16,17). 

The aim of this study was to analyze the clinical impact of 11C-choline PET/CT in the 

selection for salvage cryoablation of the prostate in patients with BCR after RT. 

 

MATERIALS AND METHODS 
 

Patients 
 

This prospective study was conducted between November 2006 and February 2012 in 

patients considered as candidates for salvage cryoablation. A total of 74 patients, who were 

being followed up after EBRT or brachytherapy for histological proven prostate cancer were 

included. Patients were eligible, if they showed a BCR as defined by the ASTRO Phoenix 

consensus conference (18). No adjuvant hormonal therapy was allowed within 1 year prior to 
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11C-choline PET/CT. All patients were informed and signed written consent forms prior to 

participation in the study and for the anonymous publication of the data. The study was 

approved by the hospital’s ethics committee and conducted according to the Declaration of 

Helsinki. 

 

Histology 
 

Primary staging was performed using the TNM-classification of 1997. In patients with a 

BCR and a palpable/ visible tumor, transrectal ultrasound (TRUS) guided prostate biopsies 

were taken from the prostate. Histological diagnosis and determination of the Gleason sum 

were performed on haematoxylin and eosin-stained sections. 

 

11C-choline PET tracer synthesis and PET scan 
 

The 11C-choline was produced using a cyclotron system by the method described by 

Hara (19) with an activity of >3,700 GBq/mmol and dissolved in 4 ml of sterile saline. The 

solution was isotonic, colorless and sterile, with a radiochemical purity of >95%. Prior to the 

PET study, the subjects were fasted overnight with the exception of water and their usual 

medication. The PET studies were initially performed using an ECAT Exact HR+ PET 

camera in combination with a low dose CT scan for anatomical references. PET/CT fusion 

images were reconstructed using the Leonardo post processing software (Siemens Medical 

Solutions, Knoxville, TN, USA).  

A transmission scan was performed over three bed positions (10 min per position), 

covering the pelvis and lower part of the abdomen, immediately followed by intravenous 

injection of 400 MBq 11C-choline. 3D-mode data acquisition was started at 5 min after 

injection over the same area for 7 min per bed position. The prostatic bed was included in 

the first bed position.  

Since 2009 a whole body PET/CT scan using the integrated Biograph mCT system 

was performed. A low dose CT scan was used for transmission scanning as well as for 

anatomical references, followed by intravenous injection of 400 MBq 11C-choline. 3D-mode 

data acquisition was started at 5 min after injection (Siemens/CTI, Knoxville, TN, USA). 

 

Evaluation of PET scan 
 

Attenuation-corrected images were made using an iterative reconstruction algorithm 

(ordered subset expectation maximization, OSEM). Two independent experienced PET 

physicians with over 100 scans evaluated per physician, blinded for the clinical data, 

analyzed the PET images. A local recurrence was defined as any focal increased uptake 
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within the prostate contour. Regional lymph nodes and skeleton were evaluated using a four 

point scale (0 – no uptake, 1 – uptake at background level; 2 – marked uptake above 

background level and 3 – high uptake. Lesions with level 2 and 3 uptake were defined as 

abnormal and considered malignant. Patients were grouped according to the PET/CT results 

as negative (no pathological uptake) or positive (abnormal uptake in prostate region, 

prostate, pelvic nodes or skeleton). 

 

Reference test and further patient evaluation 
 

According to protocol, all follow-up patients undergo (half-) yearly serum PSA 

determination. In patients with BCR further evaluation was performed using digital rectal 

examination and TRUS guided prostate biopsies. Lymph node metastases were confirmed 

by histology after pelvic lymph node dissection (PLND) or biopsy or by confirmatory imaging 

on the CT. Bone scans were used to confirm bone metastases on PET/CT. In addition we 

used follow-up data i.e. response to local salvage therapy with PSA decline as composite 

reference.  

 

Prostate specific antigen velocity and doubling times 
 

Serum PSA was determined using an automated Chemiluminescent Microparticle 

Immunoassay on an Architect platform (Abbott Diagnostics Division). The last 3 (half) yearly 

measurements prior to the PET/CT scan were used for the calculations of the PSA kinetics, 

covering 12 – 24 months in time. PSA velocity was calculated by the absolute increase of 

PSA level in ng/mL per year using first and last PSA. PSA doubling time was calculated by 

natural log of 2 (0.693) divided by the slope of the relationship between the log of PSA and 

time of PSA measurements (20). Calculation was performed using the Memorial Sloan-

Kettering Medical Center prostate cancer prediction tool 

(http://www.mskcc.org/mskcc/html/10088.cfm). 

 

Statistics 
 

Descriptive statistics were performed using SPSS-19 software package. Differences 

between groups were compared using ANOVA with p less than 0.05 considered significant. 

 

RESULTS 
 

The patient characteristics are presented in table 1. Figure 1 shows the complete 

breakdown of the reference test. According to the PET/CT results, 40 (54%) patients had a 
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local recurrence, 20 (27%) had regional/distant metastases and 14 (19%) had a negative 

scan. The positive PET scans were confirmed by histology from prostate biopsies and/or 

pelvic lymph node dissections in 38/60 (63%) of the cases, by confirmatory imaging (CT 

scan or bone scan) in 14/60 (23%) and by clinical follow up after salvage treatment in 8/60 

(14%) cases. There were 13 false negative cases. No false positive scans were observed. 

The results of PET/CT, PSA distribution at PET and salvage treatment is shown in 

table 2. Cryoablation was performed in 50/74 (68%) patients only. In 24/74 (32%) patients 

the decision for salvage cryoablation was abandoned. Treatment was changed to active 

surveillance or ADT based on the results of the PET/CT scans in combination with histology 

and/or confirmatory imaging. The comparison of the groups with different outcome shown by 

11C-choline PET/CT using ANOVA is presented in table 3. 

 

TABLE 1. Patient characteristics (Number of patients = 74) 

 Median (range) 

Age at PET (years) 70.3 (49-79) 

Initial PSA (ng/ml) 13.2 (1.8-58) 

PSA at PET (ng/ml) 6.1 (1.7-17.9) 

Radiation dose (Gy) 70 (60-78) 

Initial stage 
T1 T2 T3 

16 30 28 

Gleason score 
4-6 7 8-10 

27 36 11 

 

TABLE 2. PSA distribution at PET and salvage treatment 

  PET/CT Treatment 

PSA at PET № Neg Loc Met Cryo ADT 
Act 

Surv 

0-4 ng/ml 20 3 (15%) 15 (75%) 2 (10%) 19 (95%) 1 (5%) 0 (0%) 

4-10 ng/ml 42 8 (19%) 21 (50%) 13 (31%) 27 (64%) 14 (33%) 1 (3%) 

>10 ng/ml 12 3 (25%) 4 (33%) 5 (42%) 4 (33%) 6 (50%) 2 (17%) 

All 74 14 (19%) 40 (54%) 20 (27%) 50 (68%) 21 (28%) 3 (4%) 
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FIGURE 1. PET results and results of histology and confirmatory imaging 

 

TABLE 3. Total PSA at PET, PSA kinetics and 11C-choline PET/CT results. 

 
PET/CT  

neg 

PET/CT  

loc 

PET/CT  

met 

p value 

Total PSA at PET (ng/ml) 6,6 6,0 8,1 ,080 

PSA DT (month) 17,1 20,2 10,3 ,052 

PSA Velocity (ng/ml/year) 2,6 2,3 4,6 ,005 

Eligible patients  
n=74 

 

PET/CT scan 
n=74 

Local 
recurrence 

n=40 

 

 

 

l 

 

 

 

l 

Regional/distant 
metastases 

n=20 

Negative 
result 
n=14 

Histology and/or 
confirmatory imaging 

n=14 

Histology and/or 

confirmatory imaging 
n=20 

Histology and/or 

confirmatory imaging 
n=40 

Regional/distant 
metastases 

n=18 

Local 
recurrence 

n=2 

Local 
recurrence 

n=38 

Regional/ 

distant 
metastases 

n=2 

Negative 
result 
n=1 

Local 
recurrence 

n=12 

Regional/ 

distant 
metastases 

n=1 
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DISCUSSION 
 

This study shows that 11C-choline PET/CT is a useful tool for the selection of patients 

with BCR after RT for salvage cryoablation of the prostate. 11C-choline PET/CT was decisive 

and led to therapy change in 32% of cases. 

As this study is one of the first reported on the clinical impact of 11C-choline PET/CT in 

the selection of patients for salvage cryoablation, a comparison cannot be made with those 

from other groups. 

Although cryoablation is a universally recognized therapeutic option for prostate 

cancer, no consensus has been reached on guidelines for indications or patient selection for 

either primary or salvage cryoablation. Patient inclusion criteria at different medical centers 

vary. 

By Chin et al. (21) for salvage cryoablation of the prostate, all patients should have 

biochemical evidence of local treatment failure, i.e., rising PSA levels on three consecutive 

determinations at least 2 years after radical RT, in addition to histologic proof of local cancer 

recurrence. All patients should have reasonable life expectancy and acceptable anesthetic 

risks. All should have a negative pelvic and abdominal computed tomography (CT) study as 

well as radionuclide bone scan. PSA levels preferably should be <10 ng/mL at the time of 

consideration for cryoablation of the prostate to minimize the probability of occult distant 

metastatic disease. Patients with serum PSA levels between 10 and 20 ng/mL should have a 

negative pelvic lymphadenectomy or a negative CT-guided aspiration biopsy of pelvic nodes. 

An unfavorable biochemical outcome can be predicted by precryoablation PSA levels over 

10 ng/mL, initial Gleason score of 8 or greater, and T3/T4 disease. In our series 12 patients 

were studied with a PSA > 10 ug/L at time of PET/CT. In 5/12 cases metastases were 

identified, leaving only a minority of patients suitable for salvage cryoablation. These results 

are in corroboration with the literature and should be considered the upper limit for selection 

for restaging with PET/CT after radiotherapy or brachytherapy today. It remains to be seen if 

the patients with PSA > 10 and negative imaging do benefit of salvage cryoablation or if they 

have early failures due to false negative scans. 

Nguyen et al. (22) summarized the clinical characteristics of patients who are more 

likely to present with local only failure after primary RT. These included PSA < 10 ng/mL, 

Gleason score ≤6, clinical T1c or T2a tumor status, pretreatment PSA velocity < 2.0 ng/mL 

per year at the time of initial presentation, interval to PSA failure > 3 years, PSA-DT > 12 

months, negative bone scan and pelvic imaging studies, and positive rebiopsy. 

Such patients, who will likely have relatively low-volume and indolent disease with a 

life expectancy > 10 years, could have a reasonable chance of gaining a benefit from 

salvage therapy that will justify the toxicity of therapy. In our study in the group of patients 
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with favorable characteristics for salvage cryoablation, 11C-choline PET/CT identified 

metastatic disease in almost 25% of cases. For this 11C-choline PET/CT was the reason for 

changing treatment to (delayed) ADT. 

Several studies have shown that 11C-choline PET/CT scan is a sensitive and accurate 

imaging technique to identify the site of recurrence in patients with BCR after EBRT for 

prostate cancer. Local recurrences and regional and/or distant metastases can be identified 

with an overall sensitivity of 80% (5,12-15). Aside from the overall decreased scan time, 

major clinical advantages of PET/CT include better localization of activity to normal versus 

abnormal structures, better identification of inflammatory lesions, CT visualization of PET-

negative lesions (especially bone lesions), discovery and confirmation of abnormal sites, and 

improved localization for biopsy or radiotherapy (23).  

Still there is a possibility to optimize patient selection using PSA kinetics. Recent 

studies have shown the influence of PSA kinetics on detection rate of 11C-choline PET/CT. 

No other factors seem to have a significant value in predicting the presence of a positive 

choline PET/CT scan. The only problem is that a commonly accepted method for calculation 

of PSA kinetics is needed to standardize this promising tool. Optimal application of PSA 

kinetics could become an important step in improving patient selection.  

Limitations of the study include the use of PET/CT fusion until 2009, which could have 

led to lower accuracy in the detection of the recurrent tumors when compared with our 

current PET/CT hybrid systems. Another limitation of our study is the histopathological proof 

obtained in 63% of the patients with local or regional/distant recurrences. However, a 

significant quantity of local recurrences can be missed using prostate or bladder neck 

biopsies which fail to prove true positives. The use of a composite reference with clinical 

follow up after local salvage treatment could validate more cases and make this problem 

less important. 

 

CONCLUSION 
 

11C-choline PET/CT could be useful for the selection of patients with BCR after RT for 

salvage cryoablation of the prostate. 11C-choline PET/CT was decisive and led to therapy 

change in 32% of cases. 
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ABSTRACT 
 

In this retrospective pilot study, the expression of the prostate-specific membrane 

antigen (PSMA), the epithelial cell adhesion molecule (EpCAM), the vascular endothelial 

growth factor (VEGF) and the gastrin-releasing peptide receptor (GRPR) in locally recurrent 

prostate cancer after brachytherapy or external beam radiotherapy (EBRT) was investigated, 

and their adequacy for targeted imaging was analyzed. Prostate cancer specimens were 

collected of 17 patients who underwent salvage prostatectomy because of locally recurrent 

prostate cancer after brachytherapy or EBRT. Immunohistochemistry was performed. A 

pathologist scored the immunoreactivity in prostate cancer and stroma. Staining for PSMA 

was seen in 100% (17/17), EpCAM in 82.3% (14/17), VEGF in 82.3% (14/17) and GRPR in 

100% (17/17) of prostate cancer specimens. Staining for PSMA, EpCAM and VEGF was 

seen in 0% (0/17) and for GRPR in 100% (17/17) of the specimens’ stromal compartments. 

In 11.8% (2/17) of cases, the GRPR staining intensity of prostate cancer was higher than 

stroma, while in 88.2% (15/17), the staining was equal. Based on the absence of stromal 

staining, PSMA, EpCAM and VEGF show high tumor distinctiveness. Therefore, PSMA, 

EpCAM and VEGF can be used as targets for the bioimaging of recurrent prostate cancer 

after EBRT to exclude metastatic disease and/or to plan local salvage therapy. 
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INTRODUCTION 
 

Prostate cancer is the most commonly diagnosed cancer among men, and its 

incidence rates remain as the highest in many regions of the world [1]. About 18% of 

patients with localized disease develop a prostate-specific antigen (PSA) recurrence within 

five years after brachytherapy and external beam radiotherapy (EBRT) with doses higher 

than 72 Gy. This is in contrast to 49% of patients who were treated with doses less than 72 

Gy [2]. At present, there is no imaging modality that can accurately discriminate between 

locally and distant recurrent prostate cancer after treatment with curative intent. Selecting 

patients for salvage cryotherapy of the prostate or salvage prostatectomy by excluding 

distant metastases proves a diagnostic challenge. 

New diagnostic techniques are needed to improve the imaging of recurrent prostate 

cancer. Furthermore, although early-stage and locally recurrent prostate cancer can be cured, 

treatment of metastasized disease is currently only palliative, making it important for new 

therapeutic applications to be devised [3].  

Significant expression of certain antigens in prostate cancer as compared to normal 

tissue could be used for antigen-targeted imaging or therapy. Numerous pre-clinical and 

clinical trials focused on this topic have already shown promising results [4–8]. 

Among the antigens used for diagnostic applications, the prostate-specific membrane 

antigen (PSMA) was demonstrated to be a useful target [9–13]. PSMA is a Type II integral 

membrane glycoprotein, which is overexpressed in prostate cancer in comparison to benign 

prostate tissue [11,14,15]. Next to expression in prostate, PSMA was found to be expressed 

in the neovasculature of solid tumors in comparison to normal vasculature [16,17]. The 

biological role of PSMA is not completely understood [10,18,19]. 

Ross et al. demonstrated a significant correlation between PSMA expression in 

prostate cancer and the Gleason score, pathological stage and biochemical recurrence [11]. 

Indium-111 capromab pendetide (ProstaScint®) is a radiolabelled antibody directed against 

PSMA. Correlation of scan results with pathological specimens suggests that ProstaScint is 

able to detect soft tissue metastases [20–23]. However, for routine use in clinical practice, 

the sensitivity of ProstaScint is not high enough, because the antibody targets the 

intracellular epitope of PSMA, thereby probably targeting only damaged or necrotic/apoptotic 

cells. Furthermore, the role of ProstaScint in the diagnosis of recurrent disease has to be 

elucidated [24]. 

Another antigen that can be used as an imaging target is the epithelial cell adhesion 

molecule (EpCAM). EpCAM is a transmembrane glycoprotein, which is highly expressed in 

rapidly proliferating tumors of epithelial origin [25–27]. This protein is found to be strongly 

expressed in several carcinomas [28–31]. In normal epithelium, there is a lower expression 
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of EpCAM [32]. EpCAM mediates epithelial-specific intercellular cell-adhesion. Next, it is 

suggested that EpCAM is involved in cell migration, signaling, proliferation and differentiation 

[33]. The expression of EpCAM is inversely related to prognosis in several carcinomas [33]. For 

prostate cancer, this relation is controversial [32,34]. 

Signal protein vascular endothelial growth factor (VEGF) and its receptors are involved 

in (tumor-related) angiogenesis [35,36]. VEGF is overexpressed in a variety of tumors, 

including gliomas, breast, renal cell and hepatocellular cancer [37]. VEGF is a potential 

target, as its expression has also been demonstrated in prostate cancer [38,39].  

The expression of VEGF in normal prostate, benign prostate hyperplasia and prostate 

cancer in relation to tumor grade is inconsistent in the current literature [7,40–49]. As for 

EpCAM, the prognostic value of VEGF expression is controversial [50–53]. 

The gastrin-releasing peptide receptor (GRPR) can be a promising imaging target. GRPR 

is a glycosylated seven-transmembrane G-protein coupled receptor, which is expressed in 

numerous cancers, such as those of the lung, colon and prostate [54–59]. GRPR seems to 

be overexpressed in prostate cancer in comparison to sparse expression in normal prostate 

tissue [60–62]. Binding of GRPR stimulates the growth of prostate cancer cells in vitro and in 

vivo [63,64]. A significant inverse correlation was found between GRPR expression and an 

increasing Gleason score [60]. 

Currently, there is no knowledge about the expression of PSMA, EpCAM, VEGF and 

GRPR in locally recurrent prostate cancer after brachytherapy or external beam 

radiotherapy. Therefore, the aim of this pilot study was to investigate the expression of these 

antigens using immunohistochemistry and to analyze their potency for new diagnostic 

applications in locally recurrent prostate cancer. 

 

RESULTS 
 

In Table 1, the results of the immunohistochemical staining of different antibodies in 

prostate cancer specimens are presented. Overall, staining for PSMA was seen in 100% 

(17/17), EpCAM in 82.3% (14/17), VEGF in 82.3% (14/17) and GRPR in 100% (17/17) of 

prostate cancer specimens. Staining for PSMA, EpCAM and VEGF was seen in 0% (0/17) 

and for GRPR in 100% (17/17) of the specimens’ stromal compartments. 

Immunohistochemical staining intensity frequency, number and percent are shown in Table 

2. 
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Table 1. Gleason sum scores, therapy characteristics and staining intensities of the 

antibodies in the salvage prostatectomy specimens. 

Patient 

No. 

Radiotherapy 

(dose in Gy) 

Hormonal 

status prior to 

salvage 

prostatectomy 

Interval between 

radiotherapy and 

salvage 

prostatectomy 

(months) 

Stage Gleason PSMA EpCAM VEGF GRPR 

1 

EBRT  

(Dose 

unknown) 

LHRH + AA 51 pT3b 7 ++ + ++ +++ 

2 
Brachytherapy 

(HDR) 
None 45 pT2c 8 + ++ ++ +++ 

3 EBRT (70) LHRH + AA 58 pT3b 8 + - + +++ 

4 EBRT (70) None 24 pT3a 7 + + - ++ 

5 

EBRT  

(Dose 

unknown) 

None 80 pT2c 7 ++ + - + 

6 
Brachytherapy 

(LDR) 
None 47 pT2c cnd + + - +++ 

7 EBRT (70) LHRH + AA 120 pT3a 7 +++ - + + 

8 EBRT (66) None 31 pT3b 8 + - + + 

9 EBRT (66) None 78 pT4 7 +++ +++ + +++ 

10 EBRT (66) None 48 pT3b 8 +++ ++ ++ +++ 

11 
EBRT (Dose 

unknown) 
Unknown 63 pT3b 7 +++ +++ +++ ++ 

12 
Brachytherapy 

(LDR) 
None 41 pT4 7 +++ +++ + ++ 

13 EBRT (70) None 49 pT3a 8 + ++ ++ ++ 

14 EBRT (68) LHRH 58 pT3a 6 +++ +++ ++ +++ 

15 
Brachytherapy 

(LDR) 
AA 88 pT3b 8 +++ ++ ++ +++ 

16 EBRT (68) None 13 pT3b 6 + ++ + ++ 

17 EBRT (70) LHRH 34 pT3b 10 +++ ++ + ++ 

cnd, could not be determined; EBRT, external beam radiotherapy; HDR, high dose 

rate; LDR, low dose rate; LHRH, luteinizing-hormone-releasing hormone agonist; 

AA, androgen receptor antagonist. 
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Table 2. Immunohistochemical staining intensity of prostate cancer and stroma. 

Stainin

g 

Intensi

ty 

PSMA 

Prostate 

Cancer 

PSMA 

Stroma 

EpCAM 

Prostat

e 

Cancer 

EpCAM 

Stroma 

VEGF 

Prostat

e 

Cancer 

VEGF 

Stroma 

GRPR 

Prostat

e 

Cancer 

GRPR 

Stroma 

0 0 (0%) 
17 

(100%) 

3 

(17.7%) 

17 

(100%) 

3 

(17.7%) 

17 

(100%) 
0 (0%) 0 (0%) 

1+ 7 (41.2%) - 
4 

(23.5%) 
- 

7 

(41.2%) 
- 

3 

(17.7%) 

3 

(17.7%) 

2+ 2 (11.8%) - 
6 

(35.3%) 
- 

6 

(35.3%) 
- 

6 

(35.3%) 

8 

(47.0%) 

3+ 8 (47.0%) - 
4 

(23.5%) 
- 1 (5.8%) - 

8 

(47.0%) 

6 

(35.3%) 

Overall

+ 

17/17 

(100%) 

0/17 

(0%) 

14/17 

(82.3%) 

0/17 

(0%) 

14/17 

(82.3%) 

0/17 

(0%) 

17/17 

(100%) 

17/17 

(100%) 

 

In 11.8% (2/17) of cases, the GRPR staining intensity of prostate cancer was higher 

than that of stroma. In 88.2% (15/17) of cases, the GRPR staining intensity of prostate 

cancer was equal to the staining intensity of stroma. Tumor distinctiveness is shown in Table 

3. 

 

Table 3. Tumor distinctiveness. 

Tumor 

distinctiveness  

PSMA EpCAM VEGF GRPR 

0 - 3 (17.7%) 3 (17.7%) 15 (88.2%)  

1 7 (41.2%) 4 (23.5%) 7 (41.2%) 2 (11.8%) 

2 2 (11.8%) 6 (35.3%) 6 (35.3%) - 

3 8 (47.0%) 4 (23.5%)  1 (5.8%)  - 

Tumor distinctiveness = staining intensity tumor − staining intensity stroma.  

 

STAINING PATTERN 
 

PSMA staining in prostate cancer specimens was membranous and cytoplasmic 

(Figure 1). Six cases with focal uptake amidst negative cancer tissue were observed (Patient 

No. 2–4, 6, 8, 13) (Figure 1). For PSMA, there was minimal staining of prostatic 

intraepithelial neoplasia (PIN) and normal prostate epithelium. EpCAM stained cytoplasm 

and at the basal membrane (Figure 2). VEGF and GRPR staining in prostate cancer tissue 
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was cytoplasmic and diffuse (Figures 3 and 4). Staining of striated muscle was observed for 

GRPR. 

 

 

Figure 1. PSMA staining in prostate cancer tissue. 

(a) Membranous and cytoplasmic brown staining for PSMA in prostate cancer 

cells, 400× magnification; (b) focal brown staining for PSMA in prostate cancer 

cells (arrows) amidst negative cancer tissue (*), 200× magnification. 

 

 

Figure 2. EpCAM staining in prostate cancer tissue. 

Strong brown cytoplasmic staining for EpCAM in prostate cancer cells (arrows), 

400× magnification. 
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Figure 3. VEGF staining in prostate cancer tissue. 

Strong brown cytoplasmic staining for VEGF in prostate cancer cells, 200× magnification. 

 

 

Figure 4. GRPR staining in prostate cancer tissue. 

(a) Strong brown cytoplasmic staining for GRPR in prostate cancer cells and 

weak background staining of prostate stromal cells; (b) equal staining intensity of 

prostate cancer and stroma, 200× magnification. 
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DISCUSSION  
 

This study has shown that PSMA, EpCAM, VEGF and GRPR are expressed in locally 

recurrent prostate cancer after brachytherapy and external beam radiotherapy. Staining for 

PSMA and GRPR was observed in all prostate cancer specimens (17/17), while EpCAM and 

VEGF staining was observed in 82.3% (14/17) of cases (Tables 1 and 2). Staining for 

PSMA, EpCAM and VEGF was absent (0/17) in specimens’ stromal compartments, while 

GRPR staining in stroma was observed in 100% (17/17) of cases. In 88.2% (15/17) of cases, 

the GRPR staining intensity of prostate cancer was equal to the staining intensity of stroma. 

Staining of striated muscle was observed for GRPR, which is in agreement with the findings 

of other groups [60–62]. 

The high expression of PSMA, EpCAM, VEGF and GRPR in locally recurrent prostate 

cancer after ionizing therapy could have several reasons, which will be postulated next. First, 

high expression of either antigen is correlated with a tendency for recurrence. This holds true 

for PSMA, as its expression in primary prostate cancer is positively correlated with factors, 

like a high Gleason grade, a higher tumor stage and, most important in this case, 

biochemical recurrence [11,18]. The same goes for EpCAM, as a recent study by Benko et 

al. showed that higher EpCAM expression correlated with a higher Gleason score and a 

shorter disease-free survival [34]. However, other research groups found conflicting results 

[26,30,65]. Expression of VEGF in prostate cancer positively correlated with high a Gleason 

score, lymph node metastases and the progression of disease [66]. Although there is no 

information about GRPR expression and recurrence, the process might be comparable. 

Second is the upregulation of antigens due to radiotherapy. It has been demonstrated 

that VEGF is upregulated after radiotherapy for rectal cancer [67]. For EpCAM, PSMA and 

GRPR, this is currently unknown. Third, recurrent cancer could have the tendency for 

upregulation of certain antigens. In ovarian cancer, EpCAM upregulation was seen in 

recurrent cancer when compared to primary cancer in matched samples [68], while VEGF 

levels were significantly higher in recurrent acute lymphoblastic leukemia compared with 

newly diagnosed cases [69]. For all the postulations, we have no direct evidence, as we did 

not have prostate cancer biopsy samples before and after radiation therapy that could have 

been compared to the salvage prostatectomy samples. 

The absence of non-specific background staining of normal tissue or prostate stroma for 

the anti-PSMA, EpCAM and VEGF antibodies proves the specificity for cancer tissue. 

Background staining for GRPR was evident. Although different protocols were used and 

different blocking agents were tested, staining of non-cancer tissue remained. Staining of 

normal prostate and muscle with the anti-GRPR antibody has been described in the 

literature by other authors [60–62], and at first glance, this might pose a problem for the 



98 
 

future use of GRPR as a target for new therapeutic or diagnostic modalities. However, pre-

clinical and clinical studies have shown very low uptake of GRPR-targeted bombesin-like 

radiopharmaceuticals in muscle with high tumor-to-muscle ratios [70]. 

The current study has several limitations. First, we did not have matched samples of 

prostate cancer tissue. In an ideal situation, we would have compared prostate biopsy 

samples at initial diagnosis before radiation therapy, the biopsy samples in which local 

recurrence was confirmed after radiation therapy and the salvage prostatectomy samples. 

Second, staining intensity was assessed qualitatively on a scale from zero to three. 

Although strong staining suggests a higher antigen density than weak staining does, it is 

impossible to make a comparison between the different antibodies used in this study, as 

different protocols were used and as there is most likely different antigen sensitivity for each 

antibody. A quantification of antigen-densities has to be performed to be able to make a 

comparison between antigens. Third, due to the low number of patients (n = 17), the power of 

the statistics would be too weak, and therefore, we were unable to correlate staining 

intensity with clinicopathological parameters. 

Finally, we did not have the follow-up data to compare antigen expression with 

outcome. 

There is not much knowledge about the expression of antigens in recurrent prostate 

cancer. Locally recurrent prostate cancer is, to our knowledge, an unexplored field. 

Therefore, this is the first study to show the data about the expression of PSMA, VEGF, 

EpCAM and GRPR in locally recurrent prostate cancer after ionizing therapy. 

Antigen-based targeted imaging of the prostate could be useful in several scenarios: if 

salvage local therapy was planned without a biopsy or with repeated negative biopsies, but 

with a strong suspicion of local recurrence. Other applications for these imaging strategies 

would be to rule out micrometastatic disease prior to local salvage therapy or the application 

of salvage focal therapy only to areas of uptake on imaging in order to minimize side-effects 

in irradiated tissue. The unique overexpression on prostate cancer cells makes PSMA the 

most attractive target for the delivery of imaging agents [10]. Several clinical studies with 

PSMA as the target have been reported with encouraging results [71,72]. Bombesin-like 

radiopharmaceuticals, which are natural ligands of GRPR, can be relatively easy 

synthesized in large quantities and have shown promising results in several clinical studies 

[70]. However, due to its background staining, more careful selection of the protocol may be 

required for optimal targeting. Only a few studies consider VEGF and EpCAM-based 

diagnostics for targeted cancer imaging [73–75], but based on the results reported in this 

study, both antigens can be used for the detection of locally recurrent prostate cancer. 
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EXPERIMENTAL SECTION 
 

Materials 
 

Patients in our retrospective study were diagnosed with locally recurrent prostate 

cancer based on PSA relapse and transrectal ultrasound-guided prostate biopsies. Prostate 

cancer specimens were collected of 17 patients who underwent salvage prostatectomy (The 

Netherlands Cancer Institute, Antoni van Leeuwenhoek Hospital Amsterdam (NKI/AVL)), 

because of locally recurrent prostate cancer after brachytherapy (4 patients) or external 

beam radiotherapy (13 patients). All tissue specimens were anonymous and encoded with a 

unique code. According to Dutch law, no further Institutional Review Board approval was 

required (www.federa.org). Pretreatment biopsies were not available. 

 

Immunohistochemistry 
 

Formalin-fixed, paraffin-embedded blocks of prostate tissue were cut into 4-mm-thick 

sections and mounted on Starfrost microscope slides. Hematoxylin and eosin stained 

sections were graded by an experienced pathologist (Stefano Rosati), based on the criteria 

of the Gleason grading system. Remaining sections were processed for 

immunohistochemistry. 

 

PSMA 
 

After deparaffinization, antigen retrieval was performed by heating microwave (700 W) 

for 20 min in a 10 mM citrate buffer at pH 6.0, with a cool down period of 20 min afterwards. 

Endogenous peroxidase was blocked with 0.3% hydrogen peroxide in phosphate-buffered 

saline (PBS) for 20 min. Slides were than incubated with the primary anti-human-PSMA 

mouse monoclonal antibody, YPSMA-1 (Abcam, Cambridge, UK), diluted at 1:400 in 1% 

bovine serum albumin/phosphate-buffered saline (1% BSA/PBS) for 1 h at room temperature. 

The secondary step consisted of incubation with rabbit anti-mouse antibody conjugated to 

polymer-horseradish peroxidase (DAKO, Glostrup, Denmark), diluted at 1:100 in 1% 

BSA/PBS with 1% AB serum. For the tertiary step, goat anti-rabbit antibody conjugated to 

polymer-horseradish peroxidase (DAKO, Glostrup, Denmark) was used, diluted at 1:100 in 

1% BSA/PBS with 1% AB serum. Both the secondary and tertiary step required incubation 

for 30 min at room temperature. Next, the slides were immersed for 10 min in a solution of 

0.05% 3,3'-diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA) and 0.03% hydrogen 

peroxide in PBS for the visualization of the signal as brown staining. After washing with 
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demineralized water, the slides were slightly counterstained with hematoxylin, dehydrated 

and mounted with Eukitt mounting medium (Sigma-Aldrich, Steinheim, Germany). 

 

GRPR 
 

After deparaffinization, antigen retrieval was performed by heating microwave (700 W) 

for 20 min in 0.1 M Tris/HCl buffer at pH 9.0, with a cool down period of 20 min afterwards. 

Endogenous peroxidase was blocked with 0.3% hydrogen peroxide in Tris-buffered saline 

(TBS) for 20 min. Slides were then incubated with a normal goat serum diluted at 1:10 in TBS 

for 30 min at room temperature. Afterwards, the slides were incubated with the primary anti-

human-GRPR rabbit polyclonal antibody, ab39963 (Abcam, Cambridge, UK), diluted at 1:250 

in 1% BSA/TBS overnight at 4 °C. Only a secondary step with goat anti-rabbit antibody 

conjugated to polymer-horseradish peroxidase (DAKO, Glostrup, Denmark) was applied, 

diluted at 1:100 in 1% BSA/TBS with 1% AB serum for 60 min at room temperature. Next, 

the slides were immersed for 10 min in a solution of 0.05% 3,3'-diaminobenzidine (Sigma-

Aldrich, Steinheim, Germany) and 0.03% hydrogen peroxide in PBS for the visualization of the 

signal as brown staining. After washing with demineralized water, the slides were slightly 

counterstained with hematoxylin, dehydrated and mounted with Eukitt mounting medium 

(Sigma-Aldrich, Steinheim, Germany). 

 

EpCAM 
 

After deparaffinization, antigen retrieval was performed by incubation with 0.1% protease 

for 30 min at room temperature. Endogenous peroxidase was blocked with 0.3% hydrogen 

peroxide in PBS for 20 min. Slides were than incubated with the primary mouse monoclonal 

anti-EpCAM antibody (Clone VU-1D9, Leica Biosystems, Newcastle, UK) diluted at 1:100 in 

1% BSA/PBS for 1 h at room temperature. The secondary step consisted of incubation with 

rabbit anti-mouse antibody conjugated to polymer-horseradish peroxidase (DAKO, Glostrup, 

Denmark), diluted at 1:100 in 1% BSA/PBS with 1% AB serum. For the tertiary step, goat 

anti-rabbit antibody conjugated to polymer-horseradish peroxidase (DAKO, Glostrup, 

Denmark) was used, diluted at 1:100 in 1% BSA/PBS with 1% AB serum. Both the 

secondary and tertiary step required incubation for 30 min at room temperature. Next, the 

slides were immersed for 10 min in a solution of 0.05% 3,3'-diaminobenzidine (Sigma-

Aldrich, Steinheim, Germany) and 0.03% hydrogen peroxide in PBS for visualization of the 

signal as brown staining. After washing with demineralized water, the slides were slightly 

counterstained with hematoxylin, dehydrated and mounted with Eukitt mounting medium 

(Sigma-Aldrich, Steinheim, Germany). 
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VEGF 
 

After deparaffinization, microwave antigen retrieval (700 W) was performed for 20 min 

in 10 mM Tris/1 mM EDTA buffer at pH 9.0, with a cool down period of 20 min afterwards. 

Endogenous peroxidase was blocked with 0.3% hydrogen peroxide in PBS for 20 min. 

Slides were incubated with a normal goat serum diluted at 1:10 in PBS for 30 min at room 

temperature. The primary step consisted of incubation with rabbit anti-human antibody 

VEGF A-20 sc-152, (Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted at 1:200 in 

1% BSA/PBS for 1 h at room temperature. Only a secondary step with goat anti-rabbit 

antibody conjugated to polymer-horseradish peroxidase (DAKO, Glostrup, Denmark) was 

applied, diluted at 1:100 in 1% BSA/TBS with 1% AB serum for 30 min at room temperature. 

Next, the slides were immersed for 10 min in a solution of 0.05% 3,3'-diaminobenzidine 

(Sigma-Aldrich, Steinheim, Germany) and 0.03% hydrogen peroxide in PBS for the 

visualization of the signal as brown staining. After washing with demineralized water, the 

slides were slightly counterstained with hematoxylin, dehydrated and mounted with Eukitt 

mounting medium (Sigma-Aldrich, Steinheim, Germany). 

 

Assessment of staining patterns 
 

The assessment of staining patterns was performed as described before [8]. For each 

antigen, a pathologist (Stefano Rosati) blinded to clinical and pathological data, scored the 

staining intensity (0 = no staining; 1+ = weak staining; 2+ = moderate staining; 3+ = strong 

staining) of tumor areas for all the specimens. Specimens in which one or more tumor areas 

with different staining intensities were present were scored for the most prevalent intensity. 

Specimens with focal uptake amidst negative cancer tissue scored 1+.  

Furthermore, different patterns of immunoreactivity were observed and documented.  

To evaluate background staining, all specimens were evaluated in a field that 

contained both prostate cancer and stroma. Tumor distinctiveness was assessed for each 

antigen by subtracting the staining intensity of stroma from the staining intensity of prostate 

cancer.  

 

CONCLUSIONS 
 

The current study is the first to present data on the expression of PSMA, EpCAM, 

VEGF and GRPR in locally recurrent prostate cancer after brachytherapy or external beam 

radiotherapy. Based on the absence of stromal staining, PSMA, EpCAM and VEGF show 

high tumor distinctiveness. GRPR has a very low tumor distinctiveness. Therefore, PSMA, 
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EpCAM and VEGF can be used as targets for the bioimaging of recurrent prostate cancer 

after EBRT to exclude metastatic disease and/or to plan local salvage therapy.  
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Detection and staging of recurrent prostate cancer is still one of the important clinical 

problems in prostate cancer. A rise in PSA or biochemical recurrence (BCR) is the first sign 

of recurrent prostate cancer after curative treatment. Although PSA is the most sensitive tool 

for detection of the recurrence, it cannot distinguish between locoregional recurrences and 

the presence of distant metastases after treatment. At this time, there is not an imaging 

modality that can determine the exact localization of small volume prostate cancer. Studies 

are ongoing to identify novel diagnostic techniques to image prostate cancer. Molecular 

imaging is the main area of research on this aspect. Possible imaging technologies are 

functional MRI techniques (diffusion-weighted MRI (DWI), MR spectroscopy (MRS), dynamic 

contrast-enhanced MRI (DCE-MRI)) and positron emission tomography (PET). PET has 

already been identified as promising imaging technique for detecting prostate cancer 

recurrence after EBRT. Carbon-11-choline is one of the most commonly applied PET tracers 

for prostate cancer imaging. With a growing interest in focal treatment of recurrent prostate 

cancer by ablative treatments like high intensity focused ultrasound (HIFU) and cryoablation, 

patient selection could be improved if the site of recurrence and its extent could be 

visualized. Focal therapy can involve the local application of therapy to a specific area, and if 

done under real-time imaging, it then becomes ‘image-guided focal therapy’. 

In this thesis the potential role of 11C-choline PET/CT for the intraprostatic tumor 

characterization and localization in recurrent prostate cancer after EBRT was explored. The 

effect of total PSA and PSA kinetics on the detection rates of 11C-choline PET in recurrent 

prostate cancer after radical prostatectomy or external beam radiotherapy was evaluated. 

The correlation between 11C-choline PET/CT, time to treatment and disease specific and 

overall survival in biochemically recurrent prostate cancer after radical prostatectomy was 

studied. Also we analyzed the clinical impact of 11C-choline PET/CT in the selection of 

patients with biochemical recurrence after radiation therapy for salvage cryoablation of the 

prostate. Finally we investigated the expression of prostate-specific membrane antigen 

(PSMA), epithelial cell adhesion molecule (EpCAM), vascular endothelial growth factor 

(VEGF) and gastrin-releasing peptide receptor (GRPR) in locally recurrent prostate cancer 

after brachytherapy or external beam radiotherapy and analyzed their adequacy for targeted 

imaging. A variety of new PET tracers are under study for targeting specific 

antigens/receptors, such as gastrin releasing peptide receptor (GRPR), prostate-specific 

membrane antigen (PSMA), prostate stem cell antigen (PSCA), Knowledge about 

expression of the receptors in recurrent cancer could improve selection of one of these new 

tracers in recurrent prostate cancer in future. 

Chapter 2 provides a review about the technologic aspects of different imaging 

techniques and the clinical results for intraprostatic tumor characterization. Conventional CT 

and FDG PET are not able to detect prostate cancer foci <5mm within the prostate. Based 
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on the preliminary studies, dynamic contrast-enhanced (DCE)-CT may be a useful tool in for 

localization of prostate tumors and perhaps more importantly, quantification of therapeutic 

response in prostate cancer. However validation work is required to define its accuracy and 

role in therapeutic paradigms such as focal therapies, particularly given the current accuracy 

of MRI. In the future, combining DCE-CT with CT or 11C-choline PET/CT may be an 

alternative to MRI, offering a combination of quantitative parameters which may correlate to 

tumor prognosis as well as cancer localization for focal therapy. 

Chapter 3 describes a study which focuses on the potential role of 11C-choline PET for 

the intraprostatic tumor characterization and localization in patients with recurrent prostate 

cancer after external beam radiation therapy (EBRT). This retrospective study was 

conducted in 42 patients with histological proven prostate cancer treated by EBRT and 

showing a biochemical recurrence as defined by the ASTRO consensus criteria 1997. Forty-

two patients with a local recurrence suggested by PET were included. The results of PET 

were compared with the results of histology and with clinical follow up. According to PET 

results: of the 42 patients, 15 (36%) had a focal recurrence, 27 (64%) showed a diffuse 

recurrence. The overall concordance of PET with histology concerning detection of 

recurrence was 76% (32 patients had positive PET results and positive biopsies). We 

confirmed the local recurrence as visualized by PET in 37/42 (88 %) patients using a 

composite reference with histology and clinical follow up after local salvage treatment. The 

concordance of the intraprostatic distribution of the tumor with PET with histology from 

transrectal prostate biopsies (median biopsies 7, range 4-12) was 47% (7/15) in unilateral 

cases and 41% (11/27) in bilateral cases. No significant differences were seen between the 

2 groups in serum PSA at time of PET (p=0.509) and SUV (p=0.739) using Student’s t-test. 

Our study shows that intraprostatic characterization of recurrent prostate cancer after EBRT 

with 11C-choline PET is feasible at present but shows a moderate concordance with routine 

transrectal prostate biopsies. Therefore the use of this modality to select patients for a focal 

treatment is not recommended in the present scenario due to its low accuracy. 

Several studies have shown PSA kinetics to be a good predictor of failure after 

treatment by either surgery or radiotherapy, as well as a predictor of prostate cancer–

specific survival. In Chapter 4 the effect of total PSA (tPSA) and PSA kinetics on the 

detection rates of 11C-choline PET in recurrent prostate cancer after radical prostatectomy 

(RP) or EBRT was evaluated. 185 patients with biochemical recurrence after RP (PSA > 0.2 

ng/ml) or after EBRT (ASTRO definition) were included and underwent an 11C-choline PET 

(with CT fusion images) or PET/CT scan. Biopsy-proven histology, confirmative imaging (CT 

or bone scan) and/or clinical follow-up (PSA) were used as composite reference. 11C-choline 

PET was positive in 124/185 cases (65%) (in 22/61 (36%) after RP, 102/124 (82%) after 

EBRT). In 79 patients a local recurrence was identified, and 45 patients showed locoregional 
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metastases on PET/CT. In 20 cases a proven false-negative PET scan was observed. 

Positive PET scans were confirmed by histology in 87/124 (70%) cases, by confirmatory 

imaging in 34/124 (28%) and by clinical follow-up after salvage treatment in 3 (2%) cases. 

The ROC analysis to detect a recurrence showed significant difference in area under the 

curve (AUC) of tPSA 0.721(p <0.001) and PSA velocity 0.730 (p <0.001). PSA doubling time 

showed no significant difference with an AUC of 0.542 (p = 0.354). Detection rates are <50% 

in tPSA <2 ng/ml and/or PSA velocity <1 ng/ml/year. This study shows total serum PSA and 

PSA velocity to have significant effect on the detection rates of 11C-choline PET/CT in men 

with a BCR after RP or EBRT. 

The effect of 11C-choline PET/CT findings in relation to time to treatment, disease 

specific and overall survival in biochemically recurrent prostate cancer after radical 

prostatectomy is studied in Chapter 5. This prospective study was conducted in 64 patients 

who were in follow-up after RP for prostate cancer and had a biochemical recurrence i.e. two 

consequent serum PSA readings ≥ 0.2 after a nadir < 0.2 ng/ mL after RP. All patients 

underwent an 11C-choline PET/CT scan. PET/CT data were correlated with clinical 

data, PSA kinetics and disease specific and overall survival. The 64 patients had median 

PSA of 1.4ng/mL. Median follow-up period of patients was 50 (6-124) months. Ten patients 

died during the course of follow-up of which 5 due to metastasized disease. No significant 

differences were seen in age, time to recurrence, total PSA at recurrence and PET/CT 

results. Patients with abnormal PET had higher PSA velocity (median 3.09 versus 10.17 

ng/mL/year, p=0.002) and shorter PSA doubling time (median 4.83 vs 0.53 months, 

p=0.016). Median time to treatment was significantly lower in the PET/CT negative 

group. Age of patients at death from the whole group did not differ from the age of death in 

an age matched group. Disease specific survival was significantly higher in the PET/CT 

negative group (p=0.05). Our results showed that a negative PET/CT correlated with a 

higher disease specific survival and a lower treatment rate in men with a biochemical 

recurrence after radical prostatectomy. Overall survival of the total group was equal to the 

age matched cohort emphasizing the limited effect of a biochemical recurrent prostate 

cancer on overall survival. The clinical impact of 11C-choline PET/CT in the selection of 

patients with biochemical recurrence after RT for salvage cryoablation of the prostate is 

analyzed in Chapter 6. 74 patients, who were being followed up after RT for histological 

proven prostate cancer (according to ASTRO-Phoenix) were included and underwent an 

11C-choline PET/CT scan. According to the PET/CT results, 40 (54%) patients had a local 

recurrence, 20 (27%) had regional/distant metastases and 14 (19%) had a negative scan. 

The positive PET findings were proved by histology from prostate biopsies and/or pelvic 

lymph node dissections in 63% of cases. Considering PET/CT results: 50/74 (68%) patients 

received cryoablation, for 24/74 (32%) treatment was changed (active surveillance or 
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androgen deprivation therapy). 11C-choline PET/CT was decisive and led to therapy change 

in 32% of cases. Our results suggest that 11C-choline PET/CT could be useful for the 

selection of patients with BCR after RT for salvage cryoablation of the prostate, identifying 

patients with nodal or distant metastases who would not benefit from local salvage 

treatment. 

The expression of prostate-specific membrane antigen (PSMA), epithelial cell 

adhesion molecule (EpCAM), vascular endothelial growth factor (VEGF) and gastrin-

releasing peptide receptor (GRPR) in locally recurrent prostate cancer after brachytherapy or 

external beam radiotherapy is investigated in Chapter 7. Also their adequacy for targeted 

imaging is analyzed as all these antigens are considered promising targets for cancer 

imaging. Prostate cancer specimens were collected of 17 patients who underwent salvage 

prostatectomy because of locally recurrent prostate cancer after brachytherapy (4 patients) 

or external beam radiotherapy (13 patients). Immunohistochemistry with commercially 

available antibodies was performed. Staining for PSMA was seen in 100% (17/17), EpCAM 

in 82.3% (14/17), VEGF in 82.3% (14/17) and GRPR in 100% (17/17) of prostate cancer 

specimens. Staining for PSMA, EpCAM and VEGF was seen in 0% (0/17) and for GRPR in 

100% (17/17) of specimens’ stromal compartments. In 11.8% (2/17) of cases GRPR staining 

intensity of prostate cancer was higher than that of stroma, while in the remaining 88.2% 

(15/17) of cases GRPR staining in cancer and stroma was equal. Our results suggest that 

PSMA, EpCAM and VEGF can be used as potential target for bioimaging of locally recurrent 

prostate cancer based on their high tumour distinctiveness. 
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Detectie en stagering van recidief prostaatkanker blijft een belangrijk klinisch 

probleem. Een toename van de PSA waarde, ook wel biochemisch recidief (BCR) genoemd, 

is het eerste teken van tumoractiviteit na initiële behandeling. Hoewel PSA de meest 

gevoelige test is om een recidief aan te tonen, kan PSA geen onderscheid maken tussen 

een lokaal recidief of uitzaaiingen in lymfeklieren of in elders in het lichaam. Op dit moment 

is er geen beeldvormende techniek beschikbaar die de plaats van prostaattumoren van 

beperkte omvang duidelijk zichtbaar kan maken. Er wordt veel onderzoek verricht naar 

nieuwe diagnostische technieken om prostaatkanker af te beelden. Moleculaire 

beeldvorming is daarbij het belangrijkste onderwerp van onderzoek. Mogelijke 

beeldvormende technieken zijn functionele MRI (diffusie gewogen MRI (DWI), MR 

spectroscopie (MRS), dynamische contrast versterkte MRI (DCE-MRI) en positron emissie 

tomografie (PET). PET heeft zich al bewezen als techniek om recidief prostaatkanker na 

behandeling met radiotherapie op te sporen. 11C-choline is een van de meest toegepaste 

PET tracers bij het afbeelden van prostaatkanker. 

Vanwege een toenemende interesse in een plaatselijke behandeling van een recidief 

prostaatkanker via ablatieve behandelingen als high intensity focused ultrasound (HIFU) en 

cryoablatie zou de selectie van patiënten voor deze behandelingen verbeterd worden als de 

plaats en omvang van het recidief zichtbaar zou zijn. Plaatselijke behandeling zou dan onder 

direct zicht (‘real time imaging’) plaats kunnen vinden via een zogenaamde beeld gestuurde 

focale therapie. 

In dit proefschrift wordt de mogelijke rol van 11C-choline PET/CT bij het lokaliseren en 

afbeelden recidief prostaatkanker in de prostaat na radiotherapie nader onderzocht. De rol 

van het PSA en de PSA kinetiek op het daadwerkelijk afbeelden van recidief prostaatkanker 

na radiotherapie wordt geëvalueerd. Daarnaast onderzochten we de relatie tussen de 

uitkomst van de 11C-Choline PET/CT, de tijd tot vervolg behandeling en de ziektespecifieke 

en algemene overleving bij mannen met een recidief prostaatkanker na een radicale 

verwijdering van de prostaat. We onderzochten ook de klinische waarde van 11C-choline-

PET/CT bij de selectie van patiënten voor cryoablatie bij een biochemisch recidief na 

radiotherapie. Tenslotte hebben we de aanwezigheid van prostaat-specifiek membraan 

antigen (PSMA), epitheliaal cel adhesie molecuul (EpCAM), vasculaire endotheliale groei 

factor receptor (VEGFR) en gastrine releasing peptide receptor (GRPR) onderzocht in 

prostaatweefsel van patiënten met een lokaal recidief prostaatkanker na uitwendige of 

inwendige radiotherapie om de geschiktheid te bepalen voor doelgerichte beeldvorming via 

deze receptoren. Er worden nieuwe PET tracers onderzocht voor doelgerichte beeldvorming 

en kennis van de aanwezigheid van deze receptoren in recidief prostaatkanker kan de 

selectie van deze tracers bij recidief tumoren verbeteren. Hoofdstuk 2 geeft een overzicht 

over de technische aspecten van verschillende beeldvormende technieken en de bestaande 
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mogelijkheden bij het afbeelden van het lokale recidief in de prostaat. Conventionele CT en 

FDG PET zijn niet instaat om kleine tumoren (<5 mm) in de prostaat af te beelden. Op basis 

van de eerste resultaten van onderzoek zou de dynamische contrast versterkte (DCE)-CT 

scan van nut kunnen zijn bij het lokaliseren van prostaatkanker en misschien nog meer van 

waarde bij het beoordelen van het effect van een lokale behandeling. Er zullen echter meer 

studies moeten volgen om de eerste resultaten te bevestigen en de nauwkeurigheid en 

plaats bij behandelingen zoals focale ablatie aan te geven, zeker daar waar de MRI zijn 

nauwkeurigheid al heeft bewezen. In de toekomst zou de combinatie van DCE-CT met CT of 

met 11C-choline PET/CT een alternatief kunnen zijn voor de MRI waarbij naast het 

lokaliseren van de tumor mogelijk ook informatie over beloop en prognose via kwantificering 

van de opname van de tracer in de tumor. 

Hoofdstuk 3 beschrijft het onderzoek naar de mogelijke rol van 11C-choline PET bij 

het vaststellen van de plaats en uitbreiding van lokaal recidief prostaatkanker in de prostaat 

na uitwendige radiotherapie (EBRT). In dit retrospectieve onderzoek bij patiënten met 

bewezen prostaatkanker en een biochemisch recidief na EBRT op basis van de ASTRO 

consensus criteria uit 1997.In totaal zijn 42 patiënten onderzocht. De resultaten van PET 

werden vergeleken met de uitkomsten van de verkregen prostaatbiopten en de klinische 

follow up. Op basis van de beeldvorming met PET was er bij 15/42 (36%) patiënten sprake 

van een solitair recidief tegen 27/42 (64%) patiënten met een diffuus recidief. De 

overeenkomst tussen PET en de resultaten van de prostaatbiopten was 76% (32 patiënten 

hadden een afwijkende PET scan en positieve biopten). We bevestigden een lokaal recidief 

zoals op de PET scan weergegeven bij 37/42 (88 %) patiënten via een samengestelde 

referentie p basis van histologie en follow up na lokale behandeling. De overeenstemming 

tussen de verspreiding van de tumor(en) in de prostaat op de PET scan en de resultaten van 

de prostaatbiopten (mediaan aantal biopten 7, spreiding 4-12) was 47% (7/15) in unilaterale 

tumoren en 41% (11/27) in bilaterale tumoren. Er werd geen significant verschil gezien 

tussen de 2 groepen in serum PSA op moment van de PET scan (p=0.509) en de 

gestandaardiseerde opname waarde (SUV) van het choline in de tumor(en) (p=0.739) bij 

Student’s t-test. Deze studie toont aan dat met een 11C-choline PET scan informatie over de 

lokatie(s) van de tumor(en) in de prostaat mogelijk is maar dat er een matige 

overeenstemming is met de locatie van de tumor op basis van de prostaatbiopten. Vanwege 

de matige nauwkeurigheid wordt het gebruik van 11C-choline PET voor de selectie voor een 

focale behandeling niet aangeraden. 

Diverse studies toonden een relatie aan tussen PSA kinetiek en progressie en 

overleving bij recidief prostaatcarcinoom na chirurgie of radiotherapie. In Hoofdstuk 4 

onderzochten we het effect van totaal PSA (tPSA) en de PSA kinetiek op het aantonen van 

recidief prostaatkanker met 11C-Choline PET. Wij onderzochten in totaal 185 patiënten met 



120 
 

een biochemisch recidief na radicale prostatectomie (PSA > 0.2 ng/ml) of na radiotherapie 

(ASTRO-Phoenix definitie). Alle patiënten ondergingen een 11C-Choline PET met CT fusie of 

een hybride PET/CT scan. Als bevestiging van het recidief werd een samengesteld eindpunt 

gebruikt op basis van histologie, bevestiging van metastasen via aanvullende beeldvorming 

en/ klinische follow up. De 11C-Choline PET/CT was correct positief in 124/185 patiënten 

(65%); in 22/61 (36%) na radicale prostatectomie en in 102/124 (82%) na radiotherapie. Bij 

79 patiënten werd op de PET/CT een lokaal recidief vastgesteld, bij 45 patiënten werden 

locoregionale metastasen. Bij 20 patiënten bleek de PET/CT vals negatief. De afwijkingen 

op de PET/CT scans warden bij 87/124 (70%) patiënten met biopsie bevestigd, via 

bevestiging met aanvullend beeldvormend onderzoek in 34/124 (28%) en via klinische follow 

up na lokale salvage behandeling in 3 (2%) patiënten. The ROC analyse toonde een 

significant verschil in de ‘’area under the curve’ (AUC) van tPSA 0.721(p <0.001) en PSA 

stijgingssnelheid 0.730 (p <0.001). De PSA verdubbelingtijd toonde geen significant verschil 

met een AUC of 0.542 (p = 0.354). De detectie percentages van PET/CT waren <50% bij 

een tPSA <2 ng/ml en/of PSA stijgingssnelheid van <1 ng/ml/jaar. In deze studie toonden we 

aan dat het totaal serum PSA en de PSA stijgingssnelheid op moment van de PET/CT een 

significant effect hadden op het vaststellen van recidief tumor met 11C-Choline PET/CT bij 

mannen met een recidief prostaatkanker na radicale prostatectomie of na radiotherapie. 

De relatie tussen 11C-Choline PET/CT uitkomsten met betrekking tot tijd tot 

behandeling, ziektespecifieke en algehele overleving bij biochemisch recidief na radicale 

prostatectomie is onderzicht om Hoofdstuk 5. Deze prospectieve studie werd bij 64 

patiënten uitgevoerd die werden vervolgt na radicale prostatectomie met twee 

opeenvolgende PSA waardes ≥ 0.2 ng/ml na initieel een PSA nadir < 0.2 ng/ mL. Alle 

patiënten ondergingen een 11C-Choline PET/CT scan. De PET/CT data werden gecorreleerd 

met de klinische data uit de follow up, PSA kinetiek en overleving. De 64 patiënten hadden 

een mediaan PSA van 1.4ng/mL. De mediane follow-up bedroeg 50 (6-124) maanden. Tien 

patiënten overleden gedurende de follow up waarvan 5 ten gevolge van gemetastaseerd 

prostaatkanker. Er werden geen significante verschillen gevonden in leeftijd, tijd tot 

biochemisch recidief, totaal PSA op moment van recidief en de uitkomsten van de PET/CT. 

Patiënten met een afwijkende PET/CT hadden een hogere PSA snelheid (mediaan 3.09 

versus 10.17 ng/mL/jaar, p=0.002) en een kortere PSA verdubbelingtijd (mediaan 4.83 

versus 0.53 maand, p=0.016). De mediane tijd tot behandeling was significant lager bij 

patiënten met een negatieve PET/CT scan. De leeftijd van overlijden van de patiënten 

verschilde niet significant van een leeftijd gematchte groep mannen. De ziekte specifieke 

overleving was hoger in de PET/CT negatieve groep (p=0.05). Onze resultaten tonen aan 

dat een negatieve PET/CT scan correleert met een hogere ziekte specifieke overleving en 

een lager percentage behandeling. De algehele overleving van de totale groep was 
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gelijkwaardig aan die van een leeftijd gematched cohort, waaruit blijkt dat een biochemisch 

recidief prostaatkanker een beperkt effect heeft op de overleving. 

De klinische waarde van 11C-choline-PET/CT bij de selectie van patiënten met een 

biochemisch recidief na radiotherapie voor salvage cryoablatie van de prostaat werd 

onderzocht in Hoofdstuk 6. In totaal 74 patiënten met en histologisch bewezen 

prostaatkanker, die gedurende de follow up na radiotherapie een biochemisch recidief 

ontwikkelden volgens de ASTRO-Phoenix criteria werden in de studie geïncludeerd en 

ondergingen een 11C-Choline PET/CT scan. Op basis van de bevindingen op de PET/CT 

scan was er bij 40 (54%) patiënten sprake van een lokaal recidief, bij 20 (27%) sprake van 

regionaal/afstand metastasen en bij 14 (19%) een negatieve PET/CT scan zonder 

afwijkingen. De positieve PET/CT bevindingen werden bevestigd met histologie van 

prostaatbiopten en/of klierdissecties in 63% van de patiënten. De resultaten van de PET/CT 

in ogenschouw nemend ondergingen 50/74 (68%) patiënten een salvage cryoablatie. Bij dee 

overige 24/74 (32%) patiënten werd een andere behandeling gestart (active surveillance of 

hormonale behandeling). De bevindingen op de 11C-choline-PET/CT scan waren bij 32% van 

de kandidaten voor cryoablatie doorslaggevend bij de keuze om de behandeling aan te 

passen. Onze resultaten geven aan dat 11C-choline-PET/CT van nut is bij de selectie van 

patiënten voor salvage cryoablatie met een recidief prostaatkanker na radiotherapie. Met 

PET/CT kunnen patiënten met metastasen worden geïdentificeerd die op voorhand geen 

baat hebben bij een locale salvage behandeling. 

De expressie van de receptoren prostaat-specifiek membraan antigen (PSMA), 

epitheliaal cel adhesie molecuul (EpCAM), vasculair endotheliale groei factor (VEGF) en 

gastrine-releasing peptide receptor (GRPR) werd in Hoofdstuk 7 onderzocht in 

prostaatweefsel na een salvage radicale prostatectomie wegens lokaal recidief na 

brachytherapie (4) of na uitwendige radiotherapie (13). We onderzochten de geschiktheid 

voor doelgerichte beeldvorming aangezien deze receptoren hiervoor als doel worden 

aangegeven. De immunohistochemie werd met commercieel verkrijgbare antilichamen 

verricht. Expressie van PSMA werd bij 100% (17/17), EpCAM bij 82.3% (14/17), VEGF bij 

82.3% (14/17) en GRPR bij 100% (17/17) van het epitheel van prostaatkanker gezien. 

Aankleuring van het stromale weefsel werd voor PSMA, EpCAM en VEGF in 0% (0/17) en 

voor GRPR in 100% (17/17) vastgesteld. In 11.8% (2/17) van de tumoren werd een hogere 

intensiteit van GRPR in prostaatkanker gemeten ten opzichte van het omringende stroma. 

Bij de overige 88.2% (15/17) was er sprake van een gelijkwaardige aankleuring van tumor 

en stroma. Onze resultaten geven aan dat PSMA, EpCAM and VEGF receptoren potentieel 

geschikt zijn voor doelgerichte beeldvorming bij recidief prostaatkanker. 
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Выявление и определение стадии рецидивов рака предстательной железы 

(РПЖ) остаются одними из наиболее важных клинических вопросов. Повышение 

уровня ПСА после проведенной терапии или биохимический рецидив является самым 

ранним признаком развития рецидива РПЖ. Несмотря на то, что ПСА остаётся 

наиболее чувствительным методом в диагностике рецидивов, он не позволяет 

дифференцировать локализованную форму от метастатической. В настоящее время 

проводятся исследования с целью разработки новой диагностической технологии для 

визуализации рецидивов РПЖ. Наиболее перспективными методами являются 

функциональные технологии МРТ (диффузионная МРТ, МР спектроскопия, 

динамическая МРТ с повышением контраста) и позитронно-эмиссионная томография 

(ПЭТ). ПЭТ уже зарекомендовала себя одной из перспективных технологий для 

выявления рецидивов РПЖ после радиотерапии. 11C–холин – один из наиболее часто 

применяемых радиофармпрепаратов для визуализации РПЖ. С повышением 

интереса к методам локальной терапии рецидивов РПЖ, таким как сфокусированное 

ультразвуковое излучение высокой интенсивности (УИВИ) и криотерапия, отбор 

пациентов может быть значительно улучшен, если локализация рецидива и его 

границы будут видны, и станет возможным проведение операций с наблюдением в 

режиме реального времени. 

В данной диссертации оценивалась потенциальная роль 11C-холин ПЭТ в 

локализации очагов рецидива РПЖ после радиотерапии. Было изучено влияние ПСА и 

его кинетических характеристик (скорость нарастания ПСА и время удвоения ПСА) на 

отбор пациентов для проведения 11C-холин ПЭТ/КТ с целью выявления местных 

рецидивов у больных РПЖ после проведенной радиотерапии или радикальной 

простатэктомии. Исследовалось соотношение результатов 11C-холин ПЭТ/КТ с 

показателями времени до начала лечения, специфической и общей выживаемости у 

больных с биохимическим рецидивом РПЖ после проведенной радикальной 

простатэктомии. Оценивалась эффективность использования 11C-холин ПЭТ/КТ при 

отборе пациентов с признаками рецидива РПЖ после курса радиотерапии для 

проведения криоабляции простаты. Также мы исследовали экспрессию 

простатического специфического мембранного антигена (ПСМА), эпителиальной 

молекулы клеточной адгезии (EpCAM), сосудисто-эндотелиального фактора роста 

(VEGF) и гастрин-высвобождающего пептидного рецептора (GRPR) при местном 

рецидиве РПЖ после брахитерапии или дистанционной лучевой терапии и оценили 

целесообразность их использования для диагностической визуализации.  

Глава 2 представляет обзор технологических аспектов различных методов 

визуализации и клинические результаты исследований направленных на определение 

локализации очагов опухоли в предстательной железе. КТ и ПЭТ не в состоянии 
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обнаружить очаги <5 мм в пределах простаты. На основании предварительных 

исследований, динамическая контрастная МРТ может быть полезным инструментом в 

локализации опухолей предстательной железы и, что возможно, более важно, в 

оценке терапевтического ответа при РПЖ. Однако необходимы дополнительные 

исследования, чтобы определить ее возможную роль в локальной терапии. В 

будущем, сочетание динамической контрастной КТ с КТ или 11С-холин ПЭТ/КТ может 

быть альтернативой МРТ, предоставляя комбинацию параметров, способных 

оценивать прогноз заболевания, а также выявлять очаги РПЖ для локальной терапии. 

Глава 3 описывает исследование, в котором оценивалась потенциальная роль 

11C-холин ПЭТ в локализации очагов рецидива РПЖ после радиотерапии. Это 

ретроспективное исследование проводилось на пациентах, которые наблюдались 

после проведенной радиотерапии по поводу гистологически подтвержденного РПЖ. 

Отбирались пациенты с биохимическими признаками рецидива опухоли, основываясь 

на критерии, предложенном Американским обществом лечебной радиологии и 

онкологии в 1997 году. Из этой группы были выбраны 42 пациента с признаками 

локального рецидива по данным ПЭТ. Результаты ПЭТ сравнивались с результатами 

биопсий простаты и данными клинических наблюдений. По результатам ПЭТ, из 42 

пациентов: у 15 (36%) был выявлен одиночный очаг рецидива, у 27 (64%) – 

”рассеянные” очаги. Общее соответствие данных ПЭТ результатам биопсий 

относительно выявления рецидива было 76% (у 32 пациентов результаты ПЭТ и 

биопсий были положительными). Из остальных 10 пациентов: у трёх были обнаружены 

отдаленные метастазы по данным ПЭТ, подтвержденные по данным КТ и 

сцинтиграфии костей, двое получали гормональную терапию в связи с быстро 

прогрессирующим заболеванием, пяти была проведена криотерапия с позитивным 

изменением ПСА. В целом, мы подтвердили наличие локального рецидива, 

выявленного с помощью ПЭТ, у 37/42 (88%) пациентов, используя результаты 

гистологии и клинические данные наблюдения пациентов после проводимой терапии. 

Соответствие данных ПЭТ и результатов биопсий по локализации рецидива были: 

47% (7/15) для односторонних опухолей и 41% (11/27) – для двусторонних. Не было 

выявлено никаких значимых различий между двумя группами по уровню ПСА в крови 

во время ПЭТ (p=0.509) и SUV (p=0.739), используя T-Test. Данное исследование 

показало, что применение 11C-холин ПЭТ в локализации опухоли при рецидиве РПЖ 

после радиотерапии имеет право на существование, но эффективность его еще 

недостаточно очевидна, и оно не может быть рекомендовано для отбора пациентов с 

целью проведения локальной терапии.  

По результатам некоторых исследований кинетические характеристики ПСА 

зарекомендовали себя хорошими предсказателями возникновения рецидивов и 
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выживаемости при РПЖ. В Главе 4 было изучено влияние ПСА и его кинетических 

характеристик (скорость нарастания ПСА и время удвоения ПСА) на отбор пациентов 

для проведения 11C-холин ПЭТ/КТ с целью выявления местных рецидивов у больных 

РПЖ после проведенной радиотерапии или радикальной простатэктомии. В 

исследование были включены 185 пациентов с гистологически подтвержденным РПЖ 

и биохимическими признаками рецидива опухоли после радиотерапии или 

радикальной простатэктомии. Всем больным, перенесшим один из вариантов терапии, 

проводилось обследование с помощью 11C-холин ПЭТ/КТ на предмет наличия 

местных рецидивов. Окончательный диагноз основывался на результатах биопсии и 

дополнительных обследований (КТ, МРТ, ТРУЗИ, сцинтиграфия костей), а также на 

данных клинического наблюдения (ответ на проводимую терапию, изменения уровня 

ПСА). По результатам 11C-холин ПЭТ/КТ были выявлены рецидивы РПЖ у 124 из 185 

(65%) больных, а именно: у 22 из 61 (36%) больных после радикальной 

простатэктомии и у 102 из 124 (82%) больных - после радиотерапии. По данным 

ПЭТ/КТ у 79 пациентов был выявлен локальный рецидив, а у 45 пациентов – 

метастазы в регионарные лимфоузлы. В 20 случаях были обнаружены 

ложнонегативные результаты ПЭТ. Результаты ПЭТ были подтверждены, используя 

результаты гистологии в 87/124 (70%) случаях, с помощью дополнительных 

обследований в 34/124 (28%) случаях и по данным клинического наблюдения в 3 (2%) 

случаях. ROC анализ показал статистически значимые результаты для ПСА (AUC – 

0,721, p<0.001) и скорости нарастания ПСА (AUC-0,730, p<0.001). Время удвоения ПСА 

показало статистически незначимый показатель AUC-0.542 (p=0.354). Статистически 

значимым и соответствовавшим <50% выявляемости рецидивов РПЖ по результатам 

ПЭТ/КТ для ПСА было пороговое значение менее 2 нг/мл, а для скорости нарастания 

ПСА – менее 1 нг/мл/год. В данном исследовании ПСА и скорость нарастания ПСА 

показали себя наиболее значимыми показателями, влияющими на отбор пациентов 

для проведения им 11C-холин ПЭТ/КТ в отношении выявления местного рецидива 

после радиотерапии или радикальной простатэктомии.  

Целесообразность использования 11C-холин ПЭТ/КТ для оценки специфической 

и общей выживаемости у больных с рецидивами РПЖ после проведенной 

радикальной простатэктомии исследовалась в Главе 5. В основу исследования 

положены результаты обследования 64 больных после проведенной радикальной 

простатэктомии по поводу гистологически подтвержденного РПЖ. У всех пациентов 

было выявлено наличие биохимического рецидива (повышение уровня ПСА на 0.2 

нг/мл как минимум в двух измерениях). Всем больным проводилось обследование с 

помощью 11C-холин ПЭТ/КТ на предмет наличия местных рецидивов, а также расчет 

скорости нарастания ПСА и времени удвоения ПСА. Средний уровень ПСА у больных 
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был 1.4 нг/мл. Средний период наблюдения за пациентами составлял 50 (6-124) 

месяцев. За время наблюдения было зафиксировано 10 летальных исходов, из них в 5 

случаях в связи с метастазированием. Не было выявлено статистических различий 

при сравнении следующих показателей: возраста пациентов, времени развития 

рецидива РПЖ, уровня ПСА при рецидиве РПЖ. У больных с наличием рецидива по 

данным ПЭТ/КТ была значительно выше скорость нарастания ПСА (10.17 нг/мл/год 

против 3.09 нг/мл/год – у больных с отсутствием рецидивов по данным ПЭТ/КТ, 

p=0.002) и значительно ниже время удвоения ПСА (0.53 месяца против 4.83 месяца - у 

больных с отсутствием рецидивов, p=0.016). Специфическая выживаемость была 

значительно выше у пациентов с отсутствием рецидивов по данным ПЭТ/КТ (p=0.05). 

У пациентов с отсутствием рецидивов по данным ПЭТ/КТ показатели кинетических 

характеристик ПСА были более благоприятными (время удвоения ПСА выше и 

скорость нарастания ПСА ниже) и специфическая выживаемость была значительно 

выше. В Главе 6 оценивалась эффективность использования 11C-холин ПЭТ/КТ при 

отборе пациентов с признаками рецидива РПЖ после курса радиотерапии для 

проведения криоабляции простаты. В данном исследовании были использованы 

результаты обследования и лечения 74 больных после проведенной РТ по поводу 

гистологически подтвержденного РПЖ. У всех пациентов возникали признаки 

биохимического рецидива РПЖ (согласно критерию ASTRO-Phoenix), их 

рассматривали как потенциальных кандидатов для проведения криоабляции 

простаты. Всем больным проводили обследование с помощью 11C-холин ПЭТ/КТ на 

предмет наличия местного рецидива. По результатам ПЭТ/КТ – у 40 (54%) пациентов 

был выявлен местный рецидив РПЖ, у 20 (27%) - региональные или отдаленные 

метастазы, и у 14 (19%) – признаков опухолевой прогрессии РПЖ не было выявлено. 

С учетом результатов ПЭТ/КТ: в 50 (68%) случаях больным была проведена 

криоабляция простаты, в 24 (32%) случаях был выбран другой метод терапии 

(гормональная терапия, выжидательная тактика). Таким образом, в большинстве 

случаев от результатов ПЭТ/КТ зависело принятие решения о возможности 

проведения криоабляции. В 32% случаев благодаря результатам ПЭТ/КТ была 

изменена тактика лечения. Наши результаты показали, что использование 11C-холин 

ПЭТ/КТ – эффективный метод диагностики рецидивов РПЖ, позволяющий определить 

возможность проведения криоабляции, или целесообразность иного метода лечения. 

Исследование экспрессии ПСМА, EpCAM, VEGF и GRPR при местном рецидиве 

РПЖ после брахитерапии или дистанционной лучевой терапии представлено в Главе 

7. Также оценивалась целесообразность использования данных антигенов для 

диагностической визуализации. В исследовании были использованы препараты РПЖ 

от 17 пациентов перенесших радикальную простатэктомию в связи с развитием 
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местных рецидивов РПЖ после проведенной брахитерапии (4 пациента) или 

дистанционной лучевой терапии (13 пациентов). Фиксированные формалином, 

залитые в парафин препараты были подвергнуты иммуногистохимическому 

исследованию с использованием анти-ПСМА, анти-EpCAM, анти-VEGF и анти-GRPR 

антител. Экспрессия ПСМА наблюдалась в 100% случаев (17 из 17), EpCAM в 82.4% 

(14/17), VEGF в 82.4% (14/17) и GRPR в 100% (17/17). Неспецифическое окрашивание 

клеток стромы для ПСМА, EpCAM и VEGF – не наблюдалось. Для GRPR окрашивание 

клеток стромы наблюдалось в 100% (в 11.8% случаев – было слабее чем у 

опухолевых клеток, в 88.2% случаев – было одинаковой интенсивности с опухолевыми 

клетками). В результате ПСМА, EpCAM и VEGF продемонстрировали высокую 

экспрессию в опухолевых клетках и отсутствие неспецифического окрашивания. 

Данные антигены могут быть использованы для диагностической визуализации 

местных рецидивов РПЖ. 
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This thesis reports on the clinical value and potential of 11C-choline PET/CT in 

recurrent prostate cancer imaging. The results of the clinical studies showed that 11C-choline 

PET/CT has a high overall sensitivity in detection of a local recurrence in the prostate after 

EBRT on a patient based analysis. Our results suggest that 11C-choline PET/CT could be 

useful for the selection of patients with a biochemical recurrence after radiotherapy for 

salvage cryoablation of the prostate. By accurately identifying the patients with nodal or 

distant metastases, 11C-choline PET/CT impacts the therapeutic decision-making for those 

who would not benefit from local salvage treatment. 

It was shown that total serum PSA and PSA velocity have significant effect on the 

detection rates of 11C-choline PET/CT in men with a biochemical recurrence after both 

radical prostatectomy and EBRT. Also a negative PET/CT correlates with a higher disease 

specific survival and a lower treatment rate in men with a biochemical recurrence after 

radical prostatectomy. 

At the same time the accuracy of 11C-choline PET/CT for the intraprostatic tumor 

characterization and localization in patients with recurrent prostate cancer after EBRT is too 

low to use this imaging technique routinely for this indication. It means that 11C-choline 

PET/CT is not able to improve the localization of recurrent small focal prostate tumors. So it 

cannot contribute to the ‘image-guided focal therapy’ application in recurrent prostate cancer 

after EBRT. 

Most tracers which are currently used for molecular imaging of the prostate cancer like 

choline in our studies are not (prostate) cancer-specific. The main goal now is the 

development of radiopharmaceuticals targeting tumour specific antigens and receptors. The 

adequacy of prostate-specific membrane antigen (PSMA), epithelial cell adhesion 

molecule (EpCAM), vascular endothelial growth factor (VEGF) and gastrin-releasing peptide 

receptor (GRPR) for targeted imaging is analyzed in this dissertation. The results suggest 

that PSMA, EpCAM and VEGF can be used for targeted imaging of locally recurrent prostate 

cancer based on their high tumour distinctiveness. PSMA showed the best characteristics for 

imaging of recurrent prostate cancer.  

PSMA or glutamate carboxypeptidase II is an enzyme that in humans is encoded by 

the FOLH1 (folate hydrolase 1) gene. PSMA is strongly expressed in the human prostate, 

being a hundredfold greater than the expression in most other tissues. It is upregulated in 

expression in prostate cancer, with increase of 8- to 12-fold over the noncancerous prostate. 

PSMA is the target of an approved imaging agent for prostate cancer, capromabpentide, 

ProstaScint
®
. However, for routine use in clinical practice, the sensitivity of ProstaScint

®
 is 

not high enough, because the antibody targets the intracellular epitope of PSMA, thereby 

probably targeting only damaged or necrotic/apoptotic cells [1]. Several second-generation 

antibodies and low-molecular-weight ligands for imaging and therapy are being developed, 
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but most studies are still in a preclinical phase [1]. 68Ga-PSMA PET/CT already showed 

significantly higher detection rate of lesions in patients with recurrent prostate cancer 

compared to 18F-fluoromethylcholine PET/CT even at low PSA levels [2]. 

Recent developments in MRI have improved the diagnostic process of prostate 

cancer. Multiparametric MRI is considered a promising technique to improve the detection 

and staging of prostate cancer and its application has emerged during last few years. The 

integration of diffusion weighted imaging (DWI), dynamic contrast enhanced (DCE) imaging, 

and spectroscopic (functional) imaging in combination has allowed radiologists to better 

identify areas of benign and potentially malignant disease. There are ongoing efforts to 

combine MR methods in multiparametric formats to improve the performance characteristics 

of the detection and localization of prostate cancer. Future additions may include diffusion 

tensor imaging, multi-component diffusion analysis, MR elastography, or new spectroscopic 

methods, which are currently in pre-clinical investigation [3]. 

For molecular imaging PET/CT is now widely available. It provides both anatomical 

and metabolic information. PET/MRI is another hybrid imaging modality, which already 

received great attention not only in its emerging clinical applications but also in the 

preclinical field. Research studies are actively conducted at the moment to understand 

benefits of the new PET/MRI diagnostic method. First clear advantage is lower radiation 

exposure using PET/MRI. According to several studies PET/MRI may increase the accuracy 

using simultaneous acquisition of high-resolution morphologic and functional data. In the 

comparison study PET/MRI was able to accurately detect recurrent prostate cancer clarifying 

unclear findings by PET/CT [4]. Studies with appropriate radiotracers targeting the specific 

antigens are required to choose the most appropriate technique in the future. 
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